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Abstract

The manufacturing of aeronautical components requires accuracy, repeatability and efficiency. Nevertheless,
for today industry, machining processes should not only be effective in terms of technical requirements and economic
issues, but also they should be sustainable in terms of environments and operator’s safety. It is well known that the use
of cutting fluids during machining is costly and can be hazardous for the operator. However, the dry machining induces
excessive friction on the tool/workpiece and chip/cutting tool interfaces leading to increased emission of fine particles
and nanoparticles which deteriorate the workshop air quality, can constitute a real risk to the health of operators and
shorten the reliability of the machine-tools components. Knowing the conditions leading to reduced metallic particle
emission could help improving the occupational safety of the machining processes. This paper presents experimental
and theoretical investigations on particle emission phenomenon during dry machining of aluminum alloys (7075-T6 and
6061-T6) used in aeronautic applications. The main goal is to predict the particle emission as a function of machining
conditions in order to determine safe and economic machining process windows.
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1. Introduction

The performance of modern metalworking processes is not limited to standard criteria such as productivity,
precision, surface quality or cycle time anymore. The potential health hazards associated with the machining has be-
come another machining process performance indicator to consider [1]. Generally, all machining processes generate
aerosols in solid or liquid forms. In the air, both aerosols forms can be inhaled and therefore threaten human health.
Solid aerosols are generated from workpiece material during dry and wet machining, while liquid aerosol production is
caused by the use of cutting fluids [2, 3]. The primary mechanisms responsible for wet aerosol production include fluid
impact on the workpiece and also evaporation [4, 5, 6 & 7]. Cutting fluids are not only toxic [8, 9], but are also costly
(initial purchase and treatment of used fluids). The emission of liquid aerosols caused by cutting fluids can be eliminat-
ed by using dry machining. However, the problem of the solid aerosols still remains in this case [10]. Most of the dust
generated in dry machining can be fine or ultrafine and it is considered respirable. Further, the accumulation of any dust
in a manufacturing facility can be problematic from the regulatory perspective. In fact, dust and debris has been blamed
to prevent part contamination or damage in manufacturing facilities. Many governments to more closely monitor and
regulate dust accumulation in all manufacturing environments [11]. Advanced aluminum materials are providing re-
markable opportunities for weight reduction versus structural strength in the new generation of aircraft. Previous re-
search showed that machining of aluminum alloys is usually accompanied by fine and ultrafine conductive and abrasive
dust emission [12]. Hence, there is a need to provide a variety of solutions to alleviate these concerns by ensuring the
operator safety and protection for the machine tool and surrounding equipment to prevent aluminum dust entering elec-
tronic and mechanical parts.

The characterization and measurement of dust emission require advanced equipment and time consuming tests
especially when new materials grade are concerned. Thereby, predictive modeling of dust emissions is required. The
literature contains limited models for the prediction of dust emissions during machining processes, and most are not
applicable to metals [13, 14]. For the metallic dust emission during machining processes, the following process parame-
ters were found important [15]: cutting conditions (cutting speed, depth of cut and feed rate), tool geometry (rake angle,
and lead angle) and workpiece material. These parameters influence the shearing of metal, the friction and the plastic
deformation. Friction can thus cause particle detachment by various means. Ko et al. (2001) shows the effect of the sur-
face roughness on particle emission [16]. Akarca et al. (2005) found that during sliding wear of the 356 aluminum al-
loy, wear particles are generated by the nucleation of voids and the propagation of micro-cracks at a certain depth under
the surface [17]. Rautio et al. (2007) developed an empirical model for dust emission. They found that the fraction of
dust mass generated to the chip removed from the workpiece material is inversely proportional to the chip thickness
[18]. They then concluded that the fraction of dust generated is proportional to the ratio of the cutting speed to the feed
rate used. This model is simple and very convenient, but was validated only on medium-density fiberboard materials.
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In the current paper, the effects of cutting speed and cutting feed on dust emission during machining of aero-
nautical aluminum alloys (6061-T6 and 7075-T6) were studied. Relationship among chip morphology, specific energies
(shearing and friction) and dust emission were established. A dust emission model [15] taking into account the machin-
ing conditions and a work material property was validated through experimental results.

2. Testing Procedures

Dry and orthogonal machining tests were conducted on a three-axis MAZAK CNC machine-tool (12 000 rpm)
using 1ISO TNMA160408 uncoated carbide insert (K68 grade from Kennametal) . A shaped disk workpiece with a
diameter of 70 mm and a width of 4.3 mm were used in the experiment. A laser photometer (TSI8520 DusTrack™) was
used to quantify the particles produced. The DusTrack™ was connected to limps of collection by a suction pipe at a
flow rate of 1.5 I/min from the cutting area (or near this area). The dust sampling was carried out before, during and
after each cutting process to return to initial ambient concentration. Cutting forces were measured using a three-axis
table dynamometer (Kistler 9255-B) on the machine table. A computer equipped with a data acquisition and analysis
system was also connected to the measuring device. Scanning Electronic Microscope (SEM) was used to examine the
chips under different conditions. The experimental setup is shown in Fig. 1.
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Fig. 1 Experimental setup: Orthogonal cutting

In order to be efficient and to reduce the costly full factorial machining tests, a central composite design with 5
levels of speeds and 5 levels of feeds was used in the design of experiments for this investigation. The cutting speed
used ranged from 150 to 1200 m/min and the cutting feed was ranged from 0.01 to 0.3 mm/rev. The total mass
concentration of dust emission representing the total mass per unit volume was computed from the particle number
concentration and used as one output response. The total number of experiments performed was 12 experiments.

3. Results and Discussion
3.1. Dust emission
Observations on scanning electron microscope showed the particles to be heterogeneous and agglomerated

(Fig. 2). This morphology depends on the nature of the material and the mechanism that produced it. Similarly, the
agglomeration of particles did not lead to spherical particles.
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Fig. 2 SEM image of particles emitted during machining of A6061-T6 alloy
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For this investigation (Fig. 2), a dust predictive model for dust emissions develped by [15] was used. The
model is based on chip segmentation, tool rake face roughness, cutting parameters, workpiece material and particle
detachment energy. The main advantage of this model is to predict the dust emission based on cutting data, materials
properties and tool geometry. The predictive model is given as follow [15] :

5
D, = AXMX R, X7 (\ij exp Ea E (1)
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Where A is the factor of proportionality and & is a material parameter introduced to characterize the ability of the
material to produce metallic dust. For each material, a constant ¢ is attributed. The parameter ¢ is experimentally
determined to obey the following criteria (Eq. 2).

6 >1— Ductile materials
0=405<06<1— semi—ductile materials (2)

0< 6 <0.5 — Britlle materials

All parameters in Eq. 1, such as the rake angle o, the shear angle ¢, the cutting speed V, the feed f, the tool
roughness R,, The chip segmentation density 7s, the maximum value of chip segmentation coefficient fya, and the
critical value for which the chip becomes segmented S;, can be known or easily determined. The shearing force and
temperature can be estimated with using the Needelman-Lemonds constitutive equations.

Fig. 3 and Fig.4 present the experimental data and the simulation results for dust emission as a function of the
feeds and cutting speeds for dry machining of aluminum alloy 6061-T6 and 7075-T6. The experimental results show
that the emission of dust during machining decreases significantly with cutting speed during machining of both tested
alloys. At low speeds, the dust emission is maximal and comparable for two materials tested. The 7075-T6 aluminum
alloy can however emit more than the 6061-T6 aluminum alloy in the same cutting conditions. On the other side, the
increase in the feed rate reduces the amount of dust generated during machining.
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Fig. 3 Effect of cutting speed and cutting feed on dust emission during machining of
061-T6 aluminum alloy
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Fig. 4 Effect of cutting speed and cutting feed on dust emission during machining of
7075-T6 aluminum alloy

3.2. Chip Morphology Analysis

The chip morphology was analyzed in this study using SEM microscope. Table 1 shows the different chip
morphologies obtained during machining of 6061-T6 and 7075-T6 aluminum alloys at different cutting speeds. The
chip patterns produced are similar and they are dense and strongly crushed against one another for low speed which
corresponds to the maximum production of dust (Fig. 3 and Fig. 4). The shear bands are more spaced for cutting condi-
tions generating less dust (high cutting speeds). The chip morphology can give an indication of the deformation that
took place during the process, and explains some of the variability in dust emissions. Chip morphology due to the flow
of material of the workpiece according to cutting conditions, forms bands of different sizes (Table 1). The chip for-
mation is influenced not only by the cutting speed, but also by the workpiece material which may explain the difference
on dust emission for the tested aluminum alloys in the given cutting conditions.

Table 1
Chip formation during machining of 6061-T6 and 7075-T6 aluminum alloys at different cutting speed for a feed rate of
0.15 mm/rev
) Workpiece materials
Cutting speed
(m/min) 6061-T6 7075-T6

157

650

1144




3.3. Cutting Energy

Fig. 5 shows the trend of the cutting energy during machining of 6061-T6 and 7075-T6 aluminum alloys. Spe-
cific shearing and friction energies were calculated based on the measured cutting forces and chip compression ratios.
The specific cutting energy is defined as the sum of the specific shear and friction energies. As expected, the friction
energy is smaller compared to the shearing energy for each test. One can see that the shearing energy decreases as the
cutting speed increases. Besides, accentuated friction is observed during machining of 6061-T6 alloy compared to 7075-
T6 alloy. This is clearly shown by the effect of cutting speed on chip/tool contact length in Fig. 6. An increase in the
cutting speed is accompanied by an increase in the friction energy in the case of 6061-T6, but in the case of 7075-T6,
the friction energy is constant for each test. These results leads the majority of the quantity of emitted particles is
through the shearing zone and explains the greater emissivity of 7075-T6 relative to 6061-T6 aluminum alloys (Fig. 3,

Fig. 4 and Fig. 5).
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Fig. 5 Effect of cutting speed on cutting energy during machining of 6061-T6 and 7075-
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3.4. Discussion

After examination of the chips morphology, it was observed that, in general, a lot of particles were broken in
the chips when cutting at low speeds. Fig. 7 shows an example of particles located between two shear bands in a chip at
low speed. At very low speeds, the slip planes are localized, their density increases as does the friction of the lips (Table
1). In this situation, the plastic deformation is limited and located in the shear plane. Shear rates are therefore consid-
ered very important, and help in the particle detachment process. At very high speeds, the density of segmentation is
lower, and the plastic deformation is delocalized; consequently, the dust generation tends to decrease. If the lips of the
crack open, which is the case with 7075-T6 aluminum alloy, there is no friction in the chip shearing zone. By cons, the
majority of the quantity of emitted particles is through the friction zone tool/chip. Dust generation is also a phenomenon
related to the material plasticity and the chip formation mode. An increase in the cutting speed is accompanied by an
increase in the temperature in the primary and the secondary shear zones. The effect of the cutting speed is character-
ized by a competition of two phenomena: the friction in the chip shearing zone, which produces a lot of dust, and the
high ductile deformation, spread with the chip mass. The friction produces particles only when the chip slip planes un-
dergo a strong movement. Maximum dust generation is mainly due to the high density of the shearing planes on the one
hand, and to the friction zone tool/chip, on the other.

Fig. 7 Shearing zone which produces dust at the cutting speed of 300 m/min and feed rate
of 0.15 mm/rev for dry machining of aluminum alloy 7075-T6

4. Conclusions

It has been proved that the cutting conditions influence significantly the dust generation. The experiment and
simulation results show that the cutting speed is determinant for dust emission as compared to the effect of the feed rate
and the workpiece materials. An increase in the cutting speed and feed rate also reduces dust emissions because the chip
becomes segmented. This examination indicates that it is possible to machine parts at very high speeds, which ensures
high productivity, good parts quality, and without producing harmful dust. For the 7075-T6 aluminum alloy, the influ-
ence of the friction energy on dust emissions during cutting is constant for each test. However, in the case of the 6061-
T6 aluminum alloy, the influence of the friction energy on dust emissions is much higher than in the case of the 7075-
T6 aluminum alloy. By comparing the results obtained for the two types of aluminum alloys, the influence of the shear-
ing energy on dust emission is most significant. The results obtained make clear that the majority of the quantity of
emitted particles is through the shearing zone. It is also observed that the order is not respected with regards to the fric-
tion energy because there is no complete proportionality between the friction energy and the dust quantity, but there is a
sum of the specific shear and friction energies in which production reaches its maximum.
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