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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 LSP treatment during the
manufacturing phase of the 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 were 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 evaluated. 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.

Keywords 3D laser shock peening - Selective laser melting - Laser shock peening - Distortion - Geometrical accuracy - Ti6A14V

1 Introduction

Selective laser melting (SLM) is one of the most widely
researched additive manufacturing (AM) processes in which
apartis built in a layer-wise method. SLM is known to be able
to produce near net-shape parts with very complex geome-
tries, which are often very difficult or even impossible to man-
ufacture 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 dur-
ing 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 of the part [1, 2, 5]. Different approaches
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addressing this problem were applied but with limited success.
Baseplate preheating was used to decrease the thermal gradi-
ents 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 re-
duction 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 dimin-
ishes the productivity of the entire process, which is 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]. 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 de-
signed accurately, should improve its fatigue life without af-
fecting the geometrical stability [12—14]. Shot peening has
been successfully applied as a posttreatment to improve
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surface quality, microstructure, and wear resistance and to
introduce CRS and increase microhardness of 17—4 stainless
steel samples [15, 16]. Although this process can introduce
CRS, similarly as for a heat treatment post-process, it cannot
address the accumulation of TRS during the building phase
which can cause part delamination and process failure.

3D laser shock peening (3D LSP) is a novel AM process
patented by the Laboratory of Thermomechanical Metallurgy
at EPFL [17]. 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 any parts, including those with complex ge-
ometry, 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 presents 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 inten-
tion 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 me-
chanical fixation of the part and as additional heat extraction
channels. These compensation strategies need to be taken into
account at the design stage [18] and go along with an addi-
tional time-consuming pre-processing step and a reduced buy-
to-fly ratio. A post-build machining can be time-consuming
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 involv-
ing internal structures.

Geometrical distortion can also cause an elevation in the
previously solidified layer, especially while producing over-
hangs 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) [19]. It was also demonstrated that if applied
repeatedly in 3D (as in 3D LSP), the process leads to an
improved accumulation of CRS [20], 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.

A recent publication [21] has shown that conventional LSP
can be very successful as a posttreatment process of 316L
SLM parts both in increasing their fatigue life and reducing
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geometrical distortions. Due to the material shrinkage during
cooling, SLM AB samples exhibit a concave distortion cur-
vature angle on the top surface (an exaggerated image shown
inFig. 1a). In[21], LSP was applied on one side ofa213 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 cur-
vature radius increased and reached 1120 mm after three LSP
treatments on the same side (as shown in Fig. 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 pum, thus showing the interest of applying LSP as a cor-
rective distortion posttreatment. One drawback of such an
approach is that it is limited to thin parts where the effect of
LSP as a posttreatment 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 and simple in shape. Furthermore, residual stresses
developed during the SLM process can result in shape chang-
es of the part which can inhibit further processing, e.g., eleva-
tion 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 ap-
plied to any SLM part geometry.

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 detri-
mental effects on microstructure and mechanical properties.

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
[22-24]. 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 um. The SLM processing parameters were determined
as follows: laser power of 190 W, scanning speed of 950 mm/s,
hatch distance of 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
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a) SLM laser

316L SLM sample

b)
LSP laser

316L SLM sample
LSP treated side

Distortion curvature radius

Fig. 1 a Exaggerated representation of an AB SLM sample with a concave distortion arc. b LSP-treated side of SLM samples with a convex distortion

arc of = 1120 mm, modified from [21]

obtained from Concept Laser GmbH, Germany. Its commer-
cial name is CL 41TI ELIL.

In the literature, different geometries have been used for eval-
uating distortion in SLM parts, most notably the cantilever [2],
bridge-like [26], and three-prong methods [27]. 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 Fig. 2a, with dimensions of 25 mm x 10 mm x 5 mm
and an arch radius of 2.5 mm. A total of 18 samples were pro-
duced, and the minimum thickness of the bridge overhang X
(Fig. 2a) was varied between 1, 2, and 3 mm. This gave a total
of six samples for each group. While still attached to the base-
plate, two samples from each group were treated with a conven-
tional (surface) 2D LSP, two were left in the AB condition, and
two were treated with 3D LSP. The two selected 3D LSP con-
ditions considered either n=3 or n=10 SLM layers between
two subsequent LSP treatments, respectively.

2.2 Laser shock peening setup

As in [20], the LSP treatment was done on an Nd:YAG SAGA
HP class laser from Thales company. For 3D LSP samples, the
building phase was paused # layers before the end, and an LSP
treatment was applied (see Fig. 3). After the LSP treatment, the
final n SLM layers were rebuilt and the LSP process was re-
peated. In this study, the investigated value of n was {3, 10}.
For samples treated by conventional 2D LSP, only a final sur-
face LSP treatment was performed (i.e., LSP was not applied
during the SLM building process interruption). All LSP treat-
ments were done while samples were attached to the baseplate.
SLM AB samples received no LSP treatment. The LSP process
parameters were optimized in our previous work [19, 20] and
are considered as best suited for a hybrid 3D LSP machine. It
was shown that a lower pulse energy (below 1 J) and a smaller
spot size (1 mm) are preferential since such energies can be
delivered by a smaller and cheaper laser, which has a higher

repetition rate and can be coupled to a fiber beam delivery.
These parameters are given in Table 2, and the reader is directed
to [20] for more information on the LSP setup.

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 20 x
20 x5 mm’ cuboid, and the measurements were made with
the hole drilling method (HDM) on a RESTAN-MTS 3000
from SINT Technology in accordance with the ASTM stan-
dard E837 [28]. More information on the HDM measurements
is provided in [19, 20].

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 (Fig. 4a, b).
Pictures of all samples were taken with a Hirox KH8700 dig-
ital microscope. The distortion angle « (Fig. 4b) was mea-
sured using SolidWorks 2017 CAD software from Dassault
Systemes.

3 Results and discussion

Samples in this study were denoted as the following: “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), and “3D LSP” for samples
that were produced as explained in Section 2.2. A further

Table 1 Chemical composition
of Ti6AI4V (CL 41TI ELI), Al \

Fe C O N H Ti

wt.% [25]

Ti6Al4V 5.5-6.5 3.545

0-0.25 0-0.008 0-0.13 0-0.05 0-0.012 Balance
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Fig. 2 a CAD description of the miniature bridge-like sample. b AB sample after detachment from the baseplate. ¢ 2D LSP sample. d 3D LSP sample

division was done into “3D LSP 31” and “3D LSP 101” indi-
cating 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
3 mm for distortion measurements were produced.

3.1 Residual stresses
Residual stresses of Ti6Al4V samples in the AB, 2D LSP, and

3D LSP 31 and 3D LSP 101 conditions are shown in Fig. 5. It
can be observed that in the AB SLM state, Ti6Al4V exhibits a

- - LSP
n x SLM—
- - LSP
SLM —
Baseplate

Fig. 3 Schematic of the 3D LSP process with the n number of layers
between two subsequent LSP treatments
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tensile RS state with values of up to 422 MPa in the near-
surface region and remains tensile throughout the depth of up
to 1 mm, 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 com-
pressive 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 posttreatment, stresses remain
compressive up to a depth of 523 pum, while an accumulation
of CRS and an increase in their depth (up to 788 and 892 pm) is
observed for 3D LSP 31 and 3D LSP 101 samples, respectively.
A general trend of an increased depth with the increase in the
number of subsequent SLM layers n was observed (n being
here either 3 or 10). This increase in the depth of CRS was

Table 2 LSP process

parameters Wavelength 1064 nm
Pulse duration 6.3 ns
Spot size diameter 1 mm
Pulse energy 0417
Power density 7.2 GW/em?®
Frequency 5 Hz
Overlap value 80%
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Baseplate

a)

b)

Fig. 4 a SLM sample attached to the baseplate before removal. b Distorted sample after removal by wire EDM from the baseplate

observed in our previous studies [20] on 316L SLM samples
and is here confirmed on a different material. Since melting and
solidification during SLM is a very fast process, it introduces
only a limited amount of heat, which is insufficient to fully relax
the introduced CRS and enable their accumulation. This ex-
plains 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 7 = 10. It is expected that
beyond a critical value 7., the cumulative effects and the con-
tinuity of the CRS will be compromised. The value of . itself is
assumed to be dependent on the LSP affected depth, processed
material, SLM parameters, and scanning strategy and will be
further investigated in the future.

3.2 Geometrical distortion

In the case of the AB and 2D LSP condition, for each over-
hang thickness, two samples were made, and the average val-
ue of the distortion angle was taken. The « distortion angle
was measured each time; it is reported in Table 3 and plotted in
Fig. 6.

3.2.1 As-built state

In the AB SLM state, high TRS accumulate close to the top
surface of the part [19, 20, 26, 27]. These stresses create a curl-
up distortion angle « [26]. For an overhang of 1 mm thick-
ness, the average value of this angle was measured at 2.21° +
0.04°. As the overhang thickness increases to 2 mm and
3 mm, 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 geometri-
cal distortions are decreasing [29-31].

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 1 mm, « is measured as
0.85°+0.04°, which represents a 62% improvement com-
pared to the AB state. As the overhang thickness is increased
to 2 and 3 mm, « slightly increases to 0.94° + 0.04° and 0.99°
+0.02°, respectively. Although conventional 2D LSP can

Residual stress profile

600

400 1

Residual stress [MPa]

0 05

Depth [mm]

—AB ——2D LSP

“ Tensile RS

4

Caompressive RS

3D LSP 3l =3D LSP 10l

Fig. 5 Residual stress profile of Ti6Al4V samples in the AB, 2D LSP, 3D LSP 31, and 3D LSP 101 conditions
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Table 3 Values of the distortion angle o measured for samples in the angle with a decrease in the overhang thickness can be ob-
AB, 2D LSP, and 3D LSP conditions . ...
served, while for the 2D LSP and 3D LSP conditions, a re-
Overhang  AB 2D LSP 3DLSP31 3DLSP101  verse trend appears. 3D LSP leads to improved results in geo-
metrical accuracy compared to conventional 2D LSP treat-
1 mm 221°4£0.04°  0.85°+0.04° 0.64° 0.56° ment. As the overhang thickness increases, the improvement
2mm 2.04°£0.05° 0.94°+0.04° 0.73° 0.72° is reduced.
3 mm 1.92°+£0.03° 0.99°+0.02° 0.93° 0.94°

easily convert TRS to compressive RS [19, 20], this effect can
be observed only up to a limited affected depth. The intro-
duced 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 « is reduced.

3.2.3 3D LSP condition

3D LSP samples show a further decrease in the distortion
angle o and improvement in the geometrical accuracy com-
pared to conventional 2D LSP and AB conditions. Looking at
the 1-mm overhang, « is decreased to 0.64° and 0.56° for 3D
LSP 31 and 3D LSP 101, 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 condi-
tion. 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 treat-
ments can explain the slightly better results achieved in the 3D
LSP 101 condition.

Values from Table 3 were plotted in Fig. 6 for better clarity.
For the AB condition, a clear trend of increase in distortion

Fig. 6 Values of the distortion

angle o measured for samples in 25
the AB, 2D LSP, and 3D LSP

conditions for different overhang

thicknesses

15

Distortion angle (degrees)

0.5
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Further improvement for thick geometries is 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.

4 Conclusions and future work

Residual stresses of SLM Ti6Al4V parts in the AB, 2D LSP

posttreatment, and 3D LSP conditions were measured. A geo-

metrical distortion angle o was quantified on bridge-like sam-

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

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

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

— Inthe AB state, a significant distortion above 2.2° can be
observed, especially pronounced for thinner overhangs;

—  With the increase of the overhang thickness, the AB dis-
tortion angle slightly decreases;

—  With the conventional surface 2D LSP treatment, a de-
crease in the distortion angle is observed, especially for
the thinner overhang;

Geometrical distortion

‘k
- 4
-
-
- —
L ®
—
1 2 3
Overhang thickness (mm)
aa@us \B «=@=—2D LSP 3D LSP 3| «=@=3D LSP 10l
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3D LSP shows a clear further improvement in the geo-
metrical 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;

For thicker overhangs, an increased number of LSP treat-
ments 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 1 mm) will be done. These thinner over-
hangs are very common in geometries of complex SLM parts,
and further optimization of 3D LSP parameters for their treat-
ment is planned.
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