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There are abundant studies on deformation mechanisms in metallic materials dominated by grain boundaries and
twin boundaries. In comparison, the influence of stacking faults on deformation mechanisms of materials remains
less well understood. Recent studies have shown that when the density of stacking faults increases sharply, their
influence on mechanical behavior of metallic or ceramic materials becomes prominent, and in fact, dominates in
some cases. This article reviews recent research progress on how nanoscale stacking faults impact the mechanical

behavior of metallic and ceramic materials. We primarily focus on studies that reveal the formation of pre-
existing stacking faults, their interactions with dislocations, and phase transformations during plastic deforma-
tion as evidenced by experiments and simulations. The aim of this review is to highlight the potential oppor-
tunities in using stacking faults to tailor the deformation mechanisms of advanced materials.

1. Introduction

Twin boundaries (TBs) and stacking faults (SFs) are common planar
defects in face-centered cubic (FCC) and hexagonal close packed (HCP)
metals. Lu et al. revealed high-density TBs in nanotwinned Cu enhanced
the strength of Cu while retaining good ductility [1]. Simultaneously
Zhang et al. showed that TBs in nanotwinned stainless steels were
effective barriers to the transmission of dislocations [2]. Since then,
extensive studies have focused on the fabrication of nanotwinned
metals, and understanding their mechanical behavior via both experi-
ments and simulations [2-43]. It has been shown that TBs not only
strengthen the materials, but also emit mobile dislocations, and thus
permit good plasticity and work hardening ability in nanotwinned
metals [1,12,15,18,30-32,37,38,44-52].

Although SFs were frequently observed in various metallic materials,
the effects of high-density SFs on mechanical behavior received less
attention in comparison to TBs. FCC and HCP metals with low stacking
fault energy (SFE) or nanoscale grain size tend to form SFs during plastic
deformation. However, it is difficult to investigate the role of SFs on
mechanical behavior because most SFs formed after plastic yielding.
Recently, several metallic and ceramic materials with abundant pre-
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existing SFs were fabricated, providing good opportunities to investi-
gate the relationship between SFs and mechanical behavior. In this re-
view article, we will summarize the current views on the significance of
SFs on mechanical behavior of metallic and ceramic materials and
discuss unresolved issues for future studies.

2. Fabrication and microstructure of metals and ceramics with
pre-existing SFs

SF is a planar defect that consists of atomic layers with altered
stacking sequences, mostly found in close-packed crystal structures. SFs
that are formed by vacancy agglomeration are named as intrinsic SFs
and others produced by interstitial agglomeration are named as extrinsic
SFs (Fig. 1la) [53]. Metals with low-to-medium SFE can form
high-density SFs easily during a non-equilibrium process like magnetron
sputtering [3,54-60] or, by plastic deformation such as ball milling [61],
rolling [62-64], surface engineering [65,66], torsion [67], and tensile
deformation [68,69]. Co films deposited on Cu seed layer grew epitax-
ially and contained high-density SFs [54,56]. Inclined and intercepting
SFs in FCC (100) Co had an average spacing of 25 nm on different sets of
{111} planes (Fig. 1b), nucleating from the Cu/Co interface due to the
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Fig. 1. (a) Schematic of intrinsic and extrinsic SFs in FCC structure [53]. (b) Inclined SFs on different (111) planes in FCC Co thin film [56]. (c) Parallel SFs on basal
planes in HCP Co thin film [54]. (d) SFs on basal plane in Mg alloys after hot rolling to 88% strain [63]. (e) SFs in nanocrystalline Ti thin film [59]. (f) Nanoscale SFs
in Al 1CoCrFeNi high entropy alloys [58] (g) Dark field TEM micrograph showing SFs in FesoMnzoC010Cr1o [64]. (h) Bright field TEM image of a grain with a high
density of SFs and TBs in ZnS [79]. (i) Bright-field TEM micrograph showing an area of the flash-sintered TiO, containing SFs [80].
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lattice mismatch strain. The high-density SFs in Co (100) also stabilized
the FCC phase at room temperature. In HCP Co (0002), parallel SFs
formed on basal planes, with an average SF spacing of 9 nm (Fig. 1c). In
Mg alloys, SFs on basal planes became the dominant defects when
sample thickness reduction by hot rolling exceeded 50%, and the SF
spacing decreased to 16 nm after 88% of thickness reduction (Fig. 1d)
[63]. In addition to the applied shear stress during hot rolling, the
decrease in the SFE induced by Y and Gb solutes [70,71] also promoted
partial dislocation migration and SF formation in Mg alloys [63].
High-density SFs were also observed in sputtered nanocrystalline Ti thin
films (Fig. 1e) [59]. SFs have also been reported in some high entropy
alloys due to their low SFE [58,60,64,72-77]. In Alg1CoCrFeNi, a low
deposition rate promoted nanoscale TB formation, while a high depo-
sition rate induced nanoscale SFs (Fig. 1f) [58]. Interestingly, previous
studies showed that a higher deposition rate promoted the formation of
TBs in nanotwinned metals [78]. The influence of deposition rate on the
formation of TBs versus SFs needs more investigations. In dual-phase
high entropy alloys, such as Fe5oMn3yCo1¢Crig, SFs with various thick-
ness were also observed after water quench (Fig. 1g) [64].

In general, compared with metals, SFs are rarely observed in most
ceramics because the dislocation density is much lower and the dislo-
cations are less mobile. Interestingly, high-density SFs and twins have
been observed in some ceramics, such as ZnS with low SFE (6 mJ/m?)
synthesized using vacuum hot-pressing technique (Fig. 1h) [79].
Recently, flash sintering has enabled the fabrication of fully dense ce-
ramics with high-density defects [80-84]. Fig. 1i shows high-density
dislocations and SFs in the flash-sintered TiOy [80]. Rapid sintering
introduces plastic deformation at high temperatures within a short time
followed by a rapid cooling process, which may generate and “freeze” a
large number of dislocations and SFs in the flash-sintered TiO,. Massive
formation and migration of O vacancies occurring due to the electric
field at the onset of flash sintering may also promote the creation of
high-density defects after flash sintering [80].

3. SFs in FCC metals and their impact on mechanical behavior

Compared with the extensively studied TBs in FCC metals [1,9,10,
13-15,38,44,45,85-99], there are scattered studies on the significant
impact of SFs on the mechanical behavior of FCC metals. As mentioned
previously, a recent study showed that a 1 pm thick metastable FCC Co
film was stabilized with high-density SFs nucleating from the Cu/Co
interface along multiple {111} planes (Fig. 1b) [56]. The mechanical
behavior of the FCC Co film was tested using in situ pillar compression
(Fig. 2) [56]. In general, the SFs in FCC Co contribute to hardening while
maintaining good deformability. Surprisingly, both strain hardening and
strain softening were observed in FCC Co with SFs depending on the
applied strain rate. As shown in Fig. 2, considerable softening was
observed in Co tested at low strain rate (1 x 10*3/5), in contrast to the
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stress plateau at high strain rate (5 x 1073/s).

MD simulations revealed the deformation mechanisms of FCC Co
nanopillar with pre-existing SFs [56]. Both strain hardening and soft-
ening were observed during compression. During the hardening stage,
dislocation penetration is prohibited by intersecting SFs and the for-
mation of Hirth locks (Fig. 3al-a4). During the softening stage, partial
dislocations cross slip along SFs, leading to defaulting and detwinning
(Fig. 3b1-b4). The MD simulations, although performed at significantly
higher strain rates than experiments, provide a plausible explanation for
the strain-rate dependence. At low strain rate strain softening prevails
due to insufficient density of Hirth locks. Whereas at higher strain rate,
abundant Hirth locks form and can effectively resist the migration of
partials, and lead to substantial work hardening. FCC single crystal
metals with submicron pillar size often exhibit serrated flow behavior
during plastic deformation [100-104] due to dislocation avalanches.
However, in single crystal FCC Co, the inclined SF ribbons form barriers
to the transmission of partial dislocations and suppress dislocation av-
alanches, which can only be achieved previously by increasing pillar
diameter in single crystal FCC metals [102,105]. When SFs interact with
dislocations in FCC metals, they can also nucleate new dislocations,
which penetrate SFs or migrate along SFs. The latter mechanism has also
observed analogously in TB-dislocation interactions, which improve the
ductility of nanotwinned metals.

The interaction mechanisms between a screw dislocation and a sin-
gle SF in FCC metals was studied via MD simulations by Wei et al. [106].
They showed that leading partial dislocations are generally blocked by
the SF until recombination of the leading partial and the trailing partial
occurs under sufficient external stress. The interactions between lattice
screw dislocations and SFs are classified into three categories. First, a
lattice dislocation dissociates into a partial dislocation and cross slips
along the SF, forming an extrinsic SF (Fig. 3d). Second, a lattice dislo-
cation dissociates into a partial dislocation and cross slips along the SF,
leading to SF annihilation (Fig. 3e). Third, a lattice dislocation pene-
trates through the SF (Fig. 3f). The interaction is determined by various
parameters including SFE, unstable SFE, and the applied shear stress.
The stress necessary for the dislocation to cross slip along the SF or
penetrate through the SF is higher than the critical resolved shear stress
for the recombination of partial dislocations, leading to the strength-
ening effect of SFs [106].

To summarize, SFs in FCC metals play a valuable role in mitigating
the strength-ductility trade-off. Strengthening by SFs depends on
dislocation-SF interactions as well as SF configuration, while plastic
deformation is accommodated by cross-slip of partial dislocations along
SFs.

4. SFs in HCP metals and their role in mechanical behavior

Although FCC metals with SFs have been less well investigated, there
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Fig. 2. In situ SEM micropillar compression tests showing strain rate dependent deformation of FCC (100) Co [56]. (a) Strain softening was observed at low strain
rate (1 x 10~3/s, red), whereas prominent strain hardening was observed at a high strain rate (5 x 10~3/s, blue). (b—c) In situ SEM snap shots show that the FCC (100)
Co pillars exhibited prominent barreling. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Harden | ng due to mterceptlon of SFs and sessnle dislocations

Fig. 3. (a,b) Atomistic simulation of deformation in FCC Co with intercepted SFs using common neighbor analysis [56]. (al-a4) In the hardening region, the
interception of SFs leads to sessile locks, and the thickening of SFs leads to the HCP Co. (b1-b4) At a higher strain level, a SF was initially blocked by an HCP laminate,
then the Shockley partial from the SF glided along the HCP phase, leading to gradual defaulting and softening. (c) A screw dislocation approaches the SF and in-
teractions are categorized as 3 modes [106]. (d) For the mode 1 in Au, after interaction, a SF envolved into an extrinsic SF by the emission of two twinning partials
adjacent to the SF. (e) For the mode 2 in Al, after interaction, a SF was annihilated by the emission of two trailing partials along the SF. (f) For the mode 3 in Ni, lattice

dislocation transmitted across the SF.

are scattered studies on deformation mechanisms of HCP metals with
high-density SFs. Wu et al. prepared 2 pm nanocrystalline Ti films with
abundant SFs as shown in Fig. 4a-d [59]. Nanoindentation tests show
that the strength ¢ (Hardness/2.7) of nanocrystalline Ti with SFs can
approach 4.4 GPa (Fig. 4e). Compared with strength of Ti in other
studies, the nanocrystalline Ti with SFs has highest strength ¢ and
largest Hall-Petch slope Kgr. The fundamental strengthening mecha-
nisms remain unclear.

Jian et al. [63] fabricated Mg alloys with nanoscale SFs via hot
rolling. With the increasing rolling strain, the average SF spacing
decreased to 16 nm (Fig. 1d). Tensile tests (Fig. 5a) showed that the yield
strength increased with reduction in thickness. The ductility of Mg alloys
(Fig. 5) decreases after the initial 50% thickness reduction after hot
rolling, but further increase in rolling strain leads to strengthening
without additional deterioration of the ductility. Fig. 5b shows a linear
relationship between yield strength and the reciprocal of the average SF
spacing, 1/d. It is worth mentioning that this linear relationship has only
been observed in HCP Mg, and further investigations are necessary in
other materials with nanoscale SFs. Post deformation TEM analyses

show that some SFs were broken into short segments (Fig. 5c¢), and
high-density dislocations were trapped in between SFs (Fig. 5d). These
observations indicate that dislocations slip along pyramidal or prismatic
planes are blocked by SFs, which lead to strengthening. The accumu-
lation of dislocations between SFs enables work hardening capability.
Su et al. [54] sputter-deposited HCP Co with high-density parallel
SFs on basal planes (Fig. 1c). In situ micropillar compression tests
showed that HCP Co with SFs had a high yield strength, 1.1 GPa and
work hardened significantly to a flow stress of 2.0 GPa (Fig. 6a). SEM
snapshots during compression (Fig. 6b—e) show that HCP Co experiences
a uniform deformation without forming any cracks or shear bands up to
20% strain. Post deformation TEM analyses (Fig. 7) reveal that FCC Co
phase formed after compression and high-density inclined SFs in FCC
phase were observed (Fig. 7c and d). This observation suggests that
HCP-to-FCC phase transformation dominates the plasticity in HCP Co
since dislocation slip and deformation twinning are prohibited due to
crystal orientation, parallel SFs and small columnar grain size [54]. MD
simulations (Fig. 8) probed the atomistic deformation mechanisms and
detailed phase transformation process of HCP Co pillars with SFs. As the
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Fig. 4. (a,b) TEM and HRTEM images of Ti film samples showing SFs before deformation. (d) is the magnified view of the boxed regions in (c) near to the indenter
tip, showing the SF-dislocation interactions. (e) The strength vs. grain size plot shows a greater Hall-Petch slope of Ksr = 20.0 GPa nm'/? for SF strengthening than

those of deformation twinning and dislocation slip [59].
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Fig. 5. (a) Engineering stress—strain curves of Mg alloys [63] after hot rolling with different thickness reductions. (b) Yield strength increases monotonically with the
reciprocal of SFs spacing of the hot rolled Mg alloys. (¢c) TEM images of 88% hot rolled Mg alloy after tensile test showing SFs interacted with dislocations marked by

white arrows. (d) High-density -dislocations were observed between SFs.

stress increases, Shockley partials start to glide along the SF planes,
resulting in defaulting (Fig. 8c). The increase of SF spacing facilitates the
nucleation of FCC Co phase on the inclined {111} planes (Fig. 8d). The
glide of Shockley partials in the FCC Co phase on the inclined (111)
planes leads to SFs (HCP Co) in the FCC phase, and triggers plastic

yielding manifested by a major stress drop (Fig. 8a). Phase trans-
formation generally requires higher stress, thus strengthens the pillar,
while it also accommodates plastic deformation.

In summary, SFs enhance the mechanical strength of HCP metals by
hindering dislocation migration, similar to the strengthening
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Fig. 6. In situ micropillar compression tests on HCP Co at a strain rate of 5 x 10~3/s [54]. (a) True stress-strain curves show HCP Co has prominent work hardening
and a flow stress approaching 2 GPa. (b-e) SEM snapshots of an HCP Co pillar showing uniform deformation.
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Fig. 7. Cross-section TEM micrographs of a HCP Co pillar deformed to 20% true strain [54]. (a) A low magnification TEM micrograph showing no shear bands or
cracks. (b) A higher magnification TEM micrograph shows inclined SFs (c, d) HRTEM micrographs of the boxes in Fig. 7b show the coexistence of FCC and HCP Co.
High-density inclined SFs were captured in FCC Co.

mechanism observed in FCC metals. In addition, if dislocations glide to simultaneously strengthen the material and accommodate plasticity.
along SFs, HCP-to-FCC phase transformation is triggered to accommo-
date plasticity, especially when dislocation and deformation twinning
are inhibited in nanoscale samples. Thus, SFs in HCP metals are effective
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Fig. 8. MD simulations of compression tests
of HCP Co pillar with parallel SFs [54]. Or-
ange, purple and white colors correspond to
FCC, HCP and unidentified structures,
respectively. Green and red lines are Shock-
ley partial dislocation and other dislocations
including stair rod dislocations. (a) Left
panel: The stress-strain curve shows a high
yield strength of 12 GPa. Right panel: HCP
Co pillar before and after compression (to
9.8% strain). HCP-to-FCC phase trans-
formation was observed. (b) Elastic defor-
mation in the HCP Co pillar to a strain of
3.9%. (c) When ¢ = 4.0%, Shockley partials
emerge along SF planes. (d) When ¢ = 4.3%,
the Shockley partials glide along SFs,
causing defaulting of the pre-existing SFs
and of FCC Co forms on the inclined planes.
(e) At 4.7%, inclined SFs form in FCC Co and
penetrate through the preexisting horizontal
SFs, leading to the stress drop. (f) By 4.8%,
the density of inclined SFs increases while
some of the horizontal SFs are removed. (For
interpretation of the references to color in
this figure legend, the reader is referred to
the Web version of this article.)

Fig. 9. In situ TEM study showing dislocation-SF interactions in FeCoNiCrAly ; high entropy alloy [75]. (a-b) TEM images showing the cross slip of the dislocations
from the primary plane to the conjugate plane. (c) TEM images of the cross-slip dislocation dissociated into a Frank and Shockley partial. A SF formed via partial

migration. (d) Frank partials formed on the conjugate planes.
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5. SFs in high entropy alloys and their roles in mechanical
behavior

High entropy alloys have received broad attention due to their
unique microstructure and properties [58,60,64,72-77,107-115].
Traditional alloys are usually based on one primary element, with
additional elements added to tune the microstructure and the resulting
properties. However, high entropy alloys normally contain several ele-
ments with similar concentration, forming simple crystal structures,
such as FCC or BCC structure, thus producing a stable solid solution state
and high entropy of mixing [77,111-113,115]. Interestingly, in some
FCC high entropy alloys with low SFE, SFs have been observed and these
defects can largely impact the deformation mechanisms and mechanical
properties. In this section, we will discuss the role of SFs in these high
entropy alloys in tailoring mechanical properties.

Bulk FeCoNiCrAlp; system with their low SFE, ~30 mJ/rnz, was
studied by Liu et al. [75] using in situ technique to investigate the
twinning behavior during plastic deformation. Dislocations that slip
along the primary slip planes were blocked by the SF ribbon (Fig. 9),
showing similar strengthening effect of SFs by impeding dislocation
motion. Cross-slip along the conjugate plane was also observed, leaving
behind a Frank dislocation on the SF. This study demonstrates that
cross-slip is important to twin nucleation and thickening, induced by
partial dislocation migration along SFs and TBs. Thus, SFs in FeCo-
NiCrAly; effectively block dislocations migration and promote
twinning.

The microstructure and mechanical properties of Aly ;CoCrFeNi thin
films prepared via sputtering were investigated by Feng et al. [58]. At a
greater deposition rate, the Aly1CoCrFeNi alloy has more SFs, denoted
as SF Alp 1CoCrFeNi (Fig. 10a and b), whereas more growth twins were
observed in the specimen at lower deposition rate (denoted as NT
Alp 1CoCrFeNi shown in Fig. 10c and d). Micropillar compression tests
(Fig. 10e and f) show intrinsic and extrinsic size effects. The power law
exponent of SF Aly 1CoCrFeNi is greater than that of NT Alj ;CoCrFeNi,
indicating a greater work hardening ability. Also the flow stresses of SF
Alg1CoCrFeNi is slightly greater than that of NT Alj;CoCrFeNi
(Fig. 10g). Furthermore, the SF Aly;CoCrFeNi pillar has better
deformability than the NT Alj;CoCrFeNi (Fig. 10h and i). The authors
suggested that SFs were more stable than TBs at the nanoscale, while
detwinning was frequently observed when twin spacing is several nm
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[45,116].

SFs were also observed in the FCC phase in dual-phase high entropy
alloys [60,64,117,118]. By tuning the Mn concentration, Li et al. pre-
pared FesoMnszoCo1oCrio with low SFE and reported its superior me-
chanical properties (Fig. 11a) [60]. A large number of SFs were observed
in the FCC matrix and HCP laminates (Fig. 11b and c). During early
stages of plastic deformation, contrary to the HCP-to-FCC phase trans-
formation observed in HCP metals discussed earlier [54], stress induced
the FCC-to-HCP phase transformation in FesoMnzgCo19Cryo. The phase
transformation induced plasticity together with dislocations contributes
to the good ductility of the dual phase FesoMngoCo;(Cryo. Moreover, the
FCC/HCP phase boundaries acted as obstacles to dislocation migration
and contributed to strain hardening. During the later stage of the plastic
deformation, deformation induced nanotwins and SFs formed continu-
ously in the HCP phase, and significantly strengthened the material.

To summarize, SFs are generally observed in the FCC phase of high
entropy alloys with low SFE, and can effectively strengthen the alloys by
impeding dislocation migration. Meanwhile, SFs are critical in main-
taining plasticity of high entropy alloys by allowing cross-slip and pro-
moting FCC-to-HCP phase transformations.

6. SFs in ceramics and their role in mechanical behavior

Ceramics have many advantages over metallic materials including
high hardness, superior wear and corrosion resistance, and high tem-
perature stability [80,81,119-126]. However, applications of ceramics
have been limited due to their poor ductility at low temperature. This
brittleness at room temperature is attributed to the lack of dislocations
owing to the ionic or covalent bonding in ceramics. One of the ap-
proaches to improve room temperature plasticity of ceramics is to
introduce preexisting planar defects including TBs and SFs [80-82,119,
127,128].

A recently developed sintering technique, known as flash-sintering,
can sinter ceramics to full density within several seconds [80-84,119,
127-138]. Li et al. [80] fabricated TiOy using flash-sintering and
observed high-density preexisting SFs (Fig. 1i). SFs can be created due to
the formation of oxygen non-stoichiometry during flash sintering. An
external electric field can generate electrochemically reducing envi-
ronment for TiO, thereby producing a high density of oxygen vacancy
[139]. Consequently, SFs can be formed by coalescence of the
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Fig. 10. (a—d) Microstructures of the Alj ; CoCrFeNi high entropy alloy with SFs and nanotwins sputter-deposited at high and low deposition rates. (a-b) TEM images
show columnar grains with SFs in (111) textured films. (c-d) The TEM images of Alp;CoCrFeNi with numerous nanotwins. (e-f) Compression engineering
stress—strain plots of alloy pillars with SFs or nanotwins measured at room temperature. The pillars have different diameters (400, 600 and 1000 nm). (g) Comparison
of the strength of SF and NT (nanotwinned) high entropy alloy pillars at different strains (2% and 5%) as a function of pillar diameter or film thickness. (h-i)

Deformed pillars with SFs or nanotwins with a diameter of 1000 nm [58].
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showing the evolution of deformation-induced martensite at various local strain, €),.. TD is the tensile direction. (c) Electron channeling contrast imaging analyses
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this figure legend, the reader is referred to the Web version of this article.)
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high-density oxygen vacancies into planar faults [140]. Conventional
TiO, exhibits catastrophic brittle failure at ~2% strain at room tem-
perature (Fig. 12A1-6). Flash-sintered TiOs shows prominent work
hardening ability to a flow stress of 2-2.5 GPa and small serrations on
the stress-strain curves implying much better plasticity at room tem-
perature than the conventional TiO,. Post deformation TEM images
show high-density SFs formed along shear band direction (Fig. 12¢1,2),
with minor SFs along different direction (Fig. 12¢3). O vacancies and
preexisting SFs promote defect nucleation and propagation during
plastic deformation. Thus, plastic deformation can be accommodated by
propagation of SFs and work hardening capability is improved due to
high defect density.

SFs have also been observed in ZnS due to its low SFE, ~ 6 mJ/m?
[79,141,142]. Cho et al. [79] investigated the mechanical properties of
ZnS prepared by vacuum hot-pressing technique. TEM images of
as-sintered ZnS in Fig. 1h (left) reveal the high-density TBs and SFs in a
sphalerite phase. In situ micropillar compression tests were conducted on
the pillars with a diameter of 3 um at a constant strain rate of 5 x 103/s
at room temperature as shown in Fig. 13a-e. The 3 pm pillars fractured
at different stress and strain levels due to the brittle nature of ZnS, but
still exhibited certain strain-hardening capability, in a drastic contrast to
many brittle semiconductors and ceramics tested at room temperature.

True stress (MPa)

F )
True strain (%)
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The strain hardening capability may arise from the hinderance of
migration of Shockley partials by preexisting SFs and TBs shown in
(Fig. 13f-h) [79].

In summary, preexisting SFs can prominently increase the room
temperature plasticity of ceramics via promoting dislocation nucleation
during deformation and enhancing work hardening capability. It is
worth emphasizing that although there are scattered experimental
studies on ceramics with SFs, computational investigations on the SF-
mediated deformation mechanisms in ceramics remain scarce.

7. SFs in metallic multilayers and their role in mechanical
behavior

Some metallic multilayers have shown SFs coexisting with other
planar defects including TBs and layer interfaces. Zhang et al. studied
the mechanical behavior of Al/Ti multilayers [3] with high density SFs
(Fig. 14). TEM analyses confirm that the volume fraction of SFs increases
with decreasing layer thickness and reaches a maximum of ~ 40% when
layer thickness is 2 nm (Fig. 14f). These high-density SFs may nucleate
from Al/Ti layer interfaces to reduce the strain energy of the multilayers.
As shown in the Hall-Petch plot in Fig. 14g, hardness plateau or soft-
ening typically occurs when h < 10 nm. The softening often derives from

£=0% £=2%

True stress (MPa)

stacking faults

RT:

Fig. 12. In situ microcompression tests on the conventional and flash-sintered TiO, at room temperature (RT) and 400 °C, at a constant strain rate of 5 x 10~

3 S—l

[80]. (A1l to A6) Representative stress-strain curves and SEM snap shots of conventional sintered TiO, pillars showing brittle fractures at an average true strain of
2-3%, and 400 °C. (B1 to B6) Flash-sintered TiO, tested at RT showing work hardening to a flow stress of beyond 2 GPa. The in situ SEM snapshots show successive
high-density slip bands. Fracture was absent up to a strain of 8%. (C1-C4) TEM micrographs of flash-sintered TiO, pillars after compression tests at room tem-
peratures showing the deformation induced straight shear bands consist of abundant SFs and TBs.
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Fig. 13. In situ compression studies of ZnS micropillars with a diameter of 3 ym at a constant strain rate of 5 x 10~>/s at room temperature [79]. (a) The stress-strain
curves show moderate strain hardening capability of ZnS. (b—e) SEM snapshots of the pillar corresponding red stress-strain curve showing that noticeable cracks at
8% strain. (f) TEM image shows evident intergranular crack and high-density SFs and TBs. (g) Pre-existing SFs deformation induced short SFs indicated by orange
arrows. Inserted SAD pattern shows the presence of SFs and TBs. (h) HRTEM image shows that the deformation induced SF segment was blocked by pre-existing TBs
and SFs. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

coherent layer interface, a weak barrier to dislocation transmissions, or
the substantial decrease in Koehler stress due to the spread of dislocation
cores across several layers [3]. In comparison, no softening has been
identified in the Al/Ti multilayer, and the hardness of multilayers in-
creases to 7.4 GPa when h = 1 nm. They ascribe the absence of softening
to the formation of the high-density SFs, which can generate slip
discontinuity and introduce extra strengthening in the Al/Ti multilayers.
Also, a recent study by the same authors demonstrates that SFs can
enhance the deformability and work hardening capability of Al/Ti
multilayers by facilitating the glide of partial dislocations [143].

Su et al. [55] recently studied the mechanical behavior of Cu/Co
multilayers. They reported that Cu (111)/Co (0002) 25 nm multilayers
have defect networks containing high-density TBs in the Cu layers, SFs
in the Co layers and incoherent layer interfaces (Fig. 15a—e). The yield
strength of the Cu/Co 25 nm multilayer is 2.4 GPa and its flow stress
exceeds 3 GPa, much greater than many ductile multilayer systems
(Fig. 15f) [144-150]. The Cu/Co 25 nm multilayer with these defect
networks also exhibits good plasticity under compression (Fig. 15g).
Post-deformation TEM study shows that TBs and SFs are effective in
blocking partial migration. In addition, the SFs in HCP Co layers pro-
mote HCP-to-FCC phase transformation (Fig. 15h and i), and the
deformation mechanism is similar to that of single crystal HCP Co with
SFs. MD simulations (Fig. 16) reveal a collaborative strengthening
mechanism enabled by TBs, SFs and incoherent interfaces. Before
yielding, TBs can effectively block partial migration until detwinning
occurs (Fig. 16d). Partial migration is also prohibited by SFs and inco-
herent interfaces. Yielding starts when HCP-to-FCC phase trans-
formation occurs in Co layers (Fig. 16e). As a consequence, incoherent
FCC Cu/HCP Co interfaces transform into coherent FCC Cu/FCC Co in-
terfaces, and partial dislocation can now easily migrate through the
layer interface (Fig. 16f). Thus, in this defect network enabled
strengthening mechanism, SFs strengthen the multilayers by blocking
dislocations and enhance plasticity by promoting phase transformation.
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8. Summary of the impact of SFs on mechanical behaviors and
outlook

Similar to other planar defects including GBs, TBs and layer in-
terfaces, the impact of SFs on mechanical behavior is closely related to
dislocation-SF interactions. In what follows, we summarize some over-
arching features related to dislocation-SF interactions and elucidate
their atomistic underpinnings.

When dislocations slip along planes inclined to SFs, SFs (often in
form of SF ribbons) serve as effective barriers to dislocation migration,
similar to TB-dislocations and GB-dislocation interactions. After the SF
intercepts a dislocation, the SF is either broken into discontinuous
smaller segments [63,79,106] or absorbs the incoming dislocation and
nucleates a new dislocation that could penetrate through the SF or could
cross slip along the SF [56]. Both mechanisms require higher stress and
thus contribute to strengthening (Fig. 17a-f). In FCC structures, SFs on
different {111} planes intercept and form Lomer Cottrell Locks or Hirth
Locks at the SF interceptions (Fig. 17g-1) [55,56,79]. These sessile dis-
locations are stable during deformation and inhibit partial dislocation
migration along both inclined and parallel {111} planes, and thus
greatly strengthen materials. Meanwhile, the strengthening effect is
closely related to the density of SF interceptions and sessile dislocations.

Two key mechanisms exist for SFs improved plastic deformation.
First, a dislocation gliding along a SF induces a defaulting process that
leads to softening and sustained plasticity (Fig. 18a—f). This phenome-
non was observed in FCC Co at lower strain rate when the density of
Hirth locks and SFs intersections is low [56] (Fig. 18e and f). When
dislocations continue to glide along the SFs in the same direction, shear
bands form [55,80]. Second, when partial dislocations glide along SFs,
they alter the stacking sequence and promote phase transformations
between the HCP and FCC phase (Fig. 18g-i) [54,55,60,72,143]. It has
been shown that phase transformation can greatly enhance the plasticity
in multilayers [54,55,143] and high entropy alloys [60,64,72] via
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Fig. 14. XTEM micrograph of Al/Ti 4.5 nm multilayer (a—c) and Al/Ti 2 nm multilayer (d-f) [3]. (a) Overview XTEM micrograph and SAD pattern showing the FCC
twinned Al and HCP Ti. (b) EDS map and composition line scan showing clear Al/Ti layer interfaces. (c) HRTEM image showing the coexistence of FCC and HCP Ti.
(d) XTEM image and SAD pattern showing the twinned FCC Al and Ti layer. (e) EDS map showing alternatinglayer structures. (f) HRTEM micrograph of high-density
SFs in Al and Ti. (g) Comparison of indentation hardnessvs. h='/2 (h is the average layer thickness) for Al or Ti based multilayer systems.

alignment of the crystal lattice along the preferential direction and of-
fering of additional slip systems.

In Conclusion, SFs are promising planar defects observed in a variety
of metallic materials and can improve strengthening and plasticity
simultaneously. Furthermore, SFs promote partial migrations and phase
transformations, and thus offer opportunity for improving ductility.

We have shown that both TBs and SFs are effective in blocking the

12

propagation of dislocations, thus inducing significant strengthening and
work hardening in materials [7,8,11,15-19]. However, SFs seem to
introduce intriguing strain rate sensitivity in metallic materials. Strain
hardening is observed at high strain rate, whereas strain softening pre-
vails at low strain rate in FCC Co. Such an intriguing phenomenon has
not been observed in nanotwinned metals. Also, as mentioned earlier,
the interaction of dislocations with TBs may lead to detwinning, whereas
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Fig. 15. (a) XRD profile showing the highly textured Cu (111)/Co (0002) 25 nm multilayer film on Si (110) substrate [55]. (b-e) XTEM micrographs showing the
defect networks containing incoherent layer interfaces, SFs in HCP Co and CTBs in Cu. (f) Engineering stress-strain curves show that Cu (111)/Co (0002) pillars have
much higher yield strength, ~2400 MPa than the (110) and (100) textured FCC Cu/Co 25 nm speimens. (g1-g4) SEM images of the Cu (111)/Co (0002) 25 nm
multilayer show significant plastic deformation near the top of the pillar manifested as a cap. (h1-h2) EDS maps of the Cu (111)/Co (0002) 25 nm pillar deformed to
5% true strain showing deformation of the pillar top. (h3) Defective TB containing steps in the Cu layers. (h4) FCC Co phase with inclined SFs formed near the Cu/Co
interface as confirmed by the inserted FFT. (i1-i2) EDS map of the multilayer deformed to 20% strain showing significant expansion of the pillar top. (i3, i4) HRTEM
micrographs of the pillar top show detwinning in the Cu layer, and high-density SFs in the HCP Co layer.

the cross-slip of partials along SFs may lead to defaulting or the for-
mation of TBs [11]. Comparing to the investigations on TB induced
strengthening and plasticity, the studies on SFs dominated deformation
mechanisms require significant attentions. First, the general impact of
SFs on mechanical behavior of materials have been reported in several
metallic and ceramic materials. More studies are necessary to substan-
tiate the mechanisms for the formation and evolution of SFs before and
during deformation. Second, the thermal stability of SFs and the influ-
ence of SFs on high temperature mechanical behavior of materials

13

remain unclear. Third, the size effect on SF dominated deformation
mechanisms should be investigated further. Fourth, there is a need to
compare and distinguish the role of SFs and TBs on deformation
mechanisms in materials. Quantitative studies on the difference in stress
barriers posed by various planar defects (SFs, TBs and GBs) are desir-
able. Finally, the influence of SFs on the physical properties of materials
is less well understood. For instance, the role of SFs on electrical con-
ductivity and magnetic properties of materials requires further in-
vestigations. Recently TBs have shown to largely improve radiation
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tolerance of metallic materials. However, the role of SFs on radiation
response of materials is largely unclear.

9. Conclusion
In this article, we reviewed recent studies on the SF mediated me-

chanical behaviors of various materials including nanostructured
metallic materials, high entropy alloys and ceramics. These
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experimental and computational studies provide compelling evidence
that high-density SFs can effectively strengthen materials by blocking
dislocation migration and forming sessile dislocations at SF junctions.
SFs also enable good ductility by emitting partial dislocations and pro-
moting phase transformations during interactions with dislocations.
However, there are still many unsolved issues that require further in-
vestigations, such as quantitative analysis of SF induced strengthening
effect, phase transformation mechanism at atomistic level, high
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lock) in FCC Co (100) [56]. (k) Inclined SFs in Co layer in Cu/Co (110) multilayers [55].(1) MD simulation shows partial dislocations are locked by the SF
interceptions.
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trigger the HCP-to-FCC phase transformation [54].
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temperature stability, radiation stability and physical properties of
materials.
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