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This paper focuses on presenting the forefront of the interdisciplinary studies conceived towards the generation of the wear particles
aerosol when materials are subjected to mechanical stresses. Various wear mechanisms and instrumentation involved during stress
application and aerosolization of wear particles, as well as particles characterization, measurement, and modeling techniques are
presented through the investigation of a series of contextual works which are emphasized on the identification of these aspects.
The review is motivated from the fact that understanding mechanisms involved in wear-induced particle generation, both at nano-
and at microscale, is important for many applications that involve surfaces sliding over each other due to various potential health
aspects. An attempt has been made to explain how the information based on this broad spectrum of subjects discovered in this
contribution can be used and improved in order to produce a more resilient, rational, and versatile knowledge base which has
been found lacking in the present literature during its survey. The area of study is highly multidisciplinary since it involves aerosol,

particle, and material sciences.

1. The Problem Formulation

Advances in nanotechnology are driven by rapid com-
mercialization of products containing nanomaterials with
remarkable properties. This is reflected in the enormous
number of publications on nanotechnology. These nanoma-
terials may have a tendency to get released in air in the form
of particle aerosol. Particle aerosol is the suspension of solid
or liquid particles in the gaseous medium. It is generally
formed by the disintegration of liquids or solids into finer
constituents. In [1], authors have explained comprehensively
how the particles, after being generated, get suspended in
air to form an aerosol along with the behavior associated
with their different structures. Various physical phenomena
(e.g., dispersion, coagulation, sedimentation, etc.) are also
explained which guide their size evolution. When the number
of publications on characterization of this particle aerosol
in the workplaces was enquired through the means of this
study, it was found that it is comparatively much smaller. In

spite of this, the fact cannot be denied that the overwhelming
use of manufactured nanomaterials (MNM) in contemporary
applications has brought potential risks to the workers and
consumers due to their release in air during their use. Upon
exposure, these nanomaterials may interact with human
organism through inhalation or dermal contacts and get
deposited inside the body. In fact, their interaction modes
with human body and potential hazards associated with
them form the basis of another newly emerging field of
study called nanotoxicology (2, 3]. This problem has now
started getting attention by the researchers and has been
highlighted recently by various research units throughout the
world. In one of these researches on industrial production
and professional application of manufactured nanomaterials-
enabled end products in Dutch industries [4], the researchers
have found that 76% of the companies, having potential risks
related to working with MNM, do not have a specific point of
interest towards the exposure controls, thus demonstrating a
lack of awareness. The total number of workers potentially
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exposed to MNM during the production or application of
MNM-enabled end products is estimated to be approximately
3,000 in The Netherlands. A literature review by European
Agency for Safety and Health at Work (EU-OSHA) on
workplace exposure to nanoparticles [5], has mentioned
that the available information on the generation and mea-
surement technology of the nanomaterials at workplaces is
currently superficial. During another study on the sources
of generation of nanoparticles aerosols, [6] has realized the
lack of a “rational science-based approach” to minimize their
generation and supported the continued study with appro-
priate industrial development. The Scientific Committee on
Emerging and Newly Identified Health Risks (SCENIHR) [7]
has stressed in a scientific report on an approach of case
by case basis for the assessment of nanoparticles presence.
Insufficient knowledge and data concerning nanoparticles
characterization and their detection and measurement have
also been indicated. The research report by “Llnstitut de
Recherche Robert-Sauvé en Santé et en Sécurité du Tra-
vail” (IRSST) [8] favors a preventive approach aimed at
minimizing occupational exposure to nanoparticles when
their risk assessment cannot be established precisely. They
propose a step-by-step approach, followed by some examples
of applications in industry or research. In a document issued
by National Institute for Occupational Safety and Health
(NIOSH) and Centers for Disease Control and Prevention
(CDC) on the approaches to safe nanotechnology [9], the
authors have identified workplace tasks in which there is
a huge risk of exposure to nanomaterials. Some of them
are generation of nanoparticles in nonenclosed systems;
handling tasks (weighing, blending, spraying, etc.) of nano-
materials; maintenance on equipment and processes used
to produce or fabricate nanomaterials and the cleaning-up
of spills and waste material containing nanomaterials; and
cleaning of dust collection systems used to capture nanopar-
ticles; machining, sanding, drilling, or other mechanical dis-
ruptions of materials containing nanoparticles. One should
note that all these activities involve the application of stresses
on a surface.

From the outcomes of aforementioned researches or sur-
veys, it is clear that the manufactured nanomaterials may pose
a serious problem if not assessed properly. Their generation
and characterization techniques are still underdeveloped.
Therefore, this work presents a state of the art of such an
aspect. It focuses on the works that may contribute towards
the development of a base explaining the (nano)particle
release mechanisms and principles conceived up to date. It
further discusses the methods being adopted towards the
study of their release, characterization, and modeling. This
paper targets all the stakeholders associated with production
or processing or use of nanomaterials-academicians, indus-
tries, and government research organizations. The paper is
organized as follows. Section 2 deals with the experimental
state of the present knowledge, thereby presenting differ-
ent solicitation methods and characterization techniques;
Section 3 structures the theoretical base present which could
prove to be useful while modeling; Section 4 discusses
various outcomes of this study and projects a prospective
direction towards the improvement of the knowledge base
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on the (nano)particles release. An annexure is also provided
which further elaborates the description of the instruments
that have been used to provide solicitation and have been
mentioned in Section 2. The authors have tried to present an
exhaustive image of the state of the art as far as possible but
further suggestions from readers towards its improvement
would be welcomed.

2. Experimental State

2.1. Contextual Tribological Studies Conceived. The study of
the wear mechanisms started with the study of the develop-
ment of the force of friction during a relative displacement
between two surfaces. It has been carefully discussed how
a consideration of the deformation of the two bodies may
be used to explain friction [18]. Bowden and Tabor have
shown that the interaction between the two bodies in the
area of contact, where they come very close together on an
atomic scale, is so strong that the application of a tangential
force tending to slide two normally loaded bodies over each
other nearly always produces deformation and wear in the
bodies themselves, rather than slip in the original interface.
The process of continuous sliding theoretically has been
examined and showed the importance of the strength of the
surface interaction [19]. Verkhovskii seems to have been the
first to point out that very high pressures would occur in
the small regions of contact of rough bodies and that these
regions would therefore be in a wear state. The contact of
the rough bodies at atomic scale can be understood better if
the surfaces are considered to be composed of asperities. The
generation of the particles can be directly associated with the
rupture of these asperities. The asperities have been used to
explain a critical limit of the load existing during the abrasion
of two bodies [20]. If the load increases above this critical
limit, the softer material of the two sliding bodies would
experience continuous incremental deformation and hence
wearing starts.

This critical limit was further investigated by assuming
two particular geometries for asperities: spherically tipped
and cylindrical [20]. They found that the critical limit can
be influenced by the machining processes used to prepare
the harder surface, at least in so far that this leaves its
mark on the surface topography. However, such a shape
assumption for the asperities yields an isotropic deforma-
tion of the asperities because of their symmetrical shape.
Considering an anisotropic deformation of the asperities,
[21] presented a unique study for a microslip between a
flat smooth surface and a flat rough surface covered with
uniformly distributed ellipsoidal elastic bodies. Microslip is
a small relative tangential displacement in a contacting area
at an interface when the remainder of the interface in the
contacting area is not relatively displaced tangentially [22].
Reference [23] presented the concept of input wear energy
during the subjection of a material to mechanical stresses
which they demonstrated to be proportional to the number
of released aerosols of wear particles.

There have been three wear mechanisms explained and
considered to be responsible for material removal during
abrasion: ploughing, cutting, and wedge formation [24].
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These mechanisms were shown to be functions of degree
of penetration of one body inside the other, which in turn
depends on the normal load, true area of contact, and

the hardness of two materials: D, = R(nHV/ZW)l/ 2

((=H,/ 2W)R? — 1)1/2, where D,is the degree of penetration,
R is the radius of the tip of the penetrator, H, is the hardness
of the specimen, and W is the normal load.

2.2. Identification of Solicitation Methods Used. A material
starts wearing when it is exposed to a certain degree of
solicitation which can be done in a number of forms:
mechanical, thermal, UV; stress, and so forth. The solicitation
methods can be broadly classified in two categories: high
energy and low energy input.

2.2.1. High Energy Input. In this category, range of mechani-
cal devices can be included which operate on high transmis-
sion power and thus high input and output. This includes
grinders and sanders. These types of devices are mainly
used in the material processing sites. A review of various
significant solicitation studies has already been shown in [23].
In the present work, the studies which remained excluded, but
inevitable, are mentioned. While grinding beryllium ceramic,
[25] found a domination of the particles <100 nm in the num-
ber weighted aerosol size distribution generated. Reference
[26] has demonstrated that dry paint scrapping and sanding
can lead to substantial particle number concentrations below
1 um. Reference [10] used high speed grinding to verify the
mechanical generation of ultrafine aerosol particles. They
found a particle size range of 4.22nm to 20.5um. The
substrates selected for the study were steel, aluminum, PTFE,
hardwood, granite, and clay ceramic. They concluded that the
ultrafine particles do have the potential to form a significant
component of a grinding aerosol for a number of substrates.
Reference [11] used an abrasion process for applying the
mechanical stress on the surface of a cotton fabric sample
covered with silica nanoparticles. Reference [27] investigated
the potential size distributions of sanding dust released
from paints produced with and without nanoparticles. Dust
emissions from sanding generated the particles in various
size modes in which the number concentrations varied con-
siderably in between the nanoparticles doped and reference
paint. Reference [12] subjected a semimetallic brake lining to
full scale automotive brake dynamometer tests. They found
that the released wear debris has different sizes and shapes
at different values of applied pressure, sliding velocity, and
temperature. Reference [28] reported 35% of the wear debris
to be airborne while [29] reported it up to 50%.

References [13, 14, 30, 31] investigated the wear resis-
tance of the components using Taber test. The primary
measurement result was the mass loss which is a measure
of the wear resistance. Reference [31] compared the wear
resistance of the cutting tools for an interrupted cut machine
by means of Taber test. Reference [13] developed a sensitive
test method for the quantification of the particle release from
coated surfaces into air by a defined stress, comparable to the
domestic use. However, the total number of generated sub-
micronic or nanoparticles was extremely low and lies below
the statistic significance threshold. During the abrasion of an

epoxy-carbon nanotube nanocomposite [14], the measured
particle concentrations of the particles lying between 20 nm
and 800 nm were between 8000 and 20000 particles/cm”,
whereas. [32] emphasized on the design of nanocomposites
with SiO, and TiO, nanoparticles for the hazard reduction
extending to the full nanocomposite life cycle. It has been
pointed out by [33, 34] that, if TiO, nanoparticles are used
in nanocomposites with organic polymers, there can be a
substantial increase in the degradability under solar or UV
irradiation. Thermal degradation may also be enhanced by
the incorporation of nanoparticles. Reference [35] provided
evidence that TiO, nanoparticles used in polymeric wall
paints are detached from new and aged facade paints by
natural weathering. Reference [15] studied the effect of Taber
abrasing, sanding, and UV radiations on the thermoplastic
and cementitious nanocomposite materials. They confirmed
the phenomenon of chalking, that is, release of pigments from
weathered paints from the thermoplastic composites under
the UV radiations. In a similar work [36], release of free CN'Ts
was not detected under any condition using several detection
methods during the abrasion and machining of a CNT-TPU
composite. During their study of nanoparticle emission of
TiO, nanopowder coated on different substrates including
wood, polymer, and tile, [37] found that the tile coated with
TiO, nanopowder produces highest particle emission (no.
22/cm® at 55nm) due to nanopowder separation during the
simulation process done by using a UV light, a fan, and
a rubber knife in order to simulate the sun light, wind,
and human contacting conditions. Also, the UV light was
shown to increase the release of particle below 200 nm from
TiO, nanopowder coating materials. Reference [38] reported
the influence of nanoclay on mechanical drilling of PA6
composites, in terms of dust generation. They found a total
particle concentration of 20,000 cm™ over a particle size
range of 5 to 512nm. During a sanding test of a nanocoated
piston cap, [23] found that the total number concentration
of the released particles was dominated by the nanoparticles
with a mean diameter size of 35 nm. This finding was found
to be coherent with [27] and Gohler et al. [39].

2.2.2. Handling. The handling of materials, that is, storing,
conveying, filling, and mixing, leads to dust liberation. This
capability of generating dust is described as dustiness. This
type of release of particles is characterized by low energy
input. However, the multitude of dust generation varies
from process to process. For example the particle generation
associated with daily activities of solid material handling may
differ from handling of disperse particle systems. Reference
[23] demonstrated an insignificant particle release [40] dur-
ing the conventional handling operations like extraction of a
part from its bag, bag agitation, displacement of the part with
some small physical impacts, and rubbing with gloves. On
the contrary, the dust liberation property of disperse particle
systems depends on a multitude of variables and also on the
method and intensity of stressing. During an investigation
of TiO, and SiO, powders in free drop conditions, [41]
demonstrated a release of nanoparticles of 10 mg/m® and
40 mg/m’ for TiO, and SiO,, respectively. The SWCNT
agitating principle of [42, 43] in a centrifuge tube has also



been used by [44] to characterize the amount, particle size
distribution, and morphology from different nanostructured
powders including TiO, and ZnO and carbon materials
like SWCNT, MWCNT, and fullerenes. To improve the
aerosolization process of CNTs, [45] agitated the sieve plate
of the fluidized bed by a shaker. The results showed a
considerable release of CNTs with material specific fractions
of particles/agglomerates in the nanometer size range.

2.3. Characterization

2.3.1. Mass or Number Characterization. Mass or number
characterization means the characterization of the particles
release in terms of their number or mass. Such charac-
terization techniques require the detection of the particle
concentration and the number size distribution. Reference
[46] has already presented a comprehensive list of various
existing measurement and sampling devices for airborne
nanoscale materials used in workplace exposure studies. In
order to present a state of the art of this aspect, Tablel
presents some of the techniques which are at the instrumen-
tation forefront. Reference [47] did an investigation on the
production of dust by hand sanders when used without dust
extraction, with integral dust extraction, and with external
dust extraction. The apparatus used for the measurement was
designed to carry out sanding in a repeatable manner, sim-
ulating normal working practice. The first well-recognized
study on the particles size distributions of airborne particles
released during the machining of the materials was done
by [10]. As demonstrated by Figure 1, they characterized the
particles size distribution over particles sizes ranging from
4.2nm to 20.5 ym, produced from the high speed grinding
of a variety of materials, by using a Condensation Particle
Counter (CPC 3022A TSI) Scanning Mobility Particle Sizer
(SMPS) in conjunction with a Differential Mobility Analyzer
(DMA 3085 TSI), and Aerodynamic Particle Sizer (APS
3320 TSI). Prior to feeding these instruments, the flow was
being passed through a stainless steel chamber acting as
an emission chamber [48] for background particles free air.
Reference [27] investigated the particle size distributions of
sanding dust released from paints produced with and without
engineered nanoparticles. They characterized the emitted
particles in terms of number size distribution as well as
surface area and mass size distribution. The particle size
distribution was measured from the chamber using an APS
Model 3321 TSI, a TSI diluter model 3302A due to high
particle concentrations, and a Fast Scanning Mobility Sizer
(FMPS 3091 TSI). Reference [11] used SMPS Grimm 5.5-300
and CPC Grimm 5.403 to characterize the concentration and
number size distribution for the nanoparticles emitted during
the Taber abrasion of a fabric piece made of a PET layer coated
with an additional PVC layer containing nanoclays.

Figure 2 shows their findings. Reference [13] combined
the methodology adopted by [11] for abrasion and [10] for
the characterization of the particles released during the
abrasion of the fiberboard surfaces coated with two different
mixed batches polyurethane. A similar approach was again
adopted during the Taber abrasion of epoxy-carbon nanotube
nanocomposites [14].

Journal of Nanomaterials

It is worth mentioning that the present work does not
include the studies which have been discussed in [23].
Therefore, the readers are encouraged to refer the same [23]
in order to have more comprehensive idea.

2.3.2. Microscopy. The microscopy of the particle released
during the solicitation process can be done offline by captur-
ing and collecting them for analysis, that is, sampling [49].
Microscopic analysis may help in determining the state of
existence of the particles in air when released from the surface
which may be agglomeration or dispersion. Morphology of
the particles can also be observed directly which may further
help in controlling the solicitation parameters according to
the intended morphology of the particles. If the solicitation
of a two-phase material (composites, etc.) has been done,
such an analysis can verify the tendency of the released
particles to remain embedded or exist in free state. Such
tasks are normally accompanied using transmission electron
microscopy (TEM). As far as the analysis of various surface
phenomena is concerned, it can be done by using atomic force
microscope (AFM), scanning electron microscope (SEM),
and profilometer. However, these techniques can be roughly
divided in two categories: high and ultrahigh resolution. High
resolution techniques involve SEM, TEM, and profilometry,
whereas AFM is involved in the applications where ultrahigh
resolution of a surface is required.

High Resolution. Many wear related phenomena have been
explained on the basis of the microscopic observations of
the worn surfaces and wear particles. Figure 3(a) shows TEM
micrograph of wear debris of a semimetallic polymer matrix
composite brake material generated by a dynamometer [12],
whereas Figure 3(b) shows the SEM image of ball-milled
sample of the same material.

Figures 3(a), 3(b), and 4 directly demonstrate the effect
of temperature and stresses during the two processes as the
morphology of ball-milled sample differs from wear debris
collected in dynamometer. The TEM image (Figure 4) shows
the resulting wear particles obtained during [13] the Taber
abrasion of a steel panel embedding zinc oxide particles. It
is shown that the particles <100 nm remain embedded in the
coarse wear particles.

During the grinding of granite, clay ceramic, steel, and
aluminum, [10] carried out TEM analysis of the abraded
particles. Figure 5 shows the results. In Figure 5(a), a large
number of particles >1 ym in diameter with compact non-
spherical geometry are shown which were obtained during
the grinding of granite. The micrograph of a large number
of compact particles >l ym with some abraded particles
of clay ceramic «1pum is shown in Figure 5(b). However,
TEM images of the abraded particles of steel, as depicted by
Figure 5(c), were characterized by open chain-like agglom-
erates of very fine primary particles indicating nucleation
followed by growth through coagulation [10]. In the case of
aluminum, again large compact and many nanometer sized
particles were observed in the TEM image (Figure 5(d)). But
from all the observations, [10] concluded that it was not
possible to distinguish a source and generation mechanism
by morphology alone.
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TABLE 1: Beyond the state of the art of particles’ aerosol characterization techniques (source: Nanodevice).

Device name

Measured

Particles size

Operation principle

Level of development

physical metric range
Aerosol particle charging in a unipolar
DEKATI . o h . .
. Total active diffusion charger; electrical detection of Operational
Low-cost total active 10 nm-3 ym . .
. surface area total amount of charged particles using preprototype
surface area monitor .
escaping charge technology.
Electrical mobility classified particle
charge concentration measured with two
Number detectors with different response
concentration, characteristics. Signal thresholds trigger Working prototypes;
TSI NPT o . L
size distribution, <20-450 nm method of operation (integral/size full characterization
NanoGuard R . . .
and morphology distribution scan/sampling with still underway
finger print electrostatic precipitator). Thermal
precipitator to continuously sample over
8-hour shift.
CNT particles in the air are preselected
Naneum using certain physical/chemical
Real-time CNT Number . ALCNT characteristics of CNT. Individual CNT Near market
. concentration sources . . .
Monitor objects are then counted using optical
techniques.
Mass Up to three cyclones collect larger
. particles with a final cut-off of 300 nm.
concentration . . 3
Naneum - Particles with aerodynamic diameters
and size 2nm-5pm . Near market
Personal nanosampler U <300 nm are collected on a series of
distribution of . . P .
) specially designed diffusion stages, with a
nanoparticles .
variety of substrates.
Stockholm uni. Depending on
Sampler/preseparator P s Diffusive deposition with separation
. the metrics of e .
for aerosol fraction the used 5-400 nm curves optimized with respect to the Preprototype
deposited in the monitor ICRP model and ISO/FDIS13138:2011.
anterior nasal region
Stockholm uni. Depending on Aerodynamic and diffusive deposition
Sampler/preseparator h ics of ith . imized with
for aerosol fraction the metrics o 20 nm-5 ym with separation curves optimized wit Preprototype
deposited in the as the used respect to the ICRP model and
P L1e8 monitor ISO/FDISI3138:2011.
exchange region
Grimm Particle number 10 nm-27 ym frll(ilczriilcaileane?rglcjlchgfr:iirlrf lp(lleiS)hiurrentS) Preprototype
NanoDevice and size s e p &g P P
scattering).
DTU Mass
MEMS-based concentration Particle mass: gravimetry; chemical Early stage/still in the
i . 5-300 nm .. . .
airborne and chemical composition: closed information. lab
nanoparticles sensor composition
Particles sampled for a short time on
(heated) filter.
KIT . N Catalytic Any with ReacFlon gases added to start catalytic
Catalytic Activity activit catalvtic reaction. Proof of
Aerosol Monitor v o Detection based on IR absorption of the concept/preprototype
concentration activity
(CAAM) product gas(es).
Reactant gas supply from lecture bottle(s)
with flow control.
Fraunhofer IPA Mass All CNT Magnetic deposition followed by Raman
. Preprototype
CNT-detect concentration sources spectroscopy

Nanoparticles emitted from polycarbonate samples con-
taining 3 wt% CNT by abrasion were analyzed by [11] through
TEM. Figure 6 shows their observation. They observed the
presence of nanometric polymer particles but no free CNTs.
Figure 7(a) shows the TEM picture of the nanoparticles
emitted from polycarbonate samples (containing 10 wt% Cu)

by abrasion using a brush. Clearly no visible free copper
nanoparticles are observed showing that the nanoparticles are
still embedded in the polymer matrix. But when the abrasion
was done using a P1200 SiC paper, nanoparticles detached
from polymer matrix (Figure7(b)). In the similar fash-
ion, when an epoxy-carbon nanotube nanocomposite was
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FIGURE 2: Effect of the addition of nanoclay to the PVC coated PET
fabrics [11].

abrased using Taber [14], imaging by transmission electron
microscopy (TEM) revealed that free-standing individual
CNTs get emitted during abrasion. Figure 8 shows the results.
Reference [15] carried out sanding of 8 different materials:
polyamide (PA) with and without SiO, nanoparticles, poly-
oxymethylene (POM) with and without carbon nanotubes
(CNTs), hardened cement paste (CEM) with and without
CNTs, and the same paste but with and without calcium
silicate hydrate (CSH).

Figure 9 shows the morphology of the emitted particles.
They observed that the harder materials, that is, cement,
irrespective of the presence of nanofillers, tend to generate
significantly lower masses of powder, but in the form of
smaller particles, in comparison to the softer materials, that

Journal of Nanomaterials

100 kx 100 nm

6 ym 3000x
(b)

FIGURE 3: (a) TEM micrograph of wear debris [12]; (b) SEM image
of fiber found in milled pad sample [12].

100000: 1

200 nm

FIGURE 4: TEM image of wear from the steel panel with embedded
zinc oxide particles [13].

is, thermoplastics. The size distribution was found to be
dominated by a large fraction between typically 10 and 80 ym.
For a detection threshold of 100 ppm, they were not able to
detect any free nanofiller.

Reference [16] did the abrasion of filled and unfilled
carbon fabric composites against an AISI-1045 steel pin using
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FIGURE 5: TEM micrographs of the various grinding substrates [10].
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FIGURE 6: SEM observation of detected particles on filter out on the
ELPI channel abraded using a steel brush [11].

a pin-on-disc arrangement. From Figure 10, showing SEM
of the worn carbon fabric composites, it can be observed
that most of the carbon fibers are pulled out from the fabric
matrix on the worn surface of the unfilled carbon fabric

composite (see Figure 10(a)), which indicates that the pure
carbon fabric composite undertook a large contact stress and
experienced severe peeling off as it slid against the steel at
room temperature. Contrary to the above, the worn surface of
the carbon fabric composite filled with 25% Polyfluo Wax is
smooth and the pulling-out and exposure of the carbon fibers
are nearly invisible (see Figure 10(b)).

Moreover, the worn surface of the carbon fabric com-
posite filled with 8% nano-ZnO or 5% nano-SiC is relatively
smooth but still shows signs of carbon fiber pull-out (see
Figures 10(c) and 10(d)), which agree well with the friction
and wear behaviors of the composites filled with nano-ZnO
and nano-SiC. Reference [17] recorded the abrasion behavior
of the same steel under two different abrasion conditions: pin-
on-disc and paddle wear test. For consistency, they checked
the behavior difference for 2 other grades of steel. Figures 11
and 12 show the difference between the surface characteristics
obtained in two different wear conditions. As can be seen,
the contact conditions active in the paddle wear test, that is,
mainly impact abrasion and some sliding abrasion, generate
heavily deformed surfaces with a relatively high amount of
embedded fragments. In contrast, the contact conditions in
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FIGURE 7: (a) TEM observation of detected particles abrased using a steel brush [11]; (b) TEM observation of detected particles abrased using

a P1200 SiC paper [11].
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FIGURE 8: TEM images of free-standing individual CNTs [14].

the pin-on-disc test, that is, two-body abrasion, generate
relatively well-defined worn surfaces without any embedded
fragments. Characterization of the worn surfaces using 3D
surface profilometry illuminates the pronounced difference
in surface morphology, that is, the degree of surface plastic
deformation, between specimens exposed to the two types of
wear tests; see Figure 13.

Ultrahigh Resolution. This type of resolution is mainly
required for analysis and control of the contact interactions
between micro, or nanosized particles and nanomaterials
surface topography. An understanding of these interactions
is critical for any application that relies upon nanomaterials
manipulation. AFM is used as a vital tool in understanding
the fundamental mechanisms of particulate processes. Its use
is further accompanied by a possible means to study the wear
phenomena at atomic level. Reference [50] provides a greater
insight into the influence of particle micro- and nanorough-
ness on adhesion by using AFM technique to determine

an effective asperity radius of curvature for the contacting
particle in the contact zone topography of glass and UO,
particles in contact with flat mica substrates. Reference
[51] reviews briefly the measurements and interpretation of
adhesion forces between microscopic probes and substrates
having micro- and nanoscaled roughness characteristics.
The study was concentrated on both rigid and deformable
materials, with the probes larger than the size of roughness
features of interacting surfaces. They concluded that con-
trolling the deformation reduces and even eliminates the
effects of nanoroughness on the probe-substrate contact area,
promoting conditions described by the contact mechanics
models (to be discussed in next section) for the sphere-
smooth substrate system. AFM finds another application
in the exploration of the range of interaction forces [52]
which can be utilized to predict, optimize, and design a
variety of industrially relevant processes such as chemical
mechanical polishing (CMP), powder flow and handling, and
nanodispersions. Towards the resolution of the problem of
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FIGURE 9: SEM images of powders generated by sanding nanocomposites and their reference materials [15]. (a) PA with (al) and without (a2)
SiO,, (b) POM with (b1) and without (b2) CNTs, (c¢) CEM with (c1) and without (c2) CNTs and (d) CEM with (d1) and without (d2) CSH.

100 um 100 ym

() (d)

FIGURE 10: SEM morphologies of the worn surfaces of carbon fabric composites reinforced with different fillers at 274.4 N and room
temperature: (a) pure CFC; (b) CFC + 25% PFW; (c) CFC + 8% nano-ZnO; (d) CFC + 5% nano-SiC [16].
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Steel grade C

FIGURE 11: Surface characteristics of worn surfaces of the steel grades investigated when exposed to the pin-on-disc test as observed in the

SEM [17].

Steel grade A

Steel grade B

Steel grade C

FIGURE 12: Surface characteristics of worn surfaces of the steel grades investigated when exposed to the paddle wear test as observed in the

SEM [17].

powder flow by reducing the interparticle adhesion force,
[53] indicated that their method of quantifying the inter-
particle adhesion force using AFM may be used to predict
flow behavior of original (cohesive) and surface modified
(previously cohesive) powders utilizing very small samples
and that the surface modification can drastically improve
the powder flow for industrially relevant materials. A similar
intergranular adhesion study was carried out by [54] which
reviews progress in micro/nanoparticle manipulation and
particle-substrate adhesion studies. It found AFM to be the
most commonly used tool for particle manipulation studies.

A new approach using AFM was proposed by [55] to carry
out 3D numerical surface characterization of wear debris
generated from artificial joints. The method developed from
the study was found to be feasible to quantify the surface
characterization of nano- and micro-sized wear particles.
Emphasizing on the dependency of the wear particles aerosol
generation on the material properties like viscoelastic and
fracture properties of one of the widely used polymeric mate-
rials, epoxy resin, [56] concluded that such material prop-
erties can be tailored by changing the network or crosslink
structure by blending monomers with different molecular
weights which were characterized using AFM. On a similar
type of substrate, [57] performed some nanoscratch tests and
studied surface morphology using AFM tip. Reference [58]
used AFM tips to simulate a sharp single asperity travelling
over a stainless steel surface and demonstrated that nanowear
experiments, at controlled contact pressures and scanning
speeds, can be performed in almost any type of material.
The same AFM enabled them to observe and characterize the
nano/micro worn regions with a high lateral resolution.

Although AFM can image surfaces with a nanometer
spatial resolution, the finite size of standard tips means that
pores, pits, or grooves with dimensions similar to or smaller
than the tip apex will not be accurately imaged. Furthermore,
standard tips are made of silicon or silicon nitride which
are prone to wear when subjected to stress. In this effect,
[59] performed tests to compare the imaging performance
of ultrasharp Si AFM tips, CNT AFM tips prepared by
a Langmuir-Blodgett (LB) technique, and CNT AFM tips
prepared by a chemical vapor deposition (CVD) technique.
In general, ultrasharp Si tips allowed for a remarkably good
resolution of the height variations in niobium film with a
nanoscale polycrystalline structure. Their height resolution
was found to be excellent although their lateral resolution was
not as good as the one of CNT AFM tips.

3. Theoretical Modeling

Modeling of wear processes allows identifying the most
important factors influencing wear and hence aerosol gen-
eration. Due to this reason, more than a century has been
spent for searching such models which are both general and
based on fundamental aspects. However, this search is still
elusive. Reference [60] established the first wear model in
which the wear volume rate is shown to be proportional to
the normal load. Holm considered the plastic deformation
as the predominant mechanism for the material removal. In
the classical abrasive wear model proposed by Archard, the
wear volume is predicted to be a function of sliding distance,
the applied normal load, and the material hardness. In 1962,
[61] presented a simple model for the abrasion of steel sliding
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FIGURE 13: 3D surface profiles of worn specimens of steel grade A exposed to the pin-on-disc test (a) and the paddle wear test (b) [17].

against silicon carbide paper. The model takes into account
the shape of the contacting abrasive particles, their attitude
in the abrasive paper, and their deterioration with use. Other
more detailed models have also been developed to predict
the abrasive rates of materials under specific conditions.
Reference [62] stated hardness to be the most important
property that determines the wear rate. This model is simple
and provides a qualitative theoretical basis. But later extensive
studies have shown that the other properties can significantly
affect the abrasive wear and the predicted wear coefficient
is at least an order of magnitude larger than experimentally
observed values. Reference [63] proposed a model for wear
of brittle solids under fixed abrasive conditions. Reference
[64] presented a model for two-body abrasive wear based on
localization of plastic deformation. This model assumes that
the localization of deformation in the near-surface regions
underneath the abrasive grains is responsible for the wear
generation. From this onwards, it started being understood
that the correct wear behavior can be identified by inculcating
the factors accounting for plasticity and governing yield
criteria. Reference [20] has used the theoretical analysis of
the steady state of two sliding asperities to investigate the
mechanics involved in the sliding contact of two rough
surfaces (one hard and one soft). Their analysis was restricted
to the case when the roughness on the harder surface is
regular, that is, all asperities have the same height and
curvature, and it is only the soft surface that is randomly
rough, that is, asperities with a Gaussian height distribution
and constant curvature.

Some models [65] also incorporate various thermophys-
ical and slip line field analysis methods. Most of the existing
models, however, mainly deal with single particle contact
conditions. Reference [66] tried to justify the wear by study-
ing the frictional force evolution with the combined sliding
between two bodies. He explained the transition between the
micro and macro/gross displacement/slip experimentally and
showed that it can proceed in a number of ways. The total
frictional force, F = F + Fyp. F is the frictional

spring lip* ~ spring>
load from the active asperities which have not reached

their limiting elastic limit and F,, is the contribution from
asperities which have reached their elastic limit:

* 5/2
F=EﬂCAOE*Rl/Z[A5/2—<An—4G 6) j|) W
15 uE*

where p is the coefficient of friction, C is the constant relating
the number of contacts per unit area and the approach of
the surfaces, A, is the apparent area of contact, E* is the
composite modulus of elasticity of two bodies having their
respective elastic moduli as E; and E,:

1 1- vf 1- vi

2 _1Tu , 2
E*  E, E, @

R is the spherical asperity radius, A,, is the normal approach,
§ is the tangential displacement of the asperity, and G” is
the composite shear modulus of two bodies having their
respective moduli as G, and G,:

1 2-v, 2-v,

=— + —=.
G* G G, 3)

Reference [67] presented a general wear model for wear rate
and specific wear energy of materials in two-body abrasive
wear (one hard and one soft) under multiple contact con-
ditions by considering wear mode transitions and material
removal fraction. Using the proposed model, the authors
showed typical variations of wear rate as a function of grit
size of the abraser, thereby explaining the grit size effect:

V. NA, (*
K= =P Jhm f(2) A;Bdz, (4)
where N is the number of abrasive particles on unit area
of the hard material, A, is the apparent area of contact, P
is the apparent contact pressure, /i, is the maximum height
of an asperity, h,, is the mean height, f(z) is the asperity
height distribution, A; is the cross section area of a groove
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produced in the soft material by abrasion of an individual
abrasive particle, and f3 is the fraction of material removed
from the groove produced. For the first time, [68] introduced
numerical methods, in particular, Monte Carlo, to model
a two-body abrasion process. The model is also compared
with experimental values and the results were found to
be in agreement with each other. In the model, the grit
was considered to be in conical shape with the geometry
parameters—height, radius of the tip, position distribution,
and conical angle—as the input variables. Reference [69]
provided an energy description of the wear mechanisms
in hard TiN and TiC coatings during oscillating sliding
contacts. Reference [70] pointed out that the abrasive wear
rates of materials may be very simply related to their
mechanical properties, provided wear takes place under very
simple conditions. However, wear rates in many practical
situations can be controlled by effects which either relate
to mechanical properties in more subtle ways or which are
controlled by quite different parameters. Mechanics models
of the abrasive process provide a means of linking these
different effects together to understand better the effects,
which may determine wear under particular conditions. They
can also help to design tests to measure the properties of
a material under conditions similar to those pertaining in
abrasion. With the argument that the abrasion process varies
substantially from one material pair to another during a
single test, [71] put forward a wear law for Boron Carbide
(B,C) coatings when slid against AISI 52100 steel. The wear
law suggests that the total abrasion rate is the function of
the volume of the steel removed and total sliding distance.
Abrasion experiments were carried out under various contact
conditions, dry or wet, and corresponding values of the
variables were calculated for every condition. Recently [72]
understood the value of theoretical modeling of wear for
designing and optimizing tribological systems, particularly
during unlubricated conditions. They presented a generic,
asperity level, theoretical model for predicting wear evolution
in a plain contact. They have justified the material removal
by saying that, when the energy accumulation in an asperity,
owing to repeated elastic-plastic deformation, exceeds a cer-
tain threshold, the asperity breaks off. The simulation results
show, both for unidirectional and bidirectional sliding, a
qualitative agreement with experimental observations. Apart
from the running-in process, a linear trend was observed
between the wear volume and the energy dissipation in
the contact. References [73, 74] modeled fretting behavior
of nominally flat rough surfaces. Individual asperity-scale
contact forces have been formulated and added statistically
to each other to obtain the fretting response of a flat rough
contact.

4. Conclusion and Discussions

In the present paper, different aspects towards the study
of the wear particles have been presented after a thorough
investigation and review of the contemporary studies. The
primary focus of this paper is to develop a state of art of the
interdisciplinary studies conceived towards the aerosoliza-
tion of wear particles. It has been found that there has been

Journal of Nanomaterials

no significant progress towards the measure of the wear
particles aerosols. Despite a widespread use of various wear
test methods and various steps of the nanoproduct’s life cycle
assessment, the measure of in-process generation of wear
particles aerosols is still an interdisciplinary challenge, and
finds only impact on few norms. The fundamental studies
which were conceived in this direction have dealt with this
aspect experimentally with a limited scope. There has already
been a wide scale development of the instrumentation for
particles aerosols characterization. However, it mainly suffers
from its semiquantitative approach (due to the exclusion
of the stray particles generated during wear process) and
inability of the separation of the particles under study from
background noise on an industrial scale. Hence, various
reliable, robust, novel, portable, and easy-to-use instruments
for characterizing wear particles are required for the next
generation technology which is able to couple particle release
characterization to wear scenarios in a standardized way.

Apart from the experimental scenario, the theoretical
understanding of various underlying physical phenomena
and identification of their key parameters giving rise to the
aerosolization of the wear particles need much attention.
Both theoretical and experimental approaches are comple-
mentary to each other to foresee beyond the state of the art
so as to identify and understand the in-process occurring
physical phenomena.

From the present study we can infer that in spite of various
limitations, the past studies provide sufficient background
and platform to continue the intended study in the direction
suggested. It is on the basis of the investigation of these
studies only that one can enlist some of the possible major
factors affecting the quantity, morphology, size, nature, and
mechanism of generation of the wear particles aerosols.

(1) Surface Conditions. These conditions mainly include
the roughness and porosity of the surface. However, if
there is any physical treatment like application of a coating
through pulverization, chemical treatment like etching, and
mechanical treatment like machining, generation of wear
particles aerosols can be equally affected. The properties like
isotropicity, anisotropicity, and photogenicity of a surface also
play an important role in this aspect.

(2) Stress Conditions. The value of the load acting on the
surface and its nature, that is, static or dynamic, is also
important towards the particles aerosols generation as it is
the deciding factor for the occurrence of an elastic or plastic
or elastoplastic deformation of the surface during abrasion
which later gives rise to fracture nucleation.

(3) Temperature Dissipation. The temperature dissipation is
very decisive in the ductile surfaces like metals. It is the
dissipation or accumulation of the heat that results in the
progressive adhesion of the wear particles which may or may
not inhibit the further wear. Also it renders an indecisive
deterioration of the surface.

(4) Contact Condition. This factor cannot be considered as
totally independent from other conditions but it would be
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much simpler to consider it separately while formulating the
wear particles aerosol. These conditions include the inter-
ference of the two mating surfaces produced when brought
in contact. With specific surface and stress conditions, there
may be a development of stress concentration which can
enhance the aerosol generation. The adhesion of the surfaces
to each other also depends on the contact conditions.

(5) Nature of the Material. The material properties like hard-
ness, brittleness, ductility, and so forth seem to affect the
aerosol generation. Incrystalline solid, molecular structure
and forces contribute towards the inbuilt surface forces or
tension which further decides the stability of surface.

In order to foresee beyond the state of the art, the
eradication of some common limitations in all the studies
done to this date is required. One of the major problems in
the wear models presented up to date has been the lack of
the representation of real surface geometric complexities due
to the mathematical, physical, and experimental intricacies. It
needs to be eliminated and should be supported by numerical
methods in order to be more reliable and efficient. Also,
the future works should inculcate various phenomenological,
micromechanical, and microscale interactions between the
mating surfaces. Ultrahigh resolution microscopy finds its
use here. The wear tests should be coupled to real life
industrial case studies which could contribute to future
standardization activities. A new generation of sampling
methods for use in industry could aid such a coupling.

With this, one should also not forget that the science
behind the wear generation in the engineering materials is
always evolving with the evolution of the materials with time.
In the present study, it has been found that an important
milestone in the studies of the wear generation, owing to
surface microscopic studies, has been the transition of the
studies from the macroscopic interactions to microscopic
interactions of the surfaces. Therefore, there arises a need to
have another milestone of the transition from microscopic
to nanoscopic interactions. This will allow having a suffi-
cient theoretical basis to study the nanometric wear parti-
cles aerosols. This transition becomes more pertinent with
present overwhelming use of manufactured nanomaterials
(MNM) in the commercial products due to which more and
more humans are susceptible towards the exposure of the
nanoparticles aerosol which may pose big health problems.

Therefore, such an approach may prove to be a major
contribution in the sustainable and durable development of
the technology so as to have nanosafety by design rules for
nanoproducts.

5. Annexure

This section describes the solicitation methods used in the
studies mentioned in the paper along with the references
where they are employed.

5.1. Taber Abrasion Tester. As employed by [13, 30, 31], Taber
abraser is a well-known abrading method. Its use is wide-
spread and is described in many national and interna-
tional standards (e.g., DIN 53754:1977, DIN 68861-2:1981,
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ISO 5470-1:1999, ASTM C 1353-07, and ASTM D 4060-
95:2007). In this system, a horizontal arm is incorporated
that reciprocates in a linear motion. Attached to the end
of the arm is a precision bearing spline shaft that creates a
“free-floating” test system and permits vertical movement.
The test attachments are affixed to the bottom of the spline
shaft and a weight support is mounted to the top. As the
horizontal arm strokes back and forth, the test system rises or
lowers vertically as the test attachment follows the contours of
the specimen. Reference [27] generated sanding dust using a
commercial hand-held orbital sander with an internal fan for
dust removal. A sand paper with fine grit size was employed
to enhance the chances of fine particles generation.

5.2. Ball Milling. The process of ball milling is a type of
grinding in which a cylindrical device is used in grinding
or mixing materials. Ball mills rotate around a horizontal
axis, partially filled with the material to be ground plus the
grinding medium. Different materials are used as media,
including ceramic balls, flint pebbles, and stainless steel balls.
An internal cascading effect reduces the material to a fine
powder with particle size range in submicrons. Reference
[12] ball milled semimetallic polymer matrix composite brake
linings using a laboratory vibrating ball mill VM4 with
tungsten carbide beads. The brake pads were removed from
the backing plates, cut into segments of approximately 1cm?,
and repeatedly ball milled for 10 min and sieved through
a 200 ym sieve until sample particles with major fractions
below 200 ym were obtained.

5.3. Dynamometer. Reference [12] used a full scale brake
dynamometer in an environmental chamber with wind tun-
nel simulating airflow. The dynamometer was fed with two
semimetallic polymer matrix composite brake linings, each
weighing 113 g, in eight tests. Each lining set was run twice
consecutively, the first run using a resurfaced brake rotor and
the second using the same rotor from the first run without
any changes. Wear debris collected from the dynamometer
was sieved using USA Standard Testing Sieve.

5.4. Ultraviolet Photodegradation and Chemical Treatment.
These methods of wear treatment, through degradation,
are applicable for the polymeric compounds or the organic
coatings in order to evaluate their durability as well as
mechanical and thermal properties. Knowledge of aging
behavior and mechanism of these materials is of great help
for antiaging research. References [75, 76] studied the pho-
todegradation mechanism and after products of polypropy-
lene (PP) nanocomposites. Similarly, [77] also studied these
nanocomposites, namely, PP/CaCO; and PP/SiO,, outdoor
for 88 days against unfilled PP. They found that the PP
nanocomposites are more susceptible to photodegradation
than the unfilled ones and, therefore, have higher tendency
for wear. Also, the oxidation rate increases with the filler
amount.

Chemical treatment on the surface layer is mainly done by
the commercial mirror manufacturers. The layer is composed
of the layers or films of copper or silver. Within standard
testing methods, the copper chloride modified acetic acid
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salt spray test is employed (CASS test, NF ISO 9227 12/1991).
During this test, the surface layer on the mirrors shows
macroscopic degradation of the metallic layers from the edges
and more randomly at the centre of the samples. Reference
[78] adopted this methodology and carried out infrared
spectroscopy for their study.

5.5. Emission Chamber. Although this technique is not
directly responsible for the wear generation, hence the
aerosol generation, but it acts as an interconnection between
the aerosols generation mechanism and their measurement
mechanism. It is a sampling hood which almost completely
encapsulates the sample suction zone behind the aerosol
particles generation site. With the help of the emission
chamber, particle loss in the air flow of the laminar low box
can be avoided. This technique has been widely adopted by
[10, 11, 13, 27, 48] for ensuring very low or zero background
particles presence.

5.6. Grinders and Sanders. Grinding and sanding are most
common operations in the workshops. In order to assess
the safety associated with these processes, there have been
many attempts. Reference [47] did an investigation on the
production of dust by hand sanders. Reference [10] worked on
the aerosols generated by using a Multipro Dremel Grinder,
model 395, with a variable speed tool having rotational
speed from 5000 to 30000rpm. A cylindrical grinding
wheel, composed of sintered aluminum oxide, was used
for the experiments. Reference [27] performed sanding of
nanoparticles containing paints using a commercial hand-
held orbital sander (Metabo Model FSR 200 Intec) with an
internal fan for dust removal. Grit size 240 sanding paper was
used for sanding.
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