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ABSTRACT 

 

FeNiCoAlTa shape memory alloy (SMA) possesses both large superelastic strain and high 

yield strength. This makes it a potential candidate for industrial applications, such as actuators and 

pipe couplings.  The corrosion behaviour of this alloy since is mostly unknown. The SMA was 

tested by means of electrochemical methods in 0.6 molar (M) NaCl solution at four different 

temperatures (25 oC, 40 oC, 60 oC, and 80 oC) and three levels of solution pH (3, 6, and 10). At 80 

oC, the corrosion resistance of the alloy was lower than that at the lower temperatures. This was 

indicated by higher corrosion rates and lower open circuit potentials. Low corrosion resistance in 

acidic solutions, good corrosion resistance in alkaline solutions in comparison to near neutral 0.6 

M NaCl solution were observed. The SMA did not passivate in the 0.6 M NaCl solution, but 

suffered localized corrosion in the form of corrosion pits. 

The effect of heat treatment on corrosion properties of the alloy and its microstructure was 

also investigated. It was found that aging heat treatment caused β - Ni3Al phase to precipitate at 

the grain boundaries, resulting in chemical segregation between the grains and grain boundaries. 

The segregation degraded the corrosion resistance of the alloy, and caused intergranular corrosion 

in 0.6 M NaCl solution at 25 oC.  Furthermore, the corrosion resistance of the alloy was determined 

in 0.5 M NaOH and 0.5 M H2SO4 solutions at 25 oC. It showed good corrosion resistance to the 

NaOH solution, but suffered severe corrosion in the H2SO4 solution.  

The alloy was coupled to UNS G10180 (AISI 1018), UNS S30400 (AISI 304), UNS 

S31603 (AISI 316L), and UNS S32750 (AISI 2507), and its galvanic corrosion behaviour was 

investigated electrochemically. The test was conducted in 0.6 M NaCl solution at 25 oC, 40 oC, 

and 60 oC. For each couple, the specimen tested at 60 oC showed increased localized and pitting 

corrosion, an increase in galvanic current density, and a lower galvanic potential compared to 

couples tested at the other temperatures. The results show that when the alloy was coupled to UNS 

G10180, it acted as the cathode, whereas when coupled to stainless steels, it acted as the anode, 

and suffered localized corrosion attack with the formation of large pits and its overall corrosion 

increased.
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1. INTRODUCTION 

 

Shape memory alloys (SMAs) are engineering materials that are able to remember their 

shape before deformation, and return to it, when the stimulus that caused this deformation is 

removed [1-7].  They are also known as smart alloys. They go through reversible solid-to-solid 

martensitic phase transformation, when a temperature, load, or magnetic field is applied to them. 

[1-7]. Nickel–titanium (Ni-Ti) alloys are the most commercially available SMAs, and are used 

mainly in medical applications [6, 8].  

When Sato et al. [9] discovered the shape memory effect in Fe-30Mn-1Si in the early 1980s 

[9], iron-based SMAs have become more attractive due to their appealing mechanical properties, 

lower cost, high temperature range of application, and workability compared to the Ni-Ti SMAs 

[9-11]. This makes them potential candidates in applications such as solid-state actuators, fasteners 

and pipe couplings [12, 13]. Recently, researchers reported possible uses of these SMAs in civil 

engineering applications [14, 15]. However, almost all of the available Fe-based SMAs show non-

thermoelastic martensitic transformation, resulting in poor superelasticity at room temperature [10, 

16 - 19], which in turn reduces their applications. Maki et al. [20] were able to produce a 

thermoelastic martensitic transformation in Fe-Ni-Co-Ti SMA [20]. Nevertheless, the alloy 

exhibited only 0.7% elastic strain, which limits its practical applications [21]. Tanaka et al. [17], 

on the other hand, made a significant discovery when they introduced the Fe-28Ni-17Co-11.5Al-

2.5Ta (NCAT) and Fe-28Ni-17Co-11.5Al-2.5Ta-0.05B (NCATB) SMAs. The addition of the 

tantalum (Ta), which is a strong martensite () phase stabilizer, was found to increase the volume 

fraction of the  phase, resulting in a high hardness, and changing the transformation behaviour 

from non-thermoelastic to thermoelastic [17].   High transformation strains were observed in both 

NCAT and NCATB SMAs [17, 22, 23]. The NCAT and NCATB SMAs discovery opened a new 

era of room temperature (RT) applications of these alloys. The shape memory behaviour and the 

superelastic properties of the NCAT were documented [16, 21, 23 -27].  The corrosion properties 
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were, however, not studied. In order to use the NCAT as a pipe coupler or an actuator, it is 

important to investigate its corrosion properties.  

1.1  Rationale and Knowledge Gap 

Shape memory alloys (SMAs) are increasingly being used as alternatives to conventional 

engineering materials, except for Fe-based SMAs, which still have limited engineering 

applications due to their non-thermoelastic martensitic transformation. The development of NCAT 

SMA has opened the door for possible commercial applications of Fe-based SMAs. Although its 

shape memory properties have been well studied, currently, there is no documented study in the 

open literature that investigated the corrosion properties of NCAT SMA, which leaves a 

considerable knowledge gap regarding its practical applications. Therefore, there is a need to 

develop new scientific understanding of the corrosion characteristics of the NCAT SMA, which 

will help in determining how it might be used in commercial applications.  

In this study, the corrosion properties of the alloy in different electrolytes and at different 

temperatures and levels of solution pH were documented. In addition, the galvanic corrosion of 

the alloy when coupled with commercial alloys was investigated. To the author’s best knowledge, 

there is no study in the open literature that investigated the galvanic corrosion properties of Fe-

based SMAs. This makes the results of this research an original scientific contribution, to NCAT 

SMA, and Fe-based shape memory alloys in general. 

This research focused on addressing the corrosion knowledge gap regarding this alloy by 

answering the following questions: 

1- What are the forms of corrosion and corrosion properties of NCAT SMA in 0.6 M NaCl, 

0.5 M H2SO4, and 0.5 M NaOH at room temperature? 

2- How is the corrosion resistance of the NCAT SMA compared to some other commercial 

alloys in 0.6 M NaCl solution? 

3-  What is the effect of heat treatment on the corrosion behaviour of NCAT SMA? 

4- What is the effect of temperature and solution pH on corrosion properties of the alloy in 

0.6 M NaCl solution? 

5- How does the alloy behave when coupled to other commercial alloys? 
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1.2 Objectives  

NCAT shape memory alloy has excellent shape memory properties including thermoelastic 

martensitic transformation ability. This makes it a potential material for a wide range of industrial 

applications. One of these is the use of this alloy as a pipe coupler. Pipe couplers are very desirable 

as they can be used to replace welding in pipeline construction. Welding and its associate heat 

affected zone are considered the weakest part of pipelines, where failures usually occur. Pipelines 

that carry oil and natural gas are distributed all over the world. The failure and leakage of these 

pipelines at welded sections will have significant negative impact on the environment and 

personnel health and safety. Since most of the oil and gas installations are located near the sea, and 

seawater is used in cooling systems in many plants, pipe couplers are subject to external and 

internal corrosion by salt water. This makes it crucial to investigate the corrosion behaviour of this 

SMA in marine environments.   

This research study is based on the hypothesis that NCAT SMA is going to be used as a 

pipe coupler. This means that it will come into close contact with water, seawater, acid and alkaline 

solutions [5]. It will encounter OH- ions in the alkaline fluids, and H2S in oil and gas pipelines that 

would expose it to corrosion.  Determining if the alloy is corrosion resistant to such solutions is 

important in order to determine whether it can be used as a pipe coupler for pipelines. In addition, 

pipe couplers join different types of alloys, which may expose them to galvanic corrosion attack. 

This makes it necessary to explore the effect of galvanic coupling on the corrosion resistance of 

NCAT SMA. Furthermore, aging heat treatment, which is necessary to achieve shape memory 

effect (SME) in NCAT SMA, could enhance or reduce the corrosion resistance of the alloy in 

corrosive environments. Investigating the effect of this heat treatment on the alloy’s corrosion 

resistance in the studied solutions is crucial. 

Based on the above hypothesis, the specific objectives of this research study are: 

(i) To determine the corrosion behaviour of NCAT alloy in 0.6 M NaCl solution under 

different conditions of temperature and pH using electrochemical corrosion measurement 

methods. 

(ii) To determine the galvanic corrosion properties of NCAT alloy when coupled to 

commercial alloys in 0.6 M NaCl solution at three different temperatures.  

(iii) To determine the effect of aging heat treatment on microstructure and corrosion properties 

of the alloy in 0.6 M NaCl, 0.5 M H2SO4, and 0.5 M NaOH. 
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1.3 Research Impact 

This research succeeded in creation of new knowledge about the corrosion behaviour of 

NCAT SMA in three corrosive environments. The new corrosion data generated can be used as a 

reference for materials selection of this alloy in 0.6 M NaCl solution, 0.5 M H2SO4, and 0.5 M 

NaOH. It also resulted in the development of a new, safe, and easy-to-prepare etching solution that 

reveals grain boundaries and grain boundary precipitates. Furthermore, this study gave new 

insights into the galvanic corrosion behaviour of the NCAT alloy when coupled to four 

commercially available steels. To the author’s best knowledge, there is no documented study that 

explores the galvanic corrosion of Fe-based SMA. The results of this study will be beneficial to 

any future use of the NCAT SMA in applications such as pipe couplers.  

 

1.4 Arrangement of Thesis Chapters 

This dissertation is divided into five main chapters. In Chapter 1, background information 

on shape memory alloys and the rationale for the present study is presented. The objectives of the 

research project are outlined, the knowledge gap is identified, and the impact of this study is stated. 

In Chapter 2, a detailed review of SMAs, their properties, and applications is presented. A review 

of the corrosion studies that were conducted on Fe-based SMAs is also presented. In Chapter 3, 

details of the test materials, heat treatment procedures, and experimental techniques utilized for 

electrochemical testing, microstructural studies, and corrosion scale characterizations are 

described. The results of experiments carried out in Chapter 3 are presented and discussed in 

Chapter 4. The conclusions of the present research and recommendations for future research are 

presented in Chapter 5.  
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2. LITERATURE REVIEW 

 

In this chapter, shape memory alloys with more focus on iron (Fe)-based shape memory alloys 

are discussed. It provides in-depth information on shape memory alloy properties and applications. 

In addition, the corrosion research studies on Fe-based shape memory alloys are summarized.  

 

2.1 Shape Memory Alloys 

Shape memory effect was first discovered by Arne Olander in a gold-cadmium (Au-Cd) alloy in 

1932 [2, 28]. However, the breakthrough of their engineering significance did not take place until 

1962 when Buehler and co-workers accidentally discovered the shape memory effect (SME) in a 

nickel-titanium (Ni-Ti) alloy [29]. Later, the alloy became known as NiTiNOL, a combination of 

the alloy composition (NiTi) and its place of discovery (the Naval Ordnance Laboratory) [30]. 

NiTi SMAs have been intensively investigated for several applications, and unto this day they are 

still the most important commercial SMAs due to their excellent recoverable strain, mechanical 

properties, superior corrosion, abrasion resistance, and biocompatibility [31- 34]. These attractive 

properties led to their use in a wide range of applications, mainly in orthodontic and other medical 

applications. However, they are expensive, used in limited range of temperature, and are 

challenging to process for large-scale applications [6, 8]. This made it necessary to research 

alternative alloys that display shape memory effect such as copper-based SMAs (e.g., Cu-Zn-Al, 

Cu-Al-Ni, and Cu-Al-Mn) and Fe-based SMAs (e.g., Fe-Mn-Si, Fe-Ni-Co (Ti, Al), Fe-Mn-Si-Ni-

Cr, and Fe-Ni-Co-Al-Ta-B) [6, 8, 17]. Copper-based SMAs have the advantage of being less 

expensive, having high electrical conductivity, and possessing better ductility and machinability 

compared to NiTi SMAs [1, 4, 35]. They are most often used as actuator materials and in high 

temperature applications with nearly no degradation under thermal cycles [1, 8, 36, 37]. Fe-based 

SMAs have low cost, high strength, and good workability and weldability [5, 38-43]. They have 

shown a potential to be used in many applications [5, 8, 12, 36, 38, 41, 44-46]. This makes them 

the most attractive SMAs to many researchers.
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2.2 Properties of Shape Memory Alloys 

Shape memory alloys have two distinct properties: superelasticity (pseudoelasticity) and shape 

memory effect (SME) [1-7, 30, 47]. Superelasticity (SE) takes place when an alloy that has been 

deformed by an external load in a certain temperature range returns to its original shape and the 

deformation disappears after removing the load [2, 4, 30, 48, 49].  Shape memory effect, on the 

other hand, is the capability of remembering the alloy’s shape before deformation and returning to 

it with full strain recovery when the alloy is heated above its austenite transformation temperature 

[30].  

Shape memory alloys can exist in two different phases (austenite and martensite), with 

three different crystal structures (twinned martensite, detwinned martensite, and austenite). The 

unique properties of SMAs lies in their solid-to-solid phase transformation, also known as 

martensitic transformation (MT). The austenite phase structure is stable at high temperature, while 

the martensite phase structure is stable at lower temperatures. When SMAs are heated, they begin 

to transform from martensite to austenite at the austenite-start-temperature (As). This 

transformation ends when the austenite-finish-temperature (Af) is reached. On cooling, they start 

transforming back to martensite at the martensite-start-temperature (Ms). This transformation ends 

when the martensite-finish-temperature (Mf) is reached. [1-7, 29, 30]. This type of phase 

transformation can be activated by stress, temperature, or magnetic field. A schematic of such a 

transformation is shown in Figure 2.1, in which a shape memory spring was deformed by the 

application of an external load in martensitic condition. When the applied load is removed, the 

deformed shape is recovered but not to the original undeformed condition. When the spring is 

heated over the reverse-transformation temperature, after removing the load, the undeformed 

original shape was recovered [7].  This behaviour consists of a number of different processes that 

depend on the applied stress and temperature [2, 7].  
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Figure 2.1. Cycles of a Cu-based shape memory spring: (a) original shape; (b) deformation; (c) 

removal of stress in martensitic condition; (d) heating over the martensite finish temperature; (e) 

cooling below the martensite finish temperature; (f) heating [7].  

 

The mechanism by which the crystalline structure of the austenite phase transforms to 

martensite does not occur by diffusion of atoms but, rather, by shear lattice distortion. During 

martensitic transformation, atoms in the unit cell undergo a shear movement while maintaining 

their close relationships. Because the crystal structure of austenite is different than that of 

martensite, a macroscopic shape change occurs during the martensitic transformation, which is 

associated with local strains. These local strains are self-accommodated through the formation of 

twins in the martensite structure (twinned martensite) under stress-free conditions, resulting in no 

shape change in the SMA. When an external stress is applied on the twinned martensite, some 

martensite may detwin or reorient, resulting in a macroscopic shape change and an increase in the 

shape memory effect and superelasticity [30, 31]. Figure 2.2 illustrates this type of transformation. 

The MT in Fe-based SMAs depends on the austenite and martensite crystal structure and can 

be categorized to three groups: (i) transformation between face-centered cubic (fcc)  – austenite 

phase and body-centered cubic (bcc) or body-centered tetragonal (bct) α- martensite phase. This 

type of transformation was observed in FePt, Fe-Ni-Co-Ti, Fe-Ni-Co-Al [20] and Fe-Ni-Co-Al-

Ta [17]. (ii) transformation between (fcc)  – austenite phase and hexagonal close-packed (hcp) ε 

– martensite phase. This type of transformation was recorded in Fe-Ni-Cr [33]. (iii) MT between 

(bcc) α – austenite phase and (fcc)  – martensite phase (not common). This type of transformation 

was reported in Fe-Mn-Al [16], Fe-Mn-Ga [50, 51] and Fe-Mn-Al-Ni [52] SMAs.  

Shape memory effect and superelasticity of SMAs result from MT that is characterized by a 

small thermal hysteresis [10]. Most Fe-based alloys show poor or no SME due to their non-

thermoelastic MT with a large thermal hysteresis [10, 15]. Many attempts have been made to 



8 
 

change the MT to a thermoelastic one by reducing the thermal hysteresis [20, 53, 54]. One of the 

effective methods is aging heat treatment that produces coherent-ordered precipitates [20, 53]. The 

tetragonality of martensite and the hardness of austenite are the controlling factors of thermoelastic 

MT. Both were found to increase in the presence of coherent-ordered precipitates [10, 20]. It was 

found that precipitation of LI2 type ordered  phase and the resulting stress field created in the 

surrounding matrix changed the MT from non-thermoelastic to thermoelastic [17, 55]. 

 

 

Figure 2.2. Demonstration of the martensitic transformation in SMAs, in which a change in 

temperature or a mechanical deformation results in shear lattice distortion. 

 

2.3 Applications of Shape Memory Alloys 

Shape memory alloys are unique due to their superelasticity and SME properties. These 

properties made them attractive to use in several applications such as those listed in the subsections 

below. 

2.3.1 Aerospace Application 

In aerospace application, SMAs are used mostly in actuation and vibration damping 

systems [30]. Actuators fabricated from SMAs have higher power-to-weight ratios than 
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conventional electro-mechanical actuators. In addition, they can act as both sensors and actuators 

[56-60]. There is high demand for SMAs actuators in aerospace applications [58-60]. One of the 

well-known applications is the DARPA/AFRL/NASA Smart Wing in which NiTi SMAs were 

used “as wire tendons to actuate hingeless ailerons and were also formed into torque tubes that 

initiated spanwise wing twist of a scaled-down F-18 aircraft wing.” [30]  

 

2.3.2 Medical Applications 

The SME and biocombatibility of NiTi SMAs made them suitable for use in medical 

applications such as stents, filters, orthodontic archwires, implants, bone fracture fixation plates 

and nails, and in devices for minimally invasive surgery  [1-3, 30, 61-65]. 

 

2.3.3 Transportation Applications 

SMAs have been used in several applications in automobiles, including impact absorption, 

sensing, and actuation. In addition, they are used in trains as actuators [30, 58-60]. 

 

2.3.4 Civil Engineering Applications 

SMAs have recently been used in civil engineering field in such applications as passive 

vibration dampers, active vibration control, and actuators [66, 67]. The pre-stressing or tensioning 

of structures using fixed SMAs is one of the promising applications [68-70]. When SMAs are 

employed, the pre-stressing force is achieved by the SME, which eliminates the need for anchoring 

systems or hydraulic devices [68-70]. 

 

2.3.5 Pipe Couplers 

The use of SMAs as pipe couplers was reported by several researchers [9,10, 12, 13, 20, 

33, 38, 41, 44, 47, 71]. The most attractive SMAs for this application are the Fe-based SMAs due 

to their low cost and good mechanical properties.  

2.4 Iron-based Shape Memory Alloys 

When Sato et al. [9] encountered the SME in Fe-30Mn-1Si, Fe-based SMAs have become 

more attractive because of their appealing mechanical properties, their use in high range of 

temperature, workability, and lower cost compared to the NiTi SMAs [9-11, 72]. At the beginning, 

two groups of Fe-Mn-Si SMAs were developed, namely: Fe-28Mn-6Si-5Cr SMA and Fe-14Mn-
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5Si-9Cr-5Ni SMA [9, 10]. Unfortunately, they showed poor shape recovery, resulting a need to 

enhance their SME by performing cycles of thermo-mechanical treatment known as “training” [5, 

39-41]. The training consisted of several cycles of stress-induced γ (fcc) → ε (hcp) MT by 

deformation and then reversion of ε → γ by heating [5, 9, 39-41]. However, training requires high-

energy consumption, thereby raising production cost. In addition, it is difficult to apply on parts 

with complex geometries [5, 40, 56]. This costly treatment dampened interest in using Fe-based 

SMAs in commercial applications. Hence, reduction of the number of training cycles to achieve 

significant SME became a notable research challenge [5, 40, 56, 73-75].  

Kajiwara and his colleagues [10, 32, 76-80] made a significant contribution by developing 

a new method of manufacturing Fe-Mn-Si SMAs, which led to a significant reduction in the 

manufacturing cost [32, 76]. This method involved adding small amounts of niobium (Nb) and 

carbon (C) to the alloy, pre-deforming it either at elevated or room temperature, and then adjusting 

the aging treatment temperature and time to ensure that very small precipitates of Niobium carbides 

(NbC) were formed in the austenite. This improved the SME and made the training treatment 

redundant [32, 76]. Later, in other studies, Kajiwara et al. investigated the effect of aging time, 

temperature, and pre-rolling on the SME of Fe-Mn-Si SMAs at both RT and elevated temperatures 

[77, 78, 80]. They reported that cold/hot rolling or tensile deformation at room temperature before 

aging might refine NbC precipitates, which could act as nucleation sites for ε martensite and help 

in forming the very thin ε martensite of single variants, which could enhance the SME [79, 81]. 

They found that pre-rolling before aging at either elevated temperature or room temperature 

increased shape recovery, as well as shape recovery stress in Fe-Mn-Si alloys [80]. They attributed 

the improvement in shape memory properties to the uniform distribution of fine martensite plates 

that were mostly reversed to austenite when heated [39]. On the other hand, Stanford et al. [82] 

argued that rolling or tensile deformation at room temperature, followed by aging, should be 

considered as one cycle of thermo-mechanical treatment [82]. 

Most of the studies on the Fe-based SMAs focused on improving their properties by adding 

additional alloying elements to the alloy. Wen et al. [83] reported that Cr23C6 precipitates enhanced 

SME in Fe-Mn-Si-Cr-Ni-C SMAs [83], while Dong et al. [84] improved SME by precipitation of 

vanadium carbide (VC) [84]. In another study, shape recovery was improved with the precipitation 

of vanadium nitride (VN) [85, 86]. Kubo et al. [85] also developed an Fe–28Mn–6Si–5Cr SMA 

containing VN coherent precipitates. They managed to produce a large amount of shape recovery 
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strain in the SMA containing high-density formation of VN precipitates [85]. Cladera et al. [15] 

stated that if the amount of Cr exceeds 7% in Fe-based SMAs, brittle α phase will be introduced 

into the alloy which will impede the SME [15]. Maji et al. [87] reported the addition of Co to Fe-

Mn-Si alloys up to 5 wt.% deteriorated shape recovery of the alloy. Co content greater than 5 wt.% 

improved shape recovery by forming precipitates within two-phase microstructures and resulted 

in high amounts of stress-induced ε martensite [87]. Lin et al. [88] added rhenium (Re) to Fe-

30Mn-6Si-5Cr SMAs to improve their SME and concluded that properly combined treatments of 

pre-strain, aging, and training have to be applied to optimize shape memory performance [88]. 

Furthermore, Zhou [89] reported addition of rare earth elements (REs) to Fe-Mn-Si SMAs 

improved their shape memory properties significantly [89]. In another study, Bliznuk et al. [90] 

investigated the effect of nitrogen (N) and carbon (C) on the shape memory properties of a Fe–

Mn–Si base SMA. They recorded larger recovered strain in the nitrogen-containing alloys in 

comparison to the carbon containing ones [90]. Their finding agreed with that of Jiang et al. [74] 

who reported that addition of a small amount of N to Fe-Mn-Si SMA increased the degree of shape 

recovery [74]. Koyama et al. [91] looked into the effect of adding 8 wt.% Si to Fe-17Mn-8Si-0.3C 

SMAs on the shape memory properties and found that it changed the microstructure from an 

austenite to an austenite/ferrite dual phase structure. The formation of ferrite was found to improve 

the yield strength and shape recovery stress of the alloy [91]. Maji and Krishnan [92] recommended 

limiting Si content in Fe-Mn-Si-Cr-Ni SMAs to 4-6 wt.%.  They recorded poor shape recovery in 

alloys with Si <4% and >6% as a result of formation of α’ martensite and δ-ferrite, respectively 

[92]. In another study, Shakoor et al. [93] found the addition of samarium (Sm) to Fe-Mn-Si-Cr-

Ni SMA improved its strength and SME. Omori et al. [18] added Nb and B to Fe-Ni-Co-Al SMAs. 

They found the addition of Nb to change the MT from non-thermoelastic to thermoelastic, while 

the addition of B suppressed the formation of brittle grain boundary precipitates [18]. They 

reported 5% recoverable strain in the polycrystalline alloy [18]. 

Some studies investigated the effect of heat treatment on the shape memory behaviour of 

Fe-based SMAs. For example, increasing the aging time and temperature in Fe-Co-Ni-Ti SMAs 

was found to reduce the martensitic transformation temperature [94], increased transformation 

strain [95], increased the strength of austenite [95, 96], and increased the temperature range in 

which superelasticity was observed [95]. Liu et al. [97] increased the shape recovery ratio to 72% 

by increasing the aging time of Fe-Mn-Si-Cr-Ni SMA containing C, N, and V [97]. 
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2.4.1 Applications of Iron-based SMAs 

In addition to the superelasticity and SME, Fe-based SMAs have many attractive 

mechanical properties and are relatively low cost, which makes them suitable for several 

applications. Their primary use is as fasteners and pipe couplers [9, 10, 12, 13, 17, 20, 33, 38, 41, 

44-47, 71]. Fe-Mn-Si SMAs were used as pipe couplings because they exhibited a thermally 

activated shape memory effect [9, 10, 20, 33, 71], while Fe-Mn-Si-Cr-Ni-(Co) SMAs, also known 

as shape memory stainless steels, were reported to be used in joints for oil pipes [12]. Yamauchi 

et al. [98] reported that Fe-Mn-Si-Cr SMAs have good formability, SME, and lower cost when 

compared to NiTi SMAs, which makes them ideal candidates for pipe coupling and fishplates [98]. 

Kubo et al. [85] developed a Fe–28Mn–6Si–5Cr SMA containing vanadium nitride (VN) coherent 

precipitates. To use this alloy for steel pipe joining in civil engineering applications, a proof stress 

over 350MPa and 3% of shape recovery are required. They achieved a proof stress of over 400MPa 

and 3.4% of recovery strain, which makes this alloy a suitable candidate for this application [85]. 

Li et al. [12] stated that alloy Fe-14Mn-6Si-9Cr-5Ni SMA exhibited good creep and stress 

relaxation resistance, high corrosion resistance in alkaline solutions, and tensile and sealing 

properties that fulfill the usual requirements for pipe joining in general industrial applications [12]. 

Nitrogen-alloyed Fe-Mn-Si-based SMAs were recommended for use as fasteners and actuator 

materials [8]. In addition, Fe-based SMAs were reported to be used in fishplates [17, 98]. 

Furthermore, a large number of Fe-based SMAs exhibit magnetic shape memory behaviour [33, 

94, 99] which allows them to be used in sensing and energy harvesting [100, 101]. Another 

commercial use of Fe-based SMAs is in solid-state actuators [8, 12, 13, 36].  

Recently, researchers reported the possible use of SMAs in civil engineering applications [14, 

15]. Their desirable low-cycle fatigue resistance makes their use as vibration dampers very 

popular. These dampers can absorb vibration energy resulting from the external environment such 

as wind and earthquakes [47]. They were reported to be used in pre-stressing devices [8]. Cladera 

et al. [15] have conducted an extensive review of the use of Fe-based SMAs in civil engineering 

applications. They concluded that the use of Fe-based SMA tendons for repairing existing 

structures and reinforcing new structures is very promising due to their low cost and attractive 

properties such as good workability, weldability, and corrosion resistance. In addition, the alloys 

have higher elastic stiffness and a wider range of temperature application when compared to NiTi 
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SMAs. Furthermore, they exhibit no friction losses, and do not need hydraulic devices to apply the 

force.  

 

2.4.2 The limitations of the Fe-based SMAs Applications 

The main limitation in the use of Fe-based SMAs is that most of them show non-

thermoelastic martensitic transformation, resulting in poor superelasticity at room temperature [10, 

16-19] which, in turn, reduces their application. Maki et al. [20] were able to produce a 

thermoelastic  [face-centered cubic (fcc)] / α [body-centered tetragonal (bct)] transformation in 

Fe-Ni-Co-Ti SMAs by precipitation of the –(Ni,Fe,Co)3Ti phase with L12 structure. However, 

the alloy exhibited only 0.7% elastic strain, which limits its practical application [21]. It was not 

until 2010 that Tanaka et al. [17] made the biggest breakthrough in the Fe-based SMAs research 

when they found the best combination of alloy chemistry and microstructure suitable for obtaining 

a high level of superelasticity at room temperature [17], thereby widening the door of potential 

applications of the Fe-based SMAs. They introduced two grades of FE-based SMAs, namely: Fe-

28Ni-17Co-11.5Al-2.5Ta (NCAT) and Fe-28Ni-17Co-11.5Al-2.5Ta-0.05B (NCATB) SMAs. The 

addition of tantalum (Ta), was found to increase the volume fraction of fine and coherent  

(Ni,Fe,Co)3(Al,Ta) precipitates with the L12 structure which led to a partial atomic ordering of the 

parent phase and high hardness, which changed the transformation behaviour from non-

thermoelastic to thermoelastic [17]. High strength, great resistance to plastic deformation, and high 

transformation strains were observed in both NCAT and NCATB SMAs, with NCATB showing 

much larger values of superelastic strain (13.5%) —  almost twice that of the commercial NiTi 

SMAs [17, 22, 23] — whereas the NCAT alloy showed 6.8 % superelastic strains for a single 

crystal specimen [102, 23]. Tanaka and co-researchers [53] also achieved excellent superelasticity 

in Fe43.5-Mn34-Al15-Ni7.5 polycrystalline SMAs by adding Ni to the Fe-Mn-Al alloy and 

producing nano-sized hard precipitates with B2 structure in the matrix of the alloy. The hard 

precipitates suppressed the dislocation plasticity during martensitic transformation, resulting in 

thermoelastic martensitic transformation [52].  

 

2.5  NCAT and NCATB SMAs 

The excellent shape memory behaviour of the NCAT and NCATB SMAs generated great 

interest among researchers to study their properties [16, 21, 23-27, 102 - 104]. Many of these 
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studies focused on improving the level of recoverable strains by using different aging heat 

treatments [17, 22, 25, 102, 103, 105-109]. Geng et al. [19] found that increasing aging time of 

NCATB SMAs resulted in the coarsening of precipitates, which changed the martensitic 

transformation from thermoelastic type to non-thermoelastic [19]. Ma et al. [103] also found that 

increase in aging time of NCAT SMAs increased their transformation temperature (martensite start 

temperature) [103].  

Several studies investigated the effect of  precipitates on the shape memory behaviour 

and superelastic properties of NCAT SMAs when different aging heat treatments were applied 

[22-24, 26, 102, 103, 105, 106]. Kroob et al. [106] observed substantial dependency of the cyclic 

transformation behaviour of the NCAT SMAs on the variation in the size of precipitates. Fine 

dispersed precipitates were found to improve cyclic stability [106]. In another study, Kroob et al. 

[26] found that the morphology of the precipitates greatly influenced the strain-temperature 

response during thermal cycling [26]. A high precipitates density was found to require low stress 

to activate martensitic transformation [26]. Evirgen et al. [24], in one such study, investigated the 

effect of aging heat treatment on superelastic response of a single crystal NCAT alloy in tension 

[24]. They reported a smaller  precipitate size (3-4 nm) and lower transformation temperatures 

for samples aged at 700 oC for 7 h, as compared to samples aged at 600 oC for 90 h. The latter 

showed higher transformation temperatures and larger precipitate size of around 5 nm [24]. They 

reported high superelastic strains of up to 3.4%; however, this was still lower than the superelastic 

strains obtained for NCATB SMAs [17]. They attributed the difference in the superelastic strain 

to higher volume fraction of non-transforming  precipitates and the lower volume fraction of 

transformation matrix [24]. Ma et al. [103] reported that  precipitates have a large influence on 

the superelastic properties of the NCAT SMAs [103]. They explained that increasing the size of 

the precipitates results in more barriers to the MT (and thus more energy dissipation during 

transformation), and more irrecoverable strain [103]. In a different study, Ma et al. [22] found that 

experimentally observed transformation strain levels were lower than theoretically predicted 

levels. They attributed this to the presence of large volume fraction of non-transforming 

precipitates and incomplete martensite reorientation [22, 103]. Depending on the heat treatment 

performed, the volume fractions of these precipitates could reach 20-38% in NCAT SMAs [102, 

103]. Chumlyakov et al. [25] reported differences between experimental and theoretical reversible 

strain values in single crystals of NCAT SMAs, with the latter having higher values [25]. They 
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attributed these differences to the presence of TaC particles that resulted in limiting the plasticity 

of the alloy. These particles were formed during the smelting of polycrystalline ingots and did not 

dissolve during subsequent homogenization [25]. Although the theoretical and experimental strain 

values of the NCAT SMA were different, the experimentally observed transformation strains are 

still much larger than the ones reported in other SMAs, such as Fe-Ni-Co-Ti SMAs [22]. In 

addition, the alloy shows considerable magnetic properties [22]. The magnetic properties of the 

NCAT SMAs, combined with their large transformation strain levels and relative low cost, make 

these alloys potential candidates for a wide range of engineering applications such as actuators and 

pipe couplers. 

 

2.6 Corrosion Behaviour of Fe-based SMAs 

This section summarizes the corrosion research study that was conducted on Fe-based based 

SMAs. An introduction to the concept of corrosion engineering and its basics is presented in 

Appendix A.  

Much research on Fe-based SMAs focused on improving the corrosion resistance by 

alloying methods [5, 8, 38, 40, 41, 46, 75, 85, 90, 110 - 112]. Almost all of the studies were focused 

on Fe-Mn-Si SMAs [5, 8, 38, 40-42, 45, 75, 110, 111, 113-121]. For example, Ullakko et al. [8, 

122] found that the addition of nitrogen (N) to Fe-Mn-Si and Fe-Mn-Si-Cr- Ni SMAs enhanced 

the SME, mechanical, and corrosion properties of these alloys [8, 122]. Wan et al. [5] reported 

similar findings. In another study, Charfi et al. [42] investigated the effect of Zn electroplated 

coating followed by chromate conversion treatment on the corrosion resistance of Fe-32Mn-6Si 

SMA [42]. They reported an improvement in the polarization resistance of the alloy. They noticed 

that the chromium layer passivated the zinc coating layer, thereby enhancing the corrosion 

resistance.  

The corrosion behaviour of Fe-Mn-Si SMAs in 3.5 wt. % NaCl solution was studied by 

several researchers. Huang et al. [113] investigated the effect of the addition of a rare earth element 

(RE) on the corrosion behaviour of Fe-25Mn-6Si-5Cr SMAs in 3.5 % NaCl solution [113]. They 

found that such an addition enhanced the corrosion resistance of the alloy. They also observed the 

best corrosion resistance in the alloy containing 0.16 wt. % RE [113]. Soderberg et al. [41] and 

Maji et al. [45] did not observe any passivity or pitting in Fe-Mn-Si-Cr-Ni SMAs containing 9-12 

wt.% Cr in 3.5% NaCl solution [41, 45], whereas Lin et al. [38] observed both passivity and pitting 
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in a similar alloy that contained more than 5 wt.% Cr [38]. Zhang et al. [114, 115] also observed 

pitting in Fe-Mn-based SMAs that were tested in 3.5 wt.% NaCl solution. These alloys had Al or 

Cr additions or a combination of both [114, 115].  

Furthermore, the corrosion behaviour of Fe-Mn-based SMAs was investigated in other 

solutions. Zhang et al. [114, 115] reported passivity in neutral solutions (1M Na2SO4), basic 

solutions (10-50% NaOH), and in oxidizing acids (50% HNO3). They didn’t observe any passivity 

in reducing acids (10% HCl) and 3.5 % NaCl solutions [114, 115]. Li and Dunne [116] developed 

Fe-Mn-Si-Al-Cu and Fe-Mn-Si-Cr-Cu SMAs. The alloys showed better SME and corrosion 

resistance in HCl, H2SO4, and 3.5 wt. % NaCl solutions than the conventional Fe-Mn-Si SMAs. 

Alloying with Cu improved the corrosion resistance and passivation in acidic solutions, but did 

not seem to have any impact on the corrosion resistance of the alloy in 3.5 wt. % NaCl solution 

[116]. In another study, high Si content in Fe-Mn-Si SMAs (>14.5 wt.%) was found to enhance 

the corrosion resistance in acidic environments [110], but, at the same time, it promoted the 

formation of brittle sigma phase [110]. For this reason, the Si content in Fe-Mn-Si SMAs is 

recommended not to exceed 5-6 wt. %, and Mn is added to these alloys to control the MT 

temperature [75]. However, it was found that this latter addition could decrease the corrosion 

resistance of the alloy. Therefore, the addition of Cr or Al was recommended to improve the alloy’s 

corrosion resistance [117]. Moriya et al. [118] reported that adding Cr to Fe-Mn-Si SMAs 

improved their corrosion resistance [118]. Furthermore, Fukai et al. [119] reported Cr had a large 

effect on the oxidation resistance of Fe-Mn-Si-Cr SMAs [119]. Balo et al. [120] found the addition 

of Cr to Fe-Mn-Si SMAs improved their corrosion resistance [120]. Peng et al. [40] and Otsuka et 

al. [75] reported similar findings, whereas Uhlig [110] argued that Cr content > 7 wt. % in a binary 

Fe-based SMA caused more brittle sigma phase to form. He recommended that Ni be added to 

impede sigma phase formation [110]. Wang et al. [111] and Otsuka et al. [75, 121] found that 

simultaneous addition of Cr and Ni to Fe-Mn-Si based SMAs enhanced both their corrosion 

resistance and SME. Fe-Mn-Si-Cr-Ni SMAs are also known as shape memory stainless steels 

(SMSSs). Wan et al. [5] compared the corrosion behaviour of three different Fe-Mn-Si-based 

SMAs (Fe-25Mn-6Si, Fe-25Mn-6Si-5Cr, and Fe-25Mn-6Si-5Cr-(0.12-0.14)N) in NaCl, NaOH, 

and HCl aqueous solutions. The best corrosion resistance was observed in the alloy that was 

microalloyed with nitrogen (N) intentionally added (i.e. Fe-Mn-Si-Cr-N) SMA [5].  In their 

research, Lin et al. [38] investigated the corrosion behaviour of three different Fe-Mn-Si SMAs 
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(Fe-30Mn-6Si, Fe-30Mn-6Si-5Cr, and Fe-13Mn-5Si-12Cr-5Ni) in 3.5 wt. % NaCl solution. Alloy 

Fe-13Mn-5Si-12Cr-5Ni, which is an SMSS alloy, showed the best corrosion resistance as shown 

in Figure 2.3, while alloy Fe-30Mn-6Si-5Cr suffered from severe localized corrosion in the form 

of pitting when it was immersed in the NaCl solution for 20 days [38]. Alloy Fe-30Mn-6Si was 

protected by a corrosion scale, but as soon as the scale was detached, the corrosion rate increased 

rapidly [38]. Additionally, Lin et al. [38] investigated the stress corrosion cracking (SCC) 

resistance of the three SMAs. The SMSS exhibited the highest fracture stress in atmospheric 

environment compared to the other two SMAs. When tested in saturated H2S aqueous solution, its 

fracture stress showed the largest drop compared to the other two alloys. The authors attributed 

this behaviour to its elongated grain structure and the presence of α –martensite that contained high 

dislocation density. These two microstructural features usually facilitate surface cracking. In the 

presence of Ni, hydrogen atoms tended to accumulate on the surface, where cracks were located, 

resulting in hydrogen embrittlement of the alloy, which in turn reduced its fracture stress. 

Furthermore, Lin et al. [38] investigated the effect of annealing on the corrosion behaviour of the 

three SMAs. They reported the annealing at 1000 oC for 2 h increased the corrosion potential of 

Fe-30Mn-6Si SMA due to the formation of α-ferrite [38]. In contrast, Fe-30Mn-6Si-5Cr SMA 

became more active after annealing, whereas SMSS showed an increase in the corrosion current 

and no change in the corrosion potential [38]. It appears from all these studies that the SMSS alloy 

has a better corrosion resistance than the other Fe-Mn-Si SMAs studied. The literature review did 

not come across any study that investigated the galvanic corrosion resistance of Fe-based SMAs. 
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Figure 2.3. Polarization curves of various Fe-based SMAs: (a) as-rolled Fe-30Mn-6Si, (b) annealed 

Fe-30Mn-6Si, (c) as-rolled Fe-30Mn-6Si-5Cr, (d) annealed Fe-30Mn-6Si-5Cr, (e) as-rolled Fe-

13Mn-6Si-12Cr-5Ni, and (f) annealed Fe-13Mn-6Si-12Cr-5Ni [38]. 

 

2.6.1 Corrosion Behaviour of Shape Memory Stainless Steels (SMSSs)  

Several efforts have been made to improve the corrosion resistance of Fe-Mn-Si SMAs 

through alloying with corrosion resistant elements such as Cr and Ni [75, 121, 123] and/or 

interstitial atoms such as N [5] to produce what is generally known as shape memory stainless 

steels (SMSSs). SMSSs have been the subject of several corrosion studies to determine the effect 

of alloy chemistry on their corrosion behaviour and to evaluate their corrosion resistance in several 

solutions [38, 41, 45, 124]. Li et al. [12] reported high corrosion resistance and passivation for Fe-

14Mn-6Si-9Cr-5Ni in alkaline solutions. The corrosion resistance was four to five times better 

than that of 304 and 316 stainless steels [12]. Della Rovere et al. [124] investigated the corrosion 

behaviour of three grades of Fe-Mn-Si-Cr-Ni-(Co) SMA in 0.5 M H2SO4 solution [124] and 

reported that the passive current density in the SMSS was similar to that of type 304 austenitic 

stainless steel [124]. They observed that the amount of Cr and Mn played a significant role in the 

corrosion behaviour of the alloy in H2SO4 solution [124]. They also observed the best corrosion 

behaviour in the alloy containing high amounts of Cr and low amounts of Mn. The characteristics 

of the passive film formed on Fe-Mn-Si-Cr-Ni-(Co) SMA that was tested in 0.5 M H2SO4 solution 

was investigated in more than one study [124-126]. It was found that the protectiveness of the 
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passive film on the SMA is similar to that of the passive film on the 304 stainless steel. 

Furthermore, Si was found to play an important role in the protectiveness of the passive film by 

forming an iron-chromium-mixed silicate film [125, 126].  When the alloy was tested in 3.5% 

NaCl solution, poor corrosion resistance compared to 304 stainless steel was reported [126].  The 

addition of Cu was found to improve the corrosion resistance of Fe-14Mn-5Si-9Cr-5Ni SMA in 

Cl--containing solutions [46]. In another study [39], the addition of Nb was found to improve the 

corrosion resistance of SMSSs [39].  

Heat treatment and shape memory training affect the corrosion resistance of SMSSs. Liu 

et al. [97] found that aging heat treatment reduced the corrosion resistance of Fe-Mn-Si-Cr-Ni 

SMA containing C, N, and V. The reported corrosion rate of the aged alloy was nearly three times 

higher than that of the unaged alloy in 0.5 M H2SO4 solution [97]. The alloy exhibited passivation 

in H2SO4 solution, whereas when tested in 3.5% NaCl solution, it did not show any passivation 

and suffered from localized corrosion (pitting) [97]. Figure 2.4 shows the potentiodynamic 

polarization curves obtained from samples with various aging times. The samples were tested in 

0.5 M H2SO4 and 3.5% NaCl solution. Soderberg et al. [41] examined the effect of the shape 

memory training on the corrosion behaviour of Fe–Mn–Si–Cr–Ni SMAs. They reasoned that 

deformation during the shape memory training by cold rolling decreased the corrosion resistance 

of the alloy, and recovery heating further reduced the corrosion resistance. They also found that 

Cr and Mn had a significant influence on the shape memory effect and corrosion behaviour of the 

alloy. They observed that increasing Mn and decreasing Cr contents improved the shape memory 

effect but reduced the corrosion resistance of the alloy. On the other hand, Ni, N and V were found 

to enhance the corrosion resistance of the alloys.  Maji et al. [45] heat treated several Fe-15Mn-

7Si-9Cr-5Ni SMA samples to produce three different microstructures and investigated the 

corrosion behaviour of the samples in 0.5 M H2SO4 and 3.5% NaCl solutions. They found the 

corrosion behaviour in H2SO4 solution to be almost the same for all the tested samples, with very 

slight variation in the passivation range [45]. They also found that the passivation current density 

was nearly the same as that of 304 stainless steel [45]. In the NaCl solution, no passivation was 

observed. The three microstructures showed general dissolution without passivity or pitting [45]. 

They observed the best corrosion resistance in the alloy with a single-phase austenite 

microstructure [45].  
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In a study that was conducted by Nishimura [127, 128], the atmospheric corrosion 

resistance of Fe-Mn-Si-Cr-Ni SMAs was investigated using the wet and dry corrosion test 

containing NaCl solution. In addition, he conducted electrochemical impedance spectroscopy 

testing (EIS) as part of the study in order to understand the electrochemical behaviour of the alloy. 

He compared the corrosion behaviour of the alloy with that of carbon steel. His test results showed 

much higher corrosion resistance for the SMSS compared to carbon steel, which was due to the 

formation of a passive film on the surface of SMSS [128]. Nishimura [127, 128] analyzed the 

passive film and observed that it contained Fe, Mn, Cr, Si, and Ni, and oxygen. He found that the 

passive film consisted of three layers of Fe oxides, namely: (i) a Mn-rich outer layer, (ii) a Cr-Si-

rich inner layer, and (iii) an interface layer. The corrosion resistance was primarily dependent on 

the Cr-Si layer, and was further supported by the Mn enriched layer. Another study by Lee et al. 

[66] compared the corrosion behaviour of Fe-17Mn-6Si-10Cr-4Ni-1(V, C) SMA with a reference 

structural steel material (EN 10149 PT2) to determine if the SMSS was suitable to use as a 

reinforcing element in pre-stressed concrete structures [66]. The SMSS was tested in simulated 

concrete pore solutions. They observed superior corrosion resistance of the SMSS alloy over the 

reference structural steel. They concluded that the SMSS could be used as a pre-stressed 

reinforcing element in concrete without any corrosion issues [66].  

Although the SMSS showed an improved corrosion behaviour in different solutions and 

corrosion environments compared to other Fe-based SMAs, its commercial application is still very 

limited due to its non-thermoelastic MT, which makes it difficult to use. The thermoelastic MT, 

excellent shape memory properties, and high strength of the NCAT and NCATB SMAs make them 

appropriate for commercial applications. Although shape memory behaviour and the superelastic 

properties of NCAT and NCATB have been well studied [16, 17, 21, 23-27, 103, 104, 105], 

surprisingly, not a single study investigated their corrosion behaviour in the open literature. In 

order to use these alloys as pipe couplers or actuators, it is important to fill the knowledge gap in 

their corrosion behaviour in a variety of solutions and environmental conditions. 
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Figure 2.4. Potentiodynamic polarization curves acquired from Fe-Mn-Si-Cr-Ni SMA containing 

C, N, and V elements that were aged using various aging times in (a) 0.5 M H2SO4 solution, (b) 

3.5% NaCl solution [97]. 
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3. METHODS AND MATERIALS 

 

The use of NCAT SMA is very promising in several applications such as pipe couplings 

and actuators and in several industries including oil and gas industry. The fact that pipe couplings 

are exposed to different solutions with different pH and at different temperatures makes it 

necessary to investigate the corrosion behaviour of this alloy in such environments. In this chapter, 

details of the tested alloys and the corrosion and materials characterization tests that were 

conducted to understand the behaviour of the NCAT SMA in corrosive environments are 

presented. 

 

3.1 Materials 

The main alloy investigated in this study is Fe-28Ni-17Co-11.5Al-2.5Ta (at%) (NCAT) 

SMA. It was extruded at 950 oC to make cylindrical-shaped specimens with a diameter of 10.08 

mm and length of 13 mm. The specimens were supplied in the heat treated condition. The heat 

treatment was conducted in a high purity argon atmosphere in Thermo Scientific Lindberg blue M 

box BF Furnace in Texas A & M Laboratory in College Station, USA. The heat treatment was 

conducted following the procedures that were found in the literature [24, 26, 102, 103, 106]. Two 

sets of specimens were produced after the heat treatment: (i) Specimens that were solution-treated 

at 1300 oC for 24 h.  The specimens do not exhibit any shape memory effect. These specimens 

were compared with aged specimens to study the effect of the aging on the alloy’s corrosion 

properties. (ii) Specimens that were solution-treated at 1300 oC for 24 h to obtain a -single phase 

structure, and then aged at 600 oC for 90 h to allow the -(Ni,Fe,Co)3(Al,Ta) phase to precipitate. 

These specimens exhibit shape memory effect (SME) and superelasticity [24, 26, 102, 103, 106]. 

The focus on this study will be mostly on these aged NCAT SMAs. 

  Shape memory alloys’ composition is usually determined in at%. The composition of 

NCAT in at% was found to be 41.4 (±0.05) Fe, 27.4 (±0.04) Ni, 17.3 (±0.02) Co, 11.1 (±0.04) Al 

and 2.6 (±0.02) Ta. Table 3.1 shows the chemical composition (in wt%) of NCAT alloy and those 
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of four commercially available alloys with which its performance in corrosive environments was 

studiedThe tests that were conducted are presented in the experiment chart in Figure 3.1. 

 

 

Figure 3.1. Flow chart of tests conducted in this study. 

 

3.2 Electrochemical Testing 

          Several electrochemical tests were conducted to understand the corrosion behaviour of 

NCAT SMA. Tests were carried out to determine: the effect of heat treatment; coupling with other 

alloys; and change in temperature, pH, and electrolyte. The tests included:  

(i) electrochemical corrosion testing at room temperature (RT) of aged and solution treated NCAT 

SMA in a 0.6 M  NaCl solution with different pH (3, 6, and 10), 0.5 M H2SO4 solution, and 0.5 M 

NaOH; (ii) electrochemical corrosion testing of aged and solution treated NCAT SMA in a 0.6 M  

NaCl solution at 40 °C, 60 °C, and 80 °C; (iii) electrochemical corrosion testing the commercial 

alloys in 0.6 M NaCl solution at RT and 60 oC; and (iv) galvanic corrosion testing of NCAT SMA 

and commercial alloys in 0.6 M NaCl at different temperatures (RT, 40 °C, and 60 °C). Each test 

was repeated until three identical curves were acquired. During the electrochemical testing, the 

temperature and humidity was monitored and adjusted when needed. 

Details of these tests are presented in the following sections. 
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Table 3.1. Chemical compositions (wt%) of NCAT and the commercial alloys used in this study. 

Alloy Fe  

 

C  Si  

 

Mn 

 

P  

 

S  Cr  

 

Mo  

 

Ni 

  

Cu  

 

N  

 

Ti  

 

Co  

 

Al 

 

Ta 

NCAT 

FeNiCoAlTa 

40.4 - - - - - - - 28.1 - - - 17.8 5.27 8.31 

1018  

UNS G10180 
99.3 0.20  0.90 0.04 0.05 - - - - - - - - - 

304  

UNS S30400 

71.2 0.03 0.33 1.45 0.03 0.03 18.25 0.22 8.1 0.28 0.06 0.002 - - - 

316L  

UNS S31603 

68.9 0.02 0.41 1.33 0.03 0.03 16.66 2.03 10.1 0.45 0.04 - - 0.0001 - 

2750  

UNS S32750 

62.2 0.02 0.41 0.80 0.02 0.001 25.15 3.90 6.9 0.30 0.25 - - - - 
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3.2.1 Sample Preparation 

Each specimen used in electrochemical corrosion tests was connected to a copper wire 

using a conductive silver epoxy. The specimens were then embedded in a non-conducting epoxy 

resin so that only the circular surface of the specimens was exposed to the electrolyte. Figure 3.2 

shows an example of a typical test specimen. The specimens were wet ground with 240-grit SiC 

paper and wet polished with 600-grit SiC paper. Prior to immersion in the electrolyte, the 

specimens were cleaned with ethanol in an ultrasonic cleaner, rinsed with distilled water, and then 

dried. After testing, the specimens were wet ground to remove the corroded scale, and the epoxy 

resin was removed and replaced with a fresh one to reduce the possibility of crevice corrosion. The 

samples were then polished and reused in another electrochemical test. 

 

 

Figure 3.2. An image of a typical electrochemical test specimen that was used in this study. 

 

All electrochemical measurements were carried out using a Gamry Reference 600 

potentiostat/galvanostat and its accessories including the reference electrode. The equipment and 

accessories are manufactured in the USA. The testing was conducted with the test electrolyte 

exposed to the air. A three-electrode test cell — with a graphite counter electrode, a saturated 

calomel reference electrode (SCE), and the test specimen as a working electrode — was used in 

this study. The electrochemical test set-up is illustrated in Figure 3.3. All potentials were 



26 
 

referenced to SCE. All the solutions were made from distilled water and analytical grade chemicals 

manufactured in Germany by Millipore Sigma. When the test was conducted at temperatures 

higher than room temperature (RT), a Fisher Scientific ISOtemp digital control water bath model 

220 that was made in the USA was used to heat the test solution within ±1 oC accuracy. In all the 

experiments, the tests were repeated at least three times until three curves were produced with 

similar electrochemical parameters. Appendix A shows examples of potentiodynamic polarization 

scans for aged and solution treated NCAT SMA in 0.6 NaCl at RT and pH of 6. The curves 

presented in this document are typical of the obtained results. The tests that were performed 

included the following: 

 

 

Figure 3.3. Image of the electrochemical test apparatus placed in a water bath showing the three 

electrodes and cell. 
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3.2.2 Open Circuit Potential Measurement 

The open circuit potential (also known as rest potential) indicates the thermodynamic 

propensity of a material to corrode in a given solution. In this test, there is no current flow through 

the specimen. It just measures the open circuit potential (Eoc) of the specimen as it changes over 

time. This method is used to give a quick indication of the alloy’s ability to corrode. The graphical 

result is a plot of potential-vs-time (Figure 3.4). The part of the curve that shows a stable potential 

can be used to determine the open circuit potential of the alloy. In this test, the specimens were 

immersed in the test solution for one hour, during which time the voltage between the reference 

electrode and the working electrode (specimen) was measured. Figure 3.3 shows a typical result 

obtained for an aged NCAT SMA in 0.6 M NaCl solution. 

 

Figure 3.4. An example of the result obtained from open circuit potential (rest potential) 

measurement of an aged NCAT SMA in a 0.6 M NaCl solution at RT. 

 

3.2.3 Linear Polarization Resistance Measurement (LPR) 

This test was used to obtain the polarization resistance of the test specimen and provide an 

estimate of its corrosion rate in the test solution. During the test, a slow sweep of potentials from 

-20 to 20 mV versus the (Eoc) was conducted at a scan rate of 0.167 mV s-1 following ASTM G59-

97 standard [129]. This method is very quick, and since the applied potential is small, the surface 

of the sample is not polarized and is not affected by the test. All the specimens were immersed 
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into the electrolyte at Eoc for 1 h before the test.  As the applied voltage was small, the current 

response was roughly linear. The polarization resistance (Rp) was estimated from the slope of the 

current-vs-voltage curve. A schematic of a linear polarization scan is presented in Figure 3.5. The 

polarization resistance could be used to calculate the corrosion current density (icorr) and the 

corrosion rate (CR) if the Tafel slopes are known, as described in section 3.2.5. 

 

 

Figure 3.5. An example of a typical linear polarization resistance curve obtained for an aged NCAT 

SMA in 0.6 M NaCl solution at RT. 

 

3.2.4 Potentiodynamic Polarization Measurement 

This technique was used to characterize the overall corrosion behaviour of the test 

specimens and estimate their corrosion current densities (icorr). It measures the current during a 

large potential sweep from the cathodic to the anodic region of the working electrode. During this 

sweep, the specimen undergoes different electrochemical reactions. ASTM G5-14 test standard 

was used in this test [130]. The data obtained were displayed in potential-vs-logarithm of the 

current density plots as shown in Figure 3.6. Analysis of the resulting curves yields the following 

information: (i) corrosion potential (Ecorr), (ii) corrosion current (Icorr) and corrosion current density 

(icorr); (iii) anodic and cathodic Tafel slopes (obtained from the linear extrapolation of the anodic 

and cathodic regions of the polarization curve); and (iv) corrosion rate (CR) that can be calculated 

using the above parameters, as will be described later in section 3.2.5. 
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The potentiodynamic polarization scans were carried out immediately following the linear 

polarization resistance tests. The specimens were not removed from the solution after the LPR test, 

since the test does not polarize or affect the specimens’ surfaces.  The scans were conducted from 

-200 mV with respect to Eoc to the anodic direction with a scan rate of 0.167mV/s. Corrosion 

current density (icorr) and corrosion potential (Ecorr) were obtained from the potential-vs-current 

density curves, whereas Tafel constants (βa and βc) were estimated from linear fits to the curve as 

illustrated in Figure 3.5.  

 

Figure 3.6. An example of the potentiodynamic polarization curve of aged NCAT in a 0.6 M NaCl 

solution at RT, showing how the corrosion parameters are identified. 

 

3.2.5 Corrosion Rate Determination 

The corrosion rate can be calculated from the parameters obtained in linear polarization 

resistance measurements or from the potentiodynamic polarization scans as follows: 

 

I. Corrosion Rate Produced from Potentiodynamic Anodic Polarization Measurements  

Tafel analysis is performed to estimate Ecorr, icorr, βa, and βc using Gamry Instruments' DC105 

DC Corrosion Techniques software. The obtained parameters are then used in Butler-Volmer 

equation (3.1) to determine the corrosion current.  
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I =  Icorr(e
(

2.3(E−Eoc)

βa
)

− e
(

(−2.3(E−Eoc)

βc
)
 )                                (3.1) 

 

where, I = the measured cell current in amps, Icorr  = the corrosion current in amps, E = the 

electrode potential in Volts, Eoc = the corrosion potential in Volts, βa = the anodic Tafel constant in 

volts / decade, and βc = the cathodic Tafel constant in volts / decade. 

The calculated Icorr was then used to calculate CR from equation (3.2), 

CR =  
icorr K EW

ρa
        3.2     

  

where K = a constant that defines the units for the corrosion rate, EW = the equivalent 

weight of the specimen in grams/equivalent, ρ = density of the specimen in grams/cm3, and A = 

cross-sectional area of the specimen in cm2. EW is calculated by dividing the sum of the molecular 

weight of the dissolved substance in the solution (in grams) by the valence of these dissolved 

substances. The values of EW, ρ, and A in 0.6 M NaCl solution are provided in Table 3.2, while 

constant K values are given in Table 3.3. The corrosion rate units depend on the choice of the 

constant K as illustrated in Table 3.2. 

 

Table 3.2. The values of density, equivalent weight, and surface area for the samples that were 

used in the electrochemical testing. 

Material ρ (g/cm3) EW A (cm2*) 

304 8 25.204 0.509 

316L 7.158 25.648 0.509 

2750 5.788 24.623 0.509 

NCAT 1 7.76 23.23 0.759 

NCAT 2 7.72 23.23 0.759 

1018 7.87 27.46 0.68 

* In galvanic corrosion testing, all the tested samples had the same surface area (0.759 cm2). 
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Table 3.3. K constant values that can be used for different corrosion units. 

Units for Corrosion Rate K 

mm/year 3272 (mm/(amp.cm.year)) 

µm/year 3.272 ×106 (μm / (A.cm.year)) 

mils/year 1.288 × 105 (Milli inches /  (amp.cm.year)) 

 

II. Corrosion Rate Produced from Linear Polarization Resistance Measurements 

The Rp resulting from linear polarization resistance measurement is used to calculate the 

corrosion current (Icorr) using the Stern-Geary equation (3.3) and βa and βc values that were 

estimated from the potentiodynamic polarization curve.   

 

Icorr =  
βaβC

2.3Rp(βa+βc)
                                (3.3) 

 

The calculated Icorr was then used to calculate CR from equation 3.2. 

In this study, only one value of corrosion rate was reported, and that is the corrosion rate 

that was calculated using the potentiodynamic polarization results. At least, three matching 

potentiodynamic polarization curves and three linear polarization measurements were conducted 

for each test. The electrochemical testing parameters were taken from one of these curves. Figure 

3.7 shows an example of three matching potentiodynamic polarization curves for aged NCAT that 

is typically used to determine the corrosion properties of the ally. 
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Figure 3.7. Three matching results of a potnetiodynamic polarization tests of aged NCAT that is 

typically used to determine the corrosion parameters of the alloy.   

 

3.2.6 Galvanic Corrosion Test 

In this test, the effects of galvanic interactions between NCAT SMA and four commercially 

available alloys (1018, 304, 316L, and 2750) in a 0.6 M NaCl solution with a pH of 6 were 

investigated at three different temperatures (25 oC (RT), 40 oC and 60 oC). A zero resistance 

ammeter (ZRA) was used to measure the galvanic current flowing between the coupled alloys 

following ASTM F3044 standard [131]. The cathode to anode surface area ratio was identical 

(each having an area of 0.759 cm2). The Eoc of each alloy was measured before the test to determine 

the cathode and anode in the coupling before connecting the specimens electrically through the 

ZRA. The cathode was connected as the counter electrode and the anode was connected as the 

working electrode. Immediately after immersing the electrodes in the solution, the galvanic 

corrosion test began. The test ran for a minimum of 24 h, during which time the galvanic current 

and galvanic potential established between the alloys were measured every 1 second. The mean 

values of galvanic current density (ig) and galvanic potential (Eg) in the final 15 minutes of the 

ZRA test were used to determine the galvanic current density and galvanic potential of the 

couplings, as per ASTM F3044 standard [135]. After the test, the surfaces of the corroded 
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specimens were examined using an optical microscope and a scanning electron microscope (SEM) 

to determine the severity of the corrosion attack.  

 

3.3 Microstructural Examination 

The microstructure of the alloy was studied using a Nikon Eclipse MA100L inverted 

microscope manufactured in Japan. The microscope is equipped with a Nikon DS-Ri2 digital 

camera. A JEOL JSM-IT 500 scanning electron microscope (SEM) equipped with Oxford X-ray 

energy dispersive spectrometry (EDS) was used to study the microstructure of the alloy and 

determine the chemical composition of the corrosion scale.  The SEM was manufactured in Japan, 

and the EDS software was developed in the United Kingdom. Figure 3.8 shows a picture of the 

SEM that was used in this study. At least three specimens from each set of samples were tested to 

give representative results. The specimens were prepared as per the standard metallographic 

techniques of ASTM E3-11[132].  

 

 

Figure 3.8. A picture of the JEOL JSM-IT 500 SEM that was used to characterize the 

microstructure of the alloy and the corrosion scales produced after exposure of the specimens to 

corrosive solutions. 
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3.3.1 Metallographic Sample Preparation Procedures  

The metallographic specimen preparation procedures included the following steps: 

(i) Mounting 

First, the specimens were compression mounted using a Buehler Simplimet 1000 

Automatic Mounting Press manufactured in the USA and a Buehler EPoMet F mounting resin. 

The specimens were placed in the mounting press and surrounded by the resin. The resin was 

heated to 60 oC for 3 minutes. Then it was cooled for 6 minutes while applying a pressure of 280 

bars. Mounting was performed to make it easy to hold the specimen during grinding and polishing.   

(ii) Grinding 

Grinding of mounted specimens was performed, first using a Buehler Handimet II roll 

grinder manufactured in the USA and 240 grit silicon carbide papers. Automatic grinding using a 

Buehler EcoMet 250 grinding / polishing machine manufactured in the USA followed. Different 

grades of abrasive papers ranging from coarse to fine (240, 320, 400, 600, 800, 1000, and 1200 

grit) were utilized.  Between each grinding step, the specimens were rinsed with distilled water. 

The grinding was done so that all the scratches on the samples disappeared after the grinding 

process to make it easy to observe the microstructure of the alloy. Figure 3.9 shows the Buehler 

Handimet II manual roll grinder and Buehler EcoMet 250 automatic grinding- polishing machine. 

 

 

Figure 3.9. Manual and automatic grinders used to grind the metallographic specimens. 
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(iii)  Polishing 

Polishing of the ground specimens was performed using a Buehler EcoMet 250 grinding / 

polishing machine manufactured in the USA (Figure 3.10). The samples were polished to a very 

fine mirror-like finish, using polishing cloths and four different polishing suspensions. The 

polishing was done in four steps using the following suspension in each step: (1) A 6µm Buehler 

MetaDi Supreme Polycrystaline Diamond Suspension was used in the first step; (2) A 3µm 

Buehler MetaDi Supreme Polycrystaline Diamond Suspension was used in the second step; (3) A 

1 µm Buehler MetaDi Supreme Polycrystaline Diamond Suspension was used in the third step; 

and (4) A 0.06 µm Buehler MasterMet Colloidal Silica Polishing Suspension was used in the fourth 

step. 

Between each polishing step the specimens were rinsed with distilled water followed by 

ethanol. After the last polishing step, they were washed thoroughly using a detergent and water, 

and rinsed with distilled water. The samples were then cleaned with ethanol in an ultrasonic cleaner 

for 5 minutes and subsequently dried using a low-heat drier.   

 

 

Figure 3.10. Automatic polishing machines used to polish the metallographic specimens. 

 

(iv) Etching 

Etching involves the application of a chemical reagent on the surface of the alloy to highlight 

features of the alloy at microscopic level. Such features include grains, grain boundaries, second-

phase structures, precipitates and inclusions.   
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NCAT SMA is usually etched using one of the following etching solutions: 

1. A formulation based on hydrofluoric acid (10% hydrofluoric acid with distilled water). 

This is the most commonly used etching solution for this alloy. It reveals the grains and 

grain boundary precipitates clearly; however, it is dangerous to use and requires a special 

chemical hood, which is not available in the laboratories where this study was conducted. 

2. A formulation composed of a 15 g sodium bisulfate + 10 g potassium meta-bisulfate + 

distilled water. This etching solution is safe to use. It can clearly reveal the grains and 

grain boundaries, but it doesn’t show the grain boundary precipitates. Examples of the 

micrographs produced using this etchant is provided in Appendix B. Since the grain 

boundary precipitates could contribute to the alloy’s corrosion behaviour, it was essential 

to use a different etching solution that can reveal these precipitates. The development of 

etching solution that was (i) easy to apply, (ii) safe to use, and (iii) that can reveal the grain 

boundary precipitates was one of the challenges faced in this study. 

 

Several etching solutions were used in an attempt to reveal the grain boundary precipitates in 

this alloy, but failed to produce the desired images. Examples of the micrographs obtained are 

summarized in Appendix B. Different concentrations of nitric acid were explored Eventually, an 

etchant consisting of 6 vol% nitric acid mixed with 94 vol% distilled water was successful to reveal 

both grain boundaries and grain boundary precipitates of the alloy. It was applied by dripping the 

solution on the sample for 5 to 7 seconds. [Examples of the microstructures that were acquired 

using different etchants are illustrated in Appendix B.] After etching, the specimen was quickly 

rinsed with distilled water and then dried using a low-heat dryer, before observation using an 

optical microscope or an SEM.  

 

3.4 Characterization of the Corrosion Product 

The surface morphology of the corroded specimens was examined using a Nikon Eclipse 

MA100L inverted microscope equipped with a Nikon DS-Ri2 digital camera manufactured in 

Japan, as well as a JEOL JSM-IT 500 SEM manufactured in Japan. The SEM is equipped with a 

UK made Oxford EDS system that was used to determine the chemical composition of the NCAT 

specimens before and after corrosion. The chemical composition was determined at different 

locations on the specimens, including the grains, grain boundaries, inclusions, and pits.  
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4. RESULTS AND DISCUSSION 
 

The test results from experiments conducted in Chapter 3 are presented and discussed in this 

chapter. It is divided into several sections and sub-sections to address the results obtained from 

specific experiments. The microstructure of the NCAT SMA and the predicted Eh-pH diagram of 

this alloy is discussed in the first part of this chapter. The results obtained from electrochemical 

corrosion testing and characterization of corrosion products are presented in the remaining parts. 

 

4.1 Microstructure of NCAT SMA 

A typical micrograph showing the microstructure of the tested aged NCAT alloy is presented 

in Figure 4.1. The microstructure consists of a single-phase austenite structure and precipitates can 

be observed at some of the grain boundaries. The precipitates are believed to be β-Ni3Al-ordered 

bcc phase precipitates that have been reported by Tanaka et al. [17] and Omori et al. [18]. They 

can be seen inside the grains as well. Tanaka et al. [17] reported that the β phase is undesirable as 

it causes intergranular fracture that reduces the ductility of the alloy [17]. In their research, they 

added boron to NCAT alloy to supress the β phase in the NCATB alloy [17]. Figure 4.2 shows the 

output of a SEM line scan across a typical grain boundary with precipitates. Evidence of depletion 

of iron (Fe) and cobalt (Co) and enrichment of aluminum (Al), nickel (Ni) and tantalum (Ta) at 

the grain boundary is clearly observed. Carbon (C) was observed in very small amounts in some 

of these precipitates. The presence of carbon at the grain boundaries could be attributed to tantalum 

carbide (TaC) inclusions which were formed during solidification or cooling from the melt [22, 

25]. Table 4.1 shows the elemental composition of typical grain boundary precipitates (GBPs) 

compared with that of the alloy matrix (i.e. within the grain). The composition was determined 

using EDS analysis at 28 different locations with an uncertainty of less than 0.1%. Approximately 

44% and 27% reduction in Fe and Co contents, respectively, occurred at the GBP. In contrast, an 

increase of ~ 47%, 222% and 32% in Ni, Ta, and Al, respectively, was observed. This shows an 

evidence of solute segregation at grain boundaries with β phase precipitates. In other words, the 
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EDS analysis shows that grain boundary precipitates reported in this study consist of Ni, Al and 

Ta.  

 

 
Figure 4.1. Typical optical micrograph of a polished and etched specimen of aged NCAT alloy 

showing its microstructure. β-phase precipitates can be seen at some of the grain boundaries and 

within the grains. 

 

Table 4.1. Chemical composition of a typical grain boundary precipitate compared to that of the 

alloy matrix. 

Alloying Element Fe Ni Co Al Ta 

Composition of the GBP* 

(Confidence Interval in at%) 

23.31 

(±0.04) 

40.44 

(±0.02) 

12.64 

(±0.05) 

14.74 

(±0.03) 

8.47 

(±0.02) 

Composition of the alloy* 

(Confidence Interval in at%) 

41.43 

(±0.05) 

27.45 

(±0.04) 

17.31 

(±0.02) 

11.14 

(±0.04) 

2.63 

(±0.02) 

* The values represent the mean of 27 measurements in at%. 
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Figure 4.2. EDS line scans obtained for a NCAT specimen showing elemental distribution at a 

typical grain boundary with precipitates. Iron and cobalt are depleted from the precipitates. 

 

 



40 
 

4.2 Predicted Potential-pH Diagram of FeNiCoAlTa (NCAT) SMA 

A potential (E) – pH diagram, also known as a Pourbaix diagram, shows a relationship 

between the oxidizing power (potential) of a solution and the solution acidity or alkalinity (pH). It 

presents the predicted reaction products that are present when thermodynamic equilibrium is 

reached [133]. The potential-pH diagram for the studied NCAT SMA in H2O at 25 C, determined 

using the Outotec HSC Chemistry Software for E-pH diagrams models (2012), is shown in Figure 

4.3. The diagram shows that the potential shifts to lower values as the pH increases. It predicts that 

at positive potentials, Fe2O3 will be the favoured species to be formed on the surface of the alloy. 

At a potential of ~ -0.75 V or lower, corrosion of the alloy is reduced. Different oxide films are 

formed in alkaline solution (pH ≥ 8). It should be noted that this diagram will change when the 

alloy is tested in different solutions or in water at temperatures higher than 25 C.  

 

 

Figure 4.3. Predicted potential(E) – pH diagram for NCAT SMA in H2O at 25 oC, produced using 

the Outotec HSC Chemistry Software for E-pH diagrams models (2012). 

 

In the E – pH diagram, the anodic reaction is 

Fe  Fe2+ + 2e-                 (4.1) 
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The cathodic reduction reaction changes with the change in pH. In the pH range of 4 –10, 

a loose, porous ferrous oxide scale is formed on the surface [133]. The corrosion rate in this case 

is controlled by uniform diffusion of dissolved oxygen and is nearly constant [133]. Oxygen is 

reduced by the following reaction 

O2 + 2H2O + 4e-  4OH-                                     (4.2) 

In solutions with pH below 4, the formed oxide scale is soluble and the corrosion rate 

increases due to the presence of H+ that is reduced by the following reaction 

2H+ + 2e- H2                 (4.3) 

Dissolved oxygen can easily access the alloy surface when the oxide scale breaks down, 

which further increases the corrosion rate. Dissolved oxygen is cathodically reduced by 

O2 + 4H+ + 4e- H2O                (4.4) 

At pH above 10, ferric oxide film is formed in the presence of dissolved oxygen, and as a result, 

the corrosion rate is reduced to lower values. 

 

4.3 Corrosion Rate and Open Circuit Potential of NCAT SMA in 0.6 M NaCl Solution 

This section represents the results of the investigation of the electrochemical behaviour of 

NCAT in a 0.6 M NaCl solution at 25 oC. It presents the corrosion properties of the alloy in the 

solution and compares them with those of some commercially available alloys in the same solution. 

 

4.3.1 Electrochemical Corrosion Behaviour 

A comparison between the open circuit potential (Eoc) of aged NCAT SMA and four 

commercial alloys is presented in Figure 4.4. The open circuit potential of NCAT is approximately 

-386 mV (vs. SCE), which is more positive than that of 1018 carbon steel (-689 mV (vs. SCE)). 

This indicates that NCAT is less active than alloy 1018 in 0.6 M NaCl solution. On the other hand, 

alloy 304, 316L and 2750 are less active in the NaCl solution when compared to NCAT SMA. 

They have open circuit potential values of -145, -123 and -130 mV (vs. SCE), respectively.  

 



42 
 

 

Figure 4.4. Open circuit potential (Eoc) of NCAT compared to those of four commercial alloys in 

a 0.6 M NaCl solution at RT and pH 6. Observe that NCAT alloy has higher Eoc than 1018 carbon 

steel.    

 

The potentiodynamic polarization curves obtained for aged NCAT alloy and the four 

commercial alloys in a 0.6 M NaCl solution are shown in Figure 4.5. As can be seen, like alloy 

1018, NCAT alloy does not passivate in NaCl solution, while 304, 316L and 2750 stainless steels 

show the expected active-passive corrosion behaviour in this solution. The different 

electrochemical corrosion parameters determined from these plots and from the LPR experiments 

are presented in Table 4.2. The corrosion behaviour of NCAT is characterized by general 

dissolution combined with localized attack in the form of pits, especially at grain boundaries.  Its 

corrosion rate is 0.017 mm/y, which is lower than 0.071 mm/y of 1018 carbon steel. However, it 

is much higher than corrosion rates of 0.0007, 0.0007, and 0.0005 mm/y obtained for 304, 316L 

and 2750 stainless steels, respectively. The open circuit potential of NCAT alloy is also more 

negative than those of these three stainless steels.  
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Figure 4.5. Potentiodynamic polarization curves obtained for NCAT alloy and four commercial 

alloys in a 0.6 M NaCl solution at RT and pH 6. NCAT shows similar behaviour to alloy 1018 in 

the solution. 

 

Table 4.2. Summary of electrochemical corrosion parameters obtained from linear polarization 

resistance and potentiodynamic polarization tests in a 0.6 M NaCl solution at RT for NCAT alloy 

and the four commercial alloys. 

Alloy 

Eoc
1 

mV 

Ecorr
1 

mV 

icorr 

µA/cm² 

βa
1 

V/decade 

Βc
1 

V/decade 

Rp 

Ω.cm2 

CR 

mm/y 

 

304 

(SD) 2 

-145 

(±1.7) 

-146 

(±3.5) 

0.13 

(±0.02) 

0.11 

(±0.06) 

-0.21 

(±0.03) 

2.9x10⁵ 

(±8.3x10⁴) 

0.0007 

(±0.0001) 

 

316L 

(SD) 2 

-123 

(±15.7) 

-133 

(±16.4) 

0.12 

(±0.03) 

0.39 

(±0.03) 

-0.16 

(±0.02) 

3.1x10⁵ 

(±8.1x10⁴) 

0.0007 

(±0.0002) 

 

2750 

(SD) 2 

-130 

(±9.1) 

-129 

(±13.2) 

0.07 

(±0.01) 

0.22 

(±0.01) 

-0.15 

(±0.02) 

4.3x10⁵ 

(±2.1x10⁵) 

0.0005 

(±0.00008) 

 

NCAT 

(SD) 2 

-386 

(±16.4) 

-389 

(±13.5) 

2.26 

(±0.35) 

0.12 

(±0.01) 

-0.22 

(±0.03) 

1.6x10⁴ 

(±303.5) 

0.017 

(±0.002) 

 

1018 

(SD) 2 

-689 

(±12.0) 

-651 

(±19.9) 

8.80 

(±1.09) 

0.05 

(±0.005) 

-0.4 

(±0.09) 

2.3x10³ 

(±660.8) 

0.071 

(±0.008) 

 

1 All the potential values are measured vs. SCE. 

2 Standard deviation (SD) values. 

 

A survey of the literature shows that the corrosion properties of aged NCAT alloy in 0.6 

M NaCl solution compare reasonably well with those of other Fe-based SMAs. For example, the 

corrosion current density of Fe-15Mn-7Si-9Cr-5Ni SMA was reported to be 1.76µA/cm² [45] 
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while that of NCAT alloy is 2.26µA/cm².  Another Fe-Mn-Si-Cr-Ni SMA that underwent aging 

treatment for 24 h also showed a corrosion current density of 1.33 µA/cm² [97]. Nevertheless, the 

open circuit potential values varied in the reported alloys. Values of -425.3 mV (vs. SCE) and -

358 mV (vs. SCE) were reported respectively for the alloys in references [97] and [45], while -386 

mV (vs. SCE) was obtained for NCAT in this study, which lies between the reported open circuit 

potential values. 

 

4.3.2 Observation and Analysis of Corrosion Scale Developed on NCAT Alloy 

A typical SEM micrograph of the surface of a NCAT specimen that was subjected for 

potentiodynamic polarization test is shown in Figure 4.6. It can be seen that the corrosion attack 

is concentrated mainly at locations where precipitates decorated the grain boundary. The corrosion 

mode appears to be intergranular. There are a few pits within the matrix close to grain boundaries 

with precipitates.  X-ray maps of the large pit highlighted in Figure 4.6 are shown in Figure 4.7. 

The absence of Fe and Co in the pit is quite noticeable. The corrosion products in the pit appear to 

be oxides of Ni, Ta and Al, which suggests that second-phase particles and/or inclusions containing 

these elements that occurred at these locations acted as preferred sites for pit formation. 

 

 

Figure 4.6. SEM micrograph of a NCAT alloy specimen subjected to potentiodynamic polarization 

test. Severe corrosion can be seen at the grain boundary with precipitates and pits located in the 

matrix near the corroded grain boundary. 

Corrosion at a GB with 
precipitates

GB without precipitates

Pit

Pit



45 
 

 

Figure 4.7. EDS X-ray maps obtained for the large pit in Figure 4.6. The absence of iron and cobalt 

is evident in the pit. 

 

Figure 4.8 shows EDS X-ray maps acquired from another NCAT specimen that underwent 

potentiodynamic polarization testing. Once again, the corrosion attack is mainly concentrated 

around the grain boundary where precipitates exist. Figure 4.8 (b) and (d) show that Fe and Co are 

depleted at the grain boundary and nearby region. The high concentration of Ta and O at the grain 

boundary (Figure 4.8 (f) and (g)) is an indication that tantalum oxide film, probably Ta2O5, formed 

on the surface, but failed to provide protection for the alloy. Ni and Al appear to be distributed 

uniformly across the alloy (Figure 4.8 (c) and (e)).  
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Figure 4.8. EDS X-ray maps showing elemental distribution around a typical grain boundary with 

precipitates in NCAT specimen after the potentiodynamic polarization test. The absence of Fe and 

Co at the grain boundary is evident. 

 

Further EDS line scan analysis supporting this finding is shown in Figure 4.9. The line scan 

shows that corrosion is concentrated mainly on the grain boundaries and in areas close to them. 

There is almost no corrosion observed in the alloy matrix. Depletion of Fe and Co at grain 

boundaries and the surrounding area is evident from the line scans. There is an increase in Ta 

content; a slight increase in Ni content; and practically no change in Al content.  
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 From the foregoing, it is quite obvious that grain boundary precipitates are the major cause 

of the intergranular corrosion (IGC) observed in the aged NCAT alloy. Precipitates usually form 

at grain boundaries because they are high-energy regions that can provide quick diffusion and 

segregation paths for solutes [134]. However, diffusion and segregation rates of alloying elements 

are slow in an austenitic matrix [135]. Grain boundary precipitation can produce zones of reduced 

corrosion resistance, resulting in an anodic grain boundary zone relative to the remainder of the 

alloy matrix [136, 137]. In the NCAT SMA, Fe and Co are depleted at grain boundaries where -

phase and TaC precipitation occurred. The measured corrosion potential (Ecorr) value of - 389 mV 

(vs. SCE) for the alloy is very close to the corrosion potential value of -377 mV (vs. SCE) that was 

measured by Onyeachu et al. [138] for Ni3Al, thereby indicating that the precipitates are the main 

driver for the corrosion by creating an anodic zone.  

 

    

 
Figure 4.9. EDS line scan of a NCAT specimen used for potentiodynamic polarization test showing 

elemental distribution change at grain boundaries containing precipitates. Iron and cobalt are 

depleted in these precipitates. 
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The NCAT has a microstructure consisting of an austenite matrix with very fine, 

homogenously distributed  precipitates (3-5 nm) [22, 24]. Ma et al. [103] observed a clear 

chemical partitioning between the matrix and the  precipitates in the NCAT. They showed i) a 

change in the matrix composition with aging time, and ii) a reduction in iron and cobalt content, 

and a subsequent enrichment of nickel, tantalum, and aluminum content in the  precipitates, when 

aging at 600 oC for 90 h [103]. These are the same aging conditions that the NCAT alloy went 

through in this study. Ma et al.’s [103] findings correlate with the data in Figure 4.2, and Figures 

4.7 – 4.9. However, in this study, no chemical partitioning was observed in the alloy’s matrix. 

Chemical partitioning was reported between the grains and the grain boundaries characterized by 

precipitates, indicating that β precipitates are the main contributor in the chemical partitioning in 

this case. The pitting around the GBP could also be attributed to the presence of β precipitates. 

These precipitates were observed inside the grains as can be seen in Figure 4.1. 

The obvious relationship between the GBP and the alloy’s corrosion behaviour makes it 

clear that the GBP are the main contributor to the alloy’s corrosion behaviour. They were observed 

in the optical and SEM micrographs. These precipitates are very similar to the ones that were 

observed by Tanaka et al. [17] and Omori et al. [18], and are believed to be β-Ni3Al-ordered bcc 

phase precipitates [17, 18]. Tanaka et al. [17] reported that the β phase is undesirable, as it causes 

intergranular fracture that results in reducing the alloy’s ductility [17]. 

In spite of its austenitic microstructure, the aged NCAT alloy disappointedly showed very 

poor corrosion resistance in 0.6 M NaCl solution. This may be a concern if the alloy will be used 

in marine environment. The addition of Boron to this alloy (NCATB) was found to suppress the β 

phase precipitates, but did not completely eliminate them [17]. An investigation of the corrosion 

behaviour of the NCATB alloy for IGC in NaCl solutions could be a future consideration for this 

research project. 

 

4.4 Effect of Heat Treatment on Microstructure, Corrosion Rate, and Open Circuit 

Potential of NCAT SMA 

In this section, the microstructure and corrosion behaviour of NCAT alloy given only 

solution heat treatment (solution treated NCAT) and that which was solution heat treated and aged 
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at 600 oC for 90 h (aged NCAT) are compared. The additional aging treatment given to the alloy 

after solution heat treatment was to produce Ɣ’-(Ni,Fe,Co)3(Al,Ta) phase precipitates that 

contribute to the production of the shape memory effect in the alloy. Corrosion testing was 

performed in a 0.6 M NaCl solution at 25 oC. 

 

4.4.1 Heat Treatment and Microstructure 

Typical optical micrographs showing the microstructures of the two heat treated alloys are 

presented in Figure 4.10. Figure 4.10 (a) shows that the solution treated NCAT has an austenite 

single-phase structure, which is similar to that of the aged NCAT alloy (Fig. 4.10 (b). However, 

there is no visible trace of grain boundary precipitates in the solution treated alloy. An EDS line 

scan of a solution treated NCAT is shown in Figure 4.11. It can be seen that, unlike the EDS line 

scan of aged NCAT alloy shown in Fig. 4.2, there is uniform distribution of all the elements within 

the grains and at grain boundaries. 

 

 

Figure 4.10. Comparison between the microstructures of (a) NCAT SMA given only solution heat 

treatment (solution treated NCAT) and (b) NCAT SMA given both solution heat treatment and 

age hardening (aged NCAT). Note the absence of the β phase at grain boundaries of solution 

treated NCAT. 
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Figure 4.11. EDS line scans obtained for solution treated NCAT before the corrosion testing showing uniform distribution of all the 

elements within the grains and at grain boundaries. 
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4.4.2 Electrochemical Corrosion Behaviour 

A comparison between the open circuit potential (Eoc) of solution treated NCAT and aged 

NCAT is shown in Figure 4.12. The Eoc of solution treated NCAT is -346 mV (vs. SCE), whereas 

that of aged NCAT is -386 mV (vs. SCE). Therefore, solution treated NCAT has more positive Eoc 

than aged NCAT, indicating that the aging heat treatment which followed solution heat treatment 

made the alloy more active. Similar behaviour after the aging heat treatment was reported for other 

Fe-based SMAs [45, 97].  

 

 

Figure 4.12. Comparison of open circuit potentials obtained for solution treated NCAT and aged 

NCAT in a 0.6 M NaCl solution at 25 oC and pH 6. Aged NCAT has a lower open circuit potential. 

 

The potentiodynamic polarization curves obtained for solution treated NCAT and aged 

NCAT in a 0.6 M NaCl solution at 25 oC are compared in Figure 4.13, while the different 

electrochemical parameters determined for the alloys tested in this study are presented in Table 

4.3. As can be seen, the two alloys did not passivate in 0.6 M NaCl solution. Solution treated 

NCAT has slightly better corrosion properties compared to aged NCAT. The corrosion current 

density and the corresponding corrosion rate for the solution treated NCAT are 1.75 µA/cm² and 

0.013 mm/y, respectively, while those of aged NCAT alloy are respectively 2.26 µA/cm² and 0.017 
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mm/y. The higher corrosion rate obtained for aged NCAT could be attributed to the precipitates 

and chemical partitioning at the grain boundaries. 

 

 

Figure 4.13. Potentiodynamic polarization curves obtained for solution treated NCAT and aged 

NCAT in a 0.6 M NaCl solution at 25 oC and pH 6. The solution treated alloy has a better corrosion 

resistance than the aged alloy. 

 

Table 4.3. Electrochemical parameters obtained for the alloys tested in a 0.6 M NaCl solution at 

25 oC and pH 6. 

  

Eoc
1

 

mV 

Ecorr
1 

mV 

icorr 

µA/cm² 

βa
1 

V/decade 

βc
1 

V/decade 

Rp 

Ω.cm2 

CR 

Mm/y 

Solution 

Treated 

NCAT 

-346 

(±10.8) 

-334 

(±35.4) 

1.75 

(±0.33) 

0.06 

(±0.02) 

-0.16 

(±0.06) 

1.05x10⁴ 

(±5.8x10³) 

0.013 

(±0.002) 

Aged 

NCAT 

(SD) 2 

-386 

(±16.4) 

-389 

(±13.5) 

2.26 

(±0.35) 

0.12 

(±0.01) 

-0.22 

(±0.03) 

1.6x10⁴ 

(±303.5) 

0.017 

(±0.002) 

304 

(SD) 2 

-145 

(±1.7) 

-146 

(±3.5) 

0.13 

(±0.02) 

0.11 

(±0.06) 

-0.21 

(±0.03) 

2.9x10⁵ 

(±8.3x10⁴) 

0.0007 

(±0.0001) 

316L 

(SD) 2 

-123 

(±15.7) 

-133 

(±16.4) 

0.12 

(±0.03) 

0.39 

(±0.03) 

-0.16 

(±0.02) 

3.1x10⁵ 

(±8.1x10⁴) 

0.0007 

(±0.0002) 

2750 

(SD) 2 

-130 

(±9.1) 

-129 

(±13.2) 

0.07 

(±0.01) 

0.22 

(±0.01) 

-0.15 

(±0.02) 

4.3x10⁵ 

(±2.1x10⁵) 

0.0005 

(±0.00008) 

1018 

(SD) 2 

-689 

(±12.0) 

-651 

(±19.9) 

8.80 

(±1.09) 

0.05 

(±0.005) 

-0.4 

(±0.09) 

2.3x10³ 

(±660.8) 

0.071 

(±0.008) 
1 All the potential values are measured vs. SCE. 2 Standard deviation (SD) values. 
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4.4.3 Observation and Analysis of the Corrosion Scale 

 Optical micrographs of the surfaces of solution treated NCAT and aged NCAT after 

potentiodynamic polarization tests are compared in Figure 4.14, while equivalent SEM images of 

the alloys are compared in Figure 4.15. It can be seen that both solution treated NCAT and aged 

NCAT alloy suffered from pitting, whereas only the aged alloy suffered intergranular corrosion 

(IGC).  

 

 

Figure 4.14. Optical micrographs of corroded (a) solution treated NCAT showing pits and 

clustered pits and (b) aged NCAT showing IGC. More corrosion was observed in aged NCAT 

compared to solution treated NCAT. 

(a)

(b)
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Figure 4.15. SEM micrographs of corroded (a) solution treated NCAT showing corrosion pits and 

(b) aged NCAT showing IGC and pitting near the grain boundaries.  More corrosion and pitting is 

observed in the aged NCAT. 

 

(a)

(b)
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The analysis of the corrosion scale on the aged alloy was discussed in section 4.3.2. EDS 

line scans of the aged alloy before corrosion testing and after potentiodynamic polarization testing 

are given in Figure 4.2 and Figure 4.9, respectively. The line scan analysis shows depletion of Fe 

and Co, and enrichment of Ta, Al and Ni in the grain boundaries that are characterized with 

precipitates causing IGC when the alloy was subjected to potentiodynamic polarization test. 

  An EDS line scan was conducted on the solution treated NCAT that has been subjected to 

a potentiodynamic polarization test, and is provided in Figure 4.16. The scan was performed at the 

tip of a pit to determine the chemical composition of the corrosion scale around the pit. The scan 

showed that the elements distributed uniformly around the pit. At the tip of the pit, a slight 

reduction in iron, cobalt and nickel, and an increase in aluminum content was observed. Tantalum 

did not show any change, while high oxygen content in the corrosion scale is evident, indicating 

that the corrosion was caused by atmospheric oxygen. The increase in Al content in the corroded 

area indicates that Al could have contributed to the corrosion resistance of the alloy by forming an 

oxide scale. This scale protected the alloy for a while, but then it broke and pitting took place. 

Furthermore, an additional EDS spot and area analysis was conducted in a corroded solution 

treated NCAT to determine if there is any elemental composition change in the alloy. Spot analysis 

was conducted in the area surrounding a pit and at the edges of the pit, while an area analysis was 

performed in area away from the pit in Figure 4.17, where each spectrum indicates the location of 

the analysis. The analysis results are represented in Table 4.4, and compared to the analysis of a 

non-corroded solution treated NCAT. The results show a reduction in iron, cobalt, nickel, and 

tantalum, and an increase in aluminum content near the pits and in the corroded area. When 

comparing the results of the analysis of the area located away from the pit with the alloy’s 

composition before the corrosion test, no remarkable difference in the chemical composition was 

observed (see spectrum 75 results in Table 4.4). The difference is probably because the chemical 

composition of the alloy before the corrosion test was determined from 27 measurements, and the 

results presented in the table are the mean values of these measurements. The reduction of the 

elemental composition in the corroded area and near the pits is not substantial, and is expected to 

take place when pitting occurs. It does not represent any elemental segregation similar to the one 

that was observed in the aged alloy. 
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Figure 4.16. An EDS line scan at the tip of a pit in a corroded solution treated NCAT showing slight reduction in Fe, Ni and Co, an 

increase in oxygen, and slight increase in nickel in the corroded area near the pit. No change in Ta was observed. 
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Figure 4.17. SEM micrographs of solution treated NCAT that has been subjected to a 

potentiodynamic polarization test. The labeled spectrum area and points show the locations of the 

EDS analysis. 

 

Table 4.4. The EDS analysis conducted on the solution treated NCAT that has been subjected to a 

potentiodynamic polarization test (Figure 4.17). The analysis was conduced in different areas to 

cover corroded and non-corroded areas. Oxygen was detected, but was not included in the chemical 

analysis, as it can not be quantified using EDS analysis. 

Elemental 

Composition 

Before Corrosion 

(mean of 27 

measurements) 

(at%) 

Spectrum 

75 

(NC1) 

(at %) 

Spectrum 

76 (C2) 

(at %) 

Spectrum 

77 (C2) 

(at %) 

Spectrum 

78 (C2) 

(at %) 

Al 11.22 11.30 12.66 15.93 13.90 

Fe 41.45 41.47 40.78 39.13 40.10 

Co 17.26 17.15 16.71 16.10 16.43 

Ni 27.45 27.48 27.10 26.11 26.72 

Ta 2.60 2.59 2.58 2.49 2.61 
1NC: Non-corroded area.  2C: Corroded area. 
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From the potentiodynamic polarization curves, open circuit potential curves, and images 

acquired from corroded surfaces of solution treated NCAT alloy and aged NCAT alloy, it is evident 

that the aging heat treatment of the NCAT alloy is detrimental to its corrosion resistance in NaCl 

solution. Similar findings in different Fe-based SMA were recorded [45, 97]. Liu et al. [97] found 

the aging treatment to reduce the corrosion resistance of Fe-Mn-Si-Cr-Ni SMA containing C, N, 

and V elements, while Maji et al. [45] tested Fe-15Mn-7Si-9Cr-5Ni SMAs that were heat treated 

differently in a 0.6 M NaCl solution. They obtained the best corrosion resistance in the alloy with 

single-phase austenite microstructure [45], which is a similar microstructure to that of solution 

treated NCAT. Liu et al. [97] found that prolonging the aging time produced better corrosion 

resistance in Fe-Mn-Si-Cr-Ni SMAs.  They attributed this behaviour to the improved chemical 

homogeneity of the austenite matrix, and distribution of the precipitates during the longer aging 

periods [97]. As mentioned previously, the aging heat treatment results in the precipitation of  

phase within the grains and β phase in the grain boundaries. The β phase appeared to be responsible 

for elemental segregation at grain boundaries, which resulted in an anodic grain boundary zone 

relative to the remainder of the alloy matrix [136, 137]. This caused IGC of the aged alloy in the 

0.6 M NaCl solution. Therefore, aging heat treatment is harmful to the corrosion resistance of 

NCAT alloy. On the other hand, the aging treatment is essential to producing shape memory effect 

in the alloy. This is a dilemma, where one has to select between shape memory properties or better 

corrosion resistance. In order to use the NCAT alloy in marine environments, where corrosion 

resistance to chloride ions is essential, an improvement in the heat treatment to overcome the grain 

boundary precipitates is essential.  

 

4.5 Corrosion of Heat Treated NCAT SMA in Three Different Solutions  

In this section, the corrosion behaviour of solution treated NCAT alloy and aged NCAT alloy 

in three different solutions is presented and discussed. The alloys were tested at 25 oC in a 0.6 M 

NaCl solution, 0.5 M NaOH and 0.5 M H2SO4. Linear polarization resistance tests and 

potentiodynamic polarization scans were performed. 
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4.5.1 Electrochemical Corrosion behaviour 

A comparison between the open circuit potentials of solution heat treated NCAT and aged 

NCAT in the three solutions is presented in Figure 4.18 and Table 4.5. The open circuit potentials 

of the two NCAT alloys are more negative in 0.5 M NaOH solution than in the other solutions, 

which is expected as a result of the increase in pH as per the predicted potential-pH diagram of the 

alloy shown previously in Figure 4.3. The corrosion potential in 0.6 M NaCl solution is more 

positive compared to the other two solutions. For example, when comparing the aged NCAT, the 

open circuit potential was -386 mV (vs. SCE) in NaCl solution compared to -415 mV (vs. SCE) in 

H2SO4 solution, and -454 mV (vs. SCE) in NaOH solution. It is evident from Table 4.5 that in all 

the test solutions, the solution treated NCAT alloy has more positive open circuit potential 

compared to the aged NCAT. As previously discussed, this is probably attributable to its single-

phase structure (austenite) as compared to the structure (austenite and precipitates) of aged NCAT 

alloy. 

 

 

Figure 4.18. Open circuit potentials obtained for solution treated NCAT and aged NCAT tested in 

three different solutions at 25 oC. The aging heat treatment resulted in a reduction of the open 

circuit potential in all the solutions. 
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The potentiodynamic polarization behaviour of solution treated NCAT and aged NCAT in 

the three solutions at 25 oC is illustrated in Figure 4.19, while electrochemical parameters 

determined from potentiodynamic polarization and LPR plots are presented in Table 4.5. Figure 

4.19 shows that the two heat treated NCAT alloys behave differently in the 0.5 M NaOH and 0.5 

M H2SO4 solutions compared to their behaviour in 0.6 M NaCl solution. The alloys passivated in 

the two solutions, whereas they showed no passivation, and localized corrosion attack (pitting), 

when tested in the 0.6 M NaCl solution. Higher corrosion rates were obtained for the two alloys in 

the H2SO4 solution compared to the other two solutions as can be seen from Table 4.5. The lowest 

corrosion rates were obtained for the alloys in NaOH solution. Furthermore, with respect to the 

calculated corrosion rates (in mm/y), the aging heat treatment does not show a noteworthy effect 

on the corrosion rate of the alloy in NaOH solutions.  A corrosion rate of 0.0012 mm/y was 

obtained for the solution treated alloy compared to 0.0015 mm/y for the aged alloy. Similarly, in 

NaCl solution, the difference in corrosion rate between the two heat treated alloys was not high, 

with the solution treated alloy showing a corrosion rate of 0.013 mm/y, whereas the aged alloy 

showed a corrosion rate of 0.017 mm/y. In H2SO4 solution, the difference in the corrosion rate was 

remarkable. The solution treated NCAT has a corrosion rate of 0.786 mm/y compared to 2.488 

mm/y for the aged NCAT. In general, better corrosion resistance and more positive corrosion 

potentials were obtained for the solution treated NCAT compared to the aged NCAT in all the 

solutions.  

The passivation parameters determined from the potentiodynamic polarization plots are 

presented in Table 4.6. In 0.5 M H2SO4 solution, passivation was observed clearly for both alloys. 

As the potential increased, the alloys reached the passivation potential (Epp) at the critical current 

density that is required for passivation (icrit), after which the current density started to drop until 

the passive current density (ipass) was reached. The passivation potential of the solution treated 

NCAT alloy is -71 mV (vs. SCE) compared to 80 mV (vs. SCE) for the aged NCAT alloy, while 

the critical current density obtained for the solution treated NCAT is 24.2 mA/cm2 compared to 

41.9 mA/cm2 for the aged NCAT. The passive current density, on the other hand, is 8.67 µA/cm2 

for the solution treated NCAT compared to 0.13 µA/cm2 for the aged NCAT alloy. The pitting 

potential of the solution treated NCAT in 0.5 M H2SO4 solution is 1375 mV (vs. SCE), while that 

of the aged NCAT is 1330 mV (vs. SCE). All the tested samples in this solution show lower passive 
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current density and higher positive pitting potentials for the solution treated NCAT alloy compared 

to the aged NCAT alloy.  

The behaviour of the alloys in 0.5 M NaOH solution did not show a similar active-passive 

behaviour to that obtained for the alloys in 0.5 M H2SO4 solution. The pitting potential values are 

more than three times lower than the values obtained in 0.5 M H2SO4 solution, with the solution 

treated NCAT showing a higher pitting potential value of 424 mV (vs. SCE) than 400 mV (vs. 

SCE) obtained for the aged NCAT.   

The behaviour of the alloys in 0.5 M H2SO4 solution and 0.6 M NaCl solution is very 

similar to that reported by Liu et al. [97], and Maji et al. [45]. They both reported passivation of 

aged shape memory alloys in 0.5 M H2SO4 solution and no passivation when the alloys were tested 

in 0.6 M NaCl solution. Liu et al. [97] recorded corrosion rates of the aged alloys that were nearly 

three times higher than that of the unaged alloys when tested in 0.5 M H2SO4 solution [97]. When 

comparing the corrosion rates of the aged and solution treated NCAT alloys in the same solution 

(Table 4.5), a similar trend was observed. The corrosion rate of the aged alloy was nearly three 

times higher than that of the solution treated NCAT alloy.  

 

 

Figure 4.19. Potentiodynamic polarization curves obtained for solution treated NCAT and aged 

NCAT in three different solutions at 25 oC. The trans-passive behaviour is observed in the H2SO4 

solution, and the lowest corrosion current density is seen in NaOH solution. 
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Table 4.5. Electrochemical parameters of solution treated NCAT and aged NCAT tested in three different solutions at 25 oC. 

Alloy Solution pH 
Eoc

1 

mV 

Ecorr
1 

mV 

icorr 

µA/cm² 

βa
1 

V/decade 

βc
1 

V/decade 

Rp 

Ω.cm² 

CR 

mm/y 

Solution Treated NCAT 

(SD) 2 
0.6 M NaCl 6 

-346 

(±10.8) 

-334 

(±35.4) 

1.75 

(±0.33) 

0.06 

(±0.02) 

-0.16 

(±0.06) 

1.05x10⁴ 

(±5.8x10³) 

0.013 

(±0.002) 

Aged NCAT 

(SD) 2 
0.6 M NaCl 6 

-386 

(±16.4) 

-389 

(±13.5) 

2.26 

(±0.35) 

0.12 

(±0.01) 

-0.22 

(±0.03) 

1.6x10⁴ 

(±303.5) 

0.017 

(±0.002) 

Solution Treated NCAT 

(SD) 2 

0.5 M 

NaOH 
12.8 

-396.4 

(±6.3) 

-398 

(±2.7) 

0.17 

(±0.02) 

0.21 

(±0.10) 

-0.16 

(±0.05) 

1.8x10⁵ 

(±1.9x10⁴) 

0.0012 

(±0.0002) 

Aged NCAT 

(SD) 2 

0.5 M 

NaOH 
12.8 

-454 

(±16.6) 

-452 

(±14.2) 

0.2 

(±0.04) 

0.13 

(±0.10) 

-0.19 

(±0.007) 

1.4x10⁵ 

(±1.8x10⁴) 

0.0015 

(±0.0003) 

Solution Treated NCAT 

(SD) 2 

0.5 M 

H2SO4 
0.72 

-391 

(±3.9) 

-401 

(±6.8) 

105.7 

(±3.65) 

0.09 

(±0.009) 

-0.16 

(±0.11) 

409.6 

(±143.6) 

0.786 

(±0.03) 

Aged NCAT 

(SD) 2 

0.5 M 

H2SO4 
0.72 

-415 

(±12.6) 

-409 

(±13.9) 

333 

(±41.0) 

0.09 

(±0.01) 

-0.35 

(±0.09) 

177.4 

(±48.07) 

2.488 

(±0.31) 
1 All the potential values are measured vs. SCE.  2 Standard deviation (SD) values. 

 

Table 4.6. Passivation parameters obtained from potentiodynamic polarization scans of solution treated NCAT and aged NCAT tested 

in 0.5 M NaOH and 0.5 M H2SO4 solutions at 25 oC. 

Alloy Solution 
Ecorr

1 

mV 

Epp
1 

mV 

Ep
1 

mV 

icorr 

µA/cm² 
icrit 

mA/cm2 

ipass 

µA/cm2 

Solution Treated NCAT 

(SD) 2 

0.5 M 

NaOH 

-398 

(±2.7) 
- 

424 

(±12) 

0.17 

(±0.02) 
- - 

Aged NCAT 

(SD) 2 

0.5 M 

NaOH 

-452 

(±14.2) 
- 

400 

(±17.5) 

0.2 

(±0.04) 
- - 

Solution Treated NCAT 

(SD) 2 

0.5 M 

H2SO4 

-401 

(±6.8) 

-71 

(±17) 

1375 

(±16) 

105.7 

(±3.65) 

24.2 

(±0.30) 

8.67 

(±0.07) 

Aged NCAT 

(SD) 2 

0.5 M 

H2SO4 

-409 

(±13.9) 

80 

(±23) 

1330 

(±35) 

333 

(±41.0) 

41.9 

(±6.21) 

13.3 

(±0.02) 
1 All the potential values are measured vs. SCE. 2 Standard deviation (SD) values. 
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4.5.2 Observation and Analysis of the Corrosion Scale 

SEM micrographs showing the surface morphologies of the solution treated NCAT and aged 

NCAT after potentiodynamic polarization test in the three solutions are presented in Figures 4.20 

– 4.22. The optical micrographs obtained for these samples can be found in Appendix C. As shown 

in Figure 4.20, the solution treated NCAT alloy showed some pitting, while the aged NCAT alloy 

suffered IGC and pitting in the area near grain boundaries with precipitates in 0.6 M NaCl solution. 

In Figure 4.21, it is seen that the two alloys did not display much corrosion attack when tested in 

0.5 M NaOH. In fact, the solution treated alloy showed almost no corrosion, with very minor 

pitting. This is also evident from its corrosion rate of 0.0012 mm/y. The aged alloy showed only 

small sized pits with an average size of ~ 17 μm. On the other hand, when tested in 0.5 M H2SO4 

solution (Figure 4.22), the alloys showed extensive general corrosion and pitting all over the 

grains. Large-sized pits are observed in the two heat treated alloys. Some of the clustered pits in 

the aged alloy have an average size of ~ 114 μm. More corrosion at the grain boundaries are 

observed in the aged NCAT alloy.  No IGC is detected in the alloys tested in 0.5 M H2SO4 or 0.5 

M NaOH solutions.  
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Figure 4.20. SEM micrographs of (a) solution treated and (b) aged NCAT samples that were 

subjected to potentiodynamic polarization scans in 0.6 M NaCl solution at 25 oC. Intergranular 

corrosion (IGC) is evident in the aged sample. 
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Figure 21. SEM micrographs of (a) solution treated and (b) aged NCAT samples that were 

subjected to potentiodynamic polarization scans in 0.5 M NaOH solution at 25 oC. Minor pitting 

and almost no signs of corrosion were observed in the solution treated NCAT sample, while small 

size pits are seen in the aged NCAT sample. 
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Figure 4.22. SEM micrographs of (a) solution treated NCAT and (b) aged NCAT samples that 

were subjected to potentiodynamic polarization scans in 0.5 M H2SO4 solution at 25 oC. Grain 

boundary corrosion and pitting in the matrix can be seen in the aged sample. No signs of grain 

boundary corrosion were observed in the solution treated NCAT.  
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Further analysis of the surface films of the alloys tested in NaOH and H2SO4 solutions was 

carried out using the X-ray mapping tool of the EDS system. The acquired maps are shown in 

Figures 4.23 – 4.26.  

 

 X-ray maps of solution treated NCAT alloy tested in 0.5 M H2SO4 are shown in Figure 

4.23, while those of aged NCAT alloy are presented in Figure 4.24. The pit in the solution treated 

alloy is covered with a corrosion product that consists of aluminum and oxygen, which indicates 

that although aluminum oxide formed, it failed to protect the alloy. The distribution of the alloying 

elements and oxygen appears to be uniform all over the alloy, and no elemental segregation was 

observed. On the other hand, the aged NCAT alloy (Figure 4.24) showed severe pitting all over 

the alloy. The acidic solution etched the alloy and revealed grain boundary precipitates where 

elemental segregation occurred. An oxide layer appears to be distributed all over the alloy, and is 

pitting can be observed on the alloy matrix. The grain boundary precipitates were attacked by the 

acidic solution that caused their rupture as can be seen in Figure 4.22 (b). The grain boundary 

precipitates did not suffer IGC, which is different from the corrosion attack that was observed in 

the aged NCAT alloy in 0.6 NaCl solution.  More corrosion attack was observed in the GBP in 

aged NCAT alloy in 0.5 M H2SO4 solution, which is expected. It can be seen that tantalum and 

nickel contents at grain boundaries are higher than that of any other element. 

 

X-ray maps of solution treated NCAT alloy tested in 0.5 M NaOH solution are provided in 

Figure 4.25, while those of aged NCAT alloy are shown in Figure 4.26. The solution treated alloy 

shows a uniform distribution of the alloying elements all over the alloy structure. No oxygen was 

observed, indicating that the oxidation of the alloy was very minimal. This is consistent with the 

recorded corrosion rate of the alloy of 0.0012 mm/y. The aged alloy, on the other hand, showed 

similar uniform elemental distribution, except in the pit area where aluminum, tantalum and 

oxygen can be observed in the corrosion product in and around the pit. This indicates that oxide 

films of Al and Ta were formed, but were not able to protect the alloy from further pitting attack. 

It also indicates that possibly precipitates are located in this area that was a preferred site for pitting. 

Tantalum appears to be present in smaller content compared to the aluminum content, as can be 

seen by their colour and brightness in the maps in Figure 4.26, indicating that the oxide film 

consisted mostly of aluminum oxide and some tantalum oxide. Other EDS scan maps performed 
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away from the pitting area did not show the presence of oxygen in the alloy matrix. An example 

is provided in Figure 4.27, where oxygen was not found. No grain boundaries can be observed in 

the alloy, making it difficult to judge if the analysis covered any grain boundaries. The aged NCAT 

demonstrated low corrosion rate of 0.0015 mm/y in this solution.  

The results of the EDS scan maps support the findings of potentiodynamic polarization test 

results, where the high corrosion rates were observed for the alloys tested in 0.5 M H2SO4 solution, 

and low corrosion rates for the alloys tested in 0.5 M NaOH solution. The results from 

electrochemical tests and EDS analysis of corrosion scales show that aging heat treatment reduced 

the corrosion resistance of the alloy. As previously discussed, this heat treatment is needed to 

impart shape memory effect to NCAT alloy. Therefore, it is very important to optimize this heat 

treatment to reduce its effect on the corrosion resistance of the alloy. Two options are available: 

(i) Alloy modification: Tanaka et al. [17] encountered intergranular fracture that results in 

reducing the NCAT’s ductility due to the presence of the β phase precipitates in the grain 

boundaries. β phase grain boundary precipitates were found to consist mostly of Ni3Al [17].  

Tanaka et al. [17] added boron to NCAT SMA to supress β phase grain boundary 

precipitates. The new alloy that contained boron showed better shape memory effect and 

superelasticity than NCAT alloy [17]. However, its corrosion behaviour has yet to be 

investigated. Testing this alloy in the three electrolytes that were used in this section will 

determine if the aging heat treatment will be an issue for the NCATB alloy’s corrosion 

resistance.   

(ii) Modification of age hardening parameters: Liu et al. [97] studied the influence of the length 

of aging time on the corrosion behaviour of a Fe-based alloy. They found the prolonged 

aging time (24 h) to result in higher corrosion potential and lower passive current density 

values than those of the alloys aged in shorter time. They concluded that prolonged aging 

treatment could result in improvement of the distribution of the precipitates and superior 

homogenization effect, which in turn, reversed the corrosion resistance of the alloy [97]. 

Increasing the length of the aging treatment time of NCAT alloy should be considered to 

determine if it could improve the corrosion resistance of the alloy. 
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Figure 4.23. Typical EDS X-ray maps obtained for solution treated NCAT that was tested in H2SO4 solution at 25 oC. (a) analyzed area, 

(b) Fe Kα1, (c) Ni Kα1, (d) Co Kα1, (e) Al Kα1, (f) Ta Kα1, and (g) O Kα1.  Note the elevated concentration of aluminum and oxygen in 

the corrosion product that surrounds the pit. 
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Figure 4.23. Continued. 
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Figure 4.24. Typical EDS X-ray maps obtained for aged NCAT tested in H2SO4 solution at 25 oC. (a) analyzed area, (b) Fe Kα1, (c) Ni 

Kα1, (d) Co Kα1, (e) Al Kα1, (f) Ta Kα1, and (g) O Kα1.The oxidation is distributed all over the alloy with more oxidation in the grain 

boundary that has precipitates. The precipitates consist mostly of nickel and tantalum. Observe that iron and cobalt are depleted from 

the grain boundary. 
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Figure 4.24. Continued. 
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Figure 4.25. Typical EDS X-ray maps obtained for solution treated NCAT alloy that was tested in NaOH solution at 25 oC. (a) analyzed 

area, (b) Fe Kα1, (c) Co Kα1, (d) Ta Kα1, (e) Ni Kα1, and (f) Al Kα1. No discernable signs of corrosion were observed in this sample.  
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Figure 4.25. Continued. 
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Figure 4.26. Typical EDS X-ray maps of aged NCAT alloy tested in 0.5 M NaOH solution at 25 oC. (a) analyzed area, (b) Fe Kα1, (c) 

Al Kα1, (d) Ni Kα1, (e) Co Kα1, (f) Ta Kα1, and (g) O Kα1. The corrosion product surrounding the pit consists of aluminum, tantalum 

and high content of oxygen. More aluminum was observed in the corrosion product than tantalum. 
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Figure 4.26. Continued. 
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Figure 4.27. Typical EDS scan maps of aged NCAT sample that was tested in NaOH solution at 25 oC and did not contain pits. (a) 

Analyzed area, (b) Fe Kα1, (c) Ni Kα1, (d) Al Kα1, (e) Co Kα1, and (f) Ta Kα1. No evidence of oxidation is found in this sample. 
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Figure 4.27. Continued. 

 
 

b c

d e

f



79 
 

4.6 Effect of Temperature and pH on Corrosion of Aged NCAT SMA in 0.6 M NaCl 

Solution 

In this section, the results obtained for aged NCAT alloy tested in a 0.6 M NaCl solution 

at four different temperatures (RT, 40 oC, 60 oC and 80 oC) and three pH values (3, 6 and 10) are 

presented.  

 

4.6.1 Effect of Temperature on of NCAT SMA at Different pH 

Figure 4.28 presents the open circuit potentials obtained for aged NCAT alloy in 0.6 M 

NaCl solution having different pH and at different temperatures, while Figure 4.29 shows the 

potentiodynamic polarization curves obtained for the alloy under the same test conditions. Table 

4.7 summarizes the electrochemical parameters obtained for the alloy.  

 

 

Figure 4.28. Typical open circuit potential obtained for aged NCAT alloy in a 0.6 M NaCl solution 

with a pH of (a) 3, (b) 6, and (c) 10 measured at different temperatures. The lowest open circuit 

potential is observed in solutions having a pH of 3 and at the highest temperature of 80 oC. 
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Figure 4.28. Continued. 
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Figure 4.29. Potentiodynamic polarization curves obtained for aged NCAT alloy in a 0.6 M NaCl 

solution with a pH of (a) 3, (b) 6, and (c) 10 measured at different temperatures. The highest current 

density values are observed in solutions with pH of 3, and the lowest values are found in solutions 

with a pH of 10.  At higher temperatures in all the solutions, the corrosion current density is greater. 



82 
 

 
 

Figure 4.29. Continued. 

 

It can be seen from Figures 4.28 and 4.29 as well as Table 4.7 that the open circuit potential 

and corrosion potential shifted to more negative values and the corrosion rate increased with 

increasing temperature for any given pH, thus indicating an increase in corrosion activity of the 

alloy in the solution when the temperature is high. For example, samples that were tested in 

solutions having a pH of 3 showed an increase in corrosion rate from 0.17 mm/y at RT to 0.70 

mm/y at 80 oC. Similar behaviour was reported in other alloys in the literature [139, 140]. This is 

due to the acceleration of the kinetics of corrosion reaction with temperature [141].  The corrosion 

rate was found to increase with temperature regardless of the pH of the solution, as can be seen in 

Table 4.7. This can be ascribed to the increase in metal dissolution and oxidation-reduction 

reaction with temperature. The lowest corrosion rates were recorded in solutions having a pH of 

10, while the highest corrosion rates were found in solutions with a pH of 3.  The potentiodynamic 

polarization curve of the alloy that was tested at 80 oC in a solution having a pH of 10 displays a 

region, where no major change in potential and corrosion current density is observed at ~ - 420 mv 

(vs. SCE). This indicates that an oxide film is formed on the surface of the alloy to resist the 

corrosion at high temperatures.  
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Table 4.7. Electrochemical parameters obtained for aged NCAT alloy in 0.6 M NaCl solution with three different levels of pH at four 

different temperatures. The change of pH and temperature affects the corrosion properties of the alloy.  

Alloy Temp. 
oC 

pH Eoc
1 

mV 

Ecorr
1 

mV 

icorr 

µA/cm² 

βa
1 

V/decade 

βc
1 

V/decade 

Rp 

Ω.cm² 

CR 

mm/y 

NCAT 

(SD) 2 

RT 3 -453 

(±13.8) 

-446 

(±20.1) 

23.28 

(±1.05) 

0.03 

(±0.02) 

-0.53 

(±0.04) 

959.6 

(±263.4) 

0.17 

(±0.008) 

NCAT 

(SD) 2 

RT 6 -386 

(±16.4) 

-389 

(±13.5) 

2.26 

(±0.35) 

0.12 

(±0.01) 

-0.22 

(±0.03) 

1.6x10⁴ 

(±303.5) 

0.017 

(±0.002) 

NCAT 

(SD) 2 

RT 10 -420 

(±33.4) 

-403 

(±48.6) 

1.12 

(±0.92) 

0.13 

(±0.06) 

-0.16 

(±0.02) 

2.4x10⁴ 

(±2.5x10⁴) 

0.008 

(±0.007) 

NCAT 

(SD) 2 

40 3 -455 

(±9.2) 

-458 

(±3.3) 

46.5 

(±7.11) 

0.02 

(±0.02) 

-0.24 

(±0.15) 

331.5 

(±152.7) 

0.35 

(±0.05) 

NCAT 

(SD) 2 

40 6 -415 

(±14.9) 

-411 

(±17.0) 

3.91 

(±0.81) 

0.09 

(±0.02) 

-0.19 

(±0.05) 

6.1x10³ 

(±1.9x10³) 

0.03 

(±0.006) 

NCAT 

(SD) 2 

40 10 -431 

(±27.6) 

-445 

(±48.8) 

1.6 

(±1.74) 

0.06 

(±0.03) 

-0.09 

(±0.03) 

8.7x10³ 

(±1.8x10³) 

0.01 

(±0.01) 

NCAT 

(SD) 2 

60 3 -492 

 (±11.8) 

-480 

 (±14.2) 

60.4 

 (±3.5) 

0.023 

 (±0.019) 

-0.322 

 (±0.082) 

208.6  

(±53.2) 

0.45 

 (±0.026) 

NCAT 

(SD) 2 

60 6 -421 

(±31.6) 

-426 

(±9.4) 

9.25 

(±4.70) 

0.09 

(±0.02) 

-0.23 

(±0.03) 

3.8x10³ 

(±1.5x10³) 

0.07 

(±0.03) 

NCAT 

(SD) 2 

60 10 -439 

(±44.9) 

-446 

(±60.2) 

5.38 

(±5.5) 

0.11 

(±0.01) 

-0.17 

(±0.01) 

6.1x10³ 

(±2.3x10³) 

0.04 

(±0.04) 

NCAT 

(SD) 2 

80 3 -536 

 (±64.4) 

-604  

(±91.5) 

94.2  

(±2.2) 

0.116  

(±0.03) 

-0.207 

 (±0.38) 

207.0 

 (±483.1) 

0.70  

(±0.017) 

NCAT 

(SD) 2 

80 6 -457 

(±33.8) 

-511 

(±36.1) 

35.13 

(±10.9) 

0.26 

(±0.08) 

-0.27 

(±0.07) 

1.2x10³ 

(±624.01) 

0.26 

(±0.08) 

NCAT 

(SD) 2 

80 10 -473 

(±41.8) 

-528 

(±79.3) 

18.03 

(±1.4) 

0.32 

(±0.12) 

-0.25 

(±0.07) 

2.9x10³ 

(±488.1) 

0.13 

(±0.01) 
1 All the potential values are measured vs. SCE. 2 Standard deviation (SD) values.



84 
 

An Arrhenius plot obtained for the corrosion of aged NCAT alloy in 0.6 M NaCl solution at 

different temperatures is shown in Figure 4.30, where a relationship between log corrosion rate 

and temperature (in K) is given. Equation (4.1) [141] is a general formalization of the Arrhenius 

relationship between reaction rate and temperature. The equation shows that the kinetics of the 

electrochemical reactions are faster at elevated temperatures, that is, the anodic dissolution of the 

metals increases.  

 

                                 (4.1) 

 

where k is the reaction rate, which is represented by corrosion rate (CR) in this study, A is 

a constant for each chemical reaction, R is the gas constant (8.314 J/mol. K), T is the temperature 

(K), and Ea (J/mol) is the molar activation energy. It represents the energy barrier that must be 

overcome by the electrons through the electrode/electrolyte interphase [141, 142].  

Equation (4.1) can be recast as follows: 

 

              (4.2) 

 

If the activation energy is expressed in kilojoules (kJ), then equation (4.2) will become: 

   
  1,000

-
2.303

aE kJ
log k log A

R T

 
  

 
            (4.3) 

 

The Arrhenius plot is generated by plotting log (k) versus 1000/T. The slope of this plot is 

expressed as: 
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             (4.4) 
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The activation energy (Ea) is determined from the slope of the straight line obtained by 

plotting log (k) or log (corrosion rate) against 1000/T. The intercept of the generated plot with the 

Y axis gave the values of A. The values of Ea and A determined from the present work are 

summarized in Table 4.8. As can be seen, the activation energy seems to be dependent on the 

solution pH. It generally increased with increasing pH.  

 In Figure 4.30 all the curves showed an almost linear relationship. This indicates that only 

one process is controlling the kinetics of the electrochemical reactions.  The relationship between 

corrosion rate and temperature in solutions that have a pH of 6 and pH of 10 show steeper slope 

compared to solutions with a pH of 3. The steeper the slope of the curves, the faster the dependence 

of the corrosion rate on temperature, and the higher the activation energy values. The recorded 

values of activation energy in solutions that have a pH of 6 and 10 were ~ 43 and 45 kJ/mol, 

respectively, compared to 21 kJ/mol for solutions with pH of 3.  The higher the activation energy 

values, the more difficult it is to begin the corrosion process. In 0.6 M NaCl solutions that have 

pH of 6 and pH of 10, it is more difficult to corrode the NCAT alloy compared to solutions with 

pH of 3, where the activation energy is remarkably lower. 

Figure 4.31 shows micrographs obtained for aged NCAT samples after potentiodynamic 

polarization scans in a 0.6 M NaCl solution with a pH of 6. The samples were tested at four 

different temperatures (RT, 40 oC, 60 oC, and 80 oC). Intergranular corrosion is evident at RT and, 

40 oC. It is less obvious as the temperature increased. Instead, general corrosion of the alloy matrix 

is increased, as can be seen by the colour of the corroded samples in Figure 4.31 (c) and (d) that 

was caused by the corrosion. In addition, the pits and surrounded corroded area sizes are both 

increased in most of the cases. This is probably due to the acceleration of the dissolution of the 

NCAT SMA at higher temperatures [133]. In all the samples, pitting seems to occur very close to 

the grain boundaries that have precipitates.  
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Figure 4.30. Arrhenius plot obtained for aged NCAT alloy tested in 0.6 M NaCl  having  three 

different pH. At higher tempertures, the corrosion rate is increased. 

 

Table 4.8. Arrhenius parameters determined from the Arrhenius plot in Figure 4.30 for corrosion 

of aged NCAT alloy in 0.6 M NaCl solutions with differnet pH. 

Parameter pH 3 pH 6 pH 10 

Activation Energy (Ea) (kJ/mol) 21.0 43.1 45.3 

Constant A (mm/y.mol) 893.6 485,645.2 715,879.6 
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Figure 4.31. Optical micrographs of NCAT SMA after potentiodynamic polarization scans in a 0.6 

M NaCl solution with a pH of 6 at (a) RT, (b) 40 oC, (c) 60 oC, and (d) 80 oC. The higher 

temperatures resulted in increasing the severity of the corrosion attack. IGC is observed, especially 

in RT and 40 oC, while corrosion of the alloy matrix is evident in the higher temperatures. 

a

b
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Figure 4.31. Continued. 
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d
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4.6.2 Effect of pH on Corrosion of Aged NCAT SMA at Different Temperatures 

Figure 4.32 presents the open circuit potentials obtained at four different temperatures for 

aged NCAT alloy tested in three 0.6 M NaCl solution having pH of 3, 6, and 10. The 

potentiodynamic polarization curves obtained for the alloy under the same test conditions are 

shown in Figure 4.33. The electrochemical parameters determined from the potentiodynamic 

polarization scans and linear polarization resistance experiments are summarized in Table 4.7 in 

section 4.6.1.  

From the open circuit potential measurements in Figure 4.32, it is evident that the open circuit 

potential is shifted to more negative values as the solution becomes more alkaline (pH 10) or more 

acidic (pH 3). The lowest open circuit potential values were recorded in solutions with a pH of 3. 

As the temperature increased, the open circuit potential was decreased in all the tested solutions. 

The lowest open circuit potential values were recorded in solutions with a pH of 3 at 80 oC. 

The potentiodynamic polarization curves of the alloy in Figure 4.33 show greater corrosion 

current density in solutions having a pH of 3. Solutions with a pH of 10, on the other hand, have 

the lowest corrosion current density. As previously discussed in section 4.6.1, the increase in 

temperature resulted in increasing the corrosion current density, hence, the corrosion rate in all the 

solutions.  

In Table 4.7, the corrosion parameters that were measured during the electrochemical tests 

show that not only the change in temperature has an impact on the corrosion potential and corrosion 

rate of NCAT SMA, but also the change in pH is found to affect the corrosion potential and 

corrosion rate of the alloy. The samples that were tested in the more acidic pH solutions (pH 3) 

showed the lowest corrosion potential values and the highest corrosion rate values. The samples 

that were tested in more alkaline pH solutions (pH 10) showed the lowest corrosion rate values. 

These corrosion rate values were not very far from the values that were measured in samples tested 

in solutions with a pH of 6, especially at RT and 40 oC. 
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Figure 4.32. Typical open circuit potential curves obtained for NCAT alloy in 0.6 M NaCl solution 

with different pH at: (a) RT, (b) 40 °C, (c) 60 °C, and (d) 80 °C. The open circuit potential shifted 

to negative values at high temperatures. The lowest values are observed in solutions having a pH 

of 3. 
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Figure 4.32. Continued. 
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Figure 4.33. Potentiodynamic polarization curves obtained for NCAT alloy in 0.6 M NaCl solution 

with different pH at: (a) RT, (b) 40 °C, (c) 60 °C, and (d) 80 °C. The high temperature resulted in 

high corrosion current density and lower corrosion potentials. Solutions with a pH of 3 showed the 

highest current density and lowest corrosion potentials. 
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Figure 4.33. Continued. 
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To understand the relationship between the corrosion potential and solution pH, the 

predicted potential (Eh) – pH diagram of NCAT SMA in H2O that is represented in Figure 4.3 in 

section 4.2 was used. In the Eh – pH diagram, the potential was represented on the hydrogen scale, 

while in the electrochemical tests, the measured potential was referenced to calomel electrode. The 

potential of the calomel electrode on the hydrogen scale is 0.241 volts. Therefore,  

 

The potential (Eh) = E (calomel) + 0.241            (4.9)  

 

The equilibrium oxygen potential in Figure 4.3 is given by Nernst equation [133] as: 

 

E (oxygen) = 1.23 - 0.0591 pH                     (4.10)  

 

while the equilibrium potential of the hydrogen electrode [133] is given by: 

 

E (hydrogen) = 0 – 0.0591 pH                     (4.11) 

 

During the electrochemical open circuit potential measurements, the potential reaches a steady 

state value with time, where the potential is nearly constant.  The steady state potential is the mixed 

potential between the anodic reaction (metal oxidation) and the cathodic reaction (reduction of 

oxygen or hydrogen ion, or both).  

The steady state potential can be calculated for the different solutions that were used in this 

study as follows: 

1. In acidic solution of pH 3.0 (0.6 M NaCl with pH 3.0) at RT 

Using the open circuit potential values provided in Table 4.8, the steady state potential (open 

circuit potential) is E (calomel), which is found to be = - 0.453 volts. Using equation 4.9, Eh can 

be calculated as follows:  

Eh = - 0.453 + 0.241 = - 0.212 volts.   

The equilibrium potential of the hydrogen electrode at pH 3.0 is calculated using equation 

4.11: 
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Eh = 0 – 0.0591(3.0) = -0.177 volts.   

Since the steady state corrosion potential is below the hydrogen electrode equilibrium 

potential, corrosion in this case can occur through evolution of hydrogen gas on the surface of the 

metal.  

2. In acidic Solutions of pH 0.72 (0.5 M H2SO4 Solution) at RT 

The pH of this solution is 0.72. The steady state potential is given in Table 4.5 as E (calomel) 

= - 0.415 volts. Eh can be calculated as: 

Eh = - 0.415 + 0.241 = - 0.174 volts. 

      The equilibrium potential of the hydrogen electrode at pH 0.72 is:  

Eh = 0 – 0.0591(0.72) = - 0.0425 volts.   

Since the corrosion potential is below the hydrogen electrode equilibrium potential, corrosion 

similar to the above case can occur by evolution of hydrogen gas on the surface of the metal. 

3. Non-Acidic Solutions  

The steady state potentials and equilibrium electrode potentials were calculated using potential 

values from Table 4.5 and Table 4.7, and equations 4.9, 4.10 and 4.11. The results are presented 

in Table 4.9. 

In Table 4.9, all of the steady state potentials are above the hydrogen electrode potential, 

therefore, the corrosion in these solutions does not involve hydrogen gas evolution.  Since all of 

the potentials are also below the potential of the oxygen electrode, atmospheric oxygen is capable 

of oxidizing the metals in each case.  Accordingly, oxygen is likely the oxidizing agent in these 

four cases. 

 

4.6.2.1 Steady State Potential vs. pH   

In Table 4.9, the steady state potentials (Eh) appear to decrease as the pH values 

increase.  This is due to the thermodynamics of the anodic corrosion reactions.  This is consistent 

with Nernst equation, at which, the potential (Eh) is given as a function of pH, and it decreases 

with increasing the pH value [133].   
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Accordingly, the potential of the cathodic reaction (oxygen reduction) also decreases with 

pH according to equation 4.10.  Since the potentials of the anodic and cathodic reactions both 

decrease with pH, the corrosion potential will decrease with pH, as the corrosion potential is 

somewhere between the thermodynamic potentials of the anodic and cathodic reactions. 

In the case of solutions with pH below 4, as indicated in section 4.2, the oxide scale breaks 

down and reactions (4.3) and (4.4) occur simultaneously in the presence of dissolved oxygen, and 

as a result, the corrosion potential shifts to lower values. 

The solutions that have pH of 10 or above showed the lowest corrosion rate. This is most 

likely due to the formation of a protective oxide film such as FeAl2O4.TaO2 and Fe3O4 as predicted 

by Eh – pH diagram in Figure 4.3. It has to be noted that in all the above-mentioned steady state 

potential vs. pH cases, only the thermodynamics of the reactions were considered, as the Eh – pH 

diagram does not include the kinetics of the reactions, which limits the use of this diagram. 

However, in this discussion, this diagram was considered because it shows a clear relationship 

between the potential and pH, even without the consideration of the reaction kinetics. 

 A relationship between the corrosion rate and pH is illustrated in Figure 4.34. In all the 

temperatures, the highest corrosion rates were recorded in acidic solutions that have a pH of 3. In 

contrast, the lowest corrosion rates were recorded in alkaline solutions that have a pH of 10. As 

previously observed, the increase in temperature resulted in increasing the corrosion rate.  

Figures 4.35 – 4.38 show micrographs of NCAT SMA that was tested in 0.6 M NaCl 

solution with different levels of pH at different temperatures.  The observation in the micrographs 

is consistent with the electrochemical testing findings. NCAT samples that were tested in solutions 

having a pH of 3 show the most pitting and corrosion compared to the rest of the tested samples, 

and the severe corrosion appears to etch the alloy. The best corrosion resistance was observed in 

the NCAT samples that were tested in solutions having a pH of 10. Corrosion in and around the 

grain boundaries characterized with precipitates was mostly observed in the samples that were 

tested in solutions having a pH of 6 and 3 at RT and 40 oC, indicating that the alloy suffered 

intergranular corrosion (IGC) in these solutions. Visual inspection of the tested samples shows 

increased pitting and pits sizes as the temperature increased. More pitting is noticed in the samples 

that were tested in solutions with a pH of 3, especially at 80 oC. The size of the corroded area was 
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found to be larger for samples exposed to higher temperature. Samples tested in solutions with a 

pH of 10 showed the least amount of corrosion and pitting at all temperatures. 

 

Table 4.9. The steady state potentials and equilibrium potentials calculated from the iron Eh-pH 

diagram in water at RT. 

Solution  

pH 

Eh 

Steady State  

(E calomel) 

(V) 

Eh 

Hydrogen Electrode 

(V) 

Eh 

Oxygen Electrode 

(V) 

0.6 M NaCl 

pH 6.0 

6.0 - 0.145       (- 0.386) -0.355 0.875 

0.6 M NaCl 

pH 10.0 

10.0 - 0.179       (- 0.420) -0.591 0.639 

0.5 M NaOH 12.8 - 0.213       (- 0.454) -0.756 0.473 

 

 

 

Figure 4.34. The effect of solution pH on corrosion rate of aged NCAT in 0.6 M NaCl solutions 

tested at different temperatures.  High corrosion rates are found in solutions with a pH of 3 at all 

temperatures. 
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Figure 4.35. Micrographs obtained for aged NCAT after potentiodynamic polarization in a 0.6 M 

NaCl solution at RT and (a) pH 3, (b) pH 6, and (c) pH (10). High corrosion attack is observed in 

the solution with a pH of 3. 

a

b
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Figure 4.35. Continued. 

 
Figure 4.36. Micrographs obtained for aged NCAT SMA that was subjected to potentiodynamic 

polarization in a 0.6 M NaCl solution at 40oC and (a) pH 3, (b) pH 6, and (c) pH (10). Samples 

tested in solutions with a pH 3 show appreciable corrosion around the grain boundaries. IGC is 

evident in samples tested at this temperature in solutions with pH 6 and pH 3. 

c

a
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Figure 4.36. Continued. 

 

b

c
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Figure 4.37. Micrograph obtained for aged NCAT SMA subjected to potentiodynamic polarization 

in a 0.6 M NaCl solution at 60oC and (a) pH 3, (b) pH 6, and (c) pH (10). The severity of corrosion 

is more and the pitting size is bigger at this temperature compared to lower temperatures. 

a

b
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Figure 4.37. Continued. 

 

 

Figure 4.38. Micrographs obtained for aged NCAT SMA subjected to potentiodynamic 

polarization in a 0.6 M NaCl solution at 80oC and (a) pH 3, (b) pH 6, and (c) pH (10). Larger 

corroded area and more pitting are observed compared to specimens tested at lower temperatures. 

Specimens that were tested in solutions with a pH of 3 were the most affected by corrosion. 

c

a
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Figure 4.38. Continued. 

b

c
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4.7 Comparison of Corrosion of Solution Treated and Aged NCAT SMA in 0.6 M NaCl 

Solution at Different Temperatures and pH 

In this section, the electrochemical corrosion properties obtained for solution treated 

NCAT alloy in 0.6 M NaCl solutions at different temperatures and pH with those of aged NCAT 

alloy under the same test conditions. All electrochemical tests were conducted in 0.6 M NaCl 

solutions at four different temperatures (RT, 40 °C, 60 °C and 80 °C), and three different pH values 

(3, 6, 10).  

 

A comparison between the open circuit potentials obtained for solution treated and aged NCAT 

alloys in 0.6 M NaCl solution with different pH at different temperatures, is shown in Figure 4.39, 

while Figure 4.40 compares their potentiodynamic polarization curves. Table 4.10 summarizes the 

electrochemical corrosion parameters obtained for the alloys in the solution.  

 

 

Figure 4.39. Typical open circuit potential obtained for solution treated and aged NCAT alloy in a 

0.6 M NaCl solution with a pH of (a) 3, (b) 6, and (c) 10 measured at different temperatures. The 

lowest open circuit potential is observed for solutions having a pH of 3 and temperature of 80 oC. 
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Figure 4.39. Continued. 
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Figure 4.40. Potentiodynamic polarization curves obtained for solution treated and aged NCAT 

alloys in a 0.6 M NaCl solution with a pH of (a) 3, (b) 6, and (c) 10 measured at different 

temperatures. The highest current density values are observed in solutions with pH of 3, and the 

lowest values are found in solutions with a pH of 10.  The corrosion current density is greater in 

all solutions at higher temperatures. 
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Figure 4.40. Continued. 

 

From Figures 4.39-4.40 and Table 4.10, it is evident that both alloys display similar 

characteristics in 0.6 M NaCl solution. The open circuit and corrosion potentials became more 

negative and the corrosion current density increased with increasing temperature. Their corrosion 

rates increased with temperature regardless of the pH of the solution. The highest corrosion rate 

values and the lowest open circuit and corrosion potentials values were recorded at 80 oC in 

solutions with a pH of 3.  Always aged NCAT alloy has lower open circuit and corrosion potentials 

and higher corrosion rates compared to the solution treated NCAT alloy in the same test conditions. 

This shows once again that the aging heat treatment resulted in reducing the corrosion resistance 

of the alloy in 0.6 M NaCl solution regardless of the solution temperature or pH. Figure 4.41 shows 

optical micrographs of solution treated NCAT and aged NCAT alloys that were tested at 40 oC in 

0.6 M NaCl solution having a pH of 3. The aged NCAT alloy shows more pitting and larger 

corroded area compared to the solution treated NCAT alloy. The corrosion of aged NCAT is in 

the form of IGC, while the corrosion of the solution treated NCAT is in the form of pitting, and no 
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IGC can be observed. Appendix D shows more micrographs of solution treated NCAT specimens 

that were tested in 0.6 M NaCl solution at different temperatures and different solution pH. The 

corrosion of solution treated NCAT is characterized with relatively larger pits compared to the pits 

in the aged NCAT. This can also be observed in Figures D1– D3 in Appendix D. 

 

An Arrhenius plot for the corrosion of solution treated NCAT and aged NCAT alloys in 

0.6 M NaCl solution at different temperatures is shown in Figure 4.42. The thermodynamic 

parameters extracted from analysis of Figure 4.42 are summarized in Table 4.11. The curves that 

were generated from testing in solutions having pH of 3 and 10 in Figure 4.42 show clear linear 

relationship, thus indicating that only one process controlled the kinetics of the electrochemical 

reactions. The Arrhenius curves for the aged NCAT alloy show steeper slopes compared to those 

of solution treated NCAT alloy for all pH values. The steeper the slope of the curves, the greater 

the dependence of the corrosion rate on temperature and the higher the activation energy values. 

The values of activation energy obtained for solution treated NCAT alloy are lower than those 

obtained for the aged alloy. The higher the activation energy values, the more difficult it is to begin 

the corrosion process. This means that it is easier to start the corrosion process in the solution 

treated NCAT alloy compared to its aged counterpart. This could be due to the presence of  phase 

precipitates in the aged alloy matrix, which hinders the progress of the corrosion in the alloy 

matrix. However, the presence of β phase precipitates in the grain boundaries weakens them, and 

results in progressing the corrosion in the aged NCAT in the grain boundaries, which eventually 

reduces the corrosion resistance of the alloy and results in more damage than is the case of solution 

treated NCAT.  
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Table 10. Electrochemical parameters obtained for solution treated NCAT and aged NCAT SMA in 0.6 M NaCl solution with three 

different levels of pH at four different temperatures. 

Alloy Temp. 
oC 

pH Eoc
1 

mV 

Ecorr
1 

mV 

icorr 

µA/cm² 

βa
1 

V/decade 

βc
1 

V/decade 

Rp 

Ω.cm² 

CR 

mm/y 

Solution Treated NCAT 

(SD) 2 

RT 6 -346 

(±10.9) 

-334 

(±35.4) 

1.75  

(±0.33) 

0.06  

(±0.02) 

-0.16  

(±0.06) 

1.05x10⁴  

(±5.8x10³) 

0.013  

(±0.002) 

Solution Treated NCAT 

(SD) 2 

RT 10 -361 

(±5.9) 

-392 

(±3.6) 

0.44 

(±0.13) 

0.08 

(±0.08) 

-0.12 

(±0.006) 

4.5x10⁴ 

(±3.9x10³) 

0.003 

(±0.0009) 

Solution Treated NCAT 

(SD) 2 

RT 3 -384 

(±31.2) 

-433 

(±41.9) 

13.6 

(±3.90) 

0.05 

(±0.005) 

-0.37 

(±0.09) 

1.5x10³ 

(±539.2) 

0.101 

(±0.03) 

Solution Treated NCAT 

(SD) 2 

40 6 -399 

(±23.5) 

-400 

(±26.4) 

5.80 

(±0.23) 

0.09 

(±0.02) 

-0.21 

(±0.009) 

4.4x10³ 

(±294.5) 

0.043 

(±0.0005) 

Solution Treated NCAT 

(SD) 2 

40 10 -424 

(±37.8) 

-426 

(±42.2) 

0.71 

(±0.12) 

0.08 

(±0.03) 

-0.11 

(±0.0005) 

3.5x10⁴ 

(±9.0x10³) 

0.005 

(±0.001) 

Solution Treated NCAT 

(SD) 2 

40 3 -438 

(±13.9) 

-434 

(±27.2) 

26.6 

(±0.30) 

0.04 

(±0.03) 

-0.36 

(±0.06) 

614.1 

(±495.2) 

0.198 

(±0.002) 

Solution Treated NCAT 

(SD) 2 

60 6 -414 

(±32.4) 

-418 

(±21.0) 

10.3 

(±0.07) 

0.09 

(±0.03) 

-0.24 

(±0.05) 

3.1x10³ 

(±656.3) 

0.077 

(±0.003) 

Solution Treated NCAT 

(SD) 2 

60 10 -433 

(±49.7) 

-440 

(±66.0) 

1.06 

(±0.14) 

0.07 

(±0.03) 

-0.13 

(±0.06) 

2.1x10⁴ 

(±1.1x10⁴) 

0.008 

(±0.001) 

Solution Treated NCAT 

(SD) 2 

60 3 -459  

(±11.1) 

-452  

(±4.9) 

29.9 

 (±2.90) 

0.043  

(±0.001) 

-0.25 

 (±0.09) 

481.6 

 (±83.8) 

0.222  

(±0.02) 

Solution Treated NCAT 

(SD) 2 

80 6 -437 

(±38.1) 

-436 

(±23.8) 

14.1 

(±1.21) 

0.09 

(±0.007) 

-0.30 

(±0.07) 

2.6x10³ 

(±647.2) 

0.105 

(±0.003) 

Solution Treated NCAT 

(SD) 2 

80 10 -462 

(±55.6) 

-466 

(±88.4) 

1.69 

(±0.42) 

0.12 

(±0.05) 

-0.15 

(±0.05) 

2.8x10⁴ 

(±1.4x10⁴) 

0.013 

(±0.003) 

Solution Treated NCAT 

(SD) 2 

80 3 -488 

(±40.7) 

-478 

(±37.7) 

41.7 

(±0.16) 

0.06  

(±0.001) 

-0.42 

 (±0.07) 

342.3 

(±196.4) 

0.31 

(±0.001) 
1 All the potential values are measured vs. SCE. 2 Standard deviation (SD) values. 
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Table 4.10. Continued. 

Alloy Temp. 
oC 

pH Eoc
1 

mV 

Ecorr
1 

mV 

icorr 

µA/cm² 

βa
1 

V/decade 

βc
1 

V/decade 

Rp 

Ω.cm² 

CR 

mm/y 

Aged NCAT 

(SD) 2 

RT 6 -386 

(±16.4) 

-389 

(±13.5) 

2.26 

(±0.35) 

0.12 

(±0.01) 

-0.22 

(±0.03) 

1.6x10⁴ 

(±303.5) 

0.017 

(±0.002) 

Aged NCAT 

(SD) 2 

RT 10 -420 

(±33.4) 

-403 

(±48.6) 

1.12 

(±0.92) 

0.13 

(±0.06) 

-0.16 

(±0.02) 

2.4x10⁴ 

(±2.5x10⁴) 

0.008 

(±0.007) 

Aged NCAT 

(SD) 2 

RT 3 -453 

(±13.8) 

-446 

(±20.1) 

23.28 

(±1.05) 

0.03 

(±0.02) 

-0.53 

(±0.04) 

959.6 

(±263.4) 

0.174 

(±0.008) 

Aged NCAT 

(SD) 2 

40 6 -415 

(±14.9) 

-411 

(±17.0) 

3.91 

(±0.81) 

0.09 

(±0.02) 

-0.19 

(±0.05) 

6.1x10³ 

(±1.9x10³) 

0.029 

(±0.006) 

Aged NCAT 

(SD) 2 

40 10 -431 

(±27.6) 

-445 

(±48.8) 

1.6 

(±1.74) 

0.06 

(±0.03) 

-0.09 

(±0.03) 

8.7x10³ 

(±1.8x10³) 

0.012 

(±0.01) 

Aged NCAT 

(SD) 2 

40 3 -455 

(±9.2) 

-458 

(±3.3) 

46.5 

(±7.11) 

0.02 

(±0.02) 

-0.24 

(±0.15) 

331.5 

(±152.7) 

0.348 

(±0.05) 

Aged NCAT 

(SD) 2 

60 6 -421 

(±31.6) 

-426 

(±9.4) 

9.25 

(±4.70) 

0.09 

(±0.02) 

-0.23 

(±0.03) 

3.8x10³ 

(±1.5x10³) 

0.069 

(±0.03) 

Aged NCAT 

(SD) 2 

60 10 -439 

(±44.9) 

-446 

(±60.2) 

5.38 

(±5.50) 

0.11 

(±0.01) 

-0.17 

(±0.01) 

6.1x10³ 

(±2.3x10³) 

0.04 

(±0.04) 

Aged NCAT 

(SD) 2 

60 3 -492 

 (±11.8) 

-480 

 (±14.2) 

60.4 

 (±3.50) 

0.023 

 (±0.02) 

-0.322 

 (±0.082) 

208.6  

(±53.2) 

0.451 

 (±0.026) 

Aged NCAT 

(SD) 2 

80 6 -457 

(±33.8) 

-511 

(±36.1) 

35.13 

(±10.90) 

0.26 

(±0.08) 

-0.27 

(±0.07) 

1.2x10³ 

(±624.01) 

0.263 

(±0.08) 

Aged NCAT 

(SD) 2 

80 10 -473 

(±41.8) 

-528 

(±79.3) 

18.03 

(±1.40) 

0.32 

(±0.12) 

-0.25 

(±0.07) 

2.9x10³ 

(±488.1) 

0.135 

(±0.01) 

Aged NCAT 

(SD) 2 

80 3 -536 

 (±64.4) 

-604  

(±91.5) 

94.2  

(±2.20) 

0.116  

(±0.03) 

-0.207 

 (±0.377) 

207.0 

 (±483.1) 

0.704  

(±0.017) 
1 All the potential values are measured vs. SCE. 2 Standard deviation (SD) values. 
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Figure 4.41. Micrographs obtained for (a) solution treated NCAT SMA and (b) aged NCAT SMA 

that were subjected to potentiodynamic polarization test at 40oC in a 0.6 M NaCl solution with a 

pH of 3.  Increased pitting and larger corroded area are observed in the aged NCAT compared to 

the solution treated NCAT. IGC is also observed in aged NCAT.  

a

b
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Figure 4.42. Arrhenius plots obtained for solution treated NCAT alloy compared with those of 

aged NCAT alloy in 0.6 M NaCl  solution with three differnet pH, showing the effect of 

temperature on the corrosion rate of the alloys. 

 

Table 4.11. Arrhenius parameters determined from the Arrhenius plot in Figure 4.42 for corrosion 

of solution treated and aged NCAT alloys in 0.6 M NaCl  solution with different pH. 

Parameter  Solution Treated NCAT Alloy 

pH 3 pH 6 pH 10 

Activation Energy (kJ / mole) 16.3 32.2 21.0 

Constant A (mm / y. mole) 82.4 80,543.4 1.236 

 

Parameter Aged NCAT Alloy 

pH 3 pH 6 pH 10 

Activation Energy (kJ / mole) 21.0 43.1 45.3 

Constant A (mm / y. mole) 893.6 485,645.2 715,879.6 
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 Figure 4.43 presents the open circuit potentials obtained at four different temperatures for 

the two tested alloys in three 0.6 M NaCl solution having pH of 3, 6, and 10. The potentiodynamic 

polarization curves obtained for the alloy under the same test conditions are illustrated in Figure 

4.44. The electrochemical parameters determined from the potentiodynamic polarization scans and 

linear polarization resistance experiments are provided in Table 4.10.  

 

 

Figure 4.43. Typical open circuit potential curves obtained for solution treated NCAT and aged 

NCAT alloys in 0.6 M NaCl solution with different pH at: (a) RT, (b) 40 °C, (c) 60 °C, and (d) 80 

°C. Open circuit potential shifted to negative values at high temperatures. The lowest values of 

open circuit potential are observed in the aged NCAT alloy and in solutions having a pH of 3. 
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Figure 4.43. Continued. 
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Figure 4.43. Continued. 

 
Figure 4.44. Typical potentiodynamic polarization curves obtained for solution heat treated NCAT 

and aged NCAT alloys in 0.6 M NaCl solution with different pH at: (a) RT, (b) 40 °C, (c) 60 °C, 

and (d) 80 °C. Solution treated NCAT alloy shows lower current density compared to the aged 

NCAT alloy. The lowest values are observed in samples tested in solutions with a pH of 10. 
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Figure 4.44. Continued. 



117 
 

 

Figure 4.44. Continued. 

 

Figure 4.43, Figure 4.44, and Table 4.10 show that the open circuit potential and corrosion 

potential of the two heat treated alloys are shifted to more negative values as the solution becomes 

more alkaline (pH 10) or more acidic (pH 3). The lowest values were observed in the solutions 

that are having a pH level of 3 and were tested at 80 oC. The corrosion current density, and 

subsequently the corrosion rate values, are greater in solutions having a pH of 3, and lower in 

solutions having a pH of 10. As previously observed, the higher temperature enhanced the 

corrosion and shifted the open circuit potential to negative values and the corrosion rate to greater 

values. In all the testing conditions, solution treated NCAT alloy showed higher corrosion 

resistance and more positive open circuit potential values than the aged NCAT alloy in the 0.6 M 

NaCl solution.  

A relationship between the corrosion rate and solution pH of the two heat treated alloys is 

illustrated in Figure 4.45, where it is clear that the greater the acidity of the 0.6 M NaCl solution, 

the higher the corrosion rates and vice versa. The discussion of the results in section 4.6.2 applies 

to this section. The aging treatment was shown to result in lower open circuit potentials and higher 

corrosion rates, compared to the solution treatment of the alloy. As previously discussed, it is 
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believed that the grain boundary precipitates that are formed during the aging heat treatment are 

responsible for reducing the corrosion resistance of the alloy by forming preferred sites for pitting 

in the alloy matrix and causing IGC in the grain boundaries. Optical micrographs of the corroded 

solution treated NCAT that were subject to potentiodynamic polarization scans in 0.6 M NaCl 

solution at different temperatures and different pH are illustrated in Figures D1– D3 in Appendix 

D. The images correlate with the electrochemical testing findings, where a smaller number of pits 

and smaller corroded area were observed in the solution treated NCAT compared to the aged 

NCAT. 

 

 
Figure 4.45. The effect of solution pH on the corrosion rate of solution treated NCAT and aged 

NCAT in 0.6 M NaCl solutions tested at different temperatures. Higher corrosion rates are 

observed in all the solutions with a pH of 3 at the higher temperatures, with the aged NCAT alloy 

showing more corrosion compared to the solution treated NCAT alloy. 

 

In summary, the aging heat treatment reduced the corrosion resistance of the alloy. The 

temperature and pH have an impact on the corrosion properties of both the solution treated NCAT 

and aged NCAT. The higher temperature resulted in greater corrosion rates and lower open circuit 

potential. The pH has a different impact. The corrosion rate was greater in the acidic solution (pH 
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3), which was accompanied by a reduction in the corrosion potential. In contrast, the corrosion rate 

was lower at the higher pH of 10. This is most likely due to the formation of a protective oxide 

film on the surface of the alloy.  

The effect of temperature and pH on corrosion rate (CR) and open circuit potential (EOC) 

of solution treated NCAT alloy and aged NCAT alloy, is shown as contour plots in Figures 4.46 

and Figure 4.47, respectively. As can be seen from Figure 4.46, the corrosion rate of solution 

treated NCAT alloy is consistently lower than that of aged NCAT alloy in 0.6 M NaCl solution 

with different pH at all test temperatures. For both alloys, the corrosion rate increased with 

increasing temperature and decreasing pH.  Solution treated NCAT alloy at pH levels of ~ 5.3 ≥ 

pH ≤ 10 shows a corrosion rate < 0.05 mm/y.  At these levels of pH, the temperature does not seem 

to have a notable effect on the corrosion rate of the alloy. In contrast, in acidic solutions (≤ pH 

5.1), the temperature clearly influences the corrosion rate. Greater corrosion rates are observed in 

the alloy at higher temperatures. The aged NCAT alloy, on the other hand, demonstrates double 

the corrosion rates (≤0.1 mm/y) only in a very limited range of pH (9 ≥ pH ≤ 10) as can be seen in 

Figure 4.46 (b). In pH levels ≤ 8.9, the higher temperature notably raises the corrosion rates.  

The open circuit potential of both solution treated and aged NCAT alloys shifts to more 

negative value at higher temperatures, as seen in Figure 4.47. This indicates an increase in the 

corrosion activity of the alloy at these temperatures. The pH, on the other hand, has a different 

impact on the solution treated NCAT and aged NCAT. In both, the lower solution pH and higher 

solution pH resulted in very similar open circuit potential values compared to the pH values that 

are ~ 6. In solution treated NCAT, for example, the open circuit potential values of -400 mV vs. 

(SCE) are found in solutions with 3 ≥ pH ≤ 10 in ~ 42 oC ≤ temp ≥ 25 oC, while the same open 

circuit potential in aged NCAT is recorded in a lower pH range of ~ 5.3 ≥ pH ≤ 7.6 and at lower 

temperature range of ~ 32 oC ≤ temp ≥ 25 oC. The open circuit potential of aged NCAT alloy is 

consistently more negative than that of solution treated NCAT alloy in 0.6 M NaCl solution with 

different pH at all test temperatures.  The contour plots illustrate the limitations on the use of aged 

NCAT alloy in 0.6 NaCl solutions compared to solution treated NCAT alloy. 
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Figure 4.46. Contour plots for (a) solution treated NCAT alloy and (b) aged NCAT alloy showing 

the effects of pH and temperature on their corrosion rate in mm/y. Lower corrosion rates are 

observed at alkaline solutions and at lower temperatures. Aged NCAT alloy exhibit higher 

corrosion rates compared to solution treated NCAT alloy. 
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Figure 4.46. Continued. 
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Figure 4.47. Contour plots for (a) solution treated NCAT alloy and (b) aged NCAT alloy showing 

the effects of pH and temperature on their open circuit potential (Eoc) in mV vs. (SCE). Acidic 

solutions and alkaline solutions were observed to have negative Eoc values compared to basic 

solutions (pH 6), and the higher temperatures of the solutions appear to shift Eoc to more negative 

values. Solution treated NCAT alloys show more positive Eoc values compared to aged NCAT 

alloy. 
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Figure 4.47. Continued 
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4.8 Galvanic Corrosion of  NCAT SMA in a 0.6 M NaCl Solution at Different 

Temperatures 

The shape memory effect and superelasticity characteristics of NCAT alloy is drawing a lot of 

attention, and is making it a candidate material for pipe couplers. This made it necessary to 

investigate the galvanic corrosion behaviour of the alloy when coupled with other commercial 

alloys. In this section, the results of experiments carried out to understand the galvanic corrosion 

behaviour of aged NCAT alloy are presented. The effect of coupling the alloy to four commercial 

alloys ((i) UNS G10180 (1018), (ii) UNS S30400 (304), (iii) UNS S31603 (316L), and (iv) UNS 

S32750 (2750)) in a 0.6 M NaCl solution at three different temperatures (RT, 40 oC, and 60 oC) 

was investigated.  

 

The open circuit potential curves obtained for aged NCAT SMA and four commercial alloys 

in 0.6 M NaCl solution at RT and 60 oC are represented in Figure 4.48. The open circuit potential 

of NCAT is more positive when compared to the open circuit potential of alloy 1018 at RT and 60 

oC. This indicates that NCAT is less active than alloy 1018 in the solution, and that alloy 1018 will 

act as an anode in the galvanic coupling. The rest of the alloys have positive open circuit potential 

when compared to NCAT at both RT and 60 oC. Therefore, NCAT was designated as the anode, 

when coupled with any of these stainless steel alloys. The open circuit potential of all the alloys is 

lower at 60 oC. 

The potentiodynamic polarization curves of NCAT, and the four commercial alloys in a 0.6 M 

NaCl solution at RT and 60 oC, are represented in Figure 4.49. As previously discussed, NCAT 

does not show any passivation in 0.6 M NaCl solution. The corrosion behaviour of the alloy in 

both RT and 60 oC is that of general dissolution with localized attack (pitting). The corrosion attack 

was concentrated at the grain boundaries that were characterized with precipitates resulting in IGC, 

and pitting was found in the area adjacent to these grain boundaries (see section 4.3).  Similar to 

NCAT SMA, 1018 carbon steel does not show any passivation in the test solution, whereas the 

stainless steel alloys show evidence of formation of protective oxide film in the solution as 

illustrated in Figure 4.49 at both RT and 60 oC, indicating that these alloys have better corrosion 

resistance than both NCAT and 1018 at the 0.6 M NaCl solution. The different electrochemical 

parameters determined from the plots in Figure 4.48 and Figure 4.49 are given in Table 4.12. 
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Figure 4.48. Typical open circuit potential measurement of uncoupled NCAT SMA compared to 

commercial alloys in 0.6 M NaCl at (a) RT and (b) 60 oC. The open circuit potential of NCAT 

SMA is more negative than the other commercial alloys, except for 1018 carbon steel. 
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Figure 4.49. Typical potentiodynamic polarization curves of NCAT SMA and various commercial 

alloys in 0.6 M NaCl solution at (a) RT and (b) 60 oC. NCAT and 1018 carbon steel have higher 

current density compared to the rest of the alloys, with 1018 having the highest value. 
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Table 4.12. Electrochemical parameters obtained for NCAT alloy and the commercial alloys in 

0.6 M NaCl solution at RT and 60 oC. 

Alloy Temp. 
oC 

Eoc
1 

mV 

Ecorr
1 

mV 

icorr 

µA/cm² 

βa
1 

V/decade 

βc
1 

V/decade 

Rp 

Ω.cm² 

CR 

mm/y 

NCAT 

(SD) 2 

RT -386 

(±16.4) 

-389 

(±13.5) 

2.26 

(±0.35) 

0.12 

(±0.01) 

-0.22 

(±0.03) 

1.6x10⁴ 

(±303.5) 

0.017 

(±2x10-3) 

NCAT 

(SD) 2 

60 -421 

(±31.6) 

-426 

(±9.4) 

9.25 

(±4.70) 

0.09 

(±0.02) 

-0.23 

(±0.03) 

3.8x10³ 

(±1.5x10³) 

0.069 

(±0.03) 

304 

(SD) 2 

RT -145 

(±1.7) 

-146 

(±3.5) 

0.13 

(±0.02) 

0.11 

(±0.06) 

-0.21 

(±0.03) 

2.9x10⁵ 

(±8.3x10⁴) 

0.0007 

(±1x10-4) 

304 

(SD) 2 

60 -232 

(±15.0) 

-234 

(±13.4) 

0.83 

(±0.14) 

0.08 

(±0.02) 

-0.11 

(±0.01) 

2.7x10⁴ 

(±6.3x10³) 

0.004 

(±7x10-4) 

316L 

(SD) 2 

RT -123 

(±15.7) 

-133 

(±16.4) 

0.12 

(±0.03) 

0.39 

(±0.03) 

-0.16 

(±0.02) 

3.1x10⁵ 

(±8.1x10⁴) 

0.0007 

(±2x10-4) 

316L 

(SD) 2 

60 -210 

(±6.5) 

-205 

(±5.7) 

0.13 

(±0.05) 

0.18 

(±0.004) 

-0.09 

(±0.007) 

1.6x10⁵ 

(±1.3x10⁴) 

0.0008 

(±3x10-4) 

2750 

(SD) 2 

RT -130 

(±9.1) 

-129 

(±13.2) 

0.07 

(±0.01) 

0.22 

(±0.01) 

-0.15 

(±0.02) 

4.3x10⁵ 

(±2.1x10⁵) 

0.0005 

(±8x10-⁵) 

2750 

(SD) 2 

60 -187 

(±2.1) 

-186 

(±0.35) 

0.17 

(±0.07) 

0.45 

(±0.08) 

-0.10 

(±0.02) 

1.9x10⁵ 

(±2.2x10⁴) 

0.001 

(±0.0005) 

1018 

(SD) 2 

RT -689 

(±12.0) 

-651 

(±19.9) 

8.80 

(±1.09) 

0.05 

(±0.005) 

-0.4 

(±0.09) 

2.3x10³ 

(±660.8) 

0.071 

(±8x10-3) 

1018 

(SD) 2 

60 -699 

(±1.0) 

-703 

(±11.0) 

23.8 

(±4.0) 

0.04 

(±0.005) 

-0.22 

(±0.05) 

479.6 

(±163.4) 

0.178 

(±0.04) 
1 All the potential values are measured vs. SCE. 2 Standard deviation (SD) values. 

 

4.8.1 Galvanic Potential and Galvanic Current Density Measurements 

Results of measurements of galvanic current density (ig) and galvanic potential (Eg) of aged 

NCAT alloy coupled with the commercial alloys in 0.6 M NaCl solution at RT, 40 oC, and 60 oC 

are shown in Figures 4.50 and 4.51, respectively. Figures 4.52 – 4.54 show the optical images 

obtained from each tested couple. As can be seen from Figures 4.50 and 4.51, the galvanic current 

density is greater while the galvanic potential is lower at higher temperatures. Similar behaviour 

was reported for other galvanic couples [143-145]. In general, the galvanic current density values 

for the couples were high initially and decreased over time. The values of galvanic current density 

for all stainless steel couples (304, 316L and 2750) at RT are relatively low when compared to the 

values of galvanic current density when aged NCAT alloy was coupled with alloy 1018. This 

indicates that alloy 1018 was more active in the electrolyte than NCAT. 
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Figure 4.50. Galvanic current densities of NCAT alloy coupled with (a) 1018 carbon steel, (b) 304 

stainless steel, (c) 316L stainless steel, and (d) 2750 duplex stainless steel in 0.6 M NaCl solution 

at a pH of 6 tested at different temperatures. Higher galvanic current density values were observed 

at higher temperatures. 
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Figure 4.51. Galvanic potential of NCAT coupled with (a) 1018 carbon steel, (b) 304 stainless 

steel, (c) 316L stainless steel, and (d) 2750 duplex stainless steel in 0.6 M NaCl solution at a pH 

of 6 tested at three different temperatures. The higher temperature resulted in lower galvanic 

potential values.



130 
 

 

 

 

Figure 4.52. Optical micrographs of exposed surfaces of galvanic couples involving aged NCAT 

alloy with: (a) alloy 1018, (b) alloy 304, (c) alloy 316L, and (d) alloy 2750 after 24 hours of 

galvanic coupling under full immersion in 0.6 M NaCl solution at RT. NCAT acted as a cathode 

when coupled with alloy 1018 and as an anode when coupled with the rest of the alloys, where it 

suffered from pitting and more corrosion than the stainless steel alloys. 
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Figure 4.52. Continued. 
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Figure 4.53. Optical micrographs of exposed surfaces of galvanic couples involving aged NCAT 

alloy with: (a) alloy1018, (b) alloy 304, (c) alloy 316L, and (d) alloy 2750 after 24 hours of 

galvanic coupling under full immersion in 0.6 M NaCl solution at 40 °C. Bigger pits and larger 

corroded area are observed at this temperature compared to RT. 
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Figure 4.53. Continued. 
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Figure 4.54. Optical micrographs of exposed surfaces of galvanic couples involving aged NCAT 

alloy with: (a) alloy1018, (b) alloy 304, (c) alloy 316L, and (d) alloy 2750 after 24 hours of 

galvanic coupling under full immersion in 0.6 M NaCl solution at 60 °C. All the alloys showed 

pitting and corrosion at this temperature. NCAT showed high corrosion in the couplings with 

stainless steel alloys, compared to the coupling with alloy 1018. 
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Figure 4.54. Continued. 

 

Since NCAT alloy acted as a cathode when coupled with 1018 carbon steel and as an anode 

when coupled with the stainless steel alloys, the discussion in this part was divided into two 

sections: (i) NCAT coupling with stainless steels, and (ii) NCAT coupling with carbon steel. The 

effect of the coupling in each group is discussed.  
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4.8.1 NCAT Coupling with Stainless Steels (alloy 304, 316L and 2750) 

As can be seen from Figures 4.52 – 4.54, NCAT alloy suffered severe pitting corrosion when 

coupled to stainless steels. At higher temperatures, the pitting attack became more severe, and the 

corrosion area became larger than at RT. It was assumed that reduction reactions on the anode are 

very small [142]. Therefore, the cathodic current was neglected, and only the galvanic current was 

considered when calculating the galvanic current density. 

It is noted that at RT and 40 oC, no corrosion was detected in the cathodes (stainless steel 

alloys) as can be seen in Figures 4.52 and 4.53. However, they pitted at 60 oC as shown in Figure 

4.54. This pitting is attributed to the breakdown of the passive protective films on the surfaces of 

the stainless steels. Pitting was reported at 60 oC in 304 and 316L austenitic stainless steels [143-

145]. The high temperature is believed to boost the breakdown of the protective film. Li et al. 

[140] found the passive film on stainless steels to become more porous and less protective at higher 

temperatures. 

A small fluctuation in the measured current density is seen in the coupling with the 

austenitic stainless steels (304 and 316L), especially at 60 oC (see Figure 4.50). Tian et al. [144] 

reported small current transient fluctuations before a stable pit appears. Each of these current 

transients reflects the formation, growth and repassivation of a metastable pit [144]. Metastable 

pit growth was found to occur below the pitting potential [146]. Pistrorius [147] stated that all 

stable pits go through metastable growth stage before stabilizing. It appears that during the first 

hour of the galvanic corrosion test at 60 oC, the current density increased considerably, probably 

due to the initiation of metastable pits, followed by the growth of these pits. After a certain time, 

the pits growth slowed down as they became stable pits and, as a result, the galvanic current density 

began to drop gradually [133, 140, 146-150]. The drop of galvanic current density took ~ 4 h, and 

~ 1.5 h in the coupling with alloy 304 and 316L, respectively. The galvanic current density 

eventually stabilized after ~ 20 h and ~ 16.5 h in these couplings (304 and 316L, respectively). 

Evidence of the corrosion and pitting of 304 and 316L during coupling at 60 oC can be seen in 

Figure 4.56 (b and c), where alloy 304 displays larger corroded area when compared to alloy 316L.  

Coupling NCAT to alloy 2750 showed very close values of galvanic current density of ~ 

7.5 µA/cm2 near the end of the test at 40 oC and 60 oC, when a steady state was reached. This 

indicates that at 40 oC and 60 oC,  galvanic corrosion of the alloy was very similar. The micrographs 

of the couples in Figures 4.53 (d) and 4.54 (d) show no observable pits in alloy 2750 at 40 oC, 
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while at 60 oC, a substantial number of pits can be seen. Upon comparing the micrographs of 

NCAT alloy coupled to alloy 2750 at 40 oC and 60 oC in the same figures, it can be seen that large- 

sized pits developed in NCAT alloy. This indicates that the galvanic corrosion of NCAT when 

coupled to alloy 2750 was the main driver for the change in galvanic current density for the couple. 

The galvanic potential measurements presented in Figure 4.51 show lower galvanic potentials 

at higher temperatures. Examination of Figure 4.51 reveals that it was difficult to reach a steady 

state potential when NCAT alloy was coupled with alloy 316L and alloy 304. According to Mizuno 

[151], at the start of any galvanic coupling, a transient high potential takes place as a result of the 

high polarizability of the surface of an initially passive anode (in this case NCAT). This transient 

is often sufficient to initiate localized corrosion on the surface and allow it to spread [151]. The 

localized corrosion and pitting can be seen in NCAT SMA coupled with the stainless steels in the 

micrographs in Figures 4.52 – 4.54. Relatively large pits are observed in these figures. The pits are 

mostly generated in the grain boundaries that are characterized by precipitates and in the 

surrounding area. The fluctuation in the coupling current density and potential possibly resulted 

from the ongoing change in the area fraction of the pitting sites during the galvanic corrosion 

testing, which in turn affects the polarization characteristics of the anodes.  

In the coupling with stainless steels, the mean value of galvanic potential measurements is 

more negative than one would expect from the open circuit potential and polarization curves of 

NCAT and these alloys (Figures 4.48 and 4.49). The values are very close to the corrosion potential 

of an uncoupled NCAT. This indicates that almost all of the anodic reaction took place on NCAT 

alloy. Since NCAT alloy suffers from intergranular corrosion in the 0.6 M NaCl solution, it is 

difficult to apply the mixed potential theory on the coupling with NCAT in this solution. 

Furthermore, it appears from Figure 4.51 that the galvanic potential varied with time, and even 

after 24 h, a steady-state galvanic potential was not reached in some couplings with stainless steels. 

These negative values could be due either to a slowing in the kinetic or to an activation of anode 

kinetics relative to the behaviours illustrated in Figure 4.49 of freshly polished surfaces. 

 

4.8.2.2 NCAT Coupling with Carbon Steel (1018) 

As previously stated, when coupled with alloy 1018, NCAT acted as a cathode relative to 1018. 

The galvanic coupling resulted in shifting the potential of NCAT to more negative values. Similar 

to couplings with stainless steels, the higher temperatures resulted in greater galvanic current 
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density, lower galvanic potential, and an increase in the extent of localized corrosion (pitting 

corrosion) in the anode, as can be seen in Figures 4.52 – 4.54. The coupling with 1018 at RT does 

not result in a substantial corrosion of the NCAT SMA, but 1018 carbon steel appears to have 

severe pitting all over the alloy matrix. At RT, the open circuit potential of NCAT is -386 mV vs. 

(SCE) compared to -689 mV vs. (SCE) for alloy 1018 (see Table 4.13). This large difference in 

potential causes the severe corrosion and pitting of alloy 1018 when coupled with NCAT SMA.  

 

Figure 4.55 shows SEM micrographs of NCAT alloy coupled with alloy 1018 (a) and coupled 

with alloy 304 (b) after longer period of galvanic coupling of 75 hours at RT. The longer galvanic 

coupling period was selected to allow corrosion, pitting initiation and growth to take place on the 

surface of the tested alloys. It also provided enough time for the galvanic current density and 

potential to stabilize in the case of the coupling with alloy 304 as can be seen in Figure 4.56. Higher 

galvanic current density and lower galvanic potential were recorded in the coupling with 1018 

when compared to that of the coupling with 304. This means that 1018 experienced more galvanic 

corrosion in the electrolyte when coupled with NCAT compared to NCAT when coupled with 

alloy 304. This, as previously mentioned, is due to the large difference between the open circuit 

potential of alloy 1018 and NCAT SMA compared to the potential difference between NCAT and 

alloy 304.  Furthermore, an appreciable level of fluctuation in galvanic current density and some 

variation in galvanic potential in the coupling with alloy 1018 was observed every 10 h and 20 h, 

respectively. The observed fluctuation is an indication that the anode suffered extensive localized 

corrosion that is characterized by pitting. It also suggests that, over time, there was a discernable 

change in the area where pitting took place. This, in turn, affected the polarization characteristics 

of alloy 1018 [142]. Pitting of alloy 1018 in the coupling with NCAT can be seen in the SEM 

micrographs in Figure 4.55 (a), where a large area of localized corrosion that is characterized by 

pitting is observed in alloy 1018. NCAT SMA, on the other hand did not show any appreciable 

corrosion and pitting in Figure 4.55 (a). In contrast, after coupling with alloy 304, NCAT SMA 

showed remarkable pitting (Figure 4.55 (b)).  
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Figure 4.55. SEM micrographs at 50X of galvanic couples involving aged NCAT alloy with: (a) alloy 1018 and (b) alloy 304 after 75 

hours of galvanic coupling under full immersion in 0.6 M NaCl solution at RT. Severe pitting is observed in 1018 when coupled with 

NCAT and a large pit is seen in NCAT when coupled with alloy 304.
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Figure 4.56. (a)  Galvanic current densities, and (b) galvanic potentials of NCAT after 75 hours of 

galvanic coupling with alloy 1018 and alloy 304 in 0.6 M NaCl solution at RT. The coupling with 

alloy 1018 resulted in higher galvanic current density, and lower galvanic potential. The longer 

period of coupling allowed the galvanic current density and potential to stabilize in the coupling 

with alloy 304. 

 

4.8.2 Statistical Analysis of the Galvanic Current Density and Galvanic Potential Data  

In this section, a statistical analysis of the electrochemical noise was carried out using the 

galvanic current density and galvanic potential data that were acquired during the 24 h ZRA tests 

for couples between NCAT alloy and four commercial alloys. This statistical analysis is used to 

determine the type of corrosion attack due to the galvanic coupling (localized and/or uniform). The 

mean values of the galvanic current density (igm) and those of standard deviation of galvanic 

current density (σig) were calculated. In addition, mean value of the galvanic potential (Egm) and 

(a)

(b)
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standard deviation of galvanic potential values (σEg) were determined for each couple for each 

hour of testing. Figures 4.57 and 4.58 show the plots of galvanic current density and galvanic 

potential, respectively, obtained for each couple at three different temperatures (RT, 40 oC, and 60 

oC). The error bars are respectively the standard deviation of galvanic current density values (σig) 

and standard deviation of galvanic potential values (σEg). It can be seen that higher galvanic current 

density and standard deviation of galvanic current density were obtained at higher temperatures. 

Pistorius [147] reported the increase of standard deviation of electrochemical current to be 

associated with higher rate of nucleation of metastable pits [147]. This indicates that the higher 

temperatures are associated with the nucleation of these metastable pits in the galvanic couplings. 

The standard deviations for corrosion potentials of the couples with 304 and 316L are 

greater at the higher temperatures, while the mean value of the galvanic potential is more negative 

at higher temperatures. Legat [152] and Mansfeld [153] found the high values of standard deviation 

of electrochemical potential to be associated with passivity or localized corrosion rather than 

corrosion rates. Unmistakably, localized corrosion in the form of pitting of NCAT alloy was 

dominant during galvanic coupling, and its rate is higher at higher temperature.  

The mean current density values were used to calculate the localisation index (LI), which 

is used to differentiate between localized and uniform corrosion attacks [142]. LI was determined 

using equation (4.12) 

 

LI =
σi

irms
                           (4.12) 

 

where irms is the root square mean of the galvanic current density. According to the authors in 

Ref. 142, LI values up to 0.01 are indicators of uniform corrosion; LI values between 0.01 and 0.1 

represent mixed corrosion system; and LI values between 0.1 and 1.0 are associated with localized 

corrosion.  

Although there is an argument that the use of a single statistical index to identify the corrosion 

mechanism may not be reliable [154], the use of the LI indicator in this study is utilizing the 

galvanic corrosion test results, and will only be used to provide confirmation to the findings that 

were obtained by the galvanic corrosion testing. The calculated LI values for the test couples at 

three temperatures are summarized in Table 4.13. The results show that the corrosion mechanism 

in aged NCAT alloy in 0.6 M NaCl solution is localized corrosion in the couples with stainless 
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steels, except for the couple with alloy 304 at RT, where the LI value of 0.094 indicated a mixed 

corrosion mechanism. The latter is not consistent with the test results and observations after the 

galvanic corrosion test, where mostly pitting was observed in all the couples with stainless steels. 

This proves the limitation of the use of this statistical index. One should note that the LI value was 

very close to the localized corrosion limit for localized corrosion. The couple with alloy1018 

showed mixed corrosion mechanism at RT and 40 °C, which is expected from the micrographs of 

the alloy (Figures 4.52 and 4.53), where pitting and corrosion of the alloy matrix is obvious. At 60 

oC, the LI values for all the couples indicated localized corrosion. This is consistent with the optical 

micrographs shown in Figure 4.54 and the galvanic current density and galvanic potential 

measurement analysis in section 4.8.2. Therefore, the results of the statistical analysis of the 

galvanic current density data are mostly consistent with the galvanic corrosion test results, where 

localized corrosion took place at the anodes during the coupling, and its rate probability increased 

with temperature. Future studies that investigate the influence of factors that affect the galvanic 

corrosion behaviour such as solution concentration and surface condition are recommended. In 

addition, a study of the galvanic corrosion in atmospheric conditions will be very beneficial if 

NCAT alloy is going to be used as a pipe coupler. 

 

Table 4.13. Localisation index (LI) calculated from the results of the galvanic corrosion test. 

Anode Cathode 

Temp 

(oC) 

Mean Current 

density (µA/cm2) σi irms LI 

Type of 

Corrosion 

NCAT  304 RT 7.174 0.599 6.426 0.094 Mixed 

NCAT  316L RT 5.296 1.144 4.096 0.279 Localized  

NCAT  2750 RT 2.816 0.448 2.471 0.181 Localized 

1018 NCAT  RT 16.743 0.843 18.346 0.046  Mixed 

NCAT  304 40 10.511 4.129 7.036 0.587 Localized 

NCAT  316L 40 10.619 4.054 7.512 0.540 Localized 

NCAT  2750 40 9.343 3.382 6.626 0.510 Localized 

1018 NCAT  40 49.869 3.468 50.234 0.069 Mixed 

NCAT  304 60 14.383 5.009 10.638 0.471 Localized 

NCAT  316L 60 13.503 3.238 11.490 0.282 Localized 

NCAT  2750 60 10.694 5.133 6.103 0.841 Localized 

1018 NCAT  60 61.927 6.841 59.183 0.116 Localized 
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Figure 4.57. Mean values of galvanic current density obtained for galvanic couples of aged NCAT alloy with (a) 1018, (b) 304, (c) 

316L, and (d) 2750 during each hour of the galvanic test at RT, 40 oC, and 60 oC. The error bars denote the standard deviations of the 

mean values. 

(a)

(c) (d)

(b)
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Figure 4.58. Mean values of galvanic potential obtained for galvanic couples of aged NCAT alloy with (a) 1018, (b) 304, (c) 316L, and 

(d) 2750 during each hour of the galvanic test at RT, 40 oC, and 60 oC. The error bars denote the standard deviations of the mean values
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(c) (d)
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5. OVERALL SUMMARY AND CONCLUSIONS  
 

5.1 Summary 

This corrosion properties of a newly developed Fe-Ni-Co-Al-Ta shape memory alloy (NCAT 

SMA) are investigated in this research study to determine the suitability of NCAT SMA for 

industrial applications in corrosive environments. The alloy was tested in three different corrosion 

media (0.6 M NaCl, 0.5 M NaOH, and 0.5 M H2SO4 solutions) using electrochemical corrosion 

testing techniques. The results of testing in 0.6 m NaCl solution were compared with those of four 

commercially available alloys. The effects of heat treatment, solution pH and temperature were 

also investigated.  In addition, the galvanic corrosion behaviour of the NCAT SMA, when coupled 

to four commercial alloys in a 0.6 M NaCl solution, was studied at three different temperatures.  

Thjs research study has three main objectives: 

The first objective was to determine the forms of corrosion and corrosion properties of NCAT 

alloy in 0.6 M NaCl solution under different conditions of temperature and pH, and to compare its 

corrosion properties with four commercial alloys.  

The second objective was to determine the galvanic corrosion properties of NCAT alloy when 

coupled to commercial alloys in 0.6 M NaCl solution at three different temperatures. 

The third objective was to study the effect of heat treatment on microstructure and corrosion 

properties of the alloy. It also included determining the effect of the heat treatment on the 

corrosion properties of the alloy in 0.6 M NaCl, 0.5 M H2SO4, and 0.5 M NaOH. 

 

5.2 Conclusions 

On the basis of the experiments and results presented in Chapter 3 and Chapter 4, respectively, 

the following conclusions are made: 

1. NCAT SMA does not passivate in 0.6 M NaCl solution. It has an open circuit potential of 

-386 mV (vs. SCE), which is higher than that of 1018 carbon steel, but lower than those of 

304, 316L, and 2750 stainless steels. At 80 oC, NCAT showed high corrosion rate and low 

open circuit potential compared to other test temperatures. 

2. When NCAT was tested in 0.6 M NaCl solution having a pH of 3, its corrosion resistance 

was low compared to solutions of pH 6. The best corrosion resistance of the alloy was 

recorded in solutions having a pH of 10. 
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3. NCAT acted as a cathode when coupled to 1018 carbon steel and as an anode when coupled 

to stainless steel, where it suffered localized corrosion in the form of pitting. Increasing the 

test temperature increased the galvanic corrosion of the galvanic couples.  

4. Heat treatment caused β phase to precipitate in the grain boundaries, resulting in an 

elemental chemical segregation in the alloy and caused intergranular corrosion of the alloy 

in 0.6 M NaCl solution. 

5. NCAT showed better corrosion resistance in 0.5 M NaOH compared to 0.6 M NaCl 

solution. When tested in 0.5 M H2SO4, the recorded corrosion rate for NCAT SMA was 

significantly higher than the corrosion rate recorded for the alloy in the other solutions. The 

solution treated NCAT showed better corrosion resistance in all the solutions compared to 

the aged NCAT SMA.  

 

5.3 Recommendations for Future Work 

Although a significant number of experiments were conducted to (a) determine the corrosion 

mechanisms, (b) document the corrosion properties of NCAT SMA in different corrosive media 

and different conditions, and (c) characterize the corroded surfaces, a gap in the corrosion research 

of this alloy still exists. Thus, additional future research studies are suggested below: 

(1) Aged NCAT alloy suffered intergranular corrosion when tested in 0.6 M NaCl solution. 

Determining the effect of chloride ions (mainly their concentration in this solution) on the 

susceptibility of the alloy to intergranular corrosion, and studying the alloy’s corrosion 

behaviour in other chloride containing solutions such as hydrochloric acid, would provide 

data that could be used to determine the limits for chloride concentrations that cause 

intergranular corrosion of the alloy.  

(2) The aging heat treatment resulted in decreasing the corrosion resistance of NCAT SMA, 

especially in 0.6 M NaCl solution, by forming grain boundary precipitates. Investigating 

methods to reduce the formation of grain boundary precipitates would have a significant 

impact on the use of NCAT SMA in marine and chloride-containing environments. This 

includes performing electrochemical tests on NCATB SMA, where B has been added to 

NCAT alloy in order to supress the β precipitates formation in the grain boundaries. 

Another way to reduce the formation of these grain boundary precipitates is by optimizing 
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the aging heat treatment. A study of the effect of increasing the aging time on the corrosion 

rate and open circuit potential of the alloy is recommended. 

(3) A study investigating the susceptibility of the alloy to chloride stress corrosion cracking 

(CSCC) in 0.6 M NaCl solution at RT, and determining the effect of the grain boundary 

precipitates on the susceptibility of the alloy to CSCC, would be interesting and useful. In 

order to carry out this test, a production of larger-sized samples would be required, and the 

use of the slow strain rate test recommended.  

(4) The weight loss test could provide reliable information on the corrosion rate of NCAT 

SMA over a long period of time, and could enable the formation of thicker corrosion 

product on the surface of the alloy, which could be characterized. This test should be 

performed mainly in 0.6 M NaCl solution. 

(5) Because the alloy’s corrosion is in the form of pitting, especially in NaCl and H2SO4 

solutions, characterization of the pits — which includes measuring the depth of pits using 

a profilometer, and determining the critical pitting temperature of the alloy using the 

critical pitting temperature test — would provide valuable information that is needed when 

selecting the alloy for industrial applications.
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APPENDIX A. Basics of Corrosion Engineering 
 

This section provides an introduction to the concept of corrosion engineering and its basics.  

A.1 Corrosion Definition  

Corrosion is the degradation of a material by chemical and / or electrochemical reaction 

with its environment [133]. In 2013, a study by the National Association of Corrosion Engineering 

(NACE) reported the global cost of corrosion to be around US$2.5 trillion [155]. This is equivalent 

to 3.4% of the global Gross Domestic Product (GDP) [155]. The study also determined that a 

saving of between 15% and 35% of the cost of corrosion could be achieved when using corrosion 

control practices [155].   

A.2 Electrochemical Aspects of Corrosion 

The electrochemical nature of corrosion can be illustrated by the attack on iron by aqueous 

solutions, which leads to the formation of rust. This is an electrochemical process that requires the 

presence of an electrolyte (water) and oxygen, at which hydrated oxides such as Fe(OH)3, 

FeO(OH) and Fe2O3.H2O are formed on the iron’s surface. This process is illustrated in Figure A.1 

and the electrochemical reactions are described below. 

When water comes into contact with iron-based SMA, in the presence of oxygen, iron will be 

dissolved (oxidize), and an anodic reaction takes place as follows [156]. 

Fe          Fe2+ + 2e-                 (A.1) 

A cathodic reduction reaction takes place at the same time, at which the resulted electrons from 

reaction (2 – 1) are consumed. The cathodic reduction reaction changes with the change in solution 

pH.  

(i) In solutions with pH below 4 (acidic water), the oxide scale on the iron surface is 

soluble and the corrosion rate increases (due to the presence of H+ that is reduced by 

the following reaction), which leads to hydrogen gas evolution. 

2H+ + 2e-           H2                 (A.2)
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Dissolved oxygen can easily access the surface, when the oxide scale breaks down, which 

further increases the corrosion rate. Dissolved oxygen is cathodically reduced by: 

O2 + 4H+ + 4e-           H2O                (A.3) 

(ii) As the iron corrodes, more hydrogen ions will be consumed, and as a result the pH will 

rise.  In a pH range of 4 –10, a loose, porous ferrous oxide scale is formed on the surface 

[133]. The corrosion rate in this case is controlled by uniform diffusion of dissolved 

oxygen and is nearly constant [133]. Oxygen is reduced by the following reaction: 

O2 + 2H2O + 4e-          4OH-                                      (A.4) 

The resulting hydroxide ions (OH-) react with the iron ions to produce insoluble iron (II) 

hydroxide. 

Fe2+ + 2OH-          Fe(OH)2                (A.5) 

Another reaction, involving iron (II) ions, hydrogen ions and oxygen, takes place to 

produce iron (III) ions. 

4Fe2+ + 4H+ + O2            Fe3+ + 2H2O                        (A.6) 

The produced iron (III) ions from the above reaction react with hydroxide ions to produce 

iron (III) hydroxide as follows: 

Fe3+ + 3OH-            Fe(OH)3                      (A.7) 

Fe(OH)3 eventually transforms into Fe2O3.H2O, which is the common red-brown rust. 

A.3 Polarization 

During the cathodic reaction (A.2), when enough electrons are available, excess electrons 

accumulate at the metal-solution interface, resulting in more negative potential at the metal surface. 

This negative potential change is called cathodic polarization, at which the reaction is not fast 

enough to accommodate all the available electrons [133]. 

Likewise, the electrons that are liberated by reaction (A.1) cause a deficiency of electrons 

in the metal, and result in a positive potential change that is called anodic polarization, which is 

associated with a slow liberation of electrons by the surface reaction [133]. 
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A.4 Activation Polarization 

When one or some of the steps of the electrochemical reaction at the metal-electrolyte interface 

control the rate of the reaction, activation polarization arises. One example of this is the hydrogen-

evolution reaction on iron-based SMA as per reaction (A.2). This reaction involves three steps 

[133]. Each one of these steps can control the rate of the reaction and result in activation 

polarization. 

3. The first step involves the reaction of H+ with an electron released from the iron-based 

SMA to form an adsorbed hydrogen atom (Hads). 

H+ + e-           Hads          (A.8) 

3. The second step involves the reaction of two adsorbed hydrogen atoms to form a hydrogen 

molecule (H2). 

 Hads + Hads            H2         (A.9) 

4. The third step involves the combination of sufficient molecules to form a hydrogen bubble 

on the surface.  

In media that contains a high concentration of active species, activation polarization usually 

controls the rate of the reaction. 

A.5 Concentration Polarization 

In concentration polarization, the electrochemical reaction is controlled by the diffusion in 

the electrolyte.  This often occurs when the concentration of the reducible species is small. In the 

case of the hydrogen evolution, at high reaction rates, reduction reactions deplete the solution of 

the dissolved hydrogen ions. In this case, the reduction reaction rate will be controlled by the 

diffusion of hydrogen ions to the metal surface [156]. 

The effect of environmental factors differs with each type of polarization that controls the 

reduction reaction.  For example, if the velocity or agitation of the corrosive medium is increased, 

the reaction rate will increase only if the reaction was controlled by concentration polarization. If 

the reaction is controlled by activation polarization, agitation will not influence the reaction rate 

[156]. 
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A.6 Passivity 

Passivity can be defined as the loss of chemical reactivity of metals and alloys under specific 

environmental conditions [156]. To quantitatively describe the passivity of a metal or an alloy, a 

relationship between the potential of a corroded metal/alloy and the corrosion rate is established 

(see Figure A.2). In this figure, the behaviour of a metal or an alloy is divided into three main 

regions: active, passive, and transpassive. A description of the electrochemical behaviour in each 

region is provided below [156]. 

(i) Active Region: 

When a metal or an alloy is immersed in an aqueous solution, a steady state potential will be 

reached on the surface of the metal/alloy. This potential is known as the open circuit potential 

(OCP) or corrosion potential. When the oxidizing power of the solution increases, the anodic 

reaction rate (corrosion rate) generally increases. Anodic polarization is the driving force for 

corrosion by the anodic reaction and results in increasing the surface potential of the metal/alloy.  

(ii) Passive Region 

When a critical potential (Ep) is reached, a thin protective oxide film is formed on the 

metal/alloy’s surface. It acts as a barrier to the anodic dissolution reaction and, as a result, the 

corrosion rate starts to decrease, even though the driving force for corrosion is high. 

(iii) Transpassive Region 

The protective oxide film is only stable over a range of oxidizing power (potential). As the 

concentration of the oxidizer increases, the protective film breaks down, and the corrosion rate 

starts to increase again with an increase in oxidizing power. 
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Figure A.1. Schematic diagram showing the corrosion of iron-based SMA in an aqueous solution. 

Iron breaks down into iron ions (Fe2+) and electrons (e-).The electrons are consumed by the 

reduction of H+ to H2.  

 

 

Figure A.2. Corrosion electrochemical behaviour of an active-passive metal as a function of 

solution oxidizing power (electrode potential).
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APPENDIX B. Micrographs of Aged NCAT SMA Etched Using Different 

Etchants 

Several etching solutions were tried on NCAT2 SMA to reveal the grains and grain 

boundary precipitates. In this appendix, micrographs of NCAT2 SMA etched using three 

different etchants are illustrated in Figures B.1 – B.3. 

 

 

Figure B.1. The microstructure of aged NCAT using an etchant composed of 15 g sodium bisulfate 

+ 10 g potassium meta-bisulfate + distilled water, where it was very difficult to reveal the grain 

boundary precipitates. 
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Figure B.2.  The microstructure of aged NCAT etched using 10% nitric acid etchant showing the 

β grain boundary precipitates. The grains and grain boundary precipitates are over-etched. 

 

 

Figure B.3. The microstructure of aged NCAT using a 6% nitric acid etchant. Β grain boundary 

precipitates are very obvious and the grains are not over-etched. This etchant gave the best results.  

β
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An invention and innovation report for the use of the etchant in Figure B.3 to reveal grain 

boundary precipitates in NCAT SMA was submitted to the University of Saskatchewan 

Innovation Enterprise Office. A copy of the first page of the report is provided in Figure B.4. 

 

 

Figure B.4. The first page of the invention and innovation report for the etching solution for 

NCAT SMA.
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APPENDIX C. Optical Micrographs of Heat Treated NCAT SMAs Tested at 

Different Solutions 

 

In this section, micrographs of NCAT samples that were solution heat treated NCAT and 

aged NCAT are presented in (Figures C.1 – C.6. All the samples have been subjected to 

potentiodynamic polarization tests. The tests were conducted in three different solutions (0.6 M 

Nacl, 0.5 M NaOH and 0.5 M H2SO4). All the images were acquired at 5X magnification. 

 

 

 

Figure C.1. Micrograph of solution treated NCAT alloy that was subject to potentiodynamic 

polarization test in 0.6 M NaCl solution at 25 oC showing pitting in the alloy matrix.
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Figure C.2. Micrograph of aged NCAT alloy that was subject to potentiodynamic polarization in 

0.6M NaCl solution at 25 oC showing IGC and pitting near the grain boundaries that have 

precipitates. 

 

 
Figure C.3. Micrograph of solution treated NCAT alloy that was subject to potentiodynamic 

polarization test in 0.5 M NaOH solution at 25 oC showing no signs of corrosion. 
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Figure C.4. Micrograph of aged NCAT alloy that was subject to potentiodynamic polarization in 

0.5 M NaOH solution at 25 oC showing small pits distributed in the alloy matrix. 

 

 
Figure C.5. Micrograph of solution treated NCAT alloy that was subject to potentiodynamic 

polarization test in 0.5 M H2SO4 solution at 25 oC showing pitting all over the alloy matrix. 
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Figure C.6. Micrograph of aged NCAT alloy that was subject to potentiodynamic polarization in 

0.5 M H2SO4 solution at 25 oC showing large pits distributed all over the alloy matrix and corrosion 

in the grain boundaries. The acid solution appears to etch the alloy and attack the grains and grain 

boundaries. No signs of IGC were observed.
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APPENDIX D. Optical Micrographs of Solution Treated NCAT Alloy Tested 

at Different Temperatures and Different pH 

 

Micrographs of solution treated NCAT SMA that was subjected to potentiodynamic 

polarization tests in 0.6 M NaCl solution at four different temperatures (RT, 40 oC, 60 oC, and 80 

oC) in solution with different levels of pH (3, 6, and 9) are illustrated in Figures D.1 – D.3. The 

higher temperature resulted in larger number of pits, and bigger pit and corrosion area size. 

Different coloured corrosion scales were observed at the high temperatures, mainly 80 oC. Samples 

that were tested in solutions with a pH of 10 show smaller size of pits and corroded area, while 

samples that were tested in solutions with a pH of 3 show a considerably higher number of pits, 

and bigger pit sizes and corroded area. 

 

 
Figure D.1. Micrographs of solution treated NCAT after potentiodynamic polarization test in a 0.6 

M NaCl solution that has a pH of 3 at (a) RT, (b) 40 oC, (c) 60 oC, and (d) 80 oC showing larger 

area that is covered by corrosion scale at the higher temperature. 

a
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Figure D.1. Continued. 
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Figure D.1. Continued. 
 

 
Figure D.2. Micrographs of solution treated NCAT after potentiodynamic polarization test in a 0.6 

M NaCl solution that has a pH of 6 at (a) RT, (b) 40 oC, (c) 60 oC, and (d) 80 oC. Larger pit size 

and corroded area are observed at higher temperatures. 

d

a
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Figure D.2. Continued. 

b

c
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Figure D.2. Continued. 

 
Figure D.3. Micrographs of solution treated NCAT after potentiodynamic polarization test in a 0.6 

M NaCl solution that has a pH of 10 at (a) RT, (b) 40 oC, (c) 60 oC, and (d) 80 oC. This solution 

showed remarkably smaller pit size and corroded area, compared to the other solutions. 

d

a
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Figure D.3. Continued. 

b

c
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Figure D.3. Continued. 

d


