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Accelerating the discovery of new materials

is crucial for addressing pressing energy and
sustainability challenges across various industries.

The future of materials discovery is poised for a

radical transformation, driven by groundbreaking
advancements in automation, robotics, rapid
fabrication and characterization techniques, and
artificial intelligence (Al). These technologies have the
potential to usherin an era of autonomous, closed-loop
material discovery.

Laser processing emerges as a powerful tool

capable of inducing subtle modifications to the
macro-nanostructure of material surfaces, thereby
unlocking entirely new properties within common
materials. When coupled with rapid characterization
techniques, this approach enables the fabrication,
testing, and optimization of diverse surface properties.
Furthermore, integration with machine learning (ML)
and Al allows for the training of models that can predict
optimal parameters for testing, accelerating the
discovery of materials tailored to specific properties.

The convergence of these technological capabilities
brings us closer than ever to realizing the autonomous
discovery of new materials for energy and sustainability
applications. Fostering collaboration between industry
and academia is essential to further accelerate this
transformative process.

Vassilia Zorba

Engineered materials are rapidly gaining prominence
as we seek to develop novel properties for emerging
applications. The engineered surface properties

of materials, in particular, offer immense potential
to revolutionize existing materials. By optimizing
characteristics like wettability, light absorption, and
corrosion resistance, we can unlock new possibilities
and expand the horizons of material utilization.

In parallel, artificial intelligence (Al) is emerging as

a powerful tool that is reshaping the landscape of
engineering and research. By accelerating the design
and evaluation of experiments, Al significantly reduces
time-to-market, propelling innovation forward.

Ramon Antelo




Executive
summary

:

.

\

3

.

A laser focus on materials

An exciting field of research in
metals with improved surface
properties is emerging in the

world of innovative manufacturing
technologies to increase the
performance of products, open
new applications, and contribute to
meeting sustainability goals. This
study explores the intersection

of materials science and surface
morphology, materials chemistry,
deriving practical applications from
theoretical knowledge and charting
a revolutionary path to advanced
materials that will be of value to

a wide range of professionals,

from engineers and researchers to
marketing and sales professionals.

Metals such as aluminum, steel
and titanium are key elements in
sectors such as aerospace, energy
and transportation. This article
examines the complex relationship
between material type, properties,
and surface morphology and

how these influence the specific
properties of different metals.
New laser texturing processes such
as nanosecond, picosecond and
femtosecond laser processing are
opening up a new era of precision
manufacturing that can redefine all
these industries and much more.

The focus is on surface properties
and on the major impact they may
have on metal characteristics,
ranging from nanoscale

modifications to macroscopic
transformations. Improved
wettability, biofouling prevention,
optical property manipulation,
defrosting, self-cleaning, and
corrosion and wear resistance are
just a few of the possibilities, with
the potential to deliver tailored and
improved performance across a
variety of applications.

Collaboration is key. The part of
Capgemini Engineering’s work
with the University of California
(UC) Berkeley presented in this
paper, sits within the framework
of its Strategic University Research
Partnership Program with world-
class universities, which addresses
the question: ‘What are the key
challenges of a more intelligent
industry in our society?’

https://www.capgemini.com/
news/press-releases/Capgemini-
collaborates-with-the-university-of-
California-Berkeley-to-accelerate-
time-to-market-of-new-materials/

The Capgemini-Berkeley
collaboration focuses on building
new methodologies and tools

to accelerate the design of new
surface properties by combining
cutting-edge laser technologies,
automation and Al, and reducing
the time to market of new
materials.



Introduction

Materials science and technology have constantly
evolved, driven by the search for advanced materials
with customized properties and innovative functions.
Among various materials, metals such as aluminum,
steel and titanium play a crucial role in key sectors such
as aerospace, energy, and environmentally friendly
transport. In this paper we consider the interplay
between material type, properties, and surface
morphology, and how making changes can lead to
innovative applications in different key sectors and
contribute to meeting sustainability goals.

Forinstance, the energy industry is driven by the need
to generate and store energy efficiently and relies
heavily on metals with tailored surface properties.
Understanding the relationship between material type
and surface morphology enables the development of
advanced materials that withstand harsh environmental
conditions, improve energy conversion efficiency, and
contribute to sustainable energy development.

In aerospace, safety and performance are paramount.
Adjusting the surface morphology of metals can result
inincreased corrosion resistance, reduced friction,
improved wear resistance, reduced drag, and improved
aerodynamics, ultimately helping to make aircrafts
safer, more cost-effective, and more fuel-efficient.

In the medical field, the surface morphology of

medical devices can be optimized to improve their
biocompatibility and prevent infections, while in the
construction sector, the surface morphology of building
materials can be tailor-made to increase their durability
and resistance to atmospheric agents.

Additionally, as global sustainability efforts increase,
metals with improved surface properties are
becoming key components of green technologies.
Reducing biofouling can help protect marine
ecosystems. Moreover, biofouling prevention can add
up to 10% of production costs for many industrial
applications. Specifically for naval transport, the
accumulation of biofouling accounts for 35-50%
higher fuel consumption, which impacts both cost and
environmental aspects [1]. Also, metals with customized
surface properties can pave the way to a greener
future, by recovering solar energy, reducing fuel
consumption, and more.

Metal corrosion is not simply a maintenance issue.
Corrosion can have several negative effects, such as
reduced product yield, product contamination, damage
to expensive instruments, and reduced productivity.
In extreme cases, corrosion can become a real drain
on profitability. According to US government studies,
corrosion costs the US more than $276 billion a year,
so there is a huge market for corrosion protection

[2]. Several national studies conducted in different
countries over the last 50 years have consistently
estimated the cost of corrosion at around 3% to 4% of
each country’s gross domestic product (GDP). With a
global GDP of $100 trillion (as of 2022), the worldwide
cost of corrosion is estimated to be a staggering

$3.5 trillion [3]. According to the EU-funded project
MULTIPROTECT, corrosion is an important cause of
decreased capital value, with over €100 billion lost in
Europe annually [4].
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Laser technologies
for surface texturing

In the past few decades, laser
technologies have revolutionized
various fields, enabling
extraordinary precision and
controlin the processing and
production of materials. In terms
of material types, properties, and
surface morphology, nanosecond,
picosecond, and femtosecond
laser processing techniques are
breakthrough innovations. These
laser technologies offer unique
opportunities for precise material
modification, surface engineering
and micro-fabrication, revealing
new opportunities for advances in
key industries [5].

Nanosecond laser processing,
with pulses lasting a few to several
hundred nanoseconds, delivers
controlled energy to materials,
resulting in rapid heating and
vaporization. The technique is
used in a variety of industries such
as automotive, aerospace, and
electronics, enabling rapid cutting,
welding, annealing, and surface
texturing. Nanosecond lasers have
become powerful and important
tools for industrial applications due
to their suitability for processing a
wide range of materials [6].

Picosecond laser technology
takes accuracy to a new level,

with picosecond (billionths of a
second) pulses. This ultra-fast
laser treatment ensures minimal
heat-affected zones and offers
excellent control over material
removal and surface modification.
Medicine uses picosecond lasers in
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ophthalmology, tattoo removal and
dermatology, while the electronics
and semiconductor industries
utilize them for micromachining
with extreme precision [7].

At the forefront of laser processing
is Femtosecond technology, where
the pulses are very short, on the
order of tens of femtosecond (a
quadrillionth of a second). The
extremely high peak power of
femtosecond lasers enables non-
linear interactions with materials,
making it possible to process
transparent materials and produce
complex but very fine and precise
microstructures. Therefore,
femtosecond lasers play a key role
in microelectronics, optoelectronics,
and medical research, pushing the
boundaries of what is feasible in
terms of precision and material
processing [8].

All these types of laser treatments
can be used to tailor surface
properties, and the choice of

laser treatment depends on the
specific application. For instance,
femtosecond laser processing
can be used to create surfaces
that are more hydrophobig, i.e.
water-repellent. Picosecond laser
processing can produce more
corrosion-resistant surfaces, while
nanosecond laser processing can
change the reflectivity of the
surfaces [7] [8].

Itis important to bear in mind that
corrosion resistant surfaces and
surfaces with tailored reflectivity

can be fabricated with either
nanoseconds, fentosecond or
picosecond lasers.

The type of structure or micro/
nanoscale feature thatis created
will depend on the specific
combination of the

laser processing parameters being
used. The most critical parameters
include:

* the laser power, which defines
the amount of energy that is
delivered to the surface of the
material per time unit.

* the pulse duration, which defines
the time over which the laser
interacts with the material

* the scanning speed, which
determines the number of laser
pulses per location,

* the spot size, which is the size of
the point at which the beamis
most concentrated.

* the wavelength of the laser
system, which determines its
absorption and interaction with
the material [5].



The choice of parameters
will result in different
surface textures,
providing a material with
performance tailored to a
selected application. Thus,
customized solutions can
be realized for bottleneck
problems in various real-
life applications [5].

The following table shows how the different laser processing parameters
can affect the surface structure.

Table 1: Process parameters vs.
Laser processing parameter Effect on surface structure surface structure

Higher laser power causes more

Laser power ablation, rougher surface

Shorter pulse duration leads to

P ration :
ulse duratio more precise surface features —

Faster scanning speed causes less

Scanning speed ablation, less rough surface

Smaller spot sizes allow the NERRRE
Spotsize beam to be focused on smaller
dimension on the sample

Different wavelengths are \ /

absorbed by materials differently, SN N os
LR leading to different surface - :_: ',_/, -

features | T/ T-- ==

6 A laser focus on materials



Surface

morphology:
the key to

improve material
performance

The surface morphology of metals
is key to unlocking advanced
material properties, and can

be characterized by several
parameters, including roughness,
shape of surface features, and
distribution of surface features.

Surface roughness can affect
friction, wear resistance and
adhesion. Surface texturing can
increase or decrease wettability,
reduce icing, and promote self-
cleaning. Understanding and
controlling surface morphology

is critical to tailoring materials for
specific applications, from reducing
dragin airplane wings to improving
biocompatibility in medical
implants [9].
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 Hydrophobic surfaces are
achieved by producing a surface
with a high water-surface contact
angle. This means that for highly
hydrophobic surfaces the water
drop may form a perfect sphere,
which may eventually roll off the
surface, instead of wetting it.

One way to produce hydrophobic
surfacesis to apply a laser
treatment to obtain specific
structures in the micro- and
nanometer range.

These structures can trap air
molecules, creating a barrier that
prevents water from wetting

the surface. In other words, the
surface is so modified that the
direct contact of the water to the
metallic substrate is reduced.

Adjusting surface roughness
and adding hydrophobic or
hydrophilic coatings can have
a significant impact on wetting
ability.

In aviation, hydrophobic coatings
on aircraft surfaces reduce
water build-up and improve
aerodynamic efficiency, which
leads to lower fuel-consumption,
cost reduction and lower
environmental impact.

In medical devices, hydrophilic
coatings facilitate fluid flow

and prevent the formation of
unwanted blood clots, while

in the electronics industry

they facilitate ink penetration
into electronic prints [10]. A
special case is the so-called
superamphiphobic surface, which
defines a special wettability
surface that repels liquids

with lower surface tensions

than water, such as organic
fluids. Thanks to this special
feature, superamphiphobic
surfaces can be used in various
applications such as self-cleaning,
anticorrosion, flame retarding,
flexible sensors, electrical
conductivity, super-fast bubble
bursting and droplet control [11].



Superhydrophilic surfaces

can also act as anti-gravity
wicking and as an efficient
solar desalination evaporator
forinterfacial solar steam
generation, an eco-friendly way
to desalinate water [12].

- Corrosion-resistant surfaces

8

can be achieved by creating a
textured surface with a protective
metal oxide layer. This oxide layer
is corrosion- resistant because
itis aninsulating barrier (i.e. it

is not electrically conducting)
that prevents water and other
chemicals from reacting with

the underlying metal. Moreover,
controlled surface textures can
create hydrophobic surfaces that
prevent moisture accumulation
and thereby protect surfaces
from corrosion [13]. Inspired
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by examples from nature,
superhydrophobic coatings were
initially produced for corrosion-
resistant surfaces analogous

to natural superhydrophobic
surfaces such as butterfly wings
or lotus leaves. Nevertheless,
surface texture is often

not enough, and additional
mechanisms are required for
high protective properties, such
as the type of interface or its
chemical features composition
[14]. This complex relationship
necessitates more systematic
and pragmatic research to be
carried out in this field. Whereas
high corrosion resistance was
observed on superhydrophobic
AISI 316 steel square grid
microtextured surfaces with
nanosecond laser processing [15]
and on ultrahydrophobic hollow

pillar structured aluminum
surfaces [16], superhydrophilic
aluminum surfaces treated

with a femtosecond laser
process obtaining micro-

scale protrusions and holes
possessed much better corrosion
resistance compared to their
superhydrophobic counterparts,
since superhydrophobic samples
led to anincreased salt retention
capability and pitting corrosion
[17].



« Surface morphology also affects
the optical properties of metals,
such as reflectivity, scattering
and absorption coefficients.
Nanostructured surfaces can
be engineered to manipulate
light at the nanoscale, improving
light absorption in solar cells
and light extraction in light-
emitting devices. By tailoring
surface morphology, metals
can be used to achieve specific
optical effects, promoting
applications in sensing, imaging,
and communications. The
laser- textured nanostructures
support surface plasmon
resonances, enhancing light-
matter interactions, while the
periodic nanostructures can
control light propagation and
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enable optical filtering [18]. A
study conducted by S. Wang and
others prepared hierarchical
micro/nano-conical structures by
femtosecond laser processing
on titanium with very high light
absorption, reflecting light
several times within the textured
structure arrays to achieve light
trapping. The nanoparticles on
the conical structures increased
the absorption because of their
quantum interactions with the
incident light [19]. Similarly,
micro-conical surface structures
provided high light absorption
for different aluminum alloys
[20].

* In marine environments,
surface morphology influences
biofouling —in other words, the
undesirable accumulation of
marine organisms on submerged
surfaces. Surface engineering can
produce antifouling coatings that
help prevent biofouling on ship
hulls and underwater structures,
which can reduce maintenance
costs and environmental impact.
Under certain conditions, a
rough surface is less likely to
accumulate microorganisms
than a smooth one, since
microorganisms find rough
surfaces more difficult. In
industries such as transportation
and renewable energy, anti-
fouling surfaces are critical
to operational efficiency



50%

decrease in average microbe
attachments was observed on
superhydrophobic stainless steel
surfaces

and durability [21, 22]. S.
Vanithakumari and colleagues
[23] achieved a four- order
reduction in bacterial adhesion
on laser-patterned titanium
surfaces, which can be very
critical for titanium parts used as
condenser material in seawater-
cooled nuclear power plants.
Moreover, in several other
publications it was reported that
using different laser processing
biofouling behaviour could

be achieved in different steel,
copper, and titanium alloys [23].
Although titanium has a very
high corrosion resistance, its
high biocompatibility facilitates
the biofouling problem in
comparison to other structural
materials. D. Yue, X. Jiang, H.

Yu and D. Sun demonstrated
hierarchical nanostructures

in titanium alloys could form
highly stable and durable
super-lubricated surfaces

for anti-biofouling in marine
engineering [24]. In another
study, a 50% decrease in average
microbe attachments was
observed on superhydrophobic
stainless steel surfaces with
controllable micro groove and pit
structures [25].
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 The de-icing properties of a
material can also be influenced
by its surface morphology.
Surface textures can create
anti-icing surfaces with micro/
nanostructures that postpone or
suppress ice formation, reducing
the need for de-icing chemicals
and energy-intensive defrosting
methods while ensuring the
safety of critical infrastructure,
transportation, and aerospace
systems [26]. Considering
that de-icing is a maintenance
measure for aircrafts, any
reduction of de-icing procedures
may have a positive impact on
cost reduction of commercial
aircraft operations in airports
worldwide. A research team
[27] created superhydrophobic
hierarchical micro-nano
structures on aluminum via
picosecond laser processing,
exhibiting low-temperature-
adaptive water repellency, which
delays frozen time and reduce
the freezing point with enhanced
stability and lifespan without
any post-treatments. Similarly,
superhydrophobic aluminum
surfaces with increased
roughness through micro/nano-
scale hierarchical structures
created by a hydrothermal
method demonstrated good
ice-phobic characteristics and
good mechanical properties, in
which the starting icing time of
the water droplet was effectively
delayed [28].

* By designing superhydrophobic
or superamphiphobic surfaces,
metals can exhibit self-cleaning
behavior, easily removing water
and contaminants. Thanks
to its repellency, any liquid
dropping onto the surface
collects contaminants as it rolls
off [29]. Multiple hierarchical
surface patterns minimize the
contact area between surfaces
and contaminants, enabling
the effortless removal of dirt
and pollutants. Self-cleaning
properties on solar panels,
building exteriors and various
automobile surfaces minimize
maintenance expenses and
environmental impact [30].
Depending on whether the
surface is superhydrophobic or
superamphiphobic, self-cleaning
can be achieved by using water
or different organic fluids [29].
It has been demonstrated [29]
that the micro/nano-texturing
of an aluminum surface with
a nanosecond laser and post-
treatments can help tune the
repelling properties and achieve
self-cleaning with different
liquids such as water and
ethylene glycol. Similarly, Wang
and others prepared hierarchical
micro/nano-conical structures
with femtosecond laser
processing on titanium, which
possessed excellent self-cleaning
performance thanks to their
superhydrophobic nature [19].



Potential
applications in
key industries
and key
challenges

Aviation

Improving safety and performance via surface morphology

The ideal combination of material type, property and surface
morphology is vital to enhance aircraft performance and safety

in the aviation industry. Significant improvements in fuel efficiency
can be achieved by optimizing surface morphology to reduce drag
and enhance aerodynamics. Anti-icing and anti-corrosion surface
treatments also improve the durability and reliability of aircraft
components, ensuring safe operation even in challenging conditions
[31].

Precise laser processing of metallic surfaces enhances the safety and
performance of aviation equipment. Superhydrophobic coatings with
micro/nanostructured patterns reduce ice buildup on aircraft wings,
thus improving aerodynamic efficiency and reducing fuel consumption.
Furthermore, aircraft components critical for safe and reliable
operation are protected by laser-textured surfaces with corrosion-
resistant coatings. Using anti-fouling surfaces to aircraft exteriors can
reduce the biofouling of aircraft parts including fuel tanks, pipes, and
filters, which is crucial for preventing operational issues, fires, and
explosions, while also ensuring optimal aircraft performance [31, 32].
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Energy

Increasing efficiency and durability in power generation

Tailoring the surface morphology of metallic materials through laser
processing is crucial in the energy industry for enhancing the efficiency
of energy conversion processes. Micro and nanostructured patterns on
solar panels may change light absorption, thus improving the efficiency
of solar energy conversion. Furthermore, laser-textured surfaces on
wind turbine blades heighten aerodynamics and decrease fouling,
resulting in increased energy production and minimized maintenance
downtime. The lifespan of components in nuclear power plants is
extended through the utilization of corrosion-resistant surfaces, which
contribute to safe and reliable energy generation.

Sustainability

Eco-friendly materials for a greener Future

Surface engineering enhances material performance and reduces
environmental impact, contributing to sustainability efforts. The use of
cleaning chemicals can be reduced by hydrophobic and self-cleaning surfaces,
and anti-fouling surfaces prevent harmful biofouling in marine environments.
Extending the lifespan of materials by optimizing their surface morphology to
reduce corrosion and wear leads to reduced waste and resource consumption.

Eco-friendly metallic materials with tailor-made properties can be developed
using laser processing. In transportation, micro/nanostructured anti-corrosion
surfaces reduce maintenance needs and extend the lifespan of critical
components, adding to the sustainability of infrastructure. In water treatment
systems, laser-textured surfaces with antibacterial coatings prevent biofouling
and ensure a clean and safe water supply. Metals with optimized surface
morphology in energy-efficient lighting devices not only reduce reflection

but also enhance light absorption, promoting energy conservation with lower
environmental footprint [33, 34, 35, 36].
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Future

directions

Research and innovation on the
interrelated triangle of material
type, property and surface
morphology will continue.
Researchers are pursuing novel
techniques and materials for
surface engineering to achieve
desired functionalities across a
broad range of applications. Recent
progress in laser technologies,
including higher power and
shorter pulse durations, have
created new prospects for precise
material processing and surface
engineering. The opportunities
for potential advances can be
summarized as follows:

« Advanced surface texturing
techniques: Developing
innovative laser processing
techniques to create complex
and intricate surface structures
with precise control over micro/
nano components.

Tunable surface properties:
Exploring new materials and
laser parameters to achieve
customizable and flexible surface
functionalities that adapt to
changing environments.

Bio-inspired (biomimetic)
surface engineering: The use

of surface structures in nature

as a source of inspiration for the
design of unique surface patterns
that have superior properties for
specific applications.
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Moreover, the integration of laser
processing technologies with
artificial intelligence and machine
learning shows great potential for
adaptive and automated
manufacturing processes. Additive
manufacturing and 3D printing
have enabled the creation of
complex structures and micro-
patterns on metal surfacesin
precision surface engineering.
Integrating laser processing with
additive manufacturing techniques
enables the creation of complex
structures with customized surface
properties in fewer manufacturing
steps. In-situ process monitoring
ensures quality control and enables
adaptive surface engineering.

In addition, hybrid surface
engineering, which combines
laser processing with other
surface modification techniques
such as chemical treatments or
mechanical finishing, can produce
synergistic effects and thus create
multifunctional surfaces.



Outlook: surface
tailoring processes are

technology

Advanced materials with customized functions and
properties have driven the advancement of materials
science. Metals such as aluminum, steel and titanium
have emerged as essential components for key
sectors such as aerospace and energy. The complex
interrelationship between unique material types,
properties and surface morphology can significantly
affect the characteristics of individual metals.

Innovations in laser texturing techniques, such as
utilizing nanosecond, picosecond, and femtosecond
laser processing outperform conventional methods,
thereby can revolutionize precision manufacturing

in various industries. The manipulation of surface
offers significant opportunities to enhance and alter
various material characteristics and properties, such
as wettability, biofouling, optical properties, and wear
resistance, from the nanoscale to the macroscopic
level. These capabilities mark the beginning of a new
era of possibilities by providing a pathway towards
custom-made materials with enhanced performance
for various applications and helping achieving
sustainability goals.

This exploration of materials research and

surface morphology offers a pathway to a future
characterized by advanced materials that blend theory
and practicality seamlessly.
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multipliers!

By utilizing collaborative efforts and interdisciplinary
approaches such as that demonstrated in the
partnership between Capgemini Engineering and UC
Berkeley, the complex relationship between material
type, properties and surface morphology provides
opportunities for innovation and discovery that bring
us closer to a brighter future, where the attributes of
metals and their surfaces are instrumental in shaping
progress, sustainability, and a better world for all.
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