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ABSTRACT: This paper describes an experimental study on the emission of nanometric size particles during
laser shock processing of metallic materials: stainless steel, aluminum and titanium alloys which are the most
common ones processed by this technique. The emission of nanometric size particles was confirmed to consist of
aggregates composed of smaller spherical particles in the range of 10-20 nm, covered by a small concentric
“layer” probably of metal oxides. The analysis of the nanoparticles showed the presence of the main elements
present in the tested alloys as well as high oxygen content, which is another indication of the presence of oxides
of Fe, Al and Ti. The amount of emitted nanoparticles, showed considerable increases over the baseline
measured for the working envi-ronment, and these increases correspond to the more intense pulses of the laser
beam. The material density was seen to highly affect the quantity of emitted nanoparticles. During LSP of
aluminium alloy (the lighter material) a large quantity of nanoparticles was measured, while in LSP of stainless
steel few nanoparticles were observed, and this is the denser material, among the three tested. Titanium alloy
results in intermediate values. The study of these emissions is innovative and relevant for industrial
environments where the manufacturing process is in use.
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RESUMEN: Caracterizacion experimental de las emisiones de nanoparticulas en el tratamiento de
AA6061, AISI304 y Ti6A4V por ondas de choque generadas por LASER. Este articulo es un estudio
experimental sobre la caracterizacion de las emisiones de nanoparticulas en el tratamiento superficial por
ondas de choque generadas por LASER (LSP) de materiales metalicos: aceros inoxidables, aleaciones de
aluminio y de titanio. Se confirmé que la emision de particulas de tamafio nanométrico consiste en agregados
compuestos de particulas esféricas en el rango de 10-20 nm, cubiertas por una pequefia “capa” concéntrica
correspondiente a oxidos metalicos. El analisis de las nanoparticulas mostré la presencia de los principales
elementos presentes en las aleaciones ensaya-das, y también un contenido elevado de oxigeno que corrobora la
presencia de o6xidos de Fe, Al y Ti. La cantidad de nanoparticulas emitidas, mostré aumentos considerables
sobre la linea de base medida para el ambiente de trabajo, y estos aumentos corresponden a los impulsos mas
intensos de LASER. Se observo que la densidad del
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material influi en la cantidad de nanoparticulas emitidas. Durante el LSP de aleacion de aluminio (el material
mas ligero) se midi6 una gran cantidad de nanoparticulas, mientras que en LSP de acero inoxidable se observaron
pocas nanoparticulas, y este es el material mas denso, entre los tres ensayados. La aleacion de titanio da como
resultado valores intermedios. El estudio de estas emisiones es innovador y relevante para entornos industriales

donde el proceso de fabricacion esta en uso.
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1. INTRODUCTION

Laser shock processing (LSP) is a recently devel-
oped technique for surface treatment, among the
different methods currently used for improving super-
ficial metallic properties surface by using high den-
sity beams, that has proved to be quite effective for
improving the fatigue properties of several metals and
alloys (Rubio-Gonzalez et al., 2004), due to its abil-
ity to induce metallurgical transformations providing
enhanced material resistance in terms of fatigue and
stress corrosion cracking (Ocana et al., 2004). This
technique was initially developed bearing in mind the
critical aeronautic industrial applications resulting in
an improvement of the fatigue cracking resistance of
materials used. Nowadays, materials such as titanium
and aluminium alloys, as well as some types of stain-
less steels have been thoroughly investigated. However,
the unavailability of equipment capable to deliver the
needed laser beam intensities has prevented general-
ized implementation at an industrial level. Recently,
powerful laser sources delivering beam power densities
exceeding 1 W.em, allowed a more generalized appli-
cation of LSP technology in industry.

Laser Shock Processing consists on applying
a high intensity c})ulsed laser beam having a power
density above 10° W.cm™ and pulse durations below
50 ns, on a target made of metal, that will result
in producing a quick vaporization on its surface
immediately developing a high temperature density
plasma which creates a shock wave that will propa-
gate to the material itself.

In an initial stage (with the laser beam being quite
active on the component itself), the energy from the
laser will be deposited on the interface between the
metallic target and its surrounding environment
(usually formed by a transparent confining mate-
rial). Therefore, the pressure that is generated by the
plasma produces two shock waves that will propa-
gate in two opposite directions, respectively inside
the target and to the confining material. As a result
of the material motion produced by the two shock
waves, an opening of the interface takes place, thus
resulting in its widening. Even if the laser is switched
off, the plasma will continue to maintain a certain

level of pressure, thus decreasing while expanding as
a result of the increase of the plasma volume. After
plasma recombination is completed, a projectile-
like expansion of the heated gas inside the interface
results in an additional mechanical momentum to
the target. A process scheme is shown in Fig. 1.

Then, the treated material experiences a perma-
nent deformation as a result of the pressure induced
by the laser generated shock wave, and this has to be
optimized for certain laser characteristics, such as
pulse duration, wavelength and power density, laser
spot size, bearing in mind the thickness and composi-
tion of the coating/confining materials. The descrip-
tion of the relevant laser absorption phenomena is
hardly complex as it results from non-linear effects
appearing along the interaction process that signifi-
cantly alter the shocking dynamics, and also because
of the need to describe the laser induced shock
waves propagation in solid materials. Therefore, the
plasma formation deriving from the laser-material
interaction is a rather complex phenomena.

In addition to the LSP physical aspects relat-
ing to the generation and propagation of the shock
waves transforming the target material, attention
has to be given to the emission of nanoparticles
during the process, following other similar studies
performed on materials processing techniques such
as surface processing and welding, aiming at the
need to guarantee a safe workplace environment for
operators (Buonanno et al., 2011; Tsai et al., 2011).
The knowledge on the level of nanoparticles emit-
ted during those processes is fundamental in order
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Laser pulse

Shock Wfl__\jﬁ—"’.l | | |

Sample

Revista de Metalurgia 53(4), October-December 2017, e104. ISSN-L: 0034-8570 doi: http://dx.doi.org/10.3989/revmetalm.104


http://dx.doi.org/10.3989/revmetalm.104
http://orcid.org/0000-0003-2579-6669
http://orcid.org/0000-0002-6551-9677
http://orcid.org/0000-0002-6551-9677
http://orcid.org/0000-0001-5260-527X
http://orcid.org/0000-0001-9263-8404
W.cm
W.cm

Experimental characterization of nanoparticles emissions during Laser Shock Processing of AA6061, AISI304 and Ti6Al4V 3

to be able to derive effective protection measures
(Guerreiro et al., 2014; Albuquerque et al., 2015),
so that the occupational exposure during industrial
operations can be rather limited, thus contributing
for a less harmful workplace environment.

Additionally, although the effect can be mini-
mized by the adoption of mitigation techniques,
nanoparticle emissions can affect the homogeneity
of the treated surfaces since they can damage either
the optical system or accumulate in the surround-
ings of the local processed zone.

In this study, an analysis was performed aiming
at evaluating the nanoparticles emission in Laser
Shock Processing conditions of representative mate-
rials used in industry.

2. MATERIALS AND METHODS
2.1. Laser processing conditions
The LSP trials were done by using a Q switched

Nd:YAG laser operating at 10 Hz and having a wave-
length of 1064 nm, whereas the full width at half
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FIGURE 2. Positioning and size of specimens during LSP,
indicating also the treated zone and the swept direction.

maximum (FWHM) pulse was of 10 ns. A conver-
gent lens was used to have a beam spot diameter of
around 1.5 mm and an energy per spot was of 1.2 J.
Pulse density was 289 pulses.cm™. Metallic specimens
(60x60x6.3 mm) were fixed and a 2D robot motion
system that was used to control the specimen position
and generate the adequate pulse swept as depicted in
Fig. 2. The plate rolling direction (L) was perpendic-
ular to sliding direction and also to the LSP swept
direction. Water was continuously added as a confin-
ing material with a small flow in the interaction zone.
No absorptive layers were used during tests.

LSP was performed into three different materials
currently processed by this technique in industry: AA
6061-T6, stainless steel AISI 304 and titanium alloy
Ti6Al4V. Table 1 shows the chemical composition
referred alloys. Tests were made in triplicate, using
always the same FWHM pulse and wavelength.

2.2. Airborne nanoparticles measurements

A single point, located immediately above the
interaction area between the laser beam and the
specimen, where an operator would typically be
working in order to control the process was chosen
for sampling.

The main characteristic of nanoparticles is
that they have a large surface area which increases
along with the decrease of particle size for the same
amount of mass. In terms of exposure assessment
in what regards nanoparticles, the most common

TABLE 1. Chemical composition and specific weight of the
alloys tested

Content (wt. %)

Elements
AISI304 Al 6061-T6 Ti 6A14V
Al - remaining 6.0
C <0.08 - <0.10
Cr 18.0-20.0 0.27 -
Cu - 0.13 -
Fe remaining 0.27 <0.3
Mg - 0.46 -
Mn <2.0 0.03 -
Ni 8.0-10.5 - -
<0.045 - -
S <0.03 - -
Si <1.0 0.52 -
Ti - 0.022 ~90.0
\% - 4.0
Zn - 0.11 -
Specific 7.93 2.70 4.47
weight
(gem?)

Revista de Metalurgia 53(4), October-December 2017, e104. ISSN-L: 0034-8570 doi: http://dx.doi.org/10.3989/revmetalm.104


http://dx.doi.org/10.3989/revmetalm.104
pulses.cm

4+ J.F. Gomes et al.

procedure is the determination of the surface area
deposited in the human lung (Oberdorster, 2000).
A nanoparticle surface area monitor (NSAM) TSI,
Mod. 3550 was used, as this equipment is able to
estimate the surface area of particles deposited in
the alveolar region of the human lung, expressed
as square micrometers per cubic centimeter of air
(um’cm”) referred further on as Alveolar Deposited
Surface Area (ADSA), and is used with proved reli-
ability for the size range of particles between 20 and
100 nm (Asbach et al., 2009), which means that the
equipment could be operating very near its detec-
tion limit. However, Asbach et al. (2009) concluded
that the fraction below 20 nm usually contributes
only negligibly to the total area surface and, there-
fore, it is not critical. The operation of this equip-
ment is based on diffusion charging of sampled
particles (Gomes et al., 2012a; Gomes et al., 2012b),
followed by the detection of the charged aerosol
using an electrometer, which uses the deposition
model developed by the International Commission
on Radiological Protection (ICRP). Also, emit-
ted nanoparticles were collected with a Nanometer
Aerosol Sampler (NAS) TSI, Mod. 3089 on copper
grids, polymer coated, having a diameter of 3 mm
for further observation by transmission electron
microscopy (TEM). For these a TEM Hitachi, Mod.
H-8100 II, and an energy dispersive X-ray spectros-
copy (EDS) probe, were used, as described elsewhere
(Gomes et al., 2013).

3. RESULTS AND DISCUSSION
3.1. Exposure assessment

The tests on each material consisted on the
measurement of ADSA of emitted nanoparticles.
During tests replicates were done and were gener-
ally in reasonable agreement. Therefore, the results
presented in Table 2 show peaks calculated from
the average values measured, comprising repli-
cates. Prior to these measurements, a baseline was
obtained corresg)onding to an averaged ADSA value
of 16.5 um” cm™. Table 2 indicates also the percent-
age increase of ADSA over the measured baseline.

Figures 3, 4 and 5 show the evolution of ADSA
values during tests for each material under study,
whereas Fig. 6 shows the accumulated ADSA if
the three tests (one for each alloy) were made in

TABLE 2. Maximum averaged ADSA measured for the
alloys tested

Max ADSA Increase over
Alloys (um? cm™) the baseline (%0)
AISI 304 14700 89.0x10°
Al 6061-T6 98700 598.1x10°
Ti6Al4V 48800 295.7x10°

sequence, simulating the total exposure experienced
by an operator, working in a typical industry pro-
cessing parts of different alloys in sequence. For
this hypothetical situation, the accumulated values,
as well as the statistic parameters, are presented in
Table 3, together with a calculated a threshold value
(TWA-Time Weighted Average) for an exposure of
8 h, and also the dose per lung of worker, accounting
for a typical area of human lung of 80 m” (Phallen,
1999). The dose per lung is calculated dividing the
total ADSA per the lung area.

During individual tests, for the different materi-
als, some peaks could be observed corresponding
to the higher pulses of the laser beam. In terms of
maximum measured ADSA values, it can be noticed
that the highest values correspond to the aluminium
alloy, which is the least dense material, and the low-
est were measured for stainless steel which is the
denser material, amongst the three tested. Titanium
alloy shows intermediate values of ADSA.

Nevertheless, the measured ADSA values rep-
resent a very significant increase over the baseline.
Also, the calculated TWA for 8 h, considering that
tests for the 3 alloys were done in sequence, show a
high value and an important dose per worker’s lung,
which calls for the adoption of effective protective
measures considering both worker’s exposure and
process homogeneity.

3.2. Size distribution of emitted nanoparticles

Figures 7, 8 and 9 show micrographs, obtained
by TEM of nanoparticles captured during the LSP
tests. Particles are clearly in the nano range, forming
agglomerates composed of smaller spherical par-
ticles. Individual nanoparticles are in the range of
10-20 nm. Nevertheless, it should be taken into con-
sideration that the used NSAM equipment provides
reliable measurements in the size range of 20-400
nm, which means that the equipment is operating
very near its detection limit. However, Asbach et al.
(2009) concluded that the fraction below 20 nm usu-
ally contributes only negligibly to the total area sur-
face and, therefore, it is not critical. It can be noticed
that some of the particles are covered by a small
concentric “layers” probably of metal oxides of the
metals detected, e.g. Al, Fe and Ti.

TABLE 3. Accumulated calculated ADSA values for 3 tests
in sequence

Max ADSA
Parameters (um? cm™)
Averaged ADSA 10,000
Standard deviation 21,500
TWA for 8 h 917.2
Accumulated ADSA 4.40x10° pmz

Dose per lung 5.50x10° pm2

Revista de Metalurgia 53(4), October-December 2017, e104. ISSN-L: 0034-8570 doi: http://dx.doi.org/10.3989/revmetalm.104


http://dx.doi.org/10.3989/revmetalm.104
critical.The

Experimental characterization of nanoparticles emissions during Laser Shock Processing of AA6061, AISI304 and Ti6Al4V 5

10.0

9.0
8.0 -
7.0 =
6.0 =

5.0

Max: 14700 (um?cm™3)

R, e [ CIre (B [ iy, SR P | |/I\Al\|_:_+
0:10

4.0 7

3.0

Deposited Surface Area (um2cm=)[e4]

2.0 7

1.0 =

TTTTIvIrTIr I TarIr T Iy ImT T v T rIrIr ravar T ey

0.0 1 r
0:0 0:05
Elapsed time (min)

g =

0:15

FIGURE 3. Averaged ADSA measurements obtained for stainless steel AISI 304.
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FIGURE 4. Averaged ADSA measurements obtained for aluminum alloy 6061-T6.

3.3. Morphology and chemical composition of obtained for LSP tests with stainless steel, alumin-
emitted nanoparticles ium alloy and titanium alloy, respectively.

Regarding stainless steel, main elements present

Collected nanoparticles were also analysed in the nanoparticles are, Cr and Fe, which are the ele-

for determination chemical composition by EDS. ments present in more content in the steel. Ni is denser

Figures 10, 11 and 12 shows the EDS spectra than the others, but is in the alloy in a small volume
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FIGURE 8. Image of nanoparticles collected during LSP tests
in AA 6061-T6 observed by TEM.

2000 nm

FIGURE 9. Image of nanoparticles collected during LSP tests
in Ti6Al4V observed by TEM.
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FIGURE 10. EDS spectra of particles collected during measurements for stainless steel AISI 304.

percentage. Nanoparticles released during aluminium
alloy LSP tests mainly show the presence of Al, despite
the fact that this is denser than Mg and Si which are
the alloying elements in AA6xxx series but are pres-
ent in minor content. Nanoparticles released during
LSP of Ti6Al4V show the presence of Tiand Al. V is
denser than the other ones and in less content.

This analysis allows to ascertain the nature of
the released nanoparticles to the nature of the base
materials tested, as expected. It can be seen that
both the content and the density of the alloying ele-
ments affect the nanoparticles emitted. Obtained
spectra always exhibit peaks corresponding to cop-
per from the collecting support a grid, which is not
coming from the sampled nanoparticles itself. Also,
it should be noted the exceptional high content of

oxygen detected in each analysis, as can depicted in
Figs. 10 to 12. This is an indicator that the observed
layers detected correspond to metal oxides of Fe, Al
and Ti, respectively.

4. CONCLUSIONS

- This study shows the existence of non-negligible
particles emission in the nanometric range dur-
ing laser shock processing of common alloys
used in industry for improving surface proper-
ties. Collected particles are mainly aggregates
composed of smaller spherical particles in the
range of 10-20 nm, covered by a small concentric
“layer”, probably of metal oxides. EDS analysis
of the nanoparticles showed the presence of the
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main elements present in the tested alloys, as
well as a high oxygen content, which is another
indication of the presence of oxides of Fe, Al
and Ti.

- The amount of emitted nanoparticles, mea-
sured by ADSA showed considerable increases
over the baseline measured for the working
environment, and the observed ADSA peaks
correspond to the higher pulses of the laser

beam. The highest density of nanoparticles
was observed in LSP of the aluminum alloy,
which is also the least dense material, and the
lowest were measured for stainless steel which
is the more dense material, among the three
tested.

Titanium alloy results in intermediate values of
ADSA, being the material with the intermediate
density. The calculated Time Weighted Average
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for 8 h working time, considering that tests for
the 3 alloys are done in sequence, show a con-
siderable high value and an important dose per
worker’s lung, which calls for the adoption of
effective protective measures considering work-
er’s exposure, such as containment measures
and/or the use of effective individual protection
devices for particles in the nano size range.
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