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Abstract

Among the biocompatible materials, Ti6Al4V titanium alloy is widely spread due to its properties, such as corrosion and fatigue resistance
combined with low density. Ti6Al4V can be processed by Additive Manufacturing technologies, such as Power Bed Fusion (PBF). The
biomedical applications require good surface finishing to ensure biocompatibility with tissues and organs. Machining is an adequate process to
ensure low final roughness of components. The necessity to realize miniaturized features implicates the usage of micro mills with diameter
lower than one millimeter. It implicates several issues, such as size effects, higher than expected cutting forces, rapid tool wear which can be
addressed by experimental tests and process modeling. This work reports the results of micro-milling performed on additively manufactured
samples in Ti6Al4V. PBF process was utilized to manufacture the samples by employing laser source (PBF-LB). The machining center was
equipped with a loadcell to acquire cutting force signal. An analytical cutting force model was calibrated on the experimental data with the
purpose of predicting loads on the tool by considering ploughing- and shearing- regimes. Specific machining tests were performed to calculate
the Minimum Uncut Chip Thickness (MUCT) and to calibrate the unknow parameters of the model, while further tests allowed to verify the
reliability of the model about the cutting force prediction. The elaboration of the cutting force data was performed by an iterative methodology
based on the Particle Swarm Optimization (PSO) algorithm.
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1. Introduction

The mechanical properties of a part produced by Powder
Bed Fusion (PBF) are directly related with the impact that the
process has on the residual stresses and metallurgical state. A
crucial aspect is, in fact, the optimization of the parameters
that each PBF process is taking into account. Another aspects
that is highly influenced, and therefore deeply analyzed as an
outcome of these processes, is the surface quality of the final
parts [1]. Complex and convoluted parts resulting from
Additive Manufacturing of metals are always characterized by
poor surface finishing and integrity. Considering the high
impact of the surface quality on the final performances and
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applications of metal parts, the most used PBF processes such
as Laser-Based (PBF-LB) and Electron-Beam-Based (PBF-
BB) are frequently investigated in relation to machining
procedures that can be applied to improve the surface
properties of PBF samples. [2, 3] Precisely, the PBF process
optimization strategies highlighted in the up-to-date literature,
are not showing a possible way to control and predict the
surface features of the samples demonstrating the lack of
information on the direct relation between process input
parameters and surface aspects [4]. Further, PBF specimens
are also characterized by internal porosities that require the
application of Hot Isostatic Pressuring to assure the proper
density of the parts. The necessity of different post-processing
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steps to improve the overall properties of these samples is a
general drawback of the metals produced by additive layer
manufacturing. PBF parts can be suitable for several
applications that benefit of complex, tailored and customized
geometries for the optimization of different aspects such as the
energy absorption, fatigue properties, heat exchange and
biomedical outcomes [5, 6]. For example, the Ti6Al4V (Ti64)
titanium alloy is extensively use for biomedical implants
production due to the excellent properties of this metal [7].
This material has been widely produced with PBF
technologies, especially Laser Based techniques, leading to a
big advance in the personalized medicine field. Besides, the
biomechanical outcomes of an implant are highly influenced
by the corrosion and fatigue properties that, on the other side,
are subsequential of the surface properties and integrity. Thus,
the biocompatibility and load bearing performances of a metal
implant, crucial for the right outcome of the surgery, are
dependent on the surface defects deriving from the PBF
processes followed by finishing or passivation. In fact,
biological activity promoted by a proper implant is directly
related to the stress concentration and bioactivity of the
natural tissue that cannot be altered by the poor surface quality
of the samples.

One of the most used and standard process for the
obtainment of high-resolution surfaces is milling, especially
micro milling, considering the efficiency of micro tools on
complex geometries and micro features [8, 9]. However, the
microstructure of the machined material has an important
effect on the micro milling operations. For this reason, the
process parameters need to be optimized depending on the
material that requires the micro machining process.
Considering the high cooling rates typical of the PBF-LB
process, the microstructure of Ti64 usually demonstrate a
dominant martensitic microstructure although the [ phase
remains the primary mode of solidification as expected for
Ti64 alloys [10-12].

A crucial aspect of the micro milling process is the
identification of the Minimum Uncut Chip Thickness
(MUCT), comparable to the cutting edge radius of the selected
tool. This value provides the transition from an elasto-plastic
regime (shearing) to a deformation of the material that leads to
an incorrect chip formation (ploughing). The MUCT
quantification assures the quality of the finished parts as
allows the identification of the right deformation regime and
thus the cutting force and variation of cutting energy of the
transition from ploughing to shearing, which is the desired
regime since it does not affect the surface properties and
accuracy of the treated samples [13]. To fully evaluate the
machining process, the cutting speed has to be analyzed with
the effects of tools run-out that may alter the cutting loads
[14, 15]. Moreover, the cutting force during milling of Ti64
typically decreases with the increasing of the cutting speed.

This work aims to study the micro milling process of Ti64
produced by PBF-LB technique providing a critical evaluation
of the material removal behavior resulting at constant cutting
speed. Cubical PBF-LB samples have been machined by
tungsten carbide coated micro end mills. Firstly, the cutting
force has been acquired and specific forces computed,
considering the feed per tooth, to identify the passage from

ploughing. Furthermore, the cutting speed effect has been
investigated to evaluate the impact on the cutting forces.

2. The Analytical Cutting Force Model

The analytical cutting force model proposed in this work
can estimate the cutting force by contemplating both
ploughing and shearing regimes. Under the hypothesis of
negligibility of the axial force module and tool deflection
during micro-milling, the two-dimensional cutting model,
reported in Fig. 1, can be analyzed as a reference
configuration.
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Fig. 1. Two-dimensional representation of micro-milling process.

From Fig. 1 it is possible to observe that the value of
instantaneous chip thickness /() [mm] varies as a function of
the rotation angle @ of the mill, and of the employed feed per
tooth f7, by equation (1):

h(6) = £, - sin(6) )

The cutting area Ac can be calculated as the evolution of
h(6), as reported in equation (2):

A.(0) = foa (h(9)+h2(9+d9)) R do @)

Where R is the radius of the mill and d@is the infinitesimal
variation of the tool rotation angle.

Tangential F; and radial F. components of the cutting force
Fc can be determined by defining specific forces parameters
for the shearing and ploughing regimes. Considering K;s and
K, as specific force coefficients for the shearing regime in
tangential and radial directions [N/mm?] respectively, while
K, and K,, as the coefficients for the ploughing regime in
tangential and radial directions [N/mm?3] respectively, it is
possible to estimate F; and F. by the set of equations (3):

F.(6) = (Kts “h(6) + Ky - Ap(e)) ‘a,

3)
E.(6) = (Km -h() + Ky, -Ap(e)) ‘a,

Where A,(6) is the ploughed area [mm?], and q, is the axial
depth of cut [mm]. 4,(6) is determined as the area covered by
the milling cutter edge up to the value of & reaches Gixi. At



10 Andrea Abeni et al. / Procedia CIRP 110 (2022) 8-13

this angle, 4 is equal to MUCT and the amount of ploughed
area Ap,may is attained. Above Oy4x; the ploughed area remains
constant until /% reduces again below MUCT, in
correspondence of Gyxo, in the ending section of the cut while
the tool is disengaging. This behavior of 4,(6) is represented
by the set of equations (4):

h(0) < MUCT A6 < Oyux; = 4,(0) = A.(0)
h(6) > MUCT = A, (0) = Apyax 4)
h(6) < MUCT A0 > Oyuxo = Ap(0) = A (1) — A(6)

To profitably calibrate the model, two distinguished phases
must be accomplished. The initial phase concerns the
identification of the MUCT. Its detection is obtained
experimentally by machining several channels at constant
cutting speed Ve, and depth of cut a,, while applying different
values of f;. The acquired cutting forces Fc(6) are then

normalized respect to the chip cross-sectional area
(equation (5)), attaining the Specific Cutting Force (SCF):
SCF(H) — FC(G) — FC(Q) (5)

ap-h(e) - ap-fz-sin(e)

The typical behavior of SCF during the variation of f7 is
characterized by three different zones [16]. At low f7 values,
SCF is the highest, and it rapidly decrements when f
increases; here only the ploughing removal mechanism is
present. Increasing again fz, a transition zone, is observed.
This section is characterized by the coexistence of both
ploughing and shearing regimes and shows again a decrement
of SCF during the increase of f7, even if with a lower slope of
the curve. Finally, at higher f;, the constancy of SCF is
detectable, and the only removal mechanism is shearing;
therefore, the amount of f7 at the beginning of this area can be
considered as the MUCT value.

In the second phase of the model development, the
optimization of the model coefficients K, K, Ky, and K, is
performed. In particular, the employed optimization algorithm
is the Particle Swarm Optimization (PSO) by Eberhart and
Kennedy [17], largely used in the optimization of process
parameters for different applications [18, 19]. Following this
methodology, an object function, usually an error function to
be minimized, must be individuated.

When employing a two flutes mill, Fc¢ shows the
occurrence of two peaks, as a function of the tool rotation
angle, related to the first and the second cutting edge. The
peak forces in the F. resultant can be defined as Fcua(CEI)
and Fema(CE2) for the first and the second cutting edge
respectively. An average cutting force peak can be defined as
Fepemax. It can be compared to the cutting force peak
predicted by the analytical model, defined as Fodercmax. The
objective function to be minimized is defined by equation (6):

F. —F,
Objective Function = Err = ), (' model.c MAX ex”'CMAxl) (6)

F exp.c MAX i

The minimization of the object function Err was performed
iteratively by employing a search algorithm. Under this point
of view, a great number of values must be tested until finding

the optimized coefficients values that minimize the object

function. The equations (1)-(6) of the analytical model were
implemented in a Matlab® function for calculating the forces
and the error Err. An initial set of model parameters Ky, Ky,
Ky, and K, was assumed by the algorithm and the Err
evaluation was performed by comparison with experimental
data. Following then the restriction related to the modification
of the parameters, the algorithm iteratively changes the
parameters’ values until the minimized value of Err was
reached, and the relative optimized model coefficient were
identified. As understandable, the procedure is effective only
if several experimental data are available. For this reason, an
intensive experimental campaign, following described, was
performed.

3. Materials and Methods

Concerning the additive manufactured specimens, the raw
materials were Ti6AIV4 powders, namely EOS Ti6Al4V.
Properties and chemical composition of the atomized powders,
as stated by datasheets and accordingly to ASTM B214, B15,
B212, F2924 and F1472 standards [20-21], are reported in
Table 1. The fabrication of PBF-LB samples has been realized
by an EOS M290.

The realized samples have a cubic geometry with an edge
length of 10 mm. With respect to the building plate, the
designated growing angle was 0°. This strategy has been
applied, following the achieved lab experience in using the
previously mentioned machines and powders, to reproduce
surface characteristics enhancing osseointegration of an
implant, without the need of laborious post-processes. The
scanning strategy of the PBF-LB machine alternates the angle
between each layer of 67°. The employed process parameters
for the specimens’ building were a laser power of 340 W, a
laser focus of 70 um, a scanning speed of 1250 mm/s, a hatch
spacing of 40 um, and a slice thickness of 30 pm. The
stability of the PBF-LB process was ensured by the
construction of support structures applying a laser power of
100 W and a scanning speed of 600 mm/s.

Table 1. Properties of employed powders for the PBF-LB.

Powder property PBF-LB
Particle size analysis (um)

d1o 27.79
dso 31.18
doo 54.45
Powder apparent density (g/cm®) 231
Chemical composition (wt %)

Al 5.92
v 4.04
o 0.13
Fe 0.20
Ti Bal.

In order to retain the oxygen contamination of the samples
at a percentage value lower than 0.1 %, a controlled argon gas
atmosphere was maintained during PBF process. Finally,
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supports were removed and specimens were sonically cleaned
in an acetone-isopropanol solution before to be let to dry.

The experimental micro-milling campaign was performed
by means of a five axis nano-precision machining center
KERN Pyramid Nano equipped with a Heidenhain iTCN 530
numeric control. The measurement of the cutting loads was
accomplished with a piezoelectric 3-component loadcell
(Kistler 9317C) cabled with a charge amplifier (Kistler
5015A), as described in [22,23]. The workpieces were linked
to the loadcell which in turn was secured to the machine
worktable. To attain a flat surface, a single pass roughing
process was carried out by a three-flutes flat bottom mill, with
a nominal diameter of 3 mm applying a depth of cut equal to
100 um, a cutting speed of 100 m/min and a feed of
7.5 um/tooth. Following this, a coated two-flutes micro mill,
with a nominal diameter of 0.5 mm (Fig. 2), was utilized for
machining microchannels. In order to prevent possible
loadcell damages, the micromachining tests were performed
in dry condition. This was moreover indicated by the tool
manufacturer in case of lightweight alloys cutting by
Titanium Nitride tool coating. The details related to the
geometrical characteristics, acquired with the Hirox RH 2000
confocal microscope, and tool materials are summarized in
Table 2.

Table 2. Properties of the tool used for the micro slot machining.

Properties Value
Model Rime HM79/05
Nominal (um) 500

Effective diameter (um) 475°+4"
Effective cutting edge radius (um) 542
Helix angle (°) 30
Material Tungsten Carbide

Coating material Titanium Nitride

*Measured by the BLUM laser measuring system mounted on the CNC
machine

In all the accomplished micromachining tests the tool was
shifted starting from the external part of the specimen to its
center by maintaining a constant a, = 0.03 mm. Concerning
the totality of the cutting experiments, it is possible to divide
them into two groups.

A first group of tests was effectuate keeping a constant
Ve=40 m/min and by machining eight channels on the
samples top surface, varying f7 in a range from 0.5 pm/tooth
to 3.5 um/tooth. These values were selected experimentally,
after observing that the employment of f; higher than
5 um/tooth led to a tool catastrophic breakage. This part of the
experimental campaign was developed for measuring the
cutting forces in order to evaluate the ploughing-shearing
transition respect to the MUCT assessment. The cutting forces
related to this set of experiments were acquired permitting to
individuate the MUCT and, by applying the PSO algorithm
previously described, to calibrate the coefficients of the
proposed analytical model for force calculations.

The second group of micro-milling tests was carried out to
acquire additional force data for analyzing how the process
parameters affect cutting forces, and the related specific loads,

and for validating the developed model, by a comparison
between experimental and analytical results. The
corresponding experimental plan (Fig.3) is a centered
composite design (CCD), with a total of nine combination of
the factors. For statistical reliability, three repetitions of the
central point must be performed. Considering the applied
CCD, five values of both cutting speed and feed per tooth
were implemented, while the depth of cut was maintained
constant at a value of 0.03 mm for all the tests.

Fig. 2. Example of a micro mill with a diameter of 0.5 mm.

For removing any adherent material from the tool, it was
cleaned with a silicone rubber after each test. Moreover, after
the cutting of a single sample the tool was replaced. The tool
wear was monitored by a digital optical microscope, resulting
negligible. The machining load components along every
direction, acquired by the force measuring system, were then
combined for determining the total cutting force (Fc).

Test  f; lnm/tooth| V- |m/min] V‘-' [m/min]

1 4.0 40

2 35 45

3 35 35 45

4 3.0 50

5 3.0 40

6 3.0 40

7 3.0 40

8 3.0 30

9 25 45

10 2.5 35 35

11 2.0 40 7z [mm/tooth]
2:5 3.5

Fig. 3. Levels of the process parameters implemented in the CCD plan.
4. Results and Discussion

The proposed analytical model was calibrated by
considering the forces acquired during the first group of tests,
performed at constant speed and with decreasing feed rate.
Firstly, the model tuning requires the identification of MUCT
parameter by considering the trend of the SCF peaks as the
feed per tooth decreases. The dependence of the SCF on feed
per tooth is highlighted in Fig. 4. The force peak is reached at
the maximum value of chip cross-sectional area, corresponding
to the maximum value of /(6), when @ is equal to m/2 rad. At
this angle h(6) =fz, thus the assessment of MUCT, by the
analysis of Fig. 4, can be performed considering f7 in stead of
h(6) without mistakes.
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Fig. 4. Specific Cutting Force value as function of feed per tooth.

The pressure on the tool edge decreases as feed per tooth
increases and a meaningful change of slope is visible at
1.5 um/tooth, which was considered as the value for MUCT in
the model calibration. The calibration procedure was
performed by considering a domain for parameters K and K
equal to [0;100000], while for parameters K, and K, the
domain was considered equal to [0;1000000].

The PSO algorithm was set with a population of 100
particles and a number of iterations equal to 1000. The
algorithm was run ten times in order to find a better solution. In
the best iteration, the function Err defined by Eq. 6 resulted
equal to 0.731. The calibrated model is defined by Eq. 7:

F.(0) = (61543 - h() + 519097 -Ap(e)) ‘a,

7
E.(6) = (79479 -h(8) + 733193 -Ap(e)) ‘a,

The model well fits the experimental data, regardless the
feed rate. The experimental cutting force signal shows a good
balance between the two tool flutes due to a low tool run out.
The percentage error on the cutting force peak prediction
oscillates between a minimum of 0.00% (Test f=0.75
um/tooth) and a maximum of 28.5% (Test £.=0.50 pm/tooth).
The average percentage error was calculated as the mean of
the percentage error of each test, and it resulted equal to
9.14%. It can be considered a good result having regard of the
high extension of the domain of the feed rate, which covers
both ploughing and shearing regimes.

Fig.5 and Fig. 6 shows two examples of comparison
between experimental data (as average of thirty cutting tool
rotations) and the model. The remaining six tests show
analogue trends. The model well fits the signal around the
cutting force peaks, while the shape of the curve is different
where the cut begins and ends. When ploughing regime is
dominant, the model predicts a cutting force sharper then the
experimental data. The experimental cutting force results
smoother, and the model generally underestimates the signal.

Further tests were performed by following a CCD
experimental plan, by changing feed per tooth and cutting
speed on five different levels. The experimental cutting force
were collected in order to evaluate the dynamics effects of the
cutting and to validate the calibrated analytical model. During
the experimental tests with different cutting speed the tool
run-out increased and only one tool flute was engaged with
workpiece. The phenomena of tool run-out is a random effect
and it was in complete opposition with the results of the
constant cutting speed tests.

Test f, = 3.5 pnm/tooth
15 *  Fc Experimental

Fc Model

Cutting Force (N)

0 »

0 2 4 6
Theta (rad)

Fig. 5. Comparison between the experimental signal of cutting force and the
model prediction for test with feed per tooth equal to 3.5 pm/tooth.

Test f, = 0.75 pnm/tooth

& e Fc Experimental
§ ——Fc Model
£ 10
0
g
3 5
0 >
0 2 4 6
Theta (rad)

Fig. 6. Comparison between the experimental signal of cutting force and the
model prediction for test with feed per tooth equal to 0.75 pm/tooth.

However, the model described by Eq.7 ensured a good
prediction also in this condition. The average error about the
prediction of the maximum cutting force resulted equal to
6.05%. The error oscillates between a minimum of 1.1 % for
the test with a cutting speed of 45 m/min and a feed per tooth
of 2.5 pm/tooth, and a maximum of 21.4% for the test with
the maximum cutting speed (40 m/min) and the maximum
feed per tooth (4.0 pm/tooth). The complete results are listed
in Table 3.

Table 3. Percentage error of the model prediction.

Test ID f- (mm/rev) V.. (m/min) Err (%)
1 0,0040 40 21,4
2 0,0035 45 6,3
3 0,0035 35 2,9
4 0,0030 50 1,2
5 0,0030 40 6,4
6 0,0030 40 3,1
7 0,0030 40 6,2
8 0,0030 30 2,5
9 0,0025 45 1,1
10 0,0025 35 8,4
11 0,0020 40 7,2

Fig. 7 and Fig. 8 show an example of the comparison between
the experimental data and the model prediction. The cutting
force exhibits only one peak due to the run-out effect which
determines the engagement of only one tool flute with the
workpiece. The transition between ploughing and shearing
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regimes is marked by a sharp edge in the predicted curvature,
as visible in Fig. 7. When ploughing become more relevant,
the peak of the predicted cutting force is less smooth, and the
concavity is not according with the experimental data.

Test f, = 3.5 pm/tooth and v, = 45 m/min

~ 15

A .
Z 1 + Fc Experimental
§ e F'c Model
e 10
N
£
=
3 5

0 >
0 2 4 6
Theta (rad)

Fig. 7. Comparison between the experimental signal and the model prediction
for test with f. = 3.5 pm/tooth and v, = 45 m/min.

Test f, = 2.0 pm/tooth and v, = 40 m/min

~ 15
3 :
3 ¢ Fc Experimental
= e ¢ Model
e 10
o0
g
=
Q
0 L
0 2 4 6
Theta (rad)

Fig. 8. Comparison between the experimental signal and the model prediction
for test with £2 = 2.0 pm/tooth and v. = 40 m/min.

5. Conclusion

The authors investigated the micro-machinability of Ti64
alloy samples fabricated by L-PBF process. The experimental
analysis favourites the embedding between micro milling and
additive manufacturing in order to integrate their respective
advantages. An analytical model was successfully calibrated
by considering the cutting regime transition, a key feature of
micro machining processes. The model tuning required the
computation of the Minimum Uncut Chip Thickness and the
calculation of the unknown parameters of the model through
PSO algorithm. The model was subsequently applied to
predict the cutting force measured during microchannel
performed by following an experimental CCD full factorial
plan. A good matching between experimental data and model
prediction was finally achieved as the major research output.
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