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Abstract: The influence of cooling conditions and surface topography after finish turning of Ti6Al4V
titanium alloy on corrosion resistance and surface bioactivity was analyzed. The samples were
machined under dry and minimum quantity lubrication (MQL) conditions to obtain different sur-
face roughness. The surface topographies of the processed samples were assessed and measured
using an optical profilometer. The produced samples were subjected to electrochemical impedance
spectroscopy (EIS) and corrosion potential tests (Ecorr) in the presence of simulated body fluid (SBF).
The surface bioactivity of the samples was assessed on the basis of images from scanning electron
microscopy (SEM) and energy-dispersive spectroscopy (EDS) analysis. The inspection of the surfaces
of samples after turning under dry and MQL conditions revealed unevenly distributed precipitation
of hydroxyapatite compounds (Ca/P) with a molar ratio in the range of 1.73-1.97. Regardless of the
cutting conditions and surface roughness, the highest values of Ecorr ~0 mV were recorded on day 7
of immersion in the SBF solution. The impedance characteristics showed that, compared to the MQL
conditions, surfaces machined under dry conditions were characterized by greater resistance and the
presence of a passive layer on the processed surface. The main novelty of the paper is the study of the
effect of ecological machining conditions, namely, dry and MQL cutting on the corrosion resistance
and surface bioactivity of Ti6Al4V titanium alloy after finish turning. The obtained research results
have practical significance. They can be used by engineers during the development of technological
processes for medical devices made of Ti6Al4V alloy to obtain favorable functional properties of
these devices.

Keywords: Ti6Al4V alloy; finish turning; surface topography; cooling conditions; corrosion resis-
tance; surface bioactivity; simulated body fluid (SBF); minimum quantity lubrication (MQL)

1. Introduction

An important aspect that proves the usability and longevity of metals in the human
body is their corrosion resistance [1]. As metal implants are surrounded by aggressive body
fluids constituting the internal environment of the human body, their corrosion cannot
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be avoided [2]. Ti6AI4V titanium alloy is very commonly used in medical devices and
applications [3,4]. In the environment of the human body, it exhibits neutral behavior and
high corrosion resistance, making it a biocompatible material [5]. Titanium and its alloys
belong to the group of materials with high corrosion resistance, resulting from their ability
to passivate, and, in environments containing high concentrations of chloride or sulfide
ions, they undergo pitting corrosion [6-9]. An important aspect of implant manufacturing
is the quality of the implant surface. For orthopedic implants, it is important to achieve
a surface with a designated roughness due to the need for a durable biomaterial-tissue
interface. For implants and surgical instruments that are in direct contact with blood, it
is important to achieve the lowest possible surface roughness. Producing surfaces with
assumed roughness maintains mechanical stability and allows bone tissue to grow into and
adhere to the implant surface. Higher implant surface roughness results in more favorable
cell adhesion and a more accurate bone-implant fusion [10]. However, higher surface
roughness contributes to the development of the implant corrosion process. This is related
to the characteristic post-treatment changes present on the surface, which contribute to
the formation of corrosion foci [11]. The surface roughness of titanium alloys for both
medical and other industries depends on the type and conditions of the treatment it is
subjected to [12]. Although titanium alloy Ti6Al4V shows very good mechanical properties
and is a widely known material used in industry, it belongs to the group of materials
that are difficult to process [13,14]. Due to its properties, high temperature is generated
within the cutting zone during machining and adversely affects the quality of the processed
surface [15,16].

Previous studies have analyzed the influence of cutting conditions and surface rough-
ness on the corrosion resistance of medical-grade materials in various solutions. Bertolini
et al. [17] investigated the corrosion resistance of Ti6Al4V alloy after turning under dry
and cryogenic conditions. Cutting speeds (v.) of 50 and 80 m/min, feed rates (f) of 0.1
and 0.2 mm/rev, and a depth of cut (a) of 0.25 mm were applied. The corrosion tests
were performed in 0.9% NaCl solution. It was shown that cryogenic processing effectively
improves the corrosion and fretting properties of the examined material. Bertolini et al. [18]
studied the effect of feed rate and dry and cryogenic conditions on the corrosion behavior
of AZ31 alloy. A feed rate within the 0.01-0.1 mm/rev range, cutting speed of 100 m/min,
and depth of cut of 0.25 mm were applied. The tests were performed in simulated body
fluid (SBF). The feed rate affected the surface roughness and corrosion behavior of AZ31
alloy. The corrosion resistance of AZ31 magnesium alloy was more favorable using a lower
feed rate and cryogenic conditions. Pu et al. [19] investigated the corrosion resistance
of magnesium alloy AZ31B-O following dry and cryogenic cutting conditions. A tool
edge radius of 30 and 70 um, feed rate of 0.1 mm/rev, and cutting speed of 100 m/min
were used. The samples were tested in SBF and 5% NaCl solution. Compared to dry
machining, cryogenic ensure better surface integrity and corrosion resistance. Bruschi
et al. [20] investigated the corrosion behavior of 316L stainless steel to increase its resistance
to sterilization cycles. The processing was carried out under low-temperature conditions,
and the results were compared with the dry and wet conditions. The following parameters
were applied: v, = 200 m/min, f = 0.2 mm/rev, and 4, = 0.3 mm. The tests were performed
in a commercial IGENAL-N sterilization solution. Corrosion resistance improved with
low-temperature conditions and deteriorated after dry conditions. Bertolini et al. [21]
analyzed the corrosion behavior of stainless steel 316L following low-temperature and wet
conditions. The following parameters were applied: v = 200 m/min, f = 0.2 mm/rev, and
ap = 0.3 mm. The tests were performed in a commercial IGENAL-N sterilization solution.
Low-temperature conditions ensure a hardened and more elastic surface layer, which,
compared to wet conditions, increases the general and local corrosion resistance of the
tested steel.
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Zhang and Liu [22] evaluated the surface topography of Ti6Al4V alloy after finish
turning under dry conditions. The values of R, and R, parameters increased, and the
shapes of surface roughness profiles changed with increasing feed rate. Sartori et al. [23]
investigated the surface integrity of Ti6Al4V alloy after cryogenic and dry cutting
conditions. Surface topography deteriorated with cryogenic conditions, but fewer
surface defects were observed. Mia et al. [24] investigated the surface roughness of
Ti6Al4V alloy after turning under cryogenic liquid nitrogen (LN2) conditions. LN2 dual
jets improve the surface quality. The following cutting parameters were recommended:
v = 140 m/min and f = 0.16 mm/rev. Deiab et al. [25] assessed the effect of dry, cooled
air, flood, cryogenic, minimum quantity lubrication (MQL), and minimum quantity
cooled lubrication (MQCL) conditions on the surface roughness of Ti6Al4V alloy. At
a higher machining speed and feed rate in dry and MQL conditions, the lowest R,
parameter values were obtained. Sun et al. [26] analyzed the surface roughness of
Ti-5553 alloy under cryogenic conditions, and the results were compared to wet and
MQL conditions. The smallest values of the R, parameter were obtained from MQL. Sun
et al. [27] investigated the surface integrity after turning titanium alloy TB6 under dry
conditions. A decrease in the R, parameter value was observed with decreasing feed
rate. Fewer defects on the surface were observed with increasing cutting speed. Gupta
et al. [28] analyzed the effect of Ranque-Hilsch vortex fluid-assisted minimum quantity
cutting fluids (RHVT-MQCF) and MQL cutting conditions on surface roughness after
turning pure titanium. Favorable results were obtained for the machining conditions
with RHVT-MQCEFE.

There are few studies in the open literature which looked into the effect of surface
topography and cutting conditions on the corrosion resistance after finishing turning of
titanium alloys. Yet, the processing conditions affect both the surface topography [29]
and the corrosion resistance [30]. The existing articles do not consider the influence
of modern cooling conditions, i.e., near-dry cutting, which improves the surface qual-
ity [31] while offering numerous economic and environmental benefits [32]. In addition,
there is no information on the effect of surface topography and cooling conditions on
surface bioactivity after the turning process of titanium alloys, which can be considered
a novelty in this research work. As studies have shown, surface topography affects
surface bioactivity. Ravelingien et al. [33] investigated the effect of surface topography
on the surface bioactivity of Ti6Al4V alloy after alkali treatment. The titanium plates
had different surface roughness (R, = 0.13 um, 0.56 pm, 0.83 pm, and 3.63 um) and
were prepared by Al,O3 grit-blasting. For samples with R; = 0.56 pm, complete hy-
droxyapatite (HA) coating was obtained after 7 days of storage in SBE. Constantinescu
et al. [34] studied the effect of surface roughness of Ti6Al4V alloy on the shape, size,
and distribution of HA. The samples were sandblasted with Al,O3 particles of different
sizes. It was found that surface roughness affects the morphology and distribution of
HA. Demirci et al. [35] analyzed the effect of surface modifications of Ti6Al4V alloy on
the ability to form apatite. Samples were produced using the additive method (AM)
using varying laser powers. The samples were stored in SBF for 2 weeks. Depending on
the production laser power, surface roughness and topography, as well as wettability
and microstructure, affected the formation of apatite on the surface.

A high surface bioactivity of titanium alloys, shaped by various techniques to pro-
duce orthopedic implants, is achieved by anodizing the surface in solutions containing
phosphate ions or by forming layers with morphology favoring the surface bioactiv-
ity [36]. Increasing the surface bioactivity of titanium implants can also be achieved by
covering their surface with a layer containing calcium and phosphorus hydroxyapatite.
HA-coated titanium alloys exhibit higher surface bioactivity than uncoated ones [37].
HA coating aids implant fixation and increases implant life. The dense layer of HA
coating on the implant surface has a beneficial effect on biointegration, improves the
stability of the implant and bone tissue junction, and minimizes the release of metal
ions in the human body [38]. Hydroxyapatite is a ceramic material that is a natural bone
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component. In the assessment of the in vitro surface bioactivity of titanium alloys, it
was verified, inter alia, whether hydroxyapatite is released on a given surface of the
alloy following processing [39]. HA is like a bioceramic that has very good biological
properties facilitating bone repair and reconstruction [40]. The surface roughness of
titanium alloys suitable for the growth of osteoblasts is 0.2-0.7 um, and, in the literature,
many reports can be found on the protective and bioactive layers on titanium alloys and
their corrosion resistance [41-44].

Summarizing the literature review, it was found that, in the research works to
date, there is a lack of information on the effect of finish turning of Ti6Al4V titanium
alloy under ecological conditions on the corrosion resistance and surface bioactivity
in SBF solution, whose chemical composition is most similar to human blood plasma.
In the research, the simultaneous effect of feed rate and surface roughness on these
performance properties of Ti6Al4V titanium alloy has also basically not been analyzed.
This can be considered a research gap. Therefore, the current study aimed to analyze
the effect of dry and MQL conditions and surface topography after finish turning of
Ti6Al4V titanium alloy on corrosion resistance and surface bioactivity in SBF solution.
This research is of practical importance and can be used as a step in the development
of technological processes in the production of medical devices, to ensure favorable
operating properties of these devices.

2. Materials and Methods
2.1. Workpiece Details and Preparation

Ti6Al4V alloy, with the chemical composition and mechanical properties compliant
with ISO 5832-3:2016 [45] standard, was examined (Table 1). Ti6Al4V alloy is characterized
by high strength-to-weight ratios and has high corrosion resistance; thus, it is used in many
industries including medical, automotive, aerospace, and marine [46].

Table 1. Chemical composition and mechanical properties of Ti6Al4V titanium alloy, According to ISO 5832-3:2016.

Chemical Composition (%)

(6] A% Al Fe H C N Ti
<0.20 3.5 5.5 <0.30 <0.0015 <0.08 <0.05 rest
Mechanical Properties
Modulus of Elastic (MPa) Tensile Strength (MPa) Yield Strength (MPa) Fatigue Strength (MPa)
110-114 960-970 850-900 620-725

The machining was performed on a CNC lathe CKE6136i (Dalian Machine Tool
Group Corporation, Dalian, China) using a turning with a CoroTurn SDJCR 2020K 11
(Sandvik Coromant, Sandviken, Sweden) tool holder and a CoroTurn DCMX 11 T3
04-WM 1115 (Sandvik Coromant, Sandviken, Sweden) insert. The geometry of the
cutting insert was as follows: x; = 93°, vy, = 18°, o = 7°, r¢ = 0.4 mm. The material
used for the cutting insert was cemented carbide GC 1115 with (Ti, AI)N + (AL Cr),03
coating deposited by Physical Vapour Deposition (PVD). The inserts were changed after
each test, so each sample was machined with a new and sharp edge. The samples were
machined under dry and MQL conditions because today’s manufacturing industry is
very much focused on environmental protection [47] and a reduction in the consumption
of machining fluids [48]. Furthermore, MQL has been successfully applied to improve
the machinability of difficult-to-cut materials [49,50]. In the MQL method, we used
ECOCUT MIKRO 20 E oil, which was produced by mixing with air. The oil mist was
produced using the Lenox 1LN Mikronizer (Lenox, East Longmeadow, MA, USA). The
preferred oil mist formation conditions suggested by Maruda et al. were applied [51]:
oil flow 39.4 mL/h, airflow 5.8 L/m, pressure 0.48 MPa, and 0.2 m distance of the
nozzle from the point of contact between the material and the cutting edge. The samples
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with minimum (R;min = 0.29-0.37 pm) and maximum (R;max = 1.62-2.22 pum) surface
roughness obtained after finish turning were examined. Surface roughness affects the
corrosion of metals and, as commonly known, depends on the feed rate (f). For samples
with Rymin, a lower feed rate was used for MQL conditions (f = 0.1 mm/rev) to obtain
surface roughness parameters similar to dry machining (f = 0.14 mm/rev). Regardless
of the machining conditions, the feed rate for the samples with Rymax was 0.35 mm/rev.
Due to the small diameter of the sample, a constant cutting speed (v.) of 80 m/min was
set, as well as a constant cutting depth (a,) of 0.5 mm, typical for the finish cutting. Both
the length and the diameter of the samples were 15 mm.

2.2. Measurement of Surface Roughness Metrics

The processed surface was examined using a Sensofar S Neox 3D optical profilometer
(Sensofar Group, Barcelona, Spain), and the measurement results were analyzed using
Mountains Maps Premium 7.4 software (Digital Surf, Besangon, France). The measurement
area used was 1.30 x 1.75 mm. Selected parameters of the surface roughness amplitude
were analyzed in accordance with the ISO 4287:1999 [52] standard Ra (arithmetic mean
deviation of the roughness profile), R, (maximum height of the roughness profile), R, (max-
imum peak height of the roughness profile), R, (maximum valley depth of the roughness
profile), Ry (skewness of the roughness profile), Ry, (kurtosis of the roughness profile),
roughness profiles, and 2D topographies of the processed surface. In industry, parameters
R, and R; are widely used to evaluate product quality. The parameters Ry and Ry, can be
complementary to the parameters R, and R, and allow the evaluation of the functional
properties of the surface [53,54]. The tests were repeated three times and the standard
deviation did not exceed 5%.

Before corrosion resistance and surface bioactivity testing, the samples were
washed in an IS-1 (Intersonic, Olsztyn, Poland) ultrasonic washer in distilled water to
remove machining residues, such as machined material or oil that sticks to the surface.
Samples of Ti6Al4V titanium alloy were subjected to electrochemical tests using the
Atlas 0531 Electrochemical Unit and Impedance Analyzer potentiostat/galvanostat
(Atlas-Sollich, Rebiechowo, Poland). The chemical composition of the simulated body
fluid can be found in [55]. The SBF used in this study had a temperature of 37 + 1 °C,
and a pH in the range of 7.2-7.4. An area of 0.25 cm? was marked on each sample,
which was then exposed to the electrolyte. The remainder of the sample was covered
with a layer of paint. The tests were repeated three times and the standard deviation
did not exceed 3%.

The samples were subjected to electrochemical impedance spectroscopy (EIS) tests,
preceded by a 1 min measurement of the corrosion potential (Ecorr). EIS studies were
performed according to ISO 16773-2:2016 [56] and ISO 16773-3:2016 [57] standards. The
tests were carried out in a three-electrode system, in which the reference electrode was
silver chloride, with a platinum plate as the counter electrode. Changes in electrochemical
properties of the samples were recorded after 1 h and then after 1, 7, 14, 28, 46, and
72 days of immersion in SBF solution. EIS spectra were recorded within the 107°-0.1 Hz
frequency range. The results obtained were analyzed, and Bode and Nyquist charts
were plotted. The sample surfaces were assessed on the basis of SEM images and EDS
analysis obtained using a JSM-5600LV scanning microscope (JEOL, Tokyo, Japan) with
an EDS 2000 X-ray microanalyzer and an AVI-HORN camera (AVT, Aachen, Germany).
To neutralize the influence of Ti, Al, and V on the effectiveness of registration of the
presence of hydroxyapatite compounds on the surfaces of the tested titanium alloy samples,
analyzed by EDS, these elements were excluded from the list of analyzed elements. A
similar approach was put forward by Feldshtein et al. [58].

The experimental research plan is shown in Figure 1.
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Figure 1. Experimental research plan.

3. Results and Discussion

Surface roughness parameters were obtained for samples with minimum and max-
imum R, for Ti6Al4V alloy after finish turning under the ecological cutting conditions
shown in Table 2.

Table 2. Surface Roughness Parameters for Samples with R, and Rguax Obtained after Finish

Turning.
Cutting Surface
Conditions Roughness Ry (um)  R;(um) Ry (um) Ry (um) Rk Ry,
Range
Dry R 0.29 2.18 1.16 1.01 —0.208  2.68
MQL ann 0.37 2.33 1.27 1.07 0.135 2.49
Dry R 222 11.8 7.23 4.62 0.287 2.58
MQL amax 1.62 8.80 5.43 3.37 0.311 2.64

Garcia-Martinez et al. [59] showed that machining under MQL conditions reduces
surface roughness and improves surface integrity compared to dry machining. For samples
with Rapmin after dry turning, a reduction in surface roughness parameters R;, R;, Ry, Ry,
and R in the range of 6% to 165% was obtained compared to MQL conditions. On the
other hand, for samples with R;max machined under MQL conditions, a reduction in R,,
Rz, Ry, and R, parameters was obtained in the range of 25% to 27%.

Figure 2 shows the surface roughness profiles of samples with R;min and Rymax pa-
rameters obtained after finish turning under dry and MQL conditions.

Within the range of minimum parameter values, R; = 0.29-0.37 ym and R; = 2.18-2.33 um,
regardless of the cooling conditions, flattened peaks were observed on the surface rough-
ness profiles attesting to the plastic deformation of the surface layers characteristic of the
processed implant surface [60]. However, within the range of maximum R, = 1.62-2.22 um
and R, = 8.80-11.08 um parameter values, there were visible feed marks. For example,
Figure 2 shows a cutout of the 2D surface topography along with the surface roughness
profile for a Ryqx sample after dry cutting.
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Figure 2. Surface roughness profiles of Ti6Al4V alloy after finish turning.

The correlation of the Ry and Ry, parameters yields an Ry—Ry, topological map,
which enables an evaluation of the surface irregularity distribution. The parameters Ry
and Ry, are responsive to high peaks and deep pits located on the machined surface [61].
The Rg—Ry, topological map for Ti6Al4V alloy after finish turning is shown in Figure
3. Compared to the surface area of samples with R;min, an increase in Ry, parameters
was obtained for samples with R;max. Very high peaks and very deep pits were seen on
surfaces with R;max, whereas high peaks and deep pits were seen on surfaces with Rymin
machined under MQL conditions. In turn, flattened peaks were seen on the surface with
Rymin under dry machined conditions. Regardless of the cooling conditions for the samples
with Ramin and Ramax, the surfaces were characterized by regular shapes, as evidenced by

the parameter value Ry, < 3.

35 1 &
X
s <
3+
+
o
25 + o
b t t 2 t t t {
035 -025 -015 -0.05 005 015 025  0.35
Rsk,-

~+Dry cutting, min. Ra
B-MQL cutting, min.Ra

MQL cutt

-©-Dry cutting, max. Ra

ing, max. Ra

Figure 3. Ry,—Ry topological map for Ti6Al4V alloy after finish turning.
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Figure 4 shows 2D surface images of the samples with Rymin and Rumax after finishing
turning. For Rymin, on the surface processed under dry and MQL conditions, scratches
were observed, which were caused by the unfavorable shape of the chip entangling the
workpiece [62,63] and irregularly spaced stickers, resulting from the adhesive bonds of the
chips to the processed surface [64]. For Rymax, on the surface processed in the tested cooling
conditions, clear traces of feed rate, which are typical of turning, were found. In addition,
scratches occurred under dry cutting conditions and stickers with MQL. A summary of the
surface topography results of samples with R;min and Rymax of Ti6Al4V alloy after turning
under dry and MQL conditions is presented in Table 3.

Minimum Ra Maximum Ra
(um] .

Dry cutting

MQL cutting

Figure 4. The 2D topographies of Ti6Al4V titanium alloy surface after finish turning.

Table 3. Summary of Surface Topography Results of Samples with R;;;, and Ramax of Ti6Al4V Alloy after Finish Turning
under Ecological Cutting Conditions.

Cutting Surface Surface Surface
Conditions Roughness Roug}.mess Roughness Parameters Ryy,—Rgi Topological Maps 2D Surface Images
Range Profiles
Dry Flattened peaks,
) Dry compared to MQL: decrease regular shapes .
MQL Ramin Flattened peaks Ra, Rz, Ry, Ry, and Rsk of 6-165% High peaks and deep pits, Scratch, stickers
regular shapes

Dry R Feed K MQL compared to dry: decrease Very high peaks and very Feed marks, scratch
MQL amax ced marks Ry, Rz, Ry, and R, of 25-27% deep pits, regular shapes Feed marks, stickers

The results of the impedance tests showed that the cutting conditions and surface
topography after finish turning of Ti6Al4V alloy affected the bioactivity of the surface
and the release of hydroxyapatite and changed the electrochemical characteristics of the
layer. SEM images and EDS analyses of the surfaces after finish turning after dry and MQL
conditions after 7 days of storage in SBF solution are shown in Figure 5.
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Figure 5. SEM pictures and EDS analysis results for Ti6Al4V alloy with Rypyin and Rymax under dry and MQL conditions
after 7 days of storage in SBE.

Spherical precipitates unevenly covering the surface of the samples were observed for
samples after turning under dry and MQL conditions. Analysis of the content of calcium
and phosphorus confirmed the presence of hydroxyapatite, in which the Ca/P molar ratio
was 1.73-1.78 for samples with Rumin and 1.85-1.97 for samples with Rymax. It should be
emphasized that the secretions of hydroxyapatite were more irregular on samples after
turning with MQL conditions than on samples subjected to dry machining; furthermore,
their stoichiometric composition was closest to the composition of hydroxyapatite, which
is a bone component (Ca/P = 1.67) [36]. Changes in the corrosion potential of samples
made of TibAl4V alloy with Rymin and Rymax after turning under dry and MQL conditions
stored in SBF solution are shown in Figure 6a.

For samples with R;min and Rymax after turning under dry and MQL conditions,
over time after immersion in SBF, the values of the corrosion potentials decreased and
then significantly increased, to reach the values of Ecorr ~0 mV. Then, they decreased to
Ecorr ~—120 to —140 mV, which continued until the 72nd day. The increase in the value of
corrosion potentials on the seventh day from the moment of immersion in SBF proves the
existence of positive ion adsorption processes from the solution, forming a double electrical
layer at the alloy surface, from which hydroxyapatite is released [65]. The results obtained
in the first hours/days after immersion in the solution are very important, as they may
indicate the body’s reaction to the metal placed in it as an implant [66].

The results of impedance tests for samples made of Ti6Al4V alloy with Rymin and
Rumax after turning with dry and MQL conditions after 7 days of storage in SBF solution
are presented in the form of Bode and Niquist diagrams in Figures 6 and 7. The impedance
characteristics (Figures 6 and 7) indicate that, regardless of the surface roughness of samples,
compared to MQL, under dry conditions, surfaces were characterized by a greater resistance
and an almost capacitive response, illustrated by a phase angle close to —80° recorded in a
wide frequency range by control systems including in the range of 10~!-10 Hz, indicating
the presence of a passive layer on the processed surface. The test results for the anodized
titanium alloy Ti4Al4V reported in the literature show a similar characteristic [12,37,39]. In
the Niquist illustration, samples after turning under MQL conditions were characterized
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by one loop (Figure 7b); when compared to samples with Rymax, higher resistance values
were recorded for samples with R;min. It is reported in the literature that, in the case
of polished samples, larger diameters of the loops are observed, which are evidence of
a higher resistance [12]. For samples with R;max, the lowest resistance occurred 7 days
after immersion in SBF solution. Then, after 28 days, the resistance value increased and
remained at a similar level for 72 days, suggesting that no hydroxyapatite was recorded
on the surfaces of the samples during this period. The obtained data were then filtered.
The equivalent circuit Rs (P1, R1(P2, R2)) provided the best fit to the test data, where Rs is
the electrolyte resistance, R1 and CPEL1 are the hydroxyapatite layer resistivity and metal
capacity, and R2 and CPE2 are the charge transfer resistance and double-layer capacity
(Figure 7e). A summary of the corrosion resistance and surface bioactivity test results
of samples with Rymin and Rymax of Ti6AI4V alloy after turning under dry and MQL
conditions is presented in Table 4.

-
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A
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7 28 72
Dry cutting, min. Ra % MQL cutting, min. Ra
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Figure 6. The results of electrochemical tests of Ti6Al4V alloy samples after turning under dry and MQL conditions with

Ramin and Rymax stored in SBF: changes in corrosion potential for 72 days (a) the value of the phase angle at the frequency of
0.1 Hz after 7 days (b) the Bode phase plots after 7, 28, and 72 days (c,d) and the Bode plots after 7, 28, and 72 days (e, f).
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Figure 7. Niquist charts for samples of Ti6Al4V alloy after turning with Rypin and Ramax after 7, 28, and 72 days of storage
in SBF, under dry (a) and MQL (b) conditions; comparison of impedance characteristics in Niquist representation (c) and
Bode phase plots (d) with equivalent circuit illustrating the nature of samples (e).
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Table 4. Summary of Corrosion Resistance and Surface Bioactivity Results of Samples with Rgpin and Rymax of Ti6Al4V

Alloy after Turning under Ecological Cutting Conditions.

. Precipitation of Stoichiometric .
Cutting Surface . -, Highest Values _—
Conditions Roughness Range Hydroxyapatite, after Composition (Ca/P), of E Impedance Characteristics
7 Days after 7 Days corr
Higher resistance, an
Dry Irregular, spherical 1.78 almost capacitive response,
Ramin presence of a passive layer
MQL More irregular, spherical 1.73 Low resistance, }ack of
~0mV presence of a passive layer
after 7 days High resistance, an almost
Dry R Irregular, spherical 1.97 capacitive response,
max presence of a passive layer
MQL More irregular, spherical 1.85 Low resistance, lack of

presence of a passive layer

4. Conclusions

The aim and novelty of this work was to analyze the effect of ecological dry and MQL

machining conditions and surface topography of Ti6Al4V titanium alloy after finish turning
on corrosion resistance and surface bioactivity. The surface topographies of the processed
samples were assessed and measured using a Sensofar S Neox 3D optical profilometer.
Samples with different surface roughness were subjected to electrochemical impedance
spectroscopy and corrosion potential tests in the presence of simulated body fluid. The
following was established:

1.

For samples with R;min after dry turning, a reduction in surface roughness parameters
of 6% to 165% was obtained compared to MQL conditions. On the other hand, for
samples with Rymax machined under MQL conditions, a reduction was obtained of
25% to 27%.

Regardless of the cutting conditions within the minimum range R, = 0.25-0.37 um,
flattened peaks were observed on the surface roughness profiles, and, within the
range of the maximum R, = 1.62-2.22 um, there were visible feed marks.

Rg—Ryy, topological map showed very high peaks and very deep pits on surfaces with
Ramax, as well as high peaks and deep pits on surfaces with Rymin, machined under
MQL conditions. Flattened peaks were seen on the surface with R;max under dry
machined conditions. On the 2D images of the surface with Rymax, clear traces of the
feed rate were recorded, and, on the surfaces with Rymin, scratches and irregularly
spaced stickers were observed under the analyzed cutting conditions.

After turning under dry and MQL conditions, unevenly distributed precipitates of
hydroxyapatite compounds were present on the surfaces of the samples. The Ca/P
molar ratio for samples with R;min was within the range 1.73-1.78, whereas that for
samples with Rymax was within the range 1.85-1.97.

For the studied cutting conditions and surface roughness, the highest values of Ecorr
~0 mV were recorded on day 7 of immersion in the SBF solution.

The impedance characteristics indicated that, compared to MQL conditions, under
dry conditions, surfaces were characterized by a greater resistance and an almost
capacitive response, illustrated by a phase angle close to —80° recorded in a wide
frequency range by control systems including in the range of 10~!-103 Hz, indicating
the presence of a passive layer on the processed surface.

The obtained research results have practical significance. They can be used by engi-
neers during the development of technological processes for medical devices made of
Ti6Al4V alloy, to obtain favorable functional properties of these devices, i.e., corrosion
resistance and bioactivity of the surface after finish turning. Therefore, a lower surface
roughness under dry conditions is recommended to achieve this success.
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Nomenclature

ap Depth of cut (mm)

Ecorr  Corrosion potential (mV)

EDS  Energy dispersive spectroscopy

EIS Electrochemical impedance spectroscopy

f Feed rate (mm/rev)

HA Hydroxyapatite

MQL  Minimum quantity lubrication

R, Arithmetic mean deviation of the roughness profile (um)

Romin ~ The minimum value of the surface roughness parameter R, (um)
Ramax ~ The maximum value of the surface roughness parameter R, (1m)

Ry Kurtosis of the roughness profile

Ry Maximum peak height of the roughness profile (um)
Rsk Skewness of the roughness profile

Ry Maximum valley depth of the roughness profile (um)

R, Maximum height of the roughness profile (um)
SBF Simulated body fluid
SEM  Scanning electron microscope

V¢ Cutting speed (m/min)

References

1. Uo, M.; Watari, F; Yokoyama, A.; Matsuno, H.; Kawasaki, T. Visualization and detectability of elements rarely contained in soft
tissue by X-ray Canning analytical microskopy and elektron-probe micro analysis. Biomaterials 2001, 22, 1787-1794. [CrossRef]

2. Manam, N.S.; Harun, W.S.W.; Shri, D.N.A.; Ghani, S.A.C.; Kurniawan, T.; Ismail, M.H.; Ibrahim, M.H.I. Study of corrosion in
biocompatible metals for implants: A review. J. Alloy. Compd. 2017, 701, 698-715. [CrossRef]

3. Geetha, M; Singh, A.K.; Asokamani, R.; Gogia, A.K. Ti based biomaterials, the ultimate choice for orthopaedic implants—A
review. Prog. Mater. Sci. 2009, 54, 397-425. [CrossRef]

4. Pimenov, D.Y;; Mia, M.; Gupta, M.K.; Machado, A.R.; Tomaz, Lv; Sarikaya, M.; Wojciechowski, S.; Mikolajczyk, T.; Kaplonek, W.
Improvement of machinability of Ti and its alloys using cooling-lubrication techniques: A review and future prospect. J. Mater.
Res. Technol. 2021, 11, 719-753. [CrossRef]

5. Costa, B.C,; Tokuhara, C.K;; Rocha, L.A.; Oliveira, R.C.; Lisboa-Filho, PN.; Pessoa, J.C. Vanadium ionic species from degradation
of Ti-6Al-4V metallic implants: In Vitro cytotoxicity and speciation evaluation. Mater. Sci. Eng. C 2019, 96, 730-739. [CrossRef]

6.  Schenk, R. The Corrosion Properties of Titanium and Titanium Alloys. In Titanium in Medicine. Engineering Materials; Springer:
Berlin/Heidelberg, Germany, 2001. [CrossRef]

7.  Bartmanski, M.; Pawlowski, L.; Belcarz, A.; Przekora, A.; Ginalska, G.; Strugata, G.; Cieslik, B.; Patubicka, A.; Zieliniski, A.
The Chemical and Biological Properties of Nanohydroxyapatite Coatings with Antibacterial Nanometals, Obtained in the
Electrophoretic Process on the Ti1l3Zr13Nb Alloy. Int. J. Mol. Sci. 2021, 22, 3172. [CrossRef]

8.  Pawlowski, L.; Bartmarniski, M.; Mielewczyk-Gryn, A.; Cieslik, B.; Gajowiec, G.; Zielinski, A. Electrophoretically Deposited
Chitosan/Eudragit E 100/ AgNPs Composite Coatings on Titanium Substrate as a Silver Release System. Materials 2021, 14, 4533.
[CrossRef] [PubMed]

9. Laboulaisa, ].N.; Mata, ].A.A.; Borras, V.A.; Munoz, A I Electrochemical characterization and passivation behaviour of new

beta-titanium alloys (Ti35Nb10Ta-xFe). Electrochim. Acta 2017, 227, 410-418. [CrossRef]


http://doi.org/10.1016/S0142-9612(00)00349-5
http://doi.org/10.1016/j.jallcom.2017.01.196
http://doi.org/10.1016/j.pmatsci.2008.06.004
http://doi.org/10.1016/j.jmrt.2021.01.031
http://doi.org/10.1016/j.msec.2018.11.090
http://doi.org/10.1007/978-3-642-56486-4_6
http://doi.org/10.3390/ijms22063172
http://doi.org/10.3390/ma14164533
http://www.ncbi.nlm.nih.gov/pubmed/34443056
http://doi.org/10.1016/j.electacta.2016.12.125

Materials 2021, 14, 6917 14 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Czarnowska, E.; Wierzchon, T.; Maranda-Niedbala, A.; Karczmarewicz, E. Improvement of titanium alloy for biomedical
applications by nitriding and carbonitriding processes under glow discharge conditions. J. Mater. Sci. Mater. Med. 2000, 11, 73-81.
[CrossRef] [PubMed]

Gotz, HEE.; Muller, M.; Emmel, A.; Holzwarth, U.; Erben, R.G.; Stangl, R. Effect of surface finish on the osseointegration of
laser-treated titanium alloy implants. Biomaterials 2004, 25, 4057—4064. [CrossRef]

Chi, G,; Yi, D.; Liu, H. Effect of roughness on electrochemical and pitting corrosion of Ti-6Al-4V alloy in 12 wt. % HCI solution at
35 °C. J. Mater. Res. Technol. 2020, 9, 1162-1174. [CrossRef]

Childs, TH.C.; Arrazola, PJ.; Aristimuno, P.; Garay, A.; Sacristan, I. TibAl4V metal cutting chip formation experiments and
modeling over a wide range of cutting speeds. ]. Mater. Process. Technol. 2018, 255, 898-913. [CrossRef]

Sarikaya, M.; Gupta, M.K,; Tomaz, I.; Pimenov, D.Y.; Kuntoglu, M.; Khanna, N.; Yildirim, C.V,; Krolczyk, G.M. A state-of-the-art
review on tool wear and surface integrity characteristics in machining of superalloys. CIRP J. Manuf. Sci. Technol. 2021, 35,
624-658. [CrossRef]

Michailidis, N. Variations in the cutting performance of PVD-coated tools in milling Ti6Al4V, explained through temperature-
dependent coating properties. Surf. Coat. Technol. 2016, 304, 325-329. [CrossRef]

Gupta, MK; Song, Q.; Liu, Z.; Sarikaya, M.; Mia, M.; Jamil, M.; Singla, A.K.; Bansal, A.; Pimenov, D.Y.; Kuntoglu, M. Tribological
performance based machinability investigations in cryogenic cooling assisted turning of «-f titanium Alloy. Tribol. Int. 2021,
160, 107032. [CrossRef]

Bertolini, R.; Bruschi, S.; Bordin, A.; Ghiotti, A.; Pezzato, L.; Dabala, M. Fretting Corrosion Behavior of Additive Manufactured
and Cryogenic-Machined Ti6Al4V for Biomedical Applications. Adv. Eng. Mater. 2017, 19, 1500629. [CrossRef]

Bertolini, R.; Bruschi, S.; Ghiotti, A.; Pezzato, L.; Dabala, M. The effect of cooling strategies and machining feed rate on the
corrosion behavior and wettability of AZ31 alloy for biomedical applications. Procedia Cirp 2017, 65, 7-12. [CrossRef]

Pu, Z.; Dillon, O.W.,; Puelo, D.A.; Jawahir, I.S. Cryogenic machining and burnishing of magnesium alloys to improve In Vivo
corrosion resistance. In Surface Modification of Magnesium and its Alloys for Biomedical Applications. Volume II: Modification and
Coating Techniques Wood head Publishing Series in Biomaterials; Woodhead Publishing: Sawston, UK, 2015; pp. 103-133. [CrossRef]
Bruschi, S.; Pezzato, L.; Ghiotti, A.; Dabala, M.; Bertolini, R. Effectiveness of using low-temperature coolants in machining to
enhance durability of AISI 316L stainless steel for reusable biomedical devices. . Manuf. Process. 2019, 39, 295-304. [CrossRef]
Bertolini, R.; Bruschi, S.; Ghiotti, A. Enhancement of corrosion resistance to sterilization stages of a biomedical grade AISI 316L
stainless steel by means of low-temperature machining. Mater. Today 2019, 7, 552-559. [CrossRef]

Zhang, P,; Liu, Z. Modeling and prediction for 3D surface topography in finish turning with conventional and wiper inserts.
Measurement 2016, 94, 37-45. [CrossRef]

Sartori, S.; Bordin, A.; Ghiotti, A.; Bruschi, S. Analysis of the surface integrity in cryogenic turning of Ti6Al4V produced by Direct
Melting Laser Sintering. Procedia Cirp 2016, 45, 123-126. [CrossRef]

Mia, M.; Gupta, M.K; Lozano, J.A.; Carou, D.; Pimenov, D.Y.; Krélczyk, G.; Khan, A.M.; Dhar, N.R. Multi-objective optimization
and life cycle assessment of eco-friendly cryogenic N2 assisted turning of Ti-6Al-4V. J. Clean. Prod. 2019, 210, 121-133. [CrossRef]
Deiab, I.; Raza, S.W.; Pervaiz, S. Analysis of Lubrication Strategies for Sustainable Machining during Turning of Titanium
Ti-6Al-4V Alloy. Procedia CIRP 2014, 17, 766-771. [CrossRef]

Sun, Y.; Huang, B.; Puleo, D.A.; Jawahir, I.S. Enhanced machinability of Ti-5553 alloy from cryogenic machining: Comparison
with MQL and flood-cooled machining and modeling. Procedia CIRP 2015, 31, 477-482. [CrossRef]

Sun, Y.,; Huang, S.; Wang, T.; Chen, W. Research on surface integrity of turning titanium alloy TB6. Procedia Cirp 2018, 71, 484-489.
[CrossRef]

Gupta, M.K,; Song, Q.; Liu, Z,; Pruncu, C.I,; Mia, M.; Singh, G.; Lozano, ].A.; Carou, D.; Khan, A.M.; Jamil, M.; et al. Machining
characteristics based life cycle assessment in eco-benign turning of pure titanium alloy. J. Clean. Prod. 2020, 251, 119598. [CrossRef]
Cai, Y.; Liu, Z.; Shi, Z.; Song, Q.; Wan, Y. Influence of machined surface roughness on thrust performance of micro-nozzle
manufactured by micro-milling. Exp. Therm. Fluid Sci. 2016, 77, 295-305. [CrossRef]

Yang, J.; Wang, X.; Kang, M. Finite element simulation of surface roughness in diamond turning of spherical surfaces. ]. Manuf.
Process. 2018, 31, 768-775. [CrossRef]

Park, K.-Y,; Olortegui-Yume, J.; Yoon, M.-C.; Kwon, P. A study on droplets and their distribution for minimum quantity lubrication
(MQL). Int. ]. Mach. Tools Manuf. 2010, 50, 824-833. [CrossRef]

Krolczyk, G.M.; Maruda, R.W.; Krolczyk, ].B.; Wojciechowski, S.; Mia, M.; Nieslony, P.; Budzik, G. Ecological trends in machining
as a key factor in sustainable production—A review. J. Clean. Prod. 2019, 218, 601-615. [CrossRef]

Ravelingien, M.; Hervent, A.S.; Mullens, S.; Luyten, J.; Vervaet, C.; Remon, PJ. Influence of surface topography and pore
architecture of alkali-treated titanium on In Vitro apatite deposition. Appl. Surf. Sci. 2010, 256, 3693-3697. [CrossRef]

Demirci, S.; Dalmis, R.; Dikici, T.; Tuncay, M.M.; Kaya, N.; Gulluoglua, A.N. Effect of surface modifications of additively
manufactured Ti-6Al-4V alloys on apatite formation ability for biomedical applications. J. Alloy. Compd. 2021, 887, 161445.
[CrossRef]

Constantinescu, F; Ciocoiu, R.; Trante, O.; Ciuca, I. Hydroxyapatite coating influenced by Ti6Al4V substrate roughness. Key Eng.
Mater. 2015, 638, 62—66. [CrossRef]

Kaczmarek-Pawelska, A.; Krasicka-Cydzik, E. Functionalized nanotubular oxide layer on Ti6Al4V as a regulator and biosensor of
bone tissue remodelling. Arch. Mater. Sci. Eng. 2015, 73, 53-61.


http://doi.org/10.1023/A:1008980631780
http://www.ncbi.nlm.nih.gov/pubmed/15348050
http://doi.org/10.1016/j.biomaterials.2003.11.002
http://doi.org/10.1016/j.jmrt.2019.11.044
http://doi.org/10.1016/j.jmatprotec.2018.01.026
http://doi.org/10.1016/j.cirpj.2021.08.005
http://doi.org/10.1016/j.surfcoat.2016.07.022
http://doi.org/10.1016/j.triboint.2021.107032
http://doi.org/10.1002/adem.201500629
http://doi.org/10.1016/j.procir.2017.03.168
http://doi.org/10.1016/B978-1-78242-078-1.00005-0
http://doi.org/10.1016/j.jmapro.2019.02.003
http://doi.org/10.1016/j.matpr.2018.12.007
http://doi.org/10.1016/j.measurement.2016.07.080
http://doi.org/10.1016/j.procir.2016.02.328
http://doi.org/10.1016/j.jclepro.2018.10.334
http://doi.org/10.1016/j.procir.2014.01.112
http://doi.org/10.1016/j.procir.2015.03.099
http://doi.org/10.1016/j.procir.2018.05.028
http://doi.org/10.1016/j.jclepro.2019.119598
http://doi.org/10.1016/j.expthermflusci.2016.05.004
http://doi.org/10.1016/j.jmapro.2018.01.006
http://doi.org/10.1016/j.ijmachtools.2010.05.001
http://doi.org/10.1016/j.jclepro.2019.02.017
http://doi.org/10.1016/j.apsusc.2010.01.008
http://doi.org/10.1016/j.jallcom.2021.161445
http://doi.org/10.4028/www.scientific.net/KEM.638.62

Materials 2021, 14, 6917 15 of 16

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.
56.

57.

58.

59.

60.

61.

62.

63.

Yigit, O.; Dikici, B.; Senocak, T.C.; Ozdemir, N. One-step synthesis of nano-hydroxyapatite/graphene nanosheet hybrid coatings
on Ti6Al4V alloys by hydrothermal method and their in-vitro corrosion responses. Surf. Coat. Technol. 2020, 394, 125858.
[CrossRef]

Oskouei, R.H.; Fallahnezhad, K.; Kuppusami, S. An Investigation on the Wear Resistance and Fatigue Behaviour of Ti-6Al-4V
Notched Members Coated with Hydroxyapatite Coatings. Materials 2016, 9, 111. [CrossRef] [PubMed]

Chen, S.H.; Ho, S.C.; Chang, C.H.; Chen, C.C.; Say, W.C. Influence of roughness on in-vivo properties of titanium implant surface
and their electrochemical behavior. Surf. Coat. Technol. 2016, 302, 215-226. [CrossRef]

Sari, M.; Kristiano, N.A.; Ana, 1.D.; Yusuf, Y. Carbonated Hydroxyapatite-Based Honeycomb Scaffold Coatings on a Titanium
Alloy for Bone Implant Application—Physicochemical and Mechanical Properties Analysis. Coatings 2021, 11, 941. [CrossRef]
Kierzkowska, A.; Krasicka-Cydzik, E. Behaviour of Ti6Al4V implant alloy In Vitro after plastic deformation by bending. Surf.
Interface Anal. 2008, 40, 507-512. [CrossRef]

Saruta, J.; Sato, N.; Ishijma, M.; Okubo, T.; Hirota, M.; Ogawa, T. Disproportionate Effect of Sub-Micron Topography on
Osteoconductive Capability of Titanium. Int. . Mol. Sci. 2019, 20, 4027. [CrossRef]

Cho, Y.-D.; Kim, W.-J,; Kim, S.; Ku, Y.; Ryoo, H.-M. Surface Topography of Titanium Affects Their Osteogenic Potential through
DNA Methylation. Int. J. Mol. Sci. 2021, 22, 2406. [CrossRef]

Ball, M.; Grant, D.M.; Lo, W.-].; Scotchford, C.A. The effect of different surface morphology and roughness on osteoblast-like cells.
J. Biomed. Mater. Res. A 2007, 86, 637-647. [CrossRef] [PubMed]

ISO. 5832-3:2016. Implants for Surgery—Metallic Materials—Part 3: Wrought Titanium 6-Aluminium 4-Vanadium Alloy; 1SO:
Geneva, Switzerland, 2016.

Igbal, A.; Zhao, G.; Zaini, J.; Gupta, M.K,; Jamil, M.; He, N.; Nauman, M.M.; Mikolajczyk, T.; Pimenov, D.Y. Between-the-Holes
Cryogenic Cooling of the Tool in Hole-Making of Ti-6Al-4V and CFRP. Materials 2021, 14, 795. [CrossRef] [PubMed]

Singh, G.; Pruncu, C.I; Gupta, M.K,; Mia, M.; Khan, A.M.; Jamil, M.; Pimenov, D.Y.; Sen, B.; Sharma, V.S. Investigations of
Machining Characteristics in the Upgraded MQL-Assisted Turning of Pure Titanium Alloys Using Evolutionary Algorithms.
Materials 2019, 12, 999. [CrossRef]

Mia, M.; Gupta, M.K,; Singh, G.; Krélczyk, G.; Pimenov, D.Y. An approach to cleaner production for machining hardened steel
using different cooling-lubrication conditions. J. Clean. Prod. 2018, 187, 1069-1081. [CrossRef]

Salur, E.; Kuntoglu, M.; Aslan, A.; Pimenov, D.Y. The Effects of MQL and Dry Environments on Tool Wear, Cutting Temperature,
and Power Consumption during End Milling of AISI 1040 Steel. Metals 2021, 11, 1674. [CrossRef]

Gupta, M.K,; Khan, A.M.; Song, Q.; Liu, Z.; Khalid, Q.S.; Jamil, M.; Kuntoglu, M.; Usca, U.A.; Sarikaya, M.; Pimenov, D.Y. A
review on conventional and advanced minimum quantity lubrication approaches on performance measures of grinding process.
Int. J. Adv. Manuf. Syst. 2021, 117, 729-750. [CrossRef]

Maruda, R W.; Krolczyk, G.M.; Feldshtein, E.; Pusavec, E; Szydlowski, M.; Legutko, S.; Sobczak-Kupiec, A. A study on droplets
sizes, their distribution and heat exchange for minimum quantity cooling lubrication (MQCL). Int. J. Mach. Tools Manuf. 2016, 100,
81-92. [CrossRef]

ISO. ISO 5436-1:2000(en). Geometrical Product Specifications (GPS)—Surface Texture: Profile Method—Terms, Definitions and Surface
Texture Parameters; 1ISO: Geneva, Switzerland, 2000.

Horvath, R.; Czifra, A.; Dregelyi-Kiss, A. Effect of conventional and non-conventional tool geometries to skewness and kurtosis
of surface roughness in case of fine turning of aluminium alloys with diamond tools. Int. J. Adv. Manuf. Technol. 2014, 78, 297-304.
[CrossRef]

Sanchez Egea, A.].; Martynenko, V.; Simoncelli, A.; Serrancoli, G.; Krahmer, D.M. Sliding abrasive wear when combining WEDM
conditions and polishing treatment on H13 disks over 1045 carbon steel pins. Int. J. Adv. Manuf. Technol. 2021. [CrossRef]
Kokubo, T.; Takadama, H. How useful is SBF in predicting In Vivo bone bioactivity? Biomaterials 2006, 27, 2907-2915. [CrossRef]
ISO. 16773-2:2016. Electrochemical Impedance Spectroscopy (EIS) on Coated and Uncoated Metallic Specimens—Part 2: Collection of Data;
ISO: Geneva, Switzerland, 2016.

ISO. 16773-3:2016. Electrochemical Impedance Spectroscopy (EIS) on Coated and Uncoated Metallic Specimens—Part 3: Processing and
Analysis of Data from Dummy Cells; ISO: Geneva, Switzerland, 2016.

Feldshtein, E.; Dyachkova, L.N.; Krélczyk, G.M. On the evaluation of certain strength characteristics and fracture features of
iron-based sintered MMCs with nanooxide additives. Mater. Sci. Eng. A 2019, 756, 455-463. [CrossRef]

Gacia-Martinez, E.; Miguel, V.; Martinez-Martinez, A.; Manjabacas, M.C.; Coello, ]J. Sustainable lubrication methods for the
machining of titanium alloys: An overview. Materials 2019, 12, 3852. [CrossRef]

Alla, RK,; Ginjupalli, K.; Upadhya, N.; Shammas, M.; Ravi, R.K; Sekhar, R. Surface roughness of implant: A review. Trends
Biomater. Artif. Organs 2011, 25, 112-118.

Krolczyk, G.M.; Maruda, RW.; Krolczyk, J.B.; Nieslony, P.; Wojciechowski, S.; Legutko, S. Parametric and nonparametric
description of the surface topography in the dry and MQCL cutting conditions. Measurement 2018, 121, 225-239. [CrossRef]
Leksycki, K.; Feldshtein, E.; Lisowicz, ].; Chudy, R.; Mrugalski, R. Cutting Forces and Chip Shaping When Finish Turning of
17-4 PH Stainless Steel under Dry, Wet, and MQL Machining Conditions. Metals 2020, 10, 1187. [CrossRef]

Leksycki, K.; Feldshtein, E.; Krolczyk, G.M.; Legutko, S. On the Chip Shaping and Surface Topography When Finish Cutting
17-4 PH Precipitation-Hardening Stainless Steel under Near-Dry Cutting Conditions. Materials 2020, 13, 2188. [CrossRef]
[PubMed]


http://doi.org/10.1016/j.surfcoat.2020.125858
http://doi.org/10.3390/ma9020111
http://www.ncbi.nlm.nih.gov/pubmed/28787911
http://doi.org/10.1016/j.surfcoat.2016.06.007
http://doi.org/10.3390/coatings11080941
http://doi.org/10.1002/sia.2668
http://doi.org/10.3390/ijms20164027
http://doi.org/10.3390/ijms22052406
http://doi.org/10.1002/jbm.a.31652
http://www.ncbi.nlm.nih.gov/pubmed/18022800
http://doi.org/10.3390/ma14040795
http://www.ncbi.nlm.nih.gov/pubmed/33567552
http://doi.org/10.3390/ma12060999
http://doi.org/10.1016/j.jclepro.2018.03.279
http://doi.org/10.3390/met11111674
http://doi.org/10.1007/s00170-021-07785-x
http://doi.org/10.1016/j.ijmachtools.2015.10.008
http://doi.org/10.1007/s00170-014-6642-5
http://doi.org/10.1007/s00170-021-07897-4
http://doi.org/10.1016/j.biomaterials.2006.01.017
http://doi.org/10.1016/j.msea.2019.04.044
http://doi.org/10.3390/ma12233852
http://doi.org/10.1016/j.measurement.2018.02.052
http://doi.org/10.3390/met10091187
http://doi.org/10.3390/ma13092188
http://www.ncbi.nlm.nih.gov/pubmed/32397543

Materials 2021, 14, 6917 16 of 16

64. Leksycki, K.; Feldshtein, E. The surface texture of Ti6Al4V titanium alloy under wet and dry finish turning conditions. In
Industrial Measurements in Machining, Lecture Notes in Mechanical Engineering; Krélezyk, G., Niestony, P., Krélczyk, J., Eds.; Springer:
Cham, Switzerland, 2020; pp. 33—44. [CrossRef]

65. Stango, S.A.X,; Karthick, D.; Swaroop, S.; Mudali, U.K,; Vijayalakshimi, U. Development of hydroxyapatite coatings on laser
textured 316 LSS and Ti-6Al-4V and its electrochemical behavior in SBF solution for orthopaedic applications. Ceram. Int. 2018,
44, 3149-3160. [CrossRef]

66. Krasicka-Cydzik, E. Formowanie Cienkich warstw anodowych na tytanie i jego implantowych stopach w srodowisku kwasu fosforowego;
Oficyna Wydawnicza Uniwersytetu Zielonogoérskiego: Zielona Géra, Poland, 2003. (In Polish)


http://doi.org/10.1007/978-3-030-49910-5_4
http://doi.org/10.1016/j.ceramint.2017.11.083

	Introduction 
	Materials and Methods 
	Workpiece Details and Preparation 
	Measurement of Surface Roughness Metrics 

	Results and Discussion 
	Conclusions 
	References

