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Aims This study investigated the effect of conventional and climb milling methods on pure 
titanium sheets’ mechanical properties, corrosion resistance, and microstructure. The goal was 
to enhance their performance in biomedical applications, particularly for implants exposed to the 
body’s corrosive environment.
Materials & Methods Pure titanium sheets (4mm thick) were machined using conventional 
and climb milling methods without coolant. Mechanical properties, including hardness and 
wear resistance, were evaluated using Vickers hardness testing and wear testing, respectively. 
Corrosion behavior was assessed through electrochemical corrosion testing in a simulated body 
fluid. Microstructural changes were analyzed using X-ray diffraction and Williamson-Hall analysis 
to determine dislocation density and crystallite size.
Findings There was a significant increase in hardness for the milled samples, with the 
conventionally milled sample exhibiting the highest hardness value of 334HV, compared to 
292HV for pure titanium. Wear resistance improved, with weight loss reduced to 10mg for climb 
milling and 11mg for conventional milling, compared to 18mg for pure titanium. The corrosion 
rate in the conventionally milled sample decreased significantly to 0.0003mm/year, much lower 
than the 0.07mm/year observed for pure titanium. X-ray diffraction analysis showed a decrease 
in peak intensity at 35° and 40°, indicating an increase in dislocation density and a reduction in 
crystallite size from 45nm to 32nm.
Conclusion Conventional and climb milling methods impact pure titanium sheets’ mechanical 
and corrosion properties, influencing their performance in dental and knee implants.
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Introduction 
Titanium alloys are widely used across various 
industries, including aerospace, medical, and 
military, due to their unique characteristics, such as a 
high strength-to-weight ratio, corrosion resistance, 
and biocompatibility [1, 2]. Pure Ti exhibits two 
allotropic structures: Hexagonal close-packed (HCP, 
α-phase) at room temperature and body-centered 
cubic (BCC, β-phase) at temperatures above 882°C [3]. 
In addition to these excellent properties, titanium 
alloys can suppress metal ion release due to the 
formation of a strong, thin oxide layer (passive layer) 
that results from the material's natural activity. This 
makes them a highly suitable material for medical 
implants, where biocompatibility and safety are 
paramount [4]. However, machining titanium alloys 
have always been a significant challenge, as their 
specific properties hinder machinability [5]. Titanium 
alloys are prone to workpiece surface burning due to 
their low thermal conductivity, high chemical 
reactivity, and relatively low modulus of elasticity. 
This leads to severe tool wear and deformation 
during machining [6]. The increasing use of titanium 
alloys, particularly Ti-6Al-4V, in various industries, 
along with the challenges in machining, has led to 
extensive research in recent years on machining 
titanium alloys and pure Ti [7]. In 2018, Narita [8] 
studied the machining of sloped surfaces. It showed 
that contact patterns were critical, requiring 
simultaneous contact of the lower edges and upper 
corners to achieve a good surface finish. Yujiang & 
Tao [9] investigated the high-speed milling of TC11 
titanium alloy and concluded that increased speed 
reduced tool wear resistance and significantly higher 
milling forces and surface roughness. Jiang et al. [6] 
examined the relationship between different 
machining paths and surface integrity, finding that 
machining direction significantly impacted surface 
integrity, and a change in direction could reduce 
surface roughness by almost 40%. Kumar et al. [10] 
studied surface roughness during the miniature 
milling of grade 2 and 5 titanium under dry 
machining conditions, demonstrating that depth of 
cut had the least impact on surface roughness. 
Danesh & Rahimi [11] investigated the effect of tool 
vibration and wear on workpiece surface topography 
during the machining of Ti-6Al-4V alloy, observing 
that increased free surface vibrations led to surface 
irregularities and reduced workpiece quality. Festas 
et al. [12] analyzed the challenges of machining 
titanium for medical applications, noting that the 
main issue was the extraction or dissipation of the 
excessive heat generated during cutting, which is 
inherent to the material's properties. Additionally, 
the high wear rate resulted in shorter tool life. Brown 
et al. [13] studied the deformation characteristics of 
machined surfaces of titanium alloys, finding that 
lower-speed milling resulted in greater depth of 
deformation. Daniyan et al. [14] conducted a numerical 

and experimental analysis of surface roughness 
during the milling of Ti6Al4V alloy, revealing that the 
machining parameter Ra=0.035 µm resulted in the 
lowest surface roughness. Zhu & Beaucamp [15] 
compared the surface morphology of Ti6Al4V alloys 
machined with uncoated and TiAlN-coated tools 
under various lubrication conditions, concluding that 
the TiAlN coating improved surface roughness. In 
contrast, uncoated alloy wear became more severe at 
a 75m/min cutting speed. Various machining 
processes are capable of processing almost all 
engineering materials. These technologies play a 
critical role in the properties of vital components in 
advanced equipment [16-18]. During machining, the 
tool edges contact the workpiece surface, combining 
compressing, scratching, plowing, and cutting to 
remove material or induce plastic deformation on the 
machined surface [19-21].  
In contrast to previous studies that primarily focused 
on the effect of a single milling method (such as 
conventional or climb milling) on the mechanical 
properties or corrosion behavior of titanium, this 
research simultaneously aimed to investigate the 
impact of two milling methods (conventional and 
climb milling) on the mechanical properties, 
corrosion resistance, and microstructure of pure 
titanium. Additionally, using the Williamson-Hall 
method to analyze microstructural changes (such as 
dislocation density and crystallite size) and their 
correlation with improvements in mechanical 
properties and corrosion resistance represents an 
innovative approach in this study.  
 
Materials and Methods 
This experimental study applied the milling process 
using a three-axis Fp4md machine.  
The machining was done in conventional and climb 
milling modes without using any coolant on the 
workpiece surface (Figure 1). A thickness of 4mm 
was selected for the titanium samples (Ti: 99.34%; 
Fe: 0.2%; O: 0.18%; H: 0.15%; C: 0.08%; N:0.03%) as 
it is closer to those used in medical applications, 
particularly for dental and orthopedic implants, and 
avoids the assumptions associated with thin sheets. 
The mechanical and experimental tests (such as 
hardness testing, wear resistance, and corrosion 
analysis) and microstructural analysis (using XRD 
and the Williamson-Hall method) were conducted. 
Each test was repeated multiple times, and the data 
were reported with high precision to ensure the 
reliability of the results. 
The sample phases were analyzed using X-ray 
diffraction (XRD) with the explorer machine (GNR; 
Italy) under 40kV voltage and 30mA current. The 
hardness of the samples was measured using the 
Vickers method with an INNOVATEST NEXUS 
XL8000 hardness tester. A tungsten indenter with a 
2.5mm diameter and a load of 612.9N was applied for 
a holding time of 15 seconds, following the ASTM 
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A370 standards of 2020. Each sample was tested at 
least three times to obtain an average value.  
Wear testing was conducted using the pin-on-disk 
method in a specialized laboratory following ASTM 
G99 standards. The test was performed in dry 
conditions at room temperature under a load of 5N 
for 3600 seconds, at 60rpm, with a steel pin as the 

abrasive material. Electrochemical corrosion tests 
were conducted in -250 to +250mV, with a scan rate 
of 1mV and an open circuit potential (OCP) test 
duration of 900 seconds. Surface roughness tests 
were conducted according to ISO 21920-3-2021 
standards at 25°C and 19% humidity. 
 

 

 
Figure 1. a: Milling machine (TiAln) and schematic of tool movement (advance speed: 34mm/s; shear speed: 160m/min; sequence length: 
45mm; length of cutter: 35mm; tool diameter; table speed: 35m/h); b: Machining tool and titanium sheet (milling depth: 0.4mm; rotational 
speed: 1250rpm); c: Stages of the experiment; d: Intended applications of the project 
 
The Scherrer equation is used to calculate crystallite 
size. 
DC = 

𝑘𝑘 𝜆𝜆
𝛽𝛽 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐                         (1) 

Where Dc (nm) is the crystallite size, k is the shape 
factor (k=1), β is the wavelength of the X-ray beam, θ 
is the Bragg angle at the peak maximum (radians), 
and (β) is the full-width at half maximum (FWHM) of 
the peak (in radians), referring to the deviation from 
peak intensity in the XRD pattern. X-ray diffraction 
operates based on Bragg's law: 
𝑛𝑛𝑛𝑛 = 2𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑                        (2) 
This formula becomes important for examining small 
crystallites, where the broadening of peaks in the 
diffraction pattern is significant. The Bragg angle (θ) 
is where the diffraction intensity is at its maximum. 
The relationship between the peak width (β) and the 
crystallite size Dc is derived from the wave 

distribution theory [22, 23]. The diffraction peaks 
broaden when the crystallite size decreases [24, 25]. 
The full width at half maximum (β) is related to the 
crystallite size, and the distribution of these waves 
expresses the angular width of the peak as described 
by the following equation. 
𝛽𝛽 =

𝑌𝑌
2                                       (3) 

𝛽𝛽 ≈
λ

𝐷𝐷𝐷𝐷 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶                         (4)                            
By inserting the shape factor (k=1), which corrects 
for particle shape and sample geometry, the equation 
takes the general form of the Scherrer formula: 

𝑋𝑋 =
      

 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
 𝜆𝜆 

                              (5) 

𝜆𝜆 =
      

 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
𝑋𝑋                                (6) 

𝐷𝐷𝐷𝐷 =
2𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝑋𝑋 𝑌𝑌                           (7) 
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𝐷𝐷𝐷𝐷 =
𝑘𝑘 𝜆𝜆

𝛽𝛽 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
                         (8) 

The Williamson-Hall equation is as follows: 
𝛽𝛽 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 =

𝐾𝐾 𝜆𝜆
𝐷𝐷 +  4𝜀𝜀 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠          (9) 

Where k is the shape factor (k=1), β is the wavelength 
of the Xλ, D is the crystalline size (nm), the average 
crystal size, ϵ is the microstrain, which indicates 
structural deformation in the crystals, and θ is the 
Bragg angle at the maximum peak (radians), with the 
peak width at half maximum (radians) indicating the 
deviation from the intensity peak in the XRD pattern. 
This equation demonstrates the relationship 
between two phenomena: β represents the 
fluctuations and variations in peak width due to ϵ and 
D, and ϵ is also related to crystal deformation under 
the influence of stresses. A line can be analyzed by 
plotting the data points using the Bragg relationship 
(2), where n is an integer representing the number of 
crystal planes. If the Williamson-Hall relationship is 
divided by λ: 
β Cosθ
λ 

=
4𝜀𝜀 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

λ +
K
D                 (10) 

 
𝑋𝑋 =

Sinθ
λ , 𝑌𝑌 =

β Cosθ
λ                  (11) 

The slope of the line represents 4ε, indicating the 
crystallite size. The Williamson-Hall formula helps 
analyze the effect of ϵ (strain) and crystallite size on 
materials' structural quality and properties. Micro 
strain refers to very small deformations within the 
crystal [26], and peak broadening in diffraction 
corresponds to the deviation in atomic positions [27]. 

Dislocation density, or defect density [28], refers to the 
number of defects within a material unit. These 
defects can exist as dislocations in the crystal 
structure, influencing the mechanical and physical 
properties of the material. As crystallite size Dc 
decreases, the contact surface of crystal edges 
increases, leading to the creation and rise in defect 
numbers. There is an inverse relationship between 
the square of crystallite size and dislocation density. 
Overall, these concepts are particularly important in 
analyzing the mechanical properties of materials and 
X-ray diffraction patterns. The XRD results and 
Williamson-Hall analysis show that the milling 
process, especially in conventional milling, has 
significant effects on the crystalline structure of 
titanium. These changes can be applied in designing 
and producing medical implants, particularly for 
dental and knee applications, to provide patients 
with longer-lasting and safer performance. 
 
Findings 
XRD and Williamson-Hall Analysis 
The XRD results indicated that the peak intensities at 
35° and 40° had significantly decreased in the 
titanium samples machined using conventional and 
climb milling methods (Table 1; Figure 2).  
 
Table 1. Results extracted from the XRD test and Williamson-Hall 
analysis 
XRD Peak width  

(radian) 
Peak height  
(mm) 

Williamson-Hall 
Crystallite (nm) Micro strain 

S-a 0.0256 21.7 41 0.0018 
S-b 0.0453 25.5 20 0.0005 

 

 
Figure 2. XRD chart of the samples at different stages 
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Surface roughness 
The sample machined with conventional milling (S-a: 
2.709μm) had a smoother surface than the one 
machined with climb milling (S-b: 7.129μm).  
Hardness testing 
The Vickers hardness results, which were recognized 
as an indicator of a material's resistance to 
deformation, indicated that the hardness of titanium 
increased to 315HV during conventional milling and 
334HV during climb milling. In comparison, the 
hardness of pure titanium was measured at 292HV.  
Weight loss after wear testing 
Pure Ti exhibited a weight loss of 18mg after wear 
testing, with 11 and 10mg reductions observed for 
the conventional and climb milling methods, 
respectively (Figure 3).  
Corrosion rate 
The corrosion rate of titanium samples machined 
using the climb milling method (0.0003mm/year) 
was significantly lower than that of samples 
machined using the conventional milling method 
(0.02mm/year). Climb milling resulted in a smoother 
surface with fewer cracks, which can substantially 
increase corrosion resistance. Pure Ti, with a 
corrosion rate of 0.07mm/year, achieved 
significantly lower rates after milling by both 
methods, especially in the case of conventional 

milling, where corrosion was reduced to 
0.0003mm/year (Table 2; Figures 4 & 5). 
 

 
Figure 3. Weight loss due to wear  
 
 Table 2. Results of the corrosion test 
Parameter Pure Ti S-a S-b 
Ecorr (V) -0.34872 -0.43748 -0.28852 
Icorr (μA/cm2) 1.9404 E-08 2.2287 E-06 2.9697 E-08 
ba (V/decade) 0.47624 0.11333 0.20876 
bc (V/decade) 0.41601 0.17254 0.11638 
Rp (Ω.cm2) 4528.7 3508.1 2.8763 E+05 
Vcorr (mm/year) 0.0718451 0.025853 0.00034448 

 

 
Figure 4. The corrosion test results 
 

 
Figure 5. The OCP corrosion test results 
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Discussion 
The reduction in peak intensity is attributed to 
structural changes in the titanium. The 40° peak, 
known as the indicator of pure titanium's crystalline 
structure, is reduced in conventional and climb 
milling. This may be due to changes in internal 
stresses and crystallite size reduction after milling. 
Compared to climb milling, the more pronounced 
reduction in peak intensity observed in conventional 
milling is likely due to deeper structural changes, 
cutting force, and more severe plastic deformation in 
this method. This phenomenon is particularly 
important in medical industries, such as the 
production of dental and knee implants, because the 
reduction in crystallinity can directly impact the 
mechanical properties and durability of implants. 
Changes in the peak positions, which result from 
accumulated stresses and atomic displacements in 
the structure, can affect titanium's mechanical 
properties and biocompatibility. These alterations 
are significant for dental and knee implant 
applications, as they can influence the mechanical 
compatibility of the implant with the surrounding 
bone and improve its ability to withstand applied 
forces over time. This peak, which is absent in the 
control sample, indicates the formation of a titanium 
oxide layer after milling. The formation of this oxide, 
particularly in implants, can enhance 
biocompatibility, as titanium oxide is known to 
interact well with the body and promote better 
growth of biological tissues. The difference in the 
titanium oxide peak height between conventional 
and climb milling also indicates greater oxide 
formation in conventional milling, which may be due 
to more intense thermal and mechanical changes. 
The crystallite size in climb milling is 41nm, while in 
conventional milling, it is 20nm, indicating a 
significant reduction in grain size. Reducing 
crystallite size can enhance mechanical properties 
such as hardness and wear resistance but may also 
affect biocompatibility. On the other hand, the 
recorded micro strains show that climb milling can 
lead to greater internal strains, which may improve 
implants' mechanical properties and fracture 
resistance.  
The difference in surface roughness is primarily due 
to the direction of tool movement in both milling 
methods. In conventional milling, the tool moves in 
alignment with the cutting direction of the 
workpiece, resulting in a more uniform surface and 
reduced roughness. This approach minimizes shear 
forces and enhances surface quality. In conventional 
milling (also known as down milling), the direction of 
the tool's movement is aligned with the workpiece's 
movement. This alignment reduces cutting forces and 
vibrations, leading to a smoother surface with lower 
roughness. The reduction in surface roughness is due 
to more uniform and stable cutting in this method. In 
contrast, in climb milling (or up milling), the direction 

of the tool's movement is opposite to that of the 
workpiece, which increases cutting forces and 
vibrations. This condition results in a rougher surface 
with higher roughness. The increase in surface 
roughness is caused by instability in the cutting 
process and the formation of deeper scratches. When 
assessing the surface behavior of pure titanium using 
both milling methods, the surface roughness results 
are significantly influenced by the machining 
techniques. The conventional milling method yielded 
a surface roughness of 2.7 microns, indicating a 
smoother and more uniform surface. This 
characteristic is particularly important in dental 
applications, as dental implants require a low 
roughness surface to facilitate better interaction with 
the mouth's soft tissues and prevent bacterial plaque 
accumulation. A smoother surface increases the 
success of implant integration with the jawbone. It 
reduces the risk of bacterial infections, a crucial 
factor in extending the lifespan of dental implants. On 
the other hand, the surface roughness of the samples 
produced by climb milling was measured at 7.12 
microns, indicating a rougher and more uneven 
surface. This surface type is advantageous for knee 
implants subjected to heavy and continuous loads. 
Higher roughness can improve the mechanical 
bonding of the implant to the bone tissue, which is 
particularly important in the working conditions of 
knee joints that require greater strength and wear 
resistance. 
The increase in hardness is attributed to the effects of 
work hardening and the formation of crystalline 
discontinuities on the material's surface, which occur 
due to the shear forces and heat generated during the 
milling process. In this study, the hardness properties 
of pure titanium sheets were investigated after 
machining with both milling methods, and the results 
demonstrated a significant improvement in surface 
hardness for both approaches. This increase in 
hardness has significant implications for biomedical 
implants, particularly in dental and knee 
applications. In dental implants, a harder surface 
enhances wear resistance and reduces deformation, 
thereby improving the longevity of the implant under 
chewing forces. The hardness enhancement in 
machined samples, particularly in the conventional 
milling method, can improve knee implant 
performance and reduce the risk of wear or 
premature failure. This improvement in mechanical 
properties guarantees the durability and 
performance of knee implants and enhances patients' 
confidence in the efficacy and longevity of internal 
implants in complex physical conditions. Whenever 
the strength and hardness of an alloy increase, its 
ductility tends to decrease. Low hardness can 
transfer uncoordinated stresses during mechanical 
movements, resulting in localized stress shielding 
from osteoporosis. Furthermore, the increase in 
hardness indicates enhanced wear resistance. Higher 
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hardness can extend the lifespan of components and 
equipment while reducing maintenance costs, which 
is crucial for improving efficiency and safety in these 
industries. 
The significant reduction in wear, especially with 
climb milling, indicates an increase in the surface 
resistance of titanium to wear. The difference in 
performance may be related to the distinct surface 
structures generated by the two milling methods. The 
surface of titanium machined using the conventional 
method is likely more resilient to wear and erosion 
due to the formation of protective layers and a 
rougher structure, whereas the surface of titanium 
machined with the climbing method may experience 
wear sooner due to reduced protective layers and a 
less porous surface. As is evident, bones are the most 
crucial and abundant structures, serving as the 
primary load-bearing components of the human 
body, making bone health paramount. When 
positioned as joints within the body, implants are 
subject to wear and potential failure. As load-bearing 
biomaterials, wear is an inevitable consequence of 
bodily movement. Moreover, prolonged wear of 
implants in various joint regions can release 
numerous metallic particles from the implant 
surfaces, triggering foreign body reactions with 
surrounding tissues. Broken surfaces of implants 
may interact with their environment, leading to 
serious complications for the body. Due to increased 
wear, these released metallic particles can deposit in 
organs distant from the implants, potentially causing 
various adverse reactions and damage, including 
toxic effects, inflammatory responses, tissue damage, 
and disruption of organ function. Particles released 
as a result of wear hinder bone regeneration 
processes, including survival, proliferation, and 
adhesion, while also making the damaged surface 
susceptible to cracking. This susceptibility allows 
bodily fluids, including blood, serum, interstitial 
fluids, and lymph, to invade easily, increasing the 
likelihood of corrosion and infection. In summary, the 
high wear resistance of implants ensures their safe 
and stable use in the human body. Improved wear 
resistance is particularly crucial for knee implants, 
which endure heavy and continuous physical 
pressures. In such conditions, any reduction in wear 
can greatly enhance the durability and stability of the 
implant. The results showed that conventional 
milling, with a weight loss of 11mg during wear 
testing, demonstrated excellent performance for 
knee working conditions, as high wear resistance 
minimizes the likelihood of surface degradation or 
loosening of the implant.  
Various factors influence corrosion, including alloy 
composition, microstructure, and grain size. In 
biomedical titanium alloys, corrosion occurs in 
contact with body fluids such as blood, serum, 
interstitial fluids, and lymph, primarily due to 
corrosive environments like chloride ions and 
proteins [29]. Although titanium alloys can naturally 

form a stable passive layer on their surfaces, 
providing excellent corrosion resistance, the 
complexity of the human body environment can lead 
to the detachment and dissolution of this surface 
passive layer. This process is exacerbated by the 
combined effects of external forces and human body 
fluids, including blood, serum, interstitial fluids, and 
lymph, which can potentially result in the release of 
harmful substances or waste materials that may be 
toxic and cause inflammation or lead to blood clotting 
in the body. Non-harmful waste materials are 
suspended in blood, posing no harm to human health 
and being naturally excreted [30]. Considering the 
prolonged implantation time in the human body, 
implantable materials must demonstrate sufficient 
corrosion resistance to ensure long-term 
biocompatibility while avoiding any potential 
interference that may arise from accumulated 
corrosion products or the release of metal ions. 
Corrosion resistance is a fundamental property of 
biomedical materials. Unfortunately, the human body 
constitutes an electrolyte environment containing 
plasma, blood serum, chloride ions, lymphatic fluid, 
amino acids, and proteins. Research findings indicate 
that metal implants exhibit gradual electrochemical 
reactions in the human body. Compared to non-
passivated metals with high corrosion resistance, 
biodegradable metals have attracted considerable 
attention due to their gradual absorption and 
consumption in biological tissues [30]. Reduced 
corrosion is critical as implants are continuously 
exposed to an acidic and moist oral environment. A 
lower corrosion rate enhances the resistance of 
dental implants to wear from saliva and food, thereby 
increasing their longevity and reducing the risk of 
infection or adverse reactions. Conversely, knee 
implants require high corrosion resistance due to 
their exposure to joints' complex and high-pressure 
environments. The significant improvement in 
corrosion resistance observed in conventional 
milling samples suggests that this method can play a 
key role in increasing the durability of knee implants. 
This improvement not only ensures resistance 
against the corrosive environments of the body but 
also prevents premature degradation or fracture of 
the implant, thereby reducing the likelihood of 
replacement surgeries. Combining these results with 
enhancements in mechanical properties under 
various working conditions guarantees the long-term 
efficacy of both dental and knee implants. In 
analyzing titanium's corrosion behavior and the 
milling process's impact on its properties, the 
corrosion potential plays a key role in determining 
the material's susceptibility to corrosion. A negative 
corrosion potential indicates a greater tendency for 
oxidation and electron loss. Here, the corrosion 
potential of the conventional milling sample is lower 
than that of pure titanium, signifying enhanced 
corrosion resistance. In contrast, the corrosion 
potential in climb milling is lower and more negative, 
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indicating an increased susceptibility to corrosion. 
This aspect is particularly relevant in the medical 
design of dental and knee implants, as higher 
corrosion resistance leads to longer implant life and 
reduced release of harmful ions into the body. 
Corrosion current density is another crucial 
parameter that indicates the amount of electric 
current generated due to the corrosion process and is 
directly related to the rate of material degradation in 
a corrosive environment. The higher the current 
density, the greater the corrosion. In this case, the 
corrosion current density in the conventional milling 
sample is approximately similar to that of pure 
titanium. Still, the current density in climb milling is 
significantly higher, indicating more severe 
corrosion. This discrepancy suggests that climb 
milling may produce a surface that is more prone to 
corrosion, which is undesirable for implants, as 
higher degradation rates result in greater titanium 
ion release and negatively affect biocompatibility. 
The cathodic and anodic slopes are important 
parameters in determining the electrochemical 
behavior of materials during the corrosion process. 
Notably, the reduction in the anodic slope suggests 
that the formation of the oxide layer on the surface of 
conventional milled titanium occurs more 
extensively and rapidly, which can enhance 
biocompatibility and corrosion resistance in dental 
and knee implants. From a mechanical perspective, 
the reduction in the cathodic and anodic slopes 
indicates a greater tendency to form protective oxide 
layers, improving surface hardness and wear 
resistance. This could directly impact the lifespan of 
metallic implants, as a harder and more corrosion-
resistant surface implies better resistance to both 
mechanical and chemical wear. The open circuit 
potential (OCP) diagram is crucial in studying the 
corrosion behavior of metallic materials, especially in 
biological environments where implants come into 
contact with body fluids. This diagram reflects the 
metal surface's ability to maintain its electrochemical 
potential without external current. The results 
indicate that pure titanium exhibits greater stability 
than milled samples. This suggests that pure titanium 
demonstrates higher resistance to environmental 
fluctuations and prevents corrosion by forming a 
protective layer on its surface. In a medical context, 
this greater stability translates to better 
biocompatibility, as implants with higher OCP 
stability are less prone to releasing metal ions into 
the body, thus posing a lower risk to patient health. 
Mechanically, the broader range recorded for the 
conventional milling sample indicates that this 
sample has lower electrochemical stability due to 
structural changes and stresses caused by the milling 
process. This could lead to a higher corrosion rate 
and reduced mechanical longevity of the implant. 
Moreover, reduced stability in milled samples may 
result from creating surface defects and an increased 

surface area exposed to the corrosive environment. 
Consequently, selecting the appropriate milling 
method and controlling process conditions can play a 
crucial role in enhancing both mechanical resistance 
and the longevity of dental and knee implants.  
Pure titanium is widely used in the production of 
medical implants due to its excellent mechanical 
properties, superior biocompatibility, and high 
corrosion resistance. However, machining this 
material presents significant challenges. The heat 
generated in the cutting zone rapidly increases at 
higher machining speeds or greater cutting depths. 
This rise in temperature can lead to undesirable 
changes in the material's microstructure, such as 
localized annealing and a reduction in surface 
hardness. Additionally, titanium tends to adhere to 
cutting tools, a phenomenon known as "built-up 
edge", which can cause deep scratches and increase 
surface roughness. These factors collectively limit the 
use of higher machining speeds and depths, as they 
can negatively impact the implant's surface quality 
and mechanical properties. The results of this study 
demonstrate that improving surface hardness and 
reducing surface roughness in titanium machining 
directly influence the performance of medical 
implants. Increased surface hardness enhances wear 
resistance and prevents implant deformation under 
mechanical loads, such as those experienced by 
artificial joints. On the other hand, reduced surface 
roughness minimizes friction between the implant 
and surrounding tissues, promoting better bone cell 
adhesion and accelerating the osseointegration 
process. Furthermore, the higher corrosion 
resistance observed in this study is particularly 
significant, as medical implants are exposed to 
corrosive biological environments. These combined 
properties extend the implant's lifespan and reduce 
the risk of inflammation or adverse reactions. For 
instance, conventional milling at moderate speeds 
and controlled cutting depths induces beneficial 
compressive stresses on the surface and prevents 
excessive heating and structural degradation. These 
conditions help maintain surface hardness and 
reduce roughness, both of which are crucial for the 
performance of medical implants. Additionally, 
precise control of machining parameters can 
minimize the generation of abrasive particles, 
preventing the introduction of metallic debris into 
the body and subsequent inflammation. As a result, 
optimizing these parameters enhances implant 
quality and ensures their safety and efficacy in 
medical applications. 
The importance of selecting the appropriate 
machining method for titanium in medical 
applications, particularly for dental and knee 
implants, is increasing due to its impact on the 
material's mechanical properties, corrosion 
resistance, and biocompatibility. Changes induced by 
different machining processes can significantly affect 
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the performance of these implants in the human 
body. This study examined the effects of conventional 
and climb milling on pure titanium sheets' 
mechanical and corrosion properties to draw 
effective conclusions for selecting the best method 
for specific applications, especially in the medical 
field. 
The Williamson-Hall analysis provides crucial 
insights into structural changes induced by the 
milling process, particularly through crystallite size 
and microstrain measurements [31]. According to the 
results of this study, the shift of the highest peak from 
40° to 38° in both milling methods may indicate 
changes in the titanium crystal lattice structure, 
possibly due to stress variations or defect formation 
caused by milling [32]. Additionally, the emergence of 
a new peak at 62.5°, attributed to titanium oxide, is a 
significant observation [33]. In XRD patterns, each 
peak corresponds to a specific set of crystal planes, 
which can broaden due to stresses and defects 
(microstrain), meaning that increased stresses lead 
to peak broadening [34, 35]. Dislocation density, which 
represents the number of dislocations per unit 
volume of material [26], significantly influences the 
mechanical properties of metals, as dislocations act 
as weak points within the crystal structure [27]. 
According to the findings of this study, variations in 
crystallite size, internal stresses, and titanium oxide 
formation collectively enhance this material's 
mechanical properties and biocompatibility [36, 37]. 
Furthermore, the smoother surface achieved in 
conventional milling reduces friction and improves 
bone cell adhesion, which is critical for the success of 
medical implants [38]. In contrast, rougher surfaces 
promote new bone growth at the implant site, 
ensuring long-term integrity and durability [39]. This 
study's results show that dental implants, which 
experience small but continuous stresses, require 
hard and biocompatible surfaces to ensure 
mechanical durability and optimal interaction with 
surrounding tissues [40]. Conversely, knee implants, 
subjected to more demanding working conditions 
and heavier loads, require greater hardness to 
withstand continuous compressive forces and 
friction [41-43]. Additionally, corrosion analysis 
demonstrated that smoother and more homogeneous 
surfaces resist corrosive agents due to fewer weak 
points and microscopic cracks [44, 45]. According to this 
study, the cathodic slope, which describes the rate of 
reduction reactions at the cathode, and the anodic 
slope, which represents the oxidation kinetics of the 
material, are lower in conventionally milled titanium 
than in pure titanium. This indicates reduced 
electrochemical reaction rates, suggesting improved 
corrosion resistance and enhanced protective oxide 
layer formation [46, 47]. Finally, due to titanium’s 
sensitivity to high temperatures, optimizing 
machining parameters such as cutting speed, depth of 
cut, and machining strategy plays a crucial role in 

achieving the desired properties for medical implants 
[48-50]. 
These findings suggest that selecting the appropriate 
milling method can optimize the performance of 
titanium implants according to their specific 
application. 
 
Conclusion 
Conventional and climb milling methods impact pure 
titanium sheets' mechanical and corrosion 
properties, influencing their performance in dental 
and knee implants. 
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