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Abstract: Ti-29Nb-13Ta-4.6Zr (TNTZ) is a new titanium alloy potentially to be used as bone implant 

material because of its advantages in terms of strength, ductility, non-toxicity, corrosion resistance, and 

biocompatibility. Its mechanical properties are suitable for bone applications; however, there are still problems 

related to its corrosion behavior when used for a long time. Therefore, this research aims to determine the corrosion 

rate and types, and provide corrosion prevention by applying the thermomechanical treatment on TNTZ in Hanks’ 

solution. The limitation of this research was in not conducting the TNTZ biocompatibility tests. This research was 

conducted using the potentiodynamic polarization method in Hanks’ solution as the corrosive medium at a 

temperature of 37°C and a pH of 6.8. Before corrosion testing, a TNTZ sample was treated with thermomechanical 

treatment combined with solution treatment at a temperature of 850°C and a holding time of 45 minutes, followed 

by rapid cooling (water quenching), and plastic deformation with deformation variations of 10%, 15%, and 20%, 

and it was ended with aging heat treatment at a temperature of 300°C and holding time for 1 hour. The novelties of 

this research are the valid data of corrosion rate and type of TNTZ, which were unavailable before, and corrosion 

prevention through thermomechanical treatment of TNTZ in Hanks’ solution. The thermomechanical treatment is 

proved to reduce the pitting corrosion in TNTZ. The results show that thermomechanical treatment and increased 

plastic deformation can reduce the value of the corrosion rate, as evidenced by the pre-thermomechanical and 

thermomechanical TNTZ corrosion rates with deformation variations of 10%, 15%, and 20%, respectively, which 

were 5.522 x 10
-4

 mmpy; 2.754 x 10
-4

 mmpy; 2.290 x 10
-4

 mmpy; and 2.064 x 10
-4

 mmpy, respectively. TNTZ, after 

thermomechanical treatment, had the lowest corrosion rate, i.e., 2.064 x 10
-4

 mmpy, while Ti-6Al-7Nb had the 

highest one, i.e., 3.05 x10
-2

 mmpy. The type of TNTZ corrosion is pitting corrosion, as shown by the loss of 

zirconium that reduced the volume, causing pits to occur. Meanwhile, after thermomechanical treatment, pitting 

corrosion happened on TNTZ because of the loss or release of zirconium. This research shows that after 

thermomechanical treatment, TNTZ is the best material compared to other materials for biomedical applications 

based on corrosion resistance. 

Keywords: titanium, TNTZ, corrosion, thermomechanics, deformation. 

提高热机械处理后汉克斯溶液中天梯的耐腐蚀性 

摘要：Ti-29Nb-13Ta-4.6Zr (天梯)是一种新型钛合金，具有强度、延展性、无毒、耐腐

蚀和生物相容性等优点，有望用作骨植入材料。其机械性能适用于骨骼应用；但是，长期使

用时，其腐蚀行为仍然存在问题。因此，本研究旨在确定腐蚀速率和类型，并通过在汉克斯
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溶液中对天梯进行热机械处理来提供腐蚀预防。这项研究的局限性在于没有进行天梯生物相

容性测试。本研究采用动电位极化法，以汉克斯溶液为腐蚀介质，温度为 37°C，酸碱度值为

6.8。腐蚀试验前，对天梯样品进行热机械处理结合固溶处理，温度为 850℃，保温时间为

45 分钟，然后快速冷却（水淬），塑性变形，变形变化为 10%，15%和 20%，并在 300℃的

温度和保持时间 1 小时的时效热处理结束。本研究的创新点在于获得了以前无法获得的天梯

腐蚀速率和类型的有效数据，以及通过天梯在汉克斯溶液中进行热机械处理来防止腐蚀。事

实证明，热机械处理可以减少天梯中的点腐蚀。结果表明，热机械处理和增加塑性变形可以

降低腐蚀速率的值，如变形变化为 10%、15%和 20%的预热机械和热机械天梯腐蚀速率所证

明的那样，分别为 5.522 x 10-4 毫米；2.754 x 10-4 平方毫米；2.290 x 10-4 平方毫米；和

2.064 x 10-4 mmpy，分别。热机械处理后的天梯的腐蚀速率最低，为 2.064 x 10-4 mmpy，

而钛-6 阿尔-7 铌的腐蚀速率最高，为 3.05 x10-2 mmpy。天梯腐蚀的类型是点蚀，表现为锆

的损失使体积减小，导致出现点蚀。同时，形变热处理后，由于锆的损失或释放，天梯发生

点腐蚀。这项研究表明，经过热机械处理后，天梯与其他基于耐腐蚀性的生物医学应用材料

相比是最好的材料。 

关键词：钛、天梯、腐蚀、热力学、变形。 

 
 

1. Introduction 

Biomaterials are materials implantable in the human 

body for replacing damaged or defective tissues or 

organs [1]. They interact with biological systems and 

function as medical devices [2]. Those often used for 

implants to date are stainless steel type SUS 316L 

(ASTM F138) [3]-[5] and titanium (ASTM F136) [6]-

[7] for their superior metallic mechanical properties 

and ease of manufacture. However, it is still necessary 

to consider their biocompatibility. 316 L stainless steel 

is preferable because it is cheaper than titanium [4]. 

However, it has weaknesses since it can harm bone and 

body health. One of its components, nickel, can be 

ionized and released into body fluids and cause 

allergies [5] and adverse effects on body health. It can 

cause hypersensitivity reactions, trigger cancer, and, of 

course, is toxic [8]. The allergic effects caused by 

nickel are related to corrosion. Corrosion is the release 

of metal ions into body fluids due to the tendency of 

the constituents to return to their original forms [9]. It 

can affect the ability of an implant to work for support, 

reposition, or help in the growth of new bone tissue. 

From the material viewpoint, it can decrease 

mechanical abilities, such as strength and hardness of 

the material, causing implantation failure. In this 

situation, titanium is better than 316 L stainless steel. 

Currently, titanium is more attractive because, apart 

from being more corrosion resistant, it has advantages 

in terms of high strength and low modulus of elasticity 

[10] and good biocompatibility [11]. The most 

biocompatible type of titanium for implants is type ß, 

which comprises one or more alloying elements [11]. 

This type has the best corrosion resistance and a lower 

modulus of elasticity (closer to bone) than those of type 

 and type  [11]-[12]. Type ß titanium alloys have 

been widely developed for biomedical applications 

[11]-[12]. including Ti-29Nb-13Ta-4,6Zr (TNTZ) [13]. 

TNTZ has a low modulus of elasticity (58 Gpa) [14], 

closer to the modulus of elasticity of bone (30 Gpa). It 

has been developed to reduce the risk of stress-

shielding implants in the shinbone [11].  

TNTZ’s compatibility with bone implants has been 

confirmed. However, no information on its service life 

when installed in the human body is available. A 

titanium alloy service life is the time it must survive in 

the human body until it undergoes corrosion, which is 

influenced by the body’s fluids, such as salt, sweat, and 

blood. Several researchers have observed the corrosion 

of TNTZ using various solutions, such as Hanks [15]-

[16], Kubokkos [17], and saliva [18]. However, studies 

using artificial body fluids close in composition to the 

body fluids, in this case Hanks’ solution [19], only 

compared the corrosion resistance of TNTZ with those 

of CP-Ti [15] and Ti-15M0 [16] and did not determine 

TNTZ’s corrosion rate. Thermomechanical treatment, 

for this reason, can be carried out to increase the 

corrosion resistance of TNTZ through a combination of 

heat treatment [20], the improvement of mechanical 

properties through mechanical treatment [21]-[22], and 

corrosion resistance [14], [23]. Related research carried 

out a combination of solution heat treatment, aging 

treatment, and mechanical treatment with the cold 

rolling process in 5% HCl solution on TNTZ and Ti-
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30Nb-10Ta-5Zr [14]. This research was only to 

improve corrosion resistance, instead of for corrosion 

prevention. Other studies related to titanium alloys Ti-

6Al-4V and Ti-6Al-2Mo-2Cr have combined heat 

treatment and mechanical treatment with the forging 

process [21], and Ti-6Al-4V treated with a combination 

of heat treatment and mechanical treatment with 

compression testing [22], but only limited to increase 

in strength without analyzing the corrosion behavior. 

To overcome the shortcomings of previous studies 

in looking at the effect of thermomechanical treatment, 

increasing the corrosion resistance of TNTZ in Hanks’ 

solution can be done by combining solution heat 

treatment, aging treatment, and mechanical treatment 

with a compression test. This research aimed to obtain 

TNTZ with optimal corrosion-resistant properties 

implantable in the human body for a long time. 

This research was to determine the corrosion 

behavior and the type of corrosion of TNTZ in Hanks’ 

solution and increase, by knowing the corrosion 

prevention technique through thermomechanical 

treatment, the corrosion resistance of TNTZ to be 

potential as an alternative material for biomedical 

applications (bone implants). 

 

2. Materials and Method 
 

2.1. Sample Preparation, Thermomechanical 

Treatment, and Test Solution 

The pre-thermomechanical and thermomechanical 

post-corrosion samples were prepared with 10%, 15%, 

and 20% deformations, each of 4 pieces. Cylindrical 

samples were cut with an average thickness of 3 mm 

and an average diameter of 6 mm. The surfaces were 

then leveled using sandpaper starting from 400, 800, 

1200, 1500, 2000, and up to 5000 mesh. 

The samples were treated with thermomechanical 

treatment, namely by a combination of solution heat 

treatment (ST), mechanical loading with a compression 

test, and aging treatment (AT). The heating process was 

carried out using the Nabertherm GmbH (Germany) 

furnace at a maximum temperature of 1280ºC. The 

solution treatment was carried out by heating to a 

temperature of 850ºC, a temperature increase interment 

of 10ºC/s, and holding time of 60 minutes [24], 

followed with rapid cooling using water or water 

quenching (WQ). The next step was the compression 

test carried out by pressing the samples in the axial 

direction at room temperature (27ºC) using the Jinan 

Precision Universal Testing Machine with a maximum 

capacity of 300 kN and deformation variations of 10%, 

15%, and 20%. Then, it was followed with the aging 

process, by reheating at a temperature of 300ºC and a 

holding time of 1 hour, followed with slow cooling at 

room temperature [25]. The schematic of the 

thermomechanical process can be seen in Figure 1. 

Figure 1. Schematic of the thermomechanical process 

 

Calculation of plastic deformation using Equation 

(1) [26]:  

       
  

  
     %                                                  (1) 

Δh     = h o - hi 

Note: hi is the final height (mm), ho is the initial 

height (mm), Δh is the change in height (mm),   is a 

plastic deformation (%). The change in height due to 

plastic deformation is measured using a dial indicator 

equipped with a magnetic stand. 

Before the corrosion treatment, the samples’ 

surfaces were soldered against the tip of a conducting 

wire to allow current to flow during the test. The next 

step was mounting the samples using resin so that the 

solution only contacted the lower surfaces, which were 

polished using 8000 and 14000 mesh to make them 

smooth, shiny, and free from scratches. 

The body simulation solution used was Hanks’ 

solution with a pH of 6.8 as a corrosive solution 

because it was closest to the composition of the human 

body, as shown in Table 1. 

 
Table 1 Hanks’ solution composition 

Element NaCl KCl CaCl2 NaHCO3 MgCl2.6H2O MgSO4.7H2O Na2HPO4 KH2PO4 Glucose. 2H2O 

g/l 8 0.40 0.14 0.35 0.60 0.06 0.06 0.60 1.0 

 

2.2. Sample Examination of Surface Morphology 

and Chemical Composition 

The morphological examination of the surfaces of 

the test objects was performed out using SEM 

(Scanning Electron Microscope) Hitachi S-3400N 

EMAX X-Act series to determine corrosion marks and 

the type of corrosion, while the chemical composition 

was measured using Energy Dispersive X-ray (EDX). 

 

2.3. Corrosion Testing with a Potentiostat 

Polarization Method 

To determine the active-passive behavior of the 

sample, a corrosion test was performed using a 

potentiodynamic technique (potentiostat) in Hanks’ 

T(°C) 
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850 

W
Q 

1 h 

t(s) 

  transus 

 WQ 

 

1 h 
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solution at 37°C. The electrodes used were working 

electrodes, reference electrodes, and auxiliary 

electrodes, namely: Pt. Ag/AgCl, and steel. The three 

electrodes were immersed in Hanks’ solution, then 

connected to a potentiostat and adjusted the potential to 

obtain a curve of the relationship between potential (E) 

vs current (I). 

The Origin software test results show the Tafel 

curve to determine the Icorr value and the Ecorr value 

by making a straight-line equation on the Tafel curve so 

that the lines intersect. When a vertical line was drawn, 

the Icorr value was obtained at the intersection point, 

and when a horizontal line was drawn at the 

intersection point, the E value was also shown by the 

Origin software. The Icorr value was entered into the 

corrosion rate calculation using Equation (ASTM vol 

03.02.G02) (2).  

      
       

 
                                                  (2) 

where CR is the corrosion rate (mmpy), Icorr is the 

current density, K1 is a constant with a value of 3.27 x 

10
-3

 mm. g/µA.cm. yr, EW EW is the equivalent mass 

with a value of 11.98, is the density (g/cm
3
). 

 

2.4. Flowchart of Research Stages 

Figure 2 shows a flowchart of this study. 

 
Fig. 2 Research flowchart 

 

Experiment was started with the preparation of 

TNTZ sample materials by cutting into sizes according 

to predetermined dimensions and sanding before 

preparing Hanks’ solution. After the solution was ready, 

the sample’s microstructure and chemical composition 

were examined to get initial data before corrosion 

testing. The next step was the application of 

thermomechanical treatment, followed by the corrosion 

test of the test specimens, which performed out in the 

Hanks’ solution environment at a temperature of 37°C 

using the potentiostat method before and after 

thermomechanical treatment. After determining the 

corrosion rate, TNTZ’s microstructure and chemical 

composition of were examined to determine the type of 

corrosion that occurred. The data were then analyzed to 

determine the effect of the thermomechanical process 

on the corrosion rate and the type of corrosion. 

 

3. Results and Discussion 
 

3.1. Pre-Corrosion Treatment Characteristics  

Regarding the characteristics of TNTZ before 

corrosion, an SEM test was performed out to determine 

the initial composition of the material used. 
The results of the surface morphology examination 

using SEM can be seen in Figure 3. The SEM results 

show that there is no corrosion in TNTZ. 

 
Fig. 3 TNTZ SEM results 

 

The test results for the chemical composition of 

TNTZ can be seen in Table 2. The main element of 

TNTZ is titanium, as evidenced by the largest 

percentage by weight mass is titanium Ti, reaching 

53.04% of the total mass. In addition to titanium, other 

elements are resistant to corrosion without the presence 

of nickel. TNTZ contains niobium, tantalum, and 

zirconium by 30.94%, 12.42%, and 3.60%, 

respectively, by mass. The measurement results prove 

that the material is TNTZ because it is almost the same 

in the literature as titanium, niobium, tantalum, and 

zirconium elements by 53.009%, 29%, 13.3%, and 

4.66%, respectively, by mass [26]. 

 
Table 2 Chemical composition of TNTZ 

TNTZ 

Element Mass % Atom %  

Ti 53.04 72.43 

Nb 30.94 21.78 

Ta 12.42 5.79 

Zr 3.60 1.90 

Total 100% 
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3.2. Pre-Thermomechanical Corrosion 

Characteristics  

 

3.2.1. Corrosion Rate 

The corrosion rate value was obtained using the 

potentiodynamic polarization method (potentiostat) 

which was carried out based on Tafel analysis with a 

current of 1 mV every 1 second. The data obtained 

were processed in the Origin software, so that the Tafel 

curve was obtained on the y-axis for the current plotted 

on a logarithmic scale and the x-axis for the voltage 

used during the corrosion process, as shown in Figure 

4, using 4 TNTZ samples.  

 
Fig. 4 TNTZ Tafel curve 

  

 

 
Fig. 5 Icorr and Ecorr of the TNTZ Tafel curves of (a) sample 1, (b) 

sample 2, (c) sample 3, and (d) sample 4 

 

The Tafel curve shows the anodic region on the left 

and the cathodic region on the right. In the anodic 

region, during the corrosion process, the current given 

gets bigger while the voltage gets smaller until it 

reaches the saturation point. In the cathodic region, the 

opposite occurs; the current applied is directly 

proportional to the voltage. Furthermore, using the 

Origin software, from the Tafel curve, the values of the 

corrosion current density (Icorr) and the corrosion 

voltage (Ecorr) were determined by making a straight-

line equation on the Tafel curve tangent to the curve so 

that the lines intersect. At the point of intersection of 

the tangents, Icorr was obtained when a horizontal line 

was drawn, and Ecorr was shown when a vertical line 

was drawn at the intersection point, as shown in Figure 

5. 

Icorr of the Tafel polarization curve was incorporated 

into the calculation of the corrosion rate using Equation 

2 (ASTM vol 03.03.G02). The results of the 

calculations using equation 2 can be seen in Table 3. 

Table 3 shows that the Icorr value obtained from the 

Tafel curve was directly proportional to the corrosion 

rate; the smaller the Icorr, the lower the corrosion rate. 

This finding is in line with the results of previous 

studies [15], [16]. 

 
Table 3 Icorr, Ecorr, and TNTZ corrosion rate 

Test Icorr (A/cm2) Ecorr (mV) CR (mmpy) 

1 1.367 x 10-7 1.67 7.539 x10-4 

2 5.011 x 10-8 2.47 3.321 x 10-4 

3 1.132 x 10-7 1.77 6.159 x 10-4 

4 9.179 x 10-8 1.90 5.071 x 10-4 

Average 9.797 x 10-8 1.95 5.522 x 10-4 

 

Several materials’ corrosion rates were studied 

previously using Hanks’ solution with the same method 

as shown in Figure 6 to see more clearly the 

comparison of the corrosion rates.  

 
Fig. 6 Comparison of corrosion rates in Hanks’ solution 

 

The materials studied were Ti-6Al -7Nb [27], Ti-

15Al, Ti-5Al-2,5Fe, Ti-6Al-4Fe, Ti-6Al-4Nb, Ti-

13,4Al-29Nb, Ti-13Nb-13Zr [28]. The material with 

the lowest corrosion rate, which was 5.522 x 10-4 

mm/yr, was TNTZ, while the one with the largest 

value, 3.05 x 10-2 mm/yr, was Ti-6Al-7Nb. This 

phenomenon occurred since the material with a lower 

corrosion rate released fewer atoms during corrosion 

[29]. Additionally, the alloying elements contained in 

TNTZ, such as Nb, Ta, and Zr, apart from being 

isomorphous stabilizing elements, function and are 

used to increase corrosion resistance [30]. 

Meanwhile, studies on the corrosion of TNTZ using 

artificial body fluids, in this case, Hanks’ solution [19], 

which is similar to natural body fluids in terms of 

composition, have only been limited to comparing the 

corrosion resistance of TNTZ with those of CP-Ti [15] 

and Ti-15M0 [16] and have not determined the value of 
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their corrosion rates. 

 

3.2.2. Corrosion Type 

The type of corrosion in TNTZ was determined by 

examining the surface morphology and composition. 

The results of surface morphology examination using 

an optical microscope on the upper surface of TNTZ 

after corrosion treatment in Hanks’ solution can be seen 

in Figure 7.  

 
(a) 

 
(b) 

Fig. 7 Optical microscope photo of TNTZ: (a) Top surface; (b) 

Transverse surface pitting corrosion pattern 

 

Figure 7 (a) shows that corrosion occurred on the 

surface of the TNTZ sample is in the form of black 

perforated spots. Meanwhile, Figure 7 (b) shows that 

corrosion spreads into the material on the transverse 

surface. The shape of the spread was like a line 

spreading inward and widening inside. Based on the 

form of the spreading, the corrosion was categorized as 

pitting corrosion, which can reduce the volume of the 

material, as shown by the volume missing. 

After examining the surface morphology, a 

chemical composition examination with EDX was 

carried out on the top and transverse surfaces of TNTZ 

to ensure the corrosion in the observation area and the 

type of corrosion. The results of the TNTZ composition 

test are presented in Table 4 on the upper surface and 

Table 5 on the transverse surface. Table 4 shows the 

appearance of oxygen in each spectrum on the material 

surface after corrosion testing. The first, second, and 

third spectra showed 32.68%, 18.26%, and 24.92%, 

respectively. The first spectrum contained oxygen as 

the largest one compared to the others, indicating that 

in that area, the material surface-experienced corrosion 

dominated by oxygen. In each spectrum, apart from 

oxygen, TNTZ elements, such as titanium (Ti), 

niobium (Nb), and tantalum (Ta), were significantly 

reduced after corrosion, while zirconium (Zr) was not 

reduced by oxygen. Other elements in Hanks’ solution, 

such as magnesium (Mg), appeared on the material 

surface due to the attachment or adsorption between the 

TNTZ’s surface and the solution during the corrosion 

process, letting the elements of the solution to bind 

during the reaction. 

 
Table 4 Results of examination of the chemical composition of the 

post-corrosion TNTZ surface 

TNTZ 

Element Spectrum 1 Spectrum 2 Spectrum 3 

 Mass 

% 

Atom 

% 

Mass 

% 

Atom 

% 

Mass 

% 

Atom 

% 

O 32.68 62.32 18.26 45.86 24.92 54.85 

Mg 1.98 2.48 - - - - 

Si 6.49 7.05 4.20 6.01 5.43 6.81 

Ti 31.75 20.23 41.58 34.88 37.99 27.93 

Nb 20.95 6.88 25.03 10.82 23.05 8.74 

Ta 6.15 1.04 10.92 2.42 8.61 1.68 

Total 100% 100% 100% 

 

In Table 5, the transverse surface also shows the 

appearance of oxygen in the first spectrum of 9.22% 

and the loss of zirconium (Zr), which was initially 

3.60%, in all spectra. This phenomenon indicates that 

corrosion had occurred. The loss of zirconium (Zr) 

triggered the release of metal ions and caused 

weight/volume loss so that pits appeared in TNTZ, 

resulting in pitting corrosion. 

 
Table 5 Results of examination of the chemical composition of the 

post-corrosion TNTZ transverse surface, pitting corrosion 
TNTZ 

Element Spectrum 1 Spectrum 2 Spectrum 3 

 Mass 

% 

Atom 

% 

Massa 

% 

Atom 

% 

Mass 

% 

Atom 

% 

O 9.22 26.48 - - - - 
Mg - - - - - - 

Si 1.28 2.10 1.94 3.86 1.52 3.04 

Ti 61.10 58.61 68.45 79.88 69.36 81.32 
Nb 23.25 11.50 24.28 14.61 22.46 13.58 

Ta 5.14 1.31 5.33 1.65 6.66 2.07 

Total 100% 100% 100% 

 

Another study that examined TNTZ material in 

Kubokkos solution found that the surface of TNTZ was 

the same, i.e., blackish spots with pits indicating pitting 

corrosion, but the shape of the spreading like an ellipse 

was not too deep to spread inward [17]. Meanwhile, in 

Hanks’ solution, the spreading form is like a line 

spreading inward and widening inside. Here, Hanks’ 

solution was more corrosive than the Kubokkos 

solution because the amount of chloride compounds 

that caused corrosion was higher in Hanks’ solution, in 

which NaCl = 8 g/l, KCl = 0.40 g/l, MgCl2.6H2O = 

0.60 g/l [Table 1], while in the Kubokkos solution, 

NaCl = 7.9 g/l, KCl = 0.22 g/l, MgCl2.6H2O = 0.30 g/l 

[17]. The results of the composition examination using 

EDX in Table 3 show the appearance of the average 

oxygen of each spectrum of 25% and the reduction of 

titanium, niobium, and tantalum to 36%, 23%, and 

5.7%, respectively, in Hanks’ solution. 

Meanwhile, in the Kubokkos solution, as shown in 

Table 6, oxygen appeared to be less than 5%, and 

titanium, niobium, and tantalum were slightly reduced 

to 44.77%, 26.16%, and 13.11%, respectively. These 

reductions of titanium, niobium, and tantalum in 

Hanks’ solution triggered the release of metal ions, 

causing weight/volume loss and making the pits deeper. 
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However, in the 3% NaCl solution, uniform corrosion 

appeared because the corrosion test was not performed 

out using the potentiostat method but only an 

immersion test for up to 6 weeks at room temperature, 

instead of body temperature. Therefore, pitting did not 

appear.

 
Table 6 Chemical composition of TNTZ after corrosion [17] 

Balance %Nb %Ta %Zr Impurities 

%C %O %Na %Si %Cl 

44.77 26.16 13.11 0 0-51.34 1.59-58.74 0-8.59 0-45.89 0-7.61 

%K %Sn %Fe %Cu %Zn 

0-6.1 0-3.45 0-0.66 0-44.01 0-23.68 

%W %N %Al %S %Ca 

0-2.42 0-17.27 0-0.36 0-0.8 0-1.44 

 

3.3. Post-Thermomechanical Corrosion 

Characteristics 

In this study, TNTZ was subject to pitting corrosion. 

To increase its corrosion resistance and eliminate 

pitting corrosion (corrosion prevention), a 

thermomechanical process, therefore, was performed 

out in 3 stages: solution heat treatment (ST), 

mechanical loading a compression test, and aging 

treatment (AT).  

The uneven distribution of elements in titanium 

alloys is one of the causes of pitting corrosion. TNTZ is 

an alloy with elements and high contents, bringing it to 

experience multiple element separation and uneven 

element distribution that cause pitting corrosion. 

Thermomechanical treatment, in this case, can increase 

the occurrence of homogenization and reduce 

separation [14], thereby increasing the corrosion 

resistance. The treatment includes solution heat 

treatment (ST), mechanical loading by compression 

test, and aging treatment (AT). In the solution treatment 

process, the alloy is heated at a temperature of 850°C 

and held for 60 minutes until it forms a complete solid 

solution (that is, the single-phase region on the phase 

diagram). The matrix phase state at this temperature 

allows the elements to diffuse into the parent matrix 

and distribute themselves evenly [31]. The composition 

occurring is referred to as a solid solution, which is 

then rapidly quenched until it reaches room 

temperature and remains evenly distributed [31].  

On mechanical loading with a compression test, 

deformation occurs and causes a strain hardening 

mechanism, which causes the dislocations to deform 

and accumulate at the grain boundaries [32]. This 

accumulation makes the dislocations heavier to move, 

requiring higher shear stress to move the dislocations. 

This mechanism causes the material to strengthen so 

that the gap between the grains becomes smaller, 

resulting in a slowdown of the corrosion process and 

increasing the material’s corrosion resistance. The 

greater the deformation, the more dislocations 

deformed and accumulated at the grain boundaries, and 

the higher the corrosion resistance. Additionally, plastic 

deformation causes the alloy grains to break, triggering 

the phenomenon of recrystallization (grain growth) 

[32]. The increase in plastic deformation given to the 

alloy causes the alloy structure to become tighter. Due 

to the quenching, alloys with supersaturated solid 

solution structures tend to be unstable and form Mg2Si 

precipitates [31]. Therefore, aging treatment process 

functions to let Mg2Si dispersed and precipitated by 

reheating the solution at a temperature of 300°C and 

holding it at that temperature for 1 hour. The alloy is 

heated to accelerate the formation of the precipitates 

and make them stable, thereby strengthening the alloy 

itself. 

 

3.3.1. Post-Thermomechanical Corrosion Rate 

After the thermomechanical process, the corrosion 

rate was tested using the potentiostat polarization 

method. The results of the corrosion rate test using the 

potentiostat polarization method obtained Tafel curves 

for each of the 4 samples at 10%, 15%, and 20% 

deformations for TNTZ, as shown in Figure 8. 

The TNTZ Tafel curve in Figure 7 shows that the 

trends of the curves before the thermomechanical and 

deformation processes of 10%, 15%, and 20% are 

downwards. This phenomenon reveals that the 

corrosion resistance is better after a thermomechanical 

process, as previous studies did [14]. The lower the 

Tafel curve, the higher the corrosion resistance [15, 

16]. In addition, the greater the deformation carried out 

in the thermomechanical process, the better the 

corrosion resistance. 

 
Fig. 8 TNTZ thermomechanical treatment Tafel curve 

 

From the Tafel curve, the Icorr value, which was used 

to calculate the corrosion rate using Equation (ASTM 

vol 03.03.G02), was obtained. The results of the 
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calculations with Equation 2 can be seen in Table 7. 

 
Table 7 TNTZ thermomechanical corrosion rates 

Deformation Test Icorr (A/cm2) Ecorr (mV) CR (mmpy) 

0% 1 4.915 x 10-8 2.76 2.271 x 10-4 
2 5.075 x 10-8 2.77 2.697 x 10-4 

3 4.739 x 10-8 2.77 2.441 x 10-4 

4 6.610 x 10-8 2.47 3.609 x 10-4 
Average 5.335 x 10-8 2.69 2.754 x 10-4 

15% 1 4.451 x 10-8 2.80 1.963x 10-4 
2 4.177 x 10-8 2.81 1.937x 10-4 

3 4.591 x 10-8 2.80 2.367 x 10-4 

4 5.517 x 10-8 2.40 2.895 x 10-4 
Average 4.684 x 10-8 2.70 2.290 x 10-4 

20% 1 5.381x10-8 2.81 2.135 x 10-4 

2 4.605 x 10-8 3.36 2.324 x 10-4 

3 4.473 x 10-8 2.86 1.970 x 10-4 

4 4.004 x 10-8 2.83 1.826 x 10-4 

Average 4.616 x 10-8 2.96 2.064 x 10-4 

 

The results of Tables 3 and 7 were made in bar 

charts, and the standard deviation values were 

calculated, as shown in Figure 9.  

The results of Table 3, Table 7, and Figure 9 reveal 

the average corrosion rates before and after 

thermomechanics with deformations of 10%, 15%, and 

20%, respectively, in Hanks’ solution of 5.522 x 10
-4

 

mmpy, 2.754 x 10
-4

 mmpy, 2.290 x 10
-4

 mmpy, and 

2.064 x 10
-4

 mmpy. 

 
Fig. 9 TNTZ thermomechanical treatment corrosion rates 

 

Data on the corrosion rates show a significant 

decrease in the value of the corrosion rate before and 

after thermomechanics. This condition shows that the 

corrosion resistance increased quite high. As for the 

thermomechanical treatment, the greater the 

deformation, the lower the corrosion rate, but the 

decrease was not too high. This means that corrosion 

resistance increases when deformation increases 

because the TNTZ constituent elements, namely, 

titanium, niobium, tantalum, and zirconium, can 

facilitate the formation of small gaps or pores. 

Therefore, before the thermomechanical process on 

TNTZ, the pores into which the ions contained in 

Hanks’ solution enter still exist, thereby causing 

corrosion. The thermomechanical treatment can reduce 

the pores, preventing the ions in Hanks’ solution from 

entering, thereby reducing the corrosion process. 

 

3.3.2. Type of-Post Thermomechanical Corrosion  

The post-thermomechanical TNTZ surface 

morphology examination using SEM in Figure 10 

shows black spots, indicating the occurrence of 

corrosion. The form of corrosion, which was not 

obviously visible as pits on the surface, indicates 

pitting corrosion in post-thermomechanical TNTZ. 

Figures 10 (a), (b), and (c) illustrate that the greater 

the deformation of the thermomechanical treatment, the 

fewer the blackish spots, meaning that the corrosion 

decreased. These findings were also in line with the 

results of corrosion rate testing with a potentiostat on 

post-thermomechanical TNTZ, as shown in Table 7 and 

Figure 10, indicating that the higher the deformation, 

the lower the corrosion rate.  

 
(a) 

 
(b) 

20 µm Corrosion 

20 µm 
Corrosion 
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(c) 

Fig. 10 SEM photo of TNTZ post thermomechanical deformations 

of (a) 10% (b) 15% (c) 20% 

 

After examining the surface morphology, an 

examination of the composition of the TNTZ after 

thermomechanical treatment was carried out. Table 8 

describes the results of the thermomechanical treatment 

with 10% deformation. The reduced atomic masses of 

the elements of titanium, niobium, tantalum, and 

zirconium were replaced by the appearance of oxygen 

of 17.83%, 13.71%, and 17.72% in spectra 1, spectra 2, 

and spectra 3, respectively, indicating that corrosion 

had occurred. Table 8 also shows that the greater the 

deformation because of the thermomechanical 

treatment, the smaller the oxygen appears 10.85%, 

16.64%, and 15.52% at the 15% deformation in 

spectrum 1, spectrum 2, and spectrum 3, respectively, 

and 17.53%, 13.15%, and 13.36% at the 20% 

deformation in spectrum 1, spectrum 2, and spectrum 

3, respectively. These data show that the greater the 

deformation, the lower the corrosion rate, as indicated 

by the corrosion rate test with a potentiostat, as shown 

in Table 7 and Figure 9. 

Table 8 shows the presence of Si element 

impurities, while the elements in Hanks’ solution had 

not yet appeared in the thermomechanical TNTZ. In 

post-corrosion pre-thermomechanics, Hanks’ solution 

element, namely, Mg in TNTZ, appeared, as shown in 

Table 4. This phenomenon indicates that 

thermomechanical treatment increases TNTZ’s 

corrosion resistance. The results of this study were also 

in line with previous studies regarding the 

thermomechanical treatment of TNTZ in a corrosive 

5% HCL solution [14]. However, these studies compare 

corrosion resistance without determining the corrosion 

rates. The solution treatment process on TNTZ was 

carried out by heating to a temperature of 1063 K for 

3.6 ks, followed by water quenching (WQ). Aging 

treatment was performed by heating at a temperature of 

673 K for 259.2 ks. Furthermore, mechanical loading 

was carried out using cold rolling treatment with plastic 

deformation up to 87.5%. The corrosion resistance of 

TNTZ with thermomechanical treatment was better 

than those of Ti-30Nb-10Ta-5Zr & TNTZ ST without 

thermomechanical treatment in 5% HCL corrosive 

solution [14]. 

The results of the surface morphology examination 

only showed blackish spots that did not look too 

perforated. However, the examination of the post-

thermomechanical chemical composition of TNTZ, as 

shown in Table 8, showed no visible appearance of 

zirconium reduced by oxygen in the entire spectra. 

Therefore, in post-thermomechanical TNTZ, pitting 

corrosion still occurred although the corrosion 

resistance increased. However, thermomechanical 

treatment could reduce pitting corrosion, as evidenced 

by the relatively small number of pits. The results of 

the EDX examination in Table 8 show that the elements 

released post-corrosion were less than those before 

thermomechanical treatment. 

 

3.3.3. Material Density and Thermomechanical 

Treatment Mechanism  

Based on the research’s results, the mechanism of 

the corrosion process in TNTZ can be assumed to occur 

through a series of stages. In the first stage, the material 

received from the factory (as received) had macro 

defects in fine pits (pores) that looked like gaps. This 

was probably due to the relatively large number of 

elements that made up the TNTZ alloy material, 

namely, titanium, niobium, tantalum, and zirconium, 

that supported the formation of small gaps or pores. At 

the next step, the liquid entered the material through 

the fine pores, causing a corrosion process when the 

TNTZ alloy material was immersed in Hanks’ solution. 

The corrosion process in TNTZ indicated a 

spontaneous electrochemical reaction, which caused 

the release of metal ions and caused damage to metal 

implants. The electrochemical process is a combination 

of metal oxidation reactions, which, in this case, 

involved TNTZ at the anode and the reduction reaction 

of oxygen molecules in Hanks’ solution at the cathode.

 
Table 8 The results of the examination of TNTZ chemical composition after thermomechanics 

Thermomechanical deformation  

Element 

Spectrum 1 Spectrum 2 Spectrum 3 

% Mass % Atoms % Mass % Atoms % Mass % Atoms 

10 % O 17,83 42,54 13,71 39,23 17,72 47,00 

Si 4,49 6,10 - - - - 

Ti 50,31 40,10 46,48 44,42 42,76 37,87 

Nb 27,38 11,25 26,19 12,91 26,36 12,04 

Ta - - 13,61 3,44 13,16 3,09 

Total 100% 100% 100% 

15 % O 10,85 33,36 16,64 40,89 15,52 37,82 

Si - - 4,54 6,36 4,75 6,77 

Ti 46,14 47,36 35,33 36,64 38,39 39,74 
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Continuation of Table 8 

Nb 29,51 15,62 30,03 12,71 28,52 12,29 

Ta 13,51 3,67 13,46 3,41 13,24 3,39 

Total 100% 100% 100% 

20 % O 17,53 42,03 13,15 38,32 13,36 38,49 

Si 4,76 6,50     -     -      -    - 

Ti 36,45 36,53 45,41 44,21 46,61 44,84 

Nb 27,73 11,45 27,81 13,96 26,82 13,30 

Ta 13,52 3,48 13,63 3,51 13,21 3,36 

Total 100% 100% 100% 

 

The following are oxidation and reduction reactions 

between TNTZ metals in Hanks’ solution: 

Oxidation: M → M
2+

 + 2e
-
 

Reduction: ½ O2 + 2e
-
 + H2O → 2OH

-
 

Oxidation and reduction reactions occur in different 

areas of the metal surface, where a transfer or release 

of ions occurs through the electrolyte solution and the 

metal substrate. In the case of titanium alloys, the 

metal’s resistance to corrosion is due to the presence of 

a passive oxide layer formed due to the oxidation 

reaction of titanium with oxygen molecules. The 

stability and thickness of the passive oxide layer 

formation depend on the metal electrochemical 

potential and the titanium oxidizing ability. However, 

this passive oxide layer is very easily damaged [33]. 

The passive layer on metallic biomaterials in Hanks’ 

solution is a system consisting of both active and 

passive surfaces, which are simultaneously in contact 

with the electrolyte. Due to contact with the electrolyte 

solution, the passive oxide layer undergoes dissolution 

and re-deposition in the solution. If the dissolution rate 

is higher than the deposition rate, ions are released 

[29]. This process is called anodic dissolution. The 

high potential for oxidation of metallic materials at the 

anode can encourage an increase in the dissolution rate, 

which causes many ions to be released into the 

solution. 

The dissolution rate of TiO2 is as follows: 

Oxidation: Ti + O2 → TiO2 

Reduction: 2H2O → O2 + 4 e + 4H
+ 

TiO2 + 6Cl
-
 + 4H

+
 → [TiCl]6

2-
+ 2H2O 

Ti
4+

 + 6Cl
- 
→ [TiCl]6

2-
 

Cl in Hanks’ solution can produce Cl
-
 ions, which 

can then enter the pores of the TiO2 layer found on the 

surface of TNTZ and then form complex compounds 

and cause the TiO2 layer to get thinner and continue to 

decrease or even run out as the concentration of the 

complex compounds that bind Ti
4+

 ions to Cl
-
 

increases. The results of this study indicate that 

thermomechanical treatment of TNTZ significantly 

suppresses the corrosion rate. As explained earlier, 

before being treated thermomechanically, TNTZ had 

fine pores into which ions in Hanks’ solution easily 

penetrated, causing corrosion. The treatment, which 

was then applied to TNTZ, finally made the pores 

denser and much reduced so that the ions in Hanks’ 

solution could not enter, thereby reducing or preventing 

the corrosion. This mechanism was evidenced by the 

research showing that TNTZ’s corrosion rate and the 

concentration of metal ions released into Hank’s 

solution were significantly reduced after 

thermomechanical treatment. 

 
Fig. 11 Illustration of the mechanism of effect of thermomechanical 

treatment on TNTZ on corrosion 

 

The mechanism of thermomechanical treatment can 

be illustrated in Figure 11. TNTZ without 

thermomechanical treatment was immersed in Hanks’ 

solution. Because it still had pores or gaps, the ions in 

Hanks’ solution were easy to enter and caused the 

corrosion process and the release of metal ions from 

TNTZ into the Hanks solution. Meanwhile, TNTZ with 

thermomechanical treatment had a tighter structure that 

prevented the formation of gaps or pores for ions from 

Hanks’ solution to enter, causing the corrosion process 

to be reduced or hampered and causing the rate of 

release of metal ions from TNTZ into Hanks’ solution 

to reduce as well. 

The research results also show that the greater the 

deformation in the thermomechanical treatment, the 

higher the material density. In Figure 12, before the 

thermomechanical treatment, the average density of 

TNTZ was 6.82 g/cm
3
, which increased after the 

thermomechanical process with deformations of 10%, 

15%, and 20% to 7.65 g/cm
3
, 8.09 g/cm

3
, and 8.77 

g/cm
3
, respectively. The greater the deformation in the 

thermomechanical treatment, the denser the material, 

thereby increasing the corrosion resistance, as shown in 

Table 7. This finding agreed with previous studies, 

saying that the greater the deformation in the 

thermomechanical treatment, the greater the corrosion 

resistance [14]. Thermomechanical treatment increases 

the material density but does not change its crystal 
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structure (unit cell) [21]. Phase β TNTZ titanium has a 

BCC (body-centered cubic) unit cell with an atomic 

density factor (APF) arrangement of 68% [32].  

 
Fig. 12 Density of thermomechanical treatment TNTZ 

 

4. Conclusion 
Based on the research, it can be concluded that: 

1. Thermomechanical treatment has been proven to 

effectively prevent the corrosion in TNTZ material 

based on the analysis that showed the decreasing of 

numbers of pit that found TNTZ samples. These 

findings indicate that the treatment could reduce pitting 

corrosion. The results of the EDX examination also 

showed that the elements released post-corrosion after 

thermomechanical treatment were less than those 

before the treatment. 

2. The results of the corrosion rate test showed that 

TNTZ was still better than other materials at corrosion 

resistance. Also, thermomechanical treatment could 

reduce TNTZ’ corrosion rate, which decreased along 

with the increase in deformation rates. The most 

valuable reduction in corrosion rate occurred at a 

deformation level of 20%. This was indicated by the 

lower corrosion current density (Icorr) and the greater 

corrosion stress (Ecorr) that means the corrosion rate 

was lower than before the thermomechanical treatment. 

Overall, the results of this study indicated that TNTZ 

resulting from thermomechanical treatment is the best 

material for use in biomedical applications compared to 

other materials. 

 

4.1. Recommendations and Future Research 

1. Thermomechanical treatment can improve the 

corrosion resistance of titanium materials; however, 

there is still a problem to overcome which is the pitting 

corrosion that is found in TNTZ that probably occurs 

due to the pressing process that conducted at room 

temperature could prevent the homogenization process 

from reaching its optimal state. For this reason, future 

research should conduct mechanical loading with hot 

forging below the β transus temperature to further 

enhance the homogenization process and reduce 

element separation to prevent elements from being 

released and producing holes (reduction in volume). 

2. The amount of metal ions released due to 

corrosion is also important to know because the higher 

metal ions released will increase the toxicity that 

causes allergies and other biological effects, which 

must be considered for the safety of metal biomaterials. 

The release of metal ions the body in the amount 

exceeding 1 ppm can result in the formation of toxins 

(poisons) in the body. Due to the important effect of the 

released metal ions on the body, further research on the 

amount and characteristics of the released ions is 

important and useful to control the release triggered by, 

in particular, corrosion. 
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