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ARTICLE INFO ABSTRACT

Keywords: The strength and deformation characteristics of micron-sized metals under monotonic loading have long been

MlC_rOH scale investigated. In contrast, despite its practical significance, their fatigue behavior remains unexplored. To this

FDatig“e end, tension-compression fatigue tests were conducted herein on micron-sized Ni single crystals to elucidate
islocation

their fatigue behavior and internal dislocation structures. Specimens with square cross sections of 5 and 2 pm on
a side were prepared and subjected to cyclic loading at low stress amplitudes, which did not induce fatigue
cracking in bulk metals. Remarkably, fatigue cracks were not present in 5-pm-wide specimens, whereas in-
trusions/extrusions were observed in 2-pm-wide specimens, leading to crack initiation. Vein-like structures
comprising edge dislocations were observed in 5-pm-wide specimens, which are commonly observed in bulk
metals. Conversely, the dislocation structure in 2-pm-wide specimens resembled that associated with persistent
slip bands, which cause intrusions/extrusions and fatigue cracking in bulk metals under high stress amplitudes.
The experimental findings indicate that the fatigue behavior of small-sized metal single crystals is characterized

Cyclic loading
Single crystal

by the absence of vein formation.

1. Introduction

Metal fatigue is the cause of the majority of serious accidents
involving industrial structures; therefore, the related mechanism has
been widely studied. In particular, electron microscopes have enabled
the observation of the morphology of such metals, facilitating better
understanding of the relation between unique dislocation structures and
surface fatigue damage [1-4]. The fundamental fatigue properties of
single crystals of metals such as copper (Cu) [5-8], nickel (Ni) [9-11],
and silver [12] and stainless steel [13] have been investigated. Fig. 1(a)
shows a typical cyclic stress—strain curve (CSSC) obtained from fully
reversed tension-compression cyclic loading tests performed on metal
single crystals arranged in a single slip orientation. The vertical and
horizontal axes represent the saturation-resolved shear stress amplitude
and plastic shear strain amplitude, respectively. The curve can be
divided into three regions, namely A, B, and C, where different fatigue
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dislocation structures are formed. At low plastic shear strain amplitudes
(region A), veins comprising edge dislocation dipoles and channels with
low dislocation densities appear (Fig. 1(b)). As the applied strain
amplitude increases, the saturation stress amplitude eventually plateaus
(region B) and crystallographic slip deformations are localized within
narrow bands. Within these bands, narrow walls composed of edge
dislocation dipoles are periodically arranged (ladder-like dislocation
structure; Fig. 1(c)). The localized deformation zone is known as the
“persistent slip band (PSB)” [14-17], and the glide of screw dislocations
between the dislocation walls may carry a high degree of plastic strain
[18]. The saturation stress amplitude in region B provides the stress
amplitude for PSB formation, Atpsp/2. The irreversibility of shear dis-
placements due to crystallographic slip within the PSBs produces ex-
trusions and intrusions on the surfaces [19-22]. As fatigue cracks are
generally initiated at the root of intrusions or the interface between the
PSB and matrix, the formation of PSB (ladder-like dislocation structure)
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primarily causes fatigue fracture. In region C, the saturation stress
amplitude increases again and labyrinth and cell structures are formed.
The dimensions of these fatigue substructures are independent of the
material size ranging from one to several micrometers [23]. Therefore,
specimens with three-dimensional sizes smaller than the micrometer
level are expected to possess unique fatigue behavior because conven-
tional fatigue substructures cannot be formed.

Fully reversed fatigue tests have been performed on three-
dimensional micron-sized metal single crystals. The Bauschinger effect
on mechanical and microstructural properties of crystals have been
studied via bending cyclic loading [24,25]. In addition, it was found that
fatigue strength increases with decreasing material size [26,27]. How-
ever, as inhomogeneous strain in bending deformation (gradient strain
distribution) strongly affects the plastic deformation due to dislocation
pile up in the neutral plane [28], the fatigue mechanisms of micron-sized
metals is desirably elucidated using uniaxial cyclic loading methods.
Fully reversed tension—compression tests without strain gradients have
been performed on Cu and Ni single crystals with widths of 1-10 pm
[29-32]. In the 10-um-wide Ni single crystals, higher number of cycles
was required for PSB formation; however, the ladder-like dislocation
structures were similar to bulk structures [31]. In contrast, in 2-ym-wide
Cu single-crystals [32] with dimensions comparable to the bulk fatigue
dislocation structure, the relation between the saturation stress ampli-
tudes and plastic strain did not coincide with CSSC for bulk Cu. More-
over, extrusions/intrusions and fatigue cracks were generated at stress
amplitudes lower than Atpgp/2 and the fatigue life was reduced. This
indicates that micron-sized metal single crystals have a peculiar fatigue
phenomenon; however, the fatigue dislocation structures necessary for
exploring the fatigue mechanism have not been clarified.

In this study, tension-compression cyclic loading tests were per-
formed on Ni single crystals with cross-sectional dimensions similar to
those of the fatigue microstructures in the bulk metal. Then, the
morphology of specimens was observed via ultra-high voltage trans-
mission electron microscopy (UHV-TEM). The aim of this study is to
examine the dislocation structures in micron-sized metal single crystals
subjected to tension-compression cyclic loading at stress amplitudes
lower than Atpgp/2 of the bulk metal.

2. Experimental
2.1. Material and specimens

Nickel was chosen as the target material. Ni single crystals arranged
in a single slip orientation have a CSSC, which is divided into three re-
gions shown in Fig. 1(a). A polycrystalline Ni plate (99.999 %) (Nilaco,
Japan) was prepared and its surface was polished to mirror finish using
emery paper (#100-2000) and diamond paste with particle sizes of 1
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and 3 pm (Struers, Denmark). For grain coarsening and residual strain
removal, the plate was heated at 1073 K for 8 h under a high-vacuum
environment (1 x 1078 Pa, base pressure). Electron backscatter
diffraction (EBSD) (NordlysNano, Oxford Instruments, England) mea-
surements (step size: 1.5 pm, operating voltage: 25 kV, tilt angle of
sample: 70°, software: AZtek HKL and HKL Channel 5) were conducted
to determine the grain shapes and crystallographic orientations on the
plate surface. As shown in Fig. 2(a), the grains grew to several hundred
micrometers in diameter, sufficiently large to obtain multiple micro-
sized specimens from a single grain. The Ni plate was placed in a
focused ion beam (FIB) system (FB2200, Hitachi High-Tech, Japan) and
the shape of grains on the plate surface were obtained using scanning ion
microscopy (SIM) images. A grain with a desired orientation was iden-
tified by comparing the SIM image with the results of EBSD analysis
(Fig. 2(a)). A block of tens of micrometers was carved out from the grain
and mounted on the flat end of a brass wire via a built-in microprobe and
tungsten (W) vapor deposition. Then, micro-sized metal single crystals
were fabricated in a dog-bone shape using the FIB (accelerating voltage:
40 kV; current: 0.1-10 nA). After fabrication, the specimens were
confirmed to be single crystals by SIM images. The FIB processing in-
troduces the damaged layer with a thickness of several tens of nano-
meters on the specimen surface. As this layer could considerably affect
the mechanical properties of the samples, low-acceleration-voltage
argon ion milling (Gentle mill-hi, Hitachi High-tech, Japan) (acceler-
ating voltage: 0.3 kV; current: 8 pA; processing time: 25-40 min. per
side) was performed to remove the layer before subsequent testing.
Fig. 2(b) illustrates the test specimen morphology. The micron-sized
Ni single crystals comprise a top part, a gauge part (with a square cross-
section), and a base part. Curvature was provided at the corners between
the base and gauge parts and between the top and gauge parts to relieve
stress concentrations. After preliminary trial and error, the height and
width aspect ratio of the gauge part was set to approximately 3 to pre-
vent buckling during compression. The four side surfaces were desig-
nated as “front surface”, “left surface”, “right surface”, and “back
surface”. Six specimens were prepared in total: three with a gauge part
width of 2 pm (specimens 2-1-2-3) and three with a width of 5 pm
(specimens 5-1-5-3). Fig. 2(c) shows the field emission scanning elec-
tron microscopy (FE-SEM) images of the gauge parts of specimens 2-1
and 5-1. Ni, a face-centered cubic metal, has three slip directions on
each of its four slip planes for a total of 12 crystallographic slip systems.
In the stereograph shown in Fig. 2(d), the slip planes are labeled A-D
and the slip directions are labeled 1-6, based on the Schmid and Boas
notation. Using this notation, the primary slip system is labeled as B4.
Fig. 2(e) shows the Schmid factors for the 12 slip systems and indicates
that the B4 system has the largest value of 0.48. This indicates that the
specimens are orientated so that only slip system B4 is preferentially
active among the 12 slip systems (single slip orientation). Fig. 2(f)
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Fig. 1. (a) Typical cyclic stress-strain curve (CSSC) obtained from metal single crystals (bulk) arranged to a single slip orientation, (c) vein and channel structure, and

(b) ladder-like structure of persistent slip band (PSB).
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Fig. 2. (a) Inverse pole figure map of Ni polycrystalline plate after thermal treatment, (b) schematic and definition of the four sides of the gauge part of micron-sized
specimen, (c) FE-SEM images of specimens, (d) stereographic projection with slip planes and slip directions based on the Schmid and Boas notation, (e) Schmid
factors of 12 slip systems, and (f) schematic of the primary slip system in the specimen.

illustrates the primary slip plane B and direction 4 in the gauge part. The
primary slip direction 4 is parallel to the front surface.

2.2. Testing method and condition

Tension—-compression fatigue tests were performed using a loading
device for micron-sized samples (Unisoku, Japan) [30]. The apparatus
comprises a piezoelectric actuator, a load cell with a capacity of 500 mN,
a capacitive displacement sensor, and a gripper. The device can apply
cyclic displacements under a constant amplitude to the specimen. The
load and displacement values resolutions are 1 uN and 0.6 nm, respec-
tively. The load cell and displacement sensor were calibrated before the
tests. Two hundreds points of load and displacement data are acquired
per cycle and imported into a control PC.

The specimens were first oriented precisely to the gripper and left
standing for at least 12 h to eliminate any system drift effects. The
gripper could be opened and closed symmetrically relative to the central
axis and could grip or release one end of the specimen using a built-in
microactuator (Fig. 3(a)). As the dislocations generated at the location
where mechanical gripping was performed might flow into the gauge
part, the specimen was gripped near the tip of the top part. Fig. 3(b)
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shows a TEM image of the gauge part of an extra specimen with a 5 pm-
width after gripping, which was thinned to 200 nm using FIB processing.
The black areas outside both sides of the specimens were protective
tungsten films. No dislocation inflow from the top part was observed;
however, a few initial dislocations existed in the gauge part. The dislo-
cation density obtained using a stereological method [33] was calcu-
lated from images as ~5.9 x 10'2/m? close to dislocation density of
well-annealed metals (10'°/m?-10'2/m?2). The entire loading device
was installed inside an FE-SEM (SU5000, Hitachi Hi-Tech, Japan) for
detailed in-situ observations of the fatigue process. Tension—compression
cyclic deformation tests were performed at a constant displacement
amplitude. The applied displacement amplitude, A5/2, was chosen to
obtain saturation-resolved shear stress amplitudes in the primary slip
system B4, which was lower than Atpgg/2 (~52 MPa for Ni single
crystals 12). Sinusoidal deformation was applied to each specimen at a
frequency of 1 Hz with a displacement ratio, Smin/Smax = —1, while
recording the load, and displacement at 0.005 s intervals. Table 1
summarizes the specimens, the applied number of cycles and applied
displacement amplitude, A5/2. Note that A5/2 includes the displacement
of the strain generator of the load cell. For specimens 2-1, 2-3, 5-1, and
5-2, cyclic loads were applied up to 3500 cycles. On the other hand, for
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Fig. 3. (a) Specimen gripping for uniaxial tension—compression loading, and (b) TEM image of gauge part after gripping.
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Table 1

Applied displacement amplitudes, number of cycles applied to each specimen and average amplitudes after saturation.
Specimen AS5/2 N ATsar /2 Specimen AS5/2 N ATsar./2
specimen 2-1 100 nm 3500 36.4 MPa specimen 5-1 525 nm 3500 33.9 MPa
specimen 2-2 100 nm 15,000 40.4 MPa specimen 5-2 575 nm 3500 38.3 MPa
specimen 2-3 100 nm 3500 42.9 MPa specimen 5-3 525 nm 30,000 36.9 MPa

specimens 2-2 and 5-3, cyclic loads were applied up to 15,000 and 30,
000 cycles, respectively, in order to confirm whether there were no
noticeable changes after 3500 cycles.

After each test, the specimen surfaces were carefully observed using
a high-resolution FE-SEM (S-5500, Hitachi Hi-Tech, Japan). Then, the
specimens were thinned to approximately 200 nm via FIB processing,
and the damaged layer was removed via Ar ion milling. Subsequently,
their interior structures were examined via UHV-TEM (JEM-1000 K RS,
JEOL, Japan). Tungsten was deposited on the specimen using the FIB
apparatus to enhance their rigidity and suppress warpage during thin-
ning. In situ SEM observations were performed in vacuum (< 2.0 x 103
Pa) at an accelerating voltage of 3.0 kV. The cyclic loading tests were
interrupted at specific cycles to acquire high-resolution FE-SEM images
at a low scan speed.

3. Results and discussion
3.1. Load-displacement curves

Fig. 4 shows typical load-displacement curves up to N = 50. The
vertical axis represents the deviation from the average load in each

cycle. For specimen 5-2 (Fig. 4(a)), a plastic strain displacement
amplitude Aéd, /2 was observed at N = 1, which decreased with

increasing number of cycles. This indicated work-hardening. On the
other hand, specimen 2-1 (Fig. 4(b)) did not show significant decrease
in Adp1./2. Similar behavior was observed for the other specimens.

3.2. Variations in displacement and stress amplitudes

Fig. 5 shows the plots of (a) displacement amplitude, A5/2, and (b)
resolved shear stress on the primary slip system B4, Azp4/2, as a function
of the number of cycles, N, for specimens. The resolved shear stress can
be obtained by

Trs = P/A-m, (@D)]
where A is the cross-sectional area of the gauge part and m is the Schmid
factor. As shown in Fig. 5(a), the displacement amplitudes remained a
constant throughout the tests. In Fig. 5(b), the stress amplitudes of the 5-
pm-wide specimens increased during the first few tens of cycles. How-
ever, the stress amplitude of each specimen remained nearly constant
throughout the tests, and no significant fatigue-induced hardening or
softening was observed except in the early stages. Table 1 summarizes
the average amplitudes for the four specimens after saturation. Although
the saturated stress amplitudes varied slightly among the specimens in
the range of 34-43 MPa, they never exceeded 52 MPa, i.e., ATpgp/2 in
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Fig. 4. Load-displacement curves at N =1, N=5, N = 10 and N = 50: (a) 5-pm-wide specimen (specimen 5-2) and (b) 2-pm-wide specimen (specimen 2-1).



T. Sumigawa et al.

(@) g 700 ——
s L ]
1 600 & .
§ 500_“#_ ]
= - e specimen 2-1 |
g‘ 400 * specimen 2-2 |1
®© i e specimen 2-3 |1
€ 300 ° specimen 5-1 |7
(0] - . 4
£ i * specimen 5-2 |
8 200 I * specimen 5-3 | |
@
= 100 3—-—- -
Qo L 1 (( I L (( 1 1

0 2000 4000 1 5000 30000

Number of cycles N, cycle

Acta Materialia 277 (2024) 120208

e

g m—
= 30 specimen 2-1 |-
¥ f e specimen 2-2 | -
< ook * specimen 2-3 |

L ° specimen 5-1 | |
10 * specimen 5-2 | |
* specimen 5-3
) 1 L 1 (( L ] ()() . 1
0 2000 4000 15000 30000
Number of cycles N, cycle

Resolved shear stress amplitude

Fig. 5. Change of (a) displacement amplitude and (b) resolved shear stress amplitude during tension-compression cyclic loading tests.

the bulk Ni.

3.3. In- situ observations during testing

Fig. 6(a) shows the in-situ FE-SEM images for specimen 5-1. No
noticeable slip zones or significant changes were evident at N = 1.
However, the images for N =10 and N = 100 show small waves due to a
slip activity, as observed on the sides of the gauge part (i.e., left and right
surfaces). Although the degree of waviness increased slightly as the
number of cycles increased, it did not grow into a bump that would
result in crack initiation. In specimen 5-3, where the number of cycles

was 30,000, no cracks were observed as well.

Fig. 6(b) shows the in-situ FE-SEM images of specimen-2-1. At N =1
and N = 10, no evident slippage was noticed. However, at N = 300,
slight unevenness due to slip deformation could be observed on the left
and right surfaces, which developed further as the number of cycles
increased. At N = 3500, prominent extrusions and crack-like intrusions
became apparent. The process of fatigue damage in this specimen was
similar to that in 2-um-wide single-crystal Cu specimens at resolved
shear stress amplitudes lower than Atpgp/2 for the bulk [30,32].

Fig. 7(a) shows the SEM images of front and right surfaces of spec-
imen 5-1 after the tension-compression test. The specimen exhibited

=100 =1000 N = 3500
(b)
Intrusion
Slight unevehess
Extrusion
N=10 N =300 N=1100 N = 3500

Fig. 6. (a) In- situ FE-SEM observation images of 5-pm-wide specimen (specimen-5-1) and (b) 2-pm-wide specimen (specimen 2-1).
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Fig. 7. FE-SEM images of the front and right surfaces of (a) specimen 5-1 and (b) specimen 2-1 after testing.

sliding at the gauge part due to the activity of the primary slip system B4,
as confirmed based on the observed slip lines and slip direction. Fig. 7
(a)-i and -ii show the magnified images of the regions in which slip lines
can be clearly observed. In the specimen, the slip deformation was
caused by the sliding of multiple plates with thicknesses of ~15-20 nm
(Fig. 7(a)-i). Small undulations can be observed on the left and right
surfaces; however, these evidently did not develop into intrusions/ex-
trusions and no cracks are visible. Other specimens (specimens 5-2 and

(a)

Protective
tungsten (W)

High-dislocation-
density-region

5-3) showed similar morphologies.

Fig. 7(b) shows the SEM images of specimen 2-1 after testing, where
slip deformation due to the activity of slip system B4 can be observed.
Slippage caused intrusion/extrusion to appear on the left and right
surfaces of the specimen. Fig. 7(b)-i shows a magnified image of the area
where this slip occurred. The deformation was caused by slippage along
the slip system B4 at intervals of 15 to 20 nm. The radius of curvature at
the root of the intrusion shown in Fig. 7(b)-ii was extremely small, so

Protective
 tungsten (W)

Fig. 8. STEM images of (a) specimen 5-1 and (b) specimen 2-1 after fatigue testing.
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this intrusion is expected to grow into a crack. Specimens 2-2 and 2-3
also exhibited eminent extrusion and crack-like intrusion initiation.

3.4. Dislocation structures

Fig. 8(a) and (b) show the scanning transmission electron micro-
scopy (STEM) bright-field images of the gauge parts of specimens 5-1
and 2-1, respectively. Compared with the TEM image before the test
(Fig. 3(b)), the STEM images show several dislocations and a dislocation
structure formed during cyclic loading. The image of specimen 5-1
(Fig. 8(a)) shows unevenly distributed regions with high-dislocation-
density; dislocations parallel to the slip direction appeared (Fig. 8(a)-
i), similar to the veins and channels observed in the bulk. In the case of
specimen-2-1 (Fig. 8(b)), a wall-like narrow (~100-nm wide) high-
dislocation-density region was observed in the middle of the gauge
part, whereas no region speckled with a high density of dislocations was
observed as the case for specimen-5-1 after testing. The narrow region
was almost perpendicular to the slip direction, and dislocations parallel
to the slip direction is visible (Fig. 8(b)-i).

To identify the properties of dislocation structures, g-b analyses
(Appendix) were performed on 5-ym- and 2-pym-wide specimens. Fig. 9
shows (a) the STEM bright-field images taken from the [111] zone di-
rection and (b) the dark-field images used for the g-b analysis of the
gauge part of specimen 5-2. As shown in Fig. 9(a), high-dislocation-
density regions were distributed sparsely and dislocations parallel to
the primary slip direction were observed between the regions (see the
enlarged view). Although these dislocations were visible in the dark-
field images in Fig. 9(b)-i and ii, they mostly disappeared in Fig. 9(b)-
iii. The direction where dislocations were invisible under the excitation
conditions used to obtain Fig. 9(b)-iii was only +1/2[011], corre-
sponding to the primary slip direction 4. Fig. 10(a) shows a pair of
bright-field stereo images of specimen 5-2 acquired from different
observation angles for the high-dislocation-density region. The high-
dislocation-density-region in the left image taken from the thickness
direction ([111] zone direction) of the thin specimen was thinner than
that in the right image taken from the tilted direction ([114] zone di-
rection) (see arrows in the figures). These images confirmed that the
high-dislocation-density regions elongated in the thickness direction of

Right
surface

g=224
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the thinned specimen. These results indicate that the high-dislocation-
density regions comprise bundles of edge dislocations with Burgers
vectors parallel to the primary slip direction 4, which is equivalent to
those of veins. In addition, screw dislocations extended in the primary
slip direction, as evidenced from the direction of the dislocation line and
Burgers vectors. Thus, 5 pm-wide specimens developed a dislocation
structure comprising veins and channels (Fig. 1(b)), equivalent to that in
the bulk metal subjected to cyclic loading at a stress amplitude lower
than ATPSB/z in bulk Ni.

Fig. 11 shows the (a) bright-field and (b) dark-field images used for
the g-b analysis of the gauge part of specimen 2-2, respectively. In
Fig. 11(a), a narrow high-dislocation-density region with a width of
several hundred nm was found in the center of the gauge part and dis-
locations parallel to the primary slip direction were distributed in other
areas (see the enlarged view). Although these same dislocations can be
observed in Fig. 11(b)-i and -ii, they are completely absent in Fig. 11(b)-
iii. The excitation condition used to produce the image in Fig. 11(b)-iii
make the dislocations with Burgers vectors parallel to the primary slip
direction 4 invisible. Fig. 10(b) shows a pair of bright-field stereo images
of specimen-2-2 acquired from different observation angles. The narrow
high-dislocation-density-region in the left image (g = 0 2 2) becomes
wider in the right image taken from the tilted direction ([121] zone
direction) (see arrows in the figures). This indicates that the narrow
high-dislocation-density regions have the appearance of walls standing
in the thickness direction of the thinned specimen. These findings sug-
gest that the narrow high-dislocation-density regions were dislocation
walls composed of edge dislocations with Burgers vectors in the primary
slip direction 4. In addition, dislocations extending in the primary slip
direction constitute screw dislocations, and the regions are equivalent to
the channels that are found in the bulk. Thus, the dislocation structure of
2 pm-wide specimen was similar to the ladder-like dislocation structure
composed of walls and channels (Fig. 1(c)), which is seen in the bulk
metal.

3.5. Fatigue of micron-sized Ni single crystal

In this study, cyclic loading tests were performed on 5-pm-wide and
2-pm-wide specimens at stress amplitudes lower than Atpgp/2 in the
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Fig. 9. (a) Bright-field images of the gauge part of specimen 5-2 and (b) dark field images for g-b analysis.
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[121] zone direction

Fig. 10. Pairs of bright-field stereo images of (a) specimen-5-2 and (b) specimen-2-2.

(a)
High-dislocation- S So8
density-region

Left : T

Right
surface

surface

g=224

g=242

Fig. 11. (a) Bright-field images of the gauge part of specimen 2-2 and (b) dark field images for g-b analysis.

bulk Ni. The results revealed that only the 2-pm-wide specimens
developed eminent extrusion and crack-like intrusion. This indicates
that “smaller is weaker”. Detailed observation of the internal structure to
identify this mechanism revealed that only 5-pm-wide specimens had a
dislocation structure characterized by veins and channels, equivalent to

b
@ i Image force (b)
(Traction force)
Edge 1~ —T<_lmage
dislocation dislocation
Surface

Surface

that in the bulk metal. The formation of the stable veins prevented fa-
tigue cracking in specimens of this size. However, veins were conspic-
uously absent within approximately 1 um of right and left surfaces
(Figs. 8(a) and 9(a)) due to the presence of an image force which is a
virtual force acting on dislocations to fulfill the equilibrium equations of

()

Surface-affected Surface-affected

Edge dislocation

\ Slip deformation
zone

—_—

1 um

Screw
dislocation 4 ;m

Fig. 12. (a) Schematic illustrations showing ejection of an edge dislocation from a surface by image force. Fatigue dislocation structures of (b) 5 pm-wide and (c) 2

pm-wide specimens after tension—compression cyclic loading.
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stress at the surface [34,35] (Fig. 12(a)-i). This force considerably
influenced the dislocations positioned near the surface, thereby facili-
tating the migration of edge dislocations with the Burgers vector in slip
direction 4 positioned near the left and right surfaces and ultimately
leading to their expulsion (Fig. 12(a)-ii). Consequently, in 5-pm-wide
specimens, veins comprising edge dislocations failed to extend to a
depth of 1 pm from the surfaces (Fig. 12(b)). The underlying rationale
governing the 1-um extent of the surface-affected region will be further
investigated from a mechanical and crystallographic standpoint in the
future work. On the other hand, for the 2-pym-wide specimens, this
surface-affected regions of 1 ym occupied the entire gauge part (Fig. 12
(c)). Therefore, veins did not develop in this specimen. Instead of thick
veins, a thin dislocation wall emerged in the central region of the gauge
part and screw dislocations extended on both sides of the wall, carrying
plastic deformation (Fig. 12(c)). These dislocations resembled a
ladder-like structure observed in the bulk metal. The PSBs, attributable
to the formation of the ladder-like structure, carry significant plastic
strain, thereby precipitating surface intrusions/extrusions and subse-
quently undergoing fatigue cracking. Based on a similar mechanism, the
2-um-wide specimens generated intrusions/extrusions and cracks even
at the stress amplitudes lower than Atpgg/2 in the bulk Ni. Another
simulation study [36] indicated that veins changed to walls influenced
by the surfaces in micron-sized metals, which complements the afore-
mentioned mechanism. Self-organization is the result of the arrange-
ment of dislocations into energetically lower structures owing to
mechanical cyclic loading. In bulk metals subjected to cyclic loading at
stress amplitudes lower than the Atpgp/2, the formation of veins reduces
the total energy of the system. On the other hand, in environments
where the material dimensions were small and the ratio of the
surface-affected region (region affected by mirror forces) to volume was
large, the dislocation wall with narrow widths (around 100 nm) became
low-energy structures. In other words, in order to form veins, the ma-
terial must have sufficient dimensions to allow for their presence. For
materials containing voids or other defects inside, the fatigue strength
increases with miniaturization [37]. However, in a situation where the
strength is governed by the self-organized dislocation structures, such as
veins and ladder-like structures, a reduction in fatigue strength due to
dimensional shrinkage can occur.

Material strength augmentation via miniaturization has garnered
some attention due to its potential utility in strength-oriented designs.
However, the demonstrated reduction in fatigue strength of metal single
crystals may raise concerns in strength design, necessitating the devel-
opment of countermeasures.

4. Conclusion
The fatigue dislocation structure of Ni single crystals, featuring di-

mensions on the order of several micrometers, was meticulously
examined and its characteristics were elucidated. Cyclic

Appendix

g-b analysis
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tension—compression tests were performed on Ni single-crystals with
gauge widths of 2 and 5 pm at stress amplitudes lower than the threshold
for fatigue crack initiation in the bulk metal. Small undulations were
generated on the surfaces of 5-um-wide specimens; however, no in-
trusions/extrusions and cracks were observed and veins and channels
were formed in their interiors. This fatigue behavior and microstructure
were similar to those of the bulk metal. Notably, these specimens
revealed no veins in the region approximately 1 ym from their side
surfaces, possibly because a microstructure containing edge dislocations
did not exist in this region owing to the image force from the surfaces. In
contrast, 2-pm-wide specimens exhibited eminent extrusions and crack-
like intrusions that were unexpected at low stress amplitudes. Veins did
not develop within the specimens because the surface-affected regions
occupied the entirety of the gauge part. Instead, a narrow dislocation
wall emerged. The plastic deformation of this specimen was carried by
screw dislocations on both sides of the wall. This structure and defor-
mation mechanism resembled a ladder-like morphology of PSBs in the
bulk metal. Results indicate that metal single crystals featuring di-
mensions on the order of a few micrometers can reach fatigue failure
even under low stress amplitudes, primarily due to the absence of vein
formations, elucidating a critical aspect of fatigue behavior in small-
scale metals.
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Reducing the number of excited spots and extracting diffraction waves at a particular crystal plane is possible in TEM observations by shifting the
incident direction of electron beam relative to the crystal zone axis. This feature can be used to analyze the characteristics of dislocations. When the
following relation is established between the displacement vector of a dislocation, R, and the diffraction vector, g, the contrast of the dislocation

disappears**.

gR = 07

where,

R = Ab : screw dislocation, R =Bb+ C(b xu) : edge dislocation.

(A1)

(A.2)

A, B, and C are constants, and u is the unit vector in the dislocation line direction. Since the impact of the second term in the edge dislocation
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equation is small, the disappearance condition for the dislocation is generally given by the following equation,

gb=0. (A.3)
If two g vectors (g 1 and g o) are identified, satisfying the disappearance condition, the Burgers vector of the dislocation is determined by
b=g, xg,. (A.4)
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