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Abstract: Additive manufacturing is a new-age technology specialising in intricate fabrication
in the manufacturing industry. However, extremely high cooling rate and far-from-equilibrium
kinetics produce heterogeneous microstructure and induce high initial dislocation density,
porosity, and residual stress. These unique microstructural features are known to severely
impact cyclic and fatigue properties of alloys. In such a context, we investigated the cyclic and
fatigue properties of a Ni-20 wt%. Cr alloy manufactured via laser powder bed fusion process
(LPBF) and compared with its cast counterpart. The fatigue testing was carried out with three
different strain amplitudes depicting Low, Medium and High Cycle Fatigue (LCF, MCF, HCF).
LPBF samples exhibited higher fatigue resistance than that of cast samples, however
experienced early failure in all the conditions. Despite strong planar glide, LPBF samples
exhibited softening behaviour; the degree of softening is similar for LCF and MCF and less
pronounced for HCF. The cast samples did not undergo any softening whatsoever indicating
huge differences in cyclic strain mechanisms. Masing analysis was proposed to graphically
analyse this softening behaviour. Further, the flow stress was categorized into backstress and
effective stress for LPBF and cast samples. Majority of softening in LPBF samples for LCF and
MCEF occurred via backstress, whereas effective stress is associated to HCF. To investigate the
origin of this softening for LPBF samples, microstructure characterisations were performed
during the softening and at fracture. Post-fatigue microstructure indicates a clear modification
of the dislocation structures from those inherited from LPBF to those linked to fatigue. This
gradual change in microstructure is expected to induce the cyclic softening.

Keywords: Additive manufacturing, fatigue properties, microstructure, Ni20Cr, softening
behaviour, dislocations
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1. Introduction

Additive Manufacturing (AM) is a branch of techniques which enables the production of 3D
parts by dividing a 3D object to 2D slices with the help of computer aided design, leading to a
so-called layer by layer manufacturing [1,2]. Laser powder bed fusion (LPBF) is one leaf of
this branch of AM techniques which is based on melting and rapid solidification of powder
feedstock using a laser beam [1,2]. Major advantages of this technique are the flexibility of
constructing intricately designed parts and adjusting microstructural features according to the
required mechanical properties [3]. Rapid solidification in LPBF process strongly influences
the microstructure in terms of high initial dislocation density, solute segregation, dendritic


https://doi.org/10.1016/j.msea.2023.145915

solidification, presence of high residual stresses, distinctive meltpool features, regular or
irregular shaped porosities, and stable or metastable precipitates [4]. The feedstock powder
could be used in virgin state but due to high cost of powder manufacturing it is desired to re-
use un-melted and un-used powder after a batch manufacturing. The reused powder can endure
changes in morphology which might further induce changes in properties [5].

Commercial application of any material requires its mechanical qualification. Especially for
cyclic load bearing applications, fatigue performance is of utmost importance. LPBF process
enhances mechanical strength in tension or compression for several material systems with
respect to their cast or wrought counterparts [6]. Nevertheless, it lowers the fatigue strength
compared to their conventionally manufactured counterparts, probably due to the defects
induced by LPBF. Indeed, the aforementioned defects formed during LPBF process especially
pores [7], surface roughness [8], Lack Of Fusion (LOFs) [9] can impact fatigue performance of
parts manufactured via LPBF to a greater extent, much more significant than in simple loading
[10]. Hence it is important to investigate the influence of such microstructure with defects on
fatigue performance. Firstly, Witkin et al. concluded that higher degree of surface roughness is
one of the most significant factor to hamper the fatigue life of AM samples [11]. Secondly,
many papers discussed the High Cycle Fatigue (HCF) behaviour of materials fabricated via
LPBF, such as 304L SS [12], 316L [13], Al-Mg alloys [14], Ti-6Al-4V [15], Inconel 718 [11]
and many more, helping to understand the fracture mechanisms in HCF for LPBF materials
[13,16]. This HCF behaviour is also affected by the powder reusing as reported for IN718 [17].
Such a behaviour in several LPBF materials could occur due to an increase in particle size
diameter [7] with recycling associated to larger amount of porosities [7], surface roughness [8]
and oxidation [18].

Nevertheless, when it comes to Low Cycle Fatigue (LCF), the number of published articles is
much lower that than for HCF despite similar importance (thermal fatigue, accidental fatigue
loading...). Regarding LCF, several studies pointed out cyclic softening experienced by LPBF
materials when high degree of plasticity is involved. Specifically LPBF Inconel 718 [17,19],
CrMnFeCoNi high entropy alloy [20], Ti-alloy [21], 316L SS [22] among several studies
experience cyclic softening for higher strain amplitudes. Surprisingly, this feature seems to be
independent of the material suggesting similar softening mechanisms which still have to be
understood for LPBF materials.

Cyclic softening or hardening in conventionally manufactured alloys has been studied
extensively in the past century making a clear connection between softening/hardening and
chemical or microstructural material characteristics such as stacking fault energy (SFE), initial
microstructure, dislocations, loading characteristics, temperature etc. [23—26]. SFE is one of the
most important criteria to predict cyclic hardening or softening to accommodate the plastic
strain [27]. Alloys with high SFE are prone to deformation via cross slip, which also leads to
dislocation cell structures. Copper, which is prone to cross slip [27], experiences cyclic
softening due to decrement in dislocation density by dislocation annihilation [28]. Besides,
when alloyed with Al, Cu exhibits lowered SFE, reducing, in turn, cyclic softening [27] which
has been also observed for other planar glide materials [23,29]. On the other hand, the
mechanical loading can also affect the cyclic softening which starts for microplastic cyclic
loading for cross-slip materials whereas full plastic loading is needed to induce softening for
planar glide materials [23,29]. The aforementioned general softening reported of LPBF
materials in LCF conditions seems, hence, to contradict the observations reported for cast. The
objective of our work is, thus, to better understand the strain mechanisms for LPBF materials



subjected to different plastic cyclic loadings, with, it particular, the origin of the softening
behaviour in low cycle fatigue. Ni20Cr was selected to investigate this cyclic behaviour.

This material has two main advantages: 1) it is a monophasic and almost precipitate-free
material even with LPBF manufacturing [3] with model strain mechanisms and 1ii) it has low
SFE and pronounced planar glide tendency [30,31] which is supposed to restrict cross-slip and
cyclic softening. Besides, Ni20Cr is widely employed industrially amongst several available
Ni-Cr binary alloys with applications in electro-mechanical systems like actuators and sensors
due to excellent mechanical properties and electrical resistance at high temperature and strong
corrosion resistance [32]. Presently all these applications are being fulfilled by the
conventionally produced Ni20Cr by single roll strip casting, continuous casting [33]. Good
solubility of Cr in Ni and declivity of the formation of intermetallic phases in this alloy, enable
good creep resistance [34]. A few works have studied Ni20Cr alloy produced by additive
manufacturing [3,30] investigating parameter optimization for densely manufactured
specimens, microstructural analysis, tensile properties, however, the issue of cyclic and fatigue
behaviour has never been addressed in the literature. For thorough investigation of fatigue
properties of Ni20Cr fabricated via LPBF, following questions must be answered:

e Do LPBF Ni20Cr samples show different fatigue response from that of cast Ni20Cr?

e Is there any cyclic hardening/ softening involved during fatigue testing of LPBF Ni20Cr?
and if yes then which microstructural features are influencing it?

This research looks at the deformation mechanisms in cyclic testing of LPBF specimens and
how they differ from cast specimens. The specimens were machined for this purpose in order
to "eliminate" some initial surface effects, and tests were performed at room temperature. The
objectives of this paper are then to provide answers to these novel questions using fatigue
testing and dislocation structures characterisation.

2. Materials and methods
2.1. Sample fabrication

The samples were produced under Argon protective gas using an SLM125H- machine equipped
with a 400 W Yb fibre laser. The parameter set provided in table 1 of the paper was adapted
from a previously published study that considered an array of various process parameters [30].
The parameters were chosen based on the fabrication of specimens with nearly fully dense
sample (greater than 99.8%). Furthermore, these parameters were chosen because as they do
not result in a strong crystallographic and morphological texture, meaning to reduce mechanical
anisotropy. The build-plate contained cubic samples (measuring 20x20x20 mm?®) and
cylindrical samples (100 mm in height and 10 mm in radius) oriented alongside the building
direction. The cubic samples were used for porosity analysis. The cylindrical samples were
machined (to avoid surface roughness issues of as-built LPBF samples) to produce dog-bone
specimens with a uniform gauge section designed for fatigue testing according to the 1SO-
12106:2017 standard (gauge diameter of 8 mm and gauge length of 20 mm).



Table 1: Optimized parameters used for LPBF fabrication of Ni20Cr specimens.

LPBF parameters Data
laser power (P) 200 W
scanning speed (v) 900 mm/s
hatch distance (h) 0.12 mm
layer thickness (t) 30 um
scanning strategy Stripes (rotation angle of 67°)

The pre-alloyed powder was provided by Hogands AB and two powder feedstocks were
employed, one with the as-received powder (labelled AR in this work) and a second one which
experienced 33 production cycles (also called reused powder labelled as RU). Inductively
Coupled Plasma Optical Emission Spectrometry (ICP-OES) was used to determine the
chemical composition of the as-received powder (table 2). Instrumental Gas Analysis (IGA)
determined an oxygen content of 264 ppm (+4 ppm) [30].

Table 2: Chemical composition of the powder as measured by ICP-EOS in weight percent.
Each element's detection errors are shown in brackets.

Cr Fe Si Mn Al Ni
19.9 0.0222 0.035 <0.0002 | 0.047 | Balance
(0.1) | (0.0002) (0.001) (0.001)

Fig. 1(a)-(b) illustrate the morphology and size distribution of the as-received powder,
respectively. Particles are mostly spherical with some elongated ones, as well as the presence
of satellites. In volume fraction, the size distribution is Gaussian with an average powder

particle value of about 30 um. LPBF samples fabricated with AR and RU powder will also be
addressed as AR samples and RU samples.

Volume (%)

@ Elongated
. p" particles

Particle size (um)

Figure 1: (a) SEM micrograph of as-received powder particles of Ni20Cr particles and (b)
powder diameter distribution.



For fatigue behaviour comparison purpose, dog-bone cast Ni20Cr samples were obtained
commercially according to the same dimensions as the 1SO-12106:2017 standard. These
samples were cold drawn, machined according to the aforementioned standard and finally
homogenized at their solutionizing temperature of 1150 °C for 10h.

2.2. Microstructural analysis

For microstructure investigation, a JEOL 7900F Scanning Electron Microscope (SEM)
equipped with Secondary Electron (SE) detector, Electron Back-Scattered Detector (EBSD),
and Energy Dispersive X-Ray Spectroscopy (EDS) detector was employed. A JEOL ARM
Scanning Transmission Electron Microscope (STEM) was also used for high magnification
analyses.

For SEM observations, the samples were exposed to metallographic preparation starting from
mechanical grinding and polishing using SiC abrasive papers followed by electropolishing in a
Struers A2 electrolyte at 15 V for 30 s. A step size of 1 um alongside with a 5° misorientation
criteria was employed for the EBSD analysis for grain boundary detection. Dislocations were
also imaged at low magnification using SEM and Electron Channelling Contrast Imaging
(ECCI) technique. Those analysis were performed at an 8 mm working distance with an
acceleration voltage of 25 V associated to an electron current of 8-12 nA (read using Probe
current detector) associated to an emission current of 102.4 pA.

For STEM analysis, thin slices of 500 pum were cut using precision cutting machine and were
mechanically ground using SiC paper up to grit size 2400 until a thickness of 100 pm was
obtained. Then thin discs of 3 mm in diameter were extracted using a punch hole device,
followed by electropolishing using Struers TenuPol-5 (jet polishing system) with a 90%
methanol and 10% perchloric acid electrolyte at 24 V and -40 °C. Electron transparency can be
achieved in the thin discs using this step via hole formation. Finally, Gatan precision ion
polishing system (PIPS-2) was employed for post processing of electropolished discs intended
to prepare plain-view thin areas subsequent to the hole for better characterisation. The milling
parameters selected were 0.5 eV energy with milling angles of + 3°. The acceleration voltage
of the JEOL ARM 200F used in this study in bright field scanning transmission electron
microscopy (BF STEM) mode was 200 kV.

2.3. Cyclic stress-strain and fatigue testing

LPBF and cast Ni20Cr samples were subjected to two different cyclic mechanical loadings.
First, Cyclic Stress-Strain Curves (CSSC) were acquired for total strain amplitudes ranging
from 2.5x10™* to 102 mm/mm (strain-controlled full reversed conditions: strain ratio R=-1) with
an increment of 2.5x10 after every 200 cycles. Maximum and minimum values of stresses and
strains are obtained using this test which is used to calculate mean stress, stress and strain
amplitudes and further plastic strain amplitudes. The purpose of CSSC is to rapidly classify the
cyclic behaviour of a material over an extensive region of plastic strain amplitudes [17]. Based
on these tests, three different zones of plastic strain amplitudes of 5x107%, 5x10, and 5x10°
mm/mm respectively were identified and further categorized as Low Cycle Fatigue (LCF),
Medium Cycle Fatigue (MCF), High Cycle Fatigue (HCF). Those plastic strain amplitudes were
then employed to carry out pure fatigue tests in strain control mode (strain ratio R=-1) for both
AM and cast samples. As reused powder may affect the fatigue properties of LPBF alloys [17],
samples manufactured from the two powder batches will be analysed separately. Both the CSSC



and fatigue tests were performed on MTS servo-hydraulic machine with a load capacity of 100
kN in with the help of a “clip-on” extensometer with the strain limit of 0.15. Three samples
were employed for CSSC and fatigue tests for both kinds of powder manufacturing routes to
achieve statistically representative data.

2.4. Cottrell’s method for stress partioning

Flow stress during cyclic test can be partitioned into effective stress (g, s) and back stress (X)
components which are associated to isotropic and kinematic hardening, respectively. They can
be calculated by inspecting the reversal yield point o, associated to the yield surface either in
loading or unloading sequence of the hysteresis loop. In that case, following literature, the
effective stress and backstress can be computed using equations (1) and (2), in the order given.
To that aim, o, was determined using plastic strain offset of 2x10 [23], which is a value in
agreement with the extensometer sensibility. a,,,;,, and 0,4, are the minimum and maximum
stresses associated to a fatigue sequence.

_ (Omax—0v)
ogy =m0 (1)

X = Omax — Oeff (2)

The two stress components are illustrated in fig. 2 during the loading and unloading sequences.
The effective stress is associated to the radius of the yield surface (i.e., elastic domain) and the
backstress is related to the centre of this yield surface in the stress space.

The backstress being anisotropic by nature [23,35], for cycling loadings, a mean backstress and
a backstress amplitude can be defined using the X values characterized in the loading and
unloading part of the stress-strain loop. Backstress can be associated to kinematic hardening or
softening related to long range microstructural interactions between mobile dislocations and
grain boundaries, dendrite walls, heterogeneous dislocation structures. The effective stress
associated to isotropic hardening or softening is linked to short range microstructural
interactions between mobile dislocations and coherent precipitates, and forest dislocations. X,

is the amplitude of back stress which can be computed by eq. 3.
_ Xt X |

X, =2l 3)

Omax -

True stress

Gmin -+ -

True strain

Figure 2: lllustration of a cycle and flow stress partitioning.



2.5. Masing analysis

The cyclic behaviour of materials influences the shape and type of stress-strain hysteresis loops
of fatigue testing [36-39]. Following previous research [40-46] and recently reviewed by
Yadav et al. [36], these loops can be further divided into two categories as Masing and non-
Masing [36,37]. Masing analysis is done by superimposing the minimum true stress-strain
points of all selected hysteresis curves at the same origin in order to compare the cyclic
hardening among cycle number increment. Masing behaviour can be explained as
superimposition of hysteresis curves for different cycles with geometrical similarity [36,44].
On the contrary, non-Masing behaviour can be connected to no-superimposition obtained by
cyclic hardening or softening [42,44]. Non-Masing behaviour is generally associated to a
change in microstructure [39,42].

3. Results
3.1. Initial microstructural investigation

First of all, no major microstructural differences were observed in terms of dendritic structures,
dislocations, grain size or texture intensities for LPBF specimens fabricated using the two
powder feedstocks. Hence, the following microstructure characterisation is presented without
any mention of the associated powder feedstock.

A first overview of microstructure of LPBF and cast Ni20Cr can be seen via SEM in fig. 3(a)-
(f). The LPBF micrograph planes are parallel to the building direction (YZ plane) of fabrication
in fig. 3(a)-(b); fig. 3(a) indicates the presence of melting pools with fine grains, whereas fig.
3(b) shows a colony of dendritic cellular structures. In fig. 3(b), such a colony of dendritic cells
drawn using “hyphen-lines” is shown and red mark specifies the presence of oxides (white
spots) formed during the LPBF samples, over these dendrites. Fig. 3(c)-(d) are the micrographs
of plane normal to the building direction (cross section- XY direction) of LPBF Ni20Cr
specimens. Fig. 3(c) shows the presence of typical dendritic cells going in the plane as a colony
of cellular dendrites, and fig. 3 (d) indicates the presence of heterogeneously formed dislocation
structures associated to these cellular structures. The average primary arm spacing (A) was
calculated to be 0.47+0.05 um (95% of confidence index) considering several different colonies
of dendritic cells. The cell size is associated to the average cooling rate (T) involved during the
fabrication process and was calculated to be about (2.78+0.85)x10% K.s*! using eq. 4 for Ni
alloys [47], in agreement with literature [30].

A= 977036 @)

Fig. 3(e)-(f) depict cast Ni20Cr microstructure with huge grains as well as dislocations and
dendrite-free matrix due to complete homogenized setting after heating over recrystallization
temperature.
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Figure 3: SEM observation of: (a) general initial grain structure for LPBF in YZ plane, (b)
cellular dendritic structures for LPBF in YZ plane, (c) a colony of cellular dendrites for
LPBF in XY plane, (d) dislocation structures for LPBF in XY plane, (e) general initial grain
structure for cast samples and (f) initial dislocation free microstructure of cast Ni20Cr.

3.2. Cyclic stress-strain curve analysis

CSSC tests were performed on LPBF and cast Ni20Cr samples, where they were subjected to
alternating symmetrical tension and compression cycles as described earlier. The strain levels
varied from 2.5x10* to 102 (mm/mm) (fully reversed condition) with an augmentation of
2.5x10* after every 200 cycles. Completely different mechanical response was recorded for
LPBF and cast specimens as can be seen in fig. 4. LPBF specimens attain high values of stress
amplitude indicating higher cyclic hardening at the beginning of plasticity but tend to saturate
with higher amplitudes. Besides, no effect of the employed powder batch is observed in that
case. For cast specimens, related cyclic hardening associated to stress amplitude is
comparatively low but increases parabolically with increasing plastic strain amplitudes. Based
on these tests, the three different plastic strain amplitudes of 5x102, 5x10* and 5x107
(mm/mm) respectively were categorized as LCF, MCF, HCF and marked using grey hyphen-
lines in fig. 4. The subsequent total strain amplitude values employed for these tests are given
in table 3 considering average values of Young’s modulus of 219 GPa (LPBF) and 190 GPa
(cast) obtained from the cyclic loops.



500 +
f

LCF=5x10"

400 + ;
HCF=5%x10" —

/

-4
3001 MCF= 5x10

200 +

Stress amplitude (MPa)

—+—LPBF: Reused powder
——LPBF: As-received powder
—o—Cast

100

10° 10° 10 107 10”

Plastic strain amplitude

Figure 4: Cyclic stress-strain curve for LPBF and cast samples.

Table 3: Estimation of total strain amplitude for fatigue tests.

3.3. Fatigue testing

In order to compare the fatigue behaviour between all LPBF and cast samples, similar average
plastic strain amplitudes must be ensured. As fatigue test are controlled in total strain amplitude,
the average values of the plastic strain amplitude for LPBF specimens fabricated using the two
powder batches AR and RU (red and blue markers) and cast Ni20Cr specimens (black markers),
as provided in fig. 5 as a function of the cycle to failure. This figure shows slight variation in
plastic strain amplitude for the different testing conditions owing to difference in elastic
modulus, residual stress, dislocation density of LPBF and cast specimens. Nevertheless, for a
given fatigue condition (LCF, MCF, HCF), those variations are of a second order compared to
the one between each testing conditions and assumed not to influence the fatigue behaviour.
Consequently, for each fatigue condition, a clear comparison between all samples can be done.

Type Total strain Total strain Plastic strain
amplitude for LPBF | amplitude for cast amplitude
High Cycle 1.97x1073 - 5x107
Medium Cycle 2.84x1073 1.48x107 5x10*
Low Cycle 7.43x107 5.84x107% 5x1073
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Figure 5: Plastic strain amplitudes versus cycles to failure for LPBF and cast Ni20Cr
samples.

Fig. 6 depicts the evolution of the stress amplitude with respect to the number of cycles for all
specimens. After achieving an accurate control of the test (a few tens of cycles for LCF and a
few hundreds of cycles for MCF), LPBF (both AR and RU) specimens experience similar
softening behaviour for LCF and MCF. In particular, it can be observed in fig. 6 that LCF
fatigue curves are prolongated by MCF ones. On the contrary, cast Ni20Cr specimens did not
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Figure 6: Evolution of stress amplitudes for LPBF and cast Ni20Cr samples for the three
fatigue conditions (LCF, MCF and HCF). For each condition, plastic strain amplitude is

No significant difference was observed in stress amplitude evolution between LPBF samples
fabricated using the two powder batches, in agreement with the similar microstructure obtained

from these two powders.
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Table 4: Average stress amplitudes and cycles to failure for LPBF and cast Ni20Cr for
different fatigue tests.

Average stress amplitude (in MPa)

Test type LPBF: Reused LPBF: As-received Cast
LCF 516 £11.2 504 £ 4 315+ 14
MCF 451+ 4 446 + 6.2 188+ 2
HCF 400+ 2.8 400 + 3.6 Not performed

LPBF specimens of Ni20Cr, irrespective of the employed powder batch, showed higher fatigue
strength than that of cast specimens as shown in fig. 7. LPBF specimens (average from all
curves) showed approximately 510 MPa fatigue strength for LCF against 315 MPa for cast
Ni20Cr. Cast specimens showed an average fatigue life of 5275 cycles which was significantly
higher than that for LPBF samples (770 cycles). For MCF condition, LPBF Ni20Cr specimens
exhibit the same trend seen in LCF, with higher fatigue strength of approximately 448 MPa
against 188 MPa for cast specimens. These cast specimens show great fatigue resistance as
none of the samples failed at 1 million cycles whereas LPBF specimens depicted an average
fatigue life of approximately 26000 cycles for this MCF conditions. LPBF shows as high as
400 MPa fatigue strength for HCF, whereas cast samples were not tested in HCF conditions as
these samples did not even fail after 1 million cycles at relatively higher plastic strain in MCF.
Despite similar machining conditions, those results reveal that LPBF samples display a fatigue
life one order of magnitude lower than cast for a given fatigue loading conditions. This
difference is much more pronounced than the one reported for 316L for instance [22].

LPBF reused (RU) specimens showed slightly higher fatigue strength of 516 MPa against
specimens fabricated with the as-received (AR) specimens of 504 MPa as seen in table 4,
whereas average lifetime was similar with close to 770 cycles. For MCF, fatigue resistance was
comparable for both kinds of specimens with 451 MPa for RU samples and 446 MPa for AR
specimens, but differences were seen in fatigue lifetime as summarized in table 5. RU
specimens failed after an average number of 26385 cycles which is slightly higher than for AR
specimens with 19986 cycles. For HCF, no difference was found in the average stress amplitude
value for samples produced using the two powder batches, but fatigue life for RU based
specimens was significantly higher (438502 cycles) than the one for AR specimens (266670
cycles). The associated standard deviation values for stresses and cycles to failure are seen in
the table 4. The effect of powder reusing on the fatigue life in HCF conditions seems to be
consistent with previous works [17,22]. In the case of Ni20Cr, this increase by an almost factor
close to two of the fatigue life for reused powder is the opposite of the one reported for other
material such as IN718 [17]. However, the large experimental scattering on the number of
cycles at fracture does not enable any definitive conclusion regarding the effect of powder
reusing on fatigue which is analogous to the findings of Berez et al. arguing no impact of
powder recycling (reusing) on fatigue behaviour of 17-4 Stainless Steel [48].
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Figure 7: Average stress amplitudes for LPBF compared to cast Ni20Cr.

Table 5: Cycles to failure for different types of Ni20Cr samples at different testing conditions.

Plastic strain LPBF RU LPBF AR Cast samples
amplitude samples samples
Low cycle 5x10°3 769 + 350 770 £ 200 5275 + 1000
Medium 5x10* 26385 + 5500 19986 + 5000 >1 million*
cycle (*samples didn’t fail)
High cycle 5x10° 438502 265670 £+ 90000 -
150000

In order to investigate the origin of the fatigue life differences between both kinds of LPBF
samples in HCF loading condition, fracture surfaces were observed by SEM. It could be noted
that the fully reversed fatigue tests tend to flatten the fracture surface during compression. This
could happen as the sample might experience some tension and compression cycle even after
failure and this makes the analysis more difficult. Fig. 8(a)-(f) illustrates those fracture surfaces
features of both kinds of LPBF specimens fabricated via the as-received and the reused powder
batches in HCF. Fig. 8(a) illustrates the fracture surface of RU specimens divided into two
major zones labelled 1 and 2, those zones being magnified in Fig. 8(b)-(c), respectively. Fig.
8(b) illustrates typical striations related to fatigue crack propagation for zone 1, whereas flake
or flaky structures are observed in Fig. 8(c). The zones with striations can be seen in
homogeneous and extended stretches and cover a larger area than zone 2. For AR samples, fig.
8(d) indicates a similar overview of the fracture surface. Fig. 8(e) shows the magnified zone 1
with striations whereas fig. 8(f) indicates zone 2 of fracture surface which contains fine dimples
arranged parallelly. The size of these dimples was estimated to be close to 0.5 um which
corresponds to the size of cellular dendrites as marked by yellow indicators. These fracture
characteristics for both samples seem to indicate similar fatigue damage with zone 1 associated
to crack propagation and zone 2 related to sudden ductile fracture.

12
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Figure 8: SEM observations of: (a) larger view of fracture surface of high cycle fatigue of
reused powder specimen using SEM; (b) magnified zone 1 showing striations; (c) magnified
zone 2 with flakes; d) fracture surface of high cycle fatigued as-received powder specimen;

(e) striations in magnified ‘zone 1’ and (f) parallel strips of ductile dimples in magnified zone
2 of as-received powder LPBF specimen.

3.4. Masing analysis

Masing analysis of the fatigue data is reported in fig. 9(a)-(e). The objective of performing
Masing analysis is to investigate the softening/hardening behaviour of different types of Ni20Cr
samples. As shown in previous section (fig. 6), no difference was found in softening behaviour
of reused and as-received powder LPBF specimens. Hence this analysis is focused on the
difference in softening behaviour of LPBF and cast samples. The LPBF specimens selected for
analysis here are fabricated by reused powder as they shown longer fatigue life. Fig. 9(a)-(b)
indicate Masing plots in LCF conditions for LPBF and cast Ni20Cr, respectively. Cast Ni20Cr
specify Masing behaviour which can be explained as superimposition of hysteresis curves for
different cycles with geometrical similarity [36,44], as shown by the circle with superimposition
in fig. 9(b) and fig. 9(d). This indicates that cast Ni20Cr specimens did not undergo any
softening already seen in the stress amplitude evolution plot. On the contrary, in LCF
conditions, LPBF specimens undergo softening with stress reduction of approximately 165
MPa and the plots for LPBF can be categorized as non-Masing behaviour [49,50] (no master
curve). This softening can be connected to changes in microstructure from one cycle to another.

Fig. 9(c)-(d) depict Masing plots of LBPF and cast Ni20Cr specimens for MCF conditions and
similar results are reported as LCF. Indeed, LPBF specimens show non-Masing behaviour with
stress reduction of approximately 105 MPa. Cast specimens depict perfect Masing behaviour
subsequently with stable microstructure as the specimens do not fail until 10° cycles.

LPBF specimens undergo softening indicating non-Masing behaviour for HCF as can be seen
in Fig. 9(e). The stress reduction was observed to be close to 29 MPa. Cast specimens were not
tested in HCF condition as these samples did not fail even for MCF condition.
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Figure 9: Masing plots indicating selected fatigue cycles of: (a)-(c)-(e) LPBF samples
produced using reused powder cycled in LCF, MCF and HCF conditions, respectively and
(b)-(d) Cast samples cycles in LCF and MCF conditions, in the order given.
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3.5. Stress partitioning

In order to better understand the microstructure modifications suggested by Masing plots for
LPBF samples, the backstress amplitude (X,) (eq. 3) and the effective stress (o.rr) (€q. 1)
evolutions as a number of cycles are plotted in fig. 10. In these two figures, LPBF and cast
samples as well as for the three fatigue conditions are plotted. Moreover, in this figure, solid
lines mark the evolution of respective parameters when the applied strain amplitude correspond
to the desired one. On the contrary, markers of different shapes are associated to data during
strain amplitude control adjusting. LPBF specimens show similar softening behaviour
qualitatively in LCF and MCF conditions and lower degree of softening rate seen in HCF.
Nevertheless, the comparison of effective stress and backstress evolutions reveals that the
softening is mainly due to the backstress amplitude. Indeed, in the case of LPBF-LCF, the total
stress amplitude reduction is close to 165 MPa (see fig. 9(a)) with about 140 MPa backstress
amplitude reduction versus 25 MPa for the effective stress. For LPBF-MCF specimens,
backstress amplitude reduction accounts upto 80 MPa, whereas effective stress reduction is
approximately 25 MPa. No evolution of backstress was observed for LPBF-HCF specimens as
well as cast specimens for LCF and MCF conditions. All these values are presented in table 6.

Table 6: Average value of flow stress, effective stress and backstress reduction for LPBF
Ni20Cr samples tested in LCF, MCF and HCF. Data are related to reused powder specimens.

Total stress
reduction (MPa)

Effective stress
reduction (MPa)

Back stress
reduction (MPa)

Low cycle 165 25 140
Medium cycle 105 25 80
High cycle 29 29 0

Stress reduction observed for LPBF-HCF was close to 29 MPa, also computed via Masing
analysis and can be connected to effective stress (o, ) revealing a similar softening for this
stress component for all fatigue tests. Cast specimens for LCF and MCF conditions indicate no
stress reduction confirming no softening behaviour. This connection of softening behaviour
with flow stress components is directly linked with microstructure and will be discussed in
detail in the further sections.

It could be noted that the average effective stress value for LPBF samples subjected to fatigue
tests is in agreement with the value reported in tension [24], revealing the similar short-range
interactions of mobile dislocations with the microstructure for both kind of mechanical
loadings.
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Figure 11: Evolution of mean stress against cycles for LPBF (RP) and Cast Ni20Cr samples
at different fatigue testing conditions.

It is interesting to note that the onset of softening in all the three conditions can be associated
with the modification of mean stress. Fig. 11 shows that for LPBF-LCF the existing negative
mean stress starts to modify at the onset of softening (10 cycles) and attains zero mean stress
value. For LPBF-MCF, mean stress value modifies just after 100 cycles which is the onset of
softening. For LPBF-HCF, no softening of average stress was observed. It could be noted that,
as expected due to their fully recrystallized character and no residual stresses, cast samples
present an average stress close to zero.

3.6. Post fatigue-microstructural characterisation

ECCI-SEM observations on post-fatigued LPBF (RU) samples can be seen in fig. 12-13. In
LCF conditions (fig. 12), at low magnification, dislocation cells seem to be modified with
respect to the one observed in the as-built state (fig. 3(d)). First, slip bands, indicated by
bordered yellow lines and arrows in fig. 12(a) are observed, suggesting strain localisation. Then,
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fig. 12(b), which magnifies the centre of fig. 12(a), illustrates different changes in the
dislocation structure with respect to the as-built state. On one hand, an area between the two
slip bands with a reduced dislocation density is observed, could be indicated by softened zone.
On the other hand, inside the slip bands, new dislocation structures are observed. These new
dislocation walls are no longer associated to former dendrites. Compared to the as-built state,
those walls are thicker and, curved similarly to mobile dislocations observed in this figure. This
reveals the role played by plasticity on those new dislocation walls.

New cyclic dislocation walls

 Softened zone \f '

Mobile
| dislocations

£ e

Dislocation walls in formation

Figure 12: ECCI-SEM based imaging of post fatigued LPBF in LCF indicating: (a) slip
bands and (b) magnified image of yellow box in (a) indicating modified dislocation structures.

Fig. 13(a)-(b) indicate the micrograph for LPBF samples tested in MCF and HCF condition,
respectively. In fig. 13(a) a softened zone is observed as for LCF condition with some thick
dislocation walls without well-defined new dislocation structures as for LCF. For HCF
conditions (fig.13(b)), no significant dislocation structure modification is observed with respect
to the as-built state (see fig. 3(d)).

7 Softeed
zone

Figure 13: ECCI-SEM based imaging of post fatigued LPBF: (a) MCF conditions and, (b)
HCF conditions.
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4. Discussion

The results described above reveal strong differences in cyclic and fatigue behaviour between
Ni20Cr manufactured conventionally and by LPBF. In the following paragraphs, the effect of
the LPBF defects on fatigue and the origin of cyclic softening are discussed.

4.1. Effect of defects and powder reusing on fatigue properties

LPBF specimens manufactured using the as-received and reused powder feedstock show an
array of similar microstructural features (grain size, dendrite size, texture...). For LCF and
MCEF, significant plasticity occurs during the fatigue tests and, in that case, fatigue life is
associated to microstructural defects such as dislocation density or heterogeneous dislocation
structures [51,52]. As no initial dislocation structure differences were evidenced between the
samples produced using the two powder batches, fatigue life is similar for both kind of samples,
as observed in literature for IN718 [17] and 316L [22].

For HCF, fatigue life is affected by surface or sub-surface defects and porosities [8,18].
Following literature [53], the probable sources of formation of pores found in LPBF samples
correctly manufactured (i.e., conduction mode with enough volumetric energy) and no keyhole
formation are i) pores entrapped in feedstock powder as seen in for aluminium alloys [54] and
steels [55] and ii) voids between powder particles in the powder bed as seen, for instance, for
Ti64 alloy [56,57] and for Al-Si-Mg system [58]. Prithivirajan et. al. mentioned the critical size
of porosity to be 20 um to influence crack nucleation close to the pore in additively
manufactured Inconel 718 [59]. Besides, the inter-pore distance was also mentioned to play a
role on the fatigue life [53,59] especially when this value is about the order of magnitude of the
pore size [53]. Following fatigue data presented in the previous section, all samples (cast, AR
and RU LPBF) may differ by the number and size of porosities larger than 20 pm.

In order to focus on the porosity distribution for both kind of samples, complementary X-ray
tomography analysis of the gauge length of two samples fractured in HCF conditions (AR and
RU) was conducted. Analysed samples were chosen in order to maximize their difference in
fatigue lives (AR sample failed at 250000 cycles whereas RU ones failed at 450000 cycles).
RX solution tomograph working at 150kV was employed. The voxel size was about 8x8x8 pum.
First, a similar value of relative density of about 99.99% for both samples revealing very high
dense samples. Then, fig. 14(a)-(b) illustrate the reconstructed volume of the AR and RU
specimens, respectively. The top of the images represents the fractured areas.

In both cases, pores are observed in the analysed volume. Far from the fracture surface, the pore
distribution seems to be uniform in the volume. In the case of fig. 14(b), a crack which did not
propagate is observed. From those observations, the pore size distributions were computed for
both samples and compared in fig. 15 inside the volume under the fracture surface (depicted
with a blue rectangle). Note that the unpropagated crack was removed from the analysis of the
RU sample.
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Figure 14: X-ray tomography reconstructed volume for: (a) as-received powder and (b)
reused powder. Porosities are highlighted in semi-transparency in blue. Blue rectangle
depicts the volume considered for porosity statistics analysis.

Based on fig. 15 examination, similar pore distributions are observed with pore diameter
(assuming spherical morphology) ranging between 7 and 50 um with slightly larger pores for
RU compared to AR. On one hand, this significant number of pores with diameters larger than
20 pm well explains the low fatigue lives of both AR and RU samples manufactured using
LPBF compared to cast reported in table 4. On the other hand, those results cannot explain the
slight difference in fatigue lives in HCF conditions between samples manufactured using as-
received and reused powder batches. Consequently, it is believed that in the case of Ni20Cer,
powder reusing (in the range of production number considered in this study) does not affect the
fatigue life. Irrespective of the powder employed, LPBF samples indicate significantly larger
pores despite employing optimised process parameters than that of in cast samples, hence the
fatigue life is lower in LPBF samples.
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[ Reused powder
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0 i T T
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Figure 15: Comparison of the pore size distribution obtained by X-ray tomography between
samples manufactured with the as-received and reused powder batches.
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It should be noted that, in the case of HCF, residual stresses are still present in the sample
(inherited from the LPBF process and modified by the machining process) and observed on the
surface of LPBF alloys [60,61]. Such residual stresses may also participate in the early of
fatigue damage compared to cast. This is not the case for LCF as residual stresses are erased
during the cyclic loading (mean stress close to zero value, as seen in fig. 11).

4.2. Origin of softening in LPBF Ni20Cr

LPBF specimens underwent softening in all the conditions of LCF, MCF and HCF. Specimens
in LCF and MCF experienced comparable slopes of softening with much reduced slope in HCF.
In literature, cyclic softening is associated to cross slip activation which leads to dislocation
annihilation and a gradual change in dislocation structures [39,62]. Considering the strong
planar glide character of the Ni20Cr, cyclic softening for AM samples is then unexpected.

The non-Masing behaviour for LPBF Ni20Cr specimens subjected to all fatigue conditions
suggests a change in microstructure during those fatigue tests. This change in microstructure is
confirmed by the dislocation structure characterisation by both ECCI (see fig. 12 and 13) which
illustrates that the initial dislocation cells associated to dendrites are replaced by new
heterogeneous structures for LCF and MCF conditions as well as matrix areas with reduced
dislocation density (i.e. dislocation density in soft zones) for all fatigue loadings.

This two-fold microstructure modification explains first the effective stress softening observed
in the results section. This stress component is related to short-range interactions of mobile
dislocation with forest dislocations or small-size coherent precipitates (oxides). Following
literature [24,63], the effective stress can be expressed as follows:

Geff. = Oss. + aMllb\/Z (5)

In that equation, o, ¢ represents the solid solution contribution to the effective stress, M is the
Taylor factor, u is the shear modulus, b is the magnitude of the Burger’s vector and a is a
parameter averaging the strength of the different dislocation to dislocation interactions. The
qualitative decrease in dislocation density in soft zones p, characterised in the results section
associated to eg. 5, confirm the effective stress softening observed macroscopically.

Secondly, the presence of pronounced change in dislocation structures over slip bands (fig.
12(a)-(b)) modify both the size of the dislocation structures as well as the dislocation density in
hard zones and the volume fraction associated to these hard zones. As for effective stress, it has
been proved that the backstress (X) can be expressed, in first approximation, as a function of
microstructure features following eq. 6 [24].

_kup pbM
X =Py p g BOM

N . (6)

Here, the first term of the right-hand side of the eq. 6 is related to the contribution of the average
grain size d associated to the Hall-Petch coefficient Kup whereas the second term is linked to
the contribution of the heterogeneous dislocation structures of average size (lo) with volume
fraction of grains including such dislocation structures (fg) and Ks is a material parameter. As a
result of the slip bands, the size and shape of dislocation structures are changed explaining the
softening of the backstress. Assuming that the grain size contribution to backstress is constant
during the fatigue test and using the p, b, M, Ks and fg parameters reported for LPBF Ni20Cr
in a previous study [24], the backstress softening characterized for LCF conditions (i.e. 140
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MPa) is supposed to induce an increase in average dimensions of the dislocation structures from
0.47 pm (initial value, see section 3.1) roughly to 0.9 um. This value seems to be qualitatively
in agreement with the observation of ECCI images of the post-fatigue dislocation structures. A
proper computation of this post fatigue dislocation structure size should be performed to
conclude on this point.

Besides, it could be noted that this backstress softening only appears for MCF and LCF
conditions with a higher intensity for the latter condition. This indicates association of cyclic
softening behaviour with plastic strain amplitude. In particular, backstress softening is triggered
by a threshold value probably between that of MCF and HCF. To investigate this threshold
value without performing several fatigue tests, raw data which was employed to plot the CSSC
curves, can be studied in detail. Fig. 16(a) depicts the evolution of stress amplitude versus the
number of cycles of LPBF specimen during a CSSC test. Hardening and eventually saturation
is seen till 2200 cycles with no softening during each applied cyclic sequence, whereas fig.
16(b), which is the magnified zone of fig. 16(a), depicts a clear inception of softening at 2400
cycles. This softening is expected to be associated to backstress amplitude as effective stress
softening should not be significant during a CSSC sequence of 200 cycles.
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Figure 16: (a) Stress amplitude against number of cycles for Cyclic Stress-Strain Curve
analysis of LPBF samples; and (b) magnified zones of ‘(a)’ as marked in red.
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Figure 17: (a) Evolution of minimum and maximum stress against number of cycles of LPBF
samples; and (b) Mean stress against number of cycles for Cyclic Stress-Strain Curve
analysis.

This softening of the stress amplitude affects both maximal and minimal stress as illustrated in
fig. 17(a). Nevertheless, it can be observed that the cumulative softening in all successive cyclic
sequences is more important for the minimal stress for which the stress is decreasing during
each sequence but also from a sequence to another whereas maximal stress is rather constant
from one sequence to another as soon as softening started. As a consequence of this
asymmetrical softening, the mean stress is also reduced after 2400 cycles as illustrated in fig.
17(b).

Maximal stress at which the softening begins is found to be 470 MPa associated to a plastic
strain amplitude of about 10, lower than the one applied in MCF fatigue tests. This plastic
strain amplitude corresponds to microplasticity and to a stress of about 0.85 of the
macroscopical yield stress in tension (554 MPa) [24]. For a cast sample exhibiting initial
dislocation structures introduced by tensile loading, this ratio is about 0.98 [27], suggesting that
dislocation structures inherited from AM (LPBF) are less stable than those inherited from an
initial mechanical loading.

As cross slip is restricted for Ni20Cr, the initiation of softening for stresses below the
macroscopical yield stress indicates an early local activation of slip systems which alter the
initial microstructure. To confirm this mechanism, complementary TEM analysis of MCF-
LPBF specimen interrupted at 1000 cycles has been conducted. This point is associated the
softening phenomenon occurring during a fatigue test (MCF). Fig. 18(a) illustrates the
activation of one slip system in microplasticity regime (plastic strain amplitude of 5x10*). To
better understand the origin of such slip system activation, fig. 18(b) magnifies the location of
the expected initiation of plastic slip for the activated slip system observed on the right part of
the fig. 18(a). Red circle in fig. 18(b) marks a dislocation segment pinned by two nanoscale
precipitates or oxides (indicated with red arrows) which can probably act as a dislocation source
for plastic slip inception. It is hence believed that dendrite walls associated to a high dislocation
density and nano-sized precipitates can lead to early slip activation. Once activated, those
activated slip systems may start to induce a change in dislocation structures and, then, may
localize the plastic deformation in slip bands as observed for LCF conditions, leading, in turn,
to cyclic softening.
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Figure 18: (a) and (b) Bright field STEM analysis of LPBF sample with medium cycle fatigue
stopped after 1000 cycles indicating possible dislocation pile ups and oxides interacting with

dislocations.

5. Conclusions

In this investigation, the cyclic and fatigue behaviour of Ni20Cr alloy fabricated via LPBF were
investigated using an experimental framework based on mechanical testing and dislocation
structure investigation. Manufacturing was performed using as-received and reused powder
batches and the mechanical properties were compared to those of a conventionally casted
material. The major conclusions are listed as follows:

Powder reuse has no effect on microstructure, average porosity and fatigue properties
with high plastic strain magnitude; and no significant influence on fatigue properties
(LCF and MCEF). In high cycle fatigue, an increase in fatigue life for reused powder
samples is observed but not be explained by porosity analysis in X-Ray tomography.
For similar plastic strain amplitudes in fatigue, LPBF samples exhibit larger stress
amplitude but significantly reduced fatigue life (one order of magnitude) compared to
cast due to the remaining presence of pores with diameter larger than 20 pum.

Cyclic softening occurs for LPBF Ni20Cr since the microplasticity regime despite
planar glide character. No softening occurs in the case of cast Ni20Cr.

Softening in LCF- and MCF-LPBF specimens is mainly associated to back stress related
to a modification of the initial dislocation cell structures inherited from LPBF process.
The change in dislocation structure is initiated from the activation of slip systems for
stresses lower than the yield stress due to probable dislocation sources located in the
dendrite walls.

This investigation confirms, hence, the role played by dislocation cells inherited from
the LPBF process on the plastic behaviour independently of the monotonic or cyclic
character of the mechanical loadings.
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Nevertheless, there are a few limitations in this study that could be addressed in future research.
First, other factors like precipitates or oxides at the dendritic walls or meltpool boundaries
formed during LPBF process, might also govern the fatigue lifetime by influencing crack
initiation and propagation under varied loading conditions. Such factors could be influential
when porosity is further restricted by further optimising the LPBF process parameters. Oxides
seem to be incoherent in nature with the FCC Ni-Cr matrix and this could create decohesion at
the oxide-matrix interface resulting in fatigue fracture. Following the extensive high
temperature applications of Ni alloys in the industry, further high temperature fatigue analysis
of LPBF Ni20Cr is a promising prospect.
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