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Abstract: Electron beam melting (EBM) is one example of a 3D printing technology that has shown
great promise and advantages in the fabrication of medical devices such as dental and orthopedic
implants. However, these products require high surface quality control to meet the specifications;
thus, post-processing, such as with machining processes, is required to improve surface quality.
This paper investigates the influence of two-part orientations of Ti6Al4V EBM parts on the CNC
machining (turning) process. The two possible EBM part orientations used in this work are across
EBM layers (AL) and parallel to the EBM layer (PL). The effect of the EBM Ti6Al4V part orientations is
examined on surface roughness, power consumption, chip morphology, tool flank wear, and surface
morphology during the dry turning, while using uncoated carbide tools at different feed rates and
cutting speeds. The results showed that the AL orientation had better surface quality control and
integrity after machining than PL orientation. Using the same turning parameters, the difference
between the roughness (Ra) value for AL (0.36 um) and PL (0.79 um) orientations is about 54%.
Similarly, the power consumption in AL orientation differs by 19% from the power consumption in
PL orientation. The chip thickness ratio has a difference of 23% between AL and PL orientations, and
the flank wear shows a 40% difference between AL and PL orientations. It is found that, when EBM
components are manufactured along across-layer (AL) orientations, the impact of part orientation
during turning is minimized and machined surface integrity is improved.

Keywords: electron beam melting (EBM); surface quality control; 3D printing; Ti6Al4V; CNC
machining; across layer (AL) orientation; parallel layer (PL) orientation

1. Introduction

Ti6Al4V alloy is a promising biomaterial and has attracted a lot of attention for its
potential use in the medical field due to its use in dental implants, knee and hip prostheses,
bones and artificial joints, and orthopedic implants such as screws, femoral nails, etc. [1-3].
The mechanical properties of the Ti6Al4V alloy include high specific strength, better creep
resistance and fatigue at extreme temperatures, exceptional corrosion resistance, low density,
and decreased Young’s Modulus when related to Cr-Co and stainless steel alloys, making
it a material with a wide range of aerospace, biomedical and other uses [4-7]. However,
Ti6Al4V is hard to cut because of its limited thermal conductivity and work hardening at high
temperatures. The poor machinability of Ti6Al4V reduces the quality of the processed surface
and life of the cutting tool, increases power consumption and cutting forces, shortens the
component life, etc. [8]. Ti6Al4V can affordably support customized implants or prostheses.
Due to the fact that these implants interact with the body of a human, their surface properties
must be given special consideration.

Electron beam melting (EBM) technology was introduced by Arcam AB as one of the
additive manufacturing processes, and this technology can be used for fabricating parts
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with difficult-to-work materials such as Ti6Al4V. EBM technology is spreading rapidly due
to the ability to customize parts in terms of both in-service performance and geometric
characteristics. In addition, EBM is regarded as an effective method for producing complex
near-net-shapes with few internal flaws [9]. However, because EBM metal components have
dissimilar microstructural and mechanical properties compared to wrought metal alloys,
they often require finishing processes to achieve the desired surface quality. Therefore,
machining processes may still be necessary to meet the desired surface finish and geometric
specifications for EBM parts [10,11] because the surface roughness is one of the essential
characteristics of all biomaterials and aerospace components; thus, extensive work is
required for the machinability of Ti6Al4V EBM parts.

Several studies have tried to improve the EBM process’s parameters for the lowest
possible surface roughness. For example, Safdar et al. [12] determined the effect of scan
speed, sample thickness, current of the beam, and focus of offset of the EBM machine on
the surface topography/roughness of the Ti6Al4V EBM components. The results of Ra
range from 1 to 20 pm for different samples based on the thickness and process parameter
setting. Ra decreases as sample thickness and beam current increase, while offset focus and
scan speed increase. Using EBM, Razavi et al. [13] studied the effects of sample thickness
and geometry on mechanical properties, microstructure, and surface roughness of Ti6Al4V
parts. They found that the higher surface roughness of EBM parts was caused by their
thinner build thickness. The minimal surface roughness for the top and side faces was
21.13 um and 30.82 um, respectively. The microstructural investigations demonstrated
that samples with a thinner thickness of build have less elongation at failure, finer grain
size, and greater microhardness. The elongation at failure rose dramatically as the build
thickness increased.

Abdeen and Palmer [14] investigated the influence of the beam current, focus of offset,
and speed of beam of the EBM system on the density, surface roughness, and critical
pitting temperature (CPT) of Ti6Al4V EBM components. The results demonstrated that,
in comparison to the speed of the beam and the current of the beam, the focus offset had
the highest effect on surface roughness. The highest obtained average surface roughness
was 96.6 um, while the lowest was 15.4 um. The focus of offset had a larger influence on
density than any other parameter. Additionally, the speed of the beam and the current
of the beam had a slight influence on CPT values. Galati et al. [15] investigated how the
orientation and EBM surfaces’ slope affected the surface roughness. Furthermore, they
investigated the changes between the downward and upward surfaces. The results showed
that the roughness of the downward surfaces was significantly higher than that of the
upward surfaces. On the top surfaces, the mean roughness value (Ra) was measured
to be approximately 6 pm. The average Ra values for upward and downward surfaces
were approximately 15 pm and 19 um, respectively. Using contours in the EBM process
can enhance surface roughness, according to Galati and Iuliano [16]. Wang et al. [17]
investigated the impacts of generating contour or continuous line strategies for enhancing
surface roughness. Despite the fact that merely adjusting the processing parameters did not
have a significant effect on roughness values, they concluded that surface roughness can be
improved within a limited process window. Ashfaq and Al-Ahmari [18] studied the impact
of beam focus offset, beam speed, beam current, line offset, and surface temperature on
the surface roughness and density of EBM y-TiAl components. The results demonstrated
that the internal porosity and surface roughness are correlated to the process settings.
Furthermore, the important ones among the parameters are beam speed, line offset, and
beam focus offset, which played a critical role in internal surface evolution and flaw
generation. According to Galati et al. [15], when using 70 um layer thickness the vertical
surface roughness (Ra) is approximately 30 um. By thinning the layer to 50 um, the
surface roughness (Ra) can be adjusted to be between 6 and 19 pm [19]. Consequently, the
optimization of EBM process parameters to provide the minimum surface roughness is
limited. Therefore, additional post-processing, and a machining/finishing operation, are
necessary to achieve the intended surface quality.
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However, even after carrying out the in situ optimization of the EBM parameters, the
final surface roughness achieved on the components was far higher than those required
in aerospace (Ra 0.2-0.25 um) [20] and medical (Ra 0.2 or below) [21] sectors. The surface
roughness of EBM components has a direct correlation with the material’s friction and wear
properties, and therefore with the lifespan of the component. Numerous research works
have been conducted on the improvement of surface roughness of the EBM components,
but they are insufficient to address all difficulties. Bertolini et al. [22] studied the effect of
the turning parameters during the finishing of EBM and wrought Ti6Al4V parts on their
microstructural features, surface topography, and residual stresses under flood, cryogenic
cooling, and dry conditions. Based on their findings, the EBM Ti6Al4V alloy had various
machinability features compared to the wrought material, and EBM parts consistently had
the poorest surface finish, as also reported by Bordin et al. [23]. Coz et al. [24] investigated
the machinability of Selective Laser Melting (SLM)-based Ti6Al4V components in the
turning process. SLM Ti6Al4V components generated more cutting and feed forces than
wrought Ti6Al4V during machining. The cutting forces compared with wrought Ti-6Al-4V
were within a range of 3 to 24 percent and 10 to 21 percent as the cutting speed and feed
rate increased, respectively. Chips produced with a lower feed rate were helical, whereas
chips produced with a higher feed rate were long. During the two-dimensional cutting of
EBM or wrought Ti6Al4V, it was discovered that cutting speed had a higher effect on chip
formation than feed rate. In both SLM and wrought Ti6Al4V parts, micro-cutting did not
significantly alter subsurface microstructures. Li et al. [25] investigated the turning of SLM
and wrought Ti6Al4V tubes and studied the tool wear, machined surface roughness, and
cutting forces at various feed rates, cutting depths, and cutting speeds. The rake face of
the tools had a larger contact area with the wrought workpiece. The surface roughness
of the machined surfaces of both SLM and wrought components was similar. Machining
SLM components requires a higher cutting force than machining wrought components,
by up to 70%. Sartori et al. [26] investigated and compared the machinability of the EBM
Ti6 Al4V under cryogenic cooling and dry conditions on machined surface integrity, chip
morphology, and tool wear. They found that the use of cryogenic cooling compared to dry
turning causes an important rise in surface roughness. Furthermore, cryogenic cooling
determines a reduction in the abrasive wear of the tool. Anwar et al. [27] investigated and
compared the machinability of the EBM y-TiAl part for coated and uncoated carbide inserts
on cutting forces and tool wear, morphology and surface finish, and microstructural and
hardness alterations. The results demonstrated that the poor performance of the coated
inserts led to higher tool wear, cutting forces and oxidation, and poor surface integrity.

Some research has demonstrated that the effect of the 3D printed layer orientations is
quite significant during the finishing of the additively manufactured parts. For instance,
during the milling of EBM Ti6Al4V and y-TiAl components, the effect of the layers’ orienta-
tions has been published by [28,29]. Researchers found that even with similar machining
parameters, various EBM part orientations during machining can lead to varying surface
roughness. By applying heat treatment to EBM Ti6Al4V components, the part orientation
effect was suppressed [30]. Another study [31] investigated the influence of laser-powder
bed fused (L-PBF) fabrication Stainless Steel 316 L part orientations during milling by tun-
ing the layer thickness through the L-PBF process. Furthermore, Lizzul et al. [32] studied
L-PBF fabricated Ti6Al4V components using altered scanning strategies (chessboard and
stripes) and improved surface integrity during turning operations while considering the
layers’ orientations (cylindrical (across the layers) and transverse operations (along layers)).
The results showed that the unique microstructure induced by the L-PBF process affects
the machinability of the material depending on the strategy of scanning and/or layers
orientation. The best machining performance was observed when the sample surface was
cut perpendicular to the build-up direction. However, no report has yet been found in the
literature to study the effect of the layers’ orientation on the finishing of the EBM complex
profile components resembling implant devices.
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A literature review indicates that EBM components for medical and aerospace ap-
plications must be machined in order to achieve the desired surface quality. Despite
the fact that a number of researchers have adjusted EBM parameters for the fabrication
of TibAl4V components, it has been reported that the surface roughness ranges from
Ra = 6 t0 96.6 um. Furthermore, Ti6Al4V components are challenging to machine due to
their directional properties, arising from the microstructure and orientations of the melted
layers. The current research aims to enhance the surface quality of the EBM manufactured
Ti6Al4V components by applying the turning process, with a focus on the two possible EBM
part orientations (across EBM layers (AL) and parallel to EBM layers (PL)). No previous
studies could be found in the literature to study the effect of the layers’ orientation on the
finishing of EBM complex profile components. The turning performance is evaluated in
terms of surface roughness, power consumption, chip formation, flank wear, and surface
morphology at various cutting speeds and feed rates.

2. Experimental Work

Non-prismatic samples were designed and produced in different build orientations by
the EBM machine (ARCAM), as shown in Figure 1. The typical particle size of the Ti6Al4V
powder was 71 pm. Powdered Ti6Al4V has the chemical composition shown in Table 1. The
EBM parameters are shown in Table 2, all of which were chosen since they were the ones that
ARCAM had recommended as the default for producing appropriate microstructures and
mechanical properties for Ti6Al4V parts [33,34]. EBM Ti6Al4V components demonstrated
a hardness of 329 Hy, yield strength of 930 MPa, and tensile strength of 970 MPa.

A

EBM build B
direction

Support
structure

(b) (©

Figure 1. Non-prismatic part: (a) designed part; (b) a typical EBM part fabricated with across-layers
orientation, (c) a typical EBM part fabricated with parallel layers orientation (Cross sections AA” and
BB’ used later.).

Table 1. Chemical composition of powdered Ti6Al4V [35].

Element %
Al 6.04
\% 4.05
C 0.013
Fe 0.0107
(@] 0.13

Ti Balance/Base
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Table 2. Parameters for EBM processing of Ti6Al4V components [33,34].

Parameters of EBM Values
Powder layer thickness 0.05 mm
Preheat temperature 750 °C
Electron beam diameter 200 um

Scan speed 4530 mm/s
Beam current 15 mA
Acceleration voltage 60 kV
Line offset 0.1 Mm
Solidus temperature 1878 K
Focus offset 3 mA
Liquidus temperature 1928 K

The surface finish of components made by EBM varies from one side to the other.
For instance, the EBM Ti6Al4V components in across-layers orientation have a roughness
of Ra = 33 um, as shown in Figure 1b, whereas in the parallel layers orientation they
have a roughness of Ra = 20 um, as shown in Figure 1c. Even though EBM parts were
produced using the optimum parameters recommended by ARCAM [34], the surface
roughness for both orientations is high, and inadequate for many applications. As a result,
the EBM components require a secondary process for finishing. Here, the conventional
turning process was used to accomplish the same goal of improving the surface finish.
Figure 2 displays the two alternative part/EBM layers’ orientations that can be experienced
throughout the turning process to improve the surface quality of the EBM parts. The first
orientation is termed “tool movement perpendicular to layer planes” across layer (AL)
(see Figure 2a). The second orientation is called “tool movement parallel to layers planes”
parallel layer (PL) (see Figure 2b). The turning setup is shown in Figure 3a. Figure 3b
displays the machined part with an enlarged view, and Figure 3c shows the enlarged view
of the insert tool.

Before the actual experiments, the samples were turned with a depth of cut of 0.2 mm,
a cutting speed of 30 m/min, and a feed rate of 0.1 mm per rev. The purpose of this was to
level out the rough and uneven surfaces produced by EBM so that the subsequent machin-
ing could take place on a flat surface. To evaluate the impacts of EBM part orientation on
turning quality, turning was carried out according to the parameters shown in Table 3. A
similar range of turning parameters has been employed in previous research involving the
turning of Ti6Al4V components [36—40].

Table 3. Turning process parameters.

Process Parameters Symbols Units Values
Feed rate f mm/rev 0.1,0.2
Depth of cut d mm 0.2
Cutting speed \% m/min 30, 60
Part/layers orientation - - AL, PL

The turning experiments were performed using a two-axis CNC lathe (EMCOMAT-
E300, Germany). The spindle of this lathe can reach a maximum speed of 2200 rpm,
the feed rate is 5 m/min, and the power output is 25 kW. A special turning fixture was
developed to hold the part and mounted on a headstock with a three-jaw chuck, as shown
in Figure 3a. Under dry conditions, tungsten carbide inserts with a corner radius of 0.4 mm
and an entering angle of 95° were used from Walter, Germany (CNMG-120404 NFT).
The inserts were mounted on a DCLNR tool holder. Figure 3c shows the insert and the
tool holder used in the experiments. Five responses were measured, including surface
roughness, power consumption, chip formation, flank wear, and surface morphology.
The surface roughness was evaluated in terms of arithmetic mean roughness (Ra) using
a 3D profilometer from Bruker USA (DektakXT stylus profiler) [41]. The measurement
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was performed in accordance with ISO 4287 using a stylus profiler with a scan speed of
75 um/s and a resolution of 0.25 um/pt in accordance with Gaussian regression. Ra was
measured at different locations for the two-part orientations (AL and PL) after turning, and
the average of five measurements was used. The electric current was measured using a
single-phase cable connected to the CNC turning machine’s three-phase power supply by
employing a clamp meter. The following equation was used to convert the voltage and
current to power consumption [42-44].

Power = Voltage x Current x v/3 X cos
where cos represents power factor value = 0.7

() (b) Layers

Layers

Tool direction Tool direction

Turning tool

Figure 2. A simplified illustration of the various part orientations possible while turning an EBM:
(a) across Layer (AL); (b) parallel Layer (PL).
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Workpiece

Figure 3. Dry machining process setup for non-prismatic component produced by EBM: (a) turning
process setup; (b) enlarged view of a machined part; and (c) enlarged view of insert tool.

The chip analysis can indicate that better conditions of the machining process can be
selected to enhance the surface roughness and tool wear [45,46]. After each experiment,
the chips were collected. The steps for preparing the chip specimens are shown in Figure 4.
Continuous chips are created during the turning of the Ti6Al4V EBM component, as shown
in Figure 4a. An enlarged view of a chip is shown in Figure 4b. Ten chips were cut and
mounted in a Bakelite matrix to enable the chip grinding process, see Figure 4c—f. However,
at the beginning, before the mounting process, we made sure that the chips were in the
correct orientation, as shown in Figure 4d, and later, to avoid any chip orientation error,
the readings were taken on ten different chips. Furthermore, in Figure 4c the chips were
from a single machining parameter, and three measurements were performed on each chip,
i.e., totaling to 30 readings for measuring the chip thickness for a single set of machining
parameters. Later, the average of 30 readings was taken, which minimizes the effect of
the minor variable chip orientations. Silicon carbide papers of grit sizes 220, 400, 600, 800,
1000, 1500, and 2500 were used to grind the mounted chip samples. Figure 4g shows the
maximum chip thickness measured by SEM. The chip morphology, flank wear, and surface
morphologies of the turned part were measured by using a scanning electron microscope
(SEM) (Model JCM 6000Plus) from Jeol, Japan.
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Figure 4. Steps of preparation for the chips to be measured by SEM.

3. Results and Discussions
3.1. Surface Roughness Evaluation

An EBM-produced part was turned in both AL and PL orientations. Figure 5 compares
the Ra parameter with two alternative sets of turning parameters for each orientation.
After turning, the Ra of EBM parts ranged from 0.34 to 0.78 um. Ra was significantly
smaller when the tool was moved perpendicular to the layer planes (AL) than when
it was moved parallel to the layer planes (PL), as compared to [28,29]. As shown in
Figure 5, there is a nearly 40% difference between the roughness values at V = 30 m/min
for PL (Ra =0.582 um) and AL (Ra = 0.3476 um) orientations. The difference between
the roughness values for the two orientations further increased to nearly 54% when the
cutting speed increased to 60 m/min. The lowest surface roughness was attained when the
EBM-produced component was machined with the tool moving across to the layer planes
(AL, as displayed in Figure 2). Figure 6 shows 2D roughness profiles extracted along AL
and PL orientations. As a result, the 2D roughness curve for the AL orientation is smoother
than that of the PL orientation. During machining in the AL orientation, the feed force was
exerted on a single layer under the tool depth of cut. This led to compressive loading on
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the lower layers’ interfaces and prevented the layers’ ripping effect. According to Gupta
et al. [47], this may be due to the improved interlayer metallurgical bonding, decreased
porosity, and higher tensile strength along the AL orientation. In contrast, when the tool
was moving in the PL direction, i.e., along the layers’ planes, shear forces were experienced
by the layers’ interfaces, causing their possible ripping, as shown in Figure 7. This is why a
higher roughness was encountered when PL orientation was considered during turning.

0.9
0.8

o ©o
[ N

©
"

Roughness Ra (um)
o o
w »

© ©
SN N

o

60 m/min

[ Across layer [ Parallel layer

Figure 5. Surface roughness measured for AL and PL orientations at V = 30 and 60 m/min,
f=0.1 mm/rev,and d = 0.2 mm.
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£
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OA\ATAA}\)\)\TAHA‘A___,‘II"AA.“L‘I\AWI\.AAA
1
0.0 0.5 1.0 15 20 25 3.0 3.5 4.0

mm

Figure 6. Two-dimensional roughness profiles at V = 30 m/min and f = 0.1 mm/rev for (a) AL
orientations and (b) PL orientations.

Figure 8 illustrates the microstructure of the EBM-fabricated Ti6Al4V component. The
majority of the microstructure consists of the refined lamellar « and (3 phases. As a result
of the varying thermal gradients along the cross-sections AA’ (AL orientation) and BB’
(PL orientation), the microstructures differ between the AA” and BB’. The BB’ shows more
distributed o and 3 phases, whereas the AA” shows columnar grains. The columnar grains
have more strength as compared to well-distributed o« and 3 phases on the BB’. Therefore,
when the tool moves along the EBM build direction of the AA’ (AL orientation), more
resistance is encountered due to the columnar grains, resulting in the tool experiencing
more wear and a higher power consumption during the machining. In contrast, in the BB’
(PL orientation) a similar phenomenon does not occur.
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Figure 7. Schematic view of the effect of the cutting and feed forces during the turning process as
(a) shear and compressive forces in across layers and as (b) tensile and buckling forces in the case of
parallel layers.
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Figure 8. Microstructural images of the cross-sections shown in Figure 1 for the EBM Ti6Al4V part:
(a) cross-section AA’; (b) cross-section BB’.
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3.2. Power Consumption

During machining, the power consumption contributes to the process’s stability and
facilitates the identification of optimal parameters to minimize power consumption. Figure 9
displays a graphical comparison between the two sets of turning parameters in terms of
the power consumption parameter for each of the two-component orientations. The power
consumption during the turning of the EBM parts varies between 2.63 and 5.97 KW, con-
sistent with [8,48], where a similar range of turning parameters was employed. Airao and
Chandrakant [48] used the Ti6Al4V parts with turning parameters of 70 m/min speed and a
feed rate of 0.2 mm/rev to obtain 4 KW. Values for power consumption are high for turning
across layer orientation compared to parallel layer orientation. For instance, Figure 9a shows
that at a 30 m/min cutting speed, the AL orientation consumes 5.37 KW power, which is 15%
higher than the AL orientation for the same turning parameters. In the AL direction, the tool
interacted with a collection of the bonded EBM layers without creating shear stresses at the
interfaces of the layers. This resulted in high cutting resistance from the workpiece, causing a
higher power consumption for AL orientation relative to PL orientation.

8
s
< / 5.97
< 6 . 5.48
S5
.54 3.96 3.69
Es
&2
2
8 —
5 1
S0
. o . .
v60 m/min o v30m/min v60 m/min
E Parallel layer (b) E Across layer E Parallel layer

Figure 9. Power consumption recorded during the machining for AL and PL orientations at V = 30
and 60 m/min, and d = 0.2 mm at (a) f = 0.1 mm/rev and (b) f = 0.2 mm/rev.

This is because, in the AL orientation, the feed force (F¢) causes compressive stresses
on the layers’ interfaces while the cutting force (Fc) creates the cutting action of several
layers interacting with the end cutting edge, as shown in the schematic Figure 7a. The
cutting action of the Fc force and compressive action of the feed force led to a good surface
finish in the case of the AL orientation. At the same time, it led to more resistance from
the material during cutting, attributable to the higher power consumption. In contrast, in
the PL orientation, the feed force caused buckling stresses on the layer interfaces, while
the cutting/tangential force caused shear stresses on the layer interfaces, as shown in
the schematic Figure 7b. The buckling and shear stresses at the layer interfaces in the
PL orientation weakened the material for cutting and resulted in reduced overall power
consumption. Furthermore, the buckling stresses also reduced the chip thickness (see
Figures 10 and 11), lowering the power consumption, as the power consumption during
machining is directly affected by the chip thickness [8].
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Figure 10. Chips’ thickness measured for AL and PL orientations at f = 0.1 mm/rev, V = 60 m/min,
and d = 0.2 mm.
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Figure 11. Chip morphology for the two orientations: (a) AL orientation and (b) PL orientation at
f=0.1 mm/rev, V=60m/min,and d = 0.2 mm.

3.3. Chip Morphology

Figure 10 shows the significant difference of 23% in the average of ten chip thickness
readings taken for the two-part orientations. As shown in Figure 11, the two-part orientations
have a noticeable difference in the degree of the serrations on the chips, which is consistent
with those found by [29]. This occurs because the EBM layers inside the chip give varying
chip bending and curling resistances. Figure 11a shows substantially larger saw-tooth chips
for AL orientation due to the increased thickness resulting in greater power consumption.
Although the AL orientation generates more saw tooth chips, it produces an enhanced surface.
Due to the shearing and tensile stresses on the layer interfaces, the degree of the serrations on
the chips is lower in the case of PL orientations, as shown in Figure 11b. It is easy to spot that
the chips produced as a result of turning in the AL orientation possess distinctive saw-toothed
morphology (more serrated). In contrast, more rounded-toothed chips were produced in
the case of PL orientation. The reason for this is that the machining is implemented in such
a way that the collective impact of the cutting force, feed force, and part orientation on the
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interfaces of the layers resulted in variable chip formation. It is worth mentioning that, in
most circumstances, the Ti6Al4V alloy shows serrated chips [49,50], as produced in the case
of AL orientation. Therefore, it looks like an unnatural machining response is presented by
Ti6Al4V while machined along the PL orientation.

3.4. Flank Wear

The flank wear for both orientations at a variety of turning parameters (cutting speed
(V) and feed rate (f)) is displayed in Figure 12. There is a considerable difference between
the two orientations, with the AL orientation having a higher value than the PL orientation
for all turning parameters. In Figure 12, at a speed of 60 m/min and feed rate of 0.1 mm/rev,
the maximum difference between the flank wear in AL orientation and the flank wear
in PL orientation is approximately 40%. Figure 13 shows the morphology (wear) on the
flank faces for both orientations, as assessed via SEM images, and shows the flank wear
for both inserts. In Figure 13a, a maximum flank wear of 80.1 um was detected in the
case of AL orientation. At the same time, a maximum flank wear of 48 um was detected
in the PL orientation, as shown in Figure 13b. This was ascribed to the higher cutting
force experienced during turning in the AL orientation as compared to [29,31], which can
be explained by the schematic view in Figure 7a and the thicker chip load, as shown in
Figure 13a.

84.6
80.1 79
51.8
48
35.9
30 m/min 60 m/min 30 m/min 60 m/min
0.1 mm/rev 0.2 mm/rev

1 Across layer [ Parallel layer

Figure 12. Flank wear measured for AL orientation and PL orientation at V = 30 m/min and
60 m/min, f=0.1 mm/rev and 0.2 mm/rev, and d = 0.2 mm.
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Flank wear

Chip deposition *

Figure 13. Flank wear for the two orientations: (a) AL orientation and (b) PL orientation at
f=0.1 mm/rev, V=60m/min, and d = 0.2 mm.
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3.5. Surface Morphology

The EBM component’s surface morphology after the turning process for the two-part
orientations is shown in SEM images in Figures 14 and 15. The acquired SEM images
for AL and PL orientations are clearly distinguishable in terms of chip adhesion and tool
feed marks on the machined surfaces, as reported by [29,30]. The interfaces between the
consecutive layers in an AL orientation are perpendicular to the direction of the tool feed.
As shown in Figures 12a and 13a at various cutting speeds, the tool forces and stress
distributions were consequently more uniform, causing a smoother surface texture after
turning. Additionally, it is noted that the turned surface shows no signs of chips adhering
to the machined surface.

\

\\ Y icro—chip;\\

welded on surface
Adhered chips

Figure 14. Turned surface images for the two orientations using SEM: (a) AL orientation and (b) PL
orientation at V=30 m/min, f =0.1 mm/rev, and d = 0.2 mm.

® |
Mi or topl
feed marks

Figure 15. Turned surface images for the two orientations using SEM: (a) AL orientation and (b) PL
orientation at V = 60 m/min, f = 0.1 mm/rev, and d = 0.2 mm.

In the instance of PL orientation (see Figures 14b and 15b), thicker feed marks are gen-
erated, resulting in a rougher surface after turning than in the case of AL orientation. When
the EBM components are machined in a PL orientation, the adhesion of the microchips to
the machined surface increases significantly. This is due to the buckling and shear stresses
on the layers’ interfaces; the workpiece material /chips undergo an earlier fracture, creating



Processes 2023, 11, 1031

17 of 20

chip deposition on the machined surface. Additionally, the tiny prematurely fractured
chips are deposited on the tool cutting edges (forming a BUE), as evident in Figure 15b,
leading to aggressive tool feed marks on the machined surface and deteriorated surface
roughness. Figures 14b and 15b show clear evidence of chip adhesion and thicker feed
marks on the machined surface, which decreases the surface quality of the Ti6Al4V EBM
component. This indicates that the parallel layer orientation is inappropriate for surface
improvement during machining compared to the AL orientation.

4. Conclusions

This research presents an investigation for improving the surface quality of Ti6Al4V
components manufactured by electron beam melting (EBM) by considering the influence
of part orientations during the turning process. In this study, the machinability of Ti6Al4V
EBM parts was studied in terms of surface roughness, power consumption, chip mor-
phology, flank tool wear, and surface morphology. It was observed that EBM parts with
varied component orientations exhibited varying machining performances depending on
the layers’ orientations despite using the same cutting parameters. The following main
conclusions could be drawn from the results.

e EBMTi6Al4V components revealed significantly higher surface roughness values for
the parts printed along the AL (Ra = 33 pm) and PL (Ra = 20 pm) orientations, even
when utilizing optimal ARCAM-suggested process parameters;

e A maximum of 54% difference was observed between the achieved roughness after
turning along the PL and AL orientations. Furthermore, the surface roughness for
AL orientation (Ra = 0.35 pm) was significantly reduced (improved) compared to
the PL orientations (Ra = 0.79 um). This is mostly because of the influence of the
EBM layers’ orientations;

e  The AL orientation showed a higher power consumption compared to the PL orienta-
tion. For instance, with the same turning parameters of V = 60 m/min, f = 0.1 mm/rev,
and d = 0.2 mm, the power in the case of AL orientation was 8.96 kW, 19% higher than
for PL orientations;

e Interms of chip morphology, AL orientation showed a higher degree of serrated saw
tooth chips and thicker chips than PL orientation;

e Itwas observed that flank wear varies depending on the orientations of the component.
AL orientation showed a high degree of flank wear but no built-up edge, while the
insert used for PL orientation showed higher flank wear with BUE formation;

e  The surface morphology of the turned parts revealed microchip deposition and
thick tool feed marks for the PL orientation compared to a smoother morphology
for the AL orientation;

e  Opverall, the results indicated that a superior surface finish and integrity can be attained
for the Ti6Al4V EBM parts machined along the AL orientation;

e  Work needs to be conducted regarding the fatigue life of the EBM samples machined
across different orientations. Additionally, the accuracy of the machined parts needs
to be studied for various orientations;

e  Finite element analysis (FEA) should be conducted for the machining of the EBM parts
while considering the bonding strength between the layers and the microstructural
directional effects.
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