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ABSTRACT

The urgent need to combat global warming and environmental pollution underscores the importance of
developing energy-efficient systems that effectively reduce emissions. One of the possible strategies
for achieving energy efficiency consists in diminishing the mass of mechanical systems since mass
reduction implies decreased inertia, lower fuel and energy consumption, and enhanced transportation
capabilities, particularly in industries such as aerospace, nautical, and automotive. The key design
principle must involve the use of lightweight materials in optimized structures, manufactured through
suitable methods like additive manufacturing. Design activity must be conducted with a focus on
ensuring structural integrity and durability of systems under various loading and environmental
conditions. This article introduces a pivotal method that includes mathematical modelling, numerical
simulation and experimental verification. Based on these three approaches, it aims to provide a
comprehensive assessment framework for ensuring the integrity and durability of energy-efficient
systems, covering topics such as fatigue, impact damage, coating deposition effects, and material
selection. The advantages of using metamaterials are presented. Real-world case studies are examined
to offer practical strategies for researchers and engineers engaged in the design and assessment of
energy-efficient components, structures, and systems, contributing to a sustainable future.
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Integrity assessment strategies for the energy-efficient components, structures and systems

INTRODUCTION

The ongoing necessity to address global warming and environmental pollution underscores the
significance of reducing emissions by producing energy efficient systems. A crucial strategy
for improving energy efficiency involves diminishing the mass of mechanical systems. Mass
reduction carries broad implications, contributing to decreased inertia, lower fuel consumption,
and improved ease and load-carrying capability in transportation [1]. It means lightening the
mass to be moved or handling a higher quantity of persons/objects for transportation. Beyond
the environmental advantages of lowering the carbon footprint, the design of energy-efficient
systems also presents economic benefits. These considerations are of relevant importance in
the aerospace, nautical, and automotive sectors where the achievement of energy efficiency is
strategic [2-4].

The design principle for energy-efficient systems revolves around utilizing fewer materials or
materials with high strength-to-density ratio while maintaining or enhancing integrity and
durability. An effective approach to achieving energy efficiency in mechanical components
and systems involves employing advanced lightweight materials in optimized structures,
manufactured using appropriate methods. The primary goal is to distribute materials to
minimize usage while enhancing structural performance, including increased strength and
stiffness, leading to overall improved performance. However, both material selection and
structural optimization processes are constrained by considerations of manufacturability. The
advent of emergent technologies, like additive manufacturing, not only facilitates the use of
advanced materials but also relaxes constraints, thereby increasing the flexibility of structural
optimization.

To achieve mass reduction, a comprehensive understanding of the mechanical performance of
materials and components is essential. Studies in the field of integrity and durability of
lightweight materials, components, and structures are therefore imperative to comprehend
failure mechanisms, proactively address them, and drive advancements in the design of
components with high strength-to-mass ratio. Structural integrity and durability must be
guaranteed under various loading conditions, including static and dynamic (fatigue) loading,
as well as diverse environmental conditions, such as inert, aggressive, and very aggressive
environments. Moreover, assessments must encompass scenarios involving modifications in
the material and surface of the components, such as deposition of coatings which improve wear
and corrosion resistance [5, 6] The analysis must also consider defects in components which
are due to manufacturing process or damages induced by the impact of foreign objects. The
objective is to ensure the resistance of materials and components in the face of these
multifaceted challenges and pave the way for innovative designs that prioritize both strength
and mass efficiency, Figure 1.

But which instruments do we have? In the 1600s, Galileo asserted the essential need for both
mathematical modelling to predict studied phenomena and experimental procedures to verify
them [7]. He introduced the scientific method, which later became the standard for scientists.
Despite the validity of Galileo’s approach, a contemporary tool emerged: numerical modelling.
Positioned between mathematical modelling and experimental confirmation, this tool plays a
key role in the scientific method, as the initial confirmation of results may be derived from
numerical modelling. It comprises an initial phase, pre-processing, wherein a model of the
phenomenon under study is constructed. Subsequently, we enter the processing phase, namely,
the calculation phase. Finally, there is the post-processing phase, during which the obtained
results are analysed. Numerical modelling finds broad application across scientific disciplines,
such as Material Science, Multi-scale Simulation, Machine Design (with Finite Element
Modelling), Fluid Dynamics (using Computer Fluid Dynamics), Multi-physics simulations,
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Figure 1. Factors that must be considered in assessing the integrity and durability of
lightweight systems.

and various other applied disciplines. Then, in the modern scientific method, we have three
approaches (Figure 2), that are theoretical modelling; numerical simulation and experimental
testing. The first two approaches provide an estimation of results. Experimental tests then serve
to validate or invalidate both the theoretical and numerical results. In essence numerical
modelling bridges the gap between mathematical modelling and experimental verification.
However, mathematical models are difficult to build and can be difficult to solve, numerical
models require the acquisition of software and time for calculation, experimental tests are
expensive in terms of necessary setup and instrumentation.

Examples of applications of such approaches are presented in [8-10]This article aims at
providing a comprehensive assessment framework to ensure integrity and durability of energy-
efficient systems. It presents the critical topics that must be considered
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Figure 2. Approaches for a robust analysis of the phenomena.
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during the design activity of structures and components, i.e. fatigue, impact damage and coating
deposition effects. Then a possible selection of materials such as steel, titanium, aluminum,
and composite materials is provided. Moreover, the article explores the innovative realm of
additive manufacturing, stressing its role in producing lightweight components but also
discussing the effects in terms of structural integrity and durability of the produced parts. In
order to ensure a comprehensive exploration of the subject matter, the application of
theoretical, numerical, and experimental methods in the analysis of these topics is reported.
Finally, by examining real-world case studies in the aircraft, automotive, and turbo machinery
sectors, this article tries to provide an understanding of practical strategies to offer a robust
foundation for researchers and engineers involved in the design and assessment of energy-
efficient components, structures, and systems towards a more sustainable future.

FATIGUE OF MATERIALS: ONE OF THE MOST COMMON CAUSES
OF FAILURE

Fatigue is one of the most common and dangerous causes of failure in mechanical components.
It occurs when mechanical components are subjected to cyclic loading and it poses a threat to
structural integrity as it occurs when the applied stresses are below the elastic limit [11].
Admissible stresses for structures under fatigue are notably lower than those permitted in static
loading, where the aim of the design activity is to prevent material yielding or failure under
service conditions. Looking at the failure mechanism, cyclic loading induces the multiplication
of defects, i.e. dislocations [12, 13], leading to localized strain in the form of microstructural
slip bands. With accumulating cycles, slip bands expand, evolving into short cracks [14]. As
these cracks progress, they become physically short cracks, with lengths up to 1-2 mm [15].
Physically short cracks propagate, transforming into long cracks. The final failure of a
component occurs when the dominant crack surpasses the ligament’s load-carrying capacity [16].
The transition from physical short cracks to long cracks corresponds to the shift from the crack
initiation process to the crack growth process [17]. The combination of these two processes
defines the complete fatigue lifetime of components. The occurrence of distinct characteristics
of crack initiation and propagation stages among the materials emphasize the need for a
quantitative estimation of the fatigue lifetime of components.

In [18-20], an investigation into the structural integrity of a total hip prosthesis was performed
using 3D scanning and finite element analysis. Elevated tensile stresses were observed on the
distal region of the femoral component shaft. These stresses are reponsible for the onset of
fatigue cracks [18, 20]. The capability to estimate a critical crack size associated with fracture
onset under the given loading conditions is reported in [19]. The study in explored the fatigue
life of plates with multiple collinear cracks subjected to cyclic tension loading [21]. The
work [22] aims to model vibration-induced fatigue behavior in a generalized vibration isolation
system. Parametric analysis was used to evaluate isolation quality and provide a fatigue life
extension. Cazin et al. [23] conducted a strain-based fatigue evaluation of a rotating demining
tiller tool, aiming for cost reduction by substituting high-strength steel with unalloyed structural
steels. To maintain durability, the original geometry was enhanced. A two-step assessment
procedure involving transient nonlinear mechanical analysis and low cycle fatigue assessment
was proposed, resulting in simplified production, cost reduction, and preserved tool life.

Computational analysis was used in [24] to assess the fatigue resistance of different auxetic
honeycombs made of aluminum alloy 5083-H111. Chiral and star-shaped auxetic structures
were found to exhibit higher fatigue strength. Quantitative estimation of fatigue lifetime can
be obtained via numerical investigation and evaluation of fatigue crack initiation and growth
processes.
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Mlikota et al. [25] used finite element simulation to study short crack initiation and subsequent
long crack growth in carbon steel. A model of the microstructure of the material was created
with the finite element method followed by the calculation of the corresponding stress
distribution. Using the Tanaka-Mura model, the number of cycles for crack initiation was
calculated. The Paris law was used to model long crack growth process, obtaining good
agreement with experimental results. In [26] the influence of overload on crack initiation in
carbon steel was studied using a similar approach. The created model was able to reproduce
the acceleration effect on the short crack growth induced by the overload but not the following
retardation as residual stresses were not reproduced. The influence of compressive residual
stresses on the crack initiation process in steel was modelled in [27]. The study [28] examined
the effect of grain size on the fatigue strength of metallic components using finite element
method and Tanaka-Mura model and evaluated the corresponding endurance limit.

Shot peening is commonly used for enhancing fatigue properties in cyclically loaded
components. It consists in impacting components with hard spheres to create a compressive
residual stress field in the material surface layers that prevents fatigue crack initiation and
propagation. The efficacy of shot peening, however, is related to an adequate selection of
parameters including Almen intensity (degree of surface deformation or curvature resulting
from the shot peening process), shot diameter and material, coverage percentage, velocity, and
impact angle. High peening intensities can cause surface damage and promote crack initiation,
negating the treatment benefits, while low intensities make the treatment ineffective. In [29],
the application of Design of Experiments to numerical simulations of shot peening on a smooth
steel target made it possible to quickly identify the optimal treatment parameters.

STRUCTURAL INTEGRITY AND DURABILITY OF IMPACT DAMAGED
COMPONENTS

Damage to aircraft components caused by foreign particles, e.g. stones and debris, can result
in a reduced fatigue life [30-32]. The decline in fatigue resistance is attributed to the initiation
of micro-cracks, the appearance of stress concentrations, and the occurrence of residual
stresses [33-37]. In [38] blade-like specimens were subjected to impacts from cubical objects,
followed by fatigue testing. The results emphasized the significant influence of dent depth on
fatigue resistance. The Kitagawa-Takahashi diagram was adopted to predict the variation in
fatigue strength with notch size, and comparisons with experimental results revealed
discrepancies possibly linked to compression stress state at the notch root, as indicated by finite
element analysis. In [39], predictive models for impact speed and energy were presented to
simulate damage caused by blade edge impacts. In the study [40], a critical distance theory was
introduced, taking into account residual stress and early damage in aerofoil specimens affected
by impact. In [41], the fatigue characteristics of aluminum-lithium alloy sheets containing pre-
existing cracks and impact-induced dents was studied. Numerical determination of residual
stresses and damage resulting from the impact of a sphere against a Ti-6Al-4V plate performed
in [42] indicated that quasi-static numerical analyses are sufficient for moderate impact
loadings, while dynamic simulations aligned well with experimental results for severe impact
loadings. Xu et al. [43] numerically simulated the impact of steel spheres on BT3-1 titanium
alloy samples, achieving accurate predictions of impact damage for various speeds. In [44], the
impact of objects on 690TT steam generator tubes was simulated, revealing a decrease in
fatigue strength with increasing defect depth. Zhang and colleagues [45] explored the impact
effects of spherical projectiles on flat dog-bone specimens from AM355 steel, employing a
comprehensive approach involving experimental, numerical, and theoretical methods. In the
numerical study, an AM355-specific Johnson-Cook model with a failure criterion was adopted,
resulting in predicted notch shapes that aligned with experimental outcomes. Moreover, a direct
correlation was observed between projectile speed and notch depth. A parallel investigation
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was undertaken in [46] via finite element analysis to reproduce the impact and consequent
damage in simulated airfoil specimens in titanium and steel. The findings unveiled high tension
along the notch edge and compression at the notch base.

In [47], a phenomenological perspective on the failure mechanism of a 7075-T6 specimen in
hourglass shape subjected to a rotating bending fatigue test was presented, Figure 3. Finite
element simulation and macroscopic observation of the fracture surface were adopted. The
studied damage was induced by the perpendicular impact of a steel ball at the minimum cross-
section of the aluminum specimen. Finite element simulation was carried out to assess the
stresses generated by the impact. The total stresses experienced by the specimens undergoing
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Figure 3. Impact damage on a 7075-T6 specimen in hourglass shape (adapted from [48]): a)
section of the finite element model for the impact simulation; b) scheme of the finite element
model for the rotating bending moment on the damaged specimen; c) fracture surface of the
experimental tested specimen with superposed the axial stress field (GPa) obtained when the
maximum level of stress is achieved, the critical areas for crack nucleation are highlighted.
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rotating bending were determined by superimposing the residual stresses resulting from impact
damage with the rotating bending stresses. The most critical areas in the specimen from a
fatigue point of view are those where the highest levels of stress occur after impact [48]. The
primary factors influencing the stress distribution in the hourglass specimen after impact
damage were assessed in [49]. The speed of the ball emerged as the most influential parameter,
with the material of the ball and its diameter following in significance.

COATING DEPOSITION AND ITS EFFECT ON INTEGRITY AND
DURABILITY

The deposition of thin films on the surface of component represents a means to enhance the
wear and corrosion resistance. If the deposition process occurs at low-temperatures the
improvement of the wear and corrosion properties is achieved without causing significant
alterations to the mechanical properties of the bulk materials. Coating can be deposited using
different techniques, such as phisical vapor deposition, chemical vapor deposition and plasma
enhanced chemical vapor deposition [50]. Physical vapour deposition coatings can be
deposited on a wide range of materials. Such coatings exhibit remarkable hardness and are
characterized by high chemical and thermal stability, as well as exceptional surface finishing [5].
Particularly noteworthy for fatigue behavior, the deposition process introduces compressive
stresses due to the thermal expansion discrepancy between the coating and the coated material
and their interfacial and structural mismatch [51]. These stresses, typically of the order of 1
GPa [52, 53], effectively hinder the initiation of fatigue cracks on the surface of the base
material, when the deposited film remains free of cracks and defects, and delamination does
not occur [54, 55]. While the fatigue strength of steel substrates remains largely unaffected by
coating deposition [56], it has been observed that the strength of other alloys is diminished,
necessitating a recommended subsequent heat treatment in such instances [57].

Studies [58, 59] show the outcomes of rotating bending tests conducted on 7075-T6 specimens,
both uncoated and coated with a Diamond-like Carbon coating, Figure 4. The stress field
distribution resulting from the residual stresses due to deposition process and bending stresses
was assess through finite element analysis. The experimental results revealed that, within
fatigue lives from 2-10° to 107 loading cycles, coated specimens exhibit lower fatigue strength
compared to their uncoated counterparts. The notable reduction in fatigue life for the coated
specimens is evident in the 2.10°-10° cycles range, while fatigue strength converges for both
coated and uncoated samples within the 2-10°-107 cycles range. The finite element study,
thanks to the superposition of bending stress and residual stress, indicates that the maximum
tensile stress occurs at a depth of around 0,1 mm beneath the specimen surface. Consequently, in
the absence of superficial defects, fatigue cracks are probable to nucleate beneath the specimen
surface as confirmed by the observations in the fracture surfaces of the tested specimens.

MATERIALS FOR ENERGY-EFFICIENT SYSTEMS

STEEL

Steel is commonly used in engineering applications, as it presents mechanical properties that
vary from poor to high. The adoption of shell structures and the application of treatments could
help achieve high energy efficiency levels.

The study reported in [60] presents fitness-for-purpose analysis to helping the designer in
choosing welding procedures and inspection techniques for steel shell structure elements
welded joints. Voorwald et al. [61] analyzed the impact of plasma immersion ion implantation
on axial fatigue strength, corrosion, and wear resistance of AlISI 4340 steel. The treatment
improves fatigue strength and resistance to wear but it is less effective against corrosion.
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Figure 4. Effect of the deposition of a Diamond-Like Carbon coating on 7075-T6 (adapted
from [58,59]): a) stress vs fatigue life curves for uncoated and coated specimens;
b) superposition of the maximum principal stresses (GPa) with the fracture surface of a coated
specimen and assessment of the total stresses in the minimum cross section.
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High strength low alloy steels have high strengths as a consequence of variations in
composition and processing. Fatigue experiments were conducted by Sherman [62] on specific
high strength low alloy steels, highlighting their superior fatigue resistance compared to
conventional hot rolled low carbon steel at longer lives. Plastic prestrains significantly
increased monotonic strength but led to cyclic softening in fatigue, with tensile prestrains
adversely affect fatigue resistance. High strength low alloy steel exhibited higher fatigue notch
sensitivity than hot rolled low carbon steel, even though its overall notch fatigue resistance
remained superior. Nehila and Li [63] evaluated the notch effect on very high cycle fatigue
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behavior of carburized 17CrNi high-strength steel. A life prediction model, that includes stress
ratio and fatigue notch factor, was proposed to predict the fatigue life of the alloy. The results
of the theoretical model agreed well with the experimental data. Slezak and coauthors [64]
explored the fatigue crack initiation and propagation processes in high strength low alloy
S960QL steel and its welded joints. Low cycle fatigue tests were conducted and fracture
surfaces were analyzed with scanning electron microscopy. Microhardness measurements and
residual stress analysis revealed varied hardness distribution, with square joints exhibiting a
slightly higher fatigue life compared to single-V joints. Local stress orientation and levels near
the fusion line were found to impact fatigue life. The research activity described in [65]
assessed the fatigue resistance of high-strength steels and their gas metal arc welded joints
using fatigue crack growth tests. Probability methods and two-stage crack growth relationships
were employed to build fatigue crack propagation limit curves.

TITANIUM AND TITANIUM ALLOYS

The density of titanium and its alloys is approximately 0,55 times that of steels [66], while the
yield strength ranges from 480 MPa to 1725 MPa. The development of a stable protective TiO2
surface layer contributes to an interesting corrosion resistance. Titanium alloys demonstrate
good weldability, heat transfer properties, but relatively low thermal conductivity [67]. In spite
of the high cost of raw materials and manufacturing processes [68], the fascinating properties
of titanium alloys have led to a widespread use in various engineering sectors [66-71] aerospace
(e.g. airframe and engine components for aircrafts); marine (e.g. propellers and submarine
components); automotive (e.g. suspension and valve components); biomedical (e.g. surgical
implants and prosthetic devices); chemical and petrochemical; pulp and paper; energy
production and storage (e.g. in heat exchangers, condensers, nuclear power plant condensers).

Commercially pure titanium exhibits two crystallographic structures: the first, existing at room
temperature, has a hexagonal close-packed structure and is called the a phase; the second,
replacing the first at 883 °C, features a body-centered cubic structure and is known as the 3
phase. Alloying leads to the formation of a vast selection of alloys with various properties
thanks to the introduction of two temperatures: below the first, the alloys exhibit only the o
phase, between the first and the second, both the o and B phases are present, and above the
second temperature, only the B phase is observed. Impurities can influence mechanical
properties. Titanium alloys can be classified based on the phases present [66, 72]. The a alloys
contain a-stabilizing elements that inhibit the a-3 transformation or increase the temperature at
which this transformation occurs; these alloys offer strength, toughness, weldability, and creep
resistance but poor forgeability. The o+p alloys have a mixed composition at room temperature;
heat treatments and thermomechanical processes can modify their properties. The B alloys are
characterized by the presence of B-stabilizing elements which anticipate the a-B transition
temperature; they are forgeable and heat-treatable and demonstrate outstanding hardenability.

The Ti-6Al-4V alloy is the most common titanium alloy. It presents both the o and § phases
and it is extensively employed in aerospace, naval and automotive industries due to its
impressive mechanical properties [73-76].1ts biocompatibility extends its utility to biomedical
applications [77, 78], even if susceptibility to corrosion fatigue in artificial saliva and fluorine
environments has been noted [79]. Ti-6Al-4V resistance to various corrosive environments
stems from the quick formation of a thick and stable TiO2 surface layer. However, damage to
this oxide layer, induced by factors like low adhesion to the base material, variable loads, and
aggressive environments, can compromise these properties [80, 81]. The alloy is also notch-
sensitive, with methanol identified as one of the most aggressive environments under static and
dynamic loads [82, 83]. Methanol, present in turbojet aircraft engines, poses challenges, which
can be mitigated by the presence of water. Hydrochloric acid has also been recognized as an

150



Integrity assessment strategies for the energy-efficient components, structures and systems

aggressive environment for Ti-6Al-4V [84, 85]. Additionally, fretting corrosion in air and body
environments can occur under specific conditions, leading to a poor-quality oxide layer and
diminished resistance to corrosion and erosion [86].

Dawson and Pelloux [87] categorized three fatigue behaviors of Ti-6Al-4V based on the
environment: in vacuum, air, and solutions with corrosion inhibitors, fatigue failure is
independent of frequency of applied load; in methanol, high frequencies of applied load
postpone fatigue failure due to less time for environmental attack; in saline solutions and
potassium bromide, the frequency and repassivation actions coexist. Even the shape of the
applied load influences corrosion resistance: a haversine shape is better than a rectangular one
because the tip of the fatigue crack is less exposed to corrosive attacks in a load cycle. The
fatigue limit of Ti-6Al-4V in air environments has been observed to be constant after around
100 000 cycles, as reported in [88, 89], indicating a consistent fatigue limit for a significant
number of cycles.

The studies presented in [90, 91] and summarized in [92] employed both notched and smooth
Ti-6Al-4V specimens to investigate the quasi-static and fatigue behavior of the material in inert
conditions such as air and paraffin oil, as well as aggressive and very aggressive like saline and
methanol solutions. Air and paraffin oil exhibited similar effects, while the presence of a 3,5 %
wt. NaCl solution led to an approximate 20 % reduction of fatigue strength. The surface
morphology of specimens exposed to air and saline solutions showed similarities, potentially
attributed to the rapid crack propagation inhibiting corrosion. Across all tested environments,
a threshold stress concentration factor was identified for stress at failure. Fatigue degradation
was noticed for small concentrations of methanol and high concentrations resulted in a
significant reduction of fatigue strength. In the case of quasi-static loading, the stress at failure
was observed to decrease only for methanol concentrations exceeding 90%.

In [93] quasi-static tests were conducted on Ti-6Al-4V specimens not subjected to solution
treatment and over-aging. An analysis of the fracture surfaces of the failed specimens was
macroscopically carried out in [94]. The specimens were tested in diverse environmental
conditions, including air and paraffin oil (inert environments), and methanol (aggressive
environment). The investigation aimed to understand the impact of the presence of different
notch geometries in the specimens. The analysis highlighted the effects of aggressive
environments and stress gradients induced by the presence of the notches. The combination of
aggressive environment and high-stress concentration factors was found to be detrimental.
Interestingly, no significant effects of methanol on the structural integrity were observed in
smooth specimens. Methanol, however, caused the development of brittle surfaces near the
edges, and its presence, in conjunction with high stress gradients, leads to crack nucleation
from the notches. The unnotched specimen immersed in paraffin oil during the test revealed
the biphasic structure of the alloy. Overall, the alloy exhibited a ductile/brittle behavior
contingent upon the specific combination of environment and notch. This behavior was further
supported by the observed failure patterns in the experiments. In the inert environment tests,
specimens failed without substantial deformation, at stress levels approximately equal to the
ultimate tensile strength of the material.

Axial fatigue tests were carried out in [95] on Ti-6Al-4V specimens that had not undergone
solution treatment and over-aging. The experiments were carried out in inert environment and
various notch depths were tested in the study. The results revealed that specimens with low
notch depths in the gauge section of the specimen exhibit limit loads higher than those of
specimens with deep notches. Additionally, the nominal stress at failure, referenced to the net
area, remained quite constant among the tested specimens.
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ALUMINUM AND ITS ALLOYS

Aluminum and its alloys find extensive use across various industries due to high versatility,
wide range of mechanical properties that can be achieved, excellent machinability, appreciable
corrosion resistance and a density that is about one-third that of steel. Strength of certain
aluminum alloys is higher than that of structural steels, others, including pure aluminum,
exhibit lower strength and hardness. Key characteristics of aluminum and its alloys include
remarkable thermal and electrical conductivity, along with nonferromagnetic and
nonpyrophoric properties.

Applications of aluminum and its alloys span a broad spectrum, includingbuilding and
construction sectors, automotive industry (e.g. cylinder heads, pistons, transmission housings
and bumpers), aeronautical and aviation applications (e.g. airframes, engines, missile bodies,
fuel cells and satellite parts), marine industry (e.g. hulls, air ports, furniture, hardware, and fuel
tanks), cooking utensils, high-torque electric motors, heat exchangers and evaporators,
containers for food and beverages, furniture (e.g. seat frames and armrests), optical and
telescopic instruments, sacrificial anodes for the cathodic protection of steel structures and
components [96].

Aluminum components can be connected using bolts, rivets and welds, although oxide
fragments should be removed because they could reduce ductility and increase the risk of
cracking during welding. The high thermal conductivity of aluminum, combined with a high
coefficient of thermal expansion, may induce distortions during the welding process.

The Aluminum Association has devised a systematic nomenclature to group wrought alloys
into families. According to the nomenclature, 1xxx serie indicates commercial pure aluminum
(> 99 %). The second digit (1 to 9) signifies special impurity controls, and the last two digits
indicate the minimum percentage of aluminum. These alloys demonstrate exceptional
corrosion resistance and workability but lower mechanical properties. In 2xxx, aluminum
alloys copper is the primary alloying element, requiring solubilization for property
optimization. These alloys exhibit inferior corrosion resistance among aluminum alloys. In
3xXxx, manganese is the primary alloying element. These alloys have a resistance approximately
1,2 times that of 1xxx serie. Heat treatment is not permitted. In 4xxx alloys, silicon is the
primary alloying element, which is responsible for decreasing the melting range without
inducing brittleness. Magnesium is the main alloying element in 5xxx aluminum serie. These
alloys offer medium-to-high strength, good work-hardenability, weldability, and resistance to
marine environments. In 6xxx aluminum, magnesium and silicon are the primary alloying
elements, which provide intermediate strength with good formability, weldability,
machinability, and corrosion resistance. 7xxx denotes alloys where zinc is the principle
alloying element, with copper, magnesium, chromium, and zirconium also present. These
alloys exhibit strength ranging from moderate to very high, and require overaging because their
typical high strength penalizes stress corrosion cracking resistance. Finally, the alloys of 8xxx
serie contain Tin and lithium.

Except for foundry ingots, temper designation is usually applied to aluminum alloys following
a system based on a capital letter that identifies the basic temper and a potential series of digits
specifying treatment sequences and variations. Even if the temper is the same, time,
temperature, and other heat treatment parameters may differ between alloys [97]. For example,
T indicates solution heat-treatment, i.e. stable temper, for alloys with stable resistance within a
few weeks of solution treatment and T6 indicates solution heat-treatment and artificial aging
that means enhancing mechanical properties through precipitation for grain refinement, solid
solution strengthening, precipitation hardening, and dislocation hardening [98].

152



Integrity assessment strategies for the energy-efficient components, structures and systems

7075 alloy has the highest strength among aluminum alloys, along with impressive fracture
resistance and moderate machinability. However, it is prone to corrosion [80, 99-102], with
potential nucleation sites for cracks that coincide with inclusions or intermetallic phases near
the surface [103]. This alloy is widely used for structural components requiring high strength,
especially in the aeronautical sector. In cases where sustained (residual or applied) tensile
stresses are a concern, particularly across the grain transverse direction, opting for a T73 temper
is recommended, despite the lower tensile strength that can be obtained [104]. In [105],
numerical analyses were conducted to investigate fracture and fatigue behavior in 2024-T3
aluminum alloy. The study adopted the extended finite element method for fracture simulation
and combined stress life and fracture mechanics approaches for fatigue failure analysis. A
modified elastic-viscoplastic material model was constructed in [106] to accurately reproduce
the hysteresis loops observed in aerospace aluminum alloy 7175-T7351 under fatigue at 160°C
and 200°C. The temperature values were chosen in order to consider nominal and extreme
conditions for aero-engine gearbox components.

COMPOSITE MATERIALS

The use of composite materials has rapidly expanded in the last years reaching various
engineering fields. The appeal of such materials lies in the possibility of combining lightness,
stiffness, strength, toughness, and corrosion resistance. The adaptable structure of composites
allows customization for specific service conditions. Composite materials are formed by a
matrix and a reinforcement. The first one can be polymeric, metallic, or ceramic. Common
reinforcements include long fibers of carbon or glass, but short fibers or particulate
reinforcement are also used. This variability enables composite materials to achieve property
combinations that are unachievable in monolithic materials [107].

Experiments and Monte Carlo simulations were used in [108] to study the failure mechanism
of reinforced concrete with steel fibres. It was found that failure occurred due to fibre pull-out.
Employing a fibre bundle model, the study introduces an inverse procedure for parameter
estimation, demonstrating the equivalence of factor analysis and averaging procedures on
experimental results. Kastratovi¢ et al. [109] determined the mechanical properties of a
composite laminate for a light aircraft engine cover combining experimental and numerical
approaches. The paper [110] presents a numerical fatigue assessment method for composite
plates using continuous strength and stiffness degradation calculation. An integrated
experimental and numerical investigation was conducted in [111] on the deformation and
fracture in aluminum matrix-carbide particle composites. The finite element method, coupled
with constitutive models, was used to explore plastic strain localization in the aluminum matrix
and crack origination and growth in ceramic particles under tension and compression.

ADDITIVE MANUFACTURING: A TECHNOLOGY TO PRODUCE
LIGHTWEIGHT STRUCTURES AND COMPONENTS

Additive manufacturing is becoming popular in many industrial applications such as aerospace,
automobile, biomedical and sports due to the possibility to reach good design flexibility and
reduced industrial waste and obtain economical and joint free components [112].

Ti6Al4V titanium alloy has shown adaptability to additive manufacturing for producing
components with a favorable strength-to-density ratio. However, the technology’s drawbacks
include poor fatigue strength, attributed to characteristic porosity and anisotropy in the
processed components [113, 114]. Hot isostatic pressing can induce a fatigue strength
comparable to that of cast and wrought material [115].

The microstructure generally plays a significant role [116] and the size of defects is also crucial
for the resistance to fatigue loading in corrosive environments of materials [117]. In [112]
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fracture and fatigue behavior was explored in additively manufactured Ti-6Al-4V alloy. Using
the extended finite element method, crack initiation and propagation processes were modelled,
providing insights into the influence of microstructural characteristics on fracture and fatigue
properties of the alloy. Gupta et al. [118] evaluated the high cycle fatigue performance of a
weight-optimized bracket in Ti-6Al-4V made using laser powder bed fusion for aero-engine
applications. The fatigue performance of the parts was linked with present defects using a
modified Kitagawa-Takahashi diagram.

Khosravani et al. [119] explored the impact of accelerated thermal aging on the mechanical
behavior of 3D-printed parts, investigating the effects on structural integrity and fracture
behavior. Examining intact and defective specimens with different raster orientations, it was
found that a defect perpendicular to the loading direction had a more marked influence on
tensile strength than a defect oriented as the loading direction.

Additive manufacturing of composites still requires mechanical tests to understand material
behavior under various loads. The study presented in [120] investigated the impact of notches
on the mechanical properties of 3D-printed composite materials. Findings revealed that the
orientation of laminate layering influences mechanical properties, with notched specimens
experiencing higher impact toughness under direct loading compared to those without notches.
Gljuséi¢ et al. [121] proposed a modified fused deposition modeling method for selective
reinforcement of continuous carbon fiber-reinforced thermoplastic composite.

FROM ADDITIVE MANUFACTURING TO DESIGN OF MATERIALS:
METAMATERIALS

Advancements in additive manufacturing techniques have been the basis for the design of
metamaterials. These materials exhibit grid-like patterns and their mechanical characteristics
are no longer determined exclusively by the composition of the material. Through meticulous
design of structures and thanks to the cost-effectiveness of additive manufacturing, we can
produce lightweight structures with exceptional energy absorption properties and ability to
undergo high elastic deformations. Thanks to these properties, metamaterials are a hot topic
for research and industry, with applications in shock absorbers, heat exchangers, and medical
implants [122-124]. Lattice structures and triply periodic minimal surface structures are two of
the most widespread families of metamaterials.

The paper [123] shows how a wide range of mechanical properties can be obtained in
metamaterials by combining different additive manufacturing techniques and materials.
Furthermore, bending tests on printed specimens and finite element simulations were used to
understand local and global deformation behaviors. The study [124] investigates the impact of
process parameters on the mechanical properties of aluminum truss lattice structures produced
by selective laser melting. The effect of process parameters on the lattice porosity of the
structures, their dimensional accuracy and their structural behavior under compressive loads
was studied. The relation between the lattice strut diameter and the process parameters was
identified. The work [125] experimentally characterizes lattice structures produced by selective
laser melting and electron beam melting. Their compressive behavior was related to the
manufacturing technology, material properties and geometry. Additionally, the study provides
an equivalent Young’s modulus of lattice specimens which was measured in experiments and
compared with numerical results.

Triply periodic minimal surface structures consist of continuous, smooth structures with
extended surface areas and continuous inner channels. In [126] different triply periodic
minimal surface structures for 316L stainless steel sheets were investigated regarding their
compressive behavior. The diamond type structure was found to be the best structure from the
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experiments. The conducted finite element analyses highlighted a uniform stress distribution
in the diamond and gyroid structures, which ensures stable collapse and desired energy
absorption. Wang et al. [127] explored the integration of triply periodic minimal surface
structures into heat exchanger design, which is strategic for the efficiency and safety of
advanced nuclear systems. Using additive manufacturing, various triply periodic minimal
surface structures were analyzed for fluid flow and heat transfer. Parametric analysis revealed
that heat exchangers with triply periodic minimal surface structures achieve significantly
higher heat transfer rates with lower volume than conventional designs. Monkova et al. [128]
investigated the impact of volume ratio on the bending properties of AlSi10Mg triply periodic
minimal surface structures created by direct laser metal sintering. The structure with 50 %
relative weight was found to be brittle, while the one with 30 % relative weight appeared optimal.
The study offers insights for defining boundary conditions in simulations of such structures.

CASE STUDIES ON AIRCRAFT AND AUTOMOTIVE SECTORS AND
ON TURBO MACHINES

In this section specific case studies were analyzed in aerospace, automotive and turbo
machinery sectors, in order to show the engineering challenges.

In [129], the extended finite element method was used to evaluate stress intensity factors for
fatigue cracks in a wing-fuselage attachment lug of a light aircraft. The results pointed out the
danger of crack appearance, emphasizing the need for safe-life design in attachment lugs for
aviation components. In [130], the extended finite element method was used to numerically
evaluate the fatigue life of integral skin-stringer panels produced by laser beam welding for aircraft
applications. Simulation results, validated with experimental data, revealed significantly longer
fatigue life for laser beam welded skin-stringer panels compared to simple flat plates.

The automotive industry has recently witnessed a significant transition towards electrically
powered vehicles. Electric traction motors designed for such applications must exhibit high
power density and efficiency, as well as reliability. Braut et al. [131] focused on the fatigue life
analysis of a permanent magnet synchronous motor rotor for electric traction motors in electric
vehicles. A multidisciplinary approach which integrates stresses from structural loading and
thermal effects was used to estimate the fatigue life and improving the reliability. Relvag et al.
The presented method predicts hot spots and durability in a high-performance race engine. The
work [133] investigated the influence of elevated temperature on the fatigue strength of
autofrettaged components in diesel engine fuel injection systems. The study analyzed cyclic
material behavior and simulated elevated temperature effects on autofrettaged and non-
autofrettaged components, revealing good agreement with experimental results. To ensure
weight reduction in automotive industry, resistance spot welding of two sheets, e.g. aluminum
to aluminum, or aluminum to steel, is a challenge. The successful resistance spot welding of
three sheets, i.e. 6022 aluminum alloy to high strength low alloy steel and CR780T steel sheets,
is reported in [134]. Pastorcic et al. [135] provided a failure and fatigue analysis of a failed coil
spring from a vehicle. The fracture was found to be induced by the formation of corrosion pits
due to the contact of the coils. Finite element analysis, coupled with strain-life and fatigue
damage assessment, was used to predict the spring fatigue life. A damage tolerance framework
was proposed in [136] for investigating the fatigue behavior of a high-strength steel trailer
structures. The aim of the study is to provide a tool for the design of trailers with improved
fatigue performance and reduced weight.

The structural integrity and life of a hydro power plant turbine shaft under static and dynamic
loading is studied in [137], using fracture mechanics approaches. Comparing classical
engineering approaches with finite element results, it was provided a comprehensive
assessment of the shaft integrity. A method for low-cycle fatigue life monitoring of steam
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turbine rotors is presented in [138]. It is based on the equivalent strain energy density approach.
The strain energy correction factor, derived from elastic-plastic finite element analysis,
improves the estimation of strain amplitudes and fatigue life. Frank and Weihe [139]
investigated the fatigue strength of end stage blades from steam turbines subjected to high
centrifugal forces and bending loads. Experimental analyses pointed out two competing
damage mechanisms at different locations. Lifetimes obtained with the finite element method
were compared to experimental results, providing insights into blade fatigue behavior. The
blades of axial turbomachines are subjected to vibrations and fatigue cracking. The paper
[140]presents an accelerated fatigue testing procedure for gas turbine compressor blades using
the modified Locati method. The study provides a systematic approach to assess the stress vs
fatigue life curves of gas turbine components.

CONCLUSIONS

The imperative need to address global warming and environmental pollution underscores the
critical role of developing energy-efficient systems. The strategy of reducing the mass of
mechanical systems emerges as a promising avenue for achieving energy efficiency, as a
consequence of diminished inertia, lower fuel and energy consumption, and enhanced
transportation capabilities. A key design principle involves the use of lightweight materials in
optimized structures, manufactured through advanced methods such as additive manufacturing.
Throughout the design process, attention to ensuring the structural integrity and durability of
systems under diverse loading and environmental conditions is paramount. Using results from
mathematical models, numerical simulations, and experimental tests, this article proposes a
comprehensive assessment framework, highlighting the potentialities, advantages and
disadvantages of possible design solutions. The article delves into critical aspects for the
integrity and durability of components, such as fatigue, impact damage and coating deposition
effects. The important role of the use of metamaterials in increasing system efficiency is
highlighted. The conducted exploration of materials, such as steel, titanium, aluminium and
composites, allows for a comprehensive evaluation of their applicability in energy-efficient
system design. The presented real-world case studies offer practical insights for researchers
and engineers, that facilitate informed decision-making in the pursuit of sustainable energy
solutions for a greener future.
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