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Abstract 

This study aimed at the investigation of the effect of substrate preheating on residual stress in laser 

powder bed fusion using a physics-based analytical model. In this study, an analytical model is 

proposed to predict the residual stress through the calculation of preheating affected temperature 

profile and thermal stress. The effect of preheating is super-positioned with initial temperature in 

the modeling of temperature profile using a moving heat source approach; the resultant 

temperature gradient is then employed to predict the thermal stress from a point body load 

approach. If the thermal stress exceeds the yield strength of the material, then the residual stress 

under cyclic heating and cooling will be calculated based on the incremental plasticity and 

kinematic hardening behavior of metal. IN718 is used as a material example to pursue this 

investigation. To validate the predicted residual stress, experimental measurements are conducted 

using X-ray diffraction on IN718 samples manufactured via laser powder bed fusion under 

different process conditions. Results showed that preheating of the substrate could reduce the 

residual stress in an additively manufactured part due to the reduction in temperature gradient and 

resultant shrinkage stresses. However, the excessive preheating could have an opposite impact on 

residual stress accumulation. Moreover, the results confirm that the proposed model is a valuable 

tool for the prediction of residual stress- eliminating the costly experiments and time-consuming 

finite element simulations.  
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1. Introduction 

Metal additive manufacturing (AM) in which the near net shape components are built up from a 

high precision laser, has become an important technology in the past few years to manufacture 3D 

components [1]. The metal additive manufacturing can be divided into two main categories of 

powder feed (PF) system in which the powders are carried out via nozzles; and powder bed fusion 

(L-PBF) in which the powders are sat on a bed to be melted selectively [2]. The advantages of AM 

compared to traditional manufacturing are that the components are built directly without the 

requirement for specific tooling that enhances the geometric freedom of the process, enabling the 

manufacture of complex geometries, which then can reduce the lead time and cost per part. 

Moreover, compared to conventional manufacturing methods, L-PBF offers higher energy 
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efficiency, faster build rates, and larger parts. As a result, L-PBF gaining attention as an assuring 

technology for the fabrication of large and intricate components for aerospace, marine, and medical 

companies [3].  

The residual stress resulting from rapid heating and cooling cycles in L-PBF is not well understood 

yet. Each process parameters can considerably change the residual stress distribution. This is a 

very important issue in additive manufacturing of metallic components since it not only degrades 

the dimensional accuracy and mechanical performance of the component, but also increases the 

manufacturing cost due to necessity for post-processing treatments [4]. It is therefore important to 

understand and control the residual stress by the optimization of process parameters. 

Residual stress induced by laser powder bed fusion (L-PBF) can surpass the yield strength of the 

metal [5]. Such high residual stress buildup could affect the microstructure and  mechanical 

properties of the fabricated part [6]. Various thermal and mechanical treatments are often 

performed to reduce residual stress. They include in-situ preheating of the substrate in which the 

part is built on top of it, post-processing heat treatment, peening, and pre-setting [7]. Preheating 

involves raising the temperature of the base metal in which the part is built on top of it (substrate) 

above the ambient temperature. Preheating could improve the additive-manufacturability of the 

parts since it retards the temperature gradient and cooling rates in the metal and heat-affected base 

metal and reduces the magnitude of shrinkage stresses. Thus, it is an effective mean to reduce 

residual stress, distortion, metal cracking, and prohibit the failure of the part in service. On the 

other hand, an excessive amount of preheating could have an opposite impact on final performance 

of the manufactured part. The excessive amount of preheating could result in segregation of 

embrittling impurity elements to the grain boundaries. It also causes significant grain coarsening 

in the melt pool area and heat-affected zone (HAZ) and result in creation of a wider zone of grain 

boundary liquidation. These partly melted zones have very poor ductility and are quite sensitive to 

cracking [8]. Therefore, magnitude of the preheating temperature plays an important role on the 

final performance of the additively manufactured part. 

Analytical models play a significant role in the study of thermo-mechanical behavior in metal AM. 

The rationale for performing analytical modeling of additive manufacturing processes is to reduce 

the experimentation needed to optimize the process parameters [9]. In addition, it offers high- 

performance computing. For instance, the simulation of residual stress considering multi-layer and 

multi-scan aspects of AM process using the proposed model takes less than two and half minutes 

to be completed using a 2.3 GHz core i5 laptop compared to hours of calculations using finite 

element modeling since it involves no iteration, nor meshing. Moreover, such models can then be 

extended to model the microstructure of the additively manufactured part. For example, Tabei et 

al. [10] used the thermo-mechanical analytical model to predict the microstructure of an additively 

manufactured part, and Ji et al. [11] used a similar model to predict the grain size of an additively 

manufactured part.  

Finite element analysis (FEA) has been an active area of research for modeling of AM process. 

Nick et al. [12] used FEA to model the effect of deposition pattern on residual stress on laser 

deposited 1117 steel. In this modeling, they did not consider the effect of latent heat, the entire 

layer is heated up and then cooled down after deposition instead of using moving heat source, the 

effect of layer addition and multi-scan aspect of AM is also not considered. Alimardani et al. [13] 

proposed a numerical model to investigate the effect of pre-heating on residual stress in additive 

manufacturing of 304 L stainless-steel. They concluded that the pre-heating could reduce the 

thermal stress and subsequent residual stress. In this modeling, the results are not validated. Chew 

et al. [14] developed a FE model to predict the residual stress in a single and multiple bead laser 
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deposition. They have validated their results by conducting experimental residual stress using X-

ray diffraction. The results showed quantitative agreement with experimental measurements, 

however, the measurement results are obtained only at the center of clad. Ding et al. [15] verified 

the bulk residual stress distribution simulated by a finite element model using neutron diffraction 

for samples up to 3 layers. While the predicted and measured residual stresses are in good 

agreement for the second and third layers, the simulation dramatically underestimated the residual 

stress for the first layer. Ali et al. experimentally investigated the effect of preheating on yield 

strength and ductility of the Ti6Al4V. They found that increasing the temperature of the bed to 

570℃ could improve the yield strength and elongation of the component by 3.2% and 66.6%, 

respectively [16]. Buchbinder et al. investigated the effect of preheating on distortion of the 

additively manufactured components. They concluded that the preheating of substrate to 250℃ 

resulted in elimination of distortion from 10.6 mm (without preheating)[17]. Sames et al. indicated 

that the highest stress concentration is located near the interface between substrate and SLM-

processed part. These results indicate that the interface between substrate and part is the locations 

where the part has more possibility to delaminate during SLM process [18].  

To the best of authors knowledge there is no work that specifically model the effect of preheating 

of substrate on residual stress in metal AM and validate that via experimentation.  

In the present work, a physics-based analytical model is proposed to investigate the effect of 

preheating on residual stress in L-PBF. A fully coupled thermo-mechanical model simulates the 

residual stress distribution using incremental plasticity and kinematic hardening behavior of the 

metal through the prediction of temperature field by considering the effect of preheating in the 

modeling by superposing the preheating temperature with initial temperature, and thermal stress 

using Green’s function of stresses due to the point body load. To validate the proposed model, 

IN718 samples are built via L-PBF process under different process conditions by varying the 

preheating temperature to 100℃. The X-ray diffraction is then used to measure residual stress of 

the samples at five different points along the scan direction and build direction. The results showed 

that preheating could reduce tensile residual stress in an additively manufactured part by the 

reduction of shrinkage stress. More investigations are conducted at higher preheating temperature 

by sensitivity analysis. This analysis showed that excessive preheating could have an opposite 

impact on residual stress, and it is possible that the residual stress increases due to the excessive 

preheating. A comparison of the predicted and measured residual stress also showed good 

quantitative and qualitative agreement, which demonstrates that the proposed model can be used 

to optimize the preheating temperature to reduce the residual stress formation.   

 

2. Methodology 

The first step in mechanics modeling of AM process is to predict the temperature field induced by 

a laser as shown in Figure 1. In this modeling approach, a transient moving point heat source 

approach [19] is used to predict the temperature field considering part’s boundary conditions. To 

consider the effect of preheating, the constant preheating temperature is added to the moving 

profile as the following; 

 

 

𝑇𝑓𝑖𝑛𝑎𝑙 = 𝑇 − 𝑇𝑙𝑜𝑠𝑠 = 
𝑃𝜂

4𝜋𝐾𝑅(𝑇−𝑇0)
× {exp (

−𝑉(𝑅+𝑥)

2𝐷
) − 𝑙𝑠[ℎ(𝑇 − 𝑇0) + 𝜀𝜎(𝑇

4 − 𝑇0
4) +

𝐾(𝑇−𝑇0)

𝑅
] } +

𝑇𝑝𝑟𝑒ℎ𝑒𝑎𝑡𝑖𝑛𝑔                                                           (1) 
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Figure 1. Heat transfer mechanisms in laser powder bed fusion. 

 

where 𝑃 is the laser power, 𝜂 represents the absorption coefficient, 𝑉 is scan speed, 𝐷 is thermal 

diffusivity, and 𝑇0 is the initial temperature. More explanation and validation of the proposed 

temperature model can be found in the previous work of these authors in [9, 20].  

Calculated temperature gradient from thermal modeling is used as an input to predict the thermal 

stress in the AM parts as explained in previous work of authors [21] using Green’s function of 

stresses due to the point body load.   

In this process high strain, strain rate, and temperature will be generated. The Johnson-Cook 

materials’ consecutive model is used to capture these effects as follows; 

 

𝜎 = (𝐴 + 𝐵𝜀𝑒𝑓𝑓
𝑝 𝑛

)(1 + 𝐶𝑙𝑛 (
𝜀𝑒̇𝑓𝑓
𝑝

𝜀0̇
))(1 − [

𝑇 − 𝑇𝑝𝑟𝑒ℎ𝑒𝑎𝑡𝑖𝑛𝑔

𝑇𝑚 − 𝑇𝑝𝑟𝑒ℎ𝑒𝑎𝑡𝑖𝑛𝑔
]

𝑚

)  

(2) 

where 𝜀𝑒𝑓𝑓 
𝑝

is the effective plastic strain, 𝜀𝑒̇𝑓𝑓
𝑝

 is the effective plastic strain rate, 𝑇 is the temperature 

of material, 𝑇𝑚 is the melting point of material, and 𝑇𝑝𝑟𝑒ℎ𝑒𝑎𝑡𝑖𝑛𝑔 is the substrate’s temperature. The 

terms A, 𝐵, 𝐶, 𝑛,𝑚 and 𝜀0̇ are the material constant which are listed in Table 1 for IN718 material.  

 
Table 1. Modified Johnson-Cook parameters for IN718 [22]. 

𝑨(MPa) B(MPa) C n m 𝜺̇𝟎  

980 1370 0.02 0.164 1.03 1 

 

The yielding criterion is obtained for an isotropic material. Kinematic hardening is considered by 

employing the backstress tensor (𝛼𝑖𝑗)  

 

𝐹𝑦𝑒𝑖𝑙𝑑 =
3

2
(𝑆𝑖𝑗 − 𝛼𝑖𝑗)(𝑆𝑖𝑗 − 𝛼𝑖𝑗) − 𝑘

2 = 0                                          (3) 

 

where 𝑆𝑖𝑗 = 𝜎𝑖𝑗 − (
𝜎𝑘𝑘

3⁄ )𝛿𝑖𝑗 is the deviatoric stress.   

If 𝐹𝑦𝑒𝑖𝑙𝑑 > 0, incremental plastic strains are calculated and accumulated during the stress history 

to determine the total plastic strains using modified McDowell algorithm [23].  
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{
 
 

 
 

1

𝐸
[𝜎̇𝑥𝑥 − 𝜐(𝜎̇𝑦𝑦 − 𝜎̇𝑧𝑧)] + 𝛼Δ𝑇 +

1

ℎ
(𝜎̇𝑥𝑥𝑛𝑥𝑥 + 𝜎̇𝑦𝑦𝑛𝑦𝑦 + 𝜎̇𝑧𝑧𝑛𝑧𝑧 + 2𝜎̇𝑥𝑧

∗ 𝑛𝑥𝑧)𝑛𝑥𝑥 =

𝜓(
1

𝐸
[𝜎̇𝑥𝑥

∗ − 𝜐(𝜎̇𝑦𝑦 − 𝜎̇𝑧𝑧
∗ )] + 𝛼Δ𝑇 +

1

ℎ
(𝜎̇𝑥𝑥

∗ 𝑛𝑥𝑥 + 𝜎̇𝑦𝑦𝑛𝑦𝑦 + 𝜎̇𝑧𝑧
∗ 𝑛𝑧𝑧 + 2𝜎̇𝑥𝑧

∗ 𝑛𝑥𝑧)𝑛𝑥𝑥)

1

𝐸
[𝜎̇𝑦𝑦 − 𝜐(𝜎̇𝑥𝑥 − 𝜎̇𝑧𝑧)] + 𝛼Δ𝑇 +

1

ℎ
(𝜎̇𝑥𝑥𝑛𝑥𝑥 + 𝜎̇𝑦𝑦𝑛𝑦𝑦 + 𝜎̇𝑧𝑧𝑛𝑧𝑧 + 2𝜎̇𝑥𝑧

∗ 𝑛𝑥𝑧)𝑛𝑦𝑦 = 0

𝜎̇𝑦𝑦 =
1

2
(𝜎̇𝑥𝑥 + 𝜎̇𝑧𝑧)

           (4) 

 

where, 𝜎̇𝑥𝑥
∗ , 𝜎̇𝑧𝑧

∗ , 𝜎̇𝑥𝑧
∗  are the elastic thermal stresses calculated from [21]. In McDowell model [5], 

a hybrid function (𝜓) is proposed, which depends on the instantaneous value of the modulus ratio 

ℎ/𝐺 as; 

𝜓 = 1 − exp (−𝜉
3ℎ

2𝐺
)                                                             (10) 

where 𝜉 = 0.15 is the algorithm constant, ℎ is the plastic modulus, and 𝐺 = 𝐸/(2(1 + 𝜐))is the 

elastic shear modulus. Three systems of equations are solved simultaneously for 𝜎̇𝑥𝑥, 𝜎̇𝑦𝑦, and 𝜎̇𝑧𝑧 

for each elastic-plastic increment of strain [5]. 

 

3. Experimental Procedure 

The Nd: YAG laser with the laser spot size of D4sigma = 54 µm and laser power of 50 W to 400 

W is  set up on a commercial Tong Tai AM250 SLM machine to manufacture high-density 

components using variable pre-heating temperatures. The IN718 powders with the powder size 

distribution of d10 = 17.51 µm ; d50= 31.44 µm; d90= 52.21 µm is used. The range of scan speed 

varies between 100 mm/s to 2000 mm/s. The processing conditions used to fabricate samples are 

listed in Table 2. To make sure that the selected process parameters would result in a high-density 

sample, the density of the fabricated samples is measured and listed in Table 3. For measuring the 

density, each sample was sawed in half. Then, the obtained cross-sections were polished, and their 

images were taken by a digital camera attached to the microscope. For each sample, the images 

were captured at five different locations of the cross-section, and the ImageJ software was 

employed to calculate the relative density by evaluating the ratio between total pore areas and the 

total cross-sectional area. The calculated relative density from the five images was used to 

determine the mean value of the relative density of the fabricated samples. Figure 2(a) and 2(b) 

shows the cross-section images corresponding to the parameters for sample 1 and 2 specified in 

Table 2, respectively.  The statistical results of relative density corresponding to each set of 

polished samples are shown in Table 3. 

In these fabricated samples, the laser power, scan speed, layer thickness, and scan pattern are kept 

the same, and pre-heating condition is changed to investigate the impact of pre-heating on residual 

stress. For each set of parameters specified in Table 2, there were three samples fabricated. The 

as-build samples were then removed from the base plate using the electrical discharge machining 

(EDM).  
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Table 2. Process Parameters Designed for the fabrication of IN718 specimens using L-PBF. 

No. Laser 

power (W) 

Scanning 

speed 

(mm/s) 

Powder 

layer 

thickness 

(µm) 

Hatch 

spacing 

(µm) 

Number 

of scans 

Pre-

heating 

(˚C) 

Rotation 

angle of 

scan 

vector 

between 

layers 

(˚) 

1 150 600 30 100 50 No 67 

2 150 600 30 100 50 100 67 

 
Table 3. Measured density of fabricated samples. 

No. Average Density Standard Deviations 

1 99.96 % 0.017% 

2 99.94% 0.02% 

 

 

            
 (a)                                                                     (b) 

 
Figure 2. Polished cross sections corresponding to two different processing conditions (a) Sample No.1; (b) Sample 

No.2 

 

The residual stress on the side walls of the samples, as illustrated in Figure 3, was measured by a 

commercial X-Ray Diffractions machine (D8 Discover Bruker) using the 𝑠𝑖𝑛2𝛹 method [24, 25]. 

The coordinate and location of measured points are shown in Table 4. For each point shown in 

Figure 3, residual stresses along the build direction (z direction), and along the scan direction (x 

direction) were measured. The parameters for XRD measurement are specified in Table 5. It is 

noted that for each set of parameters and each point shown in Figure 3, the XRD measurements 

were performed on three fabricated samples and the results were averaged.  
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Figure 3. Schematic diagram illustrating the definition of processing parameters. 

 

 

 
. 

 

 

 

 

 
Table 5. Parameters for XRD measurements 

 

Focus 1.0 mm  

Radiation Cu Kα 

Lattice plane (hkl) 

[25] 

{411} 

2Ɵ  145 º 

Ψ-tilting  0º to 45º in 6 steps each  

Young modulus [26] 199,955 MPa 

Poisson ration [26] 0.29 

 

4. Results and Discussion 

The proposed thermo-mechanical model calculates the residual stress from incremental plasticity 

approach in the metal additive manufacturing process through the prediction of temperature profile 

and thermal stress as explained in the methodology section. A moving point heat source approach 

is employed to predict the temperature field by considering the effect of temperature dependent 

material properties of IN718 samples as listed in Table 6. In addition, the effects of multi-layer 

and multi-scan aspects of L-PBF process, the heat loss due to convection and radiation from 

boundaries, as well as energy needed for solid state phase change are considered in the modeling 

of temperature field. 

 
  

C x = 5 mm; y = 0; z = 4.5 mm 

D x = 5 mm; y = 0; z = 3.5 mm 

E x = 5 mm; y = 0; z = 2.5 mm  

F x = 5 mm; y = 0; z = 1.5 mm 

G x = 5 mm; y = 0; z = 0.5 mm 

Table 4. Coordinates of the measured 

points using XRD. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 March 2021                   doi:10.20944/preprints202103.0359.v1

https://doi.org/10.20944/preprints202103.0359.v1


 8 

Table 6. Temperature dependent material properties of IN718 (Temperature is in ℃.  

Density g/𝒄𝒎𝟑                              

𝝆 = 𝟖. 𝟏𝟗 − 𝟑𝟗. 𝟐 × 𝟏𝟎−𝟐𝑻                                                                         25< T ≤1170  

𝝆 = 𝟕. 𝟒𝟎 − 𝟖𝟖. 𝟎 × 𝟏𝟎−𝟐(𝑻 − 𝟏𝟐𝟎𝟎)                                                                        𝑻 > 𝟏𝟏𝟕𝟎       

Thermal conductivity W/m℃ 

𝒌 = 𝟑𝟗. 𝟕𝟑 − 𝟐𝟒. 𝟎 × 𝟏𝟎−𝟑  𝑻 + 𝟐 × 𝟏𝟎−𝟑  𝑻−𝟐                                            𝟐𝟓 < 𝐓 < 𝟏𝟏𝟕𝟎       

𝒌 = 𝟐𝟗. 𝟔                                                                                                                  𝐓 > 𝟏𝟏𝟕𝟎       

Specific heat J/kg℃ 

𝑪𝒑 = 𝟒𝟐𝟎. 𝟐𝟒 + 𝟎. 𝟎𝟐𝟔𝑻 − 𝟒 × 𝟏𝟎
−𝟔  𝑻𝟐                                                        𝟐𝟓 < 𝐓 ≤ 𝟏𝟏𝟕𝟎    

𝑪𝒑 = 𝟔𝟓𝟎                                                                                                                          𝐓 > 𝟏𝟏𝟕𝟎    

Thermal expansion 1/℃ 

𝜶 = −𝟗 × 𝟏𝟎−𝟏𝟑  𝑻𝟐 − 𝟕. 𝟕 × 𝟏𝟎−𝟗𝑻 + 𝟏. 𝟏 × 𝟏𝟎−𝟓                                   𝟐𝟓 < 𝑻 ≤ 𝟏𝟏𝟎𝟎 

𝜶 = 𝟏. 𝟖 × 𝟏𝟎−𝟓                                                                                                  T>1100 

Elastic modulus GPa 

𝑬 = 𝟓.𝟐 × 𝟏𝟎−𝟓  𝑻𝟐 − 𝟎. 𝟎𝟖𝟖𝑻 + 𝟏. 𝟔 × 𝟏𝟎𝟐                                                  𝟐𝟓 < 𝑻 ≤ 𝟕𝟗𝟖   
𝑬 = 𝟑.𝟏 × 𝟏𝟎−𝟓  𝑻𝟐 − 𝟎. 𝟐𝟑𝑻 + 𝟐. 𝟗 × 𝟏𝟎𝟐                                                   𝟕𝟗𝟖 < 𝑻 < 𝟐𝟓𝟎𝟎 

Yield strength MPa 

𝝈𝒀 = −𝟗 × 𝟏𝟎
−𝟏𝟎  𝑻𝟒 − 𝟏. 𝟐 × 𝟏𝟎−𝟔 𝑻𝟑 + 𝟎. 𝟎𝟎𝟎𝟐𝟔 𝑻𝟐 − 𝟎. 𝟐𝟑𝑻 + 𝟑. 𝟐 × 𝟏𝟎𝟐   25<T<2500 

Poisson’s ratio 

𝝂 = −𝟒. 𝟖 × 𝟏𝟎−𝟏𝟎  𝑻𝟑 − 𝟖. 𝟖 × 𝟏𝟎−𝟕 𝑻𝟐 − 𝟎. 𝟎𝟎𝟎𝟑𝟏𝑻 + 𝟎. 𝟑𝟏                           25<T<2500 

 

Figures 4(a) and 4(b) demonstrate the predicted temperature profile for the sample with no 

preheating (sample 1 in Table 2), and with a pre-heating temperature of 100℃ (sample 2 in Table 

2), respectively. The comparison of these plots shows that the overall temperature is higher for 

sample 2 which is preheated to 100℃, however, the temperature gradient is lower due to the 

preheating’s effect and the fact that this preheating temperature would result in a higher rate of 

heat transfer and dissipation of heat through the material. Thus, looking at these figures, the 

residual stress is expected to be lower when the substrate is preheated to some level.  

 

 
                                    (a)                                                                     (b) 
 

Figure 4. Predicted Temperature profile for IN718 sample fabricated via L-PBF with (a) no pre-heating of the 

substrate (Sample 1 in Table 2) and (b) pre-heating of the substrate to 100℃ (Sample 2 in Table 2). 
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Figure 5 and Figure 6 illustrate the predicted and measured residual stress along the scan direction 

(𝜎𝑥), and along the build direction (𝜎𝑧), respectively.  

As shown in Figure 5, residual stresses at 5 different depths are calculated and compared to 

experimental measurements of residual stress for two cases where for one, the substrate is not 

preheated at all and, it is at ambient temperature, and for the other sample, the substrate is preheated 

to 100℃ . The black error bar shows the experimental residual stress measurements for no-pre-

heating of the substrate, and the red one, shows the experimental measurements of residual stress 

for the case where the substrate is preheated to 100℃. The predicted residual stress shows that the 

tensile residual stress along the scan direction has dropped by half. Therefore, the preheating of 

the substrate has a substantial effect on residual stress build-up. The comparison of the predicted 

and measured residual stress for both samples are in good quantitative and qualitative agreements 

with the maximum error of 12%. 

Figure 6 demonstrates the predicted and measured residual stress in the build direction. As shown 

in this figure, the residual stress in the build direction has reduced by around 14% when the 

substrate is preheated to 100℃.  

The comparison of the results along the scan direction and build direction shows that the magnitude 

of residual stress along the build direction is higher than that along the scan direction. This 

observation is consistent with the experimental findings in and simulation results reported in 

[4].This is because the heat transfer is quite different in each direction due to the effect of heat 

loss. In addition, it is observed that pre-heating has more influence on residual stress along the 

scan direction compared to that along the build direction. This could be due to the fact that the 

microstructural evolution along the build direction and scan direction shows different behavior, 

thus affecting the material properties and residual stress formation.  

    

 

 
Figure 5.Comparison of the predicted and measured residual stress along the scan direction. 
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Figure 6. Comparison of the predicted and measured residual stress along the build direction.  

 

5. Sensitivity Analysis 

Since the proposed model is validated, a sensitivity analysis is performed to investigate the effect 

of preheating in a broader range. In this sensitivity analysis the laser power is 150 W, the scan 

speed is 600 mm/s, the layer thickness is 30 𝜇𝑚, the hatching space is 100 𝜇𝑚, the number of 

scans is 50, and the preheating temperature ranges from 50℃ to 500℃. As it can be seen in Figures 

7 and 8, the results show two different stages. One from 50℃ 𝑡𝑜 200℃ in which a rapid drop in 

residual stress is observed, and the second stage from 200℃ to 500℃ the residual stress has 

increased. This is due to the fact that at higher temperatures the melt pool and heat affected zone 

are large enough that build up high amount of shrinkage stress upon cooling. Moreover, the yield 

strength drops rapidly at higher temperatures and results in formation of larger residual stress. 

Therefore, the preheating has two impacts on residual stress; at lower preheating temperatures (in 

this case lower than 200℃), the preheating’s effect on melt pool size is lower while decreasing the 

temperature gradient which would result in the decrease in residual stress; at higher preheating 

temperatures (in this case above 250℃), this high amount of preheating induces large enough melt 

pool zone that its impact on residual stress overweight its impact on the decrease in temperature 

gradient, thus would result in the increase in residual stress. It should be noted that the residual 

stress is highly tensile in the melt pool and heat affected zone as described previously in [5].   

Thus, the results show the importance of the optimization of preheating temperature in achieving 

a desired residual stress and final performance of the manufactured part.  
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Figure 7. Effect of pre-heating on residual stress build up in L-PBF of IN718 along the scan direction.  

 

 

 
Figure 8. Effect of pre-heating on residual stress build up in L-PBF of IN718 along the build direction.  

 

6. Conclusion 

A physics-based analytical model is proposed to investigate the effect of preheating on residual 

stress build-up in L-PBF. The residual stress is predicted by calculating the temperature field using 

a moving point heat source approach by considering the effects of heat loss, temperature-

dependent material properties, multi-layer and multi-scan aspects of the process, energy needed 

for solid-state phase change, and preheating temperature. The high-temperature gradient in this 

process induces high thermal stress which is calculated using Green’s function of stresses due to 

the point body load. The thermal stress usually exceeds the yield strength of the material, thus a 
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consecutive model, known as the Johnson-Cook model is employed to capture the yield threshold. 

Then, as a result of cyclic rapid heating and cooling and the fact that the material is yielded and 

experiences the plasticity, the residual stress is calculated from incremental plasticity and 

kinematic hardening behavior of the metal.  

The residual stresses are predicted for two cases where the substrate is at ambient temperature, and 

also for another case where the substrate is pre-heated. The results showed that residual stress 

decreased when the substrate is preheated. Moreover, the drop in residual stress along the scan 

direction was higher than that along the build direction. This is due to the fact that the heat transfer 

mechanisms and the subsequent microstructural evolution are quite different in these two 

directions resulting in variation of behaviors. The results are validated by fabricating samples 

under different preheating conditions using an L-PBF machine. X-ray diffraction was then used to 

measure the residual stress of the samples and then compared to predictions. Good quantitative 

and qualitative agreement is observed between predicted and measured residual stress.  

In addition, a sensitivity analysis is performed to investigate the effect of preheating in a broader 

range. The results showed that the preheating temperature could reduce the residual stress, 

however, an excessive amount of preheating has an opposite impact on residual stress formation 

since this could result in reduction of yield strength due to the grain coarsening of the melt zone 

and heat-affected zone, thus increasing the residual stress build-up.  
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