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Abstract. Understanding the development of a number of defects found in components 

fabricated by the metal Additive Manufacturing (AM) processes requires an understanding of 
the evolution in the thermal field within the component at both the macro- and meso-scales. As 

a first step, in this work, the agglomeration method was used in combination with a time-

averaged input of energy to simulate the macro-scale evolution in temperature. Two example 

processes: 1) laser-based powder-fed directed energy deposition; and 2) electron beam powder 

bed fusion, are used to demonstrate the modelling methodology. The approach employed focuses 

on ensuring the conservation of heat and is applied using ABAQUS. The two applications have 

been validated by comparing the predicted thermal behaviour with process-derived data. The 

results indicate that this method is an efficient strategy to predict the thermal field at the scale of 

the component being fabricated. 

1.  Introduction 

Additive Manufacturing (AM) is an advanced manufacturing method for producing components in 
which the feedstock material is consolidated into a metallic part in a layer-by-layer fashion [1]. The 

benefits of fabricating parts via AM include: the ability to produce geometrically complex near-net-

shape structures; increased design flexibility; reduced part counts by reducing the need to assemble 

multiple components; and minimization of subtractive machining and material waste. For these reasons, 
AM is growing in acceptance as an alternative method for producing components for automotive, 

aerospace, medical, and energy applications [2,3]. However, despite these benefits, several challenges 

are associated with this process, including the high cost of the feedstock material in powder-based 
additive technologies, low productivity, porosity, surface roughness, and the development of residual 

stresses in the final component [4–6].  

Metal AM processes include a wide range of methods, including Electron Beam Melting (EBM), 
Directed Energy Deposition (DED) and Selected Laser Melting (SLM). These AM techniques are based 

on selective melt/sintering of the build material, which may be powder or wire, using an intense, focused 

heat source. In these processes, the heat sources, such as an electron beam or laser, are rapidly moved 

over regions on a given layer consistent with the geometry of the part being fabricated [3,7,8].  
In AM processes, large thermal stresses develop due to the temperature gradients associated with the 

rapidly moving intense heat source. Additionally, stresses may develop due to the thermal strain 

mismatch between the deposited material and the substrate or build plate. These strains can lead to 
residual stresses and component distortion. The post-fabrication removal from the substrate or the 

removal of support structures can also result in further deformation [9–11]. Predicting an accurate 
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thermal history in the components fabricated by the AM processes at the macro-scale is crucial to 

estimating the Type-1 residual stresses, which are the macro-scale residual stresses responsible for 

component distortion. Various studies have been conducted to predict the temperature field and its effect 
during the AM processes [12–14]. 

Modelling the part-scale thermal field in melt-sintering AM processes is computationally intensive 

as it involves transient heat transfer over two significantly different time and length scales [10,15]. To 
facilitate practical AM process simulation, various studies have explored different techniques to reduce 

computational time. For instance, some researchers have used the agglomeration method, in which 

several physical deposition layers are lumped into one computational layer [16–18]. Another technique 

to reduce the computational time is the flash heating method, in which an equivalent uniform heat source 
is applied to each layer instead of modelling the precise details of the heat source-material interaction 

[19, 20]. Although the agglomeration and flash heating methods can reduce the computational cost, 

these methods cannot capture the thermal behaviour at high spatial and temporal resolution during the 
process – e.g., the size and location of the melt pool cannot be predicted. 

In this work, the macro-scale evolution in temperature was simulated using a combination of the 

agglomeration and flash heat methods. Two applications were used to illustrate the analysis 
methodology: a Laser-based, Powder-fed Direct Energy Deposition (LP-DED) process and an Electron 

Beam Powder Bed Fusion (EB-PBF) process. The novelty of the approach presented is that it is 

formulated around the principle of heat conservation. In the LP-DED process, the time-averaged input 

of energy is corrected for the enthalpy of the deposited material. In the EB-PBF process, the time-
averaged input of energy is corrected for the enthalpy of the powder following the powder layer preheat. 

The two applications were validated by comparing the predicted thermal behaviour to the experimentally 

derived data. The results show that this approach effectively predicts the thermal field at the part scale. 

2.  Model development 

For the two applications, LP-DED and EB-PBF, separate 3D, transient thermal models were developed 

in ABAQUS1. 

2.1.  Geometry, mesh and element activation 
Figure 1 shows the computational domain in various views (a)-(c), which includes the baseplate, the 

component geometry and the fixturing used for the LP-DED process. The figure also includes mesh (d), 

which contained 12,621 nodes and 9208 elements. The part was partitioned into 11 super layers. Each 
super layer represents the agglomeration of 4 physical process layers. The thickness of each super layer 

is 1.96 mm = 4 layers × 0.49 mm/layer [21]. 

 

Figure 1. The dimensioned 2D drawing of the geometry fabricated with LP-DED (a) front view, (b) 

side view, (c) top view and (d) the analysis mesh [21]. 

 
1 ABAQUS is the trademark for Dassault Systèmes. 
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Figure 2 shows the computational domain, including the part (a), baseplate and surrounding powder 

bed geometries (b) and mesh (c) for the EB-PBF process. The mesh contained 52,344 nodes and 44,700 
elements. The powder bed and part were partitioned into 16 super layers. Each super layer represents 

the agglomeration of 6 physical process layers. The thickness of each super layer is 0.54 mm = 6 layers 

× 0.09 mm/layer. 
 For both applications, the number of physical layers per super layer was determined from a 

sensitivity analysis in which a balance was achieved between computational efficiency and accuracy. 

The deactivate/activate method was used to implement the sequential deposition of the layers. In this 

method, all elements in the domain are generated in the model before starting the analysis. Then, as the 
analysis starts, all elements of the part and/or powder bed are deactivated. During the analysis, the super 

layers of elements associated with the part and surrounding powder are then reactivated in a step-by-

step sequence at the appropriate time. 

 

Figure 2. (a) fabricated component, (b) 3D computational domain including powder bed, baseplate, 

and component, and (c) mesh topography.  

2.2.  Thermal analysis 

The governing equation for 3D transient heat balance is given in Eq. 1. 
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(1) 

 

where 𝑘 is the thermal conductivity (W m-1 K-1), 𝑇 is the temperature (K), 𝑄̇ is the volumetric heat input 

rate (W m-3), 𝜌 is the density (kg m-3), 𝐶𝑝 is the specific heat capacity (J kg-1 K-1), 𝑡 is time (s), and x, y, 

z are the coordinates (m). 
A time-averaged volumetric heat input methodology was implemented for each computational layer 

over the time associated with the deposition of the super layer. Thus, for example, in the EB-PBF 

process, the approach does not account for the process-related steps that would occur on a per powder 
layer basis – i.e., powder deposition, preheat-1, contouring, hatching and preheat-2 are not explicitly 

considered. Rather the timing of each is accounted for in the determination of the time-averaged energy 

input over the six process layers that are included in a single layer of elements.  
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In the approach used for both applications, the new layer of elements being added is activated at an 

elevated temperature. There are several reasons for doing this. In the LP-DED process, a portion of the 

laser energy is consumed by the powder stream entering the beam leading to this material being 
deposited at an elevated temperature. In the analysis of the LP-DED process, an assumption is made for 

the resulting temperature of the deposited material. In the case of the EB-PBF process, following the 

deposition of a powder layer, the new layer is preheated to a target temperature, which is reported to be 
~950 ℃, prior to beam contouring and hatching. In the context of the layer agglomeration method, these 

temperatures form the initial temperature for activation of the element layer, which must be considered 

in the overall system energy balance. This approach also benefits computational efficiency, and there 

are implications associated with capturing the generation of plastic strain at elevated temperatures, 
which are beyond the scope of this manuscript. 

To correct the heat input for the enthalpy associated with activating the elements at the elevated 

temperature, the expressions shown in Eqs 2 and 3 are used.  
 

𝑄̇𝑒𝑛𝑡ℎ𝑎𝑙𝑝𝑦 = 𝜌(𝐶𝑝(𝑇𝑎𝑐𝑡 − 𝑇𝑟𝑒𝑓)
1

𝑡𝑡𝑜𝑡𝑎𝑙
 (2) 

 

where 𝜌 is the density (kg m-3), 𝐶𝑝 is the heat capacity (J kg-1 K-1), 𝑇𝑎𝑐𝑡 is the activation temperature of 

the new layer of elements (℃), 𝑇𝑟𝑒𝑓  is the reference temperature (℃) and 𝑡𝑡𝑜𝑡𝑎𝑙 is the total time taken 

to process a super layer of elements. 

 

 𝑄̇𝑡𝑖𝑚𝑒_𝑎𝑣𝑔 = 𝜂𝑄̇𝑏𝑒𝑎𝑚
𝑡𝑏𝑒𝑎𝑚

𝑡𝑡𝑜𝑡𝑎𝑙
− 𝑄̇𝑒𝑛𝑡ℎ𝑎𝑙𝑝𝑦 (3) 

 

where 𝑄̇𝑡𝑖𝑚𝑒_𝑎𝑣𝑔 is the net time-averaged volumetric heat input rate (W m-3) applied to each super layer, 

𝑡𝑏𝑒𝑎𝑚 is the total time the beam is on during the deposition of the powder layers in a super layer, 𝑡𝑡𝑜𝑡𝑎𝑙  
is the total time taken to process powder layers in a super layer, 𝑄̇𝑏𝑒𝑎𝑚 is the heat input rate (W m-3), 𝜂 

is the absorptivity of the material being heated. In the case of the LP-DED process, the efficiency of 

heating, 𝜂, is set to 0.37, and for the EB-PBF process, it is set to 0.9.  

For the LP-DED process, the beam power, 𝑄̇𝑏𝑒𝑎𝑚, was 1500 W [18]. For the EB-PBF process, 
separate and time-varying heat inputs were applied to the component and the surrounding powder bed 

within each layer following activation. The energy input rates were extracted from data obtained from 

an ARCAM Q20Plus system, including the variation of voltage and current with time. The ARCAM 

Q20Plus system uses a series of different settings (including beam power, speed and focus) for what are 
referred to as process themes. The heat input for each process layer of the component is the sum of the 

energies from preheat-1, contour, hatch, and preheat-2 themes, whereas the heat input for the 

surrounding powder is the sum of the energies from preheat-1 and preheat-2 themes. The calculated heat 
inputs for each layer were then averaged over every six layers in the component and surrounding powder 

bed to calculate the heat input for each super layer of the component and surrounding powder bed in the 

analysis. The resulting time-averaged heat inputs, 𝑄̇𝑏𝑒𝑎𝑚, are shown in Figure 3. 

Referring to Figure 3, for the first few layers (up to the 12th layer), the time-averaged heat input 

increases due to the continuous application of the preheat-2 theme. The time-averaged heat input then 
decreases and oscillates around a constant value from the 12th to the 75th layer due to a reduction in the 

frequency of use of the preheat-2 theme. Toward the end of the build, the time-averaged heat input 

increases again during the deposition of the layers (84th layer to 96th layer) associated with the fabrication 
of the platforms on the component.  
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Figure 3. The time-averaged energy input for each layer of the component and surrounding powder 

bed. 

2.2.1.  Boundary conditions 

During the LP-DED process, heat loss occurs via conduction to the baseplate, convection due to the 
flow of inert gas on the free surfaces (captured using a heat transfer coefficient of 5 W m-2 K-1) and 

radiation from all the free surfaces on the component and baseplate to the surrounding environment. The 

baseplate also loses heat by conduction to the support structure that the baseplate is clamped to (refer to 
Figure 1). The ambient temperature was set to 25 ℃. Conductive heat loss between the baseplate and 

the fixture was also defined via an increased heat transfer coefficient of 50 W m-2 K-1 [18].  

During the EB-PBF process, heat loss occurs by conduction to the baseplate/surrounding powder bed 
and radiation from the top surface of the domain. The surface emissivity was set to 0.769 [22], and the 

ambient temperature was set to 350 ℃. A contact boundary condition was defined to consider the 

conductive heat loss between the component and powder bed with a thermal conductance of 0.4 W m-2 

K-1.  

2.2.2.  Initial conditions 

For the LP-DED process, the initial baseplate temperature was set to 25 ℃. In addition, the activation 

temperature of the deposited material was set to 2200 ℃ [21]. For the EB-PBF process, the initial 
temperature of the baseplate was set to 750 ℃, and the activation temperature of the deposited material 

for the component and powder bed was set to 950 ℃. 

2.3.  Material properties 

For the LP-DED process, the temperature-dependent thermo-physical properties of consolidated Ti-6Al-
4V (Ti64) were used for both the baseplate and rectangular component [21]. For the EB-PBF process, 

the temperature-dependent thermo-physical properties of consolidated Ti64 were used for the 

component. The powder was treated as a bulk material, and the density and thermal conductivity were 
reduced by a factor of 0.5 relatives to bulk Ti64 to account for the void space between the discrete 

particles. The temperature-dependent thermo-physical properties of 304L stainless steel were used for 

the baseplate [23]. 

3.  Results and discussion 

The simulation results for both applications were validated by comparing the predicted thermal 

behaviour with process-derived data. Figure 4 shows a comparison between the predicted thermal 

history of the baseplate in the LP-DED process and the in-situ experimental measurements at two 
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locations on the bottom surface of the baseplate reported by Lu et al. [18]. As can be seen, there is 

relatively good agreement between the simulated and measured thermal history of the baseplate, with a 

maximum error of approximately 10%. Furthermore, the execution time was less than 10 min using 12, 
2.33 GHz, Intel Quad-core CPUs. 

 

Figure 4. Measured [18] and predicted thermal history at two locations on the bottom surface of the 

baseplate [21]. 
 

Referring to Figure 4, the temperature of the baseplate increases rapidly during the addition of the 

first three super layers. The temperature then gradually reduces as the deposition continues. This 
reduction in temperature is due to the increased distance (and resistance to conduction) from the 

thermocouple locations to the layer of material being deposited. Finally, as the deposition of all layers 

is complete, the baseplate cools down. During the addition of each layer, it can also be seen that the 
predicted and measured thermal behaviour both show periodic, quick rises followed by gradual falls in 

temperature. This behaviour is associated with the deposition of hot material in a layer-by-layer process.  

Figure 5 shows a qualitative comparison between the simulated temperature contour and a grey-scale 

image obtained by the ARCAM Q20Plus EB-PBF system during the manufacturing process. The image 
was captured after the deposition of all layers of the component (96 physical process layers, which 

corresponds to 16 super layers in the model). As can be seen, the model can qualitatively predict the 

difference in temperature observed between the inner support structure and the platforms. The higher 
temperature observed in the platforms is due to a combination of the increased area over which heat is 

input and their fabrication on un-consolidated powder resulting in a reduced path for conduction to the 

build plate. The execution time was approximately 2 hours using 12, 2.33 GHz, Intel Quad-core CPUs. 
Notes: 1) calibration of the grey-scale image from the ARCAM camera to temperature is ongoing; 2) 

the ABAQUS grey-scale shown is linear in temperature and must be corrected. 
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(a) (b) 

Figure 5. A qualitative comparison between the predicted grey-scale temperature contour (a) and an 

image captured by the ARCAM Q20Plus EB-BPF system (b) at the end of the deposition of all layers. 

As a second means of assessing the validity of the model predictions qualitatively, a comparison 
between a colour image captured during the EB-PBF manufacturing process and the predicted 

temperature contour is shown in Figure 6. Again, this comparison shows relatively good qualitative 

agreement between the model predictions and the process conditions.  
 

 
 

(a) (b) 

 

Figure 6. A qualitative comparison between the simulated temperature contour (a) and an image 

captured during the EB-PBF manufacturing process (b). 

4.  Summary and conclusions 

The accurate prediction of the temperature distribution at the macro-scale and its evolution during 

component fabrication in the metal AM processes is essential to be able to predict important phenomena 
developing at the meso-scale. These phenomena include pore formation, plastic strain accumulation, 

microstructure, and the evaporative losses of volatile alloy constituents. This work demonstrates a 

modelling methodology using the agglomeration method in combination with time-averaged heat input 

that is relatively fast to run and efficient. The method was implemented to simulate two process 
applications: an LP-DED process and an EB-PBF process. The conservation of heat was applied in the 

method employed in ABAQUS. The predicted thermal behaviour for both applications was compared 

against the process-derived data to validate the model. The results showed good quantitative agreement 
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between predicted and experimental data in the case of the LP-DED process and good qualitative 

agreement in the case of the EB-PBF process.  
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