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INTRODUCTION 

Titanium and  titanium alloys are included in the active metals group and have good corrosion resistance in saline 

environments. Additionally, titanium and its alloys have moderate mechanical properties and low density compared to 

steel and other non-steel metals [1]. With such properties, they are widely used as biomaterials in the form of implants 

[2]. Among them, commercially pure titanium (CpTi) is a very effective material for implants owing to its compatibility 

with body fluids and the fact that is non-toxic in the environment of the human body [3, 4]. When being used as a 

biomedical material, CpTi must have sufficient strength to tolerate daily activities. This is especially true for hip 

replacement surgeries, where the femoral head and metallic cup experience quite a lot of stress [4]. The rigidity of CpTi 

(160HV) [5] is relatively lower than that of stainless steel (180HV, ASTM/AISI A316) [6] which has also been used as 

a biomedical material. Therefore, it is necessary to treat the surface of CpTi that being applied for biomaterials for it to 

have adequate surface resistance. 

Several methods of surface treatment and their effects on titanium have been reported by several researchers for the 

purpose of hardening of the material’s surface [7]. The surface hardening techniques that were studied are treatment by 

anodic oxidation, sandblasting, coating by carbide, plasma nitriding, electrochemical treatment, laser treatment, solution 

treatment and nitrogen ion implantation [8-16]. Surface hardening through the ion implantation technique produces a hard 

surface without changing the dimensions and induces the surface hardness with a very thin case [17, 18]. The ion 

implantation technique uses nitrogen as an ion source and is expressed as CpTi [14]. Implantation of nitrogen ions 

produces a very hard titanium nitride phase (TiN and Ti2N) on the CpTi surface [5]. 

The surface of CpTi will change some of the mechanical properties expressed by monotonic and cyclic behavior or 

fatigue The cyclic behavior is known to couse fatigue in the laboratory environment, and in the corrosion media, it is 

known as corrosion fatigue. The properties of monotonic and cyclic behavior are expressed in the form of constants in 

the equations relating to static and dynamic behavior. A study by Branco et al. [19] has investigated the  monotonic and 

cyclic behavior of the tempered alloy steel. Another related work is to study the estimation of the Basquin parameter, 

using high cycle fatigue test data [20]. So far, no paper has discussed the monotonic and cyclic behavior of nitrogen ion 

implanted CpTi.  

Based on the description above, the monotonic and cyclic behavior of CpTi, which had undergone surface treatment 

using the nitrogen ion implantation method, is to be required as an effort to enrich the reference area. Therefore, the 

purpose of this study is to obtain the monotonic and cyclic properties of CpTi which has undergone surface treatments 

using the nitrogen ion implantation methods. The data presented in this study is important for developing and validating 

ABSTRACT – This research aims to study the behavior of monotonic and cyclic plastic deformation 
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implantation method. The doses of 2.0×1017 ions/cm2 and the energy of 100keV were used to 
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more accurate analytical and numerical models, which can be used in the development of safer and more reliable 

mechanical and biomechanical components. 

 

METHODS AND MATERIALS 

Materials 

The material used in this study was CpTi delivered from Fiko Ltd., Ukraine, in the form of a rod with a diameter of 

30mm. CpTi-G2 has a moderate strength of these grades, with a minimum yield strength of 250MPa. It could be 

considered for any applications where biocompatibility, strength and corrosion resistance are important. It also has been 

shown to have good ductility, formability, and corrosion-fatigue resistance in seawater. The properties and compositions 

of the investigated materials are shown in Tables 1 and 2. 

 

Table 1. Chemical composition of CpTi as delivered 

Elements N C H Fe O Al Si Ti 

Weight (%) 0.04 0.05 0.003 0.13 0.11 0.49 0.03 Base 

 

Table 2.  Mechanical properties of the CpTi as delivered 

Tensile Strength 

(MPa) 

Elongation 

(%) 

Reduction Area 

(%) 

Impact 

Strength 

430 29 56 16 

. 

Process of Nitrogen Ions Implantation 

In the ion implantation process, nitrogen ions are implanted into the surface of the components by using the kinetic 

energy of high beam energy, so that the ions penetrate the crystal structures [21]. As a result, the surface is geometrically 

almost unchanged but contains an extremely fine dispersion of titanium nitrides. The hard nitride phases improve the 

tribological properties by increasing surface hardness and reducing abrasion [18]. 

The implantation of the nitrogen ions into the CpTi surface was performed in a target chamber of the particles 

accelerator (Type: Cockcroft-Walton; model: ICS-SP 1104 200keV/ 200μA) in the Center for Accelerator Technology at 

Badan Tenaga Atom Nasional (BATAN), Yogyakarta, Indonesia. The vacuum of the target chamber was maintained 

below 10-6mBar, during the ion implantation process. The current density of the ion beam was maintained between 50 

and 200μA/cm2. The ion beam processes operate at a temperature between 150°C and 200°C, depending on the level of 

the ion beam flux, [22]. The parameter used for the implantation of nitrogen ion was with the doses of 2.0×1017 ions/cm2 

and the energy of 100 keV. The dose of 2.0×1017 ions/cm2 and energy of 100keV were a combination of ions implantation 

parameters that obtained optimal CpTi surface properties as stated in previous studies by Fulazzaky [5]. 

 

Monotonic Stress-Strain Test 

A Shimadzu Servopulser, a universal testing machine, was used to measure the tensile stress of CpTi and Nitrogen 

implanted CpTi (Nii-Ti). The tensile testing machine used was connected to a computer and was run through a specialized 

software (Shimadzu Gluon, Version 2.40). The specimen and procedure used followed ASTM E 8 - 08 standard [23]. 

Two specimens with a diameter of 6 mm were tested  at room temperature and at displacement rate of 1 mm per minute 

until the specimen fracture occurred.  Figure 1 shows the tensile test specimen according to ASTM E-8. The engineering 

stress and strain, shown in this paper as σ and ɛ, respectively, were determined from the maximum load using the original 

cross-sectional area of the specimen. The strain was computed using a gauge length of the specimen as referred to in the 

work of Ali et al. [24]. The engineering stress and strain are defined by the ratio of maximum tensile load and original 

area and the total elongation and original gauge length, respectively [25].  

 

 

Figure 1. Shape and size of the tensile test specimen (in mm) 

 

 

  90 

 ɸ 6 
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Fatigue Test 

The stress-amplitude controlled fatigue tests were conducted (fully-revesed loading) using Shimadzu Servopulser 100 

kN capacity. Shimadzu Gluon test execution and data processing software version 2.40: 2001 were used to run the fatigue 

test and data processing. Axial stresses are applied in the range of 20% - 50% under tensile stress (the stress amplitude 

lies between 230–320MPa) [26] with the stress ratio R=-1 and frequency 10-20Hz. Three charges of the specimen were 

prepared to achieve the behavior of fatigue in an air laboratory environment and in a saline solution which is defined as 

corrosion fatigue. The fatigue testing of two charge specimens CpTi and nitrogen ion implanted-titanium (Nii-Ti)) was 

carried out in an air laboratory environment and the other charge of the specimen (Nii-Ti) was tested in a saline solution. 

The corrosion chamber was attached to the gage section using the same silicone adhesive. The form and size of the 

specimen used are shown in Figure 2 ccording to the ASTM 1801-97 [27]. 

The gage section of the specimen for corrosion fatigue testing was submerged in the saline solution using a corrosion 

chamber; a fluid supply system and saline solution in a reservoir during fatigue testing. The fatigue tests were carried out 

on the original CpTi specimens and the nitrogen implanted CpTi specimens, while corrosion fatigue tests were carried 

out on nitrogen ion implanted CpTi specimens. The corrosion fatigue  properties of CpTi has been studied by Zavanelli 

[28] in terms of corrosion fatigue life for a selected stress level. A pump was utilized to provide a fresh supply of corrosive 

fluid to the specimen with a flow rate of 500ml/min. An air compressor was also used to supply oxygen to the fluid 

reservoir through a diffuser ball. This action would provide constant oxygen content in the solution during the fatigue 

test. The saline solution is prepared as a corrosion medium according to ASTM F1801-97 [27]. Figure 3 shows the 

Shimadzu Servopulser 100kN fatigue machine running a test.  

 
Figure 2. Form and size of the fatigue specimen (in mm). 

 

 
Figure 3.  Fatigue tests machine of the Shimadzu Servopulser 100kN capacity 

 

RESULTS AND DISCUSSION 

Monotonic Stress-Strain Relationship 

The presence of nitrides phase on a nitrogen ions implanted surface caused a change of the tensile properties of the 

CpTi. The change in tensile property is significant, data from experimental work verifies that the maximum tensile stress 

value is 539MPa for nitrogen-ions implanted CpTi. Therefore, Nii-Ti is stronger than that of 497MPa for the CpTi in σu-

ɛ stated in the  σu-ɛ graph as shown in Figure 4. The effect of nitrogen ion implantation is clarified with the increasing of 

the tensile properties of the CpTi surface. This is due to the presence of foreign atoms inside the substrate, besides surface 

damage and lattices defect, which changes the configuration of the microstructure on the material [29].  

The change in strain is quite significant, experimental data verifies that the maximum ɛ value of 0.367 (or 36.7%) for 

Nii-Ti in σu- ɛ is more ductile than that of 0.333 (or 33.3%) for CpTi in σu- ɛ, as shown in Figure 4. The value of ɛ for Nii-

Ti is more ductile than those of CpTi due to the possible crystal lattice structures of Ti atoms that have reacted with 

Saline solution 

 

Corrosion fatigue chamber 
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Pump 

90 
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nitrogen to form more flexible amorphous structures of the titanium nitride (TiN) phase at the implanted CpTi surface. 

Figure 4 shows the engineering stress-strain graph of CpTi and Nii-Ti. Figure 5 shows the  true stress-strain graph of 

CpTi and Nii-Ti. The improvement of tensile stress and elongation of Nii-Ti specimens is due to the formation of a new 

phase composed of a mixture of face-centered cubic (fcc) TiN and tetragonal Ti2N which inhibits further nitrogen 

diffusion into the bulk [30]. It was concluded that the mechanical properties of Nii-Ti are quite different from the CpTi 

specimen.  

 

 

Figure 4. Engineering stress-strain curve of CpTi and Nii-Ti 

 

 

 
Figure 5. True stress-strain curve of CpTi and Nii-Ti 

 

Offset Yield Strength of CpTi and Nii-Ti 

The calculation of 0.2% offset yield strength is subjected to verify the yield strength of used materials in the current 

study. The procedure of measurement is referred to as ASTM E8-04 [23]. The results of tensile properties are shown in 

Table 3. The mechanical properties shown in Tabel 3 are the verification results for the graphs in Figures 4 and 5. The 

tensile properties of CpTi are 497MPa and 385MPa for tensile and yield stress, respectively, while for Nii-Ti are of 

539MPa and 440MPa. 
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Table 3. Mechanical properties of CpTi and Nii-Ti 

Parameter Symbol (Unit) 
Specimen 

CpTi Nii-Ti 

Young Modulus E (GPa) 100 100 

Ultimate tensile strength σu (MPa) 497 539 

Yield stress (0.2%  offset) σy (MPa) 385 440 

Elongation  (25 mm) (%) 33.3 36.7 

True fracture strength σf (MPa) 703.63 718.72 

True fracture ductility - 0.429 0.457 

 

The total true strain is defined as the summation of elastic and plastic components that can be expressed in an Eq.  (1): 

𝜀𝑡 = 𝜀𝑒 + 𝜀𝑝 (1) 

The true stress versus true plastic strain plot is modeled as a straight line. The curve is expressed using a power low 

function as in Eq.  (2):  

𝜎𝑓 = 𝑘(𝜖𝑝)𝑛 (2) 

where 𝜎𝑡 represents the true stress of the material, εp is the true strain, k is the strength coefficient and n is strain 

hardening exponent. The strain hardening exponent value ranges between 0 and 1. The zero value (0) identifies that a 

material is a perfect plastic solid, while the value 1 represents a 100% elastic solid. Most metals have n values between 

0.1 and 0.5. [31].  

Two important quantities can be defined at the fracture of the tensile test. These are true fracture strength (𝜎𝑓 is true 

stress at final fracture) and true fracture ductility as shown in Eq.  (3): 

𝜎𝑓 =
𝑃𝑓

𝐴𝑓

 (3) 

where 𝐴𝑓 donated the area at fracture and 𝑃𝑓donated the load at fracture. Eq.s (4) and (5) show the fracture ductility:  

𝜀𝑓 = ln
𝐴0

𝐴𝑓

=  ln
1

1 − 𝑅𝐴
 (4) 

𝑅𝐴 =
𝐴0 − 𝐴𝑓

𝐴0

 (5) 

where RA is the  reduction area 

 

The true fracture properties of CpTi and Nii-Ti are summarized in Table 4. The value of the true fracture properties 

involves true strength (𝜎𝑓), true strain (𝜀𝑓) and Reduction Area (RA).  

 

Table 4. The value of true fracture properties 

Sample 𝑃𝑓 (N) 𝐴𝑓 (mm2) 𝜎𝑓(Mpa) 𝐴0 (mm2) RA 𝜀𝑓 

CpTi 477 3.86 703.63 5.93 0.349073 0.429357 

Nii-Ti 566 3.76 718.72 5.94 0.367003 0.457290 

 

The strength coefficient is defined, k in term of true stress at facture, 𝜎𝑓 and the true strain𝜀𝑓; as shown in Eqs. (6) and 

(7): 

𝜎𝑓 = 𝑘(𝜀𝑓)𝑛 (6) 

and 

𝑘 =
𝜎𝑓

𝜀𝑓
𝑛

 (7) 

Log-log plot of the true stress and true strain resulting in the value of strength coefficient (k) and strain hardening 

exponent (n) is shown in Figure 6. Table 5 summaries the value of strength coefficient (k) of 933 and 1133 MPa and for 

CpTi and Nii-Ti and the value strain hardening exponent (n) of 0.21 and 0.26 for CpTi and Nii-Ti, respectively.  

 



N. Ali  et al.  │ Journal of Mechanical Engineering and Sciences │ Vol. 15, Issue 1 (2021) 

7666   journal.ump.edu.my/jmes ◄ 

 

Figure 6. The plot of true stress vs true strain for CpTi and Nii-Ti 

 

Table 5. The strength coefficient (k) and strain hardening exponent (n) 

Sample k (MPa) n 

CpTi 922 0.21 

Nii-Ti 1133 0.26 

 

The obtained curve as shown in Figure 5 can be described by the power law formula as follow, Eq.  (8): 

𝜎𝑓 = 922(𝜀𝑓)0.21 for CpTi 

 

𝜎𝑓 = 1133(𝜀𝑓)0.26  for Nii − Ti 
(8) 

 

Cyclic Stress-Strain Relationships 

The stress-plastic strain power law relation for fatigue CpTi and Nii-Ti is described in Eq. (9): 

𝑆𝑎 = 𝑘′(𝜀𝑝)𝑛′ (9) 

where Sa is the stress amplitude (MPa), εp is the plastic strain, k’(mm/mm) is the strength coefficient and n’ is cyclic 

strain hardening exponent. Tables 6 and 7 show the data of cyclic strain vary with stress amplitude for CpTi and Nii-Ti, 

while Figure 7 and Figure 8 draw the log-log plot of stress amplitude and plastic strain for CpTi and Nii-Ti. The standard 

value of strain hardening exponent lies between 0.10 and 0.25 [31].  

 

Table 6. The variation of cyclic strain with stress amplitude for CpTi 

Stress amplitude 

(Sa, MPa) 

Plastic strain 

(𝜀𝑝) 
Elastic strain 

(𝜀𝑒) 

230 0.0062 0.3261 

240 0.0064 0.3647 

250 0.0087 0.3665 

260 0.0148 0.3924 

270 0.0136 0.4574 

280 0.0127 0.4610 
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Figure 7. The true stress amplitude vs true plastic strain plot of CpTi 

 

Table 7. The variation of cyclic strain with stress amplitude for Nii-Ti 

Stress amplitude 

(Sa, MPa) 

Elastic strain 

(𝜀𝑒) 

Plastic strain              

(𝜀𝑝) 

260 0.3683 0.0043 

270 0.4034 0.0069 

280 0.4200 0.0086 

300 0.4291 0.0082 

320 0.4156 0.0102 

 

 

 
Figure 8. The stress amplitude vs true plastic strain plot of Nii-Ti 

 

Table 8. The values of cyclic strength coefficient (k’) and strain hardening exponent (n’) 

Sample k’ (MPa) n’ 

CpTi 568.41 0.176 

Nii-Ti 818.64 0.215 
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The value of k and n’ for CpTi and Nii-Ti are established from power function as shown in Eq. (9), described from 

the plot in Figures 6 and 7 and summarized in Table 8. The value of k’ is 568.14 and 818.64 for CpTi and Nii-Ti and the 

value n’ is 0.176 and 0.215 for CpTi and Nii-Ti, respectively. The value k’ and n’ are then substituted into Eq. (9), then 

the result in Eq. (10): 

𝑆𝑎 = 568.41(𝜀𝑝)0.176 for Cp-Ti (9) 

and 

𝑆𝑎 = 818.64 (𝜀𝑝)0.215 for Nii-Ti (10) 

The results of n’ values for both specimens are following the standard value and agree with the work of Kosturek et 

al. [32].  Regression analysis results found that the value of R2 is below 0.8, however, the values of strain hardening 

exponent (n ') were still within the standard  range. Therefore, the results obtained in this study are still acceptable with a 

few notes. This is because of the use of very limited data to draw the graphs (ref. to Figures 7 and 8). 

 

Formulation of Stress-Cycle Relationships 

The stress-life method is a classic method for analyzing metal fatigue and this method was originally the result of 

Wöhler's work in 1860. The strength in the structure or component of the machine is related to the limit of material 

fatigue. The basis of this method is the S-N curve of the material obtained by testing it in the laboratory for small 

specimens until the material fails. The S-N behaviors of CpTi and Nii-Ti in laboratory air and in saline solution follows 

Wöhler’s linear relationships in comparison with the work of Fleck & Eifler [33]. Figure 9 shows the Semi-log plot of 

the S-N curve that can be achieved the Wöhler’s and Busquin’s relationships. The Wöhler equation is obtained by 

formulating the linear relationship of the S-N curve for CpTi, Nii-Ti in the air laboratory and Nii-Ti in saline solution,  

corrosion fatigue, (refer to Figure 9) respectively, as shown in Eq. (11). 

𝑆𝑎 = 290.77 − 5.0𝑥10−6(𝑁𝑓); for CPTi, 

𝑆𝑎 = 293.81 − 4.0𝑥10−6(𝑁𝑓); for Nii-Ti, 

𝑆𝑎 = 292.19 − 1.0 𝑥10−5(𝑁𝑓);for Nii-Ti in saline solution, and 

𝑆𝑎 = 291.19 − 1.0 𝑥10−4(𝑁𝑓); Fleck & Eifler [33] 

(11) 

 

 
Figure 9. Relationships of semi-log S-N curve for obtaining the Wöhler’s and Busquin’s formula 

 

The following equations identifis the Busquin’s formuala for CpTi, Nii-Ti in air laboratory and Nii-Ti in saline 

solution, respectively: 

𝑆𝑎 = 420.40(𝑁𝑓)−0.034, for CpTi, 

𝑆𝑎 = 429.85(𝑁𝑓)−0.033, for Nii-Ti, and 

𝑆𝑎 = 471.34(𝑁𝑓)−0.043, for Nii-Tin in saline solution 

𝑆𝑎 = 448.70(𝑁𝑓)−0.045, Fleck & Eifler [33] 

(12) 
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Eq. (12) is in  accodance with the Basquin’s law that is the change in fatigue life, Nf , with stress amplitude, Sa [20]: 

 

𝑆𝑎 =
𝛥𝑆

2
= 𝑆′

𝑓(𝑁𝑓)𝑏 (13) 

or 

𝛥𝜀𝑒

2
=

𝑆

2𝐸
=

𝑆𝑓
′

𝐸
(𝑁𝑓)𝑏 (14) 

where, 𝑆′𝑓  represents the coefficient of fatigue strength and b represents the elastic exponent also known as the 

Basquin’s exponent. The value of  𝑆′𝑓 and b is listed in Table 9. Form Table 9 can be seen that b values for all specimens 

lies between -0.33 and -0.43. These values are slightly smaller than the standard values for metals, which range from 

≈0.05 to -0.12, with standard deviations above 90%. This result is therefore very acceptable as valid data. 

 

Table 9. Coefficient of fatigue strength ( 𝑺′𝒇) and elastic exponent (b) 

Sample 𝑆′𝑓 (MPa) b R2 

CpTi 420.40 -0.034 0.90 

Nii-Ti 429.85 -0.033 0.91 

Nii-Ti in Soline Solution 471.34 -0.043 0.93 

Cp-Ti Fleck & Eifler [33] 448.70 -0.040 0.94 

 

CONCLUSIONS 

This study provides useful information regarding material properties that will contribute to the fields of materials 

science and technology. The monotonic properties for CpTi and Nii-Ti were tensile strength (σu) of 497MPa and 539 MPa 

and 0.2% offset yield strength (σy) of 385 and 440MPa, respectively and the strength coefficient (k) of 922 and 1133MPa 

and strain hardening exponent (n) of 0.21 and 0.26, respectively. The cyclic properties were the stress amplitude of 

250MPa for CpTi and the stress amplitude of 260MPa for Nii-Ti cyclic strength coefficient (k’) of 568.41 and 818.64MPa 

and cyclic strain hardening exponent (n’) of 0.176 and 0.215, respectively. 
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