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Because of the risks associated with exposure to metallic particles, efforts are being put into controlling and
reducing them during the metal working process. Recent studies by the authors involved in this project
have presented the effects of cutting speeds, workpiece material, and tool geometry on particle emission
during dry machining; the authors have also proposed a new parameter, named the dust unit (Du), for use
in evaluating the quantity of particle emissions relative to the quantity of chips produced during a
machining operation. In this study, a model for predicting the particle emission (dust unit) during
orthogonal turning is proposed. This model, which is based on the energy approach combined with the
microfriction and the plastic deformation of the material, takes into account the tool geometry, the prop-
erties of the worked material, the cutting conditions, and the chip segmentation. The model is validated
using experimental results obtained during the orthogonal turning of 6061-T6 aluminum alloy, AISI 1018,
AISI 4140 steels, and grey cast iron. A good agreement was found with experimental results. This model can
help in designing strategies for reducing particle emission during machining processes, at the source.
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1. Introduction

Aerosols and metallic particles generated during machining
processes are harmful to both operator�s health and to the
environment, and can also deteriorate machine-tool parts.

In general, exposure to metallic particles can cause serious
pulmonary disease, as fine particles (particles with aerodynamic
diameters less than 2.5 lm) can go as far as into the alveoli and
into the deepest parts of the lung (Ref 1), where such exposure
can generate health problems, ranging from respiratory diseases
to asthma and several types of cancer. The smaller such particles
are, the more they are potentially dangerous, as they can be
deposited in various parts of the human system and even migrate
(Ref 2, 3). Some recent findings show that such particles, also
known as nanoparticles, can be as harmful as microparticles
when absorbed by body cells (Ref 4). Oberdörster et al. (Ref 5)
proved that some inert particles could become biologically
active if their dimensions are reduced to the nanometer scale.
Nanoparticles can migrate along the olfactory nerve (Ref 6) and
penetrate the central neural system, eventually reaching the
brain (Ref 7). Elder et al. (Ref 8) confirmed that some such
particles could be found in the liver, in the kidney, and in other
organs.

Ramulu et al. (Ref 9) have commented that during the
drilling of Graphite-Bismaleimide Composite Material, dust
generated during the machining process can affect the torque of

the cutting. The interaction between the metallic particles
produced and the surface of the tool is highly detrimental to
tool life and to surface integrity, and may ultimately impair the
productivity of the machining equipment. In fact, during
machining, the metallic particles generated can create cutting
fatigue, stress localization, and shear-induced surface and
subsurface micro cracks on the machining components
(Ref 10). High contact stresses between the hard particle and
tool faces are primarily responsible for the development of tool
wear when machining metal or alloys (Ref 11). Owing to
extreme conditions of pressure and temperature, the particles
are trapped in the contact, and then chemical reactions occur
between the three components, degrading the shape and
efficiency of the cutting tool edge as well as the surface quality
and dimensional accuracy of the finished product (Ref 12, 13).
Hwang et al. (Ref 14) observed significant rises in friction
coefficient and cutting force after a particle migrates to the
sliding interface. The shape and size of the metallic particle
trapped at the interface also influence the wear mechanism, and
an increase in particle angularity results in a significant increase
in abrasive or erosive wear rates (Ref 15-17). Stachowiak and
Stachowiak (Ref 18) concluded that rounded particles generate
round craters and smooth grooves while angular particles
produce sharp indents and narrow cutting grooves on the
contacting surface.

In 1999, a World Health Organization working committee
on airborne particles pointed out the need for research into
particle generation during the manufacturing process, to allow
regulations and controls to be brought in with respect to the
production of airborne particles (Ref 19). Tönshoff et al.
(Ref 20) showed that during grinding, most metallic dust
generated is breathable, and, that without a dust suction system
in place, the level of dust particle concentration in the air
becomes higher than the threshold set under the NAOSH
(North American Occupation Safety and Health) regulations.

Most machine tools are not equipped with particle removal
systems, and it is more difficult to find solutions for capturing
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or removing particles, especially nanometric particles, from the
working area than to reduce particle emissions at the source.
While it has been confirmed that the use of cutting fluids can
reduce particle formation by �40-50% (Ref 21), cutting fluids
are, however, costly (initial purchase and treatment of used
fluids) and are sources of bacterial contaminations (Ref 22,
23). Indeed, exposure to metalworking fluids has been
associated with respiratory problems and skin disorders
(Ref 24, 25). Other studies (Ref 26, 27) have shown that
wet machining generates more aerosols than dry machining. In
fact, wet aerosols are made of cutting fluid mist and metallic
particles, and dry machining is, therefore, preferred over wet
machining. In addition, dry cutting helps promote chip
recycling.

In order to limit and eliminate the danger at the source, it is
necessary not only to understand how particles are formed, but
also to be able to predict their emission. Experimental studies
have shown that dry aerosols generated during metal machining
depend on the workpiece material and its conditions, as well as
on the cutting parameters (Ref 21, 28, 29) and the tool
geometry (Ref 30, 31) used.

The predictive modeling of metallic particle emission is
required in finding strategies to reduce such emissions at the
source while remaining competitive. To the authors� knowl-
edge, the literature contains only limited models for predicting
particle emissions during machining processes (Ref 27, 30, 31).
Zipf and Bieniawski (Ref 32) proposed a phenomenological
interpretation for fine particle emission, but only during coal
machining, thus making it inapplicable to metals. That is also
the case for the semi-empirical model developed by Page and
Organiscak (Ref 33) for the airborne respirable particle
concentrations in coal mine drilling.

For metallic particles generated during machining processes,
cutting conditions (cutting speed, depth of cut, and feed rate),
tool geometry (rake angle and lead angle), and workpiece
material, have been found to be influential factors (Ref 30, 31).
They also have an impact on the cutting process itself,
especially on the shearing of metal, on the friction, and on
the plastic deformation.

Friction and plastic deformation are believed to be major
sources of particle emissions in machining. Plastic deformation
affects the chip formation mode, and the creation of new
surfaces, cracks, and crack propagation depend on the behavior
of the workpiece material. High ductile deformation, which is
generalized in the mass of the chip, causes friction in the shear
planes, producing a high number of particles. Friction can thus
cause particle detachment by various means.

Many researchers have studied particle generation by
friction, using the characterization of the total quantity of
particles produced (Ref 34-36). Their results and the models
they have proposed become limited and impractical when the
particle size is micrometric or sub-micrometric. Ko et al. (Ref 37)
modeled the phenomenon of frictional particle production
between two surfaces assuming that surface asperities� shapes
are randomly spaced cylindrical corrugations. Their study
showed the effect of surface roughness on particle emission.
Akarca et al. (Ref 38) found that during the sliding wear of the
A356 aluminum alloy, wear particles are generated by the
nucleation of voids and the propagation of micro-cracks at a
certain depth under the surface. Hsu-Wei Fang (Ref 39, 40)
proposed a special surface texture design to control surface
asperities to identify the mechanism of particle detachment
by friction, and proposed a predictive mathematical model.

However, Hsu-Wei Fang�s model (Ref 39, 40) uses dimensions
for the surface texture that are not realistic since the shape and
the distribution of surface asperities of most mechanical parts
are random. During the cutting process, the friction at the tool-
chip interface and at the tool workpiece interface can both
produce particles.

Rautio et al. (Ref 41) developed an empirical model for
particle emission. They compared the quantity of particle
generated to the quantity of chip removed from the workpiece,
and found that this fraction is inversely proportional to the chip
thickness. They then concluded that the fraction of particle
generated is proportional to the ratio of the cutting speed to the
feed rate used. While simple and very convenient, this model
was, however, validated only on medium-density fiberboard
materials. Further, it fails to recognize the behavior of ductile
materials on particles emission, which presents a decreasing
zone beyond a certain cutting speed (Ref 21, 27-31).

Recent experimental studies performed by Khettabi et al.
(Ref 30, 31) showed the major effects of different cutting
parameters, tool geometries, and workpiece materials on
metallic particle generation during the machining of metallic
materials. Zaghbani et al. (Ref 27) proposed a semi-predictive
model for fine metallic particle generation during high-speed
milling using the energy created in the primary chip deforma-
tion zone and the measured cutting forces data. The model,
which depends mostly on the cutting speed used, was validated
only on the 6061-T6 aluminum alloy. Friction and deformation
at the tool-chip interface, which influence chip formation, can
also influence the generation of metallic particles, as can
material properties.

In this study, a fully predictive model is developed for
metallic particle emission during orthogonal cutting. The model
is based on phenomenological aspects: energy approach
combined with the friction and the plastic deformation of the
material. It includes cutting parameters, material properties,
temperature, shear stress, shear stress rate, force, and the chip
flow localization parameter developed by Xie et al. (Ref 42).
The predictive force-temperature model developed by Zaghbani
and Songmene for the high speed milling of ductile materials
(Ref 43) is transformed in this study into a predictive model for
orthogonal cutting, and is used to estimate the energy involved
in the cutting process. The metallic particle emission estimated
in this study represents the dust unit (Du) (Ref 30) which
represents the fraction of material removed that is in fine or
ultrafine particle form. The materials tested were aluminum
alloy 6061-T6, steels (AISI 1018 & AISI 4140) and grey cast
iron. The model is validated using experimental test results
presented in a recent study (Ref 31), and its sensitivity to
cutting conditions allows us to locate the dangerous zones
corresponding to the conditions under which particle emission
is at a maximum.

2. Particle Emission Modeling

Particle emission mechanisms during metal cutting were
identified. The model proposed in this work is based on
different aspects, including the tool geometry, the workpiece
material properties, the cutting conditions, and chip segmen-
tation. In addition, the modeling uses the energy approach,
combined with the microfriction and the plastic deformation of
the material.
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The modeling was based on analytical development and
experimental data. The materials tested were aluminum alloy
6061-T6, steels (AISI 1018 & AISI 4140), and grey cast iron.
The experimental parameters used for orthogonal cutting are
summarized in Table 1. The cutting operation took place in a
box (particle recovery enclosure) to facilitate the collection of
particles generated. The measurement was performed using two
instruments (particle scanning mobility particle sizer ‘‘SMPS’’
and aerosol particle sizer ‘‘APS’’), connected to a particle
recovery enclosure by a suction pipe. The acquisition system
was connected in order to help in the analysis.

2.1 Mechanisms of Particle Production

The formation of fine particles during the cutting process is
caused by different phenomena, including macroscopic and
microscopic friction, plastic deformation, and chip formation
mode. As the chip micro-segments rub against each other, they
produce micrometric and nanometric size particles. Similarly,
the friction at the rake face between chip and tool also produces
particles.

Information on particle emission mechanisms can be
obtained through the analysis of chips. Figure 1 illustrates the
mechanisms of particle emission caused by friction of the chip
on the tool rake face. Particle formation by friction proceeds
through two main steps, depending on the workpiece material.
Step 1 occurs when the material is separated, while Step 2 takes
place when the chip slides on the tool rake face. In the case of
brittle materials, the chip is formed by brittle fracture, with the

chip contact length being very small. In that situation, the
contact between the tool material and the irregular chip surface
can break up particles from the internal chip surface. If the
workpiece material is ductile, then the chip will be formed by
micro-segments that undergo a local work hardening due to the
action of some asperities of the tool rake face, after which the
hardened small part is separated by a local brittle fracture. This
mechanism describes how friction or microfriction can produce
small particles during machining. The size of the particles
separated depends on the tool rake face roughness, the cutting
conditions, and the workpiece material.

The temperature during the cutting process can alter the
mechanical properties of the material, and modify the chip
formation mode and the particle emission. The temperature and
the plastic deformation effects are integrated into the deforma-
tion energy that will be used later in modeling.

2.2 Empirical Modeling of the Effect of Cutting Speed
on Particle Emission

Air quality is usually assessed using particle concentration,
and in most measuring instruments; the assessment is done by
counting the number of particles going through the measuring
device while the air is sucked in at a known flow rate, and by
calculating the concentration (mg/m3) using the material�s
density, and assuming a spherical shape for the particles.

In the case of machining processes, several authors (Ref 30,
44, 45) have proposed the use of a metric related to chip
removal or to the amount of chip removed from the part shape
being machined.

Arumugan et al. (Ref 46) introduced a ‘‘Green factor,’’
defined as the ratio of the metal removal rate (m3/min) to the
aerosol mass concentration (mg/m3). The higher the green
factor, the lower the concentration of the particles generated
and the more benign the overall process. This factor has a
misrepresentative dimension (m6 min�1 mg�1).

Palmqvist and Gustafsson (Ref 45) proposed and used a dust
unit which indicates the amount of dust produced per unit
volume of wood removed during planning and milling
operations. Their models had two processing parameters (feed
and depth of cut) while the machining process usually involved
several cutting parameters. Moreover, the unit used could be
misleading since particle emission is evaluated in mass and
compared to a volume of materials removed.

Table 1 Conditions and parameters used during the test

Operation Orthogonal cutting
Feed rate, mm/rev 0.203
Cutting speed, m/min 0-300
Tool material Uncoated carbide
Rake angles, degrees �7, 0, +7
Lubricant & coolant None
Workpiece materials Aluminium alloy 6061-T6

AISI 1018 steel cold-rolled
AISI 4140 steel quenched
and tempered

Grey cast iron
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Fig. 1 Schematic illustration of mechanisms of dust emission at the chip-tool
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Khettabi et al. (Ref 30) proposed a new dimensionless
index, named the dust unit (Du), and defined as the ratio of the
dust mass to the quantity of chip removed from the workpiece
material, knowing that metal cutting is aimed at removing chips
to produce a desired part shape.

Du ¼
mDust

mChip
ðEq 1Þ

where mDust (g) is the mass of total dust sampled computed
from the particle concentration as described in Khettabi et al.
(Ref 30) and mChip (g) is the mass of the chip produced.

The Khettabi dust unit (Du) can be interpreted as the fraction
of the material removed from the workpiece that is in fine or
ultrafine particle form as compared to the total quantity of
chips. Rautio et al. (Ref 41) also used a similar dimensionless
index to study particle emission during the milling of medium-
density fiberboard materials, as did Zaghbani et al. (Ref 27) in
their study on particle emission when milling an aluminum
alloy. Khettabi et al. (Ref 30) also developed an experimental
particle emission model relating the dust unit (Du) to the cutting
speed, and described by the following relationship:

Du ¼
b

Vc expða=V Þ ðEq 2Þ

where Du (dimensionless) is the dust unit, defined as the ratio
of the particle mass to the chip mass removed; V (m/min) the
cutting speed; and a, b, and c are constants dependent on the
workpiece material and the tool geometry.

The proposed model fits the experimental data very well, as
shown in Fig. 2. However, it is necessary to have a predictive
model to find efficient strategies for limiting particle emissions

at the source, and to that end, an analytical model is developed
and validated.

2.3 Analytical Modeling of Particle Emission

Particle emission modeling can be based on the energy
approach, combined with macroscopic friction (tool-chip),
microfriction, and plastic deformation of materials. The energy
provided by the tool must be higher than the extraction energy
required for a particle to leave the parent material. This
condition is similar to a common phenomenon known in
physics and chemistry: to activate any reaction, it is necessary
to provide enough energy to the system to break the bonds to
form the corpuscle. The quantity of these particles follows an
exponential law (Ref 47). In this study, the following form was
proposed to calculate the quantity of particles produced during
machining:

Du / e�ðEA=EÞ ðEq 3Þ

where E is the cutting energy per unit surface cut and per
unit time (W/mm2 s), and EA is the energy state of the parti-
cle (particle activation energy per unit surface per unit time,
W/mm2 s). It is assumed that particles of the same size that
are detached from the same zone find themselves in the same
energy state. The other term, EA, depends on the size of the
particle, on the emission zone, and especially, on the material
being machined.

The effect of friction on the particle emission at the tool-chip
interface is influenced by two main parameters: the chip
segmentation density gS and the roughness of the face of cut of
the tool Ra. The chip friction on the rake face and the cutting
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Fig. 2 Predicted dust emission data as given by Eq 1 (line) compared to experimental data (solid points) (Ref 30)
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forces can be reduced when the roughness is minimized, which
consequently increases the tool life and facilitates chip
evacuation. Therefore, minimizing the roughness can be
beneficial for reducing particle emissions. Arumugam et al.
(Ref 44, 46) tested the PCD (physical vapor deposition) tools,
the unpolished CVD (chemical vapor deposition) tools, and the
polished CVD tools, and found that polished CVD tools
produce fewer particles than PCD and unpolished CVD tools
(Ref 44, 46). Under these conditions, according to the friction-
related mechanisms of particle emission described in Fig. 1, the
following proportionality can be considered:

Du / Ra � gS ðEq 4Þ

The chip segmentation was already defined by Xie et al.
(Ref 42) using a chip segmentation coefficient b:

b ¼ �
ffiffiffi

3
p

m
lþ

0:9@s@T
qpCpð1þ 1:328B0Þ

" #

lcþ 1� 0:664B0

1þ 1:328B0

� �

ðEq 5Þ

where T is the temperature, q is workpiece density (kg/m3),
Cp is workpiece-specific heat (J/kg K), l is the strain harden-
ing parameter, m is the strain rate sensitivity, s is the shear
stress, and B0 is a coefficient, defined as follows:

B0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi

KpcAB
Vf

s

ðEq 6Þ

Here, Kp is the workpiece thermal conductivity (W/m), and
cAB is the shear in the primary shear zone.

There is a critical value (bc) for which the chip becomes
segmented. This coefficient b has a maximum value (bmax)
which depends on the process, material, and the cutting
conditions. Xie et al. (Ref 42) found that steels have a critical
coefficient of around 5 for the tested cutting condition. For
aluminum alloys (Fig. 3), it was found, under the experimental
conditions, that the critical value (bc) is approximately 6.2, and
that the maximum value of the flow localization parameter is
similar to that of steels. For grey cast iron, there is no
continuous chip, and the value of (bc) is close to that of (bmax).
The method used to calculate the flow localization parameter is
detailed in Appendix B.

Taking into account Eq 4, 5, and 6, the friction effect at the
tool-chip interface can be estimated as

Du /
bmax � b

bc

� Ra � gS ðEq 7Þ

In addition, particle emission is significantly influenced by
material properties, including its toughness: tougher materials
produce more particles during machining than do brittle
materials (Ref 21, 28, 29). An increase in the cutting speed is
accompanied by an increase in temperature in the cutting zone.
Initially, the increase in the cutting speed improves the
mechanical properties, but beyond some values, the mechanical
properties start to decrease. When the speed is increased, the
temperature increases as well, after which the mechanical
properties fall when a certain temperature (or critical speed) is
reached. This situation only applies in the case of ductile
materials. Brittle materials for their part cannot be softened, but
their yield strengths can be improved, which is why the particle
emission rate always increases with the cutting speed. This
behavior is schematized in Fig. 4, and is in agreement with the

experimental data presented in Fig. 2 and 5-9. Therefore, it can
be formulated that:

Du / f
V0

V

� �

ðEq 8Þ
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Particle production 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 secondary shear zones. The
effect of the cutting speed is characterized by a competition of
two phenomena (Fig. 2, 4, and 6-15): the friction in the chip
shearing zone, which produces a lot of particles; and the high

ductile deformation, taking place in the chip. The friction
produces particles only when the chip slip planes undergo a
strong movement. Maximum particle generation is due mainly
to this type of movement on the one hand, and to the high
density of the shearing planes, on the other. At very low speeds,
the chip crack is controlled by its brittleness (Fig. 6-9). Because
the crack opens, there is neither contact nor friction between its
lips. At intermediate speeds, the slip planes are localized, and
their density increases, as does the friction between the lips
(Ref 48). In this situation, the plastic deformation is limited, and
located in the shear plane (Fig. 6-9). Shear rates are, therefore,
considered 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 generation of fine particle tends to decrease, as noted by
Zaghbani et al. (Ref 27) during the machining of 6061-T6
aluminum alloy at cutting speeds ranging from 300 to
900 m/min. If the lips of the crack open, which is the case
with intrinsically fragile materials, there is no friction, and thus
the quantity of fine emitted particles is negligible.

A suitable model should take into account the above
mentioned phenomena (Eq 3-7). The correlation between
different parameters is convoluted. Since the cutting phenom-
enon is a continuous process, the energy aspect and the
cutting speed effect are not independent, as the cutting energy
depends on the cutting speed. Furthermore, the cutting speed
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significantly influences the material behavior and the chip
formation mode. Consequently, a multiplicative form is
adopted to develop a general model. The expected dependency
can be written as follows:

Du ¼ A� bmax � b
bc

� Ra � gS �
V0

V

� �d

� exp
�EA

tan/ð1� Ch sin aÞVc
Fsh

bf

 !

ðEq 9Þ

where A is the factor of proportionality, and d is a material
parameter introduced to characterize the ability of the material
to produce metallic particles. For each material, a constant, d,
is attributed. The parameter, d, is experimentally determined
to obey the following criteria (Eq 10):

d �
d � 1! Ductile materials
0:5< d< 1! Semi-ductile materials
0< d � 0:5! Britlle materials

8

<

:

ðEq 10Þ

All parameters in Eq 9, such as the rake angle a, the shear
angle /, the cutting speed V, the feed f, the roughness Ra, bmax,
and bc, can be known or easily determined. The shearing force
and temperature can be measured directly or estimated,
although measurements will be difficult for a few processes.
Estimation is possible using the Needelman-Lemonds consti-
tutive equations. The procedure used in estimating Du for a

given set of cutting conditions is illustrated by the flowchart in
Fig. 16.

This global model (Eq 9) was verified using a tool geometry
variation. The experimental data on steels and aluminum alloys
presented in Ref 31 show good agreement with the model
within the experimental conditions (Fig. 17). The experimental
tests were repeated twice.

3. Model Validation, Results, and Discussion

The predictive particle emission model (Eq 9) is found to be
in agreement with experimental results. The proposed algorithm
(Appendix A) was programmed, and then used to simulate
particle emissions during the dry turning of aluminum 6061-T6,
AISI 1018, and 4140 steels. The cutting speed was varied from
100 to 300 m/min, and the feed was kept constant at 0.0508 mm/
rev for all the tests. Carbide tools with different rake angles (�7�,
0�, and 7�) were also used for all the tests. The material
constitutive equation parameters were obtained from the liter-
ature, and it was proven that the average values for the strain,
strain rate, and the temperature are not very sensitive to cutting
conditions (Ref 49). The simulated results were compared with
experimental results, and a good agreement was found (Ref 31).

The coefficient, A, in Eq 9 is the adjustment factor of
proportionality, and depends on the material and on the process.

0 50 100 150 200 250 300
0

0.5

1

1.5

2

2.5

3 x 10
-5

Cutting speed (m/min)

D
us

t U
ni

t D
u

D
u
experimental

   Model

AISI 1018 Steel
Feed : 0.0508 mm/rev

Fig. 7 Simulation results and experimental results for dust emission during dry machining of AISI 1018 steel

782—Volume 19(6) August 2010 Journal of Materials Engineering and Performance



The chip segmentation or brittleness is characterized by the
effect of the flow localization parameter bmax�b

bc
� Ra � gS. With

brittle materials, there is no continuous chip, and bc is close to
bmax, and as a result, this term becomes very small. The flow
localization parameter is plotted (such as Fig. 3a and b) using
Eq 4. The bmax is identified directly from the graph, and bc (set
after analyzing the chip formed) is the value at which the chip
becomes segmented.

The parameter, d, is set experimentally to respect the
condition (Eq 10), and the activation energy is affected by the
microstructure of the workpiece material and the particle size.
The microporosity in certain materials plays an important role
in the characterization of the activation energy.

The model identification results for the orthogonal cutting of
6061-T6 aluminum alloy, 4140 steel, 1018 steel, and grey cast
iron are presented in Table 2. The particle activation energy, Ea,
for aluminum alloy is lower than that for steels, meaning that
fine and ultrafine particles can detach more easily from
aluminum alloy than from steels. It also means that the
aluminum alloy can be heated easily to facilitate the separation.
In this situation, just a little energy is required to detach a
particle from the parent material.

3.1 Effect of the Cutting Speed

Figures 9-12 illustrate particle generation as a function of
cutting speeds for different materials. The experimental data
present a good agreement with the model because it includes

the cutting condition and workpiece material parameters. In
general, a small difference is observed, and can be attributed to
the measurement accuracy or to the formation of a built-up
edge during the cutting process.

3.2 Combined Effect of the Cutting Speed and the Rake
Angle

Figures 10-12 present the simulation results for particle
emission as a function of the tool rake angles and the cutting
speeds for aluminum alloy 6061-T6, AISI 1018, 4140 steels,
and grey cast iron. These results show good agreement with
experimental data and the proposed model results (Fig. 17).
Even nanoparticle emission results during machining confirm
the rake angle effect (Ref 31): when the tool rake angle
increases, the particle emission also increases.

3.3 Combined Effect of the Feed and the Cutting Speed

Figures 13-15 present the simulation results for particle
emission as a function of the feed and cutting speed for the dry
machining of aluminum alloy 6061-T6, AISI 1018, and AISI
4140 steels. It was found that the generated particle decreases
with chip thickness, a result which is consistent with the
experimental findings of Ref 40 and 45. Therefore, an increase
in the feed rate reduces the amount of particles generated
during machining. When the feed rate and cutting speeds both
increase, the chip becomes more segmented, and consequently,
the particle emission decreases.
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4. Conclusions

A predictive particle emission model was proposed in this
study. A phenomenological description was developed and

used in this model, which includes the effect of the workpiece
material, the tool geometry, and the cutting parameters.

The influence of tool geometry, workpiece material, and
cutting conditions on particle emission is significant. The new

0 50 100 150 200 250 300
0

0.5

1

1.5

2

2.5 x 10
-6

Cutting speed (m/min)

D
us

t U
ni

t D
u

Model
D

u
experimental

  Grey cast iron
Feed : 0.0508 mm/rev

Fig. 9 Simulation results and experimental results for dust emission during dry machining of grey cast iron
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relationship describing the particle emission is summarized
by:

Du ¼ A� bmax � b
bc

� Ra � gS �
V0

V

� �d

� exp
�EA

tan/ð1� Ch sin aÞVc
Fsh

bf

 !

where Du is the dust unit, b is the flow localization parameter
defined by Xie et al. (Ref 42), EA is the energy activation,
FSh is the shear force, V is the cutting speed, f is the feed, /
is the shear angle, a is the tool rake angle, and finally, d is a
material parameter defined as

d �
d � 1! Ductile materials
0:5< d< 1! Semi-ductile materials
0< d � 0:5! Britlle materials

8

<

:

This d parameter characterizes the effect of the material.
Experiments confirm this description in the turning process for
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and cutting speed during dry machining of AISI 4140 steel
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Fig. 16 Algorithm for the identification of the proposed model
constants
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different materials, different tool geometries, and for different
cutting conditions. The generation of micronic and submi-
cronic particles during an orthogonal cutting process is less
pronounced when a negative tool rake angle is used than
when a positive one is used. An increase in the feed rate also
reduces the amount of particle emissions because the chip
becomes segmented and brittle, which is why the model was
proposed to enable us to predict and reduce particle emissions.
The model is based on chip segmentation, tool rake face
roughness, cutting parameters, workpiece material, and parti-
cle detachment energy. The chip segmentation parameter was
developed based on analysis of chips collected during the
experimentation on aluminum alloy 6061-T6, 1018, 4140
steels, and grey cast iron.

Simulation results and experimental results showed good
agreement. The main advantage of this model is that it predicts
particle emission based on cutting data, material properties, and
tool geometry.
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Appendix A: The proposed particle emission
model solution algorithm

The proposed particle emission model Du (Eq 9) is a
function of cutting conditions, work material properties, and
tool geometry. It also includes the shear stress, the deformation,
the shear force, and the variation of shear stress as a function of
the temperature, all being variables which are not easy to
determine. Zaghbani and Songmenehave proposed a predictive
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Fig. 17 Predicted dust emission data as given by Eq 8 (line) compared to two experimental data of AISI 1018, AISI 4140 steels, grey cast
iron, and 6061-T6 aluminum alloy

Table 2 Model constants for orthogonal cutting of 6061-T6 aluminum alloy, 4140, and 1018 steels

Material Ra, lm d bc bmax A3 1024 EA, W/mm2 s

6061-T6 aluminum 0.075 1.50 6.2 8.0 1.25 160
4140 steel 0.072 1.75 5.25 2.50 250
1018 steel 0.073 2.10 5.12 1.56 240
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force temperature model and a solution algorithm for the high
speed milling of ductile materials (Ref 43). This oblique cutting
model is transformed into a predictive model and solution
algorithm for orthogonal cutting. The variables are described,
and then used to obtain the final equation for particle emission
(Eq 9).

The analytical expressions for the shear strain and shear
strain rate (Eq 15 and 17) in the primary shear zone are
obtained from the modified Oxley shear plan theory developed
by Tounsi (Ref 49).

Thermal and Mechanical Properties

q Workpiece density in kg/m3

Kp Workpiece thermal conductivity in W/m
Cp Workpiece specific heat in J/kg K
Kt Tool thermal conductivity in W/m
Ct Tool specific heat in J/kg K
T0 Room temperature in K
Tm Material melting temperature in K

Tool Geometry

a Rake angle

Cutting Parameters

f Feed in mm/rev
b Width of cut in mm
Vc Cutting velocity in m/s

Needleman-Lemonds Constitutive Equation

m1; m2; and n
_ct ; _c0 ; c0; andaNL

Variables

A Zvoykin constant for the shear angle
Ra Average roughness of the tool rake face
V0 Reference cutting velocity in m/s
bmax Maximum segmentation coefficient
bc Segmentation coefficient
EA Particle activation energy

Algorithm

Calculate the shear angle / using Zvorikyn formulae:

/ ¼ Aþ a� k
2

ðEq 11Þ

Calculate the contact length Cl

Cl ¼
h sin h

sin/ cosðhþ a� /Þ ðEq 12Þ

Calculate the ratio Ch

Ch ¼
sin/

cosð/� aÞ ðEq 13Þ

Calculate the segmentation density gS

gS ¼
1

Cl
ðEq 14Þ

Calculate the average shear strain in the Primary Shear Zone

�cAB ¼
cos a

cosð/� aÞsin/
ðEq 15Þ

Calculate the coefficient B0

B0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi

KpcAB
Vf

s

ðEq 16Þ

Calculate the shear rate in the Primary Shear Zone

_�cAB ¼
2V cosa

epsz cosð/� aÞ ðEq 17Þ

If _�cAB � _�ct, then
Solve this equation:

�sAB ¼ s0 1þ
�cAB
�c0

� �1
n

1þ
�cAB
�c0

� � 1
m1

1� sABcAB
qpCp

0:9

1þ 1:329B0

" #

ðEq 18Þ

Get shear stress in the Primary Shear Zone sAB
Else solve this equation:

�sAB ¼ s0 1þ �cAB
�c0

� �1
n

1þ �cAB
�c0

� � 1
m1

� 1� sABcAB
qpCp

0:9

1þ 1:329B0

" #

1� �ct
�c0

� � 1
m1
� 1

m2

ðEq 19Þ

Get the shear stress in the Primary Shear Zone sAB
Calculate the temperature in the Primary Shear Zone TAB

TAB ¼ T0 þ
sABcAB
qpCp

0:9

1þ 1:329B0
ðEq 20Þ

Calculate the shearing force Fsh

Fsh ¼
sAB f b

sin/
ðEq 21Þ

Calculate the chip segmentation coefficient b using Xie for-
mulae (Ref 42):

b ¼ �
ffiffiffi

3
p

m
lþ 0:9ð@s=@TÞ

qpCpð1þ 1:328B0Þ

" #

lcþ 1� 0:664B0

1þ 1:328B0

� �

ðEq 22Þ

Calculate the dust unit Du using Eq 9.

Appendix B: The Flow Localization Parameter b

The proposed flow localization parameter b of the model
(Eq 4) developed by Xie et al. (Ref 42) is a function of
the cutting conditions, work material properties, and tool
geometry.

Thermal and Mechanical Properties

l Strain hardening parameter
m Strain rate sensitivity

Algorithm

Calculate the average shear strain in the Primary Shear Zone
(Eq 15)

Calculate the coefficient B0 (Eq 16)
Calculate the shear rate in the Primary Shear Zone (Eq 17)
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Calculate the Needleman-Lemonds constitutive equation:

1þ
_�cAB
�c0

� �

¼ �sAB
gð�sABÞ

� �m1

! _�cAB � _�ct

1þ
_�cAB
�c0

� �

1þ
_�ct
�c0

� �

m2
m1
�1

¼ �sAB
gð�sABÞ

� �m2

! _�cAB � _�ct

gð�sABÞ ¼ s0 1þ �cAB
�c0

� �1
n
1� aNL T � T0ð Þ½ 	

8

>

>

>

>

>

>

>

<

>

>

>

>

>

>

>

:

ðEq 23Þ

where n is the hardening coefficient, aNL is the coefficient for
thermal softening, s0 is the elastic average shear stress, �s is
the average shear stress, _�ct is the transition shear strain rate,
m1 and m2 are the coefficients of sensitivity to the strain rate
in the low and high regimes, respectively, and _�c0 is the refer-
ence shear strain rate.

The shear stress in the Primary Shear Zone will be

�sAB ¼

s0 1þ �cAB
�c0

� �1
n
1þ _�cAB

�c0

� � 1
m1 1� aNL T � T0ð Þ½ 	

! _�cAB � _�ct

s0 1þ �cAB
�c0

� �1
n
1þ _�cAB

�c0

� � 1
m2 1þ _�ct

�c0

� � 1
m1
� 1

m2

� 1� aNL T � T0ð Þ½ 	 ! _�cAB � _�ct

8

>

>

>

>

>

>

>

<

>

>

>

>

>

>

>

:

ðEq 24Þ

If _�cAB � _�ct, then
Calculate the variation of shear stress in the Primary Shear

Zone as

@�sAB
@T
¼ s0 1þ

�cAB
�c0

� �1
n

1þ
_�cAB
�c0

� �

1
m1

�aNL½ 	 ðEq 25Þ

Get the shear stress in the Primary Shear Zone sAB
Else Calculate the variation of shear stress in the Primary

Shear Zone as

@�sAB
@T
¼ s0 1þ

�cAB
�c0

� �1
n

1þ
_�cAB
�c0

� �

1
m2

1þ
_�ct
�c0

� �

1
m1
� 1

m2

� �

�aNL½ 	

ðEq 26Þ

Get the shear stress in the Primary Shear Zone sAB
Calculate the chip segmentation coefficient b using Xie

(Ref 42) formulae (Eq 22).
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