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Abstract: Improving scientific knowledge around the manufacturing of nanocomposites is key
since their performance spreads across many applications, including those in meso/micro products.
Powder metallurgy is a reliable process for producing these materials, but usually, machining
postprocessing is required to achieve tight tolerances and quality requirements. When processing
these materials, cutting force evolution determines the ability to control the microcutting operation
toward the successful surface and part quality generation. This paper investigates cutting force
and part quality generation during the micromilling of A356/Al2O3 aluminum nanocomposites
produced via powder metallurgy. A set of micromilling experiments were carried out under various
process parameters on nanocomposites with different nano-Al2O3 reinforcements (0–12.5 vol.%).
The material’s ductility, internal porosity, and lack of interparticle bonding cause the cutting force
generation to be irregular when nanoparticle reinforcements were absent or small. Reinforcement
ratios higher than 2.5 vol.% strongly affect the cutting process by regularizing the milling force
generation but lead to a proportionally increasing average force magnitudes. Hardening due to
nano-reinforcement positively affects cutting mechanisms by reducing the plowing tendency of
the cutting process, resulting in better surface quality. Therefore, a threshold on the nano-Al2O3

particles’ volumetric loadings enables an optimal design of these composite materials to support
their micromachinability.

Keywords: powder metallurgy; nanocomposites; cutting forces; micromachining

1. Introduction

Metal matrix composites (MMCs) reinforced with additional hard particles produced
via powder metallurgy (PM) show superior properties. The latest advancement of the
research area is represented by the use of nanoparticles that allow for better performances
with respect to micro reinforcements [1]. However, the production of MMCs is near net
shape; parts often require additional machining operations such as drilling, milling, or
deburring. PM is difficult for micro feature generation; therefore, micromachining can be
considered an enabling technology that further widens the applicability of these innovative
materials. In many cases, sintered PM parts are not perfectly dense because sintering cannot
completely remove the original porous powder–binder–air structure. This resulting poros-
ity can deteriorate the mechanical properties and machinability [2]. Hard reinforcement
particles play a crucial role in the strength of MMCs as an obstacle to the movements of
dislocations, creating resistance for deformation and providing strength [3]. This strength-
ening mechanism carried by the hard particles reduces machinability. Therefore, when
machining MMCs, an increased generation of cutting forces is seen with a consequent
reduction in tool life due to the excessive cutting temperature [4]. In some cases, contrary
results can occur due to the unique nature of the reinforcement particles. For instance,
reinforcements such as graphene nanoflakes show a particular lubrication effect and reduce
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the friction between the tool and the workpiece [5]. On the other hand, reinforcing the PM
parts with hard particles to provide desired properties also increases porosity by causing
additional surface interactions between metal powders and reinforcement particles [6,7].

Due to the abundance of potential uses and advantageous physical characteristics like
low weight and corrosion resistance, aluminum alloys are more often chosen as the matrix
material for metallic matrix composites than other materials [4]. However, the machin-
ing of aluminum can be challenging, especially for powder metallurgy (PM) parts [8,9].
While reinforcing the aluminum with microparticles, the strength improves, but ductility
drops [10]. However, this phenomenon could not be so effective for nanoparticle reinforce-
ment. Nanoparticle reinforcement shows a preserving effect by controlling the decrease
in ductility. Nano-Al2O3-reinforced A356 aluminum matrix composites show improved
ductility with hardness, yield, and ultimate strength, which is attributable to the uniform
distribution of nanoparticles and grain refinement of matrix material [11,12]. It is also
known that aluminum alloys containing more than 10% Si has poor machinability. Addi-
tionally, alloys containing more than 5% Si do not provide bright surfaces as the bright
machined surfaces [13]. Because the microstructure directly influences the micromachin-
ing mechanism, the MMCs are not completely homogeneous or isotropic [14]. When the
microstructure is refined with finer grains, it is possible to improve the surface quality
of the micromachined aluminum alloy components [15]. Other important parameters for
the machining MMCs are the particles’ volume fraction and their distribution into the
matrix. These features are also directly affected by the design and fabrication processes.
If homogenous distribution of particles is achieved in the matrix, the desired physical or
mechanical properties can be obtained. Otherwise, MMCs consist of regions with differ-
ent mechanical and physical properties and cannot behave as isotropic materials. This
key feature also has significant effects on the machinability of MMCs, such as excessive
temperature, tool breakage/wear, and surface damage. Studies about machining or mi-
cromachining of MMCs mostly rely on experimental studies based on the comparison of
different matrix materials, particle reinforcement ratios, and tool materials or combinations
of them [16]. In addition to the workpiece material properties such as volume fraction of
reinforcement particles [16,17], spindle speed and feed rates are also effective parameters
on cutting forces when machining micro and nanocomposites [18,19]. During the microma-
chining of polymeric–metallic composite material used in metal additive manufacturing,
a particular interaction between the micro tool cutting edge and the loading particles
was discovered [20]. An analytical cutting-force modeling, in particular, was suggested
to describe the effects of the cutting-edge radius when cutting composites with various
particle diameters. Other authors studied the microcutting of soft metallic materials such
as aluminum alloys. Campos et al., for example, presented a mechanistic cutting-force
model adapted for the micromilling of an aluminum alloy [21]. They concluded that the
cutting speed presented more influence than feed per tooth on the specific force confirmed
via the mechanistic model. Liu et al. proposed a method for realizing the ductile regime
machining by selecting the cutting parameters to improve the surface qualities of SiCp/Al
MMCs [22]. The results indicate that the minimum chip thickness and feed per tooth are
heavily affecting the generation of the machined surface by causing a matrix-coating effect
or fracture of the particles. Increasing the feed per tooth increases the arithmetic mean of
the surface roughness (Sa). In their other work, they pointed out that surface roughness
is affected by the feed rate, and this can rely on the plowing effect of the Al matrix and
the removal of the particle in a ductile regime [23]. Some studies report that the depth of
the cut is also an influencing factor for cutting force, surface roughness, and tool wear [24].
The increasing volume fraction of nano-reinforcement particles raised cutting force mag-
nitudes when SiC nanoparticle-reinforced Mg matrix composites were micromilled [17].
Often, these justifications are attributed to improved strength by adding harder micro and
nanoparticles; however, there are also other comments about the machining of MMCs.
Teng et al. proved that cutting forces for the machining of pure Mg alloy is larger than
that of MMCs reinforced with nano-sized particles [25]. They based this phenomenon
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on improved ductility due to nanoparticles which provide less force to initiate plastic
deformation. They also concluded that finer surface roughness could be generated by
nanoparticle reinforcement due to their elastic recovery caused by the increased ductil-
ity. Moreover, there are numerical/mechanical modeling and simulation studies on the
macro/micromachining of micro/nanocomposites. Pramanik et al. projected a mechanics
model to predict cutting forces for aluminum-based SiC/Al2O3 micro-particle-reinforced
MMCs [26]. They reported an agreement between predicted and experimental results for
the total force generation mechanism based on the chip formation force, the plowing, and
the particle fracture force. They also studied the machining behavior of MMCs with the
help of finite element modeling simulations [27]. They found that the main reasons for
particle fracture and debonding during the machining of MMC are the magnitude and
the distribution of stress/strains in the material and the interaction of particles with the
tool. They also reported that the feed rate parameter controls surface roughness. Teng et al.
proposed a two-dimensional simulation study to simulate the micromachining process of
Mg/SiC MMCs with consideration of the cutting-edge radius [28]. Their results showed
that the particles restrict the progression of stress within the matrix, resulting in highly
strained particle interfaces. Tool wear is also significant for the machining of the MMCs, as
the tool will interact directly or indirectly with the reinforcement particles. While machining
aluminum MMCs reinforced with microparticles, a build-up edge (BUE) can be formed on
the cutting edge via material adherence due to friction, high temperature, and pressure [29].
While BUE formation during machining can cause tool wear by increasing the tool rake
angle [30,31], only cutting parameters such as cutting speed, depth of cut, and feed rate can
also be factors that increase tool wear [32]. Although several studies have been conducted
on the micromilling of Mg matrix nanocomposites, there are still very limited studies about
the micromilling of nanoparticle-reinforced aluminum matrix composites (5, 17, 18, and 25).
In most studies, researchers focus on interpreting the cutting mechanism by measuring the
cutting forces, tool life, and resulting surface characteristics. However, the related effects
driven by the quantity of nanoparticle reinforcement are usually not discussed.

This present study wants to fill this lack by investigating the direct effects of nanoparti-
cle reinforcements on the micromilling force and part quality generation in nano-reinforced
MMCs. Micromilling experiments were conducted on different samples for a wide range of
cutting parameters to understand the links between the cutting parameters setup and the
nano reinforcement contained in the parts.

2. Materials and Methods
2.1. Workpiece Materials and Specimen Production

A356/Al2O3 nanocomposite samples with six reinforcement ratios (0–12.5 vol.%)
produced via PM were used as workpiece materials for micromilling tests. A356 (LPW
Technology Ltd., Runcorn, UK, APS: 46 µm, chemical composition: 7.5 Si (%wt.); 0.7 Mn;
0.4 Mg, 0.2 Fe; 0.2 N; 0.2 O; 0.15 Ti; 0.05 Cu; 0.1 Zn) and Al2O3 powders (Nanografi Inc.,
Jena, Germany, APS: 20 nm) were mechanically milled for 4 h in Fritsch planetary ball
milling device with a single chamber (capacity: 225 mL). After mechanical milling, the
powders were cold pressed (600 MPa) to produce green samples. The green samples were
sintered at 565 ◦C for 1 h in a vacuum furnace. A total of six workpieces with different
reinforcement ratios were manufactured. The microstructures of MMCs produced via
powder metallurgy consist of primary alpha aluminum containing small silicon phases
shaped like particles called eutectic structures. The dimensions of each cylindrical sample
are 10 mm in diameter and 15 mm in length. Figure 1 represents the manufacturing route
of the nanocomposite workpiece samples.
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Figure 1. Flowchart of the production process and the nanocomposite workpiece samples.

2.2. Machines, Tools, and Measurements

Precisa XB200h density measurement kit was used for the density measurement of
the A356 alloy and the nanocomposite samples. Hardness tests were carried out on AFFRI
VRSD 251 hardness tester. Brinell hardness method was applied to the samples with
31.5 kgf load for 5 s. The average value was calculated from five different measurements
on each sample. Kern EVO 5-axis CNC micromachining center was used for the cutting
experiments. Sandvik CoroMill Plura solid carbide end milling (R216.32-00530-AE05G
1620) tools with an edge radius of around 10 µm, a diameter of 0.5 mm, and a flute helix
angle of 30 deg. were used for micromilling tests. Figure 2 shows the geometric properties
of the micromilling tool. Schunk-Tribos clamping device was used as a tool holder.
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Figure 2. The geometric properties of the micromilling tool.

Kistler 9317 Type B triaxial dynamometer, National Instruments NI 9234 Sound and
Vibration Input Module, and NI 9171 USB DAQ module carrier were used to measure
cutting forces. Figure 3 represents the experimental setup with the CNC machine, the force
measurement system, and the workpiece fixture setup.
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2.3. Experimental Plan and Cutting Conditions

For full factorial experimental design, four factors were determined: Al2O3 rein-
forcement ratio (6 levels also represent the 6 workpiece material), feed/tooth (3 levels),
axial depth of cut (2 levels), and radial depth of cut (2 levels). Spindle speed and cutting
speed were kept constant at 30,000 rpm and 47 m/min. Table 1 provides the parameters
of the design of the experiment. With two replications of each test, a total of 144 tests
were executed.

Table 1. Material and cutting process parameters adopted. Spindle speed: 30,000 rpm. Cutting speed:
47 m/min.

Factors Levels

Al2O3 reinforcement (vol.%) 0/2.5/5/7.5/10/12.5
ƒz—Feed/tooth (µm) 3/6/9

αe—Radial depth of cut (µm) 0.15/0.5
αp—Axial depth of cut (µm) 60/120

Due to the cylindrical shape of the MMC parts, a milling strategy in which the tool
moves from the center to the outer surface was adopted. Face milling was applied to
clean the top part surfaces, followed by the cutting tests with the variable conditions listed
in Table 1. To generate better control of the cutting, a cylindrical pocket was applied at
the center of the workpiece prior to the execution of the main cutting tests. Because of
the limited surface area of the workpiece, this experimental study was divided into two
sections, including 72 tests (12 for each material) conducted on the first floor using the
first tool and 72 tests performed on the second floor using the second tool. After collecting
experimental investigations on the first floor, face milling was applied to remove residuals,
and the second floor was obtained. Further experiments were carried out on this second
floor. Figure 4 shows a representation of the micromilling strategy. The experiments were
conducted in random order, trying to prevent the possible effects of all the unmeasured
external factors.
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2.4. Cutting Force Measurement and Tool Wear Analysis

Cutting forces were measured with an acquisition frequency of 17,067 Hz, but then low
pass filtering at 1750 Hz was applied to the raw cutting force data via MATLAB software
R2022a to avoid the unwanted effect given by the excitation of the main natural resonance
of the dynamometer. The average of the root mean square value of the resultant force
signal (rms(Fr)) is therefore computed, whereas the resultant forces (Fr) were calculated
from the original triaxial cutting forces (Fx, Fy, and Fz). For each test, the entrance and
exit regions of the cutting forces were ignored from the cutting force analysis. Analysis of
variance (ANOVA) is applied to evaluate experimental results using Minitab software v21.
The effects of four factors (reinforcement, feed per tooth, axial and radial depth of cut) on
the response variable (average resultant cutting force) were determined statistically. To
analyze the regularity of the cutting forces, the force signal was divided into five portions
(not overlapped), and the difference in mean values of these portions of the signal was
investigated. The standard deviation of these five portions was evaluated as the regularity
of cutting forces during the micromilling of nanocomposites. A block factor was used in
the cutting tool unit (one tool unit was used to machine one floor of the material, while the
second tool was used for the second floor). The experiments were conducted in random
order to prevent or minimize tool wear-related errors.

2.5. Surface Analysis and Burr Measurements

Mahr MarSurf CWM100 hybrid microscope (confocal and white light interferometer)
was used with a 10 × NA0.5 lens to scan the roughness and the burrs of the samples. This
lens setup was used to have full access to the cutting slots preventing limits due to the
focal depth of the microscopes as typical with micromachined slots [33]. Each workpiece
was fully scanned, and a circular surface profile for each slot was generated. The surface
roughness data were collected in terms of average surface height Sa. SEM and an optical
microscope were used for part integrity evaluation.

3. Results
3.1. This Density and Hardness

The composite powders can be considered ductile–brittle (A356-Al2O3) components.
During mechanical milling of ductile–brittle components, the ductile metal powder parti-
cles are flattened via deformation (ball–powder–ball or ball–powder–wall), while brittle
particles are fragmented. These brittle particles tend to be trapped within ductile particles.
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With further milling, the ductile powder particles are work hardened and refined via crimp-
ing/folding [34]. Such microstructural effects were also observed in the microstructures
of the samples obtained in this study. Figure 5 shows the microstructures of workpiece
materials (after sintering) with different reinforcement ratios subjected to the same me-
chanical milling route. With higher reinforcement ratios, ductile particles are deformed
and refined with smaller and more complex forms. The analysis of the sintered parts con-
ducted prior to cutting them allows us to confirm that the sintered part density decreases
along with the nanoparticle reinforcement. In particular, the values of the A356 alloy and
nanocomposite reinforced materials resulted as 96.13 ± 0.26 (A356), 96.30 ± 0.36 (2.5%
reinforced), 93.93 ± 0.38 (5% reinforced), 90.40 ± 0.49 (7.5% reinforced), 88.74 ± 0.27 (10%
reinforced) and 85.78 ± 1.47 (12.5% reinforced). A noticeable drop in density is found for
reinforcements higher than 2.5%, and a total reduction of 10.77% is generated by adding
12.5 vol.% nano-Al2O3 reinforcement in the A356 matrix (Figure 5). The minor images in
Figure 5, created by filtering the microstructure images by similar thresholds, highlight the
pores (black) and their distribution.
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represent the pores and their distribution).

The decreased relative density of the sintered parts can be explained using different
mechanisms in both the forming and the sintering stages. Regardless of their nano-Al2O3
content, the original powder particles are subjected to plastic deformation and formed
in different shapes during mechanical milling. The particles can be repeatedly fractured,
and the surface areas of these particles grow with deformation, which produces more
voids/pores at the interconnection regions of the particles [34]. The sintering process
cannot fill these regions, creating a residual porosity on the sintered parts. It has to be
considered that the melting and sintering temperatures of Al2O3 nanoparticles are much
higher than that of A356 alloy (almost four times the temperature difference); therefore, it
is not possible to achieve the sintering of Al2O3 particles. However, the effect of the nano
loading on the sinterability of these materials is very complex, and it is not discussed in the
paper as our goal is to address the micromilling machinability only.

When adding the reinforcement, the compressibility of the powder particles becomes
more limited. This is because the reinforcement increases the powder particles’ hard-
ness. This hardening effect is caused by the strain hardening mechanism induced via the
increased deformation that happens with increased nanoparticle volume fractions. The
second mechanism that can be pointed out as a hardening effect is the Orowan mechanism;
nanoparticles prevent dislocation movement during deformation and provide better re-
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sistance to deformation [6]. The lower powder compressibility, caused by the increased
particle hardness, produces a substantially increased number of voids/pores at intercon-
nection regions on the pressed compact. In case the sintering process cannot densify the
material enough, the final relative density of the resulting material is affected.

The hardening caused by the nanoparticle reinforcement is quantified by measuring
the sintered hardness on the parts. The hardness of the A356 alloy is measured as 41.7 HB,
whilst the 12.5 vol.% nano-Al2O3 alloy produced a measurement of 69.3 HB (66.4% of the
increase). The hardest parts are, however, represented by the 10% nanocomposite that
showed a slightly bigger hardness of 12.5%. This can be due to the agglomeration of nano-
Al2O3 particles that could have generated weaker bonding between nanoparticles, affecting
their capacity to strengthen the original A356 matrix [11].

3.2. Cutting Mechanisms and Cutting Forces

A356 alloys and A356/2.5 vol.% Al2O3 nanocomposites have a microstructure that
clearly consists of bigger and slightly deformed particles (Figure 5a,b). The particle (grain)
boundaries are clearly noticeable. This evidence is linked to the presence of surface oxi-
dation of the particles during mechanical milling. For this reason, the grain shows weak
interconnection bonding. During the micromilling of A356 alloy and A356/2.5 vol.% Al2O3
nanocomposite, these grains are, in fact, not stable in their positions. When the tool contacts
a grain, three different mechanisms can occur. On one side, grain particles could leave
their positions because of weak bonding generating a total grain pull off. In other cases,
when there is sufficient bonding, the particles remain in place and can be either cut/sliced
or highly deformed (getting squeezed underneath the tool with no material removal gen-
eration) due to the plowing/rubbing effect. The onset of these different microcutting
mechanisms is also conditionally affected by the presence of internal porosity. All these
reasons contributed to making the micromachining cutting-force generation irregular. For
other nanocomposites, a good interconnection/bonding between particles can be noticed in
Figure 5c–f. This is supported by the higher deformation introduced via mechanical milling.
During this last process, the presence of nanoparticles increases the friction and, in general,
the interaction mechanism between the aluminum A356 powder grains by introducing
larger shearing deformations during the mixing. It is shown that the increasing volume
fraction of nano-Al2O3 provides better bonding between the particles. These increase the
material hardness (see Section 3.1) and foster micromachinability by avoiding grain pull off
and reducing the extension of plowing/rubbing effects. The contribution of the porosity on
the part with the highest reinforcement is smaller than the contribution from grain pull off
and plowing/rubbing mechanisms.

There is an apparent increasing effect of the nano loading on the cutting force genera-
tion; see Figure 6a. When machining the A356 alloy reinforced with nano-Al2O3 particles,
the average resultant forces are clearly increased. This can be likely due to the strengthening
mechanism of A356 matrix alloy via nanoparticle reinforcement. As nanoparticles improve
the strength of the material, this will cause more resistance to shear deformation imposed
by the machining process. Based on the average force values together with the regularity
of the force generation, as depicted in Figure 6a, it is possible to split the materials into two
clusters. Cluster A, composed of A356 alloy and A356/2.5 vol.% Al2O3 nanocomposite,
and cluster B for the A356/5–12.5 vol.% Al2O3. The former group shows very irregular
force profiles, while the latter present generally higher forces with a very regular and stable
force generation. Although the hardness increases with the nanoparticle reinforcement in
cluster B, the cutting force does not show a similar trend. After 5 vol.%, average cutting
forces fluctuate with increasing reinforcement ratios. As for the effect of process parameters,
the feed per tooth value affects the cutting forces in an almost linear way by increasing
them consequently. This somehow highlights the special cutting behavior of this material,
which does not show the typical strong nonlinear behavior of the average cutting power
with the feed per tooth values. At the same time, there is an expected positive effect on the
cutting forces of the axial and radial depth of the cut (Figure 6b). The former presents a
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proportional effect that agrees with the typical microcutting behaviors, whereas the latter
presents a less impacting outcome. The ANOVA analysis in Table 2 indicates that all factors
are statistically meaningful for average cutting forces.
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Figure 6. Main effects plots of the average resultant cutting forces rms (Fr), (a) effect of the nano
reinforcement ratio, (b) effects of the cutting parameters.

Table 2. ANOVA table for the average resultant forces rms (Fr).

Source DF F-Value p-Value

Reinforcement Ratio (% vol.) 5 26.770 0
ƒz (mm) 2 34.420 0
αp (mm) 1 236.530 0
αe (mm) 1 344.940 0

Reinforcement Ratio ∗ ƒz 10 0.440 0.924
Reinforcement Ratio ∗ αp 5 1.130 0.348
Reinforcement Ratio ∗ αe 5 2.600 0.028

ƒz ∗ αp 2 2.130 0.123
ƒz ∗ αe 2 7.220 0.001
αp ∗ αe 1 37.580 0

Reinforcement Ratio ∗ ƒz ∗ αp 10 0.270 0.986
Reinforcement Ratio ∗ ƒz ∗ αe 10 0.190 0.996
Reinforcement Ratio ∗ αp ∗ αe 5 0.190 0.968

ƒz ∗ αp ∗ αe 2 0.930 0.398
Reinforcement Ratio ∗ ƒz ∗ αp

∗ αe
10 0.150 0.999

∗ multiplication sign.

In order to provide deeper insight into the above-mentioned regularity of the cutting
forces, a synthetic indicator is analyzed, consisting of the standard deviation of the average
rms force values along the slot. If the rms keeps constant, the standard deviation is zero;
otherwise, it increases. The signal in the central slot region is divided into five portions,
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and the standard deviation of the rms force value is extracted for each portion (Figure 7a).
Entrance and exit regions were excluded since they involve the tool engagement and
disengagement transients that kinematically affect force generation. According to the
claims provided in the previous section, the quantitative analysis of the cutting forces’
regularity, shown in Figure 7a, reveals that the two clusters exist. Cluster A showed
much more irregular micromilling forces compared to cluster B. These values represent
the regularity or stability of cutting forces acquired during micromilling. The higher
values mean the cutting forces are irregular for this test. The higher irregularity shown
via cluster A is much higher, considering that lower magnitude average cutting forces
occur in this cluster than in cluster B. The regularity of cutting forces is also affected by
the process parameters. Each process parameter, feed/tooth, axial depth of cut, and radial
depth of cut, affects the force regularity negatively. Lower parameter values result in
more regular cutting forces (Figure 7b). ANOVA analysis indicates that factors, except for
feed per tooth, are statistically meaningful for the regularity of cutting forces. When all
factors are evaluated separately for each cluster, besides the great force regularity difference
between the two clusters, the force regularity of cluster B was seen to be less affected by the
reinforcement ratio and the process parameters with respect to cluster A (Figure 8a,b). On
the other hand, the axial and radial depth of cut were statistically significant for cluster A
and cluster B (Table 3).
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Figure 7. Main effect plots of the regularity (standard deviation) of the resultant cutting force values,
(a) effect of the nano reinforcement ratio, (b) effects of the cutting parameters.

This evidence regarding the regularity of the cutting forces can be given by systematic
changes in the workpiece material homogeneity as well as a systematic change in the
underlying cutting mechanisms. Since microstructural analysis confirms that there is no
clear evidence of material inhomogeneity along the radial coordinate of the workpieces, as
a function of increased nano reinforcement, the regularization of the cutting forces can be
related to a systematic change in the cutting process itself.
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Table 3. ANOVA table for the regularity of the resultant cutting force.

Cluster A Cluster B All Together

Source p-Value p-Value p-Value

Reinforcement Ratio (% vol.) 0.394 0.092 0.000
ƒz (mm) 0.078 0.007 0.004
αp (mm) 0.001 0 0.000
αe (mm) 0.001 0.002 0.000

Reinforcement Ratio ∗ ƒz 0.596 0.508 0.558
Reinforcement Ratio ∗ αp 0.391 0.949 0.015
Reinforcement Ratio ∗ αe 0.371 0.703 0.004

ƒz ∗ αp 0.657 0.8 0.540
ƒz ∗ αe 0.355 0.089 0.260
αp ∗ αe 0.339 0.408 0.220

Reinforcement Ratio ∗ ƒz ∗ αp 0.524 0.424 0.835
Reinforcement Ratio ∗ ƒz ∗ αe 0.687 0.928 0.807
Reinforcement Ratio ∗ αp ∗ αe 0.093 0.696 0.126

ƒz ∗ αp ∗ αe 0.226 0.44 0.127
Reinforcement Ratio ∗ ƒz ∗ αp

∗ αe
0.19 0.899 0.203

∗ multiplication sign.
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Figure 8. Main effect plots of the regularity (standard deviation) of the resultant cutting force
values. The analysis is split into (a) cluster A (A356 alloy and A356/2.5 vol.% Al2O3, (b) cluster B
(A356/5–12.5 vol.% Al2O3).

3.3. Tool Wear Analysis

On one side, there are no doubts that the tools’ performance is directly influenced by
the mechanical properties of the material and the volume fraction of nanoparticles, but on
the other, the conducted micromachining tests revealed only a negligible impact on the
tool wear. Given the limited cutting length carried out in the tests, a clear identification
of the effect of the loading ratio on the tool wear was not possible. Figure 9 shows the
SEM analysis of the tool wear after micromilling of the first (by tool-1) and second floors
(by tool-2) of the workpieces. Although this kind of wear assessment could not quantify
the rounding on the cutting-edge radius, the resulting images indicate that beyond the
residual material sticking to the tool edge (see point A, Figure 9) and environmental debris
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(contamination, point C, Figure 9), negligible tool wear occurred during the conducted
micromilling tests of MMCs.
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Figure 9. Tool wear inspection (“Fresh tool” refers to a brand-new tool, and “Run” indicates the
cumulated number of cutting passes carried by the tool).

3.4. Surface and Burr Formation Analysis

The generated surfaces and machining burrs are analyzed via microscope imaging
(Figure 10). A considerable burr formation has occurred when micromilling cluster A
(A356 and A356/2.5% vol. Al2O3), and the greatest burrs are noticed on A356 alloy (see
Figure 10a). The burr formation was intensely observed in the entry wall of the tool
cutting edge (left wall in the SEM images). A burr in the form of side bulging has occurred
because of uncut chip accumulation on the tool entrance wall. Serrated burrs, rarely
including shear bands, were formed on the tool exit edge. In materials with higher nano-
reinforcement ratios, small, serrated burrs occurred in both walls with burr heights that
decreased significantly with increasing reinforcement ratio. Since cluster A is composed of
softer materials, increased burr, and surface worsening behaviors are linkable to a variation
in the cutting tendency to develop plowing/rubbing mechanisms [14]. The nature of
the micro deformation during plowing/rubbing is known to contribute significantly to
increase cutting forces, burr formation, and worsening surface quality [35,36]. Harder
materials tend to undergo lower plastic deformation and lower flow toward the feed
direction. Despite an increased grain pull-off tendency with a consequent material pile up,
an additional mechanism that can explain the burr results in the cluster A data, no available
direct observations are collected to support this claim. Cluster B showed better slot quality
characteristics with a much smaller burr formation (Figure 10c,d), and burrs get smaller
for increased reinforcement ratios (the best results were observed on the A356/12.5% vol.
Al2O3). It is also noticeable that the cutting parameters affect the burr formation but in a
more limited way compared with the effects of nano reinforcement (Figure 10e). The lower
feed rates, i.e., the lower the chip thicknesses, the lower the burrs, which is in agreement
with the previous literature [37].
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Figure 10. Burr formation on the top surfaces of the workpieces, (a) SEM images of slot 9 on A356
alloy, (b) slot 10 on A356/5% vol. Al2O3, (c) slot 8 on A356/12.5% vol. Al2O3, (d) surface profiles of
selected workpieces, (e) the cutting conditions of selected workpieces.

Figure 11 shows the mean effect plots of the Sa values concerning the reinforcement
ratio and process parameters. Similar to the burr results, cluster A showed higher surface
roughness than cluster B (Figure 11a). This quantitative evidence supports that nanoparticle
reinforcement can alter the chip generation mechanisms, limiting the plowing/rubbing
contributions and providing better surface qualities. While the surface roughness values
were comparably high in A356 alloy, it was observed that the values decreased approxi-
mately three times with 5% vol. Al2O3 nano reinforcement. Figure 11b–d also supports the
improvement of surface quality by indicating and comparing the 3D surface topographies
of slot surfaces (A356 alloy, A356/5% vol., and A356/12.5% vol. Al2O3).
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Figure 11. (a) Mean effect plots of Sa (Average height of surface area) values versus reinforcement
ratio, (b) 3D surface roughness images of slot 4 on A356 alloy, (c) slot 1 on A356/5% vol. Al2O3,
(d) slot 5 on A356/12.5% vol. Al2O3, (e) main effect plots of Sa values versus process parameters.

As for the effects of machining parameters (Figure 11), the surface roughness increased
with the increase in feed per tooth and decreased negligibly with the increase in the axial
depth of the cut. ANOVA analysis given in Table 4 indicates that the depth of cut does
not significantly affect surface quality. In addition, it was observed that the increase in the
radial depth of the cut increased the surface roughness. The radial depth of the cut is also
related to the contact time, and with that effect, there could have been a dynamic response
of tool deflection. Different bending or deflection can produce different vibrations and
different surface responses. But also, without bending, it would be some different chip
evacuation/generation. When the clusters are focused individually (Figure 12), ANOVA
analysis (Table 4) proves that reinforcement ratio does not have a statistical role on the
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surface roughness values. However, there are significant differences between the cluster,
which is dominated by a change in the plowing/rubbing mechanism for all factors and
levels. For cluster B, only feed per tooth is statistically significant on the surface roughness.
The regularity of cutting forces and the surface quality results seem similar in trend (Figure 7
vs. Figure 11). This can be interpreted as the force regularity is highly related to surface
quality. When these results are evaluated together, the nanocomposite material A356/10%
vol. Al2O3 produces better surface quality and lower cutting forces. With that characteristic,
this material served the optimum micromilling performance.
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Figure 12. Mean effect plots of Sa, (a) cluster A (A356 alloy and A356/2.5 vol.% Al2O3) and (b) cluster
B (A356/5–12.5 vol.% Al2O3).

Table 4. ANOVA table for the average surface roughness (Sa) values.

Cluster A Cluster B All Together

Source p-Value p-Value p-Value

Reinforcement Ratio (% vol.) 0.312 0.052 0
ƒz (mm) 0.294 0 0.004
αp (mm) 0.484 0.252 0.839
αe (mm) 0.005 0.566 0.004

Reinforcement Ratio ∗ ƒz 0.879 0.635 0.995
Reinforcement Ratio ∗ αp 0.295 0.676 0.451
Reinforcement Ratio ∗ αe 0.58 0.782 0.013

ƒz ∗ αp 0.971 0.982 0.98
ƒz ∗ αe 0.612 0.967 0.703
αp ∗ αe 0.286 0.423 0.198

Reinforcement Ratio ∗ ƒz ∗ αp 0.321 0.959 0.759
Reinforcement Ratio ∗ ƒz ∗ αe 0.111 0.977 0.176
Reinforcement Ratio ∗ αp ∗ αe 0.535 0.316 0.66

ƒz ∗ αp ∗ αe 0.773 0.902 0.711
Reinforcement Ratio ∗ ƒz ∗ αp

∗ αe
0.324 0.906 0.707

∗ multiplication sign.
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4. Conclusions

This study investigates the micromilling performance of a class of innovative A356/Al2O3
nanocomposite materials produced via the powder metallurgy route. By controlling the
experiments throughout the entire process chain, from the production of the material to ma-
chining operations and post-processing measurements, this study allowed the generation
of cross-processes knowledge that is required for developing real industrial applications
with such pioneering materials. The carried multi-factorial experimental analysis included
cutting forces and part quality indicators analysis and allowed us to quantify the effects
of varying nano reinforcement loadings and cutting process parameters on the micro-
cutting process.

The main finding of this work consists of the evidence that a threshold of the nano
Al2O3 reinforcement content exists, namely the 5% vol. nano Al2O3, that allows a burr-free
cutting process which is fundamental to enhancing the micromachinability of this ductile
class of aluminum alloy materials. Passing this threshold with higher ceramic reinforcement
ratios allows better surface quality with reduced burr and pile-up formations on the parts
by regularizing cutting forces and cutting stability. The surface quality improved more than
two times with the higher reinforcement ratios of ceramic reinforcement. Despite the higher
volume fraction, which results in further internal porosity and slightly higher cutting forces,
finer surface roughness was obtained via more regular cutting regimes. With the increase
in the cutting force values, the regularity of cutting forces increased approximately fivefold.
The absence or small contents of nanoparticle reinforcement can produce very dense but
softer MMC parts that are easier to cut (lower cutting forces) but with a worse result in
micromilling surface finishing and slot quality.

Incorporating nano reinforcement has proven to enhance cutting performance while
promoting superior surface quality. The increased cutting forces present a higher effort
required for the tool, but a heightened level of control over potential damage and breakage
offsets this. No perceptible wear was observed in the cutting tool after 72 experiments
in which tool wear was sequentially examined. The result is a cutting process that not
only performs better but also results in a smoother and more refined surface finish due to
the presence of nanoparticles. Further research could not only focus on the quantitative
analysis of the effect of the tool’s wear mechanism but also encompass a comprehensive
study of the same focus. In addition, future studies should be aimed at altering the
sintering conditions and exploring the impact of various production parameters, such as
sintering cycles and mechanical milling conditions, to gain a deeper understanding of the
underlying mechanisms.
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