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Abstract

Hybrid manufacturing (HM) is a process that combines additive manufacturing (AM) and subtractive manufacturing (SM).
It is becoming increasingly recognized as a solution capable of producing components of high geometric complexity, while
at the same time ensuring the quality of the surface finish, rigour and geometric tolerance on functional surfaces. This work
aims to study the surface finish quality of an orthopaedic hip resurfacing prosthesis obtained by HM. For this purpose, test
samples of titanium alloy Ti-6Al-4V using two Power Bed Fusion (PBF) processes were manufactured, which were finished
by turning and 5-axis milling. It was verified that, upon the machining tests, no differences in Ra and Rt were found between
the various types of AM. Regarding the type of SM used, 5-axis milling provided lower roughness results with a consistent
value of Ra=0.6 um. The use of segmented circle mills in 5-axis milling proved to be an asset in achieving a good surface fin-
ish. This work successfully validated the concept of HM to produce a medical device, namely, an orthopaedic hip prosthesis.
As far as surface quality is concerned, it could be concluded that the optimal solution for this case study is 5-axis milling.

Keywords Ti-6Al-4V - Titanium alloy - Hybrid manufacturing - EBM - SLS

1 Introduction

Hybrid manufacturing (HM) comprises the manufacture of a
component or part in a sequence of production stages where
the transition between additive manufacturing (AM) meth-
ods and subtractive manufacturing (SM) methods occurs [1].
The use of a sequence of the two manufacturing methods
mentioned above allows the obtaining of parts or compo-
nents of high geometric complexity, dimensional precision
and surface finish [1, 2].

The use of 3D printing, also known as AM, has resulted
in increased prominence and importance for the applica-
tion of HM methods in creating medical devices [3, 4]. The
use of AM, in which the part is manufactured by fusing the
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material in layers, allows obtaining more intricate geom-
etry components otherwise impossible to be achieved by
SM. The production of components, such as orthopaedic
implants, customized for each patient will enhance its inte-
gration, leading to a significant decrease in manufacturing
time and material usage [5, 6].

Several AM processes are currently available, including
electron beam melting (EBM) and selective laser sintering
(SLS), both of which fit into the powder bed type of fusion
(PBF) processes. The production process in this type of
manufacturing involves using either a laser or electron beam
to melt the powder, layer by layer to, in order to produce the
component [7]. Among the AM processes, those of PBF are
widely regarded as the most suitable for implant fabrication,
as they allow the manufacture of components with porosity,
which is a crucial factor for osseointegration and consequent
success of the surgical intervention [8].

To prevent corrosion of the manufactured parts, EBM is
carried out in a vacuum chamber which limits the size of the
parts. Due to a larger beam, EBM allows for higher produc-
tivity but with poor surface finish. On the other hand, SLS,
the beam, can be adjusted to the required speed or accuracy;
however, the high internal stresses in the fabricated parts
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require post-treatment such as annealing to relieve these
residual stresses. Comparing the two processes, the parts
obtained by EBM have greater hardness and less porosity
[9, 10].

Despite the benefits afforded to manufacturing by AM,
certain limitations remain regarding repeatability, high
dimensional accuracy, good surface finish and high produc-
tivity [11-13]. To fulfil functional requirements, a comple-
mentary manufacturing method, such as SM, may be neces-
sary to obtain a part with all the requirements for its use.

In SM methods, excess material is removed by milling,
turning or drilling operations. The use of CNC allows to
achieve high levels of dimensional accuracy or tolerance
and to improve surface quality [14—17]. However, this pro-
cess is limited by the inability to achieve highly complex
geometries, an economic factor related to material waste and
work preparation. In the case of machining designated hard-
cutting materials such as titanium alloys, the machining time
and the cost of tools are increased due to the premature wear
caused by this type of material [18, 19].

Although a few reviews about hybrid manufacturing
can be found such as Jayawardane et al. [20] about sustain-
ability perspectives, Popov et al. [21] about HM of steels
and alloys and Lauwers et al. [22] on hybrid processes in
manufacturing and the accessibility of AM equipment is
increasing, it is not common in the literature to find case
studies of hybrid manufacturing such as that of Loyda et al.,
[17] where an experimental study on the manufacturing of
an aerospace component was conducted, specifically a tita-
nium load-bearing bracket through hybrid manufacturing. A
laser power bed fusion (LPBF) was used followed by 5-axis
milling. Findings indicated that the combination of these
two manufacturing processes allowed for the creation of a
lightweight component with complex geometry and met the
requirements for surface quality and dimensional tolerance
in the functional areas. Ahmad et al. [23] studied the role of
porosity in the machinability of AM and compared it with
wrought Ti-6Al-4V and concluded that a higher porosity
level is negatively influential in tool life and surface rough-
ness. Lizzul et al. [24] studied the anisotropy effect on the
surface quality of milled AM Ti-6Al-4V test samples and
concluded that better machinability is attained for horizontal
orientation. Dabwan et al. [25] studied the effect of layer
orientation on turning a complex profile produced by EBM
and found that surface finish and integrity are improved, but
chip thickness is higher and flank wear has a higher degree
for components manufactured along across-layer orientation.

Therefore, and in the context of HM, this study aimed
to manufacture a resurfacing-type prosthesis. For the initial
phase, EBM and SLS were used to produce the primary
shape, which was then machined by turning and 5-axis
milling to machine the surface that is in contact with the
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acetabular component. Surface quality was considered the
indicator of the work performed and the quality obtained.

The novelty of the presented work is the application of
HM methods in the production of a frequently used medi-
cal device, namely a titanium alloy hip prosthesis. This is
achieved through the combination of two AM processes and
two SM processes, with an emphasis on 5-axis machining
and the use of segmented circle mills. The study, while pro-
viding information that is still limited in the literature in
this field, enabled to enhance the understanding of HM with
tangible findings, which could support not only forthcoming
research in this particular domain but also have potential for
industrial implementation.

2 Experimental methodology

The work here presented is a case study based on an experi-
mental approach to machining issues in titanium alloy com-
ponents obtained through two distinct AM processes. The
combination of these characteristics constitutes the added
value and originality of this work in the field of scientific
research.

2.1 Methodology

The sequence of works carried out is represented in Fig. 1.
Starting with the design of the prosthesis model, followed by
the production by EBM and SLS and then ensuing machin-
ing by turning and 5-axis milling, the cutting parameters
were chosen as recommended by the cutting tool manufac-
turer. The surface quality was measured previously and after
machining tests with the use of an optical profiler. The strat-
egy that best suits the intended objective was chosen based
on the analysis of the results obtained where the determining
factor was the lowest roughness value.

2.2 Materials and test samples

The piece to be machined was based on a resurfacing-type
prosthesis used in total hip arthroplasty. The model used for
this work has no other purpose than to serve for machin-
ing tests and was based in commercial implants design.
The standard dimension for the outer diameter was defined
as of 57 mm. In AM production, 1 mm was added to the
radius and then removed by SM. The design of the model
for machining was based on the DUROM™ model that dates
back to 1997 and has been used clinically since 2001 without
any modifications to its geometry. This model was created
by optimizing previous models that had a history of poor
performance leading to implant loosening and femoral neck
fractures [26].
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Fig. 1 Experimental flowchart

‘ OPERATIONS ‘ RESULTS ‘ ‘CONCLUSIONS

Model design

EBM l
Additive Surface
—
manufacturing quality
SLS
Subtractive Surface
manufacturing quality
Turning 5-axis milling
A A
A 4
Vc=100 m/min Vc=100 m/min Ra Best Parameters
fn=_0.05, 0.10, 0.15, 0.20 mm/rev fz=_0.03 mm/tooth Rt Iq AM process
ap=0.2mm ap=0.2mm
ae=0.05,0.10, 0.15, 0.20 mm Sa SM process
The test samples, made of titanium alloy Ti-6Al-4V, Table 1 AM parameters
useg in this work were obtained by EBM and SLS. For Parameters EBM SLS
the intended purpose, 4 samples of each process were pro-
duced. The SLS test samples were produced in a General =~ Layer thickness 50 um 60 um
Electric M1, and the EBM in an ARCAM Al. The param-  Beam/laser power Inner contour: 200w
eters selected are those that ensure the best material health. 10mA; Outer con-
. tour: 4 mA
They are recommended by the machine manufacturers for
. R Beam/laser speed Inner contour: 800 1500 mm/s
the TA6V and the geometry to be produce. Previous experi- mm/s: Outer contour:
ments evaluated the production quality of geometries with 340 mm/s
suspended elements in Ti-6Al-4V alloy using additive manu-  Manufacturing substrate 750 °C 170 °C
facturing [27]. The manufacturing parameters of both EBM temperature
and SLS processes are in Table 1. Powder granulometry 40-120 ym D10>20 pm;
D90 <50 um

Figure 2 displays a simplified CAD drawing of the model
including general dimensions, and a scheme of the machin-
ing tests (Mt) location on the test sample. There are also
images of two test samples for each AM process, in which
the surface texture differences and scaffold removal marks
can be observed and an example of the geometric devia-
tion of an SLS test sample compared to the CAD model.
Manufacturing defects are visible, particularly at the end
opposite the bone fixation rod. These defects are attributable
to the printing process of the test samples, in which, due to
the spherical outer geometry, it was necessary to build sup-
port scaffolding. The scaffolding was later removed, and it is
apparent that the EBM test samples exhibit more pronounced
marks as well as the deformation caused by these scaffolds

than the SLS test samples. Additionally, the material used in
SLS testing undergoes shrinkage during the cooling phase
after melting [28]. The contraction will be higher where
there is a higher concentration of fused material. This is
particularly true in the region where scaffolds are utilized
to support the part’s production, resulting in an increased
amount of fused material. Consequently, the contraction in
this area will be more substantial. In the case of compo-
nents produced by EBM, the observed deformations are not
of thermal origin but rather by the type of geometry that
promotes the presence of unsupported surfaces despite the

@ Springer



4620

The International Journal of Advanced Manufacturing Technology (2023) 129:4617-4630

Fig.2 Resurfacing prosthesis
model, SLS and EBM test
samples and an example of
geometric deviations of an SLS
test sample

Mt 4

introduction of scaffolds during the manufacturing process.
Regarding the dimensions, while in the internal geometries,
there was a very satisfactory accuracy with differences of
approximately 0.1 mm compared to the CAD model sent
for manufacture. However, the external surfaces exhibited
a discrepancy of approximately 0.5 mm less concerning the
desired additive manufacturing dimension. The comparative
analysis of the CAD model was carried out using GOM’s
Atos Q 3D measuring equipment.

2.3 Machine tools, cutting tools and cutting
parameters

2.3.1 Machine tools
For the milling tests, a Haas UMC 500 5-axis machining

center was used, with 22.4 kW of power, 10,000 rpm of
maximum speed and a maximum cutting feedrate of 16.5
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m/min. Similar to that performed in the turning tests, in the
5-axis milling tests, 4 machining regions were considered
in each test piece.

For the turning test, a Kingsbury MHP50 turning center
was used, with 18 kW of power and 4000 rpm of maximum
speed. In this case, the finished surface was achieved after
two passes of the cutting tool, one for pre-finishing and the
other for finishing. The first pass created a standard surface
by eliminating the major surface defects obtained by AM.

2.3.2 Cutting tools

For milling tests, a circle segmented or lens mill was used,
with a 10-mm cylindrical shank, a tip radius of 20 mm with
a 1-mm corner radius and 3 cutting edges and AICrN 3 pm
PVD-HiPIMS coating (HXD30GLENS 3 100 10 R20 from
Palbit(www.palbit.pt)). The tool manufacturer recommends
that the tool be oriented 8° off the main axis orthogonal to
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the surface of the part to avoid cutting at the center of the
tool where the cutting speed is 0. This condition is possible
to be achieved through the CAM software. For the turning
tests, a 55° rhombic carbide insert was used, with 0.8 mm
of tool tip radius, a 15° back rake angle, negative GS chip
breaker and TiAlSiN 3 pm PVD-HiPIMS coating (DNMG
110408-GS PHHO910 from Palbit cutting tools).

Figure 3 presents the machine tools and cutting tools used
in the machining tests.

2.3.3 Cutting parameters

While the cutting speed, feedrate and machining strategy
were maintained the same; on the milling cutting test, a dif-
ferent radial depth of cut (a.) was considered. The values
of a, chosen for the milling tests were based on the feedrate
values of the turning tests. When executing the CAM pro-
gram using Powermill, a helical cutting strategy was defined
to ensure identical tool displacement along the part during
milling and turning. In this way, for each value of f,, there

Fig. 3 a Kingsbury MHP50
turning center, b HAAS UMC
500 machining center, ¢ turn-
ing insert DNMG 110408-GS
PHHI910 geometry, d mill cutter
HXD30GLENS 3 100 10 R20
geometry.

is a corresponding identical value of a,. Therefore, even
though two different machining processes were used, it was
possible to have identical tool paths on the material sur-
face, allowing comparison of the obtained roughness values
obtained. Table 2 presents the machining test planning and
cutting parameters.

Due to the surface defects observed in the test samples
in both AM processes, with greater relevance in the EBM,
it was necessary to perform a surface normalization of the
specimens used in the milling tests with a cutting pass. This
operation aimed to guarantee a constant depth of cut (a,)
and a, to be removed by the tool and thus avoid unexpected
changes in this parameter which could potentially compro-
mise tool integrity and to ensure surface evenness.

To calculate the spindle speed, the value of the cutting
speed and the tool diameter are required. By default, for
the control of the cutting speed, the effective diameter of
the cut was considered and corresponding to the cutting
diameter at cutting depth (a,). Figure 4 shows the posi-
tional relationship between the cutting tool and the test

RO.8

556°
\
< <)
Table.2 Machining test Turning Milling
planning
Ve (m/min)  f, (mm/rev) a, (mm) Ve (m/min)  f, (mm/tooth) a, (mm)  a, (mm)
Mt 1 100 0.05 0.2 100 0.03 0.2 0.05
Mt2 100 0.1 0.2 100 0.03 0.2 0.1
Mt3 100 0.15 0.2 100 0.03 0.2 0.15
Mt4 100 0.20 0.2 100 0.03 0.2 0.20

Mt machining test.
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Fig.4 Cutting tool radius calculation

piece, as well as the dimensions of this relationship. The
angle o had to be determined using the cosine Eq. (1). By
adding the 8° deviation imposed on the tool axis to this
value, it was possible to establish Eq. (2) the maximum
contact radius and thus the diameter of the contact.

a* = b* + 2 = 2abcosa (1

where a=28.5 mm, »=20 mm and ¢ =48.3 mm. It was then
possible to determine that a=6.28°. Adding 8° from tool tilt
angle, and considering 20 mm from tool radius, then R=4.9
mm then @=9.8 mm.

m@%+&=% @)

For each milling test, a new tool was used, and for
each turning section, a new cutting edge was applied. In
total, 4 cutters and 4 turning inserts were used, where
each insert has 4 cutting edges. For the execution of the
machining tests, it was necessary to build an aluminium
positioning and fixation device, to perform as a zero-point
system, that allowed the test samples to be held always in
the same position. The fixation of these to the device was
performed through a screwed connection on the fixation
rod. To machine the internal thread, it was necessary to
make a hole, an operation that was done through helical
milling [29]. The function of this device was to minimize
positioning errors, or to ensure that the error was consist-
ent across all the machining tests. Also, it was designed
so that it could be used for both turning and 5-axis mill-
ing tests.

All milling and turning machining tests were con-
ducted with the use of a water emulsion coolant contain-
ing emulsifying oil (RHENUS FU 51) at a concentration
of 6%.

@ Springer
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2.4 Surface roughness

Surface roughness measurements were taken before and
after machining using an Alicona Infinity Focus SL optical
3D measurement system with 10 X objective. For this work,
three roughness parameters were analyzed: arithmetical
mean height (Ra), total height of profile (Rt) and areal aver-
age roughness (Sa). Due to the high surface roughness of the
surfaces generated by the additive manufacturing processes,
measuring the roughness using a contact roughness meter is
not advisable as it may lead to damage the roughness meter’s
contact gauges. Thus, it is advisable to use the optical meas-
uring equipment such as the one used in this phase of the
work. Figure 5 presents the initial state of the surfaces prior
to any machining operation. To quantify the roughness of
the surfaces, several measurements were taken. For SLS,
Ra=4.61 um, Rt=32.11 um and Sa=5.58 um; for EBM,
Ra=14.94 ym, Rt=84.78 ym and Sa=18.82 um.

2.5 Statistical analysis

As shown in Fig. 6, after the roughness measurements, the
dataset was uploaded to statistical software R (v4.0.3) for
further analysis. Paired hypothesis testing was employed to
understand if there was a noteworthy difference in the sur-
face finish (Ra, Rt, Sa) of EBM and SLS samples obtained
through turning and milling operations. The samples were
paired in four ways, (1) milling samples of EBM and SLS,
(2) turning samples of EBM and SLS, (3) EBM samples
processed by turning and milling and (4) SLS samples that
underwent turning and milling. In addition, the following
null hypotheses were considered: “Is there no significant
difference in the roughness of (1) milled surfaces attained
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Fig.5 SLS and EBM pre-machining surfaces

Fig.6 Methodology for rough-
ness data treatment and analysis

Experimentation and
data acquisition

Turning
Milling

Analysis and visualization
with R software

Machined Roughness
surfaces parameters

F

Two-paired || Normal distribution?
samples Shapiro-Wilk test

Ra
Rt
Sa

Reject Hy: p-value < 0.05 at a 5% significance level
Cannot reject H;: p-value > 0.05 at a 5% significance level

Wilcoxon test

Paired t-test
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with EBM and SLS? (2) turned surfaces attained with EBM
and SLS? (3) EBM samples attained with turning and mill-
ing? (4) SLS samples attained with turning and milling?”.

As presented in Fig. 6, the null hypothesis (H,) was
rejected in favour of the alternative hypothesis (H;) when
the p-value from the relevant test statistic, be it paired 7 test,
or Wilcoxon test was either less than or equal to the defined
significance level. Otherwise, when the p-value >0.05, the
null hypothesis was not rejected. Figure 5 also shows that,
when the paired differences followed a normal distribution,
the paired 7 test was applied; otherwise, the non-parametric
Wilcoxon signed-rank test was used to assess if the paired
groups were different from one another in a statistically sig-
nificant manner. The normality of the paired samples was
examined using the Shapiro—Wilk test.

3 Results and discussion

In Fig. 7, it is possible to observe the evolution of the rough-
ness values Ra and Rt and Sa obtained through the turning
(T) and milling (M) machining tests.

By examining the images presented, it is possible to
make several different observations. The measured rough-
ness values consistently surpass those found in milling dur-
ing turning. This stands for the three roughness parameters
employed for comparison.

Additionally, it is evident that turning the influence of
the variant cutting parameter is more pronounced than in
the case of milling. As can be seen, roughness in turning
increases with the increase in feedrate. In the case of mill-
ing, roughness values remain almost constant even with an
increase in feedrate.

The effects and importance of the impact of tool geom-
etry parameters, namely tool nose radius variation on
the surface finish of a machined part, have been widely
researched, highlighting its significance and effects [30].
In the case presented here, where two tools with different
geometries have been used with a distinguishable element
as evident as the nose radius, it is appropriate to establish a
correlation between this factor and the outcomes obtained.
Consequently, in accordance with previous literature, it can
be surmised that [31] it can be confirmed that the tool nose
radius dimension has an inversely proportional influence on
the roughness of a machined part surface.

It is notable that for the same type of subtractive manu-
facturing process, the type of additive manufacturing process
does not have a significant impact on the measured rough-
ness results.

Figure 8 displays diverse images of the machined surfaces
for both additive manufacturing and of subtractive manu-
facturing types. The presented images, obtained through
Alicona Infinity, relate to the tests conducted with a,=0.1
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mm for milling (M) and f,=0.1 mm/rev for turning (7). In
the case of turning, both for EBM and SLS, the displace-
ment of the tool over the surface results in a distinct pat-
terned texture with continuous and evenly spaced lanes from
the cutting tool. In the case of milling, different effects can
be observed for each additive manufacturing process. In
the case of EBM, it is verifiable, similarly to turning, with
some regularity in the marks left by the tool, however with
shorter segments compared to turning. In the case of SLS,
the formation of facets without any regular distribution is
observable.

Figure 9 shows a side-by-side comparison of the surface
images taken before machining, labelled “raw”, with those
taken after milling (M) and turning (7) tests.

Regarding machining times, those observed in the turning
tests exhibited significant superiority compared to those of
5-axis milling. Consequently, during turning, the following
times were registered based on the conducted test: Mtl ~
5s,Mt2 = 7 s, Mt3 = 7 s, Mt4 ~ 7 s. Correspondingly, in
milling, the following times were recorded: Mtl ~ 8 min,
Mt2 ~ 19 min, Mt3 ~ 28 min and Mt4 ~ 27 min. It is evident
that for this particular geometry, turning has a much higher
productivity rate than milling.

3.1 Data analysis

Figure 10 shows a boxplot visualization with the distribu-
tion for the surface roughness of printed samples (SLS and
EBM) machined with milling and turning operations. Yel-
low squares (f,, 0.05 mm/rev; a., 0.05 mm), blue circles (f,,
0.10 mm/rev; a_, 0.1 mm), red triangles (f., 0.15 mm/rev;
a,, 0.15 mm) and green crosses (f,, 0.2 mm/rev; a,, 0.2 mm)
represent measurements from surfaces machined under the
same feed rate (turning) and radial depth-of-cut (milling),
each with a distinct colour and symbol.

Figure 10a—c indicates that roughness measurements for
surfaces achieved by turning are grouped by colour, cor-
responding to the feed rate. Conversely, the distribution of
the milling samples does not present the same tendency, as
shown in Fig. 10d—f. It is well known that the surface rough-
ness in turning depends on the feed rate (f,), which had four
levels (0.05, 0.1, 0.15 and 0.2 mm/rev) in this work, while
in milling, it varies on the feed per tooth (f,), which was
constant during the process (0.03 mm/rev). On the other
hand, the higher corner radius (20 mm) from the milling
tools comparatively to the turning inserts (0.8 mm) con-
tributed to reducing the roughness of the milling samples,
as shown in Fig. 10g—i and j-1. In fact, for EBM samples,
for example, one can see that the average arithmetical mean
height (Sa) for the milling samples was 0.7 + 0.1 um, while
for the turning samples, it was 1.1 +0.3 um.

The turning data from Fig. 10 presents a lower variability
in Sa distribution per cluster compared to the arithmetical
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Fig.7 Roughness results a Ra,
b Rt and ¢ Sa for EBM and SLS
test samples in turning (7) and
milling (M) 120

0,20

0,00

a)

8,00

6,00
5,00
um 4,00
3,00
2,00
1,00

0,00

b)

1,60
1,40
1,20
1,00
0,80
0,60
0,40
0,20

0,00
0.05

c)

mean height of a line (Ra), the Sa. For example, in the case
of the SLS samples (Fig. 10a and c), the difference between
the maximum and minimum Ra measurements was 0.17,
0.11, 0.14 and 0.32 pm for a feed rate of 0.05, 0.1, 0.15 and
0.2 mm/rev, respectively, while for Sa, it was 0.10, 0.10,
0.09 and 0.12 pm. This outcome was expected since the
arithmetical mean height of an area (Sa) provides a greater

-@-SLS (T) -W-EBM (T)

--5LS (T) -W-EBM (T)

-@-SLS (T) -®-EBM (T)

Ra

0,1 0,15 0,2
Turning: fr / Milling: ae

SLS (M) EBM (M)

Rt

0,1 0,15 0,2
Turning: fr / Milling: ae

SLS (M) EBM (M)

Sa

0,1 0,15 0,2
Turning: fr / Milling: ae

SLS (M) ~4-EBM (M)

amount of information from the surface than the arithmeti-
cal mean height of a line (Ra). As a result, it is less prone
to be affected outliners, such as surface defects. Another
relevant remark regards the Rt parameter distribution for
the turning and SLS samples, Fig. 10b and c, respectively, in
which some outliners were observed. Since Rt is a geometri-
cal parameter that evaluates the maximum peak-to-valley
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Fig.8 Topographic analysis of
machined surfaces by turning

(T) and milling (M)

height over the evaluation length, it is more prone to detect-
ing surface defects than the other parameters (Sa, Ra), which
accounts for the presence of these outliners.

As mentioned before, the statistical inference was applied
to assess how the combination between AM processes (SLS
and EBM) and SM methods (turning or milling) would affect
or not the surface roughness (Ra, Rt, Sa) of the part. It is
worth mentioning that, when the paired differences followed
a normal distribution, the parametric paired 7 test was used to
compare the means; otherwise, the non-parametric Wilcoxon
test was applied to compare the medians.

When evaluating whether altering the turning material,
particularly when EBM or SLS samples would affect the
achieved surface roughness, it was found that this would
rely on the roughness parameter in analysis. Thereby, for
Ra (p=0.47) and Rt (p=0.52), the median differences
(Wilcoxon test) were not statistically significant. Never-
theless, for Sa (p =0.04), the mean differences (paired ¢
test) proved to be statistically significant. That as expected,
the obtained outcomes agree with the distributions from
Fig. 10a—c. Lastly, these findings emphasize the importance
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of combining linear (Ra, Rt) and spatial (Sa) roughness
parameters for the evaluation of surface finish in biomedi-
cal components.

Regarding the samples processed by milling, it was
found that altering the material that is EBM or SLS sam-
ples led to noteworthy variations in the mean surface
roughness. The p-values attained in the paired ¢ test were
0.01 for Ra and Rt and 0.002 for Sa. Actually, by observ-
ing the distribution from Fig. 10d-f, it is possible to see
that the SLS samples presented much lower mean and
median values than the EBM samples. Finally, under the
tested conditions, the milling process exhibited greater
responsiveness to material changes, resulting in a higher
surface roughness than turning.

Similarly, the surface finish response of the EBM sam-
ples was found to depend on the roughness parameter when
changing the processing strategy, i.e. turning or milling.
Thereby, for Ra (p=0.06) and Rt (p =0.34), the differences
(median and mean, respectively) were not statistically sig-
nificant; however, for Sa (p =0.0001), it was statistically
significant. It should be noted that as expected, these results
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Fig.9 3D microscopic analysis
of the raw and machined sur-
faces by turning (7) and milling
)

EBM (raw)

agree with the distributions from Fig. 10g—i. Additionally,
this finding emphasizes the Sa responsiveness relative to the
linear parameters. Lastly, the Sa distribution from Fig. 10i
shows that turning produced greater surface roughness in
EBM samples compared to milling.

In the case of the SLS samples, it was observed that
for Ra (p =0.0043) and Sa (p =0.00002), the median dif-
ferences were statically significant when changing the
processing strategy, that is, turning or milling, while for
Rt (p=0.0789), it did not present a significant differ-
ence. Similarly, to the observations made from the EBM
samples, the turning process led to rougher surfaces for
SLS samples, as illustrated in the Ra and Sa distribution
from Fig. 10j and 1. Finally, the results demonstrate that,
under the tested conditions, the EBM and SLS samples
responded similarly to the processing changes involving
turning and milling regarding surface roughness. More

SLS (raw)

SLS (T)

precisely, the respective statistical significances of the
Sa and Rt differences varied altering the process for both
material samples.

4 Conclusions

This work aimed to conduct a comparative experimental
study of the manufacture of a resurfacing type prosthesis
in titanium alloy Ti-6Al-4V using hybrid manufacturing.
For this purpose, test samples produced through EBM and
SLS were used, subsequently subjected to machining by
turning and 5-axis milling. The potential for producing
highly complex geometric parts using AM validates its
use as a manufacturing process. Nevertheless, the extreme
heterogeneity in terms of surface finish, mainly caused by
the process itself, restricts its use in applications requiring

@ Springer



4628 The International Journal of Advanced Manufacturing Technology (2023) 129:4617-4630
Turning Milling EBM SLS

© <) © A H

TF @] 3T % @ - @ - = 00)

= i & BN < : o+

: et N % A : ~ :
T b3 ~ ; ' - : - :
e P ‘ : ; !

o + | o - N + +
| T S i I e B o £ P *
Eo ia + Eo # E o] u §
= : L = A . = : =

-~ — -~ ©
E NHE =2 7] |2 MR

24 1% =& | 31 2 P @

© AF e i A © S %

) 1 ? S

3 c %8 =] A d 3 5 3 5

= s © s ® 3| lgd £

< i == < | A e n

© T T T +:_ ° T T r '

EBM SLS EBM SLS Milling Turning Milling Turning
Turning Milling EBM SLS
'e) |
)] 81 (e) +(h) (k)
o , + ~ AF
g g i 'Qé ﬂ—:r +
[ee] y L ©
e - 0| A5 A © il —+
Sed L |52 (%8 |2eq = |Se |
- + - = )N - H
g : j €, B % i 5 A i . i
| A
s N 1 o 1B : o
<t A o A A < @
o 51;2 © E2TN Ot éé B — ‘§
2 e e B o o
2 = o -+ FE =+ =
T T T T T T T T
EBM SLS EBM SLS Milling Turning Milling Turning
Turning Milling EBM SLS
| +© T m T e EaU)
- i © +,+ < | *# - I
.9 ! sl - + < i
=] Tk | A a b = '
- + } N
+ = & @ - - o
EO- E < 8| [E, & |-
3 g 3 > 32 E 3o | B
3ol |% A 8ol W% |8 8~
< - io o g J _%F 8 © | ﬁ_
: 5 (=} ]
2l | &£ - o | B ‘p E’:; o © =
S R, c N f{ @ \ i @
© | i i 28
© T T T T T T g a T T
EBM SLS EBM SLS Milling Turning Milling Turning

f.:0.05 mm/rev, a.: 0.05 mm; o f.: 0.1 mm/rev, a.: 0.1mm;
Af:0.15 mm/rev; a.: 0.15 mm; + f.: 0.2 mm/rev, a.: 0.2 mm;

Fig. 10 Roughness distribution (Ra, Rt and Sa) of turning samples (a—c), milling samples (d—f), EBM samples (g—i) and SLS samples (j-1)

high accuracy dimensional and geometric. To address
this limitation and meet the mentioned requirements, it is
essential to use SM processes that must be suitable for the
final geometry of the part to be produced.

Regarding surface finish, irrespective of the SM process
used, it was found that, if the roughness evaluation param-
eters Ra and Rt are taken into account, there were no dis-
cernible differences between components produced either
by SLS or by EBM. However, according to the Sa param-
eter, the SLS test samples had better roughness results.
Therefore, considering this evaluation parameter, the

@ Springer

choice of AM process must be made taking into account
the advantages and disadvantages of each process and its
suitability in ensuring the required quality of the finished
product.

Concerning the SM process, it was verified that turning
the roughness is directly dependent on the feedrate (f,),
while in milling, the a, has a minor influence on rough-
ness; this findings are coherent to other results found in
literature [32]. Also, this is related to the fact that in this
work, segmented circle cutters were used, also referred to
as lens cutters, in 5-axis milling. The results demonstrate
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that this option provides several advantages compared to
traditional ball cutters, based on the achieved surface fin-
ish [33]. The primary reason for the discrepancy in rough-
ness outcomes between turning and milling was due to
the use of a segmented circle milling cutter which has a
much larger nose radius compared to the turning insert. In
a direct comparison, the use of a larger radius on the cut-
ting edge of the milling tool has a direct influence on the
chip thickness of the material removed, thereby leading
to a reduction in heat generation. This particular factor
can prove beneficial in enhancing the machinability of Ti
alloys and the capabilities of the processes.

When it comes to production time, turning results in
a faster production rate, while 5-axis milling enables the
creation of components with superior surface finish and
complex geometries. This is particularly favourable for
customized orthopaedic components.
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