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ABSTRACT
We tested the nanomaterial release from composites during two different mechanical treatment processes,
automated drilling and manual sawing. Polyurethane (PU) polymer discs (1 cm thickness and 11 cm
diameter) were created using different nanomaterial fillers: multiwall carbon nanotubes (MWCNT),
carbon black (CB), silicon dioxide (Si0O,), and an unfilled PU control. Drilling generated far more
submicron range particles than sawing. In the drilling experiments, none of the tested nanofillers showed
a significant influence on particle number concentrations or sizes, except for the PU/MWCNT samples,
from which larger particles were released than from control samples. Higher drilling speed and larger drill
bit size were associated with higher particle counts. Differences between composites were observed
during sawing: PU/CB released higher number concentrations of micro-sized particles compared to
reference samples. When sawing PU/Si0, more nanoparticle agglomerates were observed. Furthermore,
polymer fumes were released during sawing experiments, which was attributed to the process heat. For
both drilling and sawing, the majority of the aerosolized particles were polymer matrix materials
containing nanofillers (or protruding from their surface), as evidenced by electron microscopic analysis.

Results suggest that: 1. processes associated with higher energy inputs are more likely to result in higher
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particle release in terms of number concentration; 2. nanofillers may alter release processes; and 3. other
types of released particles, in particular polymer fumes from high-temperature processes, must also be

considered in occupational exposure and risk assessments.

KEYWORDS: nanoparticle release, composite processing, drilling, sawing, workplace exposure

1. INTRODUCTION

Engineered nanomaterial (ENM) fillers, such as carbon nanotubes (CNTs), carbon nanofibers, carbon
black (CB), silicon dioxide (Si0,), titanium dioxide (Ti0,), or nanoclay, have all been added to different
polymer matrices to manufacture nanocomposites with improved material properties (Jog 2006;
Hanemann and Szab6 2010; Szeluga, Kumanek, and Trzebicka 2015). During research and development,
as well as during the industrial processing of such materials, filler particles can be released, leading to
subsequent human exposure (Kuhlbusch et al. 2011; Brouwer 2010). When inhaled, ENMs may cause
unwanted toxic effects on humans. In rats, multiwall carbon nanotubes (MWCNTSs) were shown to have
pathogenic effects similar to those of asbestos (Poland et al. 2008). SiO, nanoparticles were found to
cause cytotoxicity in human bronchoalveolar cells (Lin et al. 2006). In mice, lung exposure to CB
nanoparticles led to a considerable increase in DNA single-strand breakages (Chuang et al. 2015). To date,
nanomaterials are still associated with considerable uncertainties related to their hazard and exposure
potential (Hunt et al. 2013). Understanding release and characterizing the released particles will help

address important knowledge gaps.

In a recent review of nanomaterial release processes, we identified machining of nano-enabled materials
among the types of activities that are most importantly contributing to release and subsequent worker
exposure (Ding et al. 2017). Particle release from nanocomposites was proposed to be affected by various
process parameters and material properties, such as the type of treatment, environmental conditions (e.g.,
temperature, humidity), matrix properties (e.g., brittleness, degradation potential), and filler type, physical

form (e.g., fiber length, orientation), content, and dispersion (Harper et al. 2015; Kingston et al. 2014;
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Schlagenhauf, Niiesch, and Wang 2014). Comparing different processes and associated release patterns is
especially interesting from an occupational hygiene viewpoint. Previous investigations have determined
levels of nanoparticle release during different mechanical and chemical processes. Dry machining of
polymer-alumina-CNT composites in a laboratory simulation study led to considerable release of nano-
sized and fine particles and fibers (Bello, Wardle, Yamamoto, Guzman deVilloria, et al. 2009; Bello et al.
2010). In a study where an electric table saw was used to cut carbon nanofiber composites, above 10,000
particles per cm’ (diameter about 400 nm or larger) were measured close to the emission source.
(Mazzuckelli et al. 2007; Methner, Crawford, and Geraci 2012). A greater release of nanoparticles was
also recorded from the friction of mechanical shocks and abrasion processes on composite surfaces
(Golanski et al. 2012). By studying the mechanical properties and crushing behavior of composites,
Sachse et al. demonstrated that nano-sized particles were emitted from polymer composites reinforced
with nano- and microsilica, as well as with nanoclay fillers. However, other studies found no significant
release from nanocomposites, in comparison to the control materials, and in certain cases the generation
of airborne particles was even lower. During the thermal cutting of polystyrene (PS) foam, over 99% of
the filler particles were found to be embedded in submicron aerosol particles (Zhang et al. 2012). An
investigation of nanoclay polymer composites during drilling showed that integrating nanofillers into the
base polymer decreased particle concentrations (Sachse, Silva, Zhu, et al. 2012). During the sanding of
thermoplastic polyurethane (PU)/CNT composites, no free nanofillers were observed, and it was
concluded that more than 97 wt% of the filler materials were still embedded in the polymer matrix
(Wohlleben et al. 2013). However, despite the efforts made so far, conclusive predictions about particle

release, whether from specific nanocomposites or specific processes, remain difficult to make.

In this study, we drilled and sawed cross-linked PU-based composites reinforced with three different
types of nanofillers at 0.09% content, which is in the range of filler concentrations commonly used in
commercial products: for example, CNT composites start to show electrical conductivity with a filler

content as low as 0.002% (Bauhofer and Kovacs 2009), and also for other fillers such as carbon black,



©CoO~NOUITA,WNPE

Annals of Occupational Hygiene

concentrations below 2% are added in composites when the role of the filler is to improve the UV-
stability against degradation for use in outdoor environments (Buxbaum and Pfaff 2006). Drilling is a
process associated with high-speed mechanical shear forces to produce a hole; sawing is considered a
relatively low-speed process with a limited contact area with the material (Canady et al. 2013). To the
best of our knowledge, there have been few investigations comparing particle release scenarios in these
two processes. PU is a matrix material rarely studied in release tests. In the present study, release tests for
these two processes were set up, validated, and used to examine how process parameters influenced the

particle number concentration, size range, and particle morphology of the aerosols released.

2. MATERIALS AND METHODS

2.1 Materials

The materials tested were polymer composites reinforced using different organic or inorganic
nanomaterial fillers. The base polymer was partially cross-linked PU synthesized using a prepolymer
process handled by our project partner, Nanocyl. Three types of nanocomposites containing 0.09% (w/w)
filler materials of fumed silica (SiO,, ABCR, primary size: ca. 20 nm), MWCNTs (NC7000, Nanocyl,
average diameter/length: 9.5 nm/1.5 um, BET surface area: 250-300 m*/g) and CB (Vulcan XC72, Cabot,
primary size: 30-60 nm, specific surface area: 250 m’/g) were tested. This low filler content is of
commercial relevance, as we measured a reduction of the PU electrical resistivity by nearly 6 orders of
magnitude to 6.0 x 10° Qtm for the PU/CNT, confirming percolation. Conductivity is not achieved by
PU/CB at this concentration, confirming the potential technical advantage of CNT as filler to achieve

antistatic / conductive polymer.

The Pure PU samples were used as negative controls. The visual appearance of the samples, as well as the
transmission electron microscope (TEM) characterizations of the morphologies and the distribution of the

filler particles in the matrix, is shown in Figure 1.
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Figure 1. Photo of tested samples (a - PU; b - PU/Si0O,; ¢ - PU/CB; d - PUMWCNT) and TEM images of
a cross-section of the samples with the three filler types. Sample dimensions: 11 cm @ x 1.0 cm thickness,

disc.

2.2 Test Setups

2.2.1  Automatically Controlled Drilling System

Drilling tests were done inside a transparent plastic chamber (154 L volume, Figure 2, left) in order to
separate the drilling process from the outside atmosphere. The sample was fixed to a rotatable round plate
that allowed the drilling position to be changed between drilling tests. Only the drill bit was inside the
chamber. The pressure of the bit on the composite material was controlled by a spring pulling the sample
towards the drill bit (drill force: 17 N). An infrared thermometer with an effective sensing zone of 1 cm’
was used to continuously monitor temperature changes during drilling. The sampling ports for particle
measurements were pointed towards the drill hole. A DISCmini (Matter Aerosol, Switzerland) was used
for measuring particle number concentration and mean diameter in the 10-300 nm size range. In addition,
gold filters (0.2 um pore size, ®25 mm, APC) were used to collect airborne particles for subsequent
analysis using a scanning electron microscope (SEM). The sampling flow rate was 5 L/min. Filtered air
was used to flush the chamber before each test until the background particle concentration was below 200
#/cm’ (DISCmini, 1 L/min flow rate). Five drilling tests were conducted, one after the other, for each
sample type. In order to clean out the residual particles from the previous drilling tests, the chamber was
flushed using a 30 L/min air flow for at least 15 min. Each drilling test lasted about 1 min. Different

drilling speeds and drill bit sizes were used (Table 1).
5
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Automatic drilling system Manual sawing system

Figure 2 Photos of the drilling (left) and sawing (right) setups used in the tests

Table 1. Drilling test parameters.

Drilling speed, rpm

1200 (S3) 1550 (S5) 1880 (S7)
Drill bit - All 8i0:
Size, mm g MWCNT MWCNT All

*Entire range of drilling speeds: 900-2,900 rpm from settings (S) 1-10.

2.2.2  Manual Sawing System

A laboratory glove box (284.9 L volume) was used to enclose the sawing experiment (Figure 2, right).
Samples were tightly fixed to a wooden support. The saw was operated via the box’s rubber gloves. The
enclosure was flushed with high flow rates of filtered air (50 L/min) until the background particle
concentration was below 20 #/L. Sampling ports were placed about 10 cm from the cutting position to the
side of the main sawing axis. Sampling was done using a DISCmini (1 L/min inflow), a filter sample
holder (2 L/min inflow) equipped with a gold-coated track-etched filter (0.8 um pore size), a sample

collector for transmission electron microscopy (Ecomesure; TEM grid - copper grid coated with Formvar

6
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carbon film; sample flow rate: 0.3 L/min), and an optical particle counter (OPC, 1 L/min inflow, GRIMM,
model 1.109). The OPC measures particle number and size distributions from 250 nm to 32 pm. A
thermometer (Celsimeter”, K-thermocouple: -50°C ~ +1000°C, Spirig, Switzerland) was used for
measuring the temperature of the manual saw’s blade (blade dimension: 300x12.5 mm, HSS-high speed
steel, technocraft®™). Four to five cuts were conducted in each test. Sawing began in the center of the
sample, and the distance between sawing positions during the test was about 2 mm. The length of the cut
was thus kept approximately the same. The material was not completely sawn through in order to avoid
touching the wooden support. Each sawing session lasted about 5—7 min. During this period, the air
supply to the enclosure was set at 6 L/min to replace the air drawn for sampling needs (total flow drawn
by sampling instruments =~ 4.3 L/min). After each cut, sampling continued for 10 min. Between cuts, the
chamber was flushed at a flow rate of 50 L/min filtered air for about 15-20 min to clean out residual

particles.

2.3 Data Analysis

To estimate the number of particles released per drilling event, we first averaged the peak particle
concentrations generated after each drilling test. The peak concentration was determined from the fitted
curve of moving averages over 50 seconds (Figure S1). The total particle release from a single drilling
event was then estimated by assuming that: a) the chamber was a well-mixed environment in which
homogeneous particle concentrations were present at the end of a drilling event; and b) that all released
particles in the size range analyzed by the DISCmini were still airborne during this peak period of the
drilling event. The particle loss to the instrument’s sampling flow during the drilling event (ca. 1 min)
was not taken into account since the sampling flow rate was relatively low. The total number of released
particles counted was thus determined by integrating the peak concentration (averaged from the period
when particle concentration became stable shortly after drilling stopped) over the chamber volume. The
total number of background particles was determined based on average background concentration during

the 15-30 min before each test. The net release was then calculated by subtracting background particles
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from the total number of released particles. The analysis of variance (ANOVA) of the average number
and mean size of the particles from different samples was performed using Stata software (Stata CorpLP,

Texas, USA). P-values <0.05 were considered statistically significant.

3. RESULTS

3.1 Release Scenarios in the Drilling Tests

3.1.1 Influences of Types of Nanofiller and Drilling Parameters

The net particle release (corrected for background particles) and particle sizes under the various test
conditions are shown in Figure 3. The particle number concentration and mean size obtained from
replicate tests for the different materials were repeatable with standard deviations of <8% (number) and
<15% (diameter), as shown in Table 2. The PU/CNT sample released the lowest number of particles
compared to the other samples, with both the small and big drill bits and at different drilling speeds
(Figure 3 a,b). In general, the number of particles released increased with the larger drill bit size and the
faster drilling speed. However, the relative order between the different types of nanomaterial filler
remained unchanged. The SiO,- and CB-reinforced composites released similar numbers of particles to
the blank sample. The total number of particles generated by drilling a single hole through the sample
ranged from 4.3x107 to 2.2x10° particles using the two sets of experimental conditions. The mean
diameter of the released PU/CNT particles was around 100 nm and above 200 nm for the two sets of
conditions, which was the largest from among the samples (Figure 3e,f). Particle release increased with
higher drilling speeds (Figure 3c). Particle generation soared from 4.3x10” to 65.2x10’ particles (about
15.2 times higher) when using the bigger drill bit (Figure 3d). The variations in results were larger
(shown by the error bars) when using high drilling speeds or the big drill bit. Higher drilling speed
resulted in a slightly lower average particle sizes (Figure 3g), while larger drill bit increased particle

diameter (Figure 3h). During the experiment, the local temperature on the drilling sites remained below
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70°C (Figure S4), and thus below the temperature at which the polymer matrix or thermal degradation

products can evaporate and recondense into aerosol particles.

©CoO~NOUITA,WNPE

PU PU/CNT PU/SiO, PU/CB
N,

Replicate Test N,

11 #/cm’ #/cm’
12 Background 262 - 288 - - -
13 Drill 1 743 63.7 626 101.5 649 85.3 581 59.7
14 Drill 2 648 54.1 540 97.7 732 65.6 610 53.1
15 Drill 3 651 51.1 577 89.7 651 60.9 573 53.8
16 Drill 4 640 71.0 501 94.7 656 60.8 558 55.1
17 Drill 5 695 52.0 585 100.5 - - 693 58.8
Mean 675 58.4 566 96.8 680 68.1 603 56.1
S.D. 38.8 7.7 422 4.3 37.4 10.1 48.0 2.7
21 S.D., % 5.74% 1327%  7.46% 4.42% 550% 14.78%  7.95%  4.78%

D, nm 3 D, nm

22 Table 2. Particle number concentration, N (#/cm’), and geometric mean diameter, D (nm), for replicate
tests (®D/drill, 4 mm; drill speed setting, S5). All measurements recorded with a DISCmini (size range 10—
27 300 nm). The differences in particle number were statistically significant for PU-PU/CNT pair (P=0.0052)
29 and for PU-PU/CB pair (P=0.0473), but not for PU-PU/SiO: pair (P=0.9075). The difference in size was
31 only significant for PU-PU/CNT pair (P=0.0001), but not for PU-PU/SiO, pair (P=0.1905) and PU-

33 PU/CB pair (P=0.6103).
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Figure 3. Influence of types of nanomaterial filler, drill speed setting (S5 or S7), and bit diameter (4 mm
or 8 mm) on the net release of particles and their mean diameter (size range: 10-300 nm). The statistical
analysis: a) p=0.0056 (group), p=0.013 (PU-PU/CNT pair), p>0.1 (other pairs); b) p=0.004 (group),
p=0.0205 (PU-PU/CNT pair), p>0.1 (other pairs); ¢) p=0.006; d) p<0.001; d) p=0.006; d) p<0.001;e)
p<0.001 (group), p<0.001 (PU-PU/CNT pair), p>0.1 (other pairs); f) p<0.001 (group), p<0.001 (PU-

PU/CNT pair), p>0.1 (other pairs). g) p<0.001; h) p<0.001.

3.1.2  Morphological Analysis

Released airborne particles were collected and analyzed by SEM, as shown in Figure 4. All the particles
collected had the visual appearance of polymer matrix materials. The diameters of pieces of drilled-out
material were usually in the order of a few micrometers. Different geometries were observed for the

various composite types, such as irregular thin flakes for the PU/CNT samples or lumps of materials for

10
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the other samples. Figure 4 (e—h) shows close-up images of the surface morphologies of the three filler
samples. Numerous bright spots appeared on the PU/CNT and PU/CB composites; their size and apparent

higher electron density can be attributed to protrusions of nanofiller on the particle surface. For PU/CNT

©CoO~NOUITA,WNPE

10 samples, elongated features were clearly visible at the surface (Figure 4g); these matched the known
12 diameter and length of the specific CNTs used. In contrast, a cluster of hollow structures was observed on
14 the PU/Si0O, sample (Figure 4h). Most of the released particles were matrix materials with protrusions of
nanofiller particles at the surface. The particle coverage on the surface of the aerosol filters remained
19 relatively sparse, resulting in a considerable statistical uncertainty from the microscope observations.
21 Thus, although no individual primary nanoparticles were observed during the drilling experiments, their

23 occurrence cannot be completely excluded.

60 11
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Figure 4. Surface morphologies of particles released in the drilling tests.

3.2 Release Scenarios in the Sawing Tests

3.2.1 Influence of Types of Nanofiller

Original particle number concentrations measured by the two devices are summarized in Table 3.
Compared to drilling, sawing resulted in clearly different particle concentrations, in different size ranges,
for the various tested nanofiller composites. In the size range of 10-300 nm, the measured concentrations
by DISCmini (54-167 #/cm’) were less than the manufacturer established lower detection limit of the

device (1,000 #/cm®). Thus, the difference in particle release level in this size range among the four

12
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composite types cannot be firmly established on the basis of the machine readouts. In comparison, in the

0.25-32 um size range, the release level for the PU/CB sample was considerably higher than for the other

three materials (Figure 5). The PU/CNT registered minor increases over control materials, and the

PU/Si0, samples remained nearly the same.

Backagr.
Cut 1
Cut 2
Cut3
Cut4
Cut 5
Mean

S.D.

S.D., %

OPC (250 nm — 32 Hm), #/cm’ DISCmini (10-300 nm), #/cm’
PU PU/CNT PU/SiO, PU/CB | PU PU/CNT PU/SiO, PU/CB
0.001  0.001 0.021 0.020 | 40 36 89 30
0.404 1.714 0.519 6.025 | 36 66 63 57
0.284  1.349 0.489 5.580 | 30 63 66 46
0.409  1.069 0.594 5290 |1 50 118 44
0.259  1.279 0.384 4715 | -12 50 66 42
0.319 1.074 - - 14 101 - -
0.335 1.297 0.497 5.403 | 13.75 57.25 78.25 47.25
0.069 0.264 0.087 0.549 | 19.9 20.9 26.5 6.7
20.6% 20.4% 17.5% 10.2% | 144%  36.5% 33.9% 14.2%

Table 3. Summary of particle number concentration results for different samples during the sawing

process (results for cut 1 to 5 are background corrected. Note: The default unit of the OPC readings is #/L.

and it is converted into #cm’ in the table for comparison purposes). The difference in OPC mean particle

concentrations for the four sample types was significant (p<0.001); pairwise differences were all

significant (p<0.05). DISCmini measurements were below the detection limit of 1000 #/cm’ established

by the manufacturer. The difference in DISCmini machine readouts of the mean particle concentrations

for the four sample types was significant (p=0.0013); pairwise differences were all significant: PU-

PU/MWCNT (p=0.004), PU-PU/SiO2 (p=0.004) and PU-PU/CB (p=0.015).

Net particle release per cut

0.25-32

um

2E+6
2E+6 -
1E+6
1E+6
1E+6 -
S8E+5 -
6E+5 |
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Sample type
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Figure 5. Influence of type of filler on particle release (net release after background correction) in the size

range 0.25-32 um (data from OPC).

3.2.2 Morphological Analysis

The collected airborne samples were analyzed using TEM and SEM (Figure 6 shows the example of
SiO, containing composite). Large particles of a few microns in diameter (Figure 6 a,b) and submicron
particles (Figure 6c) were found. Small spherical particles around 100 nm or below were also present on
the grid (Figure 6 a—d). In the SEM characterizations, the particle morphologies were often seen as
irregular, thick lumps, ranging from 1-10 um. The surfaces of PU/CB samples appeared to be different
from those of other samples, showing scattered bright spots as was also observed for that material in the
drilling tests (Figure 4). Individual nanofiller particles were not found in the SEM investigations. The
particles collected seemed to be materials sawn from the polymer matrix, with a visible nanofiller texture
on the surface of certain samples. An analysis of the chemical composition of the PU/Si0, sample surface
(Figure 61) identified nanofiller content. In addition, a large particle exhibiting a powdered surface and
seeming to consist of smaller particles, also appeared on the filter (Figure 6j). Chemical analysis

confirmed the presence of silicon in this particle.

Particle diameters in the order of 100 nm would be indicative of polymer fumes. This phenomenon is
known from an aerosol monitoring study on injection molding sites, where polymer extrusion
temperatures reach 200°C and above (Tsai et al. 2008). In our tests, each sawing session typically lasted
5-7 min, which was much longer than the drilling process (~50 seconds). The blade may heat up due to
the repeated sawing action, up to a point where the matrix starts to degrade and generate polymer fumes.
To test this hypothesis, the blade’s temperature was monitored during sawing (Figure S5). The
thermocouple sensor was fixed to the blade using a metallic tape in order to detect temperature changes
during sawing sessions. The temperature started to rise as soon as sawing began, and it rapidly (within

approximately 1.5 min) reached a stable value of about 120°C. The test’s nanocomposite samples were

14



Page 15 of 34 Annals of Occupational Hygiene

synthesized between 80°C and 100 °C, thus it is likely that matrix materials at the sawing line were

degraded by the blade’s heat and subsequently released polymer fume particles.

©CoO~NOUITA,WNPE

33 i) PU/SiO:

.| Element  ZAF Element Wt.% Atom% Compnd Compnd Norm. Standard
* | Line Wt%  Error Formula Wt.% Compnd Name
oK 1.040, 32.18 __+/-164__ _63.61 Q 32.18 32.18
Si K 0.881 26.42  +/-1.38  29.75 Si 26.42 26.42 - 1
AuM 1.522 4140  +/-5.35 6.65 Au 41.40 41.40

| Total 100.00 100.00 100.00  100.00

49 Figure 6. TEM and SEM observations of released particles from the sawing tests: a-d, PU.

52 4. DISCUSSION

54 4.1 Effects of Nanofillers

60 15
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We observed that nanofiller particles and fibers were present on the surface of released matrix materials;
this corresponds with earlier reports (Ogura et al. 2013; Cena and Peters 2011; Fleury et al. 2013; A.
Hellmann 2012; Devaprakasam et al. 2008; Schlagenhauf et al. 2012). The protrusion of CNTs was
attributed to their greater tensile strength; they were pulled out of the fracture interface as the matrix is
ripped into particles (Huang et al. 2012). However, Wohlleben et al. did not observe protruding CNTs
from sanding fragments; they attributed this to the reflow behavior of the soft thermoplastic polyurethane
matrix (600% elongation at break) around the filler particles during destruction (Wohlleben et al. 2013).
In our tests, the stronger, partially cross-linked PU matrix was expected to limit flow processes, which
explains why the nanofillers were exposed on the particle surfaces. The hollow structures shown on the
surface of PU/SiO, (Figure 4) seemed to be cavities left behind by detached SiO, nanofillers. The cavity
sizes (100-200 nm) corresponded roughly to the size of the agglomerates observed in the TEM
characterization of the raw sample cross-sections (Figure 1). The white spots present on PU/CB (Figure
4 and Figure 6) particle surfaces were likely to be individual or agglomerated filler particles, and this was

also suggested by the higher electron density in comparison to the surrounding material.

The very low release level of filler particles in our tests may be due to the low nanofiller content in the
composites tested (0.09% w/w). Free CNTs were observed when epoxy composites loaded with 4 wt%
CNTs were sanded, but they were not when samples with lower loadings were sanded; this was attributed
to incomplete dispersion (Huang et al. 2012). The epoxy-alumina-CNT composites in the dry drilling
tests contained 1.3%-2.2% of nanofillers, and airborne clusters of CNTs were released during the
treatment (Bello et al. 2010). The dispersion and agglomeration levels of the nanofiller particles in the
matrix also influence the possibility that they will detach during mechanical processes. Poor distribution
of fillers in composites, as well as their agglomeration, can act as failure points during the destruction
process. Clearly different release scenarios were observed between samples with poor filler dispersion
and those showing good distribution (Golanski et al. 2012). The identification of large SiO, filler particles

after the sawing tests in our study may be in part due to its strong agglomeration state thus loose
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connection to the matrix. The distinct release scenarios from the three types of nanocomposite may be
attributable to nanofillers’ properties. The interlocking and reinforcement effects of MWCNTs can reduce
particle generation and increase particle size. The tensile modulus of the carbon nanotubes is much larger
than that of a PU matrix. Their long, tube-like geometries may help connect different parts of the
composite and prevent large-scale destruction. The same effect has been observed in the dry machining of
nanocomposites: fewer airborne particles were generated from a CNT-alumina composite than from the
base alumina composite alone (Bello, Wardle, Yamamoto, deVilloria, et al. 2009; Bello et al. 2010).
Furthermore, PU/CNT composites generated larger fragments than the control matrix (Wohlleben et al.
2013). A similar strengthening effect was also seen during drilling activities after nanoclay fillers were
added to a PA6 matrix (Sachse, Silva, Zhu, et al. 2012). The higher particle generation from drilling and
sawing PU/CB composites may be caused by increased brittleness of the matrix. There is evidence of
embrittlement when carbon black was added to polymer matrices (Rudolph D and Kalidas R 1976; R.
Satheesh Raja ; Kaynak, Polat, and Yilmazer 1996). This effect on particle release is similar to that
caused by different types of matrix (e.g., harder vs. softer matrices), and this is discussed in the following

sections.

4.2 Effects of Process Characteristics

The treatment types (drilling and sawing) and test conditions (e.g., tool geometry and speed) also
influenced the number and size of the particles released. Highly dynamic processes such as sanding,
drilling, and grinding are more efficient at destroying solid materials than less dynamic processes
including abrasion, sawing/scratching, and mechanical shock. Furthermore, processes treating larger
surface areas on samples are likely to detach more materials from the matrix (e.g., sanding). Golanski et
al. provided evidence that rotating steel brushes and graving tools were more efficient at removing CNTs
from hard polymer coating surfaces than other abrasion processes (Golanski et al. 2012). Also, metallic
rakes were effective at detaching nanoparticles from fabric nanomaterials by scratching. In our tests, the

greater numbers of particles released using faster rotation speeds and larger drill bits in our tests can be
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linked to the higher energy levels existing under those conditions. Similar results have been seen during

solid core drilling of epoxy-based composites (Bello et al. 2010).

Treatments featuring a significant generation of heat may thermally decompose the polymer matrix and
release nanoscale fume particles. This phenomenon is often observed in studies investigating high-
temperature processes. Particle numbers decreased by 99.9% when a 190°C thermodenuder was used,
which implies that the nanoscale particles released were likely to have been volatile, high-melting-point
contents that evaporated due to the heat friction caused by grinding (Ogura et al. 2013). A visible smoke
plume was generated during the dry drilling of epoxy composites (Bello et al. 2010). Volatile organic
compounds, peaking at 70 nm diameter, were released during the thermal cutting of PS and its derivatives
(Zhang et al. 2012). For the identical PU and PU/CNT materials as in the present study, thermal
decomposition at temperatures ramping from 20°C up to 800°C were investigated. By detailed analysis of
the emitted aerosols (gas phase CO analysis, particulate analysis by NMR, FTIR, SMPS, optional
thermodenuder), it was found that the aerosol release is dominated by volatile organic compounds with
diameters ranging from 20 nm to 200 nm (Sotiriou et al. 2015). In contrast to the ash, the aerosol was not
significantly affected by the presence of the CNTs (Sotiriou et al. 2016). This is consistent with present
observations and lends further support to our interpretation of process-related VOC emissions by drilling

and sawing.

We can compare further to weathering as a process that induces chemical degradation of the matrix, in
synergy with weak or intermediate mechanical stresses. The identical set of materials (PU with SiO,, CB
or CNT) was studies in detail for its releases by simulated weathering, and the released fragment
morphologies are very different from the sanding or drilling released fragments. Thus, the process is
decisive to determine release properties. However, also in that case it was found that the nanofillers
modulate the release rates, specifically a reduction by CNT, and an increase by SiO, (Wohlleben et al.

2016).
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4.3 Matrix Effects

Studies investigating mechanical processes have commonly revealed irregular shapes and significant
surface roughness on matrix particles (Van Landuyt et al. 2012; Wohlleben et al. 2013; Wohlleben et al.
2011; Sachse, Silva, Irfan, et al. 2012; Ogura et al. 2013). This was attributed to the ductile nature of
polymers that stems from the viscoelastic nature of polymer materials and their special molecular
arrangement (Van Krevelen and Te Nijenhuis 2009). The deformation occurring under external loads
results in the molecular chains rearranging themselves into new positions and structures (Jansen 2008).
As a consequence, there is a tendency for surfaces to become rough, producing lumps, flakes, or layers of

materials (Figure 4 and Figure 6).

The nature of the composite matrix material seems to play an important role in the release process. In
general, harder materials tend to be more brittle, which means they break more easily into small pieces
under deformation. There is a propensity for crevices and cracks to form in brittle materials (Berry 1963).
The cross-linked PU used in our test is relatively soft (tensile strengh: 37 MPa, 100% modulus: 12 MPa)
compared to the materials used in previously reported studies, such as epoxy (Bello, Wardle, Yamamoto,
Guzman deVilloria, et al. 2009; Bello et al. 2010), PA (Sachse, Silva, Zhu, et al. 2012), PVC (Golanski et
al. 2012), PS (Ogura et al. 2013; Zhang et al. 2012), and inorganics including bricks (Shandilya, Le Bihan,
and Morgeneyer 2014) or cement paste (Wohlleben et al. 2011). The dry drilling of Al,Os-epoxy-CNT
composites resulted in 3.9x10° to 1x10” #/cm’ particle concentrations in the 5.6-560 nm range, using a
similar set of drilling speeds (725-1355 rpm) and drill bit diameters (1/4" and 3/8", = 0.64 and 0.95 cm,
respectively) to our study (Bello et al. 2010). In comparison, Wohlleben et al. recorded airborne particle
numbers below 1000 #/cm’ during abrasion tests on thermoplastic PU composites (Wohlleben et al.
2013); this is close to the values seen in our tests. The majority of the particles released in these studies
were found to be the matrix materials containing nanofillers. The relatively low particle number
concentrations obtained in our experiments were in line with the suggestion made by Wohlleben et al. that

matrix rigidity has a greater influence on the properties of the released aerosol than the nanofiller
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materials do. Softer matrices are less likely to release filler particles and tend to produce larger fragments;
this was observed in several other studies (Gohler et al. 2010; Schlagenhauf, Niiesch, and Wang 2014;

Harper et al. 2015).
4.4 Limitations

During the sawing experiments, the DISCmini provided machine readouts at concentrations below 1,000
#/cm’, which is below the lower detection limit proposed by the manufacturer. This makes the
interpretation of total net particle releases in this size range difficult. We see clear statistical difference
between different test materials. However, the absolute release values in this concentration range should
be viewed with caution. Yet, the conclusion that sawing released far less submicron particles (<< 1,000
#/cm’) than drilling is clearly supported by the OPC results. During initial experiments, an SMPS was
operated in parallel to the DISCmini. However, due to the very low and rapidly changing particle
concentrations during the course of the sawing operations (5-7 min), the SMPS was not used in the

reminder of the experiments.
5. CONCLUSIONS

In this study, we compared scenarios involving the release of nano-objects resulting from two distinct
mechanical processes: drilling and sawing. Automatic, machine drilling released greater numbers of
particles than manual sawing did. Different drilling parameters modified the intensity of particle release
by up to several orders of magnitude. Comparing to pristine samples, PU/CNT composite produced less
but larger aerosol particles due to the interlocking effect of the nanotubes. The other types of nanofiller
did not substantially influence the results of the release scenarios. Free particles of the filler material were
not observed. Instead, the filler particles were visible as protrusions on the surface of cut PU residues. In
comparison, the sawing tests generated relatively low particle number concentrations. However, the
process produced intense heat and, consequently, polymer fumes. Furthermore, the PU/CB samples

produced higher particle number concentrations for micron-sized particles.
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Although it was possible to detect free SiO,-filler particles from the sawing sessions, the majority of the
released particles were matrix materials containing the nanofiller. It is conceivable that the amount of
filler, as well as how well it is distributed within the matrix, plays an important role in determining the
intensity of particle release during such machining. Future studies should further characterize the
influences of these two variables. To extrapolate to risk assessment, the literature emerging on the hazards
posed by the aerosols released during very similar drilling or sanding setups also indicates that fragments
of polymer matrix with protrusions of engineered nanomaterials show no more toxicity than fragments of
control polymer without nanofiller (Saber, Koponen, et al. 2012; Saber, Jacobsen, et al. 2012; Wohlleben

et al. 2011; Wohlleben et al. 2013; Saber et al. 2016; Schlagenhauf et al. 2015).

The fact that polymer-fume condensates at the nanoscale were identified in our sawing experiments
highlights the importance of investigating process-determined release. This is of direct relevance to risk
because at elevated temperatures the products of the thermal decomposition of polymers can lead to
medical symptoms such as the influenza-like illness known as “polymer fume fever” (Patel, Miller, and
Chomchai 2006; Testud, Sabouraud, and Lecog-Jammes 2010; Townsend, Vernice, and Williams 1989).
However, even below thermal release thresholds, energy-intensive processes such as drilling have a
greater potential to release particles. The same principle applies to other process parameters in our drilling
tests that are associated with higher energy inputs—faster speeds and larger tool geometry—resulting in
higher shear rates. This is in agreement with previous findings (Le Bihan 2013). The possibility that
nanofiller particle release is process-dependent cannot be ruled out. Compared to the control samples, the
PU/Si0, samples generated far more particle release in the sawing experiments than in the drilling ones.
Therefore, processing conditions do indeed seem to be the most important factor in determining particle
release; they should be considered in detail for the laboratory simulation of particle release phenomena.
The present study only tested one matrix material, but the literature indicates that the matrix properties
themselves are very important determinants of release rates—rates that are eventually modified by the

embedded nanomaterials. These modifications are typically less than one order of magnitude and have
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been systematically explored in the present contribution, paving the way for a mechanistic understanding

of particle release processes.

SUPPORTING INFORMATION

More details on data analysis methods (determination of average peak concentrations), reproducibility
analysis, and monitoring of drilling as well as sawing temperature can be found in the supplementary

dataset at https://academic.oup.com/annweh.
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Table 2. Drilling test parameters.

Drilling speed, rpm

1200 (S3) 1550 (S5) 1880 (S7)
Drill bit 4 - All SiO:
S1z¢, mm g MWCNT MWCNT All

*Entire range of drilling speeds: 900-2,900 rpm from settings (S) 1-10.
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PU PU/CNT PU/SIO, PU/CB
N, N, N,

#/cm’ #cm’ > im #cm’ #/cm®

Background 262 - 288 - 186 - 141 -
Drill 1 743 63.7 626  101.5 649 85.3 581 59.7
Drill 2 648 54.1 540 97.7 732 65.6 610 53.1
10 Drill 3 651 51.1 577 89.7 651 60.9 573 53.8
11 Drill 4 640 71.0 501 94.7 656 60.8 558 55.1
Drill 5 695 52.0 585 1005 : - 693 58.8
1 Mean 675 58.4 566 96.8 630 68.1 603 56.1
15 S.D. 38.8 7.7 422 4.3 37.4 10.1 48.0 2.7

16 S.D., % 574% 1327%  7.46% 442% 550% 14.78% 7.95%  4.78%

Replicate Test N,

D, nm D, nm D, nm

©CoO~NOUITA,WNPE

Table 2. Particle number concentration, N (#/cm’), and geometric mean diameter, D (nm), for replicate
20 tests (@/drill, 4 mm; drill speed setting, S5). All measurements recorded with a DISCmini (size range 10—
22 300 nm). The differences in particle number were statistically significant for PU-PU/CNT pair (P=0.0052)
24 and for PU-PU/CB pair (P=0.0473), but not for PU-PU/SiO: pair (P=0.9075). The difference in size was
26 only significant for PU-PU/CNT pair (P=0.0001), but not for PU-PU/SiO, pair (P=0.1905) and PU-

28 PU/CB pair (P=0.6103).
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OPC (250 nm — 32 Hm), #/cm’ DISCmini (10-300 nm), #/cm’
PU PU/CNT PU/SiO, PU/CB | PU PU/CNT PU/SiO, PU/CB
Backgr. 0.001  0.001 0.021 0.020 |40 36 89 30
Cut 1 0.404 1.714 0.519 6.025 | 36 66 63 57
Cut 2 0.284  1.349 0.489 5.580 |30 63 66 46
Cut 3 0.409  1.069 0.594 5290 |1 50 118 44
Cut 4 0.259 1.279 0.384 4715 | -12 50 66 42
Cut 5 0319 1.074 - - 14 101 - -
Mean 0335 1.297 0.497 5403 | 13.75 57.25 78.25 47.25
S.D. 0.069  0.264 0.087 0.549 | 199 20.9 26.5 6.7
S.D,%  20.6% 20.4% 17.5% 10.2% | 144%  36.5% 33.9% 14.2%

Table 3. Summary of particle number concentration results for different samples during the sawing
process (results for cut 1 to 5 are background corrected. Note: The default unit of the OPC readings is #/L
and it is converted into #/cm’ in the table for comparison purposes). The difference in OPC mean particle
concentrations for the four sample types was significant (p<0.001); pairwise differences were all
significant (p<0.05). DISCmini measurements were below the detection limit of 1000 #/cm’ established
by the manufacturer. The difference in DISCmini machine readouts of the mean particle concentrations
for the four sample types was significant (p=0.0013); pairwise differences were all significant: PU-

PU/MWCNT (p=0.004), PU-PU/SiO2 (p=0.004) and PU-PU/CB (p=0.015).
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Si02 % cB CNT

11 4 d - & “

12 > £
13 ' 500 nm 500 nm f 500 hm
14 = - - .- - om

17 Figure 1. Photo of tested samples (a - PU; b - PU/SiO2; c - PU/CB; d - PU/MWCNT) and TEM images of a
18 cross-section of the samples with the three filler types. Sample dimensions: 11 cm ® x 1.0 cm thickness,
disc.
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Automatic drilling system

Manual sawing system

Figure 2 Photos of the drilling (left) and sawing (right) setups used in the tests
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36 Figure 3. Influence of types of nanomaterial filler, drill speed setting (S5 or S7), and bit diameter (4 mm or
mm) on the net release of particles and their mean diameter (size range: 10- nm). The statistica
37 8 ) h | f icl d thei di (si 10-300 ). Th istical
38 analysis: a) p=0.0056 (group), p=0.013 (PU-PU/CNT pair), p>0.1 (other pairs); b) p=0.004 (group),
39 p=0.0205 (PU-PU/CNT pair), p>0.1 (other pairs); c) p=0.006; d) p<0.001; d) p=0.006; d) p<0.001;e)
40 p<0.001 (group), p<0.001 (PU-PU/CNT pair), p>0.1 (other pairs); f) p<0.001 (group), p<0.001 (PU-
a1 PU/CNT pair), p>0.1 (other pairs). g) p<0.001; h) p<0.001.
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Figure 4. Surface morphologies of particles released in the drilling tests.
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40 Figure 5. Influence of type of filler on particle release (net release after background correction) in the size
range 0.25-32 ym (data from OPC).
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Element ZAF Element Wt.% Atom% Compnd Compnd Norm. Standard
Wt%  Error Formula Wt% Compnd Name
32,18 __+/-164__ 63.61 Q 32.18 32.18 =
2642 +/-1.38  29.75 Si 26.42 26.42 e A
4140 +/-5.35 6.65 Au 41.40 41.40 —
100.00 100.00 100.00  100.00

Figure 6. TEM and SEM observations of released particles from the sawing tests: a-d, PU.
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