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This study investigates the fatigue behaviour of samples made by laser powder-bed fusion of Hastelloy X (LPBF-
HX) with as-built and machined surface conditions at 700 °C under fully reversed strain-controlled cyclic
loading. Samples with both surface conditions exhibited initially cyclic hardening followed by cyclic softening
under large strain amplitude testing, where a slight continuous hardening was observed for tests with smaller
strain amplitudes. The samples with machined surfaces showed longer endurance and higher stress ranges than
those with as-built surfaces. Post-fatigue-test EBSD analysis showed the formation of the Goss texture and
extensive local strain accumulation in the samples tested under high strain amplitude at 700 °C. Fractography
investigations revealed that early crack initiation in the samples with as-built surfaces was from stress concen-
trations induced by valleys on the rough surface. No evidence of crack initiation induced by pre-existing defects
was observed in the machined samples, and the excessive slip activity at the surface was found to be responsible

for the crack initiation.

1. Introduction

Additive manufacturing (AM) has revolutionized the production of
complex parts by building them layer-by-layer [1,2]. Laser powder-bed
fusion (L-PBF), a leading AM technology, excels in creating
high-resolution complex metallic parts due to its small laser spot size
(~70-100 um) [3]. The fast-moving small laser heat source in 1-PBF
results in high heating and cooling rates, leading to a fine cellular so-
lidification structure, epitaxial grain growth, and significant residual
stresses. Consequently, 1-PBF materials possess distinct mechanical
properties compared to those produced conventionally [4,5], necessi-
tating thorough characterization to fully understand the behavior of
L-PBF builds [6-8].

Hastelloy X (HX), a solid solution-strengthened nickel-based super-
alloy, is known for its high strength and oxidation resistance at elevated
temperatures [9,10], making it suitable for gas turbine engines and
petrochemical reactors. Its excellent weldability, due to low Ti + Al
content, makes it ideal for producing complex parts through AM [8,9].
Several studies have examined the microstructure and static properties
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of AM HX [10-15]. Although the application of LPBF-HX often involves
cyclic loading at high temperatures, only limited studies [16-22] have
been devoted to investigating its fatigue response, particularly at
elevated temperatures.

The fatigue life of AM alloys is influenced by factors like strength,
ductility [16], defect state [17], and surface roughness [18,19]. Our
prior work on LPBF-HX at room temperature (RT) identified static
strength as crucial in the low cycle fatigue regime, with defects and
surface roughness impacting the high cycle fatigue regime [20]. Han
etal. [21] observed improved RT fatigue performance in machined and
HIPed samples due to defect removal and residual stress reduction.
Montero-Sistiaga et al. [22] found inconsistent fatigue lives in their
LPBF-HX samples, attributed to presence of lack-of-fusion defects. Few
studies have addressed LPBF-HX high-temperature (HT) fatigue
response. Examples include Saarimaki et al. [23], who examined
LPBF-HX crack growth during dwell-fatigue tests at 700 °C, and Lei et al.
[24], who reported a reduction in fatigue performance of the alloy by
increasing test temperatures from 400 °C to 600 °C.

This study systematically investigates the high-temperature cyclic
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deformation and failure response of LPBF-HX, comparing it with pre-
vious findings on fatigue loading at room temperature. It assesses cyclic
stress and strain responses and conducts post-test microstructural ana-
lyses to understand the deformation and failure response of LPBF-HX
under high-temperature fatigue loading. Given that the geometrical
complexity of LPBF parts often precludes surface finishing, this research
also investigates the impact of as-built surface roughness on hysteresis
loops, fatigue endurance, and crack initiation and growth response.

2. Methods and materials
2.1. Specimen fabrication

An EOS M290 printer was used to produce specimens using
commercially available HX powder from EOS GmbH, with a particle size
of 15-45 pm. The specimens were fabricated under an argon atmosphere
with a build plate temperature of 80 °C. To achieve >99.98 % relative
density, a set of optimum process parameters including laser power of
195 W, laser scanning speed of 850 mm/s, hatching distance of 90 pm,
and a layer thickness of 40 pm were used, without any skin scans, based
on the authors’ previous studies [20,25,26]. A scanning vector rotation
of 67° was used between successive layers, and all samples were printed
vertically, such that the loading direction during mechanical testing was
parallel to the building direction. Net shape samples were printed ac-
cording to the drawing presented in Fig. 1a, with M7 threads machined
at the ends before mechanical testing. Cylinders were also printed for
later machining and mechanical testing of the surface-machined
LPBF-HX (Fig. 1b). Henceforth, machined samples and net shape sam-
ples tested at high temperature (HT) will be referred to as HT-Machined
(HT-M) and HT-As-Built (HT-AB) samples, respectively. No post-process
heat treatment was applied to the test pieces before fatigue tests. This
implies the existence of some levels of residual stress in both sample
categories, although being moderated by relaxation during heating up
ramps and stabilization period at 700 °C before the start of fatigue
loading.

2.2. Mechanical testing

The study conducted twelve isothermal strain-controlled fatigue
tests at 700 °C with a strain ratio of R, = —1 for both HT-M and HT-AB
HX samples. A 100 kN servo-hydraulic MTS machine with an induction
heating system (Fig. 1c) was used to conduct the tests at a strain rate of
0.2%s L. A class 0.5 side-entry extensometer with a datum leg spacing of
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15 mm was used to measure strain, while the built-in load cell of the
testing machine monitored force. During the fatigue tests, data on force
(transformed to stress using nominal diameters) and strain were recor-
ded at a frequency of 10 Hz, along with the peak/valley stress for each
cycle. Three type-K thermocouples were attached along the specimen
gauge length to measure temperature and maintain a temperature
gradient of less than 3 °C. It is worth noting that the thermocouples were
mechanically tied to the specimen surface and not spot-welded to avoid
premature crack initiation at weld spots. Tests were conducted at strain
amplitudes of 0.2 %, 0.4 %, and 0.8 % to allow comparison with pre-
vious examination results at room temperature [20]. Two repeat tests
were performed for each condition, and the ISO 12,106 standard was
followed for the testing procedure, where possible.

2.3. Microstructural and fracture surface characterization

The microstructure investigation involved the examination of cross-
sections perpendicular to the print direction for LPBF-HX, both before
and after fatigue testing. The standard metallography sample prepara-
tion procedure was followed, which included cutting, mounting,
grinding with SiC grinding paper (ranging from 80 to 4000 grit), and
final polishing using a 1-0.05 ym alumina slurry and colloidal silica
suspension with vibratory polishing (Buehler VIBROMET 2). For the
post-test evaluation, fatigue samples that underwent various strain
amplitudes were examined, specifically focusing on cross-sections
approximately 2 mm below the fracture surface. A JEOL7000F scan-
ning electron microscope (SEM) equipped with an Oxford EBSD detector
was utilized to investigate grain orientations and crystallographic
texture. The EBSD data collection and post-processing were performed
using AZtecHKL and HKL Channel 5 software. Furthermore, the fracture
surfaces of the samples following fatigue testing were analyzed using a
TESCAN VEGAS3 scanning electron microscope (SEM). This analysis
aimed to identify crack initiation sites and gain insight into the crack
growth response of the samples.

3. Results and discussions
3.1. Mechanical response

While the supplementary materials provide all the data from the
conducted mechanical tests, examples of the recorded data are pre-

sented and discussed below. Fig. 2a and b illustrate the evolution of
hysteresis loops derived from repeat tests performed on HT-AB and HT-

Fig. 1. (a) Specimen drawing for mechanical testing (dimensions in mm), (b) Samples with as-built and machined surfaces, (c) Employed mechanical testing setup.
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Fig. 2. (a) Presentation of hysteresis loops for HT-AB HX at cycles 1, 10, and 100 from two repeat tests at 700 °C. (b) Presentation of hysteresis loops for HT-M HX at
cycles 1, 10, and 100 from two repeat tests at 700 °C. (c) Comparison of hysteresis loops between HT-AB and HT-M HX at cycles 1, 10, and 100. (d) Evolution of peak/
valley stresses for HT-AB and HT-M HX from two repeat tests at 700 °C (all presented data are from tests with a strain amplitude of 0.8 % and the solid lines are for

the first tests and the dashed lines are for the repeat/second tests).

M HX with a strain amplitude of 0.8 %. Additionally, Fig. 2c and
d compare the hysteresis loops and the evolution of peak-valley stresses
for HT-AB and HT-M HX under the same strain amplitude.

A comparison of the hysteresis loops between the repeated tests
demonstrates a generally repeatable deformation response in the sam-
ples, particularly in the first cycle. Observations from Fig. 2d, however,
indicate some variability in the fatigue endurance response of LPBF-HX,
particularly for the samples with as-built surfaces, which are believed to
arise from the high sensitivity of fatigue crack initiation life to the
variability in the state of defects at the surface, i.e. roughness.

Comparing the hysteresis and peak/valley stress response of HT-AB
and HT-M HX from Figs. 2c and d, respectively, it can be observed
that the samples in the machined state exhibit a stronger response in
terms of deformation and life compared to the samples with the as-built
surface condition. The stronger deformation response can be attributed
to the adoption of the same nominal cross-section for stress calculation
for both sample categories, although the actual load-carrying cross-
section for AB samples is smaller due to the high surface roughness.
Similarly, the shorter endurance of AB samples is attributed to their
surface roughness, which facilitates fatigue crack initiation from the
surface [20,27-29].

It should be noted that indications of serrated stress-strain response
were observed in both tension-reversal and compression-reversal

loadings for the samples, particularly for larger cycle numbers. These
serrations are related to the interaction of mobile dislocations with so-
lute atoms, known as the dynamic strain aging (DSA) phenomenon.
These observations align with recent evidence reported in [14], indi-
cating that although extensive DSA occurs for LPBF HX in the temper-
ature range of 300-600 °C, it is limited to relatively high strain rates and
only after the accumulation of a large amount of plastic strain at 700 °C.
Furthermore, it should be mentioned that the observed hysteresis loops
appear to be symmetric, indicating that slip is the dominant plastic
deformation mechanism at the examined temperatures [29].

Fig. 3a presents a comparison of the stress ranges observed during
cyclic loading of HT-AB and HT-M HX samples under various strain
amplitudes. At larger strain amplitudes and for both surface conditions,
an initial cyclic hardening phase is observed, characterized by an in-
crease in stress range during the early cycles. This is followed by a
subsequent steady-state period with a gradual decrease in stress range
(cyclic softening) and, finally crack initiation and failure. Conversely,
minimal cyclic hardening is observed for samples tested at the lowest
strain amplitude, as the deformation mainly remains in the elastic
regime during cycles. These findings align with those reported for LPBF-
HX at room temperature [25], but differ significantly from those re-
ported for conventionally manufactured HX at elevated temperatures
[30], where a pronounced cyclic hardening was observed across various
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Fig. 3. (a) Evolution of peak/valley stresses for HT-AB and HT-M HX from tests with various strain amplitudes, showing the primary cyclic hardening followed by
cyclic softening. (b) Cycles to failure as a function of strain amplitude for HT-AB and HT-M HX, as well as for RT-AB HX.

strain amplitudes. This difference can be attributed to the significantly
higher dislocation density in the LPBF alloy [14], which restricts hard-
ening during subsequent (cyclic) deformation.

In Fig. 3b, the dependence of failure endurance on strain amplitude is
compared between HT-AB and HT-M HX. As expected, samples exhibit
increased fatigue life by decreasing the strain amplitude, indicating
reduced damage associated with each cycle at lower strain amplitudes.
Consistent with previous studies investigating the influence of surface
roughness on fatigue endurance [27,28,31-33], machined LPBF-HX
samples demonstrate longer fatigue lives than samples with as-built
surface states, particularly at lower strain amplitudes. Plastic deforma-
tion and dislocation slip are the dominant fatigue crack initiation
mechanisms at higher strain amplitudes, and surface roughness has a
marginal effect. Conversely, at lower strain amplitudes where cyclic
deformation is predominantly elastic, surface defects are the dominant
site for fatigue crack initiation, and therefore increased surface rough-
ness significantly decreases fatigue strength.

It should be highlighted that the crack initiation in the HT-AB sam-
ple, tested at a 0.2 % strain amplitude, occurred within the testpiece
parallel length but outside the extensometer gauge length. Because the
testing machine controls the applied strain range based on extensometer
readings, crack initiation outside this gauge length results in the
observed increase in stress range post-crack initiation, as depicted in

600 ry z
Mid-life hysteresis As-built surface
Blue: HT-AB
Red: RT-AB

300

Stress (MPa)
(=]
h

-300
Thin lines: £,=0.4%
600 I hick lines: £,=0.8%
-1.0 -0.5 0.0 0.5 1.0

Strain (%)

(@)

Fig. 3a. While this does not affect the crack initiation endurance, it is
expected to accelerate crack growth, thereby potentially affecting the
failure endurance.

Fig. 4a presents a comparison of the observed mid-life hysteresis
response of AB HX at elevated temperature, obtained from tests with
strain amplitudes of 0.8 % and 0.4 %, with the response at room tem-
perature reported in our previous study [25]. Both the elevated tem-
perature and room temperature tests exhibit symmetric hysteresis loops;
however indications of DSA were found only in the high-temperature
tests. The hysteresis loops obtained at 700 °C exhibit a wider width at
zero stress level compared to those at room temperature, indicating a
higher degree of plastic strain accumulation during cyclic loading.
Consequently, the plastic damage associated with each cycle at high
temperatures is higher compared to the same strain amplitudes at room
temperature, resulting in shorter fatigue life, as shown in Fig. 3b.

Fig. 4b illustrates the evolution of the stress range during cyclic
loading of AB-HX at room and elevated temperature under strain am-
plitudes of 0.8 % and 0.4 %. Notably, the samples tested at room tem-
perature exhibit more significant cyclic hardening over a larger number
of cycles, whereas only a slight hardening is observed for the samples
tested at high temperatures. These findings can be attributed to the
higher activity of recovery and softening mechanisms at elevated tem-
peratures. However, a detailed examination of the hardening/softening
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Fig. 4. (a) Comparison of mid-life hysteresis loops for AB HX at room temperature (RT) and 700 °C (HT) for tests with strain amplitudes of 0.8 % and 0.4 %. (b)
Evolution of peak/valley stresses for HT-AB and RT-AB HX from tests with strain amplitudes of 0.8 % and 0.4 %.
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mechanisms at different temperatures requires more in-depth analysis
and is beyond the scope of this study.

3.2. Microstructural investigations

Fig. 5 presents the results of EBSD microscopy examination for LPBF
HX in its as-built state and after fatigue testing under strain amplitudes
of 0.2 % and 0.8 % for HT-AB, HT-M, and RT-AB samples. The Inverse
pole figure (IPF-Z) map of the as-built sample shows no indication of any
specific texture. The kernel average misorientation map of this sample
indicates a high density of geometrically necessary dislocations (GND),
which is typical for LPBF samples, and is also reported in [34-36].

For both strain amplitudes tested at room temperature, no significant
differences are observed in the grain structure and orientation compared
to the as-built microstructure. When comparing the microstructure of
the sample loaded at room temperature under 0.2 % and 0.8 % strain
amplitudes, the latter exhibits greater local misorientation, indicating
higher strain localization. This strain localization leads to accelerated
crack initiation, i.e. in line with the observed shorter fatigue life for
larger strain amplitudes.

Similar to the samples tested at room temperature, the grain
morphology of the samples after cyclic loading at 700 °C remains un-
changed compared to the as-built state, and there is no indication of
recrystallization during fatigue loading. A closer examination of the
KAM maps reveals a significantly higher density of GND in the HT-M
sample loaded under a strain amplitude of 0.8 %. This higher density
could be attributed to a larger amount of plastic strain accumulation
over the 500 cycles in this particular sample compared to the others.

Interestingly, in contrast to the observations for samples tested at
room temperature, the pole figures of the samples tested at 700 °C show
a strong realignment of grains and the formation of Goss texture
(<110>//LD) during fatigue loading. Previous studies have reported the
formation of a <111>//LD texture during monotonic loading at both
room temperature and 700 °C [10,37,38]. This texture formation can be
explained by the slip of dislocations through {111}<112> slip systems
in FCC materials, aligning the (100) and (111) orientations with the
loading direction [38,39].

However, the current observations suggest the alignment of the
(110) orientation along the loading direction during cyclic loading. Goss
and rotated Goss textures are typically associated with dynamic
recrystallization (DRX) in FCC alloys [40,41]. Some extent of DRX has
been previously observed by the authors during low strain rate tensile
testing at 700 °C for LPBF-HX [14]. However, the overall high KAM
values in the samples after fatigue testing (Fig. 5b) do not confirm the

As-Built
e
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occurrence of DRX during the conducted fatigue tests. Further investi-
gation is therefore necessary to understand the mechanisms responsible
for the formation of Goss textures during high-temperature cyclic
deformation of LPBF-HX.

3.3. Fracture surface

Fig. 6 presents representative examples of the fracture surfaces of the
HT-AB-0.4 % and HT-M-0.4 % samples, where similar observations were
made for the other samples. The figure highlights different stages of
fatigue crack development using distinct colours: green, blue, and red
representing crack initiation, propagation, and final fracture,
respectively.

Interestingly, fatigue cracks were observed to initiate from multiple
sites on the surface of both AB and M samples. This is noteworthy as
previous reports [17,42,43] have often attributed fatigue crack initia-
tion in machined LPBF samples to internal gas pores or lack of fusion
defects. However, in this study, optimized process parameters resulted
in nearly fully dense builds, eliminating initiation from defects in the
bulk/center of the sample. For samples with an as-built surface condi-
tion, stress concentrations at the valleys of the rough surface act as the
primary fatigue crack initiation sites (Fig. 6a inset) and tear ridges,
similar to previous reports [27,28,44].

The crack initiation sites for machined samples are located near the
surface, and the presence of semi-elliptical tear ridges at these sites in-
dicates excessive slip activity as the primary mechanism for crack
initiation [45,46]. Therefore, this crack initiation mechanism necessi-
tates a significant amount of cyclic loading to accumulate sufficient
strain at these sites, particularly at lower strain amplitudes.

In the stable fatigue crack growth region (blue area in Fig. 6), the
presence of striations indicates incremental advancement of the crack
with each cycle. A striation spacing of approximately 3.5 pm was
observed at a crack length of approximately 1-1.25 mm for samples with
both machined and as-built surfaces, suggesting a similar crack growth
rate irrespective of the surface condition. Ultimately, when the crack
length reaches its critical value, final failure occurs, which is charac-
terized by the presence of dimples in the final fracture region for samples
with both surface conditions (red area in Fig. 6).

Fatigue life primarily consists of the time taken for fatigue crack
initiation and the duration of stable fatigue crack propagation until final
fracture. The similar spacing of striations in samples with both machined
and as-built surface conditions indicates an equal crack growth rate.
Considering the comparable size of the stable crack growth region for
samples with different surface conditions (Fig. 6), crack growth kinetics

HT-M-0.2%

HT-AB-0.8%

Fig. 5. (a) EBSD IPF-Z maps, (b) Kernel average misorientation (KAM) maps and (c) {110} pole figures for LPBF HX in its as-built state and after fatigue testing
(approximately 2 mm below the fracture surface) under strain amplitudes of 0.2 % and 0.8 % for HT-AB, HT-M, and RT-AB samples.
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Fig. 6. Examples of fracture surfaces of fatigue-loaded LPF-HX samples illustrating different stages of crack development: crack initiation (green), crack propagation

(blue), and final fracture (red). (a) HT-AB-0.4 % and (b) HT-M-0.4 %.

cannot explain the longer fatigue lives observed in the machined sam-
ples. Therefore, the difference in fatigue lives should be attributed to the
crack initiation stage. In the as-built samples, the surface valleys serve as
pre-existing crack initiation sites, significantly reducing the required
number of cycles for crack initiation. On the other hand, machined
surface samples require a substantial amount of loading cycles to
generate sufficient slip activity and initiate cracks, resulting in longer
fatigue endurance.

4. Conclusions

This study investigated the cyclic deformation and fatigue life
response of LPBF HX at 700 °C under different strain amplitudes,
considering samples with both machined and as-built surfaces. The
mechanical experiments were complemented by EBSD and fracture
surface analyses, and the findings were compared to previous studies on
the fatigue behaviour of the alloy at room temperature. The following
conclusions have been drawn:

(1) The fatigue experiments at 700 °C revealed a range of cyclic
hardening/softening behaviour. High strain amplitude tests
exhibited initial cyclic hardening followed by cyclic softening,
while the lowest strain amplitude tests showed only slight
hardening.

(2) EBSD analysis revealed substantial local strain accumulation in
samples subjected to high strain amplitudes at both room and
high temperatures. While cyclic loading at room temperature did
not result in significant changes in grain orientation, the fatigue
loading at 700 °C led to grain orientation alignment and forma-
tion of the Goss texture.

(3) Samples with the as-built surface condition exhibited an inferior
fatigue life response compared to the machined samples. Frac-
tography investigations revealed that fatigue cracks initiated
from multiple sites on the surface of samples with both as-built
and machined surfaces. In the case of as-built surfaces, fatigue
cracks initiated early from the valleys of surface roughness,
whereas semi-elliptical crack initiation morphologies observed in
machined samples indicated crack initiation due to excessive slip
activity, thus requiring substantial cyclic loading.
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