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Abstract

In this work, we performed in sifu nanoindentation in TEM to capture the real-time (¢ + a) dislocation and twinning activities in pure
Mg during loading and unloading. We demonstrated that the screw component of (¢ 4 a) dislocations glides continuously, while the edge
components rapidly become sessile during loading. The twin tip propagation is intermittent, whereas the twin boundary migration is more
continuous. During unloading, we observed the elastic strain relaxation causes both (¢ + a) dislocation retraction and detwinning. Moreover,
we note that the plastic zone comprised of (¢ + a) dislocations in Mg is well-defined, which contrasts with the diffused plastic zones
observed in face-centered cubic metals under the nanoindentation impressions. Additionally, molecular dynamics simulations were performed
to study the formation and evolution of deformation-induced crystallographic defects at the early stages of indentation. We observed that,
in addition to (a) dislocations, the I, stacking fault bounded with a (1/2¢+p) Frank loop can be generated from the plastic zone ahead of
the indenter, and potentially serve as a nucleation source for abundant (¢ + a) dislocations observed experimentally. These new findings
are anticipated to provide new knowledge on the deformation mechanisms of Mg, which are difficult to obtain through conventional ex situ
approaches. These observations may serve as a baseline for simulation work that investigate the dynamics of (¢ + a) dislocation slip and
twinning in Mg and alloys.
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1. Introduction

Magnesium and its alloys have received considerable in-
terest because of their relatively high strength-to-weight ratio,
making them promising structural materials for automotive
and aerospace applications [1-3]. However, its limited ductil-
ity and formability, which stems from the plastic anisotropy
due to its hexagonal-close-packed (HCP) crystal structure [4],
limits its wider uses. There are two main deformation mech-
anisms for Mg — slip and twinning [5-8].
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Among all deformation mechanisms, the (¢ + a) pyra-
midal slip and extension twinning are of particular interest.
The (¢ + a) slip is the only dislocation slip mechanism that
can accommodate the c-axis compression. The critical re-
solved shear stress for (¢ + a) is approximately 50 MPa,
100 times higher than that of the basal (@) slip [5]. The
(¢ + a) dislocation has Burgers vector{1123}, and can glide
on {1011} pyramidal I planes and {1122} pyramidal II planes
[7,9-11]. Wu and Curtin pointed out that (¢ + a) disloca-
tion can undergo thermally-activated pyramidal-to-basal core
transition, rendering them sessile and no longer to accom-
modate the c-axis compression [12,13]. Hence, understanding
the characteristics of (¢ 4+ a) dislocations and subsequently
tailoring their slip behavior (e.g., via alloying) is critical to
achieving Mg alloys with improved ductility and formability
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[8-10,12-20]. The (1011) {1012} extension twinning is the
only mechanism that can accommodate c-axis tension [6].
Compared to (¢ + a) slip, extension twinning is much easier
to activate, with only approximately 5 MPa critical resolved
twin stress [5]. Therefore, they are commonly observed in
Mg samples pulled along the c-axis or compressed perpen-
dicular to the c-axis [6,21-24]. Once nucleated and the twin
tip has propagated, the twin boundary can migrate either via
twinning shear or atomic shuffling, leading to twin thickening
[25-28].

We note that a large body of characterization work on
(¢ + a) dislocations and extension twins are postmortem,
which may result in two drawbacks. First, only the end results
can be captured, and the microstructural evolution is lost. Sec-
ond, most elastic strain is relaxed. The dislocation and twin
structures may have changed during unloading, thus affecting
the result interpretation. In situ imaging using transmission
electron microscopy (TEM) combined with mechanical tests
can overcome the above challenges [29—-40]. In situ TEM al-
lows for the direct observation of microstructural evolution
during deformation as well as during unloading. For exam-
ple, Liu et al. performed nanopillar compression to study the
(¢ + a) dislocation slip [40] and extension twin boundary mi-
gration [28,41]. However, nanopillars generally exhibit a high
surface-to-volume ratio; dislocations tend to escape to the sur-
face. Moreover, the small volumes of nanopillars cannot con-
tain an entire twin. In this work, we adopted the “H-bar”
design and nanoindentation experiment described by Zhang
et al. [37] that offers enough volume for extensive dislocation
activities and to capture the twin nucleation, twin tip propa-
gation, and twin boundary migration events, together with the
load-displacement information.

As a complementary method to the in situ experiments,
we also carried out molecular dynamics (MD) simulations to
provide a deeper understanding of crystallographic defect gen-
eration and deformation mechanisms activated during nanoin-
dentation at an atomistic scale. By simulating the dynamic
process of the interactions between a nanosized indenter and
an Mg bulk substrate, the MD simulations can detail the for-
mation and evolution of crystallographic defects during the
very early stages of indentation to provide an atomistic in-
terpretation of the dislocation and twining activities observed
experimentally.

2. Materials and methods
2.1. Experimental setup

A well-annealed hot-rolled commercially pure Mg was
used for this study. The detailed processing conditions and
microstructural information can be found in our previous work
[42]. Half discs of 3 mm in diameter and 120 pwm in thick-
ness were prepared, then electropolished using a twin-jet elec-
tropolisher (TenuPol-5, Struers) using 10% nitric acid at —35
°C to reduce the flat-edge thickness to approximately 5 pm.
A focused ion beam (FIB, Helios G4, ThermoFisher, 30 kV
Ga™ beam at the 0.2 nA current) was used to create 5 pm

Cube-corner indenter tip

500 nm

Fig. 1. A schematic of the in situ nanoindentation setup in this work.

wide and 500 nm thick windows on the flat edge of the half-
discs, which are to be indented. Due to the low atomic num-
ber of Mg, 500 nm thick windows are still electron trans-
parent when imaged using transmission electron microscopy
(TEM). Having relatively thick windows (500 nm) is advan-
tageous compared to thinner ones (e.g., ~100 nm). First, the
surface effect will be less prominent in the thick foils, the
microstructural evolution of which resembles more of that in
bulk samples. Second, there will be less foil bending dur-
ing in situ indentation for thicker foils, as specimen bending
can give rise to unwanted artifacts such as bending contours.
The TEM characterizations were performed in an FEI Tecnai
TEM operated at 200 keV and equipped with a NanoMEGAS
ASTAR system for precession electron diffraction (PED) ex-
periments. The precession angle was 0.3° and the step size
was 7 nm when acquiring the map.

The in situ nanoindentation was carried out using a PI95
TEM Picolndenter equipped with a three-sided cube-corner
tip. Indentation experiments were performed at a rate of 5 nm
s ~ 1. The schematic of the in situ indentation setup is shown
in Fig. 1. Imaging and video recording were carried out with
an FEI Tecnai TEM operating at 200 kV. In the results shown
in this work, the g-vector of [0002] was used. This condition
reveals the <e¢>-component of (¢ + a) dislocations and ren-
ders (a) dislocations and <a>-component of (¢ + a) dislo-
cations invisible [7,20]. Hence, the dislocation activities re-
vealed in this work are those of (¢ + a) dislocations.

2.2. MD simulations setup

The molecular dynamic (MD) simulations of nanoinden-
tation were performed using the open-access Large-scale
atomic/molecular massively parallel simulator (LAMMPS)
package [43]. A well-accepted embedded-atom-method
(EAM) potential developed by Sun et al. was employed to
describe the interatomic force field and potential energy in
the MD simulations [44]. An orthorhombic simulation cell
with periodic boundary conditions was used for the nanoin-
dentation simulation. As schematically illustrated in Fig. 2, a
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Fig. 2. Schematic diagram of the MD simulation model for the nanoinden-
tation.

bulk substrate of perfect HCP Mg was enclosed in the sim-
ulation cell to fill both the x and y directions and expose
free surfaces along the z direction to interact with the inden-
ter. The indentation behaviors of two different surfaces were
simulated. One was the tension twining plane (1012) , which
has a crystallographic orientation close to the loading sur-
face of the experimental indentation. The other surface was
the second-order prismatic slip plane (1210) . Because the
loading conditions in the experimental indention test may not
be as ideal as the MD simulation, we took the simulation of
the prismatic plane as a validation to confirm the deformation
phenomena observed in the twining plane simulation are rela-
tively general and not sensitive to the orientation setup of the
indention surface. The bulk substrate contains about 2 million
atoms and has a size of about 36 nm x 36 nm x 36 nm along
the x, y, and z directions, respectively. The exact sizing val-
ues vary slightly depending on the crystal orientation of the
substrate. Before the indention, the substrate was equilibrated
at 300 K for 100 ps with the isothermal-isobaric ensemble
(NPT).

As shown in Fig. 2, a non-atomistic spherical indenter with
a diameter of 10 nm was positioned above the center of the
substrate to have its edge just touching the substrate surface.
Although a cube-cornered tip was used in the experiment,
there is always tip rounding at the apex and the initial contact
is Hertzian. Hence, a spherical indenter tip was constructed
for the MD simulations. The indenter was represented to be
non-atomistic because only atomic displacement in the sub-
strate is of interest. To simulate the loading force and defor-
mation induced by indention, the indenter exerted a repulsive
force F(r) to the atoms in the substrate with a magnitude of

_ _ 2
Fry = [OK(r R)?,

where K is the stiffness constant of the indenter and was set
to be 10 eV /A3 , much stiffer than that of pure HCP Mg. R is
the indenter radius, and r is distance from the substrate atom
to the center of the indenter. The indentation process was then
simulated by moving the indenter toward the Mg substrate at

r<R

r>R M

a constant velocity. To reduce the “artificial effect” of the
unavoidable high-strain-rate setup of MD simulations, the in-
denter was moved in a “run-and-hold” mode. Specifically, the
indenter was moved at a constant velocity of 10 m/s for 20 ps
and then hold at the position for another 20 ps. As such, we
expected the system would be able to be sufficiently relaxed
at the holding period to allow for the nucleation and evolve-
ment of deformation defects that may be prohibited by the
high-strain-rate deformation. The “run-and-hold” process was
iteratively repeated until the indentation depth reached 2 nm.
Subsequently, we increased the loading period to 100 ps to
achieve a final indentation depth of 3 nm. Following this, we
maintained the indenter position for an additional 200 ps to
ensure an adequate development of the plastic zone, as well
as the emission and evolution of dislocations. As shown in
Fig. 2, during the indentation, the last 4 layers of atoms at the
bottom of the substrate were fixed. Above the fixed layers,
another 8 layers of atoms were assigned as a thermostatic
region to dissipate the joule heat generated by indentation
deformation in a limited simulation volume [45]. The tem-
perature of the atoms in the thermostatic region was rescaled
to 300 K at each MD timestep. After the indenter reached
3 nm, it was held at the position for 600 ps at 300 K us-
ing the canonical (NVT) ensemble to equilibrate the atomic
structure of the indented substrate.

The atomic structure of the substrate was recorded at dif-
ferent timesteps to evaluate the nucleation and evolvement of
deformation defects during the indentation process. For each
structural snapshot, a static conjugate gradient minimization
was applied to eliminate thermal fluctuations. The OVITO
software was used for visualization, and the common neigh-
bor analysis (CNA) and dislocation analysis (DXA) embedded
in OVITO were used to analyze the atomistic structure of the
deformation defects generated during the indentation [46].

Additionally, for better understanding the dislocation re-
action phenomenon observed in the indentation experiment,
we also carried out MD simulations on the glide behavior
of a pre-existing, straight screw (¢ + a) dislocation under
a loading-unloading shear deformation process. The disloca-
tion was embedded in a bulk crystal with a geometry about
243 x 17.8 x 17.3 nm?, where the x axis is along the di-
rection of Burgers vector, b=1 /3[2113], with a length of
20b, and the y-z plane parallel to the pyramidal I plane. Pe-
riodic boundary condition was applied for both the x and y
direction. The initial dislocation structure was generated us-
ing the ATOMSK software [47]. After an initial relaxation,
a shear strain along the 1/3[2113] direction on the pyrami-
dal T plane was applied by assigning a constant velocity to
the atoms in the upper 1 nm slab along the z axis of the
bulk and keeping the atoms in the bottom 1 nm slab fixed.
The overall strain rate was2 x 107>ps~!, and the system was
equilibrated with an isothermal—isobaric (NPT) ensemble at a
temperature of 10 K and zero pressure along the x direction.
The shear stress was calculated aso,, = F,/A,,, where Fy is
the total force on the upper slab atoms in the x direction and
A,, is the area [48]. After yielding, an inverse strain was ap-
plied to mimic the relaxation of the remaining elastic strain
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Fig. 3. (a-h) Bright-field TEM images during the first indentation test. (i) The load-time profile obtained by the machine; the arrows indicate where the (a—h)

images are taken.

during the unloading process of the indentation experiment.
The OVITO software was used for visualization and analysis
of atomic structures [46].

3. Results and discussions
3.1. Experimental observations and discussions

The initial deformation behavior of the pure Mg sample
and the load-time curve are shown in Fig. 3. The time-series
collection of bright-field TEM images (Fig. 3a-h) is the still
frames of the in sifu nanoindentation movie (Supplementary
Information, S.I. 1) from the first round of the nanoindenta-
tion experiment. The corresponding mechanical responses are

indicated in the load-time curve in Fig. 3i. The initial distance
between the indenter and the substrate was roughly 175 nm.
In Fig. 3a, the diamond tip started to contact the specimen
surface. The deformation quickly entered the plastic regime,
as shown in Fig 3b. A near-hemispherical plastic zone devel-
oped and grew as the tip pushed into the sample (Fig. 3b—d).
The plastic zone at this stage was near-hemispherical, proba-
bly due to the rounding of the cube-cornered tip, giving rise
to Hertzian contact [49]. As the indentation proceeded, the
plastic zone started to become more asymmetric, with more
dislocations multiplied on the right side of the tip (shown by
the black arrow in Fig. 3c,d). This is expected because the
deformation under the “edges” and “faces” of the cube-corned
tip is different [50]. Further deformation activated dislocation
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Fig. 4. (a-h) Bright-field TEM images during the second-round indentation test. Three red dotted circles were drawn in d-f as fiducial markers to highlight the
relative positions of the dislocations, showing the protruding and retracting behaviors. (i) The load-time profile obtained by the machine; the arrows indicate

where the (a-h) images are taken.

nucleation and multiplication outside the well-defined plastic
zone, as indicated by the white arrows in Fig. 3e—g. The
dislocation density outside the “well-define plastic zone” is
low, which allows us to discern individual (¢ + a) dislocation
lines. The glide of the edge component (the basal-bound part)
is one-time only and tends to rapidly become sessile, whereas
the glide of the screw component (the non-basal-bound part)
is continuous and remains glissile. The sessile nature of the
basal-bound part of the (¢ + a) dislocations is consistent
with the molecular dynamics simulations [10,12,51]. It is
interesting to note that the overall growth of the plastic zone
and the general deformation behavior are not continuous; they
are rather intermittent, manifested by strain bursts of different
magnitudes [52]. For example, most strain bursts are small,
whereas d-to-e is large. The large strain burst is correlated
with the sudden massive multiplication of dislocations. In

this round of deformation, all strain bursts are associated
with dislocation activities, suggesting the stochastic nature of
dislocation nucleation and multiplication [53].

To understand the microstructural evolution upon further
indentation, we performed second, third, and fourth rounds
of indentation in the same area. Fig. 4 shows the deformation
behavior (Fig. 4a-h, still frames from movie S.I. 2) and the
load-time curve (Fig. 41) during the second-round indentation.
The initial distance between the indenter and the substrate
was about 195 nm. In Fig. 4a, the tip came in contact with
the specimen. As the indentation proceeded (Fig. 4a—c), the
plastic zone grew continuously, and the shape remained asym-
metric. With further indentation, in addition to the (¢ + a)
dislocation slip (indicated by the white arrows in Fig. 4d-f,
consistent with Ref. [37]), a twin also developed in the spec-
imen (indicated by the orange arrow in Fig. 4d). The twin
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appeared suddenly, and the TEM camera (0.5 s per frame)
does not have the time resolution to capture its nucleation.
The first stable form of the twin is 1.3 pm long and 150 nm
thick. The twin boundaries are flat and the twin appears to
be faceted. We noticed that the dislocation density on the left
side of the indenter tip is low. The activation of the twin on
the left side can effectively relax the stored elastic strain and
serve as the plasticity carrier. Unloading occurs from Fig. 4e—
4h. Tt is surprising to note that removing the elastic strain dur-
ing unloading had a noticeable impact on the twin and some
dislocations. The twin shrank in size, and the twin boundaries
became curved. This information would have been easily ne-
glected if the work were carried out ex situ. Moreover, the
glissile components of some free-standing (¢ + a) dislocation
retracted (an example see Fig. 4e—g). It is also important to
note that the dislocations in the plastic zone did not change
significantly during unloading, probably due to the dislocation
interlocking. Similar to the first-round indentation, numerous
strain bursts were observed here as shown in Fig. 4i. The
large strain burst (b-to-c) is related to the sudden growth of
the plastic zone (Fig. 4b, c). Unfortunately, twin nucleation
and growth (Fig. 4d, e) did not result in apparent strain bursts
that can be discerned from the regular dislocation activities
in the load-time curve (Fig. 41).

For the third-round indentation, dislocations continued to
multiply, and the twin became thicker. The overall microstruc-
tural changes do not offer new insight. Thus, we do not dis-
cuss it extensively here but provide the video in the Supple-
mentary Information (S.1. 3).

In the fourth-round indentation, both dislocations and the
twin continue to evolve. The initial distance between the in-
denter and the substrate was around 90 nm. At this indentation
depth, the dislocations in the plastic zone are too dense to re-
veal detailed information. However, the overall plastic zone
was observed to be growing (Fig. 5a—d, still frames from
movie S.I. 4). The twin tip propagated deep into the speci-
men while the twin grew thicker, as indicated by the orange
arrows in Fig. 5b—5d. A closer inspection reveals that the twin
activity during loading can be described in two stages. In the
first stage (Fig. 5a,b), the twin tip and boundary movement
are rather sluggish. This is probably because defects gener-
ated during detwinning pinched their free movements. In the
second stage (Fig. 5c,d), the twin tip propagated into the ma-
trix more freely, accompanied by some twin boundary mi-
gration (i.e., twin thickening). During unloading (Fig. 5e-h),
similar to the second-round indentation, both dislocation re-
traction (white arrows) and detwinning (orange arrows) were
observed. We noted a large strain burst occurred before d in
Fig. 5i, which is also likely to be caused by dislocation activ-
ities rather than twinning. To confirm that the twin appeared
during the tests, we performed the crystal orientation mapping
by precession electron diffraction (PED) in TEM. PED is a
technique used to acquire high-resolution information such as
crystal orientation or strain. The diffraction patterns acquired
from each pixel during the precession of the electron beam
in TEM are compared to the simulated diffraction patterns
in a database. The misorientation line scan profile shown as

an inset below Fig. 5h indicates that the wedge-like thing is
a typical extension twin with a roughly 85° misorientation
angle with respect to the matrix.

The knowledge generated from this work provides new
insight into the deformation behavior of Mg. First, we re-
vealed how (¢ + a) dislocations glide and twins grow in the
Mg sample during loading. The screw component of (¢ + a)
dislocations glides continuously, while the edge components
glide only once at their early stage of dislocation multipli-
cation and then rapidly become sessile. The twin tip propa-
gation is intermittent, whereas the twin boundary migration
is more continuous. Second, we demonstrated that unload-
ing (i.e., elastic strain relaxation) causes (¢ + a) dislocation
retraction and detwinning. During the (¢ + a) dislocation re-
traction, the screw components (non-basal-bound part) travel
in the reverse direction compared to that upon loading and
the edge components (basal-bound part) remain sessile but
become shorter. During detwinning, the twin tip only with-
drew slightly but the twin thickness substantially reduces. The
previously flat twin boundaries also became curved after un-
loading. Third, we observed detwinning may have generated
numerous defects, which hinders further twin growth. Once
the twin has overcome those defects, the growth proceeds
more easily. This observation is anticipated to offer new in-
formation for researchers who research the fatigue behavior
of Mg and Mg alloys, in which twinning and detwinning are
prevalent. Fourth, we note that the plastic zone comprises of
(¢ + a) dislocations in Mg is drastically different from that
of face-centered-cubic (FCC) metals. Ma et al. reported the
plastic zone under the indent in a Ni sample is diffuse at low
indentation depths (e.g., 200 nm) and forms multiple sub-
grains at high indentation depths (e.g., 800 nm) [54]. On the
contrary, the plastic zone consists of (¢ + a) dislocations un-
der the indent in Mg is better defined, which is likely due to
their lower mobility, in particular the immobility of the edge
components, compared to dislocations in FCC metals. Based
on the differences described above, we predict that the inden-
tation size effect of Mg better obeys the Nix-Gao model if the
(¢ + a) dislocations are the dominant deformation mechanism
[55,56].

3.2. MD simulation observations and discussions

In this work, MD simulations were performed to provide
atomistic insights on the deformation and defect generation
mechanisms acting during indentation and to understand the
origin of (¢ + a) dislocations observed in the in situ nanoin-
dentation experiments. We are also aware that the indenter
size and indentation depth of the simulation are much smaller
than those in the actual experiment. Therefore, we consider
the MD simulations essentially an atomistic description of the
deformation acting at the very early stage of the experimental
indentation.

3.2.1. Formation of prismatic <a> dislocation half-loop
Fig. 6 illustrates the evolvement of atomic structure for
the substrate with the (1012) surface during the indentation
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Fig. 5. (a—h) Real-time bright-field TEM images during the fourth round indentation test. The point-to-origin misorientation line scan profile corresponding
to the red arrow in (g) is shown in (h). (i) The load-time profile obtained by the machine; the arrows indicate where the (a—h) images are taken.

(a) Indentation depth: 0.4nm (b)
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Indentation depth: 1.2nm
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Fig. 6. Atomic structure evaluation for the substrate with the (1012) surface during the indentation. (a)-(b) Development of a plastic zone at early stages of
indentation. (c), (d) Nucleation and propagation of prismatic (a) dislocation half-loops from the plastic zone. According to the adaptive Common neighbor
analysis (CNA), atoms colored red, blue, green, and gray are in HCP, BCC, FCC, and other structures, respectively. According to the dislocation analysis

(DXA) in OVITO, the dislocation lines corresponding to <a>-type full dislocation, <p>-type Shockley partial, and other types are colored green, orange,
and red, respectively. The atoms in the HCP structure are hidden here.
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le—7 solid lines). As illustrated in Fig. 6c¢,d, the loading from the
[0 indenter further drives the half-loops spread into the matrix
201 by the glide of both its basal and prismatic segments, and
ot the contact end of the half-loops can be detached from the
154 A = plastic zone to the surface of the substrate. The generation
g of prismatic loops observed here has also been reported in
z L E the nanoindentation simulations of Mg and other HCP metals
o 1.0 - [57]. Similar phenomena are also commonly seen in the FCC
10 and BCC metals [58,59].
* F2.0 3
0:39 Loading 3.2.2. Formation of I; stacking fault and its implication for
Holding <c =+ a> dislocation nucleation
- ) s In addition to the prismatic (@) half-loops, it is interesting
\ : : . : . to notice the emergence of the I} SFs from the plastic zone
0 100 200 300 400 500 600 700 . . . . .
Time (ps) during the indentation. An I; SF interrupts the basal stacking

Fig. 7. The load vs. displacement relationship of the indentation simulation
with the (1012) surface. The load force and indenter displacement are plotted
as a function of time by the blue and green stroke lines, respectively. The
time periods corresponding to the loading and holding processes are shaded
with lilac and pink colors, respectively. The positions of structural snapshots
in Fig. 6 on the loading curve are marked by black arrows.

process. To visualize the deformation defect formation and
propagation, only the atoms not in an HCP structure analyzed
by the CNA method are shown in Fig. 6. More specifically,
the atoms correspond to FCC, body-center cubic (BCC),
or other structures are colored in green, blue, and gray,
respectively. The respective load-displacement relation of the
indentation process is shown in Fig. 7. The positions of the
structural snapshots in Fig. 6 on the loading curve are also
marked in Fig. 7. As shown in Fig. 6a, a plastic zone is
developed at the first stages of indentation. The atoms in the
plastic zone are barely in an HCP structure, indicating the
local crystal lattice ahead of the intender is severely distorted.
As the indention depth increases, the plastic zone grows
bigger and tilts along the basal plane due to the activation of
multiple dislocations (Fig. 6b). The dislocations are largely
entangled and form a network-like structure within the plastic
zone, as illustrated by the solid lines in Fig. 6b.

As the indenter penetrates more into the substrate, rather
than a continuous growth of the plastic zone, the formation
of dislocation loops and stacking faults (SFs) is observed at
the surface of the plastic zone. Because of the strain field de-
veloped by the indentation, those deformation defects further
grow or glide into the matrix to introduce plastic deformation.
Among the generated deformation defects, a common one is
the prismatic dislocation half-loops with a Burgers vector of
%(1120) (or <a>). The formed half-loops are composed of
dislocation segments on either the basal or the first-order pris-
matic plane. As shown in Fig. 6c, the dislocation segments
on the basal plane further dissociate into two %(1010) (or
<p>) Shockley partial dislocations (orange solid lines) and
an I, stacking fault (two layers of green FCC atoms) with a
width of a few atomic distances. In contrast, the dislocation
segments on the first-order prismatic plane do not dissociate
but are full dislocations with an edge-type character (green

sequence of an HCP crystal to ABABCBC, where a single
layer of atoms at the fault plane experiences aanFCC-like lo-
cal lattice environment. The formation of the I; SFs is of
particular interest in the research of Mg because of its in-
trinsic connection with the activities of (¢ + a) dislocations
and alloy ductility [12,60-62]. Particularly, experimental char-
acterization and atomistic simulation suggest that the I; SF
bounded with a (1/2c¢+p) Frank loop can serve as an effec-
tive nucleation site for the (¢ + a) dislocation and {1121}
tension twin [61,63,64]. The formation mechanism of I; SF
in Mg has been mysterious, especially for the “pre-existing”
I; SFs (i.e., those bounded with a (1/2c¢+p) Frank loop) that
cannot be explained by the edge (¢ + a) dislocation disso-
ciation. A conventional speculation is that the “pre-existing”
I; results from the condensation of a large number of va-
cancies or interstitial atoms [65], which can be kinetically
difficult to achieve. A recent MD simulation also suggests a
new formation mechanism from the defect interactions acti-
vated by tension deformation at grain boundaries [66]. Here
we show that the I; SF bounded with a (1/2¢+p) Frank loop
can also actively emerge from the deformation process in-
duced by nanoindentation.

Fig. 8a shows the atomic structure of the substrate when
the indenter reaches a depth of 3 nm and holds there for
220 ps for equilibration. An I; SF formed from the plastic
zone is visualized by a single layer of green FCC atoms based
on the CNA analysis. We specifically investigate the atomic
structure after equilibration to confirm that the observed I;
formation is not a merely rare event only found in MD
simulations with extremely high-strain-rate deformation. To
analyze the characteristics of the bounded dislocations of the
I; SE, we take a projection view of a section of atoms across
the SF along the [2110] direction, as marked by the purple
box in Fig. 8a. The projected atomic structure is detailed in
Fig. 8b, where the atoms are colored by the CNA algorithm.
Atoms in the HCP structure are also plotted and colored
in red. As shown in Fig. 8b, the fault plane is reflected by
a single layer of atoms in green color, which indicates the
local lattice environment of the atoms is FCC-like. The gray
atoms at the edges of the fault plane correspond to the core
structure of the bounded dislocations. It is interesting to also
notice that an atomic step forms in the middle of the fault
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Fig. 8. The detailed atomistic structure of an I; stacking fault (SF) formed in the twining plane substrate when holding the indenter at a depth of 3 nm. (a)
A snapshot of the atomic structure of the substrate. Only non-HCP atoms are shown. (b) A projected view of the atomic structure of the formed I; SF along
the [2110] direction, as indicated by the purple box in (a). (c) A schematic illustration of the projection view of the atomic sites and vectors on the basal
(0001) plane in Mg to support the dislocation analysis in (b). (d) A schematic illustration of the proposed formation mechanism for the I; SF observed in
(b). The atoms and dislocations are colored in the same mechanism as it in Fig. 6.

plane, at which the fault plane shifts a distance of 1/2<c¢>.
The same findings were reported in previous experimental
and computational studies [64,67]. Characteristics of the
bounded dislocations are scrutinized through Burgers circuit
analyses as illustrated in Fig. 3b. The dislocations at the left
and right edges of the fault plane are found to be Frank
partials with Burgers vectors of 1 /6[2@03] and 1 /6[02§3]
, respectively. Additionally, a Shockley partial dislocation
with a Burgers vector of 1/3[1010] is found to locate at the
edge of the step. Based on the Burgers circuit analyses, a
formation mechanism is herein proposed for the observed I;
SF structure; it results from a dislocation reaction between
the Frank partials of two step-free I; SFs initially formed
on adjacent basal planes. As illustrated by Fig. 8d, one of
the I; SFs is bounded by the same Frank partial as the left
edge of the fault plane observed in Fig. 8b, while the loop
dislocation of the other I} SF is same as the right edge of
the fault plane. As the right edge of the former I, contacts
the left edge of the latter I;, the observed Shockley partial
can be formed through a dislocation reaction,

1/6[2203]+1/6[0223]= 1/3[1010] (1

Where 1/6[2203] is the Burgers vector of the Frank partial
bounded to the right edge of the former I; and 1/ 6[0223] is
that of the left edge of the latter I;. Note that for a Frank
loop, the dislocations at two facing edges should have Burgers
vectors with opposite signs if their line direction is assigned
to be the same. Based on a mechanism proposed recently by
Agnew et al. [61], both the remaining Frank partials at the
edges of the fault plane can serve as nucleation sites to form
a (¢ + a) dislocation half-loop through reactions,

1/6[2203] = 1/6[2023] + 1/3[2113] )
and
1/6[0223] = 1/6[2203] + 1/3[1213]

Therefore, the MD simulation herein provides a tentative
explanation for the abundant activities of (¢ + a) dislocations
observed in the experimental indentation test. That is, I} SFs
can form at early stages of indentation and serve as an ef-
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Fig. 9. The detailed atomistic structure of an I stacking fault (SF) formed
in the (1210) plane substrate when holding the indenter at a depth of 3 nm.
(a) A snapshot of the atomic structure of the substrate. Only non-HCP atoms
are shown. (b) A projected view of the atomic structure of the formed I; SF
along the [2110] direction, as indicated by the purple box in (a). The atoms
and dislocations are colored in the same mechanism as it in Fig. 6.

fective source for the nucleating and prorogating of (¢ + a)
dislocations.

To confirm the deformation phenomena observed in Figs.
6-8 are not sensitive to the orientation setup of the inden-
tion surface, the same indentation simulation was carried out
for the Mg substrate with a (1210) surface. The formation
of prismatic (a) half-loops and I; SFs are both observed, as
illustrated by atomic structure analysis shown in Fig. 9. Un-
like the I; SF observed in twining plane indentation, the I;
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SF formed herein does not have a step in the fault plane and
are bounded by Frank partials with opposite Burgers vectors.

3.2.3. Insights for the dislocation retraction during the
unloading process

As mentioned in Section 3.1, we observed the retraction of
the (¢ + a) dislocation during the unloading process of the ex-
perimental indentation. The phenomenon of dislocation retrac-
tion is commonly observed in the deformation of metallic ma-
terials that possess a high density of twin and/or phase bound-
aries, such as metallic nanowires [68,69] and nano-lamellar
TiAl intermetallic alloys [70,71]. In these materials, the oc-
currence of dislocation retraction is typically driven by the
repulsive image force generated by the interface. A smaller
interspacing distance between the interfaces usually leads to
a larger image force to promote dislocation retraction [71].
Furthermore, the retraction of dislocations has been found to
introduce recoverable plasticity, resulting in a combination of
enhanced ductility and strength [68,71].

In contrast to the typical retraction phenomenon observed
in nano-lamellar alloys, the retraction of the (¢ + a) dislo-
cation observed our indentation experiment exhibits a limited
gliding distance. Given that our material also does not have a
nano-lamellar structure, we propose that the observed retrac-
tion phenomenon is likely caused by the relaxation of elastic
strain and residual stress in the unloading process. We car-
ried out an MD simulation to provide some physical insights
for this hypothesis. Because of the intrinsic limitations in the
indenter size and the time scale of the MD indentation sim-
ulation, we were not able to directly simulate the retraction
of the (¢ + a) dislocation during the indentation process.
Instead, we simulated the glide behavior of a pre-existing,
straight screw (¢ + a) dislocation subjected to a loading-
unloading shear deformation process. The details of the sim-
ulation setup are described in Section 2.2. In the indentation
experiment, the screw segments of the (¢ + a) dislocation

(i) (ii) (v) (vi)

e

/i

A I

o

PR EREL

o M 18

Centrosymmetry

Fig. 10. MD simulation of the glide behavior of a pre-existing screw (¢ + a) dislocation on the pyramidal I plane subjected to a loading-unloading shear
deformation process. To replicate practical conditions in indentation experiments, the two ends of the dislocation are artificially pinned. (a) Stress vs. strain
curve and (b) atomic structure of the dislocation at different stress-strain conditions. The atoms are color-coded by based on their centrosymmetry parameter

values.
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were observed to be mobile and pinned by the sessile edge
components. Thereby, in the MD simulation, we artificially in-
troduced pinning points on the pre-existing screw dislocation
to qualitatively replicate the experimental condition. A shear
strain was applied along the 1/3[2113] direction to drive the
dislocation gliding on the pyramidal I plane. The stress-strain
curve of the deformation process is shown in Fig. 10a. The
movements of the dislocation at different stress-strain states
are also monitored (Fig. 10b). As shown in Fig. 10, yielding
occurs when the applied stress drives the dislocation gliding
from its original position to the left. Because of the pining
effect, only a part of the dislocation glides with kinks form-
ing near the pining points ((i)-(ii) in Fig. 10b). After yielding,
an inverse shear deformation was applied along the 1/3[2113]
direction to relax the remaining elastic strain to mimic the un-
loading process of the experiment indentation. It is found that
the glided part of the dislocation gradually retracts to its origi-
nal position during the unloading process ((ii)-(v) in Fig. 10b).
Minimization of the elastic energy caused by dislocation line
tension is thus suggested to be the driving force of the retrac-
tion. Interestingly, we also observe that the full retraction of
the entire dislocation to its original position can result from
an inverse stress that has a magnitude much smaller than the
yield stress ((vi) in Fig. 10b). This implies that the residual
stress emerged in the unloading process of the indentation ex-
periment could cause dislocation retraction. It should be noted
that the difference in time and length scale between MD sim-
ulation and experiments is large. Accordingly, the MD sim-
ulation here only intends to qualitatively provide a possible
explanation to the experimental observation. Further studies at
the mesoscale using the approaches like dislocation dynamic
simulation are needed for a more quantitative analysis in the
future.

4. Conclusions

In summary, we performed in situ TEM and MD simula-
tions to reveal real-time dislocation and twinning activities in
pure Mg during loading and unloading. The key observations
can be listed as follows. (1) During loading, the screw com-
ponent of (¢ + a) dislocations glide continuously, while the
edge components rapidly become sessile. The twin tip prop-
agation is intermittent, whereas the twin boundary migration
is more continuous. (2) During unloading, both (¢ + a) dis-
location retraction and detwinning were observed, which is
likely driven by the residual stress and relaxation of the elas-
tic strain. (3) The plastic zone comprised of (¢ + a) disloca-
tions in Mg is well defined, which contrasts with the diffused
plastic zones observed in FCC metals under the nanoinden-
tation impressions. (4) The I; SFs bounded with a (1/2¢+p)
Frank loop can form at an early stage of indentation and serve
as a nucleation source for the abundant (¢ + a) dislocations
observed experimentally.
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