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Abstract

The use of nanoadditives in lubricants has gained much attention to the research community due to the enhancement of
tribological properties and cooling capabilities. This paper studies the advantages of using a MQL (Minimum Quantity of
Lubrication) system and nanoadditive in the manufacture of microneedle arrays in Ti6Al4V ELI alloy. Tungsten carbide ball
nose tools with a cutting diameter of 200 um were used in experimental tests. Surface and dimensional characterization was
performed to evaluate the impact of a nanoadditive to a vegetable-based oil. Additionally, cutting forces and cutting edge
radius (CER) were measured while needles were machined. Experimental tests confirmed that micro end milling with nanoad-
ditives provide slightly better dimensional features and low cutting forces compared to oil. The performance of nanoaddi-
tives resulted in a reduction of surface roughness (~0.3 pm). Qualitative study of microneedles illustrated burr formation
on needle surface manufactured without a nanoadditive solution. Results reveal an increment of CER using low feed rate
values (2.0 um/flute) while a reduction of CER was observed with feed rates up to 2.5 pm/flute. Our results indicated that
the addition of nanoadditives to vegetable oil promotes a better product surface topography and cutting tool performance.

Keywords Micromilling - Ti6Al4V ELI - Microneedles - MQL

1 Introduction

Microneedles are tiny sculptured surfaces grouped in arrays
created for the indentation of the stratum corneum, which
is the outmost layer of the epidermis. Some of the main
microneedle features are biocompatibility, a geometric
design capable of incising the skin, outstanding dimensional
accuracy and good surface quality. According to the US
Food and Drug Administration (FDA), dimensional accu-
racy is evaluated as a measurement of microneedles length,
and needle sharpness to perforate into the living layers of
the skin [1], which makes dimensional characterization of
great importance. These three-dimensional structures are
manufactured through several techniques such as molding,
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micromilling, laser ablation, and photolithography. The
selection of the fabrication technology is based on the mate-
rial selection (i.e., including polymer, metal, ceramic and
glass) which allow to manufacture microneedles with differ-
ent shapes and sizes [2]. Micromilling is a process capable
of manufacturing complex geometries at micro-scale using
end mill tools with a cutting diameter less than 1 mm with
applications in automotive, acrospace and medical industries
[3]. Thepsonthi et al. [4] fabricated a micro-needle patch
prototype using PMMA polymer as workpiece by micro-
milling. The authors faced the challenges of micromilling
polymeric microneedles, however, they achieved the micro-
needle patch adjusting the toolpath strategies and process
parameters. Although titanium alloys are of great inter-
est for the medical field due to their biocompatibility and
high corrosion resistance, the micromilling of these alloys
relates severe burr formation due to the accelerated tool wear
[5]. Additionally, titanium alloys are low thermal diffusive
materials, which produce heat accumulation at the tool flute
and the produced chip increasing cutting forces and hence
dynamic instability [6]. Heat dissipation is achieved by using
lubrication at the cutting zone, which reduces tool wear and
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enhances surface quality on the workpiece. In order to dissi-
pate heat in titanium machining, several lubrication methods
have emerged. The method of minimum quantity lubrication
(MQL) consists on passing air flow through a mixing cham-
ber with the aim of atomizing the coolant stream with micro-
sized particles [7]. This method has improved significantly
the surface topography, increasing tool life and reducing
burr formation compared to dry cutting in the micromill-
ing of different materials (e.g., SKD61 steel [8], A15052
[9], and TI6A14V [10]). For micromilling of titanium alloys,
studies have reported that MQL is an effective method to
reduce cutting temperature, and burr formation in cutting
zones [11], which causes tool wear produced by material
adhesion [12]. Because of environmental issues, MQL using
vegetable —based oil is preferred compared to mineral oils
because they do not cause problems to the exposed workers
[13]. Schneider et al. explained that ultra-precision manu-
facturing requires the use of MQL to keep a balance between
sustainability and surface quality [14]. In the micromilling
of Al-5052 with an end milling tool with a cutting diameter
of 200 pm and comparing different kinds of lubricants (i.e.
oil, ionic liquids, and distilled water), oil was found as an
excellent option to get the smoothest machined surface with
no evidence of cracks compared with others [9].

The use of nanoadditives has allowed the enhancement
of tribological properties and their antifriction perfor-
mance in lubricants due to their thermal properties [15,

Table 1 Literature review of MQL lubrication in Ti6Al4V

16]. The nano particles of additives improve lubricant per-
formance in the interface between tool and material [17].
Krolczyk et al. [18] revealed that adding nanoparticles
in a MQL system contributes in the prolongation of tool
life reducing surface roughness due to the minimization
of friction coefficient and cutting forces achieving a sus-
tainable machining process. Additionally, MQL leads the
concerns of environmental safety and with the minimum
utilization of cutting fluid, it results in an economically
viable process [19]. Although adding nanoparticles to flu-
ids is expensive, it enhances cooling capabilities making
MQL technique a viable alternative for wet machining [7].
Table 1 presents a literature review of MQL lubrication.
There are several studies on micromilling of Ti6Al4V
alloy with flat end mills analyzing cutting forces and sur-
face roughness, however, from the best of our knowledge
no research paper has reviewed the advantages of using
MQL and nanoadditives in the manufacturing of sculp-
tured surfaces. This paper presents a micromilling study
for the fabrication of microneedles in Ti6Al4V ELI alloy
using an MQL system based on nanoadditive — enhanced
oil.

References Geometry Tool geometry [d,. Spindle speed, N Feed rate, Depthof  Lubrication method  Response
(um)], # flutes (RPM) S, (um/ cut, a, (Type) [Flow rate]
flute) (um)

[10] Holes Drill [700], — 1,000-10,000 1-7 J— MQL, flood cooling  Drilling torque and
and cryogenic thrust force
cooling

[20] Holes Drill [300],— 60,000 0.16-0.83 400 MQL (nanofluid) Drilling torque and
thrust force

[6] Slots Flat End mill [300],2 20,000-100,000 0.5-5 20 Flood cooling (Water ~Cutting forces, modal
soluble cutting analysis
fluid)

[11] Channels Flat end mill [200],2 30,000 1.25 20 Dry, conventional Surface roughness
emulsion and MQL
(Tri-Cool MD1)

[12] Slots Flat end mill [600],2 40,000 0.75-1.5 100 MQL (Oil) [10 ml/h] ~ Surface roughness,
burr formation, tool
wear

[21] Slots Flat end mill [800],2 23,000-40,000 6-12 150 Dry, MQL (Oil) Force components,
[15 ml/h] minimum uncut

chip thickness

[22] Channels Flat end mill [200],2 30,000 0.7 20 MQL (Oil) Surface roughness,
width

[23] Profile Flat end mill [500],2 6,300-38,200 6 25 MQL (nanofluid) [6, Force components,

50, 100 ml/h]

tool wear, burr
width
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2 Materials and Methods
2.1 Ti6Al4V Alloy and OQil Lubricants

A base plate of Ti6Al4V ELI (ASTM F136) was used as
raw material for the fabrication of microneedle arrays.
Titanium plates with a rectangular base of 38.1-mm width
and 80-mm length and 9.5- mm thick were used for experi-
mental trials. The plates were ground in order to guaran-
tee the same thickness in the entire plate and an average
surface roughness to accurately establish the zero part in
workpiece. The base lubricant is a vegetable- based oil
type MD-1 (Tricool, USA). Testing was conducted with
lubricant-only solution and nanoadditive with lubricant
solution with a concentration of 10% in weight, according
to the supplier (GNA, Mexico).

2.2 Characterization of the Lubricants
2.2.1 Chemical Composition Analysis

The IR spectrum of the Oil and Oil + nanoadditive were
analyzed in the equipment FTIR with the attenuated total
reflectance (Perkin-Elmer, Frontier, Waltham, MA, USA)
accessory. The samples were measured using a frequency
range of 4000 to 400 cm~!, resolution of 8 cm~! and an
average of 16 accumulated scans.

2.2.2 Morphology Analysis

An atomic force microscope equipped with a SiNi tip and
an SPM (Scanning Probe Microscopy) control station
(AFM-3 Multimode, Veeco, USA) was used to evaluate the
particles’ dispersion. The oil and oil 4+ nanoadditive drops
were placed on independent silicon nitride cantilevers.
Additionally, the nanoparticles were observed using a field
scanning electron microscope (Nova NanoSEM200, FEI,
USA) with accelerating voltage of 15 kV, and a working
distance of 8 mm in a high vacuum condition. To prepare
the sample, the lubricant with nanoparticles was placed in
a tube of 15 mL with hexane in a relation 1:1. The solution
was centrifuged at 3500 rpm at 25 °C during 10 min. Then,
the supernatant was separated, and 4 mL of fresh hexane
was placed in the tube to centrifuge under the same condi-
tions. This procedure was repeated 3 more times until the
lubricant was eliminated. Nanoparticles were suspended in
an ethanol solution and placed in a metallic pin at SEM to
study the chemical composition and particle diameter. The
diameter of the nanoparticles was quantified using Image J
software (Image 1.51 k, Bethesda, MD, USA).

2.2.3 Rheological Parameters

The rheological measurements of both lubricants (Oil and
Oil + nanoadditive) were performed in a rheometer (MCR
XX1, Anton Paar, Austria) with a plate-plate geometry of
50-mm in diameter. Lubricants were measured with a shear
rate sweep test of 0.1-500 s~!at 30, 100 and 200 °C, respec-
tively. The power law model (Eq. 1) was used to describe the
rheological properties of the lubricants.

v =Ky" (M

where, 7 is shear stress, K is the consistency index (Pa.s"), y
is shear rate, n is the flow behavior index. Additionally, the
Arrhenius equation (Eq. 2) was used to evaluate the effect
of temperature on the consistency index (K).

Ea
Ink=InA - —

RT 2
where, A is the constant of model (Pa.s"), Ea is the activation

energy of flow (kJ mol™!), R is the universal gas constant
(8.314 T mol™! K™') and T is the temperature (°K).

2.2.4 Lubricants Stability

The stability of the nanoparticles in the lubricant was
measured using a centrifugation method (ThermoFisher,
Sorvall™ Legend™ X1R, Waltham, MA, USA). For this
technique, 2 mL of lubricant were centrifuged at 3500 rpm
for 30 min, 1, 2, 3, 4 and 5 h, respectively [24].

2.3 Experimental Setup

A 3-axis vertical CNC Makino F3 machine with a maximum
spindle speed of 30,000 RPM was used to manufacture nee-
dle arrays. Mitsubishi tungsten carbide cutting tools with
((Al, Ti) N) coating were used. A Titanium block with four
M3 screws was clamped to a mini-dynamometer (9256Cl1,
Kistler, Germany) to measure cutting forces. The dynamom-
eter has a measuring range between — 250 to 250 N in Fx,
Fy and Fz direction and a working piece clamping area
of 39 mm X 80 mm. Zero position was placed on a work-
piece surface using a block pattern and a tool laser measur-
ing system (V10311-O12E-XA, Blum, Germany). Cutting
forces were measured with a three-channel charge ampli-
fier Kistler 5814B1 with a sensitivity of — 25.7 pC/N, -13.0
pC/N, and —26.1 pC/N for X, Y and Z axis, respectively. The
amplifier was connected to a 2110 BNC block connector,
which was plugged to a data acquisition card (PCI 6220,
NI, USA) to acquire the cutting forces of each channel. A
mini-cool nozzle cutting fluid applicator (MC1700, Noga,
Israel) was used to supply lubricant in a cutting zone as
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MQL system. The system consists of two separate controls
for air and lubricant, which allows the internal mixture of the
oil with the compressed air. A magnetic base was mounted
on the spindle to address the drop in the cutting zone. The
air pressure was fixed to the same level (18 LPM) and the
outlet of the MQL system was calibrated to get a flow rate of
10 ml/h using both lubricants. The MQL nozzle was located
about 30-mm from the cutting flute and material interface.
The droplet diameter was quantified using an infinite focus
microscope (XL200, Alicona, Raaba, Austria) in a range
between 50 um and 100 um at the same distance for both
lubricants. Figure 1 presents the experimental setup used in
the fabrication of needle arrays.

2.4 Microneedle Arrays and Needle
Characterization

Microneedles were disposed in a linear array of nine needles.
Linear configuration was selected to rotate microneedles
when dimensional and topography features were measured
along the surface. The needle design consisted of a conical
geometry with a height of 1000-um and a base diameter of
1000-um. Two arrays with nine needles (18 needles) and two

Labview
MQL
system %l
DAQ
N b soe =
e BNC
l‘\ H module
Spiral 25 i
strategy % Microneedle patch =
a s u
Amplifier

Mini Dynamometer

Fig. 1 Experimental setup

Table 2 Cutting conditions for machining operations

replicates of each set of experiments were performed. Each
set of experiments was manufactured with a new micro-tool.

Microneedles were modeled via CAD software (Solid-
Works 2018, DS Solidworks, USA) and then were exported
to CAM software (PowerMill 2018, Autodesk, USA) to gen-
erate G code. A vortex milling strategy was implemented
to remove material in rough operation and semi-finishing
operation. For finishing operation, an optimized constant
Z finishing strategy and a constant Z finishing with spiral
approach from tip needle to base needle were used. Cut-
ting conditions for machining operations are illustrated in
Table 2. After the microneedles were manufactured, these
were submerged in an ultrasonic bath of isopropyl alcohol
for 5 min and dried with compressed air to remove fine par-
ticles adhered to the surface. Geometrical dimensions and
surface topography were measured in an infinite focus vari-
ation microscope (XL200, Alicona, Raaba, Austria) using
a 10 x objective lens and a lateral sampling distance of
0.880 um. Needles were placed under a microscope in a hor-
izontal position to inspect average surface roughness along
feed direction using the form removal tool from Alicona
software. This tool converts needle curve to a flat surface to
analyze surface roughness without losing information. The
selection of surface roughness filters was made according
to the ISO 4288 standard [25]. Height, base diameter and
tip diameter were measured each two needles until 18 nee-
dles were completed. Each dimension was measured with
two replicates. CER measurements were performed using
the EdgeMasterX device from Alicona using a 50 X lens
and a vertical resolution of 0.050 um. Figure 2 illustrates
the cutting edge radius measurement, a plane was projected
40 pm far from tool tip, because it was the zone observed
with the greatest tool wear. A 2D cut view was obtained
from EdgeMaster device and CER was measured through
the identification of rake and clearance surfaces. Addition-
ally, a qualitative study of microneedles was obtained with

Parameter Unit Rough Semi-finish Finishing

Tool geometry - Square end mill (MS2SSD0080) Square end mill Ball end mill
(MS2SSD0080) (MS28-

BR0010S04)

Number of flutes - 2 2 2

Tool diameter (d,) um 800 800 200

Spindle speed (N) RPM 30,0000 30,000 30,000

Cutting speed (V,) m/min 75.40 75.40 18.85

Feed rate per flute (f)) um/tooth 0.008 0.008 0.002,0.0025,0.003

Radial depth per cut (a,) um 500 Variable —

Depth of cut (a,) um 30 30 3

Coolant Oil and Oil 4+ nanoadditive

Machining time per array min/array 165 25 35
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Rake face

Clearance face

Fig.2 CER measurement

a scanning electron microscope (SEM) (EVO MA 25, Carl
Zeiss, Oberkochen, Germany) in the secondary electron
mode and with an accelerating voltage of 10 kV.

3 Results

3.1 Lubricant characterization

3.1.1 Lubricants Composition

To analyze their composition, the typical signals and

vibration modes of vegetable oils were observed in the
FTIR spectrum of oil and oil with nanoadditive (Fig. 3).

At 3006.42 cm™! we observed a signal corresponding to
the stretching of the =CH (cis) group of the olefinic dou-
ble bonds, while at 2922.58 cm™" and at 2853.25 cm™'
we observed the asymmetric and symmetric signals of the
stretching -CH of the methylene group (—CH,), respectively.
At 1743.1 cm™! we observed the typical stretching the tri-
glycerides ester group —C=0, at 1463.46 cm™" the scissoring
bending of —CH corresponding to the aliphatic groups CH,
and at 1377.65 cm™' the symmetrical bending of -CH of the
methyl group (-CH;) was observed. At the 1237.3, 1159.8
and 1095.54 cm™! mark, stretching of the esters —C—O can
be observed and in 722.06 cm™! the rocking bending vibra-
tion of the —CH, group. The strong molecular interactions
of the triglycerides (C=0, —CH, and =CH) that compose
vegetable oils allow them to maintain high viscosity and
thermal stability in machined surfaces. Furthermore, the
length and polarity of their chains generate molecular films
that interact strongly with metal surfaces, reducing friction
and wear [26].

3.1.2 Lubricants Morphology

The particle size distribution of the metallic particles con-
tained in the vegetable oil was performed using Atomic
Force Microscopy (AFM). The cantilever surface profile was
processed with Image J software (ImageJ 1.51 k, Bethesda,
MD, USA) to obtain the total number of particles and size
distribution. Figure 4a corresponds to the control image of
the oil without particles, while Fig. 4b, corresponds to the
oil with particles. The AFM image showed that the metal-
lic nanoparticles were homogeneously distributed over the
entire surface of the cantilever, which shows that the metallic

Fig.3 FTIR spectra of Oil and Oil Oil + nanoadditive
Oil + nanoadditive samples
5
5
o
c
s
TS T T
5 B /
@ / ‘
= =CH (cis)|
Nl
i
|
-CH (-CHy) -CH (-CHy,)
T T T T T T T T 1
4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber, [cm™!]
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Fig.4 AFM images of lubricants samples: a particle distribution in Oil, b particle distribution in Oil +nanoadditive

nanoparticles are homogeneously dispersed in the oil. These
characteristics are important since Srivyas and Charoo, [27]
reported that the small size and spherical shape of the parti-
cles, as well as their adequate dispersion in the fluid, have a
repairing, protective film and ball bearing effect that reduce
the friction and wear during lubrication.

Furthermore, 200 particles were measured using the
SEM microscope. The micrographs showed nanoparticles
with a spherical and angular shape, as well as aggregates
of the same (Fig. 5a, b), which favors lubrication efficiency,
According to Srivyas and Charoo, [27], the sphericity of the
nanoparticles equilibrate the high surface energy they expe-
rience, allows them to support extreme pressure and a high
load capacity, reducing the work and energy required for
lubrication. In addition, it causes a ball bearing effect as the
nanoparticles roll between surfaces, considerably reducing
friction. Figure 5c presents the size distribution of nanopar-
ticles, it was determined that the diameter of the particles
oscillated between 30 and 84 nm. After normalizing the size
distribution, it was calculated that the mean diameter of the
nanoparticles contained in the oil was 59.2 +0.232 nm. The
chemical composition resulted in Carbon (C) 38%wt., Oxy-
gen (0) 10%wt., Sulfur (S) 13%wt., Potassium (K) 2%wt.
and Tungsten (W) 37%wt.

3.1.3 Rheology of Lubricant

The viscosity variation between oil and oil with nanoadditive
is shown in Fig. 6. The viscosity of the oil without nanoaddi-
tive at 30, 100 and 200 °C was 0.996 +0.001, 0.952 +0.002
and 0.894+0.001 Pa.s, respectively. As for the oil with
nanoadditive, the viscosity was 0.997 +0.003, 0.974 +0.001
and 0.950+0.001 Pa.s at the same temperatures, respectively

@ Springer KE;E

(Fig. 6). This demonstrated that the addition of metallic nan-
oparticles did not change the viscosity of the oil at 30 °C,
since both lubricants had the same viscosity. This appre-
ciation is favorable because Gulzar et al. [28] reported that
adding nanoparticles can increase the oil viscosity caus-
ing a pressure drop in the lubrication system and higher
energy consumption. It was also determined that nanopar-
ticles granted greater stability to viscosity with respect to
the change in temperature, since oil’s viscosity decreased
by 4.42 and 10.24% at 100 and 200 °C, respectively. The
oil with nanoparticles’ viscosity was reduced to 2.31 and
4.71% at the same temperatures, respectively. Therefore, it
was determined that adding nanoparticles to the oil reduced
approximately 50% in the viscosity according to the tem-
perature increment.

The Arrhenius Equation was used to quantitatively evalu-
ate the effect of temperature on oil viscosity and oil with
nanoadditive. The activation energy (Ea) of the oil resulted
756.724 +0.53 J/mol and 342.329 +1.12 J/mol for the
oil with nanoparticles. Therefore, the viscosity of the oil
resulted more sensitive to the change of temperature than oil
with nanoparticles. This can be explained by the position of
nanoparticles in the oil layers which can modify the friction
phenomenon from sliding friction to rolling friction.

The frequency constant (A) of the oil was 0.74 +£0.01 Pa.s,
while the constant of oil with nanoparticles was
0.87+0.01 Pa.s. Using Arrhenius parameters, viscosities
for oil and oil with nanoadditive were predicted. The pre-
dicted viscosity values for the oil at 30, 100 and 200° C
were 0.999 +0.004, 0.945+0.007 and 0.897 +0.004 Pa.s,
respectively. While the predicted viscosity for the oil
with nanoadditive was 0.998 +0.001, 0.973 +0.001 and
0.950+0.001 Pa.s at the same temperatures, respectively.



International Journal of Precision Engineering and Manufacturing-Green Technology (2022) 9:1231-1246

1237

Fig.5 SEM analysis a nanopar-
ticles micrograph (100,000x),

b nanoparticles micrograph
(200,000x), ¢ histogram particle
size distribution
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Figure 7 shows that the experimental data of the lubricants
viscosity had a good fit with the data predicted by the model
(R? = 0.986 and R? = 0.997 (Oil + nanoadditive lubricant)).
These results indicate that the Arrhenius model adequately
describes the viscosity variation of lubricants by the effect
of temperature.

3.1.4 Lubricants Stability

The stability of the metal nanoparticles in the vegetable oil
was qualitatively evaluated by applying a centrifugal force
for 30 min, 1, 2, 3, 4 and 5 h (Fig. 8). Samples subjected to
centrifugation for 30 min, 1 and 2 h maintained the stabil-
ity of the suspension of the metallic nanoparticles intact.
The sample centrifuged for 3 h presented a slight sedi-
mentation of the nanoparticles at the bottom of the tube,
which increased as the time of centrifugation increased
to 4 and 5 h. Finally, it was possible to determine that
after 5 h of centrifugation at 3500 rpm, the lubricant with

@ Springer KE _:E
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Fig. 7 Experimental viscosity and predicted by the Arrhenius Model
for Oil and Oil + nanoadditive at 30, 100 and 200 °C

nanoparticles showed a slight loss of suspension of the
nanoparticles, but largely preserved the colloidal integrity.
Therefore, the oil with nanoadditive has enough stability
to provide reliable lubrication performance.

. Oil +
Oil -
nanoadditive .
control minutes

control

3.2 Dimensional and Surface Characterization

For dimensional and surface roughness results, needles were
measured every two needles (i.e., 2, 4, 6, 8, 10, 12, 14, 16,
18) with two replications, a mean of these values is plot-
ted with the standard deviation in Figs. 9, 10, 11. For the
needle base diameter designed by CAD software (1000 um)
(Fig. 9a), the values measured increased as feed per flute
increased. Additionally, results showed that farthest values
measured from the designed base diameter were obtained
using the oil as a lubricant. For needle tip diameter (Fig. 9b),
the oil with nanoadditive resulted in the lowest values meas-
ured. However, for the low and high values of feed rate, this
trend is inverted. For needle height (Fig. 10), nominal height
was 1,000 um; our results indicate that oil with nanoadditive
has a linear tendency from the lowest to the highest value of
feed rate used. Nevertheless, values near to designed height
are also found with the use of oil and a feed rate of 2.5 um/
flute.

For surface roughness measurements, the lowest value of
surface roughness was obtained with the use of the lubricant
with nanoadditive (Fig. 11). For these results, it is clear that
lubricant performance is better incorporating nanoadditive
to a solution than oil and it has a direct relation with the
needle surface quality. The lowest values of feed rate per

Tm——T § A

2 hours 3 hours 4 hours 5 hours

R

T

Fig.8 Oil+ nanoadditive stability evaluated by centrifugation at 3500 rpm for 30 min, 1, 2, 3,4 and 5 h

Fig.9 Needle geometry meas- (a) 1030 e Oil (b) 14
urements; a base diameter, b tip _ © Oil + nanoadditive o Oil
diameter i 1020 + g 13 o Oil+nanoadditive
- =
z =
5 1010 5" +
© 2
: b E
S 1000 ' ¢ g
2 + 210 %
@© =]
< Qo
% 990 § 9
] z
z
980 8
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Feed rate per flute, f, [um/flute]
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Fig. 11 Needle surface roughness

flute have the same values of surface roughness with both
lubricants. The highest values of surface roughness resulted
at feed rate of 2.5 um/flute.

Table 3 and 4 present a comparative study of surface
topography using oil and oil with nanoadditive. Table 3 pre-
sents the upper view of the needles geometry and Table 4
illustrates a zoom-in image of the manufactured needle
tip. SEM images (Tables 3a and 4a) illustrate micronee-
dles manufactured with nanoadditive. When needles were
zoomed —in, a sharper tip and smaller burrs (white oval)
were observed using nanoadditive (Table 4a) compared to
needles manufactured with oil (Table 4b). For example, the
experiment with a feed rate of 2 um/flute on the sixth needle
(Table 4b) has some burrs (white oval) adhered to the sur-
face, while burrs are more evident using the highest feed rate
(3 um/flute) in needles twelfth and eighteenth (Table 4b).
Berestovskyi et al. explained that build —up-edges (BUE)
worsens surface finish and increases burr formation, how-
ever BUE and wear of the tool can be minimized with coated
tools and applying MQL [29]. Additionally, according to
Vazquez et al. [22] the use of MQL in microscale allows

wetting the tool tip compared to traditional lubrication flood
cooling which causes a disordered flow. Their results explain
that MQL flow can penetrate the small cutting zone, which
allowed heat extraction during machining, reducing fric-
tion and removing the chip from the cutting zone. In our
experiments, the use of the nanoadditive in oil resulted in
microneedles with better surface quality and less burr forma-
tion (see Tables 3a and 4a). Besides, BUE formation could
be the cause of micro-craters (red oval) caused by material
adhesion (Table 4a, b).

3.3 Cutting Forces and Tool Wear
After cutting forces were acquired in X, Y, and Z direction,

the root mean square (RMS) value of all signals was calcu-
lated while the needle was cut as follows (Eq. 3):

3

Equation (4) presents the resultant cutting force, which is
calculated with the RMS value of each cutting component
[30]:

— 2 2 2
Fr= \/F rias—x T Frus—y t Frus—z )

According to Colpani et al. [31] the study of cutting force
signals is important to analyze the tool life in micromilling,
because an increment of the cutting force causes tool break-
age. Additionally, Lauro et al. [32] explained that a lower
feed provides lower cutting forces and promotes the plough-
ing effect, which is caused by the increase of temperature in
the tool, specific energy and friction coefficient. Particularly,
when specific energy is increased smaller ratios are devel-
oped between cutting thickness and cutting-edge radius [33].
Therefore, cutting force acquisition can improve the knowl-
edge of the micro-cutting processes [32]. From experimen-
tal results, two replicates were averaged, and each replicate
was performed using a new tool. The results are presented
in Fig. 12, there is no difference between oil and the use of
the nanoadditive for lower feed rates (2.0 um/flute). How-
ever, for the 2.5-3.0 um/flute the use of the lubricant without
nanoadditive results in higher cutting forces than if using
nanoadditive. This can be explained by the reduction of vis-
cosity (i.e., from 0.996 +0.001 to 0.894 +0.001 Pa.s) when
temperature is increased, making lubrication less efficient;
unlike oil with nanoparticles that keeps its viscosity more
stable with temperature.

Figure 13 illustrates the reduction of the cutting edge
radius. A percentage of reduction of the CER was calculated
as follows (Eq. 5):
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Table 3 Needles mgnufactured (a) Oil + nanoadditive
observed in SEM microscope
using both lubricants 6™ needle 12" needle 18" needle

2.5 um/flute 2 um/flute

3 um/flute

(b) Oil

6" needle 12t needle 18™ needle

2 pm/flute

2.5 pm/flute

3 um/flute

CER, — CER, radius and the highest feed rates caused the biggest reduction

CERgp = (CE—R,> 100 ) in cutting edge radius. Figure 13 illustrates that the cutting
edge radius increases with a feed rate of 2.0 um/flute using

both lubricants, while feed rates between 2.5 and 3.0 um/

We observed that the lowest value of feed rate per flute  flute resulted in a reduction of the cutting edge radius after
(2.0 um/flute) resulted in an increase of the cutting edge  milling 18 needles. Further experiments can be performed
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Table 4 Needle tip zoom in
manufactured observed in

(a) Oil + nanoadditive

6™ needle

SEM microscope using both
lubricants

2.5 pm/flute

3 um/flute

12 needle

(b) Oil

6" needle

2.5 pm/flute 2 pm/flute

3 um/flute

to evaluate chip geometry, the effect of chip thickness and
cutting edge on ploughing effect. Figure 14 illustrates CER
measurements in new tools and after manufacturing 18 nee-
dles. According to Baburaj et al. [34], the main disadvan-
tage of measuring CER in Stereomicroscope and Confocal
Microscope is to place the rake and clearance face near and
within the same field of view. In our experiments, an infinite
focus variation microscope allowed us to compare cutting

edge radius measurements using an established plane. How-
ever, the differences in new tool batches must be considered,
which made difficult the comparison between tools in the
micro-size regime. According to Bissaco et al., the cutting
edge radius has not been adequately modelled and it is lim-
ited by current tool manufacturing methods [35]. Figure 14
shows the raw data of CER measurements. Particularly, CER
range in new tools was between 4.83 and 7.68 um (Fig. 14)
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with a standard deviation of 0.9 um. Campos et al. explained
the differences in surface roughness of micromilling of pure
Titanium and Ti6Al4V which are connected to the corner
radius of the tool which vary with tool wear. [36]
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4 Discussion

The main advantage of micromilling process is it capabil-
ity to fabricate 3D sculptured surfaces with different geo-
metrical complexity and material [37]. Therefore, it is of
great importance the study of needle surface integrity and
the influence of adding nanoadditives in an oil vegetable-
based lubricant. We explain geometrical differences from
Figs. 8 and 9 due to the factors influencing the needle
geometry accuracy. For example, setting an erroneous part
zero influences the needle height and consequently tool
life. Therefore, if part zero is located below the raw mate-
rial, it would promote differences in height measurements
and a dull tip which makes it challenging to approximate
the needle tip diameter to O um. According to Kumar et al.
[38], when the cutting diameter is in the micro size regime,
this makes it challenging to precisely set the zero position
in the Z axis, therefore traditional methods to stablish it
are inadequate for micromilling.

Additionally, in our results, the minimum values of
average surface roughness were found at the highest feed
rate using oil with nanoadditive. This is due to nanoparti-
cles with a diameter of 59.2 +0232 nm contained in the oil
can effectively work as ball bearing reducing the contact
between surfaces.

According to Bissacco et al. [39], an increment in sur-
face roughness and burr formation is caused by a low chip
thickness to cutting edge radius ratio. It can be explained
by the biaxial compressive stress on material pressing the
material to bulge on the surface. Therefore, the best way
to increase such ratio is with highest values of feed per
tooth, which connote a larger chip. Bissacco et al. [39]
explained that using ball nose tools in micromilling pro-
motes attached material to the milled surface caused by
a fraction of material bulging aside and in front of the
cutting edge which maintains surface and increases sur-
face roughness. In our experiments, extra material can be
observed attached to the needle surface when oil was used.
Possibly because the viscosity of the oil with nanoparti-
cles remains more stable as the feed rate and tempera-
ture increases: there is less friction, wear and the chip is
dislodged correctly. For titanium alloys, the tool wear is
mainly produced by material adhesion [12]. Therefore, the
MQL method provides a good lubrication ability avoiding
oxidation wear in cutting zone, which promotes a reduc-
tion of the cutting temperature. Vazquez et al. [22] per-
formed experimental and simulation work to compare the
traditional lubrication methods (i.e., jet application and
MQL technique). Their results indicate that the use of
MQL promotes high accuracy, reducing surface rough-
ness, burr formation and tool wear. While tradition flood
cooling, influences geometrical shape of microchannels
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producing and error of 20%, which is explained by the
not controlled stream. In our experiments, we calculate
the geometrical error comparing the base diameter meas-
urement. Our result indicates a geometrical error of 1.7%
using MQL and oil as lubricant while it was reduced to
0.09% when the nanoadditive was added to the oil using a
feed rate of 3 um/flute. It corroborates the advantages of
using MQL and the nanoadditive during lubrication.

Tool wear can be quantified ad a difference of cutting
diameter compared with new tools; however, some methods
have appeared to measure tool edge profile to inspect edge
radius. This radius is around 3 to 4 um, which makes it a
challenge to inspect tool wear at micro-scale [11].

In micromilling, the uncut chip thickness results almost
equal or smaller to the cutting edge radius, playing a signifi-
cant role on chip removal. According to Garcia et al. [40],
there is a variation between tool batches, which when com-
bined with the dimensional error induced by the expansion
and contraction of the spindle it makes it difficult to char-
acterize cutting edge radius. From our cutting edge radius
measurements, some variability among tool batches was
observed in new tools. Also, Biermann et al. [41] estab-
lished that a smaller cutting edge radius causes chatter at
small depths of cuts in micromilling because of lower forces.
Rezaei et al. [21] performed some experiments in Ti6Al4V
material using an end mill with cutting diameter of 0.8 mm
and average cutting edge radii of 6.089 +0.234 pm. Their
results indicate the influence of MQL on the reduction of
tool wear, and the enlargement of CER, which is caused by
a feed rate greater than 2.1 um/flute. This was corroborated
by Vipindas et al., he reported an increase of cutting edge
radius caused by tool wear which would cause variation
in the minimum uncut chip thickness [42]. In our results,
cutting edge radius (Fig. 13) increases using a feed rate
of 2.0 um/flute, while 2.5 pm/flute resulted with a larger
variability between replicates compared with 3.0 um/flute.
Rezaei et al. [21] reported that burr formation reduces when
feed rate increases, therefore a feed rate of less than 3 um/
flute causes large burrs which indicates a high portion of
ploughing during chip formation. Additionally, cutting edge
radius has an influence on cutting forces and surface quality.
According to Aramcharoen et al. [43], ploughing effect is
caused by a negative rake angle when the undeformed chip
thickness is less than cutting the edge radius. Bissacco et al.
[39] explained that the engagement arc is larger in micro-
milling process than in macro-scale milling due to ploughing
effect. Then, the increment of the cutting edge radius causes
the extension of the ploughing action along the engagement
arc and consequently high surface roughness. If we correlate
cutting forces (Fig. 12) and surface roughness (Fig. 11), we
can see that in a feed rate per flute of 2 um/flute, there is
no difference between using the nanoadditive or not. How-
ever, for the highest values of feed rate the advantages of

the nanoadditive are evident in decreasing cutting forces
and surface roughness. This is probably since the viscos-
ity of the oil is considerably reduced at high temperatures
(i.e., the highest feed rate) while the oil with nanoparticles
is kept stable (see Fig. 6). However, according to Sen et al.
[44], further experiments must be performed to evaluate the
nanoparticle’s toxicity in order to broaden the applicability
of MQL with nanoadditives.

5 Conclusion

In this study, microneedles arrays were manufactured using
micro end mill tools. Dimensional and surface characteri-
zation were performed on needles and cutting forces were
measured while needles were processed. After the manu-
facture of 18 needles, tool wear was studied through the
measurement of cutting edge radius on ball nose micro tools.
The results can be summarized as follows:

e There is a noticeable difference between using oil and
oil with nanoadditive. For needle base diameter and tip
diameter results, the measurements obtained resulted
closest to the nominal values programmed in CAD
software using oil with nanoadditive. While for needle
height, there is not a clear difference between using oil
and oil with nanoadditive. However, it can be attributed
to set part zero position in Z axis before needles were
machined.

e Surface topography study revealed formation of large
amount of burrs in needles manufactured without
nanoadditive. Nanoadditives added in a MQL system
enhance cooling capabilities between tool edge and
workpiece, which is shown as a reduction of surface
roughness and formations of burrs.

e Cutting forces measurements resulted higher using oil
without nanoadditive and cutting edge radius measure-
ments were increased using the lowest feed rate (2.0 um/
flute). Also, at higher feed rate values (2.5-3.0 um/flute),
the advantages of using the nanoadditive is clearly the
reduction of cutting forces and surface roughness.

e Cutting edge profiles were obtained to measure the cut-
ting edge radii per tool, which resulted different from
using a new tool versus a worn tool. After manufactur-
ing 18 microneedles, no cracks nor craters were revealed
on the edge of the tool. Therefore, more needle arrays
would need to be manufactured to test tool wear until tool
breakage.

e We explain the absence of cracks and craters in worn
tools due to the formation of a tiny film in the inter-
face between tool and workpiece, which reduces cutting
forces allowing the improvement of the tool and therefore
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wear behavior. Future research will address the tribologi-
cal study.

¢ In the vegetable oil, all the typical functional groups of
fatty acids were determined, whose length and polarity
gave an adequate viscosity and thermal stability to be
used as a lubricant. As for the nanoparticles, they had
a diameter of 59.2+0232 nm. They were also deter-
mined to be homogeneously disperse in the oil and to
have adequate colloidal stability for a good lubrication
performance. It was also determined that the viscosity
of the oil and the oil with nanoparticles have the same
viscosity at low temperatures (30 °C) 0.996+0.001 and
0.997 +0.003 Pa.s, respectively. However, as the temper-
ature increases (200 °C), the viscosity of the oil decreases
10.24% while the oil with nanoparticles 4.71%, remains
more stable. This was quantitatively corroborated with
the Arrhenius model, through which it was determined
that the activation energy of the oil was 756,724 +0.53 J/
mol while the activation energy of the oil with nanopar-
ticles was 342,329 + 1.12 J/mol. Therefore, the viscosity
of the nanoparticle oil is more stable to the effect of tem-
perature and has a higher lubrication performance during
MQL.
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