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Abstract 
 

A part produced by laser-based powder bed fusion (LPBF) normally requires post-
processing, for example to improve its residual stress state or material properties. A 
stress relaxation heat treatment is used to reduce the residual stresses in a part, and the 
resultant deformation when it is cut from the base plate. Heating at a higher temperature 
can cause a change in the microstructure. Finding the optimal processing conditions for 
these thermal post-processes can require a large amount of experiments. However, a well-
calibrated numerical model can be a useful tool for finding suitable process conditions. 
For the present work, five different models were developed, which investigate different 
aspects of the LPBF process chain.  

Two of the models focus on macro-scale simulation of a LPBF process chain, consisting of 
the primary LPBF process, a heat treatment, and a cutting operation to remove the part 
from the base plate. Both models are implemented in commercial finite element software. 
The first one is a simplified investigation, capable of showing the effect of the order of the 
post-processing steps, but it is relatively insensitive to heat treatment temperature and 
dwell time. The second model uses a creep equation to imitate the time and temperature 
dependent evolution of the residual stresses. The model is validated using experimental 
results, and subsequently used to produce a process map for a stress relaxation heat 
treatment, which can be used directly to find the optimal material properties.  

Two additional studies are presented that aim to demonstrate possible ways to couple 
models at different length scales. The first of these is a one-way coupling between a single-
track mesoscale model for LPBF, and a microstructural model, which uses CA for a 
subsequent heat treatment. These two parts are coupled via the grain morphology 
following from the mesoscale simulation. The main benefit of this model is that it requires 
little additional computational cost to couple the two simulations. The second model uses 
two-way coupling between a macroscale model for the LPBF process and a JMAK-based 
microstructural model. However, coupling two well-established models together allows 
investigation of the effect of the intrinsic heat treatment on the residual stress state after 
the LPBF process. The two-way simulation shows that inclusion of the intrinsic heat 
treatment can only be justified for high fidelity simulations, or when the precise 
composition of the microstructure is important for further processing of the part. 

Finally, in the present work, a model is developed to simulate the evolution of the 
-transus temperature in a part 

produced in Ti-6Al-4V using LPBF. The model uses the cellular automata method to 
imitate microstructural change, and thermal solver to obtain the temperature field during 
the heat treatment. Additionally, during the second half of the heat treatment, namely 
while cooling down from the high temperature to room temperature, a correction factor 
is added to account for the difference between growth direction of the Widmanstätten 
laths and the orientation of the observation plane for the micrograph. Comparing the 
outcome of the microstructural model growth with JMAK kinetics shows that the grains 
nucleate in a narrow temperature range, resulting in steps in the nucleation profile. 
During the second part of the heat treatment, the simulated micrographs show that it is 
possible to obtain a basketweave-type grain morphology without nucleating laths in the 
centre of the grain. 
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1. Introduction 
 

1.1 Additive manufacturing and Laser-Based Powder Bed Fusion 

Additive manufacturing (AM) emerged at the end of the 20th century [1] as a novel 
technique to produce parts by accumulation of basic material feedstock. The term 
additive manufacturing refers to this agglomeration process, in which more and more 
material is added to the part until it is completed. This differentiates it from traditional 
manufacturing techniques, where the part is carved out from a larger piece of material, or 
in some way cast in a mould and subsequently consolidated. The feedstock used in 
additive manufacturing spans most known material groups, including, but not limited to, 
metals, polymers and ceramic material.  

In metal additive manufacturing, a part is fabricated in metal. There are multiple ways to 
transform the metal from the feedstock state to a consolidated part, but in AM, two 
techniques have gained most traction by their use in industry [2]: melting and 
solidification of the metal, and sintering of metal powder. The latter uses a temperature 
below the melting temperature of the metal to fuse, through diffusion, touching metal 
particles together until they form a massive material. In the former category of AM 
techniques, the metal is molten through the application of a heat source, and solidifies in 
the positions determined by an earlier created design. One of these techniques involving 
melting and solidification is laser-based powder bed fusion (LPBF). In LPBF, the feedstock 
material is metal powder, and the heat source used to melt the powder is a high-powered 
laser [3]. 

The LPBF process starts from an earlier prepared digitally generated geometry, which is 
sliced in layers. This sliced geometry is transferred to the LPBF machine, which uses it to 
determine where the powder will be molten. The machine spreads a thin layer of powder, 
typically a few tens of micrometres thick [3], on top of the build plate. Next, the high-
powered laser, which is mounted in the machine, melts the powder in the positions 
required to form a cross-section of the desired part. The LPBF machine subsequently 
lowers the build plate with an amount corresponding to the powder layer thickness, a 
new layer of powder is deposited on top of the previous one, and the process repeats until 
the entire part is finished. The LPBF process is schematically depicted in Figure 1.1. 

To ensure the different layers of the part adhere to one another, and to reduce the risk of 
delamination, the melt pool, created by the laser, is deeper than a single layer. Moreover, 
it typically spans several powder layers [4,5], meaning that each position of the part will 
be molten multiple times. This also means that the part is fused to the build plate, and that 
a cutting post-process is an inherent part of the LPBF process chain. 

Because the part is fused to the build plate, and due to the cyclical nature of the 
temperature in the part, significant residual stresses can be expected in a part produced 
by the LPBF process. For a simple cuboid, these stresses will evolve from compressive on 
the bottom of the part (near the build plate), to tensile near the free top surface [6]. When 
a layer is first molten, it will expand, due to the high applied temperature. While cooling 
down, the layer contracts, but because it is hindered by the rigid build plate, part of the 
contraction that would be expected if the part were free to move, is converted into tensile 
residual stress. The next molten layer will exert a tensile stress on the underlying layer 
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when it is at its elevated temperature, while itself being compressed, and the sign of the 
stresses flips while cooling down, resulting in the earlier described residual stress state. 
When the part is cut from the base plate, these stresses, or at least part of them, are 
released, and this can give rise to excessive deformation [7].  

Figure 1.1: Schematic depiction of the LPBF process, consisting of a powder delivery system and 
a build cylinder, where the powder is scanned by the laser. 

The laser spot diameter used in LPBF is usually a few tens of micrometres in diameter [8]. 
The melt pool it generates has dimensions in the same order of magnitude. Due to its small 
size, the metal in an individual melt pool will cool down rapidly, and cooling rates in the 
order of 107 K/s [9] can occur during LPBF. As a result, the microstructure, out of which 
the part is comprised after being additively manufactured is far from the equilibrium one 
[10]. Moreover, in most metals, the obtained microstructure is martensitic, which is a non-
equilibrium phase, following a militaristic, massive transformation during cooling. This 
martensitic phase is hard and brittle [10]. The lack of ductility can be detrimental for the 
applicability of parts produced by LPBF. 

On the other hand, some materials, such as maraging (portmanteau of martensitic aging) 
steels or 17-4 PH (precipitation hardening) stainless steel, use this martensitic phase as a 
way to improve the mechanical properties, and more specifically the hardness of the part. 
Since martensite is the result of rapid solidification, little segregation takes place, and the 
distribution of the elements in the part is relatively homogeneous. By heating up the part 
at a temperature below the transformation temperature of the metal, it is possible to 
trigger the growth of fine intermetallic precipitates [11], which drastically increases the 
hardness of the material [12,13]. 

One method of dealing with both macroscopic and microscopic issues inherent to LPBF is 
by applying a post-AM heat treatment. Three heat treatments are commonly applied as 
post-processes: stress relaxation, aging, and solution treatment [14]. The goal of a stress 
relaxation heat treatment is to reduce or homogenise the stresses present after LPBF. Out 
of the three mentioned heat treatments, this one takes place at the lowest temperature 
[15]. The aging heat treatment can have one of two aims. In a material like Ti-6Al-4V, an 
alloy commonly used for LPBF, aging will trigger a decomposition of the non-equilibrium 
martensitic phase into two equilibrium phases, which in Ti-6Al-
phase [10,16]. In maraging alloys, the aging heat treatment causes precipitation. In both 
cases, the aging heat treatment aims to change the microstructure to improve the 
mechanical properties [12]. Since the speed of precipitate growth is mainly influenced by 
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the diffusion speed of the different alloying elements, aging heat treatments tend to have 
a relatively long dwell time, typically a few hours, and take place at a temperature below 
the transformation temperature of the metal, but above the stress relaxation temperature. 
Finally, solution treatment aims to dissolve any unwanted intermetallic compounds by 
dissolving them at a high temperature. This heat treatment is the shortest of the three, 
and takes place at the highest temperature, above the phase transformation temperature 
[14]. 

Besides the thermal post-processes, mechanical post-processes are required. The 
aforementioned cutting process removes the part from the build plate. There are several 
options for cutting a part from the build plate, for example using a band-saw, or by 
electrode discharge machining [17]. Next, the part can be subjected to machining to 
improve the tolerances, or polished to improve the surface quality [18]. Hot isostatic 
pressing is a process in which the part is both heated up and subjected to an isostatic 
pressure, in order to remove porosity and change the microstructure. 

In order to improve and control the quality of the final part, it is important to have control 
over all parts of the LPBF process chain. This requires parameter optimisation. For a heat 
treatment, this implies knowledge of the effect of the heat treatment temperature and 
dwell time on the part quality. 

 

1.2 Numerical modelling in the LPBF process chain 

There are two ways to optimise the LPBF process chain. The set of process parameters, 
which yields parts with a desired quality in the shortest time and with the least use of 
resources, can be obtained experimentally. This optimal set of parameters can be 
estimated from a rigorous design-of-experiments (DoE) setup, or approximated via a 
trial-and-error approach. Alternatively, a numerical model can take over the function of 
the DoE, and find the optimal parameter set through sampling of the entire input space, 
or by using some optimisation algorithm. The main advantage process simulations have, 
is that they require a low number of real, costly experiments. Additionally, a model can 
provide insight into the process, when it is impossible or impractical to do so in situ. 
Examples of this are non-destructive determination of the residual stress state [19], or 
analysing the evolution of the microstructure at temperatures above 1000 K.  

On the other hand, simulations require two steps, which do not exist in experimental 
studies. These are verification and validation of the used model. Verification signifies the 
process of ensuring that the applied model is solved correctly. The main way to verify a 
numerical model is by solving a simple problem with a known solution. Matching the 
numerical solution with the known one provides verification. For most commercial 
software packages, this verification step can be omitted, since it is part of the acquired 
licence. Validation is the process of comparing the results from the simulations with 
experimental results for the same input parameters to control if the simulations capture 
the physical problem with sufficient accuracy. Additional steps, which can be required for 
numerical models are calibration, to find unknown model parameters, or sensitivity and 
uncertainty analyses, which investigate the effect of the choice of these parameters on the 
simulation result.   

Even though simulations, as indicated, require at least one set of experiments, they still 
present a low-cost solution for analysing a complex problem, such as the LPBF process 
chain, or more specifically the post-LPBF post process. This cost has decreased in recent 
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times, with the decreasing cost and increasing speed of computational hardware. 
However, the most detailed simulations can still require several hours or days to 
complete. The need for efficient simulations, with sufficient accuracy remains a driving 
force for numerical model development. 

 

1.3 The PAM2 project 

The Precision Additive Metal Manufacturing (PAM2) project was conceptualised with the 
objective to “ensure the availability of high precision AM processes and (computational) 
design procedures” [20]. This project has received funding from the European Union’s 

-Curie 
grant agreement No 721383. To achieve this, three distinct research work packages were 
defined, namely Design and Modelling for Precision Additive Manufacturing, Precision 
Manufacturing and Metrology to Improve Precision. The second work package is mainly 
concerned with the physical process, aiming to improve the precision, accuracy, and 
quality of the process through experiments. The aim of the third work package is to 
improve and develop techniques and good practices for measuring the parts during and 
after the LPBF process. The majority of this PhD project is focussed on the first work 
package: it focusses on the models for the LPBF process chain.  

There are several ways how these different objectives overlap. The parameters found 
using the numerical models are used as input for the experiments, which produce the 
experiments required for validation of the models. These experiments need to be 
measured to generate useful data. Additionally, metrology generates feedback data for the 
experiments.  

The PAM2 project consist in total of 15 PhD projects, each investigating aspects from one 
or more of these work packages. The early stage researchers (ESR) working on these 
projects are spread out over several universities in Europe. An overview of the different 
ESR’s can be found in Table 1.1. 

Table 1.1: Overview of the PAM2 project [20] 

ESR Number Name Project Title Hosting 
Institute 

1 Rajit Ranjan Topology optimization for precision 
components produced by additive 
manufacturing 

Delft 
University 

of 
Technology 

2 Lokesh 
Chandrabalan 

Develop a novel process approach 
to improve the precision of inner 
features 

NP TEC 

3 Mirko Sinico Develop design guidelines for 
Precision AM based on scientific 
understanding 

KU Leuven 

4 Mohamad Bayat Modelling the thermo-
metallurgical-mechanical 
conditions in precision additive 
metal manufacturing 

Technical 
University 

of Denmark 

5 David De Baere Numerical modelling of heat 
treatment of additive manufactured 
metal parts 

Technical 
University 

of Denmark 
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6 Umberto Paggi Selective laser melting process 
strategies for improved part 
precision and feature accuracy 

3D Systems 
Leuven 

7 Jitka Metelkova In-situ laser-based subtractive 
manufacturing for increased inner 
and outer precision of AM parts 

KU Leuven 

8 Mandaná Moshiri Integrated process chains based on 
AM precision technologies for 
production of high accuracy mould 

LEGO 
System A/S 
& Technical 
University 

of Denmark 
9 Juliana Solheid Laser based secondary finishing 

processes of AM manufactured 
metal parts 

Karlsruhe 
Institute of 
Technology 

10 Amal Prashanth 
Charles 

Process optimisation of the AM 
process and all related post 
processing steps of SLM parts 

Karlsruhe 
Institute of 
Technology 

11 Siwen Chen In-process metrology for high-
precision AM: vision system and 
defect engine development 

University 
of 

Nottingham 
12 Subbareddy 

Darukumalli 
In-process metrology for high-
precision AM: focus variation 
system development 

Alicona 
Imaging 
GmbH 

13 Amrozia Shaheen Optical form measurements of 
complex rough surfaces to improve 
the precision of AM manufactured 
parts 

University 
of 

Nottingham 

14 Markus Baier Best practices in X-ray computed 
tomography to improve the 
precision of additive manufacturing 

University 
of Padua 

15 Aditi Thanki Improved control of the AM process 
by in-process monitoring and 
feedback 

KU Leuven 

 

1.4 Objectives of this PhD project 

The main objective of this project is to model the post-processes for the LPBF process. 
Two aspects will be the focus, namely the microstructural evolution during a heat 
treatment and mechanical response after post-LPBF processing. The possibilities of 
numerical modelling for post-processing are often overlooked, since research tends to 
focus on control of the primary process through parameter optimisation, and the 
associated numerical models [21]. The same models for post-processing of LPBF are still 
absent.  

Mechanical modelling of stress relaxation heat treatments and cutting operations are 
available in literature for different process chains (for example the works by Yan et al. 
[22] or Chen et al. [23]), and additionally, commercial finite element software packages 
are excellent tools for implementing such a model. The first goal of the project is therefore 
to implement established models in these commercial suites, and analyse the effect of 
post-process parameters, such as the heat treatment temperature, dwell time, or even the 
order of certain operations. To achieve this, both sequentially and fully coupled thermo-
mechanical models are used.  
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Microstructural modelling of heat treatments is a significantly less mature field of 
research. Moreover, commercial software for these simulations is less accessible. 

-
transus temperature, due to its inclusion of many mechanisms, which will show the 
possibilities of the proposed model. This leads to the second goal of the project: 
microstructural modelling of a post-LPBF heat treatment, including the effect of the 
temperature variation throughout the microstructural domain. 

Finally, the interactions between these possible models are of interest in this project. 
LPBF and its post-processes are multi-scale, multi-physics processes. To exploit the 
strengths in individual models, they can be coupled. The final goal of this project is to 
explore possible ways of coupling length scales and physical phenomena. 

 

1.5 Publications 

Most of the models, results and discussions presented in this thesis appeared earlier in 
journal publications and conference proceedings. Five of these form the backbone of this 
thesis: 

 De Baere, D., Bayat, M., Mohanty, S., & Hattel, J. (2018). Thermo-fluid-metallurgical 
modelling of the selective laser melting process chain. Procedia CIRP, 74, 87-91. 
https://doi.org/10.1016/j.procir.2018.08.035 

 De Baere, D., Mohanty, S., & Hattel, J. H. (2020). Microstructural modelling of 
above -transus heat treatment of additively manufactured Ti-6Al-4V using 
cellular automata. Materials Today Communications, 24, 
[101031]. https://doi.org/10.1016/j.mtcomm.2020.101031 

 De Baere, D., Bayat, M., Mohanty, S., & Hattel, J. H. (2020). Part-scale mechanical 
modelling of LPBF including microstructural evolution effects. I O P Conference 
Series: Materials Science and Engineering, 861(1), 
[012013]. https://doi.org/10.1088/1757-899X/861/1/012013) 

 De Baere, D., Moshiri, M., Mohanty, S., Tosello, G., & Hattel, J. H. (2020). Numerical 
investigation into the effect of different parameters on the geometrical precision 
in the laser-based powder bed fusion process Chain. Applied Sciences, 10(10), 
[3414]. https://doi.org/10.3390/app10103414 

 De Baere, D., Van Cauwenbergh, P., Bayat, M., Mohanty, S., Thorborg, J., Thijs, L., 
Van Hooreweder, B., Vanmeensel, K., Hattel, J. H. (2020) Thermo-Mechanical 
Modelling of Stress Relief Heat Treatments after Laser-based Powder Bed Fusion. 
Submitted to Additive Manufacturing.  

Additional disseminations, which were contributed to, are the following: 

 De Baere, D., Valente, E. H., Mohanty, S., & Hattel, J. H. (2018). Modelling of the 
microstructural evolution of Ti6Al4V parts produced by selective laser melting 
during heat treatment. In D. Billington , R. K. Leach, D. Phillips , O. Riemer , & E. 
Savio (Eds.), Proceedings of the 18th International Conference of the European 
Society for Precision Engineering and Nanotechnology (pp. 249-250). The 
European Society for Precision Engineering and Nanotechnology. 

 Bayat, M., De Baere, D., Mohanty, S., & Hattel, J. H. (2018). Multi-Scale Multiphysics 
Simulation of Metal L-PBF AM Process and Subsequent Mechanical Analysis. Paper 
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presented at 12th International Seminar of Numerical Analysis of Weldability, 
Graz, Austria. 

 Witvrouw, A., Metelkova, J., Ranjan, R., Bayat, M., De Baere, D., Moshiri, M., Tosello, 
G., Solheid, J., Charles, A., Scholz, S., Baier, M., Carmignato, S., Stavroulakis, P., 
Shaheen, A., & Thijs, L. (2018). Precision Additive Metal Manufacturing. 
In Proceedings - 2018 ASPE and euspen Summer Topical Meeting: Advancing 
Precision in Additive Manufacturing (pp. 18-23). American Society for Precision 
Engineering. 

 Bayat, M., Klingaa, C. G., Mohanty, S., De Baere, D., Thorborg, J., Tiedje, N. S., & 
Hattel, J. H. (2020). Part-scale thermo-mechanical modelling of distortions in 
Laser Powder Bed Fusion – Analysis of the sequential flash heating method with 
experimental validation. Additive Manufacturing, 36, [101508]. 
https://doi.org/10.1016/j.addma.2020.101508 

Finally, during the project, one prize was awarded: 

 IIW Kenneth Easterling Best Paper Award for Bayat, M., De Baere, D., Mohanty, 
S., & Hattel, J. H. (2018). Multi-Scale Multiphysics Simulation of Metal L-PBF AM 
Process and Subsequent Mechanical Analysis. Paper presented at 12th 
International Seminar of Numerical Analysis of Weldability, Graz, Austria. 
 

1.6 Structure of the thesis 

This thesis is composed of six chapters, and five appended papers. The internal structure 
of this document is outlined in this section. 

Chapter 1: General introduction 

The first chapter aims to provide general background on the LPBF process, and establish 
the framework of the project, which this thesis is reporting on. Moreover, it motivates the 
use of numerical models for investigating the entire LPBF process chain. 

Chapter 2: Literature review and state of the art 

In order to establish the field to which this thesis aim to contribute, and introduce some 
of the essential terms necessary to facilitate discussion in this field, the second chapter 
introduces essential literature in the field of numerical modelling, LPBF or post-
processing. However, rather than presenting a historic view on the established literature, 
the most recent studies are references, in order to show the position of current research 
and indicate where the appended papers contribute to it. 

Chapter 3: Process chain models 

The third chapter summarises and provides a synthesis of Paper 4 and Paper 5, which 
both investigated possibilities for macroscale process chain model. The former paper 
presents a simple initial model, which is capable to show the effect of the order of different 
post-processes, but lacks the sensitivity necessary for a parametric study. The latter uses 
a creep-based model, which allows time and temperature dependent simulation of stress 
relaxation occurring during a heat treatment.  

Chapter 4: Coupling between the length scales 

In order to unite simulations between the length scales, coupling schemes are required. 
Two efficient coupling schemes are presented in the fourth chapter, which follow from 
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Paper 1 and Paper 3. Both a weak one-way meso-microscale coupling is illustrated for 
the LPBF process chain, and a two-way micro-macroscale model are shown. Both of these 
examples use well established models, but link them in a way, which leads to novel 
outcomes and offer an outlook in how new models can be implemented.  

Chapter 5: Microscale modelling of a post-LPBF heat treatment 

-
transus temperature heat treatment in Ti-6Al-4V. The results were earlier published in 
Paper 2, and indicate the importance of including the effect of the conduction of heat on 
the change in microstructure, and shows that common assumptions in microstructural 
modelling of the used alloy are not necessarily required. More specifically, nucleation of 

-like microstructure.  

Chapter 6: Conclusion and future work 

The final chapter has two goals: present an overview and summary of the conclusions of 
the various chapters and papers, and indicate where future research can be focussed on. 
Additionally, chapter six presents some preliminary results, to show the initial step 
towards this future research more clearly. 
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2. Literature Review and State 
of the Art 

 

2.1 Classification of LPBF and Heat Treatment Models 

Modelling of the different parts of the LPBF process chain and associated processes has 
gained a lot of traction over the last few years. New studies are published on a weekly 
basis, therefore justifying the need for a method to classify these studies. In this 
manuscript, a distinction in terms of the scale of the problem is employed. Moreover, 
there are three scales, which are of mayor concern for modelling of the LPBF process: 
macroscale, mesoscale and microscale. Since usage of these terms is not always consistent 
in literature, their meaning and use are defined in the next paragraphs. Along with the 
description of the three lengths scales, as they are used in this work, Figure 2.1 
schematically indicates the different models relevant for the LPBF process chains at the 
different length scales. 

Macroscale models aim to investigate an entire part. This means that the typical size range 
is a few millimetre and upwards. Any macroscale simulation requires some reduction in 
the fidelity to accelerate the numerical procedure of solving the problem. Moreover, for a 
microstructural simulation of an entire part, multiple weeks of simulation time are 
required with current computational hardware. High-fidelity thermo-fluid simulations 
also require a mesh with a resolution at micron size, resulting in too many elements in an 
entire part.  

Figure 2.1: Visualisation of the different length scales. Different examples belonging to the 
different length scales are shown above the scale. From left to right, a schematic microstructure, 
single scan track, flash heating multitrack and part-scale deformation after release from the base 

plate after LPBF are depicted. 

Size 
Microscale 

Mesoscale 

Macroscale 

μm mm cm m 

Microstructure 

Single Track 

Multitrack 

Part-scale 
Mechanical 
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The mesoscale is smaller than the described macroscale, but typically larger than the 
microscale, although overlap of these two scales is possible. For the LPBF process, the 
mesoscale describes the sizes required to investigate single tracks up to several molten 
tracks. This allows the inclusion of, for example, fluid flow, and the resolution of the laser 
spot size, while being able to investigate simple geometries, such as a single layer, or a 
cuboid consisting of a few layers. For LPBF post-processing, this scale finds its use mostly 
during the process of laser polishing, where the surface of a part is molten by a laser to 
increase the surface quality. Modelling a small section of this surface during laser 
polishing is considered meso-scale. 

The smallest scale considered in this work is the microscale. Microscale models 
investigate features, which are smaller than one mm. A typical example of such a feature 
is the microstructure of a part. Simulations of the transition from martensite towards an 
equilibrium microstructure under heat treatment are performed by a microscale 
microstructural model. The advantage of microscale models is that little reduction of 
fidelity is required. The highest-fidelity models are found at the microscale. However, this 
elevated fidelity goes hand in hand with an increase in the computational cost. 

Larger and smaller scales than the ones described in this section exist. Large area AM [24] 
requires a model, which is considerably larger than the typical macroscale model for 
LPBF, and nanoscale simulations, investigating nano-precipitation during aging of 
maraging steels [25], are considerably smaller than the described microstructural model. 
However, these models are still in their infancy, and not investigated during this project. 

 

2.2 Macroscale Modelling of the LPBF Process and Heat Treatment 

2.2.1  LPBF Process Modelling 

The overall goal of macroscale modes is to gain insight into the LPBF process through 
mimicking the process with appropriate numerical models. Two parts of these models can 
be identified for LPBF: a thermal part and a mechanical part. The thermal part aims to 
simulate the input from the laser (in the primary process), and the heat input from a 
furnace (during the heat treatments following the LPBF process). Of course, since this 
section is concerned with the macroscale models, resolution of a laser on a fixed mesh is 
problematic. This is because the laser spot size is typically only a few tens of microns [26], 
and as a result, the mesh size needs to be in this order of magnitude. For a cube with sides 
of one mm, and mesh element with a largest dimension of one micron, this requires at 
least 1e9 elements. The mechanical model takes this thermal field, and via the 
temperature dependency of the different material properties (indirectly) and the thermal 
expansion coefficient (directly).  

One of the techniques used to solve the problem of resolving the laser is to apply a lumping 
approach in which an entire layer is exposed to the heat from the laser at once. Gouge et 
al. [27] developed and validated a model using the so-called flash heating (FH) method, in 
which an agglomeration of layers (a meta-layer) is deposited on the previous, and 
exposed to the lumped heat flux. This heat flux is calculated based on the actual laser 
input, the total exposed area and scanning time. In the work by Gouge et al, this heat flux 
is obtained from a small-scale simulation of a cuboid, after which the stress and 
temperature fields are mapped to the real al part.  A similar approach was presented by 
Zaeh et al. [28], where each layer was exposed to a precalculated thermal load. Papadakis 
et al. [29] assumed the entire meta-layer is deposited at the melting temperature, 
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reducing the need for calculating a heat flux. The implementation of the FH method by 
Papadakis et al. is illustrated in Figure 2.2. They show that, for a simple cantilever, the 
maximum difference in deflection between simulations and dedicated experiments is 26 
%. The same approach is used by Yakout et al. [17], who investigated several materials. 
Similarly, Li et al. [30] first simulated a single layer, wherein they perform a thermal 
simulation at the laser scale. Subsequently, the individual scan tracks are replaced with a 
body-averaged heat flux, which is used for the part scale model. This allows the use of 
cubic elements, which each are a few hundred microns in size. Bayat et al. [31] and 
Williams et al. [32] improve upon this approach with sequential flash heating and block 
deposition respectively. In sequential FH, only a strip of the meta-layer is deposited at 
once. One of the main conclusions of the aforementioned study by Bayat et al. [31] is that 
the choice of strip width will affect the result. Finer strips lead to a more accurate solution, 
at a computational cost. Williams et al. [32] deposit a block of molten material, as an 
extension to the work by Papadakis et al. Comparing the effect of the block width and 
height to experimental measurements reveals that a reduction in both of these 
parameters increases the accuracy of the simulation, backing up the earlier conclusion. 
Zhang et al. [33] investigated the extent to which the choice of the meta-layer thickness 
affects the final solution. More specifically, they performed a two-dimensional simulation 
of a cuboid, in which the meta-layers encompass between one and 24 layers. They identify 
a relation between the scaling and cooling time required to acquire a realistic 
temperature field, and show extensively that the heat conducted through the powder can 
be approximated as a convective surface heat flux. 

Figure 2.2: Schematic illustrating the FH method. The model is divided in a number of meta-
layers. Each layer is deposited and heated up to an elevated temperature, either by exposing it to 

a heat flux, or by imposing a high temperature. Figure adapted from Paper2 

The main conclusion from these part-scale models is that they are able to capture the 
stress and temperature field in a part produced by LPBF, but are limited by their 
resolution. Decreasing the amount of material or layers that are lumped together 
increases the accuracy of these simulation, but at an increase in the cost, due to the 
associated increase in number of elements. 

Another approach for part-scale simulations is the inherent strain method. In this 
technique, it is assumed that the strain in a region of the part can be determined a priori. 
Imposing this strain on the region in question effectively decouples the thermal and 
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mechanical part of the model. Chen et al. [23] and Lu et al. [34] used such a technique to 
speed up a thermo-mechanical model for direct energy depositioning (DED). They 
simulate and validate the stress field in relatively small cuboids with a high-fidelity model 
[35]. Chen et al. [23] then impose the strain field on similarly shaped blocks, until the real 
geometry is obtained, while Lu et al. [34] use the stress field, which is more uncommon. 
The advantage of the inherent strain technique is that it reduces the computational cost 
required to perform part-scale simulations. However, it cannot capture the effect of the 
heat dissipated by lower layers, or the build-up of temperature due to the layer-by-layer 
nature of the LPBF process. Rather than using high fidelity and small domain simulations, 
Setien et al. [7] devised a set of experiments to determine these inherent strains. The slow 
part of the simulations is omitted altogether and they find a good agreement between 
their real printed cantilever beams, and their virtual counterpart. Since the real parts are 
affected by the scan strategy, this is reflected in the simulations. Although 
computationally cheap, and fairly accurate, this approach has the disadvantage that is 
becomes significantly dependent on the machine used to print the calibrating samples. 
Moreover, in their study, Setien et al. [7] already indicate the effect of certain machine 
specific parameters, such as the precise scanning pattern. Additionally, in many cases, the 
experiments required for obtaining the inherent strains can be expensive or time 
consuming. 

Another method to combine experimental results with a simulation of the process is by 
the use of surrogate models, or artificial neural networks. These techniques forgo the 
process simulation altogether, and train a model to relate the in- and output of 
measurements. Hertlein et al. [36] train a Bayesian network for estimating the hardness 
of a part based on the input parameters of the LPBF process. Roy and Wodo [37] employ 
a surrogate model technique for the temperature profile, which can be found during 
polymer additive manufacturing. Kamath [38] use a combination of a simple numerical 
model, and a data-driven surrogate model to estimate the depth of the melt pool, and 
derive the density of the finished part. Lopez et al. [39] investigate the importance of 
parameter uncertainty on a similar data drive surrogate model. These approaches have 
the advantage of being very fast, even potentially allowing on-line modelling of the LPBF 
process, but are machine specific, and do not allow us to gain insight into the process itself. 

Efficient part-scale simulations can also be performed by abandoning the discretisation 
required for finite elements (FE), finite volume (FV) or finite difference (FD) simulations. 
Some authors explore analytical or semi-analytical options to achieve rapid part-scale 
results. The first analytical solutions used for modelling a moving heat source was the one 
derived by Rosenthal [40] in 1946. This approximation can be used for different types of 
heat sources (point, linear or planar) for infinite or semi-infinite planes. More recent  
analytical investigations include the one by Peng et al. [41], who devised an electrical 
equivalent model for metal AM. The part is divided into a number of sections, and each of 
these sections is reimagined as a combination of a capacitor and a resistor in series. 
Combining these building blocks in series (when they are stacked on top of one another), 
or partially in parallel (when they are placed adjacently), one can measure the 
temperature in the part by progressively measuring the building blocks as they are added. 
Rather than simplifying the physics behind metal AM, Weisz-Partrault [42] simplify the 
geometry of the part, reducing it to a series of cylinders. These cylinders only require a 
one-dimensional solution in each layer, because of rotational symmetry. Van Elsen et al. 
[43] use a semi-infinite domain approach to formulate an analytical model, which is 
solved using a FD discretisation scheme. 
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So far, this section has focussed on models, which simplify some part of the LPBF process 
in order to be able to simulate an entire part. Although computationally expensive, high-
fidelity modelling of the LPBF process requires a model capable of simulating the laser 
path. Moreover, it was shown before that the laser scan pattern affects the final 
distortions and residual stresses. Models investigating the individual scan tracks on full 
parts are bridging the distinction between the meso- and macroscale. As a result, the parts 
that are simulated in these studies are rather small, typically cuboids with a base area of 
a few mm2, and a height of a few mm. Alternatively, they can omit any stress related 
equations, and solely focus on showing a realistic temperature field.  

Denlinger et al. [44] used an adaptive meshing approach to simulate the laser scanning 
tracks in LPBF. The mesh is fine in the layer that is currently being illuminated by the 
laser. In layers below the last one, the mesh is significantly coarser. This allows a fine 
resolution of the temperature and stress fields at the fine mesh, but the field variables are 
smeared out in the region with the coarse mesh, and a calculation step to transfer the 
stresses from the fine to the coarse mesh is required. Hodge et al. [45] illustrate the detail 
required to analyse the inhomogeneity in the temperature field due to molten material at 
the macroscale by simulating a cube with a height of twelve deposited layers. Matsumoto 
et al. [46] reduce the computational domain by only simulating a single layer, effectively 
resulting in a two-dimensional simulation. They can only analyse the in-plane residual 
stresses as a consequence, but show a clear curvature parallel to the melt tracks. Hussein 
et al.[47] expanded this single layer simulation, including out of plane deflections and 
stresses. Michaleris [48] chose a thin wall to reduce the domain size when investigating 
two different schemes to account for the change in its size as more layers are deposited. 
Chiumenti et al. [49] investigated the earlier outlined sequential FH method, on a small 
cube, and included a high-fidelity version, where the strips are only one mm wide. They 
also report the required CPU time for each of these simulations and formulate 
suggestions, relating the chosen strategy with the required results. For example, they 
indicate that the high-fidelity sequential FH technique they use would be most suited for 
applications where the scan patter ought to be included. Chen et al. [50] investigated 
specifically the scanning pattern and the overlap between several scanned islands. They 
found that the stress in the direction of the scan is most affected by the size of the 
overlapped region. This component of the stress field will decrease with an increase in 
the overlap, up to a certain limit, where the reduction in stress is halted. They also find 
that the distribution of the stresses will remain mostly unaffected. Ali et al. [51] 
investigated the same, but varied the laser power as well, finding a minimum residual 
stress at a rescanning power of 150 W. Parry et al. [52] included the shape of the part as 
a parameter affecting the residual stress, within a single layer. Parry et al. [53] performed 
a single layer thermo-mechanical simulation for a 9 mm2 square domain, and found a 
rippling effect due to the lack of thermal conductivity in the not-yet-scanned region.  

The selected studies represent the state-of-the-art for macroscale modelling of the 
primary LPBF process. As for most numerical studies, each of these needs to weigh the 
computational cost and the required precision.  

2.2.2  Heat Treatment Modelling 

There is a distinct lack of comprehensive literature investigating models for post-LPBF 
heat treatment. Part of this can be attributed to the focus of the LPBF process itself to 
avoid the stresses, which cause part-scale deformations. Shipley et al. [21] reviewed a 
number of studies, summarising studies aiming at improving process control. Yaghi et al. 
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[54] present a different option, where the part is deformed in the opposite direction to 
the expected deformation, obtained from an LPBF process simulation using the inherent 
strain method. Avoiding the heat treatment has the benefit that it eliminates a process 
step, which can decrease the production time for metallic parts made by LPBF. However, 
in many materials, a post-process heat treatment for improvement of the mechanical 
properties is unavoidable, and therefore additional process steps are required regardless 
of the residual stress state of the part. 

One of the main goals of heat treatments is the reduction of the final deformation by 
relaxing the macroscopic residual stresses. The final deformation is caused by release of 
the residual stresses when the part is cut from the base plate, and a stress relaxation heat 
treatment aims to reduce these stresses before the part is released. Modelling of stress 
relaxation inherently requires a macroscopic model, since the stresses causing part-scale 
deformation are macroscopic themselves. There are few studies available investigating 
modelling the stress relaxation following the LPBF process. However, venturing outside 
of the realm of AM permits an estimation of the possibilities for modelling of stress 
relaxation. Alberg and Berglund [55] compared a number of constitutive equations for 
capturing the time dependent nature of the reduction in the stresses occurring during a 
stress relaxation heat treatment. The stress relaxation itself is included as a creep strain 
term. Additional effects they included were transformation induced plasticity and 
viscoplasticity. Using their models, they conclude that the cooling part of the heat 
treatment cycle does not introduce significant new stresses. Takazawa and Yanagida [56] 
investigated the effect of the chosen creep equation on the residual stresses after the heat 
treatment. Modelling the change in residual stress in steel pipes, they concluded that both 
used creep equations (Norton’s law and the Norton-Bailey law) adequately predict the 
change in stress state. However, Yan et al. [22] introduced an Arrhenius-type equation to 
assure the temperature is included explicitly. Their study includes the creep equation in 
their simulation of the welding process preceding the heat treatment, and it validates the 
results using X-ray diffraction (XRD) measurements of the stress field. They show that the 
stress relaxation during the post welding heat treatment is significant, but their model 
seems to overestimate the extent to which this happens. Dong et al. [57] investigate the 
evolution of the stress field numerically, and find that their results suggest a possibility 
for reducing the length of the heat treatment due to the reduced benefit of the end of the 
heat treatment.  

Kang and Rong [58] and Zareba et al. [59] wanted to find the effect of the chosen heating 
profile on the temperature in a part loaded in a heat treatment furnace. To achieve this, 
they model the furnace surrounding the part, and the heating elements included in such 
a furnace. Their model allows estimation of the convection and conduction parameters 
necessary to approximate a furnace as boundary conditions in simple FE model.  

Apart from the post-LPBF heat treatment, there is a heat treatment process occurring 
during the primary process itself. When depositing a layer on top of the already built 
section of the part, this layer will heat up the material underneath it. This will locally heat 
treat the material, both microscopically and macroscopically. Modelling of this intrinsic 
heat treatment has received some attention recently. Denlinger and Michaleris [60] 
investigated intrinsic stress relaxation in Ti-6Al-4V and IN718, by setting the increase in 
the total strain to zero above a certain threshold temperature. This is supposed to mimic 
the annihilation of dislocations happening at this temperature. This model fails to capture 
the time-dependent aspect of stress relaxation. They notice that for Ti-6Al-4V, their model 
does not capture the relaxation of the stress accurately. Cao et al. [61] numerically 
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investigated a similar phenomenon for electron beam melting (EBM), where they 
investigate the effect of cyclic heating due to repeated passes of the beam over the surface 
of the part. 

2.2.3 Process Chain Modelling 

Currently, there are few studies, which aim to combine both previously mentioned 
process models together. Salonitis et al. [62] performed such a process chain model for 
laser cladding and machining as a post-process. Other process chains have been modelled 
before. For example, Afazov [63] modelled the process chain for manufacturing of an 
aircraft engine component. Their entire simulation coupled different software packages 
together to exploit each one’s strengths. Other recent process chain simulations include 
the investigation by Hyun and Lindgren [64], Zaeh et al [65] and Afazov et al. [66]. 

Table 2.1: Summary of selected macroscale models for LPBF, and related processes and post-
process. n/a stands for not available. 

Authors Year Process Simplification Software 
Rosenthal [40] 1946 - Analytical solution for 

moving heat source 
- 

Matsumoto et al. [46] 2002 LPBF Single layer without out-of-
plane stress 

n/a 

Alberg and Berglund [55] 2003 PWHT Creep models for stress 
relaxation 

MSC Marc 

Van Elsen et al. [43] 2007 LPBF Analytical Carslaw and 
Jaeger solution 

Matlab 

Zaeh et al. [28] 2010 LPBF Layer deposition with 
precalculated thermal load 

ANSYS 

Dong et al. [57] 2011 PWHT Creep models for stress 
relaxation 

Abaqus 
CAE 

Hussein et al [47] 2013 LPBF Single layer with out-of-
plane stress 

APDL 

Afazov [63] 2013 Process 
chain 

n/a FEDES 

Papadakis et al. [29] 2014 LPBF Layer deposition at 
elevated temperature 

SYSWELD 
FE 

Hodge et al. [45] 2014 LPBF Limited domain Diablo 
Michaleris [48] 2014 LENS Thin-walled structures CUBIC 
Takazawa and Yanagida 
[56] 

2014 PWHT Creep models for stress 
relaxation 

Abaqus 
CAE 

Kamath [38] 2016 LPBF Data-driven ANOVA based 
interference analysis 

n/a 

Lopez et al. [39] 2016 LPBF Surrogate model n/a 
Parry et al. [53] 2016 LPBF Single layer MSC Marc 
Saltonitis et al. [62] 2016 AM 

process 
chain 

Quasi stationary thermal 
model 

Virfac 

Li et al. [30] 2017 LPBF Equivalent body heat flux Abaqus 
CAE 

Denlinger et al. [44] 2017 LPBF Adaptive mesh coarsening Pan Solver 
Chiumenti et al. [49] 2017 LPBF Flash heating, thermal 

model 
COMET 

Williams et al.[32] 2018 LPBF Block deposition at 
elevated temperature 

Abaqus 
CAE 
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Lu et al. [35] 2018 DED Inherent strain based Comet 
Peng et al. [41] 2018 LPBF Electrical circuit equivalent 

model 
Pan Solver 

Ali et al. [51] 2018 LPBF Thermal model including 
phase transformation 

Abaqus 
CAE 

Yan et al. [22] 2018 PWHT Creep models for stress 
relaxation 

Abaqus 
CAE 

Gouge et al. [27] 2019 LPBF Flash heating Pan Solver 
Zhang et al. [33] 2019 LPBF Flash heating Abaqus 

CAE 
Lu et al. [34] 2019 DED Inherent strain based CUBIC 
Chen et al. [23] 2019 LPBF Inherent strain Simufact 

Additive 
Setien et al. [7] 2019 LPBF Inherent strain Abaqus 

CAE 
Chen et al. [50] 2019 LPBF Single layer ANSYS 
Parry et al. [52] 2019 LPBF Single layer MSC Marc 
Yaghi et al. [54] 2019 LPBF Inherent strain Abaqus 

CAE 
Yakout et al. [17] 2020 LPBF Layer deposition at 

elevated temperature 
ANSYS 

Bayat et al. [31] 2020 LPBF Sequential flash heating Abaqus 
CAE 

Hertlein et al. [36] 2020 LPBF Hybrid Bayesian network MATLAB 
Roy and Wodo [37] 2020 FFF Surrogate model Abaqus 

CAE 
Weisz-Patrault [42] 2020 LPBF Semi-analytical cylinders Scilab 
 

2.3 Mesoscale Modelling of LPBF 

In the previously mentioned works, the distinction between the mesoscale and the 
macroscale was not always clear. Moreover, due to its loose definition, many mesoscale 
models can be considered macroscale when multiple layers are concerned. However, 
most models discussed in the following section share their inclusion of an additional type 
of physical phenomena: fluid flow. Due to the limited physical domain size, it becomes 
possible to solve additional equations, and since melting the metal is an integral part of 
the LPBF process, this is a natural choice. 

The aim of this section is not to provide an exhaustive list of all mesoscale studies 
performed in recent years. It will provide an overview of the possible mechanisms that 
can be included for approximating the LPBF process, and demonstrate how mesoscale 
simulations can be used to link the macro-and microscale together, and provide some of 
the more recent relevant examples. 

2.3.1 Single-Track Simulation of LPBF 

The smallest of the mesoscale simulations is a single-track simulation. As the name 
implies, only one pass of the laser is simulated. Li et al. [67] investigated a single cross-
section of a scan track in two dimensions. They track the interface of the melt pool using 
the volume of fluid method, and include the latent heat of melting. Since they choose only 
to simulate two dimensions, and the laser beam they implement has a spot size, which 
does not extend far beyond a single powder particle, they do not need to consider the 
initial powder distribution. However, more rigorous 3D simulation do require some way 
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to account for the powder before it is molten. Many studies use the discrete element 
method (DEM) for depositing the powder layers. In the DEM method, particles with a 
predefined distribution are randomly dropped on the surface of the previous layer, 
allowing a relatively random packing of the powder bed. Zielinski et al. [68] investigated 
the importance of a random powder packing, compared to a regular grid, with a BCC 
packing structure, and found that a non-random powder bed leads to a severe 
overestimation of the melt pool depth and an increase in porosity. A similar conclusion 
followed in the summary work by King et al. [69].  Mesoscale simulations using the DEM 
include the works by Bayat et al. [70], Wu et al. [71] and Lee et al. [72] . Foroozmehr et al. 
[73] introduced the concept of an optical penetration depth, which accounts for the laser, 
which can penetrate part of the powder bed. Bayat et al. [74] modify the shape of the 
penetration depth from a cylindrical to a conical shape, which includes the attenuation of 
the laser. Gusarov et al. [75] investigated the effect of the type of powder and the packing 
density on its effective conductivity. 

In order to investigate a complex phenomenon, like the keyhole mode that can occur when 
the process parameters are not calibrated correctly, one needs to include the reflection 
on the walls of the indentation that can occur in the melt pool. Le et al. [76] assessed the 
effect of the multiple reflections that can occur in a keyhole depression. They find a good 
agreement between the porosity that forms after the keyhole walls collapses and traps 
air. Kouraytem et al. [77] included fluid flow, and Bayat et al. [78] added the recoil 
pressure, which originates in the evaporation of the metal. For the single track, they 
compared the position and size of the porosities that can follow from the keyhole regime 
in LPBF, with X-ray computed tomography images, shows a maximum error of 10 %. 

2.3.2 Multitrack and Multilayer Mesoscale Simulations 

Multitrack and multilayer mesoscale simulations are typically used to evaluate 
phenomena in LPBF, where multiple tracks interact, be it horizontally or vertically. One 
example of this is the effect of the hatch distance on the temperature profile and the final 
density of the part. This density can be affected, not only by the previously mentioned 
keyhole porosities, but also by lack-of-fusion pores, which follow from insufficient overlap 
between scan tracks. Bayat et al. [70] performed an in-depth analysis of these lack-of-
fusion pores, and attempted to relate them to the different process parameters. Other 
simulations requiring neighbouring tracks are the ones investigating overheating as the 
LPBF process proceeds. Plotkowski et al. [79] analysed exactly this with their thermal 
model. Using the liquidus temperature and latent heat of melting, they were able to 
determine the boundaries of the melt pool. They find the typical increase in heating that 
occurs as the laser beam slows down, turns around and heats the start of the second track 
after the first one. 

Table 2.2: Selected mesoscale models involving computational fluid dynamics. n/a stands for not 
available. 

Authors Year Multitrack Included physics (non-
exhaustive) 

3D Software 

Li et al. [67] 2016 No Volume of Fluid No ANSYS 
Fluent 

Lee and Zhang 
[72]  

2016 Yes DEM, Marangoni effect, 
Recoil Pressure, 
Microstructure 

Yes FLOW-3D 

Foroozmehr et 
al. [73] 

2016 Yes Optical penetration depth Yes ANSYS 
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Raghavan et al. 
[80] 

2016 Yes Grain Morphology Yes Truchas 

Zielinski et al. 
[68] 

2017 No DEM Yes n/a 

Plotkowski et al. 
[79] 

2017 Yes Rosenthal heat source Yes n/a 

Panwisawas et 
al [81] 

2017 No DEM, Marangoni effect, 
recoil pressure, CAFE 

Yes OpenFOAM 

Wu et al. [71] 2018 No DEM, Marangoni effect, 
Volume of Fluid 

Yes FLOW-3D 

Bayat et al. [70] 2019 Yes DEM, Marangoni effect, 
Recoil Pressure 

Yes FLOW-3D 

Bayat et al. [74] 2019 No Optical penetration depth, 
Marangoni effect 

Yes COMSOL 
Multiphysics 

Le et al. [76] 2019 No Ray.tracing, Marangoni 
effect, recoil pressure, 
DEM 

Yes OpenFOAM 

Kouraytem et al 
[77] 

2019 No Ray.tracing, Marangoni 
effect, recoil pressure, 
Level-set method 

Yes n/a 

Bayat et al. [78] 2019 No Ray.tracing, Marangoni 
effect, recoil pressure, 
DEM 

Yes FLOW-3D 

  

2.3.3 Coupling Mesoscale and Microstructural Simulations through the Grain 
Morphology 

The processing conditions of a metal determine its microstructure, and the 
microstructure in turn affect the mechanical properties. The most direct link is through 
the temperature. Melting a metal part removes its microstructure, and cooling back down 
will result in a new microstructure, which can be the same as the original, but can also 
differ from it, due to the different conditions present during cooling. Part-scale simulation 
of this change of microstructure is difficult, due to its scale difference. However, some 
macroscopic variables, such as the temperature gradient and the cooling rate can be used 
to effectively estimate the morphology of the new grains. Moreover, a high cooling rate 
will reduce the nucleation frequency, which promotes epitaxial grain growth. Grains will 
typically grow in the direction of the largest thermal gradient,  

It is relatively simple to extract the thermal gradient ( ) and cooling rate ( ) from the 
temperature field in FE. To couple these two parameters to the grain morphology, a third 
parameter is added, namely the grain growth rate ( ). This growth rate is envisioned as 
the ration between  and . The resultant parameter has the units of metres per second, 
and represents the concept of the grains needing to grow in order to catch up to the 
solidifying liquid front. As a result,  is set to zero wherever the material is solid. 

Raghavan et al. [80] and Nie et al. [82] performed a multitrack simulation, after which 
they extracted the previously defined parameters. Plotting the thermal gradient and 
growth rate on a reference solidification map of In718, for all nodes in the liquid phase, 
they find that most regions will show a columnar microstructure, with some regions 
having a mixed morphology, or even an equiaxed one. This corresponds to their 
experimental findings in samples produced by EBM. Bayat et al. [74] performed a similar 
analysis for LPBF of Ti-6Al-4V.  
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The model by Panwisawas et al. [83] demonstrates the limitations following from a 
mesoscale simulation when including microstructure. Although their single-track 
simulation includes the DEM and fluid flow, current computational power does not yet 
allow a fine simulation of the microstructure. Their microstructural simulation has a low 
resolution, effectively only allowing a qualitative analysis of the microstructure. 

 

2.4 Microscale Modelling of LPBF and Post Processing. 

The microstructure is for a large part responsible for the material properties in metal 
parts. Therefore, it is important to be able to control it. Modelling the microstructure has 
the main advantage that it becomes possible to evaluate it in situations where real-life 
investigation is impractical or impossible. For example, during the LPBF process, the 
microstructure is formed in a small area and for a short time. The melt pool is only present 
for a few microseconds in a specific spot. Using traditional light optical microscopy, it is 
necessary to cool down the part, and expose the cross-section of interest. Both of these 
steps can affect the microstructure. If cooling down rapidly, non-equilibrium 
microstructures will form, for example the massive martensitic phase. Conversely, cooling 
down sufficiently slowly will result in equilibrium structures, which is not necessarily the 
result one gets after the LPBF process is finished. Cutting the part to expose the 
microstructure, and then grinding and polishing the surface can change the 
microstructure as well, because of the stresses and forces applied during this process. 
Diffraction techniques do not necessarily require exposure of the surface, but only a few 
study has been performed yet which have been able to evaluate the grain growth during 
the LPBF process inside of the melt pool, for example the earlier mentioned work by 
Panwisawas et al. [81]. Of course, when simulating the microstructure inside of the melt 
pool, investigating it simply requires to save the intermediate time steps. 

The previous section focussed on the mesoscale simulations and showed the difficulty and 
approximations required to couple microstructural and macrostructural simulations. 
Luckily, the melt pool itself is small enough, with dimensions in the order of magnitude of 
the laser spot size. Therefore, a microstructural simulation of a singular melt pool, or even 
a few melt pools is possible without many assumptions. However, an entire melt track is 
unfeasible without some interpolation scheme, or other assumptions.  

2.4.1 Part-scale Microstructural Simulation through Microstructure 
Composition 

Part-scale simulation of the microstructure seems to be a contradiction. However, one of 
the most common models used to analyse the microstructure does exactly that. The JMAK-
equation (named after Johnson, Mehl, Avrami and Kolmogorov) is used to perform large 
domain simulations of the microstructure. 

The JMAK equation has the following form [84]: 

= 1 exp( ) (2.1) 

and is in this form directly applicable to an isothermal heat treatment. The phase fraction 
of the new formed phase changes as new grains nucleate and grow homogeneously 
throughout the domain. The phase fraction transformed-time diagram has a 
characteristic S-shaped curve. An example of such an S-shaped curve is shown in Figure 
2.3. A number of additional changes have to be applied in order to be able to apply this 
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equation to a non-isothermal heat treatment. Charles Murgau et al. [16] developed such a 
model. They apply a correction for the incompleteness of the transformation, since in a 
non-isothermal heat treatment, the temperature will change before the equilibrium 
composition of the phases as this temperature is reached. Additionally, the model is 
converted to a discretised form, effectively transforming the continuous non-isothermal 
heat treatment into a series of short isothermal heat treatments, which justifies the use of 
the JMAK equation. Kelly et al. [85] use a JMAK inspired model for modelling the phase 
fractions of Ti-6Al-4V in a laser welded section, made of eighteen layers of eight weld 
tracks each. Salsi et al. [86] apply the model presented in the work by Charles Murgau et 
al. [16] specifically to AM. However, since the latter is focussed on cooling down at an 
arbitrary rate, in a process by LPBF, the model has to be able to cope with rapid cooling 
down, and dissolution of phases due to the following layers being deposited on top of the 
first one.  These two additional mechanisms are the martensitic transformation, and the 
low-
calculation of a new TTT (Time temperature transformation) diagram for the LPBF 
process. Irwin et al. [87] applied the same model to direct energy depositioning (DED). 
They find that their implementation results in a reduction of the error, when comparing 

 phase to be 
 

Figure 2.3: S-curve based on equation 2.1. The values of  and  are 0.017 and 1.41 respectively. 

950 C. Data from [88] 

The JMAK model has also been applied in other processes, apart from the LPBF process. 
Da Costa Teixeira [89] used a JMAK-based model for the isothermal cooling occurring 

[90] combined JMAK kinetics with a 
cutting operation, which allowed them to estimate the grainsize in dynamic 
recrystallization, which they used as an input for a Hall-Petch-type equation for the 
mechanical response. Baykasoglu et al. [91] investigated the model from Da Costa Texeira 
et al. [89] for DED.  

The JMAK model is also used together with mesoscale simulations of the LPBF process. 
Tan et al. [92] coupled a thermomechanical model with a microstructural transformation 
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model, using the transformational strain to couple the two. The temperature dependence 
of the JMAK equation ensures the reverse coupling. Their simulation considers a domain 
of four layers of eight tracks each. They find that the inclusion of the transformation strain 
leads to a slight increase in the residual stress, which is represented as the von Mises 
stress. Lindwall et al. [93] use this model for the simulation of AM of metallic glasses 
through LPBF. Lindgren et al. [94] used a JMAK-based model, together with a thermal 
analysis for finding the melt pool dimensions in which microstructural change takes place, 
and a mechanical analysis following the microstructural simulation, which includes the 
different hindering mechanisms, when calculating the yield limit and the mechanical 
response during LPBF. Their application of the model approximates the temperatures 
during the process quite well, while slightly overestimating the mechanical deformation. 
This overestimation is attributed to uncertainty of the parameters required for the 
numerical model. 

2.4.2 Physical Modelling of the Microstructure 

Although JMAK kinetics-based models are commonly used to predict the overall 
microstructure of a complete part, there are phenomena, which require a more in-depth 
investigation of local variations of the microstructure. For example, the strength of a 
material is affected by the size of the grains, due to the interaction between the grain 
boundaries and the dislocations required for plastic deformation. Several equations relate 
these two parameters (grain size and yield strength) via empirical or phenomenological 
equations such as the Hall-Petch-like laws. However, crystal plasticity allows an 
investigation of the effect of local microstructural conditions via a representative volume 
element (RVE) approach. This RVE approach is demonstrated by Gao et al. [95] and 
Barrett et al. [96]. The RVE consists of a representative microstructure in the presented 
cases. A rigorous model for obtaining such a representative microstructure can be a 
microscale model. 

Microstructural modelling is an active field of research. Three methods for simulating 
microstructure formation and evolution are a Monte Carlo (MC) based method, the 
cellular automata (CA) method and the phase field (PF) method.  

The MC method is based on random sampling of a certain domain. The specific variant 
used for microstructural simulations is the Monte Carlo Potts method (MCP). For MCP, 
the computational domain is divided in subregions, which each get assigned a so-called 
spin [97]. Neighbouring regions with the same spin belong to the same grain, and a change 
in spin indicates a change in grain. Additionally, bordering regions with differing spin 
contribute to the energy in the system, which is representative for the line energy 
contained in the grain boundaries. An example of the initial MCP domain is shown in 
Figure 2.4. For each time step, the spin of each region is randomly swapped to the value 
of a neighbouring one. The total energy change of the system is calculated, and if the 
energy change is negative, the flipped spin is retained. However, if the energy change is 
positive, it is inserted in an Arrhenius-type equation. The acceptance criterion then 
becomes [98]: 

< exp  (2.2) 

Rodgers et al. [98,99] use this model in their two studies, for the LPBF and EBM process 
respectively. They include modifications, limiting the microstructural evolution to the 
molten metal and the heat affected zone, and a mobility term to rescale the acceptance 
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criterion, which accounts for the speed of the solid-liquid interface. Since MCP only 
requires a limited number of numerical operations per time step, it is computationally 
inexpensive, and allows full three-dimensional microstructural studies. However, as 
Rodgers et al. [98,99] point out, it lacks some of the physical links between the 
experimental studies and the numerical simulation. They show in their study, that the 
resulting microstructure from a single scan in a small beam-type sample closely matches 
the resultant simulated one, both in terms of grain morphology as well as grain 
orientation.  

MC has also been used successfully to model the microstructural evolution in non-AM 
processes. Wei et al. [100] investigated welding in 1050A Aluminium using MCP. Similarly 
to the work by Rodgers et al. [98], the microstructure only changes in the heat affected 
zone and liquid melt pool. As a valuable addition, they exchange the earlier interface 
mobility term with a grain growth rate ( ) calculated from a mesoscale thermo-fluid 
model (which was explained more in-depth in section 2.3.3). Yu et al. [101] couple MCP 
with a FE model to predict the microstructural change during hot forging. Inclusion of 
both temperature and stress fields provide the input to calculate the energy change when 
the spin switches in the microstructure. Additionally, they included a time stepping 
scheme to account for the scale difference between the FE model and the microscale MCP 
model. 

Figure 2.4: Example of a discretised MCP domain. Each arrow represents a different spin 
direction, while the grey shading indicates the different grains. The grains contain all contiguous 

areas with the same spin. 

On the other side of the spectrum, in terms of computational cost, of microstructural 
simulations is the phase field method. PF uses non-equilibrium thermodynamics to 
calculate the change in microstructure based on the change in overall energy in the 
system, assuming that the entire domain will evolve towards a minimal energy state. The 
equation that is solved for the PF method is often one based on an entropy function, which 
integrates the different contributions over the computational domain [102]: 

, , = , , , +
1

 (2.3) 

In the approach by Böttger et al. [103], equation (2.3) is rephrased in terms of the 
enthalpy in the system, rather than the entropy. Equation (2.3) is time dependent, through 
the concentration, . This equation is maximised in every time step, resulting in a 
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thermodynamically sound model. Equation (2.3) also contains two terms dealing with the 
assumptions in most PF models: namely the double well and the diffuse interface.  

 

 

Figure 2.5: One-dimensional binary phase field example. The diffuse interface is indicated with 
the gradient colour between regions with volume fraction zero and one. The shape of the 

interface energy functional, in this case some type of S-shaped curve affects the composition of 
the interface region, as indicated by the solid black line, which represents the volume fraction of 

one of the two phases. 

The highest entropy would be reached in a system where the phases are perfectly mixed 
throughout the domain. Of course, there is some recognisable grain structure present in 
a microstructure. Therefore, the double-well potential ( ) punishes regions where the 
phase fraction is not zero or one (in the case of a two-phase microstructural 
investigation). As a result, the maximum-entropy solution will only have small regions 
containing multiple phases. In the PF method, these regions represent the grain 
boundaries. In the sharp interface approach, this region is infinitely small. However, most 
studies use a diffuse interface with a characteristic width of , and a shape function ( ). 
The continuous evolution from one single phase region to the next allows the derivation 
of the entropy functional, and therefore determination of the microstructure. Figure 2.5 
demonstrates how the shape functional of the diffuse interface affects the resultant 
microstructure. A thorough description of the phase field method can be found in the 
work by Moelans et al. [104].  

Since every time step using the PF method requires both differentiation and integration 
of a number of functions, it is computationally expensive. Therefore, all studies using this 
method use a number of simplifications. For example, the work by Böttger et al. [105] is 
limited to 2D, and uses a quasi-binary extrapolation for the phase diagram. Since the 
phase field simulations require a fine grid, to improve numerical stability, they use a one-
dimensional approximation to simulate the temperature required to calculate the 
equilibrium phase fractions [106]. Qin Li et al. [107] modelled the LPBF process using PF, 
and simplified the thermal calculations, and only simulated the microstructural change 
inside of a single spot of the laser. Jokisaari et al. [108] added a term accounting for an 
elastic field on the right-hand side of equation (2.3), which makes the PF model applicable 
for processes such as forging. Wang et al. [109] applied the PF method for simulation of 
Ti-6Al-4V, and perform a three-dimensional simulation. Due to the high computational 
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cost, they only manage to simulate a single grain boundary, but they include the effect of 
the different crystal orientations on the growth direction, allowing a visualisation of the 

[110] perform a 3D simulation of a small domain, when modelling 
laser remelting.  

The referenced studies indicate the limitations and strengths of the PF method: it is 
capable of including as many physical phenomena as wished, by modifying the entropy 
equation. However, only very limited computational domains can be simulated, either 
limited in the number of dimensions, or limited in the physical size of the domain. 

A model that finds the middle ground between the PF method and MCP is the cellular 
automata model (CA). A CA is relatively fast, and still has a clear link with the grain growth 
itself. CAs for microstructural evolution are based on the assumption that a grain will 
grow contiguously. The basic assumption of a CA is that the computational domain is 
divided in a number of regions, called cells, to which a set of rules are applied. In 
microstructural modelling, only one rule is required, namely 

 If any of the neighbouring cells is transformed, the current cell transforms. 

Resulting from this one rule, when a nucleus is present, it will start to grow outwards in 
the not-yet-transformed computational domain. 

Rappaz and Gandin [111] were amongst the first to implement a CA model for 
solidification. They chose the dendritic solidification of an aluminium-silicon alloy as a 
case, and included various modifications, which are commonly used for all CA studies of 
solidification microstructures. They include Gaussian functions for nucleation, 
preferential growth direction inclusion for dendrites and a temperature dependent 
velocity function for the dendrite tip. Their CA is capable of showing the columnar-to-
equiaxed transition happening when the gradient in a cast decreases when the solidified 
front reaches the centre. Additionally, they point out two of the main problems present in 
most CA models, namely the choice of neighbourhood and mesh anisotropy. The above 
rule states that the transition of any cell depends on the cells it neighbours. This naturally 
raises the question: What is understood by neighbourhood? The two options put forward 
in [111] are the Moore and von Neumann neighbourhoods. In the former, all cells sharing 
any point with the centre cell are considered its neighbours. In the latter, only the cells 
sharing an entire side are in each other’s neighbourhood. The shape of the neighbourhood 
will affect the shape of the grain. Moreover, if the von Neumann definition is used, grains 
will tend to be more diamond shaped, while use of the Moore neighbourhood leads to 
more square grains. Increasing the neighbourhood size will allow a finer resolution of the 
chosen grain size. For example, Zinoviev et al. [112], who simulated LPBF of SS 316, used 
a third order Moore neighbourhood (encapsulating a total of 25 cells). As a result, their 
dendritic grains show clearer dendritic arms, independent of the chosen neighbourhood. 
Azarbarmas et al. [113] used a circular neighbourhood. All the cells within a circle of the 
central cell belong to its neighbourhood. Although this reduces the effect of the choice of 
neighbourhood, due to a distance-based selection criterion, due to mesh anisotropy, 
grains will grow in a hexagonal fashion. Some of these different neighbourhoods are 
illustrated in Figure 2.6. 

Mesh anisotropy is the term used to represent the effect the choice of the mesh has on the 
final shape of the grain. Moreover, due to the shape of the cell, certain orientations will 
experience a larger growth than others. This can clearly be distinguished in the work by 
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Akram et al. [114] who use a CA to simulate grain growth during LPBF. From their single 
grain simulation, it can be derived that the 45  direction will experience a lower grain 
growth rate, except when the dendrite tip points in this direction. There are several 
proposals to address this issue. One is changing the regular square mesh to a hexagonal 
mesh. Lan et al. [115] and  Yin and Felicelli [116] used such a hexagonal mesh for austenite 
decomposition and dendritic growth in magnesium respectively. Although this kind of 
mesh results in less mesh anisotropy, it does not remove the problem. Zinovieva et al. 
[117] and Wang et al. [118] propose a dendrite tip correction algorithm, introducing new 
variables to make the chosen shape of grain match the simulated one. The only way to 
fully remove the problems arising from a regular mesh is not having one altogether. To 
attain this, Rappaz and Gandin [111] converted their deterministic CA into a probabilistic 
one, which obscures the mesh anisotropy due to the more fuzzy nature of the grain 
boundary. Reuther and Rettenmayer [119] suggest rotating the mesh underneath the 
microstructure to change the structure of the grid every time step. Janssens [120], 
Janssens et al. [121] and Lorbiecka and Šarler [122] propose a random grid cellular 
automata (more aptly named a point automata or random cloud automata), where the 
different cells get replaced by randomly distributed points, and the neighbourhood is 
circular. Schönfich [123] investigated all these mechanisms extensively for using a CA to 
represent biological systems. Although one needs to be aware of mesh anisotropy, it is 
possible to exploit it as well [120].  

Figure 2.6: Three different neighbourhoods: von Neumann (left), Moore (centre) and a circular  
(right) neighbourhood for the centre cell. Figure adapted from Paper 2 

One of the advantages of CA is that it is parallelisable in space. Since the state in any cell 
in the current time step depends on the state of its neighbours in the previous time step, 
CA can be considered an explicit microstructural simulation algorithm. Lian et al. [124] 
investigated this parallelisation, in order to investigate the solidification in three 
dimensions during AM. They use the model earlier presented by Gandin et al. [125], which 
was an extension of the earlier two-dimensional solidification model. Their test case 
indicates that a significant speed-up can be obtained by parallelising the CA model, but 
they experience a significant reduction in efficiency for a larger number of cores, probably 
due to the imbalance in the nucleation function. Near the walls, more nuclei will form, 
leading to regions with a large number of transitioning cells, while the bulk liquid is less 
active. Another method of speeding up CA models, is by implementing a frontal CA. 
Svyetlichnyy [126] showed in their work that this transformation follows from using the 
neighbourhood reciprocally: two cells will always be in each other’s neighbourhoods. This 
leads to a rephrasing of the rule: 

 Any cell in the neighbourhood of a transformed cell will transform itself. 

An additional rule, namely 

 If all cells in the neighbourhood of a central one are transformed, the central one 
becomes untransformable, 
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leads to the frontal CA, where the bulk of the grain does not affect grain growth, and is not 
evaluated for microstructural change, and only the cells at the grain boundary influence 
the simulation. A simple example to demonstrate the working of a CA is shown in Figure 
2.7. 

Figure 2.7: Working of a frontal CA using the Neumann neighbourhood for two time steps. The 
number zero indicates an untransformed cell, one shows a cell that is growing, and two an 
untransformable cell. In step on, a single nucleus is generated (indicated by a one), and the 

nucleus captures its neighbours. In the second time step, a grain becomes more clearly present. 

Microstructural CA can be found in a number of studies, evaluating a large number of 
processes. Solidification and the primary LPBF process have been discussed earlier in this 
section, and additional works are the papers by Zinovieva et al. [127], Carozzani et al. 
[128], Rolchigo et al. [129], Beltran-Sanchez and Stefanescu [130] and Yang et al. [131]. 
CA is also often used for simulating microstructural evolution during post-processing. 
Yang et al. [132] used a CA to investigate reaustenisation, Lan et al. [115] used a 
hexagonal-mesh based CA for analysing austenite decomposition, which was also 
investigated by Su et al. [133], although they focus on the continuous cooling aspect of the 

[134] performed a two-dimensional investigation 
of dynamic recrystallization.  

More recently, a microstructural CA has been used together with the FE method, to attain 
multi-scale coupling of the thermo-mechanical processing conditions and the 
microstructural change caused by it. This model is called CAFE (cellular automata finite 
elements). In CAFE, a finite element simulation is used to determine macroscopic field 
variables, such as temperature and stresses, which follow from the boundary and process 
conditions applied to the macroscopic domain. These nodal values are subsequently 
interpolated to a finer microscopic mesh, which is used to simulate the CA. Reversely, 
parameters derived from the CA, such as grain size or distribution can be averaged over 
the element and passed back to the FE simulation for two-way coupling. The CAFE method 
has been used for simulating solidification in casting in the work by Guillemot et al. [135]. 
Shterenlikht and Howard [136] used it to simulate the evolution of a growing crack, Das 
[137] applied CAFE to find the effect of the stresses in steel the grain boundary movement, 
and Chen et al. [138] applied the model in tungsten arc welding. 
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Table 5.3: Selected microscale models for LPBF and related processes 

 

Authors Year Process Modelling 
Technique 

3D 

Rappaz and Gandin [111] 1993 Casting CA No 
Gandin et al. [125] 1993 Casting CA Yes 
Janssens et al. [121] 2002 REX CA (point CA) No 
Janssens [120] 2003 REX CA (point CA) Yes 
Lan et al. [115] 2004 Heat treatment CA No 
Beltran-Sanchez and Stefanescu [130] 2004 Solidification CA No 
Guillemot et al. [135] 2004 Casting CAFE No 
Sha et al. [139] 2004 Heat treatment JMAK + ANN - 
Kelly et al. [85] 2005 LMD JMAK-Dictra - 
Yu and Esche [101]  2005 Hot forging FE-MCP Yes 
Böttger et al. [105] 2006 Casting PF No 
Shterenlikht and Howard [136] 2006 Fracture CAFE No 
Yang et al. [132] 2007 Reaustenisation CA No 
Da Costa Teixeira et al. [89] 2008 Forging JMAK - 
Böttger et al. [103] 2009 Casting PF No 
Yin and Felicelli [116] 2009 Solidification CA No 
Lorbiecka and Šarler [122] 2010 Solidification CA (point CA) No 
Das [137] 2010 Deformation CAFE No 

[134] 2011 Hot 
deformation 

CA No 

Charles Murgau et al. [16] 2012 Heat Treatment JMAK - 
Carozzani et al. [128] 2012 Casting CAFE Yes 
Wang et al. [109] 2014 Solidification PF Yes 
Chen et al. [138] 2014 Welding CAFE Yes 
Zinovieva et al. [117] 2015 LPBF CA No 
Tan and Shin [140] 2015 Welding PF+CA Yes 
Irwin et al. [87] 2016 DED FE-JMAK Yes 
Lindgren et al. [94]  2016 LPBF FE-JMAK Yes 
Rodgers et al. [99] 2016 Welding MCP Yes 
Zinoviev et al. [112] 2016 LPBF CA No 
Pan et al. [90]  2017 Cutting JMAK Yes 
Rodgers et al. [98] 2017 LENS, EBM MCP Yes 
Wei et al. [100] 2017 Welding MCP Yes 
Azarbarmas and Aghaie-Khafri [113] 2017 DRX CA No 
Rolchigo et al. [129] 2017 LENS Lattice 

Boltzman CA 
No 

Su et al [133] 2017 Heat Treatment CA No 
Salsi et al. [86] 2018 LPBF FE-JMAK - 
Baykasoglu et al. [91] 2018 DED JMAK Yes 
Qin Li et al. [107] 2018 LPBF PF No 
Jokisaari et al. [108] 2018 Benchmark 

problems 
PF No 

Flint et al. [110] 2018 Rapid 
solidification 

PF Yes 

Akram et al. [114] 2018 LPBF CA No 
Wang et al. [118] 2018 Casting CA No 
Lian et al. [124] 2018 EBM CA Yes 
Zinovieva et al. [127] 2018 LPBF CA Yes 
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Other microstructural modelling techniques are present in literature. For example, Wang 
et al. [141] describe the grain diameter during heat treatment using an internal state 
variable formulation, which takes into account the plastic strain, and in turn feeds back 
into the yield strength of the material. Sha et al. [139] used a combination of JMAK kinetics 
for an aging heat treatment and an artificial neural network to calculate the mechanical 
properties arising from the calculated microstructure.  

As a summary, Hallberg [142] reviewed the different microstructural approaches 
thoroughly in their work. Other investigations try to combine different microstructural 
modelling techniques. Coupling between CAFE and PF was achieved by Tan and Shin 
[140], who use a PF simulation to determine the growth speed of the dendrite tip, and 
apply this to the CA model, affecting the speed at which new cells are captured.  

 

2.5 Conclusion 

As indicated in this chapter, a large number of studies have been published concerning 
numerical modelling of LPBF and the subsequent post-processes. These studies 
investigate all scales in which important processes take place: the micro-, meso- and 
macroscale. However, a number of essential investigations are still missing. Especially the 
heat treatment following the LPBF process is currently underexplored. Three main topics 
are identified for the present thesis, based on the presented literature: 

1. Numerical investigation of the LPBF process chain, focussing on the stress 
relaxation heat treatment 

2. Coupling between the micro- and macroscale models for the LPBF process 
3. Microstructural modelling of a post-LPBF heat treatment. 

These three topics will fill in the gap left by numerical models, and extend the capabilities 
of the current models. 
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3. Modelling of the LPBF 
Process Chain: a Focus on 
Post-Processing 

 

3.1 Introduction 

The need for process chain modelling of the LPBF process chain arises from the 
connection between the primary process itself and the subsequent post processes. In this 
chapter, two different models for the LPBF process chain are discussed. These process 
chains include three different processes: the primary LPBF process, a stress relaxation 
heat treatment and a cutting operation, required to remove the part from the base plate. 
As indicated in the previous section, the LPBF process will cause the formation of residual 
stresses in the part. When this part is cut from the base plate, these stresses can lead to 
excessive deformation. However, applying a stress relaxation heat treatment changes the 
residual stress state, and causes the stresses to become more homogeneous, and reduces 
their magnitude.  

In literature, the focus is currently still at controlling the deformation following the LPBF 
process through primary process parameters. However, process simulations can offer a 
broader outlook on the entire process chain, and are invaluable as a tool for approaching 
a true digital twin of the entire LPBF process.  

The results and discussion presented in this chapter appeared wholly, or in part in two 
earlier published articles, namely “Numerical investigation into the effect of different 
parameters on the geometrical precision in the laser-based powder bed fusion 
process” (Paper 4) and “Thermo-mechanical modelling of stress relief heat 
treatments after laser-based powder bed fusion” (Paper 5). 

3.2 Modelling Methodology 

Both presented models are implemented in commercial FE software packages. The model 
presented in Paper 4 uses ANSYS Academic Research Mechanical, release 2019 R2 
(referred as the ANSYS model), while the model from Paper 5 is implemented in Abaqus 
CAE (accordingly called the abaqus model). The choice for these different packages 
follows from the ease with which the process chain model can be developed. In the former, 
a plug-and-play solution for the LPBF process is available, and the heat treatment itself 
requires only a small modification of this model. However, the results from the first study 
in this chapter indicate that the model is relatively insensitive to the two key parameters 
of the heat treatment, namely dwell time and heat treatment temperature. Additionally, 
modification of the proposed model is difficult, since the available options to do so are not 
present, without substantial change of the model itself. However, the model is capable of 
showing the effect of the order of different post-processes, such as whether the part is 
first cut from the base plate and subsequently heat treated, or the reverse sequence. 
Therefore, the ANSYS model is regarded as a initial, fast estimation of the deflection, and 
all choices in assumptions for this model are made to preserve this simulation speed. The 
second model, conversely, aims to provide an in-depth look into the effect of the 
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mentioned heat treatment parameters. Abaqus CAE is suitable, since it allows easy access 
to the stress relaxation via the subroutines, and facilitates a parametric study through its 
use of Python for automation of the simulation setup. However, there is no directly 
implemented LPBF model, therefore the abaqus model employs the model developed by 
Bayat et al. [31], with the flash heating method as a basis for the initial stress field after 
the LPBF process. In this chapter, only the brief summary of this method is provided, since 
the focus is kept on the post-processes. 

In both studies, the part under investigation is a cantilever beam. The choice for this part 
is motivated by the easily recognisable deformation when the part is released from the 
base plate without stress relaxation. A cantilever tends to bend in one plane, due to the 
residual stress field, which varies from compressive at the bottom of the beam to tensile 
at the top. This straightforward stress field also shows the effect of the heat treatment 
clearly: there is a direct relation between the magnitude of the stresses and the deflection 
itself.  

Both models also share the thermo-mechanical coupling typical for LPBF process chain 
models. The coupling however is different. ANSYS by default uses a sequential coupling, 
where the temperature is calculated first, and the mechanical response from the model is 
calculated based on this original temperature field. In the abaqus model, the coupling is 
full, meaning that the temperature and stress field are solved simultaneously.  

3.2.1 Thermal Model 

The majority of heat dissipation in during the LPBF process happens though conduction. 
The change of the temperature field inside of the domain is calculated via the transient 
heat conduction equation: 

, = ( ), ,
(3.1) 

However, this equation does not directly include the heat from any heat source. The 
implementation of laser heat during the LPBF process and the heat from the furnace 
during the stress relaxation heat treatment are discussed in the following paragraphs. 

The study from Paper 4 uses an elevated layer deposition technique similar to the one 
used by Zaeh and Branner [28] and Williams et al. [32]. In this technique, a layer of 
elements is deposited at an elevated temperature. This element layer contains multiple 
real layers, which ensures the number of elements does not become too large, and the 
high temperature represents the idea that each position inside of this layer at some point 
will surpass the liquidus temperature of the metal. Yakout et al. [17] show mesh 
convergence for the implementation of this technique in ANSYS.  

In Paper 5, the flash heating method is used instead. This method was studied by Gouge 
et al. [27], but as mentioned previously, this study uses the FH method as it was 
implemented by Bayat et al. [31]. For this method, the part is divided into meta-layers, 
each containing multiple real layers. The model approximates the laser heat input using a 
volumetric heat source in the entire layer during a short flash. The value of this heat is 
calculated from the real heat input. An equality between the total energy released during 
this flash volumetric heat source and the total energy applied to all the real layers it 
applies to ensures that the overall power applied to the layer is the same. An equation 
expressing this equality is the following [31]: 
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=
laser contact

 

This volumetric heat source is appended to equation (3.1) in the most recent meta-layer 
for a short amount of time: 

, = ( ), , + (3.3) 

The second thermo-mechanical process investigated in both studies is the stress 
relaxation heat treatment. The heat from the furnace is applied to the part via the 
boundary conditions, applied to all surfaces exposed to the heat from the furnace. The 
implementation for both studies varies. The ANSYS study applies the temperature profile 
of the heat treatment, shown in Figure 3.1, as a fixed temperature boundary condition. 
The Abaqus model uses boundary conditions that are more complex. All the exposed 
surfaces in this model are subjected to a radiative and convective heat flow. 

Figure 3.1: Temperature profile during the heat treatment. Figure  3.1 (a) shows the 
temperature profile for the stress relaxation of 17-4PH, and Figure  3.1 (b)  shows the profile for 

Ti-6Al-4V for a heat treatment of 5 hours at 670 °C. 

3.2.2 Mechanical Model 

Traditionally, a mechanical analysis in FE for LPBF starts from static equilibrium, 
represented by the following equation: 

, = 0 (3.4) 

The stress is related to the elastic strain via the extended Hooke’s law: 

=
1 +

1
2

+ +
1 2

(3.5) 

The elastic strain typically represents the reversible part of the strain, which will 
disappear if all the restrictions are removed. However, in a case like LPBF, this 
understanding is less applicable due to the interplay between already deposited layers 
and new layer, combined with varying degrees of plastic deformation. Therefore, the 
elastic strain corresponds more pragmatically to the linear part of the stress-strain curve.  
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The deviation from this linear behaviour corresponds to the plastic strain. The plastic 
strain increments are modelled using J2 flow theory with bilinear hardening. The yield 
stress is temperature dependent, and the values of the different parameters are given in 
the following section. 

Two additional contributions to the total strain are considered for the LPBF process or 
any subsequent post process, namely the thermal strain and the transformational strain. 
The thermal strain is the most direct way to couple the thermal field to the mechanical 
response during any process. Even though the Young’s modulus and plastic strain 
parameters are also temperature dependent, this is a more indirect coupling. The formal 
description of the thermal strain is: 

=  (3.6) 

Finally, the transformational strain takes into account the effect of the phase change 
during the process. This strain component is typically relatively small, and is investigated 
more in-depth in chapter 4. In the two studies presented in this chapter, the 
transformational strain is neglected. The total strain is therefore equal to the sum of the 
elastic, plastic and thermal strain components. 

The previous equations express the implementation of the mechanical constituting 
equations necessary for the LPBF process and most of the post-process. However, stress 
relaxation requires a time dependent aspect. The longer a part is heat treated, the more 
the stresses will be relaxed. Additionally, as the name implies, a heat treatment is heavily 
dependent on the choice of the heat treatment temperature. Typically, a higher heat 
treatment requires a shorter dwell time of the heat treatment, and heat-treating at a lower 
temperature needs a longer dwell time. However, there is no direct link available in 
literature for the LPBF process, since the majority of research still focusses on reduction 
or prediction of the residual stresses through control of the process parameters. 

Paper 4 uses the in-built functionality in ANSYS Mechanical to predict some temperature 
and time dependent reduction in the residual stress. However, documentation on this 
reduction is scarce, and the exact effect is part of the performed investigation. For these 
simulations, the stress relaxation is set to 573 K or 300 °C, while the heat treatment itself 
takes place at 623 K or 350 °C. A more rigorous model is implemented in the Abaqus 
model from Paper 5. An equation describing time and temperature dependency of the 
stress is Norton’s law. Norton’s power law reads the following [143]: 

= (3.7) 

For post-welding heat treatment, this equation has shown promise for simulating the 
relaxation of the stresses [22,56]. However, Yan et al. [22] show that the prefactor 

 requires an explicit temperature dependency to accurately predict the final residual 
stress. This results in the following Arrhenius-type creep law: 

= exp (3.8) 

3.2.3 Implementation of the Models 

The following section will provide an overview of the way these equations are 
implemented into the different models. The aim of this section is to illustrate the working 
of the model rather than providing new information. First, the model from Paper 4 is 
outlined, followed by the one from Paper 5. 
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Figure 3.2: Geometry for the model using ANSYS. Figure adapted from Paper 4. 

The ANSYS model uses a sequential coupling of the thermal and mechanical calculation. 
This means that the temperature field is calculated first, and the stress and strain fields 
follow. The thermal calculations starts by depositing a first element layer at a temperature 
of 1678 K or 1405 °C. This layer is then allowed to cool down by dissipating the heat 
through the build plate. The top of the build plate itself is fixed at 373 K to mimic the 
atmosphere in the LPBF machine. After approximately 116 s, which is the time required 
to scan all the layers that would be encapsulated by the element layer, a new element layer 
is deposited on top of the previous one at the elevated temperature. This process repeats 
until the entire part, shown in Figure 3.2, is simulated. In a module, the temperature field 
during the heat treatment is calculated. The temperature profile, shown in Figure 3.1 (a), 
is applied to all external faces of the cantilever. 

The mechanical part uses this temperature field as part of the input for its simulation. The 
mechanical model also starts by depositing a layer of elements, where the load comes 
from the thermal expansion caused by the earlier calculated temperature field via the 
thermal strain. Throughout the next 116 seconds, the temperature is continuously 
updated from the temperature field, and equations (3.4)-(3.6) are solved. After the 116 
seconds have elapsed, a new layer of elements is deposited. This also repeats until the 
part is completely built and the residual stress field is obtained. Following the LPBF 
process there are two post-processes included in the mechanical analysis. The first is the 
stress relaxation heat treatment, which takes the temperature field from the earlier 
outlined thermal heat treatment calculation, and performs a mechanical analysis using 
this field as an input. The second post-process is the cutting process required to remove 
the cantilever from the base plate. To simulate the gradual removal process, the base plate 
is removed in chunks using the element birth/death option.  

14 m
m

 

4 mm 
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Figure 3.3: Mesh on a cross-section at the centre line of the cantilever, used in the Abaqus 
model. The beam has a thickness of 1 mm and a width of 10 mm.  

On each build plate, two cantilevers are simulated simultaneously, to investigate the effect 
of the order of the post-processing operations. Therefore, there is always one cantilever 
that is first cut from the base plate and subsequently heat treated and the reverse. This 
shows one of the strengths of numerical process modelling, allowing the simulation of a 
situation, which would be impossible in reality. 

In the second model, the thermal and mechanical model are fully coupled, so the 
temperature and stress/strain fields are obtained simultaneously. Since the model uses 
the flash heating method, the setup is similar. In the first step, a meta-layer is deposited 
on top of the base plate. Then, the volumetric heat source, shown in equation (3.3), heats 
up the layer for 0.01 seconds. Next, the layer cools down for the subsequent seventeen 
seconds, both by conducting the heat through the base plate, and by emitting it via 
radiation and convection to the LPBF build chamber. The next meta-layer is deposited on 
top of the previous one after this, and the process repeats until the part is completed. 

Figure 3.4: Thermal properties for the simulations. Data from [31,144,145]. 
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Figure 3.5: Mechanical properties for the simulations. Data from [31,144,145]. 

The post-process once again uses the full coupling present in Abaqus. The initial stress 
field follows from the simulation outlined in the previous paragraph, and is imported to 
the mesh shown in Figure 3.3. The simulated heat treatment itself aims to mimic the real 
process as close as possible. The heat from the furnace is applied as a convective and 
radiative boundary condition, with a heat transfer coefficient of 10 W / m2 K-1, and an 
emissivity of 0.4 respectively [22]. The sink temperatures for these boundary conditions 
follow the profile presented in Figure 3.1. The heating rate for the furnace is 0.16 K/s, and 
the cooling rate is set to 0.033 K/s. The exact duration of the heating and cooling regions 
of the heat treatment will depend on the chosen dwell temperature, and this is one of the 
investigated parameters. 

3.3 Material Properties 

In the two studies that provide the basis for this chapter, two different materials are used. 
Paper 4 investigates the stress relaxation in 17-4PH stainless steel, while Paper 5 
assesses the process chain of LPBF for Ti-6Al-4V. The mechanical and thermal properties 
of these materials differ significantly. The thermal conductivity and specific heat capacity, 
both as functions of temperature are shown in Figure 3.4 (a) and Figure 3.4 (b), 
respectively. The mechanical properties, namely Young’s modulus, Poisson coefficient, 
yield strength and tangent modulus for the bilinear hardening are shown in Figures 3.5 
(a)-(d). Finally, the thermal expansion coefficient for both materials is shown in Figure 
3.6. 
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Figure 3.6: Thermal expansion coefficient for the simulations. Data from [31,144,145]. 

Figure 3.7: Temperature profiles in the simulations using ANSYS. Figure 3.7 (a) shows the 
maximum temperature during LPBF, while Figure 3.7 (b) displays the average temperature 

during the heat treatment. Figure adapted from Paper 4. 

The creep equation used to simulate the time and temperature dependent evolution of 
the stress during a stress relaxation heat treatment was shown in equation (3.8). The 
values for the different parameters for this equation were derived from the work by Yan 
et al. [22], and are shown in Table 3.1. 
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Table 3.1: Parameters for the creep equation.[22] 

Parameter Value Units 
3.6676 (-) 

 9.87e-10 s-1Pa3.6676 

 4.1987e5 J mol-1 K-1 

 

3.4 Effect of the Order of the Post Processes and Suitability of a Simple 
Process Chain Model 

In this section, results following from the process chain simulations shown in Paper 4 are 
outlined.  The model is probed, and the study investigates whether the presented model 
responds to changes in heat treatment temperature and dwell time during the heat 
treatment. These form the focus of this section as well. Moreover, the results from this 
investigation will guide future model development. 

Figure 3.8: Contour of the normal stress component along the cantilever beam on a central 
cross-section. On the bottom, the stress is shown in the path indicated by the arrow in the left-

most support. Figure adapted from Paper 4. 

3.4.1 Benchmark Case 

First, a benchmark case is investigated to compare the aforementioned changes in the 
heat treatment parameter with. For this benchmark case, a two-hour dwell-time is 
applied, at a temperature of 623 K, or 350 °C. For all the simulations, a gradual heating is 
applied, which requires two hours to go from room temperature to the peak temperature. 
In order not to build up any unexpected stresses, the cooling rate after the heat treatment 
is as slow as possible, and the entire heat treatment takes 48 hours, or 172800 seconds. 
Additionally, two cantilevers are simulated side-by-side, to investigate the effect of the 
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order of the two post-processes. The cantilever which is first cut from the base plate and 
subsequently heat treated (called sequence B), is located behind the one with the reverse 
order of post-processes (sequence A). When disregarding the three-dimensional 
perspective, the cantilever subjected to sequence B is at the top of the figures. 

Figure 3.7 illustrates the evolution of the temperature during the process chain. Figure 
3.7 (a) shows the peaks that are typical for the LPBF process. Every temperature peak 
represents a new layer being deposited on a previous one. The temperature is equal to 
the elevated temperature at which the layer is deposited, namely 1678 K. This is expected 
from the description of the model in section 3.2. Figure 3.7 (b) shows the evolution of the 
average temperature in the computational domain during the heat treatment. The 
temperature profile closely resembles the temperature profile put forward in Figure 3.1 
(a), which is a result from the high thermal conductivity in the metal, and the lack of bulky 
regions. Since all sections of the part are relatively thin, there will not be a large lag 
between the temperature away from the surfaces of the part and the outside. 

Before analysing the results after the entire process chain is completed, the contours of 
the normal stress along the cantilever, in the centre of the cantilevers, directly after the 
LPBF process, are shown in Figure 3.8. As predicted earlier, the stress profile varies from 
compressive at the bottom of the beam to the top. Moreover, focussing on the leftmost 
support shows that stress reaches a local maximum between the two compressive zones, 
before changing sign, and going from compressive to tensile. This similar to the observed 
profile of the stress found by Li et al. [30], who simulated a cantilever in an aluminium 
alloy. This evolution of the stress has also been observed experimentally, for example by 
Ganeriwala et al. [145]. Yakout et al. [17], who use the same implementation of the 
numerical model for three different materials point out that the stresses tend to be 
overestimated, which they conclude by comparing the deflection after cutting the 
cantilever from the base plate. The overestimation is most pronounced in Ti-6Al-4V, and 
present to a lesser extend in 316L stainless steel and Invar 36. Fortunately, the 
thermomechanical behaviour of 17-4PH is more closely related to steel than to a titanium 
alloy. Therefore, it is expected that the degree of overestimation of the stress level in the 
presented simulation results is also limited.  

The easiest observable metric for analysing the effect of the heat treatment is the 
deformation that results from the release of the residual stresses after the part is cut from 
the base plate. This deformation is shown for both cantilevers in Figure 3.9. There is a 
significant increase in the deflection for the cantilever subjected to sequence B compared 
to the one subjected to sequence A. Since the initial stress field is identical before the post-
processing starts, this is a clear indication to the effect of the order of the two post-
processes. Moreover, the difference in deflection originates in the stress relaxation itself. 
When the part is heated up to the desired temperature, two different mechanisms take 
place to reduce the magnitude of the stress. On the one hand, a reduction in the yield stress 
of the material at elevated temperatures can result in some plastic yielding, although this 
effect is relatively limited [15,22]. The main contributing factor is the strain following 
from a sustained stress at high temperatures, which is similar to creep. However, when 
the part is cut from the base plate, this reduction in residual stress does not occur when 
the part is already cut from the base plate, since this post process already releases the 
stresses.  
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Figure 3.9: Deformation field after the LPBF process chain for both sequence A (bottom) and 
sequence B (top). Figure adapted from Paper 4. 

The stress evolution in the beam, undergoing process sequence B is the following. When 
the beam is cut from the base plate, it bends upwards. This means that the bottom of the 
beam is slightly longer than the top. This difference is exacerbated during the heating up 
phase of the heat treatment cycle, since the bottom will expand more than the top. If the 
beam were constrained, this difference in expansion would lead to a build-up of stress. 
However, since the beam is already cut from the base plate, it will simply bend even more 
without building up any stress, due to the instant relaxation following from the high 
temperature. However, when cooling back down, stress relaxation no longer takes place. 
Therefore, the beam will not simply bend back, but some stresses will build up, resulting 
in an increase of the deflection, compared to the beam subjected to process sequence A. 
This explanation is investigated further when evaluating effect of a change of the heat 
treatment temperature. 

 

Figure 3.10: Normal stress field in the direction along the cantilever, after the process chain. 
Figure based on Paper 4. 
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To validate the results, the simulated stress fields are compared to the measurements by 
Masoomi et al. [146]. They measured the residual stresses present in a beam, built directly 
on top of the base plate. Before measuring the stress levels, the part is cut from the base 
plate, which indicates that at least part of the stress will be released. Therefore, the most 
direct comparison to this measured stress can be found when plotting the stress field of 
the normal stress along the cantilever, after the process chain. Figure 3.10 shows this 
stress field for the simulated results. Masoomi et al. [146] show that the stress is tensile 
at the top and bottom of this beam and compressive in the centre. This is similar to the 
stress profile in the leftmost support of the cantilever in Figure 3.8. Additionally, they 
show that the magnitude of the stress is 153.3 MPa at the top surface of the beam and 
223.6 MPa at the bottom surface, which is similar to the calculated stress field values in 
these locations.  

3.4.2 Mesh Sensitivity 

The mesh independency for a cubic mesh with element sides finer than 5e-4 m was 
already shown by Yakout et al. [17]. This analysis is expanded to cover the entire process 
chain. To this effect, five different element sizes are chosen. The metric, which represents 
the solution, is the normal stress along the cantilever, in the centre of the left-most 
support of the cantilever, at the top surface. An overview of the chosen element sizes and 
resultant stress are shown in Table 3.2.  

Table 3.2: Mesh sensitivity analysis for the process model using ANSYS. Table based on Paper 4. 

Simulation Number 1 2 3 4 5 
Element size (m) 5e-4 6e-4 7.5e-4 8e-4 1e-3 
Longitudinal normal stress 
(MPa) 841.6 840.5 835.1 832.8 825.7 

 

The results show that the stress increases if a finer mesh is chosen. This leads to the 
conclusion that the real stress for the shown mesh configurations are an underestimation 
of the mesh-independent solution. However, the results show a clear convergent 
behaviour, with the final mesh refinement only affecting the stress by 0.1 %. This leads to 
the conclusion that the used mesh is sufficiently fine to predict the stress field. This is 
reinforced by the previous conclusion by Yakout et al. [17] that the assumptions of the 
implementation of the model lead to a slight over prediction of the magnitude of the peak 
stresses. 

3.4.3 Effect of the Dwell Time 

One of the main parameters for a stress relaxation heat treatment is the duration of the 
heat treatment, and more specifically how long the part has been heated up to the final 
temperature. Two cases are compared with the benchmark case from section 3.4.1, 
namely one with a longer dwell time (3 hours) and one with a shorter one (1 hours). To 
reiterate, the original heat treatment is two hours long, and occurs at a temperature of 
350 °C, or 623 K.  

The results show that the heat treatment with a short dwell time results in identical stress 
and deflection fields as the benchmark case. As a result, this indicates that most of the 
stress relaxation has taken place within the first hour of the heat treatment. This is most 
likely a shortcoming of the model, since this reduction of the stress is imposed the 
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moment the stress surpasses the relaxation temperature. Even though the heat treatment 
itself depends heavily on the duration of the heat treatment, the implementation of the 
model is time-insensitive, which significantly reduces the applicability of this model for 
investigating the effect of the dwell time on the final deformation of the cantilever. 

Figure 3.11 shows the evolution of the normal stress component along the length of the 
cantilever, in the centre of the one subjected to sequence A (first heat treatment, 
subsequently cutting from the base plate), at its top surface. Both the evolution of the 
stress for the heat treatment with a three- and two-hour heat treatment are shown. This 
shows that the total reduction in the stress is applied at the beginning of the heat 
treatment. However, the stresses change during the heat treatment, and are restored back 
to their original level after cooling down to room temperature. The difference in the stress 
level during the actual heat treatment does not heavily affect the stress level after the heat 
treatment, showing the weakness of this model. The implementation of the relaxation of 
the stress is time-independent, and therefore, the model is not capable of including the 
effect of the duration of the heat treatment accurately.  

 

Figure 3.11: Normal stress in the direction along the cantilever, at the centre of the cantilever. 
Figure adapted from Paper 4. 

3.4.1 Effect of the Heat Treatment Temperature 

Similar to the investigation into the sensitivity of the model to the duration of the heat 
treatment, two new heat treatment temperatures are selected: on higher than the one 
from the benchmark case, and one lower. Finally, an additional heat treatment below the 
relaxation temperature is selected to investigate the previous assertion about the 
evolution of the stress. The new simulations are summarised in Table 3.3.  

Table 3.3 also summarises the results from these simulations. Both the displacement of 
the cantilever tip and the maximum value of the normal stress along the cantilever beam 
are tabulated. There are only small differences for the simulations where the stress 
relaxation temperature is surpassed. Specifically, for the heat treatments at 673 K and 
573 K the displacement of the cantilever tip only differs by 0.1 mm for the cantilever 
subjected to sequence B. There is a measureable difference in the maximum stress for the 
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beam, which was heat treated while still attached to the base plate (sequence A). This 
indicates that the lower temperature during the heat treatment does result in a higher 
stress, but this altered stress state is insufficiently large to translate to a reduction in the 
deformation. 

Table 3.3: Data from the simulations investigating the effect of the heat treatment temperature. 
Table based on Paper 4. 

Temperature 400 °C 300 °C 280 °C 

 Sequence 
A 

Sequence 
B 

Sequence 
A 

Sequence 
B 

Sequence 
A

Sequence 
B 

Displacement 
in z (m) 0.0102 0.0363 0.0102 0.0364 0.0102 0.0103 

End stress 
(Pa) 1.00e9 1.28e9 1.39e8 1.28e9 1.00e9 1.10e9 

Figure 3.12: Normal stress field in the direction along the cantilever, after the process chain with 
corrected deposition temperature. Figure based on Paper 4. 

More striking is the effect of a heat treatment below the heat treatment temperature. The 
deformation of both cantilevers subjected to this heat treatment show the same 
displacement at the cantilever tip. This reaffirms the earlier description of the evolution 
of the stress in the cantilever following process sequence B. In the earlier cases, when the 
part reached the heat treatment temperature, stresses build up due to the difference in 
expansion between the top and bottom of the beam. For this latest result, the stress 
relaxation temperature of 573 K is not surpassed. Therefore, all thermal stresses that 
build up during the heat treatment are retained. When cooling back down, these stresses 
are released as they are elastic in nature. The beam will simply bend back to its original 
shape. This is in opposition to the earlier examples, where the heat treatment 
temperature was surpassed during the heat treatment, and therefore the built up stresses 
were released. As a result, these beams did not bend back, and a larger difference between 
sequence A and B was observed. 
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3.4.2 Effect of the Depositing Temperature 

Finally, the temperature at which the layers are deposited at the beginning of each 
calculation step is investigated. In all preceding simulations, this temperature was fixed 
to 1678 K, or 1405 °C. This temperature is based on the liquidus temperature of 17-4PH 
stainless steel, rather than the process conditions. The total energy input following from 
depositing a layer at 1678 K can be calculated as follows: 

simul =

dep

room

(3.9) 

Clearly, equation (3.9) does not contain any of the process parameters from the LPBF 
process. The total energy from the LPBF process, taking into account the length of the 
laser tracks, hatch distance and laser speed is the following [31]: 

process = (3.10) 

By equating simul and process, it is possible to determine the temperature at which the 
layer should be deposited, to match the energy from the process. The new value of the 
depositing temperature is 3273 K, or approximately 3000 °C, which is significantly above 
the melting temperature of the used steel. To avoid building up stresses while the layer is 
still fully liquid, the stress free temperature is kept at the original 1678 K.  

The normal stress along the beam is plotted on the deformed geometry in Figure 3.12. 
Comparing this result with the contours of the same stress component in Figure 3.10, 
which showed the outcome from the benchmark simulation, reveals that there is no major 
influence from changing the temperature at which a new layer of elements is deposited. 
To investigate this further, the same stress component for these two simulations is 
displayed in Figure 3.13, through the middle of the cantilever. The compressive stress is 
slightly larger near the bottom of the beam, when using a higher temperature. 
Additionally, the position of the stress free centre of the beam is slightly further from the 
bottom of the beam as well. However, the stress at the top is almost indistinguishable in 
both cases.  

Figure 3.13: Normal stress through the centre of the cantilever. Figure based on Paper 4. 
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Although changing the depositing temperature has an effect on the final stresses and 
displacements in a cantilever beam example, it is a minor one. Moreover, the model 
implementation already uses a significant reduction in simulation fidelity, and the small 
changes are most likely smaller than the errors following from the model itself. 

3.4.3 Conclusion 

The model presented in Paper 4 is intended to provide a first attempt into modelling the 
entire LPBF process chain, to investigate the interaction between the different parts. The 
model succeeds in this goal, since it clearly shows the influence of the order of two 
selected post-processes, namely a stress relaxation heat treatment and cutting operation. 
However, due to the insensitivity of the model to some of the essential parameters of a 
stress relaxation heat treatment, specifically the dwell time and heat treatment 
temperature, the model should only be used as a qualitative guide. A quantitative 
comparison between the simulated and real heat treatment requires explicit inclusion of 
the aforementioned parameters. 

 

3.5 Modelling of Stress Relaxation after the LPBF Process Using a Creep 
Equation 

The goal of the model presented in Paper 5 is to alleviate the issue identified in the 
previous model. Moreover, implementing a creep-based model, formalised by the stress 
dependent strain rate from equation (3.8), the evolution of the stress is made explicitly 
dependent on both temperature and dwell time. This also forms the core of the novelty 
for this study: the model representing the post-LPBF process has been used for welding 
simulations, but not for the complex geometries possible to construct with LPBF, or for 
the stress field associated with them. 

3.5.1 Investigation of the Input Parameters and Initial Stress Field 

In order to evaluate the evolution of the stress, an initial stress field needs to be defined. 
This initial stress field follows by implementing the model by Bayat et al. [31], using the 
FH method. The model is outlined in section 3.2.3, and the stress field obtained from it is 
analysed in the following paragraphs.  

Apart from the initial stress field, the choice of the parameters used in the creep equation 
also plays a role in the eventual degree of stress relaxation. The parameters in this chapter 
were derived from the work by Yan et al. [22] for post welding heat treatment. The 
remainder of this section aims to investigate these parameters, by applying a sensitivity 
analysis, both local and global.  

The test-model is a simple one-dimensional numerical tensile test, representative of the 
original experiments [22], which were used to find the parameters for a Norton-type 
creep equation (equation (3.8)). The simulation mimics a situation where a fixed initial 
stress is applied, or a fixed strain rate. The domain is a single 1D element, and the model 
itself is discretised using FD [147]. It also includes a variable time step, ensuring the 
change in stress is never above 10 kPa. Finally, the bottom of the element is fixed in place, 
while the top is subjected to a varying displacement boundary condition. 

First, a local sensitivity analysis is performed for the prefactor of the creep equation ( ), 
the stress exponent ( ) and activation energy ( ) in three situations, namely a fixed 
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initial stress of 150 MPa, a fixed strain rate of 1 mm/s, and both the initial stress and fixed 
strain rate. 

Figure 3.14 shows the evolution of the stress and creep strain at temperatures ranging 
from 550 °C (or 823 K) to 850 °C for each of these three cases. The evolution of the stress 
is most easily explained when analysing the case with a fixed pre-stress. Over time, the 
stress will decrease, because the beam expands. The initial relaxation of the stress is 
relatively large, with a steady state being reached after a few minutes to a few hours. At 
higher temperatures, this deformation accelerates, but below 600 °C, no stress relaxation 
can be observed at all. The conclusion from the simulations with a constant strain rate is 
similar. For each simulation, the stress initially increases, since there is insufficient 
driving force for any stress relaxation to occur. At some point, the increase in stress 
decelerates, and reaches a plateau value. For the simulation at 500 °C, this plateau is not 
reached within the first ten hours. Finally, the third set of simulations combine the pre-
stress and fixed strain rate. These simulations reveal two behaviours, depending on the 
temperature. Below 650 °C, the behaviour is similar to the previous simulations: the 
stress first increases before reaching a constant value. The simulations at a higher 
temperature resemble the first set closer, where the stress first decreases, and 
subsequently remains constant, as the increase in stress following from the strain rate is 
immediately relaxed to the steady state stress. 

These simulations are used to assess the sensitivity of the used creep equation to the three 
selected parameters. A small perturbation of one percent is applied, both forward and 
backwards to these parameters, and the difference of the resultant stress as a function of 
time is recorded. This sensitive relativity is ranked using [148]: 

=
1

(3.11) 

This analysis was formalised by Sin and Gernaey [148]. The rankings for each of the three 
cases, and for each of the output parameters rank the parameters in the same order, 
showing that the activation energy is the parameter, which should be controlled most 
carefully. Next, a global sensitivity analysis [148,149] is performed to find the influence 
of the same parameters in the entire input space of stress, strain rate and temperature. 
The range of input parameters and model parameters is given in Table 3.4. Figure 3.15 
shows the histograms of the output from this global sensitivity analysis, with the absolute 
sensitivity on the horizontal axis. This shows that for the stress, both the exponent and 
activation energy are the most sensitive input parameters, while the sensitivity of the 
model to the activation energy is on average slightly higher for the other output 
parameter. 

The main conclusion from these one-dimensional simulations is the activation energy is 
the parameters, which ought to be chosen more carefully. Additionally, changes in the 
exponent ( ) also affect the outcome of the simulations. Fortunately, these parameters 
also have a physical meaning, and therefore, their range is limited due to theoretical 
considerations. The only parameter, whose value solely derives from the experiments is 
the prefactor. Fortunately, the model is not particularly sensitive to the prefactor, and the 
value from literature should suffice for subsequent simulations. 
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Figure 3.14: Evolution of the stress in three different cases: fixed pre-strain, fixed strain 
increment, and both a fixed pre-strain and strain increment 

 

Table 3.4: Input space for the sensitivity analysis. 

Input parameter Lower bound Upper bound 
Fixed pre-stress / MPa 0 300 
Strain rate  0 0.1 
Temperature / °C 550 850 
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Figure 3.15: Sensitivity over the temperature, stress, and strain rate input space for the three 
input parameters 

Figure 3.16: Normal stress component in the direction along the cantilever after the LPBF 
process. Figure based on Paper 5. 

The second main input required for the model is the initial stress field. In Paper 5, this 
stress field follows from a primary LPBF simulation using FH. The stress field for the 
normal stress component longitudinal to the beam, is shown in Figure 3.16. This 
component of the stress field is chosen because it is responsible for the upwards bending 
of the cantilever. The stress in general evolves from compressive at the bottom of the 
beam to tensile near the top. However, the maximum value of the stress is not at the top 
of the cantilever itself. This follows from the approximation used to simulate the LPBF 
process. The cantilever is divided in two meta-layers. The top of the last meta-layer is a 
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free surface, and therefore will not be build up significant stresses for the shown 
component of the residual stress. Moreover, the highest stress is located where this 
topmost layer connects to the bottommost one. The left-most support is divided into 20 
meta-layers, and as a result, shows 20 maxima in the normal stress in the direction of the 
beam. However, in order to ensure that this residual stress field results in the deformation 
that would be expected after the LPBF process, a cutting operation is simulated, and the 
resultant deformation field is shown in Figure 3.17. The tip of the cantilever is displaced 
by approximately two millimetres. 

The most direct way to validate the results is by comparing the stress field from the FH 
with the earlier result using the deposition at elevated temperature presented in Paper 
4, and section 3.4.1. The normal stress in the direction of the beam is plotted in the centre 
of the leftmost support for both simulations. The exact value of the stress will differ due 
to the different materials used and their associated material properties. However, both 
the differences and similarities still are apparent from Figures 3.18 and 3.8. Both stress 
profiles reach their minimum between 60 and 80 % from the bottom of the support, and 
subsequently the stress increases to the maximum value near the top. However, the 
profile obtained by using the FH method is more jagged, where the stress profile initially 
has a maximum at the bottom of the meta-layer, and a minimum a the top. This behaviour 
switches after the fourth meta-layer, since the effect of the build plate is reduced. 
However, similarly to the smooth profile for the elevated temperature models, the 
maximum stress increases with every new meta-layer. 

 

Figure 3.17: Displacement of the cantilever beam after the LPBF process and removal of the 
support. Figure base on Paper 5. 

In order to evaluate the effect of changing the different parameters on the residual 
stresses in the cantilever beam during the heat treatment, a base-line simulation is 
established as a benchmark. For this purpose, a heat treatment at 670 °C (or 943 K) with 
a dwell time of 304 minutes is used. The following section will detail the stress field during 
and after such a heat treatment, and the effect it has on the cantilever beam.  

Figure 3.19 shows the normal stress component in the direction of the beam at the 
beginning of the heat treatment (just after the LPBF process), after the heat treatment 
temperature has been reached, after 248 minutes of heat treatment and at the end of the 
entire heat treatment cycle. The figure depicting the stress after the ramp-up period 
already shows that the stress is reduced significantly after it has finished. This is due to 
two mechanisms: on the one hand, the yield stress decreases at higher temperature, 
causing relaxation through plastic yielding. On the other hand, some creep might take 

Displacement / m
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place, due to the high stress in certain regions of the cantilever (most notably where it is 
attached to the base plate).  

Figure 3.18: Normal stress in the left-most support 

3.5.2 Stress relaxation heat treatment: benchmark simulation 

After heat treating for 248 minutes, the stress is mostly homogenised throughout the part. 
In order to show the differences in stress more clearly, the legend is adjusted and the 
result shown in Figure 3.20. The stress in this figure shows a clear similarity with the 
original stress field, with the positions of the different meta-layers still visible, although 
the magnitude of the stress has decreased significantly, and the difference in stress 
between the maximum and minimum values in the beam is reduced (from approximately 
900 MPa to 5 MPa). Finally, Figure 3.19 shows the normal stress component in the 
longitudinal direction of the beam after the heat treatment cycle is completed. Comparing 
this stress field to the initial one indicates a significant relaxation of the stresses. 

Figure 3.19: Normal stress field in the direction of the beam, during a heat treatment at 670 °C 
and 300 minutes. Figure based on Paper 5 
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Figure 3.20: Detail of Figure 3.19 after 248 minutes of dwell time with adjusted legend. 

The relation between the stress field and the displacement field is not straightforward, 
due to the initial layered stress field. In the previous model, the stress evolved relatively 
monotonously from tensile to compressive, allowing an easy prediction of the deflection 
of the cantilever. This is not the case when investigating this stress field, so an additional 
virtual cutting operation is performed, and the deformation field after this additional step 
is shown in Figure 3.21. After the heat treatment, the beam bends approximately 0.1 mm. 
This can be considered to be an almost fully relaxed cantilever beam. 

Figure 3.21: Displacement field after cutting the beam from the base plate following a heat 
treatment at 750 °C for 300 minutes. Figure based on Paper 5. 

3.5.3 Stress relaxation heat treatment: effect of the heat treatment parameters 

In order to investigate the effect of the temperature on the stress relaxation, thirty 
different combinations of parameters are tested, shown in Table 3.5. The temperatures 
range from 510 °C to 850 °C and 9 minutes to 500 minutes. The displacement of the 
cantilever tip after the heat treatment is used as a metric to compare the different heat 
treatments, since it is easy to interpret, and signifies one of the main goals of a stress 
relaxation heat treatment, namely reducing unwanted deformation after the part is 
released from the base plate. 

Figure 3.22 shows the displacement in two different ways: once as a function of 
temperature, for the different heat treatment durations, and once as a function of time for 
different temperatures. Overall, the conclusion is unsurprising: longer heat treatment at 
higher temperatures leads to more relaxation of the stresses. However, at the highest two 
temperatures, an increase in the deflection is observable for longer heat treatments. This 
observation is investigated in a following paragraph. Additionally, the contribution of the 
reduction of the yield strength on the total stress relaxation can be analysed by looking at 
the heat treatment at a temperature of 510 °C. 
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Figure 3.22: Displacement of the cantilever tip as a  function of heat treatment temperature and 
dwell time. Figure based on Paper 5. 

Table 3.5: Simulations performed using the creep equation-based heat treatment 

t\T 510 °C 630 °C 670 °C 750 °C 850 °C 
540 s X X X X X 

6420 s X X X X X 
12360 s X X X X X 
18240 s X X X X X 
24120 s X X X X X 
30000 s X X X X X 

 

As mentioned previously, during a heat treatment at 510 °C, the amount of stress relaxed 
through creep is limited. Assuming a constant stress of 700 MPa, the total strain after the 
applied 500 minutes is approximately 1e-6, which is very small compared to the strain at 
670 °C, which would be approximately 0.01. Therefore, all the stress relaxation occurring 
during this heat treatment is through reduction of the yield stress at the elevated 
temperature. The displacement is reduced from approximately two mm to 1.5 mm, 
indicating that the plastic strain can relax approximately 25 % of the stress. Comparing 
this to other studies investigating stress relaxation, such as the work by Yan et al. [22] and 
Zhang et al. [15], shows that this is in the range of expectations, with the former predicting 
a smaller reduction in stress, while the latter predicts a larger relaxation by plastic 
yielding.  

The nine-minute long heat treatments reveal the effect of the ramp-up on the stress 
relaxation. During the first few minutes of the heat treatment, only a limited amount of 
stress relaxation can take place. Figure 3.22 shows a clear decrease of the deflection for 
heat treatments using this short dwell time. This indicates the importance of including the 
ramp-up into the heat treatment simulations: a significant amount of stress relaxation, 
both due to plastic yielding and creep before the holding time, takes place. 
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Figure 3.23: Normal stress in the direction of the cantilever after heat treatments at 850 °C for 
300 minutes 

Heat treating at the highest temperature has a counterintuitive effect of increasing the 
deformation with increasing the dwell time. In Figure 3.23, the normal stress field in 
horizontal direction after 300 minutes at 850 °C is shown. Comparing this stress field with 
the one shown in Figure 3.16, the change in the field is clear. The layer-wise stress field is 
no longer visible. This redistribution of the stresses also means that the bending 
behaviour of the beam depends more on the stresses at the tip of the cantilever, or in the 
left-most support, than on the residual stress state in the beam itself. This makes the 
comparison between the different deformation fields no longer viable, and from this point 
of view, the residual stresses are fully relaxed before the first 100 minutes of dwell time 
are over. Additionally, the data for the parameters used in the creep equation were 
obtained in the temperature range from 615 to 750 °C, which means that they might not 
be applicable to the highest heat treatments. 

3.5.4 Process map 

As a final step, the data from the previous simulations is aggregated to determine a 
process map for stress relaxation heat treatments. Figure 3.24 shows the contour map of 
the displacement as function of heat treatment temperature and time. The map also 
shows the estimated reduction of the residual stress in the beam, using classical beam 
theory.  This process map can be used as a guide to determine the heat treatment 
parameters. Additionally, it can show end users how to approach errors during their 
process. The following paragraph will provide an example of the use of this process map 
for this purpose. 

In order to reduce the residual stresses with approximately 80 percent, a heat treatment 
of 200 minutes at approximately 650 °C is required. If the heat treatment is aborted 
during ramp-up and the peak temperature was 600 °C, the reduction in residual stress 
will be approximately 35 %. To reduce the residual stresses further to reach the desired 
20 % residual stress, this process map suggests heat treating an additional 75 minutes at 
650 °C. However, additional simulations for these initial stress states need to be 
performed to generate a three-dimensional version of this process map.  
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Figure 3.24: Process map for stress relaxation heat treatment. Figure adapted from Paper 5. 

3.5.5 Conclusion 

A creep equation is used to approximate the different thermo-mechanical mechanisms 
taking place during a stress relaxation heat treatment following the LPBF process. This 
model was previously successfully used in welding, and the results from the process 
simulations performed here show that it is useful for the LPBF process as well.  

The model is sensitive to both time and temperature, where the deformation resulting 
from the residual stresses after release from the base plate decreases logarithmically with 
increasing dwell time, and exponentially with increasing heat treatment temperature. The 
simulations were performed over a parameter input space ranging from 510 °C (or 783 
K) to 850 °C (or 1123 K) and dwell times between nine and 500 minutes. The general 
evolution of the displacement field corresponds to expectations, apart from at the highest 
temperature. 

Finally, a process map shows how the simulation results can be applied and interpreted 
rapidly and easily for use in industrial processes, showing the usefulness of this numerical 
exercise. 
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4. Coupling the Different 
Length Scales 

4.1 Introduction 

The macroscale models presented in the third chapter allow evaluation of the macroscale 
deformations that follow from the macroscopic residual stresses. However, the process 
conditions, both during the primary LPBF process, and the subsequent post-processes 
affect these stresses also in a more indirect way.  

One example is the effect of the processing conditions on the microstructure, and the 
effect the microstructure exerts on the residual stress state. Moreover, from a 
thermodynamics standpoint, any change in temperature, stress, strain, or compositional 
change will influence the driving forces present during the development of the 
microstructure. On the other hand, the microscopic residual stresses, which are present 
within the grains, cannot be measured easily, and change some of the mechanical material 
properties of a material. These properties include the hardness, toughness, or even the 
yield strength of the material. 

In order to exploit the benefits of all the models in their respective length scale, coupling 
between them is necessary. Examples of two different types of coupling are explored in 
this chapter. These couplings are sometimes called a weak and a strong coupling, but here, 
they will be referred to as one-way and two-way. In the first, the flow of information is in 
one direction, more specifically from a meso-scale to a microscale model. The second type 
of coupling includes both the effect of a macro-scale simulation on the microstructure and 
the reverse: the microstructural change affects the macroscale stresses. Other couplings 
are possible and the model used in chapter five is an example of one-way coupling 
between a macroscale thermal model and a microscale model.  

This chapter will focus on the coupling and interaction between the models, and the effect 
that the models have on each other, since none of the simulations presented in this 
chapter are novel in their own right. Moreover, this chapter aims to illustrate new links 
and possible ways to use well-established models in a new way.  

The work presented in this chapter appeared earlier in part in two publications, titled 
“Thermo-fluid-metallurgical modelling of the selective laser melting process chain” 
(Paper 1), and “Part-scale mechanical modelling of LPBF including microstructural 
evolution effects” (Paper 3). The former illustrates the one-way coupling between 
meso- and microscale, while the latter includes a model which employs a two-way 
coupling to include the effect of the microstructural change on the residual stresses after 
LPBF. 

Since the models used to obtain the results in this chapter have been extensively 
described and tested in literature, only a short summary will be provided here, with the 
relevant publications where more in-depth investigations can be found. The focus will 
remain on the links between the different models. As previously, tensor notation is used 
for describing the governing equations, including the Einstein convention of summation 
over like indices within terms. 
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4.2 Coupling a Mesoscale Fluid-Dynamics Model and a Microstructural 
Cellular Automata 

In Chapter 2, the capability of the mesoscale models to include fluid dynamics was 
mentioned as one of their strengths. However, the simulation cost of a full fluid dynamics 
simulations limits the number of laser passes that can be investigated. Additionally, the 
mesh in mesoscale simulations is often too coarse to provide a detailed view of the 
microstructure. This can be observed in the work by Panwisawas et al. [83]. The 
microstructural simulation is typically even more restrictive with respect to the domain 
size, but shows detail, which cannot be resolved at larger length scales. 

4.2.1 Mesoscale Fluid-Dynamics 

The fluid dynamics model used in this simulation was implemented in the commercial FE 
software package COMSOL multiphysics. A more detailed description of its capabilities 
and the effect of the LPBF process parameters on the flow inside of the melt pool can be 
found in the work by Bayat et al. [74].  

As per usual for fluid dynamics, the model solves the conservation equations. The solved 
heat balance equation is the following: 

, + , = , , solid, + solid, +  (4.1)  

The heat from the laser is introduced through the volumetric heat source [73] on the right 
hand side of equation (4.1). The distribution and value of this parameter are computed 
using the conical equivalent heat source introduced in [74], which takes into account the 
attenuation of the later power by the powder, the further it has travelled through it. 
Additionally, the thermal conductivity and specific heat capacity are altered in the region 
that has not been melted yet. The powder bed is a porous medium, and the thermal 
parameters are calculated using a rule of mixture: 

=
(1 ) ,solid solid + ,air air

(1 ) solid + air
(4.2) 

Equation (4.2) illustrates this rule of mixture for the specific heat capacity. The initial 
powder packing density is assumed to be 60 %, and therefore the value of  is 0.4. 

The second conservation law in fluid dynamics is conservation of mass, which for an 
incompressible, Newtonian flow can be described by: 

, = 0 (4.3) 

Equation (4.4) shows the momentum balance equation: 

+ , = , + , (4.4) 

The stress term on the right-hand side of equation (4.4) is composed of contributions 
from the normal and shear stress. More interesting is the term  , . This is the force term 
used to take into account the interaction between the liquid and the solid. The formal 
description of this term is [74]: 

, =
(1 )

+
 (4.5) 



57 
 

The parameters of this equation are chose so that this term becomes exceedingly large 
when the solid fraction tends to one. This means that an infinitely large force is required 
to move the “fluid” when it has solidified. The fluid is effectively frozen when it has cooled 
below the solidus temperature. 

Finally, it was noted in [74] that one of the main drivers for fluid flow is the temperature 
dependent surface tension, which is referred to as the Marangoni effect. The 
implementation of the Marangoni effect in this work is through the following equation: 

, =  ( surface ) (4.6) 

4.2.2  Microscale Cellular Automata 

The microstructural model coupled to the mesoscale model is a limited version of the one 
presented in Paper 2. Chapter 5 focusses on this model, so only a short description of the 
model is provided.  

The CA is frontal, meaning that there are two rules, which apply to all cells in the mesh: 

= 1 if any = 1 for (4.7) 

= 2  if all  = 1 for (4.8) 

The neighbourhood ( ) is the circular neighbourhood first shown in the work by 
Azarbarmas et al. [113]. This circular neighbourhood is capable of generating grains, 
which are more hexagonal than the ones following from the Moore or Neumann 
neighbourhood. The circular neighbourhood also allows a direct coupling between the 
real time step and the CA time step. Equation (4.7) shows the relation between the grain 
diameters and the temperature: 

= exp ( ) (4.9) 

Additionally, equation (4.9) links together the number of CA time steps via the grain 
diameter to the real time step on the right-hand side. 

4.2.3 Modelling Workflow 

The coupling between the fluid dynamic model and the microstructural model is one-way, 
implying that the information flows from the former to the latter.  Therefore, the fluid 
dynamics simulation is performed first. The computational domain is a cuboid, which is 3 
mm long, 1.5 mm high and 0.75 mm wide. However, due to the symmetrical nature of the 
thermal input from the laser, the plane at y = 0 mm is exposed to a symmetry boundary 
condition. The laser scans a single track in Ti-6Al-4V at y = 0 mm and z = 0.3 mm, and the 
temperature and velocity fields are calculated throughout the single scan track.  

The information from the thermal field is transferred to the CA using the grain growth 
rate, thermal gradient and cooling rate [74,80,150]. A large temperature gradient will 
promote directional growth of grains, leading to a columnar grain morphology. The grain 
growth velocity is calculated by dividing the cooling rate by the thermal gradient. A high 
growth front velocity indicates that nucleation happens ahead of the columnar growth 
front. Therefore, the morphology will be more equiaxed.  

The microstructural evolution investigated in this work is the first half of a heat treatment 
Paper 
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2, but it requires an initial microstructure. In that paper, this initial microstructure is 
derived from a micrograph, while Paper 1 uses the simulation results from the fluid-
dynamical model, which can be seen as a step towards a full digital twin for the LPBF 
process chain. Using the multiscale coupling can greatly improve the accuracy of this 
process chain simulation. 

The CA converts the predicted morphology into an initial microstructure, which is usable 
by the CA model. Next, the nucleation sites for the new grains are determined, after which 
a two-dimensional thermal field is calculated based on the furnace temperature. The 
thermal solver is a 2D version of the alternate direction implicit (ADI) solver, outlined in 
Paper 2 and chapter 5. This temperature is interpolated to the CA cells, which each have 
a size of 2 x 2 μm2. For each of the 562 500 CA cells, the two rules of equation (4.7) and 
(4.8) are applied, which causes grains to grow. This continues until the entire domain is 

 

The parameters for the fluid dynamics simulation can be found in [74], while the 
parameters for the microstructural simulation are provided in Table 4.1. 

Table 4.1: Parameters for the growth kinetics in the microstructural part of the process chain 

Symbol Parameter Value Units 
d0 Initial grain diameter 0 m 
t0 Initial time 0 s 
Q Activation energy 97e3 J mol-1 

R Universal gas 
constant 

8.314 J mol-1 K-1 

 Proportionality 
factor 

7 μm2 s-1 

 

4.2.4 Results and Discussion 

First, the results from the mesoscale model are presented. Figure 4.1 shows the 
temperature near the centre of the laser beam after 3.5 ms. It also shows the velocity field 
at the same position. It is noted that after this point, the results show that a pseudo-steady 
state is reached, and therefore, these results are considered to be representative for any 
scan path that is longer, for the given parameters.  

The three mentioned parameters, namely ,  and  were derived from the presented 
temperature field. The cooling rate is found by subtracting the temperature in each node 
in two consecutive time steps. The gradient is calculated during the FE calculation and the 
growth rate is derived from the previous two parameters. Figure 4.2 shows the plot of 
grain growth rate versus the thermal gradient, for each FE node where the solid phase 
fraction is not zero. These nodal outputs are plotted on top of a solidification map for Ti-
6Al-4V, in order to evaluate the grain morphology. In this case, the entire domain is 
columnar, and this will be the starting microstructure for the CA. However, when the 
thermal conditions are different, for example for a different material, a mixed equiaxed-
columnar morphology is expected instead. Figure 4.3 shows possible different initial 
microstructures, which can be used as input, for varying fractions of equiaxed grains. The 
change in volume fraction equiaxed grains mostly affects the number of nucleation sites. 
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Figure 4.1: Results from the thermo-fluid part of the simulation. (a) shows the temperature after 
3.5 μm, (b) shows the velocity field at the same point in time. Figure adapted from Paper 1. 

Figure 4.2: Solidification map for the single-track thermo-fluid simulation. The output from the 
FE nodes indicates that the entire microstructure is columnar in nature. Figure adapted from 

Paper 1 

Finally, the results from the microstructural simulation are shown. Figure 4.4 illustrates 
clearly that the grains will evolve from an columnar to a more equiaxed state, which was 
also observed experimentally [10]. However, the resolution of the simulation is limited 
for this example, due to the two μm CA cell size. Apart from the initial microstructure, the 

elaborated upon in the following chapter.  

 

a) 

b) 
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Figure 4.3: Different possible initial microstructures with varying fractions of equiaxed grains. 
The microstructure in (a) is 5 % equiaxed, (b) 10 %, (c) 15 %, (d) 20 %, (e) 30 % and (f) 50 %. 

4.2.1 Conclusion 

The results from these separate simulations are unsurprising: the fluid-dynamics 
simulation predicts a fully columnar microstructure when producing a part in Ti-6Al-4V 
with LPBF, and the post-LPBF heat treatment shows a transition from a columnar to an 
equiaxed grain morphology. However, the strength of this simulation chain lies in the easy 
one-way coupling. With little additional computational cost, the result from the mesoscale 
simulation are effectively used as input for the microstructural simulation.  

 

a)      b) 

c)      d) 

e)      f) 
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Figure 4.4: Evolution of the microstructure in Paper 1, based on the input from the thermo-fluid 
simulation. Figure adapted from Paper 1 

 

4.3 Coupling between a Macro-scale Mechanical Model and a 
Microstructural Model 

Residual stresses can lead to deformation after the part is released from the base plate. 
The major contributing factor to these residual stresses is the difference in expansion of 
a hot layer, compared to a previously deposited layer. When a layer is melted for the first 
time, it is at a high temperature and stress-free. While cooling down, the layer shrinks, 
while the underlying material does not. As a result, the new layer is loaded under tension, 
while the previous layers are compressed.  

The change in temperature will also affect the microstructure. When cooling down from 
the molten state, a new microstructure forms out of the liquid. However, an often-
overlooked aspect of the LPBF process is that the temperature from the top-most layers 
will also heat up lower layers, and can cause microstructural change. This is called an 
intrinsic heat treatment. In this section, a case of intrinsic heat treatment during LPBF 
production of a part in Ti-6Al-4V is used to illustrate two-way coupling between the 
macro- and microscale. The thermal conditions during the primary process affect the 
microstructure, and the microstructure changes the residual stresses. The approach used 
to simulate the LPBF process is the flash heating (FH) method, used and explored by Bayat 
et al. [31], while the microstructural model is a JMAK-based simulation. This model was 
developed for Ti-6Al-4V by Charles Murgau et al. [16] and modified specifically for the 
LPBF process by Salsi et al. [86]. 

4.3.1 Macroscale Thermo-Mechanical Model 

In the FH method, not all individual powder layers are modelled separately. Moreover, 
the layers are bunched together into meta-layers, which allows an increase in the time 
step size, since the laser scanning path is not simulated. Additionally, the mesh size only 
needs to be in the order of the magnitude of the meta-layer, not the individual powder 
layer. However, the heat input into the meta-layers needs to be compensated, since not all 
real layers are illuminated, only the topmost one. The computation of the compensated 
energy is the following [31]: 

= eff

laser contact
(4.10) 

a)      b)
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The effective laser power is obtained by multiplying the applied power with the 
absorptivity of the powder bed. Furthermore, the input heat depends on the laser velocity, 
hatch spacing and the thickness of the real layers. Additionally, the volumetric FH heat 
source is inversely proportional to the time the layer is exposed to the heat source. 

The transient heat conduction equation describes the transferral of the heat from the 
topmost layer to the underlying ones. The equation, as it is used in Paper 3 is the 
following: 

, = , , liquid, + (4.11)   

 which includes contributions from the volumetric heat source on the right-hand side of 
equation (4.11), but also the latent heat of fusion and the heat conduction through the 
material. The temperature field obtained by solving equation (4.9) is the main driver for 
the development of residual stresses. This temperature field, together with all following 
equations are discretised and solver during each increment. Equations (4.12) to (4.15) 
were described in chapter 3, but are repeated here for clarity and completeness. 

Static equilibrium is described by: 

, = 0 (4.12) 

The elastic strains are related to the stress via the generalised version of Hooke’s law:  

=
1 +

1
2

+ +
1 2

el (4.13) 

The temperature dependent Young’s modulus is a first linking between the thermal and 
mechanical analysis. The total strain is composed of the sum of four different 
contributions: elastic, plastic, thermal and transformational. The total strain rate is thus 
given as: 

tot = el + + + (4.14) 

The plastic strain is found by using the standard J2 flow theory. In J2 flow theory, Young’s 
modulus appears again, and therefore this term is temperature dependent as well. The 
thermal strain is the direct effect of the temperature on the total strain: 

= (4.15) 

The parameters for the mechanical model were detailed in [31]. Finally, the 
transformational strain increment is calculated from the change in microstructure and 
phase fractions.  

4.3.2 Microscale Microstructural model 

The used microstructural model includes three different reversible phase 
ion that, while 

 

 
sufficiently large. According to [16,151], the martensitic transformation will start when 
the cooling rate is larger than 20 K/s. A cooling rate of 410 K/s is required for a full 
martensitic transformation, but in Paper 3, any cooling rate above the critical one for 
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partial massive transformation will lead to activation of the following equation when the 
temperature is below the martensitic start temperature of 848 K: 

= (4.16)  

At a lower cooling rate, or if the temperature stays above the martensitic start 
temperature during time step 

[152]: 
eq = 0.925 exp 0.0085 (1253 ) + 0.075 for < (4.17) 

eq = 1 for > (4.18) 

 

above the transus temperature. However, in chapter 5, the kinetics of the heat treatment 
 

The phase fractions while cooling down to room temperature are governed by a 
discretised version [153] of the JMAK equation, modified for incomplete transformation 
[154]. This equation is derived in detail in the work by Charles Murgau et al. [16], so here 
only the resultant equation is given: 

= 1 exp + , (4.19) 

This equation contains the modified time step ( ), which is given by: 

= +  ln 1 ,

+
1

  (4.20) 

The third phase transformation is the low-temperature de
which was first observed by Gil Mur et al. [155]. In this low temperature decompositions, 

takes place at any temperature above 623 K. It has been show that this transformation 

to: 

 = (1 exp(  ) ) + (4.21) 

equilibrium phase fraction. Therefore a correction equation is set up, which also ensures 
a smoo
by: 

 = 1 , (4.22) 

=
, 2.2 × 10 . (4.23) 

The parameters for these phase transformations are summarised in Figure 4.5, which 
shows both the prefactor and exponents as a function of temperature. 
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Figure 4.5: Parameters for the JMAK-equations used for the microstructural transformation. 
Figure adapted from Paper 3 

4.3.3 Modelling Workflow 

The previous equations are solved using the commercial software package Abaqus CAE. 
The part that is simulated is a bridge-type geometry, used earlier by Ganeriwala et al. 
[145]. Both the geometry and the used mesh are shown in Figure 4.6. The part is divided 
in 40 meta-layers. With a part height of nine millimetres, this leads to a meta-layer height 
of 2.25e-4 m.  

Figure 4.6: Mesh used for the simulations. Figure adapted from Paper 3 

The thermo-mechanical model is strongly coupled, indicating that the equation (4.8) to 
(4.15) are all solved at the same time. However, the equations from the microstructural 
model are solved after the thermo-mechanics. Since every new layer is heated up to above 
the melting temperature, the phase fractions in newly activated nodes is initiated at =
1. Based on the temperature field from the thermomechanical calculation, equations 
(4.16) to (4.20) are solved. Finally, the effect of the change in the microstructure is fed 
back to the mechanical model via the transformational strain. This transformational 
strain represents the stress that follows from the change in the size of the lattice. For 
example, if a part of the material shrinks locally, it will be loaded under tension by the 
surrounding material. Due to the layer-wise temperature change, and the partial 

a) 

c) 
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microstructural change, this might lead to a change in the residual stress state. Tan et al. 
[92] modelled the transformation stress for a single scan track by using the following 
equations: 

= (4.24) 

However, their analysis considers a mesoscale simulation and does not include the low 
Paper 3 shows the applicability of equation 

(4.24) for a part-scale simulation. The volumetric strain is calculated from the volumes of 
the unit cells of the constitution phases: 

=  (4.25) 

The transformational strains from the different phase transformations are given in Figure 
4.7. For the low temperature decomposition, a set expansion of 0.8 percent as the overall 

 

Figure 4.7: Lattice parameters for calculating the unit cell volume. Figure adapted from Paper 3.
     

4.3.4 Results and Discussion 

The temperature is the parameter triggering the microstructural change. Therefore, the 
temperature profile is considered first. Figure 4.8 shows the temperature at two different 
locations in the bridge, one is in the first meta-layer, which is located at the bottom of the 
bridge. This location will be exposed to 40 cycles, from each layer deposited on top of it. 
This is reflected in the presence of the spikes in the temperature profile. As expected, 
when the new layer is further away from the bottom of the part this spike is lower, since 
the heat from the latest meta-layer is dissipated through the material. After the third peak, 

cause phase transformation. This temperature is 623 K in Paper 3. In the topmost layer, 
only a single temperature spike is present, since there are no layers above it to cause a re-
heating. Therefore, there is no intrinsic heat treatment expected in this last layer. 
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Figure 4.8: Temperature evolution at the top and the bottom of the mesh. Figure adapted from 
Paper 3 

Figure 4.9 shows the evolution of the equilibrium phase fractions in the last layer. The 
layer is deposited at t = 380 s which corresponds to the peak of the temperature in this 
position. In the micro
phase fraction. When the temperature dips below the martensitic start temperature, most 

straightforw
reason for this is the order in which the phase transformations are calculated. Due to the 

temp

raction is non-
zero. Therefore, according to equation (4.22

iteration of the phase fractions. Another solution is to implement an equation replacing 
(4.21
such a model is not part of the well-established microstructural model, and requires 
extensive experimental investigation. 

Figure 4.10 illustrates the effect of intrinsic heat treatment more clearly. As seen in the 

in 
is visible. In  
for the smaller thermal gradient, and the slower change in temperature. After the third 
peak, the phase fractions do not evolve further, which indicates that there is no extra 
intrinsic heat treatment occurring.  

tion is around 44.8 % (Figure 4.10). Halfway to the top of the 

the top of the bridge. This is comparable to the phase fractions found by Salsi et al. [86], 
who computed the phase fractions based on X-ray diffraction measurements of a cuboid 
part, although they find a volume fraction of martensite of approximately 60 % at the 
centre of the part, which is lower than the one found in this work. 
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Figure 4.9: 
domain. Figure adapted from Paper 3 

The stress field shows the effect of coupling the microstructural change. In order to 
evaluate this most directly, the same thermo-mechanical simulation is performed, but 
without the transformational strain component in equation (4.14). The stress fields from 
these two simulations are shown in Figure 4.11. The stress component that is selected is 
the normal stress in the z-direction (build direction). As expected from the work by Tan 
et al. [92], the stress increases when including the microstructural change. However, the 
change in the stress field is small, and the residual stresses coming from the thermo-
mechanical model are significantly larger than the ones coming from the phase 
transformation. The microstructural change model does not take into account local grain 
variations, and the local stress deviations which can follow from inhomogeneous phase 

when not taking into account the local lattice strains due to the non-equilibrium 
concentrations of the different elements. 

Figure 4.10: 
domain. Figure adapted from Paper 3 

4.3.1 Conclusion 

Paper 3 explores the possibility of using a JMAK-based microstructural model to improve 
the estimation of the residual stress following from a thermo-mechanical model. The 
results show that the stress field is affected by the microstructural change, but in an 
intrinsic heat treatment, this effect is not large, and the additional computational cost 
cannot be justified. However, the model illustrates how this method can be used for the 
highest-fidelity simulations, where these slight changes in the residual stresses are 
important. 
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Figure 4.11: Normal stress in z-direction. (a) shows the results with the microstructural model 
active, while (b) is the same model without the transformational strain. 

 

a) 

b) 
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5. Microscale Modelling of a 
Post-LPBF Heat Treatment 

5.1 Introduction 

In order to improve the mechanical properties of a part produced by LPBF, a heat 
treatment might be unavoidable. However, linking the microstructure to the mechanical 
properties is not straightforward. For one, the local distribution of the grains can affect 
local mechanical response. Variations of the processing conditions throughout the 
domain will also influence the microstructure. A microstructural model is one of the tools, 
which can be used to investigate the effect of the heat treatment on the microstructure. 
Observing the microstructural transformation at the temperatures present during a heat 
treatment is difficult [156], and optimisation of the heat treatment in terms of the process 
parameters would require a large  number of relatively expensive trials. Therefore, a 
validated numerical model becomes a valuable tool. 

-transus 
temperature of Ti-6Al-4V is evaluated. Ti-6Al-4V is commonly used for LPBF, due to its 
low density, corrosion resistance and good mechanical properties in part owed to its two-
phase nature [157,158]. After the LPBF process, the microstructure of a part produced in 
Ti-6Al- [10]. Heating up 

-transus temperature converts this columnar structure into an 
-microstructure [10,159,160]. Although not common, this heat treatment is 

chosen, since it can be used to homogenise the microstructure. The model and results in 
this chapter were adapted from the paper called: “Microstructural modelling of above 

-transus heat treatment of additively manufactured Ti-6Al-4V using cellular 
automata” (Paper 2).   

This chapter starts by outlining the proposed model, and shows the results from the 
simulations using it. Although the simulation is capable of capturing the microstructural 
change during the heat treatment, there are two new questions raised. First, it is shown 
that the JMAK equation in its original form is not necessary the best tool to capture the 
microstructural change, due to the spatial variation of the temperature inside of the 
computational domain. The second question indicates that the order of transformations 
when cooling down from the heat treatment temperature might require additional 
investigation. More specifically, the simulation shows that it is possible to generate a 
basket-weave type morphology, without specifically including it in the model. 

5.2 Model Description and Modelling Methodology 

5.2.1 Cellular Automata 

The model used in Paper 2 is a cellular automata (CA) model based on the work by 
Rappaz and Gandin [111]. The CA itself is modified to become a frontal CA [126], leading 
to the following two rules governing transformation of the cells: 

= 1 if any = 1 for (5.1) 

= 2  if all  = 1 for (5.2) 
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 is the value of the status variable in the cell with index , while  indicates the indices 
of the cells neighbouring the cell with index . Three different status variables are used, 
namely “0”, indicating the initial microstructure, “1”, denoting the growing grains, and “2”, 
which shows that this cell is located in the centre of the grain and will no longer affect the 
microstructural model itself. 

As mentioned in Chapter 2, the choice of the neighbourhood is one of the important 
aspects to consider when using a CA. In this work, a circular neighbourhood definition, 
similar to the one devised by Azarbarmas and Aghaei-Kharfi [113] was used to determine 
which cells are captured by the growing centre cell (  in equation (5.1)). However, the 
conversion from ordinary to frontal CA uses a first order Moore neighbourhood (  in 
equation (5.2)). This choice is justified because the Moore neighbourhood is more 
conservative than the circular. This is illustrated in Figure 5.1. Choosing a Moore 
neighbourhood for the deactivation of the bulk cells trades computational speed for 
ensuring that all possible growing grains are included.  

Figure 5.1: Example illustrating the conservative nature of the Moore neighbourhood. In this 
example, there is a single nucleus in the centre cell. In the first step, all cells within the radius r1 

of the centre cell are captured. However, when investigating which cells to exclude the Neumann 
and Circular neighbourhoods each immediately change the state of the centre cell. For the Moore 

neighbourhood, this only happens after the second time step. 

The circular neighbourhood captures all cells whose centre fulfils the following criterion: 

+ (5.3) 

The left-hand side of this equation denotes the distance between the centres of the centre 
cell and all other cells in the computational domain. The right-hand side of this equation 
is updated in every computational time step based on a relationship between the grain 
diameter and the dwell time during the heat treatment [161,162]: 

= exp ( ) (5.4) 
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As the heat treatment progresses, grains grow continuously. The above equation has been 
applied to describe the relation between the final grain diameters after a heat treatment 
[162]

[160]. According to Semiatin et al. [161], the exponent of 2 corresponds to a constant 
increase of the grain area, related to the grain boundary mobility, and the change in 
chemical potential across the grain boundary. Although they indicate that for most alloys, 
the exponent should be significantly larger than 2, their measurement does not 
corroborate this general rule for Ti-6Al-4V. Moreover, from the work by Gil and Planell 
[163], Pilchak et al. [160] and Gil et al. [164], the exponent can be calculated, and these 
studies each indicate that a value of 2.0 is close to the correct value. 

5.2.2 Nucleation Model 

From the general description of the used CA, it is clear that grains will grow contiguously, 
starting from a nucleus. However, this requires the initiation of a nucleus. In this work, 
the nucleation function, as it was described by Rappaz and Gandin [111], is used. In their 
work, the nucleation of a new grain depends on the nucleation frequency and the 
undercooling. This leads to the following description of the nucleation function [111,165]: 

( ) =
2

exp
1
2

(5.5) 

which is the mathematical description of a Gaussian function. The main consequence from 
using such a Gaussian nucleation function is that there is only a small range of 
temperatures, in which nucleation will take place. In every CA time step and each cell, this 
function is integrated between the previous and current undercooling. The nucleation 
density ( ) obtained from this operation is rescaled by the area of the cells to find the 
nucleation probability in every time step. For each eligible cell, its nucleation probability 
is compared to a random uniformly distributed number to determine whether nucleation 
takes place. 

A number of modifications are made to this nucleation function, in order to adapt it for 
the current phase transformation. In a heat treatment, a temperature above the transus 
temperature is required to initiate nucleation. Therefore, in opposition to the work by 
Rappaz and Gandin, who studied solidification,  should be understood as overheating, 

grain boundaries [10], with 50 nuclei as the average throughout the computational 
domain. Finally, in order to differentiate the different grains, each one is assigned a 
random label when forming. These labels range between one and 255, allowing 
assignment of a unique colour to each of the grains. This aids visualisation of the results. 
However, it is possible to interpret these random labels as an indication of the lattice 
misorientation with respect to the global coordinate system. This was not originally 
included in Paper 2. 

5.2.3 Thermal Model 

Both the previously outlined CA and the nucleation model depend on the temperature. 
Moreover, the former depends on temperature directly (as can be seen in equation (5.4)), 
while the latter depends more indirectly. The nucleation function requires the 
computation of the overheating above the equilibrium temperature. In this work, the 
temperature is calculated based on the thermal boundary conditions present in the 
furnace, and interpolated towards the microstructural domain. 
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The equation used for determining the temperature field is the transient heat conduction 
equation, which was also presented in chapters 3 and 4: 

= ( ) (5.6) 

which is discretised on a relatively coarse three dimensional structured grid with line-by-
line structure using the alternate direction implicit (ADI) finite difference (FD) method 
[147]. In the ADI method, each time step is divided in three parts. In the first part, the 
discretised equation is solved implicitly in the x-direction, and explicitly in the other two. 
In the second part, the y-direction is solved implicitly, and in the third part, the z-direction. 
The thermal domain consists of 11492 elements. The distribution of the elements is 
shown in Table 5.1, and the domain itself is shown in Figure 5.2. The elements are finer 
near the centre of the cubic domain, since this is the location of the microstructural 
domain.  

There are two types of boundary conditions applied to the cube: all sides exposed to the 
furnace have their temperature fixed at the temperature of the furnace itself. Since the 
total volume of the simulated cube is only 64 cm3, its thermal mass, compared to the one 
of the air in the furnace is negligible. The bottom of the cube (z = 0 mm) has an adiabatic 
boundary condition. Since the domain in which the microstructure is simulated is far 
away from all sides of the cube, the inaccuracies introduced by the boundary conditions 
are less influential on the resultant microstructure. Numerically, the boundary conditions 
are incorporated in “ghost” elements. The fixed-temperature boundary sets the ghost 
element temperature to a fixed value, while the zero-flux boundary at the bottom of the 
cube fixes the temperature at the same value as the first element inside of the 
computational domain.  

Table 5.1: Element sizes for the thermal calculation. Table adapted from Paper 2 

 Thermal Element Number Size of Each Element 
X-direction Elements 1-8 2.764 mm 

Elements 8-18 0.150 mm 
Elements 18-26 2.764 mm 

Y-direction Elements 1-17 2.667 mm 
Z-Direction Elements 1-8 2.764 mm 

Elements 8-18 0.150 mm 
Elements 18-26 2.764 mm 

Figure 5.2: Domain for the thermal calculation. The red elements indicate where the 
microstructure is simulated. Figure adapted from Paper 2 
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Coupling between the macroscopic thermal model and the microstructural model is 
achieved via linear interpolation of the temperature field. The relation between the 
different meshes is shown in Figure 5.3. The size of the CA mesh in two dimensions is one μm, while the thermal mesh in the region of the microstructural domain has a size of 0.15 
mm. Additionally, each real time step encompasses multiple CA time steps. Therefore, in 
each real time step, the temperature is interpolated, and kept constant for all CA time 
steps.  

Figure 5.3: Relation between the thermal and microstructural domain. The red boundary 
indicated on Figure 5.2 corresponds to the same coloured edge in the thermal domain on the left. 
The green domain is a schematic indication of the microstructural domain. Figure adapted from 

Paper 2. 

5.2.4 Cooling Down to Room Temperature 

The second part of the heat treatment, specifically when the part cools down from the 
heat treatment temperature to room temperature, is treated differently in this chapter. 

[151] 
indicated that a cooling rate below 20 °C is required for a full Widmanstätten structure. 
Therefore, it is assumed that the temperature throughout the domain is constant. As a 
result, it is no longer required to calculate the temperature.  

The order of the microstructural transformation during the cooling sequence is the 
following [16,166]

gb) is nucleated and grown on the grain boundaries in the presented 
simulation.  

Additionally, nucleation of the laths is handled differently from the method described in 

structure. These laths are considerably finer than the used CA would allow to resolve. 
Moreover, laths with sizes as low as 0.6 μm have been reported [167]. Due to the uniform 
temperature throughout the domain and the fast growth speed of the laths, this work 
disregards the temperature dependence of the nucleation function. Moreover, the 
number of nuclei is equal to: 

=
1
lath

sites (5.7) 

z 

x
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thickness is set to six μm. This chosen lath thickness is quite large for  the Widmanstätten 
structure, which is typically present after LPBF [168]. For further use of the 
microstructure, for example in crystal plasticity calculations, the laths need to be refined. 
This goes hand-in-hand with a decrease of the element size, and an increase in the 
computational cost. 

In Paper 2, the laths grow in from the grain boundaries to the centre of the equiaxed 
grains. The lath growth module is made up of two parts: one reconstructing the surface, 
and on focussing on the growth of the lath itself. The aim of the surface reconstruction 
algorithm is to find the direction perpendicular to the grain boundary. The algorithm for 
this surface reconstruction is the efficient least-square volume of fluid interface 
reconstruction algorithm, developed by Comminal et al. [169] 

The second part of the lath growth module is the growth itself. Laths tend to grow in 
certain directions more rapidly than in others. The preferred growth direction is 

the orientation of th
[170]. Half of these possible directions point outside of the grain. The other 

six directions are compared to the earlier calculated normal direction, and the closest one 
is regarded as the preferential growth direction of the lath. Laths following growth 
directions other than this preferential one will be impinged upon.  

The difference in growth direction of the lath in the preferential to the perpendicular 
direction is accounted for through the neighbourhood. For the lath growth module, the 
circular neighbourhood is multiplied by a factor four in the preferential growth direction. 
Additionally, a correction is applied, which rescales the growth direction based on its 
misalignment with the observation plane of the microstructure. This is illustrated in 
Figure 5.4. 

5.2.1 Modelling Methodology 

The microstructural model outlined in this chapter consists of four distinct parts: 
calculation of the temperature field, determination of the initial microstructure, heating 
up to the heat treatment temperature and holding, and cooling down to room 
temperature. The following section discusses these parts and their interactions, and 
Figure 5.5 shows a flow-cart of the different parts of the model. 

The temperature is calculated at the macro-scale on the mesh outlined in Table 5.1. Next, 
the temperature is interpolated in every time-step in the centre of the domain, where the 
microstructural modelling domain overlaps with the temperature domain. This yields a 
value for the temperature in every CA cell, which is required as input for equation (5.4) 
and (5.5). The coupling of temperature with microstructure is one-way, since the 
temperature affects the microstructure, but the microstructural model does not influence 
the temperature field. 
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Figure 5.4: Schematic illustration of the lath growth alteration to the CA and the three-
dimensional correction of the lath growth direction. The six possible growth directions, based on 

normal to the grain boundary will be chosen for the laths. Figure 5.4 (b) illustrates how the lath 
growth direction is rescaled to take into account the mismatch between the real lath growth 

direction in three dimensions, and the observation plane. Figure adapted from Paper 2. 

Next, the initial microstructure is defined. To find the initial microstructure, a custom 
image analysis algorithm analyses a micrograph of a typical columnar microstructure 
after the LPBF process. The microstructure used in this work is shown in Figure 5.6. After 
conversion to grey-scale, the algorithm groups pixels with similar intensity values 
together in so-called superpixels [171]. These superpixels are assigned a uniform value, 
based on the average intensity of all the pixels they encompass, and contiguous 
superpixels with similar values are grouped into grains. Figure 5.7 shows the calculated 
grain boundaries. It is clear from the image, that the grain boundary definition is not very 
precise. Moreover, the difference in intensity inside of a single grain is often larger than 
the difference between different grains. However, most incorrect boundaries divisions 
are typically horizontal. Therefore, the method used to analyse the microstructure are the 
line diameters. The line diameter can be found by drawing a number of lines across the 
microstructure (in this case 200), and recording the intersection between the grain 
boundaries and the drawn lines. Dividing the length of the line by the number of 
intersections results in the average grain diameter.  
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Figure 5.5: Flowchart of the model used for the high temperature part of the microstructural 
model. On the left, the sequence of the different mayor parts is shown. On the right, a more 

detailed schematic of the working of the CA module is shown. Figure adapted from Paper 2. 
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Figure 5.6: Section of a typical microstructure after the LPBF process [159]. Figure based on 
Paper 2. 

Figure 5.7 Identification of the grain boundaries. On the left, a section from Figure 5.6 is show, 
on the right the identified grain boundaries, indicated in blue [172]. Figure based on Paper 2. 

The initial microstructure for the CA is an idealised version of the microstructure shown 
in the micrograph. The initial microstructure for the CA is presented in Figure 5.8. The 
similar average grain diameter and shape of the distribution of the columnar grains 
indicate that the initial microstructures are not too dissimilar. The idealised 
microstructure itself if created by nucleating a number of grains at the bottom of the 
domain, and letting them grow using a simple athermal CA using the Moore 
neighbourhood. 

In all the presented results, the number of cells in the CA mesh is 1500 x 1500. However, 
only the central 1000 x 1000 cells are displayed. The reason for this limitation of the 
shown cell is to avoid boundary effects. Moreover, in reality, grains could nucleate outside 
of the simulated domain, and grow in. To compensate for these grains, the outermost cells 
are excluded from the analysis. 

Next, the first half of the heat treatment is performed. This model starts by determining 
ins. Next, the temperature 

field is interpolated from the coarse thermal grid to the fine CA cells. Subsequently, 
equation (5.5) is evaluated for the current and previous undercooling, determining the 
total number of nuclei, and after division by the number of eligible cells, the nucleation 
probability in each cell. After a grain has nucleated, it starts growing. The radius of each 
nucleus is initiated at zero. Each real time step is subdivided in a number of CA time steps. 
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The size of these CA time steps is determined by the minimal growth required for any cell 
to be converted from a state “0” to a state “1”. The CA keeps running until the sum of all 
CA time steps equals one real time step. Then, a new temperature field is interpolated 
from the thermal calculations, and the process repeats. This sequence of steps repeats 
until the entire domain is captured.  

Figure 5.8: Initial idealised microstructure. Figure adapted from Paper 2. 

Finally, the second part of the heat treatment is simulated. This step uses the outcome of 

[89].  Next, the modified CA, as described in section 5.2.4 simulates the 
 

5.2.2 Values of the Parameters 

The remainder of this chapter shows the results from the thermo-microstructural model 
outlined in the previous sections, when it is applied to a heat treatment at a temperature 

-transus temperature of Ti-6Al-4V is typically reported to be 
approximately 960 °C for the pure material. Additionally, most parameters used in Paper 
2 are temperature independent. The values of the different parameters are given in Table 
5.2. 

In order to evaluate the sensitivity of the model with respect to these parameters, a Morris 
sampling based global sensitivity analysis is performed [149,173,174]. The output for this 
sensitivity analysis is shown in Figure 5.9 (a). Plotting the standard deviation of the 
elementary effects of , , , , avg and a term composed of the radius increase and 
initial CA time step (called velocity) at 30 s, reveals that the activation energy has a large 
effect and a large standard deviation (Figure 5.9 (b)). This is a strong indication that the 
model is most sensitive to the choice of the value of this parameter. The values for all other 
parameters fall more or less within the indicated cone. The main takeaway from this 
sensitivity analysis is that special precautions should be taken when defining the energy 
activation term. Fortunately,   is typically derived from the grain boundary mobility, 
lending significant credibility to the assigned value. 
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Table 5.2: Simulation parameters used for the presented simulations. Table adapted from Paper 
2. 

 

 Figure 5.9: Results from the sensitivity analysis (a) and comparison between different 
elementary effects (b) 

 

5.3 Results and Discussion 

5.3.1 Temperature Field 

Figure 5.10 shows the temperature field in the red domain of Figure 5.3 at z = 20 mm, 
obtained from the thermal model using the ADI method. As expected, the temperature 
increases first near the sides of the cube, which are exposed to the furnace. The bottom of 
the cube will lag behind the temperature in the rest of the cube, due to the applied 
adiabatic boundary condition.  

Symbol Parameter Value Units Reference
d0 Initial grain diameter 0 m  
k0 Kinetic growth parameter 0.7e-6 m/s [140] 
Q Activation energy 97e3 J/mole [163] 
R Universal gas constant 8.314 J/mole K  
t0 Initial time 0 s  

 Density 4500 kg/m3 [175] 
Cp Specific heat capacity 500 J/(kg K) [175] 
k Thermal conductivity coefficient 25 W/m K [175] 
navg Average number of nuclei 50 /  

T  Undercooling standard deviation 0.1 K [176] 
T  Average undercooling 3 K [131,177,178] 
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Figure 5.10: Temperature along the x-direction at z = 20 mm. Figure adapted from Paper 2. 

The temperature along the vertical centre line of the cube demonstrates that the 
difference inside of the microstructural domain (which is 1000 μm in height), is 
approximately four degrees. Additionally, the temperature at the sides of the cube is 
slightly higher compared the centre. This difference is, due to the high thermal 
conductivity of Ti-6Al-4V, quite small. Figure 5.11 shows the difference in temperature 
after 20 seconds, and shows that it is only 0.1 degrees across the microstructural domain. 
Finally, Figure 5.10 also indicates that the speed at which the cube heats up decreases. 
The closer the cube approaches the heat treatment temperature, the slower it 
accumulates additional heat. At some point, the temperature in the cube will be 
indistinguishable from the temperature in the rest of the furnace, and further thermal 
computations are not necessary. Therefore, the thermal solver is terminated when the 
lowest temperature inside of the cube is within 0.01 % of the heat treatment temperature 
(1323 K). This saves computational power. 

The distribution of the temperature throughout the computational domain has some 
implication with respect to nucleation. Moreover, according to the Gaussian nucleation 
function, approximately 99.7 % of all nucleation takes place within three standard 
deviations of the average required undercooling (more specifically overheating for a heat 
treatment). The average undercooling used in this model is 3 K (based on [131,177,178]) 
and its standard deviation is 0.1 K [176]. As a result, almost all nucleation takes place 
between 1236 K and 1236.3 K. From the distribution of the temperature along the 
horizontal direction in the microstructural domain, it follows that there will be no large 
difference in the nucleation chance when comparing the centre of the microstructural 
domain to the sides. However, the top of the domain is more than three degrees warmer 
than the bottom. Therefore, the nucleation chance will be highest at different times at the 
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top and bottom of the microstructural domain, and the nucleation will be staggered 
throughout the domain. 

Figure 5.11: Temperature at t = 20 seconds. (a) the variation of the temperature in z-direction, 
(b) the variation of the temperature in x-direction. Figure adapted from Paper 2. 

Figure 5.12: Micrographs after the heat treatment. The right figure shows the microstructure 
-transus temperature. Figure adapted from Paper 2. 

Using Figure 5.10 and the range, in which nucleation takes place, it is clear that all 
nucleation happens between the first five and twenty seconds of the heat treatment. 
Filling in a time difference of fifteen seconds, and an initial grain diameter of zero in 
equation (5.4), the biggest expected grain diameter is approximately eight μm. Therefore, 
no large gradient in grain diameter is expected between grains nucleating at the beginning 
of the phase transformation, compared to ones, which nucleated at the end. Moreover, 
equation (5.4) shows that larger grains will tend to grow slower. The increase in area is 
constant, requiring only a limited increase in grain diameter in each time step. 

 

5.3.2 Microstructure at 1323 K 

Figure 5.12 shows two microstructures. One is a light optical microscopy (LOM) image, 
obtained from [159]. The second is the microstructure resulting from the first half of the 
performed simulation. The LOM shows the microstructure after the entire heat treatment 

a) b) 
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equiaxed grains provide validation for the simulated results 

Comparing the initial microstructure and the one at 1323 K, shows the clear transition 
from columnar to equiaxed grains. In Figure 5.13, the line diameters from the LOM and 
the simulation are shown. The distribution fitted to this data is lognormal [178,179], 
which is typical for recrystallization in general, and applicable to Ti-6Al-4V specifically. 
The alignment between the data in a lognormal distribution plot, from both the 
micrograph and the simulated microstructure reinforces the assumption that both 
distributions are lognormal. The average and standard deviations from the fitted 
lognormal distributions are given in Table 5.3. Although not terribly close in absolute 
numbers, the standard deviations of the normal distributions derived from the lognormal 
ones only differ by 0.3 μm. Additionally, for a new sample of the line diameters, a 
hypothesis test is performed to investigate if the two distributions differ. The test fails to 
reject the null hypothesis that both distributions have the same average, which a standard 
significance level of 0.05. This reinforces the conclusion that both the micrograph and 
simulation display grains, which have the same distribution. 

Figure 5.13: Distribution of the grain diameters measured from the micrographs in Figure 5.11. 
Figure adapted from Paper 2. 

Table 5.3: Parameters of the distributions derived from the measurements presented in Figure 
5.12. 

 Experimental Simulation 
Sample Mean 220.1 μm 169.6 μm 

Sample Standard Deviation 115.6 μm 99.1 μm 
 

Next, the developed CA as a tool for microstructural modelling of the high-temperature 
-transus temperature is verified using JMAK kinetics. 

Additionally, comparing the CA model with the JMAK equation shows the importance of 
the temperature distribution in the microstructural domain. In chapter 2, the JMAK 
equation was shown: 

( ) = 1 exp( ) (5.8) 

This equation can be reformed into a linearised form, which is used for determination of 
the kinetic parameters  and  (this plot is sometimes also called an Avrami-plot [160]): 

ln( ln(1 )) = ln + ln (5.9) 

(b) ((a) 
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JMAK kinetics are only directly applicable for an isothermal phase transformation. 
Therefore, if an isothermal heat treatment is simulated using the outlined CA model, it 
should also follow the JMAK kinetic equation. Such a simulation is performed, with the 
temperature fixed at 1323 K and undercooling of 4 K. The transformed phase fraction is 
plotted in Figure 5.14 both as a function of the heat treatment time, and using the Avrami-
plot, in order to find the JMAK kinetic parameters for fitting an S-curve to the data. 
Additionally, Figure 5.14 shows the transformed phase fraction using the CA model, 
including the variation of the temperature, both as a function of the transformation time 
and in an Avrami-plot.  

Figure 5.14: Evolution of the grain diameters in an Avrami-plot. The right figure displays the 
same data as the plot on the left, but on a scale corresponding to equation (5.9). Figure adapted 

from Paper 2. 

The isothermal heat treatment matches closely with the JMAK curve, with an -value of 
99.3. This indicates that the isothermal heat treatment corresponds to the theoretical 
description of an isothermal heat treatment [84], and confirms that the CA works as 
expected. On the other hand, the non-isothermal heat treatment does not fit closely to the 
least-square estimate for the JMAK kinetic parameters. The -value would lead to a 
rejection of equation (5.8) for representing the phase transformation during the non-
isothermal heat treatment. Looking at the transformed fraction shows two clear regions 
where the curve deviates from the JMAK-curve. Initially, the fraction transformed 
increases too rapidly. This corresponds to the region where nucleation takes place. The 
thermal gradient is large (at least 15.8 K/s), and this compares to the rapid heating curve 
found in the work by Salsi et al. [86]. It indicates nucleation without much growth, but 
resembles the initial stage of a JMAK curve. However, the second half of the curve 
represents the grain growth when nucleation has stopped. A halting to the nucleation, 
combined with equation (5.4), which indicates that larger grains grow slower, will result 
in a growth significantly slower than would be expected from JMAK kinetics. The shape of 
the curve is similar to an inverse quadratic equation. Both of these result from the change 
of the temperature. Only for a small amount of time, the microstructural domain is inside 
of the range in which nucleation is possible. The lack of nucleation follows from the 
microstructural computational domain being outside of the expected nucleation domain. 
Both of these phenomena cannot be captured directly from using equation (5.8). 
However, the results presented here can be used to improve a simulation like the one 
presented in Chapter 4, replacing the microstructural model there, and allowing a low-
cost multiscale coupling. 
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However, the shown result is in partial disagreement to the experimental result found by 
Pilchak et al. [160], who investigated the early stages of the transformation in Ti-6Al-4V 

resemble a JMAK curve. Additionally, the size of the sample used in [160] is significantly 
smaller than the cube in the simulations. The smaller part will have a smaller gradient, 
leading to a lack of the observed staggering of the grain nuclei. 

5.3.3 Microstructure after the Heat Treatment 

Depending on the cooling conditions, the microstructure after the heat treatment is over 

cooling rates are larger than 20 K/s [16], while a lower cooling rate is required for a full 
equilibrium transformation. In this work, the latter is simulated. 

The adaptation of the temperature dependent CA into the one investigating the second 
half of the heat treatment is outlined in section 5.2.4. From these modifications, it follows 
that the simulation is only able to form one type of laths, namely the laths growing in from 
the sides of the grain. This corresponds to the Widmanstätten laths. However, there is a 
second lath morphology typically identified in the equilibrium microstructure. This is the 
basket-weave structure. Da Costa Teixeira et al. [89] assumed that the basket-weave laths 
nucleate in the centre of the grain due to the change in solute concentration, which is 
caused by the growing Widmanstätten laths. 

Figure 5.15 
the grain boundary coloured white and with the colour associated with the lath colony 

gb. This second image is the one, which can be compared to 
the experimental micrograph shown in Figure 5.12. Qualitatively, the microstructures are 
similar. Even though the lath thickness in the simulation is significantly larger than the 
one expected after slow cooling [167], typical morphologies and colony shapes are 
present in the microstructure. Even though the model does not implement any specific 
precautions to include the basketweav

of the microstructural evolution: its three dimensional nature. Even though the 
temperature field in Paper 2 is three-dimensional, the microstructural model is not. 

In this work only a small three-dimensional correction is included in the microstructural 
part of the simulation, and this already results in a basket-weave appearance of the 
microstructure. The assumption by Da Costa Teixeira et al. [89] is not necessarily required 
for generating this microstructure. However, it must be stated that the alloy they 
investigated is a slightly different one, and that a process of nucleation could mimic the 
grains growing into the viewing plane. The only way to fully investigate the 
microstructure in Ti-6Al-4V, both experimentally and in simulations, requires a full three 
dimensional study. For the microstructural simulation, this can be accomplished using a 
3D CA. The main limiting factor for developing and using such a model is the 
computational cost. Moreover, when expanding the model presented in Paper 2 to three 
dimensions, the number of CA cells increases to one billion. The computational cost for 
such a domain is high, and requires additional efforts to speed up the algorithm,  

5.1 Conclusions 

Paper 2 developed a microstructural model for modelling the heat treatment of a part 
-transus temperature. This heat treatment is investigated for a case where the 

part is made of Ti-6Al-4V. The model uses an initial microstructure derived from 



85 
 

micrographs, and mimicked the heat treatment in two parts: heating up to 1050 °C and 
slow cooling to room temperature. A qualitative comparison between the simulated 
microstructure and the actual one shows good agreement, indicating that the CA works 
appropriately.  

Comparing an isothermal version of the CA with results from the JMAK equation 
-transus 

temperature is derived for both the real and simulated results, once more showing that 
the microstructural model can capture the microstructural change.  

The model responsible for the second half of the heat treatment raises an interesting 
-weave 

microstructure. The origin of this appearance is the difference between the growth 
direction of the laths and the observation plane of the microstructure. 

Figure 5.15: The microstructure after the heat treatment cycle. In Figure 5.14 (a), the grain 
 

boundaries are located. Figure adapted from Paper 2. 
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6. Conclusion and Future 
Work 

6.1 Introduction 

The main goal of this thesis was to explore the different aspects for modelling the LPBF 
process and the subsequent post-processes. To this effect, different models for the 
different length scales relevant to the process chain were developed. However, this is only 
the tip of the iceberg in terms of the possible models for the processes. On the one hand, 
including an increasing number of interactions between the different length scales or 
physical phenomena will increase the fidelity of the simulations, but at a computational 
cost. On the other side of the spectrum, any of the models used in this work are 
significantly too slow for in-line correction of the process, where sub-second simulations 
are necessary.  

In order to address these challenges, this final chapter, mirroring the structure of the 
thesis itself will shortly summarise the preceding chapters, and for each of them highlight 
a possible direction in which future research could develop. Moreover, in some cases, 
preliminary research was performed. 

6.2 Length Scales for the LPBF Process  

There are three length scales relevant for the LPBF process chain, the macroscale, 
mesoscale and microscale. The moniker macroscale applies to models, which investigate 
mechanisms typically visible with the naked eye. More quantitatively, models whose 
smallest feature is in the order of magnitude of a few millimetre fall in this category. On 
the other side of the spectrum, there are the microscale models. Microscale models 
ordinarily investigate the change of the microstructure due to the thermo-mechanical 
conditions during the process. In the middle between these two length scales are the 
mesoscale models. Mesoscale models only investigate a limited number of scan tracks for 
the LPBF process. This reduction in the scope of these models allows the inclusion of fluid 
dynamics, which highly increases the modelling fidelity. 

A smaller length scale increases the computational cost for the same domain size, and 
therefore efficient multiscale coupling are necessary. These couplings can exploit the 
benefits of each individual model, and provide an overall increase in fidelity compared to 
the models separately. Some of these multiscaling approaches include averaging or 
interpolation as the simplest mechanism. 

6.3 Macroscale Process Chain Models 

6.3.1 Conclusion 

In chapter 2, two different approaches to the macroscale process chain models are 
presented, using two different commercial software packages. The first model uses the 
commercial software ANSYS mechanical, and uses the elevated temperature approach to 
approximate the LPBF process, and a simplified stress relaxation model. The second 
model is implemented in Abaqus CAE using the flash heating method from the work by 
Bayat et al. [31], and a Arrhenius-type creep equation to imitate the effect of the high 
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temperature on the residual stresses. These models were presented in Paper 4 and Paper 
5 respectively. 

Both models also include a cutting step to demonstrate the relationship between the 
deformation of the part and the residual stress after either the primary process, or the 
whole process chain. Investigating the effect of the heat treatment parameters on the 
deformation after cutting reveals for the first model that it is insensitive to these 
parameters. This makes the model not particularly suitable for detailed investigations 
into the LPBF process chain. However, the model clearly shows the effect of the order of 
the post-processes. First heat treating the part, and subsequently cutting it from the base 
plate leads to a displacement significantly lower than doing these operations in the 
reverse order. Finally, Paper 4 evaluates whether the chosen depositioning temperature 
affects the residual stress. The model suggests that this is not the case. 

In Paper 5, a more rigorous creep model is used to investigate the same three processes: 
LPBF process, stress relaxation heat treatment and cutting the part from the base plate. 
The results are validated, and the model shows that the model is sensitive to both heat 
treatment temperature and dwell time. This allows the use of this model in a broader 
application, and to this effect, a process map is constructed from the outcome of thirty 
simulations, showing how the models can be used to guide heat treatment optimisation. 

6.3.2 Future Work 

Without significant advancements in computational power, it is not possible to improve 
the macroscale models significantly in terms of increase in fidelity. However, further 
development of mesh refining techniques can change this prospect.  

An alternative direction for research to go into is focussing on low-fidelity fast models. An 
example of this is a surrogate model approach, such as the one used by Hu and Mahadevan 
[180]. In this surrogate model approach, first a limited number of high fidelity models is 
performed. Using the output from these models, a statistically driven interpolation is 
performed, allowing the user to relate the effect of the input process parameters and 
measured monitoring data, to the output parameters. This type of model can be used to 
correct the process on-line, due to the fast evaluation of a surrogate model. Most of the 
models currently in development focus on the LPBF process itself. However, as has been 
indicated in this work, the post-process is an often overlooked, and integral part of the 
LPBF process chain. 

Another underexplored issue affecting the LPBF process chain is the service life. Coro et 
al. [181] developed a basic methodology for estimating the service life, while employing a 
global Paris-law based approach for the crack and failure behaviour. A more localised 
failure model can help a user find where a part might fail, and combined with the earlier 
mentioned surrogate model, this can greatly improve the predictability of parts produced 
by the LPBF process, and decrease the required design safety factors. 

As for all the following sections, future research can always include investigations into 
different materials. Each material will have a profound effect on the magnitude of the 
distortions, failure mechanisms and defect generation, among others. Some materials, 
such as Maraging steel grade 300 can exhibit compressive stresses where tensile ones are 
expected [182], indicating different mechanisms at play.  
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6.4 Coupling between the Length Scales 

6.4.1 Conclusion 

Utilising the combined power of models developed for a specific lengths scale was the goal 
of Paper 1 and Paper 3. To this effect, two different approaches were followed, 
highlighting the two possible types of coupling that can be achieved, namely one-way and 
two-way coupling.  

In the former, the information flows in one direction. The choice made in Paper 1 is from 
a mesoscale single-track simulation to a microstructural heat treatment model. The 
mesoscale model is a high fidelity single-track simulation. The mesoscale simulation 
includes the transition from powder and the Marangoni effect. The microstructural model 
is a CA model, which is used to investigate the subsequent above-
heat treatment. 

The two models communicate via a solidification map based on the temperature field 
found from the fluid dynamics simulation. The parameters that are used to construct this 
solidification map are the thermal gradient and cooling rate, together with the derived 
parameter of the solidification front movement. This coupling is rapid, since a simple 
comparison between the nodal values of these parameters and the solidification map 
reveals the starting microstructure for the second half of the simulation. However, the 
linking is relatively weak. For example, multiple thermo-fluid conditions can lead to the 
same initial microstructure, and the initial microstructure itself can only be an idealised 
version. Conversely, Paper 1 has the disadvantage that it only performs a first 
investigation into the entire process chain model for the LPBF process, and the model for 
the microstructure was only investigated for the study that forms the bases of chapter 5.  

Paper 3 investigates a case where two-way coupling between the macroscale modelling 
and the microstructural modelling is required. The investigated phenomenon is intrinsic 
heat treatment. Older layers are being affected by the temperature increase of the 
topmost. Moreover, it has been observed that the temperature can be sufficient to cause 
a phase transformation.  

The aim of the presented model was to investigate the effect of the phase transformation 
caused by the intrinsic heat treatment on the level of the residual stress. This requires a 
two way coupling between a macroscale thermo-mechanical model and a microstructural 
model. Moreover, the temperature field affects the microstructure, and the change in 
microstructure will influence the stress level.  

The stress field is obtained by performing a thermo-mechanical LPBF process simulation 
using the FH method to approximate the laser heat input, and the microstructural model 
is a well established JMAK-based model for continuous cooling. The novelty in Paper 3 
lies in the coupling between the two models via a transformational strain component that 
is added to the total strain. This method has been premiered for a mesoscale-microscale 
coupling, but not for linking the macro- and microscales.  

Even though the coupling technique is interesting on paper, the results from the 
simulations indicate the effect of the intrinsic heat treatment on the residual stress is 
rather minimal. The thermal stress component is in most regions of the chosen geometry 
significantly larger, and the contribution from the microstructure is negligible. However, 
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the intrinsic heat treatment will also change the mechanical properties of a part produced 
by LPBF, and this effect was not investigated in the presented paper. Additionally, the 

understood. 

6.4.2   

One first future topic of research is related directly to the final point of the previous 
section. There are still questions about the intrinsic heat treatment, and more specifically 
about the precise mechanism that is responsible. The original work by Gil Mur et al. [155] 
derived JMAK kinetic parameters from their data, and assumed from this data that the 
process is one of nucleation and growth. However, they do not specify the phase that 
nucleates. Zhang et al. [183] 

since it requir
grain growth which is significantly slower than the measured one. The alternative is 

 In this case, the martensitic 
phase is in fact nothing more than a supersaturated equilibrium phase.  

In order to illustrate these two situations, a preliminary test simulation is set up. The 

domain is con

material is Ti-6Al-4V, the concentration of vanadium is set to 4 wt% throughout. In order 
to model the microstructure, a one-dimensional CA is employed. Each of the grains grows 

volume based finite difference discretisation scheme [147]. 

Two simulations are set up investigation the low temperature decomposition during this 
project
put forward by Zhang et al. [183]

matrix. When the average concentration of vanadium surpasses the equilibrium 
concentration, the remainder of th

Vanadium diffuses towards the interface, and when its concentration is sufficiently large 
in the matrix directly adjacent to the interface, the cell transforms and the interface 
moves. The results from these two cases are shown in Figure 6.1.  

obvious from the concentration profile of vanadium in Figure 6.1 (a). Every time the grain 

kinetics set out by Gil Mur et al. [155], the vanadium concentration starts increasing 
directly next to the boundary. Additionally, it would require the diffusion of vanadium 

 

The second case employs local equilibrium at the interface to ensure the diffusion of 

speed at which the interface moves. Figure 6.1 (b) shows that only a small part of the grain 
transforms in the allotted time, when using a diffusion coefficient of 2e-15 m2/s at the 
temperature of the heat treatment [184]. 
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Figure 6.1: Two one-dimensional CA simulations showing decomposition of martensite in a 
single lath. (a) shows the case with equilibrium at the interface, (b) shows a case of boundary 

driven transformation. 

In order to solve these issues, significant changes to the diffusion coefficient of vanadium 
are required. For the second case, taking into account the lattice stress caused by the 
super
Additionally, data on the diffusion coefficient in non-equilibrium phases is not well 
known. Changing the diffusion coefficient in the first case is more problematic, since there 
is 

a) 

b) 
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Reinforcing this conclusion is the consideration that the driving force for the nucleation 
 

6.4.3 Future Work 

Chapter 4 has the highest potential for additional future work. Moreover, only two 
examples were given of how multiscale models can be obtained by coupling models. Of 
course, with development of the coupled models continuing, even the presented examples 
require new investigation.  

One of the topics for future work is two-way coupling between the mesoscale thermo-
fluid models and microstructural evolution models. The fluid flow will not only affect the 
temperature inside of the melt pool, but also possible nucleation sites. The idea for this 
kind of model was presented by Panwisawas et al. [81], but this model lacked the 
resolution to view the fine details of the columnar grains clearly. Moreover, lath growth 
modelling in Ti-6Al-4V requires novel coupling strategies due to the large mismatch in 
length scales, since the laths often have a sub-micron thickness. 

Coupling a model capable of visualising the microstructure during LPBF poses two 
challenges. On the one hand, there is the coupling micro-macroscale. This requires a 
method of transferring a modelled microstructure to a much coarser grid. One often 
suggested technique is crystal plasticity, where the mechanical properties inside of a 
representative volume element using the interactions between the grain boundaries and 
their ability to block the movement of dislocations. 

The reverse interaction, going from the macroscale to the microscale was illustrated for a 
JMAK based model in this chapter. This same model can be adapted for a post-LPBF heat 
treatment as well. However, to analyse the local variation in the microstructure, or to 
employ crystal plasticity, the position of the grains and grain boundaries needs to be 
defined. For this, a coupled macro-microscale model is the suitable tool. A first type of 
model, focussing on the thermal calculation in the macroscale mesh and interpolating the 
results to the microscale was demonstrated in Paper 2 (and chapter 2). 

6.5 Microscale Modelling of Post-LPBF Heat Treatment. 

6.5.1 Conclusion 

Viewing the heat treatment as an intrinsic part of the LPBF process allows new 
possibilities for optimising the mechanical properties. One of these is using a heat 
treatment for changing the microstructure. Particularly in Ti-6Al-4V, this opens up the 

ins.  

In Paper 2 -
based microstructural model. The temperature during the heat treatment follows from a 
part-scale thermal calculation and is interpolated towards the finer CA mesh. These 
temperatures govern the kinetics of the grain growth, which is included in the CA. The 
heat treatment is modelled in two parts: the first half concerns heating up from room 
temperature to 1323 K. The second part is the slow cooling from the heat treatment 
temperature back to room temperature. 

In the first half of the heat treatment, the simulation demonstrates its capability of 

verified by disabling the spatial variation of the temperature and comparing the result 
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with the result from the JMAK equation. This comparison also indicates the importance of 
the inclusion of the temperature variation when performing a microstructural heat 
treatment simulation on a bulky part. Due to the staggered nature of nucleation and the 
narrow nucleation interval, not all grains will nucleate at the same instance in time. This 
invalidates some of the assumptions necessary for the applicability of the JMAK equation 
for predicting the phase fractions as a function of time. 

The second halve of the simulation investigates the microstructural change while cooling 

morpholo
growing from the grain boundaries to the centre, while the latter are laths that nucleate 
in the centre of the grain. However, in the simulations, only the Widmanstätten laths are 
simulated. With the addition of a correction to take into account the difference between 
the lath growth direction and the visualisation plane, a basketweave-like appearance 
follows from the simulation. This raises the question whether this second morphology 
might in part originate in the three-dimensional nature of microstructure. The best way 
to definitively determine this is to perform a three dimensional micrograph. Alternatively, 
a 3D microstructural model can provide more insight into the evolution of the 
microstructure. 

6.5.2 Preliminary Results: Three Dimensional Microstructural Simulation 

For the following section, a possible first microstructural simulation in three dimensions 
was performed. It uses a similar frontal CA to the one used in Paper 2, but it is athermal, 
and as a result, the grain growth speed is constant through time. Moreover, since the 
nucleation function is also temperature dependent, a fixed number of nuclei is initiated at 
the start of the simulation for this preliminary study.  

Figure 6.2: Results from the three-dimensional simulations. Left the initial columnar 
microstructure, right the post-heat treatment equiaxed microstructure. 

The number of cells in each plane is halved, compared to the amount used for the 2D CA. 
However, this means that the number of cells is 750 in each direction (x, y and z), totalling 
approximately 422 million cells. To reduce the calculation time, the neighbourhood for 
capturing the cells is the Neumann neighbourhood. The number of nuclei is fixed to five. 
The initial microstructure, which governs where these nuclei can appear, is generated 
using the same method as the 2D one, with the exception that the bottom edge of the 
domain is now the bottom plane. 
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Both the initial and final microstructures are shown in Figure 6.2. The transition from 
columnar to equiaxed grains is clear, although the equiaxed grains tend to grow in plane, 
rather than out of plane. This is most likely due to the implementation of the model, since 
it was developed for use in two dimensions. More notably is the time it took to complete 
the simulations. The original 1500 by 1500 cells domain required approximately four 
hours on a single computational core. The new simulations, in the same conditions, 
required more than 18 days to complete. This indicates the requirement for significant 
improvements in terms of model efficiency, or parallelisation of the model. 

6.5.3 Future Work 

Chapter 5 focussed on Ti-6Al-4V. However, the microstructural evolution in other 
materials is significantly different. For example, martensitic aging materials, such as 17-
4PH stainless steel, or grade 300 maraging steel, the transformation is significantly 
different. They can form nano-precipitates [12], which are difficult to simulate using a CA 
model. Moreover, due to the complex nature of these alloys, with large numbers of 
alloying elements, it is important to include the local concentration differences, and the 
interaction of the variation of the concentrations on diffusion coefficients. All of these 
topics put the phase field method forward as a more suitable candidate, since the 
aforementioned effects can be included in its entropy formulation with limited difficulty. 

Earlier chapters already demonstrated the phase change that results from the intrinsic 
heat treatment. However, the application of a microscale microstructural model remains 
absent for this effect. Such a model can provide insight into the requirement for the heat 
treatment, or the local microstructural properties of the printed parts. Combined with a 
service life model, this can improve design guidelines by allowing a more local prediction 
of failure due to the locally varying mechanical properties. 

Finally, in this thesis, one specific heat treatment is investigated, and preliminary results 
for a second one are provided in this chapter. However, in order to develop an all-
encapsulating microstructural model for the post-LPBF heat treatment, additional 
process simulations are necessary. This can include the implementation of the suggested 
model into a process chain model, but for lower temperature, at different durations, and 
as mentioned previously, different materials.  
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1. Introduction

Additive manufacturing (AM) is a manufacturing 
technique, which allows the production of parts with a large 
degree of geometric freedom. An example of such an AM 
technique is selective laser melting (SLM). During SLM, the 
cross section of the desired part is melted into a bed of metal 
powder. The build plate is then lowered and the process 
repeats itself until the part is completed [1]. Because of its 
novelty, there are still some unsolved problems in SLM. The
high heat input from the laser leads to a relatively unique 
temperature profile during production. Measuring the 
temperature inside of a part is almost impossible, and 
therefore it is necessary to employ thermal models to gain 
insight into the temperature evolution during production. This 
unique temperature profile also results in a microstructure 
which is different from what can be expected from traditional 
manufacturing techniques (such as casting or forging). The 
current study also investigates this grain morphology. Finally, 
because of the high residual stresses, which result from the 
thermal cycles involved in SLM, a heat treatment is necessary 
after production. Since this work aims to model the complete 
process chain of SLM, a uniform heat treatment and the 
resulting microstructural change is investigated. A material 

commonly used in SLM is Ti-6Al-4V (Ti64), due to its 
mechanical properties and low density [2], which is also the 
material this paper focusses on. Ti64 has several possible 
phase transformations, but for this work two are of particular 
interest: solidification at 1928 K and the transformation of the 
HCP martensitic ’ phase into BCC at approximately 1253 
K during heat treatment [3].

Numerical modelling of SLM includes a wide range of 
physics, e.g. heat conduction, radiation, solidification and 
melting, material transformation (powder to bulk material 
transition), fluid flow, thermo-capillary surface tensions, etc. 
Covering all involved physics in one simulation is not 
practical. Simplified models are usually proposed to remedy 
this problem, by considering only proper governing physics. 
Huang et al. [4] made a heat transfer model for the SLM 
process and identified the main process parameters affecting 
SLM. Cheng et al. [5] developed a thermo-mechanical model 
of the SLM process and investigated the effect of the scanning 
strategies on temperature and residual stresses. Wu et al. [6]
included the effect of the volume shrinkage in their thermal 
model and subsequently investigated the effect of the process 
parameters on the shape of the melt pool. It is worth 
mentioning that all the aforementioned papers neglect the 
fluid flow motion in their models, mainly because of its 
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relatively high complexity and computational cost. Including 
the fluid flow motion in laser-based processes, will not only
result in a more realistic thermal field [7,8], but will also give 
valuable information about the solidification process occurred 
during these processes [7,9].

For microstructural models, this work uses a cellular 
automata (CA), because it is relatively easy to implement.
However, it allows the inclusion of complex physical 
phenomena. Recently, the CA method has gained a lot of 
interest. The work of Zinovieva et al. [10] investigated the use 
of a CA for SLM. Their work is based on the works
performed by Rappaz and Gandin [11], who were among the 
first to model the evolution of microstructure during 
solidification. Their model allows the CA to become 
independent of the mesh by using the growth velocity to 
couple time inside of the model to real time. There are also 
some studies which model the microstructural evolution of a 
Ti64 part during heat treatment (most notably the work by Su 
et al [12]), but these studies are more scarce. In order to find 
an expression for this growth velocity of grains during heat 
treatment, empirical relations are used [13].

The first part of this paper develops a macro thermo-fluid 
numerical model of the SLM process of Ti64 in a Eulerian 
framework and gives a detailed description about the 
evolution of the melt pool and liquid flow patterns. Moreover, 
a metallurgical sub-model is developed and coupled to the 
mentioned macro model, which gives the solidification 
parameters like temperature gradient, cooling rate and growth 
velocity. The results of this sub-model are able to determine
the grain morphology, namely whether the grains are 
columnar or equiaxed. This morphology is then used as an 
input for the microstructural model, which simulates the final 
microstructure after a simple heat treatment.

2. Models

2.1 Thermal model

In this paper, a macro thermo-fluid dynamical model has 
been developed in COMSOL by implementing computational 
fluid dynamics (CFD). The heat balance equation can be 
expressed as:

s s
p i i i

i i i i

f fT T TC u k H u Q
t x x x t x

&&& (1)

where is the latent heat of fusion, is the velocity and 
, and stand for effective thermal conductivity, effective 

specific heat capacity and density of the material, 
respectively. in this equation stands for solid volume 
fraction of the alloy, which is a function of temperature and 
varies in this study linearly with temperature over the 
solidification interval.

on the right-hand side of equation (1) is the volumetric 
heat generation term. Furthermore, this paper introduces
mass-averaged thermal properties to determine the thermal 
conductivity and specific heat capacity of powder, which is:
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p
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where is the initial volume fraction of powder, which is 
assumed to be 40% in this paper. For the case of 0% porosity, 
the effective thermal property would become the same as that 
of bulk material.

The mass and momentum balance equations for 
incompressible flow and Newtonian fluid are described as:
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, in (4) is a volumetric source term which is dependent 
on both fluid velocity and liquid fraction of the metal ( ):
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where and are constants that should be selected 
correctly to dissipate the velocities at the borders of the melt 
pool. The main phenomenon, which prompts the liquid metal 
to flow, is the Marangoni effect, which is related to the 
temperature gradient as:

,ij i j surT T
(7)

where is the surface temperature gradient and is 
the rate of change of surface tension with respect to 
temperature. Accordingly, positive values of this parameter 
will result in radially outward flow, while negative values lead 
to radially inward flow.

2.1. Microstructural model

As mentioned earlier, the microstructural model used for 
the subsequent heat treatment is an in house developed
cellular automata (CA). The state transformation rule is the 
following for the CA used in this work is the following [10]:

If any of the cells in the neighbourhood of the current cell 
has a state “1” change state of the current cell to “1”
If all the cells in the neighbourhood have a state “1”, 
change the status of the current cell to “2” [11].

For the particular CA used here, three states are identified: 
“0” is the untransformed state ( ’), “1” is a cell, which is 
partially transformed, and “2” is the state of a cell that has 
finished its transformation ( ). 
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It is clear from the previous explanation that the choice of 
the neighbourhood is important for the resulting 
microstructure. There are two neighbourhoods presented in 
Fig. 1: Moore and Neumann. Here, a combination of the two 
is used [14], which will be called the modified Neumann 
neighbourhood. The cells labelled with the number one are
captured before the cells labelled with a number 2. This leads 
to rounder, more realistic grains.

The choice of neighbourhood can be reduced by including 
the growth velocity [11]. This also has the added benefit that 
it couples the CA time steps to the real time step. The basic 
CA algorithm is not time dependent, since it simply captures 
one cell per time step. Therefore, the CA used here takes into 
account the growth velocity as a function of temperature. A 
cell will only be captured when the velocity multiplied by the 
time step is larger than the diameter of a cell. For SLM, the 
growth velocity is obtained from the thermal and fluid-
dynamics models. For the heat treatment, the empirical 
relation obtained by Semiatin et al. is used [13]. This equation 
is as follows: 

0 0 ( ) n
AD D k E T t . (8)

Here, and are the final and initial diameter of the 
grains,, is time, is the exponent which takes into account 
dimensionality, ( ) is a temperature dependent activation 
energy term, and k0 is a proportionality factor. Finally, 
Calculating the change in the nuclei density handles 
nucleation [11]. This change is integrated over the entire 
temperature range reached in this time step. The positions of 
the nuclei are chosen randomly among the available 
nucleation sites.

Fig. 1. Three neighbourhoods: Neumann, Moore and modified Neumann

3. Results and discussion

The size of computational domain for the macro model is 3 
mm by 1.5 mm by 1.5 mm. For the matter of simplicity, only
half of the domain is considered by incorporating a symmetry 
boundary condition. The powder layer is assumed to be 
homogenous and uniformly distributed over the top surface in 
the macro model. The laser starts to scan the top surface of the 
domain with scanning speed of 220 mm/s. The laser power is 
300 watt, and the laser beam radius is 100 m. Time step and 
minimum mesh size are set to 1e-8 s and 10 m, respectively. 
Fig. 2 shows temperature contours at different times. As time 
passes, not only does the melt pool grow in size in all 
directions (note that it grows in an allotropic pattern), but the 
shape of the melt pool becomes more egg-shaped as well. 
Also, the maximum temperature of the domain, which occurs 
at the middle of the melt pool, increases with time until it 
reaches a pseudo-steady condition, where the maximum 
temperature will remain almost constant till the end of the 
process.

An interesting observation is that the dominant mode of 
heat transfer changes during the course of the process. The 
mode of the heat transfer is quantified by a dimensionless 
parameter, the Peclet number, which is defined as the ratio of 
heat advection and heat conduction. This number explains that 
the mode of heat transfer inside the domain is transformed 
from conduction to advection. The contours of velocity 
magnitude along with the velocity arrows at four different 
times are gathered in Fig. 3. Based on Fig. 3, as the laser 
moves, the average velocity magnitude rises until it converges 
to a constant value. From this moment onwards, the 
convection mode of heat transfer will be dominant. To have a 
deeper understanding of the velocity and temperature fields 
inside the melt pool, two different profiles of the liquid phase 
are demonstrated in Fig. 4.

Fig. 2. Temperature contour and melt pool shape at four different times.

Fig. 3. Velocity field inside the melt pool at four different times.

Due to the thermo-capillary shear stresses formed at the top 
surface, the liquid metal flow at the top of the melt pool is 
radially outward. Also it can be seen that the velocity on the 
border of the melt pool, where liquid is in contact with the 
mushy zone, is tangent to the melt pool surface. This will lead 
to return of the flow to the centre of the melt pool which 
consequently leads to formation of the circular flow patterns 
in both cross sections as can be seen in Fig 4 [7, 8]. It is worth 
mentioning, it is because of mentioned rotational flow 
patterns that the maximum temperature will not plunge to 
unrealistically high values, since due to the Marangoni effect, 
the hot molten metal is transferred to cooler site near the 
borders of melt pool, where it transfers heat to unaffected 

100 μm 0.3 ms 0.6 ms

1.0 ms 3.5 ms

100 μm 0.3 ms 0.6 ms

1.0 ms 3.5 ms
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solid zones. A metallurgical sub-model is developed and 
coupled to the thermo-fluid model, which can acquire the 
main three solidification parameters, namely temperature 
gradient, cooling rate and growth velocity. In this paper, the 
growth velocity is determined as the velocity of the fluid at 
the border of the melt pool and on the onset of solidification. 
The corresponding temperature gradient along with the 
captured growth velocities for this process are shown in Fig. 
5. According to this Fig., the predicted grain morphology is
entirely in the columnar region [15]. Based on this 
morphology map, a columnar microstructure is generated with 
an average grain diameter is 68 m ± 10 m, which is based 
on experimental observations [16]. Since the nucleation sites 
for these grains are chosen randomly along the bottom edge of 
the computational domain, ten different microstructures are 
used as input for the microstructural model. One of these 
columnar microstructures is displayed in Fig. 6a.

A small parametric study reveals that the values, which 
give the best results, are 7 m2/s for k0 and a value of 1.5 
divided by the number of nucleation sites for the nucleation 
density. 

Fig. 4. Velocity and temperature field of the melt pool for two different cross-
sections at t=3 ms.

Fig. 5. Solidification map for the process.

The analysis of the grain diameters uses the line diameter 
as a measure of the actual grain size. This technique counts 
the number of grain diameters on lines drawn across the 
image. To obtain statistically relevant data, the heat treatment 
is modelled five times for each of the columnar 
microstructures, totalling 50 different simulated 
microstructures.

Fig. 6b shows one of these microstructures. The total size 
of the computational domain is 1.5*1.5 mm2, and the cell size 
is 2 m. It is visible that the grains are more equiaxed, similar 
to what is observed by Vrancken et al. [2], for a heat treatment 
of Ti64 at 1323 K for 1 hour. 

Fig. 6. The initial (columnar) microstructure on the left (a) and the equiaxed
microstructure after heat treatment on the right (b).

A histogram of the relative frequency of the simulated 
grain diameters is shown in Fig 7b. This histogram shows that 
the distribution of the measured grains is lognormal, and the 
shape is similar to experimentally measured line diameters. A 
fitted probability density function (pdf) reveals a mean of 287

m for the simulated results with a standard deviation of 217
m. This is comparable to the distribution, which is obtained 

from [16], where the grains have a mean of 296 m and a 
standard deviation of 222 m, shown in Fig. 7a. 
(a) (b)

(c)

Fig. 7. (a) Histogram and fitted pdf for the measured grains; (b) for the 
simulations, and (c), the cumulative distribution of frequencies for both.

In Fig. 7c, the cumulative distribution of frequencies 
(CDF) of the grains is also displayed for each of the 
simulations. The range of these CDFs gives an interval in 
which the experimental results should lie. The same 
experiments, which have been performed in an earlier study, 
are clearly contained within this range, although most of the 
simulations have slightly more smaller grains, which is also 
reflected in the average of the simulations, which is slightly 
smaller than the measured values.

4. Conclusion

In this paper, a thermo-fluid dynamic model is developed 
to model the temperature and fluid motion during SLM. The 
melt pool shape is evaluated and shows agreement with 
results found in literature. The fluid dynamic model shows the 
transition of the mode of heat transfer from conductive to 
advective. Next, the grain morphology of the as-produced part 
is evaluated using the growth velocity determined from the 
macro-model. Finally, the evolution of the microstructure is 
modelled using CA, and the simulations show good 
agreement with earlier reported experimental results. Future 
work will explore more complex fluid dynamics, and will aim 
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to evaluate the mechanical properties of the SLM 
microstructure. Since this paper only looked at the martensite 
to beta transformation, future work will look into the beta to 
alpha transformation during cooling down.
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A B S T R A C T

A heat treatment is an essential part of the metal additive manufacturing process chain. If an additively man-
ufactured part, made of Ti-6Al-4 V, is heated above its β transus temperature, the columnar prior-β grains will
become equiaxed β grains. This work quantitatively models this transition and the subsequent cooling down to
room temperature by using the well-established cellular automata (CA) technique. Using this microstructural
model allows visualisation of the local variation in the microstructure. The final microstructure consists of both
the equilibrium phase α and β, organised in laths. This paper shows that the developed CA is capable of
modelling the microstructural evolution during the entire above-β transus heat treatment. In order to get an
accurate simulation of the microstructural change during such a heat treatment, the nucleation and grain growth
functions are dependent on temperature. Since there exists a thermal gradient throughout the simulated cube,
the local values of these functions will vary, leading to spatial differences in the nucleation frequency and growth
velocity of new β grains. The model is verified by comparing the transformed volume fraction with a typical
Johnson-Mehl-Avrami-Kolmogorov (JMAK) equation for isothermal grain growth. However, the JMAK equation
insufficiently describes the grain growth during the initial stage of the heat treatment, namely while heating up
to above the β transus temperature. Finally, the simulations of the second half of the heat treatment show that
there are underexplored mechanisms during the growth of α laths when cooling down to room temperature. The
simulations show, that it is not a requirement to nucleate α in the centre of the former β grains to form bas-
ketweave α. Moreover, the basketweave morphology in the simulated microstructures is a result of the difference
between the viewing plane of the microstructure and the plane in which the laths grow, with a pure
Widmanstätten morphology only appearing when the planes are parallel.

1. Introduction

Additive manufacturing (AM) allows the production of near-net
shape parts, with limited production overhead [1–3]. Laser-based
powder bed fusion (LPBF) is one of the AM techniques. During LPBF,
the part is built up layer by layer, from a digital file. The LPBF machine
distributes a thin layer of powder, and melts a cross section of the de-
sired part into the powder. A new layer is placed on top of the previous
one, and the process repeats until the part is completed. Due to the fast
cooling of the melt pool, and the layer-based nature of the process, the
microstructure of a part produced by LPBF is typically columnar [4,5].
Specifically for Ti-6Al-4 V, the microstructure consists of α’ laths or-
ganised in columnar prior β grains [4]. This microstructure is referred
to as columnar is the remainder of this work. Heat treating at a suffi-
ciently high temperature will transform this columnar microstructure to
an equiaxed one [4,6].

One of the materials that has gained much traction for use in LPBF is
Ti-6Al-4 V. Because of its low density, and two-phase nature, Ti-6Al-4 V
has good specific mechanical properties. The formation of oxides on the
surface leads to good corrosion resistance [7,8]. In general, heating a
Ti-6Al-4 V part above the β transus temperature transforms it into β.
For part made by metal AM, the initial microstructure is made up of α’.
The equilibrium phases below the β transus temperature are a mixture
of α and β phases. The transformation to equiaxed β, reportedly consists
of a process of nucleation and growth [9]. There are two cooling paths
of interest in this work: cooling down quickly leads to martensitic α’,
while cooling down slowly leads to the aforementioned two-phase
microstructure. Because of the fast cooling of the laser-based process,
the initial microstructure for a heat treatment consists of α’ laths in
columnar former β grains. Experimental investigations of the micro-
structural evolution during an above β-transus heat treatment can be
found in the work by Vrancken et al. [4], where the effect of the
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different process parameters on the microstructure are analysed. Pil-
chak et al. [9] also performed experimental investigations, where it was
found that there exists a relation between β-grain size, heat treatment
time and temperature. Galarraga et al. [10] found correlations between
the cooling rate and the lath thickness of the final α-β microstructure. A
review of the different attempts to relate the different microstructures
and mechanical properties to the heat treatment can be found in the
work by Shipley et al. [11]. Although stress relief heat treatments occur
at a temperature significantly below the β transus temperature, an in-
crease in temperature might accelerate the stress relaxation process
[12]. During a stress relaxation, heating above the β transus could
occur accidentally, and therefore a numerical analysis of this phe-
nomenon has application for stress relaxation heat treatments. Ad-
ditionally, heating above the β transus temperature has been proposed
as a technique to remove unwanted microstructural features [13].

These experimental investigations show the importance of a good
control of the microstructure through the heat treatment. Currently it is
not easy to analyse the microstructure during the heat treatment at high
temperature [14]. Additionally, to optimise the heat treatment experi-
mentally requires a relatively large number of expensive trials. An al-
ternative for experiments is a numerical investigation, where the evo-
lution of the microstructure is modelled during the heat treatment.

Modelling of heat treatment of Ti-6Al-4 V is currently limited to
averaged simulations, where the different fractions of different phases
are compared using Johnson-Mehl-Avrami-Kolmogorov (JMAK) ki-
netics. In the work by Charles Murgau et al. [15] an above β-transus
temperature heat treatement was modelled this way. Similarly, Da
Costa Teixeira et al. [16] and Appolaire et al. [17] used JMAK kinetics
to model a two stage heat treatment: heating up above the β-transus
temperature and cooling down to room temperature. Additionally, they
differentiated between three different α morphologies: grain boundary
α (αGB), Widmanstätten α (αW) and basketweave α (αBW). First, the αGB

grew until it was present along the entire grain boundary. Next, the αW

grew in from the αGB in a needle-like morphology. At the same time,
αBW nucleated and grew in the centre of the β grain. Their model was
capable of simulating the phase fractions of these morphologies, but
unable to provide information on the exact position or distribution of
different morphologies inside of the grains.

There are different techniques to perform a microstructural simu-
lation, but the currently most popular approaches are the Monte-Carlo-
Potts model, a Cellular Automata (CA) method or Phase Field models.
An overview of the different microstructural modelling techniques can
be found in the review by Markl and Körner [18]. The present work
uses CA, because it has a clear link with physical phenomena, is com-
putationally relatively cheap (compared to phase field simulations),
and can be massively parallelised for time efficient computations.

CA was first successfully applied for microstructural modelling in
the work by Rappaz and Gandin [19]. Their work modelled the den-
dritic solidification of an Al-7 wt% Si alloy. They showed that the
method is capable of capturing the different types of grain morpholo-
gies that are present in a casting: columnar near the cast wall, and
equiaxed in the centre. They used a constant temperature, consistent
with thin plates, and coupled the CA method with Kurz-Trivedi-Gio-
vanola (KTG) kinetics [19]. The KTG kinetics are particularly suited for
simulation of rapid solidification processes, and assume a marginally
stable dendritic growth front [20]. The CA method developed by
Rappaz and Gandin was applied to LPBF process by Zinoviev et al. [2]
in 2D and by Zinovieva et al. [21] in 3D. In their works, the

temperature was not constant, but was calculated using an implicit and
explicit finite difference scheme respectively. They showed that the
microstructure obtained from numerical simulation by LPBF is co-
lumnar, and that the grain diameter increases from the bottom of the
computational domain to the top. A coupling of a CA with the finite
element method for obtaining the temperature field was performed by
Guillemot et al. [22]. They developed a one-dimensional model for
unidirectional solidification, and showed good agreement between the
CA and a front-tracking model.

The CA method has also been applied to problems other than soli-
dification, with success. Examples are its application to crack growth
[23], dynamic recrystallization [24,25] or welding [26]. Most of these
works focus on two-dimensional simulations. Since microstructure is
intrinsically three-dimensional [21], it is important to take into account
that features can grow into and out of the viewing plane. However,
since it is very computationally expensive to perform full 3D simula-
tions, alternatives have to be developed. An example of this is the work
by Wei et al. [27], where the grain growth is modelled purely based on
the thermal calculations.

A heat treatment above the β-transus temperature leads to a solid-
state transformation. Therefore, KGT kinetics, as applied by Rappaz and
Gandin [19] might not be suitable, since they predict the movement
speed of solidifying dendrite tips. In this work, a parabolic growth law,
derived by Pilchak et al. [9] from experimental observations of the
above β heat treatment, is used instead.

Due to a lack of similar works for heat treatment of parts produced
by LPBF, the present work aims to apply the CA method developed by
Rappaz and Gandin to simulate this process. For validation, real mi-
crographs are compared to the simulated microstructures. The proposed
heat treatment heats the part up above the β-transus temperature. The
two phase transformations that are modelled in this work are the
transition from α’ in columnar prior-β grains to equiaxed β grains and
the transition from β to an α-β lath structure. In this work, we couple a
CA with a finite difference (FD) based thermal solver.

2. Model description

As previously stated, the method used in this work is a CA, as de-
scribed by Rappaz and Gandin [19], modified to a frontal CA [28]. This
leads to the following transition rule:

⎧
⎨⎩

= = ∈
= = ∈

SI if any SI for l N
SI if all SI for l N

1 1
2 1

k l k

k l k (1)

where SIk is the status index in cell k and Nk is the neighbourhood of
cell k. All the cells are initiated with a status index of zero, indicating
that the cell is untransformed. If any cell in the neighbourhood of cell k
is transformed into a growing state, with status index 1, cell k will get a
status index of 1. If all the cells in the neighbourhood are transformed,
then cell k will get a status index of 2, which means that the cell is
completely transformed. This indicates the importance of the neigh-
bourhood, since it determines the direction grains can grow. Most CA’s
use a regular grid, either hexagonal [29,30], or rectangular
[2,3,19,21,25,31]. In this work, a rectangular grid is used. Rappaz and
Gandin already pointed out that the choice of neighbourhood has a
profound effect on the grain shape [19]. For rectangular grains, they
compared the Neumann neighbourhood (cells sharing a side), and the
Moore neighbourhood (cells sharing a point). Expanding the neigh-
bourhood, for example to a third order neighbourhood [2], reduces the

Fig. 1. Different possible neighbourhoods.
From left to right, the Neumann neighbour-
hood, Moore neighbourhood and the circular
neighbourhood in this work are shown.
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effect. This work uses an alternative approach where the neighbour-
hood is based on a circle with radius r [24,32]. The different possible
neighbourhoods are demonstrated in Fig. 1.

A mathematical description of the neighbourhood that is solved in
this simulation is the following:

+ ≤x z rΔ Δ2 2 2 (2)

where xΔ and zΔ is the difference between the x- and y-coordinates of
centres of cell k and cell l respectively, and r is the radius of the
neighbourhood. The coordinate system is shown in Fig. 2a, where the
x–y plane is parallel to the bottom of the simulated cube, and the z axis
is perpendicular to it.

The radius of the neighbourhood of all the cells with a status index
of 1 increase in every CA time step by a fixed amount of half the cell
size. The choice of this fixed value is motivated by analysing the cir-
cular neighbourhood in Fig. 1: the distance between the current cell
centre and the nearest ones is equal to the cell size itself. The distance
between the centre cell and the second nearest cells is the cell size,
multiplied by the square root of two. Choosing the increase of the
neighbourhood radius as half the cell size ensures that the nearest cells
are captured first, and second nearest subsequently.

When any cell in the computational domain is captured, the dia-
meter of all grains in the microstructure is calculated, based on the
position of the grain-matrix interface. The diameter of the grain is
linked to the elapsed time through the empirical relation, derived by
Semiatin et al. [33,34]:

− = ⎛
⎝
− ⎞

⎠ −d d k Q
RT

t texp ( )2
0
2

0 0 (3)

where d is the grain diameter, k is a velocity constant, Q is the trans-
formation energy, R is the universal gas constant, T is the temperature,
and t is time. The subscript ()0 denotes the value of the parameter at the
beginning of the calculation. The values of all the fixed parameters are
shown in Table 2 and the temperature calculation is outlined in the next
paragraph. The grain with the largest total time is fixed in diameter,
and all other grains are allowed to grow using the circular neighbour-
hood, until they have reached the same total elapsed real time as the
largest one.

In order to calculate the evolution of real time accurately, a time
dependent temperature is necessary. Therefore, the evolution of the
temperature field is included in this simulation. The transient heat
conduction equation is the basis to obtain the transient temperature
field:

∂
∂ = ∇ ∇ρC T
t

k T( ),p (4)

where k is the thermal conductivity, ρ the density and Cp the specific
heat capacity. To obtain the temperature field, this equation is solved
using an alternate direction implicit (ADI) finite difference (FD) scheme
[35]. Fig. 3a illustrates how the different parts of the model interact
with one another. Fig. 3b shows the prescribed temperature profile, and
illustrates when the temperature dependent CA is active.

3. Modelling methodology

In this work, the previously mentioned, well-established CA is
coupled to the simple FD-based ADI solver. Although none of these
modelling techniques is novel in their own right, their application to
investigate the microstructure of a heat treatment above the β transus
temperature quantitatively and qualitatively allows new insights in the
evolution of the microstructure during such a heat treatment.

The simulation can be divided in two steps: heat treatment at high
temperature, and cooling down. The first step consists of a temperature
analysis, and a microstructural simulation. In the second step, the
temperature is assumed uniform throughout the domain, and decreases
linearly with time. Therefore, a temperature calculation is not required
in this step. This section explains how each of these steps is set up. For
each model, the input, computational domain and output are discussed.
In this section, the numerical building blocks for the thermal calcula-
tion are referred to as elements, the CA domain is comprised of cells.

3.1. Step 1a: temperature calculation during heating up to above-β-transus
temperature

In this work, the coupling between the temperature and the mi-
crostructural change is considered to be one way, meaning that there is
no effect of the microstructure on the temperature. This also means that
effects like release of latent heat from solid state transformations are
not taken into account, because they are significantly lower than the
heat input from the furnace.

The domain in which the temperature is calculated is a cube with an
edge length of four centimetres. The ADI-FD scheme used here requires
a ghost node just outside of the domain to take into account the
boundary conditions. Therefore, the computational domain is divided
in 17 elements in the x- and z-direction, and 17 elements in the y-di-
rection (including the ghost elements). To improve the accuracy of the
interpolation for the CA, which is explained in step 1b, the centre row
of elements in x- and z-directions is subdivided in ten. Therefore, there
are a total of one hundred fine thermal elements. The final size of each
element is summarised in Table 1. The domain is shown in Fig. 2a. At
the bottom (z=0), the part is insulated, so there is a zero heat flux:

∂
∂ =T
z

0
(5)

At the other surfaces, the temperature is fixed to the furnace tem-
perature.

This work choses to simulate the microstructure only in the centre
of the cube, to minimise the effect of the boundary conditions. In ad-
dition, the CA, which is presented in the previous section, is limited to
two dimensions. Therefore, a two-dimensional cross section of the part
is taken in the centre of the cube. This cross section is indicated in red in
Fig. 2. The output of the temperature calculation is a temperature
profile as functions of position in the cube and time.

The CA mesh is comprised of 1000 by 1000 cells, located in the
centre of the computational domain. Each cell has a side length of 1 μm,
covering a total area of 1 by 1mm2. This domain is smaller than the

Fig. 2. Computational domain for the tem-
perature simulation. The slice on which the
temperature is used as an input for the simu-
lations is shown in Fig. 2a and 2b as the red
slice. Fig. 2c shows a schematic representation
of the domain in which the microstructural
simulation is performed. The number of CA
cells is 1000 by 1000 cells, indicated by the
dotted lines in the centre of the CA domain.
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area covered by the fine thermal elements, to avoid possible edge ef-
fects from the coarse thermal mesh near the outside of the simulated
cube.

3.2. Step 1b: microstructural simulation during heating up to above-β-
transus temperature

The second half of the first step in the heat treatment procedure is
the microstructural model for the high temperature step. The input for
this model is an initial microstructure from experiments [36], which is
converted to an idealised columnar microstructure. On the micrographs
in Fig. 4, a change in colour marks the edges of the columnar grains.
After conversion of the images into grey-scale, this results in different
intensity values. Using this information, the MATLAB image analysis
toolbox is used to divide the microstructure into superpixels. These
superpixels are regions which have an apparent structure at a scale
larger than the pixel size itself [37]. Inside of each superpixel, the
image analysis code averages the intensity. Since the columnar grains

all have similar colours, the superpixels from the same grain also have
similar colours. The group of all the contiguous superpixels with a
colour difference below a certain threshold form one columnar grain.
The threshold used for the analysis shown in Fig. 4 is 7.8 percent, or an
absolute value of 20 on an 8-bit grey-scale image.

To build up the idealised microstructure, line diameters are mea-
sured in the micrographs after identification of the positions of the
grain boundaries. Line diameters are the most suitable metric to eval-
uate the size of the grains for a columnar microstructure, since the
width of the columnar grains influences the number of nucleation sites
more than the length of the columnar grains. Additionally, the differ-
ence in intensity in the initial micrographs incidentally exceeds the
threshold and therefore a single columnar prior β grain is identified as
multiple shorter grains. However, a line diameter is largely unaffected
by this vertical segmentation of single columnar grains, since it pri-
marily measures the distance between grain boundaries perpendicular
to the columnar prior-β grain boundaries. To evaluate the line dia-
meter, the program draws a number of horizontal lines across the mi-
crograph, and counts the number of intersections between the columnar
grains and this line. The average grain diameter is then equal to the
division of the line length by the number of intersections, and the width
of each individual grain is the difference between the positions of two
consecutive intersections. This image analysis reveals that the feature
size is in the order of 0.1 mm, and therefore a micrometre resolution is
required. The size of each CA cell is 1 μm, and therefore the tempera-
ture, which is calculated on a grid size in the order of 1mm, is inter-
polated between the different temperature nodes.

In each time step, the previously computed temperature is linked
with the grain growth as indicated by Eq. (3). To model this micro-
structural evolution, nucleation is required, as indicated by Rappaz and
Gandin [19]. This work also uses a Gaussian distribution for the nu-
cleation rate, as indicated in their article. The nucleation function in
this work is:
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in which N is equal to the nucleation density as a function of tem-
perature, navg is the average nucleation density in the domain, TΔ σ is the
standard deviation of the nuclei distribution, TΔ μ is the average un-
dercooling at which nucleation happens, and TΔ is equal to the un-
dercooling, namely −T Tβ, the difference between the current tem-
perature and the β transus temperature, and represents the driving
force. The average nucleation density is fixed at 50e-18, based on the
micrographs after the heat treatment. This is an estimated value for the
average nucleation density for the above-β heat treatment. Rescaling
the grain density with the average CA cell. The nucleation chance is

Fig. 3. Schematic of the interaction of the different components of
the CA presented in section 2. Fig. 3a shows the flow chart of the
temperature dependent CA, and the interactions between the CA,
the thermal ADI, and the real grain growth. Fig. 3b shows the
prescribed temperature profile on the exterior of the cube. The
thermal ADI is active during the heat treatment above the β
transus temperature. Since the temperature decreases slowly
during the second half of the heat treatment, no thermal gradient
is present in the microstructural simulation domain.

Table 1
The domain for the temperature calculation.

Thermal Element Number Size of Each Element

X-direction Elements 1-8 2.764 mm
Elements 8-18 0.150 mm
Elements 18-26 2.764 mm

Y-direction Elements 1-17 2.667mm
Z-Direction Elements 1-8 2.764 mm

Elements 8-18 0.150 mm
Elements 18-26 2.764 mm

Table 2
Simulation parameters. The average undercooling is based on the works in
[40–42], while taking into account the difference in process and process con-
ditions.

Symbol Parameter Value Units Reference

d0 Initial grain diameter 0 m
k0 Kinetic growth parameter 0.7e-6 m/s [43]
Q Activation energy 97e3 J/mole [44]
R Universal gas constant 8.314 J/mole K
t0 Initial time 0 s
ρ Density 4500 kg/m3 [45]
Cp Specific heat capacity 500 J/(kg K) [45]
k Thermal conductivity coefficient 25 W/m K [45]
navg Average number of nuclei 50 /
ΔTσ Undercooling standard deviation 0.1 K [46]
ΔTμ Average undercooling 3 K [40,41,42]
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calculated, based on the work by Rappaz and Gandin [19], is the nu-
cleation density, divided by the area of the CA cells, which is 1e-18 m3.
This work will use the terminology from the original research [19], and
refer to TΔ as the undercooling, even though, in this case temperature
required to initiate nucleation is higher than the equilibrium tem-
perature (and therefore undercooling is technically overheating).

Every time step, this nucleation probability is integrated between
the previous undercooling, and the current undercooling at each
available nucleation site. It is assumed that nucleation of the β grains
occurs preferentially on the columnar prior-β grains [4]. Other sites,
such as the α’ lath boundaries could be considered, but due to the small
CA cell size require to resolve the individual α’ laths, this nucleation
site is omitted from the simulations. If the difference between a uni-
formly distributed, but randomly generated number and the nucleation
probability is smaller than zero, nucleation occurs in the cell. Therefore,
the status of the cell will change from 0 to 1. When the status changes to
1 after nucleation, the cell is also assigned a random label, which allows
to distinguish the different cells, and allows identification of the grain
boundary, when two cells, which share a side, have a different label. At
the same time, the grain diameter of this nucleus is initiated at zero.

In each time step, the size of the neighbourhood is calculated, and
all the CA cells inside of the neighbourhood are captured by the
growing grain. The status variable of these cells is updated until all the
cells have a status of 2.

3.3. Step 2: cooling down to room temperature

The second step is cooling down to room temperature. According to
Appolaire et al. [17] and Da Costa Teixeira et al. [16], the transfor-
mation from β to α+ β, can be considered as two processes, namely
growth of α on the grain boundaries of the β grains, and the growth of
the laths from the grain boundaries into the interior of the β grains. The
grain boundary α growth is a simple athermal CA, with five randomly
distributed nuclei per cell.

The lath growth module consists of two major parts: surface re-
construction and growth. In this work, the so-called efficient least-

square VOF interface reconstruction algorithm [38] is used to re-
construct the grain boundary of the equiaxed β grains. The boundaries
are approximated as linear segments. As pointed out by Comminal et al.
[38], this method is second-order accurate, and therefore should re-
construct the line segments accurately, providing a good estimate for
the local normal to the β grain boundary.

Due to the orientation relationship, that exists between the β matrix
and the new α laths, new α laths will only grow in a limited number of
directions in each β grain. More specifically, twelve variations for the α
lath growth are predominant [39]. In this work, the α laths originate at
the grain boundaries, and grow inwards. As a result, half of these
variations are directed outwards, and only six variations for the direc-
tion of the α laths need to be considered. These six variations are re-
ferred to as the preferential growth directions. These growth directions
are rotated by a random angle, to represent the different crystal or-
ientations in the different β grains. This is illustrated in Fig. 5a, which
shows the local, randomly rotated coordinate system in the β grain. On
the different grain boundaries, all six possible preferential growth di-
rections are indicated.

Each α lath is nucleated by changing the status index of a cell in the
grain boundary from 0 to 1. The position of these changes in status
matrix is governed similarly to Eq. (6). However, because the tem-
perature is uniform throughout the domain, and decreases slowly
overall, combined with the speed at which α laths grow, the tempera-
ture dependence of the nucleation function is negligible. As a result,
nucleation of the α laths is almost instantaneous, and the nucleation
density is given by:

=N
λ

n1
lath

α (7)

where N is once more the nuclei density, nα the number of nucleation
sites, and λlath the average lath thickness, which is assumed to be six
micrometre. Multiplying the nuclei density by the cell size results in the
nucleation probability [19]. Identically to the nucleation when heating
up, for every eligible nucleation site, a random uniformly distributed
number between zero and one is generated, and compared to the

Fig. 4. Initial microstructure [6] and grain boundaries, as identified by the developed image analysis code.

Fig. 5. Schematics illustrating the growth of the laths. Fig. 4a
shows one of the equiaxed β grains, together with its local co-
ordinate system, and the six preferential growth directions for
some of the grain boundaries. Fig. 4b illustrates how the differ-
ence of the growth direction of the laths, with respect to the ob-
servation plane are reflected by rescaling the real lath growth
velocity to obtain the apparent growth direction.
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nucleation probability. If the random number is smaller than the cal-
culated probability, a new nucleus is created in the β grain boundary.

The CA used for growth of the α laths is the same as the one de-
scribed in the one in Section 2 on the model description, with one
modification. The radius, indicated in Eq. (2), is quadrupled in the di-
rection parallel to one of the previously mentioned preferential growth
directions. Since many laths will grow simultaneously, the ones
growing perpendicular to the grain boundary will impinge the ones
growing in other directions. Therefore, the quadrupled direction is the
one closest to the normal to the grain boundary, as calculated by the
surface reconstruction algorithm [38]. Each α lath inherits a colour
similar to the one of the αgb, in order to be able to identify different α
lath colonies.

Of course, even though the CA simulation is two-dimensional, laths
can grow in three dimensions. This is accounted for by multiplying the
preferential growth direction by the cosine of the angle between the
lath and the observation plane. Since there is no physical relation be-
tween the arbitrary observation plane, and the crystal orientation of the
grains, this angle is a random angle between zero and 90 degrees.
Fig. 5b illustrates this rescaling schematically. It shows the β grain
boundary, and a lath growing perpendicular to it. The apparent growth
direction is indicated on the observation plane.

Each of these simulation steps requires different parameters. The
values of these parameters are summarised in Table 2. For the thermal
simulation, constant material properties are assumed, since the range
where microstructural change could occur, namely between the β
transus temperature and the heat treatment temperature, is limited.

4. Results

4.1. Initial microstructure

Fig. 6a shows the microstructure of the as-built part, which is used
as input for the simulated initial microstructure, which can be seen in
Fig. 6b. The input for this initial, simulated, microstructure is obtained

by using the image analysis code, developed specifically for this work,
and described in section 3.2. Two qualitative differences can be noted
when comparing the experimental micrograph in Fig. 6a and the si-
mulated initial microstructure. Firstly, there are no major defects pre-
sent in the simulated microstructure. The simulation does not consider
pores, which seem to be present throughout the experimental sample.
Also, the simulated microstructure excludes nucleation, since it assumes
perfect epitaxiallity, which has shown to represent some experiments
[47]. However, the choice of the cutting plane for the micrograph can
influence the appearance of the grains. Since the grains become wider
near the top of the sample, some grains, which originally were located
in front or behind the cutting plane, can grow into view. Conversely,
grains, which started in the image plane, can grow out of it and seem to
disappear. In the simulation, only the image plane is defined, and
therefore, grains can only disappear due to impingement from neigh-
bouring grains. The initial, simulated, microstructure is obtained by
using the same CA algorithm outlined earlier in this work, but without
considering nucleation, since grain growth is epitaxial, without the
temperature dependence of Eq. (3) and with a Moor neighbourhood.
Fig. 6c and d show distribution of the grain diameters. They illustrate,
that although the specific appearance of the modelled microstructure is
different, the distribution of the grains is not dissimilar. A more accu-
rate model for obtaining this columnar microstructure can be found in
the work by Zinovieva et al. [21], but since this work focusses on the
heat treatment, the initial microstructure in Fig. 6b is used as input for
the actual heat treatment.

4.2. Temperature in the domain

Fig. 7 shows the temperature along different directions in the region
of the thermal domain indicated by the fine elements in Table 1. The
microstructural domain, comprised of 1000× 1000 CA cells, is com-
pletely enclosed by the region with fine elements. In Fig. 7a, the tem-
perature is depicted at six different points in time, in the x-direction of
the domain (and therefore along a line at z= 2 cm and y=2 cm).

Fig. 6. Initial microstructure for the simulation
[36]. Fig. 6a shows the micrograph of the as-
built sample, in Fig. 6b, the initial micro-
structure of the simulations is depicted. Figs. 6c
and 6d show the distribution of the grain dia-
meters of the experimental grains and the si-
mulated initial microstructure respectively.
Note that the minimum grain diameter in both
cases is limited to approximately 46 μm.
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Fig. 7a shows that the temperature increases gradually, but stays ap-
proximately constant throughout the domain. Focussing on the blue
line in Fig. 7a, one can see that there exists a thermal gradient from the
centre of the microstructural domain to the side (in x-direction). This
gradient is shown in Fig. 7b, when the temperature on this line in x-
direction is displayed separately. Fig. 7c shows the temperature on a
line in the z-direction, corresponding to x= 2 cm and y=2 cm. This
temperature profile also shows a clear gradient, from 1255.5 K near the
bottom of the fine elements to 1258.7 K near the top.

The origin of these gradients is the following: The sides and top of
the cube are exposed to the hot air in the furnace directly, and will thus
heat up first. The bottom of the cube does not contact the furnace air,
and will thus heat up more slowly. Since the thermal conductivity of Ti-
6Al-4 V is relatively high, the temperature gradients inside of the cube
will stay relatively small, although at t= 20 s, a clear gradient is pre-
sent in the cube. Looking solely at the fine elements in the centre of the
cube, Fig. 6c indicates a gradient of four kelvin between the top and the
bottom. Since the β transus temperature is 1253 K, and an undercooling
(which represents a deviation from the equilibrium temperature) of
3 K ± 0.1 K is required for nucleation, the probability of nucleation is
initially considerably higher at the top of the domain compared to the
bottom. As mentioned earlier, undercooling is used in literature [19]
when describing microstructural modelling, since most investigations
are concerned with solidification or cooling down from high tempera-
ture to room temperature. However, in this work, the driving force is
higher than the equilibrium temperature. Therefore, when this work
refers to undercooling, this ought to be understood as overheating:
heating above the equilibrium temperature. When the topmost fine
elements heat up, they exceed the range in which nucleation can be
expected, while the nucleation probability is still significantly larger
than zero near the cooler bottom of the domain. This leads to a

staggering of the occurrence of nuclei. This temperature gradient re-
mains observable until the outside of the domain reaches the heat
treatment temperature, when the temperature levels out again, which
can be seen clearly in Fig. 7d. This figure also shows that the tem-
perature in the centre lags behind the outside of the cube. After ap-
proximately 65 s, the temperature in the centre of the cube has reached
99.9 % of the heat treatment temperature.

Fig. 8a shows the microstructure obtained after a heat treatment at
1323 K. The former β grains are surrounded by a thin layer of α, which
allows identification of these equiaxed grains. Inside of the grains, two
different structures can be identified: Widmanstätten α, which grows in
from the grain boundary, and basket weave α, which is typically lo-
cated in the middle of the grains. The Widmanstätten structure grows in
from the αgb, and is characterised by the parallel plates in colonies.
Basketweave α looks like interlacing lathes or groups of laths, forming a
weave-like pattern.

Fig. 8b shows the microstructure after holding the cube at 1323 K.
The grains have transformed from the columnar former β grains of
Fig. 6b to equiaxed. Fig. 8c shows the microstructure after cooling
down to room temperature, where the α phase on the grain boundary is
coloured white, both indicating the positions of the former equiaxed β
grain, and highlighting αgb. Fig. 8d shows the final microstructure after
the heat treatment. The αgb phase is less clearly visible here, since the α
laths inherit their colour from their parent grain boundary α phase.

In Fig. 9, the grain diameters from the β grains in Fig. 8a and b are
depicted in histograms, to compare them quantitatively. For each of
these histograms, 400 measurements of line diameters are performed.
Fig. 9 visually shows the agreement between the measured line dia-
meters. In Fig. 8, a lognormal distribution is fitted to the data, allowing
a quantitative comparison of the grains. The average grain diameter in
the experimental micrograph is 220.1 μm, with a standard deviation of

Fig. 7. Temperature in the fine elements, in-
dicated in Table 1. Fig. 7a shows the tempera-
ture profiles as function of time and position on
a line along the x-direction in the middle of the
domain (where z=2 cm and y=2 cm). Fig. 7b
the temperature profile at t= 20 s along the
same line. Fig. 7c show the temperature profile
along a line in the z-direction (x= y=2 cm) at
t= 20 s. In Fig. 7d, the simulated temperature
in the centre of the cube (x= y = z=2 cm) is
plotted together with the prescribed tempera-
ture on the outside of the cube, matching a pre-
heated furnace.
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115.6 μm, while the grain diameter for the simulated equiaxed β grains
is 169.6 μm, and the standard deviation 99.1 μm.

5. Discussion

Because of the symmetrical thermal boundaries, the temperature
profile, shown in Fig. 7, is symmetrical. It can also be observed that the
temperature profile increases rapidly. Within 45 s, the minimum tem-
perature inside of the computational domain has reached 95 % of the
temperature inside of the furnace. Additionally, the temperature profile
flattens out, demonstrating that there is indeed only a limited effect of

the boundary conditions under isothermal heat treatment conditions.
On average, nucleation requires an undercooling of 3 K, as can be seen
in the earlier described nucleation function. This means that nucleation
will first take place at the side of the part that is heated up first.
However, since the temperature is linear until the furnace temperature
is reached, nucleation will continue homogeneously until the maximum
nucleation density is reached. Therefore, the distribution of the grain
diameter is largely constant throughout the microstructure, and only
dependent on the random nature of nucleation.

It has been observed that the transition temperature in AM parts is
not necessarily the theoretical one, which is measured in the technical

Fig. 8. Microstructure after the heat treatment has been applied. Fig. 8a shows the microstructure after the real heat treatment. In Fig. 8b, the simulated β grains can
be seen. Fig. 8c contains the microstructure at room temperature after the entire heat treatment is over. In this image, the alpha on the grain boundaries is coloured
white, to show the different former β grains more clearly. Fig. 8d is the final microstructure after the heat treatment.

Fig. 9. Distribution of the grain diameters for the experimental micrograph (left) and simulations (right) after the first part of the heat treatment (heating up above
the β-transus temperature). The figures also include a fitted probability distribution function.
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alloy [6]. Therefore, the T ,β which is used in this work, can vary and is
typically lower than 1253 K. However, only the nucleation density
depends on this β transus temperature. This nucleation temperature
contains two other tuneable parameters (specifically the average un-
dercooling and the standard deviation of the undercooling). In this
work, these parameters are derived from literature [40–42], but little is
known about the exact values for a heat treatment above the β transus
temperature.

In Fig. 9, the measured line diameters are shown, together with the
fitted lognormal distribution function. It is commonly assumed that the
distribution of grains after normal grain growth [48–50] or even the
distributions of the laths [41] is lognormal. To support this assumption,
the measured grain diameters are displayed in a lognormal probability
plot (Fig. 10). It shows that most of the measured line diameters are
approximately lognormally distributed, but that there are significant
outliers at low and high grain diameters. The origin of these outliers
could be possible defects, resolution issues or for the simulations edge
effects of the computational domain. Alternatively, a different dis-
tribution can be proposed, but this is beyond the intention of this work.
Fig. 9 also revealed that there is a slight difference between the line
diameter in the real micrographs and the virtual, simulated ones. As-
suming the sample mean and standard deviations represent the real
ones (motivated by the large number of grains measured using the
image analysis code), a new sample of ten line diameters is taken to
investigate the difference in the mean of the distribution. For the null
hypothesis − =H μ μ: 00 1 2 , against the alternative hypothesis

− >H μ μ: 0a 1 2 , this results in a z-value of 1.4194, hence failing to
reject the null hypothesis that the means are the same for both dis-
tributions with a standard significance level of 0.05. Therefore, it is not
possible to disprove that both microstructures represent the same log-
normal distribution.

To illustrate the importance of including an accurate thermal cal-
culation and to verify the microstructural simulation, the fraction
transformed during the first part of the heat treatment (heating up) is
displayed as a function of time in Fig. 11a. Alongside with the non-
isothermal heat treatment, which is simulated using the temperature
dependent CA, and alternative simulation is performed, where the
temperature is fixed throughout the domain at the heat treatment
temperature (therefore there is no temperature gradient). The under-
cooling for the nucleation function remains at four Kelvin to ensure that
nucleation takes place. Since the second simulation mimics an iso-
thermal heat treatment, the shape of the transformed fraction versus
time curve should follow the Johnson-Mehl-Avrami-Kolmogorov
(JMAK) equation, which is used to model different aspects of trans-
formations in Ti-6Al-4 V [15,51,52]. The JMAK equation itself is of the
form [53]:

= − −X t Kt( ) 1 exp( )n (7)

where X is the transformed fraction, and K and n are constants. To find

a value for these constants, the equation is rewritten as:

− − = +X K n tln( ln(1 )) ln ln (8)

which is shown in Fig. 12. A linear least square fit provides the para-
meters for equation (8) using the model output. The slope and intercept
from this line represent the estimate for the values of the parameter
with the smallest possible squared error. The linear fit and the
equivalent JMAK curves are represented by the dashed lines in both
Figs. 11a and 12 . Fig. 12 shows clearly that the non-isothermal heat
treatment does not give good agreement with a JMAK-type curve.
Moreover, the parameters of the linear regression are -7.0 for the in-
tercept and 1.15 for the exponent, but this only gives a coefficient of
determination (R2) of 0.49, indicating an extremely bad fit. On the
other hand, the isothermal heat treatment, which uses the same model
as the non-isothermal one, but fixes the temperature at 1323 K with a
nucleation undercooling of 4 K has an R2 -value of 99.3 for the re-
gression parameters -15.5 and 1.83 for the intercept and slope of the
regression curve respectively. The conclusions from this result are two-
fold. On the one hand, it serves as verification for the CA method as
microstructural simulation tool for the proposed heat treatment: if the
heat treatment is kept perfectly isothermal, the JMAK theory holds true,
confirming that the included physics suffice to gain insight in the mi-
crostructural change.

On the other hand, this results indicates that for a real heat treat-
ment, it is important to take into account the change of temperature
during the process, not only in time, but also spatially. Analysing the
non-isothermal curve in Fig. 8a reveals two distinct regions: a steep
growth, which starts when nucleation can occur, and thus, when the
highest temperature is approximately four degrees above the β-transus
temperature, and a slower growth, which starts after the wave of nuclei
has stopped, but before the temperature has levelled out at 1323 K.

This non-isothermal heat treatment can be compared to the curves
obtained by Murgau et al. [15] and Salsi et al. [54], who both used the
additivity rule to applied the JMAK kinetics to a non-isothermal heat
treatment. They analyse the evolution of the phase fraction during
continuous cooling. Heating up a cube in a furnace can be treated as a
case of heating with a high rate: the lowest heating rate is located at the
bottom in the centre of the cube, and has a magnitude of 15.8 K/s.

Since the investigated phases and phase transformation is different,
it is impossible to compare the curves in the aforementioned studies
and the present work quantitatively, but comparing the shapes of the
curve reveals that the beginning of the non-isothermal heat treatment
in Fig. 11a has the same shape as the transformation curves obtained by
Salsi et al. [54]. A zoomed in version of this curve is provided in
Fig. 11b.

The second half of the curve in Fig. 11a represents the evolution of
the grain size when nucleation seizes to happen due to the high over-
heating. The grain diameter increases according to an inverse quadratic
function, also illustrated by Eq. (3).

This is in partial contradiction to the work by Pilchak et al. [9],
which analysed the early stage transformation. When they analyse the
transformation of their titanium alloy, they notice the transformed
fraction follows JMAK kinetics perfectly. The difference is probably due
to the difference in the size of the examined work piece. Since the
analysed domain for Pilchak et al. has dimensions of 6.35mm by
6.35mm by 12.7 mm, the temperature gradient inside of the part will
be a lot smaller, and the lowest heating rate will be higher than ob-
served in this work. Unfortunately, only the heating profile is provided
up to the β transus temperature, but no information is provided on the
temperature evolution once the β transus temperature is surpassed. Due
to the sample geometry, it is safe to assume that the above transus heat
treatment was isothermal, leading to the observed JMAK curve.

Fig. 8d reveals that, contrary to what is assumed in the work by Da
Costa Teixeira et al.[16], that it is not necessary to include nucleation of
α laths to obtain a basket-weave structure. As a consequence, this si-
mulation reveals that basket-weave α is just the consequence of

Fig. 10. Lognormal probability plot. The line diameters from the micrograph
are shown in blue, the data from the simulated microstructure is shown in
orange.
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Widmanstätten α growing into and out of the observation plane.
Comparing Fig. 8a and d, it can be seen that the interweaving of laths in
the simulations mimics the real laths closely, indicating that this out-of-
plane growth is a feasible explanation for the transition from α-Wid-
manstätten to α-basket-weave. This is an extension of the study by
Appolaire et al. [17], who only distinguished two different allo-
tropiomorphs of α after the heat treatment above the β transformation
temperature, namely grain boundary α and Widmanstätten plates.
Determining the correct sequence of transformations requires either in-
situ experiments, or a full three-dimensional simulation. However, ex-
tending the CA method to three dimensions is difficult due to the as-
sociated computational cost. Different microstructural modelling stu-
dies for 3D CA already exist [21,24,28,55,56], but their number of cells
is typically limited to one million cells. To resolve to lath growth during
cooling down, the number of cells in the current study already exceeds
this – it is namely 2.25 million. Extending the current domain while
keeping the required resolution would lead to more than three billion
cells, which, even with an efficient implementation of the CA method
will require days to compute, rather than a few hours [28].

One of the origins of this difference between the performed simu-
lations and the model used by Da Costa Teixeira et al. could be due to
the difference in the used titanium alloy, or the difference in the heat
treatment. Bein et al. [57] experimentally investigated the transfor-
mation kinetics of different titanium alloys, and different isothermal
heat treatments. They show that, when heating at a high temperature, α

laths only nucleate on the β-grain boundaries, while when heat treating
at lower temperatures, more specifically 873 K, nucleation of the α
laths also occurs homogeneously throughout the former β grains. The
experiments by Salib et al. [58] confirms this influence of the heat
treatment by verifying the transformation of the former β-grains into
Widmanstätten α, growing in from the grain boundary. The effect of the
alloy compositions on the microstructure is illustrated by in-situ ex-
periments from the study by Aeby-Gautier et al. [14]. Higher equili-
brium β phase fractions require higher concentrations of stabilising
elements, such as vanadium, molybdenum, iron or chromium. When
the αWidmanstätten laths grow, these elements are pushed out of the α
phase. For near-β alloys, the concentration reaches a critical nucleation
concentration more rapidly, resulting in nucleation in the centre of the
β grains.

6. Conclusions

In this paper, the microstructural evolution of Ti-6Al-4 V is mod-
elled above the β transus temperature. A cellular automata model is
used due to its relatively low computational cost and therefore ability to
simulate the change in microstructure at a high resolution. Both the
transformation from martensitic α’ to β during heating up, and the
reverse transformation to an equilibrium α-β lath structure upon slow
cooling is modelled. Image analysis software is developed for this work
to capture the initial grain morphology from experimental micrographs,
allowing a direct link between the actual primary LPBF process and the
simulation.

The primary findings of this work are:

• A temperature dependent version of the CA method is devised,
which includes nucleation and grain growth for the α’ to β transi-
tion. Comparing the transformed fraction versus time reveals the
importance of the temperature evolution for parts with sufficiently
large sizes. Not all regions in the computational domain have the
same temperature and therefore there exists a gradient in the dis-
tribution of the grains.

• The isothermal CA is capable of capturing the α-β lath growth in two
dimensions according to the mechanisms suggested in literature:
growth of α on the grain boundaries and subsequent growth of the
laths towards the inside of the former β grains.

• The developed model is not only capable of simulating a heat
treatment up to a temperature of 1323 K, and also the subsequent
heat treatment, but the results indicate that the model predicts si-
milar curves as expected from JMAK kinetics, when the temperature
is kept constant throughout the domain.

• The model indicates that nucleation is not necessary for obtaining
basket weave α. It is possible to obtain this microstructure purely
from laths growing in from the grain boundaries, due to the varying

Fig. 11. a - Fraction transformed versus time for both the model developed in this work (non-isothermal) and an isothermal heat treatment. b – The non-isothermal
curve from Fig. 11a, focussed on the initial few time steps.

Fig. 12. For analysing the goodness of fit for the JMAK- kinetics curve and the
transformed fraction from the simulations, the natural logarithm of time is
plotted versus ln (-ln (1 – X)).
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growth speed in with respect to the viewing plane. If the viewing
plane is perfectly parallel to the lath direction, the apparent speed is
maximal, while a viewing plane perpendicular to the lath growth
direction results in an apparent speed of zero.
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Abstract. Due to its nature as a layer-by-layer production technique, the stresses and subsequent 
deformation from laser-based powder bed fusion are different from the ones observed in other 
manufacturing techniques. Additionally, because of the cyclic heating and cooling, the material 
undergoes significant microstructural changes during the process. Especially for the material Ti-
6Al-4V, this microstructural change is pronounced, since the microstructure changes from β to 
α+β during the LPBF process. In this work, two models are coupled together in a novel way. 
First, a reduced-fidelity part-scale thermo-mechanical model will predict the stresses and 
deformation. This model uses both the meta-layer concept, and flash heating as methods for 
decreasing the computational cost. Secondly, a Johnson-Mehl-Avrami-Kolmogorov-based non-
isothermal microstructural model is implemented as a state variable to estimate the change in 
phase fraction of the constituting phases. The results show that the part is made up mostly of a 
mix of α and α’ phases, and that the microstructural change only leads to a small change in the 
residual stress after the LPBF process. 

1.  Introduction 
Metal additive manufacturing (AM), and particularly laser-based powder bed fusion (LPBF) has become 
an industrially relevant process. However, due to the unique thermal history, certain aspects of the LPBF 
process are underexplored. In this paper, a part-scale thermo-mechanical model is two-way coupled with 
a microstructural model, in order to evaluate the effect of the change in microstructure on the change in 
the stress state.  

In LPBF, a part is produced in a layer-by-layer manner. The LPBF machine deposits a thin layer of 
metal powder on top of a solid build plate. A laser rapidly melts a cross section of the desired part into 
the powder layer. The machine then lowers the build plate one step, a new layer is deposited and the 
process repeats. This cycle continues until the part is produced. Due to this layer-by-layer method of 
production, relatively high stresses and deformations are present in the final part, affecting the 
geometrical precision of the final part [1]. 

Thermo-mechanical modelling of LPBF is a research field that receives much attention in literature, 
which is illustrated with a non-exhaustive selection of recent works. Chen et al. [2] developed a model 
to predict the effect of the scanning pattern on the stresses in a thin plate-like specimen.  Zhang et al. 
[3] performed part-scale simulations to investigate the effect of the mesh on the final part. Ganeriwala 
et al. [4] show, using validation with real samples, the strength of numerical models to predict the 
stresses in LPBF parts. Finally, Gouge et al. [5] performed part-scale models for specific beam-like 
specimens, showing close correlation between the computed and measured stress profiles. Although 
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some of these models are capable of simulating the LPBF process on a macro scale, none of these to 
address the effect of the microstructure on the residual stress level. 

In addition to the novel mechanical strain field, the rapid heating and cooling leads to non-
equilibrium phases occurring in the part. In this work, the material of choice is Ti-6Al-4V.  This metal 
is commonly used for metal AM, has good corrosion and wear resistance, and excellent mechanical 
properties, at least in part due to its two-phase nature. Both the α and β phase are equilibrium phases in 
Ti-6Al-4V, as can be seen in the schematic isopleth in figure 1(b). However, due to the rapid heating 
and cooling they might not be the resultant phases after the LPBF process. The works by Vrancken et 
al. [6] and Yang et al. [7] indicates experimentally that the microstructure after the LPBF process is 
made up of so-called α’, a hexagonal closed packed martensitic non-equilibrium phase. This 
transformation is schematically represented in figure 1(c). As usual for non-equilibrium phases, heating 
up the part will result in a transformation from α’ into the equilibrium fraction of α and β [8].  

Modelling of microstructural transformations in Ti-6Al-4V typically starts with the so-called 
Johnson-Mehl-Avrami-Kolmogorov (JMAK) equation [9]. This equation describes homogeneous 
nucleation and growth, which accurately predicts the different phase fractions during an isothermal 
uniform heat treatment.  Modifications to this model have been proposed by Murgau et al. [10], who 
modified the model for non-isothermal heat treatments. They divide the heat treatment into small steps, 
in which the temperature is assumed constant. Salsi et al. [11] adapted this model for the metal AM 
process, to include the effect of rapid cooling, which is a typical consequence of the laser heating. Both 
of these models include the decomposition of the α’ phase into the equilibrium phases. 

Each of these microstructural models calculates the overall microstructural composition of the part. 
However, to couple the microstructural and the mechanical models. Tan et al. [12] formulated such a 
localised model, which allows them to investigate the effect of the transformation from α to β, and from 
β to α’, the former during heating up and the latter while cooling down to room temperature. What they 
fail to include is the lagging effect that follows from the kinetics of the phase transformation. 

The model presented in this paper aims to improve upon the model presented by Tan et al. [12], by 
using a layer-by-layer part-scale model, which includes flash heating, and couple it with the model 
proposed by Murgau et al. [10]. The geometry is a bridge-type part, similar to the one used by 
Ganeriwala et al.[4]. The geometry is shown in figure 1(a). 

 
Figure 1. Geometry and material properties of Ti-6Al-4V. (a) The bridge geometry. 

(b) A schematic isopleth of Ti-6Al-4V, indicating the different equilibrium phases. 
(c) is a schematic TTT diagram, based on [11] cooling from the β phase. 

2.  Numerical model 
The model that is used to mimic the LPBF process is set up in the commercial suite Abaqus FEA. As 
the name implies, the discretisation is handled using the finite element discretisation. This implies that 
the values for the different variables are calculated in the nodes and interpolated between the nodes. 
 
 
 



MCWASP XV 2020

IOP Conf. Series: Materials Science and Engineering 861 (2020) 012013

IOP Publishing

doi:10.1088/1757-899X/861/1/012013

3

 
 
 
 
 
 

2.1.  Governing equations 
The model consists of three main components: a thermal part, a mechanical part and a microstructural 
part. The governing equation for calculating the temperature, T, in the model is the traditional transient 
heat conduction equation: 

ρCp
∂T
∂t

= kT,i ,i-ρΔHsl
∂fliq
∂t

+QV (1) 

In equation (1), ρ is the temperature dependent density, Cp is the specific heat capacity, k the thermal 
conductivity, Hsl the latent heat of fusion and fliq the fraction liquid. QV is the term representing the 
heat from the laser. In this work, the flash heating (FH) [13] strategy is used. In FH, a region in the 
domain, called a meta-layer is heated up at once. Each meta-layer represents a number of real layers. 
The actual value of the volumetric heat source can be found from the following equation [14]: 

QV=
αP

HvlaserΔtcontactδ
 (2) 

This represents the total energy applied to a single real layer. This total energy can be calculated 
from the effective laser power, represented by the laser power P multiplied by the absorptivity of the 
powder α. This effective laser power is divided by the time each layer is exposed to it, indicated by the 
hatch spacing (H), layer thickness ( ) and the laser velocity (vlaser ). The volumetric heat source can be 
calculated by including the length of time each ( tcontact) meta-layer is exposed to the laser energy. 

To obtain the temperature field, each of the aforementioned meta-layers are activated separately, 
starting from the base plate, until the entire part is activated. The resulting temperature field will have a 
reduced thermal gradient inside of each meta-layer, but the model gains speed due to a reduction in 
computational cost. 

The basis of the mechanical model is the equation describing static equilibrium: 
σij,j = 0  (3) 

where ij is the stress tensor. This is related to the elastic strain via the generalised Hooke’s law: 

σij=
E

1+ν
1
2
δikδjl+δilδjk +

ν
1-2ν

δijδkl kl
el (4) 

E and  are the Young’s modulus and Poisson coefficient of the material respectively. ij is the 
Kronecker delta, which is one for same, and zero for different indices, and e

k
l
 l is the elastic strain tensor. 

An important part of the mechanical model are the plastic and thermal components of the total strain. 
Finally, because the microstructure is also included in the presented simulations, there is an additional 
transformation strain component, which plays a role during the simulation. The increments of the elastic, 
plastic, thermal and transformation strain components are summed to form the total strain increment: 

̇ijtotal = ̇ijel + ̇ijpl + i̇j
th + ̇ijtr   (5) 

Using standard J2 flow theory, the plastic strain increment is given by: 

ε̇ij
pl=

9
4σe

2
E-Et

EEt
σkl̇ sijskl (6) 

The thermal strain increment couples the thermal calculation to the mechanical simulation: 
̇ijth = γ ij Ṫ  (7) 

where γ is the thermal expansion coefficient. Parameters for the mechanical model can be found in [14]. 

2.2.  Microstructural model 
As mentioned previously, the temperature, which the part is subjected to during the LPBF process, 

will affect the composition of the microstructure. In Ti-6Al-4V, there are two major transformations, 
which will affect the mechanical properties. After the powder has melted, it starts to cool down. 
Immediately after the part has passed the melting temperature, the entire computational domain is made 
up of the β phase. This phase is only stable at high temperatures. When the part cools down further, this 
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β phase decomposes into the equilibrium phase fractions of α and β. This work uses the Castro model 
[15] to compute these equilibrium fractions: 

Xβ
eq = 0.925 exp -0.0085(980-T) +0.075 for T<Tβ

Xβ
eq = 1 for T>Tβ

 (8) 

This experimental relation was obtained by cooling slowly from the β phase field, and quenching the 
bar of the titanium alloy. Experimental observations by Gil Mur et al. [8] show that the martensitic phase 
will decompose into α and β when heated above 400 C, a process attributed to nucleation and growth 
of both of these phases. 

The JMAK equation for isothermal heat treatments is given by: 

X2 = 1 - exp( )k12t n12   (9) 

where X2 is the fraction of phase 2, and k12 and n12 the parameters governing the kinetics of the phase 
transformation from phase 1 to phase 2.  

Although theoretically sufficient, in order to apply equation (9) in the FE framework, which is used 
for calculating the temperature and stresses during the LPBF process, it needs to be modified. Cahn [16] 
derived an additivity rule, to take into account partial phase transformations in a small time interval t. 
Leblond and Devaux [17] modified the traditional JMAK equation to include the effect of equilibrium 
phase fractions, and finally, Murgau et al. [10] combined these effects for modelling Ti-6Al-4V. In this 
work, it is assumed that the calculated phase fractions represent the volume around the FE integration 
point, and the nodal temperature is representative for the temperature in this finite domain.  

After reaching the liquidus temperature of 1620 C, the entire microstructure is initialised as β. If the 
cooling rate exceeds 20 C/s, and the temperature is below the martensitic start temperature (575 C) 
the martensite fraction is updated (from the nth numerical iteration to the n+1th): 

Xα'
n+1 = Xβ

n  (10) 
Otherwise, the ordinary α phase forms according to the modified JMAK equations: 

Xαn+1= 1- exp -kβατnβα Xbeta
n +Xalpha

n Xα,eq
n+1 (11) 

with  being the modified time step:  τ = Δt+ - ln 1-
Xαn Xα,eq

n+1⁄
Xβ

n+Xαn
1

kβα

1
nβα    (12) 

where Δt is the time step size. 
Since the temperature will both increase and decrease during the LPBF process, it is possible that too 

much of the initial β phase transforms into α according to equations (11) and (12). Therefore, 
decompositions of the newly formed α phase is necessary. To ensure a smooth evolution of the phase 
fractions, the decrease of the α phase is [10]:  

X α
n+1=1-Xβ,eq

n+1fDiss√Δτ (13) 
 

    τ = Xβ
n

2.2×10-31T9.89Xβ,eq
n+1

2
 (14) 

Finally, the dissolution of the martensitic α’ phase is discussed. It is known that, when a part is heat 
treated above 350  C, but below the β transus temperature, the martensitic phase will decompose into 
the equilibrium phase fractions of α and β. This transformation is included in the microstructural model 
as follows: 

X n+1,α'  = ( )1 - exp( ) - kα't nα' ( )X n,β + X n,α'   (15) 
Each of these transformation laws (equations (10), (11) and (13)) are accompanied by complimentary 

statements ensuring that the sum of the phase fractions is at any point equal to one. The values of the 
JMAK kinetic parameters are shown in figure 2. 
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Figure 2. Parameter for the microstructural model. (a) shows the kinetic parameters for phase 
transformation [8], (b) the lattice parameter of the α and β phases [18]. 

 
2.3.  Coupling of the microstructural and mechanical models 

The microstructural model is clearly coupled to the temperature calculations via the various 
transformation equations and parameters, which are temperature dependent. Coupling the 
microstructural model back to the mechanical model is less obvious. This work chooses to implement 
and additional strain component, namely i

t
j
r in equation (5). The transformation strain illustrates the 

effect of the change in the volume of the different constituting phases. For any phase transformation, 
the transformation strain can be denoted as [12]: 

ε̇ijtr = δij εkl
ΔVf ̇kl

kl

 (16) 

where k
V
l is the volumetric strain and ḟkl  the change in the phase fractions (from k to l). k

V
l is 

calculated from the unit cell volumes of the different phases: 

εkl
ΔV= 

Vl
3 - Vk

3

Vk
3  (17) 

 
Figure 3. Temperature in the first layer of the simulation and in the final layer. 

 
The different possible transformations are chosen to be α’ to α+β, β to α and β to α’. The temperature 

dependent transformation strain for each of these phases is given in figure 2(b) [18]. Ab initio 
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computational studies reveal that, for the transformation from martensite to the equilibrium fractions, 
and expansion of 0.8 percent is expected [19]. 

2.4.  Modelling methodology 
The model presented developed in this work uses the flash heating method for mimicking the LPBF 

process. In each simulation step, one meta-layer, consisting of multiple layers, is activated. The entire 
meta-layer is subjected to the volumetric heat source, denoted in equation (2). The layer is allowed to 
cool down, during which the microstructural model continuously updates the phase fractions, based on 
the temperature in each node and the size of the time steps. Together with the thermal strain, the 
transformation strain contributes to the stress calculation.  

The part is nine millimetre high and divided in 40 meta-layers. The height of each meta-layer is 
2.25e-4 millimetre, corresponding to approximately five real layers. To simulate the entire domain of 
the part within a reasonable amount of time, the mesh is chosen relatively coarse, while at least one layer 
of elements is present for each meta-layer.  

3.  Results and discussion 
Because FH heats up an entire meta-layer at once, no mayor thermal gradients can be observed inside 
of each meta-layer. The strongest gradients will exist in the build direction of the part, leading to a 
stronger variation in stresses and microstructure in this direction. Ssince this model is focussed on part-
scale modelling of the process, and this requires reductions in the computational cost, this is an 
acceptable sacrifice to make, along with the previously chosen coarser mesh. 

 Figure 3 shows the evolution of the temperature in the first meta-layer of the part, and in the final 
layer, both on the side of one of the pillars of the bridge. The temperature evolution shows the expected 
shape, with a single peak in temperature for each deposited layer, when the flash-heating heat flux inputs 
energy into the domain. The temperature probe at the bottom of the bridge also reveals a significant 
heating effect of the next layer on the already deposited one, which greatly exceeds the martensite start 
temperature. When looking at the temperature at the top of the domain, it can be observed that the 
temperature peak is significantly higher than the one near the build plate. This is most likely due to the 
heat-sink effect of the build plate being able to conduct more heat away from the part than the part itself. 

Figure 4 shows the evolution of the microstructure in the bridge. Figure 4(a) shows the phase 
fractions on the right of the bridge in the last layer, at the top of the bridge. Figure 4(b) shows the same, 
but in the first layer, which is located directly on top of the build plate. Observing figure 4(b) reveals 
that there are three instances where the β fraction jumps one. This corresponds with the first three peaks 
in temperature at approximately the same points in time in figure 2. The difference in exact position 
stems from the actual location of the nodal points (where the temperature is calculated) and the 
integration points (where the phase fractions are defined in Abaqus FEA). However, the temperature 
only exceeds the β transus temperature for the first two. Moreover, the temperature for these first two 
peaks is above the melting temperature, indicating that this β fraction actually represents molten 
material. Since the nodal point is located at the bottom of the domain, the temperature will be lower than 
at the integration point, which is located slightly higher. Due to the large gradients in this problem, the 
β-transus temperature is most likely just passed at the phase fraction probe. The first two peaks in the β 
phase fraction only remain for a very small amount of time, immediately afterwards, the temperature 
decreases enough that only the equilibrium β fraction remains, while the rest of the domain is comprised 
of a mix of α and α’. The simulations suggest that, during the initial peaks, a significant amount of α 
forms, which converts to α’ when cooling down further. The third α peak reveals a different behaviour. 
First of all, β converts significantly slower, due to the high equilibrium fraction at an elevated 
temperature. This β transforms into α, which is illustrated in the increase of the volume fraction of the 
latter after 28.7 seconds. Afterwards, the α phase fraction stabilises at 0.448. Since the temperature does 
not exceed the β-transus temperature at later stages, no large changes in the phase fractions can be found. 
The amount of α decreases when looking at later layers, but the simulation still shows a significant lack 
of decomposition of α’ into α + β. Rather, the amount of α at the end of the simulation, which is about 



MCWASP XV 2020

IOP Conf. Series: Materials Science and Engineering 861 (2020) 012013

IOP Publishing

doi:10.1088/1757-899X/861/1/012013

7

 
 
 
 
 
 

44.8 % near the build plate, but around 7 % when halfway up the bridge, is retained α in a martensite 
matric. 

 
Figure 4. Phase fractions of α and β in the first and last layer. (a) shows the evolution of the β 

phase fraction in the last layer at the top of the bridge, (b) at the bottom of the bridge, in the first layer. 

The phase fraction of β near the top of the domain only undergoes a major change once, due to the 
deposition of this top layer. On the other hand, understanding of the evolution of the α phase fraction is 
less straight forward. Figure 4(a) shows that the α phase fraction decreases as time progresses, indicating 
that the α phase fraction transforms into α’. A possible explanation for this is the order in which the 
phase fractions are calculated during the simulation: it is possible that the β-phase fraction forms in a 
time step, if the temperature is high enough to have an appreciable increase of the equilibrium β phase 
fraction. However, during the same time step, this β fraction will transform into α’, due to the high 
thermal gradient, resulting in this apparent decomposition of α into α’. 

Vrancken et al. [6] find from light optical microscopy images that the microstructure is entirely 
martensitic. However, they do not comment on the variation of the microstructure throughout the 
domain. Salsi et al. [11] calculate the α’ volume fraction based on X-ray diffraction experiments and 
find that the volume fraction of a with a similar energy density as the one in this work, varies throughout 
the part. They find that the martensite volume fraction is around 60 % in the centre of the part. Figure 
4(a) and (b) illustrate that the presented model results in final phase fractions which are in between these 
two values, but are closer to the ones from Salsi et al. [11]. 

 
Figure 5. Stress in the bridge. (a) shows the S33 when the microstructural change is simulated,  

(b) the same when the microstructural change is not included. 

Finally, the stress in the bridge is displayed in figure 5, for two cases, one where the microstructural 
change is accounted for, and one where this was not the case. The second simulation represents the 
currently most common simulations. Figure 5 shows that there is a minor effect of the phase 
transformation. As expected from the work by Tan et al. [12], the shighest observed stress will increase 
in the part, however, due to the similarity in the lattice parameter between the α and α’, this effect seems 
rather small. The main differences in the stress contours can be found when looking at the extremities 
of the bridge-pillars, where the region with the highest stress is slightly larger when the microstructural 
change is included.The origin of this limited change in stress levels is most likely due to the previously 
mentioned limited difference between the α and α’ lattice parameter: in this work, the change from 
martensite to the equlibrium phases only results in a 0.8 percent increase of the lattice parameter, based 
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on the study by Mei et al. [19]. Additionally, the microstructural model does not take into account the 
local grain shape, and the possibility of non-homogeneous grain transformation, which can cause local 
deviations in the stress profile. 

Finally, this paper weighs of the relevance of using the microstructural model. In the present model, 
with the FH method and JMAK-based microstrucutral model, a relatively fast, part-scale simulaitons 
are possible, however, the effect of the microstructural change is very small when looking at the final 
stress profile. Therefore, the additional computational cost is hard to justify. 

4.  Conclusion 
In this work, an LPBF process simulation is expanded to include the microstructural evolution that can 
take place during the AM of a part in Ti-6Al-4V. The microstructural simulation is based on the well-
established JMAK equation, and includes three phases, namely β, α and α’. The conclusions are the 
following: 

 The temperature causes a cyclic transformation from β to α during deposition of a new meta-
layer, and the first two layers deposited on top of it. After the heat source is more than three 
meta-layers away, the microstructure does not change significantly, and a α/α’ mixture is 
predicted by the simulation 

 The stress is about five percent higher when including the microstructural change, showing 
that including the effect of the microstructure on the mechanical stress will improve the 
simulation of the LPBF process. 

 Due to the computational cost and the complexity of the models, including the effect of 
microstructure can currently only be justified when the exact value of the residual stress and 
post-process deformation is required. 
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Abstract: Due to the layer-by-layer nature of the process, parts produced by laser-based powder
bed fusion (LPBF) have high residual stresses, causing excessive deformations. To avoid this, parts
are often post-processed by subjecting them to specially designed heat treatment cycles before
or after their removal from the base plate. In order to investigate the effects of the choice of
post-processing steps, in this work the entire LPBF process chain is modelled in a commercial software
package. The developed model illustrates the possibilities of implementing and tailoring the process
chain model for metal additive manufacturing using a general purpose finite element (FE) solver.
The provided simplified computational example presents an idealised model to analyse the validity
of implementing the LPBF process chain in FE software. The model is used to evaluate the effect of
the order of the process chain, the heat treatment temperature and the duration of the heat treatment.
The results show that the model is capable of qualitatively capturing the effect of the stress relaxation
that occurs during a heat treatment at elevated temperature. Due to its implementation, the model
is relatively insensitive to duration and heat treatment temperature, at least as long as it is above
the relaxation temperature. Furthermore, the simulations suggest that, when post-processing, it is
necessary to perform the stress relaxation before the part is removed from the base plate, in order
to avoid a significant increase of the deformation. The paper demonstrates the capability of the
simulation tool to evaluate the effects of variations in the process chain steps and highlights its
potential usage in directing decision-making for LPBF process chain design.

Keywords: 17-4PH stainless steel; process chain modelling; finite element method; sensitivity;
post-processing

1. Introduction

Additive manufacturing (AM) allows the manufacturing of parts with high complexity.
Additionally, relatively short lead times, near-net-shape production and low material waste contribute
to the increasing interest in AM. Focussing on AM of metals, laser-based powder bed fusion (LPBF)
currently represents the industrially most relevant process [1], but some challenges remain for tooling
steels [2], for example, residual stress build-up and the need for post-processing. LPBF, sometimes
called selective laser melting, starts by depositing a thin layer of powder on a solid base plate. The laser
melts the powder layer in the positions corresponding to a cross-section of a slice of the desired part.
The machine then lowers the build plate with an amount corresponding to the thickness of the powder
layer, and the process repeats until the part is completed.

Appl. Sci. 2020, 10, 3414; doi:10.3390/app10103414 www.mdpi.com/journal/applsci
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Parts produced by LPBF are subjected to different stresses [3] during the production process due to
this layer-by-layer method. Before the part is released from the build plate, the stresses in the top layer
are typically tensile, while the bottom layer is subjected to compressive stress [4–6]. When the part is
cut from the base plate, the release of these stresses leads to excessive deformation [5–8]. Avoiding or
reducing this deformation is possible by applying a stress relief heat treatment [9]. In this post-process,
the part is placed in a furnace, and due to the increase in temperature, the highest stresses in the part
are reduced [10]. As a result of this stress relief heat treatment, the part will deform less when the
residual stresses are released upon cutting from the build plate.

Additional heat treatment steps are often required, such as aging for optimal material properties,
due to the thermal dependent nature of precipitation in some of the materials used in LPBF [11].
One of these materials, namely 17-4 precipitation hardening (PH) stainless steel [12], is the subject of
the current paper. Alternatively, the part can be solution treated, to homogenise the microstructure,
before the aging heat treatment takes place.

Prediction of the final deformations of a part produced by AM is important due to the strict
tolerance requirements from industrial end users. A commonly used approach for satisfying these
restrictions is using pre-deformation, meaning that the part is deformed in the opposite direction to
the resultant from the AM process. After the part is cut from the base plate, the part deforms into the
desired final shape. This approach is illustrated in the work by Yaghi et al. [13].

Although this method will result in functioning parts, it does not tackle the root issue of the
process, namely the relation between the process parameters, the applied post-processing, and the
final deformations. For example, changing the design of the part, or any of the process parameters,
will result in a change in deformation and require a new compensational pre-deformation. The present
work will implement a process chain model, which will provide insight into the effects of different
process settings on the aforementioned deflections, therefore allowing the design of the process and
post-process to prevent these deflections in the first place.

There are several numerical studies implementing such a process model. Focussing on single
track simulations allows detailed investigation of all the different mechanisms taking place, due to the
smaller simulation domain. Examples of such single track studies are the work by Antony et al. [14]
and Bayat et al. [15]. Multi-track, or even multi-layer, models attempt to scale these detailed simulations
up to more than one track, at the expense of high computational cost [16–19]. However, the current
study focusses more on reduced fidelity numerical models, which allow the simulation of an entire
AM process chain within a limited time. There are different approaches to obtain this fidelity reduction.
Chen et al. [20] investigated the effect of the scanning strategy on the residual stresses by resolving
the laser beam in a single layer with an exposed area of 4 mm2. The number of elements required for
this study was high, due to the large expected cooling rate and laser spot size. Denlinger [21] used
a dynamic mesh coarsening algorithm. The mesh is fine where the laser surface heat flux interacts
with the part and coarser in previously built layers, which effectively smears out the temperature and
stress field in these layers. This strategy results in a high resolution simulation of a single cuboid,
both thermally and mechanically. Similarly, Parry et al. [22] investigated the effect of scanning strategy
and geometry of the part on the final deformations. Since they need to investigate the effect of the
scanning direction, the laser itself needs to be resolved. This necessitates the choice of a fine mesh and
therefore a small computational domain. Bayat et al. [23] simplified the laser by bunching the real layers
together in so-called meta-layers and applying flash heating—the top of the meta-layer was exposed to
an aggregated heat flux. Yakout et al. [24] investigated the effect of the thermal expansion coefficient
and the thermal diffusivity on the residual stress after the LPBF. To achieve this, they simulated
different materials and validated the model for one of them. They show that a low thermal coefficient
and high thermal diffusivity leads to a reduction of the residual stress. An experimental study by
Yadroitsev et al. [25] investigated the mechanisms behind the instability in single tracks analytically.

Williams et al. [4] developed a model which does not use the laser heat flux as such. They lump
a number of tracks and layers together and deposit this block at the melting temperature. Since the
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goal of their model is to obtain an acceptable prediction for the stress field, the thermal calculation is
coupled one-way with the stress calculation. Their high-speed simulation of the stress field shows
good agreement with the more detailed investigation by Denlinger [21]. Ukar et al. [26] show
a good agreement between a finite-difference-based thermal model and the measured temperature
in laser polishing. More recently, Montevecchi et al. [27] and Bayat et al. [28] performed similar
calculations in a finite element framework, but their investigations included the stress build-up and
fluid flow respectively.

Experimentally, heat treatment of AM parts has been investigated extensively. Some examples
include Vaverka et al. [29], who investigated the effect of heat treatment on the residual stress for
a part produced using LPBF. The alloy they investigate is an aluminium alloy, and by matching the
measured deformation with a residual stress value, they find that the stress in the cantilever changes
from 30% of the yield stress to around 5%. Shiomi et al. [30] show a similar reduction of the residual
stress due to a stress relaxation heat treatment. The alloy they investigated was a type of Cr-Mo steel.
Mutua et al. [31] found that they could increase the hardness of a part produced in 300 grade maraging
steel by aging at a lower temperature, around 460 ◦C.

Studies focussing on modelling the heat treatment of AM parts are scarcer in the literature.
An overview of modelling of heat treatment can be found in the review article by Rohde and
Jeppsson [32]. The different possible parts in modelling of heat treatment are identified there as
thermal calculation, phase transformation and deformation analysis. For AM specifically, the first
two types of analyses are present in literature, either for similar processes such as post-casting [33],
post-welding [34,35] and even post-AM heat treatments [36], but the deformation analysis during
a stress relief heat treatment remains absent. For AM, this is particularly problematic, due to the unique
initial stress field and the effect of the final heat treatment on the geometrical accuracy. Denlinger and
Michaleris [37] analysed the stress relaxation caused by the heating of lower layers during the AM
process itself, and Tan et al. [38] analysed the temperature driven phase transformation and its effect
on the final strains.

Process chain modelling of other manufacturing chains, such as welding, can be found in the
work by Yan et al. [34]. They use an Arrhenius-type equation to simulate the reduction of the stress
during a post-weld heat treatment. They compare numerical and experimental residual stresses after
the welding process and heat treatment for Ti-6Al-4V. Zanger et al. [39] developed a novel adaptive
meshing approach for simulating the cutting process, which is typically also present after the LPBF
process. Additionally, their model shows promise for being able to analyse the effect of a secondary
cutting edge as well. Afazov [40] integrated different software packages to model the manufacturing
chain of aero components. Finally, Zaeh et al. [41] modelled a process chain for a frame consisting
of a box profile attached to a tube. They include the forming of both elements, milling into shape
and the joining process, which in this case is welding. They analysed the evolution of the stress and
temperature fields during this process using the finite element model. However, such a process model
for the LPBF process and the subsequent post-process steps is still missing in literature.

In this work, the reduced fidelity LPBF models are expanded [18,21–23,37] to include a stress
relief heat treatment that follows the primary process. The main driver for choosing such a reduced
fidelity model is the reduction in computational power required to solve such a model. Since the
current work aims to gain insight into the effect of different sets of post-processing settings, such as
the order of the different processes, the time spent at the stress relief temperature or the temperature
used for heat treating, a large number of simulations needs to be performed. A model such as the one
presented in the current work can be used congruently with the work by Coro et al. [42], by providing
a more realistic stress field as input for their simulation of the weld stresses. This work aims to show
the feasibility of such a model for evaluating the effect of the aforementioned parameters. The goal of
the current paper is to evaluate the capabilities of the finite element model to assess the effect of the
different process steps on the final part quality.
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2. Materials and Methods

2.1. Modelling Approach

In this section, the numerical model is introduced. As mentioned in the introduction, the model in
this work is a reduced fidelity model, in order to gain computational speed. The model is set up in the
commercial finite element (FE) software suite ANSYS Academic Research Mechanical, release 2019 R2,
using the built-in AM capabilities. The following section will go through the modelling methodology
used for this module and the coupling with the subsequent heat treatment. To speed up the simulations,
the elements used for this work are cubical. Features with a size smaller than the cubic element size
cannot be simulated, but part-scale deformations can be simulated with relatively high resolution.

2.1.1. Thermal Model

As per usual, the basis of the thermal model used in this work is the transient heat conduction
equation:

ρCp
∂T
∂t = ∂

∂x

(
k ∂T∂x
)
+ ∂
∂y

(
k ∂T∂y

)
+ ∂
∂z

(
k ∂T∂z
)

(1)

where ρ is the density of the material, Cp the specific heat capacity and k the thermal conductivity.
ρ, Cp and k are all temperature dependent.

In the model used to represent the LPBF process, the temperature is applied to the simulated
part by introducing a layer of elements at an elevated temperature. Each layer of elements represents
a number of real layers. This element layer is, by default, deposited at the melting temperature of
the material under investigation. When cooling down, the heat from this layer is partially dissipated
through the gaseous atmosphere and powder surrounding the part, and partially through underlying,
earlier deposited layers, heating them up in the process. Out of these possible mechanisms, most heat
will be conducted through the already completed sections of the part, since the solid material conducts
more heat than the surrounding powder [18,43]. To reduce the need for simulating the powder
surrounding the part, this mechanism is ignored in the presented simulations. The assumption
underlying the deposition of the molten layers is that each material point in one of these new elements
will have reached the melting temperature during the real process as well. This assumption will be
investigated in this study.

After the LPBF process is completed, the part is allowed to cool down to room temperature, via the
fixed temperature boundary conditions at the surfaces exposed to the furnace, i.e., the surfaces of the
part, and the top of the base plate, on which the part is constructed.

In this work, two essential post processes are included in the process chain simulation: the cutting
process and a possible stress relief heat treatment at 350 ◦C. The cutting process involves element
death of the base plate and will be further discussed in the section on the mechanical model. In the
heat treatment, the part is heated up to the heat treatment temperature in two hours, after which it is
kept at this temperature for another two hours. Afterwards, the part is cooled down slowly, to ensure
homogeneous cooling and no local stress build-up, which could result in new thermal stresses.

The temperature cycle is applied to the part via a fixed temperature boundary condition to the
external faces of the part. This temperature profile is presented in the result section.

2.1.2. Mechanical Model

The mechanical model solves the generalised Hooke’s law in Equation (3), together with the static
equilibrium in Equation (2):

σi j, j = 0 (2)

where σi j is the stress, and i and j represent the x, y and z directions.

σi j =
E

1+ν

[
1
2

(
δikδ jl + δilδ jk

)
+ ν

1−2νδi jδkl
]
εel

kl (3)
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in which E represents the elasticity modulus, ν the Poisson modulus, δi j the Kronecker delta and εel
kl the

elastic strain component. Both Equation (2) and Equation (3) use the Einstein convention of summation
over like indices. Besides the elastic strain, the total strain is also composed of contributions from the
plastic and thermal strain:

εtotal
i j = εel

i j + ε
pl
i j + ε

th
i j (4)

Equation (4) indicates that the increase in the total strain is obtained by summation of the
increments of all other strain components. The plastic strain increment follows a bilinear isotropic
hardening law, using the standard J2 flow theory:

ε
pl
i j =

9
4σ2

e

[
E−Et
EEt

]
σsijskl (5)

The plastic strain increment is responsible for the permanent deformation during the LPBF process.
The coupling to the temperature calculation is accomplished via the thermal strain, denoted εthi j in Equation (4):

εthi j = αδi jT (6)

where α is the isotropic coefficient of thermal expansion, δi j is once again the Kronecker delta, while T
is the temperature increment.

During the LPBF process and the stress relief heat treatment, Equation (2) to (6) are solved using
the temperature obtained from the thermal calculation as an input for Equation (6) and to calculate
all temperature dependent parameters. During the heat treatment simulation, stress relaxation at
a temperature above 300 ◦C is enabled.

The final simulated post-process is the removal from the base plate. For this, the elements in
the base plate are killed in an order, representative of the direction in which the band saw cuts the
connection between the base plate and the desired part. In order to make sure the computational
speed is retained, the elements of the base plate are killed in relatively large bunches, of 10 mm
each. During the deletion of each of the regions of the base plate, the stresses are relieved until static
equilibrium is reached. A schematic of the entire simulation is shown in Figure 1.

Figure 1. Schematic of the process chain model including the laser-based powder bed fusion (LPBF)
process, stress relief heat treatment and removal of the base plate. Both the thermal and mechanical
part of the model are depicted.

2.2. Material Properties

The material used for this study is 17-4PH stainless steel. This material has a high hardness after
aging [44] and can be additively manufactured [12,45]. The parameters used in Equation (1), (3), (5),
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and (6) are all temperature dependent, which is of major importance for accurately predicting the
stresses during LPBF due to the rapidly changing temperature during the process.

The values for the thermal conductivity and specific heat capacity are given in Figure 2A,B.
The density is independent of temperature at 7790 kg m3. The parameters for the mechanical model
are presented as functions of temperature in Figure 3A,B.

Figure 2. Parameters for the thermal part of the finite element (FE) model; (A) thermal conductivity as
function of temperature; (B) specific heat capacity. Data from [46].

Figure 3. Parameters for the mechanical part of the FE model; (A) Young’s modulus and Poisson
coefficient of 17-4 precipitation hardening (PH) stainless steel; (B) yield strength and tangent modulus
as function of temperature for the bilinear hardening law used. Data from [46].

The value of the thermal expansion coefficient is given in Figure 4.

Figure 4. Thermal expansion coefficient as functions of temperature. Data from [46].

3. Results and Discussion

3.1. Overview of the Simulations

The current study aims to evaluate the presented model in terms of heat treatment temperature and
dwell time. Four sets of simulations were performed to investigate the following: mesh convergence,
dwell time, temperature and an energy correction approach for the LPBF process. To simplify the
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discussion on the different simulations, these are numbered according to Table 1, with associated
values for the parameters. Table 1 also shows the intention of each of the simulations performed.

Table 1. Overview of all the simulations performed for this study. Note that study 1 is the
simulation benchmark.

Number Parameters Intentions

Time
Peak

Temperature
Deposition

Temperature
Element Size

1 7200 s 350 ◦C 1405 ◦C 5.00 × 10−3 m Simulation benchmark

2 7200 s 350 ◦C 1405 ◦C 6.00 × 10−4 m
Investigation of mesh

convergence3 7200 s 350 ◦C 1405 ◦C 7.50 × 10−4 m

4 7200 s 350 ◦C 1405 ◦C 8.00 × 10−4 m

5 7200 s 350 ◦C 1405 ◦C 1.00 × 10−3 m

6 3600 s 350 ◦C 1405 ◦C 5.00 × 10−4 m Investigation of effect of dwell
time during heat treatment

7 10800 s 350 ◦C 1405 ◦C 5.00 × 10−4 m

8 7200 s 400 ◦C 1405 ◦C 5.00 × 10−4 m Investigation of effect of heat
treatment temperature9 7200 s 300 ◦C 1405 ◦C 5.00 × 10−4 m

10 7200 s 280◦C 1405 ◦C 5.00 × 10−4 m

11 7200 s 350 ◦C 3000 ◦C 5.00 × 10−4 m Energy correction approach

3.2. Benchmark Case: Simulation 1

Simulation 1 is treated as the benchmark case in this study. The part under consideration is
a cantilever beam, since the expected deformation is almost exclusively in a single plane. The plane in
question is the x-z plane, where the x-direction is longitudinal, and the z-direction is perpendicular to
the build plate. This allows direct comparison between the obtained results. The cantilever used in this
work is shown in Figure 5a. The part presented in Figure 5a cannot be easily produced in the shown
orientation. It would require support underneath the large overhangs, which have a length of 9 mm.
However, for the sake of these simulations, which are mostly concerned with the deformation of the
cantilever beam itself, the manufacturability of the simulated geometry was not taken into account.
Moreover, an easily identifiable stress field, as present in a cantilever beam was prioritised. In addition,
the FE model, as presented in the preceding section, does not include effects such as dross formation or
sagging. These can be identified when performing high-fidelity simulations with the associated high
computational cost.

On each simulated build plate, two different process sequences are simulated. Sequence A is
the theoretically preferred sequence, where the part is heat treated to relief the residual stresses and
subsequently cut from the base plate. In sequence B, the order of these post-processes is reversed,
although this will result in an increase of the deflection of the cantilever tip. Moreover, cutting from
the cantilever from the base plate will release the residual stresses, allowing the part to deform freely.
If the stresses have been reduced during stress relaxation, this will imply a reduction in the cantilever
tip deflection. However, sequence B is often preferred in industry, since after heat treatment of parts in
17-4 PH stainless steel, the hardness of the part increases, to a degree where it becomes impractical to
cut the part from the base plate using a mechanical machining device (such as a band saw). Both of
these sequences are schematically described in Figure 5b.
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Figure 5. Part geometry and process sequence; (a) the cantilever part that is used throughout this
study; (b) the two different process sequences analysed in this work. In sequence A (top), the heat
treatment immediately follows the primary LPBF process, before the part is removed from the base
plate. Sequence B (bottom) reverses the order of the heat treatment and removal from the base plate.
In the simulation, the beam simulated according to sequence A is in front, while the cantilever following
sequence B is in the back.

Other techniques, such as electrical discharge machining (EDM) [47], will affect the stress field in
a different way. EDM is an electrochemical process that can locally heat up the part and consequently
locally affect the residual stresses, similar to the heat treatment itself. However, this work focusses on
the aforementioned mechanical machining.

The temperature simulation during the LPBF process is summarised in Figure 6. It shows
the maximum temperature in the computational domain throughout the primary LPBF process.
The maximum temperature reached during the process is the melting temperature of 1405 ◦C. This is
expected, since the initial temperature in each element layer is the melting temperature, and there is no
other heat source present in the simulation, which could increase the temperature. The graph in Figure 6
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also shows the peaks in temperature, which are characteristic for the LPBF process. As expected,
the number of peaks corresponds to the number of deposited element layers.

Figure 6. The maximum temperature in the computational domain during the primary LPBF process.

Figure 7 shows the average temperature during the heat treatment. The temperature follows the
imposed boundary condition, but obviously lags behind the prescribed profile.

Figure 7. Average temperature in the computational domain during the stress relief heat treatment.

The remainder of this section will focus on the deformations and stresses in the part. Figure 8A
shows the normal stresses in the longitudinal direction before the cantilever beam is cut from the base
plate. The stresses in Figure 8A are shown at the surface of the part. As predicted, the stress at the top
of the cantilever is in tension, while the bottom of the cantilever is subjected to compressive stress.
Figure 8B shows the same longitudinal stresses in the centre of the first support for the horizontal beam,
demonstrating the evolution from compressive to tensile stress. This is also illustrated in the normal
stress on the cross-section of the cantilever in Figure 8D. It shows that the transition from compression
to stress only occurs relatively close to the top surface of the part. Comparing the stress in Figure 8A to
the one obtained by Li et al. [5] shows a similar profile of the stress field. When looking at the left-most
support, the stress is highest on the top and the bottom, while dipping in between the two maxima.
However, the precise value of the stress does differ; the simulations in this work predict a maximum
stress, which is about three times larger: 1026 MPa compared to 330 MPa. This is most likely due
to the different choice in material: Li et al. use an aluminium-silicon alloy, with a different thermal
expansion coefficient, Young’s modulus and yield strength. Similar stress profiles are shown in the
works by Hodge et al. [48], Mercelis and Kruth [49], Ghosh et al. [50] or experimentally by Ganeriwala
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et al. [51]. However, the work by Yakout et al. [24] indicates that this approach to model the LPBF
process will result in an overprediction of the residual stress, both in the longitudinal and transversal
directions. Additionally, the stresses in both beams before the post-processing are identical (illustrated
in Figure 8C), allowing an easy evaluation of the effect of the change of the post-processing sequence.

Figure 8. Stress in the cantilever after the primary LPBF process; (A) the normal stress in the x-direction
(longitudinal) at the surface of the part; (B) the stresses on the left-most support of the cantilever,
indicated in Figure 8D; (C) the same normal stress in longitudinal direction. The stress field is identical;
(D) the same stress component as Figure 8A, but on the central cross-section of the part.

Finally, the deformation and stresses in the part after its release from the build plate are discussed.
Comparing the stress before and after the part is heat treated but still attached to the build plate reveals
that the maximal stress in the cantilever beam did not decrease significantly. This is illustrated in the
next paragraph. When the part is first heat treated and cut afterwards in sequence A, the tip of the
cantilever is displaced in the z-direction by 9.4 mm. The difference between the displacement observed
in the cantilever which is treated according to sequence A and the cantilever which is subjected to
the reverse sequence, B, is 19.3 mm. Both cantilevers are shown side by side in Figure 9, showing the
clear difference in displacement. This benchmark simulation took 52 min and 13 s to complete on eight
cores of an Intel Xeon W-2195 processor.

The origin of the difference of displacement must lie in the stress relaxation, which occurs during
the stress relief heat treatment. The cantilever subjected to sequence B is free to move, and as a result,
it will bend upwards under the influence of the residual stresses after the LPBF process. After the
stress relaxation, the stresses in both cantilevers are an order of magnitude lower than after the primary
process. However, when cooling slowly, new stresses build up. In the case of sequence A, the part is
still attached to the base plate, and therefore, the stress profile is similar to the original one, but the
absolute value is reduced. The part subjected to sequence B is free to deform, since it is already cut
from the build plate. However, due to its curvature, it will deform non-homogeneously, leading to
a new build-up of stresses. When undergoing the stress relief heat treatment, these new stresses are
also reduced in magnitude, meaning that the cantilever will not bend back into its original deformed
shape, since the stresses required to make this happen are no longer present. This leads to an increase
in the deformation when comparing both cantilevers. The final profile of the longitudinal normal
stress for both cantilevers after the post-processing is shown on the deformed geometry in Figure 10.
This profile clearly illustrates the release of stress that occurs during the base-plate removal process.
Comparing the stress profile in Figures 8C and 10 illustrates this reduction in the stress field.
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Figure 9. Vertical deformation in the two cantilevers. The cantilever which underwent sequence A is
displayed on the bottom, while the one that followed sequence B is shown on the top.

Figure 10. The normal stress in x-direction after the entire process chain is completed. The cantilever
which underwent sequence A is displayed on the bottom, while the one that followed sequence B is
shown on the top.

These results can be compared with experimental works in which the residual stresses are
measured in the part. Mugwagwa et al. [52] investigated the surface residual stresses in a cuboid
fabricated in Maraging steel 300, a tool steel similar to 17-4PH stainless steel. For most scanning
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speeds they find stresses which are larger than the ones reported in this work, namely around 300 MPa.
Similarly, Massoomi et al. [53] measured the residual stress throughout a beam attached to the build
plate and found a variation from tensile at the top of the beam to compressive near the bottom. This is
in agreement with the results presented in Figure 8. However, they measured an increase of the stress
at the bottom of the beam. Such behaviour can also be observed in Figure 8A at the surface of the part.
The values of the stress at both surfaces are 153.3 MPa and 223.6 MPa at the top and bottom surfaces of
the beam respectively. This is similar to the values displayed in Figure 10 at the top and bottom of the
cantilevers. Barros et al. [54] investigated the residual stress through a part as well and found a similar
profile, although the exact values differ, probably due to the use of Inconel 718.

To evaluate the effect of the choice of plasticity model, the same simulation is performed, but rather
than bilinear hardening, a power-law plasticity model is used. The power law description of the stress
strain curve is slightly more accurate in describing the uniaxial tensile behaviour of 17-4PH. The new
model describes the total strain in the plastic region as follows:

ε =
σy
E

(
σ
σy

)n
(7)

where σy is the yield stress, E the elasticity modulus and n the hardening exponent. The hardening
exponent is fixed at a value of 22 [55]. The curves for the bilinear hardening and power law hardening
at 200 ◦C are shown in Figure 11. Figure 12 shows the evolution of the longitudinal normal stress in
the left support after the LPBF process. The tensile stress at the top of the cantilever is slightly higher
when using the power law and is compensated by a slightly larger compressive stress in the bulk of
the support as well.

Figure 11. Stress strain curves at 200 ◦C for bilinear hardening and power law hardening
plastic behaviour.

Figure 12. Longitudinal normal stress through the left support of the cantilever.
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Even though the power law description of the stress-strain curve corresponds more closely
to a traditional curve for 17-4PH, it predicts a stress which is higher in absolute value throughout
almost the entire domain. Yakout et al. [24] showed that the modelling approach used for the LPBF
process tends to predict residual stresses which are higher than the ones expected from measurements.
Therefore, the bilinear hardening law is maintained throughout this work, since its prediction of the
residual stress is lower, and this is expected to be closer to experimentally obtained values.

3.3. Mesh Sensitivity Analysis: Simulations 1–5

In order to assure that the solution of the simulation is not heavily dependent on the mesh,
a mesh sensitivity analysis is performed. Five different element sizes are used, namely 1e-3 m,
8e-4 m, 7.5e-4 m, 6e-4 m and 5e-4 m. This last simulation is the previously discussed benchmark
simulation. Yakout et al. [24] investigated the mesh independency of the primary LPBF process and
showed that the method implemented in ANSYS Academic Research Mechanical, release 2019 R2,
becomes independent for the smallest element size chosen. However, this work will evaluate the same
for the two post-processing steps. The metric chosen to evaluate the mesh sensitivity is the stress in the
left support at the top of the cantilever.

Table 2 shows the values of the aforementioned metric for all five simulations for process sequence
A. It shows that the stress increases for a finer mesh, indicating that the longitudinal normal stress is
overestimated at the top of the cantilever for a too coarse mesh. However, the values show a clear
convergent behaviour, indication that a finer mesh results in a mesh-independent solution. In this
work, to ensure that the simulations remain computationally inexpensive, the mesh size of the part is
kept at 5e-4 m, which is the finest mesh used for the presented simulations.

Table 2. The values of the maximal longitudinal normal stress after the entire process chain (sequence A).

Simulation Number 1 2 3 4 5

Element size (m) 5 × 10−4 6 × 10−4 7.5 × 10−4 8 × 10−4 1 × 10−3

Longitudinal normal stress (MPa) 841.6 840.5 835.1 832.8 825.7

3.4. Effect of the Duration of the Heat Treatment: Simulations 6 and 7

The following simulations attempt to evaluate the capability of the model to capture the effect of
two key parameters for heat treatment of the additively manufactured part: the duration of the stress
relief heat treatment and the temperature of the heat treatment. First, the duration is investigated.

In simulation 6, the dwell time of the heat treatment is reduced to one hour, while simulation 7
uses a 3-h holding time. These two simulations are compared to the original stress relief heat treatment,
which has a two-hour holding time.

The short heat treatment has identical deflections and stresses compared to the benchmark,
for both process sequences. This shows that the majority of the stress relaxation takes place in a span
of one hour. The model predicts that a heat treatment of one hour is sufficient to relax all the stresses in
the part.

For both the beam subjected to sequence A and sequence B, the deflection of the tip of the beam for
simulation 7 is larger than the same deflection for simulation 3. Focussing on sequence A, the change
in the deflection is found to be less than ten percent, and the change in the stress is similarly low.
To find the reason for this difference, the stress at the centre of the top surface of the cantilever is
plotted in Figure 13 for both simulations 1 and 7. It is clear from this plot that the stresses are reduced
during the high-temperature part of the stress relaxation. On the other hand, the stress is restored
upon cooling back down to room temperature, although they are more homogeneous, which can be
seen by comparing Figure 11 with Figure 8A. The small difference in the deformation results from the
small change in stress, which results from the reduction that follows the stress relaxation. The results
also indicate that the stress relaxation is calculated from the beginning of the heat treatment and
instantly applied.
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Figure 13. Normal stress in the x-direction in the centre of the top of the cantilever subjected to sequence
A. Both the results for simulation 1 and simulation 7, with a long heat treatment, are shown.

3.5. Effect of the Heat Treatment Temperature: Simulations 8, 9 and 10

The second parameter, which is important during heat treatment, is the chosen temperature.
The aim from a practical point of view is to reduce the temperature. Choosing a lower temperature
means that less energy is required to heat up the part and the furnace to the desired temperature,
and less time is necessary to cool it down, while still retaining the same low cooling rate when cooling
down, resulting in similarly homogeneous stresses. In this study, three additional temperatures
are chosen for stress relaxation. To probe the model and evaluate its capability with respect to the
temperature, one heat treatment is simulated at 400 ◦C and one at the lowest possible temperature
above the relaxation temperature, which is 300 ◦C. Finally, a heat treatment below the relaxation
temperature is simulated at 280 ◦C.

The results from these three simulations are collected in Table 3, using the following metrics: the
displacement of the tip of the cantilever and the maximum normal stress in the longitudinal direction
at the end of the entire process chain, for both sequence A and B. First, focussing on simulations 8 and
9 shows that both of these stress relaxation treatments lead to similar displacements of the free end of
the cantilever. Performing stress relaxation at a lower temperature does lead to a slight increase in
the normal stress, most particularly in sequence A. The increase in the stress indicates that heating to
any temperature above the stress relaxation temperature will lead to a similar degree of geometrical
accuracy. However, looking at simulation 10 reveals what happens when the stress relief heat treatment
does not exceed the stress relaxation temperature. In simulation 10, both cantilevers bend upwards
with the same amount. Contrary to all previous cases, the order of the post-process does not affect the
final geometry. This also provides insight into the reason why sequence B is inferior for the geometrical
precision for a horizontal cantilever beam. Due to the increase in temperature during a stress relief
heat treatment, if the part is removed from the base plate before it is heat treated, the bending of
the beam will increase. During the heat treatment, the bottom of the beam will expand more than
the top since it is longer due to the released residual stresses (and the associated bending). This will
lead to a gradient in stress from the bottom of the part towards the top: the bottom is compressed,
which changes to tension while moving to the top of the cantilever. If the stress were not relaxed
during the heat treatment, this stress would disappear when cooling back down to room temperature,
and the beam will bend back to its original shape, illustrated by the small difference in z-displacement
between sequence A and sequence B in simulation 10. However, when stress relaxation does occur,
these compressive and tensile stresses disappear. When cooling down to room temperature, new
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stresses build up, which prevent the part from returning to its original shape, leading to a permanent
increase in the deflection of the cantilever beam tip.

Table 3. Data from simulations 8, 9 and 10.

Simulation 8 Simulation 9 Simulation 10

Temperature 400 ◦C 300 ◦C 280 ◦C
Sequence A Sequence B Sequence A Sequence B Sequence A Sequence B

Displacement
in z (m) 0.0102 0.0363 0.0102 0.0364 0.0102 0.0103

End stress (Pa) 1.00 × 109 1.28 × 109 1.39 × 109 1.28 × 109 1.00 × 109 1.10 × 109

3.6. Correcting the Energy Input of the Primary Process: Simulation 11

In the original implementation of the LPBF process, every layer of elements is deposited at the
melting temperature of the metal, which for 17-4PH stainless steel is 1405 ◦C. The energy associated
with elevating a layer of elements from room temperature to the melting temperature can be calculated
as follows:

Esimul = ρV
Tm∫

Troom

CpdT (8)

where V is the volume of the part, and Troom and Tm are the room and the melting temperature
respectively. For a 1e-3 m3 cube, this energy equates to 6375 kJ. On the other hand, it is possible to
calculate the total transferred energy for the actual LPBF process. The total energy is equal to

Ereal =
αP
v

V
hδ (9)

In this equation, α is the absorptivity of the powder, P the laser power, v the velocity of the laser, V the
volume of the part, h the hatch spacing and δ the thickness of a deposited layer. For the earlier cube, this
results in an energy of 1.6e4 kJ. This is considerably higher than the energy from the simulation. This can be
corrected by equating Equation (7) to Equation (8) and adding a correction term:

Ereal = Esimul + ρCm
p VΔT (10)

where the term accounts for the overheating of each element layer, in which Cm
p is the heat capacity at

the melting temperature. This overheating is therefore equal to

ΔT = αP
ρvhδCm

p
− 1

Cm
p

Tm∫
Troom

CpdT (11)

which is incidentally independent of the volume of the cube. The value of this overheating term is
1595 ◦C. Therefore, the temperature in each deposited layer is set to 3000 ◦C. To ensure no stresses
build up in the part while it is still molten, the stress-free temperature is set to the melting temperature
of the part, i.e., 1405 ◦C.

The results of the entire simulation when using this correction term are shown in Figure 14A.
When comparing the stresses displayed in this figure with the ones from the earlier simulation, shown in
Figure 8A, the stress and displacement are comparable, which reinforces the effectiveness of the stress
relaxation temperature as a measure to increase reproducibility for the geometrical precision of a part.
Figure 14B shows the normal stress along the cantilever for simulation 1 and 11. The stress is plotted
from the bottom of the cantilever to the top. This shows that, even though the behaviour of the stress
profiles are similar for both, and the compressive stress at the bottom is similar, the tensile stress at the
top of the cantilever with corrected energy input is about two percent higher.
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Figure 14. The results from the simulation with corrected energy by adjusting the deposition
temperature; (A) shows the normal stress in the x-direction on the deformed cantilever. The cantilever
which underwent sequence A is displayed on the bottom, while the one that followed sequence B
is shown on the top; (B) displays the normal stress component across the cantilever going from the
bottom of the cantilever to the top, for simulation 1 and simulation 11.

The results from simulation 11 are mostly relevant for modelling the LPBF process itself.
For high-fidelity simulations, the energy input ought to be corrected. However, since the simulations
presented in this work are reduced fidelity simulations, the correction does not significantly increase
the predictive power of the model. Additionally, since the stress relaxation works as expected,
namely removing high residual stresses, the difference between the two simulations becomes negligible,
both in terms of the deformation of the part and the residual stresses after the entire process chain.

4. Conclusions

Simulation of the AM process chain has great applicability in an industrial environment, where the
goal is to achieve high quality products, and for this a holistic view of the influence of each step of
the chain is required. In this study, a section of the LPBF process chain is modelled and investigated.
The simulations are set up in ANSYS Academic Research Mechanical, release 2019 R2, and include
the primary process and two post-processes: removal of the part from the base plate and a stress
relaxation heat treatment. To analyse the effect of the order of the post-processes, two sequences are
proposed: sequence A, in which the part is first heat treated and subsequently removed from the base
plate, and sequence B, in which the reverse order of these operations takes place. The model is also
probed in terms of two parameters, namely the temperature of the heat treatment and the duration of
the same. Additionally, a procedure is proposed to improve the prediction of the primary process by
using a corrected deposition temperature. The temperature is calculated by matching the energy input
of a molten element layer, with the energy that is absorbed by the powder during the real process.
The results lead to the following conclusions.

• The model is capable of modelling the entire process in a limited amount of time and using
a limited amount of computational resources. This allows a large number of simulations to be run
for estimating the effect of varying certain parameters.

• The effect of changing the process chain sequence, from first heat treating to first removing from
the base plate, leads to an increase of the deformation of the used part. This is most likely due to
the stress relaxation, which causes deformation without build-up of stresses when heating up,
while causing a build-up of stress and limited deformation when cooling down.

• The model also illustrates the capabilities of a generic FE solver to show the effect of the different
process chain steps in the additive manufacturing process chain on the part quality.

• The model is not capable of capturing the effect of the duration of the heat treatment or the used
temperature accurately due to its insensitivity to these parameters. However, when heating below
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the relaxation temperature a significant difference is observed in sequence B, since the stresses are
no longer relaxed when heating up the beam.

• The stress relaxation does not decrease the stresses in a cantilever beam significantly but does lead
to a homogenisation of this stress.

• Correcting the energy input does lead to an improved estimate for the residual stress in the part
before post-processing, but since the post-processing changes the stress, the final deflection of
a cantilever beam-type part does not differ significantly.

Using a general purpose FE software package offers great flexibility in an industrial environment.
This research demonstrates the capability of such software to provide reasonably reliable results,
without the requirement to purchase typically expensive packages dedicated to the LPBF process.
Using this FE solver also presents future opportunities to extend the simulation, covering additional
post-process steps, for example milling or polishing, using only a single simulation programme [1].
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Abstract 

Laser-based powder bed fusion, due to its layer-by-layer nature, results in a unique stress profile in a 
part after the primary production process. The residual stresses are typically tensile near the top, while 
they are compressive near the bottom of the part. When it is removed without proper precautions, the 
part will bend excessively. In order to alleviate this deformation, a stress relief heat treatment can be 
applied. In this paper, such a stress relaxation heat treatment is modelled to investigate the effect of the 
post-processing parameters. The model uses an Arrhenius-type creep equation to simulate the influence 
of the heat treatment temperature and dwell time on the stress field in a relatively simple cantilever 
beam produced in Ti-6Al-4V. Via validation of the simulations, the effect of the heat treatment is shown 
to be represented accurately. The validated model is used to predict the deformation that results from 
the residual stresses after heat treating the part under various conditions. The results from the 
simulations ultimately allow choosing the optimal heat treatment conditions to obtain a given reduction 
in the residual stress level, while reducing the need for extensive experimental investigations. 

1. Introduction

Additive manufacturing of metals allows the production of parts with a high complexity or low 
production volume at a limited cost. In laser-based powder bed fusion (LPBF), which is a type of metal 
additive manufacturing, the part is built up from metal powder. The LPBF machine spreads a thin layer 
of material on a build plate, and a laser melts the cross-section of the desired part in the powder layer. 
Subsequently, the build plate is lowered by one step, and a new layer of powder is distributed. This 
process repeats until the part is completed [1].  

Due to this layer-by-layer method of producing the part, the stress changes throughout. One particular 
part of the residual stress is caused by thermal contraction. When a layer is just deposited, its 
temperature is higher than underlying ones, and hence, it is expanded. Because it is attached to the 
underlying layers, the top-most layer is compressed, and it exerts a tensile stress on the region 
underneath it. However, when cooling down, the new layer cools down and contracts more than earlier 
deposited layers, causing tensile residual stresses in this final layer, and compressive ones near the 
bottom of the part [2]. When cutting the part from the base plate, part of the residual stresses are 
released, which can lead to deformation [3–5]. Other mechanisms will also affect the residual stress 
state, and therefore the final deformation. For example, differential contraction in neighbouring scan 
tracks also cause residual stresses, but these typically do not affect the deformation as much as the layer-
based ones [6,7]. 

To address this issue of deformation, a part produced by additive manufacturing is typically heat treated 
before it is removed from the build plate. Stress relaxation typically occurs due to one of two 
mechanisms [8]. Heating up the part reduces the yield strength. This reduction in the yield stress will 
cause the stress to relax due to plastic yielding. A second mechanism taking place is creep, which is 
only activated at higher temperatures, and represents a time-dependent stress reduction [8]. The 



reduction of the residual stress also increases the toughness of the part by removing high tensile stresses 
at the surface [9]. 

However, heat treatment is an expensive process, since it requires the part to be heated up in a furnace 
to the heat treatment temperature, and kept at this temperature for an extended period of time. Therefore, 
there is a need to find the optimal parameter set, both in terms of dwell time, and heat treatment 
temperature [10]. Additionally, the unique microstructure and residual stress state resulting from the 
LPBF process allow the part to have novel properties, but require the development of novel heat 
treatment processes. Two approaches can be followed to find this optimal parameter set. Typically, 
users perform trial-and-error experiments. These experimental studies are slow and costly, since they 
require several parts being built and post-processed, and cannot guarantee that the found set of 
parameters is the optimal one. An alternative route is a numerical model. A well-calibrated numerical 
model can be evaluated multiple times, and using either statistical techniques, such as Monte-Carlo 
sampling [11], or a generic parametric study, an optimal set of heat treatment parameters can be defined. 
Of course, calibration still requires some experiments to be performed, which shows that a combined 
numerical-experimental approach is a time and cost effective approach for finding parameter sets for 
these new process chains.  

The mechanical and thermal properties of the material used for LPBF are of major importance to the 
followed post-processing, due to their influence on the residual stresses [12], and on the possible 
changes in microstructure which could follow when transformation temperatures are superseded [13]. 
In the current study, a part produced by LPBF in Ti-6Al-4V is investigated. Ti-6Al-4V has good 
mechanical properties, owing to its two-phase equilibrium microstructure. Additionally, titanium alloys 
have a low density and good corrosion resistance due to the formation of oxides at their surface [14].  

Kruth et al. [15] showed that a stress-relief heat treatment at just below 600 C reduces the deformation 
due to residual stresses by 80 %. Wang et al. [16] investigated stress relaxation occurring during a heat 
treatment at 600 C and 700 C using neutron diffraction. They found that the majority of the stress is 
relieved within the first ten minutes. Additionally, they identified that the stress is reduced to a few 
percent after two hours of stress relaxation, indicating complete relaxation of the residual stresses. 
Additionally, several investigations into the effect of pre-heating the build plate or the build chamber 
have been executed [17–19]. Denlinger et al. [20] and Ganeriwala et al. [21] investigated the stress 
relaxation that occurs during the LPBF process itself, using a stress cut-off and visco-plasticity 
respectively. De Baere et al. [22] investigated the effect of the phase transformation resulting from an 
intrinsic heat treatment on the residual stress. However, a comprehensive study into the influence of 
common heat treatment parameters, such as dwell time or heat treatment temperature, and a 
quantification of the results in, for example, a response surface model remain missing in literature. An 
earlier investigating into a process chain model for the LPBF process chain by De Baere et al. [23] 
attempted to remedy this hiatus, but the model was insensitive to the dwell time and temperature due to 
a lack of a rigorous representation of the time and temperature dependent stress relaxation. Finally, 
Williams et al. [24] modelled and measured the effect of a stress relaxation heat treatment at 700 °C for 
316 L stainless steel, and found a good agreement between the simulations and the neutron diffraction 
measurements, even though their material properties were measured at a lower temperature. 

Looking at alternative processes, modelling of stress relaxation heat treatment is commonly performed 
for welding. Yan et al. [25] used an Arrhenius-type creep model. They showed a good agreement 
between the measured and simulated residual stress after the stress relaxation heat treatment. 
Additionally, they showed that, for the simulated post process, creep is the major contribution factor to 
the relaxation of residual stress. Dong and Song [26] also found that creep is the dominant mechanism 
during stress relaxation, and identified that the extent to which the reduction in yield stress contributes 
to the stress relaxation depends on the ratio between the yield stress and Young’s modulus, both at room 
and the heat treatment temperature. Dong and Hong [27] investigated the effect of the holding time and 



the effect of the thermal lag that occurs during the ramp-up to the heat treatment temperature. They 
found that significant stress relaxation occurs during the ramp-up period of the heat treatment, and that 
creep is the predominant mechanism. Alberg and Berglund [28] compared five different material 
models to simulate a stress relaxation heat treatment. They found that the choice of creep model does 
not have a profound effect on the deformation of the part. Moreover, they advise the use of the Norton 
model, since data is freely available in literature, and only a limited amount of material testing needs to 
be performed. 

As suggested by these earlier studies, this work will employ a creep-based equation for simulating the 
time- and temperature effects occurring during a post-LPBF stress relief heat treatment. This study will 
analyse this model to find the optimal parameters, or parameter sets, which lead to a fully relaxed part. 

 

2. Numerical model 

In this work, the stress relaxation heat treatment of a part produced by LPBF is simulated in the 
commercial software suite Abaqus CAE. The part under investigation is a simple supported cantilever 
beam, since this part has the advantage of a relatively simple deformation profile. Moreover, a cantilever 
beam, as presented in Figure 1, will bend in the x-z-plane after release from the build plate. This specific 
deformation is caused by the tensile residual stress at the top of the beam and the compressive stress at 
the bottom [29]. The vertical supports are required to make the part printable. 

Figure 1: Simulated part with the relevant dimensions 

To model a stress relief heat treatment, a two-part model is required. The model needs to capture the 
change in temperature that occurs during the heat treatment (involving heating up from room 
temperature, dwell time at the desired temperature, and cooling down to room temperature), and the 
effects this has on the stresses and strains in the part. To achieve this, the model, implemented in this 
study, consists of a thermal part, and a mechanical part. 

2.1. Thermal model 

To obtain the temperature field during the heat treatment, the transient heat conduction equation is 
solved during each increment: 

=  +  +  (1) 

where  is the density,  the specific heat capacity and  the thermal conductivity.  

 



2.2. Mechanical model 

The mechanical model solves static equilibrium for the stress  

, = 0 (2) 

together with the generalised Hooke’s law: 

=
1 +

1
2

+ +
1 2

(3) 

where  is the Young’s modulus,  the Poisson ratio,  the Kronecker delta and  the elastic strain. 
The Young’s modulus and Poisson ratio are temperature dependent, and therefore change depending 
on the temperature calculated from equation (1).  

The total strain is the sum of all the different strain components. In particular, the total strain is 
represented in equation (4): 

= + + + (4) 

with  being the plastic strain,  the thermal strain, and   the creep strain. The thermal strain is 
calculated from a temperature dependent, isotropic thermal expansion coefficient: 

=  (5) 

where  is the thermal expansion coefficient. The contribution of the plastic strain is calculated using 
J2 flow theory: 

=
9

4
. (6) 

The plastic strain increment depends on the effective stress, , tangent modulus , deviatoric stress 
components,  and Young’s modulus. 

In this work, the stress relaxation is mimicked by using a well-established creep equation. Creep is 
generally defined as time dependent plastic deformation under a constant mechanical load [30]. 
According to this definition, stress relaxation is not a pure creep process, since the stress varies as 
function of time. Moreover, the goal of the stress relaxation heat treatment is to reduce the stresses, 
while fixing the displacement of the part. Nevertheless, an Arrhenius-type creep law has successfully 
been used [25] for describing a stress relaxation heat treatment, since such a heat treatment takes place 
over a long time, typically several hours. As a result, applying this creep equation during each 
simulation time step is a reasonable assumption. An additional advantage of using a creep equation is 
that the framework in commercial finite elements software is well developed, and implementation of 
such an equation is relatively straightforward. 

The creep equation in this work is based on Norton’s power law [31]: 

= (7) 

where  is the creep strain rate and  and  the material constants of the metal under investigation. 
Yan et al. [25] show that, in order to accurately model the change in the residual stresses after welding, 
the temperature needs to be taken into account explicitly. This can be accomplished by expanding the 
prefactor in equation (7): 

= exp  (8) 



where  is the temperature independent prefactor,   the activation energy for stress relaxation,  the 
universal gas constant and  the temperature, calculated in equation (1). Combining equations (7) and 
(8) leads to [25]: 

= exp   (9) 

2.3. Initial residual stress field 

In order to evaluate the effect of the heat treatment, it is important to have a sufficiently accurate residual 
stress field, since the extent to which the stress will be relaxed depends on the initial stress. In this work, 
the initial residual stress field is obtained from a process simulation using the model put forward by 
Bayat et al. [32]. A short synopsis of this model is provided. The LPBF simulation uses the so-called 
flash heating (FH) method to approximate the laser heat input into the top surface of the part. For FH, 
a number of real layers, together called a meta-layer, is activated, and in the top-most one, a heat source 
is activated, which is equivalent to the total energy, to which the real layers are exposed. The meta-
layer is subsequently allowed to cool down, and afterwards, the next meta-layer is activated. This 
process repeats until the entire part is built.  

The thermo-mechanical model for the initial residual stress field solves the same equations as the model 
presented for the heat treatment model (specifically equations (1-5)). A more detailed description and 
investigation of the model used to obtain the stress field can be found in the work by Bayat et al.[32]. 
Since this work focusses on the stress relaxation heat treatment following the LPBF process, no detailed 
description of this model is provided, but the residual stress field after the LPBF will be validated with 
experimental results, showing that the numerical simulation adequately captures the primary process. 

2.4. Modelling methodology and boundary conditions 

In this work, both the real and simulated part are cantilever beams. The dimensions for the simulated 
part are given in Figure 1. The model is composed of three main parts: importing of the initial stress, 
stress relaxation heat treatment and release of the part from the base plate. The initial stress follows 
from the initial FH simulation. The advantage of importing the stress separately rather than integrating 
the FH simulation in a LPBF process chain model is that it saves computational cost. This paper will 
investigate the effect of the dwell time and heat treatment temperature. Importing the stress reduces the 
need for resimulating the primary LPBF process itself.  

Figure 2: Temperature profile during the stress relaxation heat treatment model at 670 °C 

The effect of the heat treatment is evaluated at five different temperatures and for six different dwell 
times each. The temperature profile, shown in Figure 2, is applied in two boundary conditions to all 



faces exposed to the furnace. Both radiation and convection are considered, with an emissivity of 0.4 
and convective heat transfer coefficient of 10 W m-2 K-1 [25]. All other boundary conditions are 
adiabatic. 

Finally, the part is cut from the base plate. This reveals the effect of the residual stress on the 
deformation. The cutting operation is mimicked by using the model change interaction in Abaqus CAE. 
The supports are removed from the simulation, and the residual stress is released, until the part reaches 
a new equilibrium through deformation. 

3. Experimental measurements 

To validate the simulations a number of dedicated experiments is performed. These experiments consist 
of printing the cantilever geometry, and applying a heat treatment. The parts are subsequently cut from 
the base plate, and the deformation is measured and used as a metric for evaluating the effect of the heat 
treatment.  

In the present work, a 3D Systems® DMP Flex 350 was used to build the samples. The machine is 
equipped with a fibre laser with a power of 500 W and a Gaussian energy distribution. The samples 
were built with a layer thickness of 30 μm, and a volumetric energy density of 67.1 J mm-3 was applied. 
The DMP Flex 350 applied a random incremental scan rotation when printing the samples. The stress 
relief heat treatment for validation of the simulations was performed at 670 °C in an argon atmosphere. 
To reach this temperature, a heating rate of 5 °C per minute was prescribed to the furnace. The dwell 
time for the heat treatment was five hours, followed by furnace cooling. Four cantilevers were built in 
total, in different configurations. Figure 3 shows the 3DXpert CAD file used for printing the cantilevers.  

Figure 3: 3DXpert CAD file used for printing the cantilevers 

The cutting process used wire electrical discharge machining (EDM) to separate the cantilever from the 
build plate. This operation was performed using a Wire EDM AgieCharmilles CUT AM 500. To 
evaluate the deformations resulting from the release of the residual stresses caused by cutting the part 
from the base plate, a 3D-scan of the cantilever was taken with an optical GOM ATOS Core 3D-scanner 
and analysed with the GOM inspect software. To assess the deflection of the cantilever beam, three 
vertical cross-sections are extracted from the 3D scan, and a circle is fitted through the top surface of 
each of these. This assures that roughness and other surface texture effects are not affecting the 
measured deflections, since this study investigates the deformations caused by the macroscopic residual 
stresses. 

4. Material parameters  

The investigated material in this study is Ti-6Al-4V ELI, with a chemical composition compliant with 
ASTM F3302. This material can be additively manufactured and has good specific mechanical material 
properties and corrosion resistance [33]. The thermo-mechanical material properties are derived from 
the works by Bayat et al. [32], Ganeriwala et al. [21] and Yan et al. [25], and are shown in this section. 

 



4.1. Thermal properties 

The thermal properties for the simulations are shown in Table 1. Only the specific heat is dependent 
on temperature. 

Table 1: Thermal material properties. Data from [21,32]. 

Parameter Value Units  
Thermal Conductivity Below Solidus Temperature 13 W m-1 K-1  
Thermal Conductivity Above Liquidus Temperature 33 W m-1 K-1  
Latent Heat of Melting 186 kJ kg-1  
Solidus Temperature 1620 °C  
Liquidus Temperature 1654 °C  
   Temperature / °C 

Specific Heat Capacity 

543 

J kg-1 °C-1 

20 
543 1620 
750 1654 
750 3000 

Figure 4: Yield stress and Young’s modulus as a function of temperature. Data from [21,32] 

4.2. Mechanical properties 

The mechanical properties are displayed in Table 2. Additionally, the temperature dependent yield 
stress and Young’s modulus are shown in Figure 4. 

Table 2: Mechanical material properties. Data from [21,25,32]. 

Parameter Value Units  Source
Density 4400 kg m-3  [21,32] 
Poisson’s Ratio 0.33 /  [21,32] 
Plastic Tangent Modulus 8.0 GPa  [21,32] 
Creep Exponent 3.6766 /  [25] 
Creep Coefficient 9.87e-10 s-1 Pa-3.6766 [25]
Creep Activation Energy 419.9 kJ mol-1  [25] 
Universal Gas Constant 8.3145 J °C-1 mol-1  [21,32] 
   Temperature / °C  

Thermal Expansion 
Coefficient 

8.90e-6

°C-1 

20

[21,32] 
1.10e-5 1500 
1.10e-5 1620 

0.0 1653 
0.0 2000 



5. Results and Discussion 

5.1. Initial residual stress field 

In order to investigate the effect of the stress relaxation heat treatment on the residual stresses, a realistic 
initial field is required. This stress field follows from the process simulation for the LPBF process itself. 
The stress field (more specifically the normal component in the direction of the beam, from now on 

 Figure 5. Focussing on the cantilever beam 
the top of the beam to compression near the bottom. However, since the top surface is a free surface, 
the tensile stress is higher just below it. The highest tensile stress in the cantilever beam is located at 
the bottom of the top-most meta-layers, which is approximately 0.5 mm from the top of the beam. 
Additionally, there are two regions of high tensile stress near the bottom corners of the left-most 
support. 

Figure 5: Normal stress along the cantilever beam at the centre line of the cantilever. This stress field 
is the result of the primary LPBF simulation using the FH method. 

The main method of validating the initial stress field will be through the measurable deformation 
following from the residual stress field. This requires a cutting step, both in the experiments and the 
numerical model. Figure 6 shows the total deformation of the cantilever after its support is removed 
using the model change interaction. Using a cantilever beam assures that the majority of the deformation 
is located in the beam itself. This is also evident from Figure 6, which shows a deformation of less than 
0.2 mm in the left-most support. However, the tip of the cantilever bends up approximately 2 mm. This 
deformation is similar to simulated and measured results in other studies for similar cantilever 
geometries. For example, Setien et al. [34] measured a displacement between 1.8 mm and 
approximately 4 mm, depending on the scanning strategy. Both Yakout et al. [12] and Chen et al. [35] 
simulated and measured displacements below 2 mm for a beam of a similar length, but with a larger 
beam thickness.  

Figure 6: Displacement of the cantilever after being cut from the build plate. 

5.2. Experimental measurement of the displacement field after LPBF 

To ensure that the initial stress field is representative of the stress field in the real sample, the 
deformation of the cantilever, presented in Figure 6 is compared to the same for a real printed cantilever 
sample. Figure 7 shows the 3D scan of the cantilever, after it is removed from the build plate by EDM, 
and the simulated cantilever in the same orientation. This qualitatively shows that the deformation is 
similar, and as predicted, the bending mostly occurs inside of the z-x-plane. As mentioned earlier, in 
order to avoid including the effect of the roughness of the surface of the part, a circle is fitted in four 
positions through the top surface of the 3D scan. This circle is used to represent the displacement of the 
cantilever. Figure 8 shows the deflection in the vertical direction along the cantilever, both for the 

Total Displacement / m 

 



simulations and the circles fitted to the top of the scanned part. The deflection in the simulations deviate 
in two positions from the measured value. Near the transition from the left-most support and the 
cantilever beam itself, the simulations slightly under predict the deflection. This is caused by the left-
most support, since it will not deform as much as predicted by a fitted circle. Additionally, the FH 
method, by virtue of its meta-layer approximation, exposes the part to less heating and cooling cycles 
than the real part. This will also affect the residual stress level in the part. Near the cantilever tip, the 
deflection in the simulated beam is lower than in its experimental counterpart. This is an indication that 
the residual stresses resulting from the FH method are smaller, or differently distributed, than from the 
real LPBF process. This has been confirmed in the work by Bayat et al. [32], who indicate that the post-
LPBF stress field can be improved by refining the FH method, for example by converting it to a 
sequential flash heating. However, the displacement in the model is less than 10 % lower than the lower 
bound on the experimentally obtained deflection. 

Figure 7: Displacement of the cantilever. (a) 3D scan of the printed sample from the GOM 
inspect software, (b) simulated cantilever. The support in the simulated cantilever is removed 
during the cutting step, but was including during the heat treatment, which is shows in later 

figures. 

 
Figure 8: Vertical deformation along the top of the cantilever, both experimentally (with 95 

% confidence interval) and from the simulation. 
 
 
 
 
 
 

a) b) 



 
 

5.3. Evolution of the stress during the stress relaxation 

In order to evaluate the evolution of the stresses during the stress relaxation heat treatment, this 
paragraph will focus on the heat treatment at 670 °C with a dwell time of five hours. Figure 9 shows 

treatment: the initial stress field, after heating up to the desired temperature, after 4.1 hours and at the 
end of the heat treatment. Note that the cantilever was still attached to the baseplate during this heat 
treatment.  

Figure 9: -section during the heat 
treatment at 670 °C with a dwell time of 300 minutes 

The reduction in stress at the beginning of the heat treatment has two origins: plastic deformation and 
creep. Investigating the former, the yield stress decreases as the temperature increases, which can cause 
yielding in the part. Zhang et al. [36] found that plastic yielding can contribute approximately fifteen 
percent to the total stress relaxation for welding, indicating that, in order to find an accurate residual 
stress field, this phenomenon needs to be included. The extend to which plastic yielding plays a role in 
the simulated heat treatment in this work will be further investigated when analysing the effect of the 
heat treatment temperature.  

Figure 10: Displacement after a heat treatment at 670 °C for 5 hours, and removal from the base plate 
Total Displacement / m 

t = 0 hours 

t = 1.11 hours 
(after ramp-up) 

t = 5.24 hours 

t = 11.8 hours 
(end of the HT cycle) 

 



Figure 9 also illustrates the effect of the used creep equation. Not only are the values of the stress in the 
cantilever lower than just after the LPBF process, but more strikingly, the stress in the leftmost support 
has been homogenised substantially. Due to the decrease in temperature, and the restriction imposed on 
the part by the build plate, some new stresses can build up after the heat treatment. Comparing the initial 
stress contour with the final one shows that the stress is both homogenised and decreased in magnitude. 

In order to evaluate the effect of the stress relaxation on the deformation of the cantilever, Figure 10 
shows the total deformation after the chosen heat treatment and after the part is removed from the base 
plate. The cantilever still bend upwards, but significantly less than before the heat treatment, which is 
in accordance with the reduction of the residual stress associated with relaxed stresses. After the five-
hour heat treatment, the deformation is reduced by approximately 95 %. 

5.4. Validation of the post-heat treatment deformation 

The simulations are able to capture the evolution of the stress according to the proposed creep equation. 
However, in order to assess the capability of the model to model the proposed heat treatment, 
comparison with experimental results is necessary. Similarly to the validation for the initial stress field, 
this paper focusses on the deflection as a metric for the macroscopic residual stresses. The displacement 
of the cantilever following the simulation of the heat treatment at 670 °C at five hours was outlined in 
the previous section. The experimental measurements were performed on all four printed and post-
processed cantilevers, which were scanned, after which the displacement of the cantilever tip was 
extracted in four positions.  

Figure 11: Displacement of the cantilever tip, both before and after the heat treatment. Both the 
measured and simulated values are displayed. 

Figure 11 summarises the results from the simulations and the measurements. Both the deflection of 
the cantilever tip before the heat treatment and after are displayed, and for the experiments, the 95 % 
confidence interval is added. Since the result from a stress relaxation heat treatment in Ti-6Al-4V for 
the cannot lead to a negative deformation, the lower boundary of the interval is cut off at a deflection 
of zero. Moreover, the vertical support in the real part will block a downwards deflection by hitting the 
build plate. As mentioned previously, the deformation of the cantilever after the primary process is 
slightly lower than the measured value. However, for the displacement of the cantilever tip after the 
heat treatment, the simulated value of the displacement is similar to the one following from the 3D 
scans, and serves as validation of the used model. It also indicates that the calculated value of the 
residual stress resulting from both the real and virtual heat treatment is the same. Moreover, this is the 
same conclusion obtained by Yan et al. [25], who measured the actual value of the residual stresses 
using X-ray diffraction measurements.  

 



5.5. Effect of the parameters on the deformation after cutting from the base plate 

The two parameters investigated in the present study are the dwell time and the heat treatment 
temperature. In Figure 12, the maximum deformation of the cantilever tip is plotted as a function of 
dwell time for the different heat treatment temperatures. The general conclusions from this figure are 
that the deformation decreases for a longer heat treatment and that the decrease is faster when heating 
at a higher temperature.  

The simulation at 510 °C can be used to analyse the influence of plastic yielding on the stress relaxation. 
Since the heating rate is fixed, the amount of creep during the ramp-up period is limited. Additionally, 
the shortest heat treatment (nine minutes) also contributes to a small amount of time-dependent strain. 
This shows that the contribution of the reduction in yield stress during a stress relaxation is 
approximately one quarter, which is in line with the observation by Zhang et al. [36] in their 
investigation of stress relaxation on welded pipes. 

Figure 12: Displacement of the cantilever as a function of the dwell time, for multiple heat treatment 
temperatures 

In order to facilitate the discussion on the effect of time and temperature on the final deformations and 
associated residual stresses, the results for a heat treatment at 670 °C are shown in Figure 13 and for 
the heat treatments with a dwell time of 9 minutes in Figure 14.  

Figure 13: Displacement as a function of time for a heat treatment at 670 °C 



Figure 13 indicates that there is an optimal heat treatment time and temperature combination. The curve 
for the heat treatment at 670 °C, for example, initially decreases fast, and subsequently slows down. 
This indicates that there is a point of diminishing returns for the heat treatment, after which it becomes 
to time or energy intensive to reduce the residual stresses even more. The line showing the effect of 
dwell time on the displacement shows a logarithmic decay. This is a consequence of the creep equation, 
which was used. High stresses are associated with a large degree of stress relaxation, and as the stresses 
are relaxed, the driving force for further stress relaxation disappears. This also indicates the location of 
an ideal heat treatment. Moreover, after 400 minutes, the deflection of the cantilever increases slightly, 
which is caused by the redistribution of the stresses. 

Figure 14: Displacement as a function of temperature for a heat treatment with a dwell time of 9 
minutes. Note that the horizontal axis starts at 500 °C 

Investigating the effect of the heat treatment temperature in Figure 14 shows a clear decrease of the 
deformation as the temperature increases. For the shortest heat treatment, this indicates that the stress 
relaxation during the ramp-up stage of the heat treatment plays a significant role in determining the 
final deflections. A similar conclusion was reached by Dong and Hong for stress relaxation after 
welding [27]. However, during the long heat treatments at high temperatures (above 750 °C), the 
deflection no longer decreases, but rather increases. To investigate this, Figure 15 shows the contour of 

Comparing these stress 
contours with Figure 5 shows that a significant amount of stress redistribution has taken place. 
Moreover, the stresses in the beam no longer evolve from tensile at the top to compressive near the 
bottom, and therefore, this stress state of the cantilever will no longer dictate its deformation. The 
deflection of the tip is now caused by the deformation in the left-most support, which is driven by the 
region of higher tensile stress at its top surface. 

Figure 15: the end of a heat treatment at 850 °C with a dwell time of 9 minutes. 

Figure 12 and 15 also show that it is difficult to remove all residual stresses with the chosen stress 
relaxation model. The stress relaxation is modelled using a power-law creep equation, which will never 
reduce the stresses to zero. Additionally, the chosen equation, used to represent the stress relaxation, 



does lump together certain aspects of the real heat treatment into a two-parameter model. This also 
limits the range of applicability for the model. For example, below approximately 350 °C, the original 
microstructure will not decompose [37]
behaviour might start to deviate from the assumed one [13]. These mechanisms are not captured by the 
current model, and would require additional experiments to find its input parameters. As indicated 
previously, redistribution of the stress during the highest temperature heat treatments can also increase 
the displacement of the cantilever tip, and can be confused with incomplete relaxation of the residual 
stress. 

5.6. Determination of the process map 

The results presented in the previous sections allow an investigation into the process window. 
Moreover, generating a contour plot of the deformation as a function of temperature and dwell time will 
result in a process plot, which indicates a window of process condition under which minimal deflection 
after the heat treatment can be expected. Figure 16 shows a process map derived from the performed 
simulations. The displacement is used as an estimating value for the reduction in the residual stresses.  

Figure 16: Process map for post-LPBF heat treatments 

This process map allows a rapid determination of the heat treatment window for the given geometry, 
and can be used to determine the optimal heat treatment to get a specific reduction of the residual 
stresses. This reduces the need for both expensive trial-and-error studies or comprehensive high-fidelity 
models. However, this process map only directly applies to a situation where the residual stresses are 
at the level indicated in Figure 5. Currently, there is no data available investigating the sensitivity of a 
LPBF post-process model on the initial residual stresses, and this can be a topic for future investigations. 

6. Conclusion 

In the present work, a creep model is used to simulate a stress relaxation heat treatment, which is often 
used to reduce the deformations after the LPBF process. After the initial stress field is obtained from a 
simulation using the FH method, and after validation of this stress field, this model is implemented in 
commercial finite elements software. In order to evaluate the influence of the different heat treatment 
parameters, a number of heat treatments are simulated using this model, and the results are the 
following: 

 The stress relaxation can be sufficiently accurately approximated using the chosen temperature 
dependent creep equation. This conclusion is enforced by the validation via experimental 
results. 



 Plastic yielding contributes to a minimal amount of approximately 25 % of the reduction in the 
residual stresses. 

 Heat treating at low temperatures only results in a small reduction of the residual stresses, and 
therefore post-processing the part at higher temperatures is more efficient. However, due to the 
exponential nature of the creep equation, there is a point of diminishing return, where higher 
heat treatment temperatures and longer heat treatment times not necessarily lead to a significant 
reduction in the residual stress. 

 A process map is constructed to summarise the results from the simulations. This process map 
shows how simulations, like the ones performed in this paper, can be applied directly to find 
the optimal heat treatment conditions. However, additional investigations into the effect of the 
magnitude of the initial residual stress are required. 
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