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Abstract: Laser Powder-Directed Energy Deposition (LP-DED) has excelled as a technology that can produce parts with large 

dimensions in less time. Furthermore, the micro-milling process can be combined to provide a uniform surface and a high quality of 

roughness that directly impacts osteointegration and cellular adhesion. This paper aimed to manufacture bulks produced by LP-DED 

with two different powders and different laser powers. In sequence, the milling process was used to create six channels and evaluate 

the influence of the feed per tooth (fz) on the bulk surface. The values obtained from the as-built bulks revealed the impact of the laser 

power and powder features on the surface of the bulks, obtaining values around 30-55 μm for the Sq and 20-45 μm for the Sa, 

respectively. These values were reduced when applying micro-milling from 1.0 to 1.5 μm in terms of Sa and 1.5 to 2.5 μm for the Sq. 

Regarding Skewness and Kurtosis, the results revealed Ssk > 0, indicating a surface with greater valley concentration, and in most 

cases, Sku > 3, describing the prevalence of sharp peaks or valleys. This surface microtopography can provide cell housing and form 

a bone matrix around the implant.

I. Introduction 
With the emergence of metal Additive Manufacturing 

(AM), the medical industry has found a set of technologies 

that can simplify some of the challenges related to the 

manufacturing of biomedical components and devices, 

including orthopedic implants [1-3], dental implants [4][5], 

prostheses, and orthosis [6-8]. These technologies reduce 

production times and offer complex, patient-specific 

medical devices. 

One of the key advantages is the individualized nature of 

the solutions provided by metal AM. These solutions are 

tailored to respect the unique characteristics of human 

bodies, the specific biomedical requirements, and the 

distinct disease patterns, offering a level of personalized 

care that was previously unattainable [9][10]. 

When the biomedical component is projected, the 

compatibility (mechanical, chemical, and biological) must 

be reached. Because of this, the feedstock, surface 

chemistry, and topography, including roughness and 

micro-texture, play an important role in guaranteeing 

wettability and cellular viability [11]. 

Zhu et al. highlighted that the wettability surface might be 

affected by the cells and the physicochemical linkages 

between the cells and the surface, such as ionic forces or 

due to the alterations in the absorption of conditioning 

molecules, including proteins [11]. 

Hacking et al. reported that when the surface is under shear 

conditions, the asperities on rougher surfaces improve the 

interlock between the adjacent bone tissue, and the surface 

also improves, increasing the resistance to mechanical 

disruption [12]. Previous studies also revealed that as 

wettability increases, the interaction between the 

component surface and the biological environment 

improves [11][13-16]. 
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Trevisan et al., [17] Highlighted that osteoblastic cells 

adhesion, growth, and differentiation promote the 

integration of the implant with the bone tissue and are 

influenced by surface energy and surface roughness. They 

also pointed out that the porosity pore size, the amount of 

porosity, and the shape of the pores can also influence cell 

proliferation and differentiation [17-21]. 

Regarding the feedstock, Titanium alloys, Stainless Steel, 

and CoCr alloys are frequently used in biomedical 

applications [18]. Ti-6Al-4V is one of the most widely 

explored first-generation materials within titanium alloys 

due to its mechanical properties and corrosion resistance. 

In this alloy, Aluminium (Al) stabilizes and strengthens the 

α phase, increases α+β ↔ β transformation temperature, 

and reduces the alloy density. Vanadium (V) stabilizes the 

β phase, lowering the temperature required for this 

transformation [22]. 

The roughness in the metal AM processes powder-based is 

affected by the powder characteristics and process 

parameters [23-25]. The powder characteristics include the 

particle size distribution, chemical composition, powder 

morphology, density, and flow rate. In Laser Powder 

Directed Energy Deposition (LP-DED) and Powder Bed 

Fusion (PBF), the process parameters that affect the 

roughness include the build orientation, laser power, scan 

speed, hatch spacing, and layer thickness [25][26]. 

In both technologies, the surface is commonly 

characterized by the adherence of semi-melted powder, the 

stair phenomenon associated with the track geometry, and 

the appearance of pores or regions with incomplete 

melting. [27]. For this reason, a set of roughness 

parameters that represent the must be carefully selected. 

Moreover, postprocessing and surface finishing are 

commonly used in the literature to uniformize the surface 

in both PBF and LP-DED [27-29].  

On average, the surface roughness obtained using the LP-

DED process is three times higher than that obtained with 

PBF processes [30]. In contrast, according to Optomec, 

LP-DED can produce components ten times faster and five 

times less expensive than PBF [31][32]. Furthermore, 

when the volume of the component increases, some 

limitations regarding the build dimension could be 

identified. In sequence, the processing time increases. LP-

DED could be more suitable for fabricating large-volume 

components for biomedical applications. 

This paper aims to evaluate the evolution of roughness 

surface in parts produced by LP-DED and micro-milled to 

enable the cell viability test in vitro.  

II. Materials and methods 

II.I Metal powder 
This research uses two powders to produce 15 x 15 x 10 

mm3 bulks. The first powder was a Ti6Al4V Grade 5 

powder produced by Advanced Plasma Atomization 

(APATM) and provided by AP&C Powder Metallurgy. 

The second powder was a Ti6Al4V Grade 23 made by a 

gas atomization process and provided by Carpenter 

Additive. A sample of both powders was extracted, and 

metallography was prepared. A confocal microscope 

LEXT Olympus OLS 4100 was used to assess dimensional 

and morphological features. 

II.II Experimental setup 
The LP-DED machine used in this experiment is a BeAM 

Machines Modulo 250 equipped with a Ytterbium fiber 

laser with 1 kW of maximum laser power produced by the 

IPG Fiber Laser with a Gaussian spot size of ~ 60 μm. The 

main process parameters used in this experiment are 

summarized in Table 1.  

Table 1. Process parameters selected. 

Process Parameters Values 

Laser Power (W) 300 - 315 - 330 - 345 

Powder Feed Rate (g/min) 5.4 

Scanning Speed (mm/min) 2000 

Shield gas (l/min) 6 

Central gas (l/min) 3 

Carrier gas (l/min) 3 

All the experiments were conducted under an inert 

atmosphere using argon as an inert gas. 

II.III Micro-milling setup 
The machine center used in this experiment is a ROMI 

model D600 embedded with a high rotation motor spindle 

Nakanishi model NR3060S. An endmill of ∅ 32 mm, with 

a depth of cut of 0.25 mm, cutting speed of 50 m/min, and 

feed per tooth of fz = 0.050 mm/tooth, was used to 

uniformize the surface of the bulks. In sequence, six 

channels were milled in each bulk. Each micro-channel 

was composed of three adjacent straight passes on each 

channel by considering feed per tooth fz = 12 μm/tooth for 

the 330 W and fz = 24 μm/tooth for the 345 W, depth of cut 

ap = 30 μm, width of cut ae = 300 μm, up-milling strategy, 

15,280 rpm, and no cutting fluid. Endmills with two flutes 

and diameter df = 500 μm produced by Mitsubishi were 

employed (MS2MSD0050 specification). A new tool was 

used for each sample. The process parameters adopted in 

this study are based on the results obtained in previous 

studies [33].  

II.III Sample characterization  
The bulks were cleaned with acetone under ultrasonic 

vibration at 35 kHz using a sonicator machine, Julabo USR 

1, to remove particles adhering to the study surface. The 

confocal microscope, LEXT Olympus OLS 4100, was used 

to evaluate the bulk roughness before and after the micro-
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milling process. Fig. 1 summarizes the proposed metho-

dology used in this paper. 

 
Figure 1. Workflow of the proposed methodology 

The roughness parameters selected for surface analysis of 

the bulks were Arithmetical Mean Height (Sa) Eq. 1, Root 

Mean Square Height (Sq) Eq. 2, Skewness (Ssk) Eq. 3, and 

Kurtosis (Sku) Eq. 4.  
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Other studies have used these parameters for their 

relevance to surface evaluation [34-36]. Three analysis 

areas were selected at the microchannels: beginning (a), 

middle (b), and end (c). Lastly, the roughness parameters 

were extracted, and the results were discussed.  

III. Results and discussions 

III.I Particle size distribution and morphology 
The cross-section micrograph of both powders revealed 

particles predominantly spherics, as reported in Fig. 2. 

Irregular shapes, satellites, flakes, and pores in fewer 

extensions were observed in the powder provided by 

Carpenter A., as reported in Fig. 2a.  

 
Figure 2. Powder cross-section micrograph of a) Carpenter 

Additive, b) AP&C powder. 

The micrograph of the powder supplied by AP&C revealed 

predominantly spheric particles, as shown in Fig. 2b.  The 

d10, d50, and d90 are reported in Table 2. The particle size 

distribution of both powders is presented in Fig. 3.  

The range obtained for the Carpenter additive described 

values between 20 and 100 μm. Instead, the range obtained 

for the AP&C powder was between 30 and 70 μm. Both 

powders describe an unimodal curve. 

Table 2. d10, d50, and d90 values for both powders. 

 d10 (μm) d50 (μm) d90 (μm) 

Carpenter A. 54.74 71.43 88.37 

AP&C 38.98 47.24 54.60 

From the PSD, the percentual frequency in the powder 

provided by AP&C slightly increased, indicating a greater 

number of particles concentrated around the mean value.  

 
Figure 3. Particle Size distribution of the Ti-6Al-4V 

The results obtained from this analysis are important for 

correlating the influence of the Laser Power and 

geometrical features with the bulk roughness (as built). 

III.II Roughness analysis (as-built) 
Height roughness parameters, including Sa and Sq, were 

measured in the bulks (As-built) at the plane XY center top. 

From this analysis, it was possible to observe that as the 

laser power increased, both values Sa and Sq decreased, 

and the values for both powders were also clearly 

distinguishable, as described in Fig. 4.   
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Figure 4. Sa and Sq values of the as-built samples 

These findings were also observed in the research 

developed by Jardon et al., where smaller particles reduced 

roughness, resulting in better surface finishing [29]. 

However, the roughness values obtained for both powders 

cannot be directly compared because the powder feed rate 

and the laser power affect the geometry and microstructure 

of the track differently. 

On the other hand, as the particles' dimensions increase, 

unmolten particles can appear. The increment of the laser 

power provided energy to melt these particles, 

consequently reducing the surface roughness. The values 

obtained in this analysis were close to those obtained in the 

study developed by Peng et al., [36], with Sa values 

between 25 m and 28.5 m for the heat-untreated samples 

and between 27 m and 31 m for the samples with heat 

treatment, and in terms of Sq values between 31 m and 35 

m for the heat-untreated and between 33 and 37.9 m for 

the heat-treated samples. 

Regarding the Skewness, Ssk revealed values with a 

positive asymmetry (Ssk>0), as illustrated in Fig. 5. The 

values of Ssk obtained in this analysis were close to those 

obtained in the study developed by Peng et al., [36]. Values 

between 0.01 and 0.51 for the heat-treated and 0.5 to 0.78 

for the untreated samples, indicating a surface with round 

valleys and sharp peaks, enabling the possibility of the 

cellular adhesion test. 

 
Figure 5. Influence of LP in the Ssk and Sku (As built) 

Kurtosis revealed a leptokurtic behavior with (Sku>3), 

indicating a predominance of sharp peaks. In both cases, 

the Sku tended to increase, describing the nature of the 

surface quality provided by this process. 

III.II Roughness analysis (micro-milled). 
Once the channels were micro-milled, their beginning (a), 

middle (b), and end (c) were analyzed. In both cases, the 

values of Sa and Sq for the bulk 3C and 4C with 

fz = 12 m/tooth and fz = 24 m/tooth were slightly 

greater than those observed in bulks 3A and 4A. The values 

of Sa, Sq, and Ssk are described in Fig. 6. From the 

topographical point of view, the bulks 3C revealed burrs on 

the upper border of the channels, and 3A presented the 

same formation but in a lesser proportion, as shown in Fig. 

7d.  

Instead, the bulks 4A and 4C did not reveal the same burr 

formations. This phenomenon could be related to the 

formation of minimum chip thickness, as described in 

previous studies [33]. However, further investigation will 

focus on studying this phenomenon in depth.   

Regarding the topographical evaluation, pores were also 

observed in Fig. 8b, especially in samples 3C and 4C. This 

could be because the feedstock pores that are transferred to 
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the melt pool, captured by solidification, and frozen into 

the deposition [37]; when micro-milling fabrication is 

applied, these oxides are visible at the floor of the micro-

channel, with a geometry directly correlated with the 

geometry of the pore observed in the powder 

characterization. However, chemical analysis, including 

X-ray photoelectron spectroscopy, could provide more 

information about the surface's chemical composition and 

identify the built-up cutting-edge phenomena. 

 

 

 

Figure 6. Sa, Sq, and Ssk plots of the surface micro-milled. 

The skewness obtained revealed positive values (Ssk˃0), 

meaning a surface with round valleys and sharp peaks. 

[33]. Regarding the kurtosis, values greater than three 

(Sku˃3) were obtained for the 3A and 3C, as shown in Fig. 

7a.  

 
Figure 7. Kurtosis values for a) 3A – 3C, b) 4A – 4C. 

Instead, the values obtained from the bulk 4A 4C were 

(Sku˂3), indicating a platykurtic surface characterized by 

relatively few high peaks and low valleys that could be for 

the apparition of speed marks, as illustrated in Fig. 8a. 

 
Figure 8. Evaluation of the bulk, a) 4A revealing feed marks, and 

b) 3A revealing burrs and oxides. 

This surface texture produced by LP-DED and micro-

milled can be interesting when applied to implants. A spiky 

topography (Sku > 0) with a predominance of peaks (Ssk 

> 3) could work as cell housing, maximize their attachment 

at microscope level, and, consequently, form a bone matrix 

around the implant. 

IV. Conclusions 
This research evaluated the evolution of the surface 

roughness in parts produced by LP-DED and then micro-

milled with interest in biomedical applications. Based on 

the results obtained, the following conclusions can be 

drawn. 

The increment of the laser power directly affected the 

surface topography by decreasing Sa, Sq, Ssk, and Sku.  

The powder morphology plays a crucial role in reducing 

surface roughness. This finding provides valuable insights 

into the potential for surface refinement in medical 

applications.  

Regarding Skewness and Kurtosis, the values obtained for 

LP-DED and the micro-milling process indicate that the 

surface obtained is useful for evaluating cellular viability 

(propagation, differentiation, and adhesion). Skewness is 

positive, and kurtosis is greater than 3, meaning sharp 

peaks are prevalent. 
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