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Abstract
Background  Laser-based powder bed fusion (PBF-LB/M) is a manufacturing technique that enables tailoring of the prop-
erties of components towards the application, provided the process parameters are adjusted. However, the process induces 
residual strain and stresses, influencing, i.e., the fatigue properties. To analyze the residual strain distributions in the vicinity 
of fatigue cracks in the bulk of specimens a high lateral resolution is necessary, which limits the possible analysis methods 
to high-energy synchrotron X-ray diffraction.
Objective  The objective is to propose a viable strategy to determine the (lattice) strain distributions in the vicinity of fatigue 
cracks in AISI 316L compact-tension specimens manufactured via PBF-LB/M.
Methods  An angular dispersive high-energy synchrotron X-ray diffraction setup with conical slits is used, to restrict the 
gauge volume to the center of the specimens. Complementarily, the residual stress distribution near the surface is investigated 
using the incremental hole-drilling method.
Results  Along the build direction a compressive residual strain distribution of higher magnitude is found, which is signifi-
cantly reduced in the vicinity of the crack. Depending on whether the crack opening direction is aligned with the transverse 
or the build direction, a tensile lattice strain field or a lattice strain field of reduced magnitude is found ahead of the crack tip.
Conclusions  The results indicate that the proposed strategy is well suited to determine the (lattice) strain distributions in the 
vicinity of fatigue cracks in the center of the specimens with a sufficient lateral resolution.

Keywords  PBF-LB/M · Fatigue cracks · Synchrotron X-ray diffraction · Conical slit · Residual stress

Introduction

Laser-based powder bed fusion (PBF-LB/M) is an additive 
manufacturing process used to build metal components from 
3D computer-aided design files. To achieve this, metal pow-
der is molten layer by layer locally along the component 
geometry. In case of PBF-LB/M, a laser beam is used for the 
local heat input to melt the metal powder [1–3]. The varia-
tion of process parameters such as laser power, scan speed, 
laser beam profile or hatch distance enables tailoring of the 
microstructure and therefore the mechanical properties of 
the components towards the desired application [4].

Since the process parameters can be varied while build-
ing the component, the component’s microstructure can also 
be adjusted, enabling for instance a defined microstructural 
grading to tailor the component’s performance with respect 
to the application needs. This was shown in [5] for IN718 
and in [6] for the stainless steel AISI 316L where a dual 
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laser system with different nominal laser powers of 400 W 
and 1 kW as well as different beam shapes (i.e., a Gaussian 
profile and a top-hat profile for the 400 W and 1 kW laser, 
respectively) and specifically adjusted process parameters 
were used to achieve two distinctive microstructural regions 
within a single component: one fine-grained, equiaxed and 
less textured microstructure by the 400 W laser and one 
coarse-grained, columnar and strongly textured microstruc-
ture by the 1 kW laser. This enables not only the change 
in mechanical properties within different microstructural 
regions but also affecting the fatigue properties of the whole 
component. Brenne and Niendorf [7] investigated the crack 
growth behavior in compact tension (CT) specimens with a 
microstructural gradient obtained by the dual laser system. 
The authors were able to show that the crack growth rate 
in a specimen, where the crack grows perpendicular to the 
longer grain axis, can significantly be decreased when enter-
ing the region of the coarse-grained microstructure produced 
by the 1 kW laser. This was attributed to the higher crack 
deflection in the coarse-grained microstructure compared to 
the fine-grained microstructure. However, in this early work 
the influence of the residual stress (RS) distribution within 
the microstructurally graded component induced during pro-
cessing remained unconsidered.

The fundamental process principle of PBF-LB/M, i.e., 
local melting of the powder followed by subsequent cooling, 
causes a high thermal gradient and rapid cooling near the 
melt pool. As a result, in components built using PBF-LB/M 
significant RS are present due to those gradients and the 
thermal cycles leading to localized compression and tension 
[8, 9]. The resulting RS within a component are, analogous 
to the microstructure, significantly influenced by the pro-
cess parameters. For example, an increase in laser power, 
and thereby energy input, can lead to higher levels of RS, 
due to the larger melt pool dimensions resulting in a steeper 
temperature gradient [10]. A faster scan speed reduces the 
interaction time leading to a smaller melt pool and higher 
cooling rates resulting in higher RS levels [11]. As another 
factor, the hatch distance determining the amount of over-
lapping between adjacent scan paths has a significant effect 
on the thermal history as the temperature accumulation is 
reduced, when the hatch distance is increased. [12, 13]. The 
resulting RS also depend on the scanning strategy, since the 
RS are highest along the scan path [14, 15]. Therefore, it is 
beneficial to change the scan direction every layer, reducing 
the RS compared to unidirectional scanning [16, 17].

RS play a significant role in the behavior of materials 
under fatigue loading, especially in the context of fatigue 
crack growth [18]. Tensile RS near the crack tip usually 
accelerate crack growth, as they superimpose with the 
applied external stress [19, 20]. In contrast, compressive RS 
can be beneficial by decreasing the crack growth rate [21, 
22]. However, the RS distribution is not necessarily stable 

during fatigue loading, instead it may be subject to changes 
during crack propagation [23, 24]. To evaluate the role of 
RS on the crack growth behavior, it is therefore necessary to 
determine the RS state in the vicinity of cracks, especially 
when dealing with complex RS distributions as developed 
during PBF-LB/M processing of components.

When analyzing the stress or strain distribution in the 
vicinity of cracks, a high spatial resolution is necessary due 
to the size of the areas of interest and the locally prevailing 
features, respectively. In addition, usually information from 
the inner bulk of the specimens is of higher interest rather 
than information from the near surface area. Laboratory 
X-ray diffraction techniques are usually limited to the very 
near surface area, since the achievable penetration depth 
is comparatively low [25]. This leaves neutron diffraction 
[23, 26, 27] and high-energy synchrotron X-ray diffraction 
[28–31] as possible methods. For high-energy synchrotron 
X-ray diffraction setups in general, angular as well as energy 
dispersive approaches, mostly applied in transmission mode, 
can be used to gain diffraction data from the bulk of the 
components. Energy-dispersive X-ray diffraction (EDXRD) 
using high-energy synchrotron radiation is an important tool 
for analyzing RS in a localized area within a component, 
since the setup already masks a small measurement volume 
through the slit apertures used in the primary and secondary 
beam paths. Moreover, by using a two or even more detector 
setup, lattice strains can be analyzed in two or more direc-
tions simultaneously [25].

In direct comparison, monochromatic high-energy syn-
chrotron X-ray diffraction, i.e., using an angular dispersive 
setup, enables the detection of complete Debye–Scherrer 
rings, which is especially beneficial when investigating 
textured or coarse-grained materials. A drawback of con-
ventional monochromatic synchrotron X-ray diffraction 
transmission setups with respect to the analysis of strain 
distributions in the vicinity of cracks is the fact that the 
diffraction information stems from the entire specimen 
thickness. As the gauge volume cannot be adjusted along 
the beam direction, an integrated diffraction information 
along the beam path through the component is recorded. 
As a result, near surface gradients in the stress or strain 
distribution contribute to the diffraction result. A solution 
to overcome this drawback, and to define a limited gauge 
volume along the beam path using monochromatic high-
energy synchrotron X-ray diffraction, is offered by using 
either a conical slit [32–34], a spiral slit [35] or a ‘spider-
web slit’ [36]. Conical slits, which are most often applied 
for this purpose, have a conical opening with a constant 
gap size and are positioned between the specimen and the 
detector. The depth resolution, i.e. the resolution in beam 
direction, depends on the design of the conical slit, par-
ticularly it’s gap size, as well as on the distance between 
specimen and conical slit, the beam size and the beam 
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energy, respectively. While the gap size of the conical slit 
is typically fixed by design, the other parameters can be 
adjusted according to the requirements, although the beam 
energy and the distance between specimen and conical 
slit cannot be chosen independently as they are mutually 
dependent. Since one conical slit only allows one specific 
Debye–Scherrer cone to pass, multiple conical slits (slit 
cell) are required to analyze the Debye–Scherrer rings of 
multiple {hkl}-crystallographic planes.

To evaluate the so far unconsidered effect of RS on 
reduced fatigue crack growth rates due to a microstructure 
gradient as reported in [7], it is necessary to determine 
the RS distribution in the vicinity of the crack and how 
it changes during crack growth. The RS distribution in 
the center of the specimens is of particular interest in this 
regard, which cannot be easily determined using labora-
tory methods. The determination of the RS distribution in 
the vicinity of cracks additionally requires a high lateral 
resolution, which can only be achieved by high-energy 
synchrotron X-ray diffraction. For neutron stress analysis, 
the spatial resolution is not sufficient. A preliminary study 
of the authors’ group investigating microstructural proper-
ties as well as the RS distribution in the as-built state [37] 
has already revealed additional challenges with respect to 
the determination of the RS distribution.

The local microstructure, which in some areas is char-
acterized by large grains and crystallographic texture 
induced by the PBF-LB/M process, must be taken into 
account in diffraction experiments. This further lim-
its the use of neutron diffraction and EDXRD since full 
Debye–Scherrer rings cannot be recorded without addi-
tional effort. Instead, angular dispersive high-energy syn-
chrotron X-ray diffraction in combination with a 2D-detec-
tor allows for the detection of full Debye–Scherrer rings. 
Furthermore, the preliminary investigation revealed a 
significant in-depth gradient in the RS distribution from 
the surface to the center of the specimen. This requires a 

restriction of the gauge volume to the center, which can 
be achieved using conical slits as previously explained.

In the present work, the strain distributions in the vicinity 
of fatigue cracks in PBF-LB/M manufactured AISI 316L 
specimens were investigated. In order to assess the general 
suitability of the proposed measuring and evaluation strat-
egy, CT-specimens from the region showing a smaller grain 
size and a less pronounced crystallographic texture without 
a distinct microstructure gradient as described in [7, 37] are 
assessed here. The RS distribution near the surface in a con-
dition being derived from classical CT-specimens was ana-
lyzed using the incremental hole-drilling (IHD) method, as 
it is a reliable and standardized RS analysis method [38, 39]. 
That enables a higher information depth than other labora-
tory methods, while also being able to consider the effect of 
crystallographic texture, when an adapted evaluation strat-
egy using a case sensitive calibration is applied [40]. The 
(residual) strain distribution maps in the vicinity of the crack 
in the center of the specimens were determined using a coni-
cal slit setup for high-energy synchrotron X-ray diffraction 
in transmission mode. This approach allowed to assess the 
viability of the chosen setup and evaluating strategy to over-
come the above-mentioned challenges. To correlate cracks 
and the determined strain distributions, the crack paths were 
determined using X-ray computed tomography scans.

Material and Methods

Material and Specimen Geometry

The investigated specimens were built from AISI 316L 
stainless steel via PBF-LB/M. Rectangular tube profiles, as 
depicted in Fig. 1(a) with a wall thickness of 4 mm and the 
dimensions of 40 mm in length, width and height were built 
using a SLM280HL machine from SLM Solutions Group AG 
(Lübeck, Germany). The process parameters for the laser 

Fig. 1   Specimen geometry: 
(a) rectangular tube profile built 
using PBF-LB/M, (b) compact 
tension (CT) specimen
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with a nominal power of 400 W are reported in a previous 
study by the authors’ group [37].

To characterize the strain distribution in the vicinity of 
fatigue cracks, CT-specimens, see Fig. 1(b), with the dimen-
sions 25 mm × 24 mm × 4 mm were cut out of the wall of 
these rectangular tube profiles by wire-EDM (electrical 
discharge machining). All specimens investigated were in 
the as-built state, i.e., no post treatment on the surface was 
conducted. The CT-specimens were cyclically loaded using 
a constant load range of 800 N at a load ratio of R = 0.1. 
The crack growth was monitored using the potential drop 
method and after reaching a crack length of around 6 mm 
measured from the notch tip, the loading sequence was 
stopped. The crack growth direction was either parallel to 
the build direction (BD) or perpendicular (transversal direc-
tion, TD). Figure 1(a) illustrates exemplary the orientation 
of a CT-specimen where the crack growth direction is along 
TD. For crack growth along BD the CT-specimen is rotated 
accordingly. BD, TD (and ND) form a side-specific coordi-
nate system not a global coordinate system, with ND being 
the respective side surface normal.

The microstructure is shown in Fig. 2(a) by a SEM-BSE 
image (SEM = scanning electron microscope, BSE = back 
scattered electrons). Features seen are due to the orientation 
contrast after etching with V2A-etchant. The micrograph 
reveals characteristics related to the melt pool boundaries as 
well as the epitaxial grain growth along the build direction 
and thus, the most pronounced temperature gradient. A more 
detailed investigation of the microstructure can be found in 
[37], where the grain morphology was determined to be 
direction dependent with sizes around 73 × 26 x 12 µm3. 
The crystallographic texture in the center of the specimen 
was found to be primary of the Goss-type, as can be seen in 
Fig. 2(b) where an ODF (orientation distribution function) 
section at φ2 = 45° (Bunge notation) is shown. The crystal-
lographic texture analysis was performed using X-ray dif-
fraction on a 4-circle diffractometer of type Seifert PTS with 
Co-Kα radiation. Incomplete pole figures were determined 

for the {200}-, {220}-, {311}- and {222}-planes and evalu-
ated using the MATLAB-toolbox MTEX [41] (as described 
in [37]).

Residual Stress Analysis

RS analysis near the surface was done on a companion speci-
men (i.e., a specimen built using the same parameters and 
from the same region as the CT-specimen) using IHD. Here, 
IHD was used as it is the laboratory method of choice when 
a depth information of the RS profile is of interest. Fur-
thermore, IHD also allows to consider the crystallographic 
texture [40]. The lattice strain distributions in the center of 
the specimen were determined non-destructively using high-
energy synchrotron X-ray diffraction in transmission mode.

Incremental hole‑drilling method

The local macroscopic RS depth profile near the surface was 
analyzed using IHD according to ASTM E837-20 [42]. For 
drilling, a TiN-coated end mill with a nominal diameter of 
Ø 1.6 mm and a milling guide type RS200 (Vishay Meas-
urements Group GmbH, Heilbronn, Germany), equipped 
with an air turbine, were used. To record the strain relaxa-
tion after each drilling increment a strain gauge rosette of 
type CEA-06-062UM-120 (Vishay Measurements Group 
GmbH, Heilbronn, Germany), which is equivalent to type 
B according to the ASTM E837-20, was used. The strain 
gauge rosette was aligned specifically, i.e., the strain gauge 
at 0° is aligned with BD and the strain gauge at 90° with TD. 
After drilling of the last increment, the actual hole diameter 
was determined using an optical microscope. Damped cubic 
spline functions were used to condition the strain relaxation 
data for evaluation. The RS calculation was done using the 
differential approach [43]. In order to take the elastic ani-
sotropy imposed by the local crystallographic texture into 
account (as reported in [37]), the evaluation approach pro-
posed in [40] was applied. For this approach a case-sensitive 

Fig. 2   (a) SEM-BSE image 
after etching with V2A-etchant 
(b) ODF-section at φ2 = 45° for 
the center of the specimen (2 
mm depth) determined by XRD 
texture analysis
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calibration is needed, which is based on the local ODF. The 
required ODF was determined by means of lab X-ray texture 
analysis (cf. Figure 2(b) – please note that data for the bulk 
material is shown in this case. Specimen handling is known 
to have an effect on the RS distribution, e.g. when CT-spec-
imens from the walls of the tube profiles are extracted. In 
order to determine the RS depth profiles in a condition geo-
metrically close to the CT-specimens, IHD was used on a 
cut open rectangular tube profile as depicted in Fig. 4 on 
the outside surface as well as on the inside surface of the 
tube profile.

Conical slit setup for high‑energy synchrotron X‑ray 
diffraction

In order to gain insights into the local strain distribution in 
the vicinity of the fatigue cracks, strain maps were deter-
mined at beamline P07 at PETRA III, DESY (operated by 
Helmholtz-Zentrum Hereon GmbH, Germany) on CT-spec-
imens in two different conditions, i.e., with and without a 
grown crack, using high-energy synchrotron X-ray diffrac-
tion in transmission mode. In order to restrict the gauge vol-
ume to the center of the investigated specimens, a conical 
slit cell with individual conical slits for three {hkl}-planes 
was positioned in between the specimen and the detector 
as schematically shown in Fig. 3(a) and (b). The photon 
energy must be adjusted to the design of the conical slit cell, 
whose slits each have a gap size of 20 µm. Here, a photon 
energy of 67.63 keV, with a corresponding wavelength of 
0.1833 Å was set by means of the monochromator, to allow 
for the analysis of the Debye–Scherrer rings of the {111}-, 
{200}- and {311}- crystallographic planes. The diffraction 
signal was recorded using a Perkin Elmer 2D-detector of 
type XRD 1621 xN ES, with 2048 × 2048 pixels and a pixel 
pitch of 200 µm. An example of the obtained diffraction 
signal is shown in Fig. 3(c).

Using this conical slit setup the length of the gauge vol-
ume along the beam direction can be adjusted. The focal 
distance, i.e., the distance between the specimen and the 
conical slit cell was set to nominally 100 mm. The length of 
the gauge volume was adjusted by changing the beam size 
(once the beam energy is fixed), to limit the gauge volume 
length along the beam direction to 1.23 mm, determined 
by the full width at half maximum (2.3 mm tail to tail). 
The length of the gauge volume was determined during the 
alignment by a scan along the beam path. Subsequently, the 
setup was adjusted to place the gauge volume into the center 
of the 4 mm thick CT-specimens. The beam size was set to 
200 × 200 µm2. However, the chosen primary beam size was 
a compromise between a high spatial resolution (that was 
aimed for) and the grain size of the PBF-LB/M build mate-
rial that would benefit from a larger beam size.

The mapping areas were varied between the specimens 
with and without a grown crack. In the specimen without a 
grown crack, the step size between measurement points was 
0.32 mm along the x- and the y-axis, respectively. In the 
specimen with a grown crack, two overlapping and offset 
mappings (both with a step size of 0.4 mm in x- and y-direc-
tion, respectively) were used in order to increase the number 
of measurement points in the area in immediate vicinity of 
the crack. The offset between the two mappings is 0.2 mm 
along the x- and y-axis leading to a step size of 0.2 mm in x- 
and y-direction within the overlapping area around the crack.

Data Evaluation  The determination of the detector center as 
well as the detector tilt correction was performed using the 
software tool pyFAI [44] based on a measurement carried 
out for LaB6 powder using the same measuring conditions. 
For analysis of the measurement data, first a binning step 
for each measurement point was done by averaging the gray 
value of each pixel of the detector images over the near-
est neighboring measurement points. In a subsequent step, 
an azimuthal integration using pyFAI with overlapping 

Fig. 3   Schematic of the conical slits setup, (a) position of the conical slit cell and indication of sample coordinate system (x,y), (b) side view 
showing the limited gauge volume (c) example diffraction result
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cakes was performed. Here, a cake size of 10° was chosen 
with the cake centers being separated by 5°, leading to an 
overlap of 5° between adjacent cakes. Binning of measure-
ment points and the cake size were considered to reduce the 
effect of the rather large grain size compared to the actual 
gauge volume defined by the primary beam size and the 
openings of the conical slits. The 2θ positions were deter-
mined using a Pseudo-Voigt function after background sub-
traction. The data from opposing cakes was averaged since 
they correspond to the same strain component in the speci-
men system. The determined 2θ positions were plotted over 
sin2(χ) as shown in Fig. 8(a), with χ being the azimuth 
angle (cf. Figure 3(a)). The 2θ vs. sin2(χ) distribution was 
then approximated linearly (cf. blue dotted line in Fig. 8(a)). 
Based on the values of the resulting linear function at the 
values sin2(χ) = 0 and sin2(χ) = 1 (highlighted in Fig. 8(a)), 
the lattice strains along 0° and 90°, which correspond to BD 
and TD, respectively, were calculated using equation (1). 
The necessary 2θ0 value was determined based on a pow-
der measurement of the AISI 316L powder used for PBF-
LB/M manufacturing. The difference in the thermal history 
between the powder and the PBF-LB/M built CT-specimens 
might lead to a shift in 2θ, which has to be considered in 
the interpretation of the obtained diffraction results. Exem-
plary, the powder measurements were compared with indi-
vidual small cubes with edge length of slightly below 2 mm 
sectioned from the PBF-LB/M built specimens. The maxi-
mum difference in 2θ corresponds to lattice strain of about 
175 µm/m. Since it is not certain that the residual stresses in 
the cubes are sufficiently released by the sectioning process 
for the relatively inhomogeneous microstructure being pre-
sent, the powder is used as 2θ0 reference due to the rather 
small deviation in 2θ. Additionally, spatial variations of 2θ0 
can occur due to the additive manufacturing process, which 
are not taken into account. However, the CT-specimens are 
extracted from the mid-part of the rectangular tube pro-
file and are therefore located at greater distance to regions 
where larger differences in e.g. the thermal history during 
the building process (corners or first-/last layer) are to be 
expected. In this report, only the results of the {311}-lat-
tice planes are shown to demonstrate the general suitability 
of the measuring and evaluation approach, since these lat-
tice planes most closely represent the macroscopic state of 
fcc (face-centered cubic) materials and are also considered 
insensitive to intergranular strains in the case of anisotropy 
[45]. Ultimately, the procedure followed allows to obtain an 
approximated linear distribution of 2θ vs. sin2(χ). To deter-
mine the uncertainties of the evaluated strain distributions, 
the 2θ uncertainties from the fitting process were propagated 
through the linear 2θ vs. sin2(χ) fit and the strain calcula-
tion using a Monte Carlo approach. Additionally, the stand-
ard deviation of the residuals from the linear fit was used 
to estimate the uncertainty resulting from non-ideal linear 

behavior. These two contributions were then combined in 
quadrature to obtain the stated strain uncertainties.

Based on the sin2(ψ) method [46], the stress difference 
(σ90°-σ0°) can be calculated from the linear fit function (of 
the 2θ vs. sin2(χ) distribution) using equation (2) with 
the X-ray diffraction elastic constant 1

2
s
{311}

2
 and m being 

the slope of the linear 2θ vs. sin2(χ) approximation. Here, 
1

2
s
{311}

2
= 7.11 ∗ 10

−6 1

MPa
 was applied, calculated using the 

model of Kröner and the single-crystal elastic constants from 
[47].

X‑ray Computed Tomography

To correlate the strain mapping results with the crack path, 
the actual crack path must be determined, as the potential 
drop method used to determine the crack length during 
fatigue loading cannot represent the actual crack path (in 
terms of lateral appearance). To monitor the actual crack 
path, micron computed tomography scans, using a micron 
computed tomograph (µCT) from Yxlon (Comet Yxlon 
GmbH, Hamburg, Germany), were carried out. 2100 pro-
jections were recorded using a direct emitter at a voltage 
of 200 kV and a current of 0.12 mA, providing a voxel size 
of around 9 µm3. Reconstruction of the volume as well as 
the determination of the crack path, based on the change in 
the gray values, was performed using the software VGSTU-
DIO MAX (Volume Graphics GmbH/Hexagon, Heidelberg, 
Germany).

Results

Residual Stress Distribution Near Surface

In Fig. 4, the RS depth profiles near the surface on the 
outside as well as the inside of the cut open tube profile 
determined by IHD are shown. In Fig. 4(a) the specimen 
geometry is depicted with the red dot highlighting the 
measurement position on the outside surface. Along BD 
higher tensile RS are determined near the surface both on 
the outside and the inside of the prior tube profile as can 
be seen from the RS depth profiles in Fig. 4(b). In both 
cases, the depth range shown here indicates that there is 
a gradient of the RS distribution with increasing depth. 
On the outside, the tensile RS along BD decreases from 
around 250 MPa at a depth of approximately 0.15 mm, 
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changing to compressive RS below a depth of around 
0.8 mm (to about –50 MPa). On the inside, the tensile 
RS along BD are higher compared to the outside, being 
rather constant up to a depth of about 0.5 mm (at around 
350 MPa), decreasing subsequently to about 120 MPa at 
a depth of approximately 1.1 mm.

Along TD, the RS are lower than along BD, both on the 
outside and on the inside of the tube profile. Furthermore, 
no pronounced in-depth gradient can be seen. Instead, 
the RS remain relatively constant, between about 50 to 
100 MPa in both cases, with the RS on the inside near 
the surface being slightly lower than on the outside. It 
is important to note that the directions BD and TD are 
aligned with the principal stress directions.

Lattice Strain Mapping in the Center 
of the CT‑specimen

In Fig. 5, the determined lattice strain distributions based 
on the diffraction result for the {311}-lattice planes in a CT-
specimen in as-built condition, i.e., not subjected to fatigue 
loading and without a grown crack, respectively, are shown. 
Figure 5(a) additionally shows the coordinate system as well 
as the mapping area. The notch is introduced along TD by 
wire-EDM. During analysis, measurement points where the 
diffraction result is incomplete due to geometric features, 
such as the notch or the loading holes, are excluded from 
the analysis. Consequently, the shape of these features, 
shown in i.e. Figure 5(b) and (c), depends on the relative 
position of individual measurement points to these features. 
In Fig. 5(b), the determined lattice strain distribution along 

Fig. 4   (a) Specimen geometry 
(b) RS depth profiles near the 
surface determined using IHD

Fig. 5   Result of lattice strain mapping on a CT-specimen without grown crack, evaluated for the {311}-lattice planes: (a) Specimen-coordinate 
system and mapping region, (b) determined strain along BD, (c) determinded strain along TD
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BD is shown. At larger distance from the machined features, 
a rather homogeneous compressive lattice strain distribu-
tion of around − 1700 to − 1400 µm/m can be seen. A small 
gradient along the y-axis/BD can be distinguished with the 
compressive lattice strain decreasing along BD. Next to the 
notch, a stronger decrease to about − 550 µm/m can be seen. 
Along TD (cf. Figure 5(c), the lattice strain distribution is 
rather homogeneous as well. However, the lattice strain is 
lower than in BD, being mostly around − 500 µm/m. Again, 
a gradient along y/BD can be seen with the compressive 
lattice strain increasing to around − 700 µm/m. Further-
more, near the notch a decrease in the lattice strain prevails. 
Due to the uncertainties in the determined 2θ values and 
the linear fit, the uncertainty in the determined strain values 
is around ± 135 µm/m for most measurement points in this 
sample.

In Fig. 6, the determined lattice strain distributions in 
the vicinity of a fatigue crack (growing parallel to BD) are 
shown. Figure 6(a) depicts the coordinate system as well as 
a rendering of the crack path as determined by X-ray com-
puted tomography. Please note that (in direct comparison 
to the specimen before) the directions of BD and TD are 
rotated by 90° with BD being aligned with the x-axis. The 
crack grows rather straight and is not tilted across the wall 
thickness of the specimen. The crack length is around 6 mm 
(distance to the tip of the notch). The lattice strain distribu-
tion along BD, shown in Fig. 6(b) is rather homogeneous 
again in the area at a given distance from the crack, and in 
the compressive region between − 1800 and − 1500 µm/m. 
Near and in front of the crack as well as around the notch 
the lattice strain is lower, and even an almost strain free 

zone around the crack is observed, being characterized by 
lattice strain values of around − 120 µm/m. The area being 
characterized by a reduced lattice strain extends to around 
2 mm in front of the crack tip, the latter feature being deter-
mined on basis of the X-ray computed tomography data. In 
addition, in this specimen a lower and rather homogeneous 
lattice strain distribution at a given distance to notch and 
crack, respectively, is determined along TD, with the com-
pressive lattice strain being around − 400 to − 300 µm/m. In 
the crack wake the lattice strain is of higher magnitude being 
around − 900 to − 700 µm/m. In front of the crack tip an area 
being characterized by tensile lattice strain values of around 
100 to 200 µm/m can be observed, eventually pinpointing 
local tensile strain. This area of tensile lattice strain has an 
extension of about 1 × 4 mm with the 4 mm edge oriented in 
direction of the y-axis. This zone with tensile lattice strains 
is surrounded by an area that is almost strain-free. Similarly, 
around the notch tip a decrease in lattice strain to an almost 
strain free state is determined. Due to the uncertainties in 
the determined 2θ values and the linear fit, the uncertainty in 
the determined strain values is around ± 120 µm/m for most 
measurement points in this sample.

In Fig. 7, the result of the lattice strain mapping for a 
CT-specimen with a crack growing perpendicular to BD 
is shown. In Fig. 7(a), the coordinate system and the two 
overlapping mapping areas are shown. Furthermore, a 
rendering of the crack path determined based on an X-ray 
computed tomography scan is shown. It can be seen that 
the crack does not grow perfectly perpendicular to BD, but 
is deflected downwards with a deflection angle of approxi-
mately 20° with the crack tip being around 2.5 mm lower 

Fig. 6   Result of lattice strain mapping on a CT-specimen with crack growing parallel to BD, evaluated for {311}- lattice planes: (a) Specimen-
coordinate system with mapping region and rendering of the crack path, (b) determined lattice strain along BD with superimposed crack path, 
(c) determinded lattice strain along TD with superimposed crack path. Please note that (in direct comparison to the specimens depicted in Fig. 5 
and 7) the direction of BD and TD is rotated by 90°
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than the initiating horizontal plane of the crack. The crack 
tip is located around 6.5 mm from the tip of the notch. 
Across the wall thickness the crack grows rather planar 
only showing small deviations from that planar character-
istic. In Fig. 7(b), the lattice strain distribution along BD 
based on the diffraction results of the {311}-lattice planes is 
shown. At larger distances to the notch and the grown crack, 
a rather homogeneous (compressive) lattice strain distribu-
tion can be seen. Similarly to the specimen without a grown 
crack, the compressive lattice strain is in the range of − 1500 
to − 1300 µm/m. In the vicinity of the crack a decrease in the 
compressive lattice strain distribution is determined with 
the lattice strain being around − 700 to − 500 µm/m near the 
crack, except in the area right next to the crack tip, where 
the compressive lattice strain is of higher magnitude being 
around –1000 µm/m. Compared to the specimen with the 
crack growing parallel to BD, the area where a change in 
the lattice strain distribution around the crack is noticed is 
much wider (alongside the crack wake). Along TD the deter-
mined lattice strain is around − 500 µm/m, therefore lower 
than along BD. Above and below the crack, regions are seen 
with even lower lattice strain (about − 300 µm/m). However, 
the crack path is not that clearly distinguishable by the lat-
tice strain values as in case of BD. Overall the lattice strain 
distribution is rather homogeneous. Due to the uncertainties 
in the determined 2θ values and the linear fit, the uncertainty 
in the determined strain values is around ± 110 µm/m for 
most measurement points in this sample.

In Fig. 8(a), the 2θ vs. sin2(χ) distribution for one meas-
urement point is shown as an example. It can be seen that 
(beside some minor alterations) it generally follows an almost 
linear trend and therefore can be well approximated linearly 

without introducing a large error. In Fig. 8(b), the calculated 
stress difference (σBD - σTD which corresponds to σ90° - σ0° in 
equation (2) for the CT-specimen without a grown crack is 
shown as a result of the sin2(χ) evaluation of the 2D diffrac-
tion data. Since no information about the strain in the third 
direction is available, an evaluation of the stress distribution in 
one direction cannot be made without strict assumptions like 
a plane stress or plane strain state, which may also be errone-
ous. Therefore, only the stress difference was calculated and is 
shown here. The stress difference is rather homogeneous and 
compressive ranging from around − 150 to around − 75 MPa 
with a small gradient along the y-axis/BD. In Fig. 8(c), the 
calculated stress difference (σBD - σTD) for the CT-specimen 
with the crack growing parallel to BD is shown. In the crack 
wake, a positive (tensile stress) difference is seen, while above 
and below the crack the stress difference is compressive with 
a maximum of around − 250 to − 200 MPa. In front of the 
crack tip, a rather large area with a lower compressive stress 
difference of around − 150 to − 100 MPa is determined. In 
Fig. 8(d), the calculated stress difference (σBD - σTD) for the 
CT-specimen with the crack growing perpendicular to BD is 
shown. At larger distances to the notch and the grown crack, 
the stress difference is compressive at around − 120 MPa while 
in the vicinity of the crack the stress difference is reduced to 
around − 50 MPa.

Fig. 7   Result of lattice strain mapping on a CT-specimen with crack growing perpendicular to BD, evaluated for {311}-lattice planes: (a) Spec-
imen-coordinate system with mapping region and rendering of the crack path, (b) determined lattice strain along BD with superimposed crack 
path, (c) determinded lattice strain along TD with superimposed crack path
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Discussion

Residual Stress Distribution Near the Surface

The RS depth profiles near the surface determined by means 
of IHD (cf. Figure 4) show higher tensile RS near the surface 
along BD with an in-depth gradient towards the center of the 
specimen, while the RS along TD remains on a relatively 
constant level of lower magnitude. This type of RS distribu-
tion is also characteristic for the as-built state as reported in 
[37], although at higher magnitudes, especially along BD. 
Similarly, [48] also found higher tensile RS near the surface 
as well as compressive RS in the center of the structure as 
a result of RS equilibrium, characterized by using neutron 

diffraction and DIC in thin L-shaped brackets made out of 
PBF-LB/M processed 316L. The larger temperature gradient 
at the surface leads to a higher level of RS. The difference 
between the outside surface and the inside surface is most 
likely caused by the difference in geometric constraints by 
the original tube profile shape and the removal of this geo-
metric constraint through sectioning. The opening of the 
tube profile was done from the outside towards the inside 
surface. Therefore, during cutting the geometric constraints 
were already removed on and near the outside surface, ena-
bling an elastic redistribution of the RS, while the region 
near the inside surface was still constrained.

The in-depth gradient in the RS along BD makes it 
necessary to restrict the gauge volume to the center of the 

Fig. 8   (a) Exemplary 2θ vs. sin²(χ) distribution; (b) calculated stress-difference (σBD - σTD) for the CT-specimen without grown crack; (c) calcu-
lated stress-difference (σBD - σTD) for the CT-specimen with the crack growing parallel to BD (d) calculated stress-difference (σBD - σTD) for the 
CT-specimen with the crack growing perpendicular to BD
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specimens by the conical slits. This enables the evaluation 
of the influence of the RS distribution in the bulk of the 
specimen, which, in our opinion, appears more relevant for 
assessing the crack propagation behavior, separate from the 
RS near the surface. In a conventional transmission setup, 
the diffraction result would be integrated over the full speci-
men thickness, including the in-depth gradient determined at 
the surface by means of IHD. Based on the RS distribution 
near the surface, compressive RS in the center of the speci-
men are expected to balance the tensile RS near the surface, 
with these balancing compressive RS being of higher mag-
nitude along BD than along TD.

Lattice Strain Mapping in Center of Specimen

The use of conical slits leads to a decrease in diffracted 
intensity in comparison to a conventional transmission 
experiment without conical slits. Paired with the rather small 
beam size of 200 × 200 µm2 (compared to a grain size of 
around 73 × 26 × 12 µm3 [37]), the statistics of the diffrac-
tion data received were rather limited. This makes it neces-
sary to use a rather large cake size of 10° for evaluating the 
2D diffraction data as well as the binning of measurement 
points. The averaging of opposing cakes increases the sta-
tistics further and is common practice for the application of 
conical slits and for a transmission measurement, since for 
the high beam energy and resulting small 2θ-angles (< 10°) 
the difference in the scattering vector is rather small, hence 
this has a minor effect on strain and stress calculation and 
can be neglected. To evaluate the lattice strain along BD and 
TD, respectively, either the 2θ-position from the correspond-
ing cakes can be used or as described before, the values of a 
linear fit over sin2(χ) at sin2(χ) = 0 and sin2(χ) = 1, depend-
ing on the definition of the azimuthal angle with respect 
to the coordinate system. The evaluation using the linear 
fit assumes that a potential influence of a crystallographic 
texture as well as the influence of intergranular strains is 
rather negligible. If this is the case, this approach provides 
a statistically solid result of the determined lattice strain, 
as not only single cakes but the information from the com-
plete Debye–Scherrer ring is considered. In case of the ana-
lyzed CT-specimens, a crystallographic texture is present as 
reported in [37] and shown in Fig. 2(b). The exemplary 2θ 
vs. sin2(χ) plot in Fig. 8(a) indicates that no strong nonlinear 
(oscillating) 2θ vs. sin2(χ) distributions are observed and, 
therefore, the influence of the crystallographic texture and 
the intergranular strains is rather negligible.

In the areas at larger distance from features like the notch 
or the crack, all lattice strain distributions within the differ-
ent CT-specimens show a compressive lattice strain for the 
{311}-lattice planes (cf. Figure 5, 6, and 7). Based on the 
tensile RS near the surface, determined by IHD, balancing 
compressive RS in the center of the specimen are assumed. 

Due to the limitation of the gauge volume to the center of the 
specimen by the conical slits, the determined compressive 
lattice strain confirms the presence of balancing compres-
sive RS. This is also the case with respect to the magnitude, 
with both tensile RS near the surface and compressive lattice 
strain in the center of the specimen being of higher magni-
tude along BD compared to along TD. However, a direct 
quantitative comparison between results obtained via IHD 
and those derived from lattice strain mappings determined 
by diffraction methods might be misleading, as the underly-
ing measurement principles differ fundamentally (macro-
scopic stresses vs. elastic lattice strain) and the measurement 
volumes vary significantly. The magnitude of the compres-
sive lattice strain along BD and TD is literally consistent 
over the three different specimens, indicating a reproduce-
able RS state by the manufacturing process. Additionally, 
the compressive lattice strain is rather homogeneous over 
BD. The absence of a distinct gradient over BD is in line 
with the determined RS profiles reported in [37], where also 
no strong or distinct gradient over the side of the tube profile 
along BD was reported. Around the notch, the lattice strain 
along BD and TD is reduced. This change in the residual 
strain distribution is most likely caused by manufacturing 
the CT-specimen geometry using wire-EDM, causing a 
partial strain relaxation but also introducing characteristic 
EDM-machining residual strain distributions.

Along BD, in the area that exhibits a higher and rather 
homogeneous compressive lattice strain, the growing crack 
leads to a strain relaxation along its path. Independent of the 
crack growth direction (parallel or perpendicular to BD), the 
lattice strain distribution in the vicinity of the crack is sig-
nificantly reduced (cf. Figure 6(b) and Fig. 7(b)). In case of 
the crack growing parallel to BD, the crack grows in a rather 
horizontal path, whereas in case of the crack growing per-
pendicular to BD it gets deflected. The reason for the deflec-
tion of the crack is still not fully understood yet, but can be 
reproduced and is likely caused by a microstructure effect 
induced by PBF-LB/M. With the crack growing parallel to 
BD without deflection (cf. Figure 6(b)), the strain relaxation 
is on the one hand much more localized around the crack 
path, and on the other hand more pronounced, eventually 
resulting in an almost lattice strain free state in the direct 
vicinity of the crack. The crack growing perpendicular to 
BD, which gets deflected (cf. Figure 7(b)), leads to strain 
relaxation in a larger area, however, no strain-free state is 
found, rather only a reduced lattice strain in the vicinity of 
the crack. The reason for the larger affected area is also not 
yet fully understood, since both cracks, as can be seen in the 
respective computed-tomography scan, grow rather planar 
over the wall-thickness of the CT-specimen. Therefore, this 
might be caused by the prevailing grain morphology. Here, 
current work is ongoing and will be addressed in a follow-
up paper.
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Along the crack opening direction, as stated in [49], dur-
ing cyclic loading a monotonic plastic zone in front of the 
crack tip develops, with a reverse plastic zone (smaller in 
size) occurring during the unloading step inside this plastic 
zone right at the crack tip. This results in a compressive 
stress distribution at the crack tip within the region of the 
reverse plastic zone and a tensile stress region in the remain-
ing monotonic plastic zone, the latter being located in larger 
distance to the crack tip [50]. Such a distribution was also 
determined by the authors in [28] and [31] experimentally 
using EDXRD, where they found a compressive strain field 
surrounding the crack path and a tensile strain region in front 
of the crack tip along the crack opening direction.

In the CT-specimen, with the crack growing parallel to 
BD (cf. Figure 6(c)), the crack opening direction is along 
TD, with an initial compressive lattice strain state of lower 
magnitude. In front of the crack tip, a region of minor tensile 
lattice strain is observed. Since no load is applied during 
the mapping experiment combined with the initial compres-
sive lattice strain state, the magnitude of the tensile lattice 
strain region in front of the crack tip was anticipated to be 
rather low. Along the crack, the lattice strain is compres-
sive at a higher magnitude compared to both the region at a 
larger distance from the crack and the crack-free specimen 
condition, again being in good agreement with findings in 
literature. Both regions (tensile in front of the crack tip, com-
pressive around the crack) are easily distinguishable due to 
the lower magnitude of the compressive lattice strain state 
(cf. Figure 6(b).

In contrast, in the CT-specimen with the crack growing 
perpendicular to BD (cf. Figure 7(b)), the crack opening 
direction is along BD, with the higher magnitude compres-
sive residual lattice strain in the initial state. As already dis-
cussed, the crack leads to a strain relaxation along its path 
(cf. Figure 6(b), Fig. 7(b)). The compressive strain develop-
ing around the crack path and especially right at the crack 
tip along the crack opening direction, however counteracts 
this strain relaxation. This might explain the previously men-
tioned lower amount of lattice strain relaxation along BD in 
this CT-specimen. Particularly right at the crack tip, where 
the compressive strain along the crack opening direction 
should be the highest based on the reverse plastic zone, the 
determined compressive lattice strain is also the highest in 
the vicinity of the crack. In front of the crack tip, an area of 
lower compressive lattice strain is visible, corresponding to 
the region where a tensile strain region might develop along 
the crack opening direction. However, due to the higher 
magnitude of compressive lattice strain along BD, only a 
more substantial decrease in the compressive lattice strain 
can be determined, being in good agreement with literature.

With the current experimental setup, no tilting or rota-
tion of the specimen has been conducted, which makes 
the third strain component along the beam direction 

inaccessible. An evaluation of the stress distribution in 
one direction, based on the determined lattice strain dis-
tributions, can therefore only be made by assuming either 
a plane stress or a plane strain state, i.e., by making tough 
assumptions which cannot be confirmed at the current 
state. Without either of these two assumptions, only a 
stress difference, as shown in Fig. 8(b–d), can be calcu-
lated. This already enables the interpretation of the stress 
distribution when combined with the additional knowledge 
of the lattice strain along both directions. These deter-
mined distributions (stress difference and lattice strain) 
enable future assessments of the effects of the RS distri-
butions on the crack growth behavior by using the distri-
butions as input data for fracture mechanics simulations.

Conclusions

In the present study, the lattice strain distributions in the 
vicinity of fatigue cracks in the mid-plane of CT-speci-
mens made of PBF-LB/M manufactured AISI 316L were 
determined using a combined approach including IHD and 
mapping experiments exploiting monochromatic high-
energy synchrotron X-ray radiation coupled with a conical 
slit setup. From the experimental findings, the following 
conclusions can be drawn:

•	 The proposed strategy to determine the strain distri-
butions is appropriate to map the lattice strain in the 
vicinity of cracks in the center of specimens with a 
high lateral resolution.

•	 The used conical slits for the {111}-, {200}- and 
{311}-crystallographic planes restrict the gauge vol-
ume to the area around the specimens’ middle plane, 
enabling the separation of the bulk strain distribution 
from the near surface areas.

•	 The usage of a complementary laboratory RS analy-
sis method (IHD) enables a holistic assessment of the 
RS distributions and supports the interpretation of the 
determined lattice strain mappings, enabling the future 
assessment of related effects on the crack propagation 
through, e.g., simulations using the determined lattice 
strain distributions as input data.

•	 The PBF-LB/M process leads to tensile RS near the 
surface that get balanced by compressive RS in the bulk 
of the specimen, with a higher magnitude along BD 
than TD.

•	 Compressive lattice strain gets significantly reduced in 
the vicinity of the cracks. Depending on the residual 
lattice strain magnitude, a tensile lattice strain region 
might develop in front of the crack tip without any 
applied load.
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•	 In case of the crack growing perpendicular to BD, the 
crack gets significantly deflected, which is likely caused 
by a microstructure effect induced by PBF-LB/M.
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