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Resume

The additive manufacturing (AM) of products involves various processes,
such as raising the temperature of a work-piece (part) and substrate to the
melting point and subsequent solidification, using a movable source of heat.
The work piece is subjected to repeated cycles of heating and cooling. The
main objective of this work was to present an overview of the various methods
used for prediction of the residual stresses and how their contributions can
be used to improve current additive manufacturing methods. These novel
methods of manufacturing have several merits, compared to conventional
methods. Some of these merits include the lower costs, higher precision and
accuracy of manufacturing, faster processing time and more eco-friendly
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1 Introduction

Additive manufacturing (AM), also known as the
3D printing, involves building components layer by
layer. It includes various processes, such as melting by
laser beam, beam melting of electrons, laser cladding
and powder deposition methods [1]. Due to the higher
levels of thermal stresses and strains involved and
higher residual stresses are present in a work piece
manufactured using AM. The residual stresses in
manufactured components have been analyzed using
various analytical, computational and experimental
methods. Experimental methods have involved hole
drilling process, layer removal, sectioning, X-ray
diffraction, as well as various magnetic and ultrasonic
methods [1]. Hodge et al. predicted residual stress
concentration during the selective laser melting
(SLM) method, using various models of heat transfer
and solid mechanics [2]. Li et al. presented case studies
on residual stress and distortion of the L-shaped bar
and the bridge structure via the deposition scalability
and validation with the experimental data [3]. They
proposed three new methods, based on the heat source,
layer and hatching models. Santos et al. described the
porosity due to the laser sintering for thermomechanical
simulation [4]. Zhang et al. have used neuron fuzzy

interface systems (NFIS) for prediction of residual
stresses in aluminum components of the aircraft
industry [5]. Chukwujekwu et al. predicted residual
stresses on a 6Al-4V titanium-based work-piece, using
finite element analysis [6]. Meyghani et. Al. undertook
a comparative study of results obtained from ABAQUS,
ANSYS and FLUENT-based simulations for the friction
stir welding [7]. Kortabarri et al. compared stress
concentration in an Inconel 718-based work piece [8].
Mukherjee et al. found that stresses can be controlled
by decreasing the thickness of the substrate material
layer during the AM [9]. Huang et al. proposed a model
for prediction of residual stresses in orthogonal cutting
processes [10]. Yang et al. studied residual stresses
produced during the laser bed fusion processes [11].

While analyzing the residual stress levels, it
is important to consider the thermal as well as
mechanical properties of materials. Megahed et al.
demonstrated the effects of the gas bubbles entrapment
in nickel super alloy, as shown in Figure 1 [12]. There
are different methods available for the manufacturing
process and it is essential to identify the best method
with the least impact to the product for low thermal
residual stresses. Therefore, the present study is
focused on identifying the best method for predicting
the residual stresses in AM.
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Figure 1 Bubble entrapment in nickel alloy work-piece [12]
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Figure 2 Flow chart for numerical prediction of residual stress levels [28]

2 Literature review

Additive manufacturing (AM) has wide applications
for fabrication of metal parts in a variety of industries
[13-14]. The AM technologies enable making of complex
geometry using gradually adding thin layers of metals
[15]. Powder bed fusion (PBF) and directed energy
deposition (DED) are two methods widely used for
AM. In PBF, high beam of energy is used to melt
layers of metal powders in vacuum atmosphere. The
DED produces parts by melting feed stock material
through direct feeding powder or feeding wire [16-19].
Other processes like binder jetting or metal FDM (fused
deposition modeling) utilize a binder agent [20]. Residual
stress caused by the thermal cycle in AM is a critical
issue for the manufactured parts [21-22]. Decreasing
temperature gradient by preheating the feed material
or the substrate is the most used approach to reduce
the residual stress [22-27]. Figure 2 shows an ABAQUS-
based algorithm, presented by Liu et al. to simulate the
residual stresses developed. The work-piece used for
their study was a cantilever, in which metal deposition

was made at the middle of the beam [28]. Figure 3
shows the contour plots of normal and Von Mises
stresses developed in the work-piece. It can be seen that
compressive stresses were developed on the free surface
of a structure, due to the higher temperature gradient.
The residual stresses at the bottom layer were tensile in
nature, due to the cooling of molten metal layers.

Figure 4 shows a comparison of results of simulated
and experimental residual stress levels of a Ti64 work-
piece, fabricated using a blown powder process. Good
coherence between the two results can be seen.

Figure 5 illustrates that higher levels of stresses
were found in a heat affected zone of 200 pm along the
width and depth of a sample. The stresses were initially
tensile in nature and, later on, changed to compressive
before reducing to zero levels.

Based on the temperature method, maximum tensile
stress was found on the top layer of the work-piece
(part) and decreased with depth of a part, as shown in
Figure 6. A sudden change in the nature of residual
stresses was observed, from tensile in the work-piece to
compressive in the substrate.
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Figure 3 Contour plots of residual stresses [28]
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Figure 4 Comparison of simulated and experimental residual stress
levels of Ti64 work-piece [28]
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Figure 6 Temperature and stress distribution during the laser melting process [28]

Table 1 Residual stress measurement techniques in metal AM [29]

Method Penetration Resolution Accuracy Cost

Hole Drilling Size of hole 50-100 pm depth + 50 MPa Low
Curvature 0.1 to 0.5 thickness Minimum Medium

X ray diffraction Near surface 1mm + 20 MPa High

Neutron diffraction Volumetric 500 pm +40 x 10° High

3 Sources of residual stress in AM
3.1 Residual stress model

Mercelis et al. studied the temperature gradient
mechanism (TGM) model [23]. In this model, high
energy source heats up the feed material rapidly, which
expands in a restrained way leading to compressive
stresses. During the cooling stage, as the heat source is
removed, the cooling causes a shrinkage restrained by
the plastic strain. Finally, the tensile residual stress in
the heated zone balances compressive zone.

3.2 Stress types and measurement

Residual stresses are of following types: type I,
type II and type III [29]. Type I stresses are at the
macro level. Type II stresses are on microscale stress
due to anisotropic properties and type III stress is on
a nanoscale due to coherency and dislocation [29]. Type
IT and type III residual stresses have very limited effect.

Table 1 summarizes the major residual stress
measurement methods. The most widely applied
nondestructive methods in AM are the X-ray and
neutron diffraction methods [29].

3.3 Features of residual stresses

Oliveira et al. studied features of residual stresses
in Cobalt based laser deposited claddings [30].
Rangaswamy et al. investigated the residual stress of SS
316L and Inconel 718 parts using the neutron diffraction

method [31]. The residual stress at the center of samples
was compressive in nature. Tensile residual stresses
were observed at the edges. The magnitudes of these
stresses were 50 % - 60 % of the yield strength. Denlinger
et al. investigated the effects of dwell time on the
residual stress for the DED processed Ti64 and Inconel
625 samples [32]. Those two materials showed opposite
trends, wherein by increase of cooling time generated
lower residual stress for Inconel 625 samples. On the
other hand, reducing the cooling time for Ti64 samples
resulted in much lower level of residual stress [32].

3.4 Control of stress

Various methods to control stresses include the
feedback control, control of thermal gradient, control
of scanning and motion-based control. The feedback
control involves a change to homogenize the temperature
distribution [33]. Mechanical method involves balancing
of tensile stresses by introduction of compressive
pressure by shock peening or rolling [34]. Preheating
of substrate or powder bed is used to reduce residual
stress and produce crack-free components. The post-
heating treatment process like annealing is used
to homogenize the microstructure and tailoring of
mechanical properties.

4 Summary and outlook
This paper gives an overview of the residual

stress in the metal AM. The residual stress formation
mechanism has been proposed and its impact was
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discussed. The measurement methods of residual stress
and its relationship with microstructure were then
analyzed. The typical residual stress characteristics
and its mitigation methods for the metal AM were
summarized and discussed. Key findings of this work are
summarized as follows:

* Residual stress formation in the metal AM is mainly
caused by high temperature gradient and rapid
cooling illustrated by the proposed new model.

e High tensile residual stress is very typical in the
surface zone for the metal AM, while the presence
of substrate has a significant influence on residual
stress magnitudes.

* Residual stress in the metal AM could be mitigated
through in-process methods (e.g. preheating,
process planning, feedback control, laser peening)
and post-process methods (e.g. machining and heat
treatment, which is the most effective method for
relief of residual stress).

Current study on residual stress in AM is in the
nascent stage, future research directions remain to be
explored to include measurement methods for macro/

micro residual stresses, crystal structure, simulation,
in-process and post- process mitigation and the impacts
on part dimensional accuracy and functionality, such as
fatigue, creep and corrosion.

5 Conclusions

A comparative analysis of the various methods
for predicting the residual stresses in AM processes
was undertaken in the present study. The presence
of residual stresses in manufactured parts presents
a challenge to the many benefits of AM techniques. In
this work, different methods to predict the distribution of
residual stresses have been presented. From the results,
it is concluded that the finite element analysis-based
techniques are more effective ways than other methods
for analyzing the thermal stresses. The presented
results can be used as sources to optimize the heat flux
and thickness of layers in parts fabricated using AM
methods, so that residual stress levels are kept at their
minimum.
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