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ABSTRACT: Good mechanical properties are essential for steel parts additively manufactured 
(AM), especially, for load bearing components. For example, a proper impact toughness is 
necessary for structural steels used in marine and offshore (M & O) industry to prevent low 
temperature brittleness of the steels while a high fatigue strength warrant a long service span of the 
steels. Although the works on charpy and fatigue characteristics of AM parts are lacking, some 
related studies on their fracture behavior have been reported, which cover a range of steels 
including 316L stainless steel, maraging steel, 17-4 PH stainless steel, H13 tool steel, etc. This 
paper critically summaries the reported works and discusses a future direction for the study of the 
impact and fatigue characteristics of AM steels.
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INTRODUCTION 

Additive manufacturing has been adopted for functional parts in recent years. In some cases those 
components have to undergo cyclic loading or suffer impact loading at low temperature 
circumstances. This will require the materials to have good mechanical properties such as fatigue 
and impact toughness. Examples like ship structures that will encounter cyclic attack in ocean both 
at normal temperature and chill conditions. So the fatigue behavior and impact toughness of the 
AM produced materials have to be assessed for design purpose. But most of the previous work for 
AM materials such as steel, titanium and aluminum alloy etc. has been focused on process 
development, surface quality and microstructure characterization and quasi-static property 
evaluation etc., leaving the dynamic properties like fatigue and impact much more unknown. So 
far there are only limited research work and a few review papers (Shamsaei, Yadollahi et al. 2015, 
Herzog, Seyda et al. 2016, Yadollahi and Shamsaei 2017) covering fatigue and charpy properties 
mostly on Ti-6Al-4V (Beretta and Romano 2017), stainless steel of 316L, 17-4PH (Mower and 
Long 2016), Inconel and aluminium alloy(Beretta and Romano 2017). A recent work on fatigue 
properties of maraging steel (Hermann Becker and Dimitrov 2016) and charpy impact properties 
on some of those metals from selective laser melting (SLM), electron beam melting (EBM), direct 
metal deposition (DMD), shaped metal deposition (SMD) etc will be covered in this review paper 
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together with future challenges and directions indicated (Zhong, Rännar et al. 2017). The 
properties results and their relationship to microstructures induced by AM process will be 
correlated. Meanwhile results were also compared with conventional manufacturing process for 
the same material from similar conditions (Herzog, Seyda et al. 2016, Beretta and Romano 2017, 
Suryawanshi, Prashanth et al. 2017). A possibility of direct application of AM produced 
components to real application will be concluded based on the properties obtained (Riemer, 
Leuders et al. 2014, Suryawanshi, Prashanth et al. 2017).

FATIGUE 

Fatigue model 
There are several models to describe fatigue properties such as S-N curve or -N curve, da/dN~ K
(Shamsaei, Yadollahi et al. 2015). The first two is considered two-stage model that covering both 
crack initiation and crack propagation stages. And the last one is one stage model that only studies 
crack propagation behavior. Crack initiation and propagation both constitute the total fatigue life 
that is the total cycles before failure where each stage may dominate depending on the regime that 
was studied. Generally there are three different regimes that people will study for, low cycle (LCF, 
<104 cycles), high cycle (HCF, 104 cycles – 107 cycles) and very high cycle fatigue (VHCF, >107

cycles). And mostly those materials were studied in high cycle fatigue regime where crack 
initiation dominates the total fatigue life. And this is the most common situation encountered in 
real life, whereas in low cycle fatigue regime crack propagation stage dominates the whole fatigue 
life (Xue, Pascu et al. 2010, Mower and Long 2016, Zhong, Rännar et al. 2017). Sometime very 
high cycle fatigue will also be conducted (Wycisk, Siddique et al. 2015). Materials may behave 
differently within each regime where different types of failure mechanisms were found (Xue, 
Pascu et al. 2010). So far there were several studies on fatigue properties covering materials of 
316L (Leuders, Lieneke et al. 2014), maraging steel (Hermann Becker and Dimitrov 2016, 
Suryawanshi, Prashanth et al. 2017), 17-4PH(Akita, Uematsu et al. 2016), Ti-6AL-4V (Wycisk, 
Siddique et al. 2015) and aluminum alloy etc. and the results are similar to conventional 
manufactured material at same condition either by heat treatment or hot isostatic pressing (HIP)
for both fatigue strength and crack growth rate (Mower and Long 2016, Suryawanshi, Prashanth et 
al. 2017).
 
Defects 
Firstly fatigue property is material related and different materials have distinct fatigue behaviors. 
However based on previous research work on AM parts some common ground was drawn that 
fatigue properties are sensitive to process induced defects such as inclusions, material 
inhomogeneities, porosities, lack of fusion area or partially melted powder etc. either from LCF, 
HCF or VHCF (Rafi, Starr et al. 2013, Akita, Uematsu et al. 2016, Beretta and Romano 2017).
Those were through the studies on as-built, machined, heat treated or HIPed samples for their 
respective fatigue strength and crack growth rate as well as fractography etc. (Mower and Long 
2016). Heat treat is applied either for relieving residual stress or achieve mechanical properties for 
specific materials. HIP is used to close pores within AM parts. Both may introduce certain amount 
of grain growth and the typical AM microstructure such as elongated grains etc. can be lost to 
certain extent.

For conventional manufacturing process it is well known that fatigue is sensitive to surface 
conditions. Similar rules can be applied in AM as mostly fatigue cracks were found to be initiated 
from surface defects or defects at subsurface either from single origin or multiple origins (Xue, 
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Pascu et al. 2010, Rafi, Starr et al. 2013, Zhong, Rännar et al. 2017). This is usually coupled with 
different stress levels applied for the specific test and crack initiation location may vary 
accordingly as can be observed at different regime of test cycles (Wycisk, Siddique et al. 2015).
The only thing is the sensitivity to surface condition and defects may vary from material to 
material. Likewise 316L (Riemer, Leuders et al. 2014) and maraging steels (Hermann Becker and 
Dimitrov 2016) are less sensitive to surface conditions based on the studies of as-built and 
machined samples for both fatigue strength and crack growth rate. However for Ti-6Al-4V(Mower 
and Long 2016), AlSi10Mg(Mower and Long 2016) and 17-4PH (Hanns A. Stoffregen), material 
shows significant sensitivity to surface conditions as can be seen for the big difference of fatigue 
strength after surface machined and HIPping. The difference in sensitivity to surface roughness 
and internal defects was claimed due to material ductility where local plastic deformation near 
crack tip areas reduces the detrimental effect of porosities as stress risers (Leuders, Lieneke et al. 
2014). A systematic study on defects size, shape and distance from surfaces concluded that crack 
intend to initiate at large defect size and near to the surface location (Xue, Pascu et al. 2010, 
Shamsaei, Yadollahi et al. 2015). And this will also contribute to the fatigue data 
scattering(Herzog, Seyda et al. 2016). There are also other argues that the maximum stress (using 
effective cross section areas) could be the reason for crack initiation and propagation (Yadollahi 
and Shamsaei 2017). If no defects exist, cracks intend to initiate from slip band (Rafi, Starr et al. 
2013, Zhong, Rännar et al. 2017). 
 
Microstructure 
Microstructure (grain shape and size) and residual stress was also claimed as influencing factor for 
fatigue life of AM parts(Rafi, Starr et al. 2013, Zhong, Rännar et al. 2017). Smaller grains was 
claimed to have higher resistance to crack initiation during high cycle fatigue due to the higher 
density of grain boundaries that can relocate dislocation pile up, while larger grains hold higher
crack growth resistance because of the more rugged crack path (Shamsaei, Yadollahi et al. 2015, 
Yadollahi and Shamsaei 2017). Other than that the elongated grains along built direction for laser 
assisted process may contribute to the fatigue properties variations along different built
orientations from certain aspect. There is research claiming that the microstructure may play more 
effect during crack initiation stage in VHCF where rugged fracture surface was observed 
compared with more flat surface for HCF. With it a multi-stage fatigue models (MSF) are 
proposed where conventional crack initiation stage was further divided into more stages including 
crack incubation, microstructurally small crack growth (MSCG) that is down to millimeter scale
(Shamsaei, Yadollahi et al. 2015, Yadollahi and Shamsaei 2017). Other disputes comes that 
process induced defects such as lack of fusion within each layer could contribute to the anisotropic 
fatigue properties more than microstructure does (Yadollahi and Shamsaei 2017).
 
Residual stress 
The effect of residual stress was studied by comparing the results of as-built and after heat 
treatment (Riemer, Leuders et al. 2014, Hermann Becker and Dimitrov 2016). A fraction of 
residual stress was relieved after heat treat and significant effect to fatigue strength and crack 
growth rate was observed for Ti-6Al-4V (Leuders, Lieneke et al. 2014) but less significant effect 
to 316L steel. For SLM produced maraging steel 300, faster crack growth rate was found for as-
built samples compared with solution annealed samples. Again it is material dependent. But more 
comprehensive studies are needed for an in-depth understanding of fatigue behavior of AM 
materials.
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For material bearing loading it is good to have both strength and toughness. As known, impact 
toughness depends on both strength and ductility. And it could be a contradiction to achieve high 
strength and good ductility both at the same time. Charpy impact test as a commonly used 
technique to evaluate impact toughness was affected by microstructure and defects if other 
conditions are kept same. Table 1 covered several preliminary studies on charpy impact energy of 
AM materials including 316L (Yasa, Deckers et al. 2010, Zhong, Liu et al. 2016, Brytan 2017), 
maraging steel 300 (Yasa, Deckers et al. 2010, Yasa E. 2010, K.Kempen 2011, Bai, Yang et al. 
2017), H13 tool steel (Imran, Masood et al. 2011), Inconel 625 (Puppala, Moitra et al. 2014), 
Inconel 718 (Yasa, Deckers et al. 2010, Sufiiarov, Popovich et al. 2017), Ti6Al4V (Sufiiarov, 
Popovich et al. 2017) and AlSi10Mg (Kempen, Thijs et al. 2012, A.A, M.S et al. 2016). Most of 
the materials achieved comparable but lower impact energies than conventional manufacturing 
method for the same condition. This could be understood from microstructure characteristic and 
other mechanical properties of AM parts as usually AM produced superior tensile strength, yield 
strength but lower elongation due to the finer grain size and higher density of dislocation. Those 
process related properties determined charpy properties. The only exception is 316L where the 
material from AM possesses good tensile properties without losing elongation. Good charpy 
impact property should be obtained as confirmed by the 103 J impact energy in SLM printed 316L 
(Zhong, Liu et al. 2016). But other work only achieved 59.2 J of impact energy using the same 
SLM process (Yasa, Deckers et al. 2010). This contradiction in results triggered the large effect 
process defects to charpy impact properties as it could be found that the densification from higher 
charpy impact energy is > 99.8% which is higher than the lower impact energy at or >98.5%. 
However detailed microstructure was not studied in related paper where different process 
parameters are used. A comprehensive study is needed for the charpy impact toughness of AM 
materials. The charpy impact energy using un-notched samples were also studied and there was no 
notching effect concluded from SLM process.

Table 1.  Mechanical properties of AM metals

Material AM process UTS
(MPa)

y
(MPa)

Elongation
(%)

Absorbed energy 
(J)

316L (Zhong, Liu et al. 2016) SLM 594 487 49 103
316L(Yasa, Deckers et al. 2010) SLM --- --- --- 59 (as-built)
316L (Zhong, Liu et al. 2016) HIP at RT/200°C 570/450 220/160 54/42
316L (Zhong, Liu et al. 2016) Criteria 525/415 220/135 45/- 120
Maraging steel (Yasa, Deckers et al. 2010) SLM 36.3 (as-built)

10.1 (after aging)
Maraging steel (Yasa, Deckers et al. 2010) Conventional 18 (after aging)
H13 deposited on Copper substrate (Imran, 
Masood et al. 2011) DMD 673 --- --- 67.12

Inconel 625 (Puppala, Moitra et al. 2014) LRM --- --- --- 49
Inconel 718 (Sufiiarov, Popovich et al. 2017) SLM 1051 807 21.9 83.8
Ti6Al4V (Yasa, Deckers et al. 2010) SLM --- --- --- 11.5
Ti6Al4V (Yasa, Deckers et al. 2010) Investment casting --- --- --- 15
AlSi10Mg (A.A, M.S et al. 2016) SLM 412 242 6.34 2.5
AlSi10Mg (Kempen, Thijs et al. 2012) SLM 391 --- 5.55 3.94
A360T6 (A.A, M.S et al. 2016) Conventional 330-365 285-330 3-5 2.5-3.0

CHARPY 
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CONCLUSIONS AND OUTLOOK 

A series of materials produced from AM process have been characterized for their fatigue and 
charpy properties. Most of them can meet the conventional material standard for direct application 
or after post treatment. Future development in a wider regime of fatigue cycles and failure 
mechanism for both properties will help more in real applications.
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