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Abstract

Additive Manufacturing (AM) in whole and especially Selective Laser Melting (SLM) are already
making a revolution in the way parts are designed and manufactured with the ability to produce
lightweight parts with unprecedented complex geometries which are otherwise impossible to
manufacture. These advantages are becoming more apparent and acknowledged in the
manufacturing world and are reflected in a constant and rapid yearly growth (e.g. an 80%
increase in the number of sold metal AM machines in 2017 compared to the year before).

This thesis represents an experimental study focused on two major limitations of the SLM
process: i) accumulation of tensile residual stresses (TRS) and ii) non optimal microstructures in
SLM parts. In order to address these limitations, a novel hybrid additive manufacturing process
entitled 3D Laser Shock Peening (3D LSP) was developed and patented. 3D LSP repetitively
introduces Laser Shock Peening (LSP), a well-known surface post treatment, during the building
phase of SLM in order to introduce beneficial compressive residual stresses (CRS) and
subsequently decrease part distortion, improve microstructure, increase fatigue life and reduce
crack density.

The thesis is composed of 10 chapters. The first three chapters give an introduction to SLM and
LSP, the problem statement, and a thorough analysis of the state of the art. Results obtained
during this PhD are described in six chapters associated to six papers. Among the 6 papers, four
have been published and two are planned to be submitted for publication in international peer-
reviewed journals.

In the fourth chapter (first paper), LSP treatments were applied on SLM samples made out of two
different steel grades in their rough as — built (AB) surface state and led to a clear conversion of
detrimental TRS into more beneficial CRS. In the next chapter (paper), the accumulation of CRS
due to the repetitive nature of the 3D LSP process is quantified. The LSP effects on the
microstructure and the ability to improve recrystallization kinetics of the treated material is then
shown in Chapter 6. In Chapter 7, the 3D LSP method is applied on a titanium alloy (Ti6AI4V) with
a demonstrated 75% reduction in geometrical distortion compared to the SLM AB part. The next
(8t™) chapter demonstrates that 3D LSP can produce 316L steel parts with unrivaled fatigue life,
i.e. a 15 times increase compared to the SLM AB state (non-machined surface), and more than
57 times increase compared to conventionally made parts (machined surface). The 9% chapter
addresses the ability to reduce crack density in SLM parts made of a nickel based super alloy
(CM247LC). 3D LSP showed a reduction of up to 95% compared to the SLM AB state. The final
chapter summarizes all investigated effects of 3D LSP and gives a vision on potential future
research.



The thesis stands as a series of initial, feasibility studies showing the potential of a novel hybrid

additive manufacturing process. They represent stepping stones towards more detailed and
focused future research in each of the investigated fields.

Keywords: Selective Laser Melting, Laser Shock Peening, 3D LSP, residual stresses,
microstructure, recrystallization, microhardness, distortion, fatigue life, crack density



Résumé

La fabrication additive dans son ensemble et en particulier la fusion sélective par laser (Selective
Laser Melting - SLM) constituent dés a présent une révolution puisqu’elles permettent de
concevoir et de fabriquer des pieces légéres avec des géométries complexes impossibles a
obtenir jusqu’ici. Ces avantages sont de plus en plus significatifs et reconnus dans le monde
industriel et se refletent par une croissance constante et rapide (avec une augmentation de 80%
du nombre de machines vendues en 2017 par rapport a I'année précédente).

Cette thése présente une étude expérimentale centrée sur deux des principales limitations du
procédé SLM : i) I'accumulation de contraintes résiduelles en traction (Tensile Residual Stresses
TRS) et ii) I'obtention de microstructures non optimales dans les piéces obtenues. Afin de faire
face a ces limitations, une nouvelle technique de fabrication additive hybride nommée « 3D Laser
Shock Peeing » (3D LSP) ou Grenaillage Laser 3D, a été développée et brevetée. Le procédé 3D
LSP introduit la technique du Grenaillage Laser, déja tres utilisée en post traitement de surface,
pendant la phase de fabrication, afin d’induire des contraintes résiduelles compressives (CRS)
bénéfiques dans la piece. Cela permet par conséquent de réduire les distorsions, d’améliorer la
microstructure, de réduire la densité de fissures et enfin d’augmenter la tenue en fatigue.

Cette these est composée de 10 chapitres. Les trois premiers chapitres proposent une
introduction aux techniques SLM et LSP, la présentation de la problématique ainsi qu’une analyse
complete de I'état de I'art. Les résultats obtenus durant ce travail de these sont décomposés en
six chapitres correspondants a six publications. Parmi ces six articles, quatre ont déja été publiés
et deux sont sur le point d’étre soumis a publication dans des journaux internationaux avec
comité de lecture.

Dans le chapitre quatre (premiére publication), des traitements par LSP sont appliqués a la
surface d’échantillons fabriqués par SLM. Dans des échantillons de deux nuances d’acier
différentes a I’état brut de fabrication (As-Built - AB), les traitements ont entrainé une nette
transformation des contraintes de traction préjudiciables, en contraintes de compression
bénéfiques. Dans le chapitre (article) suivant, I'accumulation des contraintes compressives dues
a la nature répétitive du procédé 3D LSP est quantifiée. L'impact du LSP sur la microstructure et
sur la capacité a améliorer la cinétique de recristallisation dans le matériau traité est montré dans
le chapitre six. Dans le chapitre sept, la méthode 3D LSP est appliquée a un alliage de titane
(TieAl4V). Une réduction des distorsions géométriques de 75% par rapport a une piéece brute de
fabrication est démontrée. Le chapitre suivant (8¢me) montre que le procédé 3D LSP permet de
fabriquer des pieces en acier 316L avec une durée de vie en fatigue jamais atteinte auparavant,
15 fois plus longue que des piéces brutes de fabrication additive (surface non traitée) et plus de



57 fois plus longue que des pieces obtenues par fabrication conventionnelles (surface traitée). Le
9éme chapitre traite de la possibilité de réduire la densité de fissures dans des piéeces en
superalliage a base nickel (CM247LC) obtenues par SLM. Le procédé 3D LSP apporte une
réduction de fissuration de 95% par rapport a I'état brut de fabrication additive. Le dernier
chapitre résume tous les effets étudiés du 3D LSP et ouvre des perspectives de recherches
futures.

Ce travail de these couvre une série d’études de faisabilité et montre le potentiel d’'une nouvelle
méthode de fabrication additive hybride. Celles-ci représentent des étapes indispensables avant
de passer a des études plus détaillées et précises dans chacun des domaines étudiés.

Mots Clés: Fusion Sélective par Laser, Grenaillage Laser, 3D LSP, contraintes résiduelles,
microstructure, recristallisation, microdureté, distorsion, tenue en fatigue, densité de fissures

Vi
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Chapter 1 Introduction

1.1 Additive Manufacturing

Additive Manufacturing (AM) is defined by ISO/ASTM 52900 terminology standard as “a process
of joining materials to make objects from 3D model data, usually layer upon layer, as opposed to
subtractive and formative manufacturing methodologies” [1]. AM (widely known as 3D printing)
emerged in the 1980s with the development of stereolithography [2] and was used primarily for
prototyping. Nowadays, AM is changing the production as we know it. Some consider that it will
have bigger influence on the production than any other process in recent history and even go to
the extent of calling it an industrial revolution [3].

Conventional manufacturing processes are usually based on removal of material from a larger
block using various technologies such as machining or forging until the desired shape is reached.
They require expensive cutting tools that need to be used in multiple operations or
corresponding molds that have to be built each time a new shape or size of a product is wanted,
which is in both cases time-consuming and costly. AM process functions on a completely opposite
principle - instead of subtracting, material is added in a layerwise method, as a single layer of
material is built upon a previous one. Such process gives the possibility to create almost any
shape including intricate internal channels, lattice and other complex structures, that were
impossible to produce before. In addition to the geometrical freedom that it brings, AM also
minimizes time to the market, enhances quality, lowers costs and opens the ability to produce
multi-material parts [3]-[5].

There are more than 30 different AM processes that can be classified by various criteria, one of
them is the classification into: powder bed, direct material deposition and liquid bed processes,
as shown in Figure 1.
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Fig. 1 AM processes division into powder bed, direct material deposition and liquid bed processes.

AM technologies have the ability to use different types of materials including plastics, ceramics,
metals and composite materials. This thesis will only focus on the metal AM. Parts made with
metal AM can offer similar or better material properties than parts made with traditional
processes while reducing the amount of used material, waste and weight of the product,
development time or even the production costs [3], [6], [7]. This, combined with the ability to
produce parts with unique features and innovative design, makes AM-produced parts ideally
suited for high-value, low-volume production of complex parts in sectors such as the aerospace,
medical/dental, tooling and motorsports industries. Metal AM is one of the sectors with immense
growth rise and its expanding research and development departments are constantly offering
new discoveries. Metal AM shows extraordinary results, as the market value has risen an
incredible 5.5 times in the past eight years as shown in Figure 2 [8].
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Fig. 2 Market share of AM [8].

In 2017, a surge in the number of sold metal AM machines has been observed. A total of 1,778
machines has been sold, which represents an 80% increase compared to the previous year [8].
This is an increase of 2.2 times over the last 2 years and 8.75 times over the last 5 years which is
shown in Figure 3. Such extraordinary rise in the number of sold machines and the expiration of
some patents in the AM field resulted in the increase in the number of companies which are
producing industrial AM machines (from 97 in 2016 to 135 in 2017 [8]).

This remarkable and almost exponential growth which can be observed in Figures 2 and 3 is quite
unique when compared to other industrial fields and can be attributed to the maturing of the
AM technology and a clear shift from the prototyping applications to the production phase.



Fig. 3 Number of metal AM machines produced yearly [8].

Ascribed to its advantages, AM has a possibility of being widely applied in numerous sectors. It
was observed a while ago how natural materials such as wood or bone are noticeably lightweight
due to their porous cellular structure, yet they remain extraordinarily strong and able to absorb
impact. Nevertheless, it was simply not feasible to imitate these natural structures using
traditional subtracting manufacturing technologies. AM makes manufacturing of such
lightweight parts possible, which is of great potential for aerospace and automotive industries
that strive to make lightest possible aircrafts and vehicles while preserving safety in order to
achieve savings in fuel consumption. With AM, manufacture of complex cross-sectional areas like
the honeycomb cell [9] and lattice structures with cavities and cut-outs is enabled. This has
sparked great interest among the biggest companies. Airbus revealed a cabin bracket optimized
for weight saving that has no impact on functionality and stated that they intend to produce
aircraft parts that weigh 30%—-55% less and reduce used raw material by 90% [10]. General
Electric Company (GE) has recently acquired Concept Laser and Arcam, two leading AM machine
producers [11], [12]. Now part of the GE Additive, they have managed to drastically improve their
production by AM (such as building a helicopter engine consisting of only 16 instead of 900
separate components, that were also 40% lighter and 60% cheaper [13]). Another important
application is the production of fuel nozzles for their LEAP engines. In this case, the AM fuel
nozzles are 5 times more durable, and made as a single part instead of being assembled from 20
parts when made conventionally (Figure 4). They are also 25% lighter and 30% cheaper to
produce by means of AM [13]. GE Additive researches application of AM in various fields with
various partners. Together with the Czech government, they agreed to build a new factory for
the development and production of the world’s first turboprop engine with 3D printed



components. On account of AM, engineers were able to consolidate 845 parts into just 11
components which will help speed up production, reduce fuel burn by up to 20%, achieve 10%
more power and lower the engine’s weight [14].

Fig. 4 GE fuel nozzle for the LEAP engine [15].

1.2 Selective Laser Melting

In this thesis we will explore Selective Laser Melting (SLM), which is a laser based powder bed
metal AM process. It was developed by Dr. Fockele and Dr. Schwarze and the first patent was
filed to the German patent office in 1996 [16]. In this process, a powder layer is deposited on a
substrate with a roller or a rake and selectively melted by a laser beam piloted by the CAM
system. Using a system of mirror scanners, every layer is selectively scanned and melted
according to its respective cross section which is derived from the CAD model of the part (Figure
5). A new layer of powder is then placed on the work area and the process is repeated until the
solid three-dimensional part in the desired shape is created. At the end the remaining loose
powder is removed from the building chamber and can be reused in another building process.
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Fig. 5 The SLM process scheme [17].

SLM is an innovative technology that enables production of highly complex geometries and
unique inner structures that are otherwise very challenging or impossible to manufacture.
Originally used only for making prototypes or tooling parts, SLM now has a broad application in
aeronautical, aerospace and medical industry as can be seen in Figure 6. Large manufacturers
such as Boeing, Airbus and General Electric stated that they have opted to AM and SLM due to
cost and time reductions as well as reduction in the number of required parts [18], [19] which is
decreasing the need for time-consuming and complex assembly steps. Traditional manufacturing
commonly uses components with simple geometries in order to facilitate production, however,
such designs are often not optimized for the function of these parts. SLM allows geometrical
freedom in creating complex lattice structures or bionic designs for weight reduction, and offers
design of components with same functional specifications by using less materials. SLM has been
tested on various materials, but research focus is based mainly on steel, titanium and nickel
based alloys because of their widespread applications [20]. Representative alloys of each group
(stainless steels 316L, PH1; titanium Ti6Al4V and a nickel based CM247LC) have been selected in
this thesis due to their widespread applications, and used for illustrating the thesis scope.

However, the SLM production is still considerably more expensive in comparison to the
conventional production methods due to the high machine costs, slow production speed and
high material cost (powder production remains expensive for the moment), and this is the reason
why parts made by SLM need to bring certain “added value” to be economically feasible. With
the constant increase in the number of produced SLM machines, an increase in their productivity
and volume of consumed materials, and because the respective patents are expiring, we are
observing a fall in machine and powder prices.



Fig. 6 SLM selected applications: a) hip implant [21]; b) dental implants [22]; c) lattice structure [23]; d)
Airbus bracket [10]; e) gas turbine blade [6]; f) and g) NASA rocket engine injector and its cross-section
[7]; h) conformal cooling channels [24]; i) small features [25].

1.2.1 Limitations of Selective Laser Melting

Although the parts built by SLM have mechanical properties comparable to those built by
traditional processes [17], [26]—[34], some of the most significant drawbacks of SLM remain the
build-up of detrimental tensile residual stresses (TRS) during the building process and the
undesirable columnar microstructure. While the highly textured microstructure leads to non-
optimal anisotropic mechanical properties [30], [35]—-[41], TRS can have a detrimental effect on
fatigue life [42], distortion of the final part [29], [37], [43]-[45], and delamination [46], [47] or
cracking during the building phase [48], [49].

The quality of SLM produced parts is highly dependent on the applied processing parameters.
The main parameters (Figure 7) are the laser power P (W), scanning speed V (mm/s), hatch



distance h (mm) i.e. distance between two scanning lines of the laser, and the layer thickness t
(mm). Their ratio defines the applied volumetric energy density E,, [50]-[52]:

P
EU:V*h*t [ ]/mm3]

These parameters are material dependent and non-optimal values are the prime cause of many
SLM related defects. Insufficient volumetric energy density, usually a combination of a high
scanning speed, low laser power and an increased layer thickness, can lead to an unstable and
discontinuous melt pool and will have an effect on the density of the produced part. Typically
such processing conditions will create porosities due to the lack of fusion between the melt pool
and the solidified layer underneath, i.e. will create lack of fusion type porosities [53]. On the other
hand, high volumetric energies due to a low scanning speed or high power, usually cause
extensive material evaporation and the so called keyhole porosities [54]. Although SLM defects
will not be in the focus of this thesis, this discussion illustrates that only an optimal combination
of laser power, scanning speed, hatch distance and layer thickness can provide high density parts.
The processing window being often quite narrow, there is a strong motivation for finding new
degrees of freedom to better control other features such as the part microstructure and state of
residual stresses.

ﬁcanning speed -V

Powder bed

Fig. 7 Schematic of the SLM processing parameters: Laser power, scanning speed, layer thickness, hatch
spacing, modified from [20].



SLM microstructure

During the SLM process, due to the low density of the powder bed (around 50%) and thus a low
thermal conductivity of the surrounding powder, the heat deposited by the laser beam is mostly
extracted through the substrate and the previously solidified layers of the part being built. This
leads to a large thermal gradient G (K/m) and directional solidification along the vertical build
direction. If the ratio between the thermal gradient G and the velocity of the solidification growth
V (m/s) is high enough, an epitaxial grain growth from the substrate will occur resulting in a
columnar microstructure (Figure 8) [55]. Epitaxy is a term used for the heterogeneous nucleation
process in which grain nucleation takes place on the material liquid/solid boundary: in the SLM
case, it is on the substrate for the initial layers [35]. Opposed to this process is the homogeneous
nucleation which occurs directly in the liquid phase of the material and results in equiaxed grains
with similar dimension in all three axes.

During SLM, the melt pool includes the molten powder but also a part of the previously solidified
layer underneath (Figure 7). This enables good bonding between layers but also leads to the
extension of grains across several layers. Consequentially, the SLM microstructure is most of the
time columnar and the grain size can extend considerably through multiple layers as a result of
an epitaxial growth along the build direction, as illustrated in Figure 8. The combination of a
coarse elongated grain structure with a strong crystallographic texture (<100> direction parallel
to the build direction, in cubic structures) leads to non-optimal anisotropic mechanical properties
of the parts made by SLM, which represents one of the major limitations of the process [30], [36],
[56]-[60].

Build direction

Fig. 8 Columnar grains in 316L stainless steel processed by SLM [55].



Different approaches have been used to try to control the microstructure of SLM samples. Since
grain orientation and grain size are directly influenced by the heat conduction and cooling rates
during the solidification phase of the building process, attempts were made to control the
thermal gradients and produce more beneficial equiaxed and finer-grained microstructure.
Although fine tuning SLM process parameters such as the hatching distance, scanning speed or
laser power can vary the cooling rate to a certain degree, the acceptable process windows are
usually quite narrow [50], [61]-[64]. For example by increasing the scanning speed we create an
unstable discontinuous melt pool which leads to lack of fusion type of pores, while a decreased
scanning speed and increased energy density lead to large keyhole type porosities. This results in
adverse part density which strongly affects the mechanical properties of the part. Low part
density used to be a long lasting major limitation of SLM and its predecessor Selective Laser
Sintering which limited their use to mostly prototyping applications. The ability to achieve part
densities above 99% is what enabled SLM to be used in industrial applications, and such densities
are only achievable in rather narrow processing windows [50], [64], [65]. This virtually eliminates
the possibility of fine tuning the part microstructure by varying important process parameters
such as scanning speed, hatching distance or laser power.

Residual stresses in SLM parts

The accumulation of large TRS during the building phase of SLM is the main cause of many
inherent drawbacks of the SLM process such as significant geometrical distortion of the produced
part, reduction in fatigue life, cracking or even delamination during the building phase of the
process (Figure 9).

Fig. 9 Severe delamination of SLM parts [46].
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In the SLM process there are two mechanisms responsible for the creation of residual stresses
[46], [66]. The first one is the temperature gradient mechanism (TGM). Due to the introduced
heat from the laser, previously solidified layers underneath the laser spot are rapidly heated and
due to a relatively slow heat conduction by the underlying layers, as already mentioned, large
thermal gradients occur. As the heated upper layers of the solid substrate expand, the underlying
solidified layers that have cooled down will however prevent this expansion, which, in the end,
results in the introduction of compressive residual stresses (CRS) in the upper layers (Figure 10a).
As these top layers cool down they start to shrink, but since their deformation is inhibited by the
underlining layers, TRS are formed in the top layers and CRS in the underlying layers (Figure 10b).

a) Heating as b) Cooling

Fig. 10 Temperature gradient mechanism, a) heating phase, b) cooling phase [66].

The second and the more pronounced mechanism introducing residual stresses in SLM parts is
induced by the cooling phase of the melt pool on the layer [46], [66]. As the melt pool cools down
and solidifies, it shrinks due to thermal contraction. Since this motion is again constrained by the
underlying solid structures, TRS are introduced in the top layers and CRS in the layers below, thus
reaching a state of equilibrium (Figure 11).
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Fig. 11 Formation of tensile residual stresses due to thermal contraction of the solidifying layer [46].

The accumulated residual stresses can induce strong macroscopic deformation of the SLM part,
and be so severe that they can even cause plastic deformation of the baseplate on which the part
is manufactured. This is one of the reasons for which much effort has been placed into finding
ways and methods that would minimize residual stresses. Different methods have been
developed to control and reduce residual stresses in SLM parts. These methods include in situ
preheating [44], [67]-[69], adapting scanning strategies [44], [45], or using different post
treatments such as annealing. In some instances, annealing demonstrates up to 70% reduction
of residual stresses [66], [69]. All these processes have shown improvement in reducing the TRS,
however, they remain incapable to completely remove them, or to introduce beneficial CRS that
would enhance fatigue life. In addition, post-process heat treatment cannot prevent failure
occurring during the building phase of SLM (see Figure 9).

Accumulation of TRS in large SLM-produced parts causes significant geometrical distortion issues
which can lead to important challenges, e.g. for overhangs (Figure 12) and thin wall structures,
frequently produced by SLM.

Fig. 12 Distortion of an overhang in an SLM produced part [70].
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Tensile residual stresses can also be a major cause of cracking in materials such as Ni - based
super alloys [38], [48], [49] (Figure 13). Several cracking mechanism have been reported in
literature [71]-[74], most notably Solidification Cracking and Liquation Cracking. Solidification
Cracking occurs in zones where the material is in a partially solid state (solidifying melt pool) as a
result of entrapment of remaining liquid in the interdendritic regions [72]. Due to the existence
of TRS introduced by the solidification of the material, the entrapped liquid zones can act as crack
initiation sites. Liquation Cracking was noticed in the Heat Affected Zone (HAZ) during welding
[73]. In the HAZ, phases with lower melting point are partially remelted and form a liquid film
along the grain boundaries. Since the liquid film cannot withstand the TRS induced by the
solidification shrinkage, cracks are formed in these regions. Although cracking mechanisms in
various Ni - based superalloys is still a matter of debate, all of them require TRS state which act
as a driving force for crack initiation.

Ni - based superalloys have a major importance in high temperature applications [75], [76], such
as in gas and turbine jet engines, because of their excellent creep and corrosion resistance at
elevated temperatures [77]. From an industrial perspective, however, any part containing
excessive cracks should be rejected. Thus, controlling the TRS and removing cracks is of a high
importance for promoting SLM into these fields of application.

{ Build direction 2
] I .'.I.JI,.I .{ i 8.’ ll: 2 mm

Fig. 13 Cracks in the Ni— based superalloy (CM247LC) made by SLM in the scope of this work.

Finally, TRS can have a negative effect on fatigue life of SLM parts [28]. When an external tensile
load is placed on the part, TRS in the near surface will have a cumulative effect and enhance crack
nucleation and propagation rates, resulting in a decrease of lifetime. Compressive stresses, on
the other hand, and as shown in Figure 14, tend to prevent crack initiation, or to close them
down, with a resulting beneficial effect on fatigue life. This is the main reason why having an
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ability to tailor residual stresses in SLM parts, and replace TRS by compressive RS in the near
surface region, is of paramount importance for promoting SLM to wider industrial applications.

1.3 Laser Shock Peening

Laser Shock Peening (LSP) is a well-known surface treatment. It is used for the purpose of
introducing plastic deformation and CRS into the subsurface region of the treated material. These
CRS introduced by LSP can extend several millimeters into the material and are able to counteract
the external tensile stresses applied on the part and decrease the crack propagation rate, thus
enhancing fatigue life (Figure 14) [78]-[80]. The beneficial influence of LSP was shown on a wide
range of materials such as stainless steel [80], aluminum alloys [81]—-[84], titanium alloys [79],
[85], [86], nickel based alloys [87]—[89] etc.

S = applied loading Op= compressive residual siress

Fig. 14 lllustration of the effect of TRS and CRS on crack growth [90].

The schematic of the LSP process is shown in Figure 15. The surface is first covered with an
opaque absorbent coating that is laser ablated while forming plasma on the surface. The purpose
of the opaque layer is to prevent melting and ablation of the part surface [78] while still
preserving a high surface quality. A transparent confining overlay (usually water or glass) is placed
on top of the ablative layer. A pulsed laser with a pulse duration in the nanosecond range [78],
[91] is used to vaporize the ablative layer and create a plasma which continues to absorb the
laser energy for the whole duration of the laser pulse. The hydrodynamic expansion of the heated
plasma in the confined region between the material surface and the confining overlay creates a
high —amplitude, short duration shock wave [92]-[95]. The shock wave pressure is on the order
of GPa [78], [91], [96], which can therefore be much larger than the dynamic yield strength of the
material. Once the peak pressure exceeds this threshold [97]-[99], the shock wave induces
plastic deformation and compressive residual stresses, thereby modifying near-surface
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microstructure and mechanical properties [78]. Due to the high strain rates (typically around
10°s71) [100], the LSP process can have an effect on grain size and is linked to enhanced material
properties and increased hardness at the surface and in the subsurface. LSP induced residual
stresses can reach a depth of several millimeters and influence fatigue life, wear and corrosion
resistance.

The ablative layer prevents melting and ablation of the surface, thus making LSP a purely
mechanical and cold-working process. Different materials can be used for this layer: aluminum
[93], [101]-[103], copper [104], lead [105], vinyl tape [106]—-[108], zinc [103] or black paint [94],
[109], [110]. It has been shown that black paint has the best absorption ability to standard LSP
lasers (532nm and 1064nm wavelength) [106]. If the ablative layer is not used, the laser pulse
will ablate and remelt a shallow layer of the material surface and this configuration is known as
Laser Shock Peening without Coating (LSPwC) [111]-[113]. A transparent overlay (confining
medium) is used to prevent the plasma from expanding away from the surface and to increase
the peak pressure by up to two orders of magnitude [28,29]. There are a few different media
used as a transparent layer, such as glass [106], [116], [117] or quartz [105], [106], [118], [119],
but the most widely used medium is water [93], [94], [107], [110], [120], as it is cheap and easy
to implement.

Laser beam

High presure plasma

Transparent confining layer

Ablative layer

S————
—_—

——————— = Expanding shockwave

Work piece

Fig. 15 Schematic of the LSP process, modified from [91].

In practical applications, LSP has been able to demonstrate superior results and therefore to
replace the conventional Shot Peening (SP) process. LSP achieves about 4-5 times deeper CRS
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than SP [110], [121]—-[124] and consequently leads to higher fatigue strength [125]—-[127], which
is the main beneficial effect of LSP. In addition, the LSP process leads to increased wear resistance
[128], and better surface finish compared to SP [91], [129]. Due to the induced CRS, LSP can also
be used to mitigate stress corrosion cracking [111], [130], [131] which represents a growth of a
surface crack resulting from aggressive environment and TRS. Both LSP and SP increase the
surface roughness [91], [97], [100], but contrary to SP, the surface can be polished after LSP
without significantly removing the beneficial CRS [91], which in the end leads to a lower surface
roughness [109], [110], [132]. LSP can also produce an increase in metal surface hardness of the
treated area [113], [133], [134], the magnitude of which depends on LSP conditions such as
power density [135], [136], number of impacts per unit area [93], [137], peak pressure [112],
[138], as well as the alloy type and microstructure.

LSP is a complex process with a variety of parameters such as laser energy, laser pulse duration
and frequency, number of overlapping shot repetitions, beam shape and size, material of the
ablative and confining medium, etc. All these have an impact on the process results. By enhancing
material performance, LSP enables more efficient component designs which, similarly to SLM,
can promote the decrease of the part weight, extend its lifetime and improve its performance.

LSP application

LSP was developed in the 1970s at the Battelle Columbus Laboratories in the USA [139]—[141]
while many of the theoretical foundations of the process have been placed in France [92], [114],
[142]. Over time LSP was further developed for commercial applications [143]. This is also
demonstrated by the quantity of patents, as the first two major patents were issued in 1974 [144]
and 1983 [145] respectively, and only in a five-year period (1996-2001) General Electric Company
alone has received twenty-three US patents based on LSP [109]. LSP is in fact applied in many
areas similar to those of SLM. LSP is especially used for many products in the aerospace industry,
both commercial and military. These parts include turbine blades and rotor components (Figure
16a) [146], [147], gear shafts [148], landing components (Figure 16b) [149], and bearing
components [150]. For example, General Electric Aircraft Engines applied LSP on the leading
edges of turbine fan blades which resulted in improving the durability of the fan blades as well
as the resistance to foreign object damage [147]. LSP is now being commonly used also for
treatment of gas and steam turbine blades [151]. Toshiba has been using a low energy - high
overlap rate underwater LSPwC approach for the treatment of nuclear reactors (Figure 16e)
[152]. LSP also enables service providers such as Metal Improvement Company to treat
components both off- and on-site (Figure 16c¢) [152], and components can be successfully laser
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peened regardless of their size. In addition, LSP is now also being applied in the biomedical field
to help controlling corrosion rate of medical implants (Figure 16d) [153], [154].

Reactor pressure
vessel

Fig. 16 LSP applications: a) turbine blade [155]; b) landing gear [149]; c) on-site LSP [156]; d) hip implant
[157]; e) nuclear reactor [152].
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Chapter 2 State of the art

In this chapter we will be looking at different approaches that are being investigated and
sometimes applied to address some of the inherent drawbacks of the SLM process such as the
beforehand mentioned inadequate microstructure, accumulation of TRS and its effect on
geometrical distortions, cracking and decreased fatigue life. We will show a brief overview of
these approaches and try to state the improvements that they bring, but will also explain the
limitations of each of them in order to gain an overview of the current trends in addressing these
SLM drawbacks. We will also try to compare them to the goals that have been set in this thesis.

2.1 Laser remelting

This process uses a laser to remelt previously fused material upon every built layer, or after
several layers have been produced. The power density of the laser is usually low either by
decreasing the laser power or increasing the spot size and scanning speed, such that the laser
will only remelt the previously deposited layer and not vaporize the material. Remelting effects
will vary in respect to the material itself, as well as to other parameters such as the laser power,
scanning speed and strategy. Laser remelting of SLM parts has been investigated and it has
demonstrated a decrease in part porosity, improved surface roughness of the top layer (Figure
17), finer microstructure, and increased microhardness [158]-[160], but it was able to achieve
only a partial TRS relaxation in the top layer (e.g. about 55% in [69]).

Only SLM &) | SR: 200 mmis, 37 A

TBuilding axis

Fig. 17 Decrease in surface roughness of 316L stainless steel: a) as-built SLM condition; b) sample with

TBuilding axis

remelting of the top layer [160].
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Drawbacks of the process mainly refer (i) to the longer manufacturing time since the laser beam
should make an increased number of scans, and (ii) to the inability to fully reduce the TRS. The
process is also unable to introduce beneficial CRS in the part.

2.2 Preheating

Preheating is an in situ method that is often applied to reduce the accumulation of residual
stresses during the building process. It is thought that high cooling rates lead to high TRS [69],
and that reducing thermal gradients reduces cooling rates and helps mitigating the stresses. In
order to do so, material preheating is applied which increases the powder bed temperature. The
standard process that is widely available on most of the commercially available or lab machines
is the baseplate preheating shown in Figure 18. It uses a heat source placed underneath the
baseplate to heat up the baseplate and keep it at a predefined constant temperature. However,
as the part becomes larger as it is being produced, the baseplate heating is less and less effective
in maintaining a constant temperature of the top layer of the part.

X-Y scanner

laser beam built part
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Fig. 18 Baseplate preheating in an SLM process [161].

Another preheating method consists in using another high power laser and focusing it on the part
top surface (Figure 19). Such an approach can achieve significantly higher temperatures, e.g. up
to 2500°C with ceramics [162], or 1200°C with alloys prone to cracking such as Ni-based
superalloys [163], [164].
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Fig. 19 High temperature preheating of the top surface with an additional laser [162].

Experiments on a chrome molybdenum steel (JIS SCM440) showed a clear inverse relationship
between bed temperature and TRS [69]. For example, preheating the baseplate to 160°C resulted
in a decrease of the TRS in the top layer by 40% [69]. Although baseplate preheating has shown
success in reducing TRS at higher temperatures, the temperature is usually applied up to 200°C.
Indeed, higher chamber temperatures have a beneficial effect on the TRS but have a negative
impact on mechanical properties such as yield strength and fatigue limit [165], [166].

2.3 Heat treatment

A stress-relieving heat treatment is a post treatment which involves heating the SLM part in a
furnace, and keeping it at the desired temperature for a certain period of time (Figure 20). As an
example, TRS can be reduced up to 70% in steel heated at 600°C for one hour [69]. The main
drawback of the stress relieving heat treatment is that besides adding one more step in the
processing sequence, it can only be performed after the part has been manufactured. Therefore,
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it cannot help reducing TRS during the SLM building phase, while these can sometimes cause part
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delamination/cracking and process failure.

Fig. 20 Heat treatment furnace from Borel SA at LMTM, EPFL.

2.4 Hot Isostatic Pressing (HIP)

Hot Isostatic Pressing (HIP) is a well-known thermomechanical post treatment that applies a high
pressure inert gas at elevated temperatures on a part with the primary goal of closing down
internal porosities in the bulk, and thus increasing the part density (Figure 21). Usually the applied
pressure does not exceed 200 MPa, while the temperature can reach up to 2000°C [167], [168].
It has been widely used for cast parts in applications where the density is of crucial importance,
e.g. in aerospace and medical fields [167], [168]. It is also widely applied on SLM parts with the
goal of increasing the density [169], [170]. Based on the HIP parameters such as the defined
temperature, pressure, duration of the process and similarly to the effects of the heat treatment
post process, some of the residual stresses can be relieved.
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Fig. 21 Schematic of the HIP process [171].

As with the heat treatment, HIP is a post process and thus cannot address problems that occur
during the building phase of SLM, such as cracking and delamination. Another disadvantage
relates to the temperature level and holding time needed for the porosity closure which
promotes substantial grain growth in most metallic alloys, with detrimental effects on properties
such as the vyield strength [170], [172], [173]. This undesired microstructure evolution may
remove some or all of the beneficial effects of the increased density. It should be mentioned that
with the constant development of the SLM process and the accompanying increase in the
obtained densities, there is less and less a strict requirement for HIP treatments intended to close
down porosities.

Furthermore, the equipment needed to achieve and sustain high pressures at elevated
temperatures is complex and expensive. There is therefore a strong motivation to find cheaper
and less time consuming methods to address the drawbacks of the SLM process.

23



2.5 Hybrid Selective Laser Melting processes

The concept of hybrid SLM process consists of an in situ application of a conventional
manufacturing process such as milling [174], or a surface post treatment such as sliding Severe
Plastic Deformation (SPD) [175], Shot Peening [175], or Laser Shock Peening [176] during the
building phase of Selective Laser Melting, with the goal of improving some of the properties of
the produced part.

2.5.1 Selective Laser Melting and machining

Hybrid Selective Laser Melting processes coupled with in situ machining are additive — subtractive
processes in which after a certain number of SLM layers, a machining (milling) step is applied
(Figure 22). Hybrid SLM and machining is most widely explored hybrid SLM process and such
machines produced by the Japanese company Matsuura are already available [174].

Fig. 22 Machining step during Selective Laser Melting [174].

By sequentially applying a milling step during SLM, parts with improved surface finish and
geometrical accuracy can be produced. This is especially important for parts with complex
geometries such as conformal cooling channels, since they are usually difficult to polish in a post
processing step. Although this approach can improve the geometrical accuracy of the produced
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part, it is not able to address other drawbacks such as delamination and cracking, or decreased
fatigue life due to TRS or inappropriate microstructure.

2.5.2 Selective Laser Melting and Sliding Severe Plastic Deformation

Severe Plastic Deformation (SPD) surface post treatments are used to increase the strength of
metals by grain refinement due to very large plastic deformation [175], [177], [178]. Sliding SPD
is one such treatment that was investigated as a potentially suitable candidate for developing an
in situ hybrid SLM process [175]. Similarly to conventional milling, sliding SPD uses a tool and a
multi axis motion to treat the surface of the part. Unlike milling, the lead angle of the tool is
negative and hence it does not cut the material, but instead causes surface deformation, as
shown in Figure 23. As the tool moves through the surface of the part, a prow is created in front
of the tool and the material is plastically deformed, thereby introducing CRS in the near surface
region.
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Fig. 23 Schematic of the sliding SPD process [175].

Book and Sangid have performed Sliding SPD on AISi1OMg [175] and have shown beneficial
effects when the process is repeatedly applied during the building stage of SLM. An increase in
microhardness of 20-25%, up to 300 microns from the surface, which gradually decreases back
to the baseline values around the depth of 1mm, accompanied with grain refinement, were
reported.
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One of the disadvantages of the process is related to the high roughness of the as-built condition:
surface peaks fold into adjacent valleys, which leads to the initiation of cracks. The authors
suggest however that such surface cracks might be re-solidified and closed during subsequent
remelting. Another disadvantage of the process is the low productivity, since the applied tool
velocity is reported only around SmS—m. Studies were done on AISi10Mg, and the higher hardness

of steel, titanium or nickel based alloys, widely processed by SLM, might cause wear problems
for the tool. An additional drawback of this process is the difficulty to apply it selectively over a
portion of an SLM layer, since around the treated zone a prow would be created which might
collide with the powder coater and pose a problem during subsequent layer deposition. Another
concern is that due to the horizontal (lateral) component of the applied force on the surface of
the part, the process might deform thin walls of an SLM cross section, thus making it unsuitable
for fine features and complex SLM geometries.

2.5.3 Selective Laser Melting and Shot Peening

Shot Peening (SP) is a cold work surface treatment process, in which a stream of high velocity
beads is directed on a surface of a part (Figure 24). Upon contact, the kinetic energy of the shot
particle is transferred to the surface of the part creating plastic deformation in the near-surface
zone, thereby inducing compressive residual stresses and thus improving the fatigue life of the
part [179].
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Fig. 24 Shot Peening of turbine blades with high velocity beads [180].

Although SP is widely used as a post treatment of SLM parts [181]-[183] to improve surface
roughness and increase fatigue life, there are technical limitations for its application within an in
situ process. The most obvious one is the contamination of the powder bed by the shot peening
media, usually 0.6 to 1mm in diameter [175], [184], exceeding by far the size of SLM powder
particles, or the SLM layer thickness. Book and Sangid have, in their study on AISi10Mg [175],
proposed the use of Fine Particle Shot Peening (FPSP) in which the shot particles would be the
SLM powder itself. But due to the smaller size of the shot peening medium and thus a significantly
decreased kinetic energy, the corresponding effects on microhardness and microstructure were
negligible. As suggested by the authors, a potential solution would consist in increasing peening
time. One can actually doubt that improved processing parameters would lead to a sufficiently
deep affected zone such that the introduced beneficial changes are not thermally cancelled out
by the subsequent SLM rebuilding steps.
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2.5.4 3D LSP - SLM and Laser Shock Peening

3D Laser Shock Peening (3D LSP) is a novel hybrid approach in Additive Manufacturing (AM)
patented [185] during the course of this PhD work by the Laboratory of Thermomechanical
Metallurgy (LMTM) at the Ecole Polytechnique Fédérale de Lausanne (EPFL). The novelty of this
approach is the introduction of Laser Shock Peening (LSP) during the building phase of Selective
Laser Melting (SLM), in order to better control the microstructure, selectively increase hardness,
tailor residual stresses and consequently reduce distortions, decrease crack density and increase
fatigue life of SLM parts (Figure 25). The approach may reduce and potentially eliminate the need
for post processing, while improving mechanical properties of the finished part anywhere in the
bulk of the material. 3D LSP is able to convert the near-surface detrimental TRS inherent to the
SLM process into more beneficial CRS [186], over a larger depth [176] compared to conventional
2D (surface) LSP. The improvement comes from the periodic use of LSP throughout the volume
of the part, while it is being built by SLM, instead of just as a surface treatment of a finished part.
Performing LSP treatment periodically does provide an accumulated beneficial effect [176]. This
means that all well-known improvements of the conventional LSP process are no longer limited
just to a shallow depth below the surface layer: with 3D LSP, the treatment can be introduced
selectively throughout the bulk of the material. Mechanical properties of the produced part are
also tailored and selectively improved, with the possibility of addressing the critical sections that
are otherwise difficult to reach with conventional methods (internal voids, lattice structures,
etc.).

Control of Residual
Stresses

Fatigue life

Fig. 25 Schematic of the 3D LSP process and the scope of its beneficial effects.
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In order to successfully apply LSP during the SLM building step, water as a confining medium has
to be avoided due to the powder bed used in the SLM process. As a substitute, an automated
device with a solid state confinement shown in Figure 26 has been devised. The automated
device can, depending on the application, be comprised out of a multilayered system that
includes both a confining and an ablative layer.

3D LSP multilayered
device

|l

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE

Fig. 26 lllustration of the 3D LSP system.

A schematic of the main components of the 3D LSP process is shown in Figure 27 [185]. The SLM
process is done in a repetitive manner, with an SLM laser in a continuous mode (1), directed with
a scanning head (2) onto a surface of freshly deposited powder. After a layer is selectively
scanned, the building platform (3) is lowered by the thickness of the SLM layer and the hopper
(4) deposits fresh powder (5). After a certain number of SLM layers, the mentioned multilayered
device comprised out of a confining layer (8) and an ablative layer (9) is activated and covers the
surface of the previously built SLM layer. Then, as in conventional LSP, a nanosecond laser in a
pulsed mode (10) is applied, creating a high pressure shock wave at the surface of a previously
solidified SLM layer and introducing plastic deformation and compressive residual stresses in the
part. The number of SLM layers after which the LSP is applied is dependent on the material and
on the desired volume and depth of CRS meant to be introduced to the material. After the LSP
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treatment, the device is moved and the SLM building process is continued. During this period, a
new ablative layer (12) is introduced to the bottom side of the confining layer (8) so that it is
ready for its next application. The old ablative layer is removed (as a consumable) and winded on
an exchangeable reel system (11). The operation sequence is repeated until completion of the
part (6), after which the unused powder (7) is removed and recycled. As in a conventional SLM
process, optional preheating can be applied (15, 16).
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Fig. 27 Schematic illustration of the LSP process: 1. SLM laser, 2. Scanning head, 3. Building platform, 4.
Hopper, 5. Fresh powder, 6. Part during the building phase, 7. Unused powder, 8. Confining layer, 9.
Ablative layer, 10. Pulsed laser, 11. Exchangeable reel system 12. Reel with the unused ablative layer,
13.Excess ablative layer on a reel, 14. Preheating cord, 15. Preheating plate [185].

2.6 Comparison between different approaches

The disadvantages of the SLM process have been identified a long time ago, and numerous
techniques and mechanisms have been developed or combined in an attempt to reduce or even
completely remove them. In this chapter we have tried to briefly introduce some of the proposed
literature solutions, analyzing some of their most evident advantages and disadvantages. A
comparative summary is given in Table 1.
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It can be observed that, while majority of these approaches have managed to reduce TRS to a
certain extent, with associated improvements in geometrical accuracy, some of them have
however created unwanted counter-effects such as increased grain size and undesired
microstructure. More importantly, most of these methods are incapable of selectively
introducing a beneficial (compressive) stress state, which limits any improvement in fatigue life
or tendency for delamination or cracking during the SLM building phase.
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Chapter 3 Scope of the Thesis

The purpose of this chapter is to define the thesis statement and the main objectives that were
addressed. In addition, we will give an outline of the thesis and explain its structure.

In the first two chapters we have given an insight in the field of Additive Manufacturing and more
precisely Selective Laser Melting. We have addressed the major advantages they are bringing to
the manufacturing community in the light of their rapid market share growth, but have also
described the inherent drawbacks which are currently limiting their widespread applications. We
have shown different literature approaches addressing these drawbacks, and analyzed the main
advantages and disadvantages of each process. We have further described 3D Laser Shock
Peening (3D LSP) as the process on which this thesis will concentrate. The announced potential
advantages of 3D LSP, summarized in Table 1 and compared to the other literature methods, will
be substantiated in the coming chapters. The main topics addressed in this thesis can be
summarized as:

gLaser Shock Peening leads to: \

e Selective conversion of detrimental (tensile) to beneficial (compressive) residual

stresses in the bulk of an SLM part

e A selective increase in stored energy allowing for 3D microstructure design by playing
on the local hardness and possible recrystallization by post heat treatment

e Anincrease in geometrical accuracy of SLM parts

e A substantial increase in SLM parts fatigue life

e A significant reduction in crack density in alloys prone to SLM cracking (e.g. Ni — based
k superalloys) /

Thesis outline and objectives

The objective of this thesis is to experimentally show and quantify improvements of the SLM
process by the 3D LSP approach in five different areas which are described in the above thesis
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statement. The results reported in this work are meant to attract further interest both from
academia and industry such as to intensify activities in this field.

The thesis is constructed in a cumulative manner and its core is comprised out of a collection of
six distinct paper manuscripts which have been published, submitted, or are about to be
submitted to international peer-reviewed journals. All 6 papers focus on different aspects of the
3D LSP process which have never been investigated so far, and are tracing paths in different fields
described in the thesis statement. They all connect to experimental results accumulated during
the course of the four years of this PhD work.

The manuscript is divided in 10 chapters, laid down as follows:

Chapter 1 — Introduction. This chapter gives a brief introduction to the Additive Manufacturing
field, and more precisely Selective Laser Melting with its main applications, advantages and
inherent disadvantages. Finally the basics of the of conventional surface Laser Shock Peening
treatment are provided.

Chapter 2 — State of the art. Major drawbacks of the SLM process and the state of the art in
different approaches to improve them are explained. Advantages and disadvantages of each
method are detailed, and a comparisons to the 3D LSP process are given.

Chapter 3 — Scope of the thesis with the thesis statement, objectives and structure outline.

Chapter 4 — Tailoring residual stress profile of Selective Laser Melted parts by Laser Shock
Peening. In this chapter we have addressed the ability of conventional LSP treatments to convert
tensile residual stresses into more beneficial compressive residual stresses, in parts made by
SLM. This represents an initial feasibility study for which the results were not easily anticipated
due to the total absence of literature in that area, and the rough surface state of SLM parts in the
as-built surface condition which was expected to cause trouble.

Chapter 5 — 3D Laser Shock Peening — a new method for the 3D control of residual stresses in
Selective Laser Melting. This chapter has addressed the way the 3D LSP process develops a
residual stress field. The main issue was to evaluate whether the introduced CRS would be
thermally relaxed by the subsequent rebuilding steps of the SLM process, or instead if they would
accumulate and improve (in magnitude / penetration depth) compared to those encountered in
conventional surface LSP post treatments.

Chapter 6 — Laser shock peening: a promising tool for tailoring metallic microstructures in
selective laser melting. Here we address the ability of LSP to selectively increase the stored
energy in an SLM part. The effect is demonstrated from the resulting changes in recrystallization
kinetics during a post heat treatment. The paper therefore demonstrates the possibility to tailor
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the microstructure in 3D, alternating between recrystallized equiaxed grains in areas of interest
(LSP treated), and the as—built columnar microstructure (non treated zones).

Chapter 7 — 3D Laser Shock Peening as a way to improve geometrical accuracy in Selective Laser
Melting. In this manuscript we describe the ability of 3D LSP to decrease geometrical distortions
in parts caused by SLM induced TRS. The 3D LSP process is shown to be able to compensate for
the tensile stresses by selectively introducing counteracting CRS.

Chapter 8 — Hybrid Additive Manufacturing of ultra-durable metal parts. Chapter 8 represents
one of the most important outputs of the whole 3D LSP process. In this chapter we have shown
that by accumulating CRS in the subsurface region of an SLM part, we are able to increase fatigue
life in bending by more than 57 times compared to conventionally made material, and by more
than 15 times compared to SLM samples in the rough as — built surface state.

Chapter 9 — Reducing crack density in Selective Laser Melting by 3D Laser Shock Peening. This
chapter describes the ability of the 3D LSP process to decrease the crack density in a Ni — based
superalloy by a staggering 95%. With further optimization of 3D LSP parameters the ability to
process crack free parts out of such alloys seems to be at a grasp. Currently such alloys are not
sold on the market due to the excessive amount of (crack) defects.

Chapter 10 — Conclusions and future perspectives. We summarize the various benefits of the 3D
LSP process which were investigated during the thesis. We also describe potential paths for
further research in this field.
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Abstract

The paper describes a new approach in controlling and tailoring residual stress profile of parts
made by Selective Laser Melting (SLM). SLM parts are well known for the high tensile stresses in
the as — built state in the surface or subsurface region. These stresses have a detrimental effect
on the mechanical properties and especially on the fatigue life. Laser Shock Peening (LSP) as a
surface treatment method was applied on SLM parts and residual stress measurements with the
hole - drilling method were performed. Two different grades of stainless steel were used: a
martensitic 15-5 precipitation hardenable PH1 and an austenitic 316L. Different LSP parameters
were used, varying laser energy, shot overlap, laser spot size and treatments with and without
an ablative medium. For both materials the as-built (AB) residual stress state was changed to a
more beneficial compressive state. The value and the depth of the compressive stress was
analyzed and showed a clear dependence on the LSP processing parameters. Application of LSP
on SLM parts showed promising results, and a novel method that would combine these two
processes is proposed. The use of LSP during the building phase of SLM as a “3D LSP” method
would possibly give the advantage of further increasing the depth and volume of compressive
residual stresses, and selectively treating key areas of the part, thereby further increasing fatigue
life.

1. Introduction

Selective laser melting (SLM) is a part of a large family of Additive Manufacturing (AM) processes.
Over the last decades more than thirty different types of Additive Manufacturing processes have
been developed [1], [2], with SLM being one of the most researched over the past years.

However, although the mechanical properties have become close to those of bulk materials [3]-
[14], SLM has some inherent drawbacks such as warping, cracking and detrimental tensile
residual stresses (TRS). A large degree of shrinkage occurs during liquid - solid transformation,
thus accumulating considerable tensile residual stresses on the surface of the SLM produced
components. The complex residual stresses (RS) that arise during cooling are regarded as key
factors responsible for the distortion and even delamination of the final parts [9], [10], [15]-[17].
These residual stresses may even cause process failure during the building phase [18].

The last melted layer shrinks during cooling while the layer underneath, already solidified
constrains it and prevents further shrinking [15], [16]. Since this mechanism occurs for each layer
at each step of the SLM process, large tensile residual stresses accumulate inside the
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manufactured component which cause significant and detrimental anisotropy of the mechanical
properties of produced parts [5], [17], [19]-[21], thus limiting their application.

Different methods have arisen to reduce residual stresses. In situ heating (e.g. build plate heating;
reheating of the melt pool) is commonly used [15], [22]. Adapting scanning strategies can also
have a strong impact on residual stresses [15], [23]. As a post treatment, annealing is widely used
and has demonstrated in some cases a 70 percent reduction of residual stresses [24]. Although
these methods have demonstrated certain improvements of the final residual stress state, they
have shown to be unable to completely remove tensile residual stresses. In the case of annealing,
as a post treatment it is limited to addressing this issue only after the building process is done,
and as such it cannot address the issue of stress accumulation that can cause process failure.

In the present paper, a novel strategy is proposed for tailoring residual stresses in parts
manufactured by SLM by using another laser treatment — Laser Shock Peening. The goal of this
approach is to fully transform the residual stress state from a detrimental tensile to a beneficial
compressive residual stress (CRS) in the near surface region. Additional benefit of the proposed
approach is that it might be introduced as an in situ treatment during the SLM process.

Laser Shock Peening (LSP) is a high strain rate (on the order of 10°s~1) [25], surface treatment
process, that is similarly to Shot Peening (SP) and Ultrasonic Shot Peening (USP) used to introduce
compressive residual stresses and plastic deformation into the surface of the material. The
compressive stress can reach a depth of several millimeters and may counteract some or all of
the tensile stress, decrease the crack propagation rate, effectively reduce the stress intensity
factors, enhance the fatigue crack closure effect and increase the critical stress of crack
propagation, thus improving the fatigue performance of metal materials (Figure 1) [26]—[29]. This
positive effect of LSP was shown on many different materials such as aluminum alloys [25], [26],
[30], [31], titanium alloys [28], [32], [33], nickel based alloys [34]-[36], stainless steel [29] etc.
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Fig. 1 Effect of tensile and compressive stresses on the crack growth propagation.

It has been shown that the residual stresses can be directly related to the fatigue life of samples
[25], [27]1-[29], [31]-[33], [37], [38] with a clear beneficial effect of compressive stresses in the
near surface region. It was also observed that the depth of the compressive residual stresses has
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a direct influence on the fatigue life. The larger the depth, the longer CRS will interact with the
surface crack, resulting in a slower crack propagation and a longer fatigue life. Compared to other
similar processes such as Shot Peening (SP) or Ultrasonic Shot Peening (USP), LSP treatment
introduces CRS to a larger depth, thus leading to an increase in fatigue life of LSP samples
compared to SP and USP samples [27], [32], [39], [30], [40]-[42]. The proposed strategy of
combining SLM with LSP has a goal of further increasing the depth and amount of CRS in the near
surface region.

2. Experimental setup

2.1 Material

Materials used in this paper are two grades of stainless steel, PH1 and 316L. PH1 with a standard
denomination 15-5 PH, is a martensitic precipitation hardenable stainless steel made by the SLM
machine producer EOS (EOS GmbH, Germany). PH1 has an ultimate tensile strength (UTS) of 1150
MPa [43] and provides excellent mechanical properties, especially in the precipitation hardened
state. It is widely used in medical, aerospace and other engineering applications requiring high
hardness and strength. PH1 samples were produced on an EOSINT M280 additive manufacturing
machine, with a closed set of parameters and a fixed scanning strategy provided by the machine
producer for this powder.

316L is a widely used austenitic stainless steel and has an UTS of 760 MPa [44]. The powder that
was used was DIAMALLOY 1003 obtained from Sulzer Metco, Switzerland. These samples were
produced on a Concept laser M2 (Concept Laser GmbH, Germany) machine equipped with a fiber
laser operated in continuous mode at a wavelength of 1070 nm and a spot size of 90 microns.
The parameters laser power, scanning speed, hatch distance and powder layer thickness were
125 W, 600 mm/s, 0.105 mm and 0.03 mm, respectively. A bi-directional scanning strategy that
was parallel to the part edges was used in every layer without a change in scanning direction
between layers. This was done to deliberately create large tensile residual stresses and to show
the ability of the LSP process to address even such stresses and to convert them to CRS.

The chemical composition of both PH1 and 316L stainless steel is shown in Table 1.
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Cr Ni Cu Mn Si Mo Nb C Fe

PH1 | 14-15.5| 3.5-55 2.5-4.5 max 1 max1l | max0.5 | 0.15-0.45 | max.0.07 | Balance

316L 17 12 / / 2.3 2.5 / 0.03 Balance

Table 1 Chemical composition of PH1 and 316L stainless steel, wt.% [43].

2.2 Laser Shock Peening

Laser shock peening (LSP) experiments were made at the PIMM laboratory at CNRS-ENSAM
Paristech [45]. The laser source used is a 7.1 ns at 532 nm Nd:YAG GAIA - class laser from Thales
Laser company. The beam spatial energy distribution is “top-hat” and the pulse shape is near -
Gaussian. LSP processing parameters are shown in Table 2. Round laser spots of 1, 2 and 5 mm
diameter were used with the laser energy of 0.4, 1.6 and 10J respectively. This ratio of the spot
size and the energy kept the power density constant at 7.2 GW/cm?2. The pressure at the surface
of the treated part was estimated at 4.7GPa using an empirical equation P (GPa) =
1.75 \/1_0(% [46]. Pulse frequency was 1Hz, and the overlap of 40% was used for all spot sizes
with and without a protective ablative coating. Also one sample with an overlap of 80% was
treated with a 1mm spot size without an ablative coating. In order to avoid ablation of the surface
of the samples, in some cases an ablative layer was used. For this purpose a sacrificial aluminum
tape of 70um thickness from 3M™ was placed on top of the sample. In other cases, the ablative
layer was not applied, and the results in these two conditions were compared.

Spot size E () Io (GW/cm?) P (GPa) Frequency (Hz)
(mm)
1 0.4 7.2 4.7 1
2 1.6 7.2 4.7 1
5 10 7.2 4.7 1

Table 2 LSP processing parameters: spot size; E - laser energy; I,- power density; P - estimated pressure
at the surface; frequency.
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2.3 Residual stress determination using the hole drilling method

Residual stresses have been measured with the hole drilling method (HDM) according to the
ASTM standard E837 [16], [47]. It is a widely used technique for the determination of in depth
residual stress profiles in parts especially after surface treatments such as LSP, USP, SP [47]-[52].
The measuring device is the RESTAN-MTS 3000 from SINT Technology (Figure 2a). A 1,8mm
diameter hole is drilled into the piece to be analyzed. Residual stresses relax at the hole location
causing strains also to change. A strain gauge rosette with three grids measures these strains
(Figure 2b). Residual stresses are given by the theory of Kirsch [53], adjusted with experimental
coefficients for blind hole analysis. Residual stresses were measured at a total of 36 points from
the surface up to 1mm in depth. Since the goal was to achieve more precise results of residual
stresses in the near surface region, a variable depth increment was applied. In the region from
the surface up to the depth of 100um, measurements were made every 10um. From 0.1mm up
to 0.5mm in depth, measurements were made every 25um, and from 0.5mm up to 1mm every
50um.

Fig. 2 a) Hole drilling device RESTAN-MTS 3000 from SINT Technology; b) sample with attached strain
gauge rosette for HDM.
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3. Results and discussion

3.1 PH1 stainless steel

Figure 3 shows some of the most important parameters of a residual stress curve. These are the
maximum amount of CRS - Max CRS, depth at which maximum CRS are observed — Depth of max
CRS, depth at which change from CRS to TRS — Depth of CRS, and the value of CRS in the near
surface region, at the depth of 20um — Surface RS.

Residual stress profile
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Fig. 3 Residual stress curve with the most important parameters indicated: Max CRS — maximum amount
of CRS; Depth of max CRS - depth at which maximum CRS are observed; Depth of CRS - depth at which
residual stresses change from CRS to TRS; Surface RS - value of CRS in the near surface region, at the
depth of 20um.

Residual stress measurements of the PH1 samples made by SLM in the as — built (AB) state show
a low amount of compressive residual stresses (CRS) in the near surface region up to the depth
of 183um (Figure 4). Compressive residual stress in this near surface region of SLM samples is a
rare observation. However, it was also observed that welded joints of martensitic stainless steels
have such compressive residual stress state in the near surface zone [54]—[56]. The reason for
their occurrence is that martensitic stainless steels experience a phase transformation during the
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cooling period. During this phase change, the crystal lattice expands and the accumulated
stresses due to the shrinkage are relaxed and inversed to a small negative value (i.e. to a
compressive residual stress value) [44].

The maximum amount of the observed CRS is -230 MPa at the depth of 94um which represents
a 20% of its UTS of the material which is 1150 MPa. The value of the surface RS is -41 MPa (4% of
the UTS). Beyond 183um, the residual stress state changes towards tensile state. Above the
depth of 183um where the stresses are neutral, we can observe a sudden increase in TRS up to
the depth of around 340um where the TRS have a value of 435 MPa (38% of the UTS). Beyond
this point we can see a slower increase in the amount of tensile stresses throughout the whole
depth of the measurement.

Other samples made by SLM were treated with Laser shock peening. Table 3 gives an overview
of results of residual stress measurements done on samples in the as-built and LSP treated state
and a graphical representation is given in Figure 4.

Max CRS [MPa] Surface RS [MPa] /
Depth of max
LSP treatment / percentage of CRS [1m] Depth of CRS [um] percentage of the
the UTS [%] H uTS [%]
1mm 40% NC -421 /37 142 406 -117 /10
1mm 40% C -530/ 46 115 403 -187 /16
2mm 40% NC -401/ 35 136 495 -103/9
2mm 40% C -494 / 43 120 647 -165/ 14
5mm 40% NC -325/28 139 620 -69/6
5mm 40% C -412 / 36 113 788 -163 /14
> 1mm (-266 MPa at
1mm 80% NC -798 / 69 247 1mm) -169/ 15
AB state -230/ 20 94 184 42 /4

Table 3 Results of RS measurements: Max CRS / normalized by UTS; depth of max CRS; depth of CRS;

Surface RS / normalized by UTS. Measurements are made in the as- built state (AB), or with LSP

treatments of 1, 2 and 5mm, 40 and 80% overlap, and with and without an ablative coating (C/ NC).
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Residual stress profile
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Fig. 4 Residual stress curves measured for samples in the as—built and different LSP treated states.

3.1.1 Maximum value of CRS

3.1.1.1 LSP treatment without an ablative coating

For an LSP treatment without an ablative coating (Figure 5), maximum CRS are -421 MPa for 1mm
spot size (37% of the UTS), -401 MPa (35%) for 2mm and -325 MPa (28%) for 5mm, and they are
observed at similar depths (136-142um). These values make a significant improvement of 17%,
15% and 8% of the UTS respectively, compared to the as — built state which has CRS of -230 MPa
(20%) at a depth of 94um. It can be observed that smaller spot size leads to larger maximum
values of residual stresses. This effect was observed in literature [57] and it is presumed that
since LSP with smaller spots is more often applied for a same surface area compared to LSP with
larger spots, the effect is more pronounced. It is somehow equivalent to a higher number of
shots, which is discussed in section 3.1.4.
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Residual stress profile
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Fig. 5 Residual stress curves measured for samples in the AB and LSP treated states without an ablative
coating.

3.1.1.2 LSP treatment with an ablative coating

Similar trends are observed in treatments with an ablative coating: -530 MPa for 1Imm (46% of
the UTS), -494 MPa (43 %) for 2mm and -412 MPa (36%) for 5mm. In this case, this maximum
values are higher compared to the treatment without the ablative coating and they are observed
closer to the surface (113-120um). These values represent an even larger improvement
compared to the as — built state of 26%, 23% and 16% of the UTS respectively which is shown in
Table 4. Also an increase in CRS for LSP treatments with an ablative coating compared to those
without an ablative coating can be observed. This is explained by the protective role of the
ablative coating, since the plasma is created on its surface and not on the surface of the SLM
sample. This prevents ablation and local melting of the sample surface and creation of TRS due
to this melting. When the ablative coating is not applied, these TRS are decreasing the overall
effect of the LSP process in both the max value of CRS and their depth.
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LSP treatment Max CRS compared to the AB state, and Surface RS compared to the AB state, and
normalized by UTS; normalized by UTS;
[%] of UTS [%] of UTS

1mm 40% NC 17 6

1mm 40% C 26 12

2mm 40% NC 15 5

2mm 40% C 23 11

5mm 40% NC 8 2

5mm 40% C 16 10

1mm 80% NC 49 11

Table 4 Percentage of increase of maximum and surface CRS compared to the as built state and
normalized by UTS.

3.1.2 Depth of CRS

3.1.2.1 LSP treatment without an ablative coating

If we look at the values of the depth of CRS, it can be observed that larger spot sizes lead to larger
depths of CRS. For an LSP treatment without an ablative coating (Figure 5), compressive residual
stresses are observed up to depths of 406um, 495um and 620um for laser spots of Imm, 2mm
and 5mm respectively. This represents an increase compared to the as — built state of 121%,
169% and 278%. It can be observed that a smaller spot size leads to a smaller affected depth. This
is due to the 2D attenuation of shock waves which occurs for smaller spot sizes, and that leads
to decreased affected depth of the LSP treatment [27], [42], [58].

3.1.2.2 LSP treatment with an ablative coating

For samples treated with LSP treatment with an ablative coating (Figure 6), compressive residual
stresses are observed up to the depth of 403um, 647um and 788um for laser spots of 1Imm, 2mm
and 5mm respectively. This represents an increase compared to the as — built state of 119%,
252% and 329%. Similarly to the LSP treatment without an ablative coating, smaller spot size
leads to smaller affected depths due to the 2D attenuation of shock waves [27], [42], [58]. Here,
it can also be observed that the ablative coating due to its protective role, prevents local melting
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on the sample surface and thus enhances the overall effect of the LSP process. This has also an
effect of further increasing the depth of compressive stresses. In the case of a 2mm spot size an
increase from 495um to 647um was observed and for the 5mm spot size an increase from 620um
up to 788um. Compared to the AB state, this is an improvement from 169% to 252% for 2mm,
and 278% to 329% for a 5mm spot size.

Residual stress profile 1v2v5mm with coating (C)
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e— AB 1mm 40% C ) mm 40% C e 5mm 40% C

Fig. 6 Residual stress curves measured for samples in the AB and LSP treated states with protective
coating.

3.1.3 Surface residual stresses

If we look at the values of the surface RS, it can be observed that the smaller spot sizes lead to
larger CRS. The same tendency was observed in sections 3.1.1 and 3.1.2 in the case of the
maximum amount and the depth of CRS. For samples treated without an ablative coating residual
stresses are -117 MPa (10%) for 1mm spot size, -103 MPa (9%) for 2mm and -69 MPa (6%) for
5mm. This makes an increase of 6%, 5% and 2% of the UTS respectively, compared to the as —
built state which has CRS of -42 MPa (4%).

For samples treated with an ablative coating, measured surface RS are -187 (16%), -165 (14%)
and -163 MPa (14%) for 1, 2 and 5mm spot size respectively. This represents an increase
compared to the AB state of 12%, 11% and 10% of the UTS. In the case of all 3 spot sizes, we can
again see a significant influence of the ablative coating on the amount of CRS in the near surface
region. For a 1mm spot size we can observe an increase from -117 MPa (10%) to -187 MPa (16%),
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for 2mm from -103 MPa (9%) up to -165 MPa (14%) and for the 5mm from -69 MPa (6%) up to -
163 MPa (14%) in the uncoated/coated state respectively.

3.1.4 Overlap rate

One sample was treated with a higher overlap rate of 80% and without an ablative coating. For
this sample the smallest spot size of Imm was used, as this value might be preferential for the
LSP treatment of small and complicated parts made by SLM. These measurements showed a high
increase in all the important features of the residual stress profile. Maximum residual stresses
were -798 MPa (69%), observed at a depth of 247um, compared to -421 MPa (37%) at 142um
for Imm 40% overlap LSP treatment done also without a coating. These values represented the
largest increase compared to the AB state with 49% increase of the UTS in the amount of CRS
and a 163% increase in depth of the maximum CRS. Surface RS were -169 MPa (15%), which was
an increase of 11% of the UTS compared to the AB state. Depth of the CRS, was above 1mm which
was the range of the measurement. At the depth of 1mm they were still compressive with a value
of -266 MPa (23%). With an increase by a factor of 2 in the overlap rate from 40% to 80%, we
have an increase by a factor of 9 of the total number of shots on the treated surface. This large
increase in the total number of shots leads to a significant increase in all measured RS
parameters, i.e. maximum CRS, depth of max CRS, depth of CRS and surface RS, shown in Figure
5.

3.2 316L stainless steel

Since the PH1 SLM samples in the as built state showed unusual CRS in the near surface region,
316L SLM samples were used to show the potential of the LSP treatment on other materials and
the ability to fully transform TRS to CRS. 316L was chosen because of its wide spread application,
but also because it is an austenitic stainless steel that has a TRS state in the near surface region
that is more common for SLM parts. The characteristic values in the AB and LSP treated states
are shown in Table 5 and the curves of both samples made of 316L and PH1 with same treatments
in Figure 7.

In the AB state, we observed TRS in the whole range from the surface up to the 1mm depth. The
maximum value in the near surface region was 342 MPa at about 131um which represents 45%
of the UTS of the material (760 MPa).
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LSP treatment with a 1mm spot size, no coating and 40% and 80% overlap was done. For the
sample treated with a 40% overlap, CRS were observed up to the depth of 416pum. The maximum
value of CRS was 266 MPa (35%) at 128um, and surface RS were -103 MPa (14%). For the sample
treated with an 80% overlap, CRS were observed up to the depth of 804um. The maximum value
of CRS was -729 MPa (96%) at 94um and in the surface region -418 MPa (55%) at a 20um depth.
The maximum value of CRS represents 96% of the UTS of the material which indicates material
strain hardening due to the high number of LSP shots on the surface in the 80% overlap LSP
condition.

Tensile residual stresses are very efficiently converted to compressive residual stresses for 316L
samples, and the asymptotic profile is qualitatively similar to that of the PH1 samples.

Surface RS
Max RS[MPal/ depth of max RS [MPa]/
LSP treatment percentage of depth of CRS [um]
the UTS (%] [um] percentage of
the UTS [%]
316L-AB 342 /45 131 / 105/ 14
316L-1mm 40% NC -266 / 35 128 416 -103 /14
316L-1mm 80% NC -730/ 96 94 804 -418 / 55

Table 5 Results of RS measurements: maximum RS / normalized by UTS; depth of maximum RS are
observed; depth of CRS; surface RS /normalized by UTS. Measurements are made in the as- built state
(AB), or with LSP treatments of 1mm, 40 and 80% overlap, without an ablative coating (NC).
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Residual stress profile PH1 vs 316L
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Fig. 7 Residual stress curves measured for both PH1 and 316L samples in the AB and LSP treated states

without an ablative coating. Spot size was 1mm and overlaps 40% and 80%.

4. Conclusions

In this paper, the capability of the LSP treatment to alter the residual stresses of SLM parts was

demonstrated. It was shown that in the case of the martensitic PH1 stainless steel, the maximum

amount, depth of the profile and amount in the near surface region of the beneficial CRS can be

drastically increased. Also, for the austenitic 316L stainless steel, the highly tensile state of the

AB sample was changed to a beneficial CRS state. Various LSP processing parameters were used,

with and without an ablative coating. It can be concluded that:

Laser shock peening can be used to effectively and easily change the residual stress
profile. Even with a single pass, the RS changes from tensile to compressive in the case
of 316L, or in the case of PH1, the values of CRS are drastically increased and observed
to larger depths.

Smaller spot size leads to larger amount of residual stresses both in the near surface
region and in the depth. These trends were observed both with and without an
ablative coating.

Larger spot sizes lead to increased depths of CRS.

Ablative coating leads to larger and deeper CRS. This is true for the entire profile, in
particular in the near surface region (at 20um) and at the maximum value of CRS.
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e When using an ablative coating the CRS increase is more pronounced for spot sizes of
2 and 5mm.

e Higher overlap rates (80%) lead to higher CRS and a deeper CRS profile. Although
these LSP parameters give significantly better results, the associated higher number
of impacts leads to longer processing time.

Further investigations will be done on the effect of the LSP treatment on the microstructure and
the fatigue life of SLM parts. Also, the possibility of combining LSP treatment with SLM into a
single machine will be addressed. The goal of using LSP during the building phase of SLM as a “3D
LSP” method would be to tailor residual stresses throughout the part, especially focusing on
critical points and in the near surface zone. This would possibly lead to increased depth and
volume of CRS in the near surface region, which is known to have beneficial effects on fatigue
life. Another goal would be to reduce the accumulation of TRS during the building phase, to avoid
process failure for certain materials which are hard or even impossible to process by SLM (e.g.
Ni-based superalloys).
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Abstract

This paper describes a hybrid additive manufacturing process — 3D Laser Shock Peening (3D LSP),
based on the integration of Laser Shock Peening (LSP) with Selective Laser Melting (SLM). The
well-known tensile residual stresses (TRS) in the as — built (AB) state of SLM parts in the
subsurface region have a detrimental effect on their fatigue life. LSP is a relatively expensive
surface post treatment method, known to generate deep CRS into the subsurface of the part,
and used for high end applications (e.g. aerospace, nuclear) where fatigue life is crucial. The novel
proposed 3D LSP process takes advantage of the possibility to repeatedly interrupt the part
manufacturing, with cycles of a few SLM layers. This approach leads to higher and deeper CRS in
the subsurface of the produced part, with expected improved fatigue properties. In this paper,
316L stainless steel samples were 3D LSP processed using a decoupled approach, i.e. by moving
back and forth the baseplate from an SLM machine to an LSP station. A clear and significant
increase in the magnitude and depth of CRS was observed, for all investigated process
parameters, when compared to the AB SLM parts, or those traditionally LSP (surface) treated.

1. Introduction

Selective Laser Melting (SLM) is a part of a large family of Additive Manufacturing (also known as
3D printing) processes [1]-[3], and also the most studied over the past years. In the SLM process
the part is built layer by layer out of a metallic, ceramic, polymer or composite powder. At each
step, a powder bed is deposited on a substrate and selectively melted by a laser beam. Using a
laser beam deflection system, each layer is scanned according to the corresponding part cross
section, as calculated from the CAD (computer-aided design) model. After selective
consolidation, a new powder layer is deposited, and the operation sequence is repeated until
completion of the part. At the end, the unused powder is removed and can be reused in another
building process. This manufacturing method leads to the ability to produce parts with high
added value and very complex geometries, which would otherwise be difficult or impossible to
produce. Typical examples concern lattice structures used for aerospace and medical
applications, bionic design for weight reduction, conformal cooling channels in molds, etc.

Although the mechanical properties of parts made by SLM have become close to those produced
by conventional processes [3]-[13], SLM still has several inherent limitations, one of them being
the accumulation of detrimental tensile residual stresses (TRS), illustrated in Figure 1. During the
SLM process, the top layer which was melted last has shrunk upon cooling, with however a
magnitude which is limited by the continuity with the underlying (already solidified) material [14],
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[15]. From one layer to another, large TRS accumulate inside the manufactured component,
resulting either in reduced fatigue life or in distortion of the final part [6], [14], [15], [19], [20].
High stresses can even lead to process failure (cracking) during the building phase [21].

Different methods have been used to control and reduce residual stresses. In situ heating (e.g.
by substrate preheating or laser remelting) is commonly used [15], [22]—-[24]. Adapting scanning
strategies has also been shown to strongly impact residual stresses [15], [19]. As a post
treatment, annealing is widely used and has demonstrated in some cases a 70 percent reduction
of residual stresses [24], [25]. Although these methods do bring improvements in the final
residual stress state, they have shown to be unable to completely remove TRS, and are unable to
introduce compressive residual stresses (CRS) which improve fatigue life. Furthermore, process
failure cannot be avoided with post-processing treatments, which means that materials for which
in situ heating or optimized scanning strategies are not successful simply cannot be processed by
SLM.

Laser Shock Peening (LSP) is a high strain rate (~ 10°s~1) [26] surface treatment method, similar
to Shot Peening (SP) and Ultrasonic Shot Peening (USP), used to introduce CRS in the near surface
region of the material. LSP is well-known to result in an increased fatigue life, resistance to stress
corrosion cracking, and fretting fatigue, for a variety of metallic materials [27]—-[29]. Introduced
CRS can reach a depth of up to one millimeter (depending on the treated material), counteract
some or all of the tensile stress in the near surface region, decrease the crack propagation rate,
effectively reduce the stress intensity factors, enhance fatigue crack closure effects and increase
the critical stress for crack propagation, therefore improving the fatigue performance of metallic
materials (Figure 2) [27]-[30].

Initial investigation on the application of LSP as a conventional surface treatment method on
parts made by SLM has shown that LSP is able to convert the TRS into more beneficial CRS in the
subsurface region [31]. The residual stresses were successfully transformed for all considered LSP
parameters. However, conventional LSP remains a surface post treatment, and cannot address
the bulk accumulation of high TRS during the SLM building phase.

In the present paper, a novel hybrid additive manufacturing process — 3D Laser Shock Peening
(3D LSP) is described. 3D LSP is a process patented [32] by the Laboratory of Thermomechanical
Metallurgy (LMTM) at the Ecole Polytechnique Fédérale de Lausanne (EPFL). It is shown to
successfully allow the 3D control of residual stresses in SLM parts. In particular, the detrimental
TRS state inherited from SLM is converted into beneficial CRS in the surface region, over a depth
larger than that obtained with conventional surface LSP (Figure 1). The 3D LSP process is actually
able to accumulate CRS in any critical zone in the bulk of the part. The idea consists in combining
SLM and LSP processes, by applying the LSP treatment every few SLM layers. For such an
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approach to be fully functional and able to produce large parts, the LSP laser with a corresponding
scanning head must be integrated into the SLM machine.

Treated surface .
~ Residual stresses

Compressive T Tensile

Sp SLM

LSP

\

D LSP

N

Fig. 1 Schematic representation of residual stresses in SLM parts, showing the influence of Shot Peening
(SP), Laser Shock Peening (LSP), and 3D LSP.

The effects of residual stresses on the fatigue life have been extensively investigated [27]-[29],
[33] and the beneficial role of compressive stresses in the near surface region has been
demonstrated without any ambiguity. It was also observed that the depth of CRS plays a
significant influence on fatigue life. The larger the depth (for a given magnitude), the more near
surface cracks will be mitigated, and the longer the fatigue life. Although the LSP setting is more
complex than the more conventional SP (or even Ultrasonic SP), it is still irreplaceable as a surface
treatment of parts with tight specifications such as those encountered for nuclear or aerospace
applications, due to the larger CRS depth (Figure 1) [27], [34]-[39]. By repeating the LSP
treatment on a number of SLM layers in the subsurface region, 3D LSP aims at increasing both
the CRS magnitude and depth compared to a conventional surface LSP process, with therefore
an expected further improvement in fatigue life.
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Fig. 2 Effect of tensile and compressive stresses on the crack growth propagation and fatigue life.

2. Experimental setup

2.1 Material and SLM parameters

The reference material used here is the widely used 316L austenitic stainless steel, with an
ultimate tensile strength (UTS) of 760 MPa [17]. The powder was DIAMALLOY 1003, obtained
from Sulzer Metco, Switzerland. The chemical composition is shown in Table 1. Selective Laser
Melting was performed with a Concept M2 (Concept Laser GmbH, Germany) equipped with a
fiber laser operated in continuous mode at a wavelength of 1070 nm and a spot size of 90
microns. The specimen geometry was a 20x20x7 mm?3 cuboid on a 3 mm thick support structure.
The chosen SLM processing parameters were: laser power 125 W, scanning speed 600 mm/s,
hatch distance 0.105 mm, and layer thickness 0.03 mm. A bi-directional scanning strategy parallel
to the part edges was used without a change in scanning direction between layers to deliberately
create large residual stresses. Processing was performed under N, atmosphere, and the O;
content was controlled to be below 1 % throughout the process.

Cr Ni Si Mo C Fe

316L 17 12 2.3 2.5 0.03 Balance

Table 1 Chemical composition of 316L stainless steel, wt. %.
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2.2 Laser Shock Peening

Laser Shock Peening (LSP) experiments were done using the facility described in [40]. The laser
source was a Nd:YAG GAIA - class laser from Thales Laser company with a pulse duration of 7.1
ns, operating at 532 nm. The beam spatial energy distribution is “top-hat” and the pulse shape is
near - Gaussian. Round laser spots of 1 and 5 mm diameter were used with a laser energy per
pulse of either 0.4) or 10J. The ratio of spot size and energy per pulse was chosen such as to keep
a constant power density of 7.2 GW/cm?. The advantage in using lower energies per pulse (for a
given power density) is to open the use of more readily accessible lasers, often functioning at
higher repetition rates and therefore possibly increasing productivity. Furthermore, with the
current state of the art, lower pulse energies could be delivered via a bundle of optical fibers [41],
which is another advantage for the compactness of the machine.

The pressure created at the surface of the part was estimated to 4.7 GPa using the empirical
equation P (GPa) = 1.75 \/I_O(%) [42]. Pulse frequency was 1Hz, and the overlap of 40% and

80% was used for both spot sizes without a protective ablative layer.

2.3 Residual stress determination using the hole drilling method

Residual stresses measurements were done with the hole drilling method (HDM). This technique
is widely used for determination of in depth residual stress profiles, especially after surface
treatments such as LSP, USP, or SP [43]—-[48]. The measuring device was the RESTAN-MTS 3000
from SINT Technology (Figure 3a), and the measurements were done according to the ASTM
standard E837 [14] [43]. The HDM measurement is done by positioning a strain gauge rosette
(Figure 3b) on the measured surface, and drilling a 1,8mm diameter hole through it into the
surface. As the hole is drilled, residual stresses relax at the hole location causing strains to change.
Residual stresses are given by the theory of Kirsch [49]. A variable depth increment of the drill
was applied. In the region from the surface up to 100um depth, measurements were made every
10um. From 0.1mm to 0.5mm, the step increased to 25um, and from 0.5mm to 1mm, it increased
further to 50um. This procedure resulted in a total of 36 points measured over a total depth of 1
mm.

62



Fig. 3 a) Hole drilling device RESTAN-MTS 3000 (SINT Technology); b) sample with attached strain gauge

rosette.

Figure 4 shows the most relevant parameters of a typical residual stress profile. These are (i) the
maximum amount of CRS - Max CRS, (ii) the depth at which the maximum CRS is observed — Depth
of max CRS, and (iii) the depth at which a transition from CRS to TRS occurs — Depth of CRS.

Residual stress profile
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Fig. 4 Residual stress profile displaying the most relevant parameters: Max CRS — maximum amount of
CRS; Depth of max CRS - depth at which the maximum CRS is observed; Depth of CRS - depth at which a

transition from CRS to TRS occurs.
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3. Results and discussion

3.1 As—built state

Residual stress measurement of the 316L SLM samples in the AB state are shown in Table 2. The
high tensile value of 342 MPa at 131um depth represents 45% of the material UTS (760 MPa).
Stresses are tensile from the surface up to the depth of more than 1mm (Figure 5), which is typical
for parts made by SLM.

3.2 LSP treated state

SLM samples attached to the baseplate were removed from the SLM machine and treated with
LSP. LSP treatments operated with Imm and 5mm spot size, and 40% or 80% overlap were done.
A total of four samples were treated for each LSP processing condition. After LSP treatment, one
of the four samples of each LSP processing condition was removed from the baseplate and
analyzed, while the remaining three samples were sent back to the SLM machine for a rebuilding
step of 1, 3 and 10 new layers. Results of residual stress measurements done on samples in the
AB and LSP treated states are given in Table 2. The corresponding stress profiles are shown in
Figure 5.

From Table 2 it can be observed that an increase in the overlap rate from 40% to 80% leads to an
overall increase in CRS for both the 1mm and 5mm spot size. This is in agreement with the
previous investigation done on PH1 stainless steel, where it was also observed that (i) a larger
spot size leads to deeper CRS, and (ii) a smaller spot size leads to higher max RS [31]. As already
discussed in [31], result (i) comes from a geometrical effect associated to the use of a too small
spot size, which results in a strong 2D attenuation of shockwaves, and therefore to a decreased
plastically affected depth of the LSP treatment [27], [35], [50]. Result (ii) is in agreement with
[51], and this effect can be explained from the increased number of impacts by a smaller spot
size on a given surface area.

The maximum value of CRS occurred when using a 1 mm spot size with 80 % overlap: the stress
value represents 96% of the material UTS. This indicates cyclic hardening of the 316L due to the
high number of LSP shots to which the surface is subjected in the 80% overlap LSP condition [52].
Regardless of the chosen LSP parameters, TRS of the AB state are systematically converted to
CRS. Smaller spot sizes lead to larger maximum CRS which is in agreement with previous results
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obtained on a different material [31]. This is especially evident for the 80% overlap case where
reducing the spot size from 5 to 1 mm led to an increase of 45% of UTS. A larger spot size tends
however to increase the LSP affected zone depth: an increase from 416 um to 686 um is
observed, for the 40% overlap case. The effect is less pronounced for the 80% overlap case, but
still present. The relationship between the spot size and the LSP affected zone depth is due to
the 2D attenuation of shock waves [27], [31], [53]. Higher overlap expectedly led to both higher
maximum CRS and deeper CRS, but at the cost of an increased LSP treatment time.

Since the LSP laser is meant to be integrated with an SLM machine, laser related questions such
as repetition rate, laser size, laser beam delivery and guiding methods should be addressed. The
effect of laser spot size requires attention, since laser features differ significantly for the
proposed two sets of LSP processing parameters. To reach the desired power density, the energy
per pulse jumps from 400mJ with a 1 mm spot, to 10 J with a 5mm spot. Since the reported results
with the two spot sizes do not vary too much from each other, especially for the 80% overlap
case, lower energy lasers (around 400mJ per pulse) are likely to be beneficial, due to their smaller
size, reduced cost and higher repetition rate. Taking into consideration both spot size and
available repetition rates, the LSP treatment time is potentially reduced by a factor 4 when using
smaller spot sizes. Furthermore, lower energies in the ns range can be coupled into an optical
fiber delivery system, and make use of a scanning head (similar to those used in SLM). These
considerations explain why a spot size of 1mm was chosen for all further investigations related
to 3D LSP.

LSP treatment Max RS[I;/IhI;aL/Tr;e[;Tntage of depth[ﬁinn;ax RS dept[zr(:‘;CRS
AB 342 /45 131 /
Imm 40% -266 / 35 128 416
1mm 80% -730/ 96 94 804
5mm 40% -246 / 32 207 696
5mm 80% -390/ 51 241 963

Table 2 Results of RS measurements: maximum RS / normalized by UTS; depth of maximum RS; depth of
CRS. Measurements are made in the as-built state (AB), or with LSP treatments of 1mm and 5mm, 40
and 80% overlap, without an ablative coating.
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Fig. 5 Residual stress curves measured for samples in the AB and LSP treated states. Spot size was 1mm
and 5mm with an overlap of 40% and 80%.

3.33D LSP

After the initial LSP treatment, for each group of LSP processing parameters, three treated
samples were left attached to the baseplate. The baseplate with these samples was returned to
the SLM machine for a rebuilding phase. After careful re-alignment, powder was refilled and n
additional new layers were rebuilt (Figure 6). The number n of new layers was 1, 3 or 10. The SLM
parameters and scanning strategy were kept the same, including the layer thickness of 30 um.
After the rebuilding phase, the samples were removed from the SLM machine, and the LSP
treatment was repeated, using a 1 mm spot size and an overlap rates of 40% and 80%.
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Fig. 6 Schematic description of the 3D LSP process.

3.3.1 3D LSP, 40% overlap

Residual stress measurements for the AB, LSP treated and 3D LSP treated samples are shown in
Table 3, and a graphical representation of the stress profiles is given in Figure 7. 3D LSP samples
have a very similar max RS of -345MPa (45% of UTS), -368 MPa (48%) and -358 MPa (47%) for n
=1, 3 and 10 SLM layers, respectively. This represents a significant increase of Max RS when
compared to a conventional surface LSP treatment, leading to an improvement of 30%, 38% and
35%, respectively. This result was not obvious, due to the possible relaxation of stresses from
thermal effects induced by the SLM rebuilding step, and the associated generation of tensile
stresses. However, an accumulation of CRS was observed for all 3D LSP processing parameters
(Figure 7 and 8). This indicates that the stress relaxation caused by the subsequent laser melting
of even multiple n SLM layers during the rebuilding step is not the dominant effect, and that the
3D LSP does lead to a clear increase in magnitude and depth of CRS compared to a conventional
LSP treatment.

The depth of CRS varied from 416 um for the conventional LSP treatment, to 652 pum, 668 um
and 767 um for the 3D LSP cases (n = 1, 3 and 10), showing an increase of 57%, 65% and 84%.
The general trend which can be extracted from these results is that an increase in n leads to an
increased depth of CRS. As mentioned above, this result was not straightforward. Since the
melting and solidification of an SLM layer is very fast, it introduces a limited amount of heat and
does not lead to full stress relaxation. CRS can therefore accumulate. The details of these
mechanisms will however require further investigation. It is expected that there will be a critical
value n, beyond which the cumulative effects on the magnitude and depth of CRS will start
decreasing. The value of n, itself should be a function of SLM processing parameters and
scanning strategy. In the present case, as mentioned in section 2.1, the least favorable SLM
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parameters and scanning strategy were selected on purpose, to show the potential of the 3D LSP
process, hence leaving space for further improvement.

Max RS[MPa]/

0,
LSP treatment, 40% percentage of the UTS depth of max RS depth of CRS [um]
overlap (%] [um]
AB 342 / 45 131 /
LSP -266 /35 128 416
3DLSPn=1 -345 / 45 170 652
3DLSPn=3 -368 / 48 202 686
3DLSPn=10 -358 /47 131 767

Table 3 Results of RS measurements: maximum RS / normalized by UTS; depth of maximum RS; depth of
CRS. Measurements are made in the as-built state (AB); LSP treatments of 1mm, 40% overlap; 3D LSP
1mm 40% with 1, 3 and 10 rebuilt layers.
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Fig. 7 Residual stress curves measured for samples in the AB, LSP 1mm 40% and 3D LSP 1mm 40% with
1, 3 and 10 rebuilt layers.
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3.3.2 3D LSP, 80% overlap

Residual stress measurements after treatments with 80% overlap are shown in Table 4 and Figure
8. 3D LSP samples had a max RS of -667 MPa (88% of UTS), -707 MPa (93%) and -756 MPa (99%)
forn=1, 3 and 10 SLM layers, respectively. These values are very similar to those produced by a
conventional LSP treatment (-730 MPa or 94% of UTS), which already indicate a high strain
hardening level due to a high density of shots when working with an 80% overlap.

The depth of CRS was increased from 804 um for the conventional LSP treatment to over 1mm,
beyond the maximum depth investigated with the current hole drilling experimental setup. At
the 1Imm depth, remaining compressive stresses were 38 MPa, 52 MPa and 254 MPaforn=1, 3
and 10, respectively. This is not only a significant increase compared to the conventional LSP
treatment, but also compared to the LSP treatment with 5mm spot size (see Table 2 and Figure
5). These results illustrate the relevance of choosing a small spot size in 3D LSP, as the LSP
affected zone depth can be even higher than the one produced by larger spot sizes in
conventional LSP treatments. Similarly to the 40% overlap case, an increase in n leads to a
significant increase in depth of CRS.

LSP treatment, 80% Max RS[MPa]/ depth of max RS
overla percentage of the [um] depth of CRS [um]
P UTS [%] W

AB 342 /45 131 /

LSP -730/96 94 804
3DLSPn=1 -667 / 88 165 > 1mm (-38 MPa at 1mm)
3DLSPn=3 -707 / 93 126 > 1mm (-52 MPa at Imm)
3DLSPn=10 -756 /99 243 > 1mm (-254 MPa at 1mm)

Table 4 Results of RS measurements: maximum RS / normalized by UTS; depth of maximum RS; depth of
CRS. Measurements are made in the as-built state (AB); LSP treatments of 1mm, 80% overlap; 3D LSP
1mm 80% with 1, 3 and 10 rebuilt layers.
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Fig. 8 Residual stress curves measured for samples in the AB, LSP 1mm 80% and 3D LSP 1mm 80% with
1, 3 and 10 rebuilt layers.

4. Conclusions and future work

In this paper, we have demonstrated the capability of an LSP treatment to change the residual
stress state of SLM parts. Tests were performed on an austenitic 316L stainless steel, for which a
highly tensile state of the AB sample was converted into a CRS state. It was also shown that if
SLM building phase alternates with LSP treatments, both the magnitude and depth of maximum
CRS can be significantly increased. Various LSP processing parameters were tested, and it can be
concluded that:

e A conventional LSP treatment easily converts TRS into a CRS state.

e A smaller spot size leads to a larger maximum CRS.

e Alarger spot size leads to increased depth of CRS.

e Higher overlap rates (80%) lead to higher CRS and deeper CRS profiles due to a larger
density of impacts on the treated surface. Although this LSP processing condition
leads to better results, it increases the LSP treatment time.

e 3D LSP increases both the magnitude and depth of CRS. This was observed for all
processing conditions.

e 3D LSP with a reduced spot size and pulse energy can produce deeper CRS than those
induced by a conventional LSP treatment with a larger spot size and pulse energy. This
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was observed for both 40% and 80% overlap, and proves the interest of using lower
energy pulsed lasers with higher repetition rates and reduced processing time. Such
lasers are also better suited for implementation into a single SLM-LSP hybrid machine,
being smaller in size, cheaper, and more easily adaptable in terms of beam delivery
and positioning.

e Increasing the number of SLM layers between LSP treatments leads to an increase of
CRS depth.

Further work will focus on (i) more accurate investigation of the effects of the number of SLM

layers between two subsequent LSP treatments, (ii) the development of a prototype machine for

building larger samples with optimized spatial distribution of tensile and compressive stresses,
(iii) the assessment of fatigue life of 3D LSP treated samples, and the comparison with samples

subjected to a conventional surface LSP treatment.

Another research direction will relate to the manufacturing of materials which are known to fail
in SLM conditions due to the accumulation of high TRS, and for which the combination with 3D

LSP is anticipated to be beneficial.
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Abstract

Metallic parts made by Selective Laser Melting (SLM) are known for their heterogeneous
microstructures in the as-built (AB) state. In this paper, Laser Shock Peening (LSP) was performed
on a 316L stainless steel part fabricated by SLM. The LSP treatment increases the stored energy
in the material but does not lead to measurable grain refinement. When subsequently annealed,
the LSP treated sample undergoes recrystallization and transforms into a refined equiaxed
structure, while this transformation is not activated yet for the AB sample. The LSP strategy
therefore offers new routes for the selective 3D control of microstructures and mechanical
properties of SLM parts.

1. Introduction

Selective Laser Melting (SLM) is a very well-known Additive Manufacturing process, in
which the part is built in a layer-wise manner. A powder bed is deposited and selectively fused
by a focused laser beam, and this sequence is repeated until completion of the part. SLM gives
the ability to produce parts with increasingly complex geometries which are difficult or
impossible to produce by conventional methods. However, the undesirable microstructure still
presents an important limitation of the process. During the fabrication, due to the low thermal
conductivity of the surrounding powder, the heat deposited by the laser beam is mostly extracted
through the previously solidified layers, e.g. see Vilaro et al. (2012). This results in a thermal
gradient along the building direction and directional solidification. Excellent studies made by
Vrancken et al. (2012) as well as by Simonelli et al. (2012) demonstrate that, after solidification,
the grain structure is most of the time columnar and grain size in the building direction can extend
considerably, as a result of an “epitaxial” growth along a preferred crystallographic orientation,
which is <100> in alloys with a cubic structure. The combination of a coarse grain structure with
a strong crystallographic texture leads to non-optimal anisotropic mechanical properties of the
parts made by SLM, which represents a known limitation of the SLM process.

Different methods have been used to tailor the microstructures of SLM samples. Since
grain orientation and grain size are directly affected by the cooling rate and heat conduction
during the solidification phase, attempts were made by Kruth et al. (2010) as well as by Song et
al. (2012) to control the thermal exchanges and produce more appropriate fine and equiaxed
microstructures. Even though the cooling rate can vary to a certain degree by tuning the SLM
process parameters (e.g. laser scanning speed, laser power), the acceptable processing windows
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are usually very narrow. An increase of the scanning speed leads to an unstable discontinuous
melting track and the formation of pores, see for example Dadbakhsh and Hao (2014). This results
in a detrimental decrease of the parts density which strongly affects the mechanical properties
of the material. Low part density used to be one of the strongest limitations of the SLM process
(and its predecessor, Selective Laser Sintering), which therefore limited its application to mostly
prototyping purposes. Nowadays it is broadly accepted that an industrial use of SLM as a
production method is only possible if part densities above 99 percent can be achieved. This is
only possible in relatively small process windows, which in practice often excludes fine-tuning of
the microstructure by varying process parameters such as power density, scanning velocity and
hatching distance.

Laser Shock Peening (LSP) is a surface treatment method, which similarly to Shot Peening
(SP) and Ultrasonic Shot Peening (USP) plastically deforms the surface region of the part, and
introduces compressive residual stresses (CRS), see e.g. P. Peyre et al. (1996), and Cellard et al.
(2012). Beneficial effects of LSP treatments include fatigue life increase, and improved resistance
to stress corrosion cracking and fretting fatigue (Montross et al. (2002)). Nalla et al. (2003)
demonstrate that these CRS can, depending on the treated material, reach a depth of more than
one millimeter, therefore limiting partially or completely any applied tensile stress in the
subsurface region.

Initial investigation made by Kalentics et al. (2017) on the effect of the LSP treatment on
316L SLM samples has shown that the tensile residual stresses (TRS) inherited from SLM
processing can easily be converted to CRS. Also, a different study by Kalentics et al. (2017)
showed that by periodically repeating the LSP treatment during the SLM building phase, deeper
and more pronounced plastic deformation and CRS can be introduced near the external surface,
with a further expected beneficial effect on fatigue life. This idea led to the concept of 3D LSP —
a hybrid Additive Manufacturing process which combines LSP and SLM (patent
US20170087670A1, 2017). However, to the best of knowledge of the authors, the detailed effect
of LSP on SLM part microstructures has not been investigated until now. Since the main goal of
the conventional LSP process is usually the increase of fatigue life, the corresponding analysis of
microstructures is often very general. Limited investigations were made by Trdan et al. (2014)
with Al-Mg-Si alloy and by Lu et al. (2017) with commercially pure (CP) titanium, and grain
refinement was reported to occur within a shallow surface layer of several micrometers
thickness. In contrast with these observations, some of the work done by Lu et al. on stainless
steel (2010), aluminum (2010) and titanium (2017) report grain refinement up to 20, 529 and
500 microns depth, respectively. The present work will therefore clarify the depth of the LSP
affected zone, in terms of microstructure change, focusing on 316L stainless steel.
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2. Experimental procedure

2.1 Selective Laser Melting

316L SLM samples were produced with DIAMALLOY 1003 powders from Sulzer Metco,
Switzerland. Selective Laser Melting was performed on a Concept M2 (Concept Laser GmbH,
Germany) equipped with a fiber laser which was operated in a continuous mode and with a
wavelength of 1070 nm. The geometry of the samples was a 20x20x7 mm? cuboid, as illustrated
in Figure 1a. The operating SLM parameters, i.e. laser power, spot size, scanning speed, powder
layer thickness and hatch distance were 125 W, 90 um, 600 mm/s, 0.03 mm and 0.105 mm,
respectively. Processing was done under nitrogen atmosphere and the oxygen content was
maintained below 1 % during the process. These samples are hereafter referred to as SLM AB
samples (AB = As Built).

2.2 Laser Shock Peening

Laser Shock Peening (LSP) treatments were applied on the top surface of the SLM AB
samples (see Figure 1a). The laser source was a Nd:YAG SAGA HP - class laser from Thales Group
with a pulse duration of 6.3 ns at 1064 nm wavelength and a “top-hat” beam spatial energy
distribution. Based on previous results from Kalentics et al. (2017), a laser spot of 1 mm diameter
with a laser energy of 0.4 J and a pulse frequency of 5 Hz were chosen. This gave a power density

of 7.2 GW/cm?. Using the empirical equation P (GPa) = 1.75 \/I_o(%) from Courapied et al.

(2015), the pressure created at the surface of the part was estimated at 4.7 GPa. Three successive
LSP treatments with a spot overlap of 80% were applied without a protective ablative layer. These
samples are designated as SLM LSP samples.

2.3 Heat treatment

Some of the SLM AB and SLM LSP samples were further heat treated to illustrate LSP
effects on microstructure evolution during high temperature annealing. Heating was conducted
in a conventional furnace pre-heated to 1100 °C, with a duration of 10 min, followed by
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immediate water quench. The microstructures of SLM AB and SLM LSP samples, as well as their
heat treated counterparts, were characterized by Electron back-scatter diffraction (EBSD) in a FEI
XLF-30 field emission gun scanning electron microscope (FEG-SEM). For the LSP treated samples,
sections parallel to the front surface and containing the build direction were scanned, with the
LSP treated zone on the right side, as indicated in Figure 1b. In order to make meaningful
comparisons, microstructure characterizations were performed on the same location for
samples with and without LSP treatment, using exactly the same scanning parameters (e.g. step

size of 0.5 um).
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Fig. 1 a) Geometry of the SLM LSP sample; b) Area characterized by EBSD, with the build direction (BD)
horizontal.

2.4 Microhardness tests

Vickers microhardness tests were conducted at room temperature using a 25 g load for a
12 s hold time, with a Q10A machine from Qness GmbH (Germany). As per ISO 6507-1
recommendations, and to avoid conflicting noise within the results, the distance in between two
consecutive indentations was larger than 3 times the diagonal of the indented square.
Microhardness tests were performed every 50 um starting at 50 um below the surface and going
up to 750 um in depth, following the ISO 6507-1 condition. The experiment was repeated 5 times
and the average with their standard deviation was plotted.
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3. Results and discussion

3.1 Microhardness

Microhardness measurements were done for SLM AB and SLM LSP, with results presented
in Figure 2. We can observe an increase from 282 HV to 391 HV for the SLM AB and SLM LSP
respectively, at a depth of 50 um from the treated surface. Compared to the SLM AB hardness,
this represents an increase of 38.65%, which can be attributed to the strain hardening effect, as
already shown in previous studies by Wu et al. (2018) on titanium alloys. Moreover, the slope of
the hardness curve vs depth for the SLM LSP sample is very pronounced, confirming that the LSP
effect decreases with depth, as already reported in Kalentics et al. (2017). At a depth of ~400 um
from the treated surface the effect of LSP becomes negligible.
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Fig. 2 Vickers microhardness results for SLM AB and SLM LSP samples.

In Figure 3, Vickers microhardness results are presented for the SLM AB and SLM LSP
samples with and without a heat treatment, corresponding to the microstructures described in
Figures 4 and 5. At 50um from the surface, the heat treatment (~10 min at 1100°C) results in a
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drastic decrease of hardness, up to 241 HV and 217 HV for the SLM AB and SLM LSP samples,
respectively. Heat treated SLM LSP sample consistently has a lower hardness compared to SLM
AB heat treated samples, up to a depth of ~400 um from the surface. This depth corresponds
exactly to the recrystallized region shown in Figure 5d. Beyond this depth, the hardness of heat
treated samples can no longer be distinguished.
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Fig. 3 Vickers microhardness results of SLM AB and SLM LSP samples before and after annealing.

3.2 Microstructure

The microstructures of the SLM AB and SLM LSP samples are shown in Figures 4a and 4b,
respectively, with the same examined surface of 826 x 619 um?. The non-indexed points due to
porosities are shown in black and can be observed in all figures, without any measurable effect
of the LSP treatment on porosity size. The SLM microstructure is far from being equiaxed, it is
dominated by coarse grains elongated along the (horizontal) build direction (Figure 4a). A similar
grain structure is observed in the SLM LSP sample, as illustrated in Figure 4b. The grain refinement
indicated by Lu et al. (2010) and Lu et al. (2017), is not achieved here, even close to the treated
LSP surface, i.e. the very right side of the EBSD map in Figure 4b. Local crystallographic
misorientation maps are provided in Figures 4c and 4d, with a scale between 0° and 3.5° in
agreement with Figure 7a. These maps measure the average misorientations between
neighboring pixels, looking at regions extending up to it’s the seventh nearest neighbor, excluding
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misorientations beyond 5°. It appears that the SLM LSP sample does exhibit higher misorientation
levels than the SLM AB one, as shown in Figures 4c and 4d.

2, 200um
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[ - .

Fig. 4 EBSD maps of SLM AB and SLM LSP samples before heat treatment; a) Inverse pole figure map of
the SLM AB sample; b) Inverse pole figure map of the SLM LSP sample; c) Local misorientation map of
the SLM AB sample; d) Local misorientation map of the SLM LSP sample.

The SLM AB and SLM LSP samples were further heat treated at 1100°C for 10 min, the
microstructures of which are shown in Figure 5. After this heat treatment, no recrystallization
can be observed for the SLM AB sample, as can be seen in Figures 5a and 5c (looking at planes
parallel to the front surface, see Figure 1a). This has also been confirmed by EBSD maps scanned
parallel to the side surface. In contrast, significant recrystallization is achieved in the SLM LSP
sample, as shown in Figures 5b and 5d. It is noticed that recrystallized grains are characterized
by the presence of numerous annealing twins (represented by red lines in Figure 5b), and by very
low internal local misorientations (<0.5°). Recrystallized grains are close to equiaxed, with sizes
much smaller than the original elongated coarse grains. Recrystallization only dominates in the
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region close to the LSP treated surface, with a penetration depth of ~400 um, and only sparse
recrystallized grains can be seen further below. Even though non-recrystallized grains still exist
in the recrystallized zone, i.e. less than ~400 um away from the surface, their sizes have
decreased as a result of the nucleation and growth of recrystallized grains around them. Since
the crystallographic texture of the AB sample is quite weak (~2.7 times random intensity), which
is in full agreement with the study by Gray lll et al. (2017) on the same material, recrystallization
did not lead to significant randomization of texture.
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Fig. 5 EBSD maps of SLM AB and SLM LSP samples after heat treatment at 1100°C for 10 min; a) Inverse
pole figure map of the SLM AB sample; b) Inverse pole figure map of the SLM LSP sample; c) Local
misorientation map of the SLM AB sample; d) Local misorientation map of the SLM LSP sample.

Our studies also showed that recrystallization can still be completed for the SLM AB
sample at 1100°C after a long annealing time of 2 h, however, this leads to a much coarser grain
structure (Figure 6). For materials which recover faster than 316L stainless steel (e.g. materials
of high stacking fault energy) during annealing, full recrystallization may however not be reached
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by post-heat treatments even at very high temperature, as demonstrated by Kunze et al. (2015)
and by Divya et al. (2016). In such cases, LSP might provide the needed additional driving force.

Fig. 6 EBSD maps of the SLM AB sample annealed at 1100°C for 2h; a) Inverse pole figure map showing
the coarse recrystallized grain structure; b) Local misorientation map evidencing full recrystallization.

The higher local misorientation level after LSP treatment of the SLM LSP samples, as
shown qualitatively in Figure 4, should be part of the reason for the larger recrystallization
fraction in the SLM LSP sample after heat treatment. A quantitative comparison of local
misorientation distributions for the SLM AB and SLM LSP samples is shown in Figure 7,
corresponding to the EBSD maps given in Figure 4. The measured difference is surprisingly small
compared to the large difference in recrystallized fraction. The higher driving force which leads
to faster recrystallization for the SLM LSP samples therefore deserves some discussion.
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Fig.7 Local misorientation distributions of the SLM AB and SLM LSP samples.

4. Discussion

4.1 Recrystallization kinetics

First, even though the SLM AB samples exhibit tensile residual stresses, the compressive
residual stresses in the SLM LSP samples are higher in magnitude, as demonstrated in our
previous studies by Kalentics et al. (2017). The fact that higher residual stress could accelerate
recrystallization was demonstrated by Toda-Caraballo et al. (2010) through simulation and by Liu
et al. (2011) experimentally, for different types of materials. Second, it can be seen in Figure 8b
that a large number of fine deformation twins were formed in the SLM LSP sample. As explained
by Rollet et al. (2004), these deformation twins provide potential nucleation sites for
recrystallization but are not taken into account by the local misorientation maps.

The fact that no deformation twins appear in the SLM AB sample, and that the magnified
features shown in Figure 8b are indeed deformation twins is shown in Figure 8a and 8c,
respectively.

Finally, only geometrically necessary dislocations (GNDs) are measured by the EBSD local
misorientation measurements. Statistically stored dislocations (SSDs) in the SLM LSP sample
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might be higher than those in the SLM AB sample due to the LSP process, but this would need
confirmation by other dislocation characterization techniques.

Fig. 8 a) EBSD band contrast map of the SLM AB sample showing no indication of deformation twins; b)
EBSD band contrast maps showing the mechanical twins magnified in the SLM LSP sample; c) Inverse
pole figure, deformation twin (60°<111> FCC twins) boundaries represented by red lines, noting that not
all the deformation twin boundaries are resolved.
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4.2 LSP treatment

LSP process parameters such as overlap rate, laser energy etc. can be further tuned to
achieve larger penetration depth of plastic deformation. Moreover, it is envisaged that, if LSP
treatment is performed repeatedly every few printed layers, i.e. if we use the 3D LSP technique,
a fine equiaxed grain structure could be achieved in the entire volume of the part, with
appropriate post heat treatment. The LSP process thus provides an important route to solve one
of the bottlenecks of the SLM produced metallic parts, i.e. heterogeneous and textured
microstructure, with its associated undesirable mechanical properties. With this approach it is
then possible to decouple the search for optimal SLM process parameters, with the major
objectives of increasing process efficiency and material density, from the microstructure design
which operates by subsequent heat treatment. Such a heat treatment would evolve the
microstructure differently in LSP treated zones and other non-treated zones, i.e. this would lead
to selective microstructure control and therefore 3D microstructure design. Future work still
needs to focus on the effect of LSP on crystallographic texture, and on mechanical properties of
the post heat-treated SLM LSP samples.

5. Conclusions

In this paper, Laser Shock Peening treatments have been applied on SLM samples with
the objective of analyzing the resulting microhardness and microstructure, both in the as — built
state and after heat treatment. The following conclusions can be drawn:

e LSP significantly increases the microhardness of SLM AB parts in the near surface region
but does not change grain size.

e In the LSP affected zone, recrystallization kinetics is strongly accelerated upon heat
treatment, resulting in a refined, equiaxed grain structure, very different from the SLM
AB microstructure.

e The combination of SLM with Laser Shock Peening offers a promising new route for the
3D control of microstructures and mechanical properties of SLM parts.
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Data availability

The raw/processed data required to reproduce these findings cannot be shared at this time due
to time limitations. However, data represented in the tables and graphs would be sufficient to
reproduce the results.
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Figure and Table Captions

Fig. 1 a) Geometry of the SLM LSP sample; b) Area characterized by EBSD, with the build direction (BD) horizontal.
Fig. 2 Vickers microhardness results for non-heat treated samples.
Fig. 3 Vickers microhardness results of SLM AB and SLM LSP samples before and after annealing.

Fig. 4 EBSD maps of SLM AB and SLM LSP samples before heat treatment. a) Inverse pole figure map of the SLM AB
sample; b) Inverse pole figure map of the SLM LSP sample; c) Local misorientation map of the SLM AB sample; d)
Local misorientation map of the SLM LSP sample.

Fig. 5 EBSD maps of SLM AB and SLM LSP samples after heat treatment at 1100°C for 10 min. a) Inverse pole figure
map of the SLM AB sample; b) Inverse pole figure map of the SLM LSP sample; c) Local misorientation map of the
SLM AB sample; d) Local misorientation map of the SLM LSP sample.

Fig. 6 EBSD maps of the SLM AB sample annealed at 1100°C for 2h. a) Inverse pole figure map showing the coarse
recrystallized grain structure; b) Local misorientation map evidencing full recrystallization.

Fig.7 Local misorientation distributions of the SLM AB and SLM LSP samples.

Fig. 8 a) EBSD band contrast map of the SLM AB sample showing no indication of deformation twins; b) EBSD band
contrast maps showing the mechanical twins magnified in the SLM LSP sample; c) Inverse pole figure, deformation
twin (60°<111> FCC twins) boundaries represented by red lines, noting that not all the deformation twin
boundaries are resolved.
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Abstract

One of the major drawbacks of Selective Laser Melting (SLM) is the accumulation of tensile
residual stresses (TRS) in the surface and subsurface zones of produced parts which can lead to
cracking, delamination, geometrical distortions and a decrease in fatigue life. 3D Laser Shock
Peening (3D LSP) is a novel hybrid method which introduces a repetitive Laser Shock Peening
(LSP) treatment during the manufacturing phase of the Selective Laser Melting (SLM) process. In
this paper, the ability of 3D LSP to convert TRS into beneficial compressive residual stresses and
their subsequent effect on the geometrical accuracy of produced parts was investigated. Samples
made of Ti6Al4V were manufactured with the 3D LSP process and treated with different
processing parameters. Cuboidal samples were used for residual stress measurements and the
evolution of residual stresses was investigated. Geometrical distortions were measured on bridge
like samples and the influence on the final sample geometry was quantified. A significant
improvement in geometrical accuracy resulting from reduced distortions was observed in all
selected 3D LSP processing conditions.

1. Introduction

Selective Laser Melting (SLM) is one of the most widely researched Additive Manufacturing (AM)
processes in which a part is built in a layer-wise method. SLM is known to be able to produce
near net shape parts with very complex geometries, which are often very difficult or even
impossible to manufacture with conventional methods. On the other hand, one of the major
drawbacks of the process is the generation of tensile residual stresses (TRS) that accumulate near
the surface during the building process and can cause significant distortion in the geometry of
the part [1]-[4]. Accumulation of these stresses can even cause delamination and process failure
during the building phase [1], [2], [5]. Different approaches addressing this problem were applied
but with limited success. Baseplate preheating was used to decrease the thermal gradients during
the building phase of the process, decreasing the TRS accumulation, however only a limited
reduction of up to 40% was observed [6]. Baseplate preheating is usually applied with a maximum
temperature of 200°C since higher chamber temperature will, while having a beneficial effect on
the reduction of TRS, inevitably cause lower cooling rates. These reduced cooling rates can lead
to undesirable mechanical properties, such as a reduction in yield strength and fatigue limit [7],
[8]. Stress relieving by systematic laser rescanning of the previously solidified layer was also
applied [6] and showed up to a 55% decrease of TRS. Although somewhat beneficial, laser
rescanning of every layer significantly diminishes the productivity of the entire process, which is
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contrary to the long lasting tendency of increasing the productivity by applying high power [9],
[10] or using multiple lasers [11]. A heat treatment can be applied after the part is made and a
reduction of up to 70% in RS can be achieved [6], but this approach cannot address the
accumulation of TRS during the building phase which can cause part delamination and process
failure. Also, all these approaches have shown the ability to decrease TRS, but none of them can
introduce beneficial compressive residual stresses (CRS) into the near surface region of a part,
which, if designed accurately, should improve its fatigue life without affecting the geometrical
stability [12]-[14].

3D Laser Shock Peening (3D LSP) is a novel AM process patented by the Laboratory of
Thermomechanical Metallurgy at EPFL [15]. It is a hybrid process which repeatedly applies Laser
Shock Peening (LSP) during the building phase of the SLM process, thus giving additional degrees
of freedom to adapt and control residual stresses in the part. This approach is applicable to all
parts, including those with complex geometry, as long as they can be manufactured by the SLM
process.

With the accumulation of tensile residual stresses in large SLM parts, geometrical distortion
issues tend to rise. Also, part distortion represents a significant challenge for overhangs and thin
wall structures which are often manufactured by SLM. One approach when dealing with
distortions consists in producing parts with an increased volume, with the intention to remove
the excess material by machining after the build job. Another approach is the use of more and
more sophisticated supports which have a double function as mechanical fixation of the part and
as additional heat extraction channels. These compensation strategies need to be taken into
account at the design stage [16] and go along with an additional time consuming pre-processing
step and a reduced buy-to-fly ratio. A post build machining can be time consuming as well and
altogether reduces the near net - shape advantage of the SLM process. Furthermore, the
machining step is limited only to the easily accessible zones of the part and cannot always be
applied to the more complex typical SLM geometries involving internal structures.

Geometrical distortion can also cause an elevation in the previously solidified layer, especially
while producing overhangs and other thin walled structures, which can damage the coater during
subsequent powder bed deposition. A damaged (scratched) coater is then unable to further
deposit an accurate and flat powder bed layer. This leads to defects and porosities in produced
parts and usually requires abortion of the part production.

Our previous work has shown that conventional LSP can easily convert TRS into more desirable
compressive residual stresses (CRS) [17]. It was also demonstrated that if applied repeatedly in
3D (as in 3D LSP), the process leads to an improved accumulation of CRS [18], both in magnitude
and in depth, which is expected to further increase fatigue life compared to conventional LSP
treated parts, or those in the as—built (AB) SLM state.
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A recent publication [19] has shown that conventional LSP can be very successful as a post
treatment process of 316L SLM parts in both increasing their fatigue life and reducing geometrical
distortions. Due to the material shrinkage during cooling, SLM AB samples exhibit a concave
distortion curvature angle on the top surface (an exaggerated image shown in Figure 1a). In [19]
LSP was applied on one side of a 213 mm x 21.6 mm SLM made 3 mm thick bar, and a convex
distortion was observed on the LSP treated side. With the increase in the number of LSP
treatments on the surface, the distortion curvature radius increased and reached 1120 mm after
three LSP treatments on the same side (as shown in Figure 1b). When three LSP treatments were
applied on the opposite side, the bar returned to an almost flat state with an arc height of only
250 microns, thus showing the interest of applying LSP as a corrective distortion post treatment.
One drawback of such an approach is that it is limited to thin parts where the effect of LSP as a
post treatment is sufficient to correctively address the SLM distortion. It is also restricted to
simple geometries where LSP can reach the external surfaces. Both limitations are of concern
when considering SLM parts, which are rarely very thin or simple in shape. Furthermore, residual
stresses developed during the SLM process can result in shape changes of the part which can
inhibit further processing, e.g. elevation of overhangs above the powder coater level. There is
therefore a strong interest in developing in situ methods for the correction of geometrical
distortions which could be applied to any SLM part geometry.

b)

SLM laser LSP laser

a)

316L SLM sample
LSP treated side

316L SLM sample

Distortion curvature radius

Fig. 1 a) exaggerated representation of an AB SLM sample with a concave distortion arc; b) LSP treated
side of an SLM samples with a convex distortion arc of r =1120mm, modified from [19].

In this work, we show for the first time that the 3D LSP strategy can effectively reduce SLM
geometrical distortions. Bridge type Ti6Al4V samples in the AB and LSP treated conditions are
compared and contour accuracy is shown to be improved for all considered LSP processing
conditions. Compared to previous approaches used to mitigate residual stress-based distortions,
this one does not involve any heat treatment since LSP is a cold deformation process. This means
that 3D LSP solves the residual stress problem with no detrimental effects on microstructure and
mechanical properties.
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2. Experimental setup

2.1 SLM parameters and sample geometry

Ti6Al4V was chosen since it is a widely studied SLM material with many applications in aerospace
and medical fields [20]-[22]. The chemical composition is shown in Table 1. Samples were
produced in a Concept Laser M2 machine equipped with a fiber laser which was operated in
continuous mode. The laser has a wavelength of 1070 nm and a spot size of 150 microns. The
SLM processing parameters were determined as follows: laser power of 190 W, scanning speed
950 mm/s, hatch distance 0.09 mm, and layer thickness of 0.03 mm. An island scanning strategy
was selected such as to minimize TRS and associated geometrical distortion. Oxygen content in
the chamber was set below 0.5 %. The Ti6Al4V powder was obtained from Concept Laser GmbH,
Germany. Its commercial name is CL 41Tl ELI.

Al \ Fe C 0 N H Ti

Ti6AldV | 5.5-6.5 | 3.5-45 |0-0.25 | 0-0.008 |0-0.13 | 0-0.05 |0-0.012 | Balance

Table 1 Chemical composition of Ti6AI4V (CL 41Tl ELI), wt.% [23].

In the literature, different geometries have been used for evaluating distortion in SLM parts, most
notably the cantilever [2], bridge-like [24] and three prong methods [25]. We have chosen here
to produce thinner bridge-like samples in order to increase the number of samples on the
baseplate. The sample geometry is shown in Figure 2 a,b, with dimensions 25mm x 10mm x 5mm,
and an arc radius of 2.5mm. A total of 18 samples were produced, and the minimum thickness of
the bridge overhang X (Figure 2a) was varied between 1, 2, and 3 mm. This gave a total of six
samples for each group. While still attached to the baseplate, two samples from each group were
treated with a conventional (surface) 2D LSP, two were left in the AB condition, and two were
treated with 3D LSP. The two selected 3D LSP conditions considered either n =3 or n = 10 SLM
layers between two subsequent LSP treatments, respectively.
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Fig. 2 a) CAD description of the miniature bridge - like sample; b) AB sample after detachment from the
baseplate.

98



2.2 Laser Shock Peening setup

As in [18], the LSP treatment was done on a Nd:YAG SAGA HP - class laser from Thales company.

For 3D LSP samples, the building phase was paused n layers before the end, and an LSP treatment
was applied (see Figure 3). After the LSP treatment, the final n SLM layers were rebuilt and the

LSP process was repeated. In this study, the investigated values of n were {3, 10}. For samples

treated by conventional 2D LSP, only a final surface LSP treatment was performed (i.e. LSP was

not applied during the SLM building process interruption). All LSP treatments were done while

samples were attached to the baseplate. SLM AB samples received no LSP treatment. The LSP

process parameters are given in Table 2, and the reader is directed to [18] for more information

on the LSP setup.

=~ LISP

= LSP

SLM

-
!

%

2

Baseplate/

Fig. 3 Schematic of the 3D LSP process with the n number of layers between two subsequent

LSP treatments.

Wavelength 1064nm
Pulse duration 6.3ns
Spot size diameter 1Imm
Pulse energy 0.4)
Power density 7.2 GW/cm?
Frequency 5Hz
Overlap value 80%

Table 2 LSP process parameters.
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2.3 Residual stress measurements

Residual stresses measurements were performed on SLM samples made on the same baseplate
and with the exact SLM and LSP processing parameters used for the bridge like distortion
samples. The specimen geometry was a 20x20x5 mm3 cuboid and the measurements were made
with the hole drilling method (HDM) on a RESTAN-MTS 3000 from SINT Technology in accordance
to the ASTM standard E837 [26]. More information on the HDM measurements is provided in
[17], [18].

2.4 Distortion measurements

Once sample fabrication and LSP treatments were done, the samples were removed from the
baseplate by wire EDM. An alteration of the part geometry by mechanical forces during part
removal can therefore be excluded. Upon removal, a distortion in their geometry was observed
(Figure 4 a,b). Pictures of all samples were taken with a Hirox KH8700 digital microscope. The
distortion angle a (Figure 4b) was measured using SolidWorks 2017 CAD software from Dassault
Systemes.

Baseplate

Fig. 4 a) SLM sample attached to the baseplate before removal; b) distorted sample after removal by
wire EDM from the baseplate.
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3. Results and discussion

Samples in this study were denoted as: “AB” for samples in the SLM as-built condition, “2D LSP”
for samples that were treated only with a final LSP treatment on the top surface (as in
conventional LSP), “3D LSP” for samples that were produced as explained in section 2.2. A further
division was done into “3D LSP 3I” and “3D LSP 101” indicating the value of n. In each of these 4
conditions, cuboidal samples for residual stress measurements as well as bridge like samples with
a minimal overhang thickness of 1, 2 and 3mm for distortion measurements were produced.

3.1 Residual stresses

Residual stresses of Ti6Al4V samples in the AB, 2D LSP and 3D LSP 3| and 3D LSP 10l conditions
are shown in Figure 5. It can be observed that in the AB SLM state, Ti6Al4V exhibits a tensile RS
state with values of up to 422 MPa in the near surface region, and remain tensile throughout the
depth of up to Imm, which was the measurement limit for the HDM. In all 2D LSP and 3D LSP
conditions, TRS are easily converted to CRS with similar values of around -400 MPa in the
subsurface region. The significant difference is that the depth of the compressive stresses, and
thus the total volume in the near surface zone, is increased when LSP is applied in the repetitive
3D LSP mode. In the case of 2D LSP post treatment, stresses remain compressive up to a depth
of 523 microns, while an accumulation of CRS and an increase in their depth (up to 788 and 892
microns) is observed for 3D LSP 3l and 3D LSP 10l samples, respectively. This increase in the depth
of CRS was observed in our previous studies [18] on 316L SLM samples, and is here confirmed on
a different material. Due to the fast cooling rates operating during the rebuilding of subsequent
n SLM layers (n being here either 3 or 10), the amount of introduced heat is insufficient to fully
relax the introduced CRS. This explains why the following LSP treatment done on top of the
rebuilt SLM layers connects well with the previously generated CRS profile; the connection being
according to the present results more effective when choosing n = 10.
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Residual stress profile
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Tensile RS
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Residual stress [MPa]
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Caompressive RS
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] 0.5 1

Depth [mm]
— AB —2D LSP 3D LSP 31 =3D LSP 10l

Fig. 5 Residual stress profile of Ti6Al4V samples in the AB, 2D LSP, 3D LSP 3l and 3D LSP 10l conditions.

3.2 Geometrical distortion

In the case of the AB and 2D LSP condition, for each overhang thickness two samples were made,
and the average value of the distortion angle was taken. The a distortion angle was measured
each time; it is reported in Table 3 and plotted in Figure 6.

3.2.1 As - built (AB) state

In the AB SLM state, high TRS accumulate close to the top surface of the part [17], [18], [24], [25].
These stresses create a curl—up distortion angle a [24]. For an overhang of 1mm thickness, the
average value of this angle was measured at 2.21° + 0.04°. As the overhang thickness increases
to 2mm and 3mm, the distortion angle slightly decreases to 2.04° + 0.05° and 1.92° + 0.03°
respectively. This was expected, as it is well known from the residual stress build-up in welded
joints that as the thickness of the welded part is increased the geometrical distortions are
decreasing [27]-[29].
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3.2.2 2D LSP state

After a single LSP surface treatment, it can be observed (Table 3) that the distortion angle is
significantly reduced. With the overhang thickness of 1Imm, o is measured as 0.85° £ 0.04°, which
represents a 62% improvement compare to the AB state. As the overhang thickness is increased
to 2 and 3mm, a slightly increases to 0.94° + 0.04° and 0.99° + 0.02° respectively. Although
conventional 2D LSP can easily convert TRS to Compressive RS [17], [18], this effect can be
observed only up to a limited affected depth. The introduced CRS are therefore not sufficient to
fully eliminate the geometrical distortion caused by the accumulated TRS throughout the
overhang. With increasing thickness of the overhang, the effect of the LSP becomes comparably
smaller, and the improvement on the distortion angle a is reduced.

3.2.3 3D LSP condition

3D LSP samples show a further decrease in the distortion angle a, and improvement in the
geometrical accuracy compared to conventional 2D LSP and AB conditions. Looking at the 1 mm
overhang, a is decreased to 0.64° and 0.56° for 3D LSP 3l and 3D LSP 10l respectively. These
results present an improvement of 69 and 75% compared to the AB state, and 19 and 34% when
compared to the conventional 2D LSP condition. This improvement can be correlated to the
accumulation of CRS in the subsurface region shown in section 3.1. The observed increase in
depth of CRS with the increase in the number n of SLM layers between two subsequent LSP
treatments can explain the slightly better results achieved in the 3D LSP 10l condition.

Values from Table 3 were plotted in Figure 6 for better clarity. For the AB condition, a clear trend
of increase in distortion angle with a decrease in the overhang thickness can be observed, while
for the 2D LSP and 3D LSP conditions a reverse trend appears. 3D LSP leads to improved results
in geometrical accuracy compared to conventional 2D LSP treatment. As the overhang thickness
increases, the improvement is reduced.

Further improvement for thick geometries are expected with an increase of LSP treatments (> 2).
In such cases, a hybrid automated 3D LSP machine - incorporating SLM and LSP processing units
- is required to repeatedly apply LSP every n SLM layers and bring the part geometry inside the
desired manufacturing tolerances.
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Overhang AB 2D LSP 3D LSP 3I 3D LSP 10l
Imm 2.21°+0.04° 0.85° +0.04° 0.64° 0.56°
2mm 2.04° £ 0.05° 0.94° +£0.04° 0.73° 0.72°
3mm 1.92°+0.03° 0.99°+0.02° 0.93° 0.94°

Table 3 Values of the distortion angle @ measured for samples in the AB, 2D LSP and 3D LSP conditions.

2.5

1.5

Distortion angle (degrees)

0.5

Geometrical distortion

S
*
——=0
B T 4
k
1 2 3
Overhang thickness (mm)
- /B =@=—2D LSP 3D LSP 3l 3D LSP 10l

Fig. 6 Values of the distortion angle & measured for samples in the AB, 2D LSP and 3D LSP conditions for

different overhang thicknesses.

4. Conclusions and future work

Residual stresses of SLM Ti6Al4V parts in the AB, 2D LSP post treatment and 3D LSP conditions
were measured. A geometrical distortion angle o was quantified on bridge like samples with

different overhang thicknesses (1, 2 and 3mm).
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The following conclusion can be drawn:

e Inthe AB state, Ti6Al4V exhibits TRS up to the measured depth of 1mm;

e LSP easily converts TRS to CRS, and a cumulative effect on CRS is measured when
processing by 3D LSP;

e |In the AB state, a significant distortion above 2.2° can be observed, especially
pronounced for thinner overhangs;

e With the increase of the overhang thickness the AB distortion angle slightly decreases;

e With the conventional surface 2D LSP treatment, a decrease in the distortion angle is
observed, especially for the thinner overhang;

e 3D LSPshows a clear further improvement in the geometrical accuracy and a decrease
in the distortion angle of up to 75% (in the current work) when compared to the AB
and 2D LSP conditions;

e For thicker overhangs, an increased number of LSP treatments would need to be
applied during SLM processing and would require a hybrid 3D LSP machine.

Further investigations on the influence of 3D LSP on thin overhangs (below 1mm) will be done.
These thinner overhangs are very common in geometries of complex SLM parts, and further
optimization of 3D LSP parameters for their treatment is planned.
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Abstract

Additive manufacturing (AM) currently revolutionizes the way parts are designed and
manufactured, with the ability to produce lightweight structures with unprecedented complex
geometries. One well-known drawback of AM parts is that they can have a decreased fatigue life,
compared to conventional manufacturing. 3D Laser Shock Peening is a new hybrid process adding
a periodic Laser Shock Peening (LSP) treatment to the traditional Selective Laser Melting (SLM)
AM method. LSP can be applied selectively in the 3D volume of metallic parts, and is shown here
to drastically improve fatigue life. We report fatigue lives of 316L stainless steel multiplied by
more than 15 times compared to standard SLM parts, and more than 57 times compared to
conventional manufacturing.

Metal parts built to last!

Additive Manufacturing (better known as 3D printing) has seen a lot of media hype in the recent
years. But besides the media hype, as some of the patents in the field are expiring, it is also
experiencing a surge in the number of machine producers that have entered the field (from 97
companies in 2016 to 135 in 2017 [1]). This surge is driven by a clear and steady transition from
Rapid Prototyping to Rapid Manufacturing applications. This trend can in particular be observed
for metal Additive Manufacturing (AM) technologies, which showed an 80% increase in the
number of sold machines in 2017 compared to the previous year, and 875% increase compared
to 2012 [1]. As one of the most widely researched and mature AM technologies - Selective Laser
Melting (SLM), a laser based powder bed process, has been at the forefront of this transition.
With the constant improvements of the process over the last two decades, a clear increase in the
process reliability, part density, production rates and range of materials processable by SLM can
be observed. This context explains the surge in number of conferences, industrial exhibitions,
trade fairs and workshops emerging in the SLM field, and the associated media coverage. It is
also one of the fastest growing fields in industry at the moment, with many leading international
companies (such as General Electric) investing billions in research and recent acquisitions (e.g.
Concept Laser and Arcam [2], producers of metal Additive Manufacturing machines).

One of the well-known advantages of the SLM process is the ability to produce lightweight parts
with extraordinary complex geometries, which are otherwise impossible to obtain with
conventional manufacturing. On the other hand, one of the main drawback significantly limiting
SLM current applications is the residual stress state inherited from the building phase of the
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process. Tensile residual stresses (TRS) are known to significantly decrease fatigue life [3],
increase part geometry distortions [4], promote cracks in materials (e.g. Ni-based superalloys)
[5] and even cause delamination and process failure during the SLM building phase [6]—[8].
Geometrical distortions lead to an increased need for post process machining, while cracking in
materials such as Ni-based superalloys significantly limits potential SLM applications. Hence,
considerable effort has been put in multiple directions to cope with the residual stress issue, but
so far with limited success. A post process heat treatment can be applied and a relief of ~70% of
tensile residual stresses can be achieved [9], but this approach cannot address the problems of
cracking and delamination during the building phase. Laser remelting of each layer can be applied
as an in situ heat treatment to relieve the accumulation of TRS. However, although this approach
can remove up to about 50% of TRS [9], rescanning every layer significantly increases processing
time. This is in a sharp contrast with the long lasting trend to increase the productivity by either
multiplying the number of lasers [10] or increasing the laser power [11], [12]. Baseplate
preheating is another in situ process used to decrease thermal gradients and limit the
accumulation of TRS. Here as well, only a limited effect of TRS reduction can be obtained (e.g.
40% in [9]). The baseplate temperature is usually limited to about 200°C in industrial applications
since higher temperatures, with a positive effect on TRS, significantly reduce cooling rates and
thereby decrease mechanical properties such as yield strength or fatigue limit [13], [14]. Hot
Isostatic Pressing (HIP) is also commonly used for cast and SLM parts in order to remove residual
stresses and close down any existing pores in order to improve fatigue life [15], [16]. However
HIP remains limited to a post treatment, and can furthermore degrade the material
microstructure, usually by excessive grain growth (often after a recrystallization step).

While all the above approaches have shown an ability to decrease TRS to a certain extent, none
of them can introduce compressive residual stresses (CRS), although these are very beneficial to
fatigue properties [17]-[19]. Expensive and time consuming surface treatments such as Laser
Shock Peening (LSP), Shot Peening (SP) or Ultrasonic Shot Peening (USP) were precisely
developed due to their ability to generate CRS (and increase hardness) in the near surface region,
and improve fatigue life of treated parts [20]-[22]. These surface post treatments can be
classified according to their affected depth, i.e. the depth to which CRS are being introduced into
the part subsurface. The LSP process is the most effective one [19], [23] but also the most
expensive due to the relative high cost and scarcity of the commercial equipment compared to
SP and USP. An increase in the fatigue limit of 23.6% was observed when an LSP post treatment
was applied on a titanium alloy (TC17) part manufactured by an AM blown powder method [24].
A recent publication on 316L SLM [25] shows that an SP post treatment improves the fatigue life
by 2.7 times (compared to the AB state), whereas replacing SP by LSP provides a more than 20
times increase. However only two SP samples and three LSP samples were tested in these
conditions. The SLM AB state also showed a nine times longer fatigue life compared to the softer
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wrought conventional state. When applied as a post process, these surface treatments are
restricted to accessible zones, and may therefore be ruled out for more complex geometries,
typical of those produced by AM.

3D Laser Shock Peening (3D LSP) (Figure 1a) is a novel hybrid additive manufacturing process
patented by the Laboratory of Thermomechanical Metallurgy at EPFL [26]. In essence, it consists
of a repetitive application of LSP treatments during the SLM part building phase.

In previous work, we have shown that a conventional LSP post treatment can easily convert SLM
induced TRS to more beneficial CRS, even when applied on a non — polished, rough SLM surface
[27]. In further investigations preparing the ground for 3D LSP [28], it was shown that SLM layers
built on an LSP treated surface do not erase the LSP induced CRS. On the contrary, it was observed
that repetitive application of LSP on subsequent SLM layers leads to an accumulation and
increase in magnitude of CRS, with the expected positive influence on the fatigue life of SLM
parts. In this paper, we now investigate the fatigue life of 316L stainless steel SLM samples, by
considering different processing steps: (i) the As-Built (AB) SLM state, (ii) the HIP post treatment,
(iii) the conventional surface LSP (2D LSP) post treatment, and (iv) the 3D LSP process.
Comparisons are also given with samples made by conventional manufacturing.

SLM samples made out of 316L stainless steel with a chemical composition given in Table S1 were
produced. A miniature bridge like geometry (Figure 1b and 1c) was used to maximize the number
of samples and produce 72 of them on the same baseplate, as shown in Figure S1. Fatigue life
experiments were performed in bending, using a Rumul Cracktronic machine illustrated in Figure
S2 and detailed in the supplementary material.
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Baseplate

Fig. 1 a) Illustration of the 3D Laser shock peening process (3D LSP); b) Fatigue sample
geometry and dimensions [29]; c) Schematic of the 3D LSP process with the n=10 number of
layers between two subsequent LSP treatments.

Fatigue life measurement results for parts in the as-built (AB) SLM state, post-processed by Hot
Isostatic Pressing (HIP), conventional 2D LSP post-treatment, and processed by 3D LSP, are shown
in Figure 2. All samples were tested in fatigue with a non — machined (i.e. as-built) surface state,
with an average roughness Ra of 12.3 microns. No measurable effect of the LSP process on the
surface roughness was observed. Bending fatigue results were plotted and compared with
“conventional 316L"” samples made from wrought 316L material, with a chemical composition
similar to that of the SLM powders (Table S1). These samples have been machined into the
desired geometry, with an average surface roughness Ra of 0.53 microns.

A maximum number of 10 million cycles was considered in all fatigue experiments; samples
reaching this stage without failure were marked as “runouts”. Stress values at which runouts
occurred were taken as the fatigue limit of the material, in the chosen bending conditions. The
measured fatigue limit was 250 MPa in the AB state, and 300 MPa when post processed with 2D
LSP. For the conventional 316L samples, a fatigue limit of 340 MPa was achieved which can be
contributed to the significantly smoother machined surface. Surface roughness has an obvious
detrimental effect on fatigue life since all valleys of the roughness profile act as stress
concentration sites and nucleation points for crack initiation [30].

The achieved fatigue limit of 3D LSP samples was 360 MPa, which represents a modest increase
compared to the conventional ones, however here again the surface state is very different.
Samples processed by 3D LSP show a drastic increase of more than 15 times the fatigue life of AB
samples, at a load of 360 MPa (Figure 2). They also have a substantially higher fatigue limit
compared to the SLM AB state (44% increase). The increase in the fatigue life of 3D LSP samples
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can be attributed to the accumulated compressive residual stresses in the subsurface region of

the part [17], [19], [27], [28].
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Fig. 2 Wohler curves of non - machined 316L steel samples in the As-Built (AB) state, HIP treated, 2D LSP
treated, 3D LSP processed, and comparison with machined wrought conventional samples. Runouts
correspond to 10 million cycles without failure, and are marked by a black arrow.

Figure 3 compares fatigue lives of SLM AB, HIP post processed, 2D LSP post processed, 3D LSP
processed, and conventionally made 316L samples, this time with all of them machined on the
surface (Ra of 0.53 microns). The SLM AB condition outperforms the conventionally made 316L
(4 times longer fatigue life at 480 MPa), the improvement increasing with the applied load. The
SLM AB machined state shows a fatigue limit at 360 MPa, while a 2D LSP post treatment only
improves it by 6%, reaching 380 MPa.

The 3D LSP condition again outperformed all other treatments and achieved a fatigue limit of 480
MPa, i.e. 26% higher than the 2D LSP post treatment case (380 MPa), and 33% higher than the
SLM AB state (360 MPa). An impressive 41% increase is noticed in comparison with the
conventional 316L samples (340 MPa). Looking at the increase in fatigue life, the benefits of LSP
treatments are even more striking: for example, at 480 MPa, the 3D LSP fatigue life is more than
14 times that of the AB state, and more than 57 times that of the conventionally made 316L.
Again, the increase in fatigue life should be related to the previously demonstrated introduction
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[27] and accumulation [28] of CRS in the subsurface region of the 316L SLM sample, which are

very effective in delaying the onset of cracking.

Figure 3 also shows different slopes of fatigue curves depending on the processing steps. This can
be especially observed for the HIP, AB and conventional 316L curves which have a similar fatigue
limit, but behave very differently at higher stresses. With the increase in applied stress, softer
HIPed samples experience a more drastic decrease in fatigue life which lowers the slope of the
fatigue curve compared to the steeper SLM AB state curve. The beneficial effects of the 2D and
3D LSP process are more pronounced in the lower stress zone, where the accumulated CRS have
the most significant role [19], [23]. This also reduces the slope of their fatigue curves (compared
to the AB state), with fatigue lives remaining significantly increased in most of the investigated

stress range.
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Fig. 3 Wohler curves of machined 316L steel samples in the As-Built (AB) state, HIP treated, 2D LSP
treated, 3D LSP processed, and comparison with wrought conventional samples. Runouts correspond to
10 million cycles without failure, and are marked by a black arrow.
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The HIP treated samples showed an overall lower performance, even worse than the AB samples,
in both non — machined and machined conditions. It was already observed in literature that for
316L samples, due to the high temperatures used in the HIP process, recrystallization and grain
growth occur, leading to an increase in grain size, a decrease in dislocation density, and therefore
a decrease in yield strength [31]—[33], which reduces fatigue life [32].

To better understand the effect of the HIP treatment and the comparison with the conventional
316L samples, Vickers microhardness measurements were performed, as shown in Figure 4 and
Table S3. At a depth of 50 microns, the AB state achieves 236HV, while 2D LSP and 3D LSP lead
to a strain-hardening, quantified by 281 HV and 322 HV, respectively. The increase in strain
hardening of the material when going from 2D to 3D LSP is due to the plastic strain accumulation
in latter case [27], [28], which relates as well to the accumulation of CRS. Wrought conventionally
produced 316L is significantly softer, 212 HV, while the HIP treatment leads to an increase in
grain size [33] and to the lowest microhardness (200 HV). The associated low yield strength
explains the decrease in fatigue life, especially in the higher stress load regime.

VICKERS MICROHARDNESS
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360
320
280
>
I
240
200 H++‘.—C—Y—L_!
—————+—*
160
50 150 250 350 450 550 650 750
Depth [pm]

Fig. 4 Microhardness profiles for samples in the AB, 2D LSP, 3D LSP, HIPed condition and made by
wrought Conventional 316L.

It was shown that by producing SLM parts in a 3D LSP manner, residual stresses can be effectively
tailored [27], [28] in the extent that cannot be reached by any other in situ or post treatment
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alike. The ability to convert these TRS to neutral or CRS will have a beneficial effect on the
decrease in part geometry distortion as well as a decrease in the amount of cracks caused by the
accumulation of TRS during the building process.

In this work we have shown that the ability to accumulate compressive residual stresses has an
important beneficial effect on fatigue life and fatigue limit of the produced part. A dramatic
increase of more than 15 times in fatigue life, together with a 44% improvement in fatigue limit
was achieved, for a non - machined 3D LSP sample compared to an equivalent as-built SLM
sample. The improvement is even more remarkable in the case of machined surface states, where
the 3D LSP sample showed an increase in fatigue life of more than 14 times that of the AB state
and more than 57 times that of the conventionally produced 316L. In the latter machined surface
state, the fatigue limit increased by 33% compared to the AB state, and 41% compared to the
conventional 316L.

These substantial improvements in the fatigue life and fatigue limit of parts made by the 3D LSP
process will further contribute to the ability to optimize geometry and produce light weight and
highly engineered parts, a main driving force of the whole metal Additive Manufacturing field.
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Materials and Methods

Tables S1-S3

Figures S1—S2

Methods and materials — supplement

1. Material and SLM parameters

Samples were made out of well-investigated and widely used austenitic stainless steel 316L. The
chemical composition is shown in Table S1, and the used powder was DIAMALLOY 1003 obtained
from Sulzer Metco, Switzerland. Samples were manufactured on a Concept M2 machine (Concept
Laser GmbH, Germany) equipped with a fiber laser operated in continuous mode. The laser has
a wavelength of 1070 nm and a spot size of 90 microns. A total of 72 fatigue samples were made
(Figure S1). The processing parameters, i.e. laser power, scanning speed, hatch distance and
powder layer thickness were 125 W, 500 mm/s, 0.105 mm and 0.03 mm, respectively. An island
scanning strategy was applied. Samples were produced under N> atmosphere and the O, content
was kept below 1 % during the process.
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Cr Ni Si Mo C Fe
316L (Sulzer
Metco) 17 12 2.3 2.5 0.03 Balance
Conventional
316L (PX) 17-19 12.5-15 <1 2.5-3 <0.03 Balance

Table S1 Chemical composition of 316L stainless steel, wt. %.

Samples designated as “conventional 316L"” were machined out of 316L 1.4435 acquired from PX

Precimet SA (Switzerland) with a chemical composition given in Table S1.

Fig. S1 Baseplate with 72 miniature fatigue samples made out of 316L.
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2. Laser Shock Peening setup

The LSP treatment was done on a Nd:YAG SAGA HP - class laser from Thales company with a “top-
hat” beam spatial energy distribution and a near — Gaussian pulse shape. LSP parameters are
given in Table S2. 3D LSP processing consisted in applying the LSP treatments twice, the first time
at a depth of 10 SLM layers below the top surface, and the second time on the top surface itself
(see Figure 1c). All LSP treatments were done while samples were still attached to the baseplate.
Samples designated as SLM AB received no LSP treatment.

Wavelength 1064nm
Pulse duration 6.3ns
Spot size diameter 1mm
Pulse energy 0.4)
Power density 7.2 GW/cm?
Frequency 5Hz
Overlap value 80%

Table S2 LSP process parameters.

3. Hot Isostatic Pressing (HIP)

Hot Isostatic Pressing (HIP) treatments were done on an ABRA Shirp8/16-200-2000 (Abra Fluid
AG, Switzerland) machine under a protective Argon atmosphere. A pressure of 100 bar, and a
temperature of 1150°C were applied for a duration of 4h.

4. Fatigue life experiments

The specimen geometry was a bridge like structure shown in Figure 1b with dimension of 55x10x5
mm?3, an arc of 5mm diameter such that the cross section of the specimen was 5x5mm?. Samples
were built on support structures of 3 mm height, and were removed from the baseplate by EDM.
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Fatigue tests were done on a Rumul Cracktronic (Switzerland) machine shown in Figure S2, under
pure bending load. Tensile stresses were applied on the specimen top surface, with a stress ratio
R=0. The applied load frequency was 120 Hz.

Load cell Fixe grip

Fig. S2 Rumul Cracktronic fatigue machine.

5. Microhardness measurements

Vickers microhardness measurements were done using a 25 g load and a 12 s hold time at room
temperature, on a Q10A machine from Qness GmbH (Germany). As recommended by ISO 6507-
1, the distance between two consecutive indentations was larger than 3 times the diagonal of
the indented square. 5 parallel rows of 15 indentations separated by 50 pm gaps were made
along the samples depth, with the first indentation placed at 50 um from the free edge of the top
surface, following the I1SO 6507-1 recommendation. The mean microhardness and its standard
deviation were plotted by considering the 5 measurements at each depth level (Figure 4).
Numerical values are given in Table S3.
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Microhardness value (HV)

Depth (um) AB 2D LSP 3D LSP HIP Conventional 316L
50 236.4 281.4 322.3 200.3 212.3
100 250.0 279.4 309.1 194.3 212.7
150 246.0 275.4 300.2 197.7 210.0
200 258.6 270.0 302.2 194.0 210.7
250 250.0 271.0 301.8 189.5 206.3
300 255.2 270.4 283.4 192.3 208.7
350 255.2 264.4 287.6 191.0 200.3
400 243.8 261.6 281.6 195.0 207.7
450 254.4 266.6 276.1 194.8 202.7
500 256.8 257.0 273.4 188.0 207.3
550 252.0 250.8 268.5 185.3 202.7
600 255.6 268.0 264.1 187.8 207.3
650 245.4 270.6 261.7 188.8 204.0
700 256.2 260.4 264.9 189.0 205.3
750 256.8 252.6 261.9 192.8 202.3

Table S3 Mean values of microhardness measurements for samples in the AB, HIP, 2D LSP, 3D LSP
conditions, and comparison with wrought conventional 316L.
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Abstract

Selective Laser Melting (SLM) of Ni-based superalloys such as CM247LC is prone to weld-cracking.
This paper investigates how the cracking behavior of the alloy can be improved by repeatedly
applying Laser Shock Peening (LSP) during the building phase of SLM. Samples made of CM247LC
were processed with different LSP parameters, and the influence on bulk crack density has been
guantified. It was observed that for all chosen conditions, a significant decrease of up to 95%
could be achieved, demonstrating the potential of the new hybrid 3D LSP method in improving
SLM processing of alloys sensitive to cracking.

1. Introduction

Selective Laser Melting (SLM) is a laser based powder bed process considered to be one of the
most accurate and widely researched Additive Manufacturing (AM) processes [1], [2]. AM is
known for a number of advantages over conventional manufacturing methods, such as the
possibility to build parts with complex geometries, low lead time, mass customization, minimal
waste, and the ability to process materials which are difficult or impossible to manufacture with
conventional manufacturing methods. SLM is however very sensitive to the accumulation of
tensile residual stresses (TRS), which can lead to cracking and warping. If not released after
processing, these TRS also usually result in a significant decrease in fatigue life [3]—[5].

Ni-based superalloys have a major importance in industries dealing with high temperature
applications, such as gas and jet turbine engines. Among these, CM247LC has demonstrated
excellent creep and corrosion resistance at elevated temperatures [6], which places this alloy in
ideal position for production of turbine blades designed for demanding conditions such as high
pressures and high temperatures [7], [8]. The as-fabricated CM247LC alloy is strengthened by a
high-amount of y” ordered secondary phase [8], and is well-known to be prone to weld-cracking
[9], [10]. Both fusion welding and Selective Laser Melting processes therefore lead to the
formation of cracks. Four potential mechanisms have been discussed so far in Ni-based
superalloys, and could apply to CM247LC:

1) Solidification Cracking (Hot-Tearing) happens where the material is in a partially solid state
(solidifying melt pool or mushy zone) as a result of entrapment of remained liquid in the
interdendritic regions [10]. Due to presence of tensile residual stresses induced by solidification,
the entrapped liquid regions can act as crack initiation sites [11], [12].
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2) Liquation Cracking mostly occurs in the Heat Affected Zone (HAZ), and some research studies
have identified it as the main reason of cracking in lower-energy welding conditions [13]. In the
HAZ, phases with low melting point, such as y-y’ eutectic or zones with chemical segregation,
form a liquid film along the grain boundaries. Since the liquid film cannot withstand solidification
shrinkage (TRS due to shrinkage), it serves as crack initiation site.

3) Strain-age cracking (SAC) is correlated with post weld heat treatment (PWHT) of Ni-based
superalloys. SAC may occur during reheating of the welded material in the aging region [10]. The
mechanism of SAC is explained by two competing actions. First, residual stresses relax slowly
during PWHT. One the other hand, y' keeps precipitating which makes the alloy less ductile and
induces additional residual stresses. If the resulting residual stresses induce strain beyond the
ductility limit, cracks form at grain boundaries along carbides. In SLM, reheating repeatedly
occurs after deposition of each new layer, which is the equivalent of post weld reheating [10],
[14].

4) Ductility-dip cracking (DDC) is a ‘creep-like’ mechanism which occurs at elevated temperature,
not high enough for dynamic recrystallization, but sufficient for grain boundary sliding [15]. The
latter can induce stress concentration at triple grain boundary junctions, and lead to void
formation, or cracking.

SLM of Ni-superalloys has been largely studied [9], [16]—[19]. Strategies for reducing crack density
include optimizing SLM parameters [9], [18], [19], applying Hot Isostatic Pressing (HIP) [9] and
tuning the chemical composition [9], [18]. The HIP process usually leads to grain coarsening [20],
[21] which has detrimental consequences on mechanical properties. Carter et al. [9] stated that
the cracking mechanism in CM247LC is DDC, due to presence of high angle grain boundaries near
the cracks. Liquation cracking is also reported in SLM of IN738LC [22] (another y’-strengthened
Ni superalloy). The dendritic structure at the crack surfaces, and the presence of low melting
point alloying components are two solid evidences for this cracking mechanism [22].

Although cracking mechanisms in y’strengthened Ni superalloys are still a matter of debate, all
of them require a TRS field which acts as a crack driving force.

3D Laser Shock Peening (3D LSP) is a hybrid Additive Manufacturing process which repeatedly
applies Laser Shock Peening (LSP), a well-known surface treatment [23], [24], during the building
phase of SLM. It was developed and patented by the Laboratory of Thermomechanical Metallurgy
at EPFL [25]. Initial investigations have shown that LSP can convert the SLM induced TRS into
compressive residual stresses (CRS) [26]. When LSP is repeatedly applied every few SLM layers,
CRS can accumulate, i.e. both their magnitude and their penetration depth from the free surface
can increase [27].
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v’ strengthened Ni-based superalloys are susceptible to cracking when subjected to welding or
SLM conditions. Cracking is always promoted by TRS, regardless of the particular mechanism.
From an industrial point of view, any part that contains excessive cracks should be rejected and
thus, removing cracks is of a high importance. In this paper, we show for the first time that the
3D LSP approach can significantly reduce the amount of cracks in the SLM CM247LC samples.
Samples in the AB and 3D LSP treated conditions are compared and the measured cracks density
is significantly reduced for all considered 3D LSP processing conditions.

2. Experimental setup

2.1 SLM parameters and sample geometry

The chemical composition of CM247LC powders is shown in Table 1.

Cr | Co | Ta Ti Al W Hf | Mo C B Zr Ni

81]19.2(32|07 |56 (85|14 |05]| 0.05 | 0.015| 0.015 | balance

Table 1 Chemical composition of CM247LC powders, wt.% [6].

SLM processing was performed on a laboratory machine equipped with an Ytterbium fiber laser
operated in continuous mode at a wavelength of 1070 nm and a spot size of 90 microns. The
chosen SLM processing parameters were: laser power 200 W, scanning speed 1300 mm/s,
hatching distance 0.090 mm, and layer thickness 0.03 mm, with a bi-directional scanning (90°
alternating). The oxygen content in the SLM chamber was around 0.5%. Twelve samples with
dimensions of 10x10x10 mm? were manufactured (Figure 1 a,b).
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Fig. 1 a) Samples attached to the baseplate; b) sample geometry with the build direction vertical (Z).

2.2 Laser Shock Peening setup

While still being attached to the baseplate, 9 out of the 12 samples in Figure 1a were treated with
different LSP parameters: three samples for each set of parameters A, B and C. The last three
samples were left in the as-built (AB) condition. After LSP treatment, samples were brought back
to the SLM station and n additional SLM layers were rebuilt (Figure 2). The chosen numbers of
layers n were {3, 10, 20}, as shown in Figure 1a.

Similarly to previous work [27], the LSP treatment was done on a Nd:YAG SAGA HP laser from
Thales company. The LSP process parameters were kept constant with the exception of the
overlap rate (Table 2). The chosen overlap rate was 80% for samples A, 40% for samples B, and
two times 80% (two treatments with 80% coverage each) for samples C (Figure 1a). The ratio of
number of LSP shots between 80% overlap and 40% overlap is 9. The reader is directed to [26],
[27] for more information on the LSP setup.
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Fig. 2 Schematic view of the 3D LSP process with the n number of rebuilt SLM layers after
the LSP treatment.

Wavelength 1064nm
Pulse duration 6.3ns
Spot size diameter 1Imm
Pulse energy 0.4)
Power density 7.2 GW/cm?
Frequency 5Hz

Table 2 LSP process parameters.

2.3 Crack density measurements

Samples were cut according to Figure 1b, ground with sand papers (down to 2500), then polished
with suspension of alumina particles until 0.04 um, and images of the XZ plane were taken on an
optical microscope Leica DM6000M with a magnification of 200. Micrographs were analyzed with
the Imagel software, and a plugin [28] was used to quantify the crack density values.
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2.4 Heat treatment

A stress relieve heat treatment was done on some of the 3D LSP samples in order to assess the
influence of residual stresses on the measured crack density. Samples were heat treated at
1250°Cin a Borel FP 1400 furnace for 3 hours, and cooled down to room temperature with a flow
of compressed argon gas.

2.5 Chemical etching

Chemical etching was done with the Kalling’s reagent (2.5 g CuCl2 + 50 mL HCI + 50 mL water).
Samples were immersed for 5 seconds in the etching solution. Similarly to the heat treatment,
chemical etching was used to evaluate if cracks in the material were barely closed due to the LSP
induced CRS and/or smeared due to grinding and polishing, or instead if they were completely
removed.

3. Results and discussion

Samples were denoted as “AB” in the SLM as-built condition, and 3D LSP “A”, “B” or “C” when
LSP treated with 80% overlap, 40% or two times 80% respectively. As explained in section 2.2 the
number n of rebuilt layers after the LSP treatment varied between 3, 10 and 20.

3.1 As-built (AB) state

An image of an AB SLM sample is shown in Figures 3 and 4c. It can be observed that, as reported
in [9], [29], there is a significant crack density in these samples, with cracks mostly oriented along
the vertical build direction. Crack density measurements were made in an area of 8.0 x 0.5 mm?
and at a depth of 600 um below the top surface (thus keeping the zone comparable to the 3D
LSP measured zones in Figure 4). An average from three measurements was taken and a crack
density of 2.16 mmz.

mmz was obtained with a relatively small standard deviation of 0.27
mm mm

131



' - { ; ' - . " © 4 o w8 g™ o2l - g
‘ by o i 4 1 Ay Pl ud f o ' o RN
i 3 %0 g K i L ' W

. i = i d o v ' ] 4
; Build direction .. ., .. o0 T b

] ' w N ! [}
v i AR o U epyg? ' : s 2

Fig. 3 CM247LC sample in the SLM AB condition.

3.2 3D LSP state

As shown in Figure 1a, there were nine unique 3D LSP conditions with different overlap rates and
numbers of rebuilt layers n={3, 10, 20}. The rebuilding of additional SLM layers used a
misalignment step (i.e. the rebuilt SLM layers were offset) so that the zone of the LSP treated
layer could be easily observed (Figure 4a). Below the LSP treated layer, an LSP affected zone with
a reduced crack density can be distinguished. The crack density was measured for all samples at
different distances below the LSP line. For each measurement, a rectangle was considered, made
of the LSP line and the defined distance below it (Figure 4a). Table 3 shows measured crack
densities obtained with rectangles extending at 200 microns below the LSP line. Sample A with n

=20 has the lowest crack density (0.12 %), which represents a drastic reduction of almost 95%
::;lnz). This significant improvement is attributed to the

removal of TRS and the introduction of CRS by the 3D LSP treatment. As previously stated [9],
[16]—-[18] the presence of TRS is the main cause of crack generation in critical areas. 3D LSP does

compared to the AB condition (2.16

not only remove the detrimental TRS which tend to initiate damage and cracks, but introduces
CRS which have the opposite effect.

A micrograph of this sample is shown in Figure 4. A reduced crack density zone can clearly be
distinguished below the LSP treated layer (Figure 4b). At increased depth, a gradual change
occurs, finally reaching the AB state (Figure 4c). The estimated LSP affected zone extended over
500 microns in depth, while only a marginal improvement of crack density was observed above
the LSP line. This can be understood from the usual SLM induced (tensile) stresses which, in this
case, were generated during the SLM rebuilding step.
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Fig. 4 Micrograph of the A1 sample (80% LSP overlap and 20 rebuilt SLM layers): a) illustration of the
rebuilding misalignment step, LSP treated layer, rebuilt SLM layers and the crack density measurement
rectangle below the LSP treated layer; b) enlarged LSP affected zone; c) enlarged as —built SLM zone.

Crack density (:;:’;)

Overlap rate n=3 n=10 n=20
A =80% 0.28 0.41 0.12
B=40% 0.2 0.36 1.39

C=2x80% 0.23 0.66 0.48
AB 2.16

Table 3 Crack density values in the rectangular area from the LSP line up to 200 microns below.

From Table 3, it can be observed that except for the B sample with n= 20 (with crack density of

1.39 %), all other conditions had a fairly similar effect with an average crack density of 0.34

mmz. The particular value of the B 20l sample is difficult to explain, and should probably be related

mm
to improper LSP confinement or disturbance in the laser energy. B LSP processing conditions with

only 40% overlap are more likely to be sensitive to such variations, due to the lower number of
shots per unit area (divided by 9 and 18 compared to A and C respectively). Reversely, B
conditions are much more productive compared to A and C.
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By changing the vertical size of the rectangle from which the crack density is calculated, the depth
of the LSP affected zone can be quantified. Figure 5 shows this analysis for A samples n = 3 (A3l),
10 (A10l) and 20 (A20l) and the AB state. The performance of the different samples remains in
line with the values given in Table 3. A typical LSP affected depth of 500 microns can be concluded
for all A conditions (A3l, A10l, A20l). Below this depth, the average crack density starts increasing.

80% LSP overlap

2.5
2.25 — o
2
1.75
1.5
1.25

1 /
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0.5 —s

Ll D Gy

0
50 150 250 350 450 550 650 750 850 950

Crack density

Distance below the LSP line (um)
—o—AB —e—A20I Al0l A3l

Fig. 5 Average crack density values up to 1000 microns below the LSP line for A samples and the as-built
state.

Figure 5 and Table 3 also indicate that the most reliable results (for any overlap rate) are achieved

with n =3 (0.2 -0.28 %), i.e. when the least amount of TRS are reintroduced into the sample

during the rebuilding phase. These values still represent a significant reduction in crack density
of approximately 90% compared to the AB SLM state. An in depth comparison of samples with n
=3 is given in Figure 6. All curves follow a similar trend up to 300 to 500 microns, followed by an
increase in crack density. In the B condition, this increase starts earlier, around 300 microns,
which is consistent with a decreased LSP affected depth related to the decreased number of LSP
shots per surface area [26], [27].

One can conclude from the above that if LSP is applied often enough (e.g. every 3 layers) the
effect of the number of shots per unit area becomes low. Although higher overlap rates do
increase the magnitude and depth of CRS, this effect is limited (and eventually saturates), and
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does not strongly influence crack density. In the investigated range of overlap, one can conclude
here that lower overlaps can be selected, especially if processing time (productivity) is of concern.

3 rebuilt layers

1.5

[y
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Crack density
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n
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Distance below the LSP line (um)
—o—A B C

Fig. 6 Crack density values up to 1000 microns below the LSP line for A, B and C samples and n = 3.

3.3 Crack closure mechanism

As compressive residual stresses and/or surface preparation can lead to potential artefacts in the
accurate measurement of crack density, both stress relieve heat treatment and chemical etching
were performed on some of the samples. The stress relieve heat treatment was meant to remove
LSP induced CRS to check if cracks would reopen. Chemical etching was used to better reveal
grain boundaries and cracks on the sample surface.

Figure 7 shows optical micrographs of the SLM AB condition, and of the 3D LSP treated case with
A condition and n = 20. In the latter, heat treatment, chemical etching, and polishing steps were
considered. The improvement in crack density previously shown in Figures 3, 4, 5, and Table 3 is
confirmed (Figures 7a and 7b), with no significant difference when heat treatment or chemical
etchingis being used (Figures 7c and 7d). This further strengthens the ability of the 3D LSP process
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to effectively remove SLM induced cracks, and indicates that many of these cracks form well
below the external surface of the material, during SLM processing. This finding may have
consequences on the current debates related to the various cracking mechanisms operating in
SLM processing of CM247LC.

Fig. 7 a) micrograph of the polished SLM AB condition; b) polished 3D LSP A sample with n = 20; c) 3D

LSP A sample with n = 20, heat treated and polished; d) 3D LSP A sample with n = 20, heat treated,
chemically etched and polished.

Although, as shown in the introduction, the cracking mechanism of y” strengthened Ni-based
superalloys is still a controversial debate, all proposed cracking mechanisms have tensile residual
stresses as a common driving force encouraging crack nucleation and/or growth along the build
direction. Consequently the observed decrease in crack density (Figures 3, 4 and 7) and the
proposed 3D LSP crack closure mechanism (Figure 8) can be attributed to the removal of existing
TRS and the introduction of a compressive stress field in the plane perpendicular to the build
direction. In the AB state, tensile residual stresses tend to open up and enhance crack creation
(Figure 8a). By applying 3D LSP on the surface of a CM247LC sample (Figure 8b), TRS are replaced
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by CRS in the near surface region. In the newly introduced CRS zone, vertical cracks are
compressed and closed (Figure 8c). The subsequent SLM rebuilding step melts additional layers
on top of the CRS zone (Figure 8d), which introduces heat into the underlying layers which
promotes diffusion in the closed cracks, and eventually leads to complete healing and bonding.
This process produces crack free areas in the 3D LSP affected zone (Figure 4 a,b). As
demonstrated, cracks do not reappear upon CRS removal by post heat treatment, or after
chemical etching. Further investigations on the kinetics and quality of the crack healing
mechanism are planned in the future.

3D LSP laser
a) Or Or
— L
crack
== SLM laser
Rebuilt SLM layer
c) O¢c O¢ d)

Introduced heat

o ™ Crack free zone
crack

Fig. 8 3D LSP crack closure mechanism: a) tensile residual stresses with one crack in the material in the
SLM AB state; b) 3D LSP treatment; c) sample after 3D LSP with introduced compressive residual stresses
and closed cracks; d) additional SLM layers and crack healing due to the introduced heat.

4. Conclusions and future work

Crack density was measured for CM247LC SLM samples, either in the as-built (AB) SLM state or
after 3D LSP processing using nine different operating conditions. The LSP overlap rate varied
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between 40%, 80% and 2x80%, and the number of SLM rebuilt layers after LSP treatment was n
={3, 10, 20}.

The following conclusions can be drawn:

mm
> Was measured.
mm

e For all nine 3D LSP operating conditions, a significant improvement in crack density was

e Inthe AB state, a substantial and homogeneous crack density of 2.16

measured.
e The best results were obtained with the 80% LSP overlap rate, where a crack density of
0.12 ==

—z P to a depth of 200 microns below the LSP treated line was measured. This
represents a decrease of almost 95% compared to the SLM AB state.

e |[f the LSP treatment is applied often enough (every 3 layers), there is no significant effect
of the overlap rate, thus giving the motivation of selecting faster 3D LSP conditions, with
lower overlap and enhanced productivity.

e Heat treatment and chemical etching did not induce crack reopening, which confirms the

effectiveness of the crack closure mechanism.

Further investigations and optimization of 3D LSP parameters and their effect on crack density in
Ni-based alloys will be performed. Lower LSP overlap rates will be tested, together with increased
periodicity (e.g. after 1 rebuilt SLM layer). The effect of 3D LSP on crack density above the LSP
treated layer needs to be evaluated in more details, such as to conclude better on the operating
cracking mechanisms. Finally, larger samples with more complex geometries will be produced on
a hybrid (automated) 3D LSP machine, in order to study the control of cracks in a more systematic
way, and for different materials.
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Chapter 10. Conclusions

10.1 Achieved results

Over the course of this thesis we have tried to present the effects of 3D LSP: a hybrid Additive
Manufacturing process which combines Laser Shock Peening with Selective Laser Melting. In this
novel field we have focused on the issues related to the anisotropic microstructure and the
accumulation of tensile residual stresses (TRS) in SLM parts, and the new degrees of freedom
provided by LSP for a better control of residual stresses, microstructures, geometric distortions,
crack density and fatigue life. The manuscript proposes a paper on each of these topics.

In this chapter we will summarize and briefly present the results achieved in the different sections
of this thesis.

In Chapter 4, we have shown the capability of LSP treatment to alter the residual stresses of SLM
parts even when applied on their rough as — built surface state, which was initially not clear due
to the lack of prior art on such applications. Samples made out of the martensitic PH1 and
austenitic 316L stainless steels were treated with various LSP processing parameters and the
following conclusions could be made:

e LSP treatment of parts with high surface roughness such as the SLM as — built surface
state is feasible, and the well-known high tensile residual stresses in the near-surface
region are easily converted to compressive residual stresses (CRS).

e A smaller spot size (1 mm diameter) applied during the LSP treatment leads to larger
values of introduced CRS compared to larger spots such as 2 and 5 mm. These trends were
observed in both coating conditions, i.e. with and without an ablative coating.

e Alarger spot size leads to a deeper profile of CRS.

e Ablative coatings lead to larger and deeper CRS.

e Higher overlap rates (80%) lead to higher and deeper CRS due to the increased number
of shots per surface area, but require longer processing times compared to smaller
overlap rates (40%), thus affecting the productivity of the process.

Our work on the effect of 3D LSP process on the residual stress state of 316L stainless steel
samples was detailed in Chapter 5 and brought the following contributions:
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3D LSP accumulates and increases CRS both in magnitude and depth compared to
conventional surface 2D LSP. This was observed for various processing parameters.

3D LSP with a smaller spot size and thus a reduced pulse energy (keeping the same energy
density) can create deeper CRS compared to conventional LSP treatment with a larger
spot size and pulse energy. This was observed for different overlap rates (40 and 80%
overlap), and highlights the interest of using a smaller spot size which can be provided by
lasers with lower pulse energies but at significantly higher repetition rates. Such lasers
are readily available on the market and are substantially cheaper compared to higher
energy lasers needed for LSP with larger spot sizes. Another benefit is that they are also
smaller in size and can be coupled to a fiber beam delivery which are all important
advantages when thinking of applying such lasers to a hybrid 3D LSP machine.

In Chapter 6, our work on the effect of LSP treatments on the microstructure and microhardness
of 316L SLM samples was presented. The following conclusions could be drawn:

Laser Shock Peening significantly increases the microhardness of SLM AB samples but
does not affect the grain size in the as — treated LSP state (i.e. without a subsequent heat
treatment).

In the zone affected by the LSP process, recrystallization kinetics are strongly accelerated
upon heat treatment. This results in a refined, equiaxed grain structure which is very
different from the SLM AB microstructure. Thus, 3D LSP offers a very promising new route
for 3D control and tailoring of microstructures and mechanical properties of SLM parts. It
is also a way of reducing or eliminating the mechanical anisotropy related to
crystallographic textures, which are often very strong in SLM parts, and cannot always be
changed by conventional heat treatments.

Our investigation of the geometrical accuracy of bridge like SLM parts made out of Ti6Al4V and

the improvements brought by 3D LSP were presented in Chapter 7. It provided the following

contributions:
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In the SLM AB state, a significant distortion angle above 2.2° can be observed, particularly
pronounced for SLM parts with thinner overhangs.

The increase in overhang thickness slightly reduces the distortion in SLM AB parts.

2D LSP treatment is able to reduce the distortion angle, especially for thinner overhangs.
As the thickness of parts increases, the beneficial effect of a 2D LSP post treatment is less
pronounced.

3D LSP brings a clear improvement in the geometrical accuracy and a decrease in
distortion of up to 75% compared to the AB state (in the current work with only 2 LSP
treatments during the SLM process). A further improvement and complete reduction of



geometrical distortions is expected by increasing the number and frequency of LSP
treatments during the 3D LSP process.

In Chapter 8, we have investigated the microhardness and fatigue life of 316L stainless steel parts
considering different processing steps: (i) the AB SLM state, (ii) the HIP post treatment, (iii) the
conventional surface LSP post treatment (2D LSP), (iv) the 3D LSP process. These were also
compared with conventional wrought samples. The study considered samples with both non —
machined and machined surface state. The following conclusions could be drawn:

e An exceptional 15 times increase in fatigue life and 44% improvement in fatigue limit of a
non — machined 3D LSP sample compared to the AB SLM state was achieved.

e In the machined surface state, an even more remarkable improvement of more than 57
times compared to the conventionally made 316L and more than 14 times compared to
the AB state was observed. The fatigue limit was increased by 33% compared to the AB
state and 41% compared to the conventionally made 316L.

Finally in Chapter 9, we have addressed the issue of crack generation in a Ni-based superalloy,
CM247LC. Crack density was measured in samples in the SLM AB state as well as processed by
various 3D LSP processing parameters. The work can be summarized as follows:

mm
was measured.

e Inthe AB state, a significant crack density of 2.16

mm?2

e All 3D LSP processing conditions brought significant improvements and decreased the
crack density.

e The best results were obtained with an 80% LSP overlap rate which resulted in a crack
density of 0.12 o

7 This represents a decrease of 95% compared to the SLM AB state.
e A stress relieving heat treatment and chemical etching of the surface did not reveal
additional cracks in the 3D LSP treated samples. This confirms the stability of the proposed

3D LSP crack closing mechanism.

10.2 Future developments

The goal of this PhD work was to show the feasibility of a novel hybrid 3D LSP process, and the
interest in further research on the new degrees of freedom provided by the method. Since this
has been an initial study, we have tried to cover a broad range of improvements that this process
achieves and to bring forward experimental results which show the beneficial effects on various
issues of the SLM process such as the inadequate microstructure, detrimental residual stresses,
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distortions, decreased fatigue life and high crack density of SLM processed parts. By taking such
an approach of addressing a number of SLM related issues we wanted to address an audience
from both academia and industry. This would likely intensify future research activities in the field
of 3D LSP and would decrease the time needed for such hybrid machines to enter the commercial
market. But such an approach has, besides attracting interest, opened interesting research
guestions on many of the addressed topics which leave significant room for future academic
work.

Similarly to the SLM field, development of material specific 3D LSP processing parameters is
needed to achieve optimal results. Additionally, 3D LSP parameters are also dependent on the
intended improvements of the process such as microstructure design, distortion decrease,
fatigue life improvement, crack density decrease, and should be fine-tuned accordingly. Special
interest should be addressed to:

e More accurate investigation of the effects of the number n of rebuilt SLM layers
between two subsequent LSP treatments.

e Fine tuning of the laser spot size, and evaluating the potential of using a larger
spot size for the inner part of the treated surface and a smaller spot for the outer
part (shell — core approach).

e Further investigation of the effects of 3D LSP on the distortion of parts with
complex geometries.

e Evaluation of the influence of 3D LSP on parts with thin overhangs (below 1mm).

e Further investigation of the effect on the fatigue life at elevated temperatures
(temperature stability of internal stresses).

e Investigation on 3D LSP effects on cracking mechanisms in different materials, and
assessment on the competition between overlap rate and periodicity of LSP
treatments (number n).

e Evaluation of the optimal laser pulse energy for various materials as a function of
the repetition rate and with the goal of achieving optimal productivity. E.g. softer
aluminum alloys might require lower energy per pulse which in return can be
achieved at higher repetition rates and improved productivity.

Last but not least, to fully understand the evolution of residual stresses in parts produced by 3D
LSP and their effect on the geometrical distortions, fatigue life and crack density, extensive efforts
in modeling and simulation of 3D residual stresses of both SLM and LSP processes are crucial.
Significant efforts in modeling of residual stresses have been made by various groups around the
world [187]-[192]. This will help to better predict the residual stress state after the hybrid 3D LSP
process and optimize the processing parameters which are best suited for each of these 3D LSP
applications.
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