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Abstract

Laser powder bed fusion (L-PBF) has great prospects for biomedical,
automotive, aerospace and other high-tech industry sectors due to its
manufacturing flexibility and design freedom. However, several factors that
include high residual stresses, random porosity and dimensional accuracy can
affect the quality of parts and hamper L-PBF progress and widespread
industrial applications. Residual stresses are inherent in laser-based
processing, and focused studies to control these stresses are topical. Thermal
and mechanical post-processing methods, such as stress-relief heat treatment
and machining, can relieve residual stresses but cannot reverse in situ stress-
induced distortions or cracking. Thus, in situ stress relief remains an attractive
option/complement for managing the effect of residual stress on part strength,
surface integrity, and dimensional accuracy. Better still, combining in situ and
post-processing stress-relief techniques could be a more effective approach to
residual stress control. This chapter presents a detailed analysis of the residual
stress control techniques that can be applied in L-PBF. Recommendations for
effective evaluation and appropriate selection of residual stress management
techniques are outlined.

Keywords: additive manufacturing; laser powder bed fusion; residual stress;
defects; distortions; in situ control; post processing

9.1. INTRODUCTION

Residual stresses in an object are those stresses that remain in the object when
all external forces, apart from gravity, do not act on this object. Since residual
stress is balanced in the object, the presence of tensile stress (positive in sign)
in one part is compensated by compressive stress (negative) in other parts of
this object. The primary reasons for residual stresses are non-uniform plastic
deformations through the cross-section during mechanical processing, phase
transformations and thermal gradients, i.e. residual stresses have mechanical,
chemical and thermal origins.
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Residual stresses can be introduced during manufacturing, during in-service
repair or modification, during operation or even during part installation,
assembly procedures or occasional overloads, etc. For example, residual stress
in drilling is introduced by plastic deformation due to the removal of chips,
thermal stress introduced by heating and possible phase transformation if the
temperature is sufficient. In practice, no component is entirely free of residual
stress, which originates during processing.

Residual stresses can be divided into the following length scales: Type I, Il and
I (Figure 9.1). Type | are macro-stresses which equilibrate over large
distances or dimensions (size of the part or structure). Macro-stresses may be
introduced by non-uniform plastic deformation due to material processing such
as shot peening, forging, milling, bending, welding, different surface
treatments (plating, enameling, coatings, hardening), or by heating or cooling
(for example, quenching heat treatment procedure). Residual stress can also be
introduced by differing thermal expansion coefficients and mechanical
mismatching of varying components of composites as multiphase materials,
ceramic coatings, etc. Type I residual stress can also occur under material load:
e.g. mechanical loading, thermal temperature fields or chemical changes
during operation.
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Figure 9.1. Residual stress in polycrystalline material categorized according to length
scales.



Type Il are micro-intergranular stresses that equilibrate over a length relating
to the grain dimensions, usually 3-10 times that of the grain size (Totten,
Howes and Inoue, 2002). These stresses are caused by differences in
microstructure of polycrystalline materials when phase transformation has
taken place in a multiphase material or in a single phase material when
anisotropy of grains occurs. An example is thermal stresses in metal-matrix
composites.

Type |1l are stresses that are present within a grain and typically includes
stresses due to coherency at interfaces and dislocation stress fields (Withers
and Bhadeshia, 2001).

The effects of residual stress may be either beneficial or detrimental,
depending upon the magnitude, size and distribution of the stress with respect
to the load-induced stresses (Withers and Bhadeshia, 2001a, 2001b). For
example, tensile residual stress near the surface has a detrimental influence on
fatigue and corrosive properties, especially if this part is also subjected to
tensile load during operation. So, in parts with residual stresses, not only is
loading magnitude critical, but also direction.

All metal part manufacturing methods, such as die and investment castings,
sintering, machining, metal injection molding and additive manufacturing
(AM), introduce residual stresses into the manufactured object. During
welding or powder bed fusion, residual stress can be generated by shrinkage,
deformations during processing, temperature variations and phase
transformations. This chapter provides metal AM researchers with important
information regarding residual stress measurements, their origins, effects in L-
PBF objects, the available residual stress mitigation methods and how such
methods impact on the end product quality characteristics. Furthermore, the
implications of the various residual stress management approaches are
discussed, bearing in mind the interdependent, competing or conflicting effects
of the interventions on residual stress and other process outcomes such as
density, surface quality, manufacturing time and cost.

9.2. RESIDUAL STRESS MEASUREMENTS

The effective control of residual stress and qualification of the manufacturing
process for various applications depend on accurate measurement of the
residual stresses. Evaluation of residual stress is done by means of measuring
strain using a variety of methods and using the measured strain to calculate
stress based on variations of Hooke’s laws. Alternatively, residual stress can
be evaluated qualitatively by measuring distortions that emanate from them.
Two broad approaches can be used to evaluate residual stress — non-destructive
and destructive methods. Detailed explanation of measurement techniques of
residual stress can be found in (Withers and Bhadeshia, 2001a). In this section,
some frequently used methods are shortly described.
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9.2.1. Destructive methods

All destructive and semi-destructive methods of measuring residual stress
work on the same principle of inducing stress relaxation followed by strain or
deflection measurements. Thus, destructive techniques are also called
relaxation methods (Schajer, 2010). Stress relaxation can be achieved by
cutting or removing some material from the specimen. Methods that rely on
macro-deflection measurement are purely qualitative, although FE methods
can be used to calculate the actual stress responsible for the distortion.
However, no standard geometries exist to allow universally acceptable and
reliable evaluation. For this reason, deflection-based methods have largely
remained qualitative.

The hole drilling method is one of the most common methods in which strain
gages are used to measure the strain that results from stress relaxation after
material removal from a specimen. This method has been used to evaluate
residual stress in a range of L-PBF metal alloys including Ti6Al4V and
AlSi10Mg (Knowles, Becker and Tait, 2012; Salmi et al., 2017). In this
method, a small hole is drilled in the center of a strain gage rosette attached to
the surface of the component to be measured. The action of drilling the hole
relieves locked-up stress and this is accompanied by a change in the strain state,
which can easily be measured using the strain gage (Figure 9.2a). The strain
change is then used to compute the equivalent stress state through a series of
equations, as specified in ASTM E837-08. The accuracy of this method
depends on surface roughness, levels of stress, correct alignment for drilling,
selection of incremental hole depths, gage placements, etc. Similar to the hole
drilling method, other relaxation techniques such as indentation or cutting of a
long slit (so-called “slitting method”, or “crack compliance method”, Figure
9.2b) are used for investigation of residual stress with strain gages (Schajer,
2013).

Digital image correlation (DIC) is a widely used method for measuring
residual stress in L-PBF-manufactured components. DIC acquires strain data
from images by comparing the location of a subset or block of pixels on a test
piece before and after deformation (Lord, Penn and Whitehead, 2008). The
image taken before deformation is the reference image and several other
images can be taken at different stages of the deformation. For example, when
testing the hardness of a material which suffers from residual stress, the
indentation may deform to a certain extent (or the residual stress may influence
the hardness number). The magnitude of the deformity may be compared with
that of a non-stressed part; the change in area of the indentation could be
converted to strain which then can be converted to a stress value using Hooke's
law (Totten, Howes and Inoue, 2002; Song et al., 2014).
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Figure 9.2. Measurements of residual stress by hole drilling (a), crack compliance
method (b) and contour method (c).

Residual stress can also be estimated using the contour method (Figure 9.2c).
The component under investigation is carefully cut in two using non-stress-
inducing methods such as wire electric discharge machining. When the surface
of the plane of interest is cut, residual stress is partially relieved, causing
deformations or deviations of the cut surfaces from the expected surface
profile. These surface distortions can be measured using a touch probe of a
coordinate measurement machine or a laser profilometer. The stress state is
determined with the aid of FE modeling by superimposing the partially relaxed
stress state with the stress change, after forcing back the deformations to the
original state before cutting (Ahmad et al., 2018; Robinson et al., 2018). The
contour method only measures the stress component normal to the cut. A multi-
axial contour method has been developed to determine 3D stress maps by
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introducing multiple cuts along different planes (or axes) of interest to measure
the stresses normal to the cut planes (Pagliaro et al., 2010).

The curvature method is a technique in which deflection (curl-up angle)
stemming from residual stress is measured for a bridge-like, thin plate or
cantilever structure (Figure 9.3). A specially shaped part is built on a base plate
and later cut off. After removal from the base plate, the part can curl up through
an angle which can be measured (Kruth et al., 2010, 2012; Vrancken et al.,
2013; Buchbinder et al., 2014; Liang et al., 2020) Simulations are then used to
calculate the actual residual stress corresponding to this measured curl-up
angle. A major weakness of methods that rely on distortion and localized strain
measurement to calculate residual stress is that the stress relaxation does not
necessarily release all the stress from the component. As a result, the calculated
stress is not necessarily representative of the actual state of stress in the part.
Therefore, methods that can profile the residual stress for greater part volume
are preferred.
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Figure 9.3. Measurements of residual stress by curvature method: with bridges (a) and
with cantilevers (b). Deformation after separation from the base plate and curl-up
angle o are shown.

9.2.2. Non-destructive techniques

Non-destructive techniques for residual stress measurement are largely based
on diffraction and acoustic principles (see also chapter 10). Common non-
destructive residual stress measurement methods are neutron and X-ray
diffraction (XRD). Less common methods include synchrotron radiation based
XRD, ultrasonic and electromagnetic techniques. A comprehensive review on
ultrasonic testing of residual stress for AM parts was done recently by Acevedo
et al. (2020).



The diffraction methods basically make use of the inter-atomic d-spacing as a
built-in strain gage. Neutron diffraction measurement of residual stress
depends on strain evaluation through measurement of the change in
crystallographic lattice spacing using Bragg’s law of diffraction (Figure 9.4)
and utilizing Hooke’s laws to calculate the subsurface residual stress. Due to
the high penetration power of neutrons, neutron diffraction is capable of
measuring volumetric residual stress in thick specimens. When a beam of
neutrons impinges on the surface of a stressed material, the atomic planes will
diffract the neutrons at a diffraction angle 26. The lattice plane spacing is then
calculated from employing Bragg’s law of constructive interference according
to:

nA = 2dsiné 1)

where n and A represent the order and wavelength of the neutron radiation
respectively and d is a lattice spacing (Figure 9.4).
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Figure 9.4. Bragg diffraction.

The residual strain ¢ can be calculated using Equation 2 based on the change
of lattice spacing from the normal spacing (d,) to a new value (d) when the
material is under stress.
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The strains are converted to stresses by applying Hooke’s law with the
incorporation of the appropriate constants, that is, the material’s modulus of
elasticity, Poisson’s ratio and the diffraction elastic constants for the hkl family
of lattice planes.

Unfortunately, neutron diffraction is expensive and time consuming and
facilities are limited. A cheaper, quicker, more accessible and more widely
used option for residual stress measurement is the X-ray diffraction (XRD)
method. XRD has a working principle similar to neutron diffraction, except
that X-rays have less penetrating power than neutrons. Due to the lower



penetration power of X-rays in metal, XRD is limited to surface and near
surface stress measurement — for typical laboratory devices. The surfaces to be
analyzed must be free from dirt and roughness, so light electro-polishing is
usually applied (Withers and Bhadeshia, 2001a). Great care must be taken to
ensure that no residual stress or plastic deformation is induced during surface
preparation.

9.3. EFFECTS AND ORIGINS OF RESIDUAL STRESS IN L-PBF

The use of a fast-moving laser beam with high power leads to rapid heating,
melting, solidifying and cooling cycles during L-PBF. Large thermal gradients
and layer-by-layer manufacturing using powder result in high anisotropic
residual stress, specific microstructure (Chapter 13), random porosity (Chapter
6) and limited accuracy of fine structural units of L-PBF parts (Chapters 5, 7,
16). As-built L-PBF materials have anisotropic non-equilibrium
microstructure that is a result of high cooling rates and the layer-wise nature
of this process. In some materials, the resulting microstructure in combination
with high residual stress, can lead to cracking during processing (Qiu et al.,
2019; Zhang et al., 2020). Some of the common defects associated with
residual stress in L-PBF during processing are shown in Figure 9.5: excessive
residual stress leads to macro- and microcracking, deformation and
delamination from the base plate or supports during part manufacturing (Figure
9.5 a-c). When parts delaminate or deform during processing, the structures
elevate above the powder bed top surface and come into contact with the
recoater, which can cause damage to the parts and the entire deposition system.
Even the slightest contact between the part and the recoater can cause the part
to flex and then relax, causing the part to act as a spring which moves or shoots
powder away from the contact area which leads to defects (Figure 9.5d).
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Figure 9.5. Defects in L-PBF parts during manufacturing: (a) delamination from the
supports and deformation during processing Ti6L4V alloy; (b) delamination from the
base plate and macrocracking in massive Ti6L4V solid sample; (c) cracks at the top
surface of Ti-Al single layer; (d) general view of redistribution of powder bed during
manufacturing: delamination from support and deformation resulting in contact with
recoater: deformation of massive part (top image in d) and vibration of fine parts
(bottom images)

Where the distortion does not lead to process disruption, more defects are still
likely to occur owing to the resultant uneven powder distribution and non-
homogenous powder layers that provoke porosity and dimensional errors (du
Plessis et al., 2018; Bartlett and Li, 2019). Furthermore, if delamination,
cracking or distortions do not occur during processing, as-built L-PBF parts
have been known to deform after being removed from the base plate due to
residual stress. Residual stress does not only impact the technical capabilities
of the L-PBF processes but can severely offset the economic gains that could
be associated with AM (see chapter 22). L-PBF parts have to be heat-treated,
machined, etc. in order to reduce residual stress. Inevitably, this additional
post-processing results in loss of productive time and hampers the efficient use
of manufacturing resources. When the effects of residual stress cause integrity
problems such as cracks and these cannot be reversed by post-processing
methods, the parts must be taken out of service. To qualify L-PBF as a process
of choice for industrial applications that have stringent quality requirements,
residual stress needs to be controlled.



The effect of residual stress on dimensional and form deviations has been
widely demonstrated in Neugebauer et al. (2014), Yadroitsava and Yadroitsev
(2015), and Debroy et al. (2018). Stress-induced distortion by only a couple of
micrometers could be detrimental to the possible industrial application. The
fatigue and corrosion behaviors also depend on the nature and values of
residual stress (Lu, 2002; Vrancken et al., 2014; Ornek, 2018; Cruz et al.,
2020), see Chapters 14-15 on structural integrity and fatigue properties. As
mentioned earlier, specific microstructure that develops during L-PBF, in
cooperation with high stresses, can induce cracking and delamination in the
final part (Kempen et al., 2013; DebRoy et al., 2018).

A development of residual stress in L-PBF in terms of heating/cooling cycles
(“temperature gradient mechanism”) and shrinkage due to the thermal
contraction and elastic-plastic behavior of the material at different
temperatures ( “cool-down phase model”) was described in (Shiomi et al.,
2004; Mercelis and J. P. Kruth, 2006). First, the irradiated layers expand due
to the heating effect of the laser beam (Figure 9.6). However, the solid
underlying substrate (or a previously processed layer) restricts this expansion
resulting in an overall compressive stress-strain condition at the top surface.
Then, after the removal of the laser beam, the material tends to cool down and
to shrink. Again, this shrinkage is confined by the partial elastic-plastic
deformation set up during the heating cycle, leading to an overall tensile stress
state in the upper surface of the solidified material.
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Figure 9.6. Residual stress development during L-PBF
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During L-PBF manufacturing, different process parameters and scanning
strategies are used for different areas of the part and the geometry and the shape
of the melt pool vary significantly. The temperature gradients and the amount
of material involved also vary, which makes residual stress distribution quite
complex: its values depend on many factors. Cooling down and solidification
commences when the laser beam leaves the irradiated zone (Figure 9.6).
However, the contraction rates of different material areas are not uniform. This
leads to non-uniform deformation along the tracks and between layers. The
non-uniform contraction means that residual stress and deformations are
dependent on the direction of scanning.

One of the first studies of residual stress in L-PBF was carried out by Shiomi
et al. (2004) where the highest value of tensile residual stress was found at the
top layer of the L-PBF part. Gusarov, Pavlov and Smurov (2011) showed that
tensile stresses in AM depend on the shape of single tracks and maximum
tensile stresses are two times greater in the longitudinal direction than in the
transversal direction. Residual stress can be redistributed by the formation of
cracks and pores, making the understanding of stress distribution even more
complex. Yadroitsev and Yadroitsava (2015) studied residual stress in SS 316L
and Ti6Al4V alloys and the residual stress on the top surface of the L-PBF
objects were shown to be tensile and the maximum stress was in the scanning
direction for all specimens.

Simson et al. (2017) showed the dependence of residual stress on the selected
process parameters; the value and orientation of the main stress component
depended on the analyzed layer of 316L steel. On the top surface, higher
residual stress values were also found in the scan direction. The lateral surface
revealed the highest main stress component was parallel to the building
direction. These findings support the processes described by the temperature
gradient mechanism and cool-down phase model (Figure 9.6). This study also
showed that residual stress values depend on structural density. Figure 9.7a
illustrates FEA simulations of the stress of rectangular Ti6Al4V solid blocks,
fixed to the base plate, with initially high residual stress. Higher stresses are
found at the bottom, where samples are attached to the base plate. If samples
are separated from the base plate during processing, the sample deforms and
the residual stress changes from the original configuration. Overhanging parts
that have no direct metallurgical contact with the base plate are deformed
during processing, thereby redistributing stress significantly (Figure 9.7b-e).
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Figure 9.7. Residual stress in rectangular Ti6Al4V attached to base plate solid blocks
(a) and blocks with defects — planar regions causing loss of attachment to the baseplate
0.005 mm? in size (b—€). Dimensions of the block are 3x1.5x0.3 mm (X, y, z), initial
stress of solid block are oxx = 600 MPa, oyy = 900 MPa, oXy = oxz = 25 MPa. Scale
factor for the deformation is 50 (van Zyl, Yadroitsava and Yadroitsev, 2016).

Numerical simulations have shown that residual stress is geometrically
dependent on object shapes as well as building and scanning strategies applied
(Nadammal et al., 2017; Parry, Ashcroft and Wildman, 2019). Parry, Ashcroft
and Wildman (2019) showed that longitudinal stresses (along the scanning
direction) have a threshold depending on scan length: it increases linearly up
to a critical length of scanning, then they are almost constant. Transverse
stresses were more sensitive to the thermal history than longitudinal ones.

Experiments with different shapes of samples were performed in Yadroitsava
et al. (Yadroitsava et al., 2015). Surface residual stress in Ti6Al4V objects of
simple geometries (Figure 9.8) were measured by X-ray diffraction (XRD).
Samples were scanned in a stripe pattern in back-and-forth directions with an
EOSINT M280 system. For the semi-sphere without supports, the principal
residual stress was lower in comparison with the inverted semi-sphere with
supports. In prisms, the maximum residual stress near the top surface was
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915 MPa, where the ratio of the top area to the base surface was 100:9. A prism
with a lower ratio (100:36) had a lower residual stress of 628 MPa. It is
possible that overheating led to higher values of residual stress for a prism with
a small cross-section at the bottom, since local overheating is responsible for
higher residual stress (Parry, Ashcroft and Wildman, 2019).
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Figure 9.8. Principal stresses near the surface in 3D L-PBF Ti6Al4V objects attached to
the substrate: cubes 10x10x10 mm? without support; cylinder with diameter 10 mm
and height 10 mm; semi-spheres without/with supports, diameter 10 mm; prisms:
height 10 mm, bottom base 10x10 mm?, top base 6x6 mm?; height 10 mm, bottom base
6x6 mm? and top base 10x10 mm?; height 10 mm, bottom base 3x3 mm? and top base
10x10 mm?. Orange points indicate where residual stress was measured.

Salmi et al. (2017) showed that in general, samples with supports had higher
stress than specimens with direct contact with the base plate, mainly due to the
different heat transmission modes along the building direction; thus, the
thermal gradient was lower for samples without supports. Also, it was found
that residual stress exhibited varying (oscillating) behavior with depth (Figure
9.9a). These variations indicate the non-uniform heat distribution and transfer,
and a possible effect of microstructural changes on residual stress distribution.
Previously, similar oscillating behavior of residual stress with depth in L-PBF
samples was shown in (Yadroitsev and Yadroitsava, 2015), Figure 9.9b.
Roughness has an influence on the residual stress value, as can be seen in
Figure 9.9b. In SS 316L samples, residual stress was measured at the center
near the surface: residual stress was relatively low for the first approximately
100 um. This correlates with as-built roughness on the top surface that was
70 + 20 um. Electrolytic removal of layers was done to measure normal
stresses in-depth by XRD.
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Figure 9.9. (a) Principal stresses in AISil0Mg parallelepiped 30 x 20 x 10 mm3 samples
manufactured with stripes scanning strategy with rotation of scanning direction in each
layer of 67 degrees; the layer thickness is 30 um, (Salmi et al., 2017) and a profile of the
residual stress in cuboid 30x30x1 mm3 SS 316L sample (50 um layer thickness)
produced in one scanning direction that did not change during the manufacturing
process (b), based on data from (Yadroitsev and Yadroitsava, 2015).

Cao et al. (2020) built inclined samples at angles (45, 60 and 75° to the
horizontal) with and without supports from MS1 steel. It was found that
samples without supports had slightly lower residual stress, but in these
samples, residual stress was more unevenly distributed on the supporting
surface. Generally, support structures act as heat sinks, hindering the
conduction of heat away from the object under build, and leading to higher
thermal stresses than when no supports are used.

o
0

Bayerlein et al. (2018) studied residual stress by performing neutron diffraction
measurements for simple cuboid forms of Inconel 718 at different stages of the
build-up (i.e. after one 20 um-layer; at build heights of 4 mm and 20 mm; and
for a fully built-up cuboid of 40 mm in height). High compressive and tensile
stresses in three normal directions were found at the edges and around the
middle part of the samples. Along the build direction, the stresses generally
changed smoothly from tensile near the top surface to compressive stresses
closer to the base plate. In addition, it should be noted that at later stages tensile
stresses developed along the edges.

The distribution of residual stress is not straightforward and depends on many
process conditions and object’s shape. Zhao et al. (2020) found tensile stress
near the base plate in as-built L-PBF Ti6AIl4V and AlSil0Mg blocks (XxYxZ
of 150 mm x Smm x35mm built along the Z direction). These blocks,
manufactured with reticulated support, also exhibited compressive stress in the
middle section and tensile stress at the top section.

Brown et al. (2016) showed differences in residual stress distribution and
magnitudes in L-PBF 17-4 steel Charpy samples using neutron diffraction
measurements before and after separation from the base plate (Figure 9.10). It
was found that the value of the residual stress was about two thirds of the yield
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strength of the material. The largest residual stress in as-built samples was in
the longitudinal direction (Fig. 9.10a and b). Sample A and C were built with
similar process parameters, but sample A was suddenly separated from the
support structure during processing (indicated as “Tear” in Figure 9.10a, d and
). The resulting asymmetric stress fields were found not only in the as-built
sample A attached to the substrate, but also in a separated sample as opposed
to a sample C that was manufactured without any defects.
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Figure 9.10. (a), (b) Schematic of build of Charpy specimens; (c) and (d) contour plots
of longitudinal, transverse, and normal direction stresses, respectively, on an y-z plane
(at x=3.8 mm) in sample C and A, respectively, while still attached to support and base
plate; (e) and (f): similar contour plots after removal from support and base plate.,
modified from Brown et al. (2016).

9.4. MODELING OF L-PBF PROCESS AND RESIDUAL STRESS
EVOLUTION

Process modeling and monitoring plays an important role in detecting or
predicting errors during AM. Modeling the L-PBF process from powder
delivery, energy absorption, melting, solidification and cooling of the melt
material up to the initiation of residual stress and evolution of different
microstructure is a challenge. Many factors must be considered: the absorption
of laser radiation and melting of powder material with randomly distributed
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particles; thermal properties of the powder, liquid, and solid material; material
properties at different temperatures; thermal gradient and cooling rates;
microstructural and stress evolution; melt pool size and geometry, etc. (King
et al., 2015; Khairallah et al., 2016). These phenomena define the resulting
porosity, microstructure, the heat-affected-zone and stresses in L-PBF parts.
The challenge with microscale models is the effort required, cost and long
computational time. As indicated by Debroy et al. (2018), residual stress in
AM is highly variable in spatial and temporal domains, so high-quality
experimental data and accurate numerical simulation is required.

Melt pool geometry and temperature monitoring and control are essential in
managing residual stress in situ. Unfortunately, it is difficult to execute
experimental measurements of temperature during L-PBF (Krauss, Eschey and
Zaeh, 2012; Li and Gu, 2014), Chapter 11. Limitations of the resolution,
lengthy image processing and cost implications render monitoring of the melt
pool very complex. Despite these challenges, machine learning is increasingly
being used to study the vast data that can be gathered from camera-based melt
pool monitoring.

It is often convenient to simulate the behavior of manufacturing processes
under various conditions, rather than conduct experiments that could be
prohibitively expensive. Finite Element Analysis (FEA) is commonly used to
predict residual stress and distortions during L-PBF. FEA makes use of
mathematical models that incorporate laws of physics and boundary conditions
such as material properties to study how processes respond to a set of
parameters. In L-PBF, 3D finite element modeling is currently widely used,
although 2D elements still find useful applications in residual stress prediction.
Wau et al. (2017) used a 2D thermo-mechanical model to study the melt pool
and residual stress characteristics of AISil0Mg parts by means of FEA and
experimental evaluation using X-ray diffraction. Their simulation and
experimental results coincided with experimental results showing compressive
stress at the sample’s mid-section and tensile stress at the edges.

Luo etal. (2018) introduced a 3D transient thermo-mechanically coupled finite
element model to analyze the temperature and stress fields during L-PBF of
SnTe. The predicted and experimental results showed concentration of thermal
stress at the ends of the tracks and edges of the formed surface. Y. Li et al. (Y.
Li et al., 2018) showed with 3D thermal-mechanical modeling that the residual
stress component in the building direction increases with the numbers of
sintered layers. Lu et al. (2019) combined computer vision and FEM to
estimate the stress development within a layer from melt and solid state surface
displacement information.

Since L-PBF typically uses thin material layers, microscale modeling requires
highly refined meshes. Researchers can overcome this challenge by
simultaneously modeling a group of layers (Afazov et al., 2017).
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Moser et al. (2019) developed a continuum thermo-mechanical model which
approximates the powder as a continuous medium with effective material
properties to avoid modeling powder particles individually. The results prove
the viability of this approach for modeling residual stress. L-PBF specimens
produced at similar process parameters can exhibit significant variation of
measured residual stress (Georgilas, Khan and Kartal, 2020). This can be due
to differences in specimen geometry, which can drastically change the heat
transfer dynamics during manufacturing.

Developments in AM modeling have resulted in mesoscale modeling
developed by Li et al. (2017), while Afavoz et al. (2017) developed an
approach for modeling at the component scale. The results showed that
distortion can be successfully compensated for in L-PBF parts inverting the
distortions and incorporating them into the target geometry’s CAD model.

Jayanath and Achuthan (2019) developed an FEA model which hybridizes the
conventional FEA and inherent strain tensor-based models. Boruah et al.
(2018) presented an experimentally-validated analytical model which can be
used for prediction of residual stress distribution in L-PBF parts. The model is
based on the force and moment equilibrium of induced stresses by progressive
deposition of material layers. Researchers are also increasingly utilizing
machine learning methods such as deep learning (Francis and Bian, 2019) to
predict residual stress and distortions from thermal images and local heat
transfer information. Recently, Bertini et al. (2019) analyzed simulation
strategies in residual stress prediction during L-PBF. This review clearly
indicates that at the present stage of L-PBF, meso-scale modeling is more
widely applied in comparison with macro-scale simulations.

9.5. POST-PROCESSING STRESS RELIEVING
9.5.1. Heat treatment

It is a common practice in L-PBF to perform stress-relief heat treatment to
relieve stresses that have built up during the process. Heat treatment is usually
implemented before detaching parts from the base plate to avoid distortion
upon separation (Manfredi et al., 2013; Pupo et al., 2013; Sames et al., 2016).
Appropriate heat treatment relieves up to 70-90% of residual stress that is
introduced by the L-PBF process (Shiomi et al., 2004; Schneller et al., 2019;
Tong et al., 2019). Kreitcberg et al. (2017) indicated that the stress-relieving
heat treatment procedure has to be chosen carefully, because for some alloys it
can lead to undesirable phenomena, such as carbide precipitation and phase
changes, as happens in nickel alloys at 650-870°C stress-relieving temperature
for example.
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In some cases, despite the widespread use of heat treatment as a stress-relief
technique, the process does not necessarily completely remove tensile residual
stress. For example, Salmi et al. (2017) revealed the presence of high tensile
stresses on the as-built AISi10Mg L-PBF, despite performing stress-relieving
thermal treatment. A special heat treatment procedure for L-PBF parts must be
found and approved, since the structures have a specific microstructure that is
different from that of materials obtained by traditional methods. Moreover, this
microstructure depends on specific process parameters, scanning and building
strategies which makes it challenging to find a generic solution (Chapters 12
and 13).

9.5.2. Mechanical treatment

Shot peening is the process of impacting the surface with high-speed shots (by
metallic, ceramic or glass beads) to plastically deform the impacted surface
and improve the fatigue performance. (Maamoun, Elbestawi and Veldhuis,
2018) showed that shot peening of AISilOMg samples decreased surface
defects, refined microstructure and had a hardening effect while also
introducing a relatively high compressive stress (—-170 MPa) up to a 90-um
depth. This method was used also by Salmi and Atzeni (2017) for L-PBF
AISi10Mg samples after stress-relieving heat treatment. It was stated that a
combination of optimal heat treatment with shot peening procedure will allow
to introduce uniform compression stress into L-PBF samples.

Laser shock peening (LSP) can be applied in AM as a surface modification
technique that alters the surface microstructure and mechanical properties
(Guo et al., 2018). LSP is quite effective in reducing residual stress
magnitudes, and even introducing desirable compressive stresses to the surface
(Munther et al., 2020). Laser peening mimics the bulk deformation
strengthening mechanisms such as rolling and shot peening. The effectiveness
of LSP on surface modification and residual stress control depends on the
selection of processing parameters such as laser energy, shot overlap, laser spot
size, laser pulse duration, etc. (Kalentics et al., 2017) used the hole drilling
technique to investigate the effect of LSP parameters on surface residual stress.
The value and depth of the compressive residual stress that was introduced was
found to be dependent on the selected LSP parameters. In addition to the
residual stress relief and compressive stress that is formed on the surface, the
method was shown to close near-surface porosity in (du Plessis et al., 2019),
all of which contributes to improved fatigue properties. The cost of LSP
prohibits the wide use of this stress-relieving method, but it can be applied to
localized high stress areas for critical applications in aerospace, power
generation and nuclear industries (Hackel et al., 2018).
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The surface morphology of L-PBF parts is complex because it depends on
many factors like powder size and particle shape, material, process parameters,
scanning strategies, part orientation, etc. Industrial applications require high
surface quality to prevent premature failure of the component that might arise
from the initiation of cracks during use. Thus, many L-PBF parts inevitably
demand machining, and these machining operations also alter the stress state
of the components. For example, surface tensile stress and a subsurface
compressive stress induced by the milling operation were observed in L-PBF
AlSi10Mg parts (Piscopo et al., 2019). In the research done by Sarkar et al.
(2019), about —300 MPa compressive residual stress was found on the
machined surface of L-PBF manufactured 15-5PH specimens. The
compressive stress and reduced surface roughness induced by machining both
led to improved fatigue life.

Ultrasonic impact treatment (UIT), whereby high-frequency ultrasonic
oscillations are applied to the component, is used to eliminate tensile stress as
well as to introduce compressive stress, to correct deformations and improve
fatigue strength of welded structures. UIT also known as high frequency
mechanical impact. UIT was tested on L-PBF parts by Malaki and Ding
(Malaki and Ding, 2015), Lesyk et al. (Lesyk et al., 2019), and Walker et al.
(Walker et al., 2019). Lesyk et al. (2019) applied this technique on Inconel 718
turbine blade test parts manufactured by L-PBF. In that study, the tensile stress
(+120 MPa) observed for the as-built condition was transformed into a
compressive stress (about —430 MPa) after application of UIT. The surface
roughness, microhardness, and near-surface porosity were also improved.
Additionally, Walker et al. (2019) showed that UIT enhances the fatigue life
of L-PBF-manufactured Ti6Al4V parts by 200%, while significantly
improving the surface integrity and introducing compressive stress into the
components. Zhang et al. (2016) showed that the application of UIT during
L-PBF reduces defects and residual stress, and obtains fine equi-axed grains.
However, ultrasound waves can lead to powder entrapment near edges, which
leads to reduced accuracy and high defectiveness of the side surfaces of the
final product. UIT-induced smoothness of the surface of the processed layer
also leads to problems with powder delivery for the next layer.

Many of the post-process interventions for controlling residual stress are quite
effective, but they are incapable of reversing stress-induced deformations.
Furthermore, post-processing substantially increases both manufacturing time
and cost (Jayanath and Achuthan, 2019).

9.6 INSITU STRESS RELIEF

The most popular in situ stress relief method is in situ thermal gradient
management, which includes preheating of the substrate or powder bed,
modification of scanning strategies and process parameters, i.e. control of
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temperature gradients and cooling rates. Another in situ stress relief method is
in situ mechanical impact that introduces compressive stress (since L-PBF
generates high tensile stresses) by LSP or machining during manufacturing, so
called “hybrid AM”.

9.6.1 Base plate and build chamber preheating

Residual stress is a function of thermal gradients brought about by the huge
temperature difference between the melt pool and the “cold” surrounding
material, i.e. powder and substrate (Figure 9.6). Preheating reduces this
temperature difference and thus reduces thermal stresses. A study conducted
by Shiomi et al. (2004) on chrome molybdenum steel demonstrated a 40%
reduction of residual stress with the application of base plate preheating.
Kempen et al. (2013) applied base plate preheating during the manufacturing
of parts from M2 medium alloyed steel and managed to progressively reduce
stress-induced cracking and delamination. Furumoto et al. (2010) achieved
80% residual stress reduction for an in situ alloyed mixture of chromium
molybdenum steel, copper and nickel alloys by preheating the base plate.
Reduction in residual stress was also reported in the work done by Kemerling
et al. (2018) with 304L stainless steel after raising the preheating temperature
to 250°C. It was shown that Z-directional stresses are a function of the
preheating temperature. Mertens et al. (Mertens et al., 2018) demonstrated that
the effect of base plate preheating on residual stress and the stress-induced
cracking does not follow the same trend for different materials (aluminum
7075 alloy, nickel alloy Hastelloy X, H13 tool steel and cobalt-chrome).

Zhang et al. (2013) implemented powder bed preheating up to 150 °C to
prevent deformation and to improve the dimensional accuracy of 316L
stainless steel tensile test specimens. The effectiveness of powder preheating
on residual stress was demonstrated by Roberts (2012) who achieved up to
50% residual stress reduction in Ti6Al4V specimens by increasing the powder
bed temperature from 40°C to 300 °C. In another study, Ali et al. (2017)
reported a reduction of residual stress from 214 MPa to 1 MPa by raising the
powder bed temperature from 100°C to 570 °C for Ti6AI4V.

A study by Maly et al. (2019) revealed the possibility of increased oxidation
and particle agglomeration as a result of powder preheating. These findings
clearly indicate that when preheated to high temperatures, powder reuse may
not be suitable for the manufacture of mechanically strong parts, since higher
oxygen and nitrogen contents are known to promote embrittlement in Ti6AlI4V
alloy and could lead to part failure (Tal-Gutelmacher and Eliezer, 2005; Yan
etal., 2014).

It must be noted that powder preheating can be achieved by keeping the build
chamber at an elevated temperature, but this temperature must be lower than
the powder sintering temperature, since it influences the L-PBF process
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(YYadroitsev et al., 2013). Preheating either the base plate or powder bed does
not only affect the stress state of materials, but can also influence the
achievable density (Mertens et al., 2018), microstructure (Yadroitsev et al.,
2013; W. Li et al., 2016; Mertens et al., 2018) and mechanical properties (W.
Lietal., 2016). An important aspect is the presence of a module for pre-heating
chamber/base plate with high temperatures in commercial L-PBF systems.
Such solutions require special optics, materials, special machine design,
special safety measures, etc. Basically, all studies with the preheating of the
substrate and powder are carried out in unique systems and experimental set-

up.

9.6.2 Process parameter optimization

The effect of process parameters, such as laser power, layer thickness,
scanning speed and hatch distance, on residual stress in L-PBF parts has been
studied in Levkulich et al. (2019), Mugwagwa et al. (2018), and Vrancken et
al. (2016). Levkulich et al. (2019) investigated the effect of laser power and
scanning speed on residual stress in L-PBF Ti6Al4V parts by X-ray diffraction,
hole drilling and contour methods. The results showed that residual stress near
the surface decreased with increasing laser power and decreasing scanning
speed: larger melt pools promote slower cooling rates and, therefore, lead to
reductions in residual stress in metals. Thus, selecting high laser power and
low scanning speeds can achieve residual stress reduction whilst maintaining
acceptable part density.

However, a blanket adjustment of process parameters throughout the
component’s geometry may not be ideal. Depending on part geometry,
parameters such as the scanning strategy may need to be adjusted from layer
to layer (Meier and Haberland, 2008). Ali et al. (2019) established that residual
stress can be managed by in situ temporary adjustment of the powder layer
thickness. In their study, residual stress was reduced by 8.5% by increasing the
layer thickness in areas with the predetermined high-stress zones for a given
geometry. From another perspective, in order to produce non-porous parts with
thicker layers, more energy must be introduced to re-melt the thicker powder
layer and previously melted layer. The effect of layer thickness on residual
stress was also investigated by measuring the deformation of bridge-shaped
specimens (Kruth et al., 2012) and cantilever specimens (Zaeh and Branner,
2010; Mugwagwa et al., 2018). All these works indicate a decrease in
deformation by increasing the layer thickness. Gao et al. (2018) also stated that
increasing the layer thickness reduces the cooling rate and effectively lowers
residual stress. Ali et al. (2018) showed that the decreased cooling rate of 40%
caused by increasing the layer thickness from 25 um to 75 um was the primary
reason for the reduction in deformation and residual stress. While increasing
the layer thickness lowers residual stress, it was also shown that increasing the
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layer thickness has a tendency to increase interlayer defects and percentage
porosity, thereby compromising the mechanical properties (Ali, Ghadbeigi and
Mumtaz, 2018; du Plessis, 2019).

In summary, there must be a reasonable "compromise" between reducing
residual stress by increasing/decreasing power, scanning speed or hatch
distance, or changing powder layer thickness or spot size, etc. to produce fully
dense parts with the required accuracy, without cracks and distortions.

9.6.3. Scanning strategy and in situ residual stress control

Scanning strategies influence several process outcomes including residual
stress, achievable density, microstructure and surface finish. Wang et al.
(Wang et al., 2018) indicated that a combination of scanning strategy and
preheating temperature influence the residual stress direction, values and
distribution; residual stress and grain microstructure are closely related thus
influence on performance of L-PBF parts. Thermal stresses can be partially
overcome by scanning strategy adjustment to improve uniformity of heating
and shrinkage (Beal et al., 2008; Jhabvala et al., 2010).

One of the specific methods proposed to decrease thermal gradients is “chess
board strategy”. This scanning strategy uses short scan tracks by dividing the
scanning area into smaller randomly scanned subsections (usually
5mm x 5 mm) (Yasa et al., 2009; Kruth et al., 2010, 2012; Carter et al., 2014)
and is similar to the island scanning strategy. Kruth et al. (Kruth et al., 2004)
and Li et al. (2016), showed that the shorter scan track strategies yield lower
stresses and distortions compared to strategies that employ longer tracks.
However, Parry et al. (Parry, Ashcroft and Wildman, 2016) demonstrated the
geometric effect of scanning strategies on the build-up of residual stress, with
indications of overheating where scan tracks become excessively short. Song
et al. (Song et al., 2018) corroborated these results, both numerically and
experimentally. Ganeriwala et al. (2019) measured residual stress with X-ray
diffraction in Ti6Al4V bridges and revealed higher residual stress, especially
near the boundaries of the bridges that were built using island strategies in
comparison with parts built with continuous zig-zag scans. Chen et al. (2019)
also studied the effect of overlap rate on residual stress in L-PBF of Ti6Al4V
and it was observed that overlap rates of 25-50% between islands (by using
the island scanning strategy) led to reduction of residual stress due to
rescanning effects introduced during the overlap. However, with an increase in
the overlap rate, there is an accompanying long scanning track and a weakened
pre-heating effect on the next island, leading to higher thermal gradients and
stresses. The paintbrush or stripe strategy was developed also with the aim of
reducing thermal stresses by shortening the scan tracks. The common practice
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resulting in more isotropic stress distribution is to rotate the scanning direction
between successive layers (Kempen, 2015; C. Li, Guo, et al., 2018).

Rescanning is an approach whereby the laser beam passes over the powder
layer more than once. Most of the studies on rescanning adopt the same process
parameters as those used to melt the powder in the first pass. Wei et al. (2019)
investigated rescanning in L-PBF of a Ti-5Al-2.5Sn alloy. In that study,
rescanning once did not yield any reduction in residual stress. In fact,
rescanning induced an increase in the maximum principal stress from 478 +
33 MPa to 562 + 14 MPa. However, applying a second rescan lowered the
maximum stress to 288 + 47 MPa, representing a reduction of approximately
39%. In similar work on Ti6Al4V by Xiao et al. (2020), rescanning up to four
times was done to study the effect of rescanning cycles on density and residual
stress. It must be noted that the rescanning was done with process parameters
similar to the powder processing. Small cuboid parts were manufactured with
dimensions of 15 mm x 15 mm x 5 mm. Excessive heating resulted in slightly
higher porosity of samples that were rescanned four times for each layer, but
in general, all relative densities were near 99%. The residual stress in samples
that were not rescanned was about 450 MPa. After one-cycle rescanning, it
increased to about 620 MPa and then decreased on subsequent rescans, albeit
non-uniformly, reaching approximately 400 MPa at the fourth rescan cycle.
Effectively, this represents only about 11% stress reduction as a result of
applying four rescans.

Shiomi et al. (2004) reported that rescanning every layer at the same process
parameters reduced residual stress by up to 55%. Mercelis and Kruth (2006)
observed a 30% residual stress reduction in 316L stainless steel parts when
implementing rescanning at 50% of the initial pass laser power. The
application of rescanning does not only lower residual stress and its effects,
but also significantly reduces top surface roughness (Yu et al., 2019),
refines/modifies the microstructure (Wei et al., 2019), and increases density
(Yu et al.,, 2019) of L-PBF manufactured parts. A major setback with
rescanning is the increase in manufacturing time and possible structural
changes in material subjected to multiple heating/cooling cycles. Obviously,
this increase in manufacturing time is directly proportional to the actual
number of rescanning treatments performed.

Instead of using single or dual lasers, multiple-beam laser systems are
becoming available for use in L-PBF. The multiple-beam strategies are a
promising instrument for residual stress reduction during L-PBF processing,
since multiple laser passes promote more uniform temperature distribution and
reduce the cooling speeds within and around the melt pool (Heeling and
Wegener, 2018). This can ultimately reduce thermal gradients and the
associated stresses. Roehling et al. (2019) utilized multiple diodes to
homogeneously illuminate the surface of the manufactured part, yielding a
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90% reduction of residual stress magnitude. Their study also revealed that
meaningful reduction in residual stress is only achievable when the diode
power density generates sufficiently high temperature — called critical
temperature — to achieve the annealing (in this case approximately 625 °C,
attained using 840 W diode power).

However, any scanning strategy adjustment must take into consideration the
part geometry that is being processed. Scanning strategies that are suitable for
wide areas (for example chessboard strategies) may not be applicable for the
fabrication of thin walls. (Meier and Haberland, 2008) pointed out that
scanning strategies should be optimized for different geometries, and that they
should even be altered layer by layer in order to accommodate changes in the
geometry. The 3-axis scanning systems in modern L-PBF machines allow
manipulation of the scanning strategy parameters for every layer as needed.
For example, it is possible to change the scanning strategy as well as the laser
power, scanning speed and spot size for a specific layer.

9.6.4. Optimization of support structures

During the manufacture of overhanging features, support structures are usually
required. Designs and orientations that minimize the volume of supports are
preferred as they reduce residual stress magnitudes (Cheng and To, 2019).
Tdppel et al. (2016) showed that the type of support structure influences both
heat dissipation and residual stress.

L-PBF has enabled freedom of design such that certain topological features of
components can be optimized to not only reduce weight, but to enhance
product performance through avoiding residual stress in pre-processing. On
the one hand, optimization of support structures is used to avoid overheating;
on the other hand, to prevent deformation of manufactured parts. Engineers
can now design against distortion by utilizing the strengths of topology
optimization and modeling. Allaire and Bogosel (2018) presented
mathematical models in which supports were optimized to improve the
stiffness of the supported structure as well as cooling during manufacturing.
Cheng et al. (2019) used the topology optimization technique to design support
structures with the aim of preventing residual stress-induced failure. The
optimized lattice support structure resulted in approximately 70% less stress-
induced distortion compared to uniform lattice and toothed supports.

9.6.5. Optimization of alloy composition

Microcracking in L-PBF requires special attention. Xu et al. (2020) recently
studied L-PBF of 2xxx series AI-Cu—Mg-Li-Zr alloys and showed that cracks
developed during cooling were linked with specific microstructure that was
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composed of long columnar grains. High cooling and solidification rates lead
to high stress perpendicular to dendritic structure and hot cracking occurs.

The probability of solidification cracks increases with the range of
solidification temperature of alloys because it is directly linked with
solidification strain. To prevent the formation and propagation of hot cracks,
modification in the chemical composition of the alloy by the addition of special
elements that increase ductility and tensile strength in the solidification range
as well as fine microstructure was used by Montero Sistiaga et al. (2016),
Wang et al. (2019), and Xu et al. (2020).

To increase thermal shock resistance of AM nickel alloys, Harrison et al.
(2015) proposed a minority increase in concentration of substitutional solid-
solution-strengthening atoms within the lattice that increases ultimate tensile
strength and vyield stress at elevated temperature, thereby suppressing crack
formation. Thus, there is need for the development of special alloys that take
into account the specifics of high temperature gradients, cooling rates and
solidification as well as internal stresses for L-PBF.

9.7 CONCLUSIONS

Recently, Schmeiser et al. (2020) studied stress formation in L-PBF by in situ
X-ray diffraction. It was found that stress states in L-PBF specimens changed
continuously up until the last laser beam exposure. Thus, different materials,
process parameters and building strategies, as well as geometry, are
influencing factors on spatial distribution and values of residual stress in L-
PBF objects. Analysis of studies in the field of residual stresses shows the
multidirectional research and the lack of a unified approach. Outstanding capabilities
of LPBF allow working not only with different materials, but also with different
shapes and sizes of parts produced with different systems, which significantly
complicates the task. L-PBF parts are produced with different process parameters,
scanning strategies and environmental parameters, etc. For investigations, substrates
with different geometries and initial stresses are used, as well as various support
structures for parts. Comprehensive reviews on residual stress modeling and
control and its effects on performance of L-PBF parts can be found in (Bartlett
and Li, 2019; Azarmi and Sevostianov, 2020; Fang et al., 2020) etc. Control
of residual stress cannot be separated from the study of material properties,
which have been shown to be closely related to the L-PBF microstructure (C.
Li, Liu, et al., 2018) and porosity (Mugwagwa et al., 2018; Georgilas, Khan
and Kartal, 2020).

Residual stress in L-PBF is a result of non-uniform cooling and solidification
and steep thermal gradients. Three main methods for residual stress control are
evident — these are pre-process, in situ and post-processing techniques. Pre-
process methods include careful process parameter selection and optimization
as well as predictive and corrective numerical modeling. During the process
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planning stage, it is vital to understand the thermo-mechanical behavior of the
material being processed. The major in situ methods of managing residual
stress are process parameter adjustment, scanning strategy optimization,
feedback control and preheating. Post-processing methods are either thermal
(heat treatment) or mechanical (peening, machining, etc.) processing.

In this chapter, the residual stress arising in L-PBF, the reasons for its
occurrence and the methods for reducing it were presented. The choice of
residual stress relief techniques does not only influence the final stress state of
end products but also significantly affects manufacturing viability with regard
to time and cost. The following conclusions can be made:

Process parameters, such as laser power, scanning speed, layer thickness,
preheating, scanning strategies, material and geometry of the object have
an influence on the melt pool geometry, cooling rates and thermal
gradients, as well as the resulting residual stress in L-PBF parts. Further
analysis of the relationship between residual stress and these factors, as
well as new materials developed specifically for L-PBF, are required.
L-PBF is a complex thermal process, and, therefore, in situ monitoring and
control is necessary. Melt pool monitoring and temperature measurements
during L-PBF generate big data that can be used for machine-learning-
based residual stress control. However, it is also beneficial to couple
process monitoring with feedback control in order to implement corrective
action in situ.

Numerical modeling for the prediction of residual stress remains a
powerful tool during the process planning stage where suitable process
parameters and scanning strategy can be selected based on predicted
behavior of L-PBF parts during manufacturing.

Control over homogeneity of heating and cooling is critical in managing
residual stress. Careful selection and adjustment of scanning strategies can
achieve uniform solidification and heat distribution, thereby reducing
residual stress. Additionally, managing cooling rates is a major step
towards residual stress control. Both scanning strategies and process
parameters can be manipulated to achieve this.

Currently, the most used residual stress management approach so far lies
in base plate preheating and post-process heat treatment. Although powder
preheating has been reported, limited studies have been performed on how
this could affect surrounding powder.

New approaches, such as exposing a processed layer to intense light and
heat (rather than rescanning), have the potential to unlock new ways of in
situ residual stress control. The use of laser diodes for this purpose has
commenced.
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QUESTIONS

e What is residual stress?

e How can residual stress in a polycrystalline material be categorized
according to length scales?

e What methods of residual stress measurement exist? Explain main
principles of these methods.

e How does residual stress influence mechanical properties of components?

e What defects are associated with residual stress in L-PBF?

e Explain the origin of residual stresses during L-PBF.

e Explain the development of residual stress in L-PBF in terms of
heating/cooling cycles.

e Why does residual stress depend on process parameters?

e Why does residual stress depend on scanning strategy?

e How do support structures affect the development of residual stresses in L-
PBF?

e How can one decrease/remove the residual stress in-situ?

e Why is preheating an effective method for reducing residual stresses?

e What mechanical methods exist to relieve residual stress in L-PBF parts?
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