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Abstract. Additive manufacturing of metals has emerged as a technology capa-
ble of producing complex metal parts in the “near net shape” format, performing
repairs, and creating components with gradient material, enabling manufacturing
parts with high added value and low production. Directed Energy Deposition from
Laser and Powder (LP-DED) is one of the categories of the additive manufactur-
ing process by which concentrated thermal energy allows the metallic powder to
melt. These applications have been attractive to different areas such as aerospace,
automotive, and medical. In the medical field, its application has focused on cre-
ating implants, prostheses, instruments, and medical devices. Ti6AI4V titanium
alloys have stood out due to their high mechanical strength, high corrosion resis-
tance, low density, and good biocompatibility. One of the literature challenges
reflects the roughness given to printed parts by the LP-DED process, which can
affect the osseointegration of prostheses and implants, linked to their recovery
time and success. This article evaluates the roughness of Ti6Al4V parts obtained
from the LP-DED process using two types of powder. The first is produced by gas
atomization, and the second by advanced plasma atomization. Subsequently, eight
specimens were fabricated by LP-DED on pure Ti substrate. The laser power was
another input variable ranging from 300 W to 345 W with a 15 W increment. The
samples were cleaned with deionized water and acetone using ultrasonic vibration.
Then, we evaluated the roughness of the samples using a confocal microscope.
The roughness evaluation shows that a particle size distribution with Gaussian
behavior, as demonstrated by AP&C, resulted in a coarser roughness. In contrast,
the Carpenter Additive powder resulted in a slightly thinner roughness. The Laser
Power influenced the surface quality due to the increment of density energy. The
results obtained in this article represent a breakthrough in medical implants, offer-
ing solutions that enable surface integrity and osseointegration, improving the
rehabilitation process and increasing the quality.
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1 Introduction

Titanium alloy is a material that possesses high specific strength, moderate Young’s
Modulus, and excellent corrosion resistance; these attributes have been used in areas such
as aerospace, marine, chemical, military, and biomedical [1]. In biomedical applications,
titanium alloy is broadly used in implants and prostheses. These devices spend most of
their cycle of life inside the human body. For this reason, titanium alloy needs to satisfy
some requirements related to compatibility (Mechanical, Chemical, and Biological)
between the user and the material. When the device’s compatibility is improved, it also
enhances the function of the implant, which works similarly to the original tissue. It
reduces the risk of suffering widely known diseases that are mostly associated with
poor functionality of the implant. Ti6Al4V alloy is an a + P alloy, considered a first-
generation alloy most used. The Al is added to stabilize the o phase, which increases the
B transformation temperature, while V stabilizes the f phase and reduces it.

Additive Manufacturing (AM) is a set of techniques that enable the creation of
metallic parts with an agreed value high and a low production level. This technique is
based on adding material layer upon layer, contrary to subtractive manufacturing [2]. It
has been used in many materials, including metals, polymers, ceramics, and composites
[3]. There are three criteria to classify Metal Additive Manufacturing (MAM): How the
material is prepared, the type of material used, and the type of energy source. From the
first criteria, two groups can be found: Powder Bed Fusion (PBF) and Directed Energy
Deposition (DED). In DED, the type of material can be powder and wire, and the heat
source can be from Laser, Plasma Arc, and Electron Beam melting. Specifically, Laser
Powder Directed Energy Deposition (LP-DED) uses the incidence of a high-power laser
on metallic powder, coaxially delivered, forming a melt pool that solidifies on a substrate.

Although MAM has numerous advantages, surface finishing of fabricated parts
remains one of the major concerns [4]. In biocompatibility terms, the surface rough-
ness plays a role important in guaranteeing osseointegration [5]; recently, studies have
shown the influence of the process parameters such as deposition strategy, process
parameters, layer thickness, laser power, and scanning speed in the part roughness [6—
8]. However, the results observed in the literature using LP-DED showed a different
range of surface roughness due to the powder’s quality, including (morphology, particle
size), machine configuration, the necessity of a controlled atmosphere, and adjusting the
process parameters.

In the biomedical area, research indicates that implant fixation is a product of surface
roughness and bone position [9]. In roughness terms, the surfaces generated by the LP-
DED method are characterized by rough aspects [10]. In shear cases, surfaces with
higher roughness offer greater bonding with bone tissue, providing greater resistance to
ruptures [11].

According to Ye, surface finishing plays an important role in the fatigue performance
of the part [12]. Generally, the parts produced by MAM need to present a better surface
finish in as-built conditions [13, 14]. It is due to three reasons: 1) The adherence of
semi-melted powder on the part’s surface. This phenomenon is called balling and results
from regrouping powder particles under inhomogeneous heating conditions [15]; 2) The
staircase phenomenon. It allows visualizing the layer mark caused by the offset in part
with an inclined or curved surface [16]; 3) and the appearance of pores or regions with
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incomplete melting. Greitemeier highlighted that although the mechanical properties,
microstructure, and other factors affect the fatigue performance in parts produced by
MAM, surface finishing is the main cause of poor fatigue performance compared with
milled parts [17].

Chan analyzed the fatigue life of titanium alloys manufactured by Electron Beam
Melting and Laser Beam Melting. They established a double logarithm plot of various
Ti6Al4V samples that allow the correlation of the maximum surface roughness (Ra) with
the mean fatigue life cycle. Also, the Laser Beam melting samples obtained a longer life
than Electron Beam Melting [18].

Various roughness ranges are suitable for biomedical implants; the values vary
according to the raw material, type of manufacturing, desired application, and post-
processing. According to Svetlizky, good dental implants should have Ra between 0.5
and 1.0 pwm, and it is important to consider that the removal torque increases when grow-
ing Ra up to a certain value [19]. Wennerberg and Albrektsson found commercial Sa
roughness ranging from 0.54 to 2.09 pwm [20]. However, larger Ra roughness intervals
between 45 and 53.25 pm showed a high cell proliferation and adhesion capacity in Tita-
nium [21]. In addition, according to Hatamleh, Sq roughness from 2.81 to 16.68 pm indi-
cated equal biocompatibility when considering different surface treatments in Ti6Al4V
implants such as polishing, sandblasting, acid etching, and electrochemical treatment
[22]. Finally, Krishna declared that bone tissue could adapt to surface irregularities with
1 to 100 wm height and that changing the surface topography of an implant can greatly
improve its stability [23].

This paper aims to establish the relationship between part roughness, powder mor-
phology, and laser power when printing Ti6Al4V by LP-DED and compare these results
to those found in the literature, indicating some possible applications.

2 Materials and Methods

The LP-DED machine BeAM Modulo 250 and Ti6Al4V powder (grade 23) manufac-
tured by Carpenter Additive and Ti6Al4V powder (grade 5) manufactured by AP&C
were applied in this study. The chemical composition of each powder is described in
Table 1. [24, 25]. The Argon was a carrier, central, and shield work gas. The scanning
speed of 2000 mm/min and the powder feed rate of 5.4 g/min were kept constant. The
material used as a substrate was composed of pure titanium close to the deposition area
of the cubes. The dimensions of the specimens fabricated were 15 mm in length, 15 mm
in width, and 6 mm in height. The process parameters of each sample are described in
Table 2.

Before measuring the roughness, the samples were cleaned with acetone and deion-
ized water under ultrasonic vibration at 35 kHz by employing a sonicator machine, Julabo
USR 1, to remove the powder particles that adhered to the study surface. Besides aver-
age center roughness (Sa) typically utilized for biomedical applications, this research
also measured the Root Mean Square Height (Sq), skewness (Ssk), and kurtosis (Sku)
roughness by using a microscope confocal Olympus OLS4100.
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Table 1. Chemical composition of both study powders, including the variation of O and N as an
interstitial element.

Al C H Fe N o Ti v Y
Carpenter | 5.5-6.5 | 0-0.8 | 0-0.01 | 0-0.25 | 0-0.03 |0-0.13 |balance |3.5-4.5 | 0-0.05
AP&C 5.5-6.75 | 0-0.8 1 0-0.01 |0-0.4 |0-0.05 |0-0.2 |balance |3.5-4.5 -

Table 2. Process Parameters used with laser power between 300 W to 345 W.

Specimen # | Laser Power | Powder Specimen # | Laser Power | Powder
W) manufacturer (W) manufacturer
1 300 Carpenter 1 300 AP&C
2 315 2 315
3 330 3 330
4 345 4 345

3 Results and Discussions

3.1 Powder Characterization

As mentioned above, two powders were used in this study. This powder has mostly
spherical morphology with the presence of satellites, pores, and flakes to a lesser extent.
The first powder was a Carpenter Ti6Al4V ELI grade 23 alloy produced by gas atom-
ization and shown in Fig. 1a. The particle size ranges from 45 - 106 wm. The results of
the particle size distribution of the powders are shown in Fig. 1b, which was measured
by the optical microscope Olympus OLS4100.

The second Powder, Ti6Al4V grade 5 alloy produced by advanced plasma atomiza-
tion (APATM) and shown in Fig. 1c, was provided by AP&C. The particle size ranges
from 45-90 pm. This powder has mostly spherical morphology, with less presence of
flakes and satellites when compared with Carpenter powder and particle size close to the
mean. The results of the particle size distribution of the powders are shown in Fig. 1d.
The main difference between both types of powder is the reduction of the content of
interstitial elements such as N or O. This difference plays a key role in microstructures
because they are strong a-stabilizers and influence the a-to-f transition temperature. Low
interstitial element content improves ductility and fracture toughness [26]. In Ti6Al4V,
Grade 23, the reduction of oxygen content is limited to 0.13% (maximum). In Ti64A14V
grade 5, the reduction of oxygen content is restricted to 0.2% (max).
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Fig. 1. Optical microscopy powder a) Carpenter with the presence of satellite, pores, and flakes to

alesser extent. b) Particle size distribution Ti6 Al4V Carpenter powder with non-gaussian behavior.

¢) AP&C with particle size close to the mean. d) Particle size distribution Ti6Al4V AP&C powder

with behavior close to the Gaussian distribution.

3.2 Process Parameters

In this study, the powder feed rate and laser powder were essential to construct cubes
with uniform geometry. The powder feed rate was obtained by capturing and measuring
the powder mass for one minute using a horizontal disk powder feeder. To Carpenter
powder, the rotation of the horizontal feed disk was defined in values of 1, 1.4, and 2 rpm.
To AP&C powder, the rotation was determined at 1, 1.4, and 1.6 rpm. This procedure
was performed three times for each rotation to ensure measurement reliability.

When combined with the laser power, the powder particle size and the powder feed
rate directly affect the porosity and tiny void generation in LP-DED, as described by
Averardi [27]. In Fig. 2, it is possible to observe that the precision of the powder feed
rate is more efficient when the particle size has a behavior similar to the Gaussian
distribution. In terms of laser power, all the samples showed a good grip, without burns,
and with a linear deposition. At the beginning of the deposition process, the melt pool
was composed predominantly of powder, creating a small lack of fusion at the beginning
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of the layers. Using the substrate near the deposition area allowed the creation of density
energy focused, favoring the fusion in subsequent layers, creating a good underlayer
adhesion of the laser spot at the beginning and the final of the deposition trajectory.

Powder Feed Rate (g/min)
o

== AP&C Powder
= Carpenter Powder

1.0 1.2 1.4 1.6 1.8 2.0
Rotations (RPM)

Fig. 2. Rotation (rpm) vs. powder feed rate to both powders.

From the viewpoint of geometrical features, the dimensions obtained of parts were
15.73 x 15.77 x 6.04 mm. The geometrical features of one sample are shown in Fig. 3.
The values in X and Y superior of 15 mm are associated with the spot diameter of
the laser. When the deposition occurs, the origin of the coordinate does not consider
the middle of the circumference of the laser spot at the beginning and the final of the
deposition trajectory.

3.3 Roughness Evaluation

The finishing data revealed a tendency in both averages (Sa) and quadratic (Sq) rough-
ness parameters to decrease when increasing the laser power, as seen in Fig. 4. The
powder is more densely melted since the degree of fusion increases with laser power.
Furthermore, comparing the two powders of different manufacturers, the AP&C powder
showed roughness ranges with higher values relative to the Carpenter one.

These Sa roughness findings are slightly lower than those of Zareidoost [21], while
the Sq ones are higher than those of Hatamleh [22]. Such differences result from the
as-built condition of the samples studied in this paper and the post-processing or surface
treatment carried out in specimens from the literature. A way to reach the desired rough-
ness ranges, such as those obtained by Wennerberg and Albrektsson, is to change the
process parameters once the Sa and Sq roughness decrease as the laser power increases,
allowing receiving surfaces with better finishing and less need for post-processing [20].

Examining the statistical parameters skewness and kurtosis from Fig. 5, it is noticed
that Ssk values are positive regardless of the laser power and powder provider, which
means that the surface produced by LP-DED presents material concentration on valleys.
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Fig. 4. Sa and Sq roughness as a function of laser power and Ti powder provider.

Negative levels would indicate a plateau-based surface or flat peaks. Although the skew-
ness analysis can be ternary (negative, zero, or positive), two minimum points for each
powder manufacturer are identified in 321 W and 340 W, respectively, for Carpenter
and AP&C providers. This finding can be particularly useful since positive skewness
magnitudes were measured by showing a surface highly skewed with a greater absence
of material on the sample surface. When evaluating the kurtosis, it is verified that all
values are greater than three, which means that the printed surface presents large peaks
or valleys (spiky surface). This surface texture produced by LP-DED can be interesting
when applied to implants, i.e., a spiky topography (Sku > 0) with a predominance of
peaks (Ssk > 0) could work as cells housing, maximize their attachment at microscope
level, and consequently, the formation of bone matrix around the implant.

In addition to the mean and profile quantitative roughness analysis, a qualitative
evaluation of the printed surfaces is also investigated. Figure 6 shows the samples’
topography by color 3D graphs by which it is possible to verify the symmetry of the
peaks (red) and valleys (blue) and the distribution of the pronounced peaks or valleys.
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Fig. 6. 3D surfaces obtained from LP-DED of Ti6Al4V as a function of powder provider and
laser power.

4 Conclusions

This paper determined a relationship between surface roughness (CLA, RMS, skew-
ness, and kurtosis) generated by additive manufacturing through the LP-DED process
of Ti6Al4V powders for biomedical applications and process parameters (laser power
and powder provider). The following conclusions can be drawn based on the results.

e The particle size influences the surface roughness due to small particles, as observed
by the Carpenter powder not governed by gravity. Inter-particle forces such as Van der
walls and electrostatic forces become more important. Also, the balling phenomenon
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favors the size of smaller particles, adhering finer particles to the part’s surface. This
research showed that the laser power and the powder morphology play an important
role in the roughness of the region, improving the quality of devices for medical
applications.

The laser power also contributes to the decrease of the roughness. It is due to the
laser power being directly correlated to global density energy and the powder capture
efficiency. A large melt pool represents high global density energy, and consequently,
a large melt pool contributes to the major high powder capture efficiency. Average
roughness Sa decreased by about 42% and 23%, respectively, for Carpenter and
AP&C powder providers when increasing the laser power by 15% because of the
better melting process of the particles.

Quadratic roughness Sq presented similar behavior concerning the Sa, however, with
slightly higher magnitudes (+29%) due to its more sensibility to topography heights’
variation.

Statistical and profile skewness Ssk and kurtosis Sku parameters indicate that the
printed surface can be useful to cell viability (propagation, differentiation, and adhe-
sion) given that skewness is positive kurtosis is greater than 3 (reference value), which
means there is a prevalence of sharp peaks.
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