
Vol.:(0123456789)

The International Journal of Advanced Manufacturing Technology (2024) 134:1991–2004 
https://doi.org/10.1007/s00170-024-14251-x

ORIGINAL ARTICLE

Machining properties of as‑built additive manufactured Ti6Al4V 
titanium alloy through selective laser melting: a comprehensive 
investigation

Surinder Pal1   · Xavier Velay1 · Waqas Saleem2

Received: 29 February 2024 / Accepted: 5 August 2024 / Published online: 13 August 2024 
© The Author(s), under exclusive licence to Springer-Verlag London Ltd., part of Springer Nature 2024

Abstract
Over the past two decades, additive manufacturing (AM) has gained attention for its numerous benefits. Despite the growing 
interest in AM processes for as build Ti6Al4V alloys, there is a lack of comprehensive benchmark research on their impacts. 
This study addresses this gap by conducting a thorough standard comparison encompassing microstructure, cutting speed, 
chip analysis, surface roughness, and hardness. Additionally, a conventionally processed Ti6Al4V (grade 23) alloy is a refer-
ence for thorough comparison. The research outcomes contribute to a better understanding of AM techniques’ implications 
on building selective laser melted (SLM) Ti6Al4V alloys. Specifically, SLM Ti6Al4V grade 23’s investigated material, dem-
onstrates lower cutting forces. This observation is attributed to inherent characteristics, including porosity and the presence 
of unmelted particles resulting from the SLM process. Particularly, remarkable is the substantially higher hardness observed 
in SLM Ti6Al4V compared to its conventionally processed counterpart. This insight not only underscores the distinctive 
attributes of the material but also provides valuable knowledge for optimizing the application of AM Ti6Al4V alloy.
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1  Introduction

Among the spectrum of additive manufacturing technolo-
gies, SLM has emerged as an and up-and-coming method for 
fabricating metallic components in critical industries such as 
aerospace and biomedical engineering. This is attributed to 
its inherent capacity to construct intricate parts with complex 
geometries and significantly reduce lead times, thus contribut-
ing to the advancement of these fields. This makes them par-
ticularly relevant for inclusion in research papers focusing on 
these fields [1–3]. Additionally, the growing AM technology 
further enhances the significance of titanium alloys in research. 
Researchers and manufacturing industries have drawn the 
attention of researchers and manufacturing industries to AM 
due to its advantageous features, including freedom of design, 
on-demand manufacturing, minimized raw material waste, 

and low energy consumption [4]. AM, a method of layer-wise 
material production, allows for design flexibility and the fab-
rication of intricate internal structures, challenging or unat-
tainable through traditional processing methods [5]. SLM a 
prominent AM technology, has witnessed a significant rise in 
global usage. The exceptional capabilities of SLM contribute 
to its increasing prominence in the field [6–8]. It has been 
observed that components made from the SLM process using 
Ti-6Al-4 V exhibit higher tensile strength, yield strength, and 
hardness when compared to their conventional counterparts [9, 
10]. Murr et al. [11] have attributed the high strength and hard-
ness of SLM Ti-6Al-4 V to the presence of martensite phase 
regimes in its microstructure. Nevertheless, the unfavorable 
issues of inadequate surface morphology, elevated surface 
roughness parameters, and deviations from specified dimen-
sional accuracy significantly impede the extensive utilization 
of AM parts [12–14]. Consequently, to address the challenges 
related to the surface finish and geometric tolerances of AM 
parts, the implementation of secondary subtractive finishing 
operations becomes imperative to attain high-quality products 
suitable for precision engineering applications [13, 15]. To 
address these limitations, post-finishing machining of addi-
tively manufactured components becomes essential to ensure 
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product quality and adherence to tolerance limits. Wang et al. 
[16] stated that in contrast to conventional subtractive machin-
ing methods like turning, milling, and grinding, the innova-
tive AM technology offers distinct and notable advantages. 
This includes creating components with intricate geometric 
structures, swift prototyping, and facilitating of functional 
design [17]. Montevecchi et al. [18] explored the cutting force 
behavior of two additive manufacturing technologies, laser 
deposition, and wire arc additive manufacturing components 
manufactured through SLM [19–21]. This is notable con-
sidering the substantial enhancements that machining could 
offer regarding surface integrity and performance for SLM-
produced parts. Similarly, Wysocki et al. [22] suggested that 
AM titanium alloy exhibited superior mechanical properties 
compared to numerous conventional methods. Nevertheless, 
there remains a need for enhancements in the surface qual-
ity of AM titanium alloys. Duro et al. [23] demonstrated the 
ability of SLM to fabricate intricate parts in their as-built or 
nearly finished forms, requiring minimal machining for them 
to be commissioned. Furthermore, Brinksmeier et al. [24] 
exhibited the presence of unmelted powder particles and laser 
scan marks on the surfaces of SLM-produced parts leading to 
suboptimal surface finish and dimensional accuracy, impacting 
their functional performance. Consequently, post-machining 
becomes essential to attain the required accuracy and toler-
ance levels. Inadequate literature is available discussing the 
machinability of additively manufactured titanium alloys, with 
only a limited number of papers addressing this topic [19, 
25–27]. Therefore, to address these limitations, post-finishing 
machining of additively manufactured components becomes 
essential to ensure product quality and adherence to tolerance 
limits. This research conducted a comprehensive comparative 
study involving milling machining on SLM fabricated and con-
ventional Ti6Al4V. The investigation focused on comparing 
cutting forces, chip section, and hardness. Initial results indi-
cate distinctive mechanical behaviors in terms of cutting forces 
and hardness. Further analysis is underway to delve deeper 
into the observed differences, providing valuable insights 
into the comparative performance of Ti6Al4V components 
manufactured via SLM and conventional processes. This study 
contributes to understanding material properties and machin-
ing characteristics, aiding advancements in Titanium Alloy 
Component fabrication. These findings advance our under-
standing of SLM Ti6Al4V, promoting its use in applications 
requiring high strength, precision, and wear resistance. This 
research supports the reduction of machining costs, improve-
ment of product quality, and enhancement of performance in 
high-demand industries such as aerospace, medical implants, 

tooling, and precision engineering. It is crucial for optimizing 
post-finishing machining processes and improving product 
quality in critical applications.

2 � Experimental method

2.1 � Powder and SLM parameters

The Ti6Al4V Grade 23 was manufactured using powder 
with a particle size ranging from 23 µm, sourced from 
AP&C Powder Metallurgy, Canada. The chemical compo-
sition of Ti6Al4V Grade 23, analyzed by ASTM E29, is 
detailed in Table 1. A total of 3 samples were fabricated as 
the dimensions of 20 × 20 × 20 mm cube. To create these 
samples for machining, the “EOS M 280 Metal Print” was 
employed, equipped with a solid-state laser of 200 watts 
within a setting of inert gas (specifically argon). The SLM 
parameters used in this analysis are summarized in Table 2. 
The fabricated components were meticulously separated 
from the substrate using a wire electrical discharge machin-
ing (wire-EDM) machine.

Concerning the parameters within the ongoing process, 
an equation referred to as the volumetric energy density (1) 
is employed to analyze the impact of various process param-
eters in SLM processing. This equation defines the aver-
age applied energy per unit volume of material. It includes 
distinct variables: P representing laser power, h indicating 
hatch distance, v denoting scanning velocity, and t signifying 
powder layer thickness [6]. Figure 1 displays images of the 
Ti6Al4V samples produced by the “EOS M 280 Metal Print” 
machine, at the South-Eastern Applied Materials Research 
Centre in Ireland. Table 2 delineates the powder material 
composition employed in Ti6Al4V fabrication, per ASTM 
F3001-14 specifications. Additionally, Table 3 presents the 
chemical composition of the Conventional Ti6Al4V utilized 
in the study.

(1)Ev =
P

v.h.t

Table 1   Chemical composition 
of used Ti6Al4V Grade 23 
powder

Item Al V Fe O C N H Y Ti

Wt. % 6.41 3.93 0.21 0.08 0.01 0.03 0.002  < 0.40 Balance

Table 2   Used process parameters to fabricate SLM samples

Layer scan 
speed

Hatch spacing Overlap Laser power Layer 
thickness

1250 mm/s 115 μm 30% 200W 30 μm
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2.2 � Materials used for testing

This study employed two varieties of titanium alloys of 
grade 23: conventional Ti-6Al-4 V and SLM as built Ti-
6Al-4 V. Both materials were shaped into cubes with each 
side measuring 20 mm. The material samples and dimen-
sions are illustrated in Fig. 2. The microstructure of both 
work materials is depicted in Fig. 3. Tables 1 and 2 present 
the chemical composition and mechanical properties of the 
materials utilized in this research, respectively.

2.3 � Characterization

Brinksmeier and several other researchers emphasize that 
the presence of unmelted powder particles and laser scan 
marks on surfaces in SLM-produced parts leads to compro-
mised surface finish and dimensional accuracy. This, in turn, 
directly affects the functional performance of these compo-
nents [23, 24]. An illustration of unmelted particles on the 
underside of the sample is provided in Fig. 4, while Fig. 5 
showcases identified porosity within the sample. Addition-
ally, the microstructure of SLM components is shaped by the 
laser scan vectors and the direction of the building process. 
The build process’s high-temperature gradients form a fully 
transformed α’ martensitic phase [28]. The microstructures 
of α + β titanium alloys, such as Ti-6Al-4 V, produced via 
both AM and conventional methods, are varied and signifi-
cantly impact their mechanical properties [29, 30]. The Wid-
manstätten microstructure, commonly seen in these alloys, is 
defined by its acicular α phase interwoven within a β matrix, 
which can enhance strength but potentially reduce ductil-
ity. In contrast, the duplex microstructure, which comprises 
a mix of primary α grains within a transformed β matrix, 
offers a balanced combination of strength and ductility, 
making it suitable for various applications [31]. The basket-
weave microstructure features interlocking α laths within a 

Fig. 1   Build in SLM samples

Fig. 2   a Material samples of 
Ti6Al4V (Conventional & AS 
build SLM) and b CAD model

Table 3   Chemical composition 
of the used conventional 
Ti6Al4V

Item Al Fe V N O H C Ti

Wt. % 6.84 0.17 4.37 0.03 0.20 - 0.08 Bal

Fig. 3   Microstructure of a as 
build SLM Ti-6Al-4 V and b 
conventional Ti-6Al-4 V
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β matrix, providing excellent toughness and resistance to 
crack propagation [32]. The equiaxed structure, composed of 
fine, uniformly distributed α and β grains, promotes isotropic 
mechanical properties and is often preferred for its superior 
fatigue performance [33]. In SLM, the rapid cooling rates 
promote the formation of a martensitic α’ phase, leading 
to higher strength and hardness but often at the expense of 
ductility due to defects such as porosity and unmelted par-
ticles. Understanding these microstructures and their for-
mation mechanisms is crucial for tailoring the mechanical 
properties of titanium alloys for specific applications. Fur-
thermore, Mainly, in the SLM processing of Ti6Al4V4, two 
primary defect types prevail balling and unintended porosity. 
Because of the complete melting process employed, SLM 
is susceptible to instability in the melt pool, which, when 
combined with inadequately selected process parameters, 
may lead to the formation of microstructural defects and 
porosity [11, 34].

Vickers hardness assessments for the SLM and conven-
tional material were conducted with a 10 kgf and 20 kgf 
loads and a 12.4 s dwell time, employing a Zwick/Roell 
Indentec testing device. Figure 1 shows the calibration, 
which is magnification at × 10. A hardness profile was gener-
ated for every sample with multiple measurements spanning 

from the top to the bottom of the specimen. The measure-
ments maintained 0.3 mm from the sample surface to the 
center of the initial indentation. The region impression sec-
tion shown in Fig. 6 defines the sample area where hardness 
analyses were conducted.

2.4 � Details of the machining parameters

The work materials were evaluated for machinability using 
the face-turning method, a test designed specifically to 
assess the machinability of SLM and Conventional Ti6Al4V 
materials. The machining test involved three cutting speeds 
(mm/min), commencing at Vc 40 m/min, 80 m/min, and then 
120 m/min. A constant feed rate (f) of 0.02 mm/rev and a 
depth of cut (d) of 0.5 mm were maintained throughout the 
test. The specifics of the machining trials are outlined in 
Table 4. Face-turning tests were conducted for designated 
machining durations, as indicated in Table 4.

The experiments were concluded after these machining 
passes, and the relevant data was documented. Face mill-
ing trials were conducted on the ecoMill 635 V, utilizing a 
carbide tool specifically designed for the machining center, 
as illustrated in Fig. 7a and b.

2.5 � Details of the machinability test

Face milling experiments were conducted on the ecoMill 
635 V machining center. The cutting tool details are illus-
trated in Fig.  7b. Cutting parameters were determined 
according to the tool manufacturer’s specifications. Cutting 
forces were measured during each test using a Kistler Type 
5697-DAQ dynamometer attached to the cutting tool (see 
Fig. 8). The dynamometer was linked to a Kistler 5697 mul-
tichannel charge amplifier.

Fig. 4   Unmelted particle of as build SLM Ti6Al4V

Fig. 5   Porous areas at the surface of the as-build SLM Ti6Al4V

Fig. 6   Indentation impression for hardness test
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The milling test concluded when the cutting length cov-
ered the entire surface. The samples were secured in a Kis-
tler dynamometer table, and the force-frequency spectra of 
the machining signals were examined. Cutting forces were 
recorded at a sample rate of 1000 and measuring time of 
120 s. Additionally, the sample surfaces were examined 
through both optical and scanning electron microscopes. 
The surface roughness of the machined surface was assessed 
with a Contour X 200—Surface Measurement instrument, 
with three readings recorded at distinct locations and the 
mean value documented. Capturing secondary electron 

images of the machined surface, a Hitachi tabletop micro-
scope TM3030Plus was employed to analyze the surface 
characteristics.

3 � Results and discussion

3.1 � Cutting forces

The cutting forces demonstrated a robust connection with 
the material’s mechanical properties. The cutting forces gen-
erated at the tool’s cutting edge are pivotal parameters in 
evaluating the machinability of a material [35]. Additionally, 
understanding the interplay between cutting speed and force 
generation is essential for optimizing machining parameters. 
Figure 9 illustrates the average cutting force measured across 
all experimental trials throughout the machining process. 
During the process of material removal, the tool tooth is 
subjected to an instantaneous tangential force (Ft), instan-
taneous radial force (Fr), and instantaneous axial force (Fa) 
within the cutter system. Once the Ft, Fr, and Fa cutting 
forces are determined at the point of contact between the 
tooth and workpiece, the milling undergoes three force com-
ponents: Fx, Fy, and Fz.

Fx, Fy, and Fz denote the cutting force components in the 
coordinate system’s x, y, and z directions [36]. It is essential 
to highlight that the resultant cutting force (Fz) holds a domi-
nant position among force components, approximately four 
times greater than both the feed force (Fx) and thrust force 
(Fy) individually. Consequently, our emphasis on the discus-
sion of cutting forces centers on the cutting force (Fz), given 
that the variations in Fx and Fy align with the same pattern 
observed in Fz. However, the primary cutting force Fz, being 

(2)The F =

√

F2

x
+F2

y
+ F

2

z

Fig. 7   a Used milling machine 
and b carbide cutting tool

Fig. 8   ecoMill 635 V machining center and Kistler Type 5697-DAQ 
dynamometer

Table 4   Machining trails outlined as

Cutting conditions Depth of cut (d) Feed mm/rev

Vc = 40 m/min 0.5 mm 0.02
Vc = 80 m/min 0.5 mm 0.02
Vc = 120 m/min 0.5 mm 0.02
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the most power-consuming and exerting the most significant 
impact on the milling process, is the critical focus of cutting 
force analysis. In a single cutting pass, lasting 40 s, a total 
of three passes were executed to remove the material layer, 
resulting in a cumulative cutting time of 120 s as recorded 
on the Kistler Type 5697-DAQ dynamometer to obtain the 
cutting forces. Figure 9 illustrates the representation of Fx, 
Fy, and Fz, revealing the dynamic forces acting on the end 
mill. Notably, it was observed that the maximum cutting 
forces were recorded at a cutting speed of 120 m/min. A 
substantial disparity in cutting forces was observed when 
machining conventional Ti-6Al-4 V and SLM Ti-6Al-4 V. 
This notable contrast in cutting forces can be attributed to 
porosity and thermal softening. Furthermore, the material 
under consideration, SLM Ti6Al4V, exhibited lower cutting 
forces.

This phenomenon can be attributed to its inherent char-
acteristics, including porosity and the presence of unmelted 
particles resulting from the SLM process. The porosity 
reduces material density, making it less resistant to the cut-
ting tool. At the same time, the presence of unmelted par-
ticles influences the material’s mechanical properties, con-
tributing to smoother material removal and lower cutting 

forces. In the case of SLM Ti6Al4V, the main cutting force 
(Fz) exhibits an initial rise followed by a decline as cutting 
speed increases. Ming et al. [21] stated that at elevated tem-
peratures and high strain rates, SLM Ti6Al4V exhibits a 
more pronounced thermal-softening impact compared to its 
strain-hardening effect. It was observed that the plasticity of 
forged Ti6Al4V surpasses that of SLM Ti6Al4V. Notably, 
during milling, the plastic deformation of forged Ti6Al4V 
is more pronounced, and there is a heightened visibility of 
chip curling. Consequently, the machining process for forged 
Ti6Al4V demands more energy for chip formation, leading 
to a greater main cutting force than SLM Ti6Al4V. Con-
sequently, when the cutting speed is set at 80 m/min, the 
axial force (Fz) for SLM Ti6Al4V decreases owing to the 
evident thermal-softening effect. In contrast, conventional 
Ti6Al4V displays a less noticeable thermal-softening effect 
at high strain rates than SLM Ti6Al4V. Therefore, as the 
cutting speed escalates to 80 m/min, there is an increase 
in Fz for conventional Ti6Al4V, but the rate of increase 
diminishes significantly. Additionally, Fz increases with 
higher feed per tooth and axial cutting depth. In contrast, for 
conventional Ti6Al4V, Fz rises with cutting speed, but the 
rate of increase diminishes at a cutting speed of 80 m/min. 

Fig. 9   Different cutting force 
components during the machin-
ing of conventional and SLM 
Ti-6Al-4 V, denoted as a Fx, b 
Fy, and c Fz
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Furthermore, Fz increases alongside higher feed per tooth 
and axial cutting depth. Furthermore, the minimal cutting 
forces observed in SLM Ti6Al4V indicate that the plasticity 
of conventional Ti6Al4V surpasses that of SLM Ti6Al4V. 
During the Milling of SLM Ti6Al4V a marginal rise in cut-
ting force (8 N) occurred between 40 and 120 m/min, after 
which a consistent cutting force was maintained throughout 
the cutting speed. Notably, conventional Ti6Al4V exhibits 
more pronounced plastic deformation in the milling process, 
accompanied by a more conspicuous chip curling phenom-
enon (as depicted in Fig. 10). Consequently, the milling 
of conventional Ti6Al4V necessitates a greater energy for 
chip formation, leading to a higher main cutting force than 
SLM Ti6Al4V. As anticipated, SLM generally demonstrates 
heightened strength and hardness, characteristics that tradi-
tionally correlate with increased cutting forces. However, 

contrary to this potential, SLM exhibited reduced cutting 
forces. This finding aligns with previous research on the 
milling of titanium alloy, where materials with greater hard-
ness typically resulted in diminished cutting forces. Moreo-
ver, several studies on SLM Ti6Al4V have reported lower 
cutting forces during milling operations [37, 38]. It mainly 
referred to a critical factor influencing surface finish, and 
overall machining efficiency. Similarly, Bonaiti et al. inves-
tigated the milling machinability of Ti6Al4V produced via 
AM and exhibited lower cutting forces, which they attrib-
uted to the high porosity levels [39]. Another significant 
study by Hojati et al., it was noted that milling operations on 
fully dense AM titanium yielded lower forces compared to 
conventional extruded titanium, despite the former’s higher 
hardness. This behavior can be attributed to various factors, 
such as distinct phases and grain structures observed in each 

Fig. 10   The chip formations 
of the conventional Ti6Al4V 
in three different material 
conditions, examined at cutting 
speeds of a and b 40 m/min, 
c and d 80 m/min, and e and f 
120 m/min
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material. Specifically, the commercial alloy exhibited near-
equiaxed alpha grains interspersed with alpha/beta regions, 
whereas the SLM sample revealed acicular alpha martensite 
embedded within an alpha matrix [40].

3.2 � Chip analysis

Chip analysis involved studying the alterations in shape as 
the cutting length increased for each material and contrast-
ing these changes with the shape modifications at the same 
cutting length under various material conditions. This sec-
tion examined the chip formations of conventional and 
SLM as build Ti6Al4V under three distinct material con-
ditions. The investigation is performed at cutting veloci-
ties of 40 m/min for conditions (a and b), 80 m/min for 
conditions (c and d), and 120 m/min for conditions (e and 
f), as illustrated in Figs. 10 and 11. No notable differences 
in the size and shape of the chips were discerned in either 

scenario. It is established that titanium alloys generate seg-
mented chips during machining [41, 42]. Figures 10 and 
11 display images of the chips gathered in the third trial 
at cutting lengths of 20 m for conventional and as-build 
SLM Ti6Al4V. In Fig. 10, at 40 m/min (a and b), the chips 
are continuous with a uniform appearance. Shear bands 
are observed (Fig. 10c), indicating localized deformation. 
At 80 m/min (c and d), the chips show more significant 
segmentation and pronounced shear bands, highlighting 
the material’s response to higher cutting speeds. At 120 m/
min (e and f), the chips exhibit a distinct saw-tooth pattern, 
similar to SLM-produced chips but with less fragmenta-
tion. The SEM micrographs demonstrate that although 
all conditions produced segmented chips, the SLM chips 
showed slightly higher curling, suggesting accelerated chip 
flow due to reduced friction [43]. In Fig. 11, at a cutting 
speed of 40 m/min (a and b), the chips are continuous and 
ribbon-like, indicating a stable cutting process typical of 

Fig. 11   The chip formations 
of SLM Ti6Al4V under three 
distinct material conditions, 
investigated at cutting speeds 
of a and b 40 m/min, c and d 
80 m/min, and e and f 120 m/
min
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ductile materials. However, unmelted particles (Fig. 11b) 
are observed within the chips, a result of incomplete fusion 
during the SLM process. These unmelted particles can 
act as stress concentrators, compromising the mechani-
cal properties of the machined part [44]. At 80 m/min (c 
and d), the chips become thinner and more fragmented, 
suggesting a transition towards segmented chips due to 
higher strain rates and thermal effects. The smooth back-
side of the chips (Fig.  11d) indicates effective shear-
ing and efficient material removal, essential for achiev-
ing high-quality surface finishes [45]. At 120 m/min (e 
and f), the chips exhibit a saw-tooth pattern, reflecting a 
highly segmented nature due to thermal softening. The 
pronounced serrations (Fig. 11f) suggest localized defor-
mation bands, a behavior commonly associated with high-
speed machining, where increased temperatures facilitate 
chip segmentation [46]. The analysis revealed a discrep-
ancy in chip thickness between the continuous segment 
and the segmented part, indicating a higher degree of slip-
ping between the segments. Upon closer examination at 
higher magnification (Fig. 10b and e), distinctive defor-
mation characteristics were observed during segmented 
and continuous chip formation. A continuous and uniform 
shearing process with a smaller slipping angle (35°) was 
identified during the continuous chip period. In contrast, 
a narrow shear band with more pronounced deformation 
and a larger slipping angle (50 to 55°) was observed in the 
sharp’ saw-tooth period. The regions where aperiodic saw-
tooth chips formed exhibited shearing with smaller and 
larger slipping angles. The workpiece material’s heteroge-
neous structure contributed to varying plastic deformabil-
ity levels in different areas. Consequently, some regions 
displayed good plastic deformability at low cutting speeds, 
resulting in continuous chip formation (Fig. 10c) and static 
cutting forces. Certain regions, characterized by limited 
plastic deformability, cannot undergo deformation at this 
cutting speed. Consequently, this leads to the formation 
of segmented chips and the emergence of dynamic cutting 
forces (Fig. 9b). The initiation of segmented chip forma-
tion is contingent on the microstructure, determining the 
critical cutting speed. However, it is noteworthy that the 
shear band in the segmented chip remains independent 
of the microstructure. Additionally, Fig. 11b detected the 
unmelted powder particles dispersed throughout various 
sections of the chip, underscoring the practical implica-
tions of incomplete fusion during additive manufacturing, 
especially in processes like SLM. Gong et al. [44] stated 
that the insufficient energy input fundamentally gives rise 
to unmelted regions, forming pores and cracks and sub-
sequently diminishing the material properties. This find-
ing is particularly relevant in the assessment of material 
characteristics and performance. The identifying of these 
unmelted particles not only aligns with the anticipated 

microstructural inhomogeneity but also provides a tangible 
manifestation of the potential consequences.

The material’s susceptibility to elevated roughness, as 
indicated by the presence of these particles, stands as a con-
crete manifestation of the challenges associated with incom-
plete fusion. This observation adds a valuable layer to our 
chip analysis, emphasizing the need for meticulous attention 
to processing parameters. Additionally, it underscores the 
importance of implementing effective post-processing strate-
gies to address and alleviate issues arising from unmelted 
particles, particularly during the machining of the final part.

This comprehensive approach ensures optimal material 
properties and performance in the product. Besides, the mor-
phology of chips provides essential insights into the effi-
ciency of the cutting process and the behavior of materials 
under varying conditions. Liu et al. observed that Ti6Al4V 
typically produces segmented or serrated chips due to its 
intrinsic properties, such as low thermal conductivity and 
high strength at elevated temperatures [47, 48]. A consist-
ent observation was that chips from SLM Ti6Al4V parts 
exhibited more fragmentation and discontinuity compared 
to those from conventionally produced parts, aligning with 
the findings of Rubaie et al., as shown in Fig. 11 [43]. SEM 
micrographs showed that although all conditions produced 
segmented chips, SLM chips exhibited a slightly higher 
degree of curling. This increased curling suggests acceler-
ated chip flow in the cutting zone due to reduced friction. 
The chip morphology of SLM-produced Ti6Al4V signifi-
cantly influences cutting forces and anisotropy. During the 
machining of SLM-produced Ti6Al4V parts, cutting forces 
are more affected by the anisotropy introduced during the 
SLM process compared to conventionally produced parts 
[11, 45]. Fernandez-Zelaia et al. [49] revealed that cutting 
force sensitivity is influenced by the mechanical anisotropy 
of the part. Additionally, Ni et al. emphasized the evident 
connection between anisotropic cutting forces and the micro-
structure of SLM Ti-6Al-4 V samples [50]. This relation-
ship is particularly significant given the diverse mechanical 
strength observed in different directions of SLM Ti6Al4V, 
resulting in variable cutting forces [51]. These findings high-
light the intricate interplay between mechanical properties, 
cutting forces, and chip formation in the machining of SLM 
Ti6Al4V. In addition, a notable discrepancy in chip thick-
ness between the continuous and segmented parts indicates 
a higher degree of slipping between segments. During con-
tinuous chip formation, a uniform shearing process with a 
smaller slipping angle (35°) is observed, while segmented 
chips show a larger slipping angle (50 to 55°), indicating 
more pronounced deformation. The initiation of segmented 
chip formation depends on the microstructure, determin-
ing the critical cutting speed. The shear band in segmented 
chips, however, remains independent of the microstructure. 
The heterogeneous structure of the workpiece material leads 
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to varying plastic deformability levels, causing continuous 
chip formation in regions with good plastic deformability 
at low cutting speeds and segmented chips in regions with 
limited deformability. These findings highlight the need for 
optimized machining parameters tailored to the specific 
microstructure and mechanical properties of SLM and con-
ventional Ti6Al4V parts.

3.3 � Hardness analysis

The hardness analysis section involved Vickers hardness 
assessments for SLM and conventional materials. The 
samples underwent machining to achieve a refined sur-
face finish in preparation for the hardness analysis. Sub-
sequently, emery paper was utilized to enhance the surface 
quality further. Following these preparation steps, Vickers 
hardness tests were conducted using a Zwick/Roell Inden-
tec testing device, applying loads of 10 kgf and 20 kgf 
with a 12.4-s dwell time. A total of six indentations were 
systematically applied to each sample, both for conven-
tional Ti-6Al-4 V and SLM Ti-6Al-4 V, to obtain a com-
prehensive set of values. Figure 12 shows the variations 
in Vickers hardness at different indentations under applied 
forces of (a) 10 kgf and (b) 20 kgf. In typical microstruc-
tures of α + β titanium alloys, various configurations such 
as Widmanstätten, duplex, basket-weave, and equiaxed 
structures are commonly observed. These microstruc-
tures play a crucial role in determining the mechanical 
properties of the alloys, including hardness [52]. Maharma 
et al. highlighted that in additive manufacturing and other 
alloy production processes, microstructural variations can 
be deliberately controlled or inadvertently influenced by 
processing parameters, facilitating the customization of 
material properties in research studies [53]. Furthermore, 
SLM can introduce distinctive microstructural character-
istics like martensite phase regions, which notably affect 
both the hardness and mechanical strength of the material 

[54]. Previously, Shunmugavel et al. [10] observed that 
components produced through the SLM process using Ti-
6Al-4 V exhibit heightened yield strength, tensile strength, 
and hardness when compared to their conventional Ti-
6Al-4  V counterparts. Similarly, as reported by Murr 
et al. [9], the increased strength and hardness observed 
in SLM Ti-6Al-4 V can be predominantly attributed to 
martensite phase regions in its microstructure. This unique 
microstructure and the existence of porosity contribute to 
a notable reduction in the ductility of SLM Ti-6Al-4 V 
compared to conventional Ti-6Al-4 V. Certainly.

However, the acquired results exhibited notable con-
sistency with published findings. Particularly, notewor-
thy is the significantly higher hardness observed in SLM 
Ti-6Al-4 V compared to the conventional counterpart. 
The recorded hardness values were 390 (HV) under 10 
kgf and 375 (HV) under 20 kgf applied forces, as illus-
trated in Fig. 12. These findings emphasize the strength 
and reliability of the hardness assessments, corroborating 
well with previously reported data. Additionally, these 
findings align with previous research by Thijs et  al. 
which reported enhanced hardness in SLM-produced Ti-
6Al-4 V [55]. Simonelli et al. also noted that the unique 
microstructure of SLM Ti-6Al-4  V, characterized by 
rapid cooling rates and associated phase transformations, 
contributes to increased hardness [56]. However, the 
presence of inherent porosity in SLM materials results 
in reduced ductility compared to conventionally manu-
factured Ti-6Al-4 V [28, 57]. These observations under-
score the critical impact of SLM printing parameters on 
the mechanical properties of Ti-6Al-4 V. The ability to 
control and optimize these parameters allows for the tai-
loring of material properties to meet specific applica-
tion requirements. This study confirms the reliability and 
consistency of Vickers hardness assessments, supporting 
the potential for SLM in producing high-performance Ti-
6Al-4 V components.

Fig. 12   Illustrates the variation 
in Vicker hardness at differ-
ent indentations under applied 
forces of a 10 kgf and b 20 kgf
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3.4 � Surface roughness

The surface roughness of the machined surface was evalu-
ated using a Contour X 200 optical surface profilometer. 
The assessment of surface roughness was systematically 
conducted at multiple locations, as depicted in Fig. 13. This 
underscores the significance of machining in optimizing the 
quality of as-built SLM Ti6AL4V components. Variations 
in as-built roughness values were evident among SLM sam-
ples produced in three orientations (as referred in Fig. 13). 
Despite the utilization of reduced laser scan velocities to 
improve surface finish, as illustrated in Fig. 14, the average 
height of the selected surface (Sa) remained within the range 
of 3–5 μm in the as-built state. Additionally, the maximum 
height of the selected area (Sz) fell within 20–50 μm range. 
The outcomes of these measurements are graphically pre-
sented in Fig. 15, providing a comprehensive representation 
of the diverse surface characteristics observed at different 
points. According to Yadroitsev et al. [58], surfaces in addi-
tive manufactured components often face challenges such 
as uneven layer delamination, powder distribution, and rip-
pling effects caused by the laser’s shear force on liquefied 
powder particles.

Additionally, Shunmugavel et  al. [59] proposed that 
addressing these issues and enhancing the surface quality 
of additive manufactured components invariably requires a 
finishing machining step. Consequently, the surface finishing 
of SLM-fabricated samples is essential to assess the qual-
ity of the as-built samples. Milton et al. [60] also explored 
the SLM specimens that pronounced anisotropy in cutting 
force, machined surface roughness, and work hardening. 
Meanwhile, the root means square values for all samples 

exhibited roughness within the 3–7 μm range. Expanding on 
the surface roughness section, it is noteworthy to emphasize 
findings consistent with Milton et al. in the literature, assert-
ing that SLM samples demonstrated lower Ra values than 
conventional Ti6Al4V. This observation reinforces the effi-
cacy of SLM in achieving superior surface quality, as further 
supported by the Sa, Sz, and root mean square measurements 
within specified ranges. The analysis of surface roughness 
for conventional Ti6Al4V reveals a relatively smoother 
profile compared to SLM Ti6Al4V. Conventional Ti6Al4V 
surfaces exhibit moderate roughness, with height variations 
predominantly between − 10 μm to + 70 μm, as shown in 
Fig. 16. In contrast, SLM Ti6Al4V typically presents higher 
surface roughness due to the layer-by-layer build process, 
which introduces stair-stepping effects and residual powder 
particles, leading to higher roughness values [61].

Despite the complexity and material efficiency benefits of 
SLM, its inherent rougher surfaces pose challenges for appli-
cations requiring high precision and smooth finishes [62]. 
Hence, while SLM offers significant advantages in design 
flexibility and material utilization, conventional manufactur-
ing methods remain superior in achieving smoother surface 
finishes essential for critical applications.

4 � Conclusion

This study explores the Machining Characteristics of Tita-
nium Alloy Components produced via Selective Laser 
Melting of Ti6Al4V. Milling tests were conducted on both 
conventionally and additively manufactured Ti-6Al-4 V. 
The machinability of these materials was thoroughly exam-
ined and compared at various speeds, considering aspects 
such as cutting forces, Chip analysis, hardness, and surface 

Fig. 13   As-built samples of SLM Ti6Al4V for a systematic assess-
ment of surface roughness

Fig. 14   illustrates the as-manufactured surface roughness of SLM 
samples on the uppermost surface
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roughness. Moreover, the investigation also centered on 
machinability, aiming to validate whether the material pro-
cessing route influences machining behavior. The key find-
ings can be encapsulated as follows:

	 (i)	 As build SLM Ti6Al4V material exhibits lower cut-
ting forces due to inherent characteristics, includ-
ing porosity and the presence of unmelted parti-
cles resulting from the SLM process. The porosity 
reduces material density, making it less resistant to 
the cutting tool. At the same time, the presence of 
unmelted particles influences the material’s mechani-
cal properties, contributing to smoother material 
removal and lower cutting forces.

	 (ii)	 Identifying of dispersed unmelted powder particles 
within the cutting chips of as-built SLM Ti6Al4V 
underscores the real-world consequences associated 
with incomplete fusion during additive manufactur-
ing processes.

	 (iii)	 Hardness of build SLM Ti6Al4V shows consistent 
and significantly higher hardness in SLM Ti-6Al-4 V 
compared to the conventional counterpart, with val-
ues of 390 (HV) and 375 (HV) under 10 kgf and 20 

kgf, respectively. These findings affirm the reliability 
of hardness assessments.

	 (iv)	 The as-built surface roughness of the selected 
area in SLM Ti6Al4V consistently falls within 
the 3–5 μm range. These findings underscore the 
reliability and replicability of the recorded roughness 
values, affirming that the SLM process consistently 
delivers a uniform surface finish within the defined 
specifications.

5 � Future scope

The future scope involves integrating advanced techniques 
such as EBSD and Pole diagrams to analyze the micro-
structural characteristics and anisotropy of SLM Ti6Al4V 
alloys. This direction promises to enrich the understanding 
of machining properties and establish a comprehensive rela-
tionship between microstructure and machining behavior. 
Exploring the effects of various additive manufacturing 
parameters on these microstructural features could poten-
tially optimize SLM processes, particularly for titanium 
alloys.

Fig. 15   Scan images from Contour X 200 showcasing the 3D topography of the SLM samples

Fig. 16   Presents scan images obtained from Contour X 200, illustrating the 3D topography of the standard Ti6Al4V samples as shown in (a), (b), and (c )
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