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ABSTRACT: Residual stress is commonly associated with metallic parts produced from Selective 
Laser Melting (SLM) process in Additive Manufacturing (AM). Residual stress is often the 
limiting factor for employing metal parts fabricated using SLM process in final application. This 
paper presents a review of residual stress reduction strategies and methods used in SLM process, 
categorized as pre-processing, in-situ, and post-processing type. Methods used to relieve residual 
stresses in welded parts which may be applicable to AM produced parts are also discussed. 
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INTRODUCTION 
 
SLM is one of the AM techniques that is capable of producing end-usable metal parts with 
complex geometries. The ability to process metal powders in SLM is of great interest in many 
industries, such as aluminum (Buchbinder, Schleifenbaum et al. 2011) in aerospace, and stainless 
steel 17-4 (Kotila, Syvänen et al. 2007) in biomedical. However, not all types of materials are 
suitable to produce end-usable metal parts by SLM as different material suffer from different 
amount of residual stress (Mukherjee, Zuback et al. 2016). Residual stress is defined as stresses 
that remain in a structure even after the removal of externally applied loads, and is not necessary to 
maintain equilibrium between the body and the environment. Research has been done to reduce 
residual stress in SLM produced parts such as alpha-beta titanium alloy (Ti-6Al-4V) and Inconel 
718 (Sticchi, Schnubel et al. 2015) to address the dimensional distortion and poor mechanical 
properties (Sagalevich 1974). When the residual stress exceeds the yield limit, plastic deformation 
can occur, causing premature failure below its operating load (Panontin and Hill 1996). Residual 
stress is often associated with the welding process. In both welding and SLM processes, steep 
temperature gradient develops due to rapid heating and slow heat conduction (Mercelis and Kruth 
2006). To date, AM supports the manufacture of a wide range of materials. However, excessive 
residual stress is one of the limiting factors for the limited adoption of existing metal alloys in 
SLM (Frazier 2014). Studies have been done to investigate the “printability” of existing alloys 
based on common AM parameters (Mukherjee, Zuback et al. 2016) and methods to reduce residual 
stress is one important consideration. 
 
REDUCTION OF RESIDUAL STRESS IN SLM 

The methods to relieve welding residual stresses are classified by Berezhnyts'ka (Berezhnyts'ka 
2001) into two categories: a) methods to prevent the formation of residual stress and b) methods to 
relieve residual stresses in finished parts. Preventing the formation of residual stress in SLM can 
be further branched out, into another two groups - pre-processing planning and in-situ prevention. 
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The methods of residual stress reduction presented here are classified as pre-processing planning, 
in-situ parameter settings, and post treatments.  
 
Pre-Processing Planning- Design of Support structures  
 
Support structures are required for some alloys in SLM to prevent dimensional distortion due to 
residual stress concentration, and thus keep the parts firmly attached onto the build platform 
throughout the SLM process (Lind, Hanninen et al. 2011). Metallic support structures improve 
heat transfer between the metal part and base plates (Cheng and Chou 2015), reducing the thermal 
gradient across the profile and reduces residual stress. Although support structures help to prevent 
dimensional distortion, they result in higher residual stress in the final build part (Mercelis and 
Kruth 2006). Although there are commercial software available for designing support structures, 
such as Magics by Materialise (Materialise 2018), they are mostly developed based on supports for 
weight of overhang features and not designed to cater to warping due to stress (Cheng and Chou 
2015). Hence, further research is required to integrate the consideration of residual stress with the 
use of commercial software. Overhang features parallel to the powder bed surface require the most 
support (Vandenbroucke and Kruth 2007). Additional post processing machining required to 
remove the supports from the manufactured part might induce further residual stress into the part 
(Reddy, Kwang-Sup et al. 2008). The use of low melting point or soluble materials as support 
simplifies the post processing work required; however, it is currently not applicable to metallic 
SLM process. To reduce the time required for support structure removal, pulsed laser instead of 
continuous scan could be used for printing support structures (Jhabvala, Boillat et al. 2012), which 
reduces the density support structure produced (Morgan, Sutcliffe et al. 2004). Benchmarking was 
done to relate residual stress resulted warping with different types of overhang features (K.A. 
Mumtaz 2012), and attempts to optimize the amount of support structures were carried out (Cheng 
and Chou 2015).   
 
Pre-Processing Planning- Maintaining a Semi-Solid State during AM Process  
 
A possible method applicable to certain metallic alloys was inspired from a process developed for 
polymers. Given that rapid solidification as one of the causes of residual stress development in 
AM process, a novel method to reduce the rate of solidification was explored by making use of the 
different melting point and freezing point in supercooling polymers (Shi, Li et al. 2004). Nylon 12 
and 13 have a unique property whereby the melting point is higher than the freezing temperature 
(Tontowi and Childs 2001). The powder bed is preheated and maintained at a temperature between 
its solidification and melting point, thus any regions exposed to the laser get melted but does not 
solidify completely. Holding the printed part in a semi-solid state throughout the process results in 
a reduced residual stress.  
 
However, this method requires the material to exhibit two different temperatures required for 
melting and solidification, and the ability of the AM machine to preheat the powder bed to a 
temperature high enough to maintain the powder in a semi-solid state. EBM will be more suitable 
as compared to SLM in terms of powder bed preheat capability. In order to reduce residual stress 
using this concept on metallic alloy, a lower solidification and melting temperature is preferred 
which corresponds to the eutectic composition (Askeland and Wright 2013) saving the energy 
required (Campbell 2008). Eutectic Al-Si alloy was successfully manufactured by SLM without 
the use of support structures to redistribute the residual stress (Vora, Mumtaz et al. 2015). 
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However, alloys with eutectic composition have relatively low melting point (Callister 2003) and 
might not be suitable for high temperature applications.  
 
Pre-Processing Planning- Material Property used 

The choice of materials to be used in SLM affects the residual stress. In order to minimize residual 
stress, the material used should have a low volumetric coefficient of thermal expansion, minimal 
temperature gradient during the manufacturing process, low heat input per unit length (equates to 
lower input power and higher scanning speed), high flexural rigidity, high elastic modulus, high 
moment of inertia, and high density of alloy powder (Mukherjee, Zuback et al. 2016). The residual 
stress development in SLM materials is similar to that of a laminate composite made of different 
layers of materials with different elastic modulus. In SLM, the addition of each layer of molten 
material introduces a mismatch in material property with the preceding solidified layer. In 
laminate composites, residual stress can be reduced by optimizing the ratio of elastic modulus 
between each material layers (Hbaieb and McMeeking 2002). Functionally Graded Materials 
(FGM) with varying properties were patented in 1980s (Niino, Suzuki et al. 1988) and finite 
element model showed that FGM with varying composition can have reduced residual stress as 
compared to parts with uniform property when exposed to high fabrication temperature (Drake, 
Williamson et al. 1993). Formulation FGM by varying chemical composition in SLM is difficult. 
FGM in SLM could be produced by varying porosity (Li, Liu et al. 2010). FGM has been 
successfully attempted in SLM (Li, Liu et al. 2010, Niendorf, Leuders et al. 2014). There is a 
possibility to design a part by incorporating DFAM and FGM to fulfil the functional requirements 
of the part and reduce residual stress. 
 
In-Situ Parameters - In-Situ Heat Treatment of SLM part 

Heat treatment of each melted and solidified layer during SLM process was performed 
experimentally on SS316L. Rescanning each layers with 50% of the laser power used to fuse the 
powders (100W at 100%) helps to reduce the tensional residual stress by approximately 30% 
(Mercelis and Kruth 2006). However, using 100% of the laser power used in the heat treatment 
would cause re-melting of the layer, and the residual stress will not be reduced. For some cases, 
experimental results show that re-scanning of chrome molybdenum steel (JIS SCM440) with 
100% laser power (50W on average) produced 55% reduction in residual stress (Shiomi, Osakada 
et al. 2004). These two results suggest that the optimum laser power could be used for in-situ heat 
treatment of each layer varies for different types of material. 
 
In-Situ Parameters - Energy source power and scanning speed 

The combination of energy source power and scanning speed determines the amount of energy 
concentrated per unit length onto the powder material. The ratio of energy source power to 
scanning speed equates to the amount of energy input per unit length and was used as a parameter 
of study in several literatures, for welding (Ravisankar, Velaga et al. 2014) and also for AM 
(Mukherjee, Manvatkar et al. 2017). A high energy input per unit length is crucial for highly 
reactive materials such as aluminum which tends to develop a layer of oxide, and requires a higher 
laser power and slower scanning speed to break down the oxide (Buchbinder, Schleifenbaum et al. 
2011). However, using higher laser power and slower scanning speed to achieve high energy input 
per unit length causes an increase in residual stress (Qureshi 2004, Siddique 2005). Keeping the 
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power input constant, a higher scanning speed results in a lower residual stress in welding (Teng 
and Lin 1998, Qureshi 2004) as well as in AM for SS304L material (Ren and Dong 2012).  
 
In-Situ Parameters - Scan Strategy 

While welding sequence in welding process affects the residual stress in the welded part (Sattari-
Far and Javadi 2008), scan strategy in AM affects the residual stress distribution in the AM part. 
Residual stress perpendicular to the scan direction was found to be higher than the residual stress 
parallel to the scan direction in stainless steel SS316L manufactured by SLM (Mercelis and Kruth 
2006). However, another experimental result shows that the residual stress parallel to scan 
direction was larger than the stress perpendicular to it for the same material (Liu, Yang et al. 
2016). A possible reason attributing to this contradicting result could be due to the scan direction 
relative to the dimension of the print. It was found that continuous scanning in a long path 
produces a higher residual stress in the same direction as compared to that produced by a shorter 
scan path (Mercelis and Kruth 2006). As such, instead of attributing residual stress magnitude to 
the direction of scan, it would be more appropriate to relate the stress magnitude to the combined 
effect of scan distance, direction and pattern instead. This combination of scan parameters are 
known as scan strategy. Studies have been done to develop and test new scanning strategies to 
reduce residual stress (Dai and Shaw 2002), and many SLM manufacturers have developed their 
own proprietary scan strategy. 
 
Post Treatment - Cryogenic Treatment of Part 

Other than using heat treatment, exposing the part to cryogenic temperature also helps in relieving 
residual stress. Unlike heat treatment, cryogenic treatment does not compromise on the material 
properties. Post cryogenic treated steel may have an improvement in its operational life and 
mechanical properties (Collins 1998, Kamody 1998). Not only was residual stress reduced, Inconel 
718 subjected to cryogenic treatment have an improvement in strength, ductility and nano-
hardness at room temperature. Cryogenic treatment was found to reduce successfully the surface 
residual stress on a welded aluminum alloy (Chen, Malone et al. 2000). Residual stress reduction 
can be enhanced with two cycles of cryogenic treatment of welded SS316 stainless steel (Wang, 
Wang et al. 2007). A single cryogenic treatment on Inconel 718 reduced 125 MPa of surface 
residual stress, from tensile to compressive type. The compressive stress was further reduced after 
a second round of treatment by 23 MPa (Li, Zhou et al. 2017).  
 
SUMMARY 

Methods of reducing residual stress of a part fabricated using SLM are presented, and categorized 
into 3 stages. Some methodologies require more resources, such as developing a new FGM. Some 
methodologies are dependent on the type of AM or the machine capability itself, such as in-situ 
treatment, source power, scan speed, proprietary scan strategies, and maintaining semi-solid state 
during the SLM process. Methods such as design of support structure, although assisted by 
existing software, require human judgment from experience or prediction by simulation to ensure a 
successful build. Hence, selecting a combination of suitable methods in the three stages presented 
is required to successfully produce end-usable parts.  

Chee Kai Chua, Wai Yee Yeong, Ming Jen Tan, Erjia Liu and Shu Beng Tor (Eds.)

318



 

 5

The author would like to acknowledge the Singapore Centre for 3D Printing (SC3DP), School of 
Mechanical and Aerospace Engineering (MAE), Nanyang Technological University (NTU) and 
Advanced Remanufacturing and Technological Center (ARTC). This research is supported by the 
National Research Foundation, Prime Minister’s Office, Singapore under its Medium-Sized Centre 
funding scheme. 
 
REFERENCES 

Askeland, D. R. and W. J. Wright (2013). Essentials of Materials Science and Engineering, Cengage 
Learning. 

Berezhnyts'ka, M. P. (2001). "Methods for determining residual welding stresses and their relief (a review)." 
Materials Science 37(6): 933-939. 

Buchbinder, D., H. Schleifenbaum, S. Heidrich, W. Meiners and J. Bültmann (2011). "High Power Selective 
Laser Melting (HP SLM) of Aluminum Parts." Physics Procedia 12: 271-278. 

Callister, W. D. (2003). Materials science and engineering: an introduction, John Wiley & Sons. 
Campbell, F. C. (2008). Elements of Metallurgy and Engineering Alloys, ASM International. 
Chen, P., T. Malone, R. Bod and P. Torres (2000). "Effects of cryogenic treatment on the residual stress and 

mechanical properties of an aerospace aluminum alloy." 
Cheng, B. and K. Chou (2015). "Geometric consideration of support structures in part overhang fabrications 

by electron beam additive manufacturing." Computer-Aided Design 69: 102-111. 
Collins, D. N. (1998). "Cryogenic treatment of tool steels." Advanced materials & processes 154(6): H23-

H23. 
Dai, K. and L. Shaw (2002). "Distortion minimization of laser processed components through control of 

laser scanning patterns." Rapid Prototyping Journal 8(5): 270-276. 
Drake, J. T., R. L. Williamson and B. H. Rabin (1993). "Finite element analysis of thermal residual stresses at 

graded ceramic metal interfaces. Part II. Interface optimization for residual stress reduction." Journal of 
Applied Physics 74(2): 1321-1326. 

Frazier, W. E. (2014). "Metal Additive Manufacturing: A Review." Journal of Materials Engineering and 
Performance 23(6): 1917-1928. 

Hbaieb, K. and R. M. McMeeking (2002). "Threshold strength predictions for laminar ceramics with cracks 
that grow straight." Mechanics of Materials 34(12): 755-772. 

Jhabvala, J., E. Boillat, C. Andre and R. Glardon (2012). "An innovative method to build support structures 
with a pulsed laser in the selective laser melting process." International Journal of Advanced 
Manufacturing Technology 59(1-4): 137-142. 

K.A. Mumtaz, N. H., D. Stapleton, I. Todd, F. Derguti, P. Vora (2012). "Benchmarking metal powder bed 
Additive Manufacturing processes (SLM and EBM) to build flat overhanging geometries without 
supports." Solid Freeform Fabrication Symposium. 

Kamody, D. J. (1998). "Using deep cryogenic to advantage." Advanced materials & processes 154(4): 215-
218. 

Kotila, J., T. Syvänen, J. Hänninen, M. Latikka and O. Nyrhilä (2007). "Direct Metal Laser Sintering – New 
Possibilities in Biomedical Part Manufacturing." Materials Science Forum 534-536: 461-464. 

Li, J., J. Z. Zhou, S. Q. Xu, J. Sheng, S. Huang, Y. H. Sun, Q. Sun and E. A. Boateng (2017). "Effects of 
cryogenic treatment on mechanical properties and microstructures of IN718 super-alloy." Materials 
Science and Engineering a-Structural Materials Properties Microstructure and Processing 707: 612-619. 

Li, R., J. Liu, Y. Shi, M. Du and Z. Xie (2010). "316L Stainless Steel with Gradient Porosity Fabricated by 
Selective Laser Melting." Journal of Materials Engineering and Performance 19(5): 666-671. 

Lind, J. E., J. Hanninen, J. Kotila, O. Nyrhila and T. Syvanen (2011). "Rapid Manufacturing with Direct 
Metal Laser Sintering." MRS Proceedings 758: LL1.2. 

Liu, Y., Y. Q. Yang and D. Wang (2016). "A study on the residual stress during selective laser melting 
(SLM) of metallic powder." International Journal of Advanced Manufacturing Technology 87(1-4): 647-
656. 

Materialise. (2018). "Materialise Software - The Software Backbone for 3D Printing."   Retrieved March, 
2018, from http://software.materialise.com/magics-0.Software. 

 
ACKNOWLEDGMENTS 

Proc. Of the 3rd Intl. Conf. on Progress in Additive Manufacturing

319



 

 6

Mercelis, P. and J. P. Kruth (2006). "Residual stresses in selective laser sintering and selective laser melting." 
Rapid Prototyping Journal 12(5): 254-265. 

Morgan, R., C. J. Sutcliffe and W. O'Neill (2004). "Density analysis of direct metal laser re-melted 316L 
stainless steel cubic primitives." Journal of Materials Science 39(4): 1195-1205. 

Mukherjee, T., V. Manvatkar, A. De and T. DebRoy (2017). "Mitigation of thermal distortion during additive 
manufacturing." Scripta Materialia 127: 79-83. 

Mukherjee, T., J. S. Zuback, A. De and T. DebRoy (2016). "Printability of alloys for additive manufacturing." 
Scientific Reports 6. 

Niendorf, T., S. Leuders, A. Riemer, F. Brenne, T. Troster, H. A. Richard and D. Schwarze (2014). 
"Functionally Graded Alloys Obtained by Additive Manufacturing." Advanced Engineering Materials 
16(7): 857-861. 

Niino, M., A. Suzuki, T. Hirai, R. Watanabe, T. Hirano and N. Kuroishi (1988). Method of producing a 
functionally gradient material, Google Patents. 

Panontin, T. L. and M. R. Hill (1996). "The effect of residual stresses on brittle and ductile fracture initiation 
predicted by micromechanical models." International Journal of Fracture 82(4): 317-333. 

Qureshi, M. E. (2004). Analysis of Residual Stresses and Distortions in Circumferentially Welded Thin-
Walled Cylinders, Ph.D. thesis, National University of Science and Technology. 

Ravisankar, A., S. K. Velaga, G. Rajput and S. Venugopal (2014). "Influence of welding speed and power on 
residual stress during gas tungsten arc welding (GTAW) of thin sections with constant heat input: A study 
using numerical simulation and experimental validation." Journal of Manufacturing Processes 16(2): 200-
211. 

Reddy, N. S. K., S. Kwang-Sup and M. Y. Yang (2008). "Experimental study of surface integrity during end 
milling of Al/SiC particulate metal-matrix composites." Journal of Materials Processing Technology 
201(1-3): 574-579. 

Ren, J. W. and L. J. Dong (2012). Effect of Process Parameters on Residual Thermal Stress in Laser Sintering 
Process. Monmouth Junction, Science Press USA Inc. 

Sagalevich, V. (1974). "Methods of Removal of Welding Strains and Stresses [in Russian]." Mashinostroenie, 
Moscow. 

Sattari-Far, I. and Y. Javadi (2008). "Influence of welding sequence on welding distortions in pipes." 
International Journal of Pressure Vessels and Piping 85(4): 265-274. 

Shi, Y., Z. Li, H. Sun, S. Huang and F. Zeng (2004). "Effect of the properties of the polymer materials on the 
quality of selective laser sintering parts." Proceedings of the Institution of Mechanical Engineers Part L-
Journal of Materials-Design and Applications 218(L3): 247-252. 

Shiomi, M., K. Osakada, K. Nakamura, T. Yamashita and F. Abe (2004). "Residual stress within metallic 
model made by selective laser melting process." Cirp Annals-Manufacturing Technology 53(1): 195-198. 

Siddique, M. (2005). Experimental and Finite Element Investigation of Residual Stresses and Distortions in 
Welded Pipe-flange Joints, Ph.D. thesis, Ghu-lam Ishaq Khan Institute of Engineering Sciences and 
Technology. 

Sticchi, M., D. Schnubel, N. Kashaev and N. Huber (2015). "Review of Residual Stress Modification 
Techniques for Extending the Fatigue Life of Metallic Aircraft Components." Applied Mechanics Reviews 
67(1): 9. 

Teng, T. L. and C. C. Lin (1998). "Effect of welding conditions on residual stresses due to butt welds." 
International Journal of Pressure Vessels and Piping 75(12): 857-864. 

Tontowi, A. E. and T. H. C. Childs (2001). "Density prediction of crystalline polymer sintered parts at 
various powder bed temperatures." Rapid Prototyping Journal 7(3): 180-184. 

Vandenbroucke, B. and J. P. Kruth (2007). "Selective laser melting of biocompatible metals for rapid 
manufacturing of medical parts." Rapid Prototyping Journal 13(4): 196-203. 

Vora, P., K. Mumtaz, I. Todd and N. Hopkinson (2015). "AlSi12 in-situ alloy formation and residual stress 
reduction using anchorless selective laser melting." Additive Manufacturing 7: 12-19. 

Wang, Q. Q., W. Z. Wang, F. Z. Xuan, Z. D. Wang and S. T. Tu (2007). Relief of tensile residual stress in 
girth joint of AISI 316 steel by deep cryogenic treatment. Shanghai, East China Univ Science and 
Technology Press. 

 

Chee Kai Chua, Wai Yee Yeong, Ming Jen Tan, Erjia Liu and Shu Beng Tor (Eds.)

320


