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Metal Additive Manufacturing (MAM) is a rapidly growing technology
that has the potential to revolutionize the manufacturing industry. One
of the current MAM processes is direct energy deposition (DED), which
uses layer-by-layer deposition to design for part consolidation and
minimize materials wastage. However, repeated heating and cooling of
the DED process often exhibit distortions in AM components, leading to
premature failure. The study presents the numerical computation
analysis of the thermally induced distortion of additively manufactured
Inconel 718 on SS316 substrate utilizing the DED process with the help
of numerical computation software Simufact Welding. The geometry
design of the Inconel 718 component and SS316 substrate is designed to
establish a deeper understanding of the LMD process’s distortion
behaviour. The simulation results show that the distortions increase with
the number of layers, and the distortion rate varies along the deposition
height. Deformation of the substrate at nodes S3 and S5 increased
linearly in each of the deposited layers, but the rate decreased at nodes
S1 and S2 during the last four layers suggesting temperature uniformity
between the substrate and the deposited material.

INTRODUCTION

The fundamental of the additive manufacturing (AM) process is the process of joining material to create a
three-dimensional object layer upon layer by slicing the 3D model data. Modern AM technologies have
utilized various materials such as polymers, ceramics, and metals to manufacture products (Nazir et al.,
2023). Metal additive manufacturing (MAM) has shown to be one of the prominent impacts in the industries
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(Armstrong et al., 2022). The MAM process uses a heat source to heat metal powder or wire to form an
object. Direct energy deposition (DED) is one of the several categories of AM technologies according to
ISO/ASTM 52900:2021 that uses powders as feedstock and either laser, arc, or electron beam as the heat
source. Laser metal deposition (LMD) directs the laser energy as a light source to produce a tiny melt pool
onto the substrate, where metal powder is deposited simultaneously. The powder is then heated, solidified,
and forms a new layer on the substrate (Ahn, 2021). Due to a narrow heat-affected zone, the relations of a
laser with powder-fed metal in DED offers benefits over conventional processes such as welding and
casting (Wolff et al., 2019). Although most of MAM has solved the limitation of the subtractive
manufacturing process in design challenges, the uprising technologies have faced difficulty mitigating
distortion due to rapid heating and cooling between deposited material and substrate.

Parts distortion developed during the deposition is a major problem hindering the MAM process’s
adoption on an industrial scale. Hence, a few studies have attempted to understand the development of
distortion in AM components. Dunbar et al. (2016) used variable reluctance transducer displacement
sensors to record the substrate distortions in the selective laser melting (SLM) process. Afazov et al. (2021)
and Ning et al. (2020) have relied on mathematical models for distortion predictions in AM, just as Wacker
et al. (2021) employed an artificial neural networks approach to forecast distortions in wire arc additive
manufacturing (WAAM). Instead of using in-situ measurement or finite element method (FEM), other
investigations use coordinate measuring machines to quantify the distortions of the manufactured
components (Ghasri-Khouzani et al., 2017; Yakout et al., 2020).

Besides the experimental study conducted by other researchers, the FEM is necessary within the
product development paradigm of the MAM process (Ahmad et al., 2022; Mat et al., 2020). In order to
monitor and forecast distortions, Biegler et al. (2022) employed a digital image correlation system, FEM,
and numerical models. Prajadhiana et al. (2023) have developed a practical procedure of numerical
computation for twenty-five layers of deposition of WAAM on top of a thin plate based on actual
experimental results in predicting distortion. Taufek et al. (2022) used FEM software to investigate the
inherent strain method (ISM) in forecasting the distortion of SLM specimens.

In this paper, Inconel 718 has been proposed as the study material. Ni-based alloys are frequently
utilized as deposit material to increase a product’s surface yield strength, ultimate tensile strength, wear
resistance, and corrosion resistance. Due to its elevated temperature yield strength and corrosion resistance,
Inconel 718 has several uses as turbine components (Reed & Rae, 2014).

In previous research, there is little study of numerical computation investigating the distortion induced
by the LMD of Inconel 718. As a result, the discovered insights from this extensive simulation analysis are
thoroughly addressed for the additively manufactured Inconel 718. The schematic in Fig 1 shows the
distortion developed from the LMD process which occurs in two phases. The newly deposited material
exhibits a quick increase in temperature, reaching its melting point. The elevated temperature facilitates the
material’s expansion, whereas the substrate’s reduced temperature constrains its expansion. This
phenomenon results in a brief distortion of a convex shape. The process involves transmitting heat from the
solidified layer to the substrate by conduction. During the heat transferred from the solidified layer on a
substrate, the layer undergoes contraction due to the elevated temperature of the substrate which hinders
the contraction process, leading to a permanent concave distortion (Special Metals Corporation, 2021).

Newly deposited layer Solidified layer

Substrate

Fig. 1. The schematic diagram of distortion during the LMD process.
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METHODOLOGY

Development of numerical computation process

In order to analyse the LMD process of the numerical computation in predicting the distortion
behaviour of additively manufactured Inconel 718, the numerical simulation analysis is explored using
Simufact Welding. The DED module included inside Simufact Welding has the capability to simulate and
assess several factors, such as stress, strain, distortion, temperature history, and hot spots during the
production and post-processing stages of DED models. The LMD process is replicated in the DED module
from CAD modelling to the process parameters.

The module uses a FEM that neglects the consideration of melt pool convections, instead of prioritizing
heat conduction analysis. The deposition of metal in the DED module is simulated as a singular entity due
to single-pass welding. Therefore, the meshes linked to the simulation are first set to function in a state of
quiet or inactive. Upon initiation of the simulation, the activation of each mesh would take place element-
wise using the moving volumetric heat source. During the propagation of the heat source, the elements that
come into touch with it undergo permanent activation via the use of an algorithm for element birth. It is
essential to acknowledge that the program does not imitate powder deposition. Before conducting the LMD
process simulation, it is essential to define the suitable boundary conditions inside the Simufact Welding
program. These include defining the mechanical boundary conditions for clamping and bearing. Fig 2
illustrates the dimensions of the geometrical model and the mechanical boundary conditions.

e

=

Fig. 2. Geometrical model with dimensions and mechanical boundary conditions of the LMD process.

The objective of the simulation is to deposit a cuboid made of Inconel 718 with the dimensions of 100
x 15 x 10 mm on the SS316 substrate and a thickness of 8 mm. Fig 3 shows a total of 120 trajectories with
moving heat sources are assigned to simulate 12 single tracks and a total of 10 layers, with each layer having
a 1 mm thickness. The hatch distance of the trajectories is 1.25 mm. The unidirectional deposition strategy
is employed, shown in Fig 3, to produce simplicity and load into the DED module in order to construct the
geometric structure of the component.
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Fig. 3. The total of 120 trajectories of the LMD process and heat sources model used in the Simufact Welding.

The heat source used in the simulation has a cylindrical shape, characterized by a radius of 2.05 mm
and a depth of 1 mm. Additionally, the heat source is described by a Gaussian parameter of 0, giving a
constant distribution and possessing an absorption efficiency of 66%. The laser spot size diameter is
assigned to be 4.1 mm.

The deposited Inconel 718 and SS316 substrate materials need to be designated for creating the
numerical model. Prior to the simulation, Table 1 and Table 2 show the nominal composition of Inconel
718 and SS316 obtained with the temperature-dependent material properties shown in Fig 4. The material
properties for Inconel 718 such as thermal conductivity, thermal expansion coefficient, specific heat
capacity, and Young's modulus were sourced from the Simufact Material database with reference data
obtained from the Special Metals technical bulletin for Inconel 718 (Special Metals Corporation, 2021).
For material SS316, the mentioned material data in Simufact Material was obtained from other research
work (Abburi Venkata et al., 2016).

Table 1. Chemical composition of the SS316 in weight % derived from Simufact Material

C Co Cr Mn Mo N P S Si
SS316 0.018 0.19 16.63 1.57 2.05 0.0153 0.04 0.002 0.48

Table 2. Chemical composition of the Inconel 718 in weight % derived from Simufact Material

Al Cr Mn Mo Nb Ni S Si Ta Ti \Y w zr C Co Fe
Inconel 718 0.8 17.96 0.05 264 459 56.52 0.006 0.06 0.02 0.87 0.014 0.013 0.016 0.02 0.05 Balance

Table 3 shows the LMD parameters employed in the study. Besides the deposition strategies and
materials properties, the chosen input parameters of laser power, scanning speed, and laser spot diameter
significantly affect the quality of the product fabricated by the LMD process (Gullipalli et al., 20223;
Gullipalli et al., 2022b; Gullipalli et al., 2022c). The results of the previous study show that these parameters
used have successfully minimized the porosity and crack-free of the additively manufactured Inconel 718
component. However, in this study, the parameters chosen are used to investigate the distortion behaviour
caused by the repeated heating of the LMD process based on the thermal history in numerical computation
analysis.
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Fig. 4. (a) Material temperature-dependent properties of Inconel 718 for deposited and (b) SS316 for substrate material
derived from Simufact Material.

Table 3: LMD simulation parameters used in Simufact Welding

LMD parameters Value
Laser power [KW] 2.10
Scanning speed [mm/s] 16.67
Laser spot diameter [mm] 4.10
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RESULT AND DISCUSSION

To obtain the distortion value of the substrate in the software, measurement points are assigned to the
geometrical model to compare the initial and final state of the LMD process of the component. A total of 5
nodes (S1-S5) are assigned in the study to monitor and record the distortion at the substrate bottom, and a
single node in each layer of deposited Inconel 718 to record the thermal history.

In observing the results of the contour band display obtained in measuring the distortion of the LMD
process, Fig 5 shows the highest distortion or maximum displacement of the components that are presented
by red and orange colour, in which all corners of the substrate are deflecting upwards and gradually to the
blue colour to depict minimum distortion. The theory of distortion of the LMD process is further found to
be similar to the simulation.

Fig 6 shows the displacement of nodes and the results of distortion at the bottom of the substrate. The
results show that all the assigned nodes experience deformation, with the highest distortion recorded at
node S2, which is 2 mm. It should be noted that at the center of the substrate, the distortion should be
deflected downward due to concave formation. Instead, minimal distortion is observed at the S4 with 0.2
mm displacement due to the substrate being placed on top of the bearing, preventing the substrate’s center
from deflecting downwards.

Fig 7 shows a melt pool temperature history of 10-layer deposition recorded in the simulation. The
graph shows repeated heating and cooling throughout the deposition with an elevated temperature >1700
°C in each layer.

Fig. 5. The color contour results show the variation in distortion around the substrate.
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Fig. 6. (a) The mesh model of the back substrate with marked nodal position and (b) Distortion result of 5 nodes in
z-axis displacement.
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Fig. 7. Thermal history of repeated heating and cooling of deposited Inconel 718 on SS316 substrate.

A cooling rate of 756 °C/s is observed at the peak temperature of the ninth layer during the simulation
as shown in Fig 8. The heat cycles experienced during the LMD process result in significant thermal stresses
inside the fabricated components.
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Fig. 8. A cooling rate of 756 °C/s is at the peak temperature of the ninth layer.

Fig 9 shows the thermal history at the bottom of the substrate recorded during the whole deposition. It
is worth noting that the highest temperature attained at the bottom surface of the substrate is 374 °C. Based
on the data shown in Fig 7 and Fig 8, it can be noted that a significant temperature discrepancy exists
between the top and bottom surfaces of the substrate. The temperature data presented provides evidence of
significant localized heating, which has the potential to induce plastic deformation in nearby areas. A linear
increase of deformation was observed according to the number of layers deposited. Related to Fig 6, the
rate of deformation was decreased at nodes S1 and S2 for the 4 last layers suggesting the substrate’s
temperature had already been uniform with the temperature of the deposited. Furthermore, the quick
fluctuation in temperature does not provide enough time to accommaodate the plastic deformations occurring
in the components that make the LMD component deformed. At nodes S3 and S5, a linear increase of
deformation is observed compared to S1 and S2 with uneven deformation rates between those locations
suggesting uneven temperature distribution across the substrate due to the unidirectional deposition strategy
(Novelino et al., 2022).
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Fig. 9. The bottom temperature of the substrate.
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CONCLUSION

This research has the main objective, which is to analyse the distortion behaviour of additively
manufactured Inconel 718 by the LMD process. The study case for this investigation is Inconel 718 cuboid
deposited layer upon layer on SS316 substrate in the form of a 12-string, 10-layered LMD process which
is modelled with simplified rectangular mesh geometry and simulated with laser heat source model. The
contributions from this study can be summarized as follows:

(i) The numerical computation for twelve-string and ten-layer deposition of the LMD process
has been successfully simulated using Simufact Welding. The geometrical and process
parameters are defined clearly to achieve the desired results.

(i) The distortion results obtained from the simulation further approve the theory of the
distortion behaviour of the LMD process, where the LMD components will form a concave
shape due to the elevated temperature of the substrate hindering the contraction of the newly
solidified layer.

(iii) The material modelling with JMatPro software will be considered towards further
development of this research to compare the accuracy of the simulation and experimental
results.

(iv) The in-situ LMD parameters of the experiment can be used in the simulation of the upcoming
study to develop a virtual testing of the LMD process.
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