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7.5. Propriétés des matériaux architecturés  

Il n’y a pas une définition unique du concept de Matériaux Architecturés. On peut par 
exemple faire référence aux définitions associées aux travaux conjoints de M. Ashby, 
Y. Bréchet, D. Embury ces vingt dernières années (Brechet and Embury, 2013) : « 
Architectured materials are combinations of two or more materials or of materials and 
space, configured in such a way as to have attributes not offered by any one material 
alone”  ou bien “either geometries or association of materials, or microstructure 
gradients, at scales which are comparable to the scale of the component”. Ces 
définitions mettent en exergue deux points importants : le premier est lié à la notion 
de contrôle de la forme ou de l’arrangement de la matière : l’architecture n’est pas 
subie, mais contrôlée le plus complètement possible. Le second est lié à la difficile 
distinction entre matériau et structure. D’un côté le matériau apparaît comme une 
structure plus ou moins complexe.  D’un autre côté la structure devient matériau : on 
peut chercher à lui attribuer des propriétés effectives. Cette (non) séparation d’échelle 
peut se révéler une vraie difficulté. Les propriétés mesurées (ou modélisées) sont-elles 
des propriétés effectives (au sens des propriétés d’un matériau) ou sont-elles la 
réponse d’un calcul de structure ? En tout cas, le matériau architecturé est la solution 
qui peut émerger de cahiers des charges complexes, présentant des requêtes multiples, 
souvent contradictoires, qu’un matériau unique et monolithique ne peut satisfaire. Il 
faut alors se donner de nouveaux leviers, jouer sur l’association de matériaux, jouer 
sur les formes, contrôler l’arrangement spatial de la matière … 

Pour ce qui touche au sujet de cet ouvrage, Matériaux Architecturés et Fabrication 
Additive se rejoignent autour d’une des assertions les plus couramment associée à la 
Fabrication Additive, à savoir la possibilité de fabriquer des structures, ou donc des 
matériaux, aux formes complexes et ce, de façon la plus contrôlée possible. Nombre 
de matériaux architecturés issus de calculs théoriques, de démarches d’optimisation 
sont restés longtemps à l’état de concept (ou de fichier CAO) faute de pouvoir être 
fabriqués. Les progrès réalisés par les techniques de fabrication additive ont ouvert 
depuis quelques années des perspectives nouvelles sur la réalisation et donc la 
caractérisation et la validation des propriétés attendues de ces architectures 
innovantes. Les techniques d’impression 3D polymère ont permis depuis 20 ans de 
réaliser des formes complexes. Aujourd’hui via les technologies « métal », on peut 
revendiquer non seulement des formes complexes, mais également des propriétés ou 
des combinaisons de propriétés intéressantes, notamment des propriétés mécaniques. 

Propriétés des milieux 
architecturés, R. Dendievel
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§ In this talk:
§ Metallic powders: a few tens of micrometers
§ Direct processes: high energies (laser, electron beam), local melting and solidification

[J. Weeks, PhD, CalTech, 2022]
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Powders

[DebRoy et al., Prog. Mat. Sci.,2018]

§ Different processes for powders
§ Water / Gas atomization
§ Shapes (spheres or not)
§ Diameters (large distribution or not)
§ Defects (internal porosities or not, 

satellites)

§ First order impact on manufacturing 
quality (pososities)

Porosities
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Some limitations / processes

system was utilized to analyze grain structure on the cross-section (y-z
plane) with the step sizes of 0.5 µm in representative interface regions.

Fig. 3 shows a composite picture of the cross-sectional micrographs
in each case. Firstly, it shows clear interfaces between parts and the
shape of the melt pools resembles a localized puddle (equiaxed grain
structure), which is explained by re-melting of a previously deposited
layer by the consecutive one causing epitaxial grain growth along the
building (z) direction [4,29]. The average grain size of the stainless
steel part (~300 µm) is relatively larger than that of the ferritic steel
part (~190 µm) macroscopically by OM as marked in Fig. 3a. Com-
paratively short (along x) and deep (along z) melting pool with
equiaxed grains is known to be typical in DED [1.6]. It is because of the
relatively higher heat input (generally laser power of kW) in DED
contrast to lower heat input (~a few hundreds W) resulting in the ty-
pical columnar grain growth structures in PBF [12]. Besides, the ferritic
steel contained parts, Fig. 3a–c, preferentially exhibit inclined equiaxed
grains, which are rotated along the x axis due to the temperature

gradients affecting the curvature of the solidification interface [3].
Secondly, Fig. 4 (middle) shows EBSD results of the interface taken

from the marked macroscopic cross-sections (Fig. 4, top). It clearly
shows the severe changes of the grain size between the ferritic and
austenitic steel parts across the interface. For example, in the EBSD of
Case 1, Fig. 4a, the average grain size near the interface was about
50 µm for the austenitic steel part and ~18 µm for the ferritic steel part
as obtained by the linear intercept method. Since the cooling rate is one
of the critical factors to determine the grain size, three times lower
thermal conductivity of the austenitic steel (16W/mK) than ferritic
steel (43W/mK) can lead to slower cooling and longer growth time
resulting in the larger grain size of the austenitic steel part. The dif-
ference of grain size is similar when the scanning strategies is ortho-
gonal (Case 4) or island (Case 5), as shown in Fig. 4d–e.

Noticeable macroscopic pores and defects marked in Fig. 3e and
Fig. 4e (top) were further examined three dimensionally by using the
DINGO neutron imaging instrument at ANSTO [37]. High spatial re-
solution configuration (ratio of collimator-detector length to collimator
aperture equals to 1000), corresponding to a pixel size of 27 µm, was
used to detect the structural defect features inside the DED FGM spe-
cimens. Projections were obtained by rotating the sample around its
vertical axis (z) for 1200 angles with an equiangular spaced step of 0.3°
from 0° to 360°. At each step the specimen was exposed to the neutron
beam for a period of 50 s. The portion of the beam transmitted through
the sample is converted into visible light by a 50 µm thick 6LiF/ZnS
scintillator and guided via a mirror to an Andor DW434 CCD camera
with 2048× 2028 pixels. The data sets were reconstructed with the
Octopus package and visualized by AVISO 9.1 [38].

Vickers microhardness was examined across the cross-section with
the step size of 0.3mm and indentation load of 1.96 N for 10 s Fig. 4
(bottom) clearly shows that the micro hardness is different among parts
and the distribution is inhomogeneous within the individual layer. The
hardness values ranged about 200 Hv in ferritic and austenitic steel
parts increase up to 440 Hv in the interlayers. The reason is likely due
to the finer grain size of the equiaxed grain structures in the gradient
regions of the DED FGM structures that also can be directly shown by
the EBSD results, Fig. 4 (middle) [27,29]. Two miniaturized tensile
specimens (the total length of 18mm) were prepared from each ferritic
and austenitic steel parts and uniaxial tensile testing was performed at
room temperature under the initial strain rate of 10−3 s−1. The di-
mension of the parallel gauge was 10mm long, 2mm wide, and 1mm

Fig. 1. Schematic of the sample dimension and scan-
ning strategies in additive manufactured functionally
graded material (FGM) structures: (a) Case 1, bidirec-
tional scan in two parts, (b) Case 2, bidirectional scan
in three parts, (c) Case 3, bidirectional scan in five
parts, (d) Case 4, orthogonal scan in five parts, and (e)
Case 5, island scan in five parts.

Fig. 2. Measurement locations. Contour in the cut surface, macroscopic stress-
free coupon, and the reference core were shown for the contour method (CM),
neutron diffraction (ND), and deep hole drilling (DHD), respectively.

W. Woo et al. 0DWHULDOV�6FLHQFH�	�(QJLQHHULQJ�$���������������²���
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Approx. minimum thickness
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Layer by layer manufacturing

§ Building direction, lasing strategy, etc: thermomechanical complex cycles, thermal gradients

Simulation of the 3D transient temperature field is computationally intensive because of the complex physical processes
involved in AM and many of the previous calculations involved simplifications to make the calculations tractable. For exam-
ple, idealized two-dimensional calculations have been undertaken [87,88], and in some instances, heat sources have been
simplified as a line source or double ellipsoid heat source [89] that are contrary to the measured power density distribution
data for heat sources. Another common simplification is to totally ignore the convective heat transfer which is often the main
mechanism of heat transfer within the liquid pool. The benefit of two dimensional calculation is to save computational time.
Similarly, the double ellipsoidal heat source model provides elongated fusion zone shape with rapid calculations. Ignoring
convective heat transport is appropriate in special cases where no fusion of the powder occurs.

Convective heat transfer simulations require calculation of velocity fields which is a fairly difficult and computationally
intensive task. However, there are many convincing evidences in the literature demonstrating that this simplification can
lead to highly inaccurate temperature fields and cooling rates. For example, Svensson et al. [90] noted that the heat conduc-
tion equation was inadequate in representing experimental cooling curves for welding. Manvatkar et al. [79] showed that the
cooling rates from heat conduction calculations in AM were about twice the correct values.

The convective flow mixes the liquid metal from different regions and enhances the transport of heat within the molten
pool as shown in Fig. 5. The circulation pattern has a major effect on the temperature distribution in the liquid alloy, heating
and cooling rates, solidification pattern, and the microstructure and properties of the build [91]. Therefore, the accurate cal-
culations of 3D temperature fields require fully-coupled solution of both heat transfer and fluid flow equations. In most cal-
culations some simplifications are made to make the calculations tractable. For example, the densities of the solid and liquid
metals are assumed to be constant since this assumption saves computational time but does not degrade accuracy of the
results. The surfaces of the deposited layers are often considered to be flat. This assumption does not significantly affect
the temperature fields and cooling rates in many cases. The thermal effects due to vaporization of alloying elements are also
ignored since the effect is generally small compared with the input energy from the heat source.

The 3D transient temperature fields in the parts are commonly obtained by solving the following equations of conserva-
tion of mass, momentum and energy [79,92–94].
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where q is the density, ui and uj are the velocity components along the i and j directions, respectively, and xi is the distance
along the i direction, t is the time, m is the dynamic viscosity, Sj is a source term for the momentum equation, h is the sensible
heat, Cp is the specific heat, k is the thermal conductivity, and DH is the latent heat content. The source term Sj considers
buoyancy and electromagnetic forces (the latter is applicable when an arc or electron beam is used). Buoyancy force plays
a minor role in molten pool convection and does not affect heat transfer and fluid flow in AM. For the electric arc assisted AM,
electromagnetic force is also responsible for the molten metal flow and is considered for the calculations of heat transfer and
fluid flow in the melt pool.

The solutions of these equations provide the transient temperature fields in the entire build and velocity fields within the
liquid region, cooling rates, solidification parameters which are the most important parameters that determine the structure
and properties of parts. These equations are solved using appropriate boundary conditions discussed below.

Fig. 5. Heat transfer and molten pool dynamics during powder based additive manufacturing.

124 T. DebRoy et al. / Progress in Materials Science 92 (2018) 112–224

Porosities
Unmelted powder

Microstructures
Residual stresses

Interfaces
Roughness
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Briefly

§ Geometrical variations / ideal: variabilities

§ Roughness: some possible post-treatment

§ Porosities: some possible post-treatment

§ Local microstructure: : some possible post-treatment
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Metallic AM lattices

E-PBF @ SIMaP (TA6V)

‹ = ≠0.8 specimen s ‹ = ≠0.2 specimen ‹ = 0.2 specimen Bulk specimen
Height (mm) 65 75 80 /
Length (mm) 71 81 74 /
Thickness (mm) 19 16 17 /
Number of cells 8 ◊ 10 9 ◊ 10 15 ◊ 13 /
Density (kg/m3) 1591 1384 1588 7960

Table 1: Properties the three specimens manufactured.

The paper is organized as follows: the first section develops aspects related to the specimen
fabrication: the lattice geometry, the material, the manufacturing parameters are described, followed
by the analysis of the material microstructure and the characterization of the constitutive material
behavior. The second section is dedicated the experimental compression tests. After a general
discussion about each specimen response, the kinematic analysis is presented. The third section
presents finite element results and comparisons with experiments. Finally, a series of concluding
remarks and perspectives is given.

2. Specimen fabrication

2.1. Lattice geometries

! =	-0.8 ! =	-0.2 ! =	0.2a) b) c)

Figure 1: Pictures of the 3 specimens manufactured by Directed Energy Deposition and tested under a compression load.
Their design is originally based on an auxetic cell extracted from [39] with a Poisson ratio of ≠0.8, ≠0.2 and 0.2 in a), b)
and c) respectively. The geometric details of the 3 fabricated specimens are available in Table 1.

The lattice architecture of the panel specimens analyzed next is obtained by the extrusion in
the vertical direction of a two-dimensional wire pattern, obtained by the periodic deployment of an
elementary unit cell. The wire-pattern has been manufactured by the single-track path of the DED
machine. The elementary unit cells were extracted from [39] and have each a particular 2D apparent
Poisson ratio. Let us further note that the architecture of these unit cells stem from topological shape
optimization and are optimized in order to keep an approximately constant apparent Poisson ratio up
to a finite value of the macroscopic strain. The Figure 1 presents the three unit cells corresponding
to theoretical (i.e as-designed) Poisson ratios of ≠0.8, ≠0.2 and 0.2 respectively; a front view of the
respective panels is also provided. These theoretical values of the apparent Poisson ratio are used all
along the text to denote the di�erent specimens.

3

DED @ LMS (316L)

[Balit et al. (2021) Mech. Mat.]
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As-built lattices: roughness

E-PBF @ SIMaP (TA6V)

§ Roughness: a tens of 
microns (similar as bulk 
specimens)
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Geometrical variabilities: gyroids

6

6

Effect of process : defects and roughness

Defects As-built specimens Roughness
16mm

115 mm

4 mm

300µm

 
BD

M. Pirotais, N. Saintier, C.Brugger
2023. Comportement en fatigue  des structures lattices obtenues par fabrication additive

6

6

Effect of process : defects and roughness

Defects As-built specimens Roughness
16mm

115 mm

4 mm

300µm

 
BD

M. Pirotais, N. Saintier, C.Brugger
2023. Comportement en fatigue  des structures lattices obtenues par fabrication additive

6

6

Effect of process : defects and roughness

Defects As-built specimens Roughness
16mm

115 mm

4 mm

300µm

 
BD

M. Pirotais, N. Saintier, C.Brugger
2023. Comportement en fatigue  des structures lattices obtenues par fabrication additive

[M. Pirotais, PhD, I2M, Bordeaux]



[ARCHI-META] Journée de lancement, 27 novembre 2023

Bulk microstructures
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[N. Khailov, PhD, LMS, Palaiseau]

Bulk 316L from L-PBF
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Gyroids: microstructures and defects

8

8

Analyses EBSD

U
p-

sk
in

D
ow

n-
sk

in

Up-skin

Down-skin

BD-oriented 

Elongated colonies

 microstructure impact fatigue behaviour ?

45°/BD – oriented

Tilted crossing colonies

ST-BD 
 n°1

ST-LT

ST-BD 
n°2

Parent β grains 

reconstruction

Colonar
colonies

Equiaxed
grains

Effect of process : microstructure of lattices

PhD  M. Pirotait (I2M-CEA)
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2023. Comportement en fatigue  des structures lattices obtenues 
par fabrication additive

[M. Pirotais, PhD, I2M, Bordeaux, 2022]

TA6V from L-PBF
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Porosities: as-built
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Porosities: after HIP

[M. Pirotais, PhD, I2M, Bordeaux, 2022]

TA6V from L-PBF + HIP (approx. 1000°C + 1000 bars) !! Effect depends on the material
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Geometrical var. and microstructure: octets

sections seen in the mCT slices deviate significantly from the ideal
periodic array of elliptical cross-sections of the target geometry
(shown schematically in Fig. 7c). Fig. 7d shows the statistical dis-
tribution of the vertical cross-section area of the struts as deter-
mined from 1456 struts. The histogram can be described by normal
distribution with an average of 0.216 mm2 which is 3.6% smaller
than the target input area of 0.224 mm2. In other words, the
average strut diameter is only 524 mm instead of the targeted
534 mm. The statistical evaluation of the cross-section variations
along the axis of individual struts yields an estimated surface
roughness of Ra ¼ 20 mm.

Fig. 8a shows a secondary electron (SE) image of the specimen’s
side. The strut shape appears to deviate from the target cylindrical
shape due to some non-molten residual powder particles on the
strut surfaces. Some porosity is visible on the strut surfaces as well
as at the lattice nodes (see Fig. 8b). The EBSD is done on polished
samples at two scales. Firstly, a step of 1.5 mm is used to analyze
several unit cells. Fig. 10a shows a representative map of the [001]
FCC crystal plane orientation. It becomes apparent that the poly-
crystalline structure of the SLM made truss lattice is highly het-
erogeneous. From a morphological point of view, it is worth noting
that the struts feature highly elongated, up to 800 mm long grains
that are aligned with the strut axes. We also observe significant
differences between struts of different orientation (e.g. compare
the "45 and "135 struts in Fig. 9a) which is tentatively attributed
to differences in the temperature gradient during manufacturing.

Within the nodes (strut intersections), two distinct regions are
visible. The upper region features elongated grains that seem to
follow the built-up direction of the lattice. The lower region on the
other hand contains a lot of non-molten powder.

A higher resolution EBSD analysis with a step size of 0.3 mm is
performed on selected regions to reveal the material texture. The
inverse pole figure for a region of non-molten powder (Fig. 9b)
shows a nearly isotropic grain orientation distribution, while the
material within the struts is highly textured and dependent on the
strut orientation (Fig. 9c and d).

5.2.2. Stress-strain response of the basis material
The true stress-strain curve obtained from in-situ SEM

compression experiments on the mini-specimens is depicted as a
solid red line in Fig. 10a. The reoccurring stress drops correspond to
the relaxation of the material (and testing device) during SEM
image acquisition. Themeasured Young’s modulus is about 192 GPa
and the yield stress at 0.2% plastic strain is 384MPa. The large strain
response is approximately linear with a hardening modulus of
1470 MPa.

The stress-strain response of the basis material as determined
from static compression experiments on the larger standard spec-
imens is significantly different. As shown in Fig. 10a (black curve), it
features a yield stress of 530 MPa at a 0.2% plastic strain and
hardening modulus of 1800 MPa over the strain interval [0.05,
0.20]. Even though the same alloy and SLM process has been

Fig. 9. EBSD analysis of polished sample: (a) grain structure with [001] crystal plane orientation contour. Inverse pole figures for (b) non-molten powder, (c) the "45 strut, and (d)
the "135 strut.

T. Tancogne-Dejean et al. / Acta Materialia 116 (2016) 14e2824

[Tancogne et al. (2016) Acta Mat]

316L from L-PBF

significant portion of the lattice structure undergoes mostly rigid
body motion only (such as the twist mode). This portion contrib-
utes to the overall weight of the lattice material even though it does
not contribute to the energy absorbed. As discussed above, the
plastic deformation becomes more wide-spread within the lattice
structure, the shorter the normalized node-to-node distance L/D,
which explains the increase in energy absorption efficiency as a
function of the relative density.

Fig. 6a presents the evolution of the relative Young’s modulus as
function of the relative density as obtained from our simulation for
cylindrical struts. Different from the analytical approximations for
low density lattices, the elastic properties for relative density
higher than 0.1 scale with a power exponent higher than 1. This
difference is attributed to the importance of the effect of the strut
joints on the mechanical response which is neglected in analytical
derivations.

We also determined the Poisson’s ratio and the shear moduli
(Fig. 6b and c) using our finite element models. As for the Young’s

modulus, the analytical estimates (dashed curves) are valid for low
relative densities. To evaluate the degree of anisotropy in the ma-
terial, we also calculated the shear modulus using the well-known
analytical relationship for isotropic materials,

Giso ¼ E
2ð1þ nÞ

(9)

The comparison of the isotropic shear modulus estimate (blue
dots) with that obtained computationally (black dots) shows
convergence as the relative density increases. In other words, the
higher the relative density of the octet truss lattice material, the
lower its degree of elastic anisotropy.

5.1.2. Effect of strut geometry
We repeated the above simulations for lattices with struts that

feature a larger (a > 1) and a smaller (a < 1) diameter at the center
than at the strut ends (recall definition of a from Fig. 1b). As shown
in Fig. 5c and d for relative densities of 0.2 and 0.3, respectively, the
strut shape can change the nature of the overall stress-strain
response from monotonically increasing to mildly-oscillating. It
appears that strongly tapered struts ða % 0:6Þ increase the stability
of the microstructure at the expense of a lower macroscopic
strength. The highest SEA for a given relative density is always
observed for ay0:8 (Fig. 5b). The corresponding lattice unit cells
are shown in Fig. 5e and f. However, the relative increase as
compared to cylindrical struts (a ¼ 1) is usually smaller than 10%.
Increasing the strut diameter at the center (a > 1) suppresses the
twisting mode, but it also enforces the localization of deformation
at the lattice nodes which resulted in a poor strength and energy
absorption capability.

5.2. Experimental study

The main conclusions from our computational study are (1) that
the energy absorption of lattice materials with cylindrical struts
shape is among the highest of all shapes considered, and (2) that
the meso-structural deformation mechanism changes from stable
to unstable at a relative density of about 0.3, where the material
deforms at nearly constant stress level prior to densification. In
view of developing low density lattice materials with a plateau-like
response for energy absorption purposes, our experimental study
focusses on SLM-made octet truss lattice prototype material with
cylindrical struts and a target relative density of 0.3. Using the same
strut length (node-to-node distance) of L ¼ 2.18 mm in both the
experiments and simulations, a strut diameter of 534 mm is tar-
geted in the additive manufacturing process to obtain a relative
density of 0.3 according to Eq. (3).

5.2.1. Meso- and microstructural analysis of the prototype material
The target geometry for the lattice specimens (CAD input for the

SLM machine) is a perfect cube comprised of 7 & 7 & 7 unit cells
(21.56& 21.56& 21.56mm3). However, ourmeasurements (Table 2)
reveal that the specimen height (average of 21.94 mm) is system-
atically greater by about 2% than the specimen in-plane dimensions
(average of 21.55 mm). The average specimenmass is 21.97 g with a
standard deviation of 3%. The measured density of the solid strut
material is 7960kg/m3. The comparison with the density for
stainless steel 316L reported in the literature indicates a micro-
porosity of 0.8% inside the struts. The resulting average relative
density of the lattice structure is r ¼ 0:27, which is about 10%
smaller than its manufacturing target value.

Fig. 7b shows a representative micro-computed tomography
image of a cubic lattice specimen. The dimensional accuracy is
evaluated through vertical slices. The shape of the strut cross-

Fig. 8. SEM observations on unpolished sample: (a) top view of a unit cell (interior of
dashed area), (b) detail of nodal region.

T. Tancogne-Dejean et al. / Acta Materialia 116 (2016) 14e28 23
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Geometrical var. and microstructure: octets
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Example of statistical analysis

2018 – Théo PERSENOT – MATEIS laboratory

[T. Persenot, PhD, Grenoble-Lyon, 2018]

E-PBF @ SIMaP (TA6V)

Chapter 1 – Material characterization

tion of the roughness by profilometry, a relatively good agreement is observed between the
two di�erent methods: the average value of Ra obtained by profilometry is 36.9 µm (v.s.

44.0 µm from tomographic images).
The Ra values of the upper and lower surfaces were computed for the 0¶ and 45¶

samples (Table 1.5). As expected, in both cases, values respectively lower and higher than
the average ones are obtained. It is worth pointing out that for both build orientations, the
roughness of the lower surfaces meets (45¶ samples) or exceeds (0¶ samples) the average
value of 90¶ samples which show the highest average Ra value.

1.3.3.3 Surface defects

  

0°

90°

45°

b)

c) d)

a)

e)

f)

Z=BD

Figure 1.18: Impact of the build orientation on the surface of the samples gauge length. (a, c and
e) Radial slices of samples manufactured respectively at 0¶, 45¶ and 90¶. (b, d and f) Magnification
around surface defects. The slices are oriented in order to mimic the sample orientation in the build
chamber, the building direction being vertical (blue arrow). Red arrows show notch-like defects.

The surface irregularities generated by the EBM process can be observed on radial
tomographic slices as shown in Figure 1.18. Two di�erent types of surface defects can be
observed:

18 © 2018 – Théo PERSENOT – MATEIS laboratory
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How to decrease roughness

as built
Chemical 
etching

Ultrasonic 
shot peening

PhD Théo Persenot (2018)   coll. SIMAP / MATEIS

E-PBF @ SIMaP
(TA6V)
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Briefly

§ Static compression: lots of works, lots of materials, lots of lattice types, etc

§ Fatigue: recent works (N. Saintier, I2M, J.Y. Buffière, Mateis, R. Dendievel, SIMaP) 

§ Dynamic loading, impacts, blast, etc: under progress

§ Depend on:
§ Materials and post-treatment
§ Lattice type
§ Loading
§ etc

!! Process parameters dependant !!
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Static compression
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des multiples paramètres évoqués plus haut. La littérature à disposition n’aide pas 
forcément à se faire une idée claire : les comparaisons sont rarement faites toutes 
choses égales par ailleurs (même densité, même taille de cellules, même matériau), 
les résultats sont très dépendants des conditions expérimentales : conditions aux 
limites, vitesses de déformations … On note toutefois un intérêt croissant pour les 
structures gyroïdes ainsi que pour les structures à gradient de densité. 

 

Figure 7.5.5 : visualisations et courbes expérimentales correspondantes d’un essai 
de compression quasi-statique a) d’une structure « diamant » en Ti-6Al-4V fabriquée 
par E-PBF (Ozdemir et al., 2016) et b) d’une structure gyroïde en Al-Si10-Mg fabriquée 
par L-PBF (Maskery, 2017). 

7.5.1.3. Echanges thermiques  

Les échanges thermiques sont régis à la fois par la nature du matériau constitutif 
et la quantité de surface d’échange. La capacité pour les matériaux architecturés en 

Figure 7.5.4 : Comportement schématique d’une structure lattice en 
compression pour une topologie a) stretching dominated - b) bending 
dominated (inspiré de (Leary, 2019)). 

6

and Ashby [1] and Ashby [4]. Scaling laws for bending-dominated structures are

derived by considering an open-cell foam as a cubic array with members of length,

!, and square cross-sectional thickness, C, as shown in Fig. 1.3(b). Typical bending-

dominated deformation is illustrated through the dashed blue lines.

Stress

Strain

Stretching-Dominated

Bending-Dominated

Densification

Buckling, 
Fracture, 
or Yield

CrushingElastic

Figure 1.3: General mechanical behavior of lattice structures: (a) general stress-strain
response and (b) simple cubic foam used for modeling bending-dominated scaling laws.

A first-order approximation for relative density of the cubic foam (including double-

counting at edges) is calculated by considering the total volume of the strut members

(+⇤ = 12!C2) and space-filling volume of the cube (+B?024 = !
3) such that:

d
⇤
/dB = +

⇤
/+B?024 / (C/!)

2
. (1.3)

Based on Eq. (1.3), dimensional analysis of mechanical properties using ! and C

allows relation of these properties to relative density.

Given a nominal compressive stress acting on the unit cell, f, a corresponding

force, � / f!
2 is exerted and produces a bending deflection, X. Following standard

beam theory [38], the displacement, X, is proportional to X / �!
3
/(⇢B�) where ⇢B

is the Young’s modulus of the strut material and � is the second moment of area

of the strut where � / C
4 in a square cross-section with dimension C. The strain in

the cell, n , is related to the displacement n / X/!. A relation for the sti�ness of a

bending-dominated open-cell foam, ⇢⇤

14=3
, is therefore given by:

⇢
⇤

14=3
= f/n / ⇢B (C/!)

4
/ ⇢B (d

⇤
/dB)

2
. (1.4)

[J. Weeks, PhD, CalTech, 2022]
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Localization mechanisms

[Lei et al., Mat. Des., 2019]
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Density

[Tancogne et al., PhD, MIT, 2014]

Bulk 316L from L-PBF
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Material / microstructure

β-metastable 
(Heat Treated)

[Duport et al., Scripta Materialia 219, 2022] 

α+β (as-built)Ti-14Mo alloy by EBM => as built = typical a+b
=> 900°C /30 min => b-metastable => 
Twinning  

E-PBF @ SIMaP
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Material / microstructure

Aluminum alloy AS10Mg
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Fatigue: under progress

E-PBF @ SIMaP
(TA6V)

added in Fig. 4 for comparison, more data regarding the fatigue prop-
erties of Ti6Al4V samples made by EBM are given in the recent review
published by Chern et al. [15] but were not reported in Fig. 4 for a sake
of clarity. Note that the results reported for as-built and HIP-treated
samples were obtained using the exact same geometry used in the
present work and using the same methodology to estimate the effective
cross section [8]. In a recent review about the fatigue properties of Ti-
6Al-4V built by EBM, Chern et al. also concluded, based on a statistical
analysis, that HIP alone does not increase the fatigue life of non-ma-
chined parts [15]. In contrast, USP brings about a substantial im-
provement of the fatigue resistance but does not reach that of machined
samples whether or not they were HIPed beforehand, see Fig. 4. For
instance, with USP, failure at 105 cycles occurs for a maximum stress of
500MPa for USP and 220MPa for as-built samples (130% increase).
The value of 105 cycles for comparing the different conditions was se-
lected as it is classically used in aeronautical design of structural sup-
port components [33]. This value can appear surprising since 107 to 109

cycles are more often reported for components under rotation. How-
ever, for support structural components such as shackles or brackets, a
cycle corresponds to a flight. As a result, 105 cycles is as a very con-
servative value since it is equivalent to roughly five times the number of
flights an A380 would make in 25 years of operation. Table 3 gives the
values of fatigue resistance for a fatigue life of roughly 105 cycles in
different post-processing conditions. For fatigue lives longer than 105

cycles, the improvement of fatigue resistance brought by USP compared
to as-built samples seems to slightly decrease. For example, failure at
4.105 cycles occurs for a maximum stress of 300MPa for USP and
150MPa in the as-built conditions (this means an enhancement of
roughly 100%). However, the latter result would likely require a more
statistical analysis given the pronounced dispersion of the fatigue lives
observed at low maximum stresses in comparison to the ones measured
at high maximum stresses, e.g. blue points standing for as-built samples
in Fig. 4 and extracted from Ref [8]. The improvement of the fatigue
properties brought by USP are discussed in Section 3.3. The objective of
Section 3.4. is to explain why the fatigue properties are not as good as
after machining.

3.3. Origin of the enhancement of the fatigue resistance brought by USP

Different factors can be invoked to account for the beneficial effect
of USP on the fatigue resistance. First, the obvious improvement in

Table 2
Effect of USP on the geometry of as-built+HIP samples: volume of the gauge length, average diameter, difference between the maximum and minimum diameter and
roughness measured by X-ray tomography. The average values X and the standard deviations Y are reported as follows: X ± Y, the standard deviation being
calculated with the five samples analyzed. Roughnesses were also measured using a profilometer.

Conditions X-ray tomography Profilometer

Volume (mm3) dav (mm) dmax-dmin (μm) Roughness (μm) Roughness (μm)

Ra Rt Ra Rt

As-built + HIP 26.94 ± 0.12 1.85 ± 0.004 98 ± 4 46.2 ± 1.2 363 ± 36 36.8 231.4
As-built+HIP+USP 26.22 ± 0.11 1.83 ± 0.004 37 ± 8 15.7 ± 2.1 130 ± 17 6.1 51.9

Fig. 3. Example of variations of the cross section along the gauge length for the
same sample before (in blue) and after USP (in green). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 4. S-N curves for as-built fatigue samples fabricated by EBM in blue from
[8]. Blue hollow symbols correspond to data obtained on as-built + HIP sam-
ples and green hollow symbols to samples submitted to HIP+USP. The data for
machined (full grey symbols) and HIPed+machined samples (open grey
symbols) were extracted from the ARCAM database [36]. More data regarding
the effect of HIP, machining and the combination of both are summarized in
[15] but not reproduced in a sake of clarity. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of
this article.).

Table 3
Maximum failure stress at 105 cycles for different conditions. The beneficial
effect of USP is clearly highlighted when compared to as-built specimens.

Conditions Maximum Failure stress at 105

cycles, σmax
f (MPa)

As-built [8] 220
As-built + HIP [8] 220
As-built + HIP+USP (This work) 500
As-built + HIP+Machining

[17,25,34,35,36]
>700

T. Persenot, et al. Additive Manufacturing 28 (2019) 821–830

824

[Persenot et al.,Add. Manuf., 2019] 6

6

Effect of process : defects and roughness

Defects As-built specimens Roughness
16mm

115 mm

4 mm

300µm
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M. Pirotais, N. Saintier, C.Brugger
2023. Comportement en fatigue  des structures lattices obtenues par fabrication additive

[M. Pirotais, PhD, I2M, Bordeaux, 2022]
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Fatigue: under progress

[N. Khailov, PhD, LMS, Palaiseau]

316L from L-PBF
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Briefly

§ 3D calculations: generally limited to unit cell studies

§ Introducing variabilities in simulations requires:

§ Variabilitiy characterizations

§ Simpler models (beams, shells, plates)
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3D simulations: local loadings
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Variabilities: tomography

[Melancon et al., 2017]
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Ideal versus realistic simulations

[Liu et al., JMPS, 2017]
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Ideal versus realistic simulations

[Liu et al., JMPS, 2017]

L. Liu et al. / Journal of the Mechanics and Physics of Solids 107 (2017) 160–184 173 

Fig. 13. Numerical results for the regular octet lattice: (A) stress-strain curve from FE models compared to that obtained via experiments (black line), (B) 
Failure mode from FE model with distributed geometric imperfections, and (C) damage evolution at given strains observed in the first slice of the FE model 
shown in (B). 

To provide a quantitative assessment of the impact of manufacturing defects, Fig. 15 summarizes the values of the 
Young’s modulus and compressive strength predicted by the numerical models along with the relative errors normalized 
with respect to the experimental measures, here taken as baseline. As can be seen in Fig. 15 , the average results predicted 
by the imperfect-geometry models are much closer to the experimental data than those obtained from defect-free models. 
The Young’s modulus and compressive strength predicted for the imperfect-geometry octet are 4.0% and 12.7% higher than 
the experimental data. These values predicted by the as-designed models are 42.0% and 47.2% higher than the experimen- 
tal data. For the rhombicuboctahedron lattice, the predicted errors are 8.3% and 5.5% for the imperfect-geometry model, 
and 23.6% and 19.8% for the as-designed model. Comparisons are also made between the predicted values obtained from 
asymptotic homogenization (elastic properties only) and those from full-size FE models. The Young’s modulus predicted by 
the imperfect models is close to that of the reconstructed RVE. This indicates that the geometric characteristics extracted 
from the CT reconstructed models are appropriately introduced into the numerical analysis. 

We emphasize that the focus of this work is on three main sources of defects only, although other geometric mismatches 
contribute to alter the mechanical response of fabricated lattices. This might explain why the results from our simulations 
are slightly higher than the experimental ones. SEM micrographs in Fig. 2 reveal the presence of numerous parasitic par- 
ticles bonded to most of the strut surfaces. Agglomeration of surface beads in SLM parts is often attributed to the balling 
phenomenon or partial melting of raw particles at the boundary of solid struts ( Yan et al., 2012 ). Since surface beads do con- 
tribute to mass, but barely carry any load, the assessment of their influence on the mechanical properties is left to future 
work. In addition, parasitic masses at the joints also contribute to alter the mechanical behavior ( Gümrük and Mines, 2013 ). 
In fact, parasitic mass is typically observed to agglomerate at the joints of metallic lattices during additive manufacturing 
( Bagheri et al., 2016 ), thereby leading to changes in strut geometry from an ideal cylinder to an hourglass shape. Deviations 
in joint morphology play a critical role in the initiation of local instability and thus require future investigation. 

Regular octet lattice
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Ideal versus realistic simulations

[Liu et al., JMPS, 2017]

174 L. Liu et al. / Journal of the Mechanics and Physics of Solids 107 (2017) 160–184 

Fig. 14. Numerical results for the rhombicuboctahedron lattice: (A) stress-strain curve from FE models compared to that obtained via experiments (black 
line); (B) failure mode from FE model with distributed geometric imperfections; (C) damage evolution observed in the first slice of the imperfect FE model 
shown in (B); and (D) damage evolution at given strains obtained from the first slice of the defect-free model. 
5. Parameter study about the role of imperfections on mechanical properties and failure mechanisms 

Section 4.2 has shown that full-size simulations with statistically distributed geometric imperfections can parallel the 
failure mechanisms observed during experiments with results within 10% accuracy. In this section, we investigate the sen- 
sitivity of mechanical properties (elastic stiffness and compressive strength) and failure mechanisms to the severity of the 
three defects examined in Section 3 . We first recall the statistical distribution parameters for these three defects ( Figs. 3 and 

Rhombicuboctahedron lattice
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Ideal versus realistic simulations

ideal waviness

[N. Khailov, PhD, Palaiseau]
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Ideal versus realistic simulations

sections full

[N. Khailov, PhD, Palaiseau]
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Ideal versus realistic simulations

[N. Khailov, PhD, Palaiseau]

full
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Ideal versus realistic simulations

[N. Khailov, PhD, Palaiseau]

316L from L-PBF
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Conclusions and open questions

§ Importance of variabilities!!!! Real world is not the ideal one!

§ First order on mechanical behavior: instabilities, localization, lifetime

§ Open questions:

§ How to model / control / decrease / exploit variabilities?

§ Fatigue: a challenge! How to live with defects?

§ Auxetic structures: recent studies particularly in 2D

§ Optimal lattice for energy absorption? Optimal density? Optimal material?
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National structures in metallic AM
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Int. Res. Project (IRP) on AM lattices / fatigue
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Contact: N. Saintier (I2M, Bordeaux)
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