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Abstract 

 

Metal additive manufacturing, particularly Laser Powder Bed Fusion (L-PBF), enables the 

fabrication of geometrically complex components such as those made from Ti-6Al-2Sn-4Zr-2Mo 

(Ti-6242). However, the as-built surface condition often exhibits high roughness and partially 

fused particles, which can negatively impact part life and wear resistance. This study focused on 

optimizing L-PBF process parameters to maximize relative density and minimize defects, followed 

by a comprehensive evaluation of mechanical, thermal, and chemical base surface post-treatment 

techniques: grinding, tumble finishing, laser polishing, and chemical polishing. Process 

optimization identified a parameter set—200 W laser power, 1000 mm/s laser scan speed— that 

achieved the highest density (~99%) and relatively low surface roughness, selected as the baseline 

for surface treatment trials. All post-processing methods significantly reduced surface roughness, 

with grinding achieving the greatest reduction, followed by tumble finishing, laser polishing, and 

chemical polishing. SEM analysis and roughness profiling revealed distinct mechanisms of surface 

modification, including plastic deformation, abrasive smoothing, and localized melting. 

Nanoindentation tests indicated that laser polishing slightly reduced near-surface hardness due to 

thermal relaxation, while tumble finishing caused localized strain hardening. These results 

highlight the importance of combining optimized build parameters with tailored surface finishing 

strategies to enhance the performance of Ti-6242 AM components, particularly for applications 

demanding high surface integrity and mechanical reliability. 
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1 Introduction 

 

1.1 State of the Art 

Titanium alloys are materials with exceptional corrosion, mechanical properties, and biomedical 

compatibility, making them ideal for a range of applications, including biomedical implants[1], 

[2], aerospace[3], automotive[4], and high-temperature environments where creep resistance is 

essential[5]. However, one notable disadvantage of titanium alloys is their high cost [6], [7]. Also, 

the constraints of conventional manufacturing methods like casting, rolling, and forging challenge 

the use of titanium alloys[8]. Due to the strong reactivity of liquid titanium with mold sands, the 

materials have mostly not been cast by traditional methods [9], [10].  There is insufficient 

information available about the AM of Ti-6242 alloy, despite the fact that the AM of Ti6Al4V 

alloy has been the subject of numerous studies [11], [12], [13]. Although this particular alloy is 

known for its promise in high-temperature applications, its use in AM has not been fully explored. 

The as-built laser powder bed fusion (L-PBF) produced Ti-6242, for instance, has been reported 

to have an outstanding ultimate tensile strength of 1437 MPa at room temperature [14]. 

Additionally, the low thermal conductivity of titanium alloys poses inherent challenges in 

machining, leading to elevated cutting temperatures [15]Further, the spring-back characteristics of 

these alloys complicate their forming process at room temperature, even when they are annealed 

[16], [17]. As a result, industries are investing in AM techniques to increase productivity and cut 

expenses while maintaining the superior benefits of titanium alloys [18], [19]. Titanium alloys are 

typically available in both powder and wire forms, making them suitable feedstock candidates for 

all major categories of metal AM [20], [21]. AM processes are diverse, with directed energy 

deposition (DED) and powder bed fusion (PBF) being the two main methods for printing titanium 

alloys. Laser powder bed fusion (L-PBF) and electron beam powder bed fusion (EB-PBF) are two 

typical PBF metal printing processes. DED utilizes lasers, electron beams, or electric arcs to melt 

metal powders or wires that are deposited along printed paths [22], [23]. 

All additive manufacturing processes mentioned commonly face challenges with surface quality 

compared to traditional manufacturing. The layer-by-layer deposition and complex thermal 

dynamics often lead to uneven and irregular surface features [24]. Contributing factors include 

feedstock properties, part design, and process parameters. Common causes of roughness are the 

stair-step effect, partially fused particles (especially in PBF), spatters, and melt pool instability due 

to wetting behaviors [25]. Surface orientation, geometry, and support structure design also impact 

surface roughness, e.g., down-skin surfaces and shallow angles generally result in rougher finishes. 

These imperfections not only reduce dimensional accuracy but can serve as stress concentrators, 

promoting early failure. Process variables such as powder morphology and deposition settings 
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significantly affect surface roughness[26], [27]. As surface condition critically affects mechanical 

performance, post-processing treatments are essential for improving consistency and functionality 

[28], [29]. Techniques range from material removal to surface patterning, each targeting enhanced 

surface regularity. Despite advancements, optimizing post-processing methods, improving 

scalability, and minimizing side effects remain key challenges. This study explores four different 

surface post-treatment chemical, mechanical, and thermal base post-treatment strategies, including 

grinding, tumble finishing (TF), chemical polishing and laser polishing, and investigates and 

discusses the effect of these treatments on the surface and sub-surface of the L-PBF parts out of 

Ti-6242 alloy. 

 

1.2 Ti-6242 

Titanium alloys have garnered more attention in recent years because of their expanding 

applications, such as in the automotive and biomedical sectors.[30], [31]. As demonstrated in 

Figure 1, Ti exists as α-Ti with a hexagonal close-packed (hcp) structure below the β-transus 

temperature and transforms to β-Ti with a body-centered cubic (bcc) structure above this 

temperature. The phase transformation temperature of Ti can be greatly impacted by the addition 

of certain alloying elements[32] . Ta, Mo, and Nb are examples of β-stabilizers that can lower the 

β/α transit temperature, whereas α-stabilizers like Al, C, and O can typically raise it [33]. Thus, Ti 

alloys can be classified into five crystalline categories of α, near α, α +β, near β, and β types, 

contributing desirable and versatile combinations of excellent mechanical and chemical properties 

[[34], [35]. 
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Figure 1  (a) The hcp (alpha) and bcc (beta) structure of titanium. (b) Categories of titanium phase diagrams formed with 

different alloying additions.[36] 

One of these alloys, Ti6Al4V, belongs to the α + β titanium family and has become an important 

driver in the titanium industry because of its remarkable specific strength, good corrosion 

resistance, and resistance to fatigue and creep [3,4]. Ti–6Al–2Sn–4Zr–2Mo alloy, also known as 

Ti-6242, the near α Ti-alloy, is another notable member of the titanium alloy family [5,6]. Ti-6242 

has a greater working temperature than the commonly used Ti6Al4V, which has a limited working 

temperature of less than 400 °C. Ti-6242 is ideal for applications involving temperatures up to 540 

°C and has exceptional creep resistance [[5], [6], [7], [8]]. Moreover, although β titanium alloys 

are known to demonstrate excellent corrosion behavior, specifically in biomedical applications 

such as in simulated body fluid, they usually exhibit lower strength than their counterparts in other 

titanium families. For example, the Ti-6242 alloy exhibits a substantially better strength than the 

β Ti–35Nb–7Zr–5Ta alloy. [[37], [38], [39]]. 
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Table 1 Ti-6242 data sheet [40], [41], [42] 

Physical Properties Metric Comments 

Density 4.54 g/cc   

Mechanical Properties   

Hardness, Brinell 304  Estimated from Rockwell C. 

Hardness, Knoop 330  Estimated from Rockwell C. 

Hardness, Rockwell C 32   

Hardness, Vickers 318  Estimated from Rockwell C. 

Tensile Strength, Ultimate 940 MPa   

Tensile Strength, Yield 860 MPa   

Elongation at Break 15 %   

Modulus of Elasticity 113.8 GPa   

Compressive Yield Strength 1070 MPa   

Notched Tensile Strength 1170 MPa  Kt (stress concentration factor) = 3.0 

Ultimate Bearing Strength 2000 MPa  e/D = 2 

Bearing Yield Strength 1620 MPa  e/D = 2 

Poisson's Ratio 0.32   

Charpy Impact 20 J  V-notch 

Fatigue Strength 280 MPa  at 1E+7 cycles. Kt (stress concentration factor) = 3.0 

Fatigue Strength 480 MPa  1E+7 cycles, Unnotched 

Shear Modulus 43.1 GPa  Calculated 

Shear Strength 660 MPa  Ultimate shear strength 

Electrical Properties  

Electrical Resistivity 0.00019 ohm-cm   

Thermal Properties  

CTE, linear 20°C 7.7 µm/m-°C  20-100ºC 

CTE, linear 250°C 8.1 µm/m-°C  Average over the range 20-315ºC 

CTE, linear 500°C 8.1 µm/m-°C  Average over the range 20-540ºC 

Specific Heat Capacity 0.46 J/g-°C   

Thermal Conductivity 7.1 W/m-K   

Melting Point Max 1700 °C  Liquidus: Estimated from similar materials 

Liquidus 1700 °C  Estimated from similar materials 

Beta Transus 990 °C   

 

https://asm.matweb.com/search/GetUnits.asp?convertfrom=43&value=4.54
https://asm.matweb.com/search/GetUnits.asp?convertfrom=109&value=940
https://asm.matweb.com/search/GetUnits.asp?convertfrom=109&value=860
https://asm.matweb.com/search/GetUnits.asp?convertfrom=138&value=15
https://asm.matweb.com/search/GetUnits.asp?convertfrom=45&value=113.8
https://asm.matweb.com/search/GetUnits.asp?convertfrom=109&value=1070
https://asm.matweb.com/search/GetUnits.asp?convertfrom=109&value=1170
https://asm.matweb.com/search/GetUnits.asp?convertfrom=109&value=2000
https://asm.matweb.com/search/GetUnits.asp?convertfrom=109&value=1620
https://asm.matweb.com/search/GetUnits.asp?convertfrom=59&value=20
https://asm.matweb.com/search/GetUnits.asp?convertfrom=109&value=280
https://asm.matweb.com/search/GetUnits.asp?convertfrom=109&value=480
https://asm.matweb.com/search/GetUnits.asp?convertfrom=45&value=43.1
https://asm.matweb.com/search/GetUnits.asp?convertfrom=109&value=660
https://asm.matweb.com/search/GetUnits.asp?convertfrom=116&value=0.00019
https://asm.matweb.com/search/GetUnits.asp?convertfrom=5&value=7.7
https://asm.matweb.com/search/GetUnits.asp?convertfrom=5&value=8.1
https://asm.matweb.com/search/GetUnits.asp?convertfrom=5&value=8.1
https://asm.matweb.com/search/GetUnits.asp?convertfrom=65&value=0.46
https://asm.matweb.com/search/GetUnits.asp?convertfrom=137&value=7.1
https://asm.matweb.com/search/GetUnits.asp?convertfrom=2&value=1700
https://asm.matweb.com/search/GetUnits.asp?convertfrom=2&value=1700
https://asm.matweb.com/search/GetUnits.asp?convertfrom=2&value=990
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However, it is frequently acknowledged that these titanium alloys' great strength, chemical 

reactivity, and low heat conductivity make them difficult to machine in the case of complex 

geometries. [[43], [44]]. 

  

 

1.3 Additive Manufacturing  

The basic idea behind all AM technologies is to slice a solid model into several layers, make a tool 

path for each layer, upload the data to the machine, and then use a heat source (such as a laser, 

electron beam, electric arc, or ultrasonic energy) and feed stock (such as metal powder, wire, or 

thin metal sheet) to build the part up layer by layer while adhering to the sliced model data. 

According to ASTM F2792-12a, all AM technologies fall into one of seven general categories: Vat 

photopolymerization (VP), Material Extrusion (ME), Material Jetting (MJ), Binder Jetting (BJ), 

PBF, DED, and Sheet Lamination (SHL). [45] Of these seven categories, only four involve metal 

processing—DED, PBF, SHL, and BJ—and mostly the first three of these four have been 

employed for processing titanium and its alloys.[46] Unlike BJT and SHL, PBF and DED can 

create a net-shaped part straight from a computer model without the need for extra processing steps 

to get the desired form [47]. PBF and DED techniques vary according to the heat source (which 

can be a laser, electron beam, plasma arc, or gas metal arc) and feedstock (wire or powder). 

Reactive metals can be used in electron beam operations since they are carried out in a vacuum or 

low-pressure inert gas environment. Conversely, some heat sources require the use of an inert gas 

to insulate the components [47].  

 

1.3.1 DED 

DED is gaining popularity since its mechanical characteristics are like those of conventional 

manufacturing methods. Using focused heat energy, such as a laser, electron beam, or plasma arc, 

DED is an AM technique that forms solid three-dimensional (3D) structures by liquefying and 

placing materials. DED is gaining popularity since its mechanical characteristics are similar to 

those of conventional manufacturing methods. Using focused heat energy, such as a laser, electron 

beam, or plasma arc, DED is an AM technique that forms solid three-dimensional (3D) structures 

by liquefying and placing materials. stacking layers [48]. Compared to subtractive production, this 

manufacturing technique is quicker and more economical. It can create complex parts with little 

loss of materials. Additionally, DED is incredibly effective when used for remanufacturing and 

repair[49]. As shown in Figure 2, DED may be divided into two groups according to the feedstock 

that is utilized: wire feed DED and powder feed DED. In the wire feed system, the wire is fused 

to the substrate using a laser or arc, whereas in the powder feed system, the material is melted 

during the deposition process. The feedstock is concurrently deposited onto the substrate for the 

first layer or the prior layer by the focused energy source. By melting the source material and the 
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layer in front of it, a melt pool is created during this process. As the material cools, the resultant 

deposition bead forms. [50] 

 

Figure 2 Schematic of DED processes a) powder-fed DED and b) wire-fed DED [51] 

Powder feed DED offers better printing accuracy than wire feed DED, albeit at a relatively slower 

printing pace. DED still has challenges in achieving acceptable surface finishes and reducing 

porosity and cracks in the generated component, despite its significant benefits over other metal 

additive manufacturing processes[52]. A number of factors, including trapped gas, inadequate 

fusion, rapid solidification, and inadequate powder melting, can result in microstructural flaws 

[53]. A significant challenge for the growing DED industry is the broad variety of component 

quality. Defect generation, laser-material interactions, and process parameters are some of the 

factors that affect this variability.[54] 

 

1.3.2 PBF 

PBF techniques utilize either electron or laser beam power to melt specific areas of each thin layer 

within a pre-deposited powder bed, enabling the fabrication of products. [[55], [56], [57]] There 

are two main categories of PBF based on the type of heat source used: electron beam PBF (EB-

PBF) and laser PBF (L-PBF). 

 

1.3.2.1 EB-PBF 

An electron beam is used as the heat source in the EB-PBF technique. In this method, free electrons 

are controlled and guided by electric and magnetic fields to create a focused beam in a vacuum. 

Heat is produced when a high-velocity electron beam collides with a substance. This high 

temperature can effectively melt electrically conducting materials when it is concentrated. EBM 

should be performed in a vacuum chamber since electrons scatter and disperse when they come 

into contact with gas atoms between the electron gun and the material being heated. Vacuum 

(10^4–10^5 mbar) is used in the process, which is essential for metals and alloys that are very 

susceptible to gases like oxygen and nitrogen.[58] Next, to limit electrostatic charging and smoke 

problems, a small helium pressure of 10 3 mbar is applied[59], [60]. The manufacturing rate is 

increased by EBM's special characteristics, which enable the fabrication of almost fully dense 
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components in a single printing job. A build file has been sliced, optimized, and posted into the 

EBM system, as seen in Figure 3. Before melting the powder via contour melting or hatch melting, 

respectively, a powerful electron beam warms the powder bed to the optimal temperature. The 

built environment stays hot, occasionally surpassing 1000°C, which leaves few residual stresses 

and allows for the processing of materials that are prone to cracking. Furthermore, residual stresses 

in EBM are significantly smaller than in L-PBF due to the greater bed temperature. Notably, EBM 

sets itself apart by producing components with low internal tensions [61] 

 

 

Figure 3  Principal schematic of the EBM machine.[30] 
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1.3.2.2 L-PBF 

One of the most important direct AM techniques is L-PBF, which enables the creation of products 

with intricate internal structures and unique shapes.[60,61] The L-PBF techniques use a high-

energy-density laser beam to selectively melt a thin layer of powder that has been applied to a base 

plate in accordance with the CAD data. The construction platform is lowered when the laser 

scanning is finished so that the laser beam can scan and deposit the next powder bed. Until all 

necessary parts are produced, the process is repeated for successive powder layers. The most 

important process variables in this technology are laser power, scanning speed, hatch spacing, and 

layer thickness (Figure 4).[62], [63] In the meantime, complex structures can be created by 

utilizing alternative scanning methodologies and process parameters for different areas of the 

component and supports. Furthermore, because a highly focused laser beam with a fast scanning 

speed is used, L-PBF is distinguished by quick cycles of heating, melting, solidification, and 

cooling. L-PBF samples that are subjected to extremely high cooling rates of up to 106 K/s develop 

a fine-grained structure and, eventually, improved mechanical properties. Conversely, L-PBF 

components with a high anisotropic microstructure, residual stress, and random porosity 

distribution are produced due to layer-by-layer fabrication and substantial temperature 

gradients.[64] Finer particles and less energy are needed to produce a fully dense component in 

the L-PBF process because of the pre-positioned powders on the substrate. Lower laser power and 

higher scan rates can be used to achieve this. [65] Because of its remarkable accuracy and 

precision, L-PBF is preferred for applications that demand complex geometries and superior 

surface quality. Its versatility is further increased by its ability to work with a variety of 

materials.[66] 

 

Figure 4 Schematic representation of L-PBF[67] 
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1.3.2.2.1 Surface characteristics of PBF components 

Unlike components that are made traditionally, PBF components have distinct surface properties. 

The benefit of producing freeform geometries necessitates that the part be orientated with regard 

to the print bed at angles ranging from ±0 to 90°. Differently oriented parts have different 

asperities. The component's surface quality is impacted by these asperities. Additively 

manufactured items will inevitably have undesirable surface roughness and poor surface 

appearance, [68] as well as dimensional inaccuracy in micro-interior channels.[69] The 

components' surface roughness is influenced by the fusion processes, either melting or sintering 

[70]. The arithmetic mean deviation of the evaluated profile (Ra) ranges from 3 to 50 µm, whereas 

the average height of the evaluated profile (Rz) ranges from 20 to more than 150 µm, depending 

on the feedstock material [71]. A component's mechanical performance is more unpredictable 

when surface roughness varies widely. 

When the component surfaces are used in lubrication, wear, and friction applications, their surface 

quality must be constant. A component's fatigue initiation life, endurance fatigue limit, and final 

separation life are all impacted by surface roughness. Higher surface roughness increases the 

likelihood of crack development and decreases fatigue life [72]. According to reports, AM 

components have a fatigue life that is 60% lower than that of conventionally machined 

components. Li et al. critically evaluated and compared the fatigue life of PBF and conventionally 

cast components; the as-built PBF components' fatigue life was never superior to that of the cast 

Ti-6Al-4V. Both (a) surface finish and (b) internal defects in PBF components significantly 

reduced the fatigue life.[73] Mower and Long examined Ti-6Al-4V's mechanical behavior and 

emphasized the importance of post-processing. Only 85% to 90% of the wrought materials' fatigue 

limit was reached by the as-built parts' maximum fatigue strength. The main causes of crack 

initiation were shown to be internal defects and surface roughness.[74] Similarly, according to 

Fousova et al., surface flaws were the primary cause of the crack start sites in PBF Ti-6Al-4V.[75] 

Surface irregularities have an impact on other mechanical characteristics, including surface 

hardness, corrosion resistance, and tensile strength, in addition to fatigue life.[[76], [77], [78] Aside 

from mechanical properties, the resulting dimensional integrity is poor. Particularly in 

microfeatures, high surface roughness results in dimensions that significantly exceed their 

tolerance limits [79]. In comparison to the design dimension, Hassanin et al. found that the 

horizontal (0°) build orientation had just 50%-dimensional integrity. The surface asperities, which 

range in size from 10 to 80% of the internal channel's diameter, were the cause of this [80]. Scans 

using X-ray computed tomography confirmed that Snyder et al. confirmed that dimensional non-

conformance was caused by the ball-like asperities at the internal channel's down skin. This 

demonstrates how dimensional integrity is impacted by both surface quality and construction 

direction [81]. Furthermore, the circularity and concentricity of the microchannels are impacted 

by these asperities. Through numerical simulations, Solyaev, Rabinskiy, and Tokmakov 

established these findings regarding the over melting and shutting of thin horizontal channels [82] 
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The next section reviews the various asperity types present in PBF surfaces and how they affect 

surface roughness.  

 

Types of surface defects   

The main limitation of current metal PBF processes is poor surface quality, including texture, 

topology, and roughness, caused by loosely attached particles or defects. Laser-based PBF can 

achieve surface roughness (Ra) values as low as 5–10 µm, but in most applications, it still falls 

below the standard surface polish criterion of Ra < 1 µm. Despite using optimal process parameters 

for L-PBF, surface discontinuities can still be observed on additively manufactured parts. These 

discontinuities, which appear as loosely attached particles or partially sintered metal powders, can 

be attributed to the stair-stepping effect (SSE) inherent in the PBF process [83]. The AM 

construction approach requires that curvature and inclined surfaces be approximated in modest 

stages because it is layer-by-layer. SSE, therefore, plays a role in the greater surface roughness 

value and the more significant surface discontinuities. Metal powder particle size distribution, 

build orientations, and layer thickness are the primary variables influencing imperfections on AM 

components. Additional surface finishing is the last postprocessing step for any AM component 

created using the PBF process. Several surface finishing techniques are used to achieve the desired 

finishing effect for practical reasons. It is generally accepted that the following imperfections lead 

to high surface roughness: 

(a) Loosely bonded powders: The raw powder material typically attaches to the surface of 

the component throughout the build process. During post-processing, a significant quantity 

of loosely bound powders trapped inside the channels present difficulties, as seen in Figure 

5(a). Additionally, they contribute to significantly high surface roughness, and the loosely 

attached powder may be due to satellite powder [84] 

(b) Partially melted powders: The high-temperature molten pool releases heat into the 

surrounding air during the laser melting process. Partial melting and solidification occur at 

the edges as a result of the surrounding powders being drawn to the melted edge by high 

thermal energy [85].  

(c) Surface pores: As seen in Figure 5(b,c), low liquid front rates and fast scan speeds cause 

surface pores to form, which lowers the parts' densification. The molten pool significantly 

crumples and shrinks during the low liquid front, causing improper densification and pore 

development[86]. 

(d) Stair-casing: The down skin of parts constructed at orientations greater than 45° is 

typically where stair-casing defects, also referred to as the stair-stepping effect (SSE), are 

found. The primary cause of stair-casing is powder's high laser absorptivity, which leads to 
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the development of dross and spatter [87], [88]. As illustrated in Figure 5(b), it is also 

argued that increasing the layer thickness produces staircase effects.  

(e) Balling melts: Balling melts are ellipsoidal or spherical objects that remain separate 

from the melted areas, as shown in Figure 5(c),(d). There have been reports of two different 

kinds of the balling phenomenon: (1) low laser power, which results in little liquid 

formation and a low degree of undercooling of the melt pool; and (2) high scan speeds, 

which cause metals to splash and cause balling melts on the surface [89], [90].  

 

 

Figure 5 (a) Loose powders, (b) sintering layer steps, (c) partial melts, (d) balling effect, (e) semi-welded structures, and (f) 

balling melts and step discontinuities [91] 

 

(f) Semi-welds: As seen in Figure 5(e), semi-welds are melted particles that are present on 

the surface and are comparable to the balling phenomenon. Half of these structures' surface 

appears to be partially welded. Clusters form of semi-welds are typically found [92].  

(g) Step discontinuities: Another name for this phenomenon is a ripple front. As seen in 

Figure 5(f), high-temperature differentials between the molten pool and the traveling laser 

beam cause ripples to appear on the surface. The molten pool is sheared by a temperature 

gradient, and the high rate of solidification prevents the liquid metal from returning to its 

pre-solidification state, which causes step discontinuities and ripples. These show up as 

protuberances on the upper and lower surfaces [93], [94]. 
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 Controlling process parameters such as powder size, laser power, scan speed, oxygen content in 

the build chamber, laser overlap in the scan, layer thickness, part design, and other factors has 

helped eliminate some defects. However, this can only minimize others. In certain cases, the 

removal or reduction of surface defects can lead to part distortion and weakened mechanical 

strength. As a result, the inferior surface quality of as-built additive manufacturing (AM) 

components makes them less desirable for functional performance when compared to subtractive 

manufacturing processes. 

A comprehensive review of the surface characteristics reveals the prevalence of various 

irregularities on powder bed fusion (PBF) components. Therefore, post-processing surface 

finishing of PBF components is essential before they can be deployed in practical applications. 

The next section will provide a thorough review of various surface finishing techniques that can 

enhance the surface quality of PBF components. 

 

1.4 Surface post-processing for AM parts 

Various surface post-treatments have been utilized for AM titanium alloy components to address 

the challenges associated with the inadequate surface quality of as-built parts material. In this 

section, Figure 6 illustrates how the treatments are categorized, primarily based on the inherent 

properties of the technology used and the resulting effects on the surface of the AM part. The 

main categories include “material removal," “no material removal," "coating," and a combination 

of treatments known as "hybrid treatments." The following section discusses each surface post-

treatment in detail. 
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. 

Figure 6 Categorization of the surface post-treatments applied to AM Ti-alloys, Adapted from[95] 

 

1.4.1 Surface treatments based on material removal 

This section discusses surface treatments that eliminate geometrical flaws on the top surface by 

removing a thin layer of material. The three primary categories into which these treatments fall—

mechanical, laser-based, and chemical—are explained in the following subsections.  

 

1.4.1.1 Mechanical treatments  

 

1.4.1.1.1 Machining 

Machining encompasses a range of technologies that use power-driven machines and cutting tools 

to remove material in controlled ways, forming objects with a smooth surface. It can be categorized 

into various procedures according to surface finish quality, cutting instruments, and motion. 

The machining of titanium alloy components is challenging due to the material properties, 

moreover, the parts produced by AM technology are more susceptible to stick to cutting tool due 

to the layered wise structure which may result in delamination and defects [96]. However, there 

are numerous reports on the effect of machining on the enhancement of surface characteristics of 

additively manufactured titanium parts. After machining, the as-built LPBF Ti-6Al-4V samples' 
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surface roughness, which represented an arithmetic mean (R/), was significantly decreased to 0.89 

µm and bending fatigue strength improved by 30% [97]. Another work reported a minimum 

surface roughness achievement 19.21 nm by micromachining of Ti-6Al-4V L-PBF fabricated parts 

[98]. Few other mechanical material removal techniques can be classified as machining, which 

have been employed to improve the surface quality of AM metallic parts. These include grinding 

[99], and milling [100]. Figure 7 depicts the effects of grinding on the roughness of Ti-64 AM 

parts. 

 

Figure 7 Surface topography of PBF Ti–6Al–4V (a) before grinding with Ra=4.13 µm; after grinding using different grinders 
including (b) 40 µm Nickel bonded grinder leading to R a =130.8 nm, (c) 9 µm Nickel bonded-grinder with Ra =65.6 nm and 

(d) 3 µm Resin bonded-grinder with R a of 17.9 µm adopted from [99]. 

 

1.4.1.1.2 Polishing 

Polishing is the process of achieving a mirror-like finish on a workpiece's surface. Many studies 

have reported the use of mechanical polishing to enhance the surface quality of additive 

manufacturing (AM) metallic materials, specifically aiming to improve their fatigue behavior 

[101], [102]. The EB-PBF based additive manufactured Ti-6AL-4V results show that the 

subsurface maximum principal residual stresses decreased by 108%, the average surface roughness 

decreased by 33% [103] 
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1.4.1.1.3  Tumble finishing 

Tumble finishing (TF) or barrel finishing is a mass surface finish improvement process where 

parts, media, and compounds are placed in a rotating barrel to reduce roughness, controlled by 

parameters such as abrasive material size and the barrel’s rotation speed. Applying TF to LPBF 

Ti–6Al–4V samples resulted in a minor decrease in surface roughness in terms of Sa (from 21.5 to 

18.9 µm), which improved fatigue life significantly [104]. Application of the tribo-finishing 

process to the L-PBF Ti–6Al–4V ELI part, as illustrated in Figure 8, resulted in a surface roughness 

reduction from 6.83 µm in terms of Ra for the as-built samples to 4.96 µm after tribo-finishing. 

Consequently, the fatigue limit of the treated material increased up to about 40% [105]. This 

approach eliminates the highest peaks without necessarily affecting the deeper valleys on the 

surface, as shown in Figure 8. 

 

 

Figure 8 SEM micrographs showing the LPBF Ti–6Al–4V ELI samples' surface morphology: (a) as constructed, and (b) 
following tribo-finishing adopted from [105]. 

 

Vibratory grinding, a very comparable mechanical surface treatment, was also reported to reduce 

the as-built LPBF Ti–6Al–4V samples' surface roughness in terms of R a from 17.9 to 0.9 µm 

[106]. In AM combined with TF, surface roughness reduction is shaped by the accessibility of 

media to partially melted powder and initial ridge heights on surfaces. The initial average 

roughness (Sa) is ranked as: down-skin (most rough), side-skin, and up-skin (smoothest). The rate 

of Sa reduction follows this order: side-skin, up-skin, and down-skin. This behavior is linked to 

the initial entrapment of partially melted powder and ridge heights, which were influenced by the 

surface build orientation during AM, leading to variations in initial surface peak material 

volumes.[107] 

 

1.4.1.2  Laser-based treatments 

This section discusses the use of laser surface treatments to enhance the quality of additive 

manufacturing metallic parts by removing material. Laser micro-machining is a widely used 
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surface treatment technique that utilizes various wavelengths, waveforms, and pulse durations. In 

the femtosecond laser micromachining process, the laser beam is focused on the material's surface. 

Dielectric mirrors are specifically designed to reflect the optimal laser wavelength, minimizing 

energy loss during this process [108].  The application of femtosecond laser micro-machining to 

LPBF Ti–6Al–4V parts significantly decreased the surface roughness in terms of Ra from 4.22 µm 

to 0.82 µm for the as-built and treated material, respectively [109]. 

 

1.4.1.3  Chemical Treatments  

Another popular class of methods for reducing the unwanted surface roughness of AM metallic 

materials as-built is chemical treatment. Chemical surface treatments are primarily used for parts 

and components with complex geometries, such as lattice and cellular structures, because they can 

be applied globally to all of a part's surfaces and, in contrast to mechanical treatments, provide 

access to the complex internal surfaces. Chemical treatments are also frequently used in metallic 

AM components to improve the surface finish quality locally after support structures are removed. 

[110]. The primary techniques in this area are as follows: chemical etching [111], [112], [113], 

chemical machining [114], chemical brightening, and chemical polishing [115]; also 

electrochemical polishing (ECP) [116]. Some representative images of each of the above-

mentioned techniques are displayed in Figure 9. With only minor variations in length or operating 

temperature that directly impact the depth of material removal, these chemical treatments are all 

based on immersing the AM component in temperature-regulated baths of chemical solutions. For 

instance, in chemical brightening, the settings are adjusted to produce a shiny metallic surface and 

a mirror-like finish.  
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Figure 9 Overall view of titanium scaffolds and texture of their surface before (a) and after (b) chemical polishing. Surface of 
the struts at higher magnification is depicted in the lower images[115]. Surface morphology of the SLM processed lattice 
Ti6Al4V samp 

 

Furthermore, a few additional chemical treatments are given to AM metallic materials with the 

intention of inducing particular surface features to adjust the surface properties according to the 

final application, rather than particularly lowering the surface roughness. The acid-alkali (AcAl) 

treatment that is frequently applied to Ti–6Al–4V components in order to further bio-functionalize 

them is a typical example [117]. By altering the surface chemistry of the structure and producing 

nano-features, these treatments are employed to bio-functionalize the surface. 
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1.4.2  Surface treatments based on no material removal 

Applied surface post-treatments enhance the surface and mechanical properties of additive-

manufactured metallic parts through plastic deformation without material removal. This 

deformation is achieved by applying loads or impacts and transferring kinetic or thermal energy, 

affecting either just the surface or also the bulk material. These treatments are categorized into 

mechanical and laser-based technologies, as detailed in the following sections. 

 

1.4.2.1 Mechanical treatments 

 

1.4.2.1.1 Rolling 

Rolling deforms the surface of AM parts using rollers to reduce thickness or smooth the surface. 

Mainly applied in WAAM and sometimes in liquid metal deposition [[118],[119], it can enhance 

surface finish, induce compressive residual stresses, and refine grains if optimized [120],[121]. 

Strategies include single-pass or inter-pass rolling during deposition [122]. 

 

1.4.2.2 Sand/Bead Blasting (SB) 

SB uses abrasive particles (e.g., sand, ceramic beads) to reduce surface roughness and clean 

surfaces. It has shown effectiveness in LPBF AlSi10Mg, 316L, and Ti–6Al–4V by lowering 

roughness and inducing compressive stresses [123],[124], [125]]. SB improved fatigue 

performance better than vibratory grinding or micromachining [126], [127], and is widely used in 

biomedical applications to improve surface quality [128], [129]]. 

 

1.4.2.3 Shot Peening (SP) 

SP bombards the surface with small shots to introduce compressive residual stress and improve 

fatigue life [[8], [13], [14], [15]]. Applied to LPBF metals, SP enhances hardness and grain 

refinement but doesn’t fully smoothen the surface. It outperforms TF and ECP in fatigue strength 

improvement, shifting crack initiation below the surface due to higher compressive stresses (Fig. 

12) [[130], [133]]. 

1.4.2.4 Cavitation Peening (CP) 

CP uses collapsing bubbles (not solid shots) to induce surface stress and reduce roughness. Applied 

to PBF Ti–6Al–4V, CP slightly improved roughness and fatigue performance, though SP remained 

more effective overall [[17], [18]]. A combined technique using abrasive water cavitation further 

improved roughness and fatigue strength (up to 66%) [136]. 



30 
 

1.4.2.5 Ultrasonic Nano-Crystal Surface Modification (UNSM) 

UNSM applies ultrasonic-frequency impacts with a WC tip to refine surface grains, increase 

hardness, and induce compressive stresses [[137], [138]]. Applied to LPBF NiTi, Ti–6Al–4V, 

316L, and DED AISI M4, UNSM effectively reduced roughness, enhanced corrosion and wear 

resistance, and improved mechanical strength, though it reduced elongation in some cases [138], 

[139]]. 

 

1.4.3 Laser-based treatments 

A laser beam is pulsed on the surface of a metallic target material during laser shock peening 

(LSP), creating shock waves that are caused by laser ablation of a sacrificial layer (or water) on 

the sample's surface. These shock waves propagate throughout the material's surface layer, causing 

plastic deformation and adding compressive residual stresses.  

 

1.4.3.1.1  Laser shock peening 

When a metallic target material is subjected to laser shock peening (LSP), a laser beam pulses onto 

its surface, creating shock waves that are caused by laser ablation of a sacrificial layer (or water) 

on the sample's surface. These shock waves propagate throughout the material's surface layer, 

causing plastic deformation and compressive residual stresses[140]. The effects of LSP have been 

examined and compared on mechanical properties and fatigue behavior of PBF Ti–6Al–4V 

samples [134]. 

 

1.4.3.1.2 Laser re-melting 

Prior to the deposition of a new layer, the residue partially connected powders are melted by a 

second laser source passing on the deposited layer, a process known as laser re-melting. In this 

instance, many approaches have been used: either re-melting all of the layers during 

manufacturing, which might significantly lengthen the production time, or re-melting only after 

the final outer layer of the geometry has been fabricated. The purpose of this approach has been to 

decrease porosity and roughness [141], [142]. Increased current, reduced scanning speed, and 

higher overlaps have been reported to result in improved performance of the laser re-melting 

process [[143], [144]].  

 

1.4.3.1.3 Laser polishing  

Reducing the surface roughness of AM parts without causing ablation is possible via laser 

polishing, which is conceptually very similar to laser re-melting. The laser uses low laser pulses 

with a power density that can produce local surface melting of a few nanometers to micrometers 
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to irradiate the material's top surface in this process [145]. Figure 10a and b illustrate the difference 

between the surface roughness of PBF Ti–6Al–4V parts in as-built configuration and after laser 

polishing [146]. In addition effects of laser polishing on surface roughness reduction and fatigue 

behavior improvement of LPBF Ti–6Al–4V parts were inspected [147]. The results indicated 

remarkable surface roughness decreasing from 14.21 µm in terms of Sa (as-built) to about 1.77 

µm after laser polishing.  

 

 

Figure 10 Surface topography of L-PBF Ti-6Al-4V for (a) as-built and, (b) laser polished specimens. Note that images are not 
curvature corrected[148] 

 

1.4.4 Coating 

Coating is regarded as a useful method for controlling the surface properties of AM materials or 

adding additional surface functionality. Coatings have been used to improve surface quality, 

conceal flaws, and reduce roughness. Coatings are also used to adjust the AM parts' resistance to 

corrosion or tribology. In other instances, coatings are used to provide regulated surface 

morphologies that improve the AM metallic materials' biological performance  [149], [150]. 

Hydroxyapatite coating was applied to lattice structures of laser powder bed fused (LPBF) Ti–

6Al–4V by immersion in simulated body fluid (SBF) for up to three weeks, significantly reducing 

surface roughness and enhancing bioactivity through the formation of bone-like apatite layers 

[134,135]. Other surface modification techniques, such as silver-impregnated chitosan coatings 

via electrophoretic deposition [151], and anodizing to create Titania nanotube arrays [152], [153], 

have been widely used on AM Ti-based materials to improve mechanical properties, corrosion 

resistance, and biological performance. Plasma electrolytic oxidation (PEO), a technique derived 

from anodization, has also been applied to porous LPBF Ti–6Al–4V implants to address implant-

associated infections by forming micro/nano-porous Ti oxide layers with strong antibacterial 

effects and enhanced cytocompatibility[154], [155]. These surface treatments collectively improve 
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hydrophilicity, osseointegration, and cell adhesion, while maintaining or modestly enhancing 

mechanical integrity, wear resistance, and other functional properties of the AM metallic structure 

 

1.4.5  Hybrid treatments 

Hybrid post-treatment methods have appeared to address regular problems in additive 

manufacturing of titanium alloys, such as surface roughness, residual stresses, and internal 

porosities. These methods combine thermal, mechanical, and chemical processes to enhance 

structural integrity and surface properties of AM-produced titanium components[156][157]; 

Accordingly, multiple studies have underlined the benefits of combining surface finishing 

techniques with thermal treatments to improve the fatigue strength of additively manufactured 

components. Since mechanical procedures such as milling, turning, grinding, and machine 

polishing are effective in reducing surface roughness and improving fatigue performance, their 

utility is sometimes limited caused by internal porosities and lack-of-fusion defects integral to AM 

processes[158], [159].  

Therefore, to modify the surface or bulk properties of additively manufactured metallic materials 

to meet the functional requirements of specific applications, it is conventional practice to use a 

combination of two or more post treatment methods. Among these, the integration of heat 

treatment (HT) with surface modification techniques has been proved as one of the most avant-

garde hybrid methods[160]. HT is normally applied to homogenize the microstructure, reduce 

anisotropy, and recover undesirable tensile residual stresses in AM metals[161]. Further commonly 

implemented thermal post-treatment is hot isostatic pressing (HIP), which simultaneously studies 

the component in raised temperatures and isostatic gas pressure[162]. In supplement to its 

microstructural refinement capacities, HIP has demonstrated very effective in reducing internal 

porosities, unless those voids are greatly interconnected or located near the surface[163]. The 

elimination of unmelted material is also eased by the induced plastic flow and minimal material 

transfer developing under the low-pressure environment of HIP[164].  

In a study led by Dohoon Lee and colleagues[165], the impacts of annealing and Hot Isostatic 

Pressing (HIP) on the microstructure and mechanical performance of selective laser melted (SLM) 

Ti–6Al–4V alloy were examined. The results showed that the high cooling rates naturally related 

to the SLM process result in a columnar prior-β grain structure filled with acicular α′ martensite in 

the as-built situation. Annealing at 735°C accelerated the transformation of this metastable α′ phase 

into a mixture of α and β phases, increasing the β-phase fraction whilst maintaining the original 

morphology and HIP at 930°C enabled substantial coarsening and spheroidization of the α and β 

phases, resulting in clear grain growth and a more thermally stable, equiaxed microstructure. Both 

post-processing treatments also contributed to the reduction of residual stress, as evidenced by 

mapping, with HIP demonstrating greater stress relief due to the high processing temperature[165].  
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As proved in another study[166], Ti-6Al-4V samples manufactured by AM that undergo surface 

polishing followed by HIP exhibit fatigue limits approaching the theoretical upper bound(1.6HV 

± 0.1HV) but as-built cases achieved only about 27% of the ideal fatigue limit predicted from 

Vickers hardness measurements so this difference clearly shows that the combined application of 

surface polishing and HIP due to the reduction in surface defects and internal porosity, could be 

deemed as very effective at improving the fatigue properties of additively manufactured materials. 

According to findings by a study [167], the results of hybrid surface treatments on Ti-6Al-4V alloy 

produced via hot isostatic pressing, with elaboration on the combined application of heat treatment 

and ultrasonic surface rolling process (USRP); As outcome, a heating-assisted ultrasonic surface 

strengthening (HUSS) technique, performed at 150 °C, was led to improve surface properties by 

integrating thermal softening with mechanical deformation. The heat-treated sample under USRP 

showed a grain size of ~200 nm, increased microhardness and surface roughness and despite the 

higher hardness, these samples exposed significant wear rates due to less beneficial microstructural 

variations. 

Subsequent to these thermal procedures, mechanical and chemical surface treatments such as shot 

peening and electropolishing have shown considerable ability in improving surface integrity. Shot 

peening (SP) which is commonly identified as one of the greatest efficient procedures for 

modifying the surface layer of metallic materials[168]. Electropolishing (EP) is also an effective 

electrochemical method for polishing metal surfaces by presenting a smooth and clean finish 

without compromising the structural integrity of the component while also improving corrosion 

resistance[169]. Integrating shot peening (SP) and electropolishing (EP) as sequential post-

processing treatments for additively manufactured (AM) titanium alloys, bears considerable 

prospective for improving material performance[170] while also as shown in a research conducted 

by M. Kiel and their colleagues [171]has explored this hybrid treatment approach on additively 

manufactured  Ti–6Al–4V alloys(with DED and PBF) as their findings indicate that using 

electropolishing after shot peening alleviates surface roughness and removes trapped shot particles 

and the hybrid post treatment has demonstrated increases in corrosion behavior.  

A hybrid post treatment strategy as used for examining the fatigue behavior of PBF additive 

manufactured TI6AL4V alloy[172], used the subsequent application of shot peening followed by 

a surface enhancement process known as CASE, which falls under the category of chemically 

assisted tumbling techniques, functioning similarly to the extreme isotropic superfinishing (ISF) 

process [173][174]. The main aim of the CASE treatment is to reduce the surface roughness 

introduced by shot peening, in this way reaching a smoother finish while maintaining the beneficial 

compressive residual stresses instructed by the initial peening stage. As also observed in another 

research, specimens treated with shot peening+CASE demonstrated a smoother surface finish, 

which contributed to improved fatigue life, with all crack initiation sites located in the interior of 

the material [175] 
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2 Materials & Methods 

 

2.1 Samples Manufacturing 

The Ti-6242 samples were manufactured using L-PBF technology. Prior to producing the samples 

designated for surface post-treatment, printing parameter optimization was carried out to enhance 

both the bulk and surface quality. This step was essential, as printing parameters can significantly 

influence surface characteristics. 

 

2.1.1 Parameter optimization 

2.1.1.1 Design of Experiment 

The Design of Experiment (DoE) encompasses one of the key factor considered in the parameter 

optimization  L-PBF multiple adjustable parameters influence the manufacturing process. Among 

the most influential parameters are layer thickness, laser power, spot size, scanning speed, and 

hatching distance. To evaluate different parameter combinations, Volumetric Energy Density 

(VED) was introduced in previous studies. The VED is calculated as: 

𝑉𝐸𝐷 =
𝑃

𝑣 ⋅ ℎ ⋅ 𝑙
 

Where: 

• VED = Volumetric Energy Density [J/mm3][J/mm3] 

• P = Laser Power [W][W] 

• v = Scanning Speed [mm/s][mm/s] 

• h = Hatching Distance [mm][mm] 

• l = Layer Thickness [mm][mm] 

The VED represents the energy applied per cubic millimeter of powder, serving as a key metric 

for process optimization. In this study, in order to optimize the manufacturing parameter, based on 

previous studies  narrow range of parameter, as three level for laser power [180,200,220 W] and 

three level for laser scan speed [1000,1200,1400] is considered and other parameters remain 

constant. Table 2 lists the calculated VED values and corresponding parameters input. 
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Table 2 Printing parameters for Ti-6242 

S
am

p
le

 

n
u

m
b
er

 Laser Power 

(W) 

Scanning speed 

(mm/s) 

Hatch distance 

(mm) 

Layer thickness 

(mm) 

VED 

(J/mm³) 

1 180 1000 0.08 0.03 75.0 

2 180 1200 0.08 0.03 62.5 

3 180 1400 0.08 0.03 53.6 

4 200 1000 0.08 0.03 83.3 

5 200 1200 0.08 0.03 69.4 

6 200 1400 0.08 0.03 59.5 

7 220 1000 0.08 0.03 91.7 

8 220 1200 0.08 0.03 76.4 

9 220 1400 0.08 0.03 65.5 

 

2.1.1.2 DoE sample preparation 

A gas-atomized Ti–6Al–2Sn–4Zr–2Mo powder with a particle size ranging from 15 μm to 55 μm 

and an average diameter of 32 μm was used as the starting material. Cubic samples of 

8 × 8 × 10 mm3 (L × W × H) were fabricated using a Print Sharp 250 machine, Figure 11. Before 

the commencement of the fabrication process, an argon gas environment was introduced into the 

chamber to maintain the oxygen content below 0.2%, thereby toning down the potential impact of 

oxygen on the fabrication process. 
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Figure 11 Prima Additive Print Sharp 250 machine 

 

 

The workflow began with job file preparation shown in Figure 12, by using Materialise Magics, a 

software tool commonly used for preparing and optimizing additive manufacturing (AM) designs. 

This stage involved support generation (if needed), part orientation, and slicing, resulting in an 

output file in .CLI format. The .CLI file was then imported into EPhatch, a software designed for 

assigning critical process parameters, including laser power, scan speed, hatch spacing, and 

exposure time. These parameters significantly influenced part density, microstructure, and 

mechanical strength. The parameters used for this project are instructed in Table 2.  After defining 

the settings, the data was converted into .EPI format, making it compatible with the Print Sharp 

250 machine. 
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Figure 12 Print Sharp 250 machine job file preparation flow. 

 

Prior to initiating the printing process, the machine was prepared by an operator. The preparation 

involved filling the powder bed with Ti-6242 metal powder and ensuring a controlled atmosphere 

within the build chamber by using argon gas flow to reduce oxidation risks. The initial layers of 

the build were particularly critical, as any instability in the laser-material interaction could lead to 

defects such as porosity, lack of fusion, or warping. Therefore, it was crucial to monitor these 

initial layers closely to ensure a stable and uniform build process. 

Upon completion of the print job, the parts were allowed to cool inside the chamber to prevent 

thermal stresses and cracking. Once cooled, the build platform was ejected from the machine by 

the technician, marking the beginning of the post-processing phase. 

 

2.1.2 WEDM 

Wire electrical discharge machining (WEDM) is a non-conventional machining process that uses 

electrical sparks to erode conductive materials, producing complex shapes with high accuracy and 

good surface finish. Key performance measures include material removal rate, surface roughness, 

and kerf width.[176] WEDM can machine a wide range of conductive materials regardless of 

hardness, making it suitable for advanced engineering materials like superalloys and 

composites.[177] The e.cut WEDM machine was employed to cut the samples at this step. This 

machine is shown in Figure 13, the main part of the machine is where the workpiece is placed for 

the cutting operation. Initially, the platform was secured to the wire-cutting machine using clamps. 

Next, in the software used for positioning the wire in the machine, the wire was set on the platform 

to establish the reference points for both the x and y coordinates. After that, the wire's position was 

adjusted according to the platform's settings, and the correct dimensions and orientation were 

loaded into the machine to begin the cutting operation. 
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Figure 13  WEDM machine configuration during cutting 

2.1.3 Characterization of optimal parameters 

Following detachment, the printed components, which are depicted in Figure 14 underwent 

characterization to assess porosity and surface quality. This evaluation process included optical 

microscopy analysis, density measurements, and computed tomography (CT) scans to detect 

internal defects. These characterization techniques provided valuable insights into the 

effectiveness of the optimized parameters, guiding further refinement in L-PBF process settings. 
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Figure 14 L-PBF Ti-6242 test samples 

 

 

 

2.1.3.1 Stereomicroscope 

Stereomicroscopy provides three-dimensional visualization of specimens at relatively low 

magnifications. Unlike compound microscopes, stereomicroscopes utilize two separate optical 

paths to deliver slightly different perspectives to each eye, resulting in a stereoscopic effect that 

enhances depth perception. This feature is particularly beneficial in additive manufacturing (AM) 

for inspecting and characterizing the surface morphology of printed components. In the context of 

AM, stereomicroscopy serves as a valuable tool for the non-destructive examination of surface 

features, enabling the detection of defects such as cracks, porosity, and partially melted powder. 

Integrating stereomicroscopy into the AM workflow enhances the ability to identify and address 

issues early in the production process, thereby improving overall manufacturing efficiency and 

product reliability.[178], [179] Figure 5 demonstrates the detection of the surface quality of 

additively manufactured samples with a stereomicroscope image.  
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Figure 15 stereomicroscope image of upper surface a) sample 4 [P=200 W, V=1000 mm/s , VED= 83.3  [J/〖𝒎𝒎〗^𝟑]] 

b)sample 3 [P=180 W,  V=1400 mm/s,  VED= 53.6 [J/〖𝒎𝒎〗^𝟑] 

 

2.1.3.2 Density Measurement 

The Archimedes method is widely used for measuring density in laser powder bed fusion (LPBF) 

parts, offering a cost-effective and easy-to-use approach. [180] Archimedes' technique involved 

balancing geometric shapes using centroids and the principle of the lever to determine volume 

ratios. [181] According to ASTM F3637-23 [182], the Archimedes density measuring method 

makes it possible to calculate total porosity.  

 

ρ
Archimedes

 = ρ
liquid

 ×
wdry

wdry - wwet
                                                       (1) 

𝜌Geometrical = 𝜌liquid ×
𝑤dry

𝑤wet−𝑤immersion
                                                   (2) 

Total porosity percentage =
𝜌theoretical−𝜌bulk

𝜌theoretical
× 100\%                                  (3) 

Relative Archimedes Density percentage =
𝜌Archimedes

𝜌theoretical
× 100\%                        (4) 

Where: 

𝜌Archimedes = Archimedes density (apparent density) [
𝑔

𝑐𝑚3
] 

𝜌Geometrical = Geometrical density (bulk density) [
𝑔

𝑐𝑚3
] 
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2.1.3.3 X-ray computed tomography  

(CT) is a non-invasive imaging technique that produces three-dimensional images of an object's 

internal structure. It utilizes X-rays and a rotating source-detector system to acquire multiple 

projections, which are then mathematically reconstructed into a 3D image. CT offers improved 

contrast compared to conventional radiographs, albeit with reduced spatial resolution. The 

technique finds applications across various fields, including medical diagnostics, materials 

science, engineering, and paleontology. [183], [184] One such advanced system used for CT 

analysis is the Phoenix v|tome|x s, a versatile high-resolution system designed for both 2D X-ray 

inspection and 3D computed tomography, including micro-CT and nano-CT imaging. The system 

offers high flexibility as it can be equipped with either a 180 kV/15 W high-power nano focus X-

ray tube or a 240 kV/320 W microfocus tube, enabling a broad range of applications. Due to this 

unique combination, the v|tome|x s provides extreme high-resolution scans for low-absorbing 

materials while also allowing 3D analysis of high-absorbing objects.[185] These capabilities make 

it an effective and reliable tool for evaluating AM components, detecting unmelted powder regions, 

voids, cracks, and structural inconsistencies. 

 

Figure 16 Phoenix v|tome|x s CT machine with integrated interface 

To ensure that the sample remained inside the X-ray imaging frame, its position was checked and 

adjusted using the device's associated software, as seen in Figure 16. The tomography procedure 

started as soon as the proper positioning was established. It is essential to uniformly reset the 

detector with X-rays in order to remove any leftover residue before adding another specimen for 

tomography. 
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For the analysis and visualization of CT data, VGSTUDIO MAX software is used, the software 

environment is shown in Figure 17. This advanced software allows for high-precision 3D 

reconstruction, porosity analysis, defect detection, and dimensional measurements of AM 

components. With its powerful image-processing tools, the software enables detailed assessment 

of internal structures, helping to ensure the quality and reliability of 3D-printed parts.  

 

 

Figure 17 VGSTUDIO MAX software environment 

2.1.3.4 Surface Roughness measurement 

To describe the surface texture of the pieces produced, a profilometer (RTP80-TL90, Someco SM 

SRL, Italy) was used to assess surface roughness, as shown in Figure 18. In order to identify height 

variations and provide a complete profile of the surface topography, the apparatus moves a high-

precision stylus across the surface. Important roughness metrics that provide an indication of the 

sample's surface integrity and manufacturing quality, such as Ra (arithmetical mean roughness), 

Rz (profile height, maximum), and Rt (total height variation), can be measured using this method. 

Three distinct measurements were made on each sample at various locations to guarantee accuracy 

and dependability. To minimize localized fluctuations and measurement uncertainties, the typical 

roughness parameter for each surface was calculated by averaging the acquired values. Using 

normal surface metrology principles, the profilometer was set up with the proper cut-off lengths 

and stylus speed settings. Surface roughness measurements and mechanical analyses can be used 

to provide a comprehensive picture of material performance and optimize process parameters for 

improved surface quality. 
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Figure 18 Profilometer RTP80-TL90 

 

2.1.4 Surface post processing 

In order to reduce the roughness and improve the surface quality the surface post processing has 

been done Figure 19, presented the summary of post-treatments techniques has been opt in this 

study. 

 

 

Figure 19 schematic of the surface post-treatments 
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Grinding 

Manual surface grinding was conducted utilizing Presi Minitech 250/300 SP1 grinding machine, 

Figure 20, under continuous running water to prevent overheating and material contamination, as 

demonstrated in Figure 19. Silicon carbide abrasive paper with progressively finer grit sizes, 

concluding with P1200, was utilized to achieve a uniform surface finish. 

 

Figure 20 Presi Minitech 250/300 SP1 grinding machine 

 

Tumble Finishing 

Wet tumble finishing has been done using Silco centrifugal disc finishing machine – 50 litre sifter 

capacity, Figure 21, for 3 hours, with 200 rpm rotation speed with ceramic cone as abrasive media. 

The samples has been paced in the barrel and the machined set for determined time and rotation 

speed. 
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Figure 21 Silco centrifugal disc finishing machine and ceramic abrasive media 

 

Chemical Polishing 

Chemical polishing was conducted by placing the specimen in 50 mL of an etchant containing 

94ml distilled water+ 1.5 ml hydrochloric acid+ 4 ml nitric acid, a ratio similar to what is found in 

the literature for titanium alloys [186]. A conventional magnetic stirrer have been us during 

chemical polishing process to avoid saturation gradient. The experimental setup is presented in 

Figure 19. The samples have been placed in stirred media for 30 minutes in media, and then 

immediately washed with distilled water and dried. 

Laser Polishing 

 Using a Concept-Laser Mlab-cusing-R system equipped with a 100 W fiber laser and a beam size 

of 50 μm the laser polishing has been done on the surface of sample with the laser parameter 

reported in Table 3.  

Table 3 Laser polishing parameters 

Setting Laser Power 

 [W] 

Laser Scan Speed 

[mm/s] 

Hatch 

distance 

[mm] 

Layer 

thickness 

[mm] 

VED 

 

[J/𝑚𝑚3] 

Laser 

Polishing 

40 700 0.03 0.03 63.5 
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2.2 Characterization 

2.2.1 Metallography 

After completing surface post-treatments, specimens were cut using WEDM to expose the cross-

section for metallography and nanoindentation. Samples were mounted using a 2:1 mixture of 

acrylic resin (KMU) and methyl methacrylate hardener. The mixture was poured into molds and 

cured for 15 minutes before being removed and prepared for grinding and polishing. Grinding was 

performed using a Presi machine, Figure 20, with abrasive papers of P480, P600, P800 ,and P1200 

grit. Each sample was ground starting with the coarsest paper, using water for lubrication, cooling 

and debris removal. After each stage, samples were inspected under a microscope; if grinding lines 

were visible, the sample was rotated 90° and a finer grit was used. Polishing followed to remove 

scratches from grinding. Pads with 3 µm and 1 µm diamond suspensions were used, followed by 

a final polish with a 0.3 µm aluminum oxide solution to achieve a smooth, mirror-like finish. 

Prepared samples were then etched with 100 mL of Kalling’s No. 2 solution for 20 seconds, rinsed, 

and dried. Finally, the microstructure and treatment depth were examined under an optical 

microscope. 

 

2.2.2 SEM analysis 

Surface morphology of the samples was characterized using SEM. Prior to imaging, samples were 

ejected from the mount. SEM imaging was performed using a JEOL JCM-6000Plus, Figure 22, 

operated at an accelerating voltage of 5 kV. Micrographs were obtained at various magnifications 

to assess surface features. 
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Figure 22 Versatile Benchtop SEM JEOL JCM-6000Plus 

The analysis revealed uniform surfaces and abrasive marks. Differences in morphology between 

treatment conditions, grinding, tumble finished, chemically polished, and laser polished samples, 

were evaluated. 

2.2.3 Nano indentation  

To investigate the local (sub-surface) mechanical response of specimens to surface treatments, 

nanoindentation tests were carried out using a Hysitron TI 950 TriboIndenter® (Bruker Nano 

Surfaces, USA), as shown in Figure 23. This advanced instrument utilizes capacitive transducer 

technology and a Performech® Advanced Control Module, offering ultra-high sensitivity and low-

noise performance, with force and displacement resolution down to <2 nN and <0.02 nm, 

respectively. These capabilities enable precise characterization of both hard and soft materials, 

including metallic systems such as titanium alloys[187]. 
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Figure 23 Hysitron TI 950 TriboIndenter® (Bruker Nano Surfaces, USA) 

Samples already were sectioned and embedded in cold-mount epoxy to ensure rigid support. The 

surfaces were progressively polished using SiC abrasive papers and diamond suspensions down to 

0.03 μm. Final polishing was followed by cleaning in an ultrasonic ethanol bath for 10 minutes. 

A Berkovich diamond indenter (three-sided pyramidal geometry) was employed for all tests 

(Figure 24). The loading and unloading curve is depicted in Figure 25. Indentations were 

performed in a grid pattern with at least 20 repetitions per condition. Spacing between indents was 

kept at least 10 μm to avoid overlapping of plastic deformation zones.  

 

 

 

Figure 24 Schematic  of a Berkovich indenter tip 
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Figure 25 Load–displacement curve illustrating the conditions of the nanoindentation tests 

The hardness (H) and reduced elastic modulus (Er) were derived from the load-displacement 

curves using the Oliver-Pharr method [188]: 

H = Pₘₐₓ / Ac 

𝐸ᵣ =  (
√𝜋 

2𝛽
) . (

𝑆

√𝐴𝑐

)    

 

where: 

• Pₘₐₓ  = Maximum applied load (mN), 

• 𝐴𝑐 = Projected contact area (nm²), calculated via the tip area function, 

• S = Contact stiffness (mN/nm), extracted from the unloading curve slope, 

• β = Geometric correction factor (~1.034 for Berkovich tip). 

The elastic modulus of the sample (𝐸ₛ) was calculated from  𝐸ᵣ by accounting for the indenter’s 

modulus (𝐸ᵢ = 1141 GPa for diamond) and Poisson’s ratio (𝜈ᵢ = 0.07), assuming a sample Poisson’s 

ratio (𝜈ₛ) of [0.3 for metals]: 

1/𝐸ᵣ =  (1 − 𝜈ₛ²)/𝐸ₛ + (1 − 𝜈ᵢ²)/𝐸ᵢ 
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Nanoindentation-derived hardness and modulus values were used to estimate wear 

resistance through the H/Eᵣ ratio (elastic strain to failure) and H³/Eᵣ² (resistance to plastic 

deformation) [189]: 

Wear resistance indicators: 

𝐻

𝐸ᵣ
 and 

𝐻³

𝐸ᵣ²
 

Higher H/Eᵣ  ratios (>0.1) suggest improved elasticity and crack resistance, while elevated H³/Eᵣ² 

values correlate with enhanced resistance to abrasive wear.  
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3 Results and Discussion  

 

3.1 Overview 

This section presents a comprehensive analysis of the effects of L-PBF process parameters and 

various surface post-treatment methods on the surface quality, morphology, and near-surface 

mechanical properties of Ti-6242 alloy components. First, the results from the process 

optimization stage are discussed, including relative density measurements obtained via 

tomography and Archimedes' methods, as well as initial surface roughness quantification. The 

influence of process settings, density, and roughness value is examined to identify optimal 

fabrication parameters. Following this, the effectiveness of four distinct post-processing 

techniques—grinding, tumble finishing, laser polishing, and chemical polishing—is evaluated 

based on surface roughness (Ra), SEM micrographs, and surface profilometry. The roughness 

profiles provide insight into the underlying mechanisms of each treatment, including plastic 

deformation, material removal, and thermal smoothing. Additionally, nanoindentation results are 

explored to assess subsurface mechanical behavior, including hardness, elastic modulus, and 

derived wear resistance indicators (H/Er and H³/Er²). Together, these findings provide a holistic 

understanding of how both process design and surface finishing influence the final performance 

characteristics of additively manufactured Ti-6242 components. 

3.2 Parameter optimization for L-PBF 

Material density is generally influenced by the applied volumetric energy density, which in turn 

is controlled by laser power, laser scanning speed, and the hatch distance. The parameters 

selected for this study are shown in Figure 26 with the constant of hatch distance equal to 80 µm. 

The average measured material density, by Archimedes' method, values, presented in Figure 27, 

varied between 4.49 g/cm³ and 4.51 g/cm³, translating to relative densities ranging from 

approximately 99.1% to 99.4% of the theoretical Ti-6242 density (4.54 g/cm³). The sample 1 

[P=180W; V=1000 (mm/s); VED=75 [J/𝑚𝑚3]],  sample 3 [P=180W; V=1400 (mm/s); 

VED=53,6 [J/𝑚𝑚3]]and sample 4 [P=200W; V=1000 (mm/s); VED=83.3 [J/𝑚𝑚3]] shows the 

highest Archimedes density among the other samples. 
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Figure 26  L-PBF samples of Ti-6242 under the DOE parameters 

 

Figure 27 Apparent density of the DOE samples versus VED 

 

X-ray computed tomography was used to quantify internal porosity morphology and distribution 

in samples. Figure 28 is demonstrating samples processed at lower energy densities revealed 

irregular; elongated pores typically associated with incomplete fusion between layers. In contrast, 

samples fabricated with higher energy densities exhibited smaller, spherical pores, characteristic 

of keyholing or trapped gas phenomena. The total porosity fraction varied from 0.2% to 0.5%, 

with the lowest porosity observed in samples 1, 3 and 4, corresponding to the densest samples. 



53 
 

Notably, no significant pore clustering was observed, indicating consistent powder spreading and 

energy delivery during fabrication. 
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Figure 28 X-ray tomography of DOE samples with different parameters 
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Figure 29 compares the relative density results obtained from both tomography analysis and the 

Archimedes method. A consistent trend is observed in the variation of relative density across the 

different samples using both techniques. However, it is evident that the density values measured 

by tomography are consistently higher than those obtained via the Archimedes method. This 

discrepancy can be attributed to the inherent surface roughness of L-PBF-fabricated parts. In the 

Archimedes method, surface irregularities hinder complete wetting by the liquid medium, leading 

to measurement inaccuracies and potentially underestimating the actual density. In contrast, X-ray 

computed tomography enables high-resolution, three-dimensional analysis, allowing for more 

precise identification of the part boundaries and exclusion of surface artifacts, thereby providing a 

more accurate estimation of the true material density. 

 

 

Figure 29 The relative density results obtained from tomography analysis and the Archimedes method 

 

Surface roughness was quantified using contact profilometry, with measured arithmetic average 

roughness (Ra) values ranging from 3.1 µm to 7.6 µm, as shown in Figure 30. In general, higher 

scan speeds and lower energy densities are known to increase surface roughness due to the 

presence of partially melted particles and balling phenomena along the scan tracks. However, in 

this study, the selected process window was relatively narrow, limiting the ability to observe clear 

correlations between processing parameters and surface finish. Despite achieving Ra values below 

10 µm, which are considered acceptable for minimizing extensive post-processing, surface post-

treatments remain essential to meet the stringent quality and performance requirements of high-



56 
 

performance Ti-6242 components. Surface finishing techniques can further reduce roughness, 

remove loosely bound particles, and improve fatigue resistance, especially in critical applications. 

 

 

Figure 30 Average Surface Roughness (Ra) vs. VED (J/mm³) in DoE Process Optimization 

The surface roughness profile provides valuable insight into the topographical features resulting 

from the layer-wise melting and solidification characteristic of the L-PBF process. The measured 

roughness profiles for the samples with the highest relative densities are presented in Figure 31. 

These profiles exhibit the presence of irregular peaks and valleys, commonly associated with 

partially fused powder particles, balling effects, and scan track overlaps. Such surface features 

contribute to elevated Ra values and reflect the inherent non-uniformity in surface finish under 

different process conditions. In samples 1 and 3 (Figure 31-A and 31-B), sharp lumps were evident. 

These are likely to be due to incomplete melt pool fusion or spatter redeposition, which disrupt the 

smoothness of the top surface. In contrast, Sample 4 (Figure 31-C), produced under a slightly 

higher energy input, a narrower range of roughness variation, indicative of more complete melting 

and better material flow during solidification. However, it is important to note that due to the 

limited range of process parameters explored in this study, no clear or definitive correlation could 

be established between the specific parameter sets and the resulting surface roughness morphology. 

Nevertheless, comparative analysis suggests that even moderate increases in energy input can lead 

to noticeable improvements in surface topography. 
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Figure 31Roughness profile of the A) sample 1 [P=180W; V=1000 (mm/s); VED=75 [J/〖mm〗^3]], B) sample 3 [P=180W; 
V=1400 (mm/s); VED=53,6 [J/〖mm〗^3]], A) sample 4 [P=200W; V=1000 (mm/s); VED=83.3 [J/〖mm〗^3] 

 

Based on the experimental results, sample 4 with VED equal to 83.3 [J/𝑚𝑚3] exhibited the lowest 

surface roughness combined with a relatively high material density, these indicated in Figure 32, 

making it the most favorable among the tested parameter sets. These characteristics indicate a 

lower defect density in bulk and an improved surface, which are critical for achieving high surface 

quality, can be achieved in the as-built state. Therefore, the processing parameters used for sample 
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4 were selected as the optimum condition for manufacturing specimens intended for subsequent 

surface post-treatment studies. 

 

Figure 32 Relative density and Surface roughness of DoE samples based on VED 

 

 

3.3 Impact of Surface Post-Treatments on Roughness and Morphology 

The surface morphology of the as-built metallic AM components showed a high initial surface 

roughness, which can directly be seen and evaluated after the manufacturing process. Figure 33 

displays SEM micrographs of the surface of an as-built plate at two different magnifications. The 

micrograph reveals partially molten powder particles that remain attached to the surface, and signs 

of spattering and laser tracks can obviously be observed. Preliminary tests indicated that these 

particles could not be removed by using an ultrasonic bath. As a result of these particles, the surface 

exhibits an irregular, rough, and inconsistent morphology. 
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Figure 33 SEM micrographs of as-built top surface showing surface features, a) with x50 magnification b) x200 
magnification 

Figure 34 demonstrates high roughness values for the as-built top surface and side surface with 

respect to build direction of material. The standard guidelines for the surface qualities for 

aerospace applications typically call for a roughness of lower than Ra = 3.2 μm. Notably, the side 

surfaces which are more prone to stair-step effects and overhanging geometries, tended to show 

higher Ra values compared to the horizontal top surfaces.  

After the surface post-treatment, all methods led to a reduction in surface roughness (Ra), though 

the degree of improvement varied depending on the mechanism of each process. Figure 35 presents 

the Ra values before and after treatment. Grinding achieved the most substantial roughness 

reduction, followed by tumble finishing, laser polishing, and chemical polishing. Mechanically 

driven treatments were more aggressive in removing surface irregularities, while non-mechanical 

methods led to slighter changes. 

 

 

Figure 34 Average surface roughness of as-built and surface post-treated parts on the top surface 
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Figure 35  Average surface roughness of as-built and surface post-treated parts on the side surface 

SEM images (Figure 36) and corresponding roughness profiles (Figure 37) reveal the distinct 

effects of each post-treatment method on the surface morphology of L-PBF Ti-6242 components. 

Grinding produced the smoothest and most uniform surface, characterized by consistent, shallow 

peaks and valleys. The repeatable pattern observed in the roughness profile reflects the controlled 

mechanical abrasion typical of this method. Tumble finishing, while slightly less aggressive than 

grinding, was effective in removing sharp asperities and detaching loosely bound powder particles 

by locally intense plastic deformation and rubbing of the unfused powder particles. The resulting 

surfaces exhibited broader valleys and a more randomized topography, which can be attributed to 

the stochastic nature of media-surface interactions inherent to this method. This random smoothing 

contributes to an overall reduction in roughness, though with more variability in the surface profile. 

Laser polishing generated a periodic, wave-like surface texture aligned with the laser scan tracks. 

Localized remelting and re-solidification led to a significant reduction in surface roughness while 

eliminating partially fused particles. However, the resulting morphology was influenced by the 

laser’s path, producing a directional surface finish. This controlled reflow of material not only 

smooths the surface but also creates a more continuous surface layer, potentially enhancing 

corrosion resistance and surface strength. Chemical polishing, in contrast, resulted in the least 

reduction in Ra among the treatments. Despite its lower efficacy in smoothing, it preserved the 

original topographical pattern of the as-built surface, albeit at reduced amplitude. The surface 

morphology appeared similar in shape to the untreated sample, indicating uniform and isotropic 

material removal without mechanically altering the surface geometry. This mild etching behavior 

allows for selective material dissolution while minimizing distortion or surface damage. 

https://www.sciencedirect.com/topics/materials-science/plastic-deformation
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Figure 36 SEM micrograph of top surface of the L-PBF Ti-6242  parts after post treatments 

 

The roughness profiles in Figure 37 provide further insight into these differences. Grinding and 

laser polishing yielded regular, consistent profiles, indicating uniform material removal across the 

surface. In contrast, tumble finishing showed less predictable profiles with wider valleys and 

smoother peaks, characteristic of its more random mechanical action. Chemical polishing 

maintained the underlying form of the as-built surface but with significantly reduced peak heights 

and valley depths, confirming its non-deforming, chemically driven mechanism. 

Across all treatments, one consistent outcome was the complete removal of partially fused powder 

particles features that are known to act as critical sites for fatigue crack initiation and corrosion 

attack. Their elimination enhances not only the aesthetic and dimensional qualities of the part but 

also its mechanical and environmental performance. 
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Figure 37 The roughness profile of the parts top surface in as-built state and after surface post-treating of L-PBF samples 
of Ti-6242 alloy 
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In addition to their effects on the top surface, tumble finishing and chemical polishing significantly 

impacted the sidewalls of the L-PBF Ti-6242 parts. Unlike grinding and laser polishing, which are 

inherently localized treatments applied selectively to accessible or flat regions, tumble and 

chemical polishing act globally on the entire surface. The abrasive media in tumble finishing 

interacts with all exposed surfaces during the vibratory cycle, smoothing both horizontal and 

vertical regions. This led to a noticeable reduction in roughness and partial rounding of sharp edges 

on the sidewalls, Figure 38-b. Similarly, chemical polishing, being a diffusion- and reaction-based 

process, uniformly etched all surfaces in contact with the chemical solution. The sidewalls 

exhibited a reduction in peak height and surface texture amplitude while retaining the as-built 

morphological signature at a lower scale. These global effects are particularly advantageous for 

complex geometries or internal channels where direct mechanical, or laser access is limited. 

Remarkably, chemical polishing resulted in a slightly lower surface roughness on the sidewalls 

compared to tumble finishing, shown in Figure 35. This can be attributed to the enhanced reactivity 

of the exposed, high-surface-area sidewall due to more rough surface with the etchant solution. 

The morphology likely promotes localized dissolution, leading to more effective smoothing 

through material removal rather than deformation. In contrast, the sidewalls appear more resistant 

to mechanical modification via tumble finishing, possibly due to limited abrasive contact and 

lower pressure exerted on vertical features, resulting in comparatively higher residual roughness. 

 

Figure 38 The SEM micrograph of the edge of top surface of TI-6242, L-PBF parts, showing morphology of the side walls in 
a) as-build state b)tumble finished, c) chemical polished 

 

The roughness profiles of the sidewalls before and after post-processing are presented in Figure 

39. Similar to the top surface, tumble finishing results in a significant reduction of surface peaks 

and the formation of broader valleys. This is primarily due to localized plastic deformation and 

abrasive contact, which effectively removes loosely bonded or unfused powder particles. In 

contrast, chemical polishing produces a profile that closely resembles the as-built surface in overall 

shape but with markedly reduced peak and valley amplitudes. The chemical etching action not 

only lowers the roughness of the surface but also smooths the contours of the surface features, 

leading to more rounded peak geometries. These observations underscore the differing 



64 
 

mechanisms of the two treatments, mechanical abrasion versus uniform material dissolution, and 

their distinct impacts on surface topography. 

 

 

Figure 39 The roughness profile of the side walls of the parts in as-built state, tumble finished, and chemical polished 
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3.4 Impact of Surface Post-Treatments on Nano-indentation Hardness 

 

The nanoindentation load–depth curves for the as-built and post-treated Ti-6242 samples, Figure 

40, reveal the surface and near-surface mechanical response under localized compressive 

loading. The curves for the as-built, ground, and chemically polished surfaces showed similar 

maximum indentation depths and unloading slopes, suggesting minimal or no alteration in 

subsurface mechanical properties. This indicates that these treatments primarily affected surface 

topography without significantly modifying microstructural hardness. In contrast, the laser-

polished sample exhibited a noticeably deeper indentation depth and a broader curve, indicative 

of localized softening due to surface remelting and structural relaxation. Meanwhile, the tumble-

finished sample displayed a slightly shallower depth, consistent with increased hardness due to 

strain hardening from mechanical impact during processing. 

 

Figure 40 Loading and unloading  curves of nanoindentation for as-built and post-treated samples 

 

The depth-profiled nanoindentation hardness in Figure 41 measurements revealed how different 

post-treatments influenced the near-surface mechanical properties of Ti-6242. The as-built, 

ground, and chemically polished samples exhibited nearly identical hardness trends as a function 

of depth, indicating that these treatments had a negligible effect on subsurface strengthening or 

softening. In contrast, the tumble-finished surface showed a distinct hardness increase between 

~30 µm and 20 µm beneath the surface up to surface, suggesting the presence of a strain-hardened 

layer induced by mechanical impacts during processing. On the other hand, the laser-polished 
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sample exhibited a gradual reduction in hardness extending to a depth of approximately 130 µm 

below the surface. 

 

Figure 41 The depth-profiled nanoindentation hardness of as-built and surface post-treated samples 

Nanoindentation measurements of hardness (H) and reduced modulus (Er) confirmed the trends 

observed in the load–displacement curves, demonstrate in Figure 42. The as-built, grinding, and 

chemically polished samples showed comparable hardness and modulus values, suggesting that 

grinding and chemical polishing, while effective in altering surface roughness, did not significantly 

influence the subsurface mechanical response. Tumble finishing resulted in a slight increase in 

hardness, likely due to plastic deformation and strain hardening at the surface caused by repeated 

mechanical abrasion. In contrast, the laser-polished surface showed a reduction in both hardness 

and Er, which can be attributed to localized melting and re-solidification during the process. This 

thermal effect may lead to microstructural relaxation or grain growth, reducing resistance to plastic 

deformation beneath the polished surface.  
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Figure 42 ) The hardness (H) and reduced elastic modulus (Er) of as-built and surface post-treated samples 

To assess wear resistance, the hardness-to-modulus ratio (H/Er) and plasticity index (H³/Er²) were 

calculated from the nanoindentation data, presented in Figure 43. These indicators reflect a 

material’s ability to resist plastic deformation and accommodate elastic strain. Tumble-finished 

samples exhibited the highest values for both H/Er and H³/Er², indicating improved wear resistance 

due to surface hardening. The as-built, ground, and chemically polished surfaces demonstrated 

similar wear resistance metrics, reflecting their shared mechanical behavior beneath the surface. 

Laser-polished samples, despite improved surface smoothness, exhibited the lowest values of H/Er 

and H³/Er². This reduction aligns with the observed decrease in hardness and modulus and suggests 

that surface melting may compromise the wear performance. Overall, these results highlight the 
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trade-off between surface quality and mechanical integrity introduced by different post-processing 

strategies.  

 

Figure 43  The H/Er and H³/Er² ratio for as-built and surface post-treated samples 

 

4 Conclusion and Future Perspectives 

 

This study comprehensively investigated both the process parameter optimization and the effect 

of surface post-treatment techniques on the surface quality and near-surface mechanical properties 

of Ti-6242 alloy components fabricated via L-PBF. 

Through a DOE approach, key process parameters, laser power and laser scanning speed, were 

systematically varied to identify optimal combinations that maximize material density and 

minimize surface roughness. Among the nine parameter sets evaluated, sample 4 [P=200W; 

V=1000 (mm/s); VED=83.3 [J/𝑚𝑚3], processed at moderate energy input conditions, achieved 

the highest relative density and the lowest initial surface roughness. This parameter set was thus 

selected as the optimal condition for subsequent surface post-treatment investigations. The 

observed improvements are attributed to a balanced energy density that enabled sufficient powder 

consolidation without inducing excessive spatter or surface irregularities. 

Following optimization, four post-processing methods—grinding, tumble finishing, laser 

polishing, and chemical polishing—were applied to the as-built Ti-6242 specimens. All techniques 
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led to a notable decrease in surface roughness (Ra), albeit with different surface morphologies and 

material responses. Grinding provided the most significant roughness reduction, producing a 

uniform surface with shallow, repeatable features ideal for fatigue-critical applications. Tumble 

finishing effectively removed loose particles and smoothed asperities while introducing plastic 

deformation, which slightly increased subsurface hardness. Laser polishing, while successful in 

eliminating partially fused particles, led to reduced hardness and elastic modulus beneath the 

surface due to thermal relaxation and remelting effects. Chemical polishing preserved the surface 

geometry of the as-built material while achieving modest roughness reduction through isotropic, 

non-deforming material removal. 

Surface roughness profile analysis revealed distinct textural signatures associated with each 

treatment. Grinding and laser polishing generated periodic profiles with consistent topography, 

while tumble finishing resulted in broader valleys and smoothed peaks due to media-surface 

interactions. Chemical polishing maintained the overall profile shape but reduced its amplitude, 

reflecting uniform etching action. Notably, sidewalls, which are inherently rougher due to powder 

adhesion and build orientation, responded effectively to chemical and tumble polishing despite the 

localized treatments like grinding and laser polishing. 

Nanoindentation testing provided insight into the mechanical response just beneath the surface. 

Grinding and chemical polishing treatments preserved the hardness and reduced modulus of the 

as-built material, except for laser polishing, which caused a decline in both properties up to ~130 

µm from the surface. Conversely, tumble finishing induced localized strain hardening, increasing 

hardness between 20–30 µm below the surface. Wear resistance indicators, including H/Er and 

H³/Er², supported these findings, with tumble-finished surfaces showing enhanced resistance due 

to work-hardening, and laser-polished ones reflecting lower resistance due to microstructural 

relaxation. 

This work highlights the importance of coupling process parameter optimization with tailored 

surface finishing in achieving high-performance Ti-6242 components for demanding applications, 

particularly in aerospace. Future research should focus on the following: 

Microstructural characterization (e.g., EBSD, TEM) to link subsurface modifications to phase 

transformation and grain structure. 

Fatigue and corrosion testing to assess long-term reliability of post-treated surfaces. 

Hybrid surface treatment strategies, combining mechanical and chemical or thermal methods for 

synergistic effects. 

Process scalability and industrial integration, to evaluate the economic and practical viability of 

optimized L-PBF and post-treatment routes for critical components. 
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In conclusion, the combined optimization of L-PBF parameters and surface treatment strategies 

demonstrates a promising path toward producing Ti-6242 parts with both high densification and 

tailored surface integrity, ready for qualification in structural and aerospace-grade applications. 
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