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Abstract 

Damage initiation and propagation are widely impacted by pores distribution induced during additive manufacturing (AM) processes. More 

specifically, the porosity can strongly affect the thermomechanical behavior of titanium alloys in the case of Selective Laser Melting (SLM). The 

present work examined the impact of SLM process parameters on microstructure characteristics, mechanical properties, and surface integrity of 

the Ti6Al4V titanium alloy. Different metallographic analyses (i.e., Scanning Electron Microscopy (SEM), and X-Ray Diffraction (XRD)), 

density measurement and surface characterizing were carried out to investigate the effect of various process parameters (laser power and scanning 

speed) on the damage behaviors in terms of fracture surface and cracks initiation sites of the alloy. 

 
© 2022 The Authors. Published by ELSEVIER B.V. 

This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0) 

Peer review under the responsibility of the scientific committee of the 6th CIRP CSI 2022 

 Keywords: Additive Manufacturing; SLM; Microstructure; Mechanical Properties; Surface Integrity 

 

1. Introduction 

Nomenclature 

AM  Additive Manufacturing  

PBF          Powder Bed Fusion 

SLS/SLM          Selective Laser Sintering/Melting 

EBM   Electron Beam Melting 

 

Additive manufacturing (AM), also known as 3d printing, 

has raised lots of attention both in academic fields and 

industries. This manufacturing process, in which each part is 

formed layer by layer, consists of multiple techniques and since 

today it has been employed for different materials (metallic, 

polymer, …). This variety of techniques and the possibility of 

using a wide range of materials make this method widely used 

in the aeronautics, automotive, and medical industries [1]. The 

premier works on producing additively manufactured parts 

have been started by introducing the rapid prototyping process 

in 1980; since then, 3d printing technology has constantly been 

evolving, and new processes are being explored and presented 

[2].  

The recent developments in the field of additive 

manufacturing led to the manufacturing of segments made of 

the so-called difficult-to-machine metals, such as titanium 

alloys and nickel-based super-alloys. In latest years, powder 

form of metals such as Titanium (Ti6Al4V [3, 4], TiNb 

[5, 6],…), (Stainless steel 316L [7], Maraging steel 18Ni 300 

[8], …), Nickel-based super-alloys (Inconel 625 [9], Inconel 

718 [10], …), have been used by powder bed fusion (PBF) 

processes such as Selective Laser Sintering (SLS), Selective 

Laser Melting (SLM), and Electron Beam Melting (EBM). 

The advantages of metal additive manufacturing, such as 

design freedom, the possibility of fabricating complex 

geometries, and shorter fabrication time compared to the 

conventional manufacturing methods, along with impressive 

capabilities of Ti6Al4V titanium alloys such as 
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biocompatibility, excellent corrosion resistance, and low 

density, had led to the greater attention from industries, 

aeronautics, and biomedical applications. [11–13]. Despite 

these enormous benefits of fabricating these alloys with 

additive manufacturing methods, the mechanical properties and 

surface integrity of as-printed components raised concerns 

about its use more than before. These mechanical 

characteristics are highly dependent on the 3d printing process 

parameters, such as laser power, scanning speed, layer 

thickness, and hatch spacing [14–17]. 

Also, surface integrity is a crucial parameter in the 

evaluation of the AM components quality. Due to the 

layer-wise procedure of manufacturing parts with the additive 

manufacturing process, the finished surface of the parts is 

drastically affected, and post-processing methods, such as 

machining, are essential [18–21].  

Finally, the additive manufacturing process parameters, the 

differences in powders size and powder-to-laser absorptivity, 

lead to some limitations for obtaining a homogeneous as-build 

microstructure of Ti6Al4V titanium alloys. The as-build 

microstructures generally show undissolved particles and 

porosities. As a result, for example, the machinability of this 

alloy, which is considered as a difficult-to-machine metal, 

becomes more complicated since the development of the 

material damage during machining is widely impacted by the 

pore distribution induced during additive manufacturing 

processes.  

Regarding the literature, the laser power and scanning speed 

relate a preeminent role in the mechanical properties and 

surface integrity of additively manufactured parts, so the main 

objective of this work is to study the effect of these two process 

parameters on the microstructure, micro-hardness, and 

roughness of the as-SLMed Ti6Al4V titanium samples. 

2. Experimental Procedure 

2.1. Microstructure 

The material used for this study is a gas-atomized spherical 

Ti-6Al-4V grade 23 Titanium powder with a particle size of 

28 μm (D10), 38 μm (D50), and 50 μm (D90). The theoretical 

density of Ti-6Al-4V Titanium is 4.43 g/cm3, and according to 

the datasheet of the powder supplier the chemical composition 

is reported in Table 1. 

Table 1. Chemical composition (in wt %) of Ti-6Al-4V Titanium powder. 

Chemical composition (wt. %) 

Al V C Fe O N H Ti 

6.26 4.07 <0.01 <0.2 <0.1 <0.01 <0.002 Balance 

2.2. Sample fabrication 

The SLM samples are fabricated using a SLM 280 HL 

(SLM Solutions) machine under an inert atmosphere of argon. 

Many different parameters can affect the additively 

manufactured components' microstructure and mechanical 

properties, such as laser power, scanning speed, hatch spacing, 

layer thickness, etc. These different process parameters are 

considered through an important factor, energy density 

(Ev or E, J/mm3) which is described as the average applied 

energy per volume of material during a PBF process. The 

energy density of an additively manufactured sample is 

expressed according to Eq (1), where P is the laser power (W), 

v is the scanning speed (mm/s), h is the hatch spacing (μm), and 

t is the layer thickness (μm). 

𝐸 =
𝑃

𝑣ℎ𝑡
 (1) 

In order to minimize and prioritize the effect of process 

parameters on the final properties of the SLMed samples, all 

the process parameters are kept constant except the laser power 

and scanning speed (layer thickness: 30 μm, hatch spacing: 

80 μm, powder bed pre-heated to 200 °C, spot size: 60 μm, 

pattern type, and rotation: Meander 67°). The different 

configurations of laser power (125, 150, and 175 W), and 

scanning speed (375, 550, and 725 mm/s) are selected for this 

study. To analyze the effect of laser power and scanning speed 

on the microstructure and mechanical properties of SLMed 

components, five different conditions are fabricated based on 

the energy densities of 166.7, 132.6, 113.6, 94.7, and 86.2 

J/mm3. In this regard, the laser power of 150 W keeps constant 

to fabricate samples with selected scanning speed, and then the 

scanning speed of 550 mm/s is fixed to manufacture samples 

with the selected laser power. The configuration of the 

3d printing process parameters and energy densities of samples 

are summarized in Table 2. 

Table 2. The configuration of the 3d printing process parameters and energy 

densities of samples. 

Power (W) 

Scan Speed 

(mm/s) 

175 150 125 

375  166.7  

550 132.6 113.6 94.7 

725  86.2  

 

The cubic samples (10×10×10 mm3) are used for the SEM 

observation, XRD measurements, and density measurements. 

Also, the 3d-printed blocks with the dimension of 130×95×4 

mm3 are used for the roughness test. These blocks are cut into 

the desired dimension of the tensile specimens for future 

studies on the mechanical properties. 

2.3. Observation and density measurement 

The microstructure of the Ti6Al4V samples is observed 

using the Scanning Electron Microscope JOEL 6100. The cubic 

samples are cut perpendicular to the building direction, then 

polish up to 2000 by sandpaper following by etching in Kroll's 

reagent (100 ml of H2O, 2.5 ml of HNO3, 1.5 ml of HCl, and 

1.0 ml of HF) for the microstructure observation. Then, the 
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X-ray diffractometer analysis were performed on this samples 

using D8 Advance Bruker XRD machine. 

Considering Archimedes' principle according to ASTM 

B311-17, density measurements are performed by measuring 

the 3d-printed cubic samples. The Precisa XB 220A hydrostatic 

weighing system equipped with a wire basket support 

arrangement as described in ASTM B311-17 is used for the 

density measurements. Each specimen is weighed up to 5 times 

both in the air (MAir) and then in the demineralized water 

(MFluid). After the measurement of the sample in demineralized 

water, the wire basket support arrangement is weighed in the 

same depth of the water as before (MWire). The measured 

density of each sample (ρSample) could be obtained according to 

Eq (2); by considering the density of the demineralized water 

(ρFluid, at a specific temperature of the fluid during 

the measurement). The Amprobe TMD-56 Multi-logging 

Digital Thermometer with an accuracy of 0.1 °C used to 

measure the temperature of the water. To prevent the trapping 

of demineralized water in the pores between each 

measurement, further surface cleaning and drying for each 

sample are taken into account. Then, the measured density of 

additively manufactured samples is compared to the theoretical 

density of the Ti-6Al-4V material to calculate the porosity 

according to Eq (3). 

ρSample =
𝑀𝐴𝑖𝑟 ∗ ρFluid

(𝑀𝐴𝑖𝑟−𝑀𝐹𝑙𝑢𝑖𝑑+𝑀𝑊𝑖𝑟𝑒)
 (2) 

%𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 = 100 − (
𝜌𝑆𝑎𝑚𝑝𝑙𝑒∗100

𝜌𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙
) (3) 

2.4. Hardness test 

The Vickers micro-hardness (HV) is measured using the 

ZWICK ZHV1 Micro-hardness Tester for the cubic samples, 

with a load of 2.94 N (300 g) and a dwell time of 10 s. For the 

reliability of the micro-hardness data, up to 20 points are 

randomly chosen on each 3d printing condition.  

2.5. Surface characterization 

The Bruker® 3D interferometer is used to obtain the surface 

roughness and 3d mapping of the 3d-printed blocks; it allows 

two-dimensional and three-dimensional measurements on 

surfaces with a precise resolution (<0.1 nm). Up to 

8 measurements are performed for each 3d printing condition 

(1 mm2 of the surface area is taken for each measurement). 

 

3. Results and discussion 

3.1. Microstructure 

The SEM observations of the 3d printing samples according to 

the configuration of additive manufacturing process parameters 

represented in Table 2 are shown in Fig 1 (the cross sectional 

surface perpendicular to the building direction). The pictures in 

each row represented the samples fabricated with the same 

scanning speed but the different laser power values 

(with decreasing order from left to right). This configuration 

was altered for the pictures in each column which showed 

the 3d-printed samples with the same laser power but the 

different values of scanning speed (with increasing order 

from top to bottom). As shown in Fig 1, for the samples 

fabricated with the lowest scanning speed, which increased 

the energy density regarding Eq (1), the size and ratio 

of the porosities is much higher than the highest scanning 

speed. In addition, the size and ratio of porosities vary 

from higher laser power values (left to right) in each row. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 1. SEM observations of the 3d printing samples with the configuration of 

AM process parameters shown in Table 2. 

 

 

Fig 2. XRD patterns of the additively manufactured Ti-6Al-4V samples for all 

conditions. 
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It could be figured out that by decreasing the values of energy 

density from 166.7 J/mm3 to 86.2 J/mm3 (due to the increase of 

scanning speed value), and also from 132.6 J/mm3 to 94.7 

J/mm3 (due to the decreasing of laser power value), it is more 

favorable to obtain the microstructure with minor 

manufacturing defects in lower energy densities. 

The XRD patterns of the additively manufactured 

Ti-6Al-4V samples for all conditions are shown in Fig 2. 

XRD patterns of as-SLMed microstructures are composed of 

the respective peaks of BCC β and HCP α’ phases. 

To better understand the effect of the AM process parameters 

on the 3d-printed samples and the microstructure and porosity 

formation, the surface had been cut into three perpendicular 

planes (see Fig 3. a). The SEM observation of the different 

planes for the fabricated samples of 113.6 J/mm3 (Fig 3. b-d) 

showed the homogeneities in the microstructure of the alloy, 

and the size of the porosity did not change with regards to the 

building direction of printing. 

 

 

3.2. Density measurements 

The porosity measured by Archimedes' method with respect 

to the energy density of samples in increasing order is shown 

in Fig 4. The results showed that the higher energy density 

value increased the porosity percentage during the 

manufacturing process. Higher energy densities implied more 

internal defects in the samples, whether increasing the laser 

power or lowering the scanning speed. These internal defects 

increased the porosities level, which negatively affected the 

mechanical properties of the 3d-printed components. Regards 

to the porosity measurements, the fabricated samples with 

energy densities of 86.2 J/mm3 showed the lowest porosity 

ratio, which is more favorable for additively manufactured 

components. As noted in Table 1, for the samples in the column 

(Power equal to 150 W) the energy density decreased from 

166.7 to 86.2 J/mm3, the porosity results for these samples 

showed a significant decrease from 5.3 to 0.5%. But the 

samples in the row (Scanning speed equal to 550 mm/s) showed 

the slighter decrease as the energy density decrease. The 

porosity results for the SLMed Ti-6Al-4V reported by 

Kasperovich et al. [16] and Gong et al. [17] showed similar 

trend as discussed.  

 

 

 

 

 

 

 

Fig 4. Porosity measurements with respect to the energy. 

3.3. Micro-Hardness results 

To understand the effect of the different process parameters 

on the hardness of the additively manufactured samples, 

the Vickers micro-hardness (HV) had been performed on the 

top surface (perpendicular to the building direction) of 

3d-printed cubic samples, and the micro-hardness results as a 

function of energy density is presented in Fig 5. The results 

showed that as the energy density of the printed samples 

decreases, the hardness of the sample will also decrease slightly 

but this change is not tangible. The micro-hardness results 

varied from 385±5 HV. It can be noted that the similar results 

are reported by Nikiel et al [22] and Benedetti et al. [23] with 

the average microhardness results for the as-SLMed Ti-6Al-4V 

grade 23 of 387±9 HV and 380±10 HV, respectively. As the 

microstructure did not change during the manufacturing 

process despite the change in the energy density, this behavior 

was predictable. 

Fig 3. a) 3D-printed cubic sample cut into three perpendicular planes;  

and the SEM observation of the different planes for the sample of 

Ev = 113.6 J/mm3: b) Perpendicular to build direction, plane y-x, c) Parallel 

to build direction, plane z-x, d) Parallel to build direction, plane z-y. 
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Fig 5. Micro-hardness results as a function of energy density. 

3.4. Roughness measurements 

In order to study the effect of the process parameters on the 

surface integrity of the selectively additive manufactured 

samples, surface profile measurements were carried out on the 

3d-printed blocks. Fig 6 represented the surface roughness of 

the as-printed blocks as a function of energy density. The Ra 

parameter, which was commonly used to describe the general 

roughness of a selected surface, showed a slight modification 

on the blocks' surface by decreasing the energy density value. 

These average roughness (Ra) values were different from the 

average roughness value of 14.05 µm reported value by Nikiel 

et al [22] for the as-build Ti-6Al-4V grade 23 titanium powder. 

This could be due to the difference process parameters used for 

manufacturing the samples.  

 

 

Fig 6. Surface roughness as a function of energy density. 

4. Conclusion 

In this work, the two most prominent metal 3d printing 

process parameters (laser power and scanning speed) of the 

powder bed fusion process were investigated to characterize 

the microstructure and surface integrity of the Ti6Al4V 

titanium alloy. The effect of different laser power and scanning 

speed on the microstructure, micro-hardness, and roughness 

were studied on the as-SLMed Ti6Al4V titanium samples. 

The results showed that energy density primarily affects the 

size and ratio of the porosity, which are desirable for 

fabricating specimens with the additive manufacturing method. 

The results indicated that obtaining the microstructure with 

minor manufacturing defects in lower energy densities is more 

favorable. Also, the micro-hardness and surface roughness test 

results showed a slight reduction in the mechanical properties 

of the fabricated specimens by decreasing the energy density 

values from 166.7 to 86.2 J/mm3. 
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