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Abstract: This article investigated the corrosion properties of a nickel-rich Ti49.0Ni51.0 (in at.%) alloy 
in coarse-grained (CG) and ultrafine-grained (UFG) states in three physiological solutions (0.9% 
NaCl, Ringer’s solution, and Hanks’ solution) at 37 °C over 180 days. Gravimetric analysis revealed 
that the UFG structure exhibits higher corrosion resistance compared to the CG state. According to 
atomic force microscopy (AFM) data, the increase in surface relief of UFG samples (up to 6 μm) is 
attributed to the accumulation of phosphate-rich precipitates rather than to degradation. The 
influence of different microstructures and Ti3Ni4 particles on the corrosion resistance in biological 
media has been established. 
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1. Introduction 

Modern technologies actively utilize materials with unique functional properties, and one of the 
most interesting among them is titanium nickelide (TiNi) [1,2]. This alloy, which exhibits shape 
memory effect [3], superelasticity, and high corrosion resistance, has found applications in a wide 
range of fields, from medicine and aerospace to robotics and microelectronics. 

The unique mechanical properties of TiNi and its biocompatibility with living tissues [4,5] have 
made it one of the most promising materials for medical implants [6–8] and devices. For medical 
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applications (e.g., stents and endovascular devices), it is important that the austenite finish 
temperature (Af) is below body temperature (typically in the range of 20–30 °C), which ensures the 
superelasticity of the alloy at 37 °C. For other technical applications, an Af above room temperature 
may be required. However, the equiatomic TiNi alloy does not demonstrate good stability of 
functional properties [9,10]. 

Significant scientific interest lies in the thermomechanical treatment of TiNi alloys, as it allows 
for purposeful modification of their microstructure and, consequently, regulation of their operational 
characteristics. For example, aging at certain temperatures can lead to the precipitation of nanosized 
particles, which enhance strength and shape stability [11–14]. Thus, despite some limitations of 
equiatomic TiNi, modern methods of composition modification and treatment enable the creation of 
shape memory alloys that are highly reliable and tailored for specific applications in medicine [15], 
aerospace, and microelectromechanical systems (MEMS) [16]. 

The use of titanium nickelide in medical implants requires high corrosion resistance, as material 
degradation in biological environments can lead to the release of nickel ions [17], causing unwanted 
immune reactions (toxic, allergic, carcinogenic) and impairment of the functionality of the device [18]. 
Therefore, research is actively being conducted to enhance the corrosion resistance and biocompatibility 
of TiNi. 

The main protection of TiNi against corrosion is provided by a passive oxide layer of    
TiO2, which forms on the surface and inhibits further oxidation [19–22]. However, in aggressive 
conditions (low pH or presence of chlorides, such as in physiological saline), local degradation of 
this layer may occur, leading to pitting corrosion. As shown in [23], electropolishing improves the 
protective properties of nitinol by reducing the nickel content on the surface and increasing the 
pitting potential. 

To improve the corrosion resistance of nitinol, various treatment methods are employed. In 
particular, the thermal oxidation of nitinol (50 at.% Ni) in air at temperatures ranging from 300    
to 800 °C has been studied in detail [24]. It was found that oxidation at 500 °C results in the 
formation of a smooth, protective, nickel-free oxide layer (pure TiO2), which is favorable for 
biocompatibility. At lower temperatures (300–400 °C), the layer contains nickel, while at higher 
temperatures (600–800 °C), it is rough and also contains nickel phases. Along with thermal  
treatment, the microstructure formed during intensive plastic deformation significantly impacts the 
corrosion resistance of nitinol. In particular, the transition from a coarse-grained (CG) to an 
ultrafine-grained (UFG) state can alter not only the mechanical properties but also the nature of 
surface passivation. The literature [5] describes the corrosion properties of coarse-grained nitinol and 
shows that it passivates well in environments simulating physiological fluids similar to human ones. 
According to previous research [25], corrosion is most intense in acidic environments in the 
coarse-grained state (especially at 3 M). The ultrafine-grained structure reduces corrosion in the 
unaged alloy but increases it in the aged condition (in sulfuric acid). 

Thus, the long-term (180 days) corrosion behavior of nitinol with different microstructures 
under conditions simulating real implant operation, including the evaluation of surface compound 
accumulation without cleaning, remains insufficiently studied. The present work addresses this gap  
by conducting a comparative investigation of the corrosion behavior of the Ti49.0Ni51.0 alloy in  
coarse-grained and ultrafine-grained states in biological media over extended exposure, with 
particular emphasis on the kinetics of passive film formation and nickel release under static 
physiological accumulation conditions. 
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2. Materials and methods 

The Ti49.0Ni51.0 (hereinafter referred to as Ti49.0Ni51.0, with composition given in at.%) alloy was 
chosen as the material for the study. The alloy has a body-centered cubic (BCC) lattice ordered in the 
B2 type and a nickel‑enriched Ti2Ni3 phase. To obtain the coarse-grained structure (CG, d ≈ 54 ± 4 µm), 
the alloy was quenched in water from 800 °C for 1 h, followed by annealing at 430 °C (aging 
temperature) for 1, 3, and 10 h. To obtain the UFG state, the alloy was subjected to equal-channel 
angular pressing (ECAP) followed by heat treatment. The ultrafine-grained microstructure obtained 
by ECAP with post-ECAP annealing at 430 °C is designated as UFG-I (d ≈ 188 ± 2 nm), while the 
ultrafine-grained microstructure obtained by ECAP with preliminary annealing at 450 °C is 
designated as UFG-II (d ≈ 237 ± 4 nm). Subsequent aging at 430 °C was performed for UFG-I for 1 
and 10 h, while for UFG-II it was performed only for 1 h. Subsequently, the samples were immersed 
for 180 days in corrosive solutions simulating the biological environment of the body: 0.9% NaCl 
solution, Ringer’s solution (6.5 g NaCl, 0.42 g KCl, and 0.25 g CaCl2 per 1000 mL of distilled water), 
and Hanks’ solution (8 g/L NaCl; 0.185 g/L CaCl2·2H2O; 0.4 g/L KCl; 0.06 g/L KH2PO4; 0.1 g/L 
MgCl2·6H2O; 0.06 g/L MgSO4·7H2O; 0.48 g/L Na2HPO4·12H2O; 0.35 g/L NaHCO3).  

The surface of Ti49.0Ni51.0 alloy samples was examined before and after corrosion testing. The 
composition and morphology of the corrosion products on the surface were studied using chemical 
analysis and atomic force microscopy (AFM). The corrosion rate was determined by gravimetric 
analysis through periodic weighing of samples at 30‑day intervals over a period of 180 days (6 
months). The phase composition of the samples before and after corrosion testing was investigated 
using X‑ray diffraction analysis (XRD).  

To simulate the real operating conditions of an implant, where corrosion products naturally 
accumulate on the surface and are not removed, sample weighing after exposure was performed 
without removing surface deposits. Consequently, the reported gravimetric corrosion rate values (Vgr) 
should be considered as a generalized indicator reflecting the overall mass balance (metal loss and 
deposit accumulation) and used primarily for the comparative assessment of the effect of structural 
state under identical conditions. 

The gravimetric corrosion rate was calculated using the Eq 1: 

𝑉𝑔𝑟 =
(𝑚−𝑚0)

𝑆𝜏 
             (1) 

Vgr: gravimetric corrosion rate (g/(m2·h)); m0: initial mass of the sample before the corrosion test (g); 
m: final mass of the sample after the corrosion test, together with surface deposits (g); S: surface 
area of the sample (m2); τ: exposure time (h). The value of Vgr is expressed in g/(m2·h). If m > m0, 
corrosion products remain on the surface of the sample. If m < m0, the metal undergoes degradation 
(corrosion damage). 

The test samples were disks with a diameter of 12 mm (Figure 1). During the experiment, the 
samples were placed in an incubator at a temperature of 37 °C. 
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Figure 1. Sample before corrosion testing. 

3. Results 

Figures 2 and 3 show photographs of the surface of the materials under study after six months 
of exposure in corrosive environments. Since the samples were not cleaned, corrosion products 
remained on the surface. Local accumulations of corrosion products alternating with areas of 
relatively clean surface are clearly visible. 

 

Figure 2. Appearance of samples with coarse-grained structure after six months of 
exposure in corrosive environments. 
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Figure 3. Appearance of samples with ultrafine-grained structure after six months of 
exposure in corrosive environments. 

During the study, data on the corrosion rate of the samples were obtained using gravimetric 
analysis, and corresponding graphs were plotted based on these data. Figure 4 presents the data on 
the corrosion rate in the coarse-grained state.  

 
Figure 4. Corrosion rate of samples with coarse-grained structure: (a) quenching (800 °C, 
1 h); (b) annealing at 430 °C for 1 h; (c) annealing at 430 °C for 3 h; and (d) annealing at 
430 °C for 10 h. 
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In the first 30 days, an increase in the corrosion rate is observed in nearly all conditions, after 
which the corrosion rate begins to decrease. The exceptions are the initial state and samples 
subjected to a 3h annealing in Ringer’s solution, where the dynamics are reversed: an initial decrease 
in the corrosion rate followed by a significant increase. The greatest mass loss, and consequently a 
more pronounced reduction in the corrosion rate, is characteristic of Ringer’s solution. In 0.9% NaCl 
solution, the corrosion rate is roughly the same across all conditions, reaching 0.04–0.05 g/(m2·h) 
during the first 30 days, then gradually decreasing to 0.01 g/(m2·h). In Hanks’ solution, the highest 
rate (0.086 g/(m2·h)) is observed in the hardened state. After annealing, the corrosion rate gradually 
decreases. The best results were obtained after 3 and 10 h of annealing, indicating a positive effect of 
thermal treatment on corrosion resistance. Тhe corrosion rate in annealed states is significantly lower 
than that in the initial state. 

Next, let us consider the corrosion rate graphs for the ultrafine‑grained state (Figure 5).  

 

Figure 5. Corrosion rate of samples with ultrafine-grained structure: (a) quenching + 
ECAP; (b) ECAP + annealing at 430 °C for 1 h; (c) ECAP + annealing at 430 °C for 10 h; 
(d) annealing at 450 °C for 1 h + ECAP; and (e) annealing at 450 °C for 1 h + ECAP + 
annealing at 430 °C for 1 h. 

The corrosion resistance of the alloy is determined by the corrosion rate. The research results 
demonstrate that the corrosion rate of the UFG alloy, compared to the CG alloy, changes minimally 
or not at all. In the UFG state, the best results were shown by the alloy in the as-received condition 
with preliminary annealing, where the corrosion rate over 30 days was nearly zero in almost all 
solutions. In 0.9% NaCl solution, the corrosion rate of the UFG-I alloy after 1 and 10 h of annealing 
remained unchanged over 180 days. In Hanks’ solution, the most noticeable changes in corrosion 
kinetics were observed for the ultrafine-grained UFG-I alloy, where the corrosion process exhibits 
moderate growth both in the initial period (the first 30 days) and on the 90th day. According to the 
obtained data, the most corrosion-resistant alloy is Ti49.0Ni51.0 with an ultrafine-grained structure. 
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In order to reveal the effect of long-term exposure in biological media on the phase composition 
of the Ti49.0Ni51.0 alloy, XRD was performed. Figures 6 and 7 show the obtained XRD patterns for 
the coarse-grained and ultrafine-grained states after exposure for 180 days. 

Prolonged exposure of the samples (in the CG state) for 180 days did not lead to significant 
changes in the phase composition of the Ti49.0Ni51.0 alloy. However, in samples subjected to 
annealing for 3 and 10 h followed by exposure to Hanks’ solution, XRD revealed the appearance of a 
low‑intensity peak characteristic of the crystalline structure of 0.9% NaCl. This indicates a slight 
surface deposition of sodium chloride under these conditions, while the main matrix of the alloy 
retains its original phase composition. In the UFG‑I state, an intense 0.9% NaCl peak was recorded 
after one month, which significantly decreased to a weakly expressed level after 180 days. In the 
UFG‑I(1) and UFG‑I(2) states, intense sodium chloride peaks were observed not only in Hanks’ 
solution but also, in some cases, in Ringer’s solution and 0.9% NaCl solution, indicating the specific 
corrosion behavior of these structural states in physiological media of different compositions. 

 

Figure 6. XRD patterns of the Ti49.0Ni51.0 alloy after exposure to corrosive environments: 
(a) as‑quenched; (b) after annealing at 430 °C for 1 h; (c) after annealing at 430 °C for 3 h; 
and (d) after annealing at 430 °C for 10 h. 
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Figure 7. XRD patterns of the Ti49.0Ni51.0 alloy after exposure to corrosive environments: 
(a) as‑received UFG‑I; (b) UFG‑I after annealing at 430 °C for 1 h; (c) as‑received 
UFG‑II; and (d) UFG‑II after annealing at 430 °C for 1 h. 

An investigation of the surface relief of the Ti49.0Ni51.0 alloy before and after corrosion tests was 
also carried out. The results obtained by AFM are presented in Figures 8 and 9. 

While studying the effect of heat treatment and corrosive media on the surface relief of 
coarse-grained samples, it was found that the relief before corrosion testing ranged from 0.56 (after 
quenching) to 0.71 µm (after 10 h of annealing). After six months of exposure to corrosive media, 
multidirectional changes in relief were observed. In the quenched samples, the greatest increase in 
surface relief was caused by the 0.9% NaCl solution (from 0.91 to 2 µm) and Ringer’s solution (up  
to 1.8 µm), whereas in Hanks’ solution, a decrease in relief to 0.51 µm was recorded instead. The 
increased surface relief observed by AFM after immersion (up to 4.2 µm for CG and 6 µm for UFG) 
is primarily attributed to the accumulation of mineralized apatite/phosphate layers, as confirmed by 
energy-dispersive X-ray spectroscopy (EDX) analysis. Rather than indicating severe surface 
degradation, this accumulation may serve as a physical barrier that passivates the surface and reduces 
the release of toxic Ni2+ ions. This is consistent with the qualitative Ni2+ detection results, which 
showed significantly less nickel release in the UFG state despite higher AFM relief values [26]. After 
annealing for 1 h in 0.9% NaCl solution, the microrelief reached up to 0.40 µm, while in Hanks’ 
solution, it increased sharply to 1.8 µm. After 3 h of annealing, the maximum values (up to 2.6 µm) 
were recorded in Ringer’s solution, indicating high activity of this medium for the given heat 
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treatment. The greatest variability in surface relief was observed after annealing for 10 h. In Hanks’ 
solution, the relief height reached 4.2 µm, indicating intense corrosion, whereas in Ringer’s solution 
and 0.9% NaCl, the changes were less pronounced (ranging from 0.64 to 2.6 and 1.05 µm, 
respectively). Thus, corrosion resistance strongly depends both on the heat treatment regime and the 
composition of the medium. 

 
Figure 8. Surface relief of the CG Ti49.0Ni51.0 alloy before and after corrosion testing: (a) 
as‑quenched, initial state; (b) as‑quenched, after exposure to 0.9% NaCl; (c) annealed at 
430 °C for 10 h, after exposure to Ringer’s solution; and (d) annealed at 430 °C for 10 h, 
after exposure to Hanks’ solution. 

 

Figure 9. Surface relief of the UFG Ti49.0Ni51.0 alloy before and after corrosion testing: (a) 
UFG‑II, initial state; (b) UFG‑I, after exposure to Hanks’ solution; (c) UFG‑II, after 
exposure to Ringer’s solution; and (d) UFG‑II (annealed at 430 °C for 1 h), after 
exposure to Hanks’ solution. 



824 

AIMS Materials Science  Volume 13, Issue 4, 815–831. 

Investigation of the surface relief of samples with an ultrafine-grained microstructure showed 
the following results. After corrosion tests, the most active effect was demonstrated by Hanks’ 
solution, causing an increase in relief up to 5.1 μm for UFG-I and 6 μm for UFG-II(1), while samples 
UFG-I(2) and UFG-II showed relatively stable values of approximately 1.3 μm. In Ringer’s solution, 
most samples exhibited an increase in the range of 1.4–2.1 μm, except for UFG-II(1), where the 
relief height was 0.5 μm. In 0.9% NaCl solution, the values ranged from 0.4 μm for UFG-II(1) to 2 μm 
for UFG-I(1). Of particular interest is the behavior of sample UFG-II(1), which showed simultaneously 
low relief in Ringer’s solution and 0.9% NaCl solution, and the highest relief in Hanks’ solution. The 
obtained data indicate that optimal corrosion resistance is achieved in the state with pre-annealing  
at 450 °C (UFG-II), while additional annealing at 430 °C can either improve (UFG-I(2)) or   
worsen (UFG-II(1)) surface stability depending on the corrosive environment. The observed patterns 
highlight the complex nature of the interaction between the structure, heat treatment of the material, 
and corrosion mechanisms in different solutions. 

4. Discussion 

EDX of the surface of the Ti49.0Ni51.0 alloy showed that corrosion products are present on the 
alloy surface in all studied structural states and in all corrosive media. These include the main alloy 
components (Ti, Ni) and elements present in the solutions. The formation and local accumulation of 
these products (oxides, chlorides, phosphates) on the surface lead to an increase in surface relief (as 
previously demonstrated by AFM images). Figure 10 shows, as an example, the results for Hanks’ 
solution, illustrating this trend. 

 

Figure 10. Results of EDX mapping of the surface of the Ti49.0Ni51.0 alloy in the 
ultrafine-grained UFG-II state after exposure to Hanks’ solution for 180 days. 
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The main alloy components (Ti, Ni) are uniformly distributed on the surface according to 
scanning electron microscopy (SEM) analysis. The elements of the corrosive environment (Na, Ca, 
Mg, P, O) are present throughout the entire studied area (Figure 11, Table 1), indicating the 
formation of a surface film containing chloride, phosphate, and hydroxide compounds. Local 
inhomogeneities in the distribution of Ca, P, and Mg point to uneven deposition of corrosion 
products [27], which contributes to the formation of surface relief [26]. 

 

Figure 11. SEM micrograph showing the locations of the EDX point analysis (spectra 1–3). 

Table 1. EDX analysis results (wt.%) of the selected points. 

Spectrum Stat. C O Na Mg P Cl K Ca Ti Ni Total 

Spectrum 1 Yes 3.81 39.89 2.18 2.84 8.23 1.06 0.20 19.93 9.28 12.57 100.00 

Spectrum 2 Yes 4.78 41.13 2.32 3.17 10.53 1.36 0.19 22.75 5.87 7.90 100.00 

Spectrum 3 Yes 3.62 35.56 2.57 3.44 10.44 1.26 — 14.15 13.13 15.83 100.00 

Surface analysis revealed the presence of various corrosion products, the formation of which 
can be described by the following reactions. The breakdown of the passive TiO2 film in 
chloride-containing media is initiated by chloride ions displacing oxygen from defective sites on the 
oxide surface. This local interaction leads to the formation of soluble Ti–chloride complexes and the 
thinning of the protective film, which creates sites for pitting initiation. The subsequent dissolution 
of the nickel-rich sub-layers proceeds through galvanic coupling between the exposed metallic 
phases, resulting in localized corrosion and nickel ion release [28]. This mechanism is consistent 
with the point-defect model of passive film breakdown, which is widely accepted for understanding 
localized corrosion of nitinol in biological environments. In Ringer’s solution, in addition to the 
above-mentioned products, Ca2+ ions present in the solution react with hydroxide and dissolved 
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carbon dioxide, depositing calcium carbonate on the surface: Ca2+ + 2OH + CO2 → CaCO3↓ + H2O. 
In Hanks’ solution, which contains phosphates and sulfates, the nature of the corrosion products 
changes significantly. Ni2+ ions are bound by phosphates into sparingly soluble nickel phosphate: 
3Ni2+ + 2PO4

3 → Ni3(PO4)2↓. The Ca2+ and Mg2+ ions present in Hanks’ solution form protective 
phosphate layers: Ca2+ + HPO4

2 → CaHPO4↓ and Mg2+ + HPO4
2 → MgHPO4↓. In addition, 

bicarbonates promote the deposition of carbonates: Ca2+ + CO3
2 → CaCO3↓. Phosphate ions adsorb 

onto defects in the oxide film, forming phosphate complexes that stabilize TiO2 and block chloride 
access. As a result, a dense multilayer deposit forms in Hanks’ solution, consisting mainly of nickel, 
calcium, and magnesium phosphates, as well as calcium carbonate, which suppresses further nickel 
ion release. 

TiNi alloys are prone to the release of toxic nickel ions during corrosion, which limits their 
application in medical implants [29]. In this regard, the present study assessed the intensity of nickel 
ion release from the TiNi alloy. For qualitative determination, upon addition of a solution containing 
Ni2+, a red complex of nickel dimethylglyoximate is formed (a characteristic feature of the analytical 
chemistry of nickel). This method was used as a semi-quantitative comparative approach to  
visually assess the relative intensity of nickel release between different structural states. While the 
method does not provide absolute Ni2+ concentrations (mg/L), it enables a clear and reproducible 
comparison: intense pink coloration indicates significant nickel release, whereas its absence or 
weakness indicates suppression of nickel dissolution: NiCl2 + 2C4H8N2O2 + 2NH4OH → 
(C4H7N2O2)2Ni↓ + 2NH4Cl + 2H2O. 

Among the three studied media, the most aggressive toward the nitinol surface was 0.9% NaCl 
solution, followed by Ringer’s solution, while Hanks’ solution was the least aggressive. In 0.9% 
NaCl, due to the high chloride concentration, intense degradation of the oxide film, pitting corrosion, 
and noticeable nickel ion release (pink precipitate) are observed. In Ringer’s solution, the presence  
of calcium ions partially reduces the aggressiveness of chlorides through the deposition of 
carbonates/phosphates, which create a barrier. In Hanks’ solution, which contains HPO4

2 phosphates 
and sulfates, surface damage is minimal, nickel release is virtually absent, and the oxide film  
remains stable. 

Figure 12 shows the solutions that had been in contact for 6 months with samples with a 
coarse-grained microstructure. 

During qualitative reactions for nickel ions (Ni2+) using dimethylglyoximate, a pink precipitate 
formed in all solutions, indicating a low Ni2+ content [30]. The highest corrosion activity of nickel 
was observed after quenching and after annealing for 1 and 3 h. Longer annealing (10 h) reduced the 
release of Ni2+, which may be associated with the formation of a more stable structure. 
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Figure 12. Reactions of nickel ion release in the CG state. 

The results of the 180‑day contact of the solutions with the samples with an ultrafine‑grained 
structure are shown in Figure 13. 

 

Figure 13. Reactions of nickel ion release in the UFG state. 

In contrast to the solutions with coarse-grained samples, where intense coloration and precipitate 
formation were observed, no visible changes were observed in the solutions with UFG samples. 
After 6 months of contact, all solutions retained their original color, and signs of precipitate 
formation were practically absent. This indicates a lower corrosion rate and nickel release under 
these conditions. A barely noticeable light pink precipitate is most often observed in Ringer’s 
solution, which indicates its increased corrosion activity with respect to nickel. 

The corrosion behavior of titanium nickelide in the studied media is determined by the 
chloride-to-phosphate ratio. The influence of the biological medium composition is ambiguous. On 
the one hand, chloride ions, possessing high penetrating ability, initiate the depassivation of the 
oxide film and promote the development of pitting corrosion. On the other hand, the presence of 
phosphate ions (in Hanks’ solution) significantly changes the picture: phosphates act as inhibitors, 
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adsorbing on the TiO2 surface and accelerating the formation of a protective layer similar to apatite. 
Thus, the corrosion resistance of TiNi in a given medium is determined by the balance between the 
damaging action of Cl and the passivating effect of PO4

3. 
Although the XRD patterns (Figures 6 and 7) do not show pronounced superlattice reflections 

corresponding to nano-sized Ti3Ni4 precipitates, this does not indicate the absence of this phase. The 
lack of clear peaks can be attributed to two main reasons. First, as reported in the literature [31,32], 
the Ti3Ni4 peaks in the 2θ range of ~39–43° overlap with those of the B19’ martensitic phase and the 
Ti4Ni2Ox oxide phase, making their unambiguous identification from standard powder diffraction 
patterns extremely difficult. Second, quantitative phase analysis indicates that the Ti3Ni4 phase 
content in the studied states is relatively small, which is insufficient to produce clearly resolved 
reflections against the intense matrix peaks. Direct evidence of the presence of nano-sized Ti3Ni4 
precipitates in similar alloys has been obtained by transmission electron microscopy [33], confirming 
that the absence of clear peaks on standard diffractograms does not necessarily indicate the absence 
of this phase. In the present work, aging at 430 °C is likely to result in the formation of nano-sized 
Ti3Ni4 precipitates, however, their small volume fraction and possible localization near grain 
boundaries prevent unambiguous identification using standard XRD patterns. 

The increased corrosion resistance of the UFG state is likely associated with the formation of a 
denser and more uniform passive layer on the surface [34]. The larger total length of grain 
boundaries may accelerate titanium diffusion to the surface, thereby promoting faster passive layer 
formation. However, this interpretation remains hypothetical, since no local electrochemical 
measurements (e.g., scanning electrochemical microscopy or microprobe potential analysis) were 
performed in the present work. Alternative mechanisms, including changes in internal stress 
distribution, surface oxide composition, or the kinetics of passive film formation, cannot be excluded 
and require further investigation. Nevertheless, regardless of the exact mechanism, the experimental 
data unambiguously demonstrate that the UFG state significantly suppresses nickel release compared 
to the CG state, which is the key practical finding of this study. 

It should be noted that the relationship between grain size and corrosion resistance in titanium 
alloys is not always monotonic. Studies on Ti-6Al-4V and other titanium-based alloys [35,36] have 
shown that grain refinement does not uniformly improve corrosion resistance. In some cases, an 
intermediate grain size may exhibit optimal performance due to the competing effects of grain 
boundary density, dislocation structure, and surface chemistry. However, direct extrapolation of 
these findings to the TiNi system should be made with caution, since the corrosion behavior of 
nitinol is strongly influenced by the specific composition, the presence of Ni-rich precipitates, and 
the unique nature of its passive oxide layer. The present study was limited to two extreme structural 
states (CG ~ 54 µm and UFG ~ 0.2 µm), and the investigation of intermediate grain sizes remains an 
important direction for future work to fully understand the evolution of corrosion properties in this 
alloy system. 

5. Conclusions 

The results of this study demonstrate that under the investigated conditions—in 0.9% NaCl, 
Ringer’s solution, and Hanks’ solution (at pH ~7.4 and 37 °C), for the Ti49.0Ni51.0 alloy subjected to 
the specific thermomechanical treatment regimes employed in this work—the ultrafine-grained state 
exhibits higher corrosion resistance than the coarse-grained state. This is evidenced by lower 
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generalized gravimetric mass changes, differences in surface relief, and significantly suppressed 
nickel ion release in the UFG state. The precipitation of Ti3Ni4 particles during aging in the 
coarse-grained state slightly increases the corrosion resistance, whereas in the ultrafine-grained state, 
it does not cause significant changes. These findings are valid for the specific alloy composition, 
processing conditions, and experimental parameters used in this study. 
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