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Outline

n Fatigue and Additive Manufacturing:
n Fatigue : lifetime, crack initiation mechanisms
n Some specificities of AM (micro)structures

n Fatigue of Ti-6Al-4V alloy produced by EBM and SLM
n Effects of some process parameters
n Crack initiation mechanisms

n What can we learn from other processes: 
n Some lessons from casting process

n Conclusions and prospects
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Fatigue of metallic structures:
some effects on lifetime
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Additive Manufacturing specificities

n Materials in AM:
n fast solidification (martensite, ...)
n microstructure: anisotropy, 

gradients, ...
n multimaterials, interfaces, 

HAZ, ...
n defects: roughness, porosities, 

unmelted zones, ...
n & Structures in AM:

n lattices, ...
n residual stresses, ...
n instabilities, buckling, ...
n thin structures, …
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TRN : 0001-0016879602 rev 001  - 24/06/2015 
Thales Global Services / Modèle : 87204467-DOC-GRP-FR-002 

Type of defects observed 

250 µm 500 µm

Types of defects: Porosities on sub surface, surface defects (emerging), unmelted 
zones (both directions) 

Z direction Z direction 

Unmelted zone Unmelted zone 

j
js

¼ r
rs
: (7)

Since the SEA is already normalized by the density, the absorbed
energy is actually a quadratic function in density,

W ¼ jr ¼
!
js
rs

"
r2: (8)

In other words, the energy absorption performance of a lattice
material increases substantially for higher densities. From a
mechanistic point of view, this may be explained through the
growing meso-structural stability with relative density. When the
deformation is highly localized at the meso-structural level, a

Table 2
Lattice specimen dimensions and weight.

Specimen number Build direction [mm] x-direction [mm] y-Direction [mm] Mass [g] Density [g/cm3] Relative density ["]

1 22.049 21.588 21.546 21.70 2.12 0.265
2 21.830 21.524 21.606 21.13 2.08 0.260
3 21.838 21.545 21.542 21.35 2.11 0.264
4 21.797 21.569 21.487 21.04 2.08 0.261
5 22.116 21.500 21.601 22.31 2.17 0.272
6 21.936 21.590 21.554 22.43 2.20 0.275
7 22.048 21.538 21.525 22.78 2.23 0.279
8 21.901 21.571 21.494 22.08 2.17 0.272
9 21.862 21.616 21.490 22.15 2.18 0.273
10 22.137 21.487 21.540 22.90 2.23 0.280
11 21.839 21.506 21.509 21.18 2.10 0.262
12 21.915 21.565 21.645 22.62 2.21 0.277

Average: 21.939 21.550 21.545 21.97 2.16 0.270
Std. dev: 0.119 0.0340 0.0501 0.671 0.0572 0.00716

Fig. 7. (a) Photograph of a cubic lattice specimen, (b) tomography image with voxel edge length of 18 mm, (c) theoretical cross-sectional view of the lattice, (d) histogram of
measured strut cross-section area.

T. Tancogne-Dejean et al. / Acta Materialia 116 (2016) 14e2822
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III.2 Observations microstructurales 
L’analyse métallographique des pièces en titane Ti-6Al-4V fabriquées par SLM et EBM a 

été étudiée de façon détaillée dans la littérature (partie  I.6.2). Cette partie a pour objectif de 
vérifier la qualité des échantillons réalisés pour cette étude en comparaison avec les résultats 
obtenus dans la littérature en termes de structure de la matière et de porosité. 

 

III.2.1 Observations métallographiques 
III.2.1.1 SLM 

Deux types d’échantillons fabriqués avec deux machines (ConceptLaser M2 et SLM 250) ont 
été observés. La Figure  III-1 montre les métallographies dans le plan XZ, obtenues après attaque 
chimique sur les échantillons de traction (ConceptLaser M2) et de fatigue (SLM 250). 

 
Figure  III-1: Images métallographiques dans le plan XZ (a,b) à faible grossissement et (c,d) à fort grossissement 
d’échantillons de (a,c) traction et de (b,d) fatigue en titane Ti-6Al-4V fabriqués par SLM avec attaque chimique  

Sur les images à faible grossissement des éprouvettes ayant subi un traitement de relaxation 
des contraintes (Figure  III-1a,b), des grains allongés dans la direction Z, direction de croissance 
des pièces, sont observés. Ces grains sont identifiés comme des grains préliminaires β. Ils 
apparaissent suite à la fonte partielle des couches précédentes lors de la fusion de la couche en 
cours de fabrication et croissent dans l’axe Z [73]. Il n’y a pas de différence majeure entre les 
deux types d’échantillons, la largeur de ces grains est d’environ 250 µm. 

A fort grossissement (Figure  III-1c,d), une structure martensitique composée d’aiguilles α’ 
est observée [49]. Cette structure apparait suite au refroidissement rapide de la matière après le 
passage du faisceau laser. Elle est conforme à ce qui est présenté dans la littérature pour des 
éprouvettes brutes. La microstructure n’est donc pas modifiée après le traitement de relaxation 
des contraintes subi par les éprouvettes. 

Après le traitement CIC et à faible grossissement, (Figure  III-2a), les grains préliminaires β 
sont toujours visibles. En effet, la température de remise en solution de la phase β (1000 °C 
environ) n’est pas atteinte lors du traitement. Les grains sont néanmoins plus difficiles à observer 

a)

1000 µm

100 µm

c) Aiguilles martensitiques α’

Eprouvette traction

Axe Z

b)

500 µm

100 µm

d)

Axe Z

Grains 
préliminaires β

Aiguilles martensitiques α’

Grains préliminaires β

Eprouvette fatigue



Additive Manufacturing and Fatigue:
some key parameters

n Building parameters:
n laser power, laser / substrate speed, powder flow rate, …

n As-built specimens:
n roughness
n residual stresses
n porosities
n building direction

n Post-treatments:
n machining, polishing
n heat-treatment (residual stresses, grain size, precipitation, …)
n HIP (porosities)
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n Fatigue and Additive Manufacturing:
n Fatigue : lifetime, crack initiation mechanisms
n Some specificities of AM (micro)structures

n Fatigue of Ti-6Al-4V alloy produced by EBM and SLM
n Effects of some process parameters
n Crack initiation mechanisms

n What can we learn from other processes: 
n Some lessons from casting process

n Conclusions and prospects
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Ti-6Al-4V alloy produced by EBM and SLM

n EBM & SLM: Powder-bed additive manufacturing process
n Microstructure: polycrystal with pores

!8

56
 

 L
es

 é
ch

an
til

lo
ns

 ré
al

is
és

 p
ar

 S
LM

 o
nt

 é
té

 fa
br

iq
ué

s 
su

r u
ne

 m
ac

hi
ne

 C
on

ce
pt

La
se

r M
2 

av
ec

 
un

e 
ép

ai
ss

eu
r 

de
 c

ou
ch

es
 d

e 
50

 µ
m

. 
Ils

 o
nt

 é
té

 s
ab

lé
s 

af
in

 d
’a

m
él

io
re

r 
l’é

ta
t 

de
 s

ur
fa

ce
. 

La
 

ru
go

si
té

 m
oy

en
ne

 a
rit

hm
ét

iq
ue

 (R
a)

 m
es

ur
ée

 s
ur

 c
es

 é
ch

an
til

lo
ns

 (a
pr

ès
 s

ab
la

ge
) e

st
 e

n 
m

oy
en

ne
 

de
 7

 µ
m

 e
t 

la
 r

ug
os

ité
 t

ot
al

e 
pi

c 
à 

pi
c 

(R
t) 

es
t 

en
 m

oy
en

ne
 d

e 
60

 µ
m

. U
n 

tra
ite

m
en

t 
à 

75
0 

°C
 

pe
nd

an
t 1

h 
a 

ét
é 

ap
pl

iq
ué

 a
fin

 d
e 

ré
du

ire
 le

s 
co

nt
ra

in
te

s 
ré

si
du

el
le

s 
et

 d
’é

vi
te

r l
a 

dé
fo

rm
at

io
n 

de
s 

pi
èc

es
.  

 
Fi

gu
re

  II
-1

: P
ho

to
s d

’é
pr

ou
ve

tt
es

 d
e 

tr
ac

tio
n 

en
 ti

ta
ne

 T
i-6

A
l-4

V
 fa

br
iq

ué
es

 p
ar

 (a
) S

LM
 e

t (
b)

 E
BM

 b
ru

te
s d

e 
fa

br
ic

at
io

n 

Le
s 

ép
ro

uv
et

te
s 

en
 E

B
M

 o
nt

 é
té

 f
ab

riq
ué

es
 s

ur
 u

ne
 m

ac
hi

ne
 A

rc
am

 A
2 

av
ec

 u
ne

 é
pa

is
se

ur
 

de
 c

ou
ch

e 
de

 5
0 

µm
. D

eu
x 

se
ts

 d
e 

pa
ra

m
èt

re
s 

di
ff

ér
en

ts
 o

nt
 é

té
 u

til
is

és
. C

es
 d

eu
x 

se
ts

 d
iff

èr
en

t 
da

ns
 l

a 
st

ra
té

gi
e 

de
 f

ab
ric

at
io

n 
de

s 
pi

èc
es

. 
D

an
s 

le
 1

er
 s

et
, 

le
 f

ai
sc

ea
u 

d’
él

ec
tro

ns
 a

 b
al

ay
é 

la
 

to
ta

lit
é 

de
 la

 la
rg

eu
r d

u 
pl

at
ea

u 
de

 fa
br

ic
at

io
n.

 C
es

 é
ch

an
til

lo
ns

 s
on

t i
de

nt
ifi

és
 p

ar
 E

B
M

1.
 D

an
s 

le
 

2èm
e  s

et
, l

a 
fa

br
ic

at
io

n 
a 

ét
é 

ré
al

is
ée

 e
n 

sé
pa

ra
nt

 le
 p

la
te

au
 e

n 
pl

us
ie

ur
s 

zo
ne

s.
 L

e 
fa

is
ce

au
 le

s 
a 

ba
la

yé
es

 l
es

 u
ne

s 
ap

rè
s 

le
s 

au
tre

s 
su

r 
un

e 
la

rg
eu

r 
be

au
co

up
 p

lu
s 

fa
ib

le
. 

C
es

 é
pr

ou
ve

tte
s 

so
nt

 
id

en
tif

ié
es

 p
ar

 E
B

M
2.

 

Le
s 

ép
ro

uv
et

te
s 

en
 E

B
M

 n
’o

nt
 p

as
 s

ub
i 

de
 t

ra
ite

m
en

t 
th

er
m

iq
ue

 c
ar

 l
es

 c
on

tra
in

te
s 

ré
si

du
el

le
s 

so
nt

 s
uf

fis
am

m
en

t 
fa

ib
le

s,
 l

a 
ch

am
br

e 
de

 f
ab

ric
at

io
n 

ét
an

t 
m

ai
nt

en
ue

 à
 6

80
 °

C
. L

es
 

ép
ro

uv
et

te
s 

ax
e 

X
Z-

Y
Z 

on
t 

ét
é 

us
in

ée
s 

un
iq

ue
m

en
t 

su
r 

le
s 

tra
nc

he
s 

ca
r 

el
le

s 
co

m
po

rta
ie

nt
 d

es
 

su
pp

or
ts

. L
es

 é
pr

ou
ve

tte
s 

ax
e 

Z 
on

t é
té

 u
si

né
es

 p
ou

r u
ne

 p
ar

tie
, p

er
m

et
ta

nt
 l’

an
al

ys
e 

de
 l’

ef
fe

t d
e 

la
 ru

go
si

té
 d

e 
su

rf
ac

e 
su

r l
es

 p
ro

pr
ié

té
s 

de
 tr

ac
tio

n.
 

 

II
.2

.1
.2

 
Ep

ro
uv

et
te

s d
e 

fa
tig

ue
 

D
eu

x 
ty

pe
s 

d’
ép

ro
uv

et
te

s 
de

 f
at

ig
ue

 o
nt

 é
té

 f
ab

riq
ué

s 
po

ur
 l

a 
ré

al
is

at
io

n 
de

 d
eu

x 
ty

pe
s 

d’
es

sa
is

 : 
le

s 
es

sa
is

 d
e 

fa
tig

ue
 à

 g
ra

nd
 n

om
br

e 
de

 c
yc

le
s 

et
 le

s 
es

sa
is

 d
e 

fa
tig

ue
 o

lig
oc

yc
liq

ue
 o

u 
à 

fa
ib

le
 n

om
br

e 
de

 c
yc

le
s.

 

II
.2

.1
.2

.1
 

Ep
ro

uv
et

te
s 

de
 fa

tig
ue

 à
 g

ra
nd

 n
om

br
e 

de
 c

yc
le

s 
Le

s 
gé

om
ét

rie
s 

de
s 

ép
ro

uv
et

te
s 

de
 fa

tig
ue

 à
 g

ra
nd

 n
om

br
e 

de
 c

yc
le

s 
ut

ili
sé

es
 s

on
t p

ré
se

nt
ée

s 
da

ns
 l’

an
ne

xe
 A

. 

La
 l

is
te

 d
es

 é
ch

an
til

lo
ns

 e
st

 i
nd

iq
ué

e 
da

ns
 l

e 
Ta

bl
ea

u 
 II

-2
. 

U
n 

ex
em

pl
e 

de
s 

ép
ro

uv
et

te
s 

br
ut

es
 o

bt
en

ue
s 

se
 tr

ou
ve

 d
an

s 
la

 F
ig

ur
e 

 II
-2

. 4
8 

ép
ro

uv
et

te
s 

de
 fa

tig
ue

 à
 g

ra
nd

 n
om

br
e 

de
 c

yc
le

s 
de

 c
ha

qu
e 

pr
oc

éd
é 

(1
2 

pa
r l

ot
) o

nt
 é

té
 fa

br
iq

ué
es

, s
oi

t u
n 

to
ta

l d
e 

96
 é

pr
ou

ve
tte

s.
 

 
Fi

gu
re

  II
-2

: P
ho

to
s d

’é
pr

ou
ve

tt
es

 d
e 

fa
tig

ue
 à

 g
ra

nd
 n

om
br

e 
de

 c
yc

le
s e

n 
tit

an
e 

Ti
-6

A
l-4

V
, b

ru
te

s d
e 

fa
br

ic
at

io
n 

a
b

S
LM

E
B

M

77 

III.2 Observations microstructurales 
L’analyse métallographique des pièces en titane Ti-6Al-4V fabriquées par SLM et EBM a 

été étudiée de façon détaillée dans la littérature (partie  I.6.2). Cette partie a pour objectif de 
vérifier la qualité des échantillons réalisés pour cette étude en comparaison avec les résultats 
obtenus dans la littérature en termes de structure de la matière et de porosité. 

 

III.2.1 Observations métallographiques 
III.2.1.1 SLM 

Deux types d’échantillons fabriqués avec deux machines (ConceptLaser M2 et SLM 250) ont 
été observés. La Figure  III-1 montre les métallographies dans le plan XZ, obtenues après attaque 
chimique sur les échantillons de traction (ConceptLaser M2) et de fatigue (SLM 250). 

 
Figure  III-1: Images métallographiques dans le plan XZ (a,b) à faible grossissement et (c,d) à fort grossissement 
d’échantillons de (a,c) traction et de (b,d) fatigue en titane Ti-6Al-4V fabriqués par SLM avec attaque chimique  

Sur les images à faible grossissement des éprouvettes ayant subi un traitement de relaxation 
des contraintes (Figure  III-1a,b), des grains allongés dans la direction Z, direction de croissance 
des pièces, sont observés. Ces grains sont identifiés comme des grains préliminaires β. Ils 
apparaissent suite à la fonte partielle des couches précédentes lors de la fusion de la couche en 
cours de fabrication et croissent dans l’axe Z [73]. Il n’y a pas de différence majeure entre les 
deux types d’échantillons, la largeur de ces grains est d’environ 250 µm. 

A fort grossissement (Figure  III-1c,d), une structure martensitique composée d’aiguilles α’ 
est observée [49]. Cette structure apparait suite au refroidissement rapide de la matière après le 
passage du faisceau laser. Elle est conforme à ce qui est présenté dans la littérature pour des 
éprouvettes brutes. La microstructure n’est donc pas modifiée après le traitement de relaxation 
des contraintes subi par les éprouvettes. 

Après le traitement CIC et à faible grossissement, (Figure  III-2a), les grains préliminaires β 
sont toujours visibles. En effet, la température de remise en solution de la phase β (1000 °C 
environ) n’est pas atteinte lors du traitement. Les grains sont néanmoins plus difficiles à observer 

a)

1000 µm

100 µm

c) Aiguilles martensitiques α’

Eprouvette traction

Axe Z

b)

500 µm

100 µm

d)

Axe Z

Grains 
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III.2.2.1 SLM 
Plusieurs échantillons ont été observés avec la première méthode. Comme indiqué dans 

le  I.5.3, il existe différents types de porosités qui ont été observées. Des exemples d’observations 
microstructurales sont donnés dans la Figure  III-4. 

 
Figure  III-4: Images microstructurales des types de porosités observés (a) porosités sphériques (b) zones infondues 

Des petites porosités sphériques sont observées (Figure  III-4a) avec des tailles ne dépassant 
pas les quelques microns. Les plus grosses porosités proviennent plus souvent de zones 
infondues. La Figure  III-4b montre une zone infondue dans le plan X-Z. Cela forme une fente de 
dimension plus importante. Les plus grosses porosités observées par cette méthode ont une 
longueur de 200 µm environ (plus grande longueur mesurée). 

Les observations au microtomographe ont été effectuées sur un échantillon de traction 
obtenu sur une machine ConceptLaser M2. Les porosités sont extraites des acquisitions et une 
reconstruction 3D est réalisée (Figure  III-5). Le taux de porosité mesuré par microtomographie 
est de 0,11%, sachant que les porosités observées sont inférieures à 15 µm. 

Le graphique Figure  III-5c donne la distribution des tailles des porosités. Les porosités sont 
de taille réduite. 90 % ont une taille (diamètre équivalent) inférieure à 47 µm et la plus grosse 
porosité a un diamètre équivalent de 84 µm environ. Cela est confirmé par l’exemple de section 
acquise au microtomographe (Figure  III-5b) où les porosités sont petites. Sur d’autres 
échantillons, le taux de porosité peut être supérieur, mais les tailles sont toujours inférieures à 
150 µm maximum. 

La reconstruction 3D et les images 2D permettent également de confirmer que les porosités 
sont bien réparties dans la pièce et qu’il n’y a pas de zones de concentration de défauts (ou 
cluster). Les porosités sont sphériques et aucune zone infondue n’est observée en 
microtomographie. La grosse zone bleue observée dans le haut de la Figure  III-5a correspond à 
un défaut d’acquisition.  

a)

250 µm

b)

500 µm
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III.2 Observations microstructurales 
L’analyse métallographique des pièces en titane Ti-6Al-4V fabriquées par SLM et EBM a 

été étudiée de façon détaillée dans la littérature (partie  I.6.2). Cette partie a pour objectif de 
vérifier la qualité des échantillons réalisés pour cette étude en comparaison avec les résultats 
obtenus dans la littérature en termes de structure de la matière et de porosité. 
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Sur les images à faible grossissement des éprouvettes ayant subi un traitement de relaxation 
des contraintes (Figure  III-1a,b), des grains allongés dans la direction Z, direction de croissance 
des pièces, sont observés. Ces grains sont identifiés comme des grains préliminaires β. Ils 
apparaissent suite à la fonte partielle des couches précédentes lors de la fusion de la couche en 
cours de fabrication et croissent dans l’axe Z [73]. Il n’y a pas de différence majeure entre les 
deux types d’échantillons, la largeur de ces grains est d’environ 250 µm. 

A fort grossissement (Figure  III-1c,d), une structure martensitique composée d’aiguilles α’ 
est observée [49]. Cette structure apparait suite au refroidissement rapide de la matière après le 
passage du faisceau laser. Elle est conforme à ce qui est présenté dans la littérature pour des 
éprouvettes brutes. La microstructure n’est donc pas modifiée après le traitement de relaxation 
des contraintes subi par les éprouvettes. 

Après le traitement CIC et à faible grossissement, (Figure  III-2a), les grains préliminaires β 
sont toujours visibles. En effet, la température de remise en solution de la phase β (1000 °C 
environ) n’est pas atteinte lors du traitement. Les grains sont néanmoins plus difficiles à observer 
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Ti-6Al-4V alloy produced by EBM and SLM

n Building parameters:
n laser power, laser / substrate speed, powder flow rate, …

n As-built specimens:
n roughness
n residual stresses
n porosities
n building direction (XY et Z)

n Post-treatments:
n machining, polishing
n heat-treatment (residual stresses, grain size, precipitation, …)
n HIP (porosities)
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Procédé / 
Machine 

Direction de 
fabrication 

Nombre 
éprouvettes 

Traitement 
thermique 

Traitement 
surface Total 

SLM /  

SLM 250 HL 

Z 10 640°C/4h Polissage 

40 
XZ-YZ 10 640°C/4h Polissage 

Z 10 640°C/4h Aucun 

Z 10 640°C/4h + CIC Polissage 

EBM /  

Arcam A2 

(EBM2) 

Z 10 Aucun Polissage 

40 
XZ-YZ 10 Aucun Polissage 

Z 10 Aucun Aucun 

Z 10 Aucun Polissage 

Tableau  II-3: Liste des échantillons de fatigue oligocyclique en titane réalisés par SLM et EBM 

 

II.2.1.2.3 Fabrication et post-traitements des éprouvettes de fatigue 
Les éprouvettes en SLM ont été fabriquées sur une machine SLM 250 HL avec une épaisseur 

de couche de 50 µm. Elles ont toutes subi un traitement thermique à 640°C/4h afin de réduire les 
contraintes résiduelles. 

Les éprouvettes en EBM ont été fabriquées sur une machine Arcam A2 avec une épaisseur 
de couche de 50 µm également. Les paramètres machines correspondent au 2ème set des 
éprouvettes de traction (EBM2). Aucun traitement de relaxation des contraintes n’a été effectué. 

Sur chaque procédé, différents post-traitements ont pu être réalisés. Sur un des lots de chaque 
cas, un traitement de type CIC (partie  I.6.2.2) a été réalisé à 920 °C et 1020 bars pendant 2 
heures.  

Sur un autre lot de chaque cas, la surface utile a été laissée brute de fabrication (Figure  II-4). 
Ces éprouvettes sont appelées brutes ou « as-built » dans la suite du développement. Les zones 
d’interfaces avec la machine sont usinées. 

 
Figure  II-4: Photos des éprouvettes de fatigue à faible (à gauche) et à grand nombres de cycles (à droite) brutes (en haut) 

et usinées et polies (en bas)  

Fatigue à grand nombre de cycles Fatigue oligocyclique

As-built

Usinée + 
polie
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EBM /  

Arcam A2 

(EBM2) 

Z 10 Aucun Polissage 

40 
XZ-YZ 10 Aucun Polissage 

Z 10 Aucun Aucun 

Z 10 Aucun Polissage 

Tableau  II-3: Liste des échantillons de fatigue oligocyclique en titane réalisés par SLM et EBM 

 

II.2.1.2.3 Fabrication et post-traitements des éprouvettes de fatigue 
Les éprouvettes en SLM ont été fabriquées sur une machine SLM 250 HL avec une épaisseur 

de couche de 50 µm. Elles ont toutes subi un traitement thermique à 640°C/4h afin de réduire les 
contraintes résiduelles. 

Les éprouvettes en EBM ont été fabriquées sur une machine Arcam A2 avec une épaisseur 
de couche de 50 µm également. Les paramètres machines correspondent au 2ème set des 
éprouvettes de traction (EBM2). Aucun traitement de relaxation des contraintes n’a été effectué. 

Sur chaque procédé, différents post-traitements ont pu être réalisés. Sur un des lots de chaque 
cas, un traitement de type CIC (partie  I.6.2.2) a été réalisé à 920 °C et 1020 bars pendant 2 
heures.  

Sur un autre lot de chaque cas, la surface utile a été laissée brute de fabrication (Figure  II-4). 
Ces éprouvettes sont appelées brutes ou « as-built » dans la suite du développement. Les zones 
d’interfaces avec la machine sont usinées. 

 
Figure  II-4: Photos des éprouvettes de fatigue à faible (à gauche) et à grand nombres de cycles (à droite) brutes (en haut) 

et usinées et polies (en bas)  

Fatigue à grand nombre de cycles Fatigue oligocyclique

As-built

Usinée + 
polie

[Chastand et al. (2018) Mat. Char., in press][Li et al. (2016) IJF]



Crack initiation mechanisms and « defects »
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Small internal
defects

Unmelted
zones

Surface
defects

[Gilbert and Piehler (1993) Met Trans]

𝛼-phase cluster? See GP (1993)



Critical defects
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Number of cycles to failure 

SLM-Z-relaxed-polished 

SLM-Z-relaxed-as-built 

SLM-X-Y-relaxed-polished 

SLM-Z-HIP-polished 

EBM-Z-polished 

EBM-Z-as-built 

EBM-X-Y-polished 

EBM-Z-HIP-polished 

n Surface defects > Unmelted zones > Small internal defects

[Chastand et al. (2018) Mat. Char., in press][Gunther et al. (2017) IJF]



Critical defects
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n Surface defects > Unmelted zones > Porosities

[Chastand et al. (2018) Mat. Char., in press]



Critical defects
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n Surface defects > Unmelted zones > Porosities

[Chastand et al. (2018) Mat. Char., in press]

Fig. 7. influence of the defects on the lifetimes obtained for both EBM and SLM processes.

A green point corresponds to a crack initiation on a surface defect, a pink one, on a lack of

fusion zone and a yellow one, on porosities.

Surface Internal unmelted zones Small internal defects

As-built 10 0 3

XY and Z polished 4 25 12

HIP-polished 5 0 10

Table 4

types of defect conducting to crack initiation (surface, internal unmelted zones, small in-

ternal defects) associated to the post-treatment parameters (as-built, XY and Z polished,

HIP-polished) whatever the process (SLM, EBM).

must be relativised when sub-surface or internal defects (as porosities or unmelted

zones) are present as in the present case or also in the case of casting process (as

porosities or shrinkages) [33].
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Fatigue of Ti-6Al-4V alloy produced
by EBM and SLM

n Pores:
n size
n shape : « porosities » vs « unmelted zones »

n  and position regarding:
n the surface : « surface defects »
n the other pores (cluster)

n Crack initiation and propagation at the microstructure scale?
n What can we learn from other processes?

!15



Outline

n Fatigue and Additive Manufacturing:
n Fatigue : lifetime, crack initiation mechanisms
n Some specificities of AM (micro)structures

n Fatigue of Ti-6Al-4V alloy produced by EBM and SLM
n Effects of some process parameters
n Crack initiation mechanisms

n What can we learn from other processes: 
n Some lessons from casting process

n Conclusions and prospects

!16



Some lessons from casting process

n Casting process / Additive Manufacturing : similarities
n Solidification microstructures (but at different rates:  AM > Casting)
n Grains and porosities
n Residual stresses (thermal gradients)
n « Shrinking » vs « Unmelted zones »

!17
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Type of defects observed 

250 µm 500 µm

Types of defects: Porosities on sub surface, surface defects (emerging), unmelted 
zones (both directions) 

Z direction Z direction 

Unmelted zone Unmelted zone 



Fatigue of cast aluminum alloys: in-situ tests
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• Displacement controlled 
• Rσ=0.1 (tensile-tensile) 
• Freq.=1Hz 

[Lachambre, 2013] 

D
etector 

X-rays	

Halogen furnace 

At 20°C 

At 250°C 

20 mm 

~2×2mm 

Representative specimens 

Loading conditions 

[Dezecot et al. (2016) Scripta Mat.]



Crack initiation mechanisms: pores and shrinkage

!19

Tomographic slice and 3D 
rendering of Von Mises strain field 

after 2c. 

3D rendering of Von Mises strain 
field and crack 2 after 10500c. 

Elastoplastic FE 
computation 

pore 

crack 

650 µm 

crack 

n Crack initiation:
n biggest pores or shrinkage, close to the surface, cluster effect
n quite similar as Additive Manufacturing
n CT-Tomography and in-situ tests in AM? And crack growth?

[Dahdah et al. (2016) Strain]



Outline

n Fatigue and Additive Manufacturing:
n Fatigue : lifetime, crack initiation mechanisms
n Some specificities of AM (micro)structures

n Fatigue of Ti-6Al-4V alloy produced by EBM and SLM
n Effects of some process parameters
n Crack initiation mechanisms

n What can we learn from other processes: 
n Some lessons from casting process

n Conclusions and prospects
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Conclusions

n Microstructure and damage:
n as-built structures not acceptable in fatigue: post-

treatments (roughness, residual stresses, porosities)
n damage depends on:

n geometrical gradient (notch effect)
n building direction
n microstructure gradient (surface / bulk)
n residual stresses (or relieved)
n distribution of size and shapes of pores or defects, location, cluster effect

n Porosities: probability to find the biggest defect in the more 
critical zone

!21



Prospects:
towards probability of failure

n Failure probability: 
n Feret diameter or apogee of equivalent ellipse from porosities 
n Probability distribution: lognormal or exponential
n Optimization method: maximum likehood or least-square minimization

!22
Failure probability

[Charkaluk et al. (2014) Int. J. Fat.]



n Multi-materials, repaired structures:
n fatigue and interfaces?
n fatigue with gradient of microstructures?
n fatigue tests: specimen geometry? Loading?

!23
316L by Clad Wrought 316L

https://www.mmsonline.com/

Prospects:
repaired structures, multi materials

[PhD Y. Balit, under progress]



n From structure to microstructure

!24
[Balit et al. (2018) EMMC conference]

Prospects:
repaired structures, multi materials



n Fatigue of lattices: an open-problem!
n Representative Elementary Volume?
n Fatigue specimen and loadings?
n Metrology (strains, stresses, …)
n Damage initiation and growth: 

instabilities?

!25 [Wu et al. (2017) Mat Design]
mixed phases. The microhardnesses of the struts with α′-martensite
and α + β mixed phases were 403 HV and 324 HV, respectively, as
shown in Section 3.2. Accordingly, the improvement of the fatigue life
and endurance ratio after HIP could be predominantly attributed to
the microstructural transformation from brittle α′-martensite to tough
α+ βmixed phases. The tougherα+ βmixtures could provide fatigue
crack blunting and thereby improve fatigue performance.

In conclusion, combining a new structure design and proper heat
treatment effectively improved the fatigue endurance ratio to 0.55,
which is comparable to the endurance ratio at 106 cycles of solid T-
6Al-4V and other Ti-based alloys [32–36]. This high fatigue endurance
ratio could broaden the application of AM Ti-6Al-4V lattice and other
porous metallic materials in the future.

4. Conclusions

1. Themicrostructures of SLMandHIP lattices are composed ofα′-mar-
tensite and lamellar α + β phases, respectively. An HIP process at
1000 °C/150 MPa decreases the microhardness by 20% and the
yield strength by 30% due to the microstructural change.

2. The fatigue fracture occursmacroscopically along a direction inclined
at ~45° to the stress axis in both the SLM and HIP specimens. The
connection node of the unit cell or the region near the connection

node is responsible for the fatigue fracture because the loading is de-
livered from the various connecting struts to the connection node.

3. The HIP treatment can obviously improve the fatigue strength and
endurance limit at 106 cycles. This phenomenon can be mainly as-
cribed to the microstructural transformation from brittle α′-mar-
tensite to tough α + β mixed phases after HIP. The tougher α + β
mixture can result in fatigue crack blunting and improve fatigue per-
formance. Moreover, the fatigue endurance ratio of the HIP lattice is
as high as 0.55.

4. According to the X-ray CT analyses on the sandwiched specimens, no
pores could be found at the interface between the middle porous

Fig. 7. The progress of fatigue failure in the SLM Ti-6Al-4V lattice under a maximum fatigue stress of 50% yield strength.

Fig. 8. The fatigue strain of the SLM Ti-6Al-4V lattice as a function of stress cycle under a
maximum fatigue stress of 50% yield strength. Fig. 9. The fatigue fracture surfaces of (a) the SLM lattice and (b) the HIP lattice.
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size (D50) of this raw powder was 34 μm, as measured by laser light
scattering particle size analyzer (Mastersizer 3000E, Malvern Instru-
ments LTD., Worcestershire, UK), and the other powder characteristics
can be found in a previous study [24]. The sandwiched specimens
were fabricated with an SLM apparatus (SLM 250 HL, SLM Solutions
GmbH, Lübeck, Germany) under a protective atmosphere of argon. To
decrease the porosity in the strut of the lattice, SLM parameters for
high-density Ti-6Al-4V alloy, recommended by SLM Solutions GmbH,
were used in this study to fabricate the specimens. The laser power
and the scan velocity were 225W and 658mm/s, respectively. A hatch-
ing spacing of 120 μm and a layer thickness of 50 μm were used. The
scanning strategy was the rotation of the scanning direction by 75° in
each successive layer. All previous processing conditions were kept
the same for all specimens. Furthermore, to clarify the effect of HIP on
the porosity and mechanical performances of the new lattice structure,
some SLM samples were also HIPed at 1000 °C/150 MPa for 1 h, follow-
ed by furnace cooling, in a hot isostatic press made by Avure Technolo-
gies. The pressurized gas during HIP was argon.

To characterize the porosity of the sandwiched specimens, X-ray
computed tomography (CT, METROTOM 800, Carl Zeiss Industrielle
Messtechnik GmbH, Oberkochen, Germany) was utilized. During CT
tests, the specimens were rotated around the z-axis at 360° for 1200
two-dimensional projections so that a three-dimensional image of the
specimen could be reconstructed. The exposure time for each direction
was 800ms. The acceleration voltage and current of the X-raywere 130
KV and 100 μA, respectively. To capture useful information in a reason-
able time frame, the voxel size used was 21 μm. The data were subse-
quently analyzed in the VG Studio MAX 2.2 software. The SLM and HIP
samples for metallographic analysis were ground, polished, and then
etched with an etchant composed of 5 mL HF, 25 mL HNO3, and 50 mL
distilled water. The etched specimens were examined under an optical
microscope. A Vickers microhardness tester (MMX-T, MATSUZAWA,
Tokyo, Japan) was also used to measure the microhardness of the
strut in the SLM and HIP specimens.

Tomeasure the yield strength, the uniaxial compression testwas ex-
ecuted using a material testing machine (HT-9510, Hung Ta Instrument
Co., Taiwan) at a compression rate of 0.125 mm/min. The compression
fatigue propertywas examined using a dynamic fatigue testingmachine
(EHF-EM100kN-10 L) with a Shimadzu 4830 Servo Controller as per
ASTM standard E466. The fatigue tests were performed under a sinusoi-
dal loading wave, and the stress ratio (R) and working frequency were
0.1 and 10 Hz, respectively. Stress-Number (S-N) curve and the fatigue
strength at 106 cycles were thus obtained. The maximum compressive
stresses of the fatigue test were between 15% and 80% of yield strength.

The criterion for fatigue failure was 5% strain. The fatigue fracture sur-
faces of the SLM and HIP samples were analyzed under a scanning elec-
tron microscope (SEM, JSM-6510, JEOL, Tokyo, Japan). Furthermore, in-
situ fracture observation was also performed using an image recording
system to understand the evolution of the fatigue fracture.

3. Results and discussion

3.1. Lattice analysis

Fig. 3 shows the CT scans of the sandwiched SLM andHIP specimens.
The results indicate that minor pores were present in both the upper
and lower solid layers and the middle lattice layer of the SLM samples.
Large disc-shaped defects could be observed in the SLM Ti-6Al-4V
solid layers. This kind of defect has recently been revealed in high-
density SLM alloys, including Ti-6Al-4V, Al-10Si-Mg, and 316L stainless
steel [24–27]. The strut porosity in the SLM lattice was 0.0101 vol%.
However, after HIP at 1000 °C/150 MPa, the porosities in the solid and
porous layers of the sandwiched structure both decreased due to the
densification effect of HIP, as displayed in Fig. 3(b). The strut porosity
fell below 0.001 vol%. The closed pore in the open-cell lattice could be
eliminated by HIP.

On the other hand, minor small pores existed near the interface be-
tween the upper solid and middle porous materials, even after HIP
treatment, as shown in Fig. 3(b). In contrast, after HIP, no pores could
be found near the interface between the middle porous and lower
solid materials. To illustrate the difference between these two inter-
faces, detailed CT analyses on the two types of interfaces of theHIP spec-
imen are displayed in Fig. 4. Fig. 4(a) shows that the interface between
the upper solid and intermediate porous materials was undulate, and
minor pores could still be found near the interface. Moreover, the inter-
face between the intermediate porous and lower solid materials was
straight and free of pores. This discrepancy could be attributed to the
difference in the supporting effect near the porosity transition area.
The middle porous lattice was built on the bottom solid material,
which provided a better support effect due to its high density. In con-
trast, the top solid material was built on the middle lattice. The support
effect of the porous lattice was inferior and thus led to the formation of
defects during SLM. Consequently, more pores were generated near the
interface between the top and middle layers, as can be clearly seen in
Fig. 4(a). The fabrication of porosity-graded lattice and other special
pore architectures should take into consideration the support effect of
the bottom layer in the future.

3.2. Microstructure

The microstructures of porous Ti-6Al-4V alloy in the SLM and HIP
conditions are shown in Fig. 5. Fig. 5(a) shows the yz cross-section,
which reveals columnar grains having long axes almost parallel to the
building direction of the z axis. These elongated structures arose from
the prior β columnar grains formed during the solidification stage of
the liquid and were retained to room temperature [4,28]. Moreover,
the cooling rate after the SLM process is as high as 1000 °C/s [28]. At
this cooling rate, β phase will directly transform to α′-martensite
phase with an acicular appearance, and the acicular α′-martensite was
distributed within the columnar structure. The previous structural fea-
tures have been extensively reported in the SLM high-density Ti-6Al-
4V alloy [24,28–31]. In contrast, after HIP at 1000 °C/150 MPa, the co-
lumnar feature was replaced by an equiaxed one, as displayed in Fig.
5(b). During the heating and holding stage of HIP, the α′-martensite
phase gradually transformed back to the β phase, and the previous co-
lumnar β grains were converted to equiaxed β grains. After furnace
cooling from the HIP temperature, a fully lamellar α + β structure
was generated from the β phase. These results show that the micro-
structural anisotropy can be effectively eliminated by HIP at 1000 °C.
In addition, themicrohardnesses of the struts in the SLMandHIP lattices

Fig. 2. The three-layer architecture of the SLM specimen for mechanical tests.
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n Fatigue of lattices: an open-problem!
n Microstructure? Roughness?
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[Tancogne et al. (2016) Acta Mat]

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
2ð1 þ 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.
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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.
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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.
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