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A parametric neutron Bragg 
edge imaging study of additively 
manufactured samples treated 
by laser shock peening
Matteo Busi1, Nikola Kalentics2, Manuel Morgano1, Seth Griffiths3, Anton S. Tremsin4, 
Takenao Shinohara5, Roland Logé2, Christian Leinenbach3 & Markus Strobl1*

Laser powder bed fusion is an additive manufacturing technique extensively used for the production 
of metallic components. Despite this process has reached a status at which parts are produced with 
mechanical properties comparable to those from conventional production, it is still prone to introduce 
detrimental tensile residual stresses towards the surfaces along the building direction, implying 
negative consequences on fatigue life and resistance to crack formations. Laser shock peening (LSP) 
is a promising method adopted to compensate tensile residual stresses and to introduce beneficial 
compressive residual stress on the treated surfaces. Using neutron Bragg edge imaging, we perform a 
parametric study of LSP applied to 316L steel samples produced by laser powder bed fusion additive 
manufacturing. We include in the study the novel 3D-LSP technique, where samples are LSP treated 
also during the building process, at intermediate build layers. The LSP energy and spot overlap were 
set to either 1.0 or 1.5 J and 40% or 80% respectively. The results support the use of 3D-LSP treatment 
with the higher LSP laser energy and overlap applied, which showed a relative increase of surface 
compressive residual stress (CRS) and CRS depth by 54% and 104% respectively, compared to the 
conventional LSP treatment.

Laser powder bed fusion (LPBF), also known as selective laser melting (SLM), is a widely used technique for 
additive manufacturing (AM). Using a high-intensity laser, LPBF produces metallic parts by melting consequent 
layers of metallic powders following prede�ned models. Its applications can be found in many �elds, including 
 medical1–3,  aerospace4,  turbines5,  robotics6 and in particular for the production of unique and highly complex 
 components7. Being the overarching goal, the optimization and enhancement of this technique have seen a rapid 
growth and have been supported by intense research for years. While this technique has already reached a status 
in which the mechanical properties of materials produced are comparable to those from conventional production 
processes, LPBF still has several limitations. Among those, especially the accumulation of detrimental tensile 
residual stress (TRS) is critical in the proximity of the �nal layer built, due to shrinkage processes occurring 
during the solidi�cation of the molten powder. �e presence of TRS in exposed parts of the materials can result 
in delamination, distortions, reduced fatigue life or even cracking that can occur during the building  phase8.

While several techniques, such as in-situ heating or annealing, have been used and proposed to limit or 
reduce the formation of TRS at the sample surface, these are not able to induce bene�cial residual stresses, i.e. 
compressive residual stresses (CRS), which improve dramatically fatigue life and the material’s resilience to 
external  forces9. Laser shock peening (LSP) is a surface treatment method that has been developed to counteract 
the presence of TRS. It has been shown that LSP has the ability to push surface TRS deeper into the sample and 
introduce in turn CRS in the surface  region10. Recently, a new technique called 3D laser shock peening (3D-
LSP) was developed, which integrates the LSP treatment in the LPBF process at multiple selected layers, which 
typically have a thickness of 30 to 70 micrometers. Kalentics et al.11 have shown that with 3D-LSP, the heat 
induced by the LPBF layer building is not generally enough to cause the relaxation of the CRS introduced by the 
LSP treatment in the previous layer. Hence, the values of surface CRS and respective depth can be dramatically 
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improved, compared to conventional surface LSP. Furthermore, it is possible to control the depth of the CRS 
introduced by adjusting the laser energy and spot overlap, i.e. number of shots per surface area. �e e�ect of 
LSP could initially be characterized locally by the incremental hole-drilling  method12,13, however, this method 
is highly local and destructive and is only accurate in the investigation of stresses up to about a millimeter depth 
into the sample. Among the nondestructive methods, neutron di�raction and the X-ray di�raction (XRD) are 
widely used however, XRD is in general limited to surface analyses due to the limited penetration depth in many 
metals and neutron di�raction techniques are typically limited in spatial resolution.

To overcome these limitations, neutron imaging methods based on di�raction  contrast14 have been intro-
duced. �anks to the nature of neutron-matter interactions, such as the high penetration depths of neutrons in 
many relevant elements and compounds, these methods can be e�ciently used to investigate the bulk of metallic 
components. Large volumes can thus be assessed with spatially resolved single exposure measurements providing 
information of local density,  strains14–16, phase  composition14,17 and texture  variations18,19. With the advent of 
novel pixelated time-of-�ight (TOF) detectors, which enable wavelength resolved imaging measurements, neu-
tron Bragg imaging was demonstrated both in 2D, in the form of projection  imaging14,16,17, and 3D in the form of 
 tomography14,20–22 and in time resolved in-situ  studies23. In a recent study, we have applied Bragg edge imaging 
to assess the residual stress introduced in additively manufactured steel samples by post processing treatments 
such as laser shock peening (LSP)24. �erein, we demonstrated the e�ciency of the method by comparisons with 
the conventional hole-drilling method, in particular in the surface regions and with spatial resolutions down 
to about 55 µ m pixel size. Bragg edge imaging was also used to e�ciently study the in�uence of multiple LPBF 
processing parameters on the resulting TRS at the sample  surfaces25.

In this work, we present a study of the induced residual stress �elds in stainless steel 316L samples depend-
ing on the processing parameters adopted in the LPBF process and in particular the novel 3D-LSP treatment, as 
well as a comparison with conventional post process LSP treatment. Utilizing neutron Bragg edge imaging, we 
characterized a relatively large series of samples through e�cient full �eld single shot measurements. �e in�u-
ence of the printing and 3D-LSP treatment conditions on the residual stress in the samples was analyzed with a 
speci�c focus on the quanti�cation of the magnitude and depth of the CRS introduced by the LSP treatments.

Methods
Neutron Bragg edge imaging, di�erently from conventional attenuation-based neutron imaging methods, in 
which the measured signal is the integral of a polychromatic beam, enables access to the wavelength dependence 
of the attenuation coe�cient with spatial resolution. Depending on the material and the wavelength bandwidth 
of the source spectrum, additional information on the crystalline properties of the samples can be extracted. 
Wavelengths for which the elastic coherent scattering dominates the total cross sections provide information 
on crystallographic properties such as strain (hence, residual stress), texture and crystalline phase composition. 
Additionally, longer wavelengths, where the dominant interaction is the neutron absorption, provide a more 
accurate representation of the bulk density distribution, which is not contaminated by texture variations within 
the samples.

Figure 1 shows the attenuation coe�cient spectra of the unstrained stainless steel, a sample that has been 
annealed, and two selected regions of another sample displaying CRS and TRS, respectively. In the �gure, dis-
continuities in the attenuation spectra are visible at approximately 2.6 Å , 3.6 Å and 4.1 Å . �ese are the so called 
Bragg edges and the localization of their respective wavelength �hkl can be used to calculate the corresponding 
lattice spacing as dhkl = �hkl/2 from the Bragg’s condition for backscattering � = 2dhkl sin θ , where dhkl is the 

Figure 1.  Spectra of the wavelength dependent linear attenuation coe�cient for the unstrained annealed 
sample (red) and two sample zones with CRS (blue) and TRS (green), showing the Bragg edges corresponding to 
the lattice planes (220), (200) and (111). �e right frame magni�es the wavelength region corresponding to the 
(111) lattice planes. �e relative deviation of each of the Bragg edge wavelength positions is converted to elastic 
strain ǫhkl.
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lattice planes spacing of a speci�c family of lattice planes ( hkl ) and the scattering angle θ is set to θ = π/2 . �e 
deviations of the measured lattice spacing from a reference unstrained lattice spacing d0

hkl
 can thus, be used to 

calculate the elastic strain (see Fig. 1), ǫhkl , according to the equation:

In the case of neutron Bragg edge imaging, for thick samples, the measured strains correspond to the average 
strain over the sample thickness in the beam’s direction. �e residual stress, σhkl (MPa), can then be calculated 
when assuming linear elasticity, and a speci�c Young’s modulus, E, using the equation:

�e Young’s modulus for stainless steel 316L and the considered lattice plane (111), was assumed to be 261 GPa. 
�is value was calculated from strain-stress scatter plots for similar samples of stainless steel  316L26.

In this work, the evaluation of the lattice spacing used to calculate the elastic strain and stress according to 
Eqs. (1) and (2), is performed by a �rst order Gaussian �t of the derivative of the attenuation coe�cient. �e cen-
troid of the Gaussian curve is used to determine the wavelength of the Bragg edge, from which the lattice spacing 
is obtained. In this work, this routine was applied for each pixel of the 2D radiographs of each sample and for a 
wavelength bandwidth containing the FCC (111) Bragg edge at approximately 4.1 Å , as it represents the strong-
est variations in the attenuation coe�cient. All the radiographs have been convoluted with a one-dimensional 
moving average kernel, with windowing size 5 and in the direction orthogonal to the build direction, to increase 
the neutron statistics prior to the Beer-Lambert’s normalization of the signal into attenuation coe�cient. �e 
reference lattice spacing d0

hkl
 was obtained from a sample that was annealed a�er the AM build process.

Morgano et al.24 validated this method in a previous work with the hole drilling method (HDM) by comparing 
measures strains in the surface region of identical samples from both Bragg edge imaging and HDM. �e results 
have shown good agreement, but also underlined the higher resolution of HDM at the surface and better accuracy 
of Bragg edge imaging beyond about 1 mm depth under the surface, where HDM becomes  unreliable27. In the 
present work, we further convert the strain to residual stress using Eq. (2), and our results reported in the next 
sections are in agreement with the literature range of values for additively manufacturing stainless  steels11,28,29.

Experimental setup
Instrumentation. �e measurements were carried out at the neutron beam line RADEN at the J-PARC 
pulsed neutron spallation source in Japan. Shinohara et al. presented latest development and instrumentation 
details of the beam  line30. RADEN has instrumentation that allows for time-of-�ight neutron imaging experi-
ments, with neutron wavelengths that reach up to 8.8 Å with a resolution of approximately ��/� = 0.2% above 
3 Å . �e detector used was a pixelated micro-channel plate (MCP)/Timepix detector and its latest developments 
are reported Tremsin et al.31. �is detector has a pixel size of 55 µm , and 512 × 512 pixels. �e corresponding 
�eld of view is 28.16 × 28.16 mm

2 , allowing for the simultaneous imaging of multiple samples. Dead-time losses 
were corrected using a standard correction algorithm, which was presented by Tremsin et al.32. For our measure-
ments, we selected a wavelength bandwidth between 1.5 Å to 5.3 Å , with TOF binning width of 0.004 Å so that 
the instrumental resolution of 0.2% was sampled with two points. �is was chosen to suit the analysis of the most 
pronounced Bragg edges for the lattice planes (220), (200) and (111), visible in Fig. 1. �e exposure time for each 
set of samples was of 4 hours.

Materials. �e samples processed in this work are processed from the same batch of samples from our previ-
ous  publication25, as some of the LPBF parameters are identical. �ese are rectangular cuboids with dimensions 
of approximately 12 × 14 mm

2 cross section and a building height of approximately 10 mm. �e samples were 
manufactured using MetcoAdd spherical powder (Oerlikon Metco, Switzerland) of 316L austenitic stainless 
steel (i.e. Fe-17Cr-12Ni) with mean diameter 31.86 µm and a Concept M2 machine (Concept Laser GmbH, 
Germany). �e machine is equipped with a �ber laser operating in continuous mode with a Gaussian intensity 
distribution and a wavelength of 1070 nm and a spot size (1/e2 ) of 90 µm . �e laser energy, hatch distance and 
powder layer thickness were kept �xed to 125 W, 105 µm and 30 µm respectively. �e samples were produced 
under N2 atmosphere and the O2 content was kept below 1 % during the process.

Figure 2 details di�erent processing parameters adopted to produce the samples measured in this study. �e 
build procedures di�er in the modalities in which the LSP treatment was applied. �e samples were either le� in 
the as built condition (AB) or were treated with di�erent LSP strategies. In conventional LSP, only the topmost 
layer of the sample was treated (LSP). In the buried (B) and 3D-LSP case, the LPBF process was interrupted 20 
layers before the end. �en, the LSP treatment was applied, and then the LPBF layers build was continued. For 
the 3D-LSP case, additionally, the �nal layer was treated with LSP. For each of the LSP treatment strategies listed, 
the LPBF and LSP processing parameters were varied resulting in a multiplicity of parameter combinations. At 
the actual state of the technique, an integrated machine that combines the two processes was not available and 
the samples were moved from the LPBF machine to the LSP treatment and back by interrupting the printing 
process at speci�c layers.

�e LPBF processing parameters were the laser scanning speed, which was set to either low- or high-speed 
corresponding to 300 and 500 mm/s respectively, and were built with or without 3 mm thick support structures. In 
all cases, the samples were cut via electro-discharge machining in order to have the same sample height, where in 
the �rst case the support structure was cut and in the second case additionally printed bottom layers of the same 
material exceeding the target sample height were cut. Finally, the laser scanning strategy was modi�ed. In the 

(1)ǫhkl =

dhkl − d
0
hkl

d
0
hkl

,

(2)E = σhkl/ǫhkl.
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parallel mode, the powder layers are melted without a change in the scanning orientation within the same layer, 
but alternating laser directions rotated by 90 degrees at each layer. In the chess method, two orthogonal scanning 
orientations are alternated in a chessboard pattern within the same layer. �e laser wavelength was 1064 nm, with 
a laser spot size of 1 mm and pulse duration of 6.3 ns. Based on results obtained in previous  studies10, the laser 
energy used for the LSP treatment was set either to 1.0 J or to 1.5 J, corresponding to a laser density of 20 GW/cm2 
and 30 GW/cm2 respectively. Finally, the laser shots overlap, i.e. the amount of overlap between two successive 
laser shock pulses applied to the surface, was either 40% or 80% . Figure 2 shows a picture of a specimen built 
with chess laser scanning strategy, where half of the sample was treated with 3D-LSP and the other half le� AB.

Table 1 represents the sample labels according to each LPBF parameter combinations. For each of these 8 
labels, a selection series of 6 samples, in as built conditions and with di�erent LSP technique and parameters 
were placed in the neutron beam with an exposure time of 4 hours. �e total number of samples measured was 
48 however, some of the corresponding datasets (denoted by the asterisk) had to be discarded due to �nding a 
failure of the LSP treatment determined a posteriori, by the analysis of the residual stress curves and con�rmed 
by visual inspection of the samples. Table 1 also lists, for each of the LSP techniques and process parameters, the 
LPBF labels respective to the samples measured.

Results and discussion
Figure 3 shows density maps according to the attenuation for wavelengths above 4.2 Å and stress maps corre-
sponding to the (111) lattice planes for a selection of samples, one for each LSP technique. �e AB and B samples 
were built with parallel laser scanning strategy (series A) whereas the LSP and 3D-LSP specimens were built with 
chess strategy (series C), and they were all built with high speed and no support structures.

Figure 2.  Diagram sketch of di�erent production parameters used to build the samples and a picture of one 
specimen, where the chess LPBF scanning pattern is visible and the dark area corresponds to the part of the 
sample that has been treated with LSP.

Table 1.  Sample labels corresponding to the di�erent LPBF parameter combinations, and the listing of the 
sample measured for each LSP technique.

LPBF Parameters

Sample series: A B C D E F G H

Laser speed: High High High High Low Low Low Low

Strategy: Parallel Parallel Chess Chess Parallel Parallel Chess Chess

Support structure: ✗ ✓ ✗ ✓ ✗ ✓ ✗ ✓

Buried

Overlap

Energy

1.0 J 1.5 J

40% B, E A, C∗

80% G
∗ , D F, H∗

LSP

Overlap

Energy

1.0 J 1.5 J

40% A
∗ , B, C E, F, G, H

80% / A
∗ , B, C, D, E, F, G, H

3D-LSP

Overlap

Energy

1.0 J 1.5 J

40% / D, E, F, G, H

80% A
∗ , B, C, D∗ A, B∗ , C, D, E, F, G, H
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Note that sample surfaces were treated with LSP only partially, also in case of the buried “surfaces” of buried 
LSP and 3D-LSP. �e treated regions can easily be identi�ed in the residual stress maps by the presence of CRS 
near the top surface, which allows direct comparisons between a treated and untreated part of the same sample. 
In addition, the �gure presents line pro�les of the residual stress along the build direction. Line pro�les are aver-
aged for corresponding regions perpendicular to the build direction for each sample. �ese pro�les illustrate the 
di�erent impact of the LSP treatment techniques with respect to induced CRS in the samples. �e sample in AB 
conditions displays the typical zones of high TRS in the proximity of the surfaces in particular concerning the 
build direction. �e conventional LSP treatment introduces CRS at the (top) surface of the sample. With increas-
ing depth, the induced CRS decreases and eventually turns to TRS, exceeding the initial one at this depth, until 
the stress follows the same trend as in the AB sample deeper in the bulk. �e sample treated with buried LSP 
shows a similar behavior that di�ers from the as built mainly in a con�ned zone of CRS between approximately 
500 and 900 µ m depth under the surface, which is introduced by the LSP treatment at the corresponding depth 
under the �nal surface. Increased TRS is found in the adjacent layers. �ese results indicate and con�rm that the 
heat induced by the LPBF processing of the successive layers, is insu�cient to fully relax the CRS introduced by 
the LSP treatment in the “buried layer”. With the 3D-LSP treatment, the CRS can be extended deeper, along with 
the TRS zone being pushed deeper into the sample. �is further con�rms that with the 3D-LSP processing, the 
CRS introduced by the LSP treatment in a layer can merge with the CRS introduced in the following, LSP treated 
layer, resulting in an overall higher CRS amplitude and depth. �e analysis of the Bragg edge maps, which can be 
used to detect spatially resolved microstructure and texture  variations14,25, did not exhibit in�uence of the LSP 
on the microstructure, in agreement with previous studies performed with  EBSD10.

In the remainder of the section, we report and discuss the results in the form of residual stress line pro�les 
averaged along the build direction as a function of the distance from the top surface. Figure 4 shows such residual 
stresses along the build direction for multiple combinations of LSP process parameters. �ese curves were calcu-
lated as the average residual stress for all the samples with di�erent LPBF parameters and �xed process parameters 
(see Table 1). �e main characteristics displayed in these maps, that are relevant to the mechanical properties 
of the material, are (i) the surface CRS, which here is de�ned as the magnitude of the bene�cial compressive 
residual stresses in the �rst spatial bin at the surface of the sample (i.e. 55 µm), and (ii) the CRS depth, which is 
the depth where the CRS converts into TRS. While the former quanti�es the material resistance to the formation 
of cracks induced through stresses applied externally, the latter controls the speed of the crack propagation so that 
deeper CRS result in better fatigue resistance and longer fatigue life. For both LSP and 3D-LSP techniques, the 
best results are obtained with either 1.5 or 1.0 J laser energy and 80% spot overlap, while the worst are obtained 
with 40% (Fig. 4). �is indicates that the density of laser shots is more in�uential than the laser energy, in terms 
of resulting CRS. With the 80% overlap setting, the number of shots per surface area is increased by a factor of 
9 compared to the 40% overlap. Furthermore, it is observed, e.g. in Fig. 4, that with increasing overlap, the TRS 
is pushed deeper below the surface, and there is, thus, a deeper region of CRS.

Figure 3.  Top: attenuation-based contrast map of four samples exposed to di�erent treatments. Center: the 
respective residual stress map. Bottom: Residual stress, measured along the build direction, of the four samples, 
integrated over selected regions. �e RS lines corresponding to the AB and B samples were integrated over all 
the sample area whereas the LSP and 3D-LSP were split in two regions delimited by the black dash-dotted lines, 
as partial volumes of these samples were le� untreated.
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Table 2 details the surface CRS and respective CRS depth for each of the curves corresponding to the LSP 
process parameters. As expected from previous  studies11, both increasing the laser energy and the overlap cor-
respond to higher surface CRS and deeper CRS, dominated however, by the larger impact from the overlap. For 
the samples treated with 1.5 J laser energy and 80% overlap, the 3D-LSP yields the best results and outperforms 
the conventional LSP, as the surface CRS and CRS depth have respectively a relative increase of 54% and 104.5% 
compared with conventional LSP. In turn, when the laser energy is kept at 1.5 J but the overlap is decreased to 
40% , 3D-LSP still yields deeper CRS (+18% ) but potentially lower surface CRS (-23% ) compared to the con-
ventional LSP. �is is likely to be because for a 40% overlap, the number of LSP shots per area is insu�cient to 
introduce CRS at the buried layer, which can merge with the CRS from the �nal surface LSP treatment. �e CRS 
introduced at the buried layer are partially relaxed by the subsequent LPBF rebuilding step, and the bene�t of the 
3D-LSP compared to conventional LSP in this case would be observable only if the number of rebuilt layers was 
adequately small such that the CRS from the two LSP processes can merge. Not surprisingly, the sample treated 
with 1.0 J and 40% conventional LSP yields the worst values of both surface CRS and CRS depth. As mentioned 
in the previous section, for some of the samples the LSP treatment process failed and hence, these are missing 
from the result table (Table 2). However, we observe that for all the samples treated with 80% overlap, the 3D-LSP 
clearly outperforms the conventional LSP.

Figure 5 illustrates the impact of each LSP approach on the stresses pro�le, for 1.5 J LSP laser energy and 40% 
overlap in the le� panel of the �gure and 80% overlap in the right panel. In agreement with the results displayed 
in Fig. 3, the pro�les in both panels con�rm the typical trends for the 4 di�erent LSP treatment approaches. For 
both LSP laser overlap settings the 3D-LSP leads to greater CRS depths compared to the conventional surface 
LSP, however, the surface CRS is more pronounced only for the 80% overlap case. �e samples built with buried 
LSP show clearly a zone of CRS con�ned relatively deep, i.e. a few 100 µ m up to more than 1 mm, under the 
surface. Furthermore, it is observed that the depth at which the TRS converts to CRS for buried LSP samples is 
almost identical to the CRS depth of the respective 3D-LSP treated sample. �is indicates that the initial buried 
treatment was su�ciently e�ective to compensate the tensile strain e�ect of the subsequent surface treatment. 
However, it is further observed that with the LSP settings of 1.5 J and 40% overlap, for the buried treatment alone, 
the surface TRS appear slightly higher than for the untreated AB sample (Fig. 5 le�), which might be interpreted 
as a compensation for the buried CRS. �is is compatible with the observation that for such LSP settings the 
results of the 3D-LSP yield worse behavior at the surface in terms of induced CRS than the LSP treatment on the 
surface alone. However, it has to be noted, that these di�erences must appear small in particular with regards 
to the steep strain gradients and the limited spatial resolution. �is underlines the importance of the chosen 

Figure 4.  Average residual stress (MPa) as a function of distance from the top sample surface for di�erent LSP 
process parameters. �e plots are grouped depending on whether they are treated by conventional LSP (le�) or 
3D-LSP (right). �e color code and marker style are unique to each speci�c LSP process parameters.

Table 2.  Surface CRS (MPa) measured at 55 µ m and CRS depth ( µ m) for speci�c process parameters of the 
LSP and 3D-LSP treatments.

Surface CRS (MPa)

Process parameters 1.0 J − 40% 1.5 J − 40% 1.0 J − 80% 1.5 J − 80%

LSP −130.4 −218.1 / −198.9

3D-LSP / −167.7 −263.3 −306.8

CRS depth ( µm)

Process parameters 1.0 J − 40% 1.5 J − 40% 1.0 J − 80% 1.5 J − 80%

LSP 467 467 / 550

3D-LSP / 550 960 1125
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3D-LSP parameters, and especially the laser overlap and the number of rebuilt layers, for designing a speci�c 
stress �eld and achieving in particular a targeted CRS layer thickness through 3D-LSP.

While in the previous comparisons, the samples were chosen with speci�c LPBF processing parameters to 
avoid the dependence of the resulting residual stress on these factors, Fig. 6 shows the average residual stress 
pro�les along the build direction for samples built with di�erent LPBF processing parameters. In the �gure, the 
LSP process parameters with which the samples were treated were set to 1.5 J and 80% overlap and the results are 
only shown for the 3D-LSP treatments. For both of the two scanning speeds, the LPBF processing parameters 
yielding the best surface CRS and respective depth are the ones with parallel laser scan strategy and without 
employing support structures. However, the biggest impact in terms of CRS introduced in the sample comes 
from the laser speed, as the low laser speed (300 mm/s) lead to notably higher and deeper CRS values. �is is in 
agreement with a previous study on the TRS in LPBF samples with the same build parameters but without LSP 
treatment, resulting in the same conclusion on the superior LPBF processing  parameters25. �is indicates that 
there is no further cross-correlation between the LSP and LPBF processing parameters and they can be studied 
and benchmarked independently.

Conclusions
�e application of neutron Bragg edge imaging enabled an e�cient parametric study on a large series of stainless 
steel 316L samples with varying LPBF and LSP processing parameters. It is concluded that the LSP e�ects can 
be characterized in principle independent of the LPBF build parameters, a detailed neutron Bragg edge imaging 
study, which has earlier been presented  elsewhere25. LSP treatments were performed with two di�erent laser 
energies namely 1 J and 1.5 J, as well as with two di�erent laser spot overlaps of 40% and 80% . It was found that 
the two laser energies have a much smaller impact on the resulting strain �elds than the two chosen overlaps. 
�is, however, appears well justi�ed by the larger e�ect on the total delivered energy per area by the increased 
treatment density than by the laser energy increase by just 50% . Correspondingly, the most bene�cial e�ects in 
terms of induced CRS and CRS depth are found with 1.5 J laser energy and 80% laser treatment overlap. A further 
key aspect of the study was the assessment of di�erent LSP treatment strategies from surface treatment towards 
the possibilities of 3D-LSP treatments with the perspective to design stress �elds through a combined LPBF and 
LSP treatment process. �us, non-treated samples were compared with surface treated samples as well as samples 

Figure 5.  Average residual stress (MPa) as a function of distance from the top sample surface for di�erent LSP 
techniques. �e LSP process parameters were �xed to 1.5 J and 40% overlap in the le� frame and 1.5 J and 80% 
overlap in the right frame. �e color code and marker style are unique to each speci�c LSP technique.

Figure 6.  Average residual stress (MPa) as a function of distance from the top sample surface for di�erent 
LPBF processing parameters. �e plots are grouped by LPBF scanning speed set to 300mm/s (le�) and 500mm/s 
(right). For both graphs, the LSP technique was 3D-LSP with 1.5 J laser energy and 80% spot overlap. �e color 
code and marker style are unique to each speci�c LPBF processing parameters.
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with a buried treated layer and a combination of a buried layer and surface treatment, referred to as 3D-LSP11. 
In this regards it is found, that in all cases the treatment e�ects can be well resolved with neutron Bragg edge 
imaging. A corresponding assessment suggests in particular, that the LSP treatment has to be well optimized 
in order to provide the envisaged e�ects in the bulk. �is is best underlined by the pronounced and vanishing 
e�ects of the 3D-LSP treatment with 1.5 J laser energy but 80% and 40% overlap, respectively. For the successful 
treatment with 80% overlap the gain in CRS and CRS depth is found to be beyond 50% and 100% respectively.

Received: 1 February 2021; Accepted: 12 July 2021

References
 1. Bourell, D. et al. Microscale metal additive manufacturing of multi-component medical devices. Rapid Prototyp. J. 16, 209–215 

(2010).
 2. Kruth, J.-P., Vandenbroucke, B., Van Vaerenbergh, J. & Naert, I. Rapid manufacturing of dental prostheses by means of selective 

laser sintering/melting. Proc. AFPR S 4, 176–186 (2005).
 3. Su, X., Yang, Y., Peng, Y. & Sun, J. Development of porous medical implant sca�olds via laser additive manufacturing. Trans. 

Nonferrous Metals Soc. China 22, s181–s187 (2012).
 4. Türk, D. et al. Additive manufacturing with composites for integrated aircra� structures. In International SAMPE Technical Confer-

ence, 1404–1418 (Society for the Advancement of Material and Process Engineering, 2016).
 5. Carter, L. N., Attallah, M. M. & Reed, R. C. Laser powder bed fabrication of nickel-base superalloys: in�uence of parameters; 

characterisation, quanti�cation and mitigation of cracking. Superalloys 2012, 577–586 (2012).
 6. Semini, C. et al. Additive manufacturing for agile legged robots with hydraulic actuation. In 2015 International Conference on 

Advanced Robotics (ICAR), 123–129 (IEEE, 2015).
 7. Guo, N. & Leu, M. C. Additive manufacturing: Technology, applications and research needs. Front. Mech. Eng. 8, 215–243 (2013).
 8. Kempen, K. et al. Selective laser melting of crack-free high density M2 high speed steel parts by baseplate preheating. J. Manuf. 

Sci. Eng. 136, 2 (2014).
 9. Kalentics, N., de Seijas, M. O. V., Gri�ths, S., Leinenbach, C. & Loge, R. E. 3d laser shock peening-a new method for improving 

fatigue properties of selective laser melted parts. Addit. Manuf. 33, 101112 (2020).
 10. Kalentics, N. et al. Laser shock peening: A promising tool for tailoring metallic microstructures in selective laser melting. J. Mater. 

Process. Technol. 266, 612–618 (2019).
 11. Kalentics, N. et al. 3D Laser shock peening-a new method for the 3D control of residual stresses in Selective Laser Melting. Mater. 

Des. 130, 350–356 (2017).
 12. Kalentics, N. et al. Tailoring residual stress pro�le of selective laser melted parts by laser shock peening. Addit. Manuf. 16, 90–97 

(2017).
 13. Shen, X. et al. Residual stresses induced by laser shock peening in orthopaedic Ti-6Al-7Nb alloy. Opt. Laser Technol. 131, 106446 

(2020).
 14. Woracek, R., Santisteban, J., Fedrigo, A. & Strobl, M. Di�raction in neutron imaging—a review. Nucl. Instrum. Methods Phys. Res., 

Sect. A 878, 141–158 (2018).
 15. Ramadhan, R. S. et al. Mapping residual strain induced by cold working and by laser shock peening using neutron transmission 

spectroscopy. Mater. Des. 143, 56–64 (2018).
 16. Santisteban, J. R., Steuwer, A., Edwards, L., Withers, P. & Fitzpatrick, M. Mapping of unstressed lattice parameters using pulsed 

neutron transmission di�raction. J. Appl. Crystallogr. 35, 497–504 (2002).
 17. Steuwer, A., Withers, P., Santisteban, J. & Edwards, L. Using pulsed neutron transmission for crystalline phase imaging and analysis. 

J. Appl. Phys. 97, 074903 (2005).
 18. Watkins, T. et al. Neutron characterization for additive manufacturing. Adv. Mater. Process. 117, 23–27 (2013).
 19. Santisteban, J. et al. Texture imaging of zirconium based components by total neutron cross-section experiments. J. Nucl. Mater. 

425, 218–227 (2012).
 20. Kirkwood, H. J. et al. Neutron strain tomography using the radon transform. Mater. Today Proc. 2, S414–S423 (2015).
 21. Wensrich, C. M. et al. Bragg-edge neutron transmission strain tomography for in situ loadings. Nucl. Instrum. Methods Phys. Res., 

Sect. B 383, 52–58 (2016).
 22. Woracek, R. et al. Neutron Bragg edge tomography for phase mapping. Phys. Proc. 69, 227–236 (2015).
 23. Makowska, M. G. et al. In situ time-of-�ight neutron imaging of NiO-YSZ anode support reduction under in�uence of stress. J. 

Appl. Crystallogr. 49, 1674–1681 (2016).
 24. Morgano, M. et al. Investigation of the e�ect of laser shock peening in additively manufactured samples through Bragg edge neutron 

imaging. Addit. Manuf. 34, 101201 (2020).
 25. Busi, M. et al. Nondestructive characterization of laser powder bed fusion parts with neutron Bragg edge imaging. Addit. Manuf. 

101848, 2 (2021).
 26. Van Petegem, S. et al. In-situ neutron di�raction during biaxial deformation. Acta Mater. 105, 404–416 (2016).
 27. Schajer, G. & Altus, E. Stress calculation error analysis for incremental hole-drilling residual stress measurements. J. Eng. Mater. 

Technol. 118, 120–126 (1996).
 28. Wu, A. S., Brown, D. W., Kumar, M., Gallegos, G. F. & King, W. E. An experimental investigation into additive manufacturing-

induced residual stresses in 316L stainless steel. Metall. Mater. Trans. A 45, 6260–6270 (2014).
 29. Brown, D. et al. Neutron di�raction measurements of residual stress in additively manufactured stainless steel. Mater. Sci. Eng., A 

678, 291–298 (2016).
 30. Shinohara, T. et al. �e energy-resolved neutron imaging system, RADEN. Rev. Sci. Instr. 91, 043302 (2020).
 31. Tremsin, A. & Vallerga, J. Unique capabilities and applications of microchannel plate (MCP) detectors with Medipix/Timepix 

readout. Radiat. Meas. 130, 106228 (2020).
 32. Tremsin, A., Vallerga, J., McPhate, J. & Siegmund, O. Optimization of Timepix count rate capabilities for the applications with a 

periodic input signal. J. Instrum. 9, C05026 (2014).

Acknowledgements
�e project was enabled partially through funding from the Strategic Focus Area Advanced Manufacturing 
(SFA-AM), an initiative of the ETH Board. M.B. acknowledges funding from DanScatt. NK and RL gratefully 
acknowledge the generous support of PX Group to the LMTM laboratory. TS express acknowledgement for the 
proposal number 2019A0215.



9

Vol.:(0123456789)

Scientific Reports |        (2021) 11:14919  | https://doi.org/10.1038/s41598-021-94455-3

www.nature.com/scientificreports/

Author contributions
M.B.: So�ware, Methodology, Validation, Formal analysis, Data curation, Writing—original dra�, Writing—
review & editing, Visualization. N.K.: Validation, Investigation, Resources, Writing—review & editing. M.M.: 
Investigation, Writing - review & editing. S.G.: Resources, Writing—review & editing. A.S.T.: Resources, Writ-
ing—review & editing. T.S.: Resources, Writing—review &editing. C.L.: Resources, Methodology, Funding 
acquisition, Writing—review & editing. R.L.: Resources, Methodology, Supervision, Funding acquisition, Writ-
ing—review & editing. M.S.: Conceptualization, Methodology, Investigation, Resources, Writing—original dra�, 
Writing—review & editing, Supervision, Project administration, Funding acquisition.

Competing interests 
�e authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional a�liations.

Open Access �is article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. �e images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© �e Author(s) 2021

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	A parametric neutron Bragg edge imaging study of additively manufactured samples treated by laser shock peening
	Methods
	Experimental setup
	Instrumentation. 
	Materials. 

	Results and discussion
	Conclusions
	References
	Acknowledgements


