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Deformation twinning and dislocation glide are twoprimary deformationmechanisms inhexagonal close packed
(HCP) metals. Here we show, via in situ micropillar compression tests, that HCP Co pillars with high-density
stacking faults exhibit a high yield strength and significant plasticity. Transmission electron microscopy studies
reveal the formation of extensive face-centered cubic (FCC) Cophase after deformation.Molecular dynamics sim-
ulations confirm the deformation induced phase transformation, and shed light on the deformationmechanisms
in HCP Co with pre-existing stacking faults. This study provides new insights into achieving high strength and
plasticity in HCP metals via stacking faults and phase transformation.
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Cobalt (Co) and its alloys have various applications in high-strength
structural materials, magnetic devices as well as corrosion and wear re-
sistant coatings [1–5]. At room temperature, Co has stable hexagonal
close-packed (HCP) structure and a small fraction of metastable face
centered cubic (FCC) structure due to the low stacking fault energy
(SFE) of HCP Co, 31 mJ/m2 [6]. Planar defects such as twin boundaries
(TBs) and stacking faults (SFs) have been extensively studied in FCC
metals [7–35]. It has been shown that TBs and SFs can strengthen FCC
metals by blocking the transmission of dislocations. Meanwhile, there
are numerous studies that show partial dislocation-planar defect inter-
actions and detwinning could also providemobile dislocations and thus
improve the ductility [18,30,36–41]. However, there are few studies on
deformation mechanisms of HCP metals with preexisting SFs. It has
been reported that high density SFs in Mg alloy can increase yield
strength by impeding the movement of dislocations [42].

HCP metals are generally less ductile than FCC metals due to insuffi-
cient number of independent slip systems, which does not satisfy the
von Mises criterion [43,44]. Another deformation mechanism for HCP
metals - deformation twinning - can also accommodate plastic defor-
mation and contribute to tensile ductility [45–49]. However, when
grain size is under 100 nm, deformation twinning is often rarely ob-
served in HCP metals [50], resulting in poor plasticity. Thus, it is very
challenging to enhance the plasticity of nanocrystalline HCP metals.
ang98@purdue.edu (X. Zhang).
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Here we report on in situ micropillar compression studies on me-
chanical behavior of epitaxial HCP Co (0002) with high-density parallel
SFs on basal planes. The in situ studies reveal high yield strength, ~1.1
GPa, and prominentwork hardening to a flow stress of 2.0 GPa. Post de-
formation transmission electron microscopy (TEM) analysis shows
HCP-to-FCC phase transformation. Molecular dynamics (MD) simula-
tions reveal that the high strength and deformability originate primarily
from the phase transformations. This study provides a fresh perspective,
that is, phase transformations can be a major deformation mechanism
in HCP metals for imparting high strength and plasticity.

2 μm thick Co films were sputter-deposited on hydrofluoric acid
etched Si (110) substrates with 100 nm Cu seed layers. The base pres-
sure of the sputter chamber was 4 × 10−6 Pa and the deposition rate
was ~0.35 nm/s for Co. X-ray diffraction (XRD) experiments were per-
formed by using a Bruker D8 Discover X-ray powder diffractometer at
room temperature. Transmission electron microscopy (TEM) experi-
ments were performed on an FEI Talos 200× transmission electron mi-
croscope operated at 200 kV. In situmicropillar compression tests were
performed by using Hysitron PI 88xR PicoIndenter inside an FEI Quanta
3D FEG dual-beam scanning electron microscope (SEM). HCP Co pillars
~1 μm in diameter and ~2 μm in height were fabricated using the same
SEM microscope equipped with focused-ion-beam (FIB).

Molecular dynamics simulations were performed on HCP Co
nanopillars by using the Large-scale Atomic/Molecular Massively Paral-
lel Simulator (LAMMPS) [51] and the results were visualized using
Ovito [52] and DXA [53]. The digital HCP Co pillars were 4 nm in diam-
eter and 8 nm in height and contained stacking faults on the (0002)
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planes. These stacking faults with an average spacing of 1.6 nmwere in-
troduced by applying rigid body motion on the (0002) planes along the
b1010 N direction. Specifically, the layers were held fixed and one rigid
block was moved relatively to the other on the (0002) planes in the
b1010 N direction. Then the entire sample was allowed to relax. First,
the pillar was equilibrated at 0 K using the conjugate gradient energy
minimization. Subsequently, the sample was equilibrated at 300 K
under the NVT ensemble with a Nose-Hoover thermostat. Finally, com-
pression was applied for 160 ps at a strain rate of 6.25 × 108 s−1. The
Co\\Co atomic interactions were described by the embedded-atom
method (EAM) potential developed by Zhou et al [54].

XRD pattern in Fig. 1a reveals the epitaxial growth of HCP Co (0002)
on Si (110) with 100 nmCu (111) seed layer. Cross-section TEMmicro-
graph in Fig. 1b shows that the epitaxial HCP Co has a columnar grain
size of ~ 50 nm with high-density SFs on basal planes. The inserted se-
lected area diffraction (SAD) pattern also proves the epitaxial growth
of HCP Co. Fig. 1c shows the HCP Co has an average SF spacing of ~ 9
nm. The high resolution TEM (HRTEM) micrograph in Fig. 1d shows
the SFs in HCP Co, which have FCC stacking.

Mechanical behavior of epitaxial HCP Co (0002) was studied by in
situ SEM pillar compression testing. Fig. 2a shows the true stress-strain
curves. Pillars yield at ~1.2 GPa and show a prominent work hardening
capability to a peak stress of ~ 2 GPa. The work hardening exponent is
calculated as n=~0.55. Fig. 2b-e show SEM snapshots of HCP Co pillar
(with respect to the red curve) during compression (see Supplementary
Video 1 for details). The HCP Co pillar experiences a uniform deforma-
tion without forming any shear bands or cracks up to 20% strain, an in-
dication of prominent plasticity (see Supplementary Fig. S1 for
reproducibility check).

Fig. 3 shows TEMmicrographs of the deformed HCP Co pillar. Fig. 3a
confirms that no shear bands or cracks formed during deformation.
There is deformation induced dilation near the pillar top. SAD in Fig.
Fig. 1. (a). XRD profile showing the epitaxial growth of HCP Co with (0002) orientation on Cu
density parallel stacking faults (SFs) on (0002) planes. (c) The SFs have an average spacing of 9
3a reveals two sets of diffraction patterns, associated with HCP (red
lines) and FCC (blue lines) Co, respectively. Higher magnification TEM
micrographs in Fig. 3b showmultiple sets of inclined SFs. HRTEMmicro-
graphs in Fig. 3c-d show the phase boundaries between FCC andHCP Co
as decorated by white dashed lines. In FCC Co, the high-density inclined
SFs are along (111) planes as determined by the inserted FFTs. Note that
the (0002) planes in HCP Co are nearly parallel to the (111) planes in
FCC Co (Fig. 3c). The FCC Co phase shown in Fig. 3d is distorted due to
plastic deformation.

Deformationmodes in HCPmetals have been extensively studied. At
room temperature, dislocation glide and deformation twinning are two
principal deformation mechanisms in HCPmetals. For dislocation glide,
ba N type dislocation [1120] gliding on basal or prismatic plane is one of
the most common slip systems in HCP metals [55]. However, in this
study, the epitaxial HCP Co has (0002) out-of-plane texture, which
means the Schmid factors for ba N type dislocations on both basal and
prismatic planes would be very small (close to 0) neither the basal nor
the prismatic slipwould be the prominent deformationmechanism. An-
other major dislocation, bc + a N type dislocation with Burgers vector
of [1123], can glide on pyramidal planes and accommodate plastic strain
along the c direction [55,56]. However, the pyramidal slip of bc + a N

type of dislocations is largely prohibited by high-density SFs on basal
plane [42].

Deformation twinning is another fundamental deformation mecha-
nism in HCP metals due to their limited slip systems [45–49]. However,
deformation twinning is largely absent in the TEM micrographs of the
deformed HCP Co pillar. Prior studies show that when grain size is
b100 nm, deformation twinningmay be easier to operate in FCC metals
[50,57–59], but becomes much more difficult in HCP metals, except
under severe plastic deformation [60] or by adding an alloying element
[61]. Since the grain size of HCP Co in this study is ~ 50 nm, deformation
twinning is also suppressed during deformation.
(111) seed layer on Si (110) substrate. (b) Cross-section TEMmicrograph showing high-
nm. (d) High-resolution TEM (HRTEM)micrograph showing SFs on basal plane of HCP Co.



Fig. 2. In situmicropillar compression tests on HCP Co at a constant strain rate of 5 × 10−3/s. (a) True stress-strain curves show HCP Co has a yield strength of ~1.1 GPa with prominent
work hardening and compressive plasticity. (b-e) SEM snapshots of an HCP Co pillar showing uniform deformation during compression. No cracks were observed. (See supplementary
video 1 for more details).
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If the classical dislocation glide and deformation twinning mecha-
nisms are both prohibited in HCP Co with high-density SFs, then how
do we explain the deformation mechanisms and work hardening
Fig. 3.Cross-section TEMmicrographs of a HCP Co pillar deformed to ~ 20% true strain. (a) A TEM
during compression. (b) A highermagnification TEMmicrograph of the box (in a) shows incline
as confirmed by the inserted fast Fourier transform of each region. High-density inclined SFs o
capability observed in the current study? Post compression TEMmicro-
graphs (Fig. 3) show the coexistence of both the HCP and the FCC phase
in the deformed pillar. As FCC Co was not observed in the as-deposited
micrograph at lowmagnification confirms that there are no shear bands or cracks formed
d SFs (c, d) HRTEMmicrographs of the boxes in b show the coexistence of FCC and HCP Co
n the (111) planes were observed in FCC Co.
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Co, the FCC phase should have been formed during deformation, which
may be triggered by high local stresses [62–64]. TEM micrographs (Fig.
3c-d) show that FCC Co is forms on two sets of inclined (111) planes rel-
ative to the horizontal HCP (0002) basal planes. Furthermore high-den-
sity inclined SFs along (111) planes in FCC Co are also observed (Fig. 3b)
due to the migration of Shockley partial dislocations along the inclined
(111) planes. Thus, phase transformation and partial dislocation activity
in FCC Co phasemay contribute to the significant plasticity during com-
pression of HCP Co.

MD simulationswere performed onHCP Cowith SFs on basal planes
to investigate the atomistic deformation mechanisms and detailed
phase transformation process during nanopillar compression. Supple-
mentary Video 2 shows the atomistic view of the compression induced
phase transformation process. The stress-strain curve shows a high
yield strength of ~12 GPa followed by sharp stress reduction to ~1.8
GPa after yielding (Fig. 4a). Prior to yielding, at about 4% strain, two
Shockley partials (green lines) are nucleated at the intersection of the
horizontal SFs and the pillar surface (Fig. 4c). With increasing stress,
the Shockley partials start to glide along the SF planes resulting in
defaulting. Consequently, this partial annihilation of the pre-existing
SFs creates space for the FCC Co phase to nucleate and propagate. We
have visualized the evolution of the microstructure using the local
Von Mises shear strain (Supplementary Fig. S2), which highlights the
Fig. 4. MD simulations of compression tests of HCP Co pillar with parallel SFs. Atoms are in
unidentified structures, respectively. Green lines represent Shockley partial dislocations and
stress-strain curve shows a high yield strength of ~12 GPa followed by sharp stress reduction
compression (at 9.8% strain) revealing. HCP-to-FCC phase transformation occurs. (b) The HC
nucleated on SF planes. (d) When ε=4.3%, the Shockley partials glide along SF planes, causin
inclined planes. (e) When ε=4.7%, inclined SFs form in FCC Co and penetrate through the pa
(111) plane is increased while some of the horizontal SFs are removed. See supplementary vid
the reader is referred to the web version of this article.)
concentration of local large shear strains around the areas of HCP-to-
FCC phase transformation. Fig. 4d shows that, after a patch of FCC Co is
formed, Shockley partials nucleate from the interface between the
HCP and FCC phases and glide on FCC (111) planes forming SFs in the
FCC phase, leading to plastic yielding accompanied with a major stress
drop (Fig. 4e). Stair rod dislocations with Burgers vector of 1/6 [110]
(red lines) also form at the interception of the inclined SFs by the pre-
existing horizontal SFs, which prevent the propagation of partial dislo-
cations and may contribute to work hardening. See Supplementary
Video 3 for a view of the dislocations generated during deformation
and phase transformation. Crystallographic orientation relationship be-
tween HCP and FCC Co revealed by MD simulations is in good agree-
ment with the HRTEM analyses (Fig. 3c-d). It is worth mentioning that
Burgers reported a HCP-to-FCC phase transformation mechanism in Zr
that is to some extent similar towhatMD simulations show in the pres-
ent study [65]. Another MD simulation of compression of HCP Co with-
out basal plane SFswas also performed.MD simulations show that basal
slip and prismatic slip dominate the plastic deformation (Supplemen-
tary Fig. S3). These observations indicate that SFs are critical in
inhibiting dislocation glide in HCP Co and thus SFs can strengthen the
materials.

We report an intriguing deformation mechanism in HCP Co domi-
nated by phase transformation. Epitaxial HCP Co thin films with high
common neighbor color coding, where orange, purple and white denote FCC, HCP and
red lines represent other dislocations including stair rod dislocations. (a) Left panel: The
to ~1.8 GPa after yielding. Right panel: Microstructure of HCP Co pillar before and after
P Co pillar deforms elastically to a strain of ~3.9%. (c) When ε= 4.0%, Shockley partials
g defaulting of the pre-existing SFs in the HCP phase and the formation of FCC Co on the
rallel SFs where stress drop occurs. (f) When ε=4.8%, the population of inclined SFs on
eos 2 and 3 for details. (For interpretation of the references to color in this figure legend,
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density SFs exhibit simultaneous high strength and plasticity as re-
vealed by in situ SEM compression tests. Post deformation TEM analysis
shows the formation of an FCC Co phase during compression. MD simu-
lations elucidate that the HCP-to-FCC phase transformation arises from
partial dislocations gliding along the pre-existing SFs parallel to the
basal plane during compression. The subsequent generation of inclined
SFs on (111) planes in FCC Co plays a key role in accommodating plas-
ticity. Our study provides new perspective for designing high-strength
deformable HCP metals by introducing high-density SFs.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scriptamat.2019.07.030.
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