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Abstract 

 

Parts fabricated via directed energy additive manufacturing (AM) can experience very high, localized 

temperature gradients during manufacture.  These temperature gradients are conducive to the formation 

of a complex residual stress field within such parts.  In the study, a thermo-mechanical model is employed 

for predicting the temperature distribution and residual stress in Ti-6Al-4V parts fabricated using laser-

powder bed fusion (L-PBF). The result is utilized for determining a relationship between local part 

temperature gradients with generated residual stress.  Using this numerical model, the effects of scan 

patterns are investigated.   

Introduction 

 

Laser-Powder Bed Fusion (L-PBF) is an additive manufacturing (AM) method used for producing 

dense, metallic parts by way of melting successive layers of powder material by a laser. One of the 

challenges facing this method is residual stress formation and deformation of built parts [1,2]. 

Temperature gradients and cooling rates experienced during L-PBF can result in adverse material side 

effects such as residual stress or pore/defect formation, respectively [3,4]. There are different methods to 

evaluate the residual stress of the parts. In this study, neutron diffraction was employed to measure internal 

residual stresses at various locations along stainless steel (SS) 17-4 PH specimens additively manufactured 

via laser-powder bed fusion (L-PBF). Of these specimens, two were rods (diameter = 8 mm, length = 80 

mm) built vertically upward and one a parallelepiped (8 × 80 × 9 mm3) built with its longest edge parallel 

to ground.  Simulations were performed using the commercially- available software COMSOL 

Multiphysics® 5.1 in conjunction with custom coding scripts.   

Approach and Numerical Model 

 

During the fabrication of part, powder will melt and solidify. To model transient heat transfer, 

numerical model was developed. The heat transfer in the part is governed by the heat equation: 
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where ci is specific heat capacity and ki is continuum thermal conductivity and ρ is the density.  All modes 

of heat transfer, i.e. conduction, convection and thermal radiation, are taken into account in the model. 

The numerical model used in the study is developed by authors and explained in details at [5,6].  

Since the local temperature gradient consists of three spatial components, i.e. parallel-to-track (x), 

perpendicular-to-track (y) and normal-with-substrate (z) directions, the magnitude of local temperature 

gradients was calculated herein.  The magnitude of the temperature gradient (for a given time) between 

neighboring elements separated by x, y, z was estimated using a second-order central difference, 

i.e.:  
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Process parameter chosen for this study is summarized in Table 1. 

 

Table 1. Process parameters used for the experimental study 

Substrate material 

Substrate size 

Powder description 

Powder layer thickness  

Powder bed porosity  

Laser spot diameter 

Laser power 

Laser wavelength 

Scan speed 

Powder bed absorptance 

Absorption coefficient 

Ti-6Al-4V  

10 x 10 x 1 cm3 

Gas-atomized, air-dried  

30 μm  

0.4 

70 μm  

48 W  

1075 nm  

300 mm/s  

0.25 [7] 

106 cm-1 [8] 

Emissivity 0.35 [9] 

Melt pool liquid thermal conductivity  25 – 45 W/m∙K  

Shielding gas type 

Shielding gas temperature 

Shielding gas flow rate 

Chamber wall temperature 

Substrate temperature 

Convection heat transfer coefficient 

Argon  

20 ºC 

167 cm3/s 

20 ºC 

20 ºC 

12.7 W/m2∙K 

 

Numerical results and discussion 

 

The size of the sample numerically investigated was 10 × 1 × 0.03 mm3 and the PBF of the layer 

atop a previously-melted layer was simulated The tracks were unidirectional, meaning they went from 

right to left. The temperature and temperature gradient at the beginning, middle and end of a track are 

presented in Figure 1. It can be observed that temperature gradient decreases along the track. 
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Figure 1. Temperature and temperature gradient at (a) start of track, (b) middle of track and (c) end of 

track. 

The reason for lower temperature at the end of track can be attributed to heat accumulation effects. 

Since temperature gradients drive the formation of thermal stresses, it is reasonable to assume that higher 

temperature gradients will result in higher residual stresses and vice versa. Parry et al. [10] showed that 

residual stress decreases toward the end of a track during PBF. It is also important to investigate the effects 

of alternate scan strategy, instead of the unidirectional scan strategy. It is already presented that 

temperature gradient is highest at the start of track and will decrease significantly along the track. Using 

an alternate scan strategy, both ends would experience higher temperature gradient compared to middle 

of track. Based on these results, it is expected that temperature gradients would be higher near the surfaces 

of parts. Masoomi et al. [11] presented experimental residual stress data gathered from neutron diffraction. 
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Based on these data, when an alternating scan strategy is used, residual stress will be much higher near 

the surface as compared to the residual stress near the center. 

 

Conclusions 

In the study, the effects of thermal response on residual stress were studied. A framework to 

correlate thermal response to residual stress was provided.  Effects of scan strategy on residual stress were 

studied. It was shown that temperature gradients and consequently residual stress will be lower at the end 

of a laser track relative to the beginning of it. It was concluded that using an alternating scan strategy will 

cause residual stress to be lowest at the center of parts and highest at both ends. 
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