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Electrochemical activities of Ni-Ti alloy in artificial blood plasma 
with Trigonella foenum graecum seeds 

ABSTRACT 

An investigation of the electrochemical behaviour of Ni-Ti alloy when exposed to artificial blood 
plasma (ABP) in the presence of 0.1 and 0.5 ppm of Trigonella foenum graecum (TFG) seeds for 
1, 10, 20, and 30 days. Studies on AC impedance and polarisation have shown that a protective 
coating forms on the metal surface while inhibiting corrosion. The protective film has formed on 
the Ni-Ti implant alloy surface, the linear polarization resistance increased (LPR), and the 
corrosion current value (Icorr) decreased. The charge transfer resistant value (Rct) and impedance 
value increase and the double-layer capacitance value decrease.The protective layers 
morphology and the elemental composition were analyzed by SEM/EDAX.The property of the 
protective film on the Ni-Ti alloy has been examined by atomic force microscope. The X-ray 

diffraction analysis has confirmed the nature of the apatite. The corrosion inhibition efficiency of 

Ni-Ti alloy in ABP in the presence of TFG seeds at various concentrations for different times was 
improved and protected. 
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1. INTRODUCTION 

Nickel-Titanium alloy, known as nitinol, has 
been used in orthopedic and orthodontic 
applications because of its attractiveness and 
exceptional properties. It possesses super elasticity 
and shape memory effect. Due to its excellent 
biocompatibility, which is comparable with that of 
Ti, along with shape memory and super elasticity 
properties, Ni-Ti alloy draws more attention in 
biomedical applications than other metallic 
constituents [1]. The Ni-Ti SMAs are among the 
most popular SMAs for biomedical applications, 
including stents or medical and dental wires, due to 
the relative ease of formability and improved 
fracture and fatigue resistance compared with other 
commercial shape memory alloys [2]. The Ni-Ti 
alloys in the medical field provide significant 
advantages and new treatment options in various 
medical cases. 
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However, metallic ion release, particularly Ni 
release, still requires a more profound under-
standing for improved safety and biocompatibility of 
this class of alloys in the human body, especially 
for long-term treatments. The Ni release occurs as 
a result of the interaction of the alloy with tissue or 
body fluids. It depends on the alloy type, tissue or 
body fluid surrounding it, and the type and 
morphology of the possible oxide layers forming on 
the alloy. Each parameter affects how the alloy's 
chemical, mechanical, and surface properties 
change within the body, affecting the materials 
biocompatibility. Among these parameters, passive 
oxide layer formation is more critical in affecting the 
Ni release. Compared to Ni, Ti is chemically a more 
reactive metal and can easily segregate at the 
surface and form an oxide layer when exposed to 
atmospheric or aqueous conditions. Ti can form 
various oxides, including TiO, Ti2O3, and TiO2 
[3,4].The various metals and alloys have been 
used as biomaterials whose corrosion resistance 
has been investigated in artificial body fluids, 
various metals, and alloys such as Co-Cr-Mo alloys 
[5, 6], Cr-Ni stainless steel, Cr-Ni-Mo stainless 
steel [7]. According to reports, fenugreek has  
hypocholesterolemic, anti-diabetic, anti-cancer, 
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anti-microbial, and anti-parasitic properties [8]. The 
production of therapeutic medicines is due to the 
many compounds in fenugreek seeds and leaves. 

In general, fenugreek contains three important 
constituents with medicinal value: (i) 4-hydroxy 
isoleucine, (ii) galactomannans, and (iii) steroidal 
saponins. These constituents have placed 
fenugreek among the most commonly recognized 
'nutraceutical’ or health food products [9]. The TFG 
seeds are helpful in heart disease and aphrodisiac 
and as a galactagogue promoting lactation [10]. 
Being a natural health product, it can treat and cure 
diseases, thus providing medical and health 
benefits. It has therefore been regarded as a 
possible nutraceutical [11]. This study was 
designed to investigate the effect of Ni-Ti alloy in 
artificial blood plasma in the presence of TFG 
seeds. This study reveals that the intake of TFG 
seeds containing Fenugreekine increases 
immunity. The various concentrations of seeds 
were prepared, and their inhibition efficiency of 
TFG in the artificial blood plasma for 1, 10, 20, and 
30 days has been examined by Potentiodynamic 
polarization, AC impedance spectroscopy, SEM 
analysis, EDAX, AFM, and XRD techniques. 

By directly giving some naturally occurring 
phytoproducts to diabetic patients to assist in 
controlling their blood sugar levels, it is possible to 
measure the corrosion activity of metal alloys under 
various environments. Trigonella foenum graecum 
seeds were employed in this investigation as an 
anti-diabetic. 

2. MATERIALS AND METHODS 

2.1. Materials 

The metal specimen, Ni-Ti alloy composition   
Ti = 50.1, Ni = 40.2, and C = 9.7 wt. %. The 
chemical composition of artificial blood plasma was 
prepared in the laboratory, according to PN-EN 
ISO 10993-15 standard (g/l distilled water) was 
NaCl=6.8, CaCl2=0.2, KCl=0.4, NaH2PO4=0.026, 
NaHCO3=2.2, Na2HPO4=0.126, MgSO4=0.1 [12]. 
The pH of artificial blood plasma was 7.4, used as 
an electrolyte in the electrochemical studies. 

The Trigonella foenum graecum seeds were 
bought in the local market. The seed powder was 
weighed and dissolved in ethanol. Two different 
extracts were obtained, namely aqueous and 
ethanol extracts [13]. The different concentrations 
of these extracts were used for the experiment to 
characterize the nutrients which contain the hetero 
atoms, and π electrons act as suitable inhibitors. 

2.2. Methods 

A CHI660A workstation model was used in the 
electrochemical studies. The Tafel plot was 
obtained from potentiodynamic polarization studies 

as a potential versus log (i) plot. The corrosion 
potential (Ecorr) and corrosion current (Icorr) were 
deduced from the Tafel plot.  

The corrosion current is obtained using the 
Stern-Geary equation 1 [14]. 

𝐼𝑐𝑜𝑟𝑟 =
𝛽𝑎 ×𝛽𝑐 

2.3 𝑅𝑝 (𝛽𝑎 × 𝛽𝑐)
 …..……..(1) 

where 

a and c are the Tafel slopes of the anodic and 
cathodic part of Tafel plot and Rp is polarization 
resistance. 

A polarization study was utilised to calculate 
the linear polarisation resistance (LPR), corrosion 
potential (Ecorr), and corrosion current (Icorr) of ABP 
in the presence and absence of TFG seeds. 

AC impedance spectra were recorded in the 
same instrument used for the polarization study, 
using the same type of three-electrode cell 
assembly.The charge transfer resistance (Rct) 
values and double-layer capacitance (Cdl) were 
calculated. From the results, analyze the protective 
film formation on the Ni-Ti alloy surface and know 
the systematic aspects of corrosion resistance.   
AC impedance was achieved using the 
CHI660A.The impedance were recorded with initial 
E (v) = 0; low frequency (Hz) =10; high frequency 
(Hz) =1×105; amplitude (V) = 0.005 and quit time 
(s) = 2 [15]. 

2.3. Characterizations 

Subsequently, the surface morphology of the 
protective film after exposure to ABP in the 
presence of TFG seeds of 0.5 ppm was 
characterized using SEM spectroscopy.EDAX 
spectra were used to accomplish the elemental 
composition of the Ni-Ti alloy surface in the 
presence and absence of TFG seeds.  

However, more definite characterizations of   
Ni-Ti alloy surface morphology in the presence of 
TFG seeds in ABP solution will be performed with 
the use of some new atomic force microscopy and 
X-ray diffraction investigations.  

3. RESULTS AND DISCUSSION 

3.1. Trigonella foenum graecum seeds 

TFG seeds were ground into powder and then 
defatted by petroleum ether. The different 
alkaloids, saponin, and flavonoids are to be found 
in TFG, but saponin is to be found to be a high-
level concentration in the TFG [16]. Plant tissue 
cultures from seeds grown under optimal 
conditions have produced as much as 2% 
diosgenin with fewer quantities of gitongenin and 
trigogenin. The significant components of TFG 
seeds are high carbohydrates, proteins, flavonoids, 
alkaloids, saponin, free amino acids, glycosides, 
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mucilage, minerals, and much more [17]. Further 
investigations have shown its effectiveness in 
diminishing blood glucose levels, treating gastric 
abnormalities, on lowering cholesterol [18]. 

3.2. Potentiodynamic polarization study  

A polarization study has been used to confirm 
the formation of a protective film on the alloy 
surface during the corrosion inhibition process. The 

protective film is formed on the Ni-Ti alloy surface, 
the linear polarization resistance increases (LPR), 
and the corrosion current value (Icorr) decreases. 
Figure 1 to 4 shows the polarization curves of Ni-Ti 
alloy exposed in ABP in the absence and presence 
of TFG seeds at various concentrations for various 
time intervals. (Table 1) embraces the corrosion 
parameters, specifically Icorr, Ecorr, and LPR. 

 

Table 1. Results of potentiodynamic polarization measurements for Ni-Ti alloy 

Tabela 1. Rezultati merenja potenciodinamičke polarizacije za Ni-Ti leguru 

Days Alloy System 
Ecorr 

mV vs. SCE 

βc 

mV/decade 

βa 

mV/decade 

LPR 

(Ω.cm2) 

Icorr 

(A/cm2) 

1 Day 

Ni-Ti 

ABP -513 137 376 1.8789×106 2.331×10-8 

ABP /TFG 0.1ppm -693 131 386 1.9769×106 2.230×10-8 

ABP /TFG 0.5ppm -618 137 376 2.0478×106 2.085×10-8 

10 
Days 

ABP -626 150 406 9.0947×105 5.250×10-8 

ABP /TFG 0.1ppm -579 150 270 1.3144×106 3.391×10-8 

ABP /TFG 0.5ppm -692 160 283 2.5225×106 1.668×10-8 

20 
Days 

ABP -494 141 504 5.3967×105 8.900×10-8 

ABP /TFG 0.1ppm -570 148 304 1.4747×106 2.917×10-8 

ABP /TFG 0.5ppm -585 151 284 2.0936×106 2.073×10-8 

30 
Days 

ABP -509 149 443 5.0664×105 9.620×10-8 

ABP /TFG 0.1ppm -615 166 286 1.7446×106 2.621×10-8 

ABP /TFG 0.5ppm -786 122 306 2.0997×106 1.816×10-8 

 

 

Figure 1. Polarization curves of Ni-Ti alloy exposed 
in ABP in the absence and presence of TFG seeds 

for 1 Day 

Slika 1. Polarizacione krive legure Ni-Ti izložene 
u ABP u odsustvu i prisustvu semena TFG tokom  

1 dana 

 

Figure 2. Polarization curves of Ni-Ti alloy exposed 
in ABP in the absence and presence of TFG seeds 

for 10 Days 

Slika 2. Krive polarizacije legure Ni-Ti izložene u 
ABP u odsustvu i prisustvu TFG semena tokom 

10 dana 
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Figure 3. Polarization curves of Ni-Ti alloy exposed 
in ABP in the absence and presence of TFG seeds 

for 20 Days 

Slika 3. Polarizacione krive legure Ni-Ti izložene u 
ABP u odsustvu i prisustvu TFG semena tokom  

20 dana 

 

Figure 4. Polarization curves of Ni-Ti alloy exposed 
in ABP in the absence and presence of TFG seeds 

for 30 Days 

Slika 4. Krive polarizacije legure Ni-Ti izložene u 
ABP u odsustvu i prisustvu TFG semena tokom 

30 dana 

The Ni-Ti alloy is immersed in ABP in the 

absence of TFG seeds for 1 day, the corrosion 

potential is -513 mV vs SCE, as shown in       

(Table 1). The LPR value is 1.8789×106 ohm.cm2, 

and the corrosion current (Icorr) is 2.331×10-8 A/cm2. 

The Tafel slopes (bc =137 mV/decade, ba = 376 

mV/decade). Similarly, when the Ni-Ti alloy is 

immersed in ABP in the presence of 0.1 ppm and 

0.5 ppm of TFG seeds for 1 day, the potential 

corrosion shifts from -513 mV vs. SCE to -693 mV 

vs. SCE and -618 mV vs. SCE, as shown in   

(Table 1). The LPR value increases from 

1.8789×106 ohm.cm2 to 1.9769×106 ohm.cm2 and 

2.0478×106 ohm.cm2.The corrosion current (Icorr) 

value decreases from 2.331×10-8 A/cm2 to 

2.230×10-8 A/cm2 and 2.085×10-8 A/cm2. The Tafel 

slopes from (bc= 137 mV/decade, ba = 

376 mV/decade) to (bc = 131 mV/decade, ba = 386 

mV/decade) and (bc = 137 mV/decade, ba = 376 

mV/decade) indicate that the rate of change of 

corrosion current with potential is much higher 

during anodic polarisation than during cathodic 

polarisation.  

The Ni-Ti alloy is immersed in ABP in the 

absence of TFG seeds for 10 days, the corrosion 

potential is -626 mV vs. SCE, as shown in      

(Table 1). The LPR value is 9.094×105 ohm.cm2 

and the corrosion current (Icorr) is 5.250×10-8 A/cm2. 

The Tafel slopes (bc =150 mV/decade, ba = 406 

mV/decade).Similarly, when the Ni-Ti alloy is 

immersed in ABP in the presence of 0.1 ppm and 

0.5 ppm of TFG seeds for 10 days, the potential 

corrosion shifts from -626 mV vs. SCE to -579 mV 

vs. SCE and -692 mV vs. SCE, as shown in   

(Table 1).The LPR value increases from 

9.0947×105 ohm.cm2 to 1.3144×106 ohm.cm2 and 

2.5225×106 ohm.cm2.The corrosion current (Icorr) 

decreases from 5.250×10-8 A/cm2 to 3.391×10-8 

A/cm2 and 1.668×10-8 A/cm2. The Tafel slopes from 

(bc = 150 mV/decade, ba= 406 mV/decade) to 

(bc=150 mV/decade, ba=270 mV/decade) and (bc 

=160 mV/decade, ba =283 mV/decade) indicate 

that the rate of change of corrosion current with 

potential is much higher during anodic polarisation 

than during cathodic polarisation. An oxide film is 

formed on the Ni-Ti alloy surface during anodic 

polarisation. 

The Ni-Ti alloy is immersed in ABP in the 
absence of TFG seeds for 20 days, the corrosion 
potential is -494 mV vs. SCE, as shown in      
(Table 1).The LPR value is 5.3967×105 ohm.cm2, 
and the corrosion current (Icorr) is 8.900×10-8 A/cm2. 
The Tafel slopes (bc =141 mV/decade, ba =504 
mV/decade).Similarly, when the Ni-Ti alloy is 
immersed in ABP in the presence of 0.1 ppm and 
0.5 ppm of TFG seeds for 20 days, the potential 
corrosion shifts from -494 mV vs. SCE to -570 mV 
vs. SCE and -585 mV vs. SCE, as shown in   
(Table 1).The LPR value increases from 
5.3967×105 ohm.cm2 to 1.4743×106 ohm.cm2 and 
2.0936×106 ohm.cm2. The corrosion current (Icorr) 
decreases from 8.900 10-8 A/cm2 to 2.917×10-8 
A/cm2 and 2.073×10-8 A/cm2. The Tafel slopes from 
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(bc =141 mV/decade, ba =504 mV/decade) to (bc 
=148 mV/decade, ba =304 mV/decade) and (bc 
=151 mV/decade, ba =284 mV/decade) indicate 
that the rate of change of corrosion current with 
potential is much higher during anodic polarisation 
than during cathodic polarisation. An oxide film is 
formed on the Ni-Ti alloy surface during anodic 
polarisation. 

The Ni-Ti alloy is immersed in ABP in the 

absence of TFG seeds for 30 days, the corrosion 

potential is -509 mV vs. SCE, as shown in      

(Table 1). The LPR value is 5.0664×105 ohm.cm2, 

and the corrosion current (Icorr) is 9.620×10-8 A/cm2. 

The Tafel slopes (bc =149 mV/decade, ba = 443 

mV/decade). Similarly, when the Ni-Ti alloy is 

immersed in ABP in the presence of 0.1 ppm and 

0.5 ppm of TFG seeds for 30 days, the potential 

corrosion shifts from -509 mV vs. SCE to -615 mV 

vs. SCE and -786 mV vs. SCE, as shown in   

(Table 1). The LPR value increases from 

5.0664×105 ohm.cm2 to 1.7446×106 ohm.cm2 and 

2.0997×106 ohm.cm2. The corrosion current (Icorr) 

decreases from 9.620×10-8 A/cm2 to 2.621×10-8 

A/cm2 and 1.816×10-8 A/cm2. The Tafel slopes from 

(bc=149 mV/decade, ba = 443 mV/decade) to     

(bc=166 mV/decade, ba =286 mV/decade) and  

(bc=122 mV/decade, ba =306 mV/decade) indicate 

that the rate of change of corrosion current with 

potential is much higher during anodic polarisation 

than during cathodic polarisation. An oxide film is 

formed on the Ni-Ti alloy surface during anodic 

polarisation. 

The LPR rises, and the fall in corrosion current 

(Icorr) shows that the formation of a protective layer 

on the Ni-Ti implant alloy surface blocks the active 

sites and inhibits the corrosion, and weakens the 

rate of corrosion [19]. 

It is fascinating to note that the Ni-Ti in the 
presence of TFG seeds at 0.1 ppm and 0.5 ppm 
concentrations are immersed for 1, 10, 20 and 30 
days, the rate of corrosion decreases, and the 
corrosion current also decreases, thereby showing 
in the LPR and Icorr values. This indicates that a 
compelling protective film is formed more on the 
alloy surface in the presence of TFG seeds for 30 
days. 

3.3. Analysis of Alternating Current impedance 
spectra 

The equivalent circuit diagram of being 
immersed in ABP in the presence of 0.1 ppm and 
0.5 ppm TFG seed concentrations for 1, 10, 20, 
and 30 days have shown in Figure 5 [20, 21]. The 
corrosion process is generally inhibited if the phase 
angle is greater than 45°. 

 

Figure 5. Equivalent circuit diagram 

Slika 5. Ekvivalentna šema kola 

Rct = charge transfer resistance, 

Cdl = double layer capacitance, 

Cc = capacitance of the coating  

The same kind of three-electrode cell assembly 
was utilised to record AC impedance spectra on 
the identical apparatus that was used for the 
polarisation investigation. At different frequencies, 
the cell impedance's real part Z' and imaginary part 
Z" were measured in ohms. Double layer 
capacitance (Cdl) and charge transfer resistance 
(Rt) values were computed. 

Rt = (Rs + Rt) - Rs .........(2)  

where 

Rt = total resistance 

Rs = solution resistance  

𝐶𝑑𝑙 =
1 

2𝜋  𝑓𝑚𝑎𝑥 𝑅𝑐𝑡 
 .........(3) 

where 

fmax = maximum frequency  

The Ni-Ti alloy is immersed in ABP without 

TFG seeds for 1 day, the charge transfer 

resistance (Rct) is 90 ohm.cm2.The double layer 

capacitance (Cdl) is 1.766×10-8 F/cm2, shown in 

(Table 2).The impedance value is 3.80 log (Z/ohm), 

as shown in (Figure 6(b)).The Bode phase graph 

shows the phase angle at 84°. Hence, the 

corrosion process is inhibited. When Ni-Ti alloy is 

immersed in ABP containing 0.1 ppm and 0.5 ppm 

of TFG seeds for 1 day, the Rct value increases 

from 90 ohm.cm2 to 180 ohm.cm2 and 200 

ohm.cm2. The Cdl value decreases from 1.766×10-8 

F/cm2 to 8.83×10-9 F/cm2 and 7.8×10-9 F/cm2 shown 

in (Table 2).(Nyquist plots). The impedance 

increases from 3.80 log (Z/ohm) to 3.85 log 

(Z/ohm) and 3.95 log (Z/ohm), as shown in (Figure 

6(b)). (Bode plots). The Bode-phase is shown 

between 82° and 83°. Hence corrosion is inhibited 

(Figure 6(c)). 
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Table 2. The fitted results of EIS using an equivalent circuit for the sample Ni-Ti alloy 

Tabela 2. Prilagođeni rezultati EIS-a korišćenjem ekvivalentnog kola za uzorak Ni-Ti legure 

Days Alloy System 

Nyquist plot Bode plot 

Rct(Ω.cm2) Cdl(F/ cm2) 
Impedance 
log(Z/ohm) 

Phase angle 
(degrees) 

1 
Day 

Ni-Ti 

ABP 90 1.766×10-8 3.80 84 

ABP/TFG 0.1 ppm 180 8.83×10-9 3.85 82 

ABP /TFG 0.5 ppm 200 7.8×10-9 3.95 83 

10 
Days 

ABP 80 1.988×10-8 3.90 85 

ABP /TFG 0.1 ppm 190 8.37×10-9 4.15 80 

ABP /TFG 0.5 ppm 340 4.68×10-9 4.35 65 

20 
Days 

ABP 180 8.83×10-9 3.95 81 

ABP /TFG 0.1 ppm 360 4.42×10-9 4.0 84 

ABP /TFG 0.5 ppm 380 4.18×10-9 4.05 86 

30 
Days 

ABP 150 1.06×10-8 3.95 80 

ABP /TFG 0.1 ppm 180 8.83×10-9 4.20 76 

ABP /TFG 0.5 ppm 450 3.533×10-9 4.40 84 

 

 

Figure 6(a). Nyquist plots of Ni-Ti alloy in ABP in 
the absence and presence of 0.1ppm and 0.5 ppm 

of TFG seeds for 1 day 

Slika 6(a). Najkvistovi dijagrami legure Ni-Ti u ABP 
u odsustvu i prisustvu 0,1ppm i 0,5 ppm semena 

TFG tokom 1 dana 

 

Figure 6(b). Bode plots of Ni-Ti alloy in ABP in the 
absence and presence of 0.1ppm and 0.5 ppm of 

TFG seeds for 1 day 

Slika 6(b). Bodeovi dijagrami legure Ni-Ti u ABP u 
odsustvu i prisustvu 0,1 ppm i 0,5 ppm semena 

TFG tokom 1 dana 
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Figure 6(c). Bode plots of Ni-Ti alloy in ABP in the 
absence and presence of 0.1ppm and 0.5 ppm of 

TFG seeds for 1 day 

Slika 6(c). Bodeovi grafikoni legure Ni-Ti u ABP u 
odsustvu i prisustvu 0,1 ppm i 0,5 ppm semena 

TFG tokom 1 dana 

The Ni-Ti alloy is immersed in ABP without 
TFG seeds for 10 days, the charge transfer 
resistance (Rct) is 80 ohm.cm2. Therefore, the 
double layer capacitance (Cdl) is 1.988×10-8 F/cm2 
shown in (Table 2).The impedance value is 3.90 
log (Z/ohm), as shown in (Figure 7(b)).The Bode 
phase graph shows the phase angle at 85°. Hence, 
the corrosion process is inhibited. When the Ni-Ti 
alloy is immersed in ABP containing 0.1 ppm and 
0.5 ppm of TFG seeds for 10 days, the Rct value 
increases from 80 ohm.cm2 to 190 ohm.cm2 and 
340 ohm.cm2. 

 

Figure 7(a). Nyquist plots of Ni-Ti alloy in ABP in 
the absence and presence of 0.1ppm and 0.5 ppm 

of TFG seeds for 10 days 

Slika 7 (a). Najkvistovi dijagrami legure Ni-Ti u ABP 
u odsustvu i prisustvu 0,1ppm i 0,5 ppm semena 

TFG tokom 10 dana 

 

Figure 7(b). Bode plots of Ni-Ti alloy in ABP in the 
absence and presence of 0.1 ppm and 0.5 ppm of 

TFG seeds for 10 days 

Slika 7(b). Bodeove grafike legure Ni-Ti u ABP u 
odsustvu i prisustvu 0,1 ppm i 0,5 ppm semena 

TFG tokom 10 dana 

The Cdl value decreases from 1.988×10-8 F/cm2 
to 8.37×10-9 F/cm2 and 4.68×10-9 F/cm2 shown in 
(Table 2).(Nyquist plots). The impedance increases 
from 3.90 log (Z/ohm) to 4.15 log (Z/ohm) and 4.35 
log (Z/ohm), as shown in (Figure (b)). (Bode plots). 
The Bode-phase is shown between 80° and 65°. 
Hence corrosion is inhibited (Figure 7(c)). 

 

Figure 7(c). Bode plots of Ni-Ti alloy in ABP in the 
absence and presence of 0.1 ppm and 0.5 ppm of 

TFG seeds for 10 days 

Slika 7(c). Bodeovi grafikoni legure Ni-Ti u ABP u 
odsustvu i prisustvu 0,1 ppm i 0,5 ppm semena 

TFG tokom 10 dana 

The Ni-Ti alloy is immersed in ABP without 
TFG seeds for 20 days, the charge transfer 
resistance (Rct) is 180 ohm.cm2. The double layer 
capacitance (Cdl) is 8.83×10-9 F/cm2, shown in 
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(Table 2).The impedance value is 3.95 log (Z/ohm), 
as shown in (Figure 8(b)). The Bode phase graph 
shows the phase angle at 81°. Hence, the 
corrosion process is inhibited. When Ni-Ti alloy is 
immersed in ABP containing 0.1 ppm and 0.5 ppm 
of TFG seeds for 20 days, the Rct value increases 
from 180 ohm.cm2  to 360 ohm.cm2 and 380 
ohm.cm2. The Cdl value decreases from 8.83×10-9 
F/cm2 to 4.42×10-9 F/cm2 and 4.18×10-9 F/cm2, as 
shown in (Table 2).(Nyquist plots). The impedance 
value increases from 3.95 log (Z/ohm) to 4.0 log 
(Z/ohm) and 4.05 log (Z/ohm) shown in (Figure 
8(b)). (Bode plots). The Bode-phase has shown the 
phase angle between 84° and 86°. Hence 
corrosion is inhibited (Figure 8(c)). 

 

Figure 8(a). Nyquist plots of Ni-Ti alloy in ABP in 
the absence and presence of 0.1ppm and 0.5 ppm 

of TFG seeds for 20 days 

Slika 8 (a). Najkvistovi dijagrami legure Ni-Ti u ABP 
u odsustvu i prisustvu 0,1 ppm i 0,5 ppm semena 

TFG tokom 20 dana 

 

Figure 8(b). Bode plots of Ni-Ti alloy in ABP in the 

absence and presence of 0.1ppm and 0.5 ppm of 

TFG seeds for 20 days 

Slika 8(b). Bodeove grafike legure Ni-Ti u ABP u 
odsustvu i prisustvu 0,1 ppm i 0,5 ppm semena 

TFG tokom 20 dana 

 

Figure 8(c). Bode plots of Ni-Ti alloy in ABP in the 
absence and presence of 0.1 ppm and 0.5 ppm of 

TFG seeds for 20 days 

Slika 8(c). Bodeovi grafikoni legure Ni-Ti u ABP u 
odsustvu i prisustvu 0,1 ppm i 0,5 ppm semena 

TFG tokom 20 dana 

The Ni-Ti alloy is immersed in ABP without 
TFG seeds for 30 days, the charge transfer 
resistance (Rct) is 150 ohm.cm2. The double layer 
capacitance (Cdl) is 1.06×10-8 F/cm2, shown in 
(Table 2). The impedance value is 3.95 log 
(Z/ohm), as shown in (Figure 9(b)). The Bode 
phase graph shows the phase angle is 80°. So the 
corrosion process is inhibited. When Ni-Ti alloy is 
immersed in ABP containing 0.1 ppm and 0.5 ppm 
of TFG seeds for 30 days, the Rct value increases 
from 150 ohm.cm2 to 180 ohm.cm2 and 450 
ohm.cm2. 

 

Figure 9(a). Nyquist plots of Ni-Ti alloy in ABP in 
the absence and presence of 0.1ppm and 0.5 ppm 

of TFG seeds for 30 days 

Slika 9(a). Najkvistovi dijagrami legure Ni-Ti u ABP 
u odsustvu i prisustvu 0,1 ppm i 0,5 ppm semena 

TFG tokom 30 dana 
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Figure 9(b). Bode plots of Ni-Ti alloy in ABP in the 
absence and presence of 0.1ppm and 0.5 ppm of 

TFG seeds for 30 days 

Slika 9(b). Bodeove grafike legure Ni-Ti u ABP u 
odsustvu i prisustvu 0,1 ppm i 0,5 ppm semena 

TFG tokom 30 dana 

 

Figure 9(c). Bode plots of Ni-Ti alloy in ABP in the 
absence and presence of 0.1ppm and 0.5 ppm of 

TFG seeds for 30 days 

Slika 9(c). Bodeovi grafikoni legure Ni-Ti u ABP u 
odsustvu i prisustvu 0,1 ppm i 0,5 ppm semena 

TFG tokom 30 dana 

The Cdl value decreases from 1.06×10-8 F/cm2 

to 8.83×10-9 F/cm2 and  3.533×10-9 F/cm2, as 

shown in Table 2.(Nyquist plots). The impedance 

value increases from 3.95 log (Z/ohm) to 4.20 log 

(Z/ohm) and 4.40 log (Z/ohm), as shown in (Figure 

9(b)). (Bode plots). The Bode-phase is shown 

between 76° and 84°. Hence, the corrosion is 

inhibited (Figure 9(c)). 

From the results, the charge transfer resistant 

value (Rct) and impedance value increase while the 

double-layer capacitance value decreases because 

double-layer capacitance is inversely related to 

charge transfer resistance [19].  

The semi-circle diameter was significantly 
smaller in the absence of TFG seeds than in the 
presence of 0.1 ppm and 0.5 ppm of TFG seeds, 
as shown in Figure 6(a-d). The largest semi-circle 
diameter indicates the lowest corrosion rate, 
according to a comparison of the Nyquist diagrams 
for the three scenarios. 

It is fascinating to note that the Ni-Ti alloys in 
the presence of TFG seeds at 0.1 ppm and 0.5 
ppm concentrations are immersed for 1, 10, 20, 
and 30 days, the rate of corrosion decreases and 
the Cdl decreases, thereby showing in the Rct 
increase. This indicates that a compelling 
protective film was formed more on the Ni-Ti alloy 
surface in the presence of TFG seeds for 30 days. 

3.4. Scanning Electron Microscope 

SEM micrographs of the surface are examined 
to understand the nature of the surface film in the 
absence and presence of inhibitors and the extent 
of the corrosion of Ni-Ti alloy [22, 23]. The SEM 
images of different magnifications (X500, X3.50K, 
and X2.00K) of Ni-Ti alloy specimens immersed in 
ABP in the absence and presence of additive 
systems are shown in Figure 10 a, b and c 
respectively. 

 

Figure 10 (a). SEM image of blank Ni-Ti alloy 

Slika 10 (a). SEM slika polirane prazne legure Ni-Ti 

The SEM proposes an illustrative 
demonstration of the Ni-Ti alloy surface. The SEM 
micrographs of the surface are examined. The 
SEM metaphors of blank Ni-Ti alloy are shown in 
Figure 10 (a) on the smooth surface of the alloy. 
This indicates the absence of corrosion products 
on the metal surface.The SEM metaphors of Ni-Ti  
alloy exposed in ABP have shown in Figure 10(b), 
designate the minor roughness of the alloy surface, 
which indicates the corrosion of Ni-Ti alloy in ABP 
(Figure 10(c)) shows that the presence of 0.5 ppm 
of TFG seeds in ABP at 30 days. 
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Figure 10 (b). SEM image of Ni-Ti alloy / ABP 

Slika 10 (b). SEM slika legure Ni-Ti / ABP 

 

Figure 10 (c). SEM image of Ni-Ti alloy / ABP / 
TFG seeds 

Slika 10 (c). SEM slika legure Ni-Ti / ABP / TFG 
semena 

The surface coverage improvement is due to 
the formation of insoluble complexes on the alloy 
surface, which efficiently controls the dissolution of 
the Ni-Ti alloy. 

3.5. Energy Dispersive Analysis of X-rays  

The EDAX spectra were used to determine the 
elements present on the alloy surface before and 
after exposure to the inhibitor solution. The 
objective of this section was to confirm the results 
obtained from electrochemical measurements that 
a protective surface film of inhibitor is formed on 
the alloy surface. To achieve this, EDAX 
examinations of the alloy surface were performed 
in both the absence and presence of additive 
systems [24-27]. 

The EDAX spectrum of blank Ni-Ti alloy has 

shown in Figure 11(a) .The chemical compositions 

have shown Ni = 50.1, Ti = 40.2, and C = 9.7, 

respectively. The Ni-Ti alloy immersed in ABP 

containing 0.5 ppm of TFG seeds has shown in 

Figure 11(c). It shows the additional line 

characteristics for Na = 2.5, Ca = 7.8, P = 4.0, and 

Cl = 1.4. In addition, the intensity of the N = 25.2 

signal is enhanced. The appearance of the Na and 

Ni signals and this enhancement in N and S are 

due to inhibitors (TFG seeds). These data show 

that the alloy surface is covered by P, N, Na, Cl, 

and Ca atoms have shown in Figure 11(c) 

demonstrates that, compared to those seen in ABP 

Figure 11(b), the Ni peaks seen in the presence of 

inhibitors are significantly decreased. The 

suppression of the Ni peaks occurs because of the 

overlying inhibitor film. This observation indicates 

the existence of an adsorbed layer of inhibitor that 

protects Ni-Ti alloy against corrosion. These results 

suggest that the N, P, Cl, Ca, and S atoms of TFG 

seeds have coordinated with Ni-Ti alloy complex. 

The anodic sites of the Ni-Ti alloy surface exhibit 

TFG seed complexes, while the cathodic sites of 

the alloy surface exhibit Ca atom precipitation in 

the form of superhydrophobic coatings. 

 

Figure 11 (a). EDAX of polished Ni-Ti alloy 

Slika 11 (a.) EDAX od polirane legure Ni-Ti 
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Figure 11 (b). EDAX of polished Ni-Ti alloy / ABP 

Slika 11 (b). EDAKS od polirane legure Ni-Ti / ABP 

 

Figure 11 (c). EDAX of polished Ni-Ti alloy / ABP / TFG seeds 

Slika 11 (c). EDAKS od polirane legure Ni-Ti / ABP / TFG semena 

3.6. Atomic Force Microscope  

Atomic force microscopy is a practical method 
for obtaining surface roughness data.AFM is 
becoming an accepted method of roughness 
investigation [26, 28]. 

The atomic force microscopy images were 
obtained with the help of AFM-Ntegra Prima, 
NTMDT, and Ireland incorporation. AFM instrument 
operating in contact mode in the air. The scan size 
of all the AFM images is 10 µm x 10 µm areas at a 
scan rate of 1 line/sec, and the scanning direction 
is horizontal. The varying scan rate depends upon 

the frequency and scanning area of the sample. 
AFM study is created for the best system of Ni-Ti 
alloy in TFG used as an inhibitor. 

The analysis of an atomic force micro-
scope (AFM) is a suitable method for collec-
ting roughness indicators from various surfa-
ces. The three-dimensional (3D) morphologies 
are present in the polished Ni-Ti alloy surface, 
the Ni-Ti alloy treated to artificial blood 
plasma, and 0.5 ppm of TFG at 30 days. 

Table 3. AFM Analysis for Ni-Ti alloy exposed in the presence and absence of TFG seeds 

Tabela 3. AFM analiza za Ni-Ti leguru izloženu u prisustvu i odsustvu TFG semena 

Samples 

RMS, (Sq) 

Roughness 

(nm) 

Average, (Sa) 

Roughness 

(nm) 

Maximum 

Peak-to peak 
valley 

Height, (nm) 

Coefficient of 

Kurtosis 

(Ska) 

Entropy 

Surface 

Skewness 

(Ssk) 

Refined, Ni-Ti 20.95 15.30 430.64 6.74 9.55 0.088 

ABP /Ni-Ti 46.16 28.16 648.3 18.26 10.34 2.94 

ABP/Ni-Ti /TFG 

0.5 ppm 
54.26 39.87 860.86 9.48 10.11 1.30 
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AFM analysis was performed to attain the 

Average roughness (Sa), Root-mean-square 

roughness (Sq), and the maximum peak-to-peak 

valley (P-v) height values. These values for Ni-Ti 

alloy exposed in the different environments are 

summarized in Table 3. 

Figure 12 (a) shows the surface topography of 
the polished Ni-Ti alloy surface. The Sa, Sq, and  
P-v height data for the refined Ni-Ti alloys are 
15.30 nm, 20.95 nm, and 430.64 nm, 
correspondingly. These data designate the surface 
of Ni-Ti alloy as identical. The slight roughness 
discovered in the refined Ni-Ti alloy is due to 
atmospheric corrosion Figure 12(b) shows the 
pitting corrosion Ni-Ti alloy without Trigonella 

foenum-graecum engaged in ABP of Sa, Sq, and 
P-v data get for the refined Ni-Ti alloys is 28.16 nm, 
46.16 nm, and 648.3 nm, correspondingly. These 
data designate the surface of Ni-Ti alloy with 
superior roughness to the refined Ni-Ti alloy.The 
Figure 12(c) shows the Ni-Ti alloy in ABP 
comprising 0.5 ppm of Trigonella foenum-graecum 
seeds. The data of Sa, Sq, and P-v height values 
for the refined Ni-Ti alloys are 39.87 nm, 54.26 nm, 
and 860.86 nm, correspondingly. These data 
designate that the surface of Ni-Ti alloy values is 
prominently high. These data also designate the 
surface of Ni-Ti alloy as superior roughness to the 
refined Ni-Ti alloy. These aspects authorize that 
the surface is smooth, and a strong shielding layer 
bounds the surface of the metal layer. 

 

Figure 12 (a). AFM image of Ni-Ti alloy  

Slika 12 (a). AFM slika legure Ni-Ti 

 

Figure 12 (b). AFM image of Ni-Ti alloy / ABP  

Slika 12 (b). AFM slika legure Ni-Ti / ABP 
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Figure 12 (c). AFM image of Ni-Ti alloy / ABP / TFG seeds 

Slika 12 (c). AFM slika legure Ni-Ti / ABP / TFG semena 

 

The entropy values for polished Ni-Ti alloy in 
ABP and Ni-Ti alloy in artificial blood plasma 
comprising 0.5ppm of TFG seeds decline 
progressively. It demonstrates that the Ni-Ti alloy 
corrosion resistance increases. Surface skewness 
(Ssk) is a statistical parameter to explain the 
amplitude distribution function, which indicates the 
probability that a profile of the surface has a certain 
height at any position. A surface with low skewness 
shows a porous surface with fairly deep valleys in a 
smoother plateau for refined Ni-Ti alloy. The Ni-Ti 
alloy exposed in ABP surfaces with high skewness 
shows the raised surface has relatively high spikes 
that bulge above a flatter average for Ni-Ti alloy 
exposed with TFG seeds engaged in ABP.Kurtosis 
is associated with the spikiness of the profile. The 
polished Ni-Ti alloy, Ni-Ti alloy in ABP, and Ni-Ti 

alloy in ABP comprising 0.5 ppm of TFG seeds, 
Kurtosis distribution, has few high peaks and low 
value comparatively flat surface. It is decided that 
the Ni-Ti alloy in ABP comprising 0.5 ppm of TFG 
seeds is more corrosion resistant than the polished 
Ni-Ti alloy and Ni-Ti alloy in ABP. 

3.7. X-ray diffraction analysis 

XRD patterns of the Ni-Ti alloy and Ni-Ti alloy 

in ABP in the presence of TFG seeds have shown 

in Figure 13(a) and Figure 13(b).It can be seen 

from XRD patterns that blank Ni-Ti alloy shows two 

prominent diffraction peaks between 20 and 80. 

The prominent peaks at 42.3 (110) and 77.5 (211) 

belong to the Ni-Ti phase [29]. 

 

Figure 13 (a). XRD pattern of Ni-Ti alloy 

Slika 13 (a). KSRD uzorak legure Ni-Ti 
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Figure 13 (b). XRD pattern of Ni-Ti alloy / ABP / TFG seeds 

Slika 13 (b). KSRD uzorak legure Ni-Ti / ABP / TFG semena 

 

After being immersed in TFG seeds implan-
tation and anodization, a stable characteristic peak 
of rutile TiO2 appears, as seen in their diffraction 
patterns in Figure 13(b). These results show the 
formation of a TiO2 layer on the Ni-Ti Surface [30]. 
The HA on Ni-Ti alloy in ABP in the presence of 
TFG seeds was identified using an XRD investi-
gation. As a result, the sample contains HA, as 
shown by the XRD analysis results in Figure 13(b). 

The first three more significant peaks of 
intensity in the diffraction pattern of HA powder 
shown by XRD examination, the first three more 
significant peaks of intensity located between the 
angular zone 30 < 2θ < 50 were assigned 
corresponded to the Miller indices of 211, 310, and 
222. Although such indexes are associated with 
HA, no isolated peaks with a lower intensity are 
present, indicating that crystallinity is not very high 
[31]. However, a comparison between the obtained 
HA XRD patterns and the JCPDS 09-432 file 
shows that HA powder obtained by the wet 
precipitation method represents the typical HA 
pattern [32]. 

4. CONCLUSION 

It is fascinating to note that the Ni-Ti alloy in the 
presence of TFG seeds at 0.1 ppm and 0.5 ppm 
concentrations are immersed for 1, 10, 20 and 30 
days, the rate of corrosion decreases, and the 
corrosion current also decreases, thereby showing 
in the LPR, Icorr, Cdl and Rct values. This indicates 
that a compelling protective film is formed on the 
alloy surface in the presence of TFG seeds. Thus, 
the polarisation study and AC impedance spectral 

study leads to the conclusion that the corrosion 
resistance of Ni-Ti alloys in ABP in the presence of 
TFG seeds of 0.1 ppm and 0.5 ppm for 1, 10, 20, 
and 30 days is in the following order: 

30 days ˃ 20 days ˃ 10 days ˃ 1 day 

According to the description above, the 30 days 
of immersion operate as a more corrosion-resistant 
phase than other times because LPR increases 
while Icorr decreases, the rate of corrosion 
decreases and the Cdl decreases, thereby showing 
in the Rct increase. This indicates that a compelling 
protective film was formed on the Ni-Ti alloy 
surface in the presence of TFG seeds. 

The SEM has validated the superhydrophobic 
coatings surface morphology. EDAX has determi-
ned the elemental compositions of Ni-Ti alloys and 
ABP in the presence of TFG seeds. Using AFM 
and XRD, the topography and apatite formation 
complexes of the Ni-Ti alloy are investigated. 

The electrochemical behaviour of Ni-Ti alloys in 
ABP was studied for 1, 10, 20, and 30 days, with 
and without TFG seeds. As a result of the 
discussions above, the anticorrosive coating layer 
of the alloy is formed for an increasing number of 
days. In addition, the alloys hydroxyapatite layer is 
formed for an increased number of immersion 
days. As a result of the preceding discussions, we 
conclude that ingesting any of the Trigonella 
foenum-graecum for a person with Ni-Ti alloy 
implanted will strengthen their immune system and 
create an anticorrosive layer. These Ni-Ti alloys 
underwent the observed electrochemical 
modifications. 
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IZVOD 

ELEKTROHEMIJSKE AKTIVNOSTI Ni-Ti LEGURE U VEŠTAČKOJ KRVNOJ 
PLAZMI SA SEMENOM TRIGONELLA Foenum graecum 

Istraživano je elektrohemijsko ponašanje legure Ni-Ti kada je izložena veštačkoj krvnoj plazmi 
(ABP) u prisustvu 0,1 i 0,5 ppm semena Trigonella foenum graecum (TFG) tokom 1, 10, 20 i 30 
dana. Studije o impedansi i polarizaciji naizmenične struje su pokazale da se zaštitni premaz 
formira na površini metala dok sprečava koroziju. Zaštitni film je formiran na površini legure Ni-Ti 
implantata, povećan je otpor linearne polarizacije (LPR), a vrednost struje korozije (Icorr) je 
smanjena. Vrednost otpornosti na prenos naelektrisanja (Rct) i vrednost impedanse se 
povećavaju, a vrednost kapacitivnosti dvoslojnog sloja se smanjuje. Morfologija zaštitnih slojeva i 
elementarni sastav analizirani su pomoću SEM/EDAX. Svojstvo zaštitnog filma na leguri Ni-Ti 
ispitano je atomskim mikroskopom. Analiza difrakcije rendgenskih zraka je potvrdila prirodu 
apatita.Efikasnost inhibicije korozije legure Ni-Ti u ABP u prisustvu TFG semena u različitim 
koncentracijama za različito vreme je poboljšana i zaštićena. 

Ključne reči: Nikl-titanijum, AFM, zaštitni film, Nyquist dijagrami, Bodeovi dijagrami 
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