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Abstract

In this study, CP-Ti was prepared using the selective laser melting (SLM) technique to systematically investigate the effect
of scanning speed on microstructure, mechanical properties, wear properties, and corrosion behavior. The optimum relative
density of 99.87+0.12% was achieved at a scanning speed of 800 mm/s, with corresponding tensile strength, yield strength,
elongation, and hardness values of 543+17 MPa, 4537 MPa, 14+1%, and 294+4 HYV, respectively. Additionally, SLM-
processed CP-Ti with optimum relative density exhibited the lowest wear rate (2.72 %107 mm?/N) and excellent corrosion
resistance. These results indicate that CP-Ti with high relative density, strength, and hardness, low wear rate, and excellent
corrosion resistance can be fabricated by controlling the scanning speed, making it well-suited for biomedical implant
applications.
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1. Introduction

Because of their excellent corrosion resistance,
and excellent bio-compatibility, Ti and its alloys have
become exceedingly significant in the fields of
artificial hip, artificial knee joint, bone plate, and
implants in recent years [1-4]. Therefore, CP-Ti and
Ti-6Al-4V alloy are widely regarded and used as
commercially metallic biomedical materials.
However, the long-term use of Ti-6Al-4V may lead to
several serious diseases, such as Alzheimer’s disease,
Parkinson’s syndrome, and memory impairment, due
to the release of Al and V ions from the alloy [5, 6].

With the development of addictive manufacturing
technologies over the past decade, the preparation of
some alloys like Ni-Ti alloy components has
overcome many challenges posed by traditional
machining methods [7]. Characterized by its high
performance than other traditional preparation
processes, Selective laser melting (SLM) has been
used in many fields [8]. Selective laser melting (SLM)
technique can produce near-net parts with superb
mechanical properties, excellent surface state, and
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numerous complex shapes [9, 10]. Being involved in
casting and machining, it results in some issues like
weak strength, metallurgical defects, and badness
cutting performance in traditional manufacturing of
CP-Ti. However, the high-energy laser beams invited
in SLM processing facilitate a strikingly rapid cooling
rate (10>-10% K/s) [11] than other methods. This
enables substantal grain refinement and even
relatively high strength. Thus, the SLM technique has
been widely used in the biomedical and aerospace
industries [12-17].

The SLM technique has been used to prepare CP-
Ti. Table 1 summaries the mechanical properties of
CP-Ti fabricated using various techniques reported in
Refs. [18-28]. The purpose of this compilation is to
define the scope of achievable properties and to
underscore the research gap addressed in this work:
the systematic investigation of scanning speed as an
isolated variable. Zhang et al. [29] investigated the
effects of scanning speed (ranging from 10 mm/s-200
mm/s) on the relative density and hardness of CP-Ti
fabricated by their self-developed selective laser
melting system. They reported that relative density
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decreased with increasing scanning speed, while
hardness initially increased and then decreased as
scanning speed increased. It should be noted that the
relatively low scanning speeds employed in
investigation [29] needs to be studied across a broader
range of other speeds. Therefore, it is of significance
to systematically explore the effects of scanning speed
on the mechanical, wear, and corrosion properties of
CP-Ti fabricated via the selective laser melting (SLM)
technique.

In the present work, the SLM technique was
invited to fabricate CP-Ti bulk (Grade 2), and the
optimal parameters during the process of SLM were
explored by continuously optimizing the parameters
to achieve the high relative density. A systematic
investigation was then conducted to examine the
effects of scanning speed on the mechanical, wear,

Table 1. Summary of reported mechanical properties of CP-
Ti under various conditions

Process (Il\jljl;i) (I\jl(li) & (%)| HV |Reference
Cast (Grade 1) | 240 170 24 - [18]
Cast (Grade 2) | 345 | 275 20 - [18]
Cast (Grade 3) | 450 | 380 18 - [18]
Cast (Grade 4) | 550 | 485 15 - [18]
SLM (Grade 1) | 512 | 422 18 | 228 [19]

LENS (Grade 1) | 467 | 386 20 | 201 [19]
WAAM (Grade 1) 440 | 353 26 190 [19]
PM 576 | 450 9 190 [20]

SLM (Grade 2) | 757 | 555 19 | 261 [21]
SLM (Grade 2) | 650 | 500 19 - [22]
SLM 1057 | 784 24 | 307 [23]

SLM (Grade 1) | 800 | 721 12 | 185 [24]
SLM 714 | 533 18 | 224 [25]

SLM 592 | 461 21 | 209 [26]

SLM (Grade 1) | 641 | 560 - 257 [27]
SLM (Grade 1) - 502 34 - [28]

*In the table, the abbreviations LENS, PM, and WAAM
represent laser engineered net shaping, powder metallurgy,
and wire arc additive manufacturing, respectively. This
table is intended to illustrate the broad range of achievable
properties and the significance of process history, not for
direct numerical comparison.

and corrosion properties of the SLM-processed CP-Ti.
In addition, the fracture behavior and associated wear
mechanisms were also analyzed.

2. Experimental
2.1. Material, microstructure and the SLM
processing

Argon gas atomization was used in preparing CP-
Ti powder (Grade 2, supplied by Hebei Jiuyue New
Material Technology Co., Ltd.). Fig. 1 shows the
scanning electron microscopy (SEM) image of the
morphology of CP-Ti powder by an ZEISS Gemini
SEM 300 (ZEISS, Oberkochen, Germany). Fig. 2
shows the experimental workflow for fabricating
samples via selective laser melting (SLM). CP-Ti
specimens were fabricated by selective laser melting
(SLM). The titanium powder was sieved and dried to
ensure uniform particle size and low moisture content,
and then uniformly spread on the building platform. A
high-energy laser selectively melted the powder layer
by layer according to the CAD model. After cooling,
the as-printed samples were removed from the
substrate and separated by wire electrical discharge
machining to reduce thermal and mechanical damage
and maintain material integrity. And the
microstructure, tensile fracture morphology and wear
scar morphology of SLM-processed CP-Ti with
diverse scanning speeds were also observed by SEM.
The phase of the CP-Ti was identified by X-ray
diffraction (XRD) from an Ultima IV diffractometer
(Rigaku, Tokyo, Japan) with monochromatic Cu Ka
radiation. The particle size distribution of powder was
measured using a laser particle size analyzer (LA-350,
Horiba, France), yielding D10, D50, D90 values of 24
um, 32 pum, and 45 um, respectively. The SLM
processing was carried out via an HBD-150 (HBD,
Zhongshan, China) apparatus, which was equipped
with a 500 W fiber laser and a spot of 30 micron in
diameter under a high-purity argon atmosphere.

Cubic samples (10 mm x10 mm %10 mm) were
fabricated at laser powers ranging from 120 W to 270
W and scanning speeds of 600-1000 mm/s.
Meanwhile, following the work of Naeem Eshawish
et al. [30], the layer thickness and hatching distance
were kept constant at 30 pm and 120 um, respectively,
as these parameters were shown to yield optimal
density in similar titanium alloys. Additionally, a
continuous laser scanning mode was employed,
utilizing a bar-like pattern with a 67 ° interlayer
rotation angle, as also specified in [30]. To minimize
the effect of the residual stress, the substrate was
maintained at 80 °C throughout the entire SLM
processing. Finally, relative density was determined
by the Archimedes method.
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Figure 1. Morphology of CP-Ti powder used in this work

2.2. Mechanical property test

Equipped with an extensometer, a tensile testing
machine (Instron 8802, Instron, USA) was invited to
do tensile tests. The dog-bone-shaped tensile
specimens, with a gauge length of 10 mm, a parallel
length of 41 mm, and a thickness of 2 mm, were
designed in compliance with GB/T 228.1-2010 and
were subsequently sectioned from the SLM-
fabricated blocks using wire electrical discharge
machining. A detailed dimensional drawing is
provided in Fig. 3. Surface of tensile samples were
ground by SiC grinding paper up to 2500 grit to
remove the heat-affected layers. Strain rate of 1x1073
s! at room temperature kept constant during the tests,
and each group was retested at least three times to
ensure accuracy. Young’s modulus was determined
from the slope of the initial linear portion of the

stress-strain curves. Vickers hardness tests were then
performed on the polished surface using a
microhardness tester (HXD-1000TMC, Shanghai
Taiming Optical Instrument Co., Ltd, China), with a
load of 200 g and dwell time of 15 seconds. To ensure
the accuracy, each of samples was measured at 20
different points and averaged.
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Figure 3. The dimensions of the dog-bone-shaped tensile
specimens employed in this work
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Figure 2. The experimental workflow for fabricating samples via selective laser melting (SLM)
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2.3. Wear test

Wear tests were performed on the SLM-processed
CP-Ti with different scanning speeds under multi-
functional tribometer (MFT-5000, Rtec-Instruments,
Co., Ltd., USA). The tests were conducted under dry
grinding conditions at room temperature for a
duration of 1 hour, with an applied load of 2 N and a
reciprocating frequency of 1 Hz. The friction pair is a
zirconium ball of 5 mm in diameter. During the
experiment, the friction coefficient was automatically
generated by the software. And the wear rate was
calculated by O= V/LF [31], where O, V, L, and F
represent the wear rate, wear volume loss, sliding
distance, and applied load, respectively. The
algorithm for the value L is the product of the sliding
distance per second with the total time. Wear tests
were performed three times on each sample and then
averaged to ensure accuracy.

2.4. Electrochemical test

To investigate the corrosion behavior of SLM-
processed CP-Ti with different scanning speeds in
simulated body fluids (SBF), the electrochemical
workstation (CHI 760, Chenhua, Shanghai, China)
was introduced to do electrochemical test of a three-
electrode system. This three-electrode system was
primarily composed of the working electrode,
reference electrode, and opposite electrode. In this
work, the SLM-processed CP-Ti served as the
working electrode, the saturated calomel electrode
was used as the reference electrode, and the platinum
electrode was regarded as the opposite electrode. To
ensure surface quality, the samples with a working
area of 1 cm? were sequentially ground using SiC
papers up to a final grit of 2500. The tested samples
should be immersed in simulated body fluids for 24 h
at 37 °C to obtain a stable passivation film. Before the
tests of potentiodynamic polarization and
electrochemical impedance spectroscopy (EIS), open
circuit potential (OCP) of all samples were executed
in SBF to reach a stable potential. Potentiodynamic
polarization tests were then conducted at a scanning
rate of 1.0 mv/s from -1 V to 1 V, and the current
density was calculated by the Tafel extrapolation
method from the corresponding electrochemical
potentiodynamic polarization curves. EIS was
conducted with an alternating current amplitude of 10
mV over a frequency range from 10°Hz to 107 Hz.

2.5. Data Analysis and Presentation

All quantitative results in this study are derived
from at least three independent experimental

replicates (n > 3) to ensure statistical reliability. In the
bar and line charts presented throughout this work:
Data points or column heights represent the arithmetic
mean. Error bars represent the standard deviation
(SD), which quantifies the dispersion of the raw data
and reflects the experimental reproducibility. The
mean and standard deviation were calculated
according to the following equations, respectively:

2
1 X, (xl. - x) o
x= 72 % and s = 2"7 Within them, x,
LG n—1 . .
is an individual measurement and n is the sample size.

3. Results and discussion
3.1. Densification and
characterization

microstructural

The spherical or nearly spherical powder is shown
in Fig. 1, indicating that it possesses excellent
mobility. Some miniature CP-Ti particles are adhered
to surface of larger ones as shown in Fig. 1(a), and the
enlarged image in Fig. 1(b) clearly displays its
spherical morphology. Fig. 4(a) shows the relative
density of SLM-processed CP-Ti. The relative density
falls below 99% under conditions where the scanning
speed is below 700 mm/s and the laser power is less
than the value of 170 W. Nevertheless, when the
scanning speed is confined to 700 - 800 mm/s and the
laser power to 170 - 220 W, the relative density
surpasses 99%. Moreover, four samples have a
relative density of over 99.5% (the yellow platform
represents a relative density of 95% depicted in the
figure). It is noteworthy that the SLM-processed CP-
Ti, under the scanning speed of 800 mm/s and laser
power of 270 W, has the highest relative density of
99.87+0.12%. And the variation of relative density for
the SLM-processed samples with the constant laser
power of 270 W is well significantly with the
increasing scanning speed. Thus, the laser power was
fixed at 270 W, and its effects were excluded to isolate
and investigate the influence of scanning speed. Fig.
4(b) illustrates a diagram of the relationship between
scanning speeds and relative density in the conditions
with the laser power of 270 W, hatch distance of 120
um, and layer thickness of 30 pm. Whilst, the laser
energy density is a crucial factor to determine the
relative density of samples fabricated by SLM, which
is inversely proportional to the scanning speed [32].
Based on this relationship, a decrease in scanning
speed leads to an increase in laser energy density. The
higher energy density results in significant quantities
of particles becoming molten and achieving a higher
relative density. If the scanning speed continues to
decrease (below 800 mm/s), the relative density
would decrease again, due to the balling effect and
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dross formation appeared in the melt pool. As shown
in Fig. 4(b), the relationship between relative density
and scanning speed is nonlinear, consistent with the
results reported in Ref. [33]. The minimum and
maximum values of relative density are 94.24+0.34%
and 99.87+0.12%, respectively.

The microstructures of SLM-processed CP-Ti
obtained at diverse scanning speeds are presented in
Fig. 5. Defects such as gas pores and unmelted
particles can be observed in the figure. Following Luo
et al. [34], these gas pores are defined as keyholes,
formed primarily due to the recoil pressure exerted on
the molten pool. Large amounts of sparsely visible
pores and unmelted particles are evident in the SEM
image of the cross-section produced at the relatively
low scanning speed of 600 mm/s. As the scanning
speed increases to 800 mm/s, the sample becomes
nearly dense with minimal defects. While a reduction
in porosity is observed with increasing speed up to
800 mm/s, a scanning speed of 1000 mm/s results in a
notable increase in pores and irregular defects,
evident in Fig. 5(e). Consequently, porosity
progressively decreases as the scanning speed
increases from 600 to 800 mm/s, reaching a minimum
at 800 mm/s, and then increases again at 1000 mm/s.
The SLM-processed CP-Ti with scanning speed of
800 mm/s has the highest relative density, which is
consistent with the nearly dense microstructure shown
in Fig. 5(c).

The XRD patterns of SLM-processed CP-Ti,
acquired over a range of 20°-90°, are depicted in Fig.
6(a). The patterns indicate that the SLM-processed
CP-Ti consists solely of a single (hexagonal close-
packed, hcp) phase, with no detectable peaks

= 2

corresponding to rutile or anatase. Fig. 6(b) shows an
enlarged section of the XRD patterns between 39.5°-
41°. Compared with the CP-Ti powder, the diffraction
peak shifts to a lower angle in the SLM process
sample, which is attributed to residual stress induced
by the process [21], a finding consistent with the other
studies [23].

3.2. Mechanical property

The microhardness of the SLM-processed CP-Ti,
measured at different scanning speeds, is plotted as a
function of speed in Fig. 7(a). It increases with
scanning speed from 600 to 800 mm/s, reaching a
maximum at 800 mm/s, and then decreases at 1000
mm/s. Notably, the microhardness peaks at
294.17+3.97 HV for the sample processed at 800
mm/s, constituting a 17.6% improvement over that at
600 mm/s. Moreover, it is 1.05 times higher than that
of 1000 mm/s. Obviously, the variation of
microhardness is similar to that of relative density,
demonstrating that relative density is a key
determinant of microhardness in this material. In
addition, the hardness of CP-Ti in the as-cast state is
160 HV [35], which is 1.84 times lower than that of
SLM-processed CP-Ti with the scanning speed of 800
mm/s. The tensile stress-strain curves of SLM-
processed CP-Ti specimens obtained at different
scanning speeds are presented in Fig. 7(b). The yield
strength, tensile strength, elongation, and Young’s
modulus (£) of SLM-processed samples with
different scanning speeds are presented in Table 2.
The results indicate that the SLM-processed CP-Ti
fabricated at a relatively low scanning speed of 600
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Figure 4. (a) The relative density of CP-Ti by various SLM parameters. In the figure, purple, blue, and green denote the
XY-, ZX-, and YZ-plane projections. (b) relationship between relative density and scanning speed when laser
power; hatch distance, and layer thickness are 270 W, 120 um, and 30 um, respectively
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mm/s exhibits an ultimate tensile strength of 402+5
MPa, a yield strength of 328 = 10 MPa, and an
elongation of 24+1%. As the scanning speed increases
to 800 mm/s, the ultimate tensile strength increases to
543+17MPa and yield strength raises to 453+7 MPa,
while the ductility drops to 14+1 %. In contrast, at the
higher scanning speed of 1000 mm/s, the elongation
shows little variation, but both the tensile and yield
strengths drop to 461+3 MPa and 385+2 MPa,
respectively. Thus, the presently measured yield
strength and tensile strength exhibit a consistent trend,
which mirrors the variation in microhardness.
Besides, the yield strength and tensile strength of as-
cast CP-Ti [18] are 275 MPa and 345 MPa,
respectively. Compared to the as-cast state, the SLM-
processed CP-Ti at 800 mm/s exhibits 1.65 times
higher yield strength and 1.57 times higher tensile
strength. This enhancement is attributed primarily to
the high cooling rate inherent to the SLM process
[21]. The extremely high cooling rate leads to
significant grain refinement, thereby resulting in
enhanced strength according to the Hall-Petch
relationship. Although residual stress is commonly
present in SLM-processed samples due to the inherent
nature of the process, it is not always detrimental to
performance, as recent studies have indicated [36].

When high densification is guaranteed (here, the
relative density of CP-Ti with scanning speed of 800
mm/s is 99.87%), retaining a controlled level of
residual stress in the samples can significantly
enhance the hardness and/or strength caused by the
large number of dislocations [37].

Young’s modulus is a vital indicator in the design
and verification of biomedical materials, because
modulus mismatch between the metallic implants and
human bone can lead to the so-called stress shielding
effect [38]. The Young’s moduli of the samples
exhibit minimal variation across different scanning
speeds, as shown in Table 2, indicating that this
parameter exerts negligible influence on the
modulus. Generally, high strength or hardness
coupled with low Young’s modulus is exceedingly
ideal for applications of orthopedic implants. The
biomechanical compatibility of orthopedic implant
materials is usually assessed by an elastic admissible
strain 6, which is defined by dividing the yield
strength YS by Young’s modulus E (6=YS/E) [39, 40],
which has been listed in Table 3. Larger elastic
admissible strain demonstrates that this material is
more suitable for biomedical applications. Evidently,
the SLM-processed CP-Ti with scanning speed of
800 mm/s exhibits the highest clastic admissible

Table 2. Mechanical results of SLM-processed CP-Ti with different scanning speeds

Scanning speed 0 0
(mm/s) YS (MPa) UTS (MPa) & (%) E (GPa) 0 (%)
600 327.78+9.67 402.29+5.16 24.04+1.21 108.77+0.89 0.275+0.002
700 368.41+6.04 444.80+3.24 11.83+2.4 107.75+2.65 0.307+0.003
800 452.63+7.06 542.67+16.51 13.96+0.74 109.48+0.82 0.378+0.002
900 425.18+0.92 497.18+4.09 13.12+2.67 108.77+0.89 0.358+0.002
1000 385.29+1.71 461.28+2.98 13.45+2.66 103.01+3.87 0.3414+0.011
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strain, which is significantly higher than the 0.268%
reported for as-cast CP-Ti in Ref. [18]. Hence, the
SLM-processed CP-Ti has better biomechanical
compatibility than the as-cast CP-Ti.

Resilience refers to the ability of the materials to
release absorbed energy wunder the elastic
deformation when stress is unloaded, which can be
characterized by the elastic energy. On the other
hand, toughness is defined as the total energy
absorbed by a material per unit volume up to its point
of fracture. The resilience of the material is usually
characterized by the area of elastic region of stress-
strain curve, and the area of stress-strain curve before
ruptures is used to describe the toughness of the
material [41]. Evidently, the sample processed at 800
mm/s possesses the highest elastic energy. Notably,
the highest toughness is achieved at 600 mm/s, and
comparable toughness is maintained at speeds of 800,
900, and 1000 mm/s.
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3.3. Wear property

Fig. 8(a) shows the friction coefficient of SLM-
processed CP-Ti. There is no significant variation on
the SLM-processed CP-Ti in different scanning
speeds. Fig. 8(b-c) displays the wear volume loss and
wear rates for different scanning speeds. The wear
rate exhibited by CP-Ti processed at 600 mm/s is
68.4% higher than that of the sample processed at
800 mm/s. Moreover, the wear rates of samples
processed at 800 and 900 mm/s are comparable to
each other and higher than that of the sample at 1000
mm/s. Both the wear volume loss and the wear rate
show a similar trend of decreasing initially and then
increasing as the scanning speed increases, with the
minimum wear volume loss being achieved at a
scanning speed of 800 mm/s. Although the friction
coefficient does not vary in exact correspondence
with the wear rate, and studies suggest no direct
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Figure 8. (a) Friction coefficient, (b) wear volume loss, (c) wear rate and (d) the two-dimensional cross sections of SLM-
processed samples after the wear tests



Weimin Chen et al. / J. Min. Metall.

Sect. B-Metall. 62 (1) (2026) 25 - 39 33

relationship between them, the coefficient primarily
reflects the lubrication effect at the material interface.
[42-44]. Fig. 8(d) illustrates the two-dimensional
cross-section patterns of SLM-processed CP-Ti with
different scanning speeds. A low wear rate
corresponds to a wear scar with reduced depth and
width. Hence, the variations in wear depth also verify
the point that SLM-processed CP-Ti with a scanning
speed of 800 mm/s exhibits the highest wear
resistance.

Fig. 9 shows the room-temperature wear scar
morphology of SLM-processed samples. All
samples exhibit similar wear scar morphologies,
including obvious ploughing grooves, micro cracks,
delamination, and adhesive wear. These features,
common to titanium alloys, arise from the severe
plastic deformation and stress during sliding
contact, given their nearly identical elemental
composition. Ploughing grooves paralleled to
sliding direction can be seen on the surface, which
is considered as the typical feature of abrasive wear
[45]. During sliding, the junctions are sheared,
resulting in separation from one surface and
attachment to the other. This is a typical adhesion
morphology, indicating that there is also an
adhesive wear mechanism [46]. The main wear
mechanisms in this work are adhesive wear and
abrasive wear.

Wear resistance is not the inherent property,
however, many factors could affect the wear
resistance of samples, including hardness, roughness
of wear surface, lubrication and temperature. In this
study, the samples underwent a dry sliding process
against the ZrO: ball at room temperature. According
to the Archard’s wear law [47], wear resistance of
the material is proportional to the corresponding
hardness value. Thus, increased hardness improves
the material’s resistance to compression
deformation, thereby enhancing its wear resistance.
Fig. 10 shows the relationship of scanning speed,
microhardness, and wear rate. Obviously, the wear
rate is inversely proportional to hardness. It can be
concluded that the wear resistance of CP-Ti
processed at 800 mm/s is superior to that of the
sample processed at 600 mm/s. This is due to the
higher hardness of the former. Besides, SLM-
processed CP-Ti samples with low strength and/or
hardness would produce deeper ploughing grooves
during plastic deformation. As vividly shown in the
Fig. 7(a), the lowest hardness is reached with the low
scanning speed of 600 mm/s. The depth of the
ploughing grooves in Fig. 9(a-b) is the greatest, an
observation consistent with the explanation provided
above.

3.4. Corrosion behavior

The OCP values are measured in SBF solution
for 3600 s to obtain the stable passive film.
Following the OCP measurements, potentiodynamic
polarization tests were conducted on the SLM-
processed samples at different scanning speeds. The
resulting curves are presented in Fig. 11(a). In the
anodic region, the large stable passivation region
can be seen in all the polarization curves, indicating
that a stable passive film has been formed on the
surface. Moreover, the passive film formed on CP Ti
contains Ti*", Ti*" and Ti*" was found in Ref. [48].
The corrosion behavior of metallic materials is
critically influenced by alloy composition, relative
density, and phase structure. Since the composition
and phase structure are kept stable for all SLM-
processed CP-Ti, the crucial factor in this work is
the relative density. Blackwood et al. [49] have
proven that materials with the lower relative density
are more prone to corrosion attack due to their
greater true surface area exposed to the electrolyte.
The corrosion current density (/) and corrosion
potential (£, ) are obtained and listed in Table 3,
which are generally used to evaluate the corrosion
resistance [50]. The SLM-processed CP-Ti
fabricated at 800 mm/s exhibits the lowest corrosion
current density, corresponding to the highest
corrosion resistance. Moreover, a scanning speed of
600 mm/s yields the highest I _ value, which is
11.71 times that of the sample produced at 800
mm/s. When the scanning speed increases to 1000
mm/s, the Icorr value rises, becoming 193.5%
higher than the optimal value achieved at 800 mm/s.
As listed in the table, the I values for SLM-
processed CP-Ti increase in the order: S3 < S4 < S5
< 82 < S1, where S1-S5 denote scanning speeds of
600, 700, 800, 900, and 1000 mm/s, respectively.
This result is in accordance with the variation of
relative density.

To further explore the corrosion behavior and
passivation mechanism of SLM-processed CP-Ti,
EIS tests are performed in SBF solution at 37 °C.
Nyquist and Bode plots of the impedance spectrum
are shown in Fig. 11(b-d). In Fig. 11(b), all the
samples show a semi-circular characteristic,
indicating a similar passivation mechanism. The
largest diameter of the capacitive semicircle in the
Nyquist plot, observed for the sample processed at
800 mm/s, corresponds to its highest corrosion
resistance. In the Bode plots of Fig. 11(c), in the
range of 10*-10° Hz, the impedance of all the
samples keeps constant, corresponding to the
electrolyte resistance. Slope of impedance spectrum
is nearly close to -1 when the frequency is below 102
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Hz, indicating a typical feature of a single layer [51].
Ranking of impedance values Z at the terminate
frequency (]Z| at 102 Hz) is given as follows: Z3 >
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74 > 75 > 72 > Z1, which is consistent with the
polarization results. And the best corrosion resistant
is found for CP-Ti with scanning speed of 800 mm/s.
Besides, a simple equivalent circuit model,
composed of R (CPE, R ), was employed to fit the
EIS data, as shown in the inset of Fig. 11(b). Here,
R, and Rgq represent the electrolyte resistance and
resistance of the passivation film, respectively. And
the fitting results are shown in Table 3. The value of
Rq can be also used as a corrosion behavior indicator,
i.e. higher value R_ means better corrosion
resistance. SLM-processed CP-Ti with scanning
speed of 800 mm/s has the highest R, value of
20.281+3.72x10° Q-cm?, indicting its great corrosion
resistance. Consequently, the corrosion resistance of
SLM-processed CP-Ti shows a non-monotonic
dependence on scanning speed, peaking at 800 mm/s
and degrading at both lower (600, 700 mm/s) and
higher (900, 1000 mm/s) speeds.
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Figure 11. Potentiodynamic polarization curves and EIS diagrams of SLM-processed CP-Ti in the SBF solution at 37°C:
(a) Tafel curves, (b) Nyquist plots, (c) Bode magnitude plots, and (d) Bode phase plots
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Table 3. Electrochemical data obtained from electrochemical tests and fitting results

Scan(I;iI;iss)p ced E, (Vvs.SCE) | I (nA-cm™) R, (Q-cm?) Cgiﬁg* R x10°(Q-cm?) n
600 -0.179+0.036 0.363+0.100 37.51£2.57 4.62+0.13 0.7254+0.296 0.884+0.002
700 -0.260+0.054 0.171£0.016 38.43+0.46 5.42+1.97 1.94+0.357 0.887+0.016
800 -0.533+.025 0.031+0.001 37.47+1.99 3.93+0.81 20.281+3.72 0.901+ 0.060
900 -0.371+0.048 0.065+0.003 35.43+0.65 4.46+1.41 10.059+3.361 0.885+0.018
1000 -0.268+0.001 0.091+0.002 38.91+1.46 6.49+0.45 2.911+0.053 0.887+0.002

4. Conclusions

In this work, CP-Ti was fabricated using the SLM
technique and then investigated from the aspects of
microstructure, mechanical properties, wear and
corrosion behaviors. The main conclusions are as
follows:

The relative density increases initially and then
decreases as the scanning speed increases. XRD
patterns show that SLM-processed CP-Ti has a single
o phase, with its peak position shifting to a lower
angle due to residual stress.

The optimum mechanical properties of SLM-
processed CP-Ti are achieved at a scanning speed of
800 mm/s, including a microhardness of 294+4 HV,
Young’s modulus of 109+1 GPa, elongation of
14£1%, yield strength of 453+7 MPa, and tensile
strength of 543+ 17 MPa. The mechanical properties
are mainly related to relative density. The fracture
mechanism of SLM-processed CP-Ti is ductile
fracture. The high elastic admissible strain also
indicates that SLM-processed CP-Ti at a scanning
speed of 800 mm/s is very suitable for use as a
biomedical metallic implant.

Wear properties and corrosion behavior mainly
depend on surface hardness and exposed true surface
area, respectively. Therefore, the wear and corrosion
rates, which are positively correlated with relative
density, increase initially and then decrease as the
scanning speed increases. The main wear mechanisms
of SLM-processed CP-Ti are adhesive wear and
abrasive wear. SLM-processed CP-Ti at a scanning
speed of 800 mm/s exhibits excellent wear and
corrosion resistance for biomedical applications.
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Apstrakt

U ovom istrazivanju, komercijalno cisti titanijum (CP-Ti) pripremljen je primenom tehnike selektivnog laserskog topljenja
(SLM) u cilju sistematskog ispitivanja uticaja brzine skeniranja na mikrostrukturu, mehanicka svojstva, otpornost na
habanje i koroziono ponasanje. Optimalna relativna gustina od 99,87+0,12% postignuta je pri brzini skeniranja od 800
mm/s, uz odgovarajuce vrednosti zatezne cvrstoce, granice razvlacenja, izduzZenja i tvrdoce od 543+17 MPa, 453+7 MPa,
14+1% i 294+4 HV. Pored toga, CP-Ti obraden SLM postupkom sa optimalnom relativhom gustinom pokazao je najnizi
koeficijent habanja (2,72 %107 mm?N) i izuzetnu korozionu otpornost. Dobijeni rezultati ukazuju na to da se kontrolisanjem
brzine skeniranja moze izraditi CP-Ti visoke relativne gustine, cvrstoce i tvrdoce, niskog koeficijenta habanja i izuzetne
korozione otpornosti, Sto ga cini pogodnim za primenu u biomedicinskim implantatima.

Kljuéne reci: Selektivno lasersko topljenje (SLM); CP-Ti; Brzina skeniranja; Mehanicka svojstva i otpornost na habanje;
Koroziono ponaSanje
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