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ABSTRACT: The high cycle fatigue properties of metallic materials are strongly affected by the 
presence of defects via the premature initiation of fatigue cracks. The laser powder bed fusion (L-
PBF) process is a popular additive manufacturing (AM) technique for making metal parts. It is 
known to produce detrimental fatigue defects, such as porosity and lack of fusion defects. This 
work reviews the severity of these defects on the fatigue performance of a number of L-PBF 
alloys. The applicability of heat treatment and hot isostatic pressing as the means for fatigue 
property control was also examined. Such understanding could aid material and process selection 
for fatigue-related applications. 
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INTRODUCTION 
 
In laser powder bed fusion (L-PBF), fabrication of metal parts is achieved by the consolidation of 
powder using high power lasers. The line-by-line and layer-by-layer scanning process generates 
unique microstructure and material properties. A number of alloys, including Ti6Al4V, AlSi10Mg 
and iron-based alloys, have been successfully printed and could potentially be adopted for direct 
part fabrication in various industrial sectors. However, there remains a gap between the existing 
knowledge base developed for conventionally manufactured parts and that required for the 
qualification of additive manufactured parts.   
 
For L-PBF, this gap is rooted in the complex process-structure-property relationship. One of the 
fundamental issues concerning structural metals is the fatigue properties. In the absence of 
processing defects, fatigue failure occurs via plastic slip localisation. Changes in processing 
conditions, e.g. processing parameter setting, or powder could generate different defects that create 
local stress concentration and promote cracking. For example, voids such as gas pores and lack of 
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fusion defects are discontinuities that could lead to premature fatigue cracking. Melt pools and 
grain boundaries are weak regions that are prone to brittle failure (Zhong et al. 2016).  
 
Besides the generic structures that are typical of L-PBF materials, alloys of different compositions 
exhibit different microstructural features and properties. For example, conventional cast AlSi10Mg 
is a precipitation hardening material which acquires the best strength via the T6 heat treatment 
(solution annealing + artificial aging). However, subjecting L-PBF AlSi10Mg to such thermal 
treatment resulted in reduced strength but enhanced ductility (Maskery et al. 2015) because of the 
different elemental distribution and grain structures. Conversely, for L-PBF 17-4 PH stainless 
steel, hardening could be achieved by the conventional heat treatment process as precipitation 
particles are formed (Yadollahi et al. 2017). Hence, tailored qualification strategies are necessary 
for assessing and assuring the properties of various L-PBF materials. 
 
This work reviews the failure-critical defects and the effect of thermal treatment on the fatigue 
properties of a number of L-PBF alloys. It could provide a guide for enabling the material-specific 
approach to controlling the properties of L-PBF materials.  
 
FATIGUE CRACK INITIATION - FAILURE-CRITICAL DEFECTS 
 
L-PBF materials exhibit hierarchical structures at the macro, micro and nano scales (Zhong et al. 
2016). At the macro-scale, melt tracks and columnar grains are on the order of 10 m to 100 m. 
Defects, e.g. lack-of-fusion and keyhole defects, of equivalent or larger sizes are also present, 
depending on the processing conditions. Micro-scale features are characterised by cellular sub-
grains induced by the rapid solidification process. Nano-scale structures could consist of small 
inclusions and precipitates whose compositions are material-dependent. These features could 
create local stress concentration and trigger cracking under cyclic loading. This section reviews the 
key failure-critical defects for a number of popular L-PBF alloys, including stainless steel 316L, 
17-4 PH stainless steel, Ti6Al4V and AlSi10Mg. Surface roughness-induced defects are not 
considered. 
 
Grains 
This type of failure is exemplified by stainless steel 316L (Zhang et al. 2017). The columnar grain 
boundaries of stainless steel 316L is highly concentrated with dislocation cells and segregated 
elements such as Cr, Mo and Mn (Liu et al. 2017). Such grain boundary defects impede the 
transfer of slip across the grains, and the piling up of dislocations from both sides of the grain 
boundaries could result in intergranular fracture (Yoo & King 1990, Zhang & Wang 2003). As the 
columnar grains are macro-scale structure which are larger than gas pores and comparable to the 
size of lack of fusion defects, such intergranular failure mode creates enhanced tolerance for 
porosity (Zhang et al. 2017). 
 
Process-induced voids 
Nearly all studies on Ti6Al4V reported fatigue crack initiation from process-induced voids 
(Leuders et al. 2013, Rafi et al. 2013, Wycisk et al. 2014), mostly lack-of-fusion defects or large 
gas pores. Besides, the microstructure of Ti6Al4V, consisting of martensitic ’-phase in prior  
grains, was found to produce adverse effects on crack propagation. In-situ transformation of the ’ 
martensite to ultrafine lamellar (  + ) by tuning the processing parameters produced noticeable 
improvement of the high cycle fatigue resistance (Xu et al. 2015).  
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Similarly, fatigue crack initiation of 17-4 PH stainless steel is also driven by processing defects 
(Yadollahi et al. 2016). The microstructure constitutes retained austenite in martensite, where the 
retained austenite affects the deformation behaviour rather than crack initiation. Specifically, the 
metastable austenite could cause stress/strain-induced austenite to martensite phase transformation 
which is associated with cyclic hardening.  
 
Crack initiation from micron- and sub-micron-size oxides had been reported for AlSi10Mg (Tang 
& Pistorius 2017). The aluminium is highly susceptible to oxidation (Thijs et al. 2013), which 
could be incurred by oxide films present in the powder particles. Poor wetting of the alloying 
materials could lead to the formation of large defects on the order of tens of microns. Uniformly 
distributed interdendritic eutectic Si along the cellular boundaries was found to create 
strengthening effect (Li et al. 2016) and are not detrimental to fatigue cracking.  
 
Similar grain boundary de-bonding, as that observed in stainless steel 316L, has not been reported 
for these L-PBF alloys, indicating that the elemental segregation/dislocation could be unique to 
stainless steel 316L. The absence of such weakest links in the material promotes cracking from 
processing defects, rendering the materials more defect-sensitive. Nonetheless, it is possible that 
poor process control, e.g. choice of processing parameters, powder cleanliness, etc., could have led 
to the inevitable formation of failure-critical voids, triggering the premature crack initiation.  
 
MATERIAL-DEPENDENT PROPERTY CONTROL  
 
For materials with processing defect-driven fatigue failure, the defect tolerance design concept 
could be adopted for property management (Beretta & Romano 2017). Besides processing-
oriented porosity control, e.g. processing parameter optimisation, fatigue-critical defects can be 
minimised by performing hot isostatic pressing (HIP), which achieves material consolidation and 
the closure of porosity via the simultaneous actions of temperature and pressure. However, the 
impacts of HIP on fatigue properties are two-fold. While reducing porosity, the high temperature 
and long treatment duration is associated with microstructure coarsening and recrystallization, 
which could lead to reduced fatigue strength.  
 
Table 1 shows the effects of HIP treatment on the high cycle fatigue properties of L-PBF stainless 
steel 316L, Ti6Al4V and AlSi10Mg, as compiled from literature. It can be seen that both stainless 
steel 316L and AlSi10Mg respond negatively to HIP, exhibiting reduction in high cycle fatigue 
resistance. Only the fatigue properties of Ti6Al4V improved after HIP treatment.  
 
Such material-dependent effect of HIP could be attributed to the inherent material properties. The 
yield strength of Ti6Al4V is much higher than the other two materials, such that HIP produces 
much smaller percentage reduction in strength. For Ti6Al4V, the beneficial effect from the 
elimination of crack-initiating defects outweighs the effect of the small decrease in strength (less 
than 20%), such that the overall fatigue properties improved. For stainless steel 316L and 
AlSi10Mg, significant reduction in yield strength, approximately 30% and 50% respectively, was 
incurred by HIP such that under the same cyclic load, bulk material deformation could have 
transited from the elastic mode to the plastic mode. This promotes the initiation of fatigue crack 
from previously non-critical defects and creates unstable crack propagation, thereby the inferior 
fatigue properties as reported for these materials.  
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Table 1.  Yield strength and fatigue properties of L-PBF alloys before and after hot isostatic 
pressing.  

Material HIP condition 
Yield strength 

(MPa) Fatigue properties Ref. 
As-built HIPed 

Stainless 
steel 316L 

1190 °C and 
145 MPa for 4 
hours 

590 420 Fatigue life reduced by 
about two times 

The authors’ 
unpublished 
work 

Ti6Al4V 

900 °C and 100 
MPa for 2 
hours 

986 885 Fatigue life increased 
by more than ten times  

(Kasperovich 
& Hausmann 
2015) 

920 °C and 100 
MPa for 2 
hours 

1200 1000 
Fatigue limit increased 
from about 300 MPa to 
700 MPa  

(Leuders et 
al. 2014) 

AlSi10Mg 
250 °C and 180 
MPa for 2 
hours 

241 115 
Fatigue limit decreased 
from about 125 MPa to 
75 MPa  

(Uzan et al. 
2017) 

 
Comparing with HIP, solution heat treatments inflict less severe microstructural changes as they 
are usually performed over shorter time periods and at lower temperatures. For AlSi10Mg, 
solution annealing and ageing was shown to produce observable improvement in high cycle 
fatigue properties (Aboulkhair et al. 2016). Despite the presence of failure-critical processing 
defects, the heat treatment led to markedly improved ductility and a small reduction in yield 
strength of less than 20% (Maskery et al. 2015), such that the overall fatigue resistance surpassed 
that of the as-built form. These results indicate that the applicability of post-processing thermal 
treatment on fatigue properties is largely dependent on  relative change in the yield strength of the 
materials. However, this criterion is not applicable for precipitation-hardened materials like 17-4 
PH stainless steel, where material-hardening makes it more sensitive to defects after heat treatment 
(Yadollahi et al. 2017).   
 
CONCLUSIONS 
 
This work reviews the fatigue failure-critical defects and the applicability of post-processing heat 
treatments as the means for property improvement of a number of L-PBF alloys. The following 
conclusions could be made: 
 
1. Crack initiation occurs at microstructural grain boundaries for stainless steel 316L, whereas 

processing defects are the most detrimental defects for alloys including 17-4 PH stainless 
steel, Ti6Al4V and AlSi10Mg. Further investigations are required to verify if the processing 
defect-induced failures reflect the high defect-sensitivity of the materials or if the presence of 
failure-critical defects are caused by poor processing control. 
 

2. Hot isostatic pressing improves the high cycle fatigue properties of materials only when it 
results in small percentage reduction of the yield strength. As the high strength, ultrafine-
grained properties are benefits of L-PBF processing, significant reduction in strength due to 
HIP could lead to retarded fatigue strength. Tailored heat treatment strategies are necessary to 
minimise strength reduction. 
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