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ABSTRACT

High-cycle fatigue (R=0.1, room temperature) induced microstructural evolution in a laser powder bed fusion (L-
PBF) additively manufactured quaternary CoCrFeNi high-entropy alloy (HEA) was studied. The as-built material
exhibited a combined < 001 > and < 110 > texture and high proportion of low-angle boundaries. Electron
backscatter diffraction (EBSD) and transmission electron microscopy (TEM) revealed that deformation twinning
occurred under the high-cycle fatigue of 6pme= 450 MPa (N=1.06 x 105), but not for the stress level of 300 MPa
and 200 MPa. The deformation twins led to the cyclic softening, as manifested by the continuous increase of
maximum strain under the stress-controlled fatigue, and the hardness increased by ~80 HVj, in the post-
fatigued condition. EBSD revealed that both the < 001 > and < 110 > orientations were favorable for the
twin formation. Given that the size of grains with the < 001 > and < 110 > orientations was twice larger than
those of the other orientations, the grain size effect on twin formation could play a certain role. High-resolution
TEM revealed that the full dislocations, lattice distortion, stacking faults, and partial dislocations were associated
with the twin, cellular and labyrinth wall-like dislocation structures. The underlying mechanism for the for-
mation of nano-twins during high-stress fatigue involved the dissociation of 1/2 < 110 > full dislocations to 1/6
< 112 > partial ones. Moreover, the dislocation cell structure as observed in the as-built condition evolved into
sub-grains after the high-cycle fatigue loading, with the immensely dense dislocations at the sub-grain boundary.

1. Introduction

Single-phase solid-solution alloys with a face-centered cubic (fcc)
structure, composed of multiple principal elements in approximately
equiatomic concentrations, are the most studied high-entropy alloys
(HEA), e.g., the Cantor alloy CoCrFeMnNi. Compared to the extensive
uniaxial tension/compression experiments (refer to a recent review
article [1]), there are a few studies on fatigue behavior of the
single-phase CoCrFeNi-based HEA, including those on fatigue crack
growth [2-6], on low-cycle fatigue [7,8], and on high-cycle fatigue
[9-12]. The aforementioned works can be divided into two groups, with
one revealing the presence of deformation twins and favoring their
beneficial effect on fatigue resistance [2-5,9,10,12], while the other
reporting the absence of twins or little effect on fatigue [6-8,11]. Wang
et al. [13] studied the twin boundary cracking behavior under low-cycle

fatigue of the CoCrFeMnNi HEA with different grain sizes. It was found
that with the increase of the difference in the Schmid factors between
the matrix and twin, the damage mode transition occurred from slip
band cracking to twin boundary cracking near the twin boundary re-
gions. Their research finding implies that the smaller grain size facili-
tates twin boundary cracking, despite twin boundaries are more
effective in resisting fatigue cracking than the high-angle grain
boundaries.

The improved fatigue performance due to twinning has been pri-
marily attributed to the twin boundaries (e.g. [4,9,10]), which not only
act as a barrier to dislocation motion, but also provide local sites to
accommodate more dislocations and facilitate dislocation emission from
the crack tip. The latter further promotes strain hardening at the crack
tip and crack blunting, ultimately leading to a reduced crack growth
rate. For the work reporting little effect of twinning on fatigue of the
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HEA, the conclusions are only valid under certain material and test
conditions. For example, Tian et al. [11] found that the fatigue perfor-
mance of fine-grained CoCrFeMnNi HEA without the twin was better
than that of coarse-grained counterpart with twins. Thurston et al. [6]
found no evidence of twinning during fatigue-crack-growth tests at room
temperature based on the fractography by scanning electron microscopy
(SEM) as well as the orientation analysis via the electron backscatter
diffraction (EBSD). Specifically, they studied the CoCrFeMnNi HEA
specimens in the rapid crack propagation stage and found that the fa-
tigue crack did not decelerate or deflect in the presence of deformation
twin [6]. But, in another fatigue work [9], both the SEM and trans-
mission electron microscopy (TEM) observations substantiated the
presence of twins, leading Ghomsheh et al. [9] to conclude that
high-cycle fatigue deformation occurs due to the combined interaction
of planar slip and twinning. Given the discrepancy, further work is
required to help elucidate under what circumstances can the
fatigue-induced twinning occur in the single-phase CoCrFeNi-based
HEA. In addition, there have been so much more research on the twin-
ning of the CoCrFeNi-based HEAs during low-cycle fatigue and fatigue
crack growth than the high-cycle fatigue.

Powder-bed fusion additive manufacturing (AM) is a fast-growing
area of research interest as it enables the fabrication of complex-
shaped components with reduced time and cost, whilst achieving
improved or comparable mechanical properties thanks to the refined
microstructure [14-16]. The good AM printability of the
CoCrFeNi-based HEA has been demonstrated by different groups led by
Pham [7], Lee [12], Kim [14], Li [17], Attalah [18], Zhou [19], Xuan
[20], Yang [21], and Wei [22], to name a few. Their focus was placed
mostly on the AM process parameters in relation to the as-built micro-
structure, defects, and monotonic properties, with the exception of the
works reported in [7,12,22]. For example, Zhu et al. [22] elaborated
how the dislocation cellular structure enhanced the tensile strength and
confirmed the role of dislocation hardening rather than cellular
boundary strengthening. Low-cycle fatigue of the CoCrFeMnNi HEA
processed by laser powder bed fusion AM (L-PBF) was studied system-
atically in [7], where dislocation slip was found to be the dominant
mechanism for cyclic plasticity, namely, the insignificant role of twin-
ning. By contrast, the work performed on the L-PBF built HEA
(L-PBF-HEA) with the same alloy type in [12] suggested that twinning is
responsible for the enhancement of fatigue resistance. Thus, contradic-
tory results exist regarding the role of fatigue-induced twinning in the
single-phase CoCrFeNi-based L-PBF-HEA.

To summarize, there is limited work reporting the high-cycle fatigue
behavior of the single-phase CoCrFeNi-based L-PBF-HEA and whether
twinning can occur under low-stress amplitudes remains a question. The
present work aims to fill in this knowledge gap for twofold reasons: first,
high-cycle fatigue is known as an important property for the industrial
application of CoCrFeNi-based L-PBF-HEA as a structural material;
second, both the cellular dislocation microstructure and crystallo-
graphic texture related to the L-PBF process create opportunities to shed
light on the correlations between initial microstructure and fatigue
micro-mechanisms (i.e., twinning below the macroscopic yield) in fcc
metals with low stacking-fault-energy (SFE) values of 18-45 mJ/m?
[23].

In this paper, high-cycle fatigue behavior of the CoCrFeNi L-PBF-
HEA is investigated over the life regime of 10* to 10 cycles. Prior to and
post-fatigue microstructural analyses were performed using a range of
complementary characterization tools with a particular emphasis on
understanding the deformation twin formation in relation to the
microstructure evolution. Thereafter the underlying mechanism
responsible for the high-cycle fatigue of L-PBF-HEA is discussed. The
quaternary 3d transition metal CoCrFeNi HEA has been chosen because
it serves as an elementary base composition providing a platform for the
HEA alloy design.
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2. Material and experimental

By means of pre-alloyed powders produced by gas atomization,
CoCrFeNi HEA samples were fabricated using L-PBF. Chemical compo-
sition of CoCrFeNi powders was measured using inductively coupled
plasma atomic emission spectroscopy. Concentration of Co, Cr, Fe and
Ni was 26.33, 22.86, 24.71 and 26.10 (all in wt%), respectively, with the
corresponding atomic percent of 25.19, 24.79, 24.95 and 25.07. Oxygen
content was analyzed by means of inert gas fusion and found to be below
200 ppm.

Fig. 1a shows the powder size distribution, obtained by using the
laser particle diffraction method, and the particle size characteristics in
terms of the D10, D50 and D90 were determined as 24.1, 36.3 and 58.6
um, respectively. Fig. 1b reveals the spherical nature of the powder
particle as well as some grooves delineating grain boundaries. SEM-
based energy dispersive spectroscopy (EDS) elemental analysis con-
firms the homogeneity of the Co, Cr, Fe and Ni, Figs. 1c to 1f, respec-
tively, for the as-processed powder condition.

A 316 L stainless steel starting plate was employed, and the L-PBF-
HEA samples were built in an argon atmosphere with a purity level of
99.98%. Detailed information about the L-PBF machine and the laser
source can be found in [16,20]. Sample coupons with the dimension of
6 x 6 x 6 mm° were produced using a range of L-PBF parameters,
including laser power P of 250-325W and scan speed v of
400-900 mm/s, whilst keeping the fixed values for the layer height
(I=50 um), hatch spacing (h=90 pm) and line offset of 0.09 mm. Based
on the design-of-experiment, the optimal beam power and scan speed
were identified as P = 300 W and v= 700 mm/s. The layer re-melting
strategy with P =150 W and v= 1000 mm/s was also employed to
achieve better densification. Overall, a relative density of 99.5%
(Archimedes drainage method) was achieved, and virtually no porosity
or lack-of-fusion defect can be seen by optical microscopy. A unidirec-
tional laser-beam scan strategy was used, as indicated by scanning di-
rection (SD) in Fig. 1g, and no 90° beam rotation was applied between
layers. Neither the contour nor shell was made. Both the fatigue and
tensile specimens with a gauge length of 5 mm, a width of 13 mm, and a
thickness of 3 mm were printed with their loading direction parallel to
the transverse direction (TD), Fig. 1g. BD stands for the build direction.
The concentration of C and N elements in the as-built sample was
determined as 0.21 wt% and 0.15 wt%.

Prior to fatigue testing, specimen surfaces were ground down to
2000-grit SiC papers, and then subjected to polishing down to 2.5 ym
diamond suspension, achieving a surface roughness with the Ra value of
0.2 as measured by using profilometer. Uniaxial stress-controlled fatigue
testing (SUNS890 machine) was carried out at room temperature, with a
stress ratio of R= 0.1, frequency of 20 Hz, under different maximum
stress (omax) magnitudes from 475 MPa to 150 MPa to generate the
stress vs. the number of cycles-to-failure (S-N) curves for the CoCrFeNi L-
PBF-HEA. Fatigue run-out was defined as the 107 cycles without failure.
The selected fatigue stress range was pre-defined according to the tensile
test under a constant displacement rate of 0.01 mm/s, conducted on an
Instron universal testing machine with a 100 kN load capacity. For both
the tensile and high-cycle fatigue tests, no extensometer was attached
due to the small sample dimension as well as the high-frequency loading.
As a result, the strain was calculated from the crosshead displacement,
and the effect of machine compliance was not accounted for due to the
low load level (i.e., high-cycle fatigue). For the tensile test, the stress-
strain curve was calculated by offset the elastic region. Micro-hardness
measurements were conducted on selected specimens before and after
the fatigue test.

A Tescan MIRAS3 field-emission-gun scanning electron microscope
(SEM) equipped with the backscattered electron (BSE) detector, energy-
dispersive X-ray spectrometry (EDS), and electron backscatter diffrac-
tion (EBSD) detector was used for the microstructure and texture char-
acterization. Metallographic sample preparation ended up with the
colloidal silica suspension for polishing to achieve a nominal
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Fig. 1. Gas atomized HEA powder and L-PBF processing: (a) CoCrFeNi powder morphology and particle size distribution; (b) enlarged view of the powder; (c) to (f)
EDS determined elemental distribution; (g) dimensions of tensile and fatigue specimens processed by L-PBF. Abbreviations of BD, SD, and TD stand for building
direction, laser-beam scanning direction, and transverse direction of the L-PBF process, respectively.

deformation-free surface. To reveal the micro-melt pool microstructure,
samples were electrolytically etched in a 10% oxalic acid solution. SEM
fractography was used to identify the fatigue crack initiation and
propagation characteristics.

EBSD scans were made with two different step sizes of 0.6 um and
0.15 pm, depending on the length-scale of the feature of interest. Grain
size and morphology, inverse pole figure (IPF) orientation maps and
pole figures, grain boundary misorientation distribution (cut-off
misorientation angle of >10° [24,25] for the high-angle grain bound-
aries, HAGBs), and the map of geometrically necessary dislocations
(GND) were derived from the EBSD data using AZtecCrystal software
package with the Burgers vector of b= 0.2518 nm [26,27]. A detailed
description of the EBSD data post-processing can be found in [28].

To reveal the deformation twin and dislocation structures, a Talos
F200X field-emission analytical transmission electron microscopy
(TEM) operating at 200 kV was used for imaging and selected area
diffraction (SAD). High-angle annular dark-field (HAADF) detector was
used for the atomic-scale characterization in STEM mode. TEM samples
were cut from the gauge section of post-fatigue specimens. Two fatigue
conditions were investigated, with one tested at the higher stress of
omax= 450 MPa, while the other tested under the much lower stress of
omax= 200 MPa. TEM thin foil sample preparation involved mechanical
polishing down to 0.5 mm thick and then further thinned with the ion
beam using PIPS II, Gatan 695. Data post-processing was conducted
using Digital Micrograph software. More details about the TEM sample
preparation and TEM data processing can be found in [29]. All the
microstructure observations for the post-fatigued samples were made on
the TD-SD plane. The metallography samples were taken from the region
within 1.5 mm from the fracture surface; this applies to both the TEM

and EBSD samples.
3. Results and discussion
3.1. As-built microstructure

Fig. 2 shows the microstructure of the BD-TD cross-section of the
CoCrFeNi L-PBF-HEA. Good process stability can be manifested by the
uniformity and orderliness of the micro-melt pools. Within the micro-
melt pool, the microstructure is characterized by the cellular struc-
ture, whose dimension ranges from several hundreds of nanometers to
one micrometer in diameter or width for the elongated shape. Such
cellular structure has been frequently observed in various alloys fabri-
cated by L-PBF [25,30]. Despite contrasting viewpoints about its origin,
the cellular structure is known to be metastable, associated with the
rapid solidification process. There has been evidence to suggest the
micro-segregation in the cell walls (e.g. [7,17,31]). The SEM images in
Fig. 2 were taken from the sample that had been subjected to electro-
chemical etching in a 10% oxalic acid. Thus, the identified cell walls due
to the preferential etching effect suggest the compositional difference.
However, the SEM-based EDS analysis confirmed the homogeneous
distribution of Co, Cr, Fe and Ni in the present L-PBF-HEA sample, whilst
the X-ray diffraction measurement verified the monophase with fcc
crystal structure (see Fig. S1 and S2 in Supplementary Material).

The cellular structures grew in different directions, Fig. 2b, illus-
trating two distinctive shapes: one is characterized by the near-equiaxed
shape, while the other is columnar; for both types, no evidence sug-
gesting secondary dendrite arms. There is no measurable size difference
between the two by comparing the width of the columnar cells with the
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Fig. 2. L-PBF-HEA alloy microstructure revealed by SEM secondary electron
imaging mode: (a) low magnification and (b) enlarged view showing the
cellular structure. Sample preparation involved polishing and electrochemical
etching in 10% oxalic acid solution.

diameter of the near-equiaxed ones. Such an SEM observation is as ex-
pected due to the fact that both the columnar and near-equiaxed cells are
essentially the same. Note that a cross section is the 2D shape obtained
when a plane cuts a 3D solid. Fig. 3 shows the TEM images of the
CoCrFeNi L-PBF-HEA in the as-built condition. It can be seen that the
dislocation cellular structure was developed, Fig. 3a, exhibiting a clear
difference in dislocation density between the region close to the cell
walls and the cell interior, Fig. 3c. The higher magnification TEM image
(bright-field in Fig. 3d while dark-field in Fig. 3e) reveals that those
dislocations close to the cell walls were loosely tangled, and yet to form a
well defined sub-grain boundary. Finally, the SAD pattern in Fig. 3b
confirms the nature of monophase with a fcc structure.

Fig. 4 compiles a list of EBSD results obtained from the as-built
CoCrFeNi L-PBF-HEA. The pseudo-3D view of IPF-BD maps, as shown
in Fig. 4a, provides the overall information about the epitaxial grain
growth. For the BD-SD plane, < 001 > orientation appears to be the
dominant one and the average grain size was measured to be 30.57 pm
(Fig. 4f). Majority of the grains are characterized by the columnar shape,
with the longitudinal dimension being much larger than the layer height
of 50 um. This is as expected, given that < 001 > direction is the easy
growth direction for an fcc material and the maximum thermal gradient
aligned towards the BD and SD directions of L-PBF samples, under the
condition of no 90° rotation between the layers [12,32]. Wang et al. [30]
studied the effect of the laser-beam scanning angle on the grain growth
rate, and they suggested that at the top of the molten pool, dendrites
followed the laser scanning direction and transition to the direction of
maximum heat flow.

In terms of the SD-TD plane (Fig. 4d), both the < 001 > and
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< 110 > crystallographic orientations are the preferred ones, with the
grain size determined to be 16.12 um. The maximum intensities in
multiples of the wuniform density (MUD) at < 001 > and
< 110 > orientations were measured to be 8.75 and 4.94, respectively
(Fig. 4c). This suggests that the < 110 > texture should not be ignored
when assessing the as-printed microstructure. Fine grains of less than
10 pm in size but with over 60% in volume fraction were observed at the
overlapping boundaries of laser tracks (Fig. 4d). The IPF-BD map taken
from the TD-BD plane (Fig. 4e) reveals far less defined texture infor-
mation when compared to the other two cross-sections. This could be
attributed to the large grain size of 41.86 um, which unfortunately limits
the statistical rigor of the EBSD analysis.

The reason for the presence of combined < 001 > and
< 110 > texture (Figs. 4c and 4d) can be explained by the dynamic
scanning behavior of the laser beam, as depicted by the schematic dia-
gram of Fig. S3 (Supplementary Material). When the laser beam moves
along the horizontal direction (i.e., SD direction), the molten pool so-
lidifies at the rear of the laser track under a large thermal gradient in the
< 100 > grain growth orientation along the SD. There is a maximum
thermal gradient along the BD, which is parallel to the
< 001 > orientation. As a result, a portion of the grains would grow in a
< 110 > orientation along the direction between these two major
thermal gradients. Zhou et al. [33] studied the effect of the laser-beam
path, during the L-PBF process, on the orientation of CoCrMo alloy,
and they found that columnar grains underwent complex heating cycles
by the laser-beam scanning. This can cause the grain formation with the
< 110 > orientation and other orientations between the < 110 > and
< 001 > . In addition, Kim et al. [34] also found the phenomenon of
< 110 > orientation in the TD-SD plane in CoCrFeMnNi L-PBF-HEA. The
Marangoni flow can affect the growth orientation of grains by changing
the heat flow direction.

Fig. 4b presents the misorientation distribution histogram of the SD-
TD plane, where the correlated misorientation calculation based on the
neighboring data points exhibited a significantly high proportion of low-
angle grain boundaries (LAGBs), with reference to the uncorrelated one
as calculated using randomly chosen points. This suggests that
numerous metastable sub-grain boundaries formed during the non-
equilibrium solidification. This observation is consistent with the
cellular structure as revealed by SEM imaging in Fig. 2 and TEM imaging
in Fig. 3. The proportion of LAGBs on the SD-TD, TD-BD and SD-BD was
found to be 55.0%, 71.4% and 57.3% (Fig. S4 in Supplementary Mate-
rial), respectively, all suggesting the formation of sub-grains or dislo-
cation cells in as-built CoCrFeNi L-PBF-HEA.

Figs. 4g to 4i illustrates the GND map for the three orthogonal planes,
where the region of higher GND density corresponds to grain bound-
aries. The maximum GND value was found to be 19.02 x 10'4/m?,
which is higher than those of the homogenized HEA counterpart
(6.34 x10'%/m? [10]) fabricated by conventional means. The
non-equilibrium solidification, caused by the rapid melting and cooling
of L-PBF process, triggers the development of metastable substructures
and lattice defects in the as-printed condition [34,35]. The chaotic state
of multi-principal elements in the HEA further hinders the stable
arrangement of the lattice during the solidification [36].

3.2. Monotonic mechanical properties

Tensile properties of the CoCrFeNi L-PBF-HEA were measured to be
535 MPa for yield strength (o5), 601 MPa for ultimate tensile strength
(op), and ~30% for the elongation to failure, Fig. 5. The Young’s
modulus of the CoCrFeNi L-PBF-HEA was tested as ~169 GPa. The
micro-hardness (HVy2) was determined as 189 + 6.7 for the SD-TD
plane, 187 + 4.2 for the TD-BD plane, and 196 + 4.4 for the SD-BD
plane. Fig. 6 compares the average grain size, yield strength, and ten-
sile ductility of the CoCrFeNi and CoCrFeMnNi HEAs fabricated by using
conventional and AM methods. The data is a collection of a number of
studies which have been carefully chosen, see Table 1. Both the yield
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Fig. 3. L-PBF-HEA alloy microstructure revealed by TEM: (a) a low magnification image showing the cellular structure; (b) a selected area diffraction (SAD) pattern
confirming monophase with the fcc crystal structure; (c) an enlarged view of the yellow outlined region in (a); (d) a bright-field image of the cellular structure; and

(e) a dark-field image of the cellular structure.

strength (Fig. 6a) and ductility (Fig. 6b) of the present CoCrFeNi L-PBF-
HEA are as good as the previous AM work. Moreover, compared to the
conventional means, all the CoCrFeNi-based HEAs processed by AM
exhibit a higher strength but a lower ductility, together with the
generally finer grain size. Even with the similar grain size, the CoCrFeNi-
based L-PBF-HEAs often show a higher tensile strength when compared
to those produced by conventional means (i.e., vacuum induction
melting [10,37] and arc melting [9,11]. The observed higher strength of
the L-PBF-HEAs can be attributed to the fine grains and sub-micron
dislocation cellular structures as observed in the present TEM observa-
tion (Fig. 3) and previous work [22,24,31]. It is generally recognized
that the dislocation cell walls of the cellular structure can trap a high
density of dislocations during deformation and store them inside the
cells.

3.3. High-cycle fatigue

Fig. 7a displays the high-cycle fatigue S-N curve of the CoCrFeNi L-
PBF-HEA, under R= 0.1 and at room temperature. The fatigue strength,
determined by the run-out point at 107 cycles, is 170 MPa under the
stress ratio of (R=0.1). Strictly speaking, “fatigue strength” is the stress
corresponding to a certain fatigue life at stress ratio of R= —1 (pull-push
fatigue). Given the stress ratio effect on fatigue strength, it is not accu-
rate to use this phrase without specifying the condition of R=0.1.
Overall, fatigue data follows a double logarithmic relationship between
6max and Ny, Fig. 7a, from which the fatigue strength coefficient (oy at
R=0.1) was calculated as 11,694 MPa whilst the fatigue strength
exponent (b at R=0.1) was determined to be — 0.29, according to the
Omax-Ny relationship. Three fatigue tests were conducted at
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Fig. 4. L-PBF-HEA alloy microstructure in as-built condition as revealed by EBSD: (a) pseudo-3D view of the inverse-pole-figure (IPF) maps; (b) and (c) misori-
entation distribution plot and pole figures of the TD-SD cross-section, respectively; (d) to (f) IPF maps for the SD-TD, BD-TD and BD-SD, respectively; (g) to (i)
geometrically necessary dislocations (GND) map for the three cross-sectional planes. The reference axis for all the IPF maps is parallel to the BD.

omax= 200 MPa, and the observed fatigue life scatter was reasonable,
being 3.7 x 10°, 3.0 x 10°, and 7.4 x 105, respectively.

Fig. 7b shows the evolution of maximum strain as a function of fa-
tigue cycles, under the test condition of 6,,5= 450 MPa. The measured
strain came from the displacement between the two clamping ends, and
it represents the accumulative total strain. With the increase in fatigue
cycles, the CoCrFeNi L-PBF-HEA exhibited a cyclic softening behavior,
as manifested by the monotonically increasing levels of the maximum

strain. Close to the fatigue failure cycle, a big jump in the maximum
strain level is seen in Fig. 7b, probably caused by the event where the
length of fatal fatigue crack triggered the final instantaneous failure.
Fig. 8a shows the overview fracture surface of the failed specimen
tested at omgx= 300 MPa, which is representative of all specimens
considered in the present work. The fatal fatigue crack was triggered by
the micropores at the near-surface location. The presence of micropores
can also be seen in the interior of the specimen, but their volume fraction
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Fig. 5. Monotonic tensile stress-strain curve of CoCrFeNi L-PBF-HEA (the
tensile direction was parallel to TD, as sketched in Fig. 1g).

was confirmed to be low and size was small based on the cross-section
examination. Neither the unmelted powder nor partially melted one
was found inside the micropore. Some of the micropores were quite
large in size, but they were not continuous. It is thus believed that there
is no lack-of-fusion defect in the present CoCrFeNi L-PBF-HEA.

Given the relative density of 99.5% (as measured in the bulk sample)
achieved through the process optimization, the SEM fractography re-
sults suggest that it is challenging to entirely avoid the micropores. Kim
et al. [12] found that the high-cycle fatigue life of the CoCrFeMnNi
L-PBF-HEA was 20 times lower in the specimen having the near-surface
defect, despite both specimens had a similar relative density. The for-
mation of the micropores can be related to the following three reasons:
first, during the laser-induced melt process, the violently tumbling
molten pool inhales ambient gas above it due to the negative pressure
effect [45,46]; second, during the rapid solidification, the time is not
sufficient to allow the incoming gas escaped [45,47]; third, the voids in
the powder bed induced by the quality of the powder size distribution
[45,48].

High-magnification SEM fractography taken from the fatigue-crack
propagation region, Fig. 8b and 8¢ (6/,;,5,2=300 MPa), reveals a typical
feature of fatigue striations with their average spacing measured to be
0.68 ym. By comparison, the striation spacing was determined as
1.45 um for the test condition of oy,q,= 450 MPa (Fig. 8e), and 0.40 um
for the test performed at opq—= 200 MPa (Fig. 8d). The higher fatigue
load leads to wider striation spacing which is as expected.

Fig. 8f and 8g show the EBSD analysis on the BD-TD plane close to
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the fracture surface, with GND map shown in the former while IPF-BD
orientation map (LAGBs defined by the less than 10° angle, delineated
by grey lines) in the latter. The high GND-value regions correspond to
the fracture surface as well as the sub-grain and grain boundaries. The
proportion of the LAGBs reached 70.1%, which is higher than the as-
built condition (55.0% in Fig. 4b). Also, just beneath the fracture sur-
face, ultra-fine grains can be seen in Fig. 8g, which was most likely
caused by the dynamic recrystallization [28,49]. Collectively, the results
suggest that localized plasticity develops during high-cycle fatigue.
Although the materials with low SFE are difficult to form LAGBs, the
repeated rapid melting and non-equilibrium solidification of the L-PBF
process triggers the formation of dislocation cellular structures with the
metastable state (Figs. 3e and 3f). Voisin et al. [25] also found a high
fraction (~50%) of LAGBs in the as-built condition of L-PBF 316 L
stainless steel which is known to have a low SFE value.

Micro-hardness measurement was performed on both the
Omax= 200 MPa and 450 MPa specimens close to the fracture surface.
Compared to the as-built condition (189 + 6.7 HVy ), the micro-
hardness for the oyq= 200 MPa specimen increased slightly to 210
+ 10.1 HV( 9, while that for op,ec= 450 MPa specimen increased vastly
to 268 + 7.7 HVj 2. Therefore, it is believed that localized cyclic plas-
ticity can certainly occur in the CoCrFeNi L-PBF-HEA during high-cycle
fatigue.

3.4. Twinning and dislocation sub-structure evolution induced by high-
cycle fatigue

Based on the EBSD results, there is evidence for twinning in the post-
fatigued specimen tested at o= 450 MPa, as indicated by regions A
and B in Fig. 9a and their enlarged views in Fig. 10. The identification of
twins was based on the coincidence site lattice (CSL) distribution maps;
refer to Fig. S5b and S5c (Supplementary Material). By contrast, no
evidence indicates twinning in the specimen tested at omg= 200 MPa.
Hereafter, the fatigue specimen tested at 6/,q,= 450 MPa is referred to as
high stress, while that tested at oq,= 200 MPa is referred to as low stress,
for convenience of description. EBSD samples for both the high-stress
and low-stress conditions were extracted from the region within
1.5 mm distance to the fracture surface.

For the high-stress condition, two types of twinning are observed;
one is characterized by the thickness of up to 1 um (micro-twins,
Fig. 10), while the other has the thickness of less than 100 nm (nano-
twins, Fig. 10). The latter should be more precisely phrased as the
‘micro-twins’ which is a packet of multiple nano-twins (later confirmed
using TEM in Fig. 13). Majority of those twins are parallel to each other
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Fig. 6. Comparison of monotonic tensile properties of the present CoCrFeNi L-PBF-HEA with the other CoCrFeNi and CoCrFeMnNi HEAs processed by using con-
ventional and AM routes: (a) a plot of grain size vs. yield strength; and (b) a plot of tensile ductility vs. yield strength. CM: conventional manufacturing; AM: additive
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Table 1

Comparison of monotonic tensile properties of CoCrFeNi and CoCrFeMnNi HEAs
processed by using conventional and AM routes. The following abbreviations are
used for processing method: MLM (magnetic levitation melting), VIM (vacuum
induction melting), ArcM (arc melting), and L-PBF (laser powder bed fusion).

Material Manufacturing Yield Elongation Grain Reference
method stress (%) size
(MPa) (pm)
FeCoCrNiMn L-PBF 520 25+ 2 305 [71
+10
MLM 300 41 0.65 [11]
800 27 30
L-PBF 774.8 30.8 5.98 [12]
VIM 291.3 63.1 -
VIM 293.1 63 245.48 [10]
ArcM 324 60 47 [38]
FeCoCrNi L-PBF 347 13.6 - [39]
+19 +0.51
401 22.95
+13 + 1.47
350 21.25
+12 +1.27
600 31.85
+5 +1.15
489 24.45 25
+9 +0.75
L-PBF 581.9 22 - [40]
ArcM 177 24 - [41]
ArcM 130 87 150 [42]
140 83 150
VIM 611 38 25 [43]
VIM 455 40 15 [44]

within a grain, although intersection of two sets of twins can occur (the
grain in the center of Fig. 10d). With regard to the high-cycle fatigue
under the R= —1, the CoCrFeMnNi HEA studied by Ghomsheh et al. [9],
CoCrFeMnNi HEA studied by Tian et al. [11], and Al 3CoCrFeNi HEA
studied by Liu et al. [50] all revealed one set of parallel twins within a
grain. This can be attributed to the dislocation annihilation under
reversed movement. Only at very localized region of high dislocation
accumulation, twins with a certain slip system can be developed. Thus,
the presence of the interlaced twin groups under the R= 0.1 fatigue
condition as shown in Fig. 10d is of interest. Two possible reasons are
given below: first, they are induced by the continuous pile-up of dislo-
cations to the grain boundary; second, the pre-existing dislocation
cellular structures in the as-built condition facilitate the twin formation
with more than one set of twin systems.
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The EBSD derived CSL distribution maps clearly delineate the
morphology of twins, with 67.9% and 64.8% of them being the >3
types, Figs. 10b and 10e, respectively. In addition, the Schmid factor
maps in Figs. 10c and 10f indicate that the grains with high twinning
activity are the ones orientated for easy dislocation slip, i.e. high Schmid
factor. The twin nucleation in fcc material with relatively low SFE (i.e.,
CoCrFeNi-based HEAs) at low temperatures has been proven by many
researchers [37,51,52]. Especially, Otto et al. [52] commented that the
deformation twin was rarely observed in CoCrFeMnNi HEA after room
temperature tensile deformation by studying various grain sizes. How-
ever, the work by Laplanche et al. [37] concluded that a large tensile
strain of > 20% can trigger the twin formation at room temperature, and
the level of critical stress depends on the material type, grain size and
orientation.

For the present CoCrFeNi L-PBF-HEA, a correlation seemed to exist
between the crystallographic orientation and twin formation, at first
glance of Fig. 9a, Figs. 10a and 10d, with a higher tendency for the
< 110 > and < 001 > orientations. Out of the total 354 grains in
Fig. 9a, 102 grains fell into the < 110 > orientation group, while 78
grains belonged to the < 001 > group. The remaining 297 grains rep-
resented the group having the other orientations. 36 out of 102 grains
having the < 110 > orientation exhibited twinning feature, resulting in
a high twinned area fraction of 81%. By contrast, 26 out of 78 grains for
the < 001 > orientation exhibited a twinning feature, resulting in a high
twinned area fraction of 63%. Moreover, only 17 grains out of the
remaining 297 grains, with the other orientations (neither <110 > nor
<001 >), exhibited twinning, with a very low twinned area fraction of
6%. Koyama et al. [53] studied the formation mechanism of twinning
inside grains with different orientations, and they concluded that
twinning was more likely observed in < 144>, <110 >, and
< 111 > grains.

However, drawing a conclusion about the effect of orientation on
twin formation in the present CoCrFeNi L-PBF-HEA during high-cycle
fatigue must be treated with extra caution. This is because grains with
the other orientations (4.74 ym in equivalent diameter) were much
smaller than those with < 001 > and < 110 > orientations, with the
respective size of 11.29 pm and 12.47 ym. Rahman et al. [54] calculated
twin initiation stress for different grain sizes, and it was concluded that
the twin nucleation stress increased with the decreasing grain size. To
further substantiate the above-mentioned EBSD observation, further
data analysis was performed on the specimen subjected to the
high-stress fatigue, by selecting several heavily twinned grains with
grain size of close to 40 um but having different grain orientations. It
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Fig. 7. High-cycle fatigue of CoCrFeNi L-PBF-HEA: (a) S-N curve with the specimens used for the post-mortem examination indicated by the square box; (b) a plot of
the measured maximum strain vs. fatigue cycles for the specimen tested under the maximum stress of 6= 450 MPa with a fatigue life of Ne= 1.06 x 10°. Note: all
fatigue tests in the present work were performed at room temperature and under a stress ratio of R=0.1.
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Fig. 8. Post-mortem examination of fatigue failed specimens: (a) to (c) specimen tested at omg—= 300 MPa with Ng= 2.80 x 105 (d) specimen tested at
Omax= 200 MPa with Ni=7.40 x 10°; (e) specimen tested at 6= 450 MPa with Ni=1.06 x 10°% (f) GND map and (g) EBSD IPF-BD orientation map for the

specimen tested at o= 300 MPa.

was found that in the grains of 41.58 ym, 41.27 pm, and 43.62 um, near
the < 114 > orientation, the twinned area accounted for 6.18%, 0.40%
and 5.40% of the grain area, respectively. By contrast, in the grains of
36.64 um, 35.50 um, and 43.93 um, near the < 110 > orientation, the
twinned area accounted for 9.23%, 5.69% and 7.19% of the grain area,
respectively. This indicates that with the similar grain size, twin for-
mation tendency is higher for the grains near the < 110 > orientation.
To summarize, both the present finding and the previous work [53-55]
indicate that the twinning tendency is affected by the grain size as well

as the grain orientation.

The GND distribution map of the high-stress condition is compared
with that of the low-stress condition, Fig. 9d vs. 9e. Under the low-stress
fatigue, dislocations tended to accumulate at grain boundaries with the
maximum GND value of 35.31 x 10'*/m?, resulting in a distinctive
contrast between the grain interior and boundaries, Fig. 9e. Recall that
in the as-printed condition, the maximum GND value was measured to
be 19.02 x 10'*/m?2. Thus, dislocation activity seems to be high even in
the case of low-stress fatigue. Under high-stress fatigue, the distribution
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Fig. 9. EBSD analysis on the post-fatigued specimen tested at 6;a= 450 MPa with N=1.06 x 10> (i.e., high stress condition) in comparison with that tested at
Omax= 200 MPa with Ng= 7.40 x 10° (i.e., low stress condition): IPF-BD orientation maps of SD-TD cross-section from the high-stress in (a) and low-stress specimens
in (b); (c) correlated misorientation distribution histograms; GND distribution maps from the high-stress in (d) and low-stress fatigue conditions in (e); (f) GND

distribution histograms.
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of dislocations was found to be comparatively homogeneous, with the
maximum GND value being 47.58 x 10'*/m?. Fig. 9f compares the GND
histograms obtained from the as-built, low-stress and high-stress con-
ditions. Both the low-stress and as-built conditions have a similar pro-
file, but the high-stress has a higher average value but much lower
frequency, resulting in a long tail. This indicates that dislocation motion
was active in the case of high-stress conditions. Indeed, the comparison
of the correlated misorientation distribution histograms (Fig. 9c) leads
to a similar conclusion. First, the increased fraction of LAGBs suggests a
higher dislocation activity under high-stress fatigue. Second, the pres-
ence of 60° misorientation peak in the high-stress condition confirms the
twinning activity as observed in Fig. 9a, Figs. 10a and 10d.

To better understand the dislocation activity during the high-cycle
fatigue, TEM was used to examine both the high-stress and low-stress
fatigue conditions. Fig. 11a shows the bright-field TEM image of the
low-stress condition, revealing many dislocation cells. The enlarged
view of Fig. 11b clearly shows the presence of dislocation tangles at cell
interiors, while the cell walls are composed of dense dislocations. By
comparison, the high-stress fatigue sample shows much less dislocations
in the cell interior, accompanied by the more well-defined boundaries,
Fig. 11c. The size of the dislocation cells decreased with the higher fa-
tigue stress, which is consistent with the previous work [7]. Such a
reduced dislocation cell size can satisfactorily explain the material
strengthening as observed in our micro-hardness measurements (210
+10.1 HVy, as opposed to 268 + 7.7 HV( 5 for the test condition of
0max=200 MPa and 450 MPa). The distribution of dislocations at the
wall of cellular structure is shown in Fig. 11d, where dislocation slip
traces are visible close to the wall together with evidence to indicate
high dislocation activity within the wall.

\_ Grain
boundary

As-printed
condition

&

Dislocation
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The formation of sub-grains (i.e., with the well-defined boundary) is
under the high-cycle fatigue stress, and largely due to the pre-existing
dislocation cellular structures as observed in Fig. 3 for the as-built
condition. Although the materials with low SFE, including the present
CoCrFeNi HEA, are difficult to activate dislocation cross-slip, the dislo-
cation cellular structure due to the L-PBF process seems to plays an
important role in the sub-grain formation. During cyclic loading, dislo-
cations move back and forth within a certain range, resulting in dislo-
cation annihilation, dissociation and re-arrangement. The dislocation re-
arrangement tends to form a lower energy configuration, namely
cellular structure or sub-grains with alternating high and low-density
dislocation regions [56]. Such a re-arrangement process is known as
dynamic recovery and/or recrystallisation, which is driven by a reduc-
tion in the overall stored strain energy associated with the elastic
dislocation interaction [57]. In this regard, there is little difference in
terms of the dislocation re-arrangement under cyclic loading between
the CoCrFeNi L-PBF-HEA (Figs. 11a to 11d) and the traditional alloys (e.
g. Type 316 austenitic stainless steel [58,59]).

In summary, we observed a high dislocation activity at the wall re-
gion of cellular structure in CoCrFeNi L-PBF-HEA during high-cycle fa-
tigue. Figs. 1le to 11g provide the schematics describing how
dislocation is re-arranged under high-stress and low-stress fatigue con-
ditions. For the high-stress condition, dislocation walls at the cell
boundaries were more well-defined, accompanied by far fewer dislo-
cation tangles and single dislocations at the cell interiors. The schematic
of the as-built condition (Fig. 11e) was created according to the TEM
observation in Fig. 3. Under low-stress conditions (Fig. 11f), highly
dissociated dislocations could not cross slip as their far-apart partials
belong to only one {111} plane [60]. Additional stress is required to

Fig. 11. TEM analysis performed on the SD-TD
cross-section of the post-fatigued specimens: (a)
and (b) low-stress condition of 6,,,,= 200 MPa;
(c) and (d) high-stress condition of
omax= 450 MPa. Inset in (a) is the selected area
electron diffraction pattern from which figure
(a) was taken from the [011] zone axis. (e) to
(g) schematics showing the cellular structure
evolution during high-cycle fatigue under low-
stress in (f) and high-stress in (g), in compari-
son with that of the as-built condition in (e).

Under high stress

Dislocation

tangle
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recombine these dislocations into a cross-slip favorable configuration.
When the fatigue stress is increased (i.e., high-stress condition), the
leading partial dislocations can overcome the boundary barrier and slip
into the neighboring boundary, contributing to the formation of
well-defined dislocation walls [25,61].

3.5. Nano-twinning mechanism during high-cycle fatigue

Deformation twinning has been recognized as the predominant
deformation mechanism responsible for the lack of a strength-ductility
trade-off in CoCrFeNi-based HEA during monotonic tensile loading.
Concerning the cyclic loading, contradictory results exist in terms of
whether twinning can occur during the high-cycle fatigue at room
temperature. The EBSD observation in Fig. 9 and Fig. 10 on the high-
stress specimen with a fatigue life Ny=1.06 x 10° provides evidence
of deformation twins. But, it is still not clear about the twin formation
mechanism for the CoCrFeNi L-PBF-HEA during high-cycle fatigue.

Fig. 12a provides the TEM overview of a representative region taken
from the high-stress specimen. This region contains both the deforma-
tion twins and the cellular dislocation structure. A highly distorted lat-
tice within the cellular structure, as presented in Fig. 12b, an HRTEM
atomic-resolution image, shows high local deformation. Stacking faults

~‘.‘ 8 C ar
sl Cellular
S0 structure

s

(c-1)

. (200) ;
u-n)'d?“")'

.(0303. .
.4 « [011]

tangle
S500nm

Additive Manufacturing 61 (2023) 103319

(SFs) can be clearly seen in the region highlighted in Fig. 12d. A couple
of full dislocations have been indicated in Fig. 12b with an enlarged
view given in Fig. 12e. The formation of SFs at the region of cellular
structure is attributed to the high density of dislocations. Dislocations at
the cell walls are expected to undergo a much wider dissociation than
those away from it, increasing the tendency to form SFs. It was com-
mented in [25] that SFs facilitated twin nucleation upon plastic defor-
mation. This probably explains the co-existence of twins and cellular
structure in the post-fatigued condition (Fig. 12a). An et al. [62] studied
the twin formation mechanism in cyclic loading of fcc Cu. They reported
that under the cyclic loading, partial dislocations emitted from the grain
boundaries slip back-and-forth on the {111} plane and eventually form
the twin nuclei within the grain.

To illustrate the high dislocation activity more clearly, a TEM image
taken from the [011] zone axis is shown in Fig. 12c, where heavily
tangled dislocations, as well as the so-called labyrinth wall-like dislo-
cation structure [63], can be seen. The cell boundaries containing a high
density of tangled dislocations (Fig. 12c) are expected to help hinder
dislocation motion. The newly generated dislocations during the
high-cycle fatigue would be impeded by the cell walls, which limits the
mean free path within the scale of the cells. The interaction between the
cell boundaries and free dislocations can be in the form of SFs, partial

Fig. 12. (a) An overview TEM image showing the co-existence of cellular structure and nano-twins in the specimen after high-stress fatigue; (b) an HRTEM image of
the yellow box highlighted region in (a) showing lots of full dislocations and stacking faults within the cellular structure; (c) a closed view of the white box
highlighted region in (a) showing the formation of labyrinth wall-like dislocation structure as well as dislocation tangles as viewed under the zone axis of [011] in (c-
1); (d) an enlargement of the black rectangle highlighted region in (b) showing the stacking faults (SFs) as confirmed by the FFT image in (d-1); (e) the region ‘e’

enlargement in (b) identifying full dislocations.
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dislocations and full dislocations, which would appear in the vicinity of
cell boundaries. This potentially can provide a 3D impediment network
for the dislocation motion, particularly in the later stage of the fatigue
test, acting as the barrier to crack propagation [64]. On the other hand,
these defects can facilitate dislocation nucleation by generating stress
concentrations at the interface [58].

Fig. 13a presents a bundle of parallel nano-twins as revealed by TEM
bright-field imaging. The corresponding dark-field image, as shown in
Fig. 13b, permitted us to measure the twin thickness, being in the order
of tens of nanometers with the size ranging from 2.37 nm to 24.83 nm.
The selected area diffraction (SAD) pattern taken from the region as
indicated in Fig. 13a and indexed in Fig. 13c clearly illustrate the
orientation relationship between the twin and matrix. A series of
HRTEM images taken from the twinned region are shown in Fig. 13d to
1f, together with their enlarged views in Fig. 13d-1 to f-1. Various types
of lattice defects are identified in the twinned region, including full
dislocations, partial dislocations, distortions, and SFs. The inverse fast
Fourier transform (FFT) images were used to help identify the full and
partial dislocations ambiguously, with exemplars shown in Fig. 13g, h,
and i. According to the literature [23,27,52,65-69], it is likely that the
identified partial dislocations are 1/6 < 112 > Shockley partials, which
is crucial for the twin formation. This is because that the early-stage
plastic deformation occurs by the glide of 1/2 < 110 > dislocations
dissociated into 1/6 < 112 > Shockley partials on {111} planes, as
observed in CoCrFeNi in [69], CoCrFeMnNi in [52] and Fe-Mn-C steel
[65].

The twin formation mechanisms of fcc metals, including the CoCr-
FeNi HEA, are summarized as follows [23]:

1) The partial dislocation mechanism proposed by Venables and Hirth
[70]:
a/2 <110 > —»a/6 < 41-1 > +a/6 < 12-1 >
2) Cross-slip of stair-rod dislocation mechanism proposed by Weertman
and Fujita [71]:
a/2 <101 > —»a/6 <121 > +a/3 <1-11 >
3) The extrinsic stacking fault mechanism proposed by Mahajan and
Chin [65]:
a/2 <011 >+4a/2<-101 > >3 xa/6 <12-1>.

They all involve reactions from a/2 <110 >to a/6 < 112>,
despite their difference in the dislocation types. Laplanche [69] sum-
marized the TEM observation of dislocations in CoCrNi medium entropy
alloy and CoCrFeNiMn HEA. In the early stage of plasticity,
1/2 < 110 > was observed to decompose into Shockley partial dislo-
cation 1/6 < 112 > on {111} plane, and the Shockley dislocation glided
continuously on the {111} plane to form twins. In the present work, we
observed partial dislocations near the twins and in the areas where twins
did not appear. It is thus claimed that the twinning mechanism in
CoCrFeNi L-PBF-HEA was likely to be consistent with that of the con-
ventional fcc metals, namely, the full dislocation
a/2 <110 > decomposed to the Shockley partial dislocation
a/6 < 112 > . Note that the partial dislocation can either be an Frank
partial dislocation 1/3 <111 > or Shockley partial dislocation
1/6 <112 > ; its discrimination is beyond the scope of the present
work.

In this work, the nano-twinning induced by high-stress fatigue at
R= 0.1 seems to be different from that induced by monotonic tensile
loading, as sketched in Fig. 14. For the monotonic loading scenario,
primary twins are formed in the early stage (Fig. 14b;), followed by the
development of secondary twins. The development of secondary twins is
characterized by a ~70° angle relative to the primary twins (Fig. 14 by).
Further loading would trigger the formation of tertiary twins (Fig. 14
bs), but again they have a certain angle (usually about 70°) with the
secondary twin boundaries. After the formation of primary twins,
Shockley dislocations continue to glide on the (—111) plane between the
primary twins, forming a kink structure of five to seven atomic layers,
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with the atoms inclined clockwise by about 18.5° at the kink interface.
As a result, the angle between the secondary twin and the primary twin
becomes 71.5° [72]. In the work by Chen et al. [73], the angle between
the primary and secondary twins was also found to be ~70°, despite a
different angle between the primary twin and tensile loading direction.

Furthermore, twin thickness induced under monotonic tensile
loading are relatively stable [68]. However, refer to the EBSD observa-
tions in Fig. 9 and Fig. 10, two types of twins are observed after
high-stress fatigue loading: micro-twins and nano-twins. This may sug-
gest that twinning formed during high-cycle fatigue is less stable. Also, it
is interesting to note that the nano-twins are not always parallel to each
other (a combination of the schematics in Fig. 14 ¢ and cy). Such in-
clined nano-twins might be due to the absence of compressive stress,
which deserves further study.

The presence of deformation twins on high-cycle fatigue properties is
twofold: first, twinning can promote the dynamic Hall-Petch effect [52,
69,74] by introducing extra boundaries that act as barriers to dislocation
motion; second, twin boundaries also allow dislocations to slip and
penetrate. The latter helps to release stress concentration to a certain
extent, and this mechanism was found to retain a good level of ductility
whilst enhancing the material strength [75]. Especially, Sidharth et al.
[3] compared fatigue crack growth behavior of the < 001 > and
< 111 > single-crystal CoCrFeMnNi HEA and they found that twining
activated by plastic deformation in < 001 > grains delayed the incep-
tion of the unstable stage III regime in fatigue crack growth. Moreover,
Liu and Zhou [76] reported that twin boundaries provide more local
sites for accommodating dislocations, promoting the emission of dislo-
cations from the crack tip, leading to strong crack blunting and high
fracture toughness. In terms of strength enhancement, dislocations near
twin boundaries may dissociate with residing and moving along the twin
boundary or with one partial passing through the boundary and gliding
in a conjugate slip system. Therefore, the existing twins serve as effective
barriers for the latter twins, contributing to strain hardening during
plastic deformation [6,65,77-79]. Our micro-hardness measurement
result on the post-fatigued specimen seems to support the
above-mentioned strengthening mechanism as we observed a hardness
elevation of ~80 HV( 2 by comparison of the 6;,q,= 450 MPa fatigued
sample with the as-built condition.

4. Conclusions
The main conclusions are summarized as follows:

1) The as-built CoCrFeNi L-PBF-HEA is characterized by the combina-
tion of < 001 > and < 110 > texture, a high proportion of low-angle
boundaries suggesting the presence of cellular dislocation sub-
structure as well as reasonably high tensile strength.

2) After high-cycle fatigue at opmg= 450 MPa (R=0.1) with a life of

Ne=1.06 x 10°, deformation twins were triggered primarily in the

grains with < 001 >and < 110 > orientations. These fatigue-

induced twins contribute to the bulk cyclic softening behavior as
manifested from the data curve of maximum strain vs. fatigue cycles.

At the microscopic level, deformation twins clearly lead to the

hardness elevation from 189 + 6.7 HV » in the as-built condition to

268 + 7.7 HVy, in the post-fatigued condition within the region

with the twinning feature.

By comparison, after high-cycle fatigue at the lower stress level of

Gmax= 300 MPa and 200 MPa (R=0.1) with a life of N;= 2.80 x 10°

and 7.40 x 10°, respectively, there was no evidence for the occur-

rence of twinning. This concurs with the micro-hardness value for
the low-stress fatigue condition, namely 210 +10.1 HVgs as
measured on the specimen tested at opq—= 200 MPa.

The underlying mechanism for the formation of nano-twins during

high-stress fatigue of 6,q= 450 MPa was likely attributed to the

dissociation of 1/2 < 110 > full dislocations to 1/6 < 112 > partial

3)

4

-
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Fig. 13. (a) an overview TEM image
showing the twin structure of the high-
(l 11 > - stress fatigue condition together with
the SAD pattern confirmation; (b) the
W47l corresponding dark-field image of the
Matrix [101] same region, showing the twin bound-
- ary and twin thickness; (c) detailed in-
formation of the inset SAD pattern in (a)
and (b) with [101] zone axis showing
the orientation relationship of the twin
and matrix. (d) to (f) HRTEM images of
the corresponding region in (a); (d-1) to
(f-1) close views of the white rectangle
regions ’d-17, ’e-1”, ’f-1"" in (d) to
(f), showing full dislocations, partial
dislocations, distortions, and stacking
faults near the junction and the angle
between twin and matrix. (g) to (i) in-
verse FFT images taken from a twinned
region with close views given in (h) and
(). (h) close view of region ’h”
showing full dislocation; (i) close view
of the region *’i"” showing partial
dislocation.

= = - - - v/ -
Twin plane{111} %000 / (Twin boundary)
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Monotonic tensile test

TAs printedy
1 | grain

T 1
@ TL 1T

1 (cp

1

(c)

Fatigue test (R =0.1)

Fig. 14. Schematics describing the twin formation mechanisms: (a) as-built condition; (b) after monotonic tensile deformation; (c) after cyclic fatigue. Under
monotonic loading, primary twins form (b;), followed by the secondary twins (bs), which have a 70° angle with respect to the primary twins, and tertiary twins (bs),
which also have 70° angle with respect to the secondary twins. Under fatigue loading, nano-twins nucleate within a grain, followed by the formation of other nano-

twins inclined (cy) or parallel to (cy’) the primary ones.

ones, given the TEM and HRTEM observation of full and partial
dislocations, lattice distortion and stacking faults.

5) Besides, the cellular structures formed in the as-built condition tends
to develop further to a well-defined sub-grain structure as a result of
high-stress fatigue loading.

Associated Content

The Supporting Information is available at the Supplementary Ma-
terial File. X-ray diffraction measurement on the as-built sample
(Fig. S1); SEM-based EDS mapping on the as-built sample after the fa-
tigue failure (Fig. S2); Schematic of grain growth direction in relation to
the laser-beam scanning (Fig. S3); EBSD determined misorientation
distribution maps on the as-built sample (Fig. S4); EBSD-detected twin
identification based on the CSL map (Fig. S5).
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