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Abstract
The potential and advantages revealed by the application of 3D manufacturing techniques such as
Electron Beam Melting (EBM) in the production of medical devices such as orthopaedic implants are
increasing manly in custom made devices. However, the use of milling and turning operations are
indispensable on surfaces where surface �nish and dimensional accuracy have more demanding
requirements.

This work aims to evaluate the machinability of titanium alloy test samples submitted to turning
operations, to obtain the geometry of a functional cone of the modular component of the hip prosthesis.
The differences in cutting forces and surface �nish obtained in the turning tests are compared between a
wrought Ti-6Al-4V test sample and three obtained by EBM with different thicknesses. To perform the
tests, a constant cutting speed of 60m/min was used, feed of 0.1 and 0.2mm/rev and ap of 0.15mm. The
cutting forces were measured for each test, also the roughness was measured in the form of Ra, Rt and
RzD in each test sample.

From the results obtained, EBM test samples presented higher roughness values and lower resulting
cutting forces. In both materials, the effect of feed rate is visible. When machining a cone, the passive
force and the cutting force become the most in�uential forces. Generally, when the feed rate value was
doubled, the resulting machining forces value increased up to about 50% for both types of materials and
the Ra value to approximately 200%. The EBM technology as used form medical devices allow good
quality surfaces as the wrought titanium alloy.

1. Introduction
Titanium alloys, due to their properties, have a prominent place in the manufacturing of medical devices,
particularly in orthopaedic implants such as screws, femoral nails [1], dental implants, components used
in arthroplasty of the knee and hip joints, among others [2, 3]. Considered a bio-inert biomaterial, its low
density, high resistance to corrosion, high biocompatibility and reduced Young's Modulus, compared to
stainless steel and Cr-Co alloys, make them a material of high applicability to biomedical and many other
applications, compared to other metallic biomaterials [4–7].

Although the use of Ti-6Al-4V alloy as a biomaterial is associated with toxicity problems related to the
Aluminium and Vanadium elements, this Ti alloy is currently still the most used in the production of
medical devices such as orthopaedic implants [8, 9].

In the manufacture of implants or other medical devices with complex geometries, cutting processes
such as milling, turning and drilling are usually used, especially in functional areas of prosthesis. The
introduction of additive manufacturing processes makes it possible to obtain complex geometries
impossible to achieve with conventional manufacturing methods referred to previously. The possibility of
being able to manufacture devices anatomically more compatible with the patient's physiognomy, such
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as in the case of customized orthopaedic implants, translates into signi�cant improvements in
biocompatibility [10–16].

Amongst additive manufacturing (AM) processes, Electron Beam Melting (EBM), is currently one of the
additive production technologies with the greatest growth in use in the manufacture of orthopaedic
implants such as the acetabular component, or components used in knee and hip arthroscopy [17–20].
Compared to other AM processes, the EBM manufacturing method has highlights such as the speed of
production, �exibility in the design of the component to be produced, less energy required and the
obtained parts have much lower residual stresses [10, 17]. As in other AM processes, since the produced
parts are near shape, the time required for �nishing operations by machining is greatly reduced,
comparatively if the part to be machined had to be made from scratch [21]. Despite all the advantages
introduced by the use of additive methods, according to the required surface �nish or geometry,
complementary �nishing operations by subtractive processes in functional or iteration zones may be
necessary. Also, the porosity inherent in EBM manufacturing enhances the appearance of cracks on the
surface of the parts. These cracks can greatly in�uence the fatigue resistance of the part. The machining
of these surfaces is a viable and accessible solution to eliminate these cracks and increase the
component’s resistance to fatigue [22–24].

The combination of these two manufacturing methods �ts into the concept of hybrid manufacturing [8,
13, 15, 25, 26] where the combined use of two different manufacturing technologies, in this case, AM
followed by subtractive manufacturing (SM) process. Typically, the productive cycle of a component
made by an AM-SM hybrid manufacturing consists in a �rst phase where a near-shape object is produced
by AM then is submitted to an SM, normally with the use of a Computer Numerical Control (CNC)
machine in one or more �nishing operations, to obtain the desired geometry with higher de�nition, a
geometric tolerance or a surface quality that can’t be produced by AM. This process can be repeated as
long as needed [27].

The rising demand for custom medical devices, namely orthopaedic implants, with a higher degree of
biocompatibility and lower costs, reinforce the need to study the feasibility of the use of hybrid
manufacturing applied to this �eld. Furthermore, there is a notorious lack of experimental scienti�c
research, in this �eld. According to the Scopus database, under the combination of keywords “EBM” and
“titanium alloys” and “machinability” only 59 papers were published from 2012 to this date. Recognizing
this gap, this work carried out on an experimental basis, intends to complement the existing lack of
information.

Within the scope of this work, it is intended to evaluate the machinability of the titanium alloy Ti-6Al-4V in
form of EBM and wrought test samples in a current medical device application. For that purpose, the
cutting forces and roughness were registered and measured in the turning of a functional geometry of a
femoral cone used in the hip arthroplasty.

2. Methodology
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2.1 Materials
In this work, test samples from titanium alloy Ti-6Al-4V obtained by smelting and by EBM additive
manufacturing were used (Table 1). For the wrought test sample, a cylinder of 12mm in diameter with
50mm in length was used. In the case of EBM, were used four test samples, one of which was completely
solid, one with a 2mm thick shell and the remaining two also with a 1,5mm thick shell. These test
samples already had the near shape geometry of the cone to be obtained. The solid EBM test sample was
designated as “Full” and the others were T01, T02 and T03. The test consisted of a single cutting similar
to a �nishing pass (ap = 0.15mm).

Table 1
Mechanical properties of titanium alloys and test sample characteristics [10], [28],

[29].
Material Ti-6Al-4V EBM-Full EBM-T01 EBM-T02

EBM-T03

Geometry

(mm)

Solid Solid Shell

t=2

Shell

t=1.5

E (GPa) 110 120

YS (MPa) 680-900 950

UTS (MPa) 780-1000 1020

Hardness (HV) 340-350 300 - 330

t: thickness; E: Elastic modulus; YS: Yield strength; UTS: Ultimate tensile strength

2.2 Equipment
For machining tests, a Kingsbury Mhp 50 turning center was used. Figure 1 shows the setup in the tests
performed and the detail of a test sample already machined. The geometry to be obtained is a femoral
cone designated as type 10-12.

In the design of a femoral cone, the dimensions of the Cone angle (Ca), Proximal cone diameter (Pcd),
Distal cone diameter (Dcd) and the Trunnion length (Tl) must be de�ned. Due to limitations imposed by
the available material, in this case, a 12mm diameter rod, it was not possible to obtain a cone with real
dimensions of the most used geometries in total hip arthroplasty [30–32]. Therefore, the 6° Ca angle was
chosen equal to the 12/14 type cone, in which the 12mm dimension corresponds to the Dcd. Figure 2
demonstrates the main dimensions to be considered and an EBM machined cone, where it is possible to
clearly distinguish the machined surface from the one that is obtained by the addictive process (Fig. 2).

2.3 Tools and cutting parameters
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In the tests performed, a SECO Tools insert with the reference CNMG120408-MF4 TS2000 was used.
According to the manufacturer, this tool should operate at average values of 60m/min for cutting speed,
and 0.2mm/rev. for feed. For the tests carried out, the cutting speed was chosen accordingly to the
manufacturer recommendation and for feed rate were considered 0.1 and 0.2mm/rev. since the feed rate
is considered to be the most in�uential cutting parameter [33]. All tests were performed under dry
conditions.

2.4 Cutting forces and roughness measurement
For the measurement of cutting forces, a Kistler dynamometer (Type 9121) was used. During material
cutting, the components Fc corresponding to the cutting force are measured and measured on the Y-axis
(Fig. 3), Ff which is the feed force and is measured in Z-axis, and the passive force Fp in the X-axis [34–
36].

In the dynamometer used to measure the cutting forces, Ff, Fc and Fp correspond to Fy, Fz and Fx

respectively.

To compare the cutting forces measured in each test sample, the resulting machining force F was
calculated from the average values of the measured forces Fc, Ff and Fp using the following equation:

F = F2
c + F2

f + F2
p[N]

A Hommel Tester T1000 roughness meter was used for the roughness measurements, and for every
specimen were made three measurements at a distance of 120° from each other. In each measurement
performed, the parameters of Ra, Rt and RzD were collected.

The traverse length considered was 4.8mm. From the results obtained was determined the average for
each roughness parameter for that speci�c test sample. This value was then used for the analysis made.

3. Results And Discussion

3.1 – Machining forces
Table 2 shows the results of the tests. The table is mainly divided by the feed rate of each test since it
was this machining parameter that differentiated the tests. The results presented are ordered in
ascending order of resulting machining cutting force F. For each force output, the results of the
dynamometer are divided into two types of values. The maximum force value recorded and the average
of maximum and minimum force value for each axis. The average of the last two was used to determine
the composition of the correspondent force. Also, in this table is presented the contribution in the
percentage of each force component in the resulting cutting force that was determined with the
previously referred equation.

√
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Table 2
– Machining forces results

Material f

[mm/rev.]

Fp Avg

[N]

% Fp Ff Avg

[N]

% Ff Fc Avg

[N]

% Fc F

[N]

EBM - T03 0.1 49,4 45% 19,5 18% 40,3 37% 66,7

Ti-6Al-4V 66,9 49% 24,3 18% 45,2 33% 84,3

EBM - T01 0.2 65,0 42% 23,1 15% 65,1 42% 94,8

EBM - Full 66,9 42% 23,6 15% 67,3 43% 97,8

EBM -T02 67,9 41% 25,4 15% 71,3 43% 101,7

Ti-6Al-4V 84,0 41% 37,8 19% 80,5 40% 122,3

Observing the values presented in Table 2 on the results of the cutting forces, it can be seen that there is a
clear in�uence of the feed on the results as expected. It can be observed an increase of approximately
50% in the cutting force for the same EBM test samples geometry when the feed is doubled and of
approximately 45% in the wrought test samples for the same feed variation.

As the feed rates increases, the material area with which the tool is in contact also increases. This causes
a greater effort on the part of the tool to remove the material giving rise to greater cutting forces to
remove that material.

In cylindrical turning operations, it is normal for the cutting force to have the most signi�cant value,
followed by the feed force and lastly the passive force. In the case of turning a cone, as in this one, it is
veri�ed by the results obtained, that it is the passive force that has the greatest impact on the resulting
machining force. This is because, in this speci�c case, the tool moves along two axes (x and z)
simultaneously. For this reason, there is a higher load on the tool along these two axes. For a 0.1mm/rev
feed rate, the passive force is slightly different compared to the cutting force, in the case of a 0.2mm/rev
feed rate there is a greater balance between the two.

Comparing the forces resulting from the tests carried out with feed rates of 0.1 and 0.2mm/rev,
respectively (Figure 4), it is possible to notice the difference in behaviour between the two types of
materials used and the consistency of behaviour for each type of material. In the wrought alloy test
sample, there is a gradual increase in the resulting machining force while in the EBM test samples the
machining force is stable.

In a MicroCt analysis performed on a Bruker Skyscab1275 equipment, it is possible to see the differences
in consistency and density of each test sample (Fig. 5). As can be seen in the wrought test sample
designated as Ti-6Al-4V in the �gure, there is a uniformity in its density that is not possible to verify in the
remaining test samples obtained by EBM.
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From the images obtained it is also possible to identify and distinguish that the surfaces that weren’t
machined. These have a surface irregularity characteristic of parts obtained by 3D metal printing. This
surface irregularity or discontinuity has a direct effect on the mechanical properties of the material, being
directly related to a decrease in the elastic modulus and yield strength of AM parts [37]. The different
mechanical properties of the materials under analysis will in�uence the results obtained. Therefore, it is
expected for an EBM component to have lower resistance to deformation compared to a part obtained
from a wrought bulk.

This can be con�rmed by observing Table 2, where for EBM test samples the cutting forces are always
lower than those registered for the wrought test sample. The surface discontinuity of EBM test samples
offers lower resistance to the cutting tool, which, on its displacement along the surface, will �nd material
gaps and thus be relieved of contact with the material. On the other hand, on wrought test samples, the
contact of the tool with the material is continuously leading to permanent tool stress on the material.

In addition to the factors previously presented, the hardness of the material is itself a variable to take into
account when interpreting the results obtained. The hardness of the tested materials, approximately 350
HV for Ti-6Al-4V and 300 to 330 HV for EBM test samples, is also the reason for the different cutting
forces. A harder material is more di�cult to cut, this means that a higher reaction force from the material
is applied against the cutting tool during its displacement along the machined surface.

On the side of the cutting tool, there was no built-up edge formation, nor tool wear, nor chatter. Since the
cutting operation was a single pass with ap = 0.15mm that corresponds to a �nishing operation in an AM
part, the stress impressed over the cutting tool was minimal so that it could somehow cause any major
damage to the cutting tool.

3.2 – Roughness
The machined surface of the test samples ate f=0.2mm/rev are presented in �gure 6. Comparing the two
images, taken with a Leica EZ4W stereo-microscope, it is possible to see that in the EBM test sample, the
tool marks are more identi�able. As demonstrated before, EBM test samples required lower cutting forces,
therefore, have better machinability. This means that the material offers less resistance to be removed
and reacts less to the tool contact. Therefore, as a consequence of this, the tool can imprint more vividly
on the EBM test sample surface its path. In wrought test samples, where hardness is superior, this results
in a lesser irregulate surface or lower roughness.

The values of the Ra, RzD and Rt roughness, measured in each test sample with a feed rate of 0.1mm/rev
are presented in �gure 7. From what can be observed in all measurements, the Ti-6Al- 4V wrought test
sample has the lowest roughness values.

Figure 8 shows the values of Ra, RzD and Rt, for a feed rate of 0.2mm/rev. For this feed rate value, the
wrought test sample still presents the lower value.
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Also, the EBM-Full test sample generally presents the lowest roughness values of the EBM set test
samples. As it is more compact than the others EBM test samples, since it is �lled inside, it has greater
robustness than the shell type test pieces and therefore has higher deformation resistance. This implies
that the component structure in�uence roughness values.

Regarding the measured roughness values, comparing the results of the tests with different types of feed,
it is clear that for higher feed values there is an expected increase in the roughness value. This leads to
the conclusion that the structure of a 3d printed part in�uences its behaviour when subjected to the
action of a cutting tool, and that the more fragile this structure, the lower its resistance to machining. In
this particular case, the result was a higher surface roughness.

Observing Fig. 7 and Fig. 8, it is clear to see the variation of the roughness parameters as the feed rate
increases. For the Ti-6Al-4V test sample, there was an increase of 218% for Ra and, for the EBM test
sample an increase of 180% for the same parameter.

The results obtained are consistent with the work carried by other researchers [8, 38] in which wrought
test samples presented better roughness results than the EBM ones.

4. Conclusions
This work aimed, through turning tests, to access the machinability of wrought and EBM Ti-6Al-4V
titanium alloy test samples. For this purpose, machining tests were carried where a cone of the hip
femoral component was made and the cutting forces during machining were registered and the surface
roughness was measured. From the work done, and the results obtained it can be concluded that:

As expected, feed rate has a signi�cant impact both on the cutting forces and on the roughness
obtained. As feed rate increases, in this case from 0.1mm/rev to 0.2mm/rev, the resulting machining
force increased about 50% for EBM test samples and 45% for Ti-6Al-4V alloy. Also, for the same feed
rate increase, there was an increase of 218% for Ti-6Al-4V alloy and 180% for EBM test samples;

for the feed rate of 0.1mm/rev it was possible to obtain a surface �nish of grade N5 (Ra=0.4µm) that
corresponds to a grinding �nishing. However, given that the ISO 7206 standard states that for
titanium alloys to be used in orthopaedic implants the Ra value must be 0.1µm, then it would be
necessary to a complementary action of polishing to achieve the required roughness;

the lower density of EBM test samples presents a reason for the lower machining resulting force but
higher roughness values compared to wrought test samples;

In cylindrical turning of a component, the cutting force is the one that has greater expression
compared to the other forces involved. In the machining of a cone, this normal relationship between
cutting forces changes, having veri�ed in this case study, the balance between the passive force and
the cutting force;

parts obtained by EBM, after being subjected to a subtractive process as a �nishing operation, can
be used in applications with a high surface quality requirement. This validates the importance of
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hybrid manufacturing and the use of EBM in medical applications.
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Figures

Figure 1

Experimental setup used in machining tests

Figure 2
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Cone dimensions and geometry similar to a) type 12/14 and b) a machined EBM cone

Figure 3

Cutting forces components in turning
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Figure 4

Resulting machining cutting force comparison for a) f=0.1mm/rev. and b) f=0.2mm/rev.



Page 15/17

Figure 5

MicroCt analysis of the test-samples

Figure 6

Wrought and EBM machined test samples (f=0.2mm/rev)
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Figure 7

Roughness results for a) Ra, b) RzD and c) Rt for f=0.1mm/rev.
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Figure 8

Roughness results for a) Ra, b) RzD and c) Rt for f=0.2mm/rev.


