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Abstract: This paper presents case studies of additive manufacturing process chains including laser powder bed fusion
and post-processes. The presented case studies are used to assess the maturity of the manufacturing process chains using
a Modelling and Simulation Readiness Level Scale. The results from the assessment have shown that the maturity of
the modelling and simulation of laser powder bed fusion process chains lies between the stage of applied research and
development and the stage of being instrumental, with high reliance on modelling and simulation experts. This means
that the laser powder bed fusion (L-PBF) process chain modelling and simulation can support low-risk development,
with high reliance on modelling and simulation experts, making them suitable for qualitative assessment, alternative
design/solution ranking, defining the design structure, constraining the design space and replacing some experimental
trials. This shows that further maturation is required before the modelling and simulation methods and codes are well
recognised as best practice in the industry and are part of operational process control at any stage of the supply chain.

Keywords: laser powder bed fusion, process chains, modelling and simulation readiness level, residual stresses,
distortion mitigation

1. Introduction

Additive manufacturing (AM) has attracted lots of research attention among the research community. It is
radically different from the conventional processes for its drastic reduction in material wastage and the ability to
introduce internal design complexities that would otherwise be too challenging or even impossible to be included by the
conventional manufacturing processes. However, it involves advanced manufacturing technologies that remain costly
compared to conventional manufacturing processes. It also has its own challenges in relation to producing the consistent
quality desired or sometimes necessary in high-value manufacturing (HVM) sectors, such as the aerospace industry.

The process that was used in this paper is laser-based powder bed fusion (L-PBF), which is a particular type of
AM. This technology includes metal powder processing and extreme thermal cycles, both of which introduce technical
difficulties that may compromise the quality of HVM components. Metal powder conditions, such as grain size and
distribution, significantly influence the quality of the metal in the finished product [1]. Thermal cycles on the other hand
induce distortion and residual stresses that can affect the quality and performance of the L-PBF part [2]. This is further
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influenced by any subsequent post-machining to the final shape and size, which in turn further affects distortion and
residual stresses.

Distortion and residual stresses may need to be controlled or mitigated to achieve required specifications or product
quality. Distortion may be compensated for at the design stage through modelling and simulation. Residual stresses can
be mitigated or manipulated through post-process thermal stress relaxation or mechanical surface finish such as laser
shock peening (LSP) or shot peening (SP) [3].

The modelling and simulation of the above processes and techniques usually produce valuable information
that can greatly assist to control and improve the final quality of L-PBF components. Assessing the maturity of the
applied modelling and simulation methods can help to decide when and how such an application is performed. The
Manufacturing Technology Centre (MTC) has developed a tool for this purpose within the SimReady project [4]; the
tool is called the Modelling and Simulation Readiness Level (MSRL) Scale, and it is originally derived from other
scales already used in industry, such as the Technology Readiness Level (TRL) Scale that was devised by NASA. The
MSRL Scale can inform decision-makers about the potential, practicality, and usefulness of applying modelling and
simulation to improve L-PBF parts’ quality.

In general, L-PBF can be simulated with the finite element (FE) method using different finite element techniques,
for instance, the inherent strain method [5], an analytical temperature field [6], “lumping” of layers in order to avoid
prohibitively large FE models [7], simulation of a moving heat source to predict the temperature and residual stresses at
the micro-scale [8], the use of dynamic adaptive mesh refinement technique with a moving heat source [9-10]. Despite
the significant improvement in simulation efficiency, the computational effort for industrial components is a challenge.
The inherent strain method has substantially improved the computational efficiency of the FE model and it has been
used to model the process of fusion welding of large structures [11] and L-PBF at macro-scale [12-16]. Liang et al. [17]
also simulated and validated distortion in the directed energy deposition (DED).

Although the modelling and simulation of L-PBF processes have been individually reported in the literature, the
collective consideration of the complete chain has just started its journey. Therefore, the motivation of this paper is
first to present case studies where modelling and simulation of process chains have been demonstrated on industrial
components in section 2. The presented case studies are then assessed for their maturity to inform researchers and
industrialists for the maturity level in modelling and simulation of L-PBF process chains in section 3, which is the
objective of this paper.

2. Simulation of manufacturing process chains - case studies

Although the modelling and simulation of L-PBF processes have been individually reported in the literature, the
collective consideration of the complete chain has just started its journey. Therefore, the motivation of this paper is
first to present case studies where modelling and simulation of process chains have been demonstrated on industrial
components [18-21]. The presented case studies are then assessed for their maturity to inform researchers and
industrialists for the maturity level in modelling and simulation of L-PBF process chains in section 3, which is the
objective of this paper.

2.1 Simulation of powder raking - a case study

Raking procedures and powder properties can significantly influence the L-PBF build process and the resultant
quality of the final product; they play an important role during the segregation of the powder. Particle size distribution
(PSD) is one important property to be determined, while the particle shape can also have a significant impact on the
performance [22]. A chart showing the relationship between powder characteristics and powder performance has been
presented elsewhere [23], showing a schematic of the inter-related influence of the various characteristics on the powder
performance, which in turn will affect the quality of the manufactured component. In this case study, the relationship
between the mechanical properties of the end product is related to the PSD, porosity and impurity levels of the powder
used.

The method selected to simulate the raking of metallic powder in L-PBF is the discrete element method (DEM),
which is more computationally expensive than the continuum approach - i.e., the finite element method (FEM) or
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computational fluid dynamics (CFD) - but offers the following advantages [24]:

» It models the physics of the individual particles of the powder, allowing the user to have a better understanding
of the actual powder behaviour compared to modelling a representative medium such as a viscous solid or
liquid.

» Ideally, it doesn’t require any calibration, if the behaviour of the powder is described accurately.

» It allows for a more straightforward validation or comparison with experiments without interpreting numerical
results regarding powder segregation and the location of gaps.

*  The physics captured by this approach can potentially give a full description of the phenomena involved in
powder raking if the required computational power is available.

* The DEM approach has shown much higher scalability with the number of processors utilised, taking
advantage of the latest available graphics processing unit (GPU) hardware.

To properly capture the behaviour of powder in numerical simulations, the following properties were measured:

*  The sliding friction coefficient between powder and powder bed

*  Coefficient of restitution between powder and powder bed

*  Young’s modulus of the particles of the powder

*  PSD without considering the temperature and the flown gas

Different techniques to measure the PSD were investigated, each of them giving slightly different results, depending

on the technique used to estimate the particle size. The PSD obtained by using micro computerised tomography was
utilised for the numerical simulations, as it was the one obtained by scanning the full 3D shape of the particles (Figure 1),
whilst other techniques were based on size estimation from 2D projections.

Figure 1. Example of a multi-sphere cluster for the DEM model to match the micro-CT scanned particle
represented as a surface mesh (STL format)

After measuring the mentioned properties, a DEM model was generated to simulate the mechanical behaviour of
the powder used for this study. The numerical model was initially validated against the hall-flow meter test, comparing
results for different masses of powder.

A model to predict the behaviour of the powder during raking in L-PBF was then developed and validated against
experimental measurements (Figure 2). To do so, a few layers of the powder were raked, and the PSD in different
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locations of the powder bed, around and above the L-PBF object, were analysed. Concerning the number of particles
that could be sampled (i.e., one layer on top of the build and several layers around the build), different PSD techniques
were used, thus giving varying results. However, experimental trends of mean size distribution were still used to
successfully validate corresponding numerical mean size distribution predictions.
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Figure 2. Example of metallic aecrospace powder used by Rolls Royce sampled on a section on top of the L-PBF component

2.2 Simulation of L-PBF process chains

2.2.1 A case study of an aero-casing

A simulation of the manufacturing process chain of an aero-casing component made of Inconel 718 was presented
by Afazov et al. [3]. They simulated the L-PBF using the inherent strain approach. The L-PBF model was validated
based on a comparison of distortion deviations obtained by prediction and optical scanning (see Figure 3). The residual
stresses and distortion from the L-PBF process have been used as an input to a heat treatment (stress relief) model.
The stress relief thermal cycle simulated heating up to 980 °C, remaining at that temperature for 2.5 h, and rapid
cooling down to room temperature. Temperature-dependent modulus of elasticity and yield stress have been applied
for the heating and cooling steps. The holding step has been modelled by applying a creep model. The simulation of
SP and LSP has been performed at a micro-scale, where the stress profiles have been predicted and compared against
experimentally measured residual stresses. The stress profiles, including the stress profiles for the three direct and three
shear stresses, have been mapped onto the entire surface of the aero-casing using the mathematical formulations from
[25]. The distortion and residual stresses from the heat treatment model have been mapped onto the surface-hardening
process as initial conditions as well.
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Figure 3. Comparison of measured (GOM) and predicted (FEA) surface deviations [3]

The evolution of the residual stresses is shown in Figure 4. It can be seen that compressive and tensile stresses
are generated during the L-PBF. The stresses in the heat treatment have been reduced to less than 50 MPa. The SP and
LSP processes have induced compressive residual stresses at the surfaces. The predicted residual stresses in the L-PBF
process chain have been used for the prediction of the S-N curves using the endurance limit approach.
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Figure 4. Predicted principal residual stresses in the L-PBF process chain [3]
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2.2.2 Case studies of an impeller

Similar to the aero-casing manufacturing process chain, O’Brien et al. [26] simulated a manufacturing process
chain of an impeller. The authors applied individually validated process models for L-PBF, heat treatment, SP and
LSP into the manufacturing process chain. Figure 5 depicts the evolution of numerically predicted residual stresses
during the manufacturing process chain of the impeller. The results demonstrate the impact that each process has on
the stress evolution of the impeller, providing a better understanding of the distortion mechanism as well as the risk of
crack formation. For many applications, it is recommended to apply heat treatment to L-PBF components to improve
mechanical properties and relax residual stresses. It has been demonstrated how residual stresses induced by L-PBF
have been reduced by approximately 75% by the application of heat treatment. It is not uncommon to see the initiation
of micro-cracks during the heating of certain nickel-based alloys. The initiation of cracks is observed when the thermal
stress exceeds the ultimate stress for a given temperature. Hence, understanding the evolution of residual stresses during
L-PBF manufacture and product development through simulation can lead to fewer physical prototypes and reduced

overall cost of production.
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Figure 5. Graphical representation of predicted residual stresses of an impeller [26]

Yaghi et al. [27] predicted the overall distortion and residual stress field of L-PBF followed by post-milling of
an industrial impeller made of stainless steel 316 L. They validated the predicted distortions after L-PBF and post-
milling. The L-PBF has been modelled using the inherent strain method, while the post-milling has been modelled by
deactivating elements from the model and mapping surface-induced stresses from milling using the mapping techniques
presented in [3]. They used the predicted distortion to pre-distort the original STL file in the negative direction and
produced a final STL file to compensate for the accumulated distortion in the process chain. The final STL file was used
to manufacture a new impeller with mitigated holistic distortion as shown in Figure 6. Distortion compensation has
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reduced the overall distortion from around 200 pum to around 50 pm.
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Figure 6. Peak values of the holistic distortion due to L-PBF and post-machining have reduced from around 200 um to around 50 pm [27]

3. MSRL tool and industrial implications

The SimReady tool [4] was used in this study. The readiness level of the tool is analogous to the technology
readiness level that has been used in the industry for many years to assess the readiness level of a specific technology.
The tool can be applied to the simulation of manufacturing processes to assess the readiness level of the simulation by
using a specific simulation software package. The information within the assessment can then be used to establish the
current maturity of simulation and to make decisions on whether to adopt the capability to simulate a manufacturing
process.

3.1 The SimReady tool

The SimReady tool was developed to assess the readiness level of simulation software by considering and assessing
the software under seven relevant categories or maturity factors [4]. Within the SimReady tool, a Manufacturing
Simulation Readiness Level (MSRL) scale was created to categorise software into distinct groups defined by their use
capabilities. The seven maturity factors evolve on a 0-5 scale and are represented in Figure 7 alongside a chart indicating
the importance of various activities during the maturation process.
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Figure 7. Maturity aspects of SimReady’s MSRL

The MSRL scale ranges from level 0 (No Capability Exists) to level 5 (Operational). The levels of MSRL are
shown in Figure 8, and are defined as follows:

MSRL 0 - No Capability Exists: No simulation capability exists in the domain. Prompts identification of
research and development (R&D) needs.

MSRL 1 - Theoretical R&D: Conceptual approach; suitable for academic research and concept verification.
MSRL 2 - Applied R&D: Feasibility demonstration on a one-off basis on very specific problems, and
not as a common practice in the industry. Normally addressed by academia and Research and Technology
Organisations (RTOs). Predictive capabilities are suitable for understanding important aspects of the key
domain and conceptual feasibility of the engineering design or problem solution.

MSRL 3 - Instrumental: Supports low-risk development, with high reliance on modelling and simulation
experts; normally either outsourced to RTOs or pursued by industrial R&D departments - normally original
equipment manufacturers (OEMs) only. Predictive capabilities are suitable for qualitative assessment,
alternative design/solution ranking, defining the design structure, constraining the design space and replacing
some experimental trials.

MSRL 4 - Functional: Modelling and simulation form a functional part of the technology development
process for low-mid risk development. Both the model and the simulation codes and platform are highly
robust and reliable; usability is sufficient for non-experts. Predictive capabilities are suitable for optimisation
and a reduction in experimental trials. Modelling and simulation are part of design best practices, normally
performed by internal R&D departments at OEMs.

MSRL 5 - Operational: The modelling and simulation methods and codes are well recognised as best
practices in the industry and are part of operational process control at any stage of the supply chain. Suitable
for virtual engineering, digital product development, robust and optimal product and process design, virtual
prototyping, certification and mid to high-risk decisions supported by digital prototypes.
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Figure 8. SimReady’s MSRL Scale

3.2 Application of MSRL tool for process chains

The SimReady tool has been applied to assess the MSRL of the reported process chain. The process chain has been
considered collectively to answer the set of questions under each one of the seven maturity factors within the tool. The
outcome of the assessment is presented in Figure 9

READINESS LEVEL CHART

1. INPUT DATA

“~.__ 2. MODEL
\COMPLETENESS

6. MODEL
USABILITY &
VERSATILITY

5. CODE & PLATFORMS 4. SIMULATION DATA
MANAGEMENT

— Factors Maturation &= Readiness Level

Figure 9. MSRL of the reported L-PBF process chain.

It can be seen from Figure 9 that the overall MSRL score of the reported L-PBF process chain is 3; this has been
rounded off from a more accurate score of 2.72, making it lie somewhere between “Applied R&D” and “Instrumental”
as depicted in Figure 8 and described on the page 22. The score of each of the seven maturity factors can also be seen in
Figure 9, ranging from a minimum of 2.29 for model usability and suitability, and a maximum of 3.20 for cost-benefit.

The individual scores of the seven maturity factors show the following. The score for Input Data is 3.00, which
means that, for example, if the accuracy and reliability of input data were improved, the score could be increased
towards 5.00, making the modelling and simulation more robust and reliable, and allowing them to be used for mid to
high-risk decisions supported by digital prototypes. The score for Model Completeness is 2.63, which means that it is
recommended that different areas of the model are considered carefully, to develop the parts that are not sufficiently
developed in order to push the maturity score towards 5.00. The score for Verification & Validation is 2.75, indicating
that it would be beneficial to invest in making sure that the assumptions and simplifications of the model are realistic,
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valid and accurate, and also making sure that enough validation is carried out with experimental measurement to
confirm that the simulation results are correct and sufficiently accurate. The score for Simulation Data Management is
2.71, indicating that investment should be directed towards making processing and presenting the simulation results
more standardised and straightforward. The score for Code and Platforms is 2.47, implying that different parts of the
simulation code should be made more robust and accessible and that transferring data between the different platforms
should be standardised. The score for Model Suitability & Usability is 2.29, which means that it is recommended to
examine the model closely in order to improve the applicability of the model under varying conditions within the L-PBF
process chain. Finally, the score for Cost-Benefit is 3.20, indicating that, the costs of modelling and simulation should
be reduced to improve their maturity; this can be achieved by considering open-source software packages, creating
applications (APPs) that can be coded into the model to allow non-expert usage of the model, and establishing ways in
which simulation results can substantially reduce the reliability on physical prototypes as part of the design procedure.
The above conclusions and recommendations are just examples that may help in increasing the maturity score of the
L-PBF process chain modelling and simulation. There can be many other considerations that may also lead to improving
the maturation of modelling and simulation of the same process chain.

3.3 Industrial impact

The assessment MSRL score of the process chain presented in the previous subsection can be used to make
important decisions on the usefulness of adopting simulation to model the mechanical behaviour of the comprising
processes. The assessment outcome can be considered carefully to establish the extent to which modelling and
simulation can be effectively applied to reduce costs and improve structural integrity. The assessment can also be used
to assist in establishing how to take the maturity of the process chain simulation to the next level on the MSRL scale by
considering the score of each of the seven maturity factors individually. The information can then help with discussions
with decision-makers, improving the chance of adopting modelling and simulation within the manufacturing industrial
culture and allowing decisions to be based on quantitative and well-informed arguments.

4. Concluding remarks

The numerical simulation of a complete manufacturing process chain for L-PBF has been demonstrated through
case studies for raking of metallic powder, L-PBF process and post-processes (i.e. machining, heat treatment, SP and
LSP), which was essential to apply the MSRL Tool to conduct a maturity assessment. The results from the assessment
showed that the maturity of the L-PBF process chain modelling and simulation is somewhere between the maturity
stage of applied research and development and the stage of being instrumental. This means that the L-PBF process
chain modelling and simulation are not a common practice in the industry and are normally addressed by academia and
Research and Technology Organisations (RTOs). It also means that the L-PBF process chain modelling and simulation
can support low-risk development, with high reliance on modelling and simulation experts, making them suitable for
qualitative assessment, alternative design/solution ranking, defining the design structure, constraining the design space
and replacing some experimental trials. The maturity assessment shows that further maturation is required before
the modelling and simulation methods and codes are well recognised as best practice in the industry and are part of
operational process control at any stage of the supply chain.
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