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Abstract

Titanium is commonly used in biomedical applications because it is dominant in many properties such as good
biocompatibility, high corrosive resistance, high specific strength, and nonmagnetic property. At present, fabricating
titanium devices or orthopedic parts by selective laser melting (SLM) has gained interest due to its advantages over
conventional methods such as casting, or milling. Laser power is one of the factors that affect the mechanical properties
during the SLM process. This study aimed to examine the effect of the various laser powers on the tensile strength and
microstructure of Ti-6Al-4V ELI. The Ti-6Al-4V ELI alloy samples were printed in dumbbell shape by SLM machine
(Trumpf/TruPrint 1000, Germany) with 3 laser powers (75, 100, and 125 W), 6 samples for each group. All samples were
performed under a tensile test with a universal testing machine, and data were analyzed with one-way ANOVA and
Tukey’s post hoc tests (a=0.05). The microstructure was analyzed by optical microscope and the mode of failure was
observed by SEM. The results showed that the laser power of 100 W with a spot size of 30 pm, scanning speed of 600
mm/s, and layer thickness of 30 um (fixed parameters) was suitable to achieve the highest tensile strength, compared with
the other 2 groups. The mode of failure after tensile testing in the 75 and 100 W laser power groups showed both ductile
and brittle fractures. The 125 W laser power group is a predominantly brittle fracture.
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1. Introduction

Titanium and its alloy are being used increasingly for a variety of applications. Examples include
aircraft, aero-engines, components in chemical processing equipment, and also in the biomedical field
(Wysocki et al., 2017). The most common application of titanium is an implant in the biomedical field because
it is dominant in many properties such as good biocompatibility, high corrosive resistance, high specific
strength, nonmagnetic property, and low specific gravity (Frazier, 2014).

Titanium grade 5, also known as Ti-6Al-4V (Ti64) alloy. It consists of 90% titanium, 6% aluminum,
and 4% vanadium. Besides, It is a biphasic microstructure, which is an a + B titanium alloy (Trevisan et al.,
2017). Aluminum stabilizes the alpha phase that helps in corrosion resistance but is low in tensile strength.
Vanadium stabilizes the beta phase that helps in ductility and resistance in plastic deformation (Trevisan et
al., 2017). Ti-6Al-4V ELI or Titanium grade 23 is fundamentally a grade 5 titanium but the weight of oxygen
(0), iron (Fe), and nitrogen (N) are less for low interstitial alloy. It improves ductility and fracture toughness
with some reduction in strength. It is used as surgical implant in the medical field such as plates and screws
due to the biocompatibility. In the aircraft field, it is used in gas turbine engines, including all parts of the
aircraft (Singh et al., 2020).

In the past, titanium could be manufactured by casting and wrought but today Additive
Manufacturing or AM has become widespread because of the advantages over traditional methods, for
example, reducing material consumption and fabricates complex applications (Ahmad & Al-Harbi, 2018;
Schulze, Weinmann, Schweigel, Kessler, & Bader, 2018; Trevisan et al., 2017). AM or 3D printing is a
procedure of joining material to make objects from 3D model data, usually layer by layer. Selective laser
melting (SLM) is one of the 3D printing technology. SLM is usually used for producing metal powder works.
The first step is designing a 3D model by using computer-aided design (CAD) software. The 3D CAD file is
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a STereoLithography(.stl) file format. Subsequently, the STL files are forwarded to an SLM machine for
realizing and printing the final product. The main parameters are laser power, scan speed, layer thickness,
and scan spacing or hatch space. These factors must be controlled to achieve the quality of the workpiece
because these parameters affect the laser energy density (J). In general, the primary goals for SLM are the
full density and free of defect. During the SLM processing, power of laser beam interacts to the powder bed
with the constant scan speed. Layer thickness is a layer of powder. Moreover, scan spacing or hatch space is
defined as the overlap of adjacent solidified metal; therefore, it significantly affects the porosities and surface
roughness (Sing, 2019b).

The correlation of these manufacturing parameters is explained in the equation below (El-Sayed,
Ghazy, Youssef, & Essa, 2018; Zhang & Attar, 2016).

laser power

Laser energy density =

scan speed x layer thickness x scan spacing

The first parameter is laser power, which affects the recoil pressure, wettability, surface tension, and
the depths of heat penetration of the molten pool (Elsayed, 2019; Kusuma, Ahmed, Mian, & Srinivasan,
2017). Thus, the surface of SLM improves the physical property due to less porosity and reduced roughness
in both the top and side surfaces. The mechanical properties such as tensile strength and Young’s modulus
would be improved (Elsayed, 2019; Liu et al., 2019). Scanning speed affects the melting pool directly. The
optimal scanning speed can make the regular melting pool with no defect. While the high scanning speed
makes the irregular melting pool with multiple boundaries in SEM (Liu et al., 2019). Using very high scanning
speeds may decrease the bonding between the deposited layers and consequently reducing the mechanical
properties (Azarniya et al., 2019). Layer thickness is an inverse factor to the laser energy density. The layer
thickness can affect the connecting between melted metal powder. The higher layer thickness will increase
nodulizing and incomplete layer workpiece, resulting in porosity (J. Sun, Yang, & Wang, 2013). The last
parameter is scan spacing or hatching space, which is the length between the two laser scans. It least impact
the process parameters (Shipley et al., 2018). The less hatching space increases the overlapping area besides
scanning lines. Subsequently, the uniform distribution of energy will make the metal powder melt completely.
However, the overburning of the meting pool can be caused by too small scan spacing (J. Sun et al., 2013).
The laser energy density affects the microstructure formation during the solidification and finally determines
the resultant properties of the SLM metal (Wang & Li, 2018). A mixture of alpha phase, beta phase, and
acicular martensitic o’ phase has been observed in the microstructure SLM Ti-6Al-4V alloy. The presence of
acicular martensites in the SLM Ti-6Al-4V alloy leads to a significant improvement in tensile strength from
900 to 1450 MPa but considerably reduced ductility (Song, Dong, Zhang, Liao, & Coddet, 2012).

The SLM has many advantages over conventional production methods such as manufacturing
complex geometries and reducing human resources and waste material. Today, there are many SLM titanium
alloy used in clinical applications in both medical and dental fields. For example, in the orthopaedic field, the
practitioners create a 3D model in CAD for customized hip and printed in titanium implant for Total Hip
Replacement (THR). In the dentistry field, the removable partial denture can fabricated by designing in CAD
and printed in CoCr framework (Alifui-Segbaya, Williams, & George, 2017). Many research studied the
effect of the laser parameters on mechanical properties. However, the relationship between the laser power
and the mechanical properties of Ti-6Al-4V ELI has not been completely understood, and more systematic
research work is necessary to attain a better understanding of these features. In this study, the samples were
fabricated with different laser powers while several studies investigated the results by varying other factors.
Most of them usually varied multi factors and used the statistic for calculating. Thus, this study aimed to vary
only the laser power and keep others parameters constant, including scan speed, layer thickness, and scan
spacing that were fixed. The optimum values for these parameters (spot size, scan speed, layer thickness, and
scan spacing) were defined by an internal algorithm of the 3D metal printer (Trumpf/TruPrint 1000,
Germany). In this research, the researchers used tensile testing to study the effect of the laser power because
Ti-6Al-4V ELI is metal alloy and biomaterial implant. It must follow the standard specification of ASTM

[101]

Proceedings of RSU International Research Conference (2021)
Published online: Copyright © 2016-2021 Rangsit University



RSU International Research Conference 2021

https://rsucon.rsu.ac.th/proceedings 30 APRIL 2021

F136-13(ASTM, 2013) that determines the mechanical properties in tensile strength.

2. Objectives
1. To examine the effect of different laser powers on tensile strength of Ti-6Al-4V ELI alloy
2. To examine the effect of different laser powers on microstructure of Ti-6Al-4V ELI alloy

3. Materials and Methods

3.1 Powder materials and SLM process

Ti-6Al-4V ELI alloy (Ti Grade 23) (AP&C, USA) chemical compositions of the materials were
presented in Table 1. The powder had a spherical shape. The samples were fabricated by varying the laser
powers into 3 groups (75, 100, 125 W), 6 samples for each group. The other manufacturing parameters were
defined by an internal algorithm (spot size 30 um, scanning speed 600 mm/s, and layer thickness 30 pum) of
the 3D metal printer (Trumpf/TruPrint 1000, Germany).

Table 1 Chemical composition of Ti-6Al-4V ELI
Composition Al \Y Fe 0 C N H
wit% 3.5-6.5 3.5-4.5 <0.25 <0.25 <0.08 <0.05 <0.012

The powder of Ti-6Al-4V ELI was printed in a dumbbell shape with a diameter of 9 mm (D) and
gauge length of 26 mm (G) in accordance with ASTM E 8M-04 (ASTM, 2004) and followed the size of grip
in the universal testing machine.

Figure 1 The geometry and dimension of the sample

3.2 Tensile test

Uniaxial tensile test was performed using the universal testing machine (SHIMADZU 100kN,
Japan). The tensile test was performed at room temperature and equipped with a 1.0 kN load cell enabling
the force measurement with a precision of 0.1 N. The tensile test specimens were deformed to failure at a
fixed crosshead speed of 0.3 mm/min. The test was performed until the sample was broken.

3.3 Observation of microstructure and mode of failure

After fractured from the tensile test, the specimens were visually analyzed under a scanning electron
microscope (SEM) (FEI Quanta 250, USA) at x100 and x300 magnification to analyze modes of failure.
Failure modes were classified into three types. There are ductile fractures, brittle fractures, and combined
fractures with ductile and brittle fractures. The ductile fractures were dimple or honeycomb-like
characteristics, whereas the brittle fractures were well-defined crystallographic plane or cleavage step.

Then the samples from all groups were randomly prepared for microstructure analysis. And the
samples were embedded in Bakelite molding in diameter 1 inch. The mounted specimens were polished using
a polishing machine (Nano 2000, Pace technologies, USA) up to 2000 SiC paper and etched with Kroll’s
reagent (100 mL H0, 5 mL HNOs, and 2.5 mL HF) for 20 seconds. The microstructure of the specimens was
observed by stereomicroscope (BX51M, Olympus, Japan) at X500 magnification.

3.4 Statistical analysis

Shapiro-Wilk and Levene’s tests were performed for checking normality and homogeneity of
variances, respectively by SPSS (statistical analysis software version 22.0, Chicago, IL, USA). One-way
ANOVA and Tukey’s posthoc analysis was used to analyze tensile strength. The significance level was set
at o = 0.05.

[102]

Proceedings of RSU International Research Conference (2021)
Published online: Copyright © 2016-2021 Rangsit University



RSU International Research Conference 2021

https://rsucon.rsu.ac.th/proceedings

4. Results and Discussion

4.1 Results

4.1.1 Tensile test

Table 2 Tensile strength

30 APRIL 2021

Laser power N Mean and SD
(Watt) Tensile strength
(MPa)
75 6 452.00+96.904
100 6 1189.39+21.538
125 6 317.50+103.02¢

Different capital superscript letters indicate that tensile strength values were significantly different at p<0.05
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Figure 2 Tensile strength (MPa). Value presented by means + SD
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4.1.2 Microstructure analysis

(b)

©
Figure 3 Light optical microscope images of 3 different SLM Ti-6Al-4V ELI groups at x500 magnification
(a) 75W, (b) 100 W, and (c) 125 W. The white arrows indicate the porosity.

The dark arrows indicate the presence of o’ martensitic phase.
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Figure 4 Fractographic images of 3 different SLM Ti-6Al-4V ELI groups.
(a,b) 75 W, (c,d) 100 W, and (e,f) 125 W at x100 and x300 magnification, respectively. The dark arrows indicate the
presence of the dimple fracture. The white arrows indicate the presence of the transgranular cleavage facet.
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4.2 Discussion

From optical microscope, the researchers found some porosity in the 75 and 125 W laser power
groups (Figures 3a and 3c) dispersing through the specimen. The porosity caused the lower tensile strength
(Attar, Calin, Zhang, Scudino, & Eckert, 2014). The researchers suppose that the lower laser power (low laser
energy density) in the 75 W laser power group could make an incomplete melting pool during the SLM
process, causing defects and irregularity in the samples (Attar et al., 2014). However, the over-concentrated
laser energy in the 125 W laser power group would bring overburning that may influence the density of the
samples (J. Sun et al., 2013), leading to low tensile strength. However, as mentioned above, the laser energy
density does not depend solely on laser power, but other parameters such as scan speed, layer thickness, and
scan spacing can affect the microstructure and mechanical properties as well.

Thus, the laser power of 100 W is the level of proper properties since this group had high tensile
strength and low porosity. The researchers found that the laser power of 100 W and other parameters (spot
size 30 um, scanning speed 600 mm/s, and layer thickness 30 um) could produce nearly fully dense density

by melting the metal powder completely (Dong et al., 2020). The less defect and refined o' martensitic

microstructure as indicated by the dark arrow in Figure 3b produced more density of melted metal and led to
better mechanical property.

This study corresponds to a study by Choo et al in 2019 on stainless steel and claimed that varying
the laser powers from 200 to 380 W with a constant scan speed of 300 mm/s resulted in decreased the porosity
from 0.88 to 0.13 % (Choo et al., 2019). Furthermore, another study by Attar et al. on commercially pure
titanium that varied the laser powers between 70 to 250 W with a scan speed of 20-180 mm/s found that the
laser power of 165 W and a scan speed of 138 mm/s provided the highest density of titanium. However, they
also claimed that the laser power of higher than 180 W did not improve the density of titanium. SEM
fractography showed that the type of failure mode was a mixed failure mode in the 75 and 100 W laser power
groups (Figures 4a, b, c, and d). However, the 75 W laser power group (Figures 4a and b) extinguished many
dimples characteristic when compared with the 100 W laser power group (Figures 4c and d). The dimples or
honeycomb-like characteristic remarks in ductile fractures but the 125 W laser power group mostly showed
the characteristic of brittle fractures, which was transgranular cleavage facet (Figures 4e and f). Besides, the
cracks of tensile failure initiated and extended around the porosity or defects (Gong, 2013).

Corresponding to the study by Sun et al. in 2018, they found that the fracture surface of the SLM Ti-
6Al-4V samples exhibited both brittle and ductile fractures in high laser energy densities but caused unmelted
metal powder in low laser energy densities, thus the fractography presented more dimples of ductile failures
(Sun et al., 2019).

This study may provide better knowledge about the effect of laser power on SLM Ti-6Al-4V ELI in
mechanical properties and the microstructure and may improve the mechanical properties of medical and
dental implants in the future.

The limitation is that our studies did not investigate the effect of the scan strategy or building
orientation during the printing process. There are many patterns such as stripes, chessboards, and meanders
(Sing, 2019a). Recently, some research has studied this effect on the physical and mechanical properties.
Further research could study the effect of post treatment of SLM Ti-6Al-4V ELI alloy on mechanical
properties. Moreover, the biological studied in SLM Ti-6Al-4V ELI alloy could be investigated.

5. Conclusion

By varying the laser power while keeping other laser parameters constant, SLM Ti-6Al-4V ELI
prepared by the laser power of 100 W showed the highest tensile strength with the o' martensitic phase
microstructure.
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