
ABSTRACT: The requirement on life and robustness for aero-engine components poses obstacles 
to additive manufacturing. It is expected that increasing knowledge about the process and thereby 
its development together with adaption of existing alloys may improve this state. Simulations can 
contribute to understanding as well as be used in the design of process and components in order to 
reduce residual deformations and stresses as well as defects. Models for the latter are still not well 
established. The paper describes various existing approaches and also on-going developments at 
Luleå University of Technology that enable better descriptions in the near weld region for crack 
initiation.
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INTRODUCTION

Companies producing components for aerospace were early adopters of additive manufacturing 
(AM). However, use of AM to produce crucial load carrying components or add-on features is still 
challenging. There exist strict requirements on life expressed both in terms of nominal life time but 
even more challenging on having a small variability in this nominal value, Lewandowski and Seifi 
(2016). Simulations in themselves do not resolve this problem but they can support the 
development in various ways. There are models at various scales and even combining multiple 
scales. Each approach has its advantages and limitations. 

The paper focuses on macroscopic models of the produced components with the corresponding 
simplification in the process zone. This is based on developments around beginning of 1970 when 
the area of Computational Welding Mechanics (CWM) emerged, Lindgren (2007). The aim of 
CWM is to model the overall performance of the welded component or structure. CWM thermo-
mechanical models can be combined with models for microstructure evolution. The models can 
then predict deformation, microstructure as well as stresses that are important ingredients when 
estimating life. The centerpiece in welding simulations is the heat generation process. Its 
description belongs to the domain of thermo-mechanics in the case of explosive welding, friction 
welding and friction stir welding. Resistance welding needs the inclusion of the electrical field 
also. However, the process becomes much more complex for fusion welding processes like 
electron or laser beam welding. These heat sources are also common in AM. Weld process 
modeling (WPM) focuses on modeling the physics of the heat generation. The limiting region 
between these models is the liquid-solid boundary. They have different time and spatial scales and 
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are not easily solved simultaneously. Therefore all existing CWM models start with a calibrated 
heat source model and exclude fluid flow when simulating AM. Still there are computational 

for experiments for increased understanding and model calibration and validation, like the NIST 
initiative AM-Bench (https://www.nist.gov/ambench). CWM models have evolved quite a lot 
during the last ten years combining advanced dislocation density based plasticity models with 
phase changes/precipitate models. The large challenge ahead is estimating defect generation. This 
is the lacking piece of information for estimating life. There are various approaches that have been 
used over the last decades to estimate the risk for cracking. The paper reviews these approaches 
and also describes developments to enable better descriptions in the near weld region for crack 
initiation estimates that can support the introduction of AM for high performance components. 
 
CRITERIA FOR DEFECT INITATION 
 
The focus in the following is on criteria for hot crack initiation used in welding and applicable to 
AM. Models accounting for the detailed interaction between heat source and powder are not 
included. This kind of models is necessary to use if the defect generation due to these phenomena 
should be evaluated. 
 
Weld cracking phenomena, following Lippold (2015), can be grouped into hot cracking, solid-state 
cracking where the special cases of hydrogen-induced and stress-corrosion cracking are grouped 
separately although they occur in the solid-state. Hot cracking consists of solidification cracking 
and liquation cracking. Hot cracking is called hot tearing in casting, Eskin et al. (2004). It is 
related to the presence of existing liquid films during solidification. These films have a limited 
resistance against deformation. Hot cracking is more likely for material with a large solidification 
range, which can be extended due to segregation. Liquation cracking is similar but exists in the 
partially melted zone. The phenomena occur in the Brittle Temperature Range (BTR) of the 
material. Solid state cracking consists of ductility dip cracking, reheat cracking and lamellar 
cracking and will not be discussed here, see Lippold (2015).  The simulations described in the next 
chapter do not include estimates of defects or crack initiations. This issue poses additional 
challenges both in terms of knowledge about mechanisms and their description and numerical 
issues, as softening can lead to non-convergent solutions. The problem of modeling defect 
initiation is not unique for AM but has been a long-standing issue in CWM despite the advent of 

problem. Defect initiation is a weakest link event whereas plasticity modeling is more of an 
average property. Therefore the scatter is larger than concerning plastic properties. The initiation 
of a defect is a combination of macroscopic mechanical loading and the existence of a sensitive 
microstructure, pores, inclusions etc. The macroscopic load is due to the accumulated effect of 
thermal strains including solidification shrinkage and mechanical restraints due to the material 
itself and possible fixturing. 
 
Models for cracking criteria are grouped below into thermal or thermo-mechanical based. The 
latter group of models may include some aspects of the behavior of fluid flow and are then denoted 
fluid flow informed criteria. 
 
Thermal based criteria 
Crack initiation requires, as stated earlier, mechanical loading but pure thermal criteria may 
sometimes be sufficient. Mukherjee et al. (2016,  2017) summarized dimensionless numbers that 
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can characterize a process, like a non-dimensional heat input that correlated to lack of fusion when 
low or pores due to key-hole when high. They are not that straightforward to use due to the 
strongly non-linear and complex conditions of AM. Beuth et al. (2013) used Rosenthal analytic 
solution for the temperature field to characterize the process and made non-dimensional process 
maps of energy versus speed with lower limit against lack of fusion and upper limit against pores. 
King et al. (2014) used normalized enthalpy as a measure of the risk for key-holing leading to 
pores. The Rosenthal analytic solution was also used to estimate the width of the molten pool in 
order to have sufficient overlap between scans Tang et al. (2017).  
 
Thermo-mechanical based criteria 
Various mechanical criteria applied to a given structure, i.e. temperature range, have been utilized 
in simulations. The temperature range depends on metallurgy so the criteria may be denoted as 
metallurgy-informed also. The Brittle Temperature Range (BTR) is the typical range of 
temperature. Critical stress criteria relate the stress over the liquid film to the maximum stress it 
can sustain whereas more common is the use of a critical strain, Coniglio and Cross (2013). 
Jonsson et al. (1983) evaluated the accumulated plastic strain when the material cooled from 1400 
to 1000 °C. The range was chosen based on the extended solidification range of steel due to 
segregation of S. This criterion showed a good correlation with observed crack locations in a butt-
welded plate. Wei et al. (2006) used a similar approach for accumulated mechanical strain in BTR. 
They used a temperature about 1275 °C as the lower limit of BTR. The lower limit of BTR can be 
the coherency temperature (CTR) as in Coniglio and Cross (2013). Bergmann and Hilbinger 
(1998) assumed that the solidification shrinkage is compensated by backfill from the melt until an 
accumulated strain of 0.02 was reached in the solidification temperature range. This value was 
obtained by fitting versus test. 
 
Thermo-mechanical and fluid flow informed criteria 
The steady-state model proposed by Rappaz et al. (1999) for casting, the RDG model, estimates 
the pressure in the film and assume decreasing pressure leads to cavitation and to fracture 
initiation. However, the model requires too large under-pressure for cavitation. Coniglio and Cross 
(2013) extended the RDG model with strain localization over the liquid film, included strain rate 
and assumed pre-existing pores leading to realistic under-pressures for cavitation. On-going work 
by Draxler et al. (To be submitted) computes the pressure in the liquid film by post-processing 
finite element simulation of welding and combined this with a pore model, see Figure 3.  
 
THERMO-METALLURGICAL-MECHANICAL SIMULATIONS OF AM 
 
The use of finite element modeling of AM for two important aerospace materials is discussed 
below including experimental results concerning defects. The current models predict 
microstructure and residual stresses/deformations. The possibility to also include defect estimates 
is discussed illustrated for Alloy 718.  
 
Metal deposition Ti-6Al-4V 
There is a very large amount of experimental studies of AM of Ti-6Al-4V Lewandowski and Seifi 
(2016). The material Ti-6Al-4V undergoes phase changes that need be accounted for when 
simulating AM of the alloy. The microstructure model in Charles Murgau et al. (2012) and physics 
based flow stress in Babu and Lindgren (2013) have been combined in AM simulations, e.g. 
Lundbäck et al. (2016), Figure 1. The most common defects are gas-entrapped pores and lack of 
fusion (LOF), Lu et al. (2015). Pores may be inherited from the powder or generated during the 
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process. Kasperovich and co-workers evaluated effect of process parameters on porosity as well as 
their shape Kasperovich et al. (2015, 2016). They found an optimum with respect to energy 
density with lower porosity. Higher energy density generates more spherical pores whereas they 
become more flat, irregular when the energy density is too low.  
 

 
Figure 1. AM of Ti-6Al-4V. Temperature field, phase composition and dislocation density. 

 
Repair welding Alloy 718 
Alloy 718 is also a common aerospace material with very good high temperature properties as well 
as weldability. However, micro-fissures due to liquation cracking have been observed. Wang et al. 
(2016) reviewed the use of Powder Bed Fusion processing (PBF) of Alloy 718. Figure 2 shows the 
results from a coupled precipitation-flow stress model applied to repair welding, Fisk et al. (2012, 
2014). AM produced Alloy 718 components can also have pores, un-molten powders and bonding 
defects due to the PBF process. Higher cooling rates reduce the amount of Laves phases and 
segregation of Nb. Draxler et al. (To be submitted) developed a hot crack initiation criterion based 
on frozen in pores in the liquid film between grain boundaries during solidification, see Figure 3.  
 

 
Figure 2. AM of Alloy 718. Temperature field, dislocation density and precipitate mean size. 
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Figure 3.  Length of initiated cracks in weld of Alloy 718 obtained from post-processing of finite 
element simulation of welding.  

 
CONCLUDING REMARKS 
 
Extending the use of additive manufacturing to high performance components requires not only 
good mechanical properties but also they must have a small scatter. This is a particular problem for 
components subject to fatigue loading sensitive to defects. Improving robustness may require 
development of special AM materials as well as sensor techniques for process control. However, 
fundamental to this is the need for a better understanding of the process where experiments and 
modeling plays complementary roles. This paper indicates the current state of art in respect to 
macroscopic modeling of AM. 
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