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® The research on residual stress arising in additive manufacturing by SLM are reviewed.
® The advantages and disadvantages of mainstream research methods are analyzed.
® New concepts on controlling the residual stress in alloy parts by SLM are proposed.
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The undesirable residual stress accumulated in the parts during the melting and solidification of the metal
powder layer by layer retards the further application of the selective laser melting (SLM) process. This paper
focuses on reviewing the recent illuminating achievements about physical modeling, experimental character-
izing, and active adjusting of the residual stress in the parts fabricated by SLM. The advantages and dis-
advantages of the mainstream and emerging models or approaches are further analyzed. Based on the status and
prospect of the relative techniques, a series of conceptual methods are discussed on mitigating residual stress to

make some practical inspiration for developing a systematical residual stress balancing technique for SLM.

1. Introduction

The selective laser melting (SLM) of metal/alloy powder has become
one of the most fascinating and promising rapid prototyping technol-
ogies due to its potential contribution to the quickly development of
aviation, aerospace, medical equipment, automobile manufacturing,
and such prominent industrial fields [1-3]. Benefiting from its inherent
advantages, the SLM is afforded enormous opportunities as follows:

e The practical application is extending from ordinary structural parts
to multi-scale complex key components [4-6].

® The part material microstructures are evolving from single homo-
geneous to multi-material gradient hybrid [7-12].

e The production concept is changing from bottom-up design to top-
down design for satisfying structure integration, functionalization,
and optimization [13-16].

However, such opportunities are accompanied with great chal-
lenges, of which the most important is the mechanical quality control of
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the parts. The repeated heating and cooling of the material, with status
from powder to solid, make the SLM is intrinsically a non-equilibrium
thermodynamic process. Therefore, it is inevitable that non-uniform
microstructure, non-uniform thermal plasticity, and phase change
plasticity would co-exist within the part. Macroscopically speaking,
there is always relatively large residual stress that could lead to de-
formation and cracking, which is the very puzzle for the quality control
of the parts produced by SLM.

1.1. Effect of residual stress

The most significant result from residual stress is the microscopic
defect and macroscopic failure of the part formed by SLM [17-19],
although it could also be accurately designed to increase material
hardness and fatigue performance in some classic technique.

As shown in Fig. 1(a) and (b), the non-uniform residual stress ac-
cumulated layer by layer resulted in cracking of the parts by SLM,
which is common in different kinds of materials such as Inconel-718
alloy and Ti-6Al-4V [20,21]. Fig. 1(c) shows that the cracking could
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Fig. 1. Separation and distortion in AM process: (a) cracking in Inconel-718 alloy part [20], (b) cracking in Ti-6Al-4V alloy part [21]; (c) interface cracking in part
[20], (d) warpage of un-anchored structure [23], (e) warping of the structure detached from the base structure [24] and (f) warping test on the fabricated com-

ponents [25].

also arise at the interface between the build platform and the sample
due to the excessive thermal contraction of the material during solidi-
fication and solid-state phase changing [20]. Similarly, such delami-
nation is frequently observed at the interface between the support
components and the derivative part [22]. For the thin-wall parts, like as
that in Fig. 1(d), the warping of the structure during the process
without adjoining base is also a typical failure [23]. Otherwise, the
distortion of the part after being separated from the base as shown in
Fig. 1(e) and (f) would reduce the quality and then the productivity of
the SLM parts [24,25]. It is reported that these frustrating effects are
especially significant in such structures as copings, overhanging, brid-
ging [24], thin-walling [6,26], and other complex components
[4,27,28]. What’s cannot be neglected, during the powder scraping
process, excessive deformation of the parts will cause damage to the
powder supplier.

In many cases, the self-equilibrium residual stresses pose potential
threats to the mechanical properties of the materials [29] and the re-
liability of the parts [30,31] (like as the damages as shown in Fig. 2),
even if the distortions of SLM structure are within the allowable range.
The residual stress will be released or redistributed during the long-
term service life of the work piece, which can lead to fatigue crack
[29,32,33], brittle fracture [34,35] and stress corrosion failure [30,36].
Leuders et al. [33,37] found that residual stress was the main factor of
fatigue crack growth. Critical mechanical properties such as high cycle
fatigue strength of the part by SLM still remain below that of the forging

0.1mm

Fig. 2. Effects of residual stress on the stress corrosion cracking in a specimen
treated by pulsed-laser irradiation [30].
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—— 100 pm

— 100 pm

Fig. 3. Morphology of fatigue crack in specimens experienced high cycle
loadings [33].

part due to the high residual stress even after post-treatment of hot
isostatic pressing (HIP) and open-die forging [1]. As a visual example,
Fig. 3 shows the morphology of the fatigue crack surface in the SLM/
HIP specimen subjected to loading of cycling stress of amplitude
620 MPa.

1.2. Origin of residual stress

The powder as well as solidified phase in the SLM process have
experienced cyclic, intense, unsteady heating and cooling that generate
extremely complex phase transformation field, various self-restraint
boundaries and therefore complicated thermal stress field [27,38,39].
The unsteady thermodynamic state of the solidified phase in SLM
process is very similar to that of the material during laser welding
(multi-pass welding) [40,41]. Based on the analogous thermal-me-
chanical conditions, the knowledge on the arising of the residual stress
in laser welding could provide much useful reference for the SLM.

A deeper understanding of the physical mechanism on residual
stress is the footing stone of the active controlling on it [38,42-44]. As
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Fig. 4. Sketch of the Multi-physics field in SLM.

shown in Fig. 4, the multi-physical fields dominating the SLM process
are coupled in multiple spatial and temporal scales, accompanied with
the interactions between the laser and the discrete powder, molten pool
or solidified phase [45,46].

Mercelis and Kruth [18] proposed the critical temperature gradient
mechanism (TGM) and cooling phase mode that clearly explains the
origin of residual stress in the part by SLM at the macro scale [47]. The
laser with high energy intensity will rapidly melt the powder layer
within beam spot and thermal expansion of the solidified phase occurs
under the action of the laser heating. As the beam spot moving, the
previously heated region begins to cool and shrink. Meanwhile, such
shrinkage is constrained by the previously deposited material, which
give rise to a tensile residual stress in those region. Most previously
deposited materials surrounding will undergo a cycle of re-melting and
re-solidification. With the cyclic layer-by-layer deposition, compressive
stress would continuously accumulate in the interior to balance out
with the tensile stress distributed near the surface area accounting for
the thermos-elastic-plastic deformation of the solidified phase. Through
the TGM model, Shi et al. [48] accurately obtained the bending angle
along the y-axis of laser forming thin plate based on heat transfer theory
and elastoplastic mechanics.

A series of mathematical models have been developed to roughly
estimate thermal stress for specific material [49-52]. Gusarov, Pavlov,
and Smurov [19] have studied the stress in material subjected to single
track laser scanning via thermo-elastic modelling and experimental
verification. It is found that the maximum tensile stress in the trans-
verse direction is about twice that of the longitudinal (scanning) di-
rection, and the maximum tensile residual stress appears in the re-
melting region along the longitudinal direction. Such distributional
characteristic of the stress accounts for the cracking pattern observed in
the experiment. Moreover, it is revealed that the state of residual stress
depends on the comparison of ambient temperature to the material
melting temperature, which could inspire some active controlling
strategy.

Fig. 5 illustrates the overall thermos-mechanical coupling char-
acteristic of the SLM process, which is so sophisticated that the residual
stress control is unrealistic if only the macro thermo-elastic model is
utilized [53,54]. Therefore, it is required to explore multi-scale nu-
merical simulation accompanied with novel stress measurement, on
which many enlightening achievements have emerged and on which a
literature review as systematic as possible is in urgent need.
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2. Theoretical modeling

Strong nonlinearity in multi-physics and large deformations have
brought great obstacles to the modeling of the SLM process.
Nevertheless, numerical models have gained widespread favor by re-
latively higher efficiency and lower consumption compared to experi-
mental techniques in decades [54-59]. Not only can it compute the
temperature field [54,55] and stress field [56], but also be helpful for
both procedure parametric analysis [21,57,58] and numerical ver-
ification.

2.1. Continuum thermal-mechanical model

Many simplified models have been established on the sequentially
coupled thermo-mechanical process of SLM through finite element
[25,60] or finite volume [7,61,62] methods, which are thought to be
common and validated today. Table 1 lists summarily the latest typical
numerical simulations on the parts of various materials based on the
sequentially coupled FEM and FVM, most of which evaluate tempera-
ture, residual stress as well as deformation. Some numerical results [63]
have been validated by the test of neutron diffraction, which further
reveal a significant stress redistribution in the relaxed specimen as
shown in Fig. 6. Besides, the stress in the top layer is found much lower
than the interface layer due to the permitted freedom of deformation.

2.1.1. Model development

Lately, there constantly emerges some innovative ideas for the
continuum model. Combining the model with metallurgical analysis,
Yang et al. [65] predicted the microstructure, hardness, residual stress
field, and overall deformation of the samples by laser powder bed fu-
sion (PBF). The results revealed that the residual stress and deformation
depended on the overall stiffness of the structure, and the lump-pass
method is recommended for layered heating modeling. Li et al. [56]
proposed a three-dimensional FEM model considering the phase tran-
sition and volume shrinkage during the multi-track multi-layer SLM
process. The temperature and stress fields of the AISI 316 L stainless
steel part are illustrated in Figs. 7 and 8, respectively. Smith et al. [64]
employed computational phase diagram thermodynamics (CALPHAD)
in the thermos-mechanical analysis via finite element method, by which
the microstructure, thermal deformation, thermal stress and the re-
sidual stress were obtained preliminarily. Similarly, the Cellular Auto-
mata Model was introduced to a three-dimension finite-volume model
in order to simulate the SLM process and the grain evolution in a multi-
material parts [7]. In any case, it is shown that more reliable conclu-
sions can be drawn by the FEM/FVM approach combined with other
related techniques.

2.1.2. Parameter acquirement

The physical origin of residual stress has been explained by the
critical temperature gradient mechanism [21]. Furthermore, the re-
sidual stress and distortion have been validated to be dependent on part
geometry [83], material property (e.g., thermal expansion coefficient,
elastic modulus, yield strength and so on) [54,65,68], powder layer
thickness [22] as well as scan strategy [72,84,85].

Tian et al. [80] numerically simulated the temperature field of
large-scale aluminum welding parts and reduced the deformation sig-
nificantly through the optimization of process parameters. Wu et al.
[79] assessed the effect of laser irradiation time on temperature field
and residual stress of AlSi10Mg components fabricated by SLM. Similar
work could be found in the investigation of thermal behavior with finite
element model by ANSYS [81]. Results show that the maximum tem-
perature gradient along molten pool depth direction increase non-
linearly with the laser power but decrease with scanning speed.
Through a nearly quantitative assessment with digital image correlation
and neutron diffraction, it is [86] verified that the increase of laser
energy density (energy per unit length) make a positive influence on
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Fig. 5. Thermo-mechanical coupling of the SLM process.

Table 1
Residual stress simulation by FEM/FVM.

Material

Reference Platform/method

Steel (tool steel/mild steel/SS 316L/low-alloy steel)

Inconel 718

Titanium alloy (Ti-6A1-4V/pure titanium/TNM-B/Ti-SiC/Ti-Ni)
Aluminum parts (AlSi10Mg/Aluminum alloy)

Multi-material (H13 Steel Layer & Nickel Layer)

Zr-Based Amorphous Alloy

[22,27,56,60,63-70] ANSYS et al./FEM

[25,71,72] ABAQUS et al./FEM
[21,27,73-78] MARC et al/FEM
[79-81] ANSYS et al./FEM
[7,62] / FVM

[82] ABAQUS/FEM
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Fig. 6. Example of residual stress predictions [63].

reducing residual stress of 316L Stainless Steel parts.

Meanwhile, Hodge et al. [66] carried out a large number of simu-
lations by changing modeling strategies and process parameter per-
turbations, which revealed that the pattern of the laser path might
significantly influence the residual stress field. PARRY et al. [21] ana-
lyzed the influence of scanning strategy on the thermal stress of SLM Ti-
6Al-4V specimens with MARC and found that reducing the length of
continuous scanning paths and rotating the scanning direction are
beneficial to reducing and levelling the residual stress. The 45° inclined
line scanning has been proved effective in suppressing the deformation
along build direction and in-plane residual stress with both FEM si-
mulation [72] and Neutron diffraction measurement [86]. One possible
explanation is that 45° inclined line scanning may create a beneficial
dislocation between the maximum thermal stress (scanning direction)
and the maximum part dimension [86]. More details specifically con-
cerned about scanning strategy are suggested to see to other relative
work [24,60,67,76].

These aforementioned numerical models mainly based on the
macroscopic thermo-mechanical method, which can predict the

average deformation satisfactorily, while as the capability of parameter
optimization seems to have an upper limit [87] as restricted by the
analysis scale of continuum model.

2.2. Multi-scale simulation concept

The current continuum model on residual stress in SLM parts has
major challenges in terms of macro-scale description, cross-scale ex-
planation, and calculation acceleration [40]. For further understanding
of the physical mechanism underling the stress evolution, a systematic
method based on cross-scale modelling is of fundamental importance
and in urgent need. At present, the research on multi-scale modelling is
still at an initial developing stage that focuses on the effect of process
parameters on residual stress field and related properties of the samples
[88,89]. The interpretation on basic contribution of micro mechanisms
to the macro behaviors is still lacking.

2.2.1. Mesoscale method

An early mesoscopic scale model for identifying individual powders
in selective beam melting has been developed by Carolin Korner's team
based on the Lattice Boltzmann method [90]. Then after, a three-di-
mensional model [91] considering evaporation and backlash was built
by them. In 2016, the same team further implemented a two-dimen-
sional model [92] coupled with the Cellular Automaton Method and
Lattice Boltzmann (CALB) Method to simulate grain growth during
electron beam selective melting. In the same period, a series of multi-
physics models have been established successfully by Lawrence Li-
vermore National Laboratory (using their software ALE3D) [45,46,59].
The ESI Software Company applied FVM software CFD-ACE+ [93] on
many small-scale phenomena analysis such as heat transfer, phase
change, melt flow, powder spattering, void formation, and so on.
Through an open-source computational fluid dynamics software
OpenFOAM, Otto et al. [94] constructed a mesoscale finite volume
model including laser-material interaction to simulate heat transfer as
well as melt flow. After that, Giirtler et al. [95] improved this model
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Fig. 7. Temperature contour at (a) x-y, (b) y-z and (c) x—z section plane of a four-layer part by SLM [56].
and initially numerically demonstrated the melt pool evolution and and discrete element models systematically on this issue in his mono-
void formation in the SLM process. The formation of voids and the real- graph [87], wherein a framework has been developed to include multi-
time surface morphology have also been analyzed through high-speed physical sub-models to describe the particle deposition at mesoscopic
imaging [96]. It is noteworthy to remark that Zohdi studied continuum scale. Although, such simulations need not too few scientific details
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Fig. 8. Residual stress contour at (a) x-y, (b) y-z, and (c) x—z cross plane of a four-layer part by SLM [56].
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drawn from micro-scale observations (e.g., TEM, SEM, and so on) [97].

The advantages of the aforementioned mesoscale multi-physical
models are outstanding, in particular to interpret such mesoscale phe-
nomenon as void formation and molten pool flow etc. However, there
are still many challenges to reveal the physical mechanism thoroughly.
For instance, many of the parameters used are still inevitably influenced
by human intervention. Besides, the contradiction between calculation
accuracy and calculation performance is still hard to balance.
Moreover, it is still not easy to simulate the whole multi-layer process
today.

2.2.2. Cross-scale integration

The microscopic study of the SLM process is thought to be in its
infancy [98]. Monte Carlo method has been applied to the simulation of
the entire procedure of energy transfer between the energetic free
electrons and material atoms [99,100] as well as the micro-scale un-
certainty analysis [62]. An equivalent heat source based on the real
physical mechanism has been developed for a micro-scale model of
laser scan as well [69]. The micro-scale residual stress result was then
imported to the macro model to predict part distortion. We strongly
recommend a recent comprehensive review [101] that provides a fas-
cinating opportunity for the audience to seize the trend of microscopic
modeling for the SLM process. To be noted that the molecular dynamics
method was also employed to describe the characteristics of the heat
transfer and phase transformation in some preliminary framework that
is designed to be linked up with macroscale models and experiments, as
shown in Fig. 9 [89].

Considering the advantages of micro-scale model in revealing the
physical mechanisms on the material evolution and of macro-scale
model in distracting the continuum characteristics and terminal beha-
viors, the multi-scale modeling [102,103] has incomparable potential
to be developed as the most breakthrough technique. Surely, it provides
an opportunity to capture more critical details in evaluating residual
stress in a part by SLM as well as other basic mechanical performances.

3. Experimental characterization

Experimental analysis is the primary method to directly understand
the evolution of residual stress in SLM parts. It provides the physical
facts for the models, gives verification for the algorithm and thus plays
a key role in linking the theoretical prediction, numerical optimization
and adjusting decision on residual stress [70,104].

Traditionally, residual stresses can be classified into three categories
based on different scales [105], on which the suitable measurement
should always be different. Type I residual stress result from macro-
thermodynamic evolution and has the most significant effect on macro-
mechanical properties of the parts. Type II and type III residual stresses
are micro stresses caused by the anisotropy of the grain geometry of the
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material, point defect and dislocations. Compared with the other two
types of residual stresses, type I residual stresses have attracted much
more attention. Basically, all of the traditional destructive measures are
designed and applied to type I residual stress.

3.1. Current practical methods

The measurement of residual stress is an important activity in me-
chanical engineering and of significant academic meaning, as the en-
ormous influence of the residual stresses is recognized during the
forming of most alloy parts. The measurement might have been chal-
lenged by the relatively complicated state of residual stress in the SLM
parts, wherein high tensile residual stress zone exists on the surface and
at the bottom, compressive zone in the interior [18,27,69,106,107].

Various methods have been developed and could be employed
quickly in the parts by SLM as shown in Table 2, in which the typical
methods are briefly compared especially for residual stress charactering
and monitoring. The classic destructive measurement methods, such as
hole drilling, groove cutting and contour method etc., have been well
developed through a series of application examples [47,108], by which
the residual stress distribution along the vertical construction direction
can be obtained.

As a good example, Bey Vrancken [39] et al. utilized the contour
method to measure the residual stress in compact-tension Ti-6Al-4V
specimens produced by SLM, in which the maximum stress are found to
be close to the yield stress in this study. In particular, the two-dimen-
sional test results show that residual stresses have a significant influ-
ence on the anisotropic mechanical behavior of specimen under ten-
sion.

For reasons known to all, non-destructive measurements of residual
stress have attracted more attention, in which the method of neutron
diffraction is one of the most popular ways and has also been stan-
dardized. The latest standard ISO 21432:2019 provides comprehensive
guidance for engineering application and further scientific research. As
for the operation of neutron diffraction, the material type, sample size,
part geometry, testing depth and the magnitude of the expected stress
gradient are the critical factors, on which the detailed requirements
could be found in the standard documents. Compared with neutron
diffraction, the X-ray diffraction method is more recommended for most
regular tests due to much lower cost. A thorough comparison of the
methods of neutron diffraction and X-ray diffraction could be seen in
[142] and [143], both of which

are most widely used for measuring type I residual stress
[63,67,86,88,113,114]. The Neutron diffraction method can char-
acterize small-scale strain such as strains stored within the grains. In
addition, ion beam milling [118] and transmission electron microscopy
(TEM) [119,120] can also provide a qualitative prediction of type II and
III residual stresses.
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Fig. 9. Concept of coupled modeling framework with experimental validation [89].
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Table 2
Typical residual stress measurement methods.
Method Destructive Min-scale Real-time Application Reference
Cutting/hole drilling/bridge curvature method/contour method Y Marco N Measurement [39,108-112]
X-ray diffraction N Micro N Measurement [67,113-115]
Neutron diffraction N Micro N Measurement [22,63,86,88,110]
High-speed X-ray diffraction N Micro Y Monitoring [116]
Ultra-high speed X-ray synchrotron radiation N Micro Y Characterization [117]
Ion beam milling Y Micro N Measurement [118]
TEM/SEM/OM (optical laser confocal scanning microscope) Y Micro N Measurement/ [20,35,96,119-122]
Characterization
Digital image correlation (DIC) N Meso Y Measurement [83,86]
High-speed imaging technology N Meso Y Characterization [96,123,124]
Micro-CT imaging N Micro Y Characterization [125-127]
X-CT analysis N Meso N Characterization [128,129]
Laser line scanning profiler N Micro Y Characterization [130]
X-ray micro-diffraction N Micro Y Measurement/Monitoring [131]
Synchrotron energy dispersive N Micro N Characterization [132]
Thermal sensors (infrared/imaging/pyrometer/thermocouples) N Meso Y Monitoring [104,133-135]
Optical method (photodiode/spectrometer/CMOS camera/CCD camera/plume N Meso Y Monitoring [129,136-140]
camera)
Acoustic sensors (ultrasonic) N Macro Y Characterization [140,141]

Y- with that capability, N- without that capability; Micro = Microscale, Meso = Meso-scale and Macro = Macro-scale.

Yadroitsev and Yadroitsava [27] measured the residual stress in the
stainless steel and Ti-6Al-4V samples produced by SLM via the method
of X-ray diffraction. The results show that the residual stress along the
beam scanning direction is larger than that of the perpendicular di-
rection and the residual stress reaches its maximum value at the in-
terface between the sample and the build platform. Due to the thermal
gradients, the stresses varied considerably from layer to layer, which is
consistent with the similar work [19,83].

Kruth et al. [144] concluded that the appropriate scanning mode
resulted in a significant reduction of thermal distortion. In addition to
the simulations in Section 2, experimental studies have also demon-
strated the effect of scanning strategy and other process parameters
tightly related to thermal history on the residual stress field of metal
parts by SLM [20,86,144]. Based on DIC analysis, Wu et al. [86] stated
that for 316L stainless steel parts, islands of 3 X 3 mm instead of
5 X 5 mm is recommended to reduce tensile residual stress. Similarly,
Lu et al. [20] investigated the effect of island size on SLM Inconel 718
parts and found that samples with an island size of 5 X 5 mm had lower
residual stress than samples with an island size of 7 X 7 mm or
3 x 3 mm. At the same time, the geometry of the build platform also
has a negligible influence [18,25,63]. Based on synchrotron X-ray dif-
fraction, Mishurova et al. [77] attempted to explore the dominant
parameters to surface residual stress and discovered that the increase in
energy density can reduce residual stress in the subsurface region,
which is supported by similar work [86]. There are too many experi-
ments to completely enumerate though we need more to fully under-
stand and control the residual stress in SLM parts.

3.2. New methodology

3.2.1. On the physical mechanism

There is no doubt that advances in test methods play an important
role in understanding the complex physical processes of additive
manufacturing metal parts. Matthew et al. [123] revealed the thermal
vapor Bernoulli effect on melt flow and powder movement through
high-speed imaging technology, thereby providing an approach to
control the laser-material interaction and powder melting character-
istics. Synchrotron radiation micro-CT imaging technology was em-
ployed to achieve the accurate three-dimensional image of internal
defects in Co-Cr-Mo samples prepared by SLM [125], which expands
the current understanding of mechanism on the metallurgical defects
formation. Based on ultra-high-speed X-ray synchrotron radiation
equipment, Ross et al. [117] revealed the real formation mechanism of

the keyhole phenomenon in laser additive manufacturing. The keyhole
phenomenon exists in all ranges of laser power and scanning speed
during the powder bed fusion process, in which it’s believed that a
certain threshold of laser power exists for the transition in heat transfer
from conduction mode to keyhole mode. A very recent research em-
ployed surface curvature measurements based on Kirchoff plate equa-
tions to estimate in-plane residual stress by digital image correlation
[83], as shown in Fig. 10.

3.2.2. On the in-situ detection

In addition to providing calibration and validation for the compu-
tational model, a more practical goal of residual stress testing is to in-
tegrate itself into the SLM process control system. With the improve-
ment of computing efficiency, synchrotron radiation-based scanning
Laue X-ray micro-diffraction has been developed into a near real-time
quantitative imaging technique at the micro and Nano-scale, which
may bring new prospects to the control over residual stress [131].
Micro-CT [126], digital image correlation [83] and displacement sen-
sors [104] accompanied with optical [140] and acoustic [141] methods
have achieved many meaningful achievements, and further stimulate
the detection and analysis of residual stresses.

Lu et al. [104] established an in-situ system integrated thermo-
couples, infrared imaging sensor, displacement sensor and digital image
correlation as shown in Fig. 11. This system could capture the detailed
distortion characteristic of the Ti-6Al-4V single-wall parts. Compared
with the method of synchrotron radiation, the technique of image
analysis is more easily to be implemented as real-time feedback in a
closed-loop control system [139]. A similar sensor-based real-time
monitoring system can also be found in the similar work [135].

As we know, there are multiple combinations of factors (See Section
5 for details) in the SLM process [77,112,145], each of which is real
costs to carry out systematic experimental assessing. That’s why the
low-cost detection methods based on new principles also attract much
laboratory research. For example, Barrett Chris et al. [130] have suc-
cessfully detected the volume change and spatter phenomena before
and after powder melting using high-resolution laser line scanning
profiler, which might be one of the potential testing methods tried on
by the researchers seeking to describe accurately and control reliably
the residual stress in the SLM parts.

4. Active adjusting

As described in Sections 2 and 3, optimizing the process parameters
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in the selective laser melting via model prediction and experimental
verification can reduce the residual stress in parts to a certain extent,
although which is far away from totally suppressing the distortion of
the parts due to the strong non-equilibrium nature of the processes.
Therefore, it’s not difficult to understand that there would be various
adjusting methods developed to balance out the undesired residual
stress.

4.1. Preheating of the powder

Preheating the build platform  (supporting  structure)
[19,22,112,146-149] or powder bed [150-152] to reduce the tem-
perature gradient in the work piece has been one of the most commonly

Table 3
Effect of preheating on residual stress and related properties of SLM part.
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used methods. Most studies have focused on the assessment of the
preheating temperature levels for different part geometries and the
realized effectiveness. For example, it is reported that preheating the
bed to 550° C, the residual stress in a Ti-6Al-4V bridge sample could be
reduced by 46% and the density increased by 2.88% [153]. Ali et al.
[152] found that the residual tensile stress would disappear if the
preheating temperature is higher than 570 °C and even residual com-
pressive stress will appear in the part, which is beneficial to improving
the fatigue performance.

Buchbinder et al. [149] systematically evaluated the geometrical
parameter dependence of the effectiveness of bed preheating and re-
vealed that the thickness (part height over the powder bed) of the SLM
sample would counteract the effect of bed preheating. It might be easily
understood according to the TGM model that a thicker sample means a
larger difference in temperature of the topmost powder layer and the
power bed, which requires a higher preheating temperature to maintain
the initial thermal status of the topmost powder layer.

At the same time, we should know that the bed preheating would
also bring about negative influence on the properties of the parts by
SLM. For instance, it is found that the significant coarsening of den-
drites and the increase of grain size will occur in a SLM part of
AlSi10Mg at the bed preheated to 200 °C due to the reduction in cooling
rate, which would of course decrease the hardness of the final part
[149]. Generally speaking, the material hardness will be decreased by
about 35% were the preheating temperature increased from 150 °C to
250 °C. The bed preheating might also change the crystal structure of
the material and thus influence its mechanical properties [150] as
partially listed in Table 3.

It can be concluded from the results in Table 3 that the bed pre-
heating could reduce the residual stress for most kinds of material, such
as aluminum alloy, titanium alloy etc., while might has no significant or

Phase transformation & Microstructure

Mechanical property

Material T/°C  Stress reduction  Crack reduction
Ti-6Al-4V bridge samples [153] 550 46.31% /

Ti-6Al-4V [154] 400 50% /

Ti-6Al-4V-ELI [152] 570  90% /

AlSi10Mg thin-walled part [155] 300 83% / /
M2 tool steel parts [147] 300 Less Y

AlSi10Mg twin cantilever [149] 250  90% Y

Al7075 [156] 400 / Y

HastelloyX [156] 400 Few Y

H13 tool steel [151,156] 400 Reverse Y

CoCr [156] 400  Few Few

Oxygen and hydrogen content rose
B phase partial decomposition
A basket weave a + (3 microstructure

Less martensite formation
grain coarsening
Prohibiting MgZn2 precipitates /
Grain coarsening in prolonged exposure
Bainitic microstructure

Changing texture

2.88% increasing of relative density

Increasing the hardness, reducing the ductility

High yield strength of 1176 MPa, improving ductility
/

Maximum density of 99.8%

Hardness decrees, lowered yield strength

Improving relative density combined laser parameter
Higher hardness and ultimate tensile strength
Nearly no
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Table 4

Typical adjusting methods on residual stress.
Measures Applied Stage  Adaptability Control effect Other effects Maturity
Preheating Pre- Limited by material and Partly Crack suppression and phase Late

geometry transformation
Annealing Post- Powerless to large distortion Partly More emphasis on adjusting performance Late
Hot isostatic pressing Post- Same as above Partly Same as above. Late
Real-time control Online Wide Thorough Improving design accuracy and Preliminary
reliability
Laser shock processing Online Wide Thorough Easy to integrate into SLM equipment Preliminary
Integrated forming Online Wide Difficult to quantify High efficiency Developing
Ultrasonic peening Post- Wide Little effect on internal Better corrosion resistance Middle-late
stress

Modulation of material component/ Pre- Limited materials Thorough Promote materials and structures design  Preliminary

state

Laser
parameter

Layer thickness
Thermodynamic properties
Geomerty
Phase transformation Laser speed

Precipitation

N

Structure stiffness Stripe width

Laser power

Energy density

Re-melting

Re-scanning times
Re-scanning power-
Scan strategy
Re-scanning speed
Re-scanning interval

AN

Residual

Support
Geometry Layer-wise alternated
Preaheating

Matrial porperty Dwell times

Scan strategy

Laser
scaning

Build
platform

Scan vector orientation

Scan vector length

stress

Hatch distance Hybrid techniques
ot isostatic pressing

Annealing

Post
treating

Fig. 12. Diagram of the influencing factors of SLM residual stress.

even reverse outcome for specific super alloys that experiencing ad-
verse phase changes due to the preheating. Therefore, the effects of the
preheating on microstructure and mechanical properties of the parts
should be comprehensively studied to avoid such counterproductive
results.

Now, the preheating temperature is also regarded as one of the SLM
parameters and chosen combined with other parameters such as laser
energy density, scanning speed and so on, to achieve optimized part
performance. For aluminum alloy and titanium alloy samples with thin
wall thickness or relatively small height, it’s recommended that pre-
heating should be adopted as the current best method to reduce the
residual stress. It is also noteworthy that the effect of preheating might
be more significant for the process of electron beam melting (EBM) than
the SLM [157] due to both the difference in the powder bed and the
isolated vacuum chamber for EBM.

4.2. Heat treatment on the parts

In addition to the bed preheating, much attention has been drawn
by the development and application of other pre-treatment and post-
treatment on power or part to change the residual stresses [119,158], in
which teat treatment is one of the main methodologies [159-161].
Tomus and Li etc. [119,120] have observed that heat treatment can
significantly reduce the dislocation density in as-built AM parts. Shiomi
et al. [38] found that the residual stress in chromium-molybdenum steel
parts could be reduced by 70% after annealing. Actually, the vacuum
annealing has also been proved to be effective in reducing residual
stresses in the SLM parts of AISi10Mg and Inconel 625 alloy [161,162].
Typically, the combination of hot isostatic pressing and classic heat
treatment is also a common approach to improve the stress distribution
and product quality [119,161]. Again, the probable adverse effects on
mechanical properties of the heating and cooling during heat treatment

should also be notified [163], as an example while promoting the SLM
parts of Ti-6Al-4V to undergo phase transitions (i.e., from [ grains to
lamellar o + [3) to counteract residual stresses [47].

4.3. Real-time control of the process

Once the stress in the part is large enough to cause plastic de-
formation or fracture of the material, it is almost impossible to mitigate
through post-processing. Hence the stress control during the manu-
facturing process is very important, especially for large-scale additive
manufacturing component constrained heavily [63]. As demonstrated
in Section. 3, the means of infrared imaging, high-speed X-ray imaging,
micro-diffraction and other optical detecting aided with appropriate
image computation algorithms could realize on-site thermal state
monitoring of the molten pool, powder layer, deposited layer, tem-
perature field as well as the hot spot or incomplete fusion during
melting and solidification. These techniques bring exciting expectations
for homogenizing the surface temperature field, reducing thermal gra-
dient and then adjusting residual stress through closed-loop feedback
control of input laser energy [136,138,139,164-169].

4.4. More hybrid techniques

Bed preheating and heat treatment are common methods to coun-
teract on the residual stress in parts by SLM. However, the effectiveness
of these methods is always limited to a great extent. Therefore, it’s not
hard to image that more hybrid methodologies could be discovered to
adjust the residual stress in the SLM parts, which might be combination
of classic techniques or inspiration of brand-new concepts.

4.4.1. Technique combination and integration
Kalletics et al. [170] discussed the ability of laser shock to balance
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Table 5

Influence factors of residual stress for various SLM material.
Material Effect Method
Factors: Part
Al7075 [183] MgZn2 precipitates need to be prohibited Experiment
Inconel 718 [65] Residual stress depends on structure stiffness FEM
Ferrous-based material [68] Similar coefficients of linear expansion between combing-materials are helpful to resist Experiment

residual stress

AlSi10Mg [149] Lowered yield strength allows plastic deformation at lower equivalent stress Experiment
H13 steel [151] Compressive stresses generate at surfaces during the martensitic transformation Experiment
AlISi10Mg twin cantilever [149] The larger bar thickness leads to smaller distortion Experiment

Stainless steel 316L [83]
316 stainless steel [18,112]
Tool steel [22], managing steel [184]

Factors: Build platform
/
316 stainless steel [185]

316 stainless steel [18]

Factors: Laser parameter
Ti-6A1-4V [105] Ti-6Al-4V [47],

Larger cone angles developed less residual stress for the inverted-cone part
Residual stress increase with the number of layers
Distortion significantly decreased due to larger powder layer thickness

The effect of preheating given in Table 3

Lower tooth spacing leads to compressive axial RS. Higher top length leads to compressive
axial RS and tensile in-plane RS

A higher height of build platform results in a lower stress level

Higher laser power, slower scan speed, and smaller stripe width are recommended

Experiment & FEM
Modeling analysis, experiment

Modeling simulation, experiment

/
FEM

Model analysis & experiment

Experiment

Ti-6Al-4V BCM Sample [153]
TiC/Inconel 718 composites [84]
between layers and tracks
316L Stainless Steel [86], Ti6Al-4V prisms
[77]

Factors: Laser scanning

Ti-6Al-4V [21 47], 316 Stainless Steel [112]
distribution

Inconel 718 [72], 316L stainless steel [86].
direction and in-plane residual stress

316L stainless steel [86], Inconel 718 [20]

73% of surface distortion decreased with an increasing of energy density by 27%
125 W laser power and 100 mm/s scanning speed obtain sound metallurgical bonding

Higher laser density may induce lower residual stresses for parts

Reducing scan vectors and rotating scan vectors are beneficial to release residual stress
45° inclined line scanning has been proved effective to reduce the deformation along build

3 x 3 mm island is more recommended for stainless steel, while 5 X 5 mm island

Experiment
FEM & experiment

FEM, experiment

Simulation/Bridge curvature
method
FEM & experiment

Experiments

recommended for Inconel 718 to reduce residual stress

AlSil0Mg [186]

The checkerboard scanning strategy dissipates heat faster well and produces fewer defects

Experiments

and less internal stress than the uniform scanning strategy

Ti-6Al-4V, Inconel 625 [187]

Ti-6Al-4V

Ti6Al-4V prisms [77], 316L stainless steel
[188]

Factors: Re-melting
Chrome-molybdenum steel [38]
Alumina [19]

direction
Ti-5A1-2.5Sn alloy [111],

Distortion and residual stress decrease with dwell times for Inconel 625, which is opposite for

Sub-surface residual stress decreases 75% due to hatch distance decrease to 40 pm

Tensile stress decreases 55% by laser re-scanning
The maximum tensile residual stresses arise in the re-melted region along the scanning

1 cycle laser re-melting on each solidified layer leads to residual stress increasing, while 2 or

In situ measurements

synchrotron x-ray diffraction

Experiments
Modeling analysis

Experiments

more cycles make principal residual stresses decreasing

AlSi10Mg [189]
Factors: Post heat treating is shown in Table 4

Residual stress can be reduced with multiple re-melting

Experiments

the residual stress in SLM manufactured parts. It is revealed that if the
overlap ratio of the laser spots is high enough, the surface tensile re-
sidual stress can be easily converted into a favorable compressive re-
sidual stress with a depth exceeding 1 mm. Laser itself is a kind of high-
efficiency energy source of SLM, so it has natural advantages to be
integrated into SLM manufacturing system for real-time control. New
insights from welding and other similar processes are also invaluable.
Ultrasonic shot peening (UPT) has proven to be an effective method to
improve the residual stress distribution in welded structures, which has
also shown great potential in stress modification of SLM metal parts
[171-173]. The application of UPT in improving the stress corrosion
performance of AlSi10Mg SLM specimens has also proved this knowl-
edge [173].

Turning, grinding, shot peening [171], finishing (magnetic field-
assisted finishing [174], laser finishing [175]), etc. will generate com-
pressive residual stresses on the work piece surface and beneath the
work piece surface. From this perspective, the joint additive and sub-
tractive manufacturing are expected to mix the characteristics of their
respective residual stresses, resulting in unexpected effects of residual
stress balance [174,176].

10

4.4.2. Microstructure design and optimization

Microscopically, studying the evolution of phase transitions may be
a breakthrough. For example, the effect of filler composition on bal-
ancing residual stress was found in welders. Experimental and theore-
tical calculations indicate that a reasonably designed filler material or
powder composition can resist local tensile residual stress by generating
compressive strain through solid phase transition during welding or
enhanced manufacturing [177-181]. The preheating process also re-
duces internal compressive residual stresses by favorable phase transi-
tions in some ways, as especially a study [68] revealed that the de-
formation between bonded materials would be reduced when the linear
expansion coefficients are more similar. Therefore, it is strongly re-
commended that employing thermal effects and phase transitions pro-
duces offsetting residual stresses when designing the powder compo-
nents and SLM process.

As aforementioned, certain types of geometries, such as cobalt
chrome dental copings, overhang structure, bridge components, canti-
lever structure, crowns, etc., require multiple anchors to prevent war-
page, which significantly increases the manufacturing cost. Moreover,
the anchor will not be able to resist distortions of the part when the
stress magnitude is too high and the part would be twisted due to the
residual stress after removing the anchors. As an attractive way, in the
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so-called metal eutectic systems, the anchorless selective laser melting
(ASLM) or semi-solid state processing (SSP) [23,182] could keep the
material of immediately processed layer stay semi-solid state through
controlling input laser energy and preheating building platform
[23,182] and thus suppressing the residual stress in parts.

The advantages of the main stress adjusting methods are summar-
ized in Table 4 for the sake of convenience, although there is still a lot
to be explored for the precise control of residual stress in SLM parts.

5. Parametrical analysis

Physical mechanism on thermo-mechanical evolution of material,
modeling analysis, experimental measurements and control methods
over residual stress in the SLM parts are reviewed in the earlier sections
to cover the main factors affecting the final residual stress. These factors
are discussed systematically as shown in Fig. 12 in view of parametrical
analysis to give some more practical suggestions and references.

More detailed comparison on these factors are further listed in
Table 5, which could provide a quick reference for similar processes as
well as help immediately catch the characteristic of the residual stress
in the SLM parts of typical materials.

Based on the technique comparison as listed in Table 5, there could
be some further recognition and illumination on the issue of residual
stress in SLM parts. The yield strength of the material at different
temperatures is a crucial parameter to residual stress [149] as the re-
sidual stress is resulted from the stored elastic strain energy, which is
maintained and constrained by the surrounding plastic deformation in
most parts. Some materials are prone to microstructure changes at
certain temperatures, which also have a great impact on residual stress.
The part geometry is also a critical factor that influences the residual
stress through determining the temperature gradient in the parts, for
which the good example is that such special structures as overhang and
lattice are apt to distortion or cracking due to high temperature gra-
dient.

Even as the bed preheating plays a more important role in con-
trolling residual stress than aimless changing of laser parameters, which
has more flexibility in process design. In particular, the nonlinear ef-
fects of laser power and scanning speed on residual stress are found in
the SLM parts as such two parameters largely determine the size and
shape, temperature gradient, wettability and topography of the molten
pool. That means, the process defects such as incomplete sintering,
spheroidization, crack-like voids and keyhole would be related with the
residual stress in very complicated ways [190,191].

Moreover, the laser scanning paths, such as 45° inclined line scan-
ning in the same layer could generate favorable stress state as the heat
dissipation conditions are altered and texture reconstruction realized
[188]. Re-melting of the solidified region by subsequent laser heating
could smooth the temperature gradient in the solidified layer and
thereby reduce residual stress [189]. After all, such crucial factors de-
serve more specific investigation, which is especially important for
parts of complex geometries, special materials or with high require-
ments in size/shape accuracy and mechanical properties.

6. Conclusion

Research on the residual stress in the parts by SLM is in a relatively
rapid development stage, while complicated mechanisms are involved
in such a strong non-equilibrium multi-physical process. Many mean-
ingful work, such as multi-scale modeling, real-time process detecting,
micro-scale experimental characterizing and active stress adjusting
have emerged. And some satisfactory results have been achieved for
specific process on specific materials, which provide good reference for
a new start in technique development. It has been revealed that the
overall evolution of stress field is determined by both the microscopic
structure and macroscopic surrounding conditions, which requires
multi-scale effects to be included in a useful theory. Most of these
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studies are still in the preliminary stage of qualitative demonstration,
which requires the quantitative theoretical models based on real phy-
sical mechanism to be developed.
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