
Additive Manufacturing 60 (2022) 103204

A
2

B
a

b

c

f
e

r
t

h
R

Contents lists available at ScienceDirect

Additive Manufacturing

journal homepage: www.elsevier.com/locate/addma

Research paper

Influence of laser shock peening on the residual stresses in additively
manufactured 316L by Laser Powder Bed Fusion: A combined
experimental–numerical study
Paul Sandmann a,∗, Sören Keller b, Nikolai Kashaev b, Shaaz Ghouse a, Paul A. Hooper a,

enjamin Klusemann b,c, Catrin M. Davies a

Department of Mechanical Engineering, Imperial College London, Exhibition Road, London SW7 2AZ, UK
Institute of Materials Mechanics, Helmholtz-Zentrum Hereon, Max–Planck-Straße 1, 21502 Geesthacht, Germany
Institute of Product and Process Innovation, Leuphana University of Lüneburg, Universitätsallee 1, 21335 Lüneburg, Germany

A R T I C L E I N F O

Keywords:
Laser shock peening
Laser powder bed fusion
LPBF 316L stainless steel
Residual stress
Finite element analysis
Additive manufacturing

A B S T R A C T

Detrimental subsurface tensile residual stresses occur in laser powder bed fusion (LPBF) due to significant
temperature gradients during the process. Besides heat treatments, laser shock peening (LSP) is a promising
technology for tailoring residual stress profiles of additively manufactured components. A multi step process
simulation is applied aiming at predicting the residual stress state after applying LSP to a cuboid shaped
specimen manufactured by LPBF in two different building directions as well as comparing it with a post-
build heat treatment. The validity of the numerical simulation is evaluated based on comparisons of residual
stresses determined by incremental hole drilling technique within different stages of the multi step process: in
the as-build condition, after subsequent heat treatment as well as after applying LSP to the as-build and heat
treated specimens, showing overall a good experimental–numerical agreement throughout each of the process
stages. Applying a heat treatment to the as-build LPBF sample at 700 ◦C for 6 h showed not to be effective
in eliminating the surface tensile stress entirely, reducing the tensile residual stresses by 40%. However, the
application of LSP on LPBF components showed promising results: LSP was able even to convert the detrimental
near surface tensile residual stresses in the LPBF component into compressive residual stresses next to the
surface, which is known to be beneficial for the fatigue performance.
1. Introduction

Additive manufacturing (AM) processes such as laser powder bed
fusion (LPBF) allow the production of component geometries which are
difficult or even impossible to produce using conventional manufactur-
ing processes. LPBF is a powder bed fusion technology whereby the
powder bed in the chamber is exposed to a laser beam with a high
energy density heat flux, causing the powder to fully melt and solidify
upon cooling [1]. The process is capable of producing parts with near
ull density and mechanical properties comparable to bulk materials or
ven better as shown by Kruth et al. [2].

Despite microstructural material defects such as lack-of-fusion, gas
and keyhole porosity, in additive manufacturing processes [3], exces-
sive residual stresses are often reported close to the materials yield
strength due to uneven heat input and rapid cooling [4,5]. This not only
educes the geometrical accuracy of the component [6] but also affects
he material properties. McClung [7] has shown that the presence of

∗ Corresponding author.
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large residual stresses can especially alter the mechanical response in
cyclic loading and affect the fatigue performance.

In order to predict residual stresses in a structural components,
Finite Element (FE) simulations have been shown to be very suitable.
However, since LPBF consists of several hundred or even thousand
individually melted layers that are only 20-100 μm thick, the direct
modelling of the process via a coupled thermo-mechanical simulation
demands enormous computational cost. Therefore, most often a sequen-
tially coupled thermo-mechanical analysis is performed, i.e. a transient
heat transfer analysis is performed first, sequentially coupled to the
mechanical analysis [9]. Great efforts have been made by Hussein et al.
[10] and Parry et al. [11] to understand the modelling of a single layer
or a single scan track in LPBF to get insight into the effect of the scan
strategy, laser power and laser speed on the residual stresses. However,
multi-layer effects leading to residual stresses developing in the build-
ing direction, are neglected using this approach. Hence Williams et al.
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Fig. 1. Arrangement of the investigated geometry on the build plate: 6 horizontal (BD-H) and 6 vertical (BD-V) specimen were manufactured using a stripe scanning strategy [8]
ith 67◦ degree rotation between each layer via the Renishaw AM250 LPBF machine. The coordinate system is defined based on the sample geometry and not the build plate.
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12] developed a strategy to reduce the computational effort while
odelling full components by grouping a large number of thin layers to

igger layers in the simulation, while remaining reasonable accuracy.
After all, there are effective post-processing methods to mitigate or

odify the high tensile stresses initially present in LPBF parts. Stress
elieving post-build heat treatment is the most common approach as
xplored by Williams et al. [4] and Shiomi et al. [13]. Shiomi et al. [13]

showed for a chrome molybdenum steel (JIS SCM440) that annealing
can reduce the residual stresses by up to 70%, however, dissolving
the beneficial cellular dendritic structure responsible for the high yield
strength and excellent ductility of the build. In contrast, Williams et al.
[4] performed post-build heat-treatment of 316l stainless steel for 2 h
at 650 ◦C, showing only a minor stress relieving effect.

Another promising approach to tailor residual stresses is laser shock
peening (LSP). Kalentics et al. [14] developed a hybrid process applying
LSP during different layers of the LPBF process and showing that tensile
stresses can be converted into compressive close to the surface. As a
result of the tailored residual stress profile, fatigue properties improved
for materials manufactured by 3D-LSP as shown by Kalentics et al. [15].

ybrid 3D-LSP also showed to improve the geometrical accuracy [16].
astly, Kalentics et al. [17] reveals that the hybrid LSP process can heal
racks for alloys that are sensitive to cracking.

Generally, all peening processes rely on the principle of inducing
ompressive residual stresses near the surface to prevent or inhibit
rack propagation Zhang et al. [18], which should lead to an increase
n the fatigue life which has already been demonstrated for additive
anufactured samples by Hackel et al. [19]. The idea of applying

SP to an LPBF component is to convert detrimental near surface
ensile residual stresses observed in the as-build condition to beneficial
ompressive residual stresses, where compressive stresses induced by
SP can reach well above 1 mm depth [20].

This paper presents a combined experimental–numerical approach,
nvestigating the residual stresses at various stages of LSP
ost-processed and heat treated LPBF components. To be able to tailor
he residual stresses in LPBF components with the help of LSP, a multi-
tep simulation approach is developed. For this purpose, the process
imulations of the different processes are sequentially coupled. At first,
LPBF process simulation is used to predict the initial residual stresses

fter the build followed by an optional visco step to take potential heat
2

reatments into consideration. Subsequently, the near surface residual r
tress state is modified via simulating the LSP process, providing the
inal residual stress state of the LSP post-process LPBF structure.

. Experimental procedures

.1. Laser powder bed fusion

In the present study cuboid shaped bars (77 mm × 13.5 mm × 3 mm)
ere investigated, as depicted in Fig. 1. All specimens were manufac-

ured from 316L stainless steel with a Renishaw AM250 LPBF machine
n a 5 mm support structure using a stripe scanning strategy [8]
ith 67◦ degree rotation between each layer. The arrangement of the

uboid shaped bar on the build plate is shown in Fig. 1. All samples
ere removed from the build plate at the support structure using a
acksaw. The LPBF process parameters employed are the same for all
nvestigated samples as summarized in Table 1. The composition of the
sed 316L powder is given in Table 2. No preheating of the build plate
as used in the present study. The temperatures of a thermocouple in

he build plate recorded temperatures with a maximum of 43 ◦C during
he LPBF process.

.2. Laser shock peening

The LSP process is illustrated in Fig. 2. The surface of the material
s irradiated with a short duration laser pulse to vaporize material
lose to the surface. The ionization of atoms leads to the generation of
lasma which is rapidly expanding [20], resulting in a pressure pulse
cting on the surface. This pressure pulse introduces mechanical shock
aves causing local plastic deformation within the material, which

ubsequently lead to the formation of compressive residual stresses
fter relaxation of the system [22].

LSP was performed with an Nd:YAG laser (wavelength 1064 nm)
nd a squared focus, i.e. 1 mm or 3 mm, respectively. The laser pulse
nergy was varied between 3 to 5 J, the Gaussian-shaped pulse profile
ad a Full Width at Half Maximum (FWHM) of 20 ns and the laser
requency was set to 10 Hz. The selected focus size and peening energy
mount to a laser power density of 2.78GW∕cm2 and 25GW∕cm2 at a
aser energy of 5 J for the 3 mm×3 mm and 1 mm×1 mm focus size,

espectively. A laminar water film is applied on the specimen surface
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Table 1
LPBF parameters employed.

Laser power
[W]

Exposure time
[μs]

Point distance
[μm]

Layer
thickness [μm]

Hatch
spacing [μm]

Powder
size [μm]

Incremental angle
[◦]

200 80 40 50 110 10 67
Table 2
Composition of stainless steel 316L-0407 metal powder for additive manufacturing [21].

Composition C Mn P S Cr Mo Ni O N Fe

wt.% <0.03 <2 <0.045 <0.03 16–18 2–3 10–14 <0.1 <0.1 balance
Table 3
Hole drilling increments selected for the in-depth measurement. Due to an expected higher stress gradient at the surface,
smaller increments are followed by bigger increments deeper in the material.

Increment [–] 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Depth [mm] 0.025 0.05 0.1 0.15 0.2 0.25 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Fig. 2. Schematic of the LSP process. The laser pulse induces a shock wave by
vaporization material close to the surface and forming a rapidly expanding plasma.
This shock wave leads to local plastic deformation and ultimately compressive residual
stresses below the surface.

during peening, increasing the efficiency due to an increased duration
and maximum of the plasma pressure. No additional sacrificial overlay
was used during the LSP experiments. The laser is fixed in position and
the sample is moved by a robot for each respective peening pulse. An
area of 30 mm × 13.5 mm of the additively manufactured bars has
been peened with an overlap of 30% in 𝑥 and 𝑦 direction covering the
entire height of the part (see Fig. 3). The peening pattern has been
kept identical for all samples with respect to the samples geometry
and for some samples a sequence overlap has been performed. The
LSP advancing direction is parallel to the LPBF build direction for the
vertical samples (LPBF BD-V) and perpendicular to the LSP advancing
direction for the horizontal samples (LPBF BD-V) as schematically
shown in Fig. 3.

2.3. Post-build heat treatment

After sectioning the samples from the build plate, a heat treatment
in a standard furnace for 6 h at 700 ◦C was applied. The samples were
left in the furnace for 48 h to cool down after the heat treatment
achieving a slow cooling rate and therefore minimize through-wall
temperature gradients to ensure no additional thermal stresses are rein-
troduced. Previous studies have revealed that beyond a temperature of
700 ◦C, the cellular dendritic structure and the melt pool boundaries are
dissolving in LPBF 316L as shown by Montero Sistiaga et al. [23]. Thus,
a heat treatment temperature leaving the microstructure unaffected was
chosen, aiming at preserving the yield stress of the as-build condition
while reducing the residual stresses sufficiently [24].
3

2.4. Residual stress analysis via incremental hole drilling method

Residual stresses were determined using the hole drilling system
PRISM from Stresstech. The system utilizes electronic speckle interfer-
ometry (ESPI) to determine surface deformations. The process can be
subdivided into three steps as described by [25]:

1. Drilling a hole in the specimen incrementally.
2. Measuring the resulting surface deformation after each incre-

ment.
3. Calculate (Integral method) the corresponding residual stress

from the surface deformation.

After each drilling increment, the specimen is illuminated with co-
herent light (laser beam). The natural roughness leads to diffused light
scatter, which is visible on the image captured by a Charge-Coupled
Device (CCD) camera as light and dark speckles (speckle pattern). The
sample surface deforms due to the stress relaxation occurring for each
drilling increment when material is removed that contained residual
stresses. This displacement can be quantified by imaging the speckle
pattern before and after the surface deformation [26]. Subsequently,
the integral method is applied to calculate the residual stresses from the
measured deformation based on elastic finite element calculations and
solved by a full field least square technique, as described by Ponslet
and Steinzig [27]. Ponslet and Steinzig [28] discusses the limitations
and assumptions of the hole drilling method. For instance, linear elastic
deformation is assumed as well as constant residual stresses parallel to
the material surface. Please note that residual stresses close to the yield
strength must always be evaluated with caution, as plasticity effects
might occur. To correct for such occurring error, Chupakhin et al. [29]
proposed a machine learning based correction via a neural network
trained via simulation data accounting for plasticity effects. The hole
drilling method is used to determine residual stresses up to a depth
of 1 mm using a 2 mm diameter drill. In the near-surface area of the
specimen, steep gradients of the residual stresses are expected. For this
reason, smaller increments at the hole surface than in deeper layer are
selected (see Table 3). The residual stress determinations were carried
out at five locations along the central line of each specimen, see Fig. 4.
Averaged results are reported with its standard deviation in Section 3.
The residual stress calculation of the used hole-drilling system PRISM
is based on the assumption of an isotropic material behaviour [26].
However, the produced LPBF samples show a slight anisotropy of less
than 10% as will discussed later. In this regard, considering the overall
experimental scatter of the hole drilling experiments, the influence
of the simplification of isotropic material behaviour is assumed to be

negligible.
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Fig. 3. Illustration of the LSP treatment pattern (a), schematic of LSP treatment pattern (b) and photograph of LPBF 316L specimen processed with LSP (specimen peened with a
focus size of 1 mm × 1 mm shown here for illustration) in the middle section (c). LPBF BD-V and LPBF BD-H illustrates the building direction during the manufacturing by LPBF
or the vertical and horizontal sample respectively. The LSP advancing direction is perpendicular to the LPBF build direction for the vertical samples (LPBF BD-V) and parallel to
he LSP advancing direction for the horizontal samples (LPBF BD-V). The coordinate system is defined in relation to the sample.
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Fig. 4. Illustration of the drill sequence and location for (a) the as-build condition and
(b) after LSP with a focus size of 1 mm × 1 mm and a pulse energy of 5 J.

2.5. Tensile tests at elevated temperatures

Tensile tests for LPBF 316L were conducted at room temperature as
well as at elevated deformation temperatures to obtain plastic deforma-
tion properties at a range of temperatures using a Mayes 200kN tensile
rig with attached furnace. The chemical composition of the powder,
scan pattern and all other LPBF parameters were already detailed
4

e

in Section 2.1. The tensile specimen were machined using electrical
discharge machining (EDM) and the surface was polished. The 77 mm
long tensile dogbone shaped specimens were prepared with a gauge
length of 20.5 mm, gauge width of 6 mm as well as a thickness of
2 mm. During the heat-up and testing phases, a thermocouple was
attached to the tensile specimens to precisely set the temperature. Two
specimens were tested at each temperature to ensure the repeatability
of the testing set-up and printed material. The results of the repeated
tests were in agreement, i.e. a deviation of less than 5% was noticed.
The load–displacement data was recorded and converted into true
stress–strain data using the standard equations for a simple tensile
test. Subsequently, the true plastic flow stress–strain data is calculated
by subtracting the elastic strain from the total strain to estimate the
constitutive model parameter in Section 4.1.

. Results and discussion: Experimentally determined residual
tresses

.1. As-build condition

Due to the rapid heating in the LPBF process and a rather slow
eat conduction, a steep temperature gradient develops throughout the
uilding process within the additively manufactured structure. Elastic
ompressive strains are induced since the underlying layers inhibit the

xpansion of the heated layers on the top. When the materials yield



Additive Manufacturing 60 (2022) 103204P. Sandmann et al.

a

s
t
c
b
o
m
(
s
d
t
t
i
t
l
m
r
t
a
t
t
b

3

i
h
s
a
m
t
s
L
d
H
t
L
s
r
s
(
t

𝑦

Fig. 5. Determined residual stresses 𝜎11, 𝜎22, 𝜎21 using the incremental hole drilling technique. The mean values with its standard deviation are shown for the horizontally (a)
nd vertically (b) printed specimen in the as-build (AB) condition, see Fig. 1.
trength is reached, which is reduced at elevated temperature, the
op layer will be plastically compressed. Upon cooling, the plastically
ompressed upper layers start to shrink and bend towards the laser
eam [30]. Fig. 5 depicts the experimentally obtained residual stresses
f samples after being removed from the build plate based on incre-
ental hole drilling in the bar shaped geometry for the horizontally

a) and vertically (b) printed specimens. For the horizontally printed
ample, maximum residual stresses close to the yield strength were
etermined (𝜎22 = 620 ± 90 MPa ; 𝜎11 = 280 MPa ± 50 MPa),1 where
he stress component in build direction 𝜎22 is higher than the one in
he perpendicular direction 𝜎11. The significant lower residual stresses
n horizontal direction can be explained by the stress relaxation after
he sample removal from the build plate. The as-build residual stresses
ead to a relatively large bending deformation due to the small second
oment of inertia in the y–z plane, resulting in significant reduction of

esidual stress 𝜎22 in the 𝑦-direction. The smaller residual stress level in
he vertical sample can be related to the smaller cross-sectional contact
rea of the build plate, which acts as the primary cooling source of
he part via conduction. Therefore more heat is retained in the sample
hroughout the process leading to a smaller temperature gradient in the
uild direction of the sample.

.2. Influence of LSP on the residual stress state in LPBF material

The impact of LSP treatment on the as-build samples (after section-
ng the LPBF specimen from the build plate as described in Section 2.1)
as been investigated experimentally using two different LSP focus
izes, i.e. 3 mm × 3 mm and 1 mm × 1 mm. Generally, LSP gener-
tes compressive residual stresses below the surface of conventional
aterials from a stress-free initial state. However, in the LPBF samples,

he initial stress state in the as-build condition is highly tensile at the
urface and compressive at the mid-thickness, see Fig. 5. Nevertheless,
SP was able to convert the original tensile residual stress state into
esired compressive residual stresses next to the surface, see Fig. 6.
owever, the stresses directly at the surface (<0.1 mm) are slightly

ensile. Tensile stresses are a common occurrence when performing
SP without a sacrificial overlay [20]. In the mid-thickness of the
amples, compressive residual stresses are transformed into tensile
esidual stresses balancing the change to compressive stresses below the
urface. Fig. 6 shows the results of applying identical LSP treatments
3 mm × 3 mm, 5 J) to both sets of printed samples. The results for
he horizontal and vertical printed sample after LSP, see Fig. 6(a) and

1 Note that 𝜎11 denotes the residual stress in the 𝑥-direction and 𝜎22 in the
-direction, respectively.
5

b

Fig. 6(b), show similar characteristics, however, clear differences due to
the initial residual stress state, Fig. 5, are visible. Before applying LSP,
the stress state in the horizontal sample is non-biaxial, |𝜎22| > |𝜎11|,
whereas the stress state for the vertical sample is close to biaxial.

Comparing the residual stresses close to the sample surface (∼ 2 mm
depth) after applying the same LSP treatment to the horizontal and
vertical LPBF 316L sample, it can be observed that for the horizontal
sample |𝜎22| < |𝜎11| whereas for the vertical sample |𝜎11| < |𝜎22|,
comparing Fig. 6(a) and Fig. 6(b). According to LSP studies from Kallien
et al. [31] and Keller et al. [32] on conventional stress free material,2 a
high laser power density induces non equi-biaxial residual stresses with
a higher compressive stress component perpendicular to the advancing
direction (in the present work the 𝑦-direction) being present. Due to
the advancing direction of the laser detailed in Section 2.2, 𝜎22 should,
therefore, form higher compressive stresses in conventional stress-free
material. This phenomena can also be observed when the LPBF sample
has an initial equibiaxial tensile state as observed in the vertical sample
(see Fig. 5(b)) leading to a higher compressive stress component 𝜎22
sample after applying LSP, see Fig. 6(b). The initial non equi-biaxiality
and relatively higher tensile stresses in the 𝜎22 component of the LPBF
316L horizontal sample, however, lead to 𝜎22 being less compressive
after applying LSP.

The phenomenon of the compressive stress component perpendic-
ular to the advancing direction (𝜎22) being higher after LSP is further
amplified by using a smaller laser focus size of 1 mm × 1 mm amount-
ing to a higher laser power density. In addition, this leads to higher
experimentally observed compressive residual stresses of up to 𝜎11 =
−350 MPa and 𝜎22 = −300 MPa as well as 𝜎11 = −200 MPa and 𝜎22 =
−400 MPa for the horizontal and vertical sample, respectively, see
Fig. 6(c,d).

Applying LSP on the horizontally manufactured LPBF sample twice
(sequence overlap) with a focus size of 3 mm × 3 mm (Fig. 7(a)) and
1 mm × 1 mm, Fig. 7(b), leads to a higher magnitude of compressive
residual stresses compared to peening only once. In case of the 3 mm
× 3 mm focus size the compressive residual stresses where almost
doubled for the stress component 𝜎22, see Fig. 6(a) and Fig. 7(a).
Peening the sample a second time can therefore further increase the
compressive stresses significantly. Further, it can be observed that a
sequence overlap (peening twice) leads to a significant reduction in
the near tensile surface stresses (at z=0.1 mm) which are present when
peening the sample only once.

2 Rolling also induces residual stresses, however, these stresses are far
elow the tensile stresses determined in the LPBF material.
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Fig. 6. Influence of LSP on 316L manufactured by LPBF. Shown are the measured residual stresses for LSP (single treatment layer) applied to the horizontally (a,c) and vertically
(b,d) printed samples with a focus size of 3 × 3mm (a,b) and 1 × 1mm (c,d).
Fig. 7. Influence of LSP sequence overlap on the residual stress state. Shown are residual stress profiles for an LSP sequence peened twice (two LSP treatment layers) with a focus
size of 3 × 3mm (a) and 1 × 1mm (b).
.3. Influence of post-build heat treatment

Heat treatment of the horizontal LPBF sample, Fig. 8(a), at 700 ◦C
or 6 h leads to an overall stress relieve to around half of the as-build
ondition. However, still, significant stresses are present with maximum
ensile stresses of 280 MPa and 135 MPa for the 𝜎22 and 𝜎11 stress

components respectively. The initial stress level had a great impact on
the amount of creep deformation and therefore, stress relaxation taking
6

place. It can be observed that the stress component 𝜎22 is reduced more
than 𝜎11 in absolute terms, since the initial residual stress (as-build
condition) 𝜎22 in 𝑦-direction (build direction) is higher than the stress
component 𝜎11 in 𝑥-direction (maximum tensile stress of 420 MPa and
170 MPa, respectively). Further, it can be observed, that the location of
the peak tensile stress (∼0.2–0.4 mm below the surface) and the peak
compressive stress (∼0.9–1 mm below the surface) does not change
significantly. Heat treatment of the vertical printed sample (comparing
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Fig. 8. Influence of post-build heat treatment. Residual stress profiles of samples after heat treatment (a,b) and after heat treatment following subsequent LSP (c,d). This comparison
is shown for samples manufactured in the horizontal (a,c) and vertical (b,d) direction.
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Fig. 5(b) to Fig. 8(b)) also reduced the residual stresses although the
residual stress reduction resulting from the heat treatment was less
compared to the horizontal sample amounting to a reduction of only
around 30%.

Fig. 8(c) shows the results after heat treatment as well as sub-
sequently employing LSP. Interestingly, an equi-biaxial stress state is
formed. The heat treatment reduces the residual stresses so that the
residual stress state before applying the LSP is lower compared to the
as-build state. Hence, the effect of the initial tensile stresses from LPBF
is less pronounced, and therefore an equi-biaxial stress state is more
likely to occur.

4. Process simulations

A three-step simulation approach is proposed, enabling the predic-
tion of the residual stresses in as-build 316L samples manufactured by
LPBF, after heat treatment and after LSP. Step 1 represents the LPBF
process simulation to determine the initial (as-build) residual stress
state. Subsequently, the post-build heat treatment is simulated in Step
2. Step 3 describes the LSP process simulation, based on the initial
residual stress state obtained from Step 1 or Step 2. The multi-step
simulation approach is illustrated in Fig. 9, where the individual steps
are described in the following.

4.1. Constitutive modelling and parameter identification

The application of an appropriate constitutive material model is es-
sential for each process simulation. To describe the material behaviour
7

during the LPBF and LSP process, the constitutive model has to be 5
able to account for various deformation temperatures and strain rates.
A very successful model for this context represents the Johnson–Cook
model, which has already been widely applied in additive manufac-
turing and LSP simulation. Promoppatum and Rollett [33] compared
different plasticity models and found the Johnson–Cook model to ac-
curately capture the plastic material response for a thermomechanical
simulation in LPBF. For LSP Amarchinta et al. [34] has compared
the Johnson–Cook, Zerilli–Armstrong and an elastic-perfectly plastic
model and showed that the Johnson–Cook model consistently match
the experimental LSP results.

The Johnson-Cook model [35] considers the effects of strain hard-
ening, strain rate (viscosity) and thermal softening in separate terms
and determines the yield stress 𝜎𝑦 by

𝜎𝑦 = [𝐴 + 𝐵 𝜀𝑛𝑃 ]
[

1 + 𝐶 𝑙𝑛
( �̇�𝑃
�̇�𝑃 ,0

)

]

[1 −
𝑇 − 𝑇0

𝑇𝑚𝑒𝑙𝑡 − 𝑇0

𝑚
] (1)

where 𝜀𝑃 is the equivalent plastic strain, �̇�𝑃 is the equivalent plastic
strain rate. 𝑇 is the current temperature, and the melting temperature
s defined as 𝑇𝑚𝑒𝑙𝑡 (around 1400 ◦C in the present steel). �̇�𝑃 ,0 is the
eference strain rate and 𝑇0 the reference temperature at which the ma-
erial constant 𝐴 (static yield stress), 𝐵 (strain hardening coefficient),
(strain hardening exponent), 𝐶 (strain rate hardening parameter), 𝑚

thermal softening coefficient) are determined.
Identification of the (J–C) model constants is essential to accurately

escribe the material deformation behaviour at various deformation
emperatures and strain rates. The static yield stress 𝐴 is defined as the
oint of non-linearity in the stress–strain curve and determined to be
30 MPa for the vertical sample and 545 MPa for the horizontal printed
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Fig. 9. Multi-step simulation used to determine the residual stresses of materials manufactured by LPBF after LSP. Step 1 represents the LPBF process simulation to determine the
residual stress state in the additively manufactured 316L followed by the simulation of the heat treatment (Step 2). Subsequently the extracted residual stresses from Step 1 or 2
are imported into the LSP process simulation as an initial stress state (Step 3). For Step 1/2 only a quarter of the sample is modelled according to the symmetry of the problem,
see Section 4.2. The contour plot shown in Step 3 reflects the results after applying LSP directly after the LPBF process simulation (blue dashed arrow).
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Fig. 10. The measured stress strain curves of LPBF 316L under quasi static tension
(4 × 10−4 1∕s) and the curves fitted using the J–C hardening model. The J–C constants
fitted to the experimental data are summarized in Table 4. ‘‘V’’ (vertical) and ‘‘H’’
horizontal) in the variables implies the printing direction of the sample whereas the
ollowing number determines the temperature at which the samples were tested. The
ariable names that include ‘‘JC’’ are the fitted stress–strain curves.

ample from the performed tensile tests, see Fig. 10. The Levenberg–
Marquardt nonlinear least square technique [36] is employed to fit
the J–C constitutive equation to the experimental tensile stress–strain
data. Previously this technique has been used in other studies such
as determining the J–C parameters for Ti-6Al-4V as shown by Milani
et al. [37] or for two different steels by Sedighi et al. [38]. First,
the constants B and n were determined at the reference deformation
temperature (𝑇0=20 ◦C) and reference strain rate (4 × 10−4 1∕s). To find
the thermal softening coefficient 𝑚, the fit of Eq. (1) to all experimental
data containing vertical and horizontal assuming isotropic material
properties. The obtained J–C constants are summarized in Table 4 and
he resulting stress–strain curves at different temperatures are shown in
ig. 10(b) for the identified thermal softening coefficient 𝑚. The strain
ate sensitivity parameter 𝐶 was taken from literature for conventional
16L (C=0.01) [39].

Norton’s law constitutive equation is employed to predict the defor-
ation behaviour of the material exhibiting time-dependent, inelastic
8

eformation at high temperature during the stress relieving heat treat-
ent of the LPBF component. Under steady state condition (constant

tress and temperature), the creep strain rate �̇�𝑐𝑟 for a power-law
reeping material is modelled as

̇ 𝑐𝑟 = 𝐴𝑐𝑟𝜎
𝑛𝑐𝑟 (2)

here 𝜎 is the equivalent stress. 𝐴𝑐𝑟 and 𝑛𝑐𝑟 represent the power-
aw creep stress constant and exponent, respectively, and were taken
rom Williams et al. [40] at 650 ◦C (see Table 5). However at 700 ◦C,
he creep strain rates are expected to be slightly higher compared to
50 ◦C, which could lead to a slight over-prediction of the residual
tresses in the heat treated samples.

.2. LPBF and heat treatment

A thermo-mechanical three-dimensional finite element (FE) model
as set-up using ABAQUS/Standard [41] to predict the residual stress
istribution after the LPBF process. Fig. 11 shows the model for the
orizontal (a) and vertical (b) build directions, due to symmetry of the
roblem only a quarter is explicitly modelled. For the mesh discretiza-
ion 8-node thermally coupled brick elements with reduced integration
C3D8RT) were used. A uniform element size of 0.15 mm in all direc-
ion is used to mesh the specimen. Convergence tests were conducted
sing different mesh sizes to guarantee a mesh independent solution.
o simulate the additive nature of the LPBF process, multiple physical

ayers in the LPBF process are agglomerated simultaneously on top
f each other at the melting temperature (1400 ◦C) using the ele-
ent reactivation technique by Williams et al. [12]. For computational

efficiency, layers 0.3 mm in thickness were deposited at once repre-
senting 6 physical layers (considering the 50 μm layer thickness used in
the experimental LPBF setup). By varying the model layer thickness,
it was ensured that an independent solution is reached. Since this
model does not account for a specific scanning strategy, the process
is assumed to be symmetric along the x–y, and y–z planes as well as
symmetric along the x–y, and x–z planes for the horizontal and vertical
specimen respectively, as depicted in Fig. 11. Therefore, the fully build-
in symmetry boundary conditions are applied for both specimens to
the respective symmetry surfaces, see Fig. 11(a). The bottom of the
specimens (denoted as the side where layers start to be deposited) are
fully constrained to account for the part connected to the baseplate
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t

Fig. 11. Three-dimensional FE model used for the simulation of the LPBF process (horizontal specimen (a); vertical specimen (b)). For both building direction only a quarter of
the geometry is simulated using symmetry boundary condition.
Table 4
Johnson-Cook model parameters determined for LPBF 316L. The material constants were determined by
tensile tests shown in Fig. 10.

Static
yield stress,
𝐴 [MPa]

Strain
hardening
coefficient,
𝐵 [MPa]

Strain
hardening
exponent,
𝑛 [MPa]

Thermal
softening
coefficient, 𝑚

Melting
temperature,
𝑇𝑚𝑒𝑙𝑡 [◦C]

Reference
temperature,
𝑇0 [◦C]

545 821 0.7 1.038 1400 20
i
i
c
a
s

c

Table 5
Creep properties for LPBF 316L expressed in terms of
Norton’s law constitutive equation, taken from [40].

Power-law creep
stress coefficient,
𝐴𝑐𝑟 [h−1 MPa−1]

Power-law creep
stress exponent, 𝑛𝑐𝑟

2.4 × 10−17 5.71

(see Fig. 11). Sectioning of the part from the baseplate is subsequently
simulated by removing this boundary condition.3

In terms of heat transfer, a temperature boundary condition was
applied to the bottom of the sample, reflecting the temperature of
the build plate in the experiment. Subsequently, in the cooling step,
the temperature boundary condition is changed to 20 ◦C to account
for the cooling process of the component to ambient temperature. In
case of post-build heat treatment, an additional viscoelastic step is
added after the baseplate boundary condition is removed in the LPBF
process simulation to simulate the time-dependent material behaviour.
The thermal expansion coefficient, as well as the conductivity and
Young’s modulus, have been taken from Williams et al. [12]. Note
that the above-mentioned material properties are have been measured
for conventional 316L. However, they are not expected to deviate
significantly.

4.3. LSP

To simulate the residual stresses after LSP treating additively man-
ufactured components, a multi-step simulation strategy is used, see
Fig. 9. Therefore, the residual stress state from the LPBF simulation
is imported into the LSP process model as a predefined field. Sub-
sequently, the laser pulse is modelled as a uniform square pressure
loading acting to the surface of the specimen, as shown first by Peyre
et al. [42] and described in detail in Keller et al. [32]. The maximum
pressure pulse applied is approximated by a saw tooth profile, where
pressure pulse duration of 2 × 10−7 s and time of maximum pressure
of 2 × 10−9 s are taken from Keller et al. [32]. For the used laser
system Keller et al. [32] showed that a maximum pressure pulse of

3 Rigid body motion are prevented by keeping one point fixed to ensure
hat the system is statically indeterminate.
9

𝑝𝑚𝑎𝑥 = 1350N∕mm2 led to a very good agreement of the simulation
with the experimental results of the hole drilling method for AA2198-
T3. As shown via plasma simulation in Pozdnyakov et al. [43] applying
dentical LSP pulse parameter to aluminium or steel leads to an approx-
mately 10% lower maximum pressure compared to aluminium. This
an be explained by the lower energy absorption for steel compared to
luminium. Therefore, the maximum pressure for the simulation was
elected 10% lower (𝑝𝑚𝑎𝑥 = 1215N∕mm2) compared to Keller et al. [32].

Similar to the experimental LSP setup, 30% overlap between each
onsecutive pressure pulse is applied as illustrated in Fig. 12(b). For

the LSP process simulation, only 6 × 6 laser pulses were simulated,
see Fig. 12(b). The principle of periodicity is assumed, i.e. the centre
region is representative in terms of the resulting residual stress profile
as no further applied peening patch would affect the results of this
region further. Therefore, significant computation time can be saved
as not the entire LSP pattern, as applied in the experiment, needs to be
simulation, see also Keller et al. [44]. In this regard, the LSP simulation
consists of 36 dynamic shockwave propagation steps followed by a
static relaxation step. Fixed boundary were applied to the sides of the
model, see Fig. 12(a), where the model is dimensioned sufficiently large
to result in sample size independent results. Initial numerical studies
indicate no dependency of calculated residual stresses and peening
patch size as well as specimen size for the sample and peening patch
size selected.

The minimal element size on the surface was set to 0.1 × 0.1 ×
0.04 mm to achieve mesh independence. The material properties of
the employed Johnson-Cook model were kept identical to the ones
used in the LPBF simulation, see Section 4.1. To compare the residual
stresses obtained from experiments, a comparable averaging volume
needs to be defined in the FE model similar to Brockman et al. [45].
For the experiment multiple measurements at locations with similar
residual stress expectations are averaged, while in the FE simulation an
average of a cylindrical volume equivalent to the drilling diameter in
the centre of the sample was used (error bars are min and max values
of the cylindrical averaging volume shifted to each side by 1.5 mm),
see Fig. 13. This assumption is supported by findings of Braisted and
Brockman [46] showing the pressure pulse is constant in space over the
applied area.

4.4. Results and discussion LPBF and heat treatment

The spatially averaged simulated (𝜎𝑆𝑖𝑚) and experimentally de-
termined (𝜎 ) residual stresses using the incremental hole drilling
𝐻𝐷
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Fig. 12. Three-dimensional FE model used for the simulation of the LSP process (a) and a close-up of the mesh where the LSP impacts are applied to (b).
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Fig. 13. Schematic detailing the averaging of the residual stresses in the FE simulation
in order to compare them to the experimental results. In the FE simulation an averaging
volume in the centre of the sample equivalent to the drilling diameter in the experiment
is selected. For the error bars, a min and max value of the cylindrical averaging volume
shifted from the centre is chosen.

technique are shown in Fig. 14 for the as-build condition (a,b) as well
s the residual stress state after heat treatment (6 h at 700 ◦C) (c,d).
easured and simulated residual stresses are generally in good agree-
ent for both states, showing large tensile residual stresses on surface

alanced by compressive stresses next to mid-thickness. While the
aximum residual stresses in the build direction (𝜎22 =∼600 MPa)

or the horizontal as-build condition match very well, see Fig. 14(a),
he residual stresses perpendicular to the build direction (𝜎11) are
lightly underestimated by the simulation. One possible reason is ex-
ected to be the boundary condition used for simulating the build
late which assumes an infinitely stiff base plate. In the actual LPBF
rocess, the base plate tends to bend slightly. The experimental results
or the vertical as-build condition, see Fig. 14(b), indicate an equi-
xial stress state. However, for the vertical as-build condition, the
22 component is slightly underestimated by the simulation whereas
oth simulation and experiment indicate maximum tensile stresses of
10
round 300 MPa for the 𝜎11 component. The agreement between the
xperimentally determined and simulated residual stresses after the
eat treatment of the as-build component is also good for both the
ertical and horizontally printed specimen, see Fig. 14(c,d), where the
imulated values are within the standard deviation of the experimental
xperiments. Again, the depth up to which tensile residual stresses are
bserved is in good accordance, and both simulation and experiment
llustrate that only the magnitude of the residual stresses decrease by
he heat treatment. Sprengel et al. [47] analysed the residual stresses
n a cuboidal SEN B specimen via neutron diffraction with the longest
xis in the build direction similar to the vertical specimen investigated
n the present study. The residual stress distribution reported in the
tudy is in coherent with the data measured in the present study
howing tensile residual stresses close to the surface, compressive in
he core of the material and an overall reduction by applying a heat
reatment. The determined residual stresses reported in Sprengel et al.
47] are comparable with −290 MPa and 220 MPa for the maximum
ompressive and tensile stresses respectively in the as-build condition.
his is slightly lower than the values measured in the present study,
owever, the specimen is significantly thicker (13 mm vs 3 mm) which
s known to have an impact on the residual stresses. Sprengel et al. [47]
lso investigated the effect of the post-build heat treatment 450◦ for 4 h
nd 1 h at 800◦ showing a reduction for the residual stresses of almost
o reduction and 75% respectively. The heat treatment carried out in
he present paper with 6 h at 700◦ reduces the residual stresses by 35%
nd hence is coherent with the data published to date but cannot be
ompared directly.

Overall, the simulation correctly predicts the maximum tensile
esidual stresses at the same depth as observed experimentally as well
s the depth of the change from tensile to compressive residual stresses.
he simulation and the experimental determined residual stresses are

n good accordance, serving as a valid basis for subsequent input to the
SP process simulation.

.5. Results and discussion LSP

Fig. 15(a,b) shows the comparison between the simulated (𝜎𝑆𝑖𝑚)
nd experimentally determined (𝜎𝐻𝐷) residual stresses after LSP with a
ulse energy of 5J and a laser focus size of 3 × 3 for the horizontal and
ertical build sample. Overall the experimental and simulated results
gree well. Especially, the stress gradient towards the depth of 1 mm is
redicted particularly well by the simulation for the 𝜎11. The tensile
esidual stress close to the surface caused by thermal effects in the
SP process between 0 and 0.2 mm, i.e. partial surface remelting due
o the fact that no coating was applied [48], could not be predicted
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Fig. 14. Comparison between simulated (𝜎𝑆𝑖𝑚) and experimentally determined (𝜎𝐻𝐷) residual stresses: in the as-build state (after cutting the specimen from the build plate) (a,b),
after heat treating the sample (c,d) for the horizontal (a,c) and vertical (b,d) build samples. The mean values with its standard deviation are shown. For hole drilling multiple
measurements at locations with similar residual stresses expectations are averaged, while in the FE simulation nodal stresses are averaged in an area where the hole drilling
analysis was conducted.
accurately due to the purely mechanical simulation approach for the
LSP process. However, this discrepancy is limited to the near-surface
region.4 Such tensile residual stresses could be removed by applying a
protective coating during the LSP experiments [49].

In addition, the results are in accordance with the data published
by Busi et al. [50] on 3D LSP where samples are also treated during the
building process. Busi et al. [50] investigated the influence of 1 J and
1.5 J with a spot overlap of 40% and 80% and showed that LSP could
convert the tensile residual stresses into compressive stresses close to
the surface.

As shown in the experiment as well as simulation, the initial stress
state in the as-build condition is highly tensile at the surface, see
Fig. 14(a,b). Nevertheless, LSP is able to convert the original tensile
residual stress state into desired compressive residual stresses below
the surface, which is very well reflected in the simulation results. Before
LSP, the stress state in the horizontal samples is non-biaxial with the 𝜎22
component being higher than the 𝜎11 component. However the vertical
sample is relatively equibiaxial (see Section 4.4), where the vertical
sample showed a nearly equibiaxial stress state. This phenomena can
also be observed in LPBF material where the initial state is approxi-
mately biaxial for the vertical build direction (see Fig. 14(b)) leading

4 Although these near-surface tensile residual stresses exists, it has been
hown that LSP without coating still has a very beneficial effect on the fa-
igue crack propagation behaviour, since the propagation behaviour is mainly
nfluenced by the residual stresses deep within the material, see e.g. [32].
11
to non equibiaxial residual stress profiles with |𝜎22| > |𝜎11| after LSP,
see Fig. 15(b). However, in non-biaxial initial residual stress states as
the case for the horizontally printed sample (see Fig. 14(a)), the initially
higher tensile residual stress state has an impact on the stress state after
LSP. Generally, higher initial tensile stresses lead to less compressive
residual stresses after LSP. Accordingly, in the initial state the tensile
stress 𝜎22 is higher for the horizontal sample, see Fig. 14(a,b), leading to
compressive residual stresses 𝜎22 with lower magnitude after LSP than
for the vertical, see Fig. 15(a,b).

Fig. 15(c,d) shows the residual stresses after applying LSP to the
heat treated horizontally and vertically printed sample. The simulation
could not capture the biaxiality measured via hole drilling in the hori-
zontal sample and has predicted that stress state of the 𝜎11 component
is more compressive than 𝜎22, see Fig. 15(c). For the vertical speci-
men, see Fig. 15(d), the experimental results indicated that the stress
component 𝜎22 is smaller than 𝜎11 (𝜎11 > 𝜎22), which is not correctly
predicted by the simulations. Nevertheless, the simulation captured
that difference in compressive stress magnitude between 𝜎11 and 𝜎22
by applying the heat treatment before LSP (comparing Fig. 15(a,b) with
Fig. 15(c,d)). Still overall, the simulation was able to predict the general
trend as well as the magnitude of the residual stresses.

When peening the horizontal specimen twice, compressive resid-
ual stresses are increased in both experiment and simulation (see
Fig. 15(e)) and the residual stress profile is less non equibiaxial in
comparison with peening only once (see Fig. 15(a)). This is suspected

to be attributed to the particular peening advancing direction leading
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Fig. 15. Comparison between simulated (𝜎𝑆𝑖𝑚) and experimentally determined (𝜎𝐻𝐷) residual stresses: after laser shock peening (single LSP layer treatment) a horizontally (a)
and a vertically printed sample (b) with pulse energy of 5J and a laser focus size of 3 × 3 mm; after heat treating and subsequent LSP (5J,3 × 3 mm) for the horizontal (c) and
vertical (d) sample and after two LSP treatment layers of the horizontal sample (e). For hole drilling multiple measurements at locations with similar residual stresses expectations
are averaged, while in the FE simulation a spherical averaging volume within the drilling diameter in the centre of the sample was used (error bars are min and max values of
spherical averaging volume shifted from the centre of the sample).
to the stress component perpendicular to it showing increased compres-
sive residual stresses (in the present work 𝜎22). Also in the simulation,
the difference in residual stresses between the 𝜎11 and 𝜎22 component
shrinks and thus predicting this phenomenon correctly.

5. Summary and conclusion

The influence of LSP on residual stresses in LPBF 316L has been
investigated with an experimental and multi-step simulation approach.
To quantify the residual stresses experimentally, the incremental hole
12
drilling technique was used. The initial residual stress for an vertical
and horizontal cuboid shaped bar manufactured via LPBF were de-
termined. Further, the influence of LSP in general, sequence overlap
and post-build heat treatment on as-build LPBF material has been
investigated experimentally. A sequential FE simulation strategy is
applied to be able to predict the residual stresses caused by LSP on the
LPBF material containing high initial tensile stresses near the surface.
In a first step a thermo-mechanical simulation of the selective laser
melting process is performed to predict the initial residual stress state
in the LPBF material. If applied, an additional heat treatment process is
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simulation. The next step includes the transfer of the residual stresses
onto a simplified smaller component geometry using a predefined field
approach. Afterwards, a dynamic LSP process simulation was used.
Overall, LSP has demonstrated to be a promising local modification
technique to induce beneficial compressive residual stresses for LPBF
parts with their initial high tensile residual stress below the surface.
The main conclusions can be summarized as follows:

• Simulated and measured residual stress profiles are in good agree-
ment for both, the as-build condition (after removing the speci-
men from the build plate), treatment as well as after LSP. The LSP
simulation has proven to be valuable in predicting the residual
stresses after laser shock peening as well as heat treatment of
LPBF components by importing the residual stress results from
the experimentally validated LPBF simulation before or after heat
treatment.

• Consistent with residual stress analysis published to date, tensile
residual stresses are found at the surface balanced by compressive
residual stresses deeper in the LPBF material. The orientation
of the component on the build plate plays a major role with
regard to residual stress development. Mostly two factors are
influencing the residual stress development in this regard. First,
the height versus contact area to build plate ratio is relevant as
this determines the thermal gradient. The higher the component
is in the build direction the lower the thermal gradient is and
therefore the resulting residual stress. When removing the sample
from the build plate, the second moment of area of component
plays a major role since this determines the deflection and stress
relaxation.

• Heat treating the as-build LPBF sample at 700 ◦C for 6 h showed
not to be effective in eliminating all tensile residual stresses
present. However, an overall reduction of residual stress mag-
nitude (compressive as well as tensile) with no change in peak
position to around a third of the as-build condition was observed.

• LSP is able to convert the initial detrimental tensile residual
stresses into desired compressive residual stresses in the near
surface region which are balanced by tensile residual stresses in
deeper layers. The magnitude of the initial tensile residual stresses
has an impact on the stress field generated by LSP.

• LSP has a different effect of on the stress components parallel
to the surface depending on the laser pulse sequence, e.g. LSP
advancing direction. This can be utilized to compensate for or
purposely taylor the non-equibiaxial initial stress fields as present
in LPFB material.
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