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Abstract: Components manufactured with Metal Laser Powder Bed Fusion (PBF-LB/M) are built
in a layerwise fashion. The PBF-LB/M build orientation affects grain morphology and orientation.
Depending on the build orientation, microstructures from equiaxed to textured grains can develop. In
the case of a textured microstructure, a clear anisotropy of the mechanical properties affecting short-
and long-term mechanical properties can be observed, which must be considered in the component
design. Within the scope of this study, the IN738LC tensile and creep properties of PBF-LB/M samples
manufactured in 0◦ (perpendicular to build direction), 45◦ and 90◦ (parallel to build direction) build
orientations were investigated. While the hot tensile results (at 850 ◦C) are as expected, where the
tensile properties of the 45◦ build orientation lay between those of 0◦ and 90◦, the creep results
(performed at 850 ◦C and 200 MPa) of the 45◦ build orientation show the least time to rupture. This
study discusses the microstructural reasoning behind the peculiar creep behavior of 45◦ oriented
IN738LC samples and correlates the results to heat-treated microstructures and the solidification
conditions of the PBF-LB/M process itself.

Keywords: laser powder bed fusion; IN738LC; microstructure; creep; micro-twinning

1. Introduction

Additive manufacturing creates objects using a sliced 3D CAD geometry [1–3]. The
successive build-up of components increases the design freedom, enabling the manufacture
of complex geometries using Metal Laser Powder Bed Fusion (PBF-LB/M) [4,5].

PBF-LB/M creep curves for IN738LC are scarce in the existing literature due to the
extensive experiments required for conventionally manufactured materials combined with
the many PBF-LB/M parameter combinations to be considered. Hence, the required
creep sample number for PBF-LB/M is significantly higher compared to conventionally
manufactured samples.

Depending on the build orientation, microstructures from equiaxed to textured grains
can develop. Sanchez et al. investigated the IN718 creep behavior for 0◦ (perpendicular to
build direction), 45◦ and 90◦ (parallel to build direction) build orientations [6]. It was shown
that while the 45◦ build orientation lies within the bounds of 0◦ and 90◦, the difference
between 0◦ and 45◦ is small. In comparison to the low creep strains and times to rupture of
the IN718 0◦ sample, the 90◦ sample showed a significantly higher creep strain and time to
rupture with an extended tertiary creep stage [6].

For IN738LC, the creep strength of 0◦ samples (perpendicular to build direction) lies
below the creep strength of 90◦ samples (parallel to build direction) [7]. Results for IN738LC
45◦ samples were first reported on in 2023 [8].
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Microstructural creep deformation mechanisms in polycrystalline nickel superal-
loys are complex [9,10]. The deformation mechanism depends on load, microstructure
and crystallography [11]. Kear et al. first introduced micro-twinning as a possible deforma-
tion mechanism [12]. Inhomogenous chemical distribution leads to differences in stacking
fault structures, especially at temperatures ranging between 650 ◦C≤ x ≤ 800 ◦C [10,13–15].
Barba et al. established a compositional dependency of micro-twin formation to segrega-
tions of Co, Cr, Nb, W and Ta [13,16]. A microstructural dependency has also been reported
by Titus et al. [17]. Segregations of Co, Cr, W and Ta lead to Superlattice Intrinsic Stacking
Faults (SISF) and Superlattice Extrinsic Stacking Faults (SESF) [17]. Micro-twins have been
found preferentially at SISFs and SESFs within the γ’ phase [13,14,16,18].

Brittle material behavior has been found in relation to micro-twins [19]. Micro-twins
lead to a dislocation pile-up, since the slip systems are limited to <111> bands. An abrupt
change in Schmid factor has been reported on along the twin-parent interface [19]. These
dislocation pile-ups increase stress concentrations, causing crack initiation and propagation
along the twin and neighboring grain interface.

Due to the small sizes of micro-twins (usually between 7–12 atomic planes), they are
often mistaken for deformation twins. The lack of understanding and confusion with
deformation twins, often leads to inconsistent statements concerning the effect on ductility.

From the surveyed literature, it is apparent that only a limited number of papers
study the creep behavior of PBF-LB/M materials. The general understanding of the creep
performance of PBF-LB/M materials is therefore limited [20]. In this study, the creep
properties of the 45◦ build orientation for IN738LC were found to be affected by micro-
twins, the origin of which can be attributed to PBF-LB/M solidification conditions.

2. Materials and Methods
2.1. Materials

As a high-temperature material with promising mechanical properties for the gas in-
dustry, IN738LC is the investigated material in this study. The IN738LC powder used in this
study, with the chemical composition shown in Table 1, has the following characteristics:

• Supplier: VDM Metals (Frankfurt, Germany);
• Gas atomized;
• The D10–D90 range corresponds to 22–49 µm;
• B, P, and S lie below 0.015 wt.%.;
• Mn and Fe lies below 0.05 wt.%.;
• Less than 0.3 wt.% Si are contained within the powder.

Table 1. Chemical composition of IN738LC powder in wt.%.

Al C Co Cr Mo Nb Ni Ta Ti W Zr

3.7 0.13 9 16.3 2 1.1 58.6 2 3.7 2.8 0.08

2.2. PBF-LB/M Manufacturing

Since the PBF-LB/M processing window is small, the processing conditions should be
adjusted in order to increase mechanical properties while reducing internal defects (such as
porosity) [21].

The details of sample dimensions and PBF-LB/M manufacturing are listed in
Table 2. Three build orientations were considered: 0◦ (perpendicular to build direction),
45◦ (diagonal) and 90◦ (parallel to build direction).
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Table 2. Sample dimensions and PBF-LB/M manufacturing details.

Sample Dimensions
Cylinders:
Diameter = 13 mm
Height = 80 mm

PBF-LB/M machine EOS M290 (Krailling/Munich, Germany)
Volume energy density 69 J/mm3

Layer thickness 40 µm

Heat treatment

Held between 110–1230 ◦C under argon
atmosphere
Air cooling
Held at 840 ◦C for 24 h under argon
atmosphere
Air cooling

2.3. Creep and Tensile Testing

The high-temperature properties of PBF-LB/M IN738LC must be characterized under
the conditions of the intended application (i.e., gas industry).

For creep and tensile testing, the PBF-LB/M cylinders were machined into the geome-
try shown in Figure 1.
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Figure 1. Creep and tensile sample geometry.

Creep tests were carried out according to DIN EN ISO 204 [22] with the following
parameters:

• Temperature: 850 ◦C;
• Applied stress: 200 MPa.

The tensile tests were carried out according to DIN EN ISO 7500-1 [23], with the
following parameters:

• Temperature: 850 ◦C;
• Strain rate: 0.5%/min when ε < 1.5% (elastic regime);
• Strain rate: 5%/min when ε > 1.5% (plastic regime).

2.4. Relative Density and Microstructure

Internal defects negatively affect short- and long-term properties. Therefore, the rela-
tive density is characterized to determine whether the samples contain porosity or cracks.

As mentioned in the introduction, microstructural creep deformation mechanisms
are complex. Therefore, microstructural analysis was carried out using scanning and
transmission electron microscopy, electron back scatter diffraction and energy-dispersive
X-ray to characterize the active deformation mechanisms, including micro-twinning.
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2.4.1. Relative Density

Samples were cross-sectioned, ground and polished using 1 µm diamond solution.
Using a light microscope (Leitz Aristomet, Wetzlar, Germany) five images (2 mm × 1.5 mm

field) were taken at different locations per sample parallel and perpendicular to build direc-
tion. The images were converted to binary images using ImageJ (version 1.54). The relative
density was determined based on image contrast.

2.4.2. Scanning Electron Microscopy (SEM)

Microstructural analysis was carried out on a SEM (Zeiss Auriga, Oberkochen, Ger-
many). For that purpose, samples were etched using V2A etchant. The microstructure
parallel and perpendicular to build direction was investigated. Particular focus lies on
grain size and twinning (twin density and twin thickness). For each SEM image, twins were
counted and divided by the image area. The twin thickness was measured using ImageJ.

For phase analysis, grain boundary and Euler angles and Schmid factor analysis,
Electron Back Scatter Diffraction (EBSD) and Energy dispersive X-ray (EDX) analysis were
carried out on polished samples parallel to build direction at the center of the respective
samples (distance from substrate plate 0◦: ~8 mm; 45◦: ~38 mm; 90◦: ~40 mm).

2.4.3. Transmission Electron Microscopy (TEM)

For further twin analysis, TEM analysis was necessary. Using spark erosion, a 3 mm
cylinder was extracted from the samples and cut into discs. The thickness of the discs was
reduced to 50–200 nm by grinding and electrochemical thinning. TEM analysis was carried
out on an JEOL JEM 2000 FX (Freising, Germany).

2.5. Numerical Thermal Modelling

The solidification conditions during the PBF-LB/M process significantly affect the
microstructure of samples. Thus, the thermal history of the manufactured samples is
visualized and quantified using numerical models.

The estimation of the thermal history during the PBF-LB/M manufacturing process
was carried out using OpenFOAM software (version 11) by solving Fourier’s law (see
Equation (1)). Since the computational effort is high for numerical solutions reported in the
literature [24–29], the following is assumed:

• The thermal model used in this study ignores melt pool dynamics and does not resolve
scan strategy for the sake of reducing computational effort. Zielinksi et al. showed,
that layer-wise thermal models are able to accurately describe the thermal history of
parts, while also increasing computational speed [30].

• The volume energy density is applied to 100 layers at a time lasting for a duration
corresponding to the build rate and the respective layer volume. After that, the
heat source is switched off and allows for the induced heat to diffuse during the
recoating time (10 s). Since a group of layers is heated at once, the recoating time is
extended accordingly. Following the recoating time, the next 100 layers are exposed
to the volume energy density. The process is repeated until the complete samples are
numerically built.

• The boiling temperature (i.e., 3200 K) is set as the upper temperature limit.
• In the mushy zone (Tsolidus to Tliquidus), the solution is held constant until the material

melts or solidifies.
• The substrate plate acts as a heat sink, with the substrate plate sides exchanging heat

with a heat transfer coefficient of 10 W
m·K , and the substrate plate top exchanges heat

with a heat transfer coefficient of 5 W
m·K .

• The properties ρ, cp and λ are temperature dependent and were taken from [31].

ρcp
dT
dt

= ∇·(λ∇T) + Qv (1)
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where:

• ρ is the density;
• cp is the specific heat;
• T is temperature;
• t is time;
• λ is thermal conductivity;
• Qv is volumetric heat source.

3. Results and Discussion
3.1. PBF-LB/M Microstructure

The printed IN738LC samples are shown in Figure 2. The 45◦ and 0◦ samples were
printed onto volume supports to avoid distortion caused by thermal stresses [32,33].
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Figure 2. (a) IN738LC cross-sections parallel to build direction for all considered build orientations
(0◦, 45◦, 90◦); (b) microstructure parallel to build direction for all considered build orientations (0◦,
45◦, 90◦).

In Figure 2a, cross-sections of the considered build orientations (0◦, 45◦ and 90◦) can be
seen. A relative density of 99.98% was determined based on contrast differences within the
cross-sections. The determined relative density is in agreement with the literature [7,34–36].

The microstructure for all build orientations is shown in Figure 2b. The microstructure
in the XZ-plane shows grains oriented parallel to the build direction, especially for the 90◦

build orientation. Considering the layer thickness used (i.e., 40 µm), the microstructure
shows epitaxial grain growth over more than 5 layers. The scale on the right-hand side of
Figure 2, indicates how many layers are resolved. While the 45◦ build orientation does not
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show any carbides, the 0◦ and 90◦ build orientations show carbides concentrating at the
grain boundaries.

To determine the cause behind the microstructural difference, numerical modelling of
the PBF-LB/M thermal conditions was carried out.

Figure 3 shows a sequence of images, visualizing the sample temperatures throughout
the build process. The respective build job time is shown in the upper left corner of each
image in seconds. After 6970 s, the 0◦ sample is almost completed. The upper layer
generally reaches higher temperatures, close to boiling. The heat is dissipated downwards
towards the substrate plate through the support structure. At 19,890 s, the 0◦ sample is
concluded and has cooled down significantly as the laser continues to scan the 45◦ and 90◦

samples. The image at 32,810 s shows the temperature distribution after laser scanning,
where the upper layers are cooling down from peak values seen during laser processing.
After 45,730 s, all samples have been built and additional time has been modelled to capture
the cool down prior to the removal of the substrate plate from the machine.

Materials 2023, 16, 5918 6 of 17 
 

 

orientation does not show any carbides, the 0° and 90° build orientations show carbides 
concentrating at the grain boundaries. 

To determine the cause behind the microstructural difference, numerical modelling 
of the PBF-LB/M thermal conditions was carried out. 

Figure 3 shows a sequence of images, visualizing the sample temperatures through-
out the build process. The respective build job time is shown in the upper left corner of 
each image in seconds. After 6970 s, the 0° sample is almost completed. The upper layer 
generally reaches higher temperatures, close to boiling. The heat is dissipated downwards 
towards the substrate plate through the support structure. At 19,890 s, the 0° sample is 
concluded and has cooled down significantly as the laser continues to scan the 45° and 
90° samples. The image at 32,810 s shows the temperature distribution after laser scan-
ning, where the upper layers are cooling down from peak values seen during laser pro-
cessing. After 45,730 s, all samples have been built and additional time has been modelled 
to capture the cool down prior to the removal of the substrate plate from the machine. 

The temperature evolution at the center of each creep sample is shown in Figure 4. 
The peaks show the heating of 100 layers at once. As can be identified, the 90° sample 
reaches considerably higher temperatures compared to the 0° and 45° samples. This is 
explained by the difference in cross-sections between the build orientations. The 90° sam-
ple has the smallest cross-section of 133 mm2 between the sample and the substrate, 
whereas the 45° and 0° samples have cross-sections of 270 mm2 and 1500 mm2, respec-
tively. The energy induced into the 90° sample is transferred into the substrate plate at a 
reduced rate compared to 0° and 45°, thereby retaining the heat within the sample causing 
an in situ heat treatment. The 45° and 0° build orientations experience faster cooling rates 
compared to the 90° sample. 

While the 0° and 45° build orientations seem to show similar thermal histories, the 0° 
build orientation solidifies considerably faster compared to the 45°, due to the small build 
height (i.e., 16 mm). As can be seen in Figure 3 at 45,730 s, the 0° sample is much cooler 
compared to the 45° build orientation, which still retains some of the heat, while signifi-
cantly less than the 90° build orientation. 

 
Figure 3. Temperature distribution during PBF-LB/M processing according to numerical model. Figure 3. Temperature distribution during PBF-LB/M processing according to numerical model.

The temperature evolution at the center of each creep sample is shown in Figure 4.
The peaks show the heating of 100 layers at once. As can be identified, the 90◦ sample
reaches considerably higher temperatures compared to the 0◦ and 45◦ samples. This is
explained by the difference in cross-sections between the build orientations. The 90◦ sample
has the smallest cross-section of 133 mm2 between the sample and the substrate, whereas
the 45◦ and 0◦ samples have cross-sections of 270 mm2 and 1500 mm2, respectively. The
energy induced into the 90◦ sample is transferred into the substrate plate at a reduced rate
compared to 0◦ and 45◦, thereby retaining the heat within the sample causing an in situ
heat treatment. The 45◦ and 0◦ build orientations experience faster cooling rates compared
to the 90◦ sample.
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While the 0◦ and 45◦ build orientations seem to show similar thermal histories, the
0◦ build orientation solidifies considerably faster compared to the 45◦, due to the small
build height (i.e., 16 mm). As can be seen in Figure 3 at 45,730 s, the 0◦ sample is much
cooler compared to the 45◦ build orientation, which still retains some of the heat, while
significantly less than the 90◦ build orientation.

The average grain sizes correlate well with the differing solidification conditions.
The average grain size of the 0◦ build orientation corresponds to 108 ± 13 µm; for the
45◦ build orientation, 60 ± 7 µm; and for the 90◦, 162 ± 15 µm. The 0◦ and 45◦ samples
show significantly smaller grain sizes compared to the 90◦ sample, due to grain coarsening
resulting from the in situ heat treatment of the 90◦ build orientation.

With the difference in solidification conditions, segregation behavior should also be
considered. EDX mappings were determined to show how the elemental distribution
is affected (see Figure 5). The 0◦ and 90◦ build orientation show Cr along the grain
boundaries. Correlating the EDX maps to the SEM images in Figure 2b, these precipitates
are Cr23C6-type carbides. The 45◦ build orientation does not show Cr segregations at grain
boundaries (as expected, since no carbides were found in Figure 2b); however, clusters of
Nb could be found. These Nb clusters were not found for the 0◦ and 90◦ samples. Nb is a
refractory metal with a relatively large atom size (atom radius of 146 pm). This atom size
requires more time/heat for diffusion. The fast solidification of the 0◦ sample does not
allow enough time for Nb to diffuse and segregate, and the in situ heat treatment of the 90◦

sample homogenizes the elemental distribution. The 45◦ sample retains some of the heat,
allowing enough time for Nb to segregate but not enough time for homogenization.

EBSD-maps were used to identify the phases found in 0◦, 45◦ and 90◦ build orien-
tations at the respective sample center (see Figure 6). As expected, the 0◦ and 90◦ build
orientations show a combination of face center cubic (fcc) phases (i.e., γ and γ′) and car-
bides (as predicted by Cr-maps in Figure 5 and SEM images in Figure 2b). The 45◦ sample
shows a combination of fcc phases and hexagonal close packed (hcp) phases.

The hcp-phase in IN738LC includes the η-phase (Ni3Ti or Ni3Ta). The η-phase forms
when exposed to temperatures between 850 ◦C to 950 ◦C. At that temperature range,
carbides decompose thereby enriching the grain boundaries with Ti and Ta. The γ′-phase
becomes unstable due to the Ti or Ta segregations and the η-phase forms [37]. Since the
formation of the η-phase is dependent on the dissolution of carbides, this hcp phase forms
at grain boundaries. The η-phase is known to increase strength and reduce ductility due to
the incoherency of the hcp crystal structure with the γ-matrix [37,38].
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The fast solidification of the 0◦ build orientation does not allow enough time for the
η-phase to form, since thermal exposure is required for the decomposition of carbides
to occur. The in situ heat treatment of the 90◦ build orientation homogenizes elemental
distribution, hindering η-phase formation. The 45◦ sample, which retains temperatures of
roughly 1000 K (compare Figure 3 at 45,730 s), allows for optimal η-phase formation conditions.

These microstructural differences lead to the assumption that mechanical properties
are affected by the build orientation. The mechanical properties will be investigated and
correlated to the microstructure in the following sub-sections.

3.2. PBF-LB/M Tensile Properties

Based on literature [7], it is expected that the 90◦ build orientation shows the largest
ductility but lowest strengths compared to 0◦ and 45◦ build direction. The 45◦ build
orientation is expected to lie within the bounds of the 0◦ and 90◦ results. An overview of
the tensile properties determined in this study is shown in Figure 7. The yield strengths
(RP0.2) and ultimate tensile strengths (UTS) of all build orientations vary less than 5%. The
difference is therefore negligible. The 90◦ build orientation shows a ductility of 24.5%, the 0◦

and 45◦ build orientations show a lower ductility of 21.9%. These results correlate well with
the numerical results, since the 0◦ and 45◦ samples show similar solidification conditions.
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Figure 7. Overview of IN738LC tensile properties at 850 ◦C for the 0◦, 45◦ and 90◦ build orientation.

3.3. PBF-LB/M Creep Properties

The creep results are shown in Figure 8. As expected, the creep rupture strains increase
from 0◦ (1.7%) to 45◦ (3.37%) to 90◦ (8.61%). The times to rupture increase from 45◦ (534 h) to
0◦ (912 h) to 90◦ (5362 h). While the 45◦ build orientation shows an expected creep rupture
strain of 3.37%, the time to rupture is significantly smaller than expected (i.e., 534 h). As
can be seen from the exact creep rate values listed in Figure 8, the minimum creep rates
of the 0◦ and 90◦ build orientations are lower compared to the 45◦ build orientation. The
reduced grain size and lack of carbides (see Figure 2b) in the 45◦ sample could facilitate
grain boundary sliding increasing creep rate. In comparison, the carbides in the 0◦ and 90◦

build orientations hinder grain boundary motion reducing the creep rate.
Based on the creep test parameters used (850 ◦C and 200 MPa) and the deformation

mechanism map (i.e., shear modulus vs. homologous temperature [39]) the expected
primary deformation mechanism is dislocation creep (i.e., power law creep). However,
classic dislocation creep is not affected by grain size. Since grain size clearly must be
considered based on the grain size difference found, it can be concluded that additional
creep mechanisms are active beyond dislocation creep.

Internal defects caused by the PBF-LB/M process itself (such as porosity or cracks) can
be excluded as reasoning for the creep behavior seen, since the relative density determined
lies at 99.98%. The creep behavior of the three build orientations differs compared to the
expected tensile behavior. Therefore, the material behavior seen in Figure 8, is assumed to
be correlated specifically to creep deformation mechanisms.

It is known that grain orientation plays a significant role in accommodating the applied
stress during creep. Therefore, Euler angles were determined based on EBSD-scans to
assess the grain orientation with regard to the applied loading direction.

As can be seen in Figure 9, the 45◦ and 90◦ build orientation show a dominant orienta-
tion of [001], which is parallel to the applied loading direction. In the 0◦ build orientation,
dominant Euler angles of [111] and [011] are seen. This explains the creep strains reached.
Grains parallel to the load can accommodate the applied stress more readily than grains
oriented perpendicular or diagonal to the load direction. The 0◦ build orientation show
dominant orientations of [111] and [011] leading to inferior creep strains compared to the
45◦ and 90◦ build orientations, which both show dominant Euler angles in [001].
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Although the 45◦ and 90◦ build orientations have a dominant Euler angle orientation
in [001], the creep strains significantly differ. This can be attributed to additional creep
mechanisms, which will be discussed later.

Twinning can be found in all build orientations. The twin density increases from 90◦ to
0◦ to 45◦ build orientation, as shown in Figure 10. Considering the creep rate documented
in Figure 8, the twin density is inversely proportional to the creep rate. The twin density
in Figure 10 combines annealing and mechanical twins. Since the heat treatment was
identical for all build orientations, the number of annealing twins is assumed to be similar
for all build orientations. The difference in twin density must therefore be caused by the
formation of mechanical twins, which are formed during creep testing due to the applied
mechanical load. Mechanical twins form mostly in hcp phases [40], which correlate well
with the η-phase found in the 45◦ build orientation (refer to Figure 6).
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Figure 10. Twin density and twin thickness measured after creep testing for the 0◦, 45◦ and 90◦ build
orientation.

Due to the differing solidification conditions experienced by the build orientations,
Nb clusters were found (see Figure 5). As mentioned in the introduction, Nb atmospheres
increase the formation of micro-twins during creep. Nb segregations have also been found
to reduce twin thickness [41]. The determined twin thickness for all build orientations is
plotted within Figure 10. The 45◦ build orientation, which contains Nb clusters, shows
significantly thinner twins compared to the 0◦ and 90◦ build orientations, thereby indicating
the formation of micro-twins. Besides Nb reducing twin thickness and increasing the
formation of micro-twins, Nb segregations also lead to increased stacking faults energies
(SFE) [13,17].

Since the Nb clusters reduce twin thickness and, thereby, the possible operating slip
systems [41], Schmid factor frequency maps for three different slip systems were analyzed
(see Figure 11):
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• {111}
〈
110

〉
→ fcc slip system

• {111}
〈
211

〉
→ slip system when Superlattice Intrinsic Stacking Faults (SISF) and/or

micro-twins are present
• {111}

〈
211

〉
→ slip system when Superlattice Extrinsic Stacking Faults (SESF) and/or

micro-twins are present
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〉
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Figure 11a shows the Schmid factor frequency for the slip system {111}
〈
110

〉
for all

build orientations. The 90◦ sample shows a homogeneous activation of the fcc slip system,
while the 0◦ and 45◦ build orientations show a non-uniform frequency of the fcc slip system.
Figure 11b shows the results for the slip system {111}

〈
211

〉
. In the 0◦ sample, no significant

change compared to Figure 11a can be seen. For the 90◦ sample still a homogenously
activated frequency is identifiable. The 45◦ sample shows a more homogeneous frequency
for the {111}

〈
211

〉
slip system compared to the slip system shown in Figure 11a. The grains,

in which a sudden change occurred for the {111}
〈
110

〉
slip system, show an activated

Schmid factor for the slip system {111}
〈
211

〉
. This indicates that SISFs are present, as the

slip system, {111}
〈
211

〉
, is closely linked to SISFs. Figure 11c shows the results for the

slip system, {111}
〈
211

〉
, which is closely linked to SESFs. The results for the 0◦ and 90◦

samples remain similar to those seen in Figure 11b. Similar to Figure 11b, in the 45◦ sample,
the grains in which low Schmid factor frequencies are seen in Figure 11a,b are replaced by
a higher Schmid factor frequency, as seen in Figure 11c. This indicates the presence of SISF
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(as seen in Figure 11b) and SESF (as seen in Figure 11c) in the 45◦ build orientation. As
discussed in the introduction, the presence of SISF and SESF increases the SFE and increases
the formation of micro-twins during creep. The increased SFE inhibits dislocation mobility.
The energy required for dislocation slip in the 45◦ build orientation is therefore higher
compared to twinning. This result is in agreement with that of Sanchez-Mata et al. [42] and
explains the increased twin density in 45◦ compared to 0◦ and 90◦ build orientation found
in Figure 10.

Based on the results above (Nb clusters, SESF, SISF) and the assumption of micro-
twins, the twins present were investigated more closely (see Figure 12). Figure 12 shows
representative images of the twins for the respective build orientations. On the right-hand
side, the images are labelled for simplified visualization. Whereas the twins in the 0◦ and
90◦ build orientations do not show a structure, the 45◦ twins do show fine lines within the
γ/γ′ structure for the entire length of the twin.
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Figure 12. Twin structures for the 0◦, 45◦ and 90◦ build orientations.

The clusters of refractory metals, the expected increased stacking fault energy due
to the presence of SISF and SESF, the Schmid factor frequency maps and the underlying
lines within twins are all indications for micro-twins within the 45◦ build orientation. The
macroscopic fracture surface of the 45◦ build orientation shown in Figure 8, is similar to
those reported by Barba et al. for samples containing micro-twins [19]. TEM analysis
was carried out to confirm these suspicions. Micro-twins were found for the 45◦ build
orientation in the γ/γ′ structure (see Figure 13). Close to the micro-twins a dislocation
pile-up can be seen. Micro-twins were not found for the other two build orientations, 0◦and
90◦. The average thickness of the micro-twins is roughly 40 nm, which corresponds to
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11 atomic planes, which fits into the micro-twin size range mentioned in the introduction.
To the knowledge of the authors, this is the first time micro-twins are confirmed in additively
manufactured samples.
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Figure 13. Micro-twins found in 45◦ build orientation.

Therefore, as expected, various creep deformation mechanisms are simultaneously
taking place in the 45◦ build orientation: dislocation creep, micro-twinning, grain boundary
sliding. The reason behind the differing active mechanisms between the build orientations
(0◦, 45◦ and 90◦) can be found in the varying solidification conditions during PBF-LB/M.
The difference in solidification conditions causes differences in the microstructure, including
grain size, phase formation (carbides and η-phase) and elemental distribution.

4. Conclusions

Within the scope of this study, the effect of three build orientations (0◦, 45◦ and 90◦)
on PBF-LB/M creep properties was investigated. The following conclusions can be drawn
based on microstructural investigations:

• Solidification conditions differ between the build orientations.
• The differing solidification conditions cause differences in grain size, phase formation

and segregation behavior.
• Time to rupture is lowest in 45◦ compared to the 0◦ and 90◦ build orientations.
• The 45◦ build direction exhibits more creep deformation mechanisms compared to the

0◦ and 90◦ build directions.
• The differing solidification conditions affect elemental distribution, which in turn

affect twin density, and twin thickness.
• The differentiating twin behavior causes an increase in SFE.
• Micro-twins were found for the first time in PBF-LB/M samples.
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