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Abstract

Objectives: This study comprehensively examined the influence of cutting depth during dry milling on
the structural, mechanical, and biocompatibility characteristics of commercially pure titanium. The
primary objective was to evaluate how variations in cutting depth can alter the crystallite size,
microstrain, and wear resistance, as well as to investigate their correlation with essential
biocompatibility parameters including cellular interactions, osteointegration potential, and corrosion
resistance in a simulated body fluid environment. Understanding these interrelations is crucial for
improving the overall performance of titanium implants used in biomedical applications.

Methods: Pure titanium specimens were precisely machined at cutting depths of 0.1, 0.2, and 0.3 mm under dry
conditions, ensuring that all other machining parameters remained constant. The structural characteristics were
analyzed using X-ray diffraction to determine crystallite size and microstrain variations. Wear resistance was
evaluated through sliding wear tests that quantified material loss, while biocompatibility performance was assessed
via immersion tests in simulated body fluid. This evaluation included corrosion resistance measurements,
guantification of calcium-phosphate deposition on the surface, and analysis of the initial interactions with osteoblast-
like cells to determine cellular affinity and bioactivity.

Results: The experimental results indicated that increasing the cutting depth led to a significant reduction in
crystallite size (28, 50, and 25 nm for 0.1, 0.2, and 0.3 mm, respectively) and a corresponding increase in microstrain
(0.0011, 0.0011, and 0.009). Specimens machined at cutting depths of 0.2 and 0.3 mm exhibited superior wear
resistance, with lower weight losses (7.9 and 5.3 mg) compared with the 0.1 mm specimen (12.1 mg).
Biocompatibility assessments revealed that higher cutting depths enhanced corrosion resistance, promoted
calcium—phosphate deposition, and improved osteointegration potential.

Conclusion: optimizing the cutting depth to 0.2-0.3 mm during dry milling can substantially improve both
mechanical performance and biocompatibility, offering valuable guidance for implant manufacturing and long-term
in vivo functionality.

Level of evidence: |
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Introduction

O ver the past few decades, the demand for joint
replacement has increased rapidly, with an

estimated 90% of individuals over the age of 40
affected by degenerative or inflammatory joint diseases.!
Issues such as bone weakening (osteoporosis),? joint
inflammation (osteoarthritis),® inflammation of the
synovial membrane (rheumatoid arthritis),* and cartilage
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weakening (chondromalacia)® cause the loading of bone to
deteriorate, potentially leading to the degradation of
mechanical properties, pain, and loss of function.® Total
joint replacement (TJR) addresses these problems by
replacing load-bearing or malfunctioning joints with
artificial joints or implants.” A bioimplant is an artificial
device designed to restore the function of a natural organ
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or tissue without adversely affecting other parts of the
body. These components can be implanted into the human
body, enabling natural biological processes such as stable
bone formation to enhance quality of life and longevity.8
This demand has prompted researchers to develop
biomaterials  capable of replicating  bone-like
characteristics such as toughness and strength.® Titanium
alloys have become increasingly prevalent in medical
applications, including orthopedic and dental implants,
due to their favorable properties.l® High corrosion
resistance, an excellent strength-to-weight ratio, low
elastic modulus, high biocompatibility, and low density
make titanium alloys the material of choice when
reliability, performance, and long-term durability are
essential.!! The chemical and physical properties of human
body fluids are uniquely distinct from other natural
environments,'2 and these characteristics can significantly
influence the performance of metals, potentially triggering
adverse  biological  responses. Moreover,  the
manufacturing process of an implant plays a critical role in
determining its in-service behavior and must achieve
superior quality to ensure optimal performance within the
human body. According to Gravie et al., corrosion behavior
is largely determined by the properties of the machined
surface in saline environments.’* In the context of
orthopedic implants, the surface quality of machined
components plays a decisive role in determining their
compatibility and osseointegration with the host tissue.*
Achieving the desired surface roughness and,
consequently, high-quality machined parts requires
precise control of machining parameters, cutting tool
condition, and the machining environment.!> Corrosion
and wear resistance are directly influenced by surface
quality. These factors are critical determinants of an
implant’s service life within the host.1¢ Jiang Wan et al.
developed a hierarchical model demonstrating that the
superior mechanical performance of load-bearing
biomaterials, such as bone and shell, arises from their
optimized multi-level structural organization.!” Their
study emphasized that, despite the relatively weak
mechanical properties of their constituent phases, these
biological materials achieve high toughness and strength
through structural hierarchy rather than relying solely on
the intrinsic strength of their materials to withstand
biological loads. Similarly, Prakash et al. reported that rake
angle and cutting speed have a substantial effect on the
corrosion behavior of mild steel.'8 Their findings indicated
that reducing the rake angle increases the corrosion rate in
saline environments, whereas increasing the cutting speed
decreases it.1? Additionally, metallic implants may loosen
over time, leading to undesirable effects such as toxicity
and adverse biological reactions.’® Over the past two
decades, implants for biomedical applications have
undergone rapid and significant advancements. In terms of
biocompatibility, titanium is superior to other metallic
materials due to the formation of a stable passive titanium
oxide layer on its surface.?® Other desirable properties of
titanium include its low elastic modulus, lightweight
nature, and reduced artifact generation in computed
tomography and magnetic resonance imaging compared
with other orthopedic metals.20 Ti-6Al-4V is the most
widely used titanium alloy in surgical applications;
however, despite its excellent performance and corrosion
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resistance, high concentrations of metal ions have been
detected in tissues surrounding implants, raising concerns
about the long-term safety of this alloy.2? In the machining
of biomedical implants, all manufacturing conditions and
parameters significantly influence the mechanical
properties and biocompatibility of the final components.
Factors such as the presence or absence of coolant,2122the
feed rate,2324 and machining time?>2¢ directly affect the
surface characteristics and microstructural features of the
material. Although cutting depth can influence machining
time and production costs, its primary significance lies in
its critical role in enhancing the mechanical properties and
biocompatibility of machined titanium components for
biomedical applications. In many cases, however,
manufacturers overlook the long-term implications of
these factors, sacrificing the quality of mechanical and
biocompatibility properties particularly in sensitive
components such as implants in favor of reducing
production time and costs. The cutting depths selected for
this study (0.1, 0.2, and 0.3 mm) were based on practical
considerations for future projects aimed at utilizing
recycled titanium machining chips. These depths
correspond to the final phase of machining, specifically the
finishing stage, ensuring an appropriate surface finish for
biomedical applications while minimizing thermal effects
associated with higher cutting depths. Excessive heat
generation during titanium machining can degrade
metallurgical properties, a concern of critical importance in
implant manufacturing.2’.26 Therefore, the chosen cutting
depths represent a careful balance between achieving the
desired surface quality and preserving the metallurgical
integrity of the material. This research forms part of a
broader investigation into the machining of implantable
components for the human body, requiring precise control
of material removal to ensure that the resulting material
properties and recyclability remain as close as possible to
the ideal condition. The present study addresses existing
scientific gaps in previous research, particularly
concerning the influence of cutting depth on the long-term
performance and biocompatibility of implants. The
findings demonstrate that the choice of cutting depth can
directly impact implant design by enhancing surface
properties, improving production efficiency through
optimized machining processes, and ensuring compliance
with  regulatory standards for implant safety,
biocompatibility, and durability. These insights can inform
the development of safer, longer-lasting, and more
effective implants for clinical use.

Materials and Methods

In this study, four mm-thick commercially pure titanium
sheets were machined at cutting depths of 0.1, 0.2, and 0.3
mm using a milling machine. The surface properties and
biocompatibility of the machined specimens were
subsequently evaluated. These cutting depths were selected
to assess their influence on surface and microstructural
characteristics, with particular emphasis on the effects of
internal stresses and wear rates under varying machining
conditions. Milling was performed in a climb milling mode
without the use of coolant. Carbide cutting tools with a TiN
coating were employed to reduce corrosion and wear during
titanium machining. The choice of cutting tool is critical for
achieving optimal surface quality and dimensional accuracy
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in machined components. The chemical composition of the
titanium sheets, machining parameters, and process
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‘ schematic are presented [Tables 1, 2 and Figure 1].

Table 1. Chemical Composition of the Used Sheet

Element Ti 0 Fe

N C Si Density (g/cm3)

Balance

Weight % 0/27 0/05

0/03  0/02 0/02 4/51

Table 2.Machining Conditions

Parameter
Feed rate (mm)
Cutting depth (mm)
Tooltip radius (mm)
Cutting tool rotation (rpm)

Machining Direction

Cooler

Valeu
0.1
01-02-0.3
0.1
800
Climb

SEM surface - 0!

XRD, Hardness
& Wear Tests

Protected surface of the base metal

Milling Process
(Up-Milling)

Biocompatibilitty
in SBF

Titanium

Figurel. Schematic and experimental procedure: a) The machining system, b) The incubator device for placing the samples in simulated body fluid
(SBF), ¢) The method of fixing the samples in the holder for placement in the incubator, d) The wear test system of the pin-on-disk type, e) The XRD
device used in this experiment, f) Produced samples, g) SEM images of the machined surfaces

Evaluation of Mechanical Properties and Biocompatibility |

To evaluate the biocompatibility of the specimens and their
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potential to support bone growth, an immersion test was
performed in simulated body fluid (SBF). The composition of
this solution, compared with human blood plasma, is
presented [Table 3]. For each test, specimens were placed in
15 mL containers, and 10 mL of SBF was added. The
containers were then transferred to an incubator maintained
at 37 °C with a 5% CO, atmosphere. The immersion period
lasted 28 days, during which the solution in each container
was replaced every two days to prevent sedimentation and
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maintain ion concentrations. At the end of the test, specimens
were removed, rinsed thoroughly with distilled water, dried,
and prepared for subsequent mechanical and biological
evaluation. To further analyze the phases present in both the
machined specimens and the separated chips, X-ray
diffraction (XRD) was performed using an Explorer
instrument (GNR, Italy) under operating conditions of 40 kV
and 30 mA, under ISO/IEC 17025:2017 standards.

Table 3.Comparison of Simulated Body Fluid and Human Blood Plasma Compositions

Parameter Simulated Body Fluid (SBF) Human Blood Plasma

Na+ 142.00 142.00
K+ 5.00 5.00
Mg2+ 1.50 1.50
Ca2+ 2.50 2.50
Cl- 147.96 103.8
HPO42- 1.00 1.00
S042- 0.50 0.50
HCO3- 4.20 27.0

Results and Discussion
Body Simulator Test

The specimens underwent a 28-day immersion in
simulated body fluid (SBF) to evaluate their potential for
promoting bone element growth. Bone-like deposits were
visibly observed on the surfaces, and energy-dispersive X-
ray spectroscopy (EDS) confirmed the presence of calcium
(Ca) and phosphorus (P) as newly formed elements
[Figures 2 and 3]. A positive response to simulated body
conditions is generally indicated when the Ca/P ratio
approaches that of human bone (~1.67).2° The measured
ratios for specimens 1, 2, and 3 were 1.89, 1.84, and 2.05,
respectively, indicating that all three exhibited a favorable
response. Cutting depth significantly influenced the final
surface characteristics, which in turn affected bone
element growth in the SBF environment.3? Machining
without coolant generates heat and promotes surface
oxidation, both of which influence the surface’s interaction
with simulated body fluid. Among the specimens, the one
machined at a 0.3 mm cutting depth exhibited the highest
bone element deposition. This was attributed to its
increased surface roughness, which provides a greater
contact area for bone cell adhesion and growth.
Additionally, oxidation from coolant-free machining likely
produced a titanium oxide layer, a feature known to
enhance biocompatibility and stimulate bone formation. In
contrast, specimens with shallower cutting depths tended
to have smoother surfaces, reducing contact area and
thereby limiting cell adhesion and bone element growth.
Considering both surface characteristics and oxidation
effects, the 0.3 mm cutting depth offered the most
favorable conditions for bone element deposition. Two
factors may explain the finer phosphorus particles

observed on specimens machined at all three depths. First,
deeper machining increases surface roughness, which can
catalyze phosphate ion adsorption and deposition,
providing numerous nucleation sites for particle
formation. Second, the absence of coolant elevates surface
temperature  during machining, promoting the
development of a thin titanium oxide layer that further
facilitates  phosphate  deposition.3132 Enhancing
biocompatibility remains a critical step in the development
of next-generation metallic biomaterials. Titanium and its
alloys are widely employed in orthopedic and dental
applications due to their superior fatigue strength, low
elastic modulus, excellent corrosion resistance, and
remarkable ductility. However, because of its bioinert
nature, titanium is not ideal for long-term clinical use, as it
cannot form a direct bond with living bone during the early
stages of implantation. Various strategies have been
explored to improve the biological performance of implant
surfaces, among which oxidation has received considerable
attention. This surface modification technique can produce
bioactive, porous, and adhesive coatings on implants,32
facilitating surface reactions with simulated body fluid and
leading to faster, more uniform phosphate ion deposition.
Together, these effects create optimal conditions for the
growth of fine phosphorus particles, which may enhance
implant biocompatibility33-40 Finer phosphorus particles, in
particular, are thought to more effectively stimulate bone
tissue formation and accelerate the osteointegration
process.#1
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Figure 3. Results of the analysis of the presence and size of bone-related elemental particles: the elemental composition of calcium and phosphorus
from EDS confirms the surface bioactivity in all three samples, with Sample 3 exhibiting the highest surface calcium-to-phosphorus ratio after SBF
immersion and the smallest particle size

XRD

XRD patterns and data obtained from the three
manufactured specimens revealed notable peak shifts and
clear correlations between crystal structure and the
material’'s physical properties [Figure 4, Table 4]. The
disappearance of diffraction peaks at 26 angles of

approximately 35° and 65° after milling is likely attributable
to the formation of residual stresses and structural
modifications in the titanium surface. These stresses can
alter crystallite size and increase microstrain, leading to the
attenuation or complete disappearance of specific
characteristic peaks in the XRD profile.#? The formation of
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new surface layers induced by the milling process plays a
critical role in the observed XRD patterns. A comparison
between the unmilled specimen and those subjected to
milling reveals the emergence of the 224 phase at
approximately 82°, corresponding to titanium oxide, in the
machined samples.*34* Variations in the intensity of the
primary diffraction peak at 40° can be attributed to the
combined effects of residual stresses, surface structural
modifications, and changes in crystallite size and microstrain
among the samples. Notably, both the shallow milling depth
(sample 1) and the deep milling depth (sample 3) exhibited a
marked reduction in peak intensity. This phenomenon may
be explained by the Grain Refinement Saturation effect,
wherein the microstructure reaches a limit of refinement and
defect formation, beyond which further adjustments to
cutting parameters such as cutting depth do not significantly
alter the structural characteristics.#> For shallow milling
depths, surface-dominated effects such as strain hardening,
defect formation, and residual stress accumulation are the
primary contributors to the reduction in peak intensity. At
deeper milling depths, the combined effects of elevated
thermal input, intensified plastic deformation, and residual
stress similarly disrupt the microstructure, leading to
phenomena such as grain refinement saturation, increased
dislocation density, and enhanced defect formation.
Consequently, the reductions in peak intensity observed at
both shallow and deep cutting depths arise from converging
mechanisms, including residual stress accumulation, surface
defect generation, and the inherent limits of grain refinement
during mechanical processing. These findings underscore
the critical influence of machining parameters on the surface
integrity and structural behavior of biocompatible materials
such as titanium, as they directly affect long-term
performance in biomedical applications. Variations in cutting
depth can modify surface characteristics and alter the
biological response of the material, ultimately influencing
implant performance in the physiological environment.*¢ In
medical applications, selecting an appropriate machining
depth is essential to balance mechanical durability with
biocompatibility. Surface modification techniques such as
machining, grinding, polishing, and chemical etching are
commonly employed to enhance implant performance. Each
mechanical fabrication method alters the material’s
topography, roughness, and residual stress state, which can,
in turn, significantly influence cellular responses.* The
formation of new surface layers induced by the milling
process appears to be a contributing factor to the observed
XRD behavior. Variations in the intensity of the primary
diffraction peak at 40° can be attributed to the combined
effects of residual stresses, surface structural modifications,
and differences in crystallite size and microstrain among the
specimens. Notably, both the shallow (Sample 1) and deep
(Sample 3) machining depths exhibited a marked reduction
in peak intensity, likely due to elevated residual stress levels
and more pronounced surface microstructural alterations.
This finding supports the hypothesis that machining-induced
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surface integrity factors play a critical role in determining the
XRD response of titanium alloys. Residual stress refers to the
internal stress retained within a material in equilibrium with
its surroundings in the absence of any external load. Such
stresses have a substantial impact on mechanical
performance, influencing properties such as hardness and
wear resistance.** Accurate extraction of residual stress
using a suitable and reliable method is of great importance.
Owing to its non-destructive nature, surface sensitivity, and
phase selectivity, X-ray diffraction (XRD) is one of the most
widely applied techniques for this purpose. However,
residual stress measurement via XRD is not
straightforward,*” and the relatively shallow penetration
depth of the method,*® may limit its effectiveness for
evaluating stresses at greater subsurface depths. In XRD
analysis, broadening of the highest-intensity peak is
primarily attributed to small grain size and lattice
distortion.#® Recent studies have demonstrated that grain
size plays a decisive role in the generation and distribution of
residual stress.#” Due to the short distance between grain
boundaries, a dual relationship exists: grain refinement
accelerates residual stress development, but also improves
the material’s capacity for stress relaxation. This balance
directly influences the final mechanical performance.*
Furthermore, increased intensity of the primary XRD peaks
is associated with an increase in particle size within the
specimen.’® Based on the conducted analyses and the
observations in Figure 4, it can be concluded that machining
parameters have a direct impact on the surface integrity of
titanium specimens. Similar studies have reported that such
effects may manifest as increased surface roughness, altered
wettability, changes in surface energy, and reduced
biocompatibility resulting from decreased osteoblast
adhesion and proliferation.>52 These effects are particularly
critical in materials intended for sensitive applications such
as biomedical implants. A key aspect of this study, and similar
research, is the ability to accurately estimate grain size,
identify internal stresses, and determine crystallite size and
microstrain in machined specimens. In the first stage, these
analyses are conducted by evaluating changes in the width
and intensity of diffraction peaks, which provide reliable
data. Based on previous studies and the present findings,
these analytical results are in strong agreement with
experimental observations, confirming their validity.5354 In
biomedical applications, particularly for implants, grain size
is a critical factor influencing both the biological and
mechanical performance of a component.>® Fine-grained
structures typically exhibit higher hardness, improved
corrosion resistance, and enhanced interaction with body
tissues, as smaller grains provide surfaces that promote
superior protein adsorption and cell adhesion.5¢ Therefore,
precise control of the machining process, coupled with
scientific analysis of microstructural changes, can not only
improve the mechanical and biological properties of
implants but also significantly enhance their lifespan and
safety.
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Figure 4. Phase Variation Chart in XRD Test

Table 4. Comparison of Crystallite Size and Lattice Microstrain Extracted from XRD Test

Sample (mm) Crystallite size
0.1 28
0.2 50
0.3 25

Microstrain Weight loss due to wear (mg)
0.0011 12.1
0.0011 7.9
0.009 5.3

In the second specimen, machined at an intermediate
milling depth, conditions were more favorable for enhancing
crystal alignment, resulting in a marked increase in the
intensity of the primary diffraction peak at 40°. In the first
specimen, machined at a depth of 0.1 mm, the crystallite size
and microstrain were measured at 28 nm and 0.0011,
respectively. This specimen exhibited a mass loss of 12.1 mg
over a sliding distance of 250 m. The combination of small
crystallite size and low microstrain indicates a compact and
robust microstructure, which typically correlates with
higher hardness and improved wear resistance.5’5¢ These
properties are fundamental in medical applications, where
resistance to wear and corrosion directly influences the
longevity and functional performance of implants.>® The
second specimen, machined at a depth of 0.2 mm, exhibited
a crystallite size of 50 nm and a microstrain of 0.0011, with
a wear mass loss of 7.9 mg over a sliding distance of 250 m.
The increase in crystallite size may indicate reduced
hardness and relative toughness compared with Sample 1,
contributing to the lower wear rate. This change may result
from internal structural stabilization under mechanical
loading, although it could also reflect a shift in wear behavior
relevant to implant durability. Sample 3, machined at a
depth of 0.3 mm, had a crystallite size of 25 nm and a

microstrain of 0.009, with a wear mass loss of 5.3 mg over a
sliding distance of 250 m. The reduction in crystallite size,
combined with increased microstrain, suggests elevated
internal stresses that may compromise hardness. While such
changes could enhance corrosion resistance, wear
performance might be adversely affected in long-term
applications. Overall, the XRD analysis and wear test results
confirm that milling depth significantly influences the
microstructural and functional properties of commercially
pure titanium, with direct implications for the design and
performance of medical components.®°

Finally, given titanium’s sensitivity to high temperatures,
optimizing machining parameters such as cutting speed,
depth of cut, and machining strategy—is essential for
achieving the desired properties in medical implants.61-63
The present findings indicate that selecting an appropriate
milling method can optimize titanium implant performance
according to specific application requirements. To further
elucidate the relationship between machining parameters
and implant performance, future research should focus on:
(i) investigating the effect of machining on the
osseointegration process through in vivo studies; (ii)
examining the fatigue behavior of implants in simulated
biological environments under cyclic mechanical loading;
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and (iii) developing parametric predictive models to assess
the influence of machining on the mechanical and biological
properties of implants. Such studies will contribute to
improved implant design and enhanced longevity and
efficiency in clinical applications.

Conclusion

Enhancing the biological properties of implants remains a
significant challenge in their design and manufacturing.
Minimizing the use of harmful materials during production
and reducing manufacturing costs can improve the
suitability of implant structures for large-scale industrial
application. This study examined the effect of varying
machining depths on the biocompatibility of commercially
pure titanium specimens, yielding the following key
findings:

1- Cutting depth in dry machining has a substantial
influence on the microstructure and biocompatibility of
commercially pure titanium. XRD analyses revealed that
specimens machined at a shallow cutting depth (0.1 mm)
exhibited smaller crystallite sizes (28 nm) and lower
microstrain values (0.0011). This denser and less-damaged
microstructure is likely to contribute to improved
biological performance.

2- Specimens machined at a moderate cutting depth (0.2
mm) displayed an increase in crystallite size to 50 nm,
while microstrain remained unchanged. These structural
variations may reflect the effect of cutting depth on the
crystal lattice and, consequently, the material’s
biocompatibility.

3-Deeper machining (0.3 mm) produced smaller crystallite
sizes (25 nm) buta marked increase in microstrain (0.009).
Simulated body fluid (SBF) tests confirmed that changes in
cutting depth altered biocompatibility, likely due to
modifications in the material’s microstructural integrity.
4- Overall, cutting depth is a critical parameter influencing
the biocompatibility of commercially pure titanium.
Selecting an appropriate machining depth can significantly
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enhance the biological response of the material,
underscoring its importance in the design of medical
implants. Further research is needed to fully elucidate the
influence of machining processes on the biocompatibility
of titanium-based biomedical devices.
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