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Abstract

The paper is aimed at evaluating the performances of Minimum Quantity Lubrication (MQL), dry cutting and cryogenic cooling when
applied to the micro-milling of Ti6Al4V titanium alloy samples obtained by Additive Manufacturing (AM) using the Electron Beam
Melting (EBM) technology. The micro-milling tests were carried out on a high precision 5-axis micro-milling center, at varying cutting
speed and feed per tooth. The performances of the different lubrication/cooling strategies were analyzed in terms of surface integrity,
namely surface topography, nano-hardness and sub-surface microstructural alterations, in order to prove the impact of clean cutting
conditions when applied to micro-machining of a AM titanium alloy of biomedical interest. It is shown that dry cutting assures the same

performances of MQL, representing then the most suitable option to decrease the environmental impact of the machining process.
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1. Introduction

The increasing ageing of population affects different aspects of the healthcare, being the surgery related to first implantation and/or
replacement of implants one of the most challenging. On a global scale, the number of operations is in the order of millions every year
(Murr et al,, 2009). In the recent years, Additive Manufacturing (AM) technologies are increasingly being adopted in the biomedical field
for the production of parts made of titanium alloys (Bartolo et al., 2012) -especially the Ti6Al4V - thanks to the chance they offer to
realize complex geometrical features - even internal cavities - in just few manufacturing steps, thus reducing the manufacturing process
chain, compared to the traditional process chain that generally includes forging at elevated temperature, roughing, semi-finishing,
finishing, polishing and heat treatment; whereas, in the case of using AM, only semi-finishing or finishing machining steps can be needed
to achieve the required quality, therefore limiting the material waste. AM technologies can also give an answer to the increasing
demand of micro-sized implants and surgical instruments or parts characterized by micro-sized features, as is the case of dental
implants. If, on one hand, the surfaces of an AM product favor particularly bio-characteristics, such as the osseo-integration of implants,
on the other hand, semi-finishing and/or finishing machining operations may still be needed on those surfaces that have to undergo
subsequent assembly. The investigation of the surface integrity of AM titanium alloys subjected to machining operations is therefore
mandatory to guarantee the parts functional performances (Jawahir et al, 2011; Kaynak et al,, 2014; Ulutan and Ozel, 2011). However,

despite the growing interest in AM parts, scarce records can be found in literature addressing this topic (Bordin et al., 2014), only



related to conventional machining processes at macro-level, still leaving the field of micro-machining of AM parts completely
unexplored, whereas micro-cutting of wrought Ti6Al4V parts has been recently addressed (Ozel et al., 2011).

In addition, the biomedical sector targets cleanliness issues achievable only through numerous and time-consuming cleaning steps;
the avoidance of cutting fluids during the part manufacturing would limit these steps, thus reducing the cleaning procedure impact.
However, the basic function of cutting fluids is to dissipate the heat generated by plastic deformation as well as friction phenomena in
the cutting zone (Lawal et al.,, 2013; Li and Chou, 2010; Marcon et al., 2010; Sarikaya and Giilli, 2015; Vazquez et al,, 2015), which, in
turn, helps in increasing the tool life, besides removing the chips from the cutting zone, improving the dimensional accuracy and surface
quality and also limiting the burrs formation (Lawal et al., 2013; Li and Chou, 2010; Marcon et al,, 2010; Sarikaya and Giilli, 2015;
Vazquez et al,, 2015). On the other hand, cutting fluids represent a significant cost issue in the whole machining process, up to 17% of
the total process cost (Lawal et al, 2013; Li and Chou, 2010; Vazquez et al,, 2015), in addition to the costs for their disposal (Sarikaya
and Giulli, 2015). Among all the different concerns, the cutting fluids are considered the most prominent environmental issue for
machining processes. Nowadays, cutting fluids have changed dramatically due to recent regulations on environment, health and safety
issues, which identify some of the ingredients in cutting fluids as hazardous. In fact, the detection of a variety of illnesses and
environmental hazards these ingredients cause has forced their reduced use, or even their elimination. Characteristics as
biodegradability, toxicity, renewability, bioaccountability, biomagnifications have to be taken into account more and more as a
consequence of the stringent environmental regulations (Debnath et al, 2014). Several researchers have carried out investigations
aimed at classifying the potential hazards of the cutting fluids and their effects on the human body (Munoz and Sheng, 1995) and the
toxicity levels, especially as a consequence of dermal and inhalation exposures. As an example, 80% of the operators’ infections is due to
the skin contact with the fluids that are irritant, allergic and can be carcinogen (skin cancer lung cancer) (Debnath et al.,, 2014). In
general, the delivered cutting fluids delivered are oil-based, which are more responsible for significant environmental pollution and
whose storage and disposal are more hazardous than aqueous-based and gas-based cutting fluids. Just in the countries of the EU some
hundreds of Mt of cutting fluids are used every year and about 2/3 of this amount has to be disposed, being 85% of all the used cutting
fluids mineral oils (Debnath et al., 2014). Moreover, the costs associated to the disposal of cutting fluids based on mineral oils are
remarkably high as they are not biodegradable and the related post-use treatments are complicated and expensive, ranging between 2-
4 times of their purchase cost (Debnath et al., 2014; Shokrani et al., 2012). In case of micro-milling, Minimum Quantity Lubrication
(MLQ) is usually applied, in form of a mist where the cutting fluid is provided in tiny quantities, in the order of about ten-thousandth of
the amount of cutting fluid in conventional flood lubrication. MLQ is generally considered to be an emission-free process thanks to the
drastic reduction of cutting fluid use compared to conventional flood lubrication, nevertheless, the oil present in the MQL mist may
decompose and produce pyrolysis products as a consequence of the cutting temperatures, which may cause major health concerns.

For the above listed reasons, it is of primary importance to define suitable processing routes to manufacture products using more
sustainable methods and processes, which could ideally avoid or, at least, minimize the use of cutting fluids during machining, thus
providing a healthy and safe working environment, but still maintaining the required process and product performance levels.
Furthermore, in doing so, the cleanliness issues of the biomedical sector would be fully addressed.

However, the avoidance of cutting fluids is particularly challenging when machining titanium alloys that are recognized to be difficult-
to-cut materials being their surface integrity and tool life strongly influenced by the applied lubrication conditions (Vazquez et al.,
2015), which may be drastically reduced. In this context, the paper aims at investigating the performances of dry cutting and cryogenic
cooling in comparison with the conventionally applied Minimum Quantity Lubrication (MQL), in case of micro-milling applied to the
Ti6Al4V titanium alloy fabricated by means of Electron Beam Melting (EBM), an AM technique recently introduced in the biomedical
field to produce implants of different sizes. It is worth to underline that the feasibility of adopting cryogenic cooling by using liquid
nitrogen was for the first time investigated in micro-milling, on the basis of the wide literature available about cryogenic cooling in
conventional machining (Kaynak et al,, 2014; Umbrello et al., 2012). The performances of the different cooling and lubrication strategies
were assessed and critically discussed in terms of surface integrity of the machined workpieces, namely topography characteristics,
surface defects, microstructural state and mechanical properties and its sensitivity to the different lubricating conditions assessed and

critically discussed, together with their environmental impact.



2. Experimental procedure

2.1 Material

The micro-milling experiments were carried out on samples of Ti6Al4V obtained by Electron Beam Melting (EBM), an AM technique
capable of producing full dense parts and widely applied in the biomedical field. The microstructure of an AM metal alloy depends on
the initial powder size and morphology, compaction and post thermal processing treatments (Murr et al., 2009); in particular, the
typical microstructures obtained by EBM are acicular-type, characterized by fine lamellae, as a consequence of a very fast solidification

and subsequent annealing due to the high working zone temperature.

In the as-built condition, the EBM Ti6Al4V samples used in this work presents a microstructure consisting of <alpha>-phase fine
lamellae, with an average length less than 5 pm, organized in a basket wave morphology with 7% of bcc <beta>-phase in an hcp matrix
(see Fig. 1). The acicular microstructure of the EBM Ti6Al4V induces higher tensile strength and hardness, reduced elongation at
fracture, and lower fatigue limit in comparison with the wrought alloy that generally shows a globular microstructure(Facchini, 2010;
Facchini et al,, 2009) (see Table 1); the differences in both the microstructural characteristics and mechanical properties give the EBM

alloy a different machinability behavior compared to the wrought one under conventional as well as micro-cutting conditions.

Fig. 1 Microstructure of Ti6Al4V EBM in as-built condition

EBM Wrought
Yield strength (Rp 0.2) 950 MPa 860 MPa
Ultimate Tensile Strength (Rm) 1020 MPa 930 MPa
Elongation 14% >10%
Modulus of elasticity 120 GPa 114 GPa

Table 1 Mechanical properties of the EBM and wrought Ti6Al4V (Arcam, n.d.)

2.2 Micro-milling experiments

30x25x8 mm3 workpieces, cut through Wire Electrical Discharge Machining (WEDM) from a cylinder of Ti6Al4V titanium alloy
fabricated by EBM process, were used in the micro-milling experiments. Before machining, the top surfaces of the rectangular blocks of
EBM Ti6Al4V were flattened, mechanically polished (to remove any possibly affected material layer by the previous WEDM process)
and clamped on the machine tool fixture in such a way to have the material layers growing direction parallel to the feed direction.

A Kugler™ Micromaster 5-axis ultra-precision micro-milling machine was used, equipped with an air bearing spindle suitable for
micro-machining up to 180’000 rpm, and capable of an all-over positional error of 0.3 pm and a maximum linear axis speed of 6’000
mm/min. The possible thermal expansion of the machine spindle along the Z axis, which would have impact on the machining accuracy,
was controlled in real time by a built-in eddy current sensor, and the related compensation was carried out using the dedicated machine

software.



From the literature it is evident that the simple scaling of the machining process knowledge from the macro- to the micro-scale is not
possible and is far from the real experiences (Dornfeld et al., 2006; Kuram and Ozcelik, 2013; Lai et al., 2008). Factors that at the macro-
scale can be neglected may have a significant effect at the micro-scale, namely the tool edge geometry, microstructure (grain size and
orientation), tool deflection, vibrations (Dornfeld et al.,, 2006; Kuram and Ozcelik, 2013; Lai et al.,, 2008; Thepsonthi and Ozel, 2013,
2012). In micro-cutting, the ratio between the cutting tool edge (usually the cutting edge radius is between 1 and 5 um (Dhanorker et
al, 2007; Ozel et al, 2011, 2007)) and the uncut chip thickness has to be considered in order to ensure that the shearing process
prevails over the ploughing one, both characterizing the material removal in micro-cutting (Dhanorker et al., 2007; Dornfeld et al.,

2006).

The scaling issue and the presence of both shearing and ploughing have indeed a great impact on the cutting forces, chip thickness and
morphology, surface integrity, burr formations and tool wear (Dhanorker et al., 2007; Dornfeld et al., 2006; Thepsonthi and Ozel, 2013).
If only ploughing occurs, chips are not formed, leading only to material deformation and a very poor surface quality, as well as to
specific cutting energy and tool wear increase (Ozel et al., 2011, 2007). The switch from one cutting mechanism to the other is possible
through a proper choice of the cutting conditions: when the uncut chip thickness is above the minimum chip thickness, shearing
prevails over ploughing. The minimum chip thickness is mainly function of the cutting edge radius, with a secondary effect given by the
workpiece material (in multiphase materials it varies as a function of the microstructural constituents (Camara et al., 2012; Mian et al,,
2010)). The ratio between the uncut chip thickness and the cutting edge radius is the critical parameter, being the uncut chip thickness

proportional to the feed per tooth.

The full immersion slotting was chosen as machining strategy: in this case the instantaneous chip thickness is function of the rotation
angle @ and it varies from zero at the beginning of the cutting to its maximum corresponding to the feed per tooth approximately in the
middle of the slot and then decreases again to zero. When the uncut chip thickness is smaller than the minimum chip thickness, the chip
is not formed, and the cutter must reach certain angle ¢ to create the chip (Dhanorker et al., 2007; Filiz et al,, 2007; Ozel et al., 2007;
Thepsonthi and Ozel, 2013). In each test a straight slot, 0.3 mm wide and 25 mm long, was machined. The experimental set-up is shown
in the Fig. 2. The axial depth of cut was set equal to 30 um and kept constant for the whole experimental campaign. The value of the
axial depth of cut was chosen on the basis of the suggestion to use depths of the cut ten times larger than the grain size to minimize the

crystallographic effect of the grains during machining (Dornfeld et al., 2006).
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Fig. 2. Experimental set-up

The cutting speed and feed per tooth were varied with two and four levels, respectively, according to a full factorial design, repeating
three times each cutting condition. The values of the feeds per tooth were chosen to respect the criterion of the minimum chip
thickness. The suitable range of the ratios between the uncut chip thickness and the cutting edge radius is from 0.09 to 0.4 depending
on the material and cutting conditions (Afazov and Zdebski, 2013). For the multi-phase metal alloys this ratio is generally between 0.3
and 0.4, and for Ti- 6A1-4V was found to be about 0.1 - 0.2 (Thepsonthi and Ozel, 2013). Furthermore, the combinations of cutting speed

and feed per tooth were chosen in order to avoid tool vibrations that would have affected the tests outcomes. Based on the literature



research and recommended cutting conditions for titanium alloys, different cutting speeds were tested, while acquiring the signal from
accelerometers installed in the vertical and radial directions with respect to the spindle axis. These signals were then processed through
FFT to verify the vibrations occurrence. The cutting parameters finally employed in the experimental campaign were chosen in such a
way to avoid vibrations.

The experimental plan reported in Table 2 was carried out under both dry and lubricated conditions. A jet of compressed air without
any cutting fluid was used during the dry experiments in order to cool down both the tool and the workpiece and clear the chips from
the cutting area. Isoparafin oil in form of a mist was used as cutting fluid in a regime of Minimum Quantity Lubrication (MQL), with a
consumption of 20 ml/h of oil. To prove the feasibility of the approach, the cryogenic cooling was later on applied only to those dry
cutting conditions assuring the best performance in terms of surface integrity.

N [rpm] 67000 154000
V¢ [m/min] 63 145
f, [Um/tooth] 01 05 15 30 01 05 15 3.0

Table 2. Experimental plan

Liquid nitrogen LN2 was employed to reduce the temperature of the workpiece from room temperature to cryogenic conditions at
nearly -160°C. In order to limit as much as possible the temperature variations of the tool machine components, while the specimen was
reaching the cryogenic conditions, the customized fixture depicted in Fig. 3A was designed and set-up, where only the bottom surface of
the workpiece is exposed to the LNz, which is confined into a cryogenic chamber. A layer of polyurethane foam between the external
panels and the cryogenic chamber provides the required insulation, limiting as much as possible temperature variations of the machine
tool components, during the time interval when the specimen is reaching the cryogenic conditions. The workpiece temperature was
controlled through a J-type thermocouple, and a sample constant temperature of -155 * 5°C was assured during the machining phase by

regulating the LNz flow (Fig. 3B).
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Fig. 3. Set-up of the cryogenic apparatus (A); evolution of the workpiece temperature (B)

Kyocera™ uncoated flat-end-square two-fluted micro-tools made of tungsten carbide with a diameter of 0.3 mm were used in the
micro-milling experiments. A fresh tool was used for each cutting condition and repetition; before and after each test, the tools were
inspected with a FEI™ Quanta 400 SEM to verify the cutting edges integrity and evaluate the tool state. Fig. 4 shows the cutting edge of a
new tool, as received from the tool manufacturer: The edge radius of the fresh tool was measured to be about 1.1 pm, leading to a
critical feed per tooth of 0.33-0.44 pm (Liu et al, 2006); therefore, for the investigated feed rate of 0.1 pm/tooth, the ploughing

mechanism may prevail over shearing and its effect over surface integrity is worthwhile to be investigated.



< 38 mm >

Fig. 4. SEM image of a fresh tool and its main dimensions

2.2 Surface integrity analysis

The integrity of the machined surfaces was evaluated in terms of topography characteristics, surface defects, metallurgical state and
mechanical properties. The machined workpieces were first prepared by gentle cleaning in an ultrasonic bath in order to remove
residual chips particles.

The surface topography was first qualitatively assessed through SEM analysis and then sampled by using a Sensofar™ PLpu Neox
confocal optical profiler at regular distances from the border of the workpiece, namely 12.5 mm. The instrument was equipped with a
100x lens characterized by a field of view of 127x97 pm?2 and a vertical resolution of about 5 nm. The roughness was evaluated
following the ISO 25178 standard and the arithmetic mean value Ra was used to quantify the surface quality of the machined surfaces.
The profile analysis was performed using cut-off values Ac of 0.25 mm or 0.8 mm in a number of 5. To this end, respectively 21x1 and
51x1 stitched images with 25% of overlap were acquired along the bottom of the slots, close to the middle in order to avoid the
entrance and exit areas. Average Ra values were calculated on the basis of 10 different profiles.

The SEM analysis of the machined surfaces permitted also to evaluate the presence and dimension of surface damages as well as the
extension of the burrs.

The samples were then metallographically prepared and etched with the Kroll’s reagent to analyze their metallurgical state by using
both optical and scanning electron microscopy.

Finally, the mechanical properties of the micro-milled specimens were analyzed by nano-indentation tests using a Berkovic tip.
Preliminary tests were performed in order to choose the appropriate load and dwell time as suggested in (Lucca et al,, 2010). In
particular, the load and the dwell were respectively ranged from 5 to 150 mN and from 2 up to 100 s. The values that allow achieving
stable nano-hardness results and avoiding creep effect were found to be 50 mN and 10 s. The indentations were performed from the top
surface toward the bulk material. Five measurements were taken for each depth, with measurement locations well-spaced to avoid

interference between indentations.

3. Results and discussion
3.1 Surface topography and burrs

The roughness plots of the slots bottom surfaces as a function of the cutting parameters under dry and MQL conditions are shown in
Fig. 5, and related SEM images and profiler scans are in Fig. 6. As expected, the lowest feed rate causes an evident surface damage, being
the ploughing mechanism predominant over the shearing. As the feed rate increases, the surface quality becomes lower, and not
acceptable for finishing cutting at the highest investigated feed rate. From the analysis of Figs. 5 and 6 it is clear that for the
intermediate feed rates a comparable surface quality can be achieved under dry and MQL cutting conditions. In case of MQL the
influence of the cutting speed is negligible, whereas for dry cutting the best surface finish is obtained at the lowest investigated cutting

speed.
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Fig. 5. Machined surface roughness as a function of the cutting parameters under dry and MQL conditions

A qualitative analysis of the burrs formation was carried out through SEM inspection. Fig. 7 gives a view of the top burrs (Poisson-
type (da Silva et al., 2015) for intermediate feed rates and the lowest cutting speed under dry and MQL conditions. At the feed of 0.5
pm/tooth under both dry and MQL conditions, ploughing prevails on shearing and the consequent plastic deformation causes the burrs
to be larger than at 1.5 pm/tooth. On the contrary, at the feed of 1.5 pm/tooth, dry cutting provokes a slightly less amount of burrs,
which are also more regularly developed, in comparison to MQL cutting. Similar phenomena were observed for the cutting speed of 145
m/min. We can also appreciate the different shape of the burrs as a function of the machining strategy, namely down-milling or up-
milling. When down-milling is applied, the burrs result to be thinner, thus ensuring their easier removal after cutting (Piquard et al,,
2014).

Fig. 6. Topographies of the slots bottom surfaces at varying cutting parameters under dry and MQL conditions (SEM images and optical profiler scans)



63 m/min 63 m/min
0.5 ym/tooth < 1.5 ym/tooth

63 m/min 63 m/min
0.5 ym/tooth < 1.5 ym/tooth

Fig. 7. View of the top burrs (dry and MQL, V=63 m/min)

3.2 Microstructural alterations

Fig. 8A shows the optical image (acquired through a Leica microscope at magnification of 200x) of the microstructure of the
slot cross-section in case of dry condition, when using a cutting speed of 63 m/min and a feed of 1.5 pm/tooth. No
microstructural alterations in terms of phase transformation and dynamic recrystallization can be appreciated, meaning that
even without any cutting fluid the temperature rise due to cutting is not high enough to provoke a change in the material
microstructural state. A closer examination of the slot sidewall microstructure by SEM analysis (Fig. 8B) reveals the presence
of bent lamellae to an average depth of 5 pm, but without any kind of damaging induced by the cutting process, whereas this

kind of distortion is not present at the slot bottom surface.

3.3 Nano-hardness
The hardness of the samples after EBM was 4.34 + 0.43 GPa. In the micro-milled samples, a 15-20 pm sub-surface layer of

high hardness was observed, with a peak value of 6.5 GPa. Fig. 9A shows the force-penetration depth curves for the samples
processed through dry machining at different cutting speeds and fixed feed per tooth compared with the one of the as-
received sample. The maximum penetration depth decreases when the cutting speed increases, and the slope of the
unloading curve increases. This can be attributed to the presence of lamellae that are bent by plastic deformation. In dry
cutting (Fig. 9B), the hardness increases up to 6.5 GPa in the zone close to the machined surface for the highest cutting speed
and feed per tooth, and decreases when the feed per tooth decreases. Similar results were observed for surfaces machined
under MQL condition, but with slightly lower hardness values (Fig. 10). This difference between dry and MQL conditions is

more evident at the highest cutting speed as shown in Fig. 10B.

Fig. 8. Microstructure of the slot cross-section (A), and SEM detail of the slot sidewall sub-surface (B) (dry, ve=63 m/min, f,=1.5 pm/tooth)



6
50 = 145m/min- £
3.0 um/tooth e
40 A cooeee 63m/min- 25
z 3.0 um/toothy 1 : <
E30 —as receivedy . | / 'E
@ H I
£ 20 /s <4
= e © 0.1 pm/tooth 4 0.5 um/tooth
10 Pr; E S ® 1.5um/tooth @ 3.0 pm/tooth
J Fj — —Bulk material
0 L 3
0 150 300 450 600 750 900 0 5 10 15 20
Depth [nm] Through-thickness distance[pm]

Fig. 9. Force vs. penetration depth curves for Berkovich indentations (A); nano-hardness of samples dry micro-milled at 145 m/min (B)

6.5

(A)
w
§ 5.5
a
£ 45
s+
«
=
g 35 00 3.0 um/tooth - DRY @ 3.0 pm/tooth - MQL
S O 0.1 um/tooth -DRY @ 0.1 pm/tooth - MQL
25 — — Bulk material

0 5 10 15 20
Through-thickness distance[um]

_ (B)

£

S

a

@

= ]

o=

e 3.5 0 3.0 um/tooth - DRY @& 3.0 pm/tooth - MQL

S O 0.1 um/tooth -DRY @ 0.1 pm/tooth - MQL
25 — — Bulk material

0 5 10 15 20
Through-thickness distance[um]
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3.4 Surface defects

The surface defects found at the bottom of slots after machining experiments are similar regardless the lubrication condition,
namely dry or MQL. For the lowest feed per tooth a high amount of surface defects is present, being the whole surface
affected by their presence as a consequence of the ploughing mechanism that prevails at the lowest feed per tooth. On the
contrary, a minimal amount of surface defects can be appreciated for the feeds per tooth of 0.5 and 1.5 pm/tooth, which are
only characterized by the presence of some chip debris. When the feed per tooth is increased to 3.0 um the defects are more

evident, as the presence of smeared material is evident. The surface defects at varying cutting parameters are shown in Fig.

11 and Fig. 12 in case of dry and MQL conditions, respectively.




Fig. 11 Surface defects in the case of dry cutting condition at varying cutting parameters

Fig. 12 Surface defects in the case of MQL lubrication condition at varying cutting parameters

3.5 Tool analysis

As previously underlined, each tool was inspected through SEM before as well as after the machining process, to evaluate
the state of the tool as a consequence of the cutting process and lubrication conditions. In the Fig. 13, it can be seen that,
regardless the lubrication condition, there are some workpiece material adhered on the tool cutting edge. The EDS analysis
proved the origin of the material presented on the cutting edge: Fig. 14 clearly demonstrates that the adhered material is

titanium from the machined workpiece.

(A) MQL

Fig. 13. SEM pictures the cutting edge state after machining at ve = 63 m/min and f, = 1.5 um/tooth
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Fig. 14. Example of the EDS analysis of tools after machining under MQL and DRY lubrication condition (vc= 63 m/min and fz = 1.5 pm / th)

3.6 Cryogenic cooling

The micro-milling tests under cryogenic cooling were carried out at those cutting parameters assuring the best
performance in dry cutting, namely cutting speed of 63 m/min and feed rate of 1.5 pm/tooth. Fig. 15 shows the topography of
the slot bottom surface machined under cryogenic cooling. In the same figure, the roughness profiles of the different
cooling/lubrication conditions are compared. The surface quality for cryogenic cooling is comparable to that obtained for dry
cutting and MQL. However, a slight increase of the surface roughness is evident, with a more perturbed roughness profile of
higher amplitude. This can be ascribable to a larger amount of smeared material on the machined surface of the cryogenic

sample, as confirmed by the SEM observations (see Fig. 16A). It is worth to note the fact that this phenomenon observed in



micro-machining is not in agreement with what observed in cryogenic conventional machining (Bordin et al,, 2014). In Fig.

16B and 17 the SEM image of the tool after cryogenic cutting is shown: as for the other lubrication conditions, workpiece

material adhesion is evident, without any sign of damaging.
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Fig. 15. Bottom surface of the slot machined under cryogenic condition (vc=63 m/min, f,;=1.5 pm/tooth) (A); roughness profiles at varying

lubrication conditions (B)

Fig. 17. Example of the EDS analysis of tools after machining under cryogenic lubrication condition (ve= 63 m/min and fz = 1.5 um / th)

The analysis of the burrs under cryogenic cooling (Fig. 18A) evidences an improvement compared to dry cutting, with the
presence of more uniform and less jagged burrs on both sides of the slot. As shown in Fig. 18B, the nano-hardness measured

in cryogenic cooling is very close to that for dry cutting, being the microstructure in both cases very similar.
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Fig. 18. View of the top burrs under cryogenic cooling (A); nano-hardness profile through thickness distance at varying lubrication condition

(B) (V=63 m/min, f,=1.5 pm/tooth)

4. Conclusions

The performances of Minimum Quantity Lubrication (MQL), dry cutting and cryogenic cooling were evaluated when micro-
milling samples of Ti6Al4V obtained by the Additive Manufacturing Technology named Electron Beam Melting. The main
findings can be summarized as follows:

 atintermediate feed rates the surface integrity characteristics of the machined samples are comparable under dry cutting

and MQL;

¢ under cryogenic cooling conditions, the surface integrity improves, especially in terms of presence and quality of burrs,

but with a slight worsening of the surface topography and increase of the surface defects;

* no alteration of the microstructure of the Ti6Al4V processed by EBM was observed for all the investigated cutting

conditions.

The effect of the lubricating/cooling conditions seems less significant in micro-milling compared to the machining
operations carried out at macro-scale: this can be ascribed to the fact that both the forces and the temperatures arising
during micro-machining are much lower compared to conventional machining, making the effect of the cutting fluid less
relevant (Yang etal., 2010).
The presented results clearly show that dry cutting assures a surface quality comparable to that obtained when MQL is
used in micro-milling Ti6Al4V samples produced by EBM. On the other hand, the use of the cryogenic cooling does not
improve to a significant extent the performances of the machining operations, which can justify its use. Furthermore,
cryogenic cooling requires high investment costs, transportation of the liquid nitrogen and, above all, the liquid nitrogen
production is quite an energy-intensive process, which increase the overall carbon footprint of cryogenic cooling. In the
case of MQL, the cutting fluid consumption in the micro-milling center devoted to the present experimental campaign is in
the order of 20 ml/h, meaning an approximate consume of 40.3 1/year (considering 8 working hours/day, 21working days/
month, 12 months), which can be fully saved in case of dry cutting, as well as its associated carbon foot print and energy
necessary to produce, use and transport it. The employed MQL system uses paraffin oil as cutting fluid mixed with
compressed air that is used also in dry cutting to cool down the interface between workpiece and tool and clear the chips
from the cutting area. Therefore, being in the employed system the difference between MQL and dry cutting the sole use of
the paraffin oil, the COz and energy consumption related to its use must be considered more in detail.
Paraffin oil is a mineral oil that consists of saturated hydrocarbons - alkanes and is produced through a refining process of
the crude oil carried out in industrial sites characterized by very significant consumptions of energy and water as well as
production of wastes and emissions. (Barthe et al.,, 2015)
The 2014 data report of the International Association of Oil & Gas Producers (IOGP) (International Association of Oil&Gas
Producers, 2015) states that the quantities of emissions generated in the production (exploration, production and
processing operations) of 1 kg of hydrocarbon include 134 g of carbon dioxide (CO2), which means 5.4 kg of CO2 emissions
for producing the average quantity of paraffin oil needed to run the micro-milling process for 1 year. The same report
(International Association of Oil&Gas Producers, 2015) states that 1.4 M] are needed to produce 1 kg of hydrocarbon, which
means approximately 56.5 M] of energy consumption per year in the investigated case. Furthermore, additional CO:
emissions and energy consumption derive from the paraffin oil transportation from the production site to the machining
shop floor: from the 2011 data of an EU report (EEA, 2012), which states that approximately 80 g of CO: are emitted to the
environment for the transport of 1 t of goods for 1 km distance, .assuming an average distance of transportation of 60 km,
approximately 194 g of COz emissions per year due to the paraffin oil transportation will be avoided.

It is worth to underline that the use of dry cutting could increase the energy consumption, since the cutting forces may

increase due an increase of the friction coefficient; nevertheless, additional cutting tests making use of a dynamometer for

the forces measurements are necessary.



Safety data sheets (SIGMA-ALDRICH, 2014) indicates the paraffin oil as a not hazardous substance, thus not requiring any
special means of transportation and handling. Regarding the carcinogenicity, the paraffin oil belongs to the Group 1 - IARC:
Carcinogenic to humans, implying that its disposal must be accomplished by a licensed company. However, in MQL systems
implemented in micro-machining centres, the cutting fluid is not recovered, and the produced aerosol goes directly into the
environment. Even if the amount of oil is very low, some particles are spread in the air, which, being inhaled, can led to lipid
pneumonia. (SIGMA-ALDRICH, 2014)

From the above reported considerations, dry cutting represents the most suitable option to decrease the environmental
impact of micro-machining applied to biomedical components, as no cutting fluids are used, with the consequent
elimination of the related health hazards, as well as the components cleaning steps after machining can be significantly
reduced, thus not only lowering the overall production costs but also the environmental impact of the whole process chain.
Future works will include the measurements of the cutting forces and temperatures in order to provide an analytical model
of the process under the different lubricating/cooling conditions, as well as a comprehensive economic analysis of the
process that will take into account the added costs that may eventually arise in case of a reduced tool life when dry cutting

is applied.
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HIGHLIGHTS
* Micro-milling of EBM Ti6Al4V was carried out under MQL, dry and cryogenic condition
» Different cutting speeds and feed rates were utilized
* Surface quality and burrs formations are mainly influenced by the feed per tooth

* The lubrication condition weakly influences the cutting perfomances



