





5. Colour laser marking

illuminated. The bluish colours were more intense than those corresponding to the
red part of the spectrum. The resolving power according to the eq. (5.3) (taking into
account that approximate 40 mm of grooves were illuminated and the observation
was done on the first diffractive order) was R = 5970. Thus, the grating was able to
separate 0.1 nm of adjacent wavelengths. By contrast, figure 5.13.c showed the disc
under the illuminant D50 (yellowish/white light; point source of light). In this case,
the yellow/red colours dominated. The resolving power (taking into account that
approximate 10 mm of grooves were illuminated and the observation was done on the
first diffractive order) was R = 1493, allowing to resolve wavelengths higher than 0.5

nim.

Figure 5.13. Images of the grating created on a disc of white-c ABS at two
processing speeds, 13 mm/s and 7 mm/s. a) Front view of the ABS disc marked; b)
Angular view of the disc illuminated with a diffuse source of light based on
illuminant D65; ¢) Angular view of the disc illuminated with a point source of light

based on illuminant D50.

251



5.3. Colour marking based on iridescence colours produced by DLIP

Thus, the grating created allowed to observe the entire spectrum of visible light
although the observation of consecutive orders depends on the angle of view and the
distance between the observer, the light source and the sample. Figure 5.14 shows an
example of two consecutive orders. Theoretically, the number of diffractive orders of
the grating created was high. However, their intensity decreased when the m factor
increased, so experimentally it was difficult to observe more than six orders.
Therefore, considering the case where the sample is illuminated at an angle of 45° and
six diffractive orders are visible, the observation of the diffractive phenomena will be

possible for angles ranging from 55° to 16°.

Figure 5.14. Image of a grating observed at 45° under a point source of light
showing two consecutive diffracted orders.

The number of diffractive orders and their observation angles can be tuned
changing the angle formed by the two laser beams. For example, the increase of that
angle would cause the reduction of the grating period. Thus, the number of diffracted
orders would be reduced while the angle diffraction of each wavelength and the
resolving power would be increased. Visually, it would not be possible to observe the
entire visible spectrum on the same observer position; the viewer should move to see

the colour change (always considering the same distance between the light source, the
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5. Colour laser marking

sample and the viewer of the photographs showed before). On the opposite, the
reduction of the angle between the beams would induce the increment of the grating
period. This grating would present an increment of the diffractive orders since the
angle between the diffracted wavelengths and the resolving power would decrease. In
this case, the observation of the different diffractive orders might possible. However,
since the intensity decays with each diffractive order, the angles where the iridescence

colours are visible would be reduced and consequently hampering its observation.

5.3.2. Example of application

A photomask was used to overcome the limitations of the experimental setup to
apply this laser marking technique. This mask was prepared by IR laser using
cardboard to obtain the brand logos of Balay and Siemens. The approximate
dimensions of the logos were 60x15 mm. The logos were adapted to accommodate the
internal parts of the letters like the “B” or the “a” in the Balay logo. This system can

be improved for example employing adhesive masks.

Therefore, both logos were marked using the interferometric system utilising the
same laser parameters. Figure 5.15 displays different views of the Balay logo where it
was possible to observe the diffractive effect. The iridescence colours appeared in all
the extension of the logo using a diffuse light source. Thus, it was even possible to
observe in some cases two consecutive diffractive orders. The observation at front
view only allowed observing a grey mark typical of a conventional laser marking.
Similarly, figure 5.16 shows the Siemens brand logo exhibiting the same iridescence
effect. Again the use of a diffuse light source permitted to saw the visible spectrum

covering almost the entire logo.
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5.3. Colour marking based on iridescence colours produced by DLIP

Figure 5.15. Balay brand logo seen at different positions. a) Front view; b-d)

observation at different angles.

Figure 5.16. Siemens brand logos created by the holographic system.

5.3.3. Conclusions

The interferometer technique employing two laser beams was used to create a
periodical modification of the visual appearance of the polymeric material due to the
created diffractive grating. This microstructure gives rise to iridescence colours that
were observed from different angles. Furthermore, it was possible to perform the
marking process of logos (or others) with iridescent effects using a photomask.
However, this technology cannot be used to marking with a specific colour.
Consequently, its final purpose cannot be to replace the traditional decorative

techniques but the creation of new styles of decoration based on iridescence effects.

254



5. Colour laser marking

[5.1]

5.2]

[5.3]

[5.4]

[5.5]

[5.6]

[5.7]

[5.8]

[5.9]

References

Society of dyers and colourists, “Definitions of a dye and a pigment,” 2017.
[Online]. Available: https://colour-index.com /definitions-of-a-dye-and-a-

pigment. [Accessed: 07-Nov-2017].

S. Kinoshita, S. Yoshioka, and J. Miyazaki, “Physics of structural colors,”

Reports Prog. Phys., vol. 71, no. 7, p. 76401, 2008.

Merck KGaA, “Merck presents new effect pigments for laser marking and

rotomoulding,” Addit. Polym., vol. 2015, no. 8, pp. 1-2, Aug. 2015.

H. Y. Zheng, D. Rosseinsky, and G. C. Lim, “Laser-evoked coloration in

polymers,” Appl. Surf. Sci., vol. 245, no. 1-4, pp. 191-195, 2005.

A. R. Parker and N. Martini, “Structural colour in animals—simple to complex

optics,” Opt. Laser Technol., vol. 38, no. 4, pp. 315-322, 2006.

M. Srinivasarao, “Nano-optics in the biological world: beetles, butterflies, birds,

and moths,” Chem. Rev., vol. 99, no. 7, pp. 1935-1962, 1999.

A. J. Antonczak, D. Kocori, M. Nowak, P. Koziol, and K. M. Abramski, “Laser-
induced colour marking—Sensitivity scaling for a stainless steel,” Appl. Surf.

Sei., vol. 264, pp. 229-236, 2013.

Z. L. Li et al., “Analysis of oxide formation induced by UV laser coloration of

stainless steel,” Appl. Surf. Sci., vol. 256, no. 5, pp. 1582-1588, 2009.

V. Veiko et al., “Development of complete color palette based on
spectrophotometric measurements of steel oxidation results for enhancement of

color laser marking technology,” Mater. Des., vol. 89, pp. 684-688, 2016.

255



[5.10] S. A. Maier, Plasmonic: Fundamentals and applications, 1st ed. New York:

Springer, 2007.

[5.11] E. Hgjlund-Nielsen, J. Weirich, J. Ngrregaard, J. Garnaes, N. A. Mortensen,
and A. Kiristensen, “Angle-independent structural colors of silicon,” J.

Nanophotonics, vol. 8, no. 1, p. 83988, 2014.

[5.12] X. Zhu, C. Vannahme, E. Hgjlund-Nielsen, N. A. Mortensen, and A.
Kristensen, “Plasmonic colour laser printing,” Nat Nano, vol. 11, no. 4, pp. 325—

329, 2016.

[5.13] J. Yao et al., “Selective appearance of several laser-induced periodic surface
structure patterns on a metal surface using structural colors produced by
femtosecond laser pulses,” Appl. Surf. Sci., vol. 258, no. 19, pp. 7625-7632,
2012.

[5.14] V. Veiko et al., “Metal surface coloration by oxide periodic structures formed

with nanosecond laser pulses,” Opt. Lasers Eng., vol. 96, pp. 6367, 2017.

[5.15] O. T. Picot et al., “Manufacturing of surface relief structures in moving
substrates using photoembossing and pulsed-interference holography,”

Macromol. Mater. Eng., vol. 298, no. 1, pp. 33-37, 2013.

[5.16] M. I. Stockman, “Nanoplasmonics: past, present, and glimpse into future,” Opt.

Ezxpress, vol. 19, no. 22, pp. 22029-22106, 2011.

[5.17] E. Hgjlund-Nielsen et al., “Polarization-dependent aluminum metasurface
operating at 450 nm,” Opt. FExpress, vol. 23, no. 22, pp. 28829-28835, Nov.
2015.

256



5. Colour laser marking

[5.18] H. F. Ghaemi, T. Thio, D. E. Grupp, T. W. Ebbesen, and H. J. Lezec, “Surface
plasmons enhance optical transmission through subwavelength holes,” Phys.

Rev. B, vol. 58, no. 11, pp. 6779-6782, Sep. 1998.

[5.19] J. Homola, S. S. Yee, and G. Gauglitz, “Surface plasmon resonance sensors:

review,” Sensors Actuators B Chem., vol. 54, no. 1-2, pp. 315, 1999.

[5.20] T. W. Ebbesen, H. J. Lezec, H. F. Ghaemi, T. Thio, and P. A. Wolff,
“Extraordinary optical transmission through sub-wavelength hole arrays,”

Nature, vol. 391, no. 6668, pp. 667669, 1998.

[5.21] W. L. Barnes, A. Dereux, and T. W. Ebbesen, “Surface plasmon subwavelength

optics,” Nature, vol. 424, no. 6950, pp. 824-830, 2003.

[5.22] S. Yokogawa, S. P. Burgos, and H. A. Atwater, “Plasmonic color filters for
CMOS image sensor applications,” Nano Lett., vol. 12, no. 8, pp. 4349-4354,

2012.

[5.23] S. Roh, T. Chung, and B. Lee, “Overview of the characteristics of micro- and
nano-structured surface plasmon resonance sensors,” Sensors, vol. 11, no. 2, pp.

1565-1588, 2011.

[5.24] F. P. de Arquer, A. Mihi, and G. Konstantatos, “Large-area plasmonic-crystal—
hot-electron-based photodetectors,” ACS Photonics, vol. 2, no. 7, pp. 950-957,

2015.

[5.25] Y. Shen, V. Rinnerbauer, I. Wang, V. Stelmakh, J. D. Joannopoulos, and M.
Soljaci¢, “Structural colors from fano resonances,” ACS Photonics, vol. 2, no. 1,

pp. 27-32, 2015.

257



[5.26] J. Olson et al., “Vivid, full-color aluminum plasmonic pixels,” Proc. Natl. Acad.

Sei., vol. 111, no. 40, pp. 1434814353, 2014.

[5.27] X. Jiang, E. S. P. Leong, Y. J. Liu, and G. Si, “Tuning plasmon resonance in

depth-variant plasmonic nanostructures,” Mater. Des., vol. 96, pp. 64-67, 2016.

[5.28] F. Cheng, J. Gao, T. S. Luk, and X. Yang, “Structural color printing based on
plasmonic metasurfaces of perfect light absorption,” Sci. Rep., vol. 5, p. 11045,

2015.

[5.29] J. Proust, F. Bedu, B. Gallas, I. Ozerov, and N. Bonod, “All-dielectric colored
metasurfaces with silicon mie resonators,” ACS Nano, vol. 10, no. 8, pp. 7761-

7767, 2016.

[5.30] K. Kumar, H. Duan, R. S. Hegde, S. C. W. Koh, J. N. Wei, and J. K. W.
Yang, “Printing colour at the optical diffraction limit,” Nat Nano, vol. 7, no. 9,

pp. 557-561, 2012.

[5.31] L. Duempelmann, A. Luu-Dinh, B. Gallinet, and L. Novotny, “Four-fold color
filter based on plasmonic phase rretarder,” ACS Photonics, vol. 3, no. 2, pp.

190-196, 2016.

[5.32] X. M. Goh et al., “Three-dimensional plasmonic stereoscopic prints in full

colour,” Nat. Commun., vol. 5, p. 5361, 2014.

[5.33] S. J. Tan et al, “Plasmonic color palettes for photorealistic printing with

aluminum nanostructures,” Nano Lett., vol. 14, no. 7, pp. 4023—4029, 2014.

[5.34] J. S. Clausen et al., “Plasmonic metasurfaces for coloration of plastic consumer

products,” Nano Lett., vol. 14, no. 8, pp. 4499-4504, 2014.

258



5. Colour laser marking

[5.35] Z. Li, W. Wang, D. Rosenmann, D. A. Czaplewski, X. Yang, and J. Gao, “All-
metal structural color printing based on aluminum plasmonic metasurfaces,”

Opt. Ezpress, vol. 24, no. 18, pp. 20472-20480, Sep. 2016.

[5.36] R. Yu et al., “Structural coloring of glass using dewetted nanoparticles and

ultrathin films of metals,” ACS Photonics, vol. 3, no. 7, pp. 1194-1201, 2016.

[5.37] X. M. Goh, R. J. H. Ng, S. Wang, S. J. Tan, and J. K. W. Yang, “Comparative
study of plasmonic colors from all-metal structures of posts and pits,” ACS

Photonics, vol. 3, no. 6, pp. 1000-1009, 2016.

[5.38] X. Chen, Y. Chen, M. Yan, and M. Qiu, “Nanosecond photothermal effects in

plasmonic nanostructures,” ACS Nano, vol. 6, no. 3, pp. 25502557, 2012.

[5.39] G. Baffou and R. Quidant, “Thermo-plasmonics: using metallic nanostructures

as nano-sources of heat,” Laser Photon. Rev., vol. 7, no. 2, pp. 171-187, 2013.

[5.40] X. Zhu, M. Keshavarz Hedayati, S. Raza, U. Levy, N. A. Mortensen, and A.
Kristensen, “Digital resonant laser printing: Bridging nanophotonic science and

consumer products,” Nano Today, 2017.

[5.41] X. Zhu, W. Yan, U. Levy, N. A. Mortensen, and A. Kristensen, “Resonant laser
printing of structural colors on high-index dielectric metasurfaces,” Sci. Adv.,

vol. 3, no. 5, May 2017.

[5.42] D. Béauerle, Laser processing and chemistry, 4th ed. Berlin: Springer, 2011.

[5.43] J. C. Ion, Laser processing of engineering materials, 1st ed. Oxford: Elsevier,

2005.

259



[5.44] J. Sun, C. Tang, P. Zhan, Z. Han, Z.-S. Cao, and Z.-L.. Wang, “Fabrication of
centimeter-sized single-domain two-dimensional colloidal crystals in a wedge-
shaped cell under capillary forces,” Langmuir, vol. 26, no. 11, pp. 7859-7864,

2010.

[5.45] L. Wang, R. J. H. Ng, S. Safari Dinachali, M. Jalali, Y. Yu, and J. K. W.
Yang, “Large area plasmonic color palettes with expanded gamut using

colloidal self-assembly,” ACS Photonics, vol. 3, no. 4, pp. 627-633, 2016.

[5.46] G. Saxby, Practical holography, 3rd ed. Bristol: IOP Publishing, 2004.

[5.47] C. Palmer, Diffraction grating handbook, 5th ed. New York: Thermo RGL,

2002.

260



6. General conclusions

At the beginning of this thesis, two objectives were proposed. The primary goal
was to study the interaction of three different laser wavelengths (1064 nm, 532 nm
and 355 nm) with ABS materials to produce high-quality aesthetical marks. The

results were depended on the colour pigment used on the ABS material: TiOy or CB.

On the one hand, the TiOs molecule suffered a reduction process under
irradiation with the green and the UV lasers while negligible changes were detected
using the IR laser. The formation of reduced species like Ti*" or TiC gave rise to a
black colouration in the laser treated area. More energy was needed to produce the
high contrasted marks with the green wavelength than with the UV laser. This fact is
directly related to the increment of the cycle time of the process. Additionally, the
green laser produced a light brownish colouration of the marks, probably due to a
partial polymer carbonization. Consequently, the UV laser is a better choice to
produce aesthetical marking on the white ABS. Furthermore, the increment of the

pigment content did not improve the marking process.

On the other hand, the ABS with CB exhibited a thermally induce foaming effect
under irradiation with the green or the IR lasers leading to white marks. Again, a
brownish colour was observed, probably due to polymer carbonisation, in the marks
made with the green laser, while this effect was reduced using the IR laser.
Furthermore, a lower DPI was needed to produce the highest contrast on each CB
compound employing the IR laser than using the green laser. The UV laser produced
marks by a photochemical effect although the final contrast achieved was worse than
the obtained using the other two lasers. Consequently, the IR laser is the preferred
option to mark the black ABS. Moreover, the increment of CB content did not

improve the marking process.
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As a second objective, functional marks to control the wettability of ABS
samples were proposed using three different approaches. Firstly, direct laser ablation
made with the UV laser was employed to create two types of topographies, one based
on truncated cones and the other in a regular arrangement of holes. The minimum
period achieved for these structures was 60 pm. The experimental CA can be
approximate to either Wenzel or Cassie-Baxter models depending on the structure
dimensions. However, no superhydrophobic or superhydrophilic surfaces stable in
time were found. Better results were obtained utilising the roughness control by green
laser marking. Both, superhydrophobic and superhydrophilic surfaces were obtained
being also temporally stable. This wettability behaviour was related to the surface
topography measured that was dependent on the laser fluence deposited on the
surface. Finally, DLIP technique employing UV laser wavelength also enabled to alter
the wetting behaviour. The structures created were one order of magnitude less in
size than those made by direct ablation, achieving a period of around 7 pm. The
Cassie-Baxter model predicted their behaviour. Nevertheless, the highest CA

achieved was 99°, far from a superhydrophobic behaviour.

Finally, a preliminary study of producing colour marks, beyond the grey scale,
was performed. Three different approaches were considered. The use of additives,
based on diacetylenes and leucodyes activated under UV laser irradiation, together
with the IML technique proved to be a solution for colour marking. However, their
long-term stability to UV light and the range of colours should be improved for a
commercial purpose. Other alternative proposed was the use of structures exhibiting
SPR (surface plasmon resonance) on the visible spectrum. Specifically, the structures
were based on self-assembled PS spheres covered with Ag and Al. A green laser was
employed to induce a reshaping of their metallic layer causing a modification of their
optical response The magnitude of the changes was directly related to the laser

parameters like the deposited fluence. Nevertheless, the cycle time of this technology
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6. General conclusions

is still low and is too complex to be scaled up. Finally, DLIP was used to create
iridescence colours. However, this effect seemed to be an additional decorative
technique of colour marking; it was not possible to achieve non-angle-dependent

colour marks using DLIP.

As a concluding remark, during the development of this thesis aesthetic laser
marking on ABS was successfully implemented on an industrial scale. At least five
different factories of the BSH home appliances group around the world are now
employing the laser marking on ABS (mainly on white polymer) manufacturing a
total of 2.5 million of pieces. This thesis has contributed to understanding the
laser/ABS interaction phenomena and humbly helping to implement this promising

technology in the industrial world.

263



264



7. Conclusiones generales

Para la elaboracion de esta tesis se plantearon dos objetivos principales. En
primer lugar, se propuso el estudio de la interaccién entre tres laseres de longitudes
de onda diferentes (1064 nm, 532 nm y 355 nm) con el termoplastico ABS para
producir un marcaje estético de alta calidad. Los resultados obtenidos dependieron

del pigmento de color incorporado al polimero TiO2 o CB.

Por un lado, la molécula de TiOz (empleada como aditivo blanqueante) sufria un
proceso de reduccion bajo la radiacion laser verde (532 nm) y ultravioleta (355 nm)
mientras que los cambios quimicos observados empleando el laser infrarrojo (1064
nm) fueron despreciables. En concreto, se detectaba la formacion de especies
reducidas como el Ti*" o el TiC que provocaban una coloraciéon negra en el area
tratada por el laser. Sin embargo, empleando el laser verde era necesario depositar
mayor energia para producir el mejor contraste de color que con el laser ultravioleta,
y este hecho esté directamente relacionado con el incremento del tiempo de ciclo del
proceso. Ademas, el laser verde producia marcas con una ligera coloracion marron,
probablemente causada por una carbonizacion parcial del polimero. De este modo, se
considera que el mejor laser para producir el marcaje estético en el ABS blanco es el
UV. Ademas el incremento del porcentaje de TiO2 no mejoraba el marcado en ningtn

Caso.

Por otro lado, el ABS con CB (pigmento negro) presentaba un efecto de
espumado cuando era irradiado por los laseres verde o IR produciéndose marcas
blancas. De nuevo, el laser verde producia un efecto de carbonizaciéon en el polimero
asociado a una ligera coloracién marrén en las marcas, mientras que empleando el
laser IR este fenémeno era muy reducido. Ademas, el mayor contraste en el caso del

laser IR fue obtenido a valores de DPI menores que empleando el laser verde. Por el
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contrario, el laser UV producia marcas por efecto fotoquimico causando una posible
degradacion del pigmento (blanqueamiento) aunque daba lugar a un menor contraste
final que empleando los otros dos laseres. Asi pues, en este caso se prefiere el uso del
laser IR para conseguir las mejores marcas estéticas en el ABS negro. Del mismo
modo se estudio el efecto de la cantidad de pigmento y al igual que en el caso del
TiOs9, los mejores resultados se obtuvieron empleando la menor cantidad de CB de

entre todas las estudiadas.

Como segundo objetivo se propuso la creacion de marcas funcionales en el ABS
de tal modo que se modificara la mojabilidad del material empleando tres diferentes
métodos. En primer lugar, mediante ablacién laser directa usando el laser UV se
crearon dos tipos diferentes de topografias en la superficie, una basada en conos
truncados y la otra en una distribucién regular de agujeros. En ambos casos el
periodo minimo obtenido fue de 60 pm. Experimentalmente se midieron angulos de
contacto que se aproximaban o bien al model de Wenzel o al de Cassie-Baxter
dependiendo de las dimensiones de la estructura creada. Sin embargo, empleando esta
técnica no se consiguieron superficies que mostraran comportamientos superhidrofilos
o superhidrofobos estables en el tiempo. Mejores resultados se alcanzaron utilizando
el laser verde mediante el control de la rugosidad superficial. Esta técnica se basaba
en realizar un calentamiento de la superficie controlado dando lugar a una topografia
definida por la fluencia total laser depositada. Mediante esta técnica fue posible
obtener tanto superficies superhidrofilas y como superhidrofobas estables en el
tiempo. Finalmente, empleando la técnica DLIP con un laser ultravioleta se consiguio
también modificar el comportamiento de mojabilidad del ABS. Las topografias
creadas eran un orden de magnitud menor que aquellas hechas por ablacién directa,
obteniéndose estructuras con periodos de alrededor de 7 pm, prediciéndose su

comportamiento de mojabilidad mediante el modelo de Cassie-Baxter. No obstante, el
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mayor angulo de contacto obtenido fue de 99°) lejos de un comportamiento

superhidrofobo.

Finalmente, se exploraron de una manera preliminar diferentes aproximaciones
para conseguir un marcaje en color més alld de la escala de grises utilizando la
tecnologia laser. En concreto se consideraron tres posibles alternativas de marcado
laser en color. En primer lugar se utilizaron aditivos quimicos (leucodyes y
diacetylenes) que bajo la luz UV del laser y empleando la tecnologia de inyeccion de
IML (in-mould labelling) demostraron ser una solucion factible para obtener marcas
en color. Sin embargo, para un uso comercial se deberia mejorarse su estabilidad a
largo plazo a las condiciones de luz ambiental y ampliarse el rango de colores
disponible. Otra de las alternativas propuestas fue el empleo de estructuras que
presentaran resonancias de plasmones superficiales (SPR) en el espectro visible. En
concreto, se emplearon esferas de PS auto-ensambladas cubiertas a su vez con una
fina capa de aluminio o plata. Mediante un laser verde se inducia un cambio en esa
capa metalica eliminando el material progresivamente de tal modo que se modificaba
su respuesta 6ptica. La magnitud de los cambios estaba directamente relacionada con
los parametros laser como la fluencia depositada. Sin embargo, el tiempo de ciclo del
procesado era lento ademés de ser una técnica muy compleja de ser implementada a
escala industrial. Finalmente, se emple6 de nuevo la técnica DLIP para crear un
efecto de colores iridiscentes en el material, un fenomeno que es dependiente del
angulo de observacion. Pese a ser posible conseguir este efecto para un amplio rango
de angulos, no era posible obtener colores independientes del d&ngulo y por lo tanto se

considera una técnica complementaria para la decoracion estética del material.

Como observacion final, durante el desarrollo de esta tesis el marcado estético
laser sobre el ABS fue implementado satisfactoriamente a escala industrial. Al menos
cinco factorias del grupo BSH electrodomésticos alrededor del mundo emplean ahora

el marcado laser en ABS (principalmente sobre el polimero blanco) fabricando un
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total de 2.5 millones de piezas. Esta tesis ha contribuido a entender los fenémenos de
interaccion entre el laser y el polimero y humildemente a implementar esta

prometedora tecnologia en el mundo industrial.

268



