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Abstract Fatigue and crack growth characteristics
are essential cyclic properties of additively manufac-
tured (AM) components for load-bearing applications,
which are less reported in the literature than static
properties. The fatigue behaviour of AM components
is more complicated than those produced by conven-
tional fabrication techniques (casting and forging)
because of the multiplicity of different influencing
factors like defect distribution, inhomogeneity of the
microstructure and consequent anisotropy. Therefore,
it is crucial to understand fatigue performance under
different loading conditions to enhance AM applica-
tion in aerospace, automotive, and other industries.
The present work summarises the published literature
for fatigue properties of popular metals (Ti—6A14V,
Al-Si—Mg and stainless steels) produced by the laser
powder-bed-fusion (L-PBF) process. Moreover, pro-
cess parameters, post-processing treatments and
microstructures of these alloys are discussed to
evaluate the current state-of-the-art of fatigue and
crack growth properties of L-PBF metals. The static
properties of these alloys are also included to incor-
porate only those cases for which fatigue behaviour
are discussed later in this review to make a correlation
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between the static and fatigue properties for these
alloys. The effects of build orientation, microstructure,
heat treatment, surface roughness and defects on
fatigue strength and fatigue crack growth threshold are
observed and critically analysed based on available
literature. This study also highlights the common and
contrary findings in the literature associated with
various influential factors to comprehensively under-
stand the cyclic loading behaviour of L-PBF produced
metal alloys.
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1 Introduction

Additive manufacturing (AM) is a new and emerging
technique that has the potential to produce complex
and customised high strength products directly from
three-dimensional CAD models. AM is primarily a
layer by layer process, which the ASTM has defined as
“a process of joining materials to make objects from
3D model data, usually layer upon layer, as opposed
to subtract manufacturing methodologies. Synonyms:
additive fabrication, additive processes, additive
techniques, additive layer manufacturing, and free-
dom fabrication” (Alcisto et al. 2011).
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This technology was introduced in the early 1980s
in Japan by Kodama (Kodama 1981), who invented
the 3D polymerisation process, which is known today
as stereolithography. Almost ten years later, E. Sachs
et al. (Sachs et al. 1990) successfully printed a 3D
building with all its attributes using their novel
process. Since then, machines have been improved
continuously and employed to develop products of
enhanced functionality and often great complexity.

Today an increasing number of manufacturing
companies use AM because it can dramatically
shorten fabrication time and cost due to the elimina-
tion of production and assembly steps and also reduce
the material waste and environmental impact com-
pared to conventional processing. Although AM
metals have benefits over casting, the AM technolo-
gies are still associated with the inevitable presence of
processing defects such as pores, lack of fusion pores,
cracks and impurities, and can lead to a build-up of
residual stresses (Li et al. 2018). Several other factors,
such as raw material characteristics, chemical com-
position, powder density distribution, process param-
eters, and post-processing, affect the resultant part
properties (Mahmoudi et al. 2017). Furthermore,
additive manufacturing (Appleyard 2015) transforms
powder materials into solid geometries (components)
at high solidification rates, which affects the
microstructure of the deposited material and hence
the mechanical properties. Although extensive
research effort has been directed to characterise the
AM parameters, the uncertainty of the load-bearing
properties of 3D printed structures is still a challenge,
yet to be fully addressed for different AM processes
(Frazier 2014; Sterling et al. 2016).

Various AM techniques are available depending
upon the material to be fabricated and the mechanism
of layer formations. However, this review only focuses
on the metal alloys produced by Laser Powder Bed
Fusion (L-PBF) (Frazier 2014), often also called
Selective Laser Melting process (SLM) (SLM Solu-
tions GmbH). L-PBF produces complex-shaped com-
ponents with several structural alloys to meet the
requirements in different fields, such as aerospace,
automotive, and biomedical applications (Herzog
et al. 2016).

With the advancement of AM techniques, many
researchers have paid attention to understanding the
effects of different factors on the mechanical and
microstructural properties of AM materials. The
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majority of the work has focused on the static
mechanical (tensile/compression) properties of the
popular AM alloy, Ti-6Al-4V alloy (Daniewicz and
Shamsaei 2017; de Formanoir et al. 2016; Gong et al.
2015; Lewandowski and Seifi 2016; Qian et al. 2016;
Rafi et al. 2013a; Simonelli et al. 2014). Only a few
studies have concerned with other AM alloys, such as
AlSi10Mg (Brandl et al. 2012; Read et al. 2015;
Siddique et al. 2017) and stainless steel (Rafi et al.
2013b; Spierings et al. 2011). In general, most AM
materials and processes outperform their conventional
counterparts in terms of static strength (Buchbinder
et al. 2011; Herzog et al. 2016). This is because of the
finer microstructure from L-PBF generated by the
rapid melting and cooling process (Brandl et al. 2012).
However, porosity and defects are often unavoidable
features of bulk AM fabricated parts. The presence of
pores does not reduce the stiffness or the yield strength
(Read et al. 2015). However, it can act as a crack
initiator under cyclic loading, thus reduce the fatigue
strength by about 40-50% (Gong et al. 2015; Leuders
et al. 2013). Furthermore, fatigue failure of AM metals
is more complicated than conventional fabrication
because of the involvement of different influencing
factors, for example, the inhomogeneous microstruc-
ture and varying pore size and orientation with the
change in process parameters (Cao et al. 2018).

The presence of various AM defects and
microstructural inhomogeneities is affected by the
processing parameters. Furthermore, the presence of
residual stress and surface roughness may cause
degradation in material properties. Therefore, this
review aims to interpret the change in mechanical
properties for different AM parameters and post-
processing treatments. The static failure mechanisms
are always a fundamental matter of interest, and
therefore, has been reviewed (Agius et al. 2018; Bai
et al. 2017; Herderick 2011; Trevisan et al. 2017,
Zhang et al. 2017) by a number of researchers for AM
alloys. Therefore, this work will focus more on fatigue
and fatigue fracture behaviours of AM produced
alloys, particularly for the L-PBF process.

In recent years, the fatigue and fatigue failure
behaviour of AM alloys have become a focal point
(Cao et al. 2018; Gorsse et al. 2017; Lewandowski and
Seifi 2016; Yadollahi and Shamsaei 2017). To date,
there have been some reports on the fatigue properties
of Ti-6A1-4V (Agius et al. 2018; Frazier 2014; Gorsse
et al. 2017; Li et al. 2018; Saboori et al. 2017; Tong
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et al. 2017; Yadollahi and Shamsaei 2017), but fewer
on Al-Si-Mg (Aboulkhair et al. 2019; Trevisan et al.
2017) and steels (Afkhami et al. 2019). In a review,
Herzog et al. (Herzog et al. 2016) have reported the
overall static and fatigue strength of AM materials
while Cao et al. (Cao et al. 2018) and Tong et al. (Tong
et al. 2017) summarized the quantitative understand-
ing of the fatigue behaviour in particular for Ti-6Al—
4V alloy. Yadollahi and Shamsaei (2017) provided an
overview of the fatigue characteristics of AM mate-
rials. Other articles (Aboulkhair et al. 2019; Trevisan
et al. 2017; D. Zhang et al. 2018a, b, c) have studied
the state-of-the-art Al alloys produced via L-PBF
processes, considering the effect of various factors on
the microstructure and mechanical behaviour. The
limited data available for fatigue and fracture tough-
ness of AM produced metals leads to uncertainty in the
durability assessment of AM parts. Therefore, it is
imperative to have a thorough understanding of the
fatigue behaviour of additively manufactured alloys to
improve the reliability of AM fabricated parts.

In this context, this review aims to focus on the
currently available fatigue, and fatigue crack growth
data of L-PBF produced common alloys, namely
titanium (Ti—6A1-4V), aluminium (Al-Si-Mg) and
stainless steels (316L, 17-PH), to draw up a state-of-
the-art portrait of the present literature. This review
also intends to analyse the effects of heat treatment,
microstructure and anisotropy on the overall mechan-
ical fatigue behaviour to identify the current knowl-
edge limitations. An organizational structure of this
study is included in Fig. 1.

2 Additive manufacturing (AM)

The basic principle of an AM system is to generate a
3D computer CAD model of a component and then
print it using a layer by layer process by melting
powder or wire feedstock. There are many AM
technologies available commercially which have their
advantages and disadvantages associated with the
intended application. In this section, AM technologies,
process parameters and microstructure will be dis-
cussed to correlate the effect of these factors on the
fatigue of various metal alloys (Edgar and Tint 2015;
Frazier 2014; Herzog et al. 2016).

2.1 Types of additive manufacturing

Additive manufacturing processes can be categorised
in several ways depending upon the material to be
fabricated and the mechanism in which the layers are
developed. Frazier (Frazier 2014) has divided the AM
system into three board categories as (i) powder bed
systems, (ii) powder feed systems and, (iii) wire feed
systems.

Powder bed fusion (PBF) system can fabricate
complex parts with a higher degree of freedom by
directly melting powder metal (Kruth et al. 2005) and
has gained popularity in producing light-weight parts
(Maskery et al. 2015b) and functionally graded
material (Maskery et al. 2016a). PBF has three steps:
uniform deposition of powder on the bedplate from a
hopper or a powder reservoir to create a thin layer, the
exposure of an energy source onto the bed to locally
melt the powder, and finally lowering the build plate to
rake another layer of powder when the first layer is
completely solidified. These steps continue until the
completion of designed metal parts (Van der Schueren
and Kruth 1995). Based on the energy source used, the
powder bed fusion system is further be classified into
two categories: Laser powder bed fusion (L-PBF) and
Electron beam powder bed fusion (E-PBF).

Both L-PBF (EOS Electro Optical Systems GmbH,;
Trumpf GmbH) and E-PBF have the same basic
operational principles; however, E-PBF uses an elec-
tron beam (Murr et al. 2010, 2012a) as the energy
source instead of a laser beam (Concept Laser GmbH)
as used in L-PBF. L-PBF requires an inert gas
atmosphere to ensure that the residual oxygen content
is no more than 0.1% (Attar et al. 2014). Nitrogen or
argon is fed into the chamber to protect the metal
powder from oxidation and to carry away any by-
product spatter from the main part (Ferrar et al. 2012).
On the contrary, for the E-PBF process, the opera-
tional environment is a vacuum (< 107 Pa) to avoid
any electron charging as well as to enhance the heat
conduction process (Murr et al. 2012a).

In contrast to PBF system, powder feed systems or
laser direct energy deposition (L-DED) systems use
nozzles to feed the powder into the work surface.
L-DED enables large volume scale production at a
higher built rate. Two different systems of L-DED are
possible, one in which the work part is stationary while
the deposition head moves for each layer of the build.
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Additive manufacturing

Types Processing Microstructure Defects
L-PBF
7 Mechanical Properties
Static tensile . :
B Fatigue properties Effect of porosity
Effect of surface roughness
Effect of post processing heat
Fatigue of L-PBF Ti-6Al-4V 1 treatment
Axial fatigue Effect of processing
behaviour parameters
Effect of post processing heat
Fatigue of L-PBF AlSiMg — treatment
Effect of build orientation

Fatigue of L-PBF Steel

Fatigue crack growth | |

behaviour Crack growth rate

Fig. 1 Organizational structure of the review

In the other type, the deposition head remains
stationary with a moving workpiece (Frazier 2014).

Wire feed system, also known as Laser beam free-
form fabrication, is a modified version of the powder
feed system in which the wire is used as a feedstock
instead of powder (Frazier 2014). The energy source
for this process can be an electron beam, laser beam or
plasma arc. The wire feed process is suited to a large
build volume; however, it requires more rigorous and
careful post-processing than PBF or DED.

Among all these AM technologies, L-PBF is
popular with the automotive and aerospace industry;
therefore, it will focus on this review.
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‘— Crack growth threshold

2.2 AM process parameters

Both powder properties and machine parameters
influence the microstructure and mechanical proper-
ties of AM parts (Das 2003; Louvis et al. 2011;
Sercombe and Li 2016). In metal powder-based
processes, the powder morphology, particle size,
chemical composition and thermal conductivity are
crucial to the success of the AM process. Moreover, to
achieve high-density bulk material, good flowability
of particles is required, which maintains homogeneity
while spreading over the bed. Spherical powder leads
to better packing density than irregular powder
particles, as the flow time is reduced (Dawes et al.
2015; Olakanmi 2013).
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The machine parameters such as laser power, scan
speed, hatch spacing, and layer thickness significantly
influence the final AM part. These parameters con-
tribute directly to the part density (Gu 2015), phase
stability, anisotropy and microstructure (Ahn et al.
2002; Shamsaei et al. 2015). By varying process
parameters, an optimal energy range can be found
relative to the machines and alloys to be printed (Leary
et al. 2018; Meier and Haberland 2008; Yadroitsev
et al. 2007).

The laser scanning strategy (scan vector length and
rotation) is a geometrical pattern that the beam follows
during the powder melting process. The commonly
adopted strategies are single melt (with different scan
rotation) and chessboard, as illustrated in Fig. 2.
Scanning strategy may affect the residual stress
generation, porosity formation, anisotropy behaviour,

and mechanical properties (Aboulkhair et al. 2016b;
Ali et al. 2018; Carter et al. 2014; Spierings et al.
2011).

Build orientation of parts in the build plate (Fig. 3)
affects the microstructural direction, defects and
consequently, mechanical properties (Kimura and
Nakamoto 2016; Read et al. 2015; Yadollahi et al.
2017).

Build platform heating is another crucial parameter
for the L-PBF process. Pre-heating of the platform
reduces the thermal gradient between the layers, thus
providing a relatively low cooling rate. Therefore,
elongated dendrites can be observed for pre-heated
samples as it allows more time in the solidification
process (Siddique et al. 2017). Pre-heating also
reduces residual stress and cracking (Kempen et al.
2013).

Strategy 1 Strategy 2 Strategy 3
Ch9a0r;’ge\‘ TBuiIding directicn Chi7n°ge\‘ BL;iId\ini dlriction Cl'lmjg;e y Building dirfction
y - >/
4 Z - Z N
Z Z Z
//
90° Building directi 79° Building directi =T =
Change\‘ uilding direction Change\~l uilding direction M = HHZH‘E
={MET
= - M=
Z 7 ==
Strategy 4 Strategy 5 Chessboard

Fig. 2 Scanning strategies in AM process (Agius et al. 2018)

Fig. 3 Build orientations:
a horizontal (0°), b diagonal
(45°), and c¢ vertical (90°)
(Brandl et al. 2012)

/]y )X
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The machine parameters used to produce the
fatigue samples discussed in this study are listed in
Table 1.

2.3 Microstructure characteristics

In AM, the material undergoes a complex thermal
cycle which includes a large number of rapid melting
and subsequent solidification processes. The
microstructure of AM processed material is, therefore,
aresult of this thermal process, which is more complex
to analyse in comparison with cast material (Gong
et al. 2014a, b). Moreover, different AM methods use
different operating parameters—Ilaser energy, layer
thickness, energy density and preheating temperature,
which also influence the microstructure. The evolution
and effect of microstructure on the mechanical
properties are discussed in the following sections for
AM produced Ti, Al and Steels.

2.3.1 Microstructure of L-PBF Ti—6Al-4V

The typical microstructure for wrought Ti—-6A1-4V
has a globular o phase with o + [ matrix, as shown in
Fig. 4a. However, AM microstructure looks quite
different and is affected by the process parameters,
post-processing heat treatment and types of AM
methods (Kasperovich and Hausmann 2015; Murr
et al. 2012b; Qiu et al. 2013). In the case of the L-PBF
processing, acicular o’ martensitic (Fig. 4b) and
columnar prior  grain boundaries are commonly
found (Chen et al. 2017; Qiu et al. 2013; Simonelli
et al. 2014; Xu et al. 2015). Columnar J grains are
parallel to the build direction, as a result of the high
thermal gradient and high cooling rate in the AM
process. EBSD maps in Fig. 4d and e show o’ phase
and reconstructed 3 phase, respectively, for L-PBF Ti-
6Al-4V, where z indicates the build direction. The
grain size of this martensitic o’ depends on the thermal
cycle and reheating process. With a change in
processing parameters to control the thermal condi-
tions, the microstructure can be either martensitic o’ or
lamellar o/f (Xu et al. 2015).

The transformation of martensitic to lamellar
microstructure can be achieved by either post-heat
treatments or preheating the build plate (Ali et al.
2017; Greitemeier et al. 2017; Kasperovich and
Hausmann 2015). A metastable martensitic phase of
Ti associated with rapid cooling in the L-PBF process
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reduces the ductility of the material (Dallago et al.
2018), however, provides better fatigue strength. On
the other hand, higher fracture toughness and a
reduction in fatigue growth rate can be achieved by
alamellar o + B microstructure (Liitjering 1998). The
lamellar microstructure causes coarsening of grain
structure. This may lead to a reduction in fatigue
performance and yield strength. However, Kasper-
ovich and Hausmann (2015) have shown that lamellar
microstructure obtained at a high temperature (around
900 °C) can regain the typical martensitic Ti proper-
ties (high tensile and fatigue strength), similar to
globular microstructure but with elongated columnar
grain as shown in Fig. 4c.

The microstructure formation in Ti-alloys is also
controlled by process parameters (Xu et al. 2015; Zhai
et al. 2015) and build orientation (Agius et al. 2017).
Agius et al. (2017) found a coarser of martensitic
structure for horizontal build (0°) samples, while
diagonally (45°) and vertically (90°) orientated sam-
ples showed ultrafine of martensitic microstructure.
The position of samples on the build plate along with
the variation of gas flow (hence thermal conditions) is
the reason for the formation of ultrafine o martensitic
microstructure. Both the static and cyclic strengths are
found to be higher for diagonally orientated samples
attributed to the formation of fine microstructure and
their uniform distribution in coarse o’ martensite. This
supports the finding of Wu et al. (Wu et al. 2013), who
revealed that higher crack initiation resistance and
improved fatigue strength is associated with finer
grain sizes. However, the fine microstructure also
allows rapid crack propagation, thus increasing the
crack growth rates. This means a longer crack growth
duration will be enabled by a course lamellar
microstructure for Ti-alloy. This is supported by a
work of Agius et al. (2018) on Ti-alloys, whereby it
has been suggested that a fine lamellar microstructure
(with o lamellae width less than 1 pm) delays crack
initiation of pores under cyclic loading, whereas
course lamellar reduces crack growth rates.

2.3.2 Microstructure of L-PBF Al-Si-Mg

Traditionally cast AlSi10Mg alloy forms a homoge-
nous mixture of primary o-Al and eutectic Al-Si
structure with coarse Si particles, as shown in Fig. 5a.
In contrast, in L-PBF, cellular dendrites of a-Al with
eutectic Si network at the boundaries is found
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Fig. 4 Microstructure of Ti-6Al-4V: a globular o + B
structure of wrought processing, b L-PBF acicular o (fully
martensitic) structure, ¢ L-PBF lamellar (o 4+ B) structure

- d

5 = 2
L Ree Pld

Fig. 5 Microstructure of Al-alloys: a cast AISilOMg alloy
(Takata et al. 2017), b L-PBF AISilOMg alloy at low
magnification, ¢ high magnification image showing HAZ

(Trevisan et al. 2017). The fast cooling rates in L-PBF
enhances the solubility of Si in Al, and the excess Si
accumulates along the cellular grain boundaries yield-
ing a fine microstructure (Prashanth et al. 2014a).
Figure 5b shows the visible laser tracks in L-PBF Al-
12Si alloy. The microstructure of L-PBF Al-alloy is not
uniform for the whole cross-section, preferably with a
transition from fine to coarse cellular dendrites along
the heat-affected zone, as shown in Fig. 5c. The fine
cellular eutectic region is found in the as-built samples
due to fast cooling while boundaries of the melt pools
have coarse microstructure for slow cooling rate (Awd
et al. 2017; Liu et al. 2019). The average sizes of Al
dendrites and Si particles are around 500-1000 nm and
200 nm (Prashanth et al. 2014a) respectively, for
L-PBF fabrication which is very fine compare to
conventional casting. The fine microstructure of the as-
built Al-alloy due to rapid cooling leads to high
hardness, yield and tensile strength.

Solution heat treatment defuses Si into spheroid
type particles (Fig. 5d); removing the heat affected
zone and makes the structure more homogenous

250 pm

(Kasperovich and Hausmann 2015), EBSD map of Ti-6Al-4V
d o phase, e reconstructed 3 phase (Neikter et al. 2019)

(horizontal cross-section) (Kong et al. 2019), d spheroids of Si
particle after T6 in A1Si10Mg (no visible laser tracks) (Fousova
et al. 2018)

(Brandl et al. 2012; Uzan et al. 2017). Heat treatment
reduces the anisotropy in the microstructure. The
spherodization of eutectic phase is also observed for
specimens built with base plate heating. Base plate
heating results in a higher average width of dendrites
compared to those built without base plate heating
(Siddique et al. 2015), which in turn increases the
fatigue strength but causes a decrease in hardness and
tensile strength (Siddique et al. 2017). The crack
growth propagation rate is also less for base plate
heated specimens due to elongated dendrites. Heat
conduction is higher in the build direction; therefore,
more elongated grains are observed along with the
build direction (Kimura and Nakamoto 2016; Tan
et al. 2015).

2.3.3 Microstructure of L-PBF steels
The most common types of steel that are 3D printed
are 316L and 17-PH steel. Unlike conventional

processes, a finer and elongated microstructure is
found in AM steel parts due to the high cooling rate

@ Springer
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(Jagle et al. 2014; Kempen et al. 2014). Melt pool
boundaries are easily visible (Fig. 6a) for almost all
AM steel parts (Gu et al. 2013; Mower and Long 2016;
Sun et al. 2015; Zheng et al. 2008) which may contain
non-metallic elements like C, O and Si (Shifeng et al.
2014). Coarsening of the microstructure happens in
the part which is away from the build plate, owing to a
reduction of the temperature gradient.

AM 316L steel forms equiaxed grains at the melt
pool with dendritic columnar structure around the
boundaries, as shown in Fig. 6b. EBSD map, as in
Fig. 6¢c, shows the crystal orientation of 316L in the
build direction. The white arrows indicate orientation
gradient in the same grain in case of L-PBF 316L. Like
316L, L-PBF 17-PH steel has a microstructure with
visible melt pool and large (columnar) grains along the
melt pool boundaries, as in Fig. 7a. However, heat
treatment makes the laser track invisible (Fig. 7b). The
microstructure for 316L steel can be 100% austenitic
for an as-built condition. On the other hand, typical
martensitic steels such as 17-PH can have a certain
amount of retained austenite between the martensitic
phase (Facchini et al. 2010; LeBrun et al. 2015).

The above fact demonstrates that microstructure is
an essential feature of AM processed metals, highly
affected by processing and post-processing parame-
ters. This change influences both the static and cyclic
mechanical behaviour of the parts fabricated by AM,
which will be discussed more in Sects. 3 and 4.

2.3.4 AM defects and formation

One of the fundamental challenges of AM is the
generation of various inhomogeneities and defects

during the fabrication process (Gu and Shen 2009; Lee
and Farson 2016; Li et al. 2012; Sola and Nouri 2019;
Yang et al. 2018; Zhang 2013; Zhao et al. 2009).
Almost all AM processes produce internal defects that
may be acceptable but within a tolerable limit based on
the product’s mechanical performance requirement.

The most commonly observed AM defect is bulk
porosity (Banerjee et al. 2005; Frazier 2014; Sola and
Nouri 2019). The formation of AM porosity is strongly
affected by variations in the process parameters
(Buchbinder et al. 2011), and can occur from a
number of sources (Ng et al. 2009), as shown in Fig. 8.
Both powder properties (Liu et al. 2011) and machine
parameters (Gu and Shen 2009; Khairallah et al. 2016;
Thijs et al. 2013) influence the formation of pores,
their size and density. Powder properties, e.g., size,
density and composition, are other fundamental fac-
tors controlling the defects of AM metal (Ahsan et al.
2011; Liu et al. 2011; Zhang et al. 2017). Contami-
nations of moisture, gases and organics in the powder
hinders the densification process and leads to pore
formations (Weingarten et al. 2015).

Metallurgical pores also referred to as gas pores,
(Weingarten et al. 2015) are usually spherical in shape
and less than 100 pum in size (Yang et al. 2018; Zhang
et al. 2017). Gas pores form due to the presence of
moisture on the surface of the powder feedstock
leading to H, absorption in the melt (Gong et al.
2014a, b; Weingarten et al. 2015). The irregular
shaped pores found in AM parts can be identified as
key-hole or Lack of fusion pores (LOF), formation of
which is more controlled by energy density input
(Shrestha et al. 2019). A very high energy density
(exceeding boiling point) within the melt pool leads to

Fig. 6 L-PBF fabricated 316L steel a optical microscope image, b secondary electron image showing cell structure, ¢ EBSD map
showing grain orientation along the build direction (Godec et al. 2020)
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Fig. 7 L-PBF 17-PH steel a as-fabricated, b after heat-treatment (Mahmoudi et al. 2017)

Fig. 8 a Entrained gas Metallurgical pores

porosity in L-PBF
AlSil0Mg, b Lower key-
hole pores at slow scan
speed and ¢ higher number
of keyhole pores at fast scan
speed in L-PBF AlSil0Mg
(Aboulkhair et al. 2019), and
d LOF due to poor bonding,
e LOF pores with un-melted
powders inside (L-PBF Ti—
6A1-4V) (Liu et al. 2014)

N

material evaporation. The evaporation of material
generates evaporation pressure that forms deep
depression on the part known as key-hole pores (King
etal. 2014). A fast scan speed associated with low heat
input forms more irregular and elongated pores (Kang
et al. 2018; Qiu et al. 2013; Vilaro et al. 2011) in AM
parts due to insufficient heating of the previous layer,
known as LOF pores (Carter et al. 2015; Vilaro et al.
2011). However, high energy input is claimed to
reduce overall porosity density in many studies (Hann
et al. 2011; Rai et al. 2007; Wu et al. 2014).

oor bonding effe

..

Keyhole pores

Two types of LOF pores is found in AM parts:
inadequate re-melting between the layers during the
solidification process and incomplete (partial) melting
of powders, as shown in Fig. 8. For the latter case,
LOF defects contain un-melted powder particles. LOF
pores are mostly found near the melt pool boundaries
or in-between scanning layers. In addition to energy
input, an adequate overlapping of laser tracks between
layers and preheating of the bedplate also reduce the
density of LOF porosity (Siddique et al. 2017) as well
as hydrogen porosity formation (Weingarten et al.
2015), by improving the wettability of the melt pool.
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Preheating of the base plate also reduces the residual
stress within the part, along with susceptibility to
crack formation by reducing the thermal gradient
(Carter et al. 2014; Kempen et al. 2014). Interlayer
defects may also form due to the presence of pre-
generated defects on the previous layer, which reduces
the flowability of the molten metal and thus leads to
weak bonding between the layers. Besides, insufficient
inert gas flow during the L-PBF process may cause
trapping of the by-products, which in turns increases
the lack of fusion defects. Moreover, inert gas itself
can be a reason for the formation of gas pores if non-
uniform recoil pressure occurs within the melt pool
surface (Gu and Shen 2009).

The scanning strategy also controls the solidifica-
tion process and affects the defect formation and
location. The unidirectional or zigzag scanning pro-
cess produces more LOF pores between the layers
(Bauereif} et al. 2014; Maskery et al. 2016b), whilst,
chessboard or island scan strategy is the most
successful in reducing repetitive defect accumulation
in the same location (Read et al. 2015).

Both gas and LOF pores in AM parts can be
detrimental for mechanical properties such as fracture
toughness and fatigue strength, particularly if pores
are found to be highly concentrated in one place or
near the surface (Beretta and Romano 2017; Zhao
et al. 2018).

Surface roughness is another crucial defect of AM
parts, which is detrimental to fatigue performance
(Cao et al. 2018; Sterling et al. 2016). Compared to
conventional manufacturing, AM causes higher sur-
face roughness in the as-built condition (Fig. 9) due to
partially-melted particles adhering to the surface (Anil
et al. 2011). The surface defects or features are highly
affected by build orientation (Beretta and Romano

[Surface Roughness, R,= ~10 um

¥

Surface Roughness, R,= ~25 pm)|

2017; Fox et al. 2016), build rate (Frazier 2014) and
energy deposition and scanning strategy (Koutiri et al.
2018). Anincrease in build rate causes reduced surface
quality (Meier and Haberland 2008). Moreover, in the
L-PBF method, while printing the part in an inclined
position, the downward-facing side produces more
surface irregularities (Fig. 9c) due to thermal edge
effects (Yadollahi and Shamsaei 2017). Laser re-
melting has been proposed to decrease surface rough-
ness in steel (Yasa and Kruth 2011).

From the above discussion, it is evident that the
process parameters affect defect formation in AM. For
example, a reduction in laser power may produce less
gas porosity. However, it may lead to the generation of
more LOF pores. Therefore, optimization of process
parameters based on their interrelationships as well as
the future application of the parts may help to reduce
defect accumulation and improve mechanical
performance.

3 Static properties

The static mechanical properties of AM metal parts are
often higher than those made by conventional fabri-
cation (forging, casting, etc.) techniques. This is
because of the fine microstructure generated in the
AM manufactured alloys. Many research efforts have
been directed to understand and compare the static
mechanical properties that include tensile, compres-
sive, hardness properties of AM parts (Aboulkhair
et al. 2019; Agius et al. 2018; Kong et al. 2019;
Lewandowski and Seifi 2016; Liu and Shin 2019;
Prashanth et al. 2014a; Trevisan et al. 2017). Table 2
and Fig. 10 present an extract of the static data to show
the comparison of tensile and yield strengths of AM

Fig. 9 Surface roughness in a as-built Ti—-6Al-4V, b high magnification section of image a (Sun et al. 2020), and ¢ Inconel 718

fabricated at 45° orientation (Yadollahi and Shamsaei 2017)
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«Fig. 10 Comparison of yield strength and % of elongation of
L-PBF a Ti-6A1-4V alloy, b Al-Si-Mg alloy under different
build orientations and heat-treated conditions (data are from
literature and re-plotted Aboulkhair et al. 2016b; Benedetti et al.
2018; Edwards and Ramulu 2014; Greitemeier et al. 2016;
Larrosa et al. 2018; Leuders et al. 2013; Mower and Long 2016;
Rafi et al. 2013b; Romano et al. 2018; Suryawanshi et al. 2016;
Tang and Pistorius 2017; Zhao et al. 2018))

manufactured Titanium, Aluminium and steels. These
figures do not include all the available static data in the
literature but incorporate those cases for which fatigue
behaviour are discussed later in this review to make a
correlation between the static and fatigue properties
for these alloys.

In general, static strength of AM alloys is higher
compared to wrought, cast or mill annealed alloys.
This is due to the higher density (> 99.5%) than
casting and finer microstructure offered by the AM
processes over the conventional fabrication processes
(Herzog et al. 2016), although AM alloys show
inferior elongation properties. The static properties
(tensile strength and elongation) of Ti—-6Al-4V and
Al-alloy have been plotted in Fig. 10.

Figure 10 shows notable scatter in tensile and
elongation values due to the variation in defect
formation (Vilaro et al. 2011), microstructure
(Aboulkhair et al. 2016b; Xu et al. 2015), and build
orientations (Herzog et al. 2016). As-built samples
show higher yield strength and lower elongation
properties, as indicated by green points in Fig. 10.
For Ti-alloy, an increased elongation value with
reduced yield strength is observed after different heat
treatments. Heat treatment reduces the strength by
transforming o martensite into course lamellar o +
microstructure (as mentioned in Sect. 2.3.1. However,
after heat treatment, the B phase’s inclusion allows
two-phase slip transfer (Simonelli et al. 2014), thus
increasing the plasticity and elongation value. Al-alloy
shows the highest static strength in as-built condition
with very inferior elongation property. The high
strength in Al-alloy is associated with the rapid
solidification process, which allows increased Si
solubility into a-Al. On the contrary, heat treatment
causes the excess Si particles to precipitate along the
hatches overlaps (Suryawanshi et al. 2016), and
increases the o-Al size at the same time (Prashanth
et al. 2014b), thus reduces strength and increases the
ductility. However, heat treatments of Al do not lead to

@ Springer

a similar change in yield strength or elongation value
among the available literature (Fig. 10). The variation
in static properties of Al-alloy can be due to the
variation in machine parameters, as mentioned in
Table 1.

Build orientation is the other factor that causes
variation in static properties of L-PBF alloys. In most
cases, the horizontally built samples show higher static
strength than vertical or orthogonal samples in as-
fabricated conditions. This is due to the microstructure
formation and grain orientation (Banerjee and Wil-
liams 2013). Yang et al. (2017) showed that grain
orientation in vertically built samples promotes dislo-
cation movement and consequently lowers yield
strength. The anisotropy in tensile strength is due to
the presence of defects since defects cause early
failure (Gong et al. 2015). The difference in elongation
property is partially due to LOF pores in between
layers, which causes the vertical samples to fail early
by expanding the pores along the loading direction
(Vilaro et al. 2011). The influence of machine
parameters and microstructure on the defect formation
and mechanical properties has been described in Sects.
2.3, and 2.4.

4 Fatigue properties

Much recent work has focused on the static mechan-
ical properties of the different AM alloys. However,
the durability of AM products in various load-bearing
engineering applications involving cyclic loading is
still not well understood due to the scarcity of fatigue
and fracture toughness data. In general, the fatigue
strength of as-built AM alloys is low due to the
inherent defects, the heterogeneous microstructure
and surface roughness of AM metal parts.

It could be expected that the remnant porosity
within the AM part does not change the yield strength
much as long as the pore size is below a critical value.
However, this may not be the case for fatigue
properties. Besides, parts having high ductility may
provide increased fatigue life by decreasing crack
propagation rate through the grains. A comparison of
fatigue strength with tensile strength and elongation
properties are presented in Fig. 11 to clarify the
aforementioned statement. This figure depicts that the
fatigue strength does not necessarily increase with
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Fig. 11 Comparison of fatigue strength of L-PBF Al-Si-Mg alloy with a ultimate tensile strength, b % of elongation (data are from

literature and re-plotted Aboulkhair et al. 2016b; Romano et al.

tensile strength; however, there is a stronger relation-
ship with ductility improvement.

However, a reasonable improvement in fatigue
strength is found by changing process parameters or
by applying a wide range of post-processing treat-
ments. Therefore, the latter part of this paper will
provide an overview of the fatigue properties of
L-PBF produced AM alloys. This will contribute to the
understanding of mechanical properties of innovative
AM processed metals and will assist in identifying the
best possible metal alloy for a specific application,
e.g., in automotive or biomedical industry or any other
future application.

4.1 Fatigue behaviour of Ti—-6Al-4V alloy

Ti—6Al-4V has applications in biomedical, automo-
bile, marine (Gorynin 1999), chemical (Gurrappa
2003), and aerospace industries (Boyer 1996), due to
its high strength, corrosion resistance, and high
fracture toughness properties (Liu and Shin 2019). It
is a popular implant material because of its biocom-
patibility (Hao et al. 2016). Most implants are
expected to have a lifetime of several decades; fatigue
is an important consideration. Fatigue strength and
related parameters (e.g., heat treatment, porosity
fraction and surface condition) of L-PBF Ti-6Al-
4V, which has been discussed in the following sections
are compiled in Table 3.

2018; Siddique et al. 2017; Uzan et al. 2017; Zhao et al. 2018))
4.1.1 Effect of porosity and roughness

The fatigue performance of AM Ti-alloy is hierarchi-
cally controlled by surface roughness, porosity and
microstructure (Agius et al. 2018; Cao et al. 2018).
Cao et al. (Cao et al. 2018) have given an insight on
fatigue properties of Ti-6A1-4V alloys produced by
E-PBF, L-PBF and LENS. According to their work,
the L-PBF processed samples yield better fatigue
strength (> 200 MPa) compared to the E-PBF
(120-150 MPa) process. This is attributed to the high
surface roughness (nearly 27 um) associated with the
E-PBF process, which is almost double of L-PBF
(about 12 um) in as-built condition (Greitemeier et al.
2016). The higher roughness in the E-PBF process is
due to the process conditions and layer thickness.
However, both as-built L-PBF and E-PBF parts offer
lower fatigue strength than wrought milled alloys
owing to higher surface roughness (Agius et al. 2018;
Palanivel et al. 2016) than wrought-milled alloys. As-
built samples mainly fail due to surface defects and
show multiple crack initiation sites. From Fig. 12, itis
evident that the fatigue strength of L-PBF Ti—6A1-4V
samples can be increased from 210 MPa in the as-built
condition to 500 MPa in the polished condition.
Chemically accelerated vibratory polishing (CAVP)
(Witkin et al. 2019), electro-polishing, and shot-
peening (Benedetti et al. 2018) reduce the surface
roughness dramatically in L-PBF Ti—6A1-4V alloy.
CAPV removes a thin surface layer making the surface

@ Springer
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Fatigue strength  References

@107 Cycles

Stress
Ratio
R)

Porosity
(%)

roughness

Surface
(pm)

Microstructure

Post Process condition

Table 3 continued
Variable parameter

@ Springer

Benedetti et al. (2018)

275

0.35

6.83

As-built

250

Annealed (2 h at
920 °C)

400

0.35

3.36
0.54
5.07

Shot-peened

300
450

Electro-polished

0.05

HIP (2 h at 920 °C 100

MPa)

defects rounder and improving the fatigue strength by
around 70 ~ 140 MPa, as listed in Table 3. Shot
peening and electro-polishing also reduce the overall
porosity fraction along with roughness, as these
processes are more effective in changing the pore
density near the surface.

However, the polished samples can still show
significant scatter (Fig. 12) due to the presence of
porosity (Wycisk et al. 2014; Zhao et al. 2016).
Similar scatter in the S-N curve is observed by
Benedetti et al. (2018), Tammas-Williams et al.
(2017) and Gong et al. (2014a, b) for polished
L-PBF Ti-6Al-4V alloy due to the presence of
porosity.

The overall density of L-PBF Ti-6Al-4V is
reported to be around 99.7-99.9% (Leuders et al.
2013; Thijs et al. 2010), whereas the highest reported
density for the E-PBF process is 99.88% (Wang et al.
2016). The remaining porosity within the part causes
fatigue failure of polished samples from sub-surface or
internal defect as well as shows large scatter in the S—
N curve. A variation in fatigue life associated with part
density is mainly due to the change in scan speed. The
part produced with optimum scan speed (960 mm/s)
offers less internal porosity; hence a higher number of
fatigue cycles (Gong et al. 2014a, b). Fatigue life can
be further improved (250-300) MPa after applying the
various post-heat treatment on the polished sample
(Benedetti et al. 2018; Greitemeier et al. 2017; Wycisk
et al. 2014), which reduces internal porosity. There-
fore, these studies attributed fatigue life to crack
formation and suggested that a reduced number of
pores delays crack initiation. However, defect size and
location are also detrimental factors for fatigue crack
growth. Surface defects of AM produced material
have more severe effects on fatigue life, as the stress
intensity factor is higher for surface pores compared to
internal pores (Murakami 2002).

The fatigue fracture surface analysis showed that
crack initiation occurs mostly from the pores near the
surface and fatigue life is more influenced by pore
size, and aspect ratio compared to the overall pore
volume (Tammas-Williams et al. 2017).

4.1.2 Effect of heat treatment
The effect of changes in pore morphology and surface

roughness on fatigue life due to the application of a
wide range of heat treatments have been reported
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(Benedetti et al. 2018; Giinther et al. 2017; Wycisk
et al. 2015; Xu et al. 2015). Influence of these
parameters on fatigue strength can be seen from
Figs. 12 and 13. The heat treatment of the Ti-alloy, for
instance holding 3 h at 6500 °C, helps reduce the lack
of fusion defects as well as the amount of scatter in the
S—N curve (Wycisk et al. 2014). However, reviewing
this data indicates that HIP has a beneficial effect for
fatigue strength of Ti—-6Al1-4V, as it has the potential
to reduce internal porosity (Qiu et al. 2013) and
improve fatigue life (Edwards et al. 2013). For
example, a porosity content of about 0.35% in the
as-built condition can be reduced to less than 0.05% by
HIP treatment (Benedetti et al. 2018). Improvement in
fatigue strength of about 300-350 MPa (Giinther et al.
2017; Wycisk et al. 2015) from as-built condition to
the HIP condition has been found in the literature
(Benedetti et al. 2018; Facchini et al. 2009; Giinther
et al. 2017; Mower and Long 2016; Wycisk et al.
2015, 2014) HIP generally improves fatigue life by
closing sub-surface pores, however, may lead to
higher surface roughness by coarsening of the
microstructure (Facchini et al. 2009; Mall et al.

2004) and increasing o-lamella thickness (Mower
and Long 2016). This increased surface roughness
may supersede the effect of reduced internal defects on
fatigue strength from HIP (Greitemeier et al. 2016).
Therefore, Greitemeier et al. (2016, 2017) suggested
machining after HIP as the best approach to improve
fatigue life, which has also been confirmed by
Kasperovich and Hausmann (2015) and Masuo et al.
(2018). However, the test results from Edward and
Rumulu (2014) do not support this hypothesis. How-
ever, these authors used different stress ratios in
fatigue testing and hence, no direct comparison can be
drawn. Moreover, the fatigue strength of HIP samples
from Benedetti et al. (2018) is significantly lower than
those of the HIP samples from Wycisk et al. (2015).
Different test frequency or duration of heat treatment
(Table 3) can be reasons for this high scatter.

4.1.3 Very high cycle fatigue strength
Giinther et al. (2017) and Wycisk et al. (2015)

explored the relative effects of surface and internal
defects under very high cycle fatigue, as shown in
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Fig. 13 Comparison of fatigue life of L-PBF produced Ti-6Al-4V alloy tested at fully reversed conditions R = — 1. (Data are from

literature and re-plotted Benedetti et al. 2018; Giinther et al. 2017; Kasperovich and Hausmann 2015; Wycisk et al. 2014))

Fig. 14. The crack initiation started from internal
defects instead of the surface defects for the very high
cycle regime (around 10° cycles). This crack initiation
transition occurs at higher cycles (> 107 cycles) for
the wrought material (Furuya and Takeuchi 2014),
while it occurs in L-PBF Ti-6Al-4V alloy at around
107 cycles for tension—compression loading and at
greater than 10° cycles for tension-tension loading
(Wycisk et al. 2014). However, crack initiation at
lower cycles can also be from internal pores instead of
surface pores if the volume of internal porosity is very
high, which reduces crack nucleation time (Holmes
and Queeney 1985). Crack initiation primarily
depends on crack size at low-stress levels, however,
at high-stress levels, surface defects dominate as the
stress around these leads to exceeding the crack
growth threshold value (AKy,) (Cao and Ravi Chan-
dran 2017). Therefore, to improve the fatigue life of
L-PBF Ti—6Al-4V alloy it is important to study crack
growth properties as crack initiation has a negligible
impact on the fatigue life.

@ Springer

4.1.4 Anisotropy effect

Build orientation causes anisotropy in the mechanical
property of AM materials (Cao et al. 2018). This level
of anisotropy is higher for as-built samples (Riemer
et al. 2014), and the post-processing techniques like
HIP considerably reduce this (Riemer et al. 2014). The
Z-direction (vertical) build shows the weakest
mechanical properties, which is almost 8—11% lower
than the X-Y orientation (Chastand et al. 2018;
Edwards and Ramulu 2014; Frazier 2014). Yadollahi
et al. (2017) proposed that reason for this anisotropy is
the orientation of the LOF pores. LOF pores occur in
between layers and are more detrimental for vertical
samples due to the loading orientation, thus reducing
mechanical properties. In as-built condition o’ marten-
sitic phase (as mentioned in Sect. 2.3.1) is aligned
along the build direction due to high temperature
gradient. Upon heat treatment, o’ martensitic phase
transforms into uniform lamellar oo 4+ [ microstruc-
ture, with no significant grain orientation (Wauthle
et al. 2015). This can be a reason that heat-treated
samples show less or no anisotropy effects. In contrast,
Wycisk et al. (2015) have reported that build
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orientation has no significant effect on fatigue prop-
erties even in as-built condition. This contrast can be
due to the use of different process parameters and
associated part density.

4.1.5 Crack growth behaviour of Ti—6Al-4V alloy

From a damage tolerance point of view, it is highly
desirable to have a high crack growth threshold (AKy,)
value to reduce the crack growth time. However, the
finer o-grain microstructure of Ti—-6Al-4V makes the
critical defects sensitive to cyclic loading, leading to a
low value of AKy, even if the material shows higher
axial fatigue strength (Lucas and Konieczny 1971).
Fatigue crack growth (FCG) resistance performance of
L-PBF Ti-6A1-4 V for specific defects like surface
roughness and pores (Greitemeier et al. 2017; Read
et al. 2015; Witkin et al. 2019; Zhai et al. 2015) is
summarized in Table 4. FCG resistance for as-built L-
PBF Ti-6Al1-4V alloy is very low and insufficient,
which is about 10-20% (Fatemi et al. 2017; Sterling
et al. 2016) of the wrought materials and does not
improve even after machining or annealing. This is

due to the finer microstructure and smaller grain size
of additively manufactured Ti-6A1-4V, which pro-
motes crack propagation through the small grains once
the crack is initiated from one grain by releasing the
plastic zone (Cao and Ravi Chandran 2017). An
increase in AKy, value with increase in o-lath thick-
ness for AM Ti—6Al4V is reported in the literature
(Galarraga et al. 2017; Greitemeier et al. 2017; Wycisk
et al. 2014; Zhai et al. 2015). A gradual heat treatment
may lead to coarsening of grains and reduction in
residual stress which increases AKy, value (Leuders
et al. 2013). HIP of L-PBF Ti-6Al-4V increases AKy,
over the wrought material (Cao et al. 2018; Tammas-
Williams et al. 2017) as the coarsening effect on
microstructures increases the ductility. An increase in
the AKy, after HIP compared to annealed (~ 3 MPa
\/m) condition for L-PBF Ti-6A1-4 V is shown in
Fig. 15b. Wycisk et al. (2014) obtained a slightly
improved AKy, value of 3.5 MPa /m for annealed Ti—
6Al-4V compared to literature (~ 3 MPa,/m) (Cao
et al. 2018; Edwards and Ramulu 2014; Tammas-
Williams et al. 2017). Leuders et al. (2013) reported
higher AKy, value for cracks growing parallel to the
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Table 4 FCG threshold values for Ti-6A1-4V alloy

AM Process condition Orientation Test type Crack growth threshold References
process (AKq)
DMLS Annealed - K-decreasing, R = 0.1 3.2 Greitemeier et al.
(2017)
HIP 4.4
E-PBF Annealed - K-decreasing, R = 0.1 4.2 Greitemeier et al.
(2017)
HIP 4.8
L-PBF HIP CD | BD - 4.2 Riemer et al. (2015)
CD || BD 4.4
Annealed (@800 °C) CD 1 BD 4.4
CD || BD 4.4
Annealed CD 1 BD 3.8
(@1050 °C)
CD || BD 53
L-PBF AS-built CD L BD  K-decreasing, R=0.1 1.4 Leuders et al. (2013)
CD || BD 1.7
HIP CD | BD 3.8-4.2
CD || BD 42
Annealed (@800 °C) CD L BD 3.8-4.2
CD || BD 3.7
Annealed CD 1 BD 3.8-4.2
(@1050 °C)
CD || BD 6.1
L-PBF Annealed (@650 °C) CD L BD  K-decreasing, R =0.1 3.48 Wycisk et al. (2014)

CD crack direction, BD build direction
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Fig. 15 FCG curve of Ti-6A1-4V showing the effect of a build orientation, b heat treatment, and ¢ process parameter (Cao et al. 2018)
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build direction. Similar anisotropy effect is observed
in E-PBF Ti-6Al-4V by Galarraga et al. (2017), as
shown in Fig. 15a. Although applying the same post-
processing parameters as Leuders et al. (2013),
Riemer et al. (2015) found no anisotropy effect on
AKy, value (Table 4) except in the as-built condition.
However, a slight increase in threshold has been
reported after high-temperature annealing by both the
authors.

Greitemeier et al. (2017) have shown that the
E-PBF process produces a higher AK};, of Ti—-6Al-4V
than direct metal laser sintering (DMLS) in the
annealed condition. Internal defects is a reason of
low AK,, in DMLS condition. However, in the Paris
regions of FCG curves, no significant differences in
crack growth properties are found between annealed
and HIP material (Greitemeier et al. 2017). In this
region, fatigue properties seem to be similar for all the
processes and heat treatments, as shown in Fig. 15b.

Process parameters also affect crack growth prop-
erties. Figure 15¢ shows a higher AK,;, value of Ti—
6Al-4V built at high energy density compared to low
energy density because of the reduced LOF pores
(Zhai et al. 2015). Therefore, optimized machining,
melting strategy, laser power and other process
parameters are preferable to avoid formation of
defects and hence to increase FCG resistance (Agius
et al. 2018; Gong et al. 2014a, b).

Overall, fine-grained Ti-alloy shows higher fatigue
strength. However, the fine microstructure shows an
opposite effect on crack initiation (reduces) and
propagation behaviour (increases), therefore may
produce low threshold value (Li et al. 2018).

4.2 Fatigue behaviour of Al-Si—-Mg alloy

Aluminium (Al) alloys are applicable to many engi-
neering applications because of its lightweight and
high corrosion resistance properties. AM processed Al
materials can outperform conventionally fabricated Al
alloys in terms of static strength (Herzog et al. 2016;
Trevisan et al. 2017); however, the inherent porosity
and surface imperfections of AM parts are detrimental
to fatigue performance. In order to ensure the quality
and integrity of the AM structural parts, a rigorous
mechanical investigation is often warranted, which
could be costly and time-consuming. The literature
data concerning L-PBF Al alloys’ fatigue performance
is very limited so far, which are listed in Table 5.

4.2.1 Role of surface roughness

It is important to note that the reported fatigue
properties of L-PBF Al alloy are lower than that
obtained by the conventional processing in as-built
condition. This low fatigue life in the as-built state is
attributed to the high surface roughness of AM parts
due to unmelted powder at the periphery (Stephens
et al. 2000; Yadollahi and Shamsaei 2017). The
surface roughness of as-built AM parts leads to rapid
crack initiation and propagation as surface defects
impart higher stress compared to internal defects
(Murakami 2002). Cracks for as-built samples can also
propagate from sub-surface pores due to the presence
of residual stress associated with the L-PBF process.
Machining or polishing is recommended to improve
(Aboulkhair et al. 2016a; Beevers et al. 2018; Mower
and Long 2016; Uzan et al. 2017) fatigue strength as
compared to as-built samples by reducing roughness
(Uzan et al. 2017). However, the improvement in
fatigue life after machining is not consistent among
various work in literature. Uzan et al. (2017) claimed a
significant improvement in fatigue strength of as-built
samples after machining, Mower and Long (Mower
and Long 2016) confirmed a similar increase in fatigue
strength after polishing. Aboulkhair et al. (2016a)
found no significant improvement in fatigue strength
of as-built samples after machining (Fig. 16). How-
ever, the authors claimed that machining after T6 heat
treatment almost doubled the fatigue strength.

Like Ti-alloy, the pore morphology of the
AlSi10Mg alloy can be modified after shot-peening
(Damon et al. 2018). Shot peening reduces the surface
roughness by increasing the sphericity of near-surface
pores. Damon et al. (2018) found around 20 MPa
increase in fatigue strength for shot peening of
AlSilOMg compared to as-built samples, with all
other processing conditions being the same.

The magnitude of surface roughness of as-built
parts depends on scanning strategy as well, such as
contouring. Contouring is a scanning strategy where a
boundary scan (outer circle for round fatigue sample)
is performed, followed by inner hatch filling for solid
material. Samples produced without contour (bound-
ary scanning) show less average roughness, and
provide similar fatigue strength as milled samples
(Beevers et al. 2018). On the other hand, samples with
contour scanning (boundary scanning) show early
failure provided that having higher roughness value, as
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shown in Table 5. A similar conclusion is drawn by
Brandao et al. (2017). Nevertheless, microstructure
and hardness properties are not affected by the contour
scanning strategy. Compressive residual stress is
generated when producing samples without contour-
ing which is attributed as a contributor to improved
fatigue performance. Beever et al.’s (2018) results also
showed that milling is beneficial over vibratory
finishing to improve the surface quality and fatigue
life for AlSilOMg. To summarise, surface quality
plays an important role in fatigue life. All sorts of
surface processing seem to improve fatigue life in Al-
alloy, although the magnitude of improvement varies
depending on other variables (machine parameter or
heat treatment).

4.2.2 Pre-heating and post heat treatment

The Al-samples built with pre-heated platform showed
a higher fatigue resistance than those produced at
room temperature (Brandl et al. 2012; Siddique et al.
2017). Siddique et al. (2017) investigated for defect
distribution, and the authors found that samples with
base plate heating have less porosity (013-0.29%)
compared to the ones without base plate heating

Cycles to failure, N

(0.26-0.38%). The fatigue performance is conse-
quently higher for samples with base plate heating,
as shown in Fig. 17. A decrease in the temperature
gradient causes a reduction in porosity due to base
plate heating. Besides, baseplate-heated samples have
higher crack growth resistance due to coarsening of
the microstructure by forming elongated grains.
Siddique et al. reported about 45% higher fatigue
strength at 109 cycles for samples with base heating
compared to those without base plate heating, (Sid-
dique et al. 2015). For a very higher number of cycles
(> 107), the smaller embedded pores start to con-
tribute to crack initiation. Therefore, samples with
comparatively higher porosity without base plate
heating leads to early failure.

Uzan et al. (2017) assessed the effect of different
post-processing heat treatments, such as stress relief,
surface polishing and HIP treatment for samples
produced without base plate heating. The average part
density was found to be lower for stress relieved
samples (2.616 g/cm®) compared to the as-built
(2.622 g/cm®) samples due to the temperature effect
that introduces thermally induced pores (TIP). In
contrast, the samples that have been both stresses
relieved and HIPed show the highest density (2.645 g/
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Fig. 17 Fatigue strength of L-PBF AlSi10Mg alloy in different
processed conditions (R = — 1) (data from literature and re-
plotted) (“ASTM B85-03, Standard Specification for

cm®) compared to other conditions, and the part
density increases with an increase in the HIP temper-
ature. Nevertheless, the fatigue resistance, hardness,
fracture toughness, and yield stress values are the
lowest for the stress relieved, and the HIP treated part.
At the same time, these properties are comparatively
higher for samples which have been machined after
heat treatment. The authors (Uzan et al. 2017) have
claimed that prolonged heat treatment during stress
relief and HIP causes the precipitation of Si particles
from the alloy, which in turn increases the surface
roughness. Similar to Uzan et al. (2017), a significant
reduction (23%) in porosity is observed after applying
both stress relief and HIP treatment by Larrosa et al.
(2018). According to Larrosa et al. HIP samples
survived 63,000 more cycles than as-built condition,
which is contrary to the finding of Uzan’s study.
Like Base-plate heating, Peak-hardening is also
found to positively affect the fatigue strength of Al-
alloys in many studies (Aboulkhair et al. 2016a;
Bagheri et al. 2018; Brandl et al. 2012; Siddique et al.
2017). Brandl et al. (2012) found significant improve-
ment in fatigue strength for peak-hardened (T6)
samples with or without platform-heated. However,
the authors recommended the T6 on platform-heated
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Aluminum-Alloy Die Castings”; Damon et al. 2018; Larrosa
et al. 2018; Mower and Long 2016; Romano et al. 2018;
Siddique et al. 2017; Uzan et al. 2017)

(300 °C) samples as the best approach to enhance the
fatigue resistance. Like Brandl et al. (2012), Bagheri
et al. (2018) obtained a considerable increase in
fatigue strength after T6 treatment, though T6 samples
reveal higher porosity than as-built samples. Aboulk-
hair et al. (2015) mentioned both T6 and machining to
improve fatigue life separately, although the effect is
true only for low-stress level. Hence the authors
reported machining after T6 as the most effective
procedure to improve fatigue property, although the
corresponding fatigue strengths obtained (Aboulkhair
et al. 2016a) at 107 cycles are lower than that of the
findings of Brandl et al. (2012). However, T6 does not
significantly improve fatigue strength in Larrosa
et al.’s (2018) study compared to other published
work.

Post-processing treatment on L-PBF AlSilOMg
alloy is not consistent among several available studies.
Table 6 shows the relative improvement in the fatigue
life of Al-alloy after heat treatment as found in the
literature.
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Table 6 Effect of different heat-treatment on porosity and fatigue strength of L-PBF Al-alloy

Type of heat- % of Surface Fatigue Critical stress References
treatment porosity roughness strength intensity
T6 l - " - Aboulkhair et al. (2016a), Maskery et al.
(2015a)
HIP + T6 1l - 1 - Larrosa et al. (2018)
PH + T6 l - l - Beevers et al. (2018)
! - ”m 1 Brandl et al. (2012)
SR + T6 ! - 1 l Siddique et al. (2017)
T6 1 - 1 - Bagheri et al. (2018)
HIP l i l - Uzan et al. (2017)

T6 peak-hardening, HIP: hot isostatic pressing, SR stress relief, PH platform heating, 1 increasing, | decreasing

4.2.3 Porosity and machine parameters

Porosity is one of the key reasons for fatigue failure.
From the previous section, it can be seen that heat
treatment reduces porosity and improves fatigue life,
the effect of which is not consistent. However, the
formation of porosity is regulated by various machine
parameters; therefore, optimisation of these parame-
ters can improve fatigue life in Al-alloy by reducing
porosity. According to Beevers et al. (2018), a slight
change in AM layer thickness can affect the defect
population, which makes the fatigue properties com-
parable to conventional manufacturing without any
post-processing. Brandao et al. (2017) also reported a
similar effect of layer thickness on fatigue properties.
Romano et al. (2018) reported a significant reduction
in porosity (as shown in Table 5) by changing layer
thickness, which improves the fatigue
strength ~ 90 MPa.

Laser power also directly controls defect formation
and fatigue. Low laser power leads to the formation of
LOF pore, which can reduce fatigue strength, as seen
in the work by Mower and Long (2016). Furthermore,
Romano et al. (2018) has reported a higher fatigue
strength compared to conventional processing using a
laser power almost 50% higher than other studies
(Mower and Long 2016; Siddique et al. 2017; Uzan
et al. 2017). Reduction in porosity depends on hatch
spacing as well. Tang and Pistorius (2017) observed
that multiple melting zones associated with lower

hatch spacing (0.16 mm) reduce lack of fusion pores,
thus providing better fatigue strength.

4.2.4 Effect of build orientation

Like Ti, vertical samples have lower fatigue life than
horizontal samples in Al-alloy. Nevertheless, build
orientation is found to have an effect on samples
produced at room temperature without applying any
pre-and post-heat treatment (Awd et al.). Both base
plate heating (Zhao et al. 2018) and peak hardening
(Brandl et al. 2012) remove the build orientation effect
by minimizing the thermal gradient along the build
direction. To better understand the effect, variation in
fatigue stress with build direction has been presented
in Fig. 18 for AlSilOMg alloy (Brandl et al. 2012;
Larrosa et al. 2018; Zhao et al. 2018). However, it is
worth noting that many works tend to omit the build
orientation effect on fatigue life as this factor is often
overshadowed by the effect of process parameters on
fatigue life, which may vary up to 28% under fatigue
loading (Romano et al. 2018).

4.2.5 Effect of gas pores and oxide pores

L-PBF Al-alloys usually contain a higher density of
gas pores compared to Ti-alloys because of the
solubility of H, in the melt pool and low solubility
in the solid. Gas pores can initiate fatigue failure in
AM Al-alloy if the volume fraction is very high. Zhao
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Fig. 18 Fatigue strength of L-PBF AlISi10Mg alloy at different build orientation (Data from literature and re-plotted) (Brandl et al.

2012; Larrosa et al. 2018)

et al. (2018) investigated the correlation between gas
porosity and fatigue life, and found gas porosity
having a volume fraction of 0.2-1.6% and average
diameter of 20-55 pm for both (vertical and horizon-
tal) directional builds. This study claims that the
average pore size has more effect on fatigue life than
porosity fraction, which agrees with the literature
(Murakami 2002). Build orientation does not affect the
density and size of gas pores. Unlike Zhao et al.
(2018), Tang and Pistorius (2017) observed less gas
porosity compared to LOF and have suggested gas
pores are less problematic for fatigue failure. Instead,
they found large oxide pores of different sizes. The
presence of oxide particles, as well as unmelted
powder, are higher in the L-PBF Al-alloy compared to
other alloys because of the poor wetting capability of
molten aluminium, which hampers part consolidation
(Louvis et al. 2011). This phenomenon leads to
anisotropy in fatigue strength as lack of fusion
contributes more to the fatigue failure of the vertical
sample.
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4.2.6 Crack growth behaviour of Al-Si—-Mg alloy

As discussed in the Titanium section, FCG is equally
important as the S-N data. The S-N curve data in the
previous section shows that fatigue properties of L-
PBF processed parts are mostly dominated by surface
roughness, porosity level and defect size instead of
microstructure. However, FCG has been observed to
be dependent on the grain size and orientation. Very
few studies have focused on this property of an L-PBF
Al-alloy. Romano et al. (2018) have conducted FCG
tests for vertically built samples, and reported a crack
growth threshold (AKy,) value of 3.2-3.6 MPa /m
which is within the traditionally cast material thresh-
old bound 2.1-6.9 MPa +/m (Lados and Apelian
2004). However, the effect of build orientation,
microstructure and post-treatment were omitted in
this study. The effect of scan strategy and heat
treatment on FCG of Al-12Si alloy is studied by
Suryawanshi et al. (2016), as shown in Fig. 19. From
Fig. 19, the AKy, value does not vary with as-built
single melt (AS) and chessboard (CS) scan strategy in
the as-built condition. Moreover, no anisotropy was
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Fig. 19 FCG variation of AlSi-12 alloy for different process condition: a horizontal built, and b vertical built (Suryawanshi et al. 2016);
where AS single-melt, CS chessboard, HS heat-treated single melt, CC conventional cast

observed for the AKy value in the CS condition.
However, a slightly higher threshold is recorded in the
AS condition for crack growth perpendicular to the
build direction. The authors have attributed scan
direction (SD) as the reason for this anisotropy. Cracks
perpendicular to build direction (BD) which are
travelling along the scan overlap propagate is rela-
tively direct, whereas, crack propagation perpendicu-
lar to SD (parallel to BD) is more tortuous.

Heat treatment (HS) increases the AKy, value for
both the build directions (Suryawanshi et al. 2016).
However, a slight anisotropy is found for the stress
intensity factor range even in the heat-treated condi-
tion (Siddique et al. 2017; Suryawanshi et al. 2016).
This contrasts with axial fatigue data, where heat
treatment eliminates the anisotropy effect (Brandl
et al. 2012). Siddique et al. (2017) also reported
improvement in the threshold value after stress relief
heat treatment for samples built with and without base
plate heating. Base plate heating increases dendrite
thickness (0.53 pum) compared to as-built condition
(0.35 pm), which in turns delays crack growth due to
coarsening of grain size. However, no effect of heat

treatment is reported in the Paris region where crack
size is more significant than grain size and indepen-
dent of microstructure (Suresh 1998). This research
has not studied the effect of build direction on crack
growth properties (Table 7).

The above discussion has shown that L-PBF
produced Al-parts present higher tensile but lower
fatigue properties compared to conventional fabrica-
tion even in as-built condition (Trevisan et al. 2017).
Like Ti-alloy, roughness and porosity are the critical
reasons for fatigue failure in Al-alloy. Machining
improves fatigue life, although it increases scatter in
the S-N curve. Variation in fatigue life after machin-
ing happens due to the shifting of subsurface pores
towards the surface in some cases. Unlike Ti-alloy, the
fatigue strength improvement of Al-alloy is not
significant after heat treatment. Furthermore, static
mechanical properties may be degraded with heat
treatment as it precipitates excess Si particles from o-
Al, which is not desirable. Therefore, fatigue life
improvement of Al-alloy with heat treatment yet
requires extensive research efforts. Besides, surface
quality and defects have a substantial impact on axial
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Table 7 Fatigue crack growth threshold value of L-PBF Al-alloy

AM process/  Process condition Orientation Test type Crack growth References
alloy resistance (AKg,)
L-PBF SR CD || BD  K-decreasing, 3.2 Siddique et al.
AlSil2Mg R=0.1 (2017)
Base plate heated + _ SR 35
L-PBF As-built (Single Melt)/AS CD L BD  K-decreasing, 1.4 Suryawanshi et al.
AlSil2Mg R=0.1 (2016)
CD | BD 1.1
Heat-treated (4 h at 400 °C) CD 1L BD 3.1
(Single Melt)/HS
CD || BD 2.0
As-built (Checkerboard)/CS CD 1 BD 1.3
CD || BD 1.3
L-PBF Preheating (200 °C) + 60 pm CD || BD  (K-decreasing) 3.2 Romano et al.
AlSilOMg layer thickness R=07 3.6 (2018)
(constant
amplitude)
R=-1

fatigue behaviour which is affected by various process
parameters such as laser power, powder properties,
hatch thickness, and build orientations. In L-PBF Al, a
variety of machines and parameters are used to
fabricate samples, which causes variability in part
density and fatigue strength. As discussed in
Sect. 4.2.3, optimization of process parameters sig-
nificantly affects defect formation and fatigue life.
Low-elongation is the other drawbacks of Al-alloy,
which causes lower crack growth threshold property of
long cracks. Furthermore, researchers have investi-
gated the fatigue properties of Al-alloy using different
L-PBF process parameters and machines therefore, it
is not easy to compare the various results for making a
general recommendation of the factors affecting
fatigue and crack initiation, especially when the
number of studies are still minimal.

4.3 Fatigue behaviour of stainless steels

Steel is one of the most widely used engineering
materials owing to its high strength stiffness, and cost
effectiveness leading to a wide variety of applications.
Several types of steel can be successfully processed by
L-PBF (Bajaj et al. 2020; Herzog et al. 2016), such as
maraging steel (Kempen et al. 2011), 17-PH (Murr
et al. 2012b; Wegener et al. 2013), AISI 316 (Leuders
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et al. 2014; Li et al. 2011; Riemer et al. 2014), and
15-5PH (Islam et al. 2013). About 35% of published
AM metal alloy work has been undertaken for steel. A
wide range of research has been carried out concerning
the processes, microstructure evolution and static
loading properties (Facchini et al. 2009; Kruth et al.
2012; Murr et al. 2012b; Rafi et al. 2013b; Yasa and
Kruth 2011) of AM steel parts. Among the available
studies of steel, fatigue properties of L-PBF produced
samples (mostly stainless steels) are listed in Table 8.
Like Ti and Al-alloy, as-built L-PBF steel demon-
strates inferior fatigue properties compared to wrought
counterparts because of its inferior surface condition.
However, machined or turned samples almost doubles
the fatigue strength, as a reduction of roughness value
from 13 to 1 um (Uhlmann et al. 2017), Table 8.
Similar improvement in fatigue strength of 316L steel
for machined and polished samples has been reported
in many studies (Riemer et al. 2014; Spierings et al.
2011; Zhang et al. 2018a). Hence, L-PBF 316L and PH
steel show comparable results with their conventional
counterparts only after machining, as shown in
Fig. 20.

L-PBF produced 316L steel reveals fewer build
defects than any other Fe-based alloy and can provide
at least 45% (Riemer et al. 2014) of the conventional
HCF strength without any post-processing (Riemer
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Table 8 Fatigue data of L-PBF fabricated steel parts

Alloy Microstructure  Process Build Surface Porosity  Stress Fatigue References
condition orientation roughness (%) ratio, R strength
(m) @10’
PH1 Martensitic Peak aged Z 3 - 0.1 847 Rafi et al.
+ retained (2013b)
austenite
PH1 - MMPDS - 0.2 - 0.1 1120
15-5 PH Martensitic Heat-treated - - - 0.1 846 Wegener et al.
(H900) 1 h at 482 °C in air (2013)
316L Austenitic As-built - 10 - 0.1 165 (Spierings et al.
2011)
Machined 0.4 210
Polished 0.1 268
17-4 PH Martensitic As-built XY - 0.3 — 1 (rotating 2824¢ Yadollahi et al.
bending) (2017)
Z 0.26 202%¢
Heat-treated XY - 329 *¢
Z - 181 ¢
316L - As-built - 13.29 - — 1 (rotating 130* Uhlmann et al.
bending) (2017)
Vibratory finished 1.74 170*
Turned 1.08 240*
316L - As-built - - - -1 108* Riemer et al.
(2014)
Turned 267%
650 °C + Turned 294%
HIP + Turned 317*
316L - As-built 1° - - 0.1 0.1 403" (M. Zhang et al.
As-built 2 0.1 400 2018a)
As-built 3° 115 395"
As-built 4° 6.56 148°
Annealed (982 °C for - 402
25 min)
Annealed (1093 °C for - 40
25 min)
MARLOCK - As-built XY 2.587 - -1 345° (Miroslav et al.
Machined 0.198 500° 2017)

At 10° cycles
PAt 6 x 10° cycles

°S-N curve is plotted as ca vs 2 N

dAs-built 1, 2, 3 and 4 are printed with layer thickness 20, 40, 60, 80 pwm respectively

etal. 2015). Spierings et al. (2011) performed HCF test
on 316L, however, the predicted fatigue strength limit
as 172 MPa, which is lower than Reimer’s experi-
mental data (267 MPa), as shown in Table 8. Use of
lower laser power by Spierings et al. (2011) could be a
reason for low fatigue strength, as it causes higher
defect formation and early failure. However, in both of

the studies, L-PBF 316L alloy shows comparable
fatigue strength with traditional casting (Strizak et al.
2005), as shown in Fig. 20. Unlike Al-alloy, defect
formation and the associated change in fatigue life of
316L is not much sensitive with the change in layer
thickness. Zhang et al. (2018a) showed no substantial
change in fatigue life upon the change in layer
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Fig.20 Comparison of fatigue life of L-PBF produced steel parts with wrought steel parts at R = 0.1 (data from literature and re-plotted
Rafi et al. 2013b; Spierings et al. 2011; Strizak et al. 2005; Wegener et al. 2013; Wu and Lin 2002))

thickness between 20 and 60 um. Only a very higher
layer thickness (80 pum) caused significant reduction
in the part density as well as fatigue strength.

Fatigue behaviour of the steel is governed by
defects and microstructure properties which can be
tailored through various heat treatments. However, the
sensitivity of the fatigue behaviour is not consistent
with all types of heat treatment, and it can vary for
HCF and LCF regimes as well. Stress relief treatment
does not significantly improve overall fatigue life
(crack initiation + propagation), although it delays
crack initiation by removing internal residual stress
(Afkhami et al. 2019). Fatigue crack initiation is
mostly from grain boundary defects. Annealing
changes grain size and removes significant defects
on boundaries, thus shifts the fracture tendency from
grain defects to pore defects remaining after annealing
(Zhang et al. 2018b). This procedure provides a better
fatigue life.

Heat treatment has been reported to improve the
fatigue life of L-PBF 316L steel in the HCF regime
and lower the fatigue life for LCF (Leuders et al. 2014;
Zhang et al. 2018b). The reduction in LCF is
coarsening grain size through the Hall Petch (Callister
and Rethwisch 2012) effect as fatigue life of this alloy
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mainly depends on monotonic strength than pores
(Leuders et al. 2014). At very high cycle regimes,
internal pores cause crack initiation; therefore, heat
treatment increases fatigue life by removing pores.
The opposite behaviour has been found for 17-PH
steel, where annealing is beneficial for LCF and
unfavourable for HCF (Yadollahi et al. 2017). Heat
treatment of 17-PH steel causes precipitation strength-
ening that leads to the formation of more defects as
well as low HCF properties. However, this strength-
ening mechanism improves tensile and LCF properties
(Leuders et al. 2014; Mahmoudi et al. 2017; Yadollahi
et al. 2017). These findings reveal that both grain size
and defects can affect the fatigue life of steel, in ways
different to the other alloys. Therefore, the choice of
heat treatment on steel fatigue must be application
dependent. Like other AM alloys, the fatigue strength
in steel is lower in the vertically built direction due to
the formation of interlayer defects (Miroslav et al.
2017; Wegener et al. 2013; Yadollahi et al. 2017).

4.3.1 Crack growth properties of steel parts

FCG behaviour of L-PBF steels is similar to conven-
tional processing, providing only a slight difference in
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Table 9 FCG threshold value for L-PBF steel parts
Alloy types Process condition Orientation Test type Crack growth resistance (AKy,) References
316L As-built CD1BD R=0.1 4.3 Riemer et al. (2014)
CD || BD 3.0
Stress-relived (650 °C) CD 1 BD -
CD | BD 4.0
HIP CD L BD 4.6
CD || BD 4.7
316L Single-melt (500 °C 1 h) CD1BD R=0.1 9.9 Suryawanshi et al. (2017a)
CD || BD 9.1
Checkerboard (500 °C, 1 h) CD 1 BD 8.1
CD | BD 7.8
10-15 (Boyer 1985)
18Ni (300) Aging(@480 °C) CDLBD R=01 58 Suryawanshi et al. (2017b)
5.6
Wrought material CD || BD 5.3-5.7

the threshold value. The literature data on crack
growth threshold value for L-PBF steel are listed in
Table 9. From this, a minor difference in the threshold
value between horizontal and vertical built specimens
is observed in the as-built and heat-treated conditions.
This variation is because the columnar grains observed
in L-PBF steel, oriented along the build direction
provide a crack path along grain boundaries for
horizontal samples, while the crack path is more
tortuous in vertical samples (Riemer et al. 2014).
Figure 21 shows a schematic representation to under-
stand the crack growth anisotropy behaviour. How-
ever, HIP treatment introduces a bimodal grain
structure (equiaxed and columnar), thus reducing the
anisotropy of crack growth (Afkhami et al. 2019).
Although a significant benefit can be observed in
yield strength of L-PBF 316L SS compared to
conventional processes, a lack of strain hardening
causes a decrease in elongation. This high yield
strength is due to the extremely fine microstructure of
L-PBF 316L steel, which causes stress-induced
austenite to martensite transformation (SIMT). As
expected, the above change in tensile properties results
in a reduction in fracture toughness and threshold
properties (Liu 2005). However, the HIP treatment
that causes a decrease in porosity and recrystallization
can improve the threshold value of 316L steel from 3.0

to 4.6 MPa /m (Riemer et al. 2014), Table 9. In
contrast, for 300 M steel (Liu et al. 2017), a lower
fatigue threshold value and accelerated crack growth
rate upon heating are noticed due to grain refinement
that reduces the crack closure effects. This study also
concluded that the stress ratio and stress level also
decrease the crack growth threshold value.

Aging treatment on L-PBF produced 18Ni-300
steel (Suryawanshi et al. 2017b) improves fatigue
behaviour by increasing crack growth threshold
(Table 9), close to the value (5.5-5.7 MPa /m) of
wrought material available in the literature for aged
maraging steel (Bathias and Pelloux 1973). Herman
et al. (Hermann Becker and Dimitrov 2016) studied
the same alloy subjected to solution annealing and
aging and found lower crack growth rate for the
annealed condition. Besides, heat treatment reduces
the anisotropy on FCG behaviour. An increase in the
threshold value is observed for both HIP and stress
relief treatment (Riemer et al. 2014; Suryawanshi et al.
2017a).

As seen in this section, most of the work pertaining
to L-PBF produced steel is for 316L alloy. This alloy
provides excellent tensile and fatigue properties, even
in the as-built condition. Like Al-alloy, the effect of
heat treatment on the fatigue life of steels is not very
straightforward. Similar heat treatment causes
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Fig. 21 Crack growth: a
a perpendicular, b parallel to
build direction through
microstructure in steel
(Afkhami et al. 2019)

different microstructure formation among various
steel type depending on alloy composition. Therefore,
the choice of heat treatment needs to be customised for
the particular type of steel and expected application
requirements..

5 Summary and future outlook

Titanium, Aluminium and Steel are three common
engineering alloys available for AM components
which are often exposed to cyclic loading during
operation.

In this article, an overview of the current state of
these alloys is discussed focussing on fracture and
fatigue behaviour. The following general features are
found for all these alloys processed in L-PBF
condition.
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As-built static tensile strength of AM fabricated
parts is higher than that of wrought or cast parts
because of the formation of a fine microstructure
during the fast solidification rate; however, this
results in a lower elongation.

Fatigue strength, crack growth threshold and
fracture toughness are very low for as-built AM
samples compared to heat-treated samples.

HCF behaviour is hierarchically controlled by
surface roughness, micro-porosity and microstruc-
ture. The significant defects that are observed are
gas pores and lack of fusion pores. However, the
effect of LOF pores is more severe, depending on
its location and orientation.

For both static and fatigue loading conditions,
anisotropy is observed for as-built samples. Vertical
samples show the lowest mechanical performance.
This is attributed grain size and defect location.
Overall, the variation in the process parameter of
the L-PBF process is the critical factor to control
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defect formation, surface quality and microstruc-
ture evolution. Therefore, both static and fatigue
strength may vary with the change in process
parameters, such as layer thickness and laser
power.

Besides, the effect of the various controlling factor
on fatigue life can be summarised as in Table 10.

The salient features of this current study regarding
fatigue properties are summarized in the following
sections based on specific alloy types.

5.1 Titanium alloy

Majority of the published fatigue works are on Ti-
6Al-4V alloy, producing valuable insights on the
effects of microstructure, defects and post-processing
that can be summarized as follows.

(a) Fatigue strength of as-built L-PBF Ti-alloy is
higher than that produced by other AM pro-
cesses as L-PBF yields higher part density
(almost 99.99%).

(b) HIP treatment is the most effective for L-PBF
Ti-alloys, which significantly increases the
fatigue performance by reducing internal poros-
ity. Nevertheless, HIP and polishing’s combine

Table 10 Effect of various controlling factors on fatigue
strength

Controlling Findings
factors
Surface Fatigue failure initiates at the surface or sub-
roughness surface defects
Machining improves fatigue life
Causes high scatter in the S-N curve
Shows poor fatigue life irrespective of pore
density
Porosity Pores controls crack initiation

Pore location > pore size > pore volume
Heat treatment reduces porosity
Microstructure ~ Fine microstructure enhances crack
propagation

Anisotropy Horizontal build samples show higher fatigue

strength than other build directions

Heat treatment and platform heating reduce
the anisotropy effect

effect provides the highest fatigue strength as
improving both part density and surface quality.

(c) Inaddition to HIP, annealed and milled samples
also show improved fatigue strength than as-
built condition. However, this effect is not
consistent.

(d) For Ti-Alloy, fine lamellar o + B microstruc-
ture shows higher crack growth resistance, thus
providing an improved fatigue strength. Never-
theless, the effect of microstructure only
becomes prominent at low porosity density.

(e) Similar to axial fatigue strength, the AKy, value
for Ti-alloy is very low in the as-built condition,
which increases by HIP or annealing.

(f) A few studies observed anisotropy in crack
propagation behaviour, where the AKy, value
parallel to the build direction is higher than
perpendicular to it. Heat treatment removes this
anisotropy while a slight difference is still
notified in some literature.

(g) Almost all AM-processed Ti-alloy shows a
minor variation of crack growth rate for
annealed and HIP treated samples in the Paris
region of the FCG curve.

5.2 Aluminium-alloy

From the available literature, the following observa-
tions can be made for Aluminium alloy.

(a) L-PBF Al-alloy exhibits early failure, and high
scatter in S—N curve in the as-fabricated condi-
tion due to surface roughness and internal
defects.

(b) Both base plate heating and T6 treatment in Al-
alloy modify the microstructure by coarsening
the dendrites, thus providing significant
improvement in fatigue strength. However,
few studies have shown adverse effects of
prolonged heat treatment on fatigue life.

(¢) In contrast to Ti-alloy, HIP or stress relief
treatment does not appreciably improve the
fatigue strength in Al-alloy, though it drastically
reduces the internal porosity. Instead, machined
and polished samples provide better fatigue
performance than HIP; this implies that surface
roughness is a critical factor for crack initiation
in Al-alloys.
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(d) Fatigue is influenced by surface treatment,
which dominates at low-stress levels. In con-
trast, at high stress and very high cycle fatigue
loading conditions, porosity has significant
consequences, as cracks initiate from small
internal pores.

(e) FCG threshold value is usually low for Al-alloy
in as-built condition, and it increased after heat
treatment. Heat treatment usually removes the
anisotropy effect of axial fatigue strength in the
S—N curve. In contrast, the FCG threshold value
obtained from the notched test shows anisotropy
even after heat treatment. Besides, for a notched
sample, the growth rate of a crack parallel to the
build direction is faster than the crack perpen-
dicular to it. This crack growth behaviour of Al-
alloy is opposite to that observed in Ti-alloy
upon heat treatment.

5.3 Steel

According to the available research of L-PBF steels
reviewed here:

(a) 316L steel exhibits comparatively high fatigue
strength even in as-built condition as fewer
defects are generated compared to other L-PBF
steels. Fatigue strength of as-built 17-PH steel
part is inferior compared to that obtained by
traditional processing.

(b) The crack growth rate of L-PBF steels is higher
for the cracks parallel to the build direction,
compared to that perpendicular to it. This trend
is similar to L-PBF Al-alloys.

(c) Post-processing heat treatment does not show
similar change in the threshold value of L-PBF
steels in all the build orientations. The crack
growth rate in steel depends on grain size and
location relative to the crack path. Therefore, in
AM steels, the effect of heat treatment on
fatigue life depends on the type of grain
refinement, which varies with the type of steel.

5.4 Future scope
AM technique appeals to the aircraft and automotive

industries, as it can save almost 30% (Frazier 2014) of
the fuel costs compared to traditional fabrication by
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introducing intricate lightweight design and reducing
assembly and machining operation. Reducing fuel cost
implies less CO, footprint on this planet, which is the
utmost goal for the research communities worldwide.
Aircraft industries have already produced metal AM
parts for the propulsion systems, including fuel
injectors, gas generator duct, pogo z-baffle, turbo-
pump inducer, chambers, and nozzles (Barroqueiro
et al. 2019). These industries are planning to print
more parts through 3D printing as well (Gorsse et al.
2017; Herzog et al. 2016; Yadollahi and Shamsaei
2017). This implies a clear need for increasing the
reliability of printable AM materials by investigating
FAIL-SAFE (Broek 1986) and damage-tolerant
design (Griffith and Taylor 1921; Irwin 1958) prop-
erties, along with SAFE-LIFE properties, which will
be implemented for future design of AM parts (Barter
et al. 1993).

The current study has highlighted salient fatigue
features of available AM alloys; therefore, it will help
understand the potential effects of various factors, and
use this knowledge to convey further extensive
research.
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