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Le paysage de la production d’énergie et de son utilisation est confronté a des défis
importants dans le secteur des transports. Les deux principaux moyens de transport,
automobile et aérien, sont principalement fabriqués avec des métaux. La nécessité de
réduire leurs émissions de CO; se traduit par une exigence majeure d'allégement, qui ne
peut résulter que d'une action conjuguée d’amélioration des alliages et de la géométrie des
piéces. Cette contribution discute certaines des stratégies pour I'allégement des structures
basées sur la conception innovante d’alliages d’aluminium et d’aciers et sur les procédés
innovants par fabrication additive.

© 2017 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

1. Introduction

This contribution is part of a thematic volume of the Comptes rendus Physique: “The energy of tomorrow”. Dealing with
our use of energy requires thinking both on energy conversion to a usable energy for society’s needs, and on energy use in
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the many devices that we are using in everyday life. Among these, one key issue to improve the footprint of our society is to
reduce the emissions of greenhouse gas by the main means of transportations, primarily cars and airplanes, as well as the
embedded energy [1]. This requirement seems obvious; however, the ways to get there are not straightforward, especially
when cost constraints are taken into account.

Reducing the impact of transports requires an approach towards several directions. The engines must be further opti-
mized, and shift to different energy sources can bring improvements (fully electric, hybrid or hydrogen cars, for instance).
However, if vehicles using different sources of energy can be an efficient way to link them to renewable energy sources, or
more generally to low-carbon energy, it is not by itself necessarily a good way to reduce the total amount of energy used
in transports.

A common target to all transport means is to reduce the weight of the structures [2,3]. By itself, weight reduction is an
effective way to reduce the consumption of vehicles per transported passenger. This is particularly true for airplanes and for
cars as well, as soon as they travel at non-constant speed. It has to be pointed out that this target becomes somewhat less
effective with electric cars where some of the energy of breaking serves to charge back the battery. In fact, while the weight
of airplanes per passenger transported has effectively been reduced in the last decades by an improvement in the design
and materials used, this is not so true for cars, for which the weight has increased for a long time [4] while a tendency for
slow decrease is now slowly arriving. This tendency for making ever heavier cars has been driven by the improvement of
comfort and safety, which required the addition of extra weight.

Reducing the weight of a car or an airplane is actually more important than what can be predicted from simply this
weight reduction [3,5]. When the weight of the structure is reduced, synergetic effects arise: the engine can be smaller,
which reduces its own weight and also reduces consumption. And all other elements can also be designed at lower weight:
brakes, suspensions, etc. Such synergetic effects were key to the major shift that was made by the car industry in the USA
when Ford decided to make their F150 pickup truck (one of the most sold cars in the USA) entirely of aluminum. This
decision made it possible to reduce substantially the engine’s size and therefore the truck’s gas intake. Obviously, it remains
high compared to that of small cars. Therefore, weight reduction has been recognized as a key way to achieve ambitious
emission reduction programs such as the target for 2 1/100 km cars in France.

Interestingly, it has been recognized since a very long time that reducing alone the price of using transportation means
(which would be a side-effect of reducing consumption) does not necessarily mean that the global emissions will decrease.
The contrary can be observed and is known since 1865 as Jevon’s paradox [6], from the name of a British economist,
William Stanley Jevons, who recognized that an improvement of efficiency could be compensated by an increase in demand
due to the reduced cost of the service. Typically, such a mechanism can be observed in the aerospace industry, where from
the 1970s to now the consumption of airplanes per passenger per 100 km travelled has gone down by a factor of two (7 1
to 3.5 I, approximately), and yet the total consumption of airplanes has increased drastically because of the development
of low-cost air transport, which itself has been made possible by the availability of low-consumption airplanes. Therefore,
it becomes quite clear that making lighter means of transportation (and more generally, making them more economic to
use) cannot alone guarantee a lowering of the total emissions of transport, and the legal framework must be adapted
simultaneously (restriction policies) [7].

Improving the weight of structures is a never-ending interplay between material properties and structural design. In
this contribution, we will restrict ourselves to the metallic subset of materials used in the transport sector. Traditionally,
these two areas were relatively separate: the material’s supplier would provide a material with a set of properties, and
the designer would try to make the most out of them. However, such a separation is nowadays outdated, because the
development of new alloys needs to take into account the complexity of the property sets required for each application.
Nowadays, each part of a car or an airplane, submitted to different combinations of mechanical loading and environmental
constraints (temperature, corrosive agents), should have a different optimal set of properties, which should lead to a specific
material design. Consequently, the diversity of the alloys used in transports has dramatically increased, and to reach this
goal the material’s producer and the material’s user need to work in close collaboration, so that new materials match the
property sets required by new applications.

More recently, the development of additive manufacturing in the metallurgy community has led to another paradigm
shift: in this case, the material and the structure are only one single concept, which needs to be optimized as a whole:
changing the structure of an additive manufactured part requires changes in processing parameters that necessarily impact
the material’s properties.

In the following, we will present a few examples of how material’s research and innovation can lead to improved sets of
material properties and architectures. First, we will present some aspects of the development of the new family of Al-Cu-Li
alloys for aerospace applications; secondly, we will present the progress brought by the new generations of high-strength
steels under development for automotive applications; thirdly, we will present some of the benefits and challenges of metal
additive manufacturing using a fast-developing methods, namely Electron Beam Melting.

2. Al-Cu-Li alloys for aerospace applications
The construction of airplanes relies, since the beginning of the 20th century, largely on the use of aluminum alloys,

since the discovery by A. Wilm of age hardening brought by alloying soft aluminum by Cu atoms (see [8] for a historical
perspective). At that time, age-hardened aluminum alloys with improved strength were rapidly used in industrial appli-
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Fig. 1. STEM-HAADF image (scanning transmission electron micrograph in High Angular Annular Dark field mode) of the microstructure of an Al-Cu-Li-
Mg-Ag alloy in fully precipitated conditions, showing in white the projection of the platelet nanometric precipitates that act as obstacles to the motion of
dislocations and thus harden the material [17].

cations, without knowing the physical phenomena underlying this change in their mechanical properties. Only after the
discovery of dislocations in the 1930s and that of Guinier-Preston zones in 1936 [9] did it become clear that the strength
increase was due to the formation of nanometer-size precipitates in the Al matrix, which impede the movement of the
linear defects responsible for the plastic deformation of metals, namely dislocations. Nowadays, many alloy systems exist,
which take advantage of precipitation strengthening to increase the yield strength of aluminum from about 10 MPa to more
than 700 MPa. This strength increase, if properly taken into account in design, can be translated in a weight reduction of
the structure. The planes designed until the end of the 20th century used massively the Al-Zn-Mg-Cu alloy system (des-
ignated as 7000 series alloys), where the precipitation of the MgZn, phase and its metastable precursors lead to some of
the highest strength in aluminum alloys. However, in many applications, the full strength potential of these alloys could not
be exploited because of constraints on other properties. Namely, the so-called peak strength temper (designated T6) where
the precipitate characteristics in terms of nature, size, and volume fraction are such that they impede most efficiently the
dislocations’ movement, presents severe limitations in many other properties. In particular, peak strength alloys usually
show limited ductility, toughness, and are prone to localized corrosion [10]. Therefore, the mechanical properties (and con-
sequently the potential for weight reduction) have to be degraded to ensure the safety of the components with respect to
crack propagation resistance or to resistance to environmental degradation.

The shift of the aerospace industry to carbon-based composites, accelerated by Boeing’s decision of to construct the 787
mostly with composites, has been a powerful driver to design new aluminum alloys. Long-standing candidates for Al alloys
with desirable properties were based on the Al-Li alloy system. In fact, adding Li to Al improves simultaneously the elastic
properties (increase in Young’s modulus), the strength (due to nano-precipitation of AlsLi precipitates) and reduces the al-
loy’s density. However, despite developments in the 1980s of Al-Li based alloys for space applications, their widespread use
remained limited for a long time, partly due to cost issues and processing difficulties, and to issues linked to their properties
change during long-term ageing in service at moderate temperatures. At the turn of the new century, the pressure for find-
ing new alloy solutions that compete with composites for airplane weight reduction while maintaining the advantages of
metals (high productivity, resistance to thunder and impacts, recyclability,...) led to revisit the Al-Li alloy system with the
addition of other species: Cu, Mg and some small amounts of Ag or Zn. The change in alloy composition triggers new paths
of phase transformations, including the T{-Al,CuLi phase [11], but also other phases such as S-Al,CuMg and its precursors,
or Cu-GP zones [12,13], resulting in a dense distribution of obstacles to dislocation movement, as shown in Fig. 1. These
alloys present high strength, similarly to 7000 series, slightly lower density, but their success, and their weight-reduction
potential relies more importantly on an improved balance of properties, namely their high ductility/toughness and good
anticorrosion potential [14].

This high ductility and toughness has remained a puzzle for some time: in two high-strength alloys, how can it be
explained that some precipitates degrade less ductility and toughness than others? To answer this question, one has to first
point out that close to peak strength, precipitates are usually shearable, meaning that when the alloy enters the plastic
regime, dislocations cross through them and induce a shear step. The second point is that usually dislocations, issued from
sources within the crystal, multiply in large numbers and travel in groups on a given slip plane. When crossing a very
small precipitate (T; particles are only 1.3 nm thick! [15,16]), just a few dislocations should result in its full shear, which
subsequently should lead to the formation of easy “channels” for dislocation glide where no obstacle is there anymore to
impede their movement. This argument is classically given to justify the poor ductility of alloys strengthened by shearable
precipitates.

In the case of Ty precipitates, atomic resolution transmission electron microscopy images have been acquired after plastic
straining to identify the mechanisms of dislocation-precipitate interactions. The result shown in Fig. 2 was intriguing: only
single shearing steps were observed, and never multiple shearing steps have been pointed out, as could be expected from
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Fig. 2. High-resolution STEM-HAADF image of a plastically deformed Al-Cu-Li alloy. Shearing steps are observed on T; precipitates [4].
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Fig. 3. Stress-strain curves of an Al-Cu-Li alloy for different ageing conditions: peak aged corresponds to the highest condition of strength. Under-aged
conditions correspond to shorter ageing times, and overaged conditions correspond to longer ageing times.

the localization of plasticity [17]. An explanation of this peculiar behavior was found in a paper on a slightly different
alloy system (Al-Cu-Ag) [18], where the authors argued that if the slip plane in the precipitate were different from that
of the matrix, then one shearing event would result in a costly defect at the interface because of the mismatch. A second
shearing event would lead to an even greater defect, so that it becomes more attractive for the next dislocation to shear
the precipitate in a different location. This microscopic mechanism results in a better spread of plasticity and explains the
exceptional ductility and toughness shown by these alloy series, translating in a weight reduction up to 20% with respect to
traditional Al alloy design. Fig. 3 shows stress-strain curves of an Al-Cu-Li alloy in different conditions of ageing, resulting
in different levels of strength. This figure illustrates that the strength improvement obtained close to peak strength does not
come along with a large reduction of ductility.

3. New generations of advanced high-strength steels for automotive applications

Dating back to the very first internal combustion vehicles, steel has always been the prevalent material in the automotive
industry [19]. Even if some recent examples of vehicles like 2015 Ford F-150 depart from this long-standing rule, the average
modern car is still mainly made out of steel [20]. This is in no small part owed to the extreme versatility that is unique to
steel. Indeed, slight variations in composition and/or thermal treatments can lead to alloys that feature radically different
properties, from very ductile but soft (uniform elongation above 50% for interstitial free (IF) steel) to very strong but brittle
(ultimate tensile strength in excess of 2 GPa for martensitic grades), while newer metallurgical designs allow combinations
of both [21].



A. Deschamps et al. / C. R. Physique 18 (2017) 445-452 449

Fig. 4. Microstructure of a dual-phase steel containing 15% of martensite, mostly located at ferrite grain boundaries. Reproduced from [22].

The breadth of properties that can be covered by steel with only very subtle changes in processing is best illustrated by
the success of one of the first concept of advanced high-strength steel (AHSS): dual-phase (DP) steel. In DP grades, a con-
trolled amount of strong martensite is dispersed in a matrix of ductile ferrite, as illustrated in Fig. 4. The crucial processing
step for those grades is intercritical annealing, during which time and temperature must be precisely controlled so as to
obtain the required amount of ferrite. Small adjustments in process temperature and alloy composition can be used to vary
the phase fractions. This flexibility in microstructure design permits the attainment of a very broad range of properties. Thus
many declinations of DP steels are in use in different part of today’s cars, including panels and reinforcements for floors,
doors and roofs as well as safety cage components [21]. Adoption of DP steels was exceptionally rapid, notably owing to the
fact that it required little to no change to the manufacturing equipment. It has, in particular, an excellent spot weldability
with itself and most other advanced high-strength steel (AHSS). As a consequence, DP grades are now found in practically
all contemporary cars, where they enable considerable weight savings over former non-AHSS designs.

The microstructure concept introduced in DP steels was further enhanced by tuning the composition to stabilize a signif-
icant amount of austenite at room temperature, in addition to the ferrite and martensite/bainite. This metastable austenite
is liable to transform into martensite under mechanical load, improving work hardening and thus the formability of this
class of alloys labeled TRIP (transformation induced plasticity) steels. These AHSS grades used in combination with other
recent metallurgical products such as press-hardened steel (PHS) have for instance enabled 39% weight savings against the
baseline during the Future Steel Vehicle program that ended in 2013 [23].

Besides the design of new alloys, innovative processing of steel sheets can lead to dramatic light-weighting as well. Such
is the case of tailor welded blanks (TWB), in which sheets of various thicknesses and grades are laser welded together to
be jointly formed in a single operation decreasing the number of parts to be joined during manufacturing. This increase in
performance can be exemplified by the TWB door ring concept brought forth by ArcelorMittal that lead to a 20% weight
saving against the reference assembly and enhanced the resistance to small offset crashes [24].

AHSS will keep contributing to automotive product light weighting, as many new metallurgical designs are being de-
veloped. One of the explored avenue is the propensity of austenite to transform at a given stress, which is affected by its
chemical composition, notably its carbon content. This lead to one of the latest AHSS concept called Q&P (quench and par-
titioning) steels. In those grades, the alloy is quenched from either the austenitic or the intercritical range to a temperature
at which the austenite has yet to fully transform into martensite (below Ms but above Mg) and held at that temperature (or
slightly higher) to allow carbon partitioning from martensite to austenite. Following the partitioning step, carbon-enriched
austenite is retained after the alloy has been brought down to room temperature. Variations of the quenching temperature
as well as partitioning duration and temperature afford a fine control over the local chemistry in the alloy, which will be
leveraged to push further the envelope of properties on the formability diagram.

As the efficiency of powertrain increases and the advent of low-carbon fuels draws closer, it is important to keep in
mind that the use phase of automotive vehicles will account for a decreasing fraction of the total emissions of their life
cycle [25]. Conversely, the production and disposal phase will represent a growing share of those emissions. Thus, it implies
that light weighting and the fuel economy it enables are only desirable as long as the greenhouse gas (GHG) footprint of
the new materials involved does not increase. Since the production of steel is one of the lowest GHG emitter amongst
automotive structural materials [26], it implies that steel will remain a central material in the production of future cars
including battery electric vehicles, even if its use does not lead to the lightest design. This makes innovation in steel a key
contributor to the future of transportation.

4. Development of additive manufacturing for the transportation industry

As previously illustrated, driving forces for weight saving in aerospace applications still lead to the development of new
alloys or hybrid composites. Another way of saving weight relies on design or (re)design approaches using architectured ma-
terials as elementary unit cells. The objective is to substitute bulk parts where this is mechanically allowed by an assembly
of lattice or cellular structures, such as in the example shown in Fig. 5.
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(b) (c)

Fig. 6. (a) 3D reconstructed volume of a 1 mm-diameter strut built vertically (residual porosity in red). From [29]. (b) Longitudinal cross section of the
CAD-nominal diameter (blue), the fabricated strut (green), and the mechanically equivalent cylinder (red). (c) 2D cross sections of a strut built vertically.
The color code refers to the material dissolved after 10 min (red), 20 min (blue), 30 min (green), 60 min (yellow) of chemical etching time. The material
remaining after 60 min etching appears in black (from [30]).

Such solutions emerge in particular through topological optimization approaches. These numerical approaches identify
where material should be moved or removed in a predefined domain to achieve a specific objective (e.g., minimal mass) for
a given set of constraints or desired properties. However, the resulting shapes turn out to be rather complex and difficult (if
not impossible) to be fabricated by conventional manufacturing processes, especially for metallic components.

Additive Manufacturing and in particular powder-bed processes make possible the fabrication of such sophisticated ge-
ometries. Electron Beam Melting (EBM) is one of the newest and fast-developing technologies [27,28]. It uses a high-energy
electron beam to selectively melt successive layers of metallic powders. The process takes place under a controlled vac-
uum (of about 10~3 mbar in the build chamber) and at constant high temperature (depending of the material, typically
700°C for a Ti-6Al-4V titanium alloy). In comparison with Laser Beam Melting, high-temperature processing leads to very
low residual stresses, but the inherited microstructures are often coarser because of the reduced cooling rates and thermal
gradients. For each layer, a slight sintering of the powders is required to create necks between powder grains in order to
prevent the accumulation of negative charges. This sintering also helps to limit the use of supports, thus giving access to
more complex architectures.

EBM is therefore particularly well suited for fabricating lattices structures, where internal supports would be impossible
to remove. Of course, it is also well suited for fabricating hybrid parts containing bulk parts coexisting with lattices.

Regarding lattice structures, the characteristic sizes involved are small (in the order of 1-3 mm for the diameter of single
struts). Dimensional accuracy and surface quality are then particularly challenging.

These characteristics have been extensively studied in Suard et al. [29] at the scale of single struts. Single struts with
different diameters (from 1 to 4 mm) and different orientations with respect to the build direction (0, 45° and 90°) were
produced with standard process parameters. They were characterized using X-ray tomography (Fig. 6a). The porosity level
was found to be very low (under 0.1%). The few remaining pores exhibited a spherical morphology, exactly like it was
observed in the initial powders; this corresponds to gas entrapping during the powder atomization process. From a dimen-
sional point of view, significant discrepancies were found between the ideal computer-aided-designed (CAD) component and
the fabricated one. These discrepancies are more pronounced when considering small strut diameters. Moreover, surface ir-
regularities inherited from the process were evidenced by X-ray microtomography: plate-pile like stacking defects related
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Fig. 7. Relative stiffness of octet-truss lattices as a function of the relative density. Theoretical (FEM) prediction (red curve), experimental values before and
after Chemical Etching. From [32].

to instabilities of the melt pool as well as residual powders stuck to the melt pool (see Fig. 6a), but partially melted. These
characteristics can be encompassed in the abusive term of “roughness”.

Fabricated struts do not transmit load in the same way as bulk material. The different defects described previously induce
a decrease in the strut stiffness and, consequently, a decrease in the resulting Young modulus of the lattice structure. Note
that the discrepancies seem to be repeatable, making possible systematic corrective strategies. A mechanically equivalent
cylinder was estimated from a numerical calculation performed on the X-ray microtomography 3D images of the different
struts (see example in Fig. 6b). A downscaling factor can thus be identified as a function of the initial CAD diameter as
well as of the orientation respect to the building direction. Using this corrective factor, it is possible to estimate the true
mechanical properties (stiffness) of any additively manufactured lattice structure, whatever the architecture or building
orientation [29].

For some targeted applications, roughness may be interesting. It is particularly the case for biomedical applications,
where the lattice structures become a scaffold, hosting the bone cells. Roughness is known to promote cell growth. It can
also be interesting in the field of thermal applications, where roughness may promote turbulence into channels and hence
lead to better heat exchanges.

On the contrary, from a mechanical point of view, surface defects turn out to be the most critical limitation for the use of
lattice structures in transport applications. In this case, it is important to develop strategies to reduce those surface defects.
Given the complex architecture of lattice structures, conventional mechanical post treatments such as conventional machin-
ing are prohibited. Even classical blasting treatments are not suitable, because they affect the struts very inhomogeneously.
Chemical etching procedures were recently successfully applied to lattice structures [30-32]. The procedure has been proved
uniform throughout the entire structure. Effects were quantified by a 3D characterization of single struts using X-ray mi-
crotomography. The evolution of the morphology of the struts was investigated during the chemical procedure. An example
of surface evolution with etching time is shown in Fig. 6¢. During the first 10 minutes, there is a rapid dissolution of the
powder particles stuck to the melt pool. This regime is then followed by a slow but real smoothing of the plate-pile-like
stacking defects.

As-built and etched lattice structures (octet-truss geometry in this case) have been mechanically tested under uniaxial
compression. The experimental relative stiffness values of as-built lattices are reported in Fig. 7 as a function of the relative
density. The experimental values depart from the theoretical ones, as mentioned in the previous section. This difference is
systematically reduced after chemical etching. Chemical etching removes preferentially the powder particles stuck to the
struts, which decreases the relative density. However, these powders, as stated before, do not participate in the stiffness of
the lattice. In other words, etching removes the mechanically inefficient material.

Recent works have extended studies on surface defects in lattice structures to failure mechanisms (see, e.g., [33]). The
aim of the ongoing works is also to identify and classify the critical defects in the field of fatigue properties, as well as the
different ways to reduce them and to remove the most critical ones. It seems that combinations of etching and hot isostatic
pressing are very promising. It is the price to pay to popularize the use of lattice structures made by additive manufacturing
as structural parts in aerospace applications.

5. Conclusion

Fabricating lighter structures is a key endeavor in meeting tomorrow’s challenges of reducing our consumption of both
energy and material resources. The materials science community contributes to this effort by developing integrated ap-
proaches, spanning from the understanding of fundamental mechanisms to the optimization of component design, exploiting
the potential of new processes such as additive manufacturing. Nowadays, materials scientists must think materials devel-
opment in terms of complex sets of properties and in terms of the interplay between the possibilities offered by physical
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metallurgy and the limitations of processing. New approaches to materials design are flourishing at both ends of this spec-
trum: on the one hand, combinatorial methods accelerate the design of new materials and, on the other one, advances in
manufacturing enable unprecedented properties and geometries.
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