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Abstract 

Powder bed fusion (PBF) has attracted significant attention in many applications due to its 

capability of fabricating complex and customized metal parts. However, the potential for high 

inherent residual stresses that produce distortion in additive manufacturing (AM) components, 

prevents more widespread application of the AM technique. Efficient and accurate prediction 

of residual stress and distortion at component-level (macro-scale) is a complex task. Although 

process-level (meso-scale) thermo-mechanical simulations have resulted in accurate 

predictions for small-scale parts, the computational times (typically weeks) and memory 

requirements for application of such methods to component-level are prohibitive. The main 

goal of the current study therefore is to present an efficient and accurate finite element (FE) 

simulation method with detailed validation for PBF manufacture of a complex 3D Inconel 625 

benchmark bridge component (macro-scale). The simulation results are successfully validated 

against the published benchmark experimental measurements from neutron diffraction, X-ray 

diffraction (XRD), contour method and coordinate measurement machine (CMM) by the 

National Institute of Standards and Technology (NIST) laboratory. A key additional novelty of 

the present work is the investigation of the effects of substrate removal and preheating on 

mitigation of residual stresses and distortions using the validated model. Ultimately, these 

results will guide the selection of optimal manufacturing protocols and integration of the FE-

based AM modelling for industrial application with complex geometries. The ultimate aim of 

the present work is to facilitate fatigue life prediction of complex geometry AM components 

including residual stress effects, e.g. conformally-cooled injection moulding dies (for different 

material than Inconel 625). 

 

Keywords: Additive manufacturing; Powder Bed Fusion; Thermo-mechanical simulation; 

Residual stress; Distortion 
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1. Introduction 

Powder bed fusion (PBF) is one of several additive manufacturing (AM) technologies 

for fabricating complex shape, custom-designed components in which a thin layer of metal 

powder is first laid and then a moving laser (or electron) beam is applied as the heat source to 

fully melt the metal powder according to the controlled trajectory 1, 2. However, high inherent 

tensile residual stress caused by large thermal gradients and cooling rates, which leads to 

distortions and cracks in the AM part, is a major concern for PBF 3-5. Tensile residual stress is 

detrimental to the fatigue performance of manufactured parts 6, 7. Hence, it is important to 

understand the effects of component-level geometry on how residual stresses develop during 

PBF, i.e. not just at the material or process level, and how to mitigate residual stress and 

distortion induced in components manufactured by PBF.  

Previous work on the analysis of residual stresses in PBF has been conducted using 

experimental and numerical methods 8, 9. Several experimental measurements have been made 

to systematically investigate the magnitude of residual stress and distortion during PBF. 

Simson et al. 10 investigated residual stress in selective laser melting (SLM) samples made from 

316L austenitic stainless steel at different depths and on two outer surfaces using X-ray 

diffraction (XRD), showing that the orientation of the main stress components is dependent on 

the examined layer. For example, the residual stresses at the top surface are higher in the laser 

scanning direction than those in the perpendicular direction. Phan et al. 11 conducted high-

fidelity residual strain and residual stress benchmark measurements in PBF built Inconel 625 

bridge-shaped component using neutron diffraction, XRD and contour method. The distortion 

of the component was measured using the coordinate measurement machine (CMM). The 

results using different techniques are in reasonable agreement with each other. These results 

are used here to validate the proposed new FE-based AM process model for residual stresses, 

strains and distortions in complex geometries. Barros et al. 12 measured residual stress of PBF 

Inconel 718 cuboid specimens in the as-built state and after standard solution annealing and 

ageing heat treatment conditions using the hole-drilling strain-gage method and highlighted 

that residual stress decreased markedly after the heat treatment. Teixeira et al. 13 have recently 

presented a detailed review of residual stress development in PBF for Inconel 718 and 

concluded that although optimized heat treatment can successfully reduce residual stresses for 

Inconel 718, there are still significant process-structure-property challenges, including 

investigation of different heat treatment strategies, as investigated in this work for Inconel 625. 

Mishurova et al. 14 evaluated the effect of the support structure and substrate removal on 



3 

 

residual stress and distortion in SLM Inconel 718 parts by means of XRD and highlighted that 

(i) the removal from the substrate leads to residual stress redistribution and relaxation on the 

sample and (ii) the supporting structures between the AM built sample and the substrate are 

useful for compensating the distortion. However, it is not possible to provide supporting 

structures in all the areas of printed components, and post-print removal is typically difficult. 

The effects of preheating on residual stress reduction and mechanical properties enhancement 

of SLM Ti-6Al-4V were demonstrated experimentally by Ali et al. 15. The generated residual 

stresses were 88.3% lower at the component preheated at 470 °C compared to that preheated 

at 100 °C and the yield strength and elongation of components with 570 °C preheating 

temperature improved by 3.2% and 66.2%, respectively. In general, experimental methods are 

time-consuming and cost-intensive for routine assessment of residual stress or design studies 

to mitigate residual stresses 16. Accordingly, numerical modelling methods, validated against 

relevant experimental data, are potentially efficient alternatives to predict residual stress and 

distortion in AM processes, and to facilitate quick and cost-effective AM design and 

optimization 17.  

In general, existing AM process modelling methods can be categorized into process-level 

18-20 and component-level 21-23 models. Detailed process-level modelling has been performed 

using a small step increment and a fine mesh with at least one element per layer. Hussein et al. 

18 proposed a three-dimensional (3D) transient finite element (FE) model to predict the 

temperature and stress fields within a single 316L stainless steel layer built on the powder bed 

using the SLM process, revealing differences in temperature and stresses at different locations 

of the layer, but without explicit comparisons against experimental measurements. Hodge et 

al. 19 presented a continuum thermo-mechanical modelling method for calculation of the 

thermal and mechanical history of a SLM manufactured 316L stainless steel cube (12 layers in 

total) and highlighted the limitations of the Bathe algorithm 24 for phase change modelling due 

to significant computational resources required. Recently, Yang et al. 20 developed a 3D FE 

model for predicting the thermal history and spatial distributions of temperature in the PBF 

process using the ‘element birth and death’ technique in Abaqus (commonly referred as the 

‘Model Change’ technique 25), and extended to solid-state phase transformation for Ti-6Al-4V. 

In this case, the predictions of thermal history and molten pool dimensions were successfully 

validated against measured data 26. Although modelling at the process-level can capture the 

rapidly evolving temperature and details of melt pool process physics, the computational 

domain is typically small (e.g. only a few layers of thickness) due to high computational cost 
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27, 28. Promoppatum et al. 21 investigated the inherent strain based approach for prediction of 

residual stresses in PBF Inconel 718 parts, with comparison against neutron diffraction 

measured results for validation of the developed FE framework. A key limitation of the inherent 

strain approach is the challenge in determining accurate inherent strain fields since they 

strongly depend on the AM process parameters. Bayat et al. 22 developed a component-level 

FE-based thermo-mechanical model for predicting residual stresses and distortions for PBF Ti-

6Al-4V, using the flash heating (FH) method as a multi-scaling approach to improve 

computational efficiency. However, the FH method is insensitive to the scanning strategy, 

which leads to unrealistic prediction of residual deformation. Williams et al. 23 introduced a 

pragmatic FE-based component-level model for residual stress and distortion prediction in PBF 

process. Several layers were combined into a thicker computational section or block in their 

model, which is based on the ‘block dump’ approach. For example, 16 layers were 

amalgamated to a height of 0.8 mm section in the model; the differences between predicted 

and measured (using digital image correlation (DIC)) distortion were within 5% for the bridge 

component made from 316L stainless steel. The ‘block dump’ approach can capture the 

thermo-mechanical conditions with reasonable accuracy, but high-performance computing is 

often required. The recently developed AM built-in module of the general-purpose FE software 

Abaqus 29 (hereafter referred as ‘Abaqus AM’) was evaluated by Song et al. 9 for both PBF and 

(Directed Energy Deposition) DED process of Inconel 718; the residual stress predictions from 

FE simulation captures the trend from the Focused Ion Beam (FIB) slitting + DIC measured 

results, and the maximum difference between FE predictions and FIB-DIC measurements is 

about 38.6% (viz. 610 MPa, as compared to 440 MPa). In our previous work 30, a 3D FE model 

using Abaqus AM was developed to predict thermal histories and residual stresses in a realistic 

DED Ti-6Al-4V component.  

The objectives of the present study are (i) to develop and validate an efficient and 

accurate process simulation model for component-level PBF, based on benchmark 

experimental test data, and (ii) to investigate the application of this model to development and 

mitigation of residual stresses and distortions in complex PBF components. Firstly, a 3D FE-

based method is developed to predict the thermo-mechanical behavior of the NIST benchmark 

PBF manufactured Inconel 625 bridge structure 11. A detailed validation of the FE-based model 

is presented by comparison against the published benchmark measurements. Residual stress 

and distortion predictions using the FE-based method are shown to agree closely with the 

measured data. The validated model is employed to investigate the influence of substrate 



5 

 

removal, and preheating and cooling rates on mitigating both residual stresses and distortions, 

as a guideline for selection of optimal manufacturing protocols and to demonstrate the 

effectiveness of the developed FE-based method. 

 

2. Methodology 

To improve computational efficiency, the widely-adopted sequentially coupled thermo-

mechanical analysis of PBF process is used in this study 23, 31. The transient heat transfer 

analysis is conducted first, for which the thermal loads are induced by the input laser during 

the printing process, as shown in Fig. 1, followed by a static mechanical analysis, where the 

calculated temperature field is imported to determine the residual stress caused by thermal 

expansion. The governing equations of both the thermal and mechanical analysis are briefly 

summarized in this section. More details of the thermal transfer and mechanical mechanisms 

can be found in 32. 

 

 

Fig. 1. Heat transfer mechanisms in the PBF process. 

 

2.1 Governing equations 

2.1.1 Thermal analysis 

The governing equation of the thermal analysis is the heat conduction equation 33: 
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 𝜌𝐶p

𝑑𝑇

𝑑𝑡
+ ∇ ∙ 𝐪 = 𝑄 + �̇�mech (1) 

where 𝜌 is density (kg/m3), 𝐶p is the temperature dependent specific heat (J/(kgK)), T denotes 

temperature (K), t is time (s), 𝐪 is heat flux vector, and Q is laser heat source, �̇�mech is thermo-

mechanical dissipation. The heat flux vector 𝐪 due to conduction is given as follows: 

 𝐪 = −𝑘∇𝑇 (2) 

where k is the temperature dependent thermal conductivity (W/(mK)). The heat loss due to 

heat convection can be formulated as: 

 𝑞conv = ℎconv(𝑇sur − 𝑇a) (3) 

where ℎconv is heat transfer convection coefficient (W/(m2K)), taken as 18 W/(m2K) during 

the printing process in this study 3, 𝑇sur  is surface temperature of the specimen (K), 𝑇a  is 

ambient temperature in build chamber (K). The heat loss due to radiation can be formulated as: 

 𝑞rad = 𝜀rad𝜎rad(𝑇sur
4 − 𝑇a

4) (4) 

where 𝜀rad is the emissivity coefficient, and 𝜎rad is the Stefan–Boltzmann constant. Here the 

emissivity 𝜀rad  and the Stefan-Boltzmann’s constant 𝜎rad  were set as 0.45 34 and 5.669 ×

10−8 W/(m2K4) 35, respectively. The laser heat source Q is modeled as a concentrated point 

heat source during the PBF process modelling 9, 36, which is expressed as: 

 𝑄 =
2𝜂𝑃

𝑎𝑏𝑐𝜋√𝜋
exp(−

(𝑥 + 𝑣𝑡)2

𝑎
+

𝑦2

𝑏
+

𝑧2

𝑐
) (5) 

where 𝑃 is the laser power, 𝜂 is the absorptance, 𝑣 is the velocity of moving laser heat source, 

𝑎, 𝑏 and 𝑐 are the dimensions of the heat source along the 𝑥, 𝑦, and 𝑧 axes, respectively.  

 

2.1.2 Mechanical analysis 

The governing equation of the mechanical analysis is the stress equilibrium equation 37, 

given as: 

 ∇ ∙ 𝝈 = 0 (6) 

where 𝝈 is the stress tensor. The mechanical constitutive law for the elastic problem is defined 

as: 

 𝝈 = 𝑪 ∶  𝜺𝐞 = 𝑪 ∶ (𝜺𝐓𝐨𝐭𝐚𝐥 − 𝜺𝐩 − 𝜺𝐓) (7) 
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where 𝑪 is the stiffness tensor, 𝜺𝐓𝐨𝐭𝐚𝐥, 𝜺𝐞, 𝜺𝐩, 𝜺𝐓 are the total, the elastic, the plastic and the 

thermal strain tensors, respectively. The thermal strain tensor driving the residual stress is 

calculated according to: 

 𝜺𝐓 = 𝛼∆𝑇𝑰 (8) 

where 𝛼 is the temperature dependent thermal expansion coefficient (1/K), ∆𝑇 is the change in 

temperature (K) and 𝑰 is identity tensor.  

 

2.2 Finite element modelling of PBF process  

Since the macro-scale residual stress and distortion cannot be predicted using the process-

level modelling approach due to the prohibitively high computational cost, the component-

level modelling approach is implemented here 23. An overview of the PBF process modeling is 

illustrated in Fig. 2. 

 

Fig. 2. Overview of the PBF process modelling: Step 1: Realistic geometry, Step 2: Thermal 

analysis, Step 3: Mechanical analysis. 

 

The FE analysis is performed using Abaqus/CAE 2020 38. The built bridge-shaped 

geometry on a cuboid substrate modelled here using the ‘Abaqus AM’ method, of which more 

details can be found in our previous paper 30, is based on that experimentally examined by Phan 

et al. 11, as shown in Fig. 3. The dimensions of the printed component are 75 mm (L) × 5 mm 

(W) × 12.5 mm (H). The dimensions of the substrate are 81 mm (L) × 11 mm (W) × 12.7 mm 

(H). Fig. 3 (b) presents the FE model and mesh design. A detailed mesh convergence study 

was performed to achieve a judicious balance between required computational resource and 
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results accuracy (within 5% with respect to the maximum principal stress), as shown in Fig. 4. 

The element size of meshes P, Q and R (essentially uniform mesh distribution used in the bridge 

model) are 400 μm, 200 μm and 100 μm, respectively. The converged FE mesh Q consists of 

486472 elements and 530988 nodes. The average element size in the bridge structure is 214 

μm (L) × 200 μm (W) × 200 μm (H), i.e. layer scale-up factor of 10 (10 layers merged within 

one element layer). Similar mesh densities have been presented in Song et al. 9. The ratio of 

element size to the characteristic length of component (12 mm) is 0.016. It should be noted that 

the mesh of the substrate is coarser (500 μm (L) × 500 μm (W) × 500 μm (H)), thus reducing 

computational cost whilst maintaining accuracy. The step increment is set as one time 

increment per build layer 9. Eight-node linear heat transfer elements (DC3D8) are used for the 

heat transfer analysis, and eight-node linear elements with full integration (C3D8) are then 

applied for the mechanical analysis 9, 36.  

Build direction is defined as the Z-direction for the PBF modelling, and the recoating is 

performed from right to left (along the opposite direction of the X-axis, see Fig. 5). The bottom 

surface of the substrate is fixed as shown in Fig. 5. The ambient temperature (𝑇a) in the build 

chamber and the predefined temperature (𝑇p ) of the substrate are set the same as in the 

experiment, i.e. 313 K and 353 K, respectively 11. In this study, the “cut” element set (see Fig. 

5) between the bridge structure and the substrate is created to simulate the electric discharge 

machining (EDM) removal process, achieved by deactivating the “cut” element set after the 

whole bridge was built. The distortion of the bridge structure can be predicted and compared 

with the benchmark measurement. 

 

 

(a) 



9 

 

 

(b) 

Fig. 3. Configurations of the PBF modelling: (a) Dimensions of bridge structure printed by 

Phan et al. 11, (b) FE model and mesh design.  

 

 

Fig. 4. Mesh convergency study (locations of P, Q and R see Fig. 3). 
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Fig. 5. Boundary conditions of the FE model. 

 

2.3 Material properties and process parameters 

The temperature-dependent material properties of Inconel 625 employed in this study are 

shown in Fig. 6, including thermal conductivity, specific heat, thermal expansion, Poisson's 

ratio, Young's modulus and yield stress 39, 40. The material density is taken as a constant value 

of 8440 kg/m3. The widely used elastic perfectly plastic (EPP) model is adopted to define the 

plasticity of Inconel 625 41, 42. The process parameters for the computational PBF modeling are 

summarized in Table 1, which are the same as the experiment conditions investigated here 11, 

43. The laser path employed in the PBF modelling is converted from G-code (i.e. combination 

of motion and action commands for the 3D printer) according to the scanning strategy (see Fig. 

7, adapted from the NIST AM-Bench website 43), including horizontal infill scans (parallel to 

the X-axis) and vertical scans (parallel to the Y-axis) for odd and even layers, respectively. The 

average layer time is 52 s during the printing of bridge legs. 
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Fig. 6. Temperature-dependent material properties of Inconel 625 39, 40. 

 

Table 1. Process parameters applied in the PBF modelling. 

Symbol Parameters Value 

𝜂 Absorption coefficient 0.45 

𝑃𝑐 Contour laser power (W) 100 

𝑣𝑐 Contour scanning speed (mm/s) 900 

𝑃𝑖 Infill laser power (W) 195 

𝑣𝑖 Infill scanning speed (mm/s) 800 

𝑑𝑠 Laser spot diameter (μm) 50 

𝐿 Layer thickness (μm) 20 

𝐻 Hatch spacing (μm) 100 
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Fig. 7. Scanning strategy, adapted from NIST AM-Bench website 43. 

 

3. Results 

3.1 Validation of thermo-mechanical FE model 

3.1.1 Residual strain analysis 

To validate the performance of the present FE-based component-level model, prediction 

of residual strains, residual stresses and distortions in Inconel 625 bridge is compared with the 

test data of Phan et al. 11. First, the residual strain in the middle cross section of the 

manufactured bridge structure is predicted and compared to the experimental measurements 

(before substrate removal). Figs. 8 (a), (c) and (e) shows the predicted distributions of residual 

strains 𝜀xx , 𝜀zz  and 𝜀xz , respectively. The corresponding experimental measurements are 

shown in Figs. 8 (b), (d) and (f). It is clear that all three predicted residual strain distributions 

are in reasonable agreement with the benchmark measurements from Phan et al. 11, in terms of 

both magnitude and distribution. Specifically, both FE prediction and XRD measurement of 

the residual strain 𝜀xx (see Figs. 8 (a) and (b)) are mostly tensile across the main body of the 

bridge structure, while the compressive strains are mainly on the bridge legs. The maximum 

tensile strains are close to the top and bottom sides of the bridge. The predicted residual strain 

𝜀zz shown in Fig. 8 (c) is in reasonable agreement with the experimental measured residual 

strain 𝜀zz (see Fig. 8 (d)), with mostly compressive strain through the main body and tensile 

strain on the bridge legs, which is almost a reverse image to that in the X direction. Similar 
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agreement is also obtained for the shear strain 𝜀xz (see Figs. 8 (e) and (f)). 

In order to make more specific quantitative comparisons, three horizontal paths for 

comparison between the predicted and XRD measured residual strain 𝜀zz are defined in Fig. 9 

(a). The comparison of the residual strain 𝜀zz at the three different heights are: near the top 

surface of the bridge structure (Z = 11.25 mm, see Fig. 9 (b)), near the middle of the top solid 

section (Z = 9.75 mm, see Fig. 9 (c)), and through the legs of the bridge structure (Z = 2.25 

mm, see Fig. 9 (d)). Overall, good agreement is obtained between the predictions and 

experimental measurements. A preliminary study is conducted to optimize the use of multiple 

cores at each step to minimize the total computational time required for analysis using the 

component-level approach. For our case, running using processor with 8 cores, the total 

runtime for this model is about 9.5 hours for thermal analysis and around 43 h for the 

mechanical analysis. 

 

 

(a)  

 

(b)  

 

(c)  

 

(d) 
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(e)  

 

(f)  

Fig. 8. The comparison of predicted and XRD measured 11 residual strain in the middle cross 

section of the bridge structure (before substrate removal): (a) predicted residual strain 𝜀xx, (b) 

XRD measured residual strain 𝜀xx, (c) predicted residual strain 𝜀zz, (d) XRD measured residual 

strain 𝜀zz, (e) predicted residual strain 𝜀xz, (f) XRD measured residual strain 𝜀xz. 

 

 

            (a) 

  

            (b) 
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            (c) 

  

            (d) 

Fig. 9. The comparison of predictions and XRD measurements 11 of residual strain 𝜀zz along 

different paths: (a) locations of the paths, (b) path of Z = 11.25 mm, (c) path of Z = 9.75 mm, 

(d) path of Z = 2.25 mm. 

 

3.1.2 Residual stress analysis 

Fig. 10 shows the comparison of FE predicted and contour method measured residual 

stress 𝜎xx on the plane at the 7th leg (marked as ‘L7’, located at X = 31 mm, see Fig. 10 (a)). 

The predicted residual stress in the X direction (Fig. 10 (b)) is in close agreement with the 

experimental measurement (Fig. 10 (c)). Fig. 11 shows the comparison of FE predicted, contour 

method and neutron diffraction measured residual stress 𝜎xx along the vertical line at the center 

of the L7 plane. Both the trend and values from the FE prediction and benchmark measurements 
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show reasonable agreement except near the top and bottom of the bridge structure.  

 

 

(a) 

           

                      (b)                                                                      (c) 

Fig. 10. The comparison of FE predicted and contour method measured 11 residual stress 𝜎xx 

on the plane at the 7th leg (marked as ‘L7’): (a) location of the ‘L7’ plane (at X = 31 mm), (b) 

FE predicted residual stress 𝜎xx, (c) measured residual stress 𝜎xx using the contour method. 

 

  

Fig. 11. Comparison of FE predicted and experimental measured 11 residual stress distributions 
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along the vertical line at the center of the L7 plane. 

 

3.1.3 Distortion analysis  

Distortion of the bridge after the EDM removal process is simulated to investigate the 

ability of the present model to predict the direction and magnitude of distortion. Fig. 12 shows 

the comparison of the distortion calculated by the FE model with CMM measurements 11. The 

measurement points are indicated by the solid black dots on the ridges along the top of the 

bridge. The Z direction displacement is calculated as the difference between the measurement 

before and after the twelve legs of the bridge been separated from the substrate. Fig. 13 shows 

the corresponding bridge distortion after EDM by Phan et al. 11. The predicted distortion and 

the experimental result show the same upward distortion (in the build direction, see Fig. 5), 

and the predicted maximum Z displacement is 1.1 mm, which is in close agreement with the 

experimental measurement of 1.27 mm. 

 

  

Fig. 12. Comparison of present FE predicted distortion with experimental measurement 11. 
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Fig. 13. Macrograph of bridge distortion after EDM process, adapted from Phan et al. 11. 

 

3.2 The effect of substrate removal on the residual stress and distortion 

3.2.1 Residual stress 

Fig. 14 shows the predicted contours of the maximum principal stress of the bridge before 

and after removal of the substrate. Before cutting off from the substrate, the maximum principal 

stress (1385 MPa) is found at the bottom of the bridge (region connected to the substrate, see 

Fig. 14 (a)). After cutting off from the substrate, the maximum principal stress decreases to 

1049 MPa, and the location of the stress concentration changes to the side of the bridge legs 

(see Fig. 14 (b)). Ahmad et al. 44 evaluated the residual stress in SLM Inconel 718 samples 

using the contour method, showing that detrimentally-high tensile residual stress occurred at 

and near the side surfaces of the AM Inconel alloys samples. Fig. 15 shows the effect of cutting 

on the residual maximum principal and normal (Cartesian) stress component distributions 

along two paths, i.e. L1 (along top surface, x-direction) and L2 (through height, z-direction), 

as shown in Fig. 14. In general, it can be found that the most significant effect of cutting occurs 

closest to the plane of cutting, i.e. for low values of Z, as shown in Figs. 15 (b), 15 (d), 15 (f) 

and 15 (h). The 𝜎xx (Mode I type) residual stress along L1 is significantly reduced from tensile 

(detrimental), about 300 MPa, to compressive (beneficial), about 100 MPa, but the 𝜎yy and 𝜎zz 

components are negligibly affected along this line. The dominant residual stress before and 

after cutting is 𝜎zz and it is highest along L1 (top surface) and only negligibly affected there by 

cutting; through the height (L2), 𝜎zz is significantly reduced from a uniformly high tensile 

value to a linearly reducing value, reaching almost zero at the bottom surface (cutting plane); 

in contrast, 𝜎xx and 𝜎yy are negligibly affected except very close to the bottom surface (cutting 

plane), where the values also reduce to almost zero. Although the residual 𝜎zz stress along the 

top surface is not typically Mode I, since it is not parallel to the free surface, it is conceivable 

that these residual tensile stresses could interact with residual porosity and lead to sub-surface 
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cracking in fatigue, or rolling contact fatigue, leading to delamination effects for example.  

 The maximum residual stress values for 𝜎xx, 𝜎yy, 𝜎zz and maximum principal stress, of 

the bridge before and after cutting off from the substrate, are summarized in Fig. 16. Removal 

of the substrate results in decrease in all residual stress components. The maximum decrease is 

335.8 MPa, for maximum principal stress, while the minimum decrease in 𝜎yy is only 10.2 

MPa. 

 

 

(a) 

 

(b) 

Fig. 14. The residual maximum principal stress of the bridge: (a) before cutting off from the 

substrate, (b) after cutting off from the substrate. 

 

  

(a) Maximum principal stress along top surface (L1)  (b) Maximum principal stress through 

height (L2) 
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              (c) 𝜎xx along top surface (L1)                             (d) 𝜎xx through height (L2) 

  

              (e) 𝜎yy along top surface (L1)                      (f) 𝜎yy through height (L2) 

  

              (g) 𝜎zz along top surface (L1)                      (h) 𝜎zz through height (L2) 

Fig. 15. Effect of cutting on residual stress distributions of bridge for maximum principal stress 

and normal (Cartesian) stress components along top surface (L1) and through height (L2): (a) 

maximum principal stress along top surface (L1), (b) maximum principal stress through height 

(L2), (c) 𝜎xx along top surface (L1), (d) 𝜎xx through height (L2), (e) 𝜎yy along top surface (L1), 

(f) 𝜎yy through height (L2), (g) 𝜎zz along top surface (L1),  (h) 𝜎zz through height (L2). 
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Fig. 16. Maximum residual stress values for 𝜎xx, 𝜎yy, 𝜎zz and maximum principal stress before 

and after cutting off from the substrate. 

 

3.2.2 Z direction distortion 

The distortion of the bridge in the Z (vertical) direction after fully cutting off from the 

substrate is shown in Fig. 17, which is different from that of the bridge with twelve legs 

separated from the substrate (see Figs. 12 and 13). This is attributes to the lack of constraints 

from the substrate (after fully cutting off) and thus the bridge has more freedom to deform in 

both sides. 

 

  

Fig. 17. FE-predicted component distortion after fully cutting off from the substrate. 

 

3.3 The effect of preheating and cooling rate on the residual stress and distortion 

Fig. 18 shows the comparison of predicted maximum principal stress distributions along 

path ‘L1’ under different preheating conditions before and after cutting off from the substrate. 
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The results show that increasing preheating temperature and ambient temperature can 

effectively mitigate the residual stress. When the preheating temperature is increased to 973 K, 

with the ambient temperature fixed at 313 K, the maximum principal stress along path ‘L1’ on 

the surface of the bridge decreases more than half (from 915.7 MPa to 429.9 MPa) before 

cutting off from the substrate (see Fig. 18 (a)). When the ambient temperature is increased to 

673 K, the residual maximum principal stress is less than 200 MPa. The same analysis applies 

after cutting off the substrate, as shown in Fig. 18 (b). 

 

 

 

(a) 

 

(b) 

Fig. 18. The comparison of predicted maximum principal stress distributions along path ‘L1’ 

under different preheating conditions: (a) before cutting off from the substrate, (b) after cutting 
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off from the substrate. 

 

Fig. 19 shows the influence of preheating conditions on the distortion of the bridge after 

cutting off from the substrate. Increasing the preheating temperature reduces the distortion. In 

particular, the maximum Z displacement of the bridge does not exceed 0.05 mm when the 

temperature of the substrate is increased to 973 K (condition 4). When the ambient temperature 

reaches 673 K, the distortion of the bridge almost vanishes (0.01 mm). 

 

 

Fig. 19. The comparison of predicted maximum Z displacement of the bridge after cutting off 

from the substrate under different preheating conditions. 

 

4. Discussion 

A key objective of the present study is the prediction of residual stresses and distortions 

induced by the PBF process. A specific challenge is to study the complex geometries at the 

component-level while preserving the accuracy and efficiency of the prediction. In this study, 

the FE-based ‘Abaqus AM’ method is used for simulating the PBF process of large-scale 

complex geometry, including investigation on effects of substrate removal and preheating on 

mitigation of residual stresses and distortions, as most of existing component-level modelling 

approaches ignore many of the important influencing factors for reduction of computational 

time, for example, the effect of scan strategy is not included in the pragmatic part scale model 

23. In the present model, the printing related information, including laser power, velocity, hatch 
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spacing, scanning strategy and laser off time (see Fig. 7), are directly converted from the actual 

data (G-code) with no loss of modelling accuracy.  

In contrast to the DED process, the layer thickness is relatively small with a larger 

number of total layers and the process parameters are usually unchanged throughout the PBF 

process 45, 46. The model size as well as the number of layers within the model are restricted by 

the computational expense 47. Hence, it is important to reduce the computational cost to make 

the use of FE-based AM modelling method practical for industry applications. Different 

modelling strategies have been proposed to reduce the computational cost and the output file 

size, such as layer agglomeration approach (also referred as ‘layer lumping approach’), in 

which many layers are combined into one larger computational layer (viz. use one element to 

represent multiple layers) 48. Thus, choice of appropriate element size is essential for a 

judicious balance between result accuracy and computational time. Therefore, the mesh height 

of 0.2 mm of the bridge component (of 10 physically printed layers) is chosen in the present 

study (see Figs. 3 and 4). In the thermal analysis presented here, the concentrated heat source 

model is implemented via the built-in point toolpath-mesh intersection module to describe the 

moving heat flux during the PBF process, due to the relatively large element size compared to 

the laser beam radius 38. The moving heat source is calculated based on the actual laser path to 

capture the spatial and temporal representation of the energy distribution accurately. Song et 

al. 9 have presented a validation study of the point toolpath-mesh intersection approach for a 

coarse mesh via comparison against the generally-accepted Goldak-type approach with fine 

mesh using similar step increment, highlighting the deformations in the PBF process can be 

captured by the point heating approach with coarse mesh. Nyce et al. 36 have also performed 

comparison of temperature distributions between the concentrated point heat source model and 

the Goldak heat source model. Very similar temperature profiles were obtained for the two 

heating models.  

The mechanical response (residual stresses and distortions) is calculated from the 

sequentially coupled thermo-mechanical FE analysis in this study. This is valid since the 

mechanical responses resulting from rapid thermal evolution having very little effect on the 

associated thermal fields or the phase transformation behaviour, as the laser energy is much 

larger than the strain energy in the built part 49. Yang et al. 42 and Huang et al. 50 have compared 

the sequentially coupled thermal-mechanical analysis to the fully coupled analysis: both cases 

show negligible difference between the two kinds of analysis. The reasonable agreement 

between the predicted residual strain and stress contours and experimental measurements (see 
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Figs. 8 and 10) indicate that a layer scale-up factor of 10 (Fig. 3) would result in an acceptable 

prediction accuracy. In other words, it is acceptable to use the layer lumping approach with 

point heating source. The material expands when the laser beam starts melting the metal 

powder, which will be limited as the surrounding material is colder. The temperature of the 

new melted top layer is always higher than the underlying layer during the heating process. 

During the cooling process, the contraction in the warmer upper layer is greater than the colder 

underlying layer. However, the contraction is inhibited due to the connection of both layers, 

causing tensile and compressive residual stress in the upper and underlying layer, respectively 

10. Large tensile residual stress is produced in the upper side (see Fig. 10) after the printing 

process, lots of tensile residual stresses are released and the built bridge component stays at a 

concave shaped distortion after cutting off the twelve legs (see Figs. 12 and 13) or the whole 

substrate (see Fig. 17). It is found that the model predicts the same upward distortion direction 

as the experiment, but slightly under-predicts the maximum distortion magnitude (viz. 1.1 mm, 

as compared to 1.27 mm, see Fig. 12). Similar under-prediction was obtained by Papadakis et 

al. 51 on an Inconel 718 cantilever using the layer-by-layer modelling method (predicted 

deformation of 0.6 mm compared to experimental measured deformation of 0.8 mm) and by Li 

et al. 37 on the AlSi10Mg cantilever using the temperature-thread multiscale FE method 

(predicted maximum distortion was 1.5 mm while the measured data was 2.1 mm). One 

possible reason could be that the EPP material constitutive model is used in the present study 

instead of considering the complex strain hardening effects and residual stresses induced by 

phase transformation during the PBF process 52. Another possible reason could be that the wire 

EDM process would generate extra residual stress to the bridge since EDM is a thermal process 

53, which could make the final distortion larger (see Fig. 12). These two aspects could be 

included in future work. Although the present component-level modelling method uses some 

simplifications (i.e. coarse mesh and large step increment), which affect the predicted thermal 

history and cooling rate 30, it enables computationally-efficient component-level analysis of the 

distribution of residual stresses in the printed components without sacrificing accuracy. 

A key additional novel contribution of this work is using the validated model to 

investigate the effects of preheating and cooling rate on the residual stresses and distortions of 

a complex 3D component. Mirkoohi et al. 54 have proposed a physics-based analytical model 

to investigate the effect of substrate temperature on residual stress in PBF of Inconel 718, 

showing that preheating the substrate reduces residual stress in AM parts due to the reduction 

of temperature gradients, which has been validated against XRD measurements on PBF Inconel 
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718 samples. The effectiveness of reducing residual stresses by preheating, however, needs to 

be proven for a complex 3D geometry. Hence, different preheating conditions (preheating 

temperatures and cooling rates) are examined in this study. The present work successfully 

reveals and captures the beneficial effect of preheating on the Inconel 625 bridge structure. 

Significant influences of preheating and cooling rate on residual stress are also predicted by 

Cao et al. 55 and Lu et al. 56. Vrancken et al. 57 experimentally measured the residual stress of 

Ti-6Al-4V parts produced by SLM under different preheating temperatures (100 oC, 200 oC, 

300 oC, 400 oC) using XRD, demonstrating benefits of preheating the substrate, as the residual 

stress was significantly reduced from 628 MPa with no preheating, to 313 MPa under 400 oC 

preheating. Through investigation on the effects of different preheating temperature on SLM 

Inconel 738 by numerical simulation and experimental analysis, Wang et al. 58 found that the 

temperature gradients obviously reduced with increased preheating temperature: the maximum 

drop in temperature gradients was around 25% when the preheating was increased from 200 

oC to 600 oC. Lower temperature gradients and cooling rates make the phase change process 

more stable, which reduces the residual stresses. Based on the results shown in Figs. 18 and 19, 

an appropriate preheating condition should be selected for mitigating the residual stress and 

distortion of AM components, particularly the tensile residual stresses, which are detrimental 

to fatigue resistance 59. Hua et al. 60 investigated the influence of residual stress on fatigue 

performance of Inconel 718, experimentally showing that the fatigue life increased by 83.6% 

with the mitigation of residual stress by 17.9%. 

Recently, Yang et al. 20, 61 have presented a process-structure model and a structure-

property model, successfully predicting the microstructure attributes (e.g. columnar-equiaxed 

morphology, phase fractions and lath width) and stress-strain responses (including yield stress, 

ultimate tensile strength, uniform elongation and flow stress). Zhang et al. 62 introduced an FE-

based generic metallurgical phase transformation framework, allowing the user to define and 

to model phase transformations in an alloy during AM process. In future work, it is planned to 

extend the current model to include the metallurgical phase transformation model, the process-

structure model and the structure-property model to provide a pragmatic model to address the 

process-structure-property-performance (PSPP) relationships and optimize the AM process for 

manufacturing real-scale components with improved mechanical performance (e.g. tensile and 

fatigue) for industrial applications. 

 

5. Conclusions 
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This paper presents an efficient and accurate component-level finite element thermo-

mechanical model for predicting residual stress and distortion in the PBF manufactured 

complex Inconel 625 bridge. The developed model is verified and validated through mesh 

sensitivity studies and detailed comparisons against NIST benchmark measurements. The 

validated model is used to investigate the effects of substrate removal and preheating conditions 

on residual stresses and distortions. The key conclusions are: 

• Comparison to detailed measurements from Phan et al. 11 has shown that the 

component-level finite element process model accurately predicts transient 

development of residual strains, stresses and distortions.  

• It is shown that significant improvement in computational efficiency is achieved with 

minimal sacrifice in accuracy by simulating multiple printing layers (layer scale-up). 

• The model shows that removal of substrate gives a significant beneficial reduction of 

residual stress of 335.8 MPa (24.2%) and distortion of the Inconel 625 bridge 

component. 

• The model shows that increasing preheating temperature and decreasing cooling rate  

can significantly mitigate the residual stresses and distortions, by 81% and 98%, 

respectively. 

• The present study offers practical guidelines on selection of optimal PBF protocols and 

a practical method for integrating finite element based PBF modelling into industry 

design and manufacturing systems. 
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