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ABSTRACT
The size effects of nano-spaced basal stacking faults (SFs) 
on the tensile strength and deformation mechanisms of 
nanocrystalline pure cobalt and magnesium have been 
investigated by a series of large-scale 2D columnar and 3D 
molecular dynamics simulations. Unlike the strengthening 
effect of basal SFs on Mg alloys, the nano-spaced basal 
SFs are observed to have no strengthening effect on the 
nanocrystalline pure cobalt and magnesium from MD 
simulations. These observations could be attributed to the 
following two reasons: (i) Lots of new basal SFs are formed 
before (for cobalt) or simultaneously with (for magnesium) 
the other deformation mechanisms (i.e. the formation of 
twins and the < c + a > edge dislocations) during the tensile 
deformation; (ii) In hcp alloys, the segregation of alloy 
elements and impurities at typical interfaces, such as SFs, can 
stablilise them for enhancing the interactions with dislocation 
and thus elevating the strength. Without such segregation 
in pure hcp metals, the  <  c  +  a  >  edge dislocations can cut 
through the basal SFs although the interactions between 
the  <  c  +  a  >  dislocations and the pre-existing SFs/newly 
formed SFs are observed. The nano-spaced basal SFs are 
also found to have no restriction effect on the formation of 
deformation twins.

1.  Introduction

The application of hcp metals and alloys has been substantially restricted by their 
relatively low strength and limited ductility due to low symmetry [1–3]. The 
strength can be improved traditionally by refining grain size to obtain ultra-fine 
grained (UFG) or nanocrystalline (NC) metals [4–9]. However, the ultra-high 
strength obtained by refining grain size is usually accompanied by remarkably 
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reduced ductility [4–9]. Deformation twinning is one of effective ways to stim-
ulate both high strength and good ductility in both fcc and hcp metal and alloys 
[2,3,10–27]. Until now, at least seven twinning modes involving different twinning 
planes ({101̄2}, {101̄1}, {101̄3}, {112̄1}, {112̄2}, {112̄3}, {112̄4}) have been found in 
hcp metals and alloys [25], in which {101̄2} tensile twins and {101̄1} compressive 
twins are the most common twinning modes that can be easily identified in the 
[112̄0] zone axis under TEM. However, deformation twins become more difficult 
to form with decreasing grain size in hcp metals and alloys, especially down to 
UFG or NC range [2].

Due to low symmetry, stacking faults (SFs) have been indicated to be much 
more complex in hcp metals and alloys and three slip systems so far have been 
confirmed by molecular dynamics (MD) simulations for SFs [28]. Among them, 
basal SFs are most likely to be activated due to the relatively low required critical 
resolved shear stress (CRSS) for the basal planes. The SFs can be formed by the 
dissociation of a full dislocation into two partial dislocations separated by a SF 
with a finite width on the basal plane during the plastic deformation. Three kinds 
of basal SFs may occur in hcp metals: two intrinsic SFs (I1 and I2) and one extrinsic 
SF (E) [20,29]. Recently, nano-spaced basal SFs were introduced into a Mg alloy 
(Mg-8.5Gd-2.3Y-1.8Ag-0.4Zr, wt%) by conventional hot rolling, producing both 
ultra-high yield strength and substantial ductility [30,31]. The high density of basal 
SFs were found to impede dislocations for strengthening and pin dislocations for 
promoting dislocation accumulation and strain hardening [30,31]. The strength-
ening by SFs has also been found in other Mg alloys [32–35].

High density of SFs can be more easily formed during plastic deformation in 
hcp metals with medium and low SFE [17–23,28,36,37]. Thus, for pure hcp met-
als, there are several intriguing issues worth of comprehensive studies: (1) The 
segregation of alloy elements and impurities at typical interfaces, such as SFs, can 
stablilise them for enhancing the interactions with dislocation and elevating the 
strength in hcp alloys. Without such segregation, whether or not nano-spaced SFs 
can still contribute to strengthening in pure hcp metals? (2) Is there any difference 
on the size effects of nano-spaced SFs on the tensile strength and the deformation 
mechanisms for hcp metals with different SFE? (3) Whether or not the size refine-
ment by nano-spaced SFs has any effect on the formation of deformation twins? 
In these regards, a series of large-scale 2D columnar and 3D MD simulations for 
NC pure cobalt and magnesium with nano-spaced SFs have been performed to 
investigate the size effects of nano-spaced basal SFs on the tensile strength and 
the corresponding atomistic deformation mechanisms in the present study. The 
strain rate is typically high (> 107 /s) in the MD simulations due to the inherent 
limitations, thus some deformation mechanisms (such as diffusion effects) might 
be limited at such short times. Moreover, the high strain rate might also cause 
much higher flow stress in the simulated samples. However, MD simulations 
have advantages to display the atomic transient response of microstructures and 
to study the plastic deformation mechanisms (dislocation activities, twinning, 
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GB sliding) in nanostructured metals with carefully designed model systems. 
Particularly, MD simulations have been shown to be successful in studying the 
grain size or twin boundary spacing effects on the flow stress and the deformation 
mechanisms for polycrystalline metals in previous research [12,14,37].

2.  Simulation techniques

The Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS), a 
Co EAM potential developed by Pun and Mishin [38], and a Mg EAM potential 
developed by Liu et al. [39] have been utilised to conduct the MD simulations. 
Based on experimental results and ab initio calculations, these potentials have 
been calibrated and validated for many basic properties, such as the elastic con-
stants, lattice constants, SFE, surface energies, vacancy formation and migration 
energies, cohesive energies. Previous research have shown that MD simulations 
are powerful tools for studying the grain size effect and the twin size effect on the 
strength and the atomistic deformation mechanisms of NC fcc [40–42], bcc [43] 
and hcp [29,36,37,44] metals, with carefully designed modelling cells in which 
the real-time responses of the atomic-level deformation mechanisms and the real-
time microstructures can be obtained. In the present study, both 2D columnar 
and 3D MD simulations have been considered. Due to limitations of computer 
sources, the grain size of 3D samples (d = 20 nm) is much smaller than that of 2D 
columnar samples (d = 60 nm) [29]. For 2D columnar samples, [112̄0] textured 
simulation cells with hexagonal columnar grains [29] were used, since the [112̄0] 
texture can activate various dislocation processes, such as basal slip, non-basal slip 
and various twins. The columnar axis (z direction) of the 2D simulation cells has 
10 atomic planes with a thickness of 5.0a0 (a0 = 0.2519 nm). Although the [112̄0] 
texture can activate various dislocation processes in the 2D columnar model, 
mechanical behaviours in hcp metals strongly depend on the basal texture. The 
real 3D model is totally different with respect to the basal texture when compared 
to the 2D columnar model, thus additional 3D simulations were also conducted to 
confirm the mechanical behaviours and the corresponding atomistic deformation 
mechanisms observed in the 2D simulations.

The typical configurations for 2D columnar NC cobalt (d = 60 nm) without 
pre-existing SFs and with pre-existing SFs (SFs spacing = 2.4 nm) are shown in 
Figures 1(a) and (b), respectively. High-angle tilt grain boundaries (GBs) are 
generated when the grains are rotated from each other about the columnar axis. 
The dimensions of the 2D columnar simulation cells are 240 × 240 × 1.26 nm3 
for cobalt or 240 × 240 × 1.60 nm3 for magnesium, which contain approximately 
7,160,000 atoms for cobalt or approximately 4,410,000 atoms for magnesium. Six 
samples (SF spacing = 2.4, 4.1, 8.1, 14.6, 24.3, SF free) for cobalt and six samples 
(SF spacing = 2.1, 4.2, 8.3, 15.6, 23.9, SF free) were simulated in 2D columnar 
cells in order to investigate the size effects of nano-spaced basal SFs on the tensile 
strength. Five samples (SF spacing = 2.0, 3.2, 4.9, 6.5, SF free) for cobalt and five 
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samples (SF spacing = 2.1, 3.1, 4.2, 6.2, SF free) were also simulated in 3D cells 
in order to investigate the size effects of nano-spaced basal SFs on the tensile 
strength, and the typical configurations for 3D NC cobalt (d = 20 nm) without 
pre-existing SFs and with pre-existing SFs (SFs spacing = 4.9 nm) are shown in 
Figures 1(c) and (d), respectively. The 3D simulation cells have the dimensions 
of 60 × 60 × 60 nm3 and contain approximately 19,100,000 atoms for cobalt or 
approximately 9,270,000 atoms for magnesium. In the samples with pre-existing 
SFs, a unit cell with a structure of AB…ABACA…CA (for creating I1 intrinsic 
basal SFs) was used to create the NC grains by Voronoi methods. For samples 
with different SFs spacing, the same Voronoi grain structure and the same crys-
tallographic orientations of all grains are retained. In order to show the micro-
structures, the atoms are coloured based on common neighbour analysis (CNA) 
values, in which grey colour stands for perfect hcp atoms, blue colour stands for 
fcc atoms and red colour is for other atoms which belong to GBs, free surfaces 
or other defects. Periodic boundary conditions have been used for all directions. 

Figure 1. (colour online) (a) The 2D columnar configuration of NC Cobalt (d = 60 nm) without pre-
existing SFs. (b) The 2D columnar configuration of NC Cobalt (d = 60 nm) with pre-existing SFs 
(SF spacing = 2.4 nm). (c) The 3D configuration of NC Cobalt (d = 20 nm) without pre-existing SFs. 
(d) The 3D configuration of NC Cobalt (d = 20 nm) with pre-existing SFs (SF spacing = 4.9 nm).
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The as-constructed simulation cells were first subjected to energy minimisation by 
the conjugate gradient method before the tensile deformation, and heated up to a 
certain temperature and then cooled down to the desired temperature (10 K) and 
finally relaxed by the Nose/Hoover isobaric-isothermal ensemble (NPT) under 
both the pressure 0 bar and the temperature 10 K for 100 ps. After relaxation, the 
simulation cells were deformed along x-axis for a specified strain with a constant 
tensile strain rate of 5 × 108s−1. The pressures in the y and z directions were kept 
to zero during the tensile loading in order to simulate the uniaxial loading. A 
time-step of 2 fs was used in the simulations, and the velocity–verlet algorithm 
was utilised for solving the Newton’s equations.

3.  Results and discussions

3.1.  Simulated stress–strain curves and effect of SF spacing on the strength

In NC cobalt or magnesium with nano-spaced SFs, two characteristic micro-
structrual length scales should control their mechanical properties: the grain size 
and the SF spacing. The SF spacing is varied while the grain size is fixed in the 
present study in order to investigate the effects of the SF spacing on the mechan-
ical properties and the corresponding atomistic deformation mechanisms. The 
simulated stress–strain curves for various 2D columnar NC cobalt and magne-
sium samples with different SF spacing are shown in Figure 2(a), and the curves 
for the SF free samples are also included for comparison. The SF spacing effect 
on the average flow stress for various 2D columnar NC cobalt and magnesium 
samples is displayed in Figure 2(b). The corresponding stress–strain curves and 
the curves of the strength versus the SF spacing for 3D simulations are displayed 
in Figures 2(c) and (d), respectively. In the 2D columnar simulations, cracks are 
observed to nucleate and propagate at GBs at large tensile strains (at 6% for Mg 
and after 10% for Co) due to the [112̄0] texture, the higher flow stress and the 
stress concentrations at GBs. Thus, the range of strain has been specified to be 10% 
for 2D columnar NC cobalt and 6% for 2D columnar NC magnesium in Figure 
2. For all samples, tensile stresses are observed to increase linearly first for the 
elastic range, and the flow behaviours deviate the linear relationship after onset of 
plastic deformation. For 2D columnar samples, a plateau of flow stress is quickly 
reached after the elastic deformation for both NC cobalt and magnesium samples, 
and two stages of plastic deformation, i.e. a plateau followed by a strong strain 
hardening, are observed for the 2D columnar NC cobalt samples. While for 3D 
samples, a stress overshoot is observed after the elastic deformation for both NC 
cobalt and magnesium samples, and then the flow stress gradually decreases to a 
plateau. The values of flow stress for 2D simulations (both cobalt and magnesium 
samples) are also observed to be higher compared to these for 3D simulations, 
which can be attributed to the [112̄0] texture along the z axis for 2D simulations.

As indicated in previous research [12,29,36,37,40–43], the strength in MD 
simulations can be represented more meaningful by the average flow stress over 
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a certain plastic strain interval (generally at the strain range with stress plateau). 
Thus, the average flow stress at strains between 4 and 6% is calculated for the 2D 
columnar NC magnesium samples. Due to the two stages of plastic deformation 
for the 2D columnar NC cobalt samples, two values of the average flow stresses 
(3–5.5% and 3–10.0%) are obtained. It is interesting to note that the strengths of 
both 2D columnar NC cobalt and magnesium samples are nearly independent 
of the SF spacing no matter what plastic strain range was chosen. Due to the 
limited slip systems of 2D columnar simulation cells, effects of the SF spacing on 
the strength of NC cobalt and magnesium samples were also investigated by real 
3D simulation cells. For 3D samples, the average flow stress at strains between 10 
and 20% is calculated for both NC cobalt and magnesium samples. 3D simulation 
results show similar trend as 2D columnar results, and the SF spacing are found 
to contribute little to the strength.

Figure 2.  (colour online) (a) Simulated stress–strain curves of 2D columnar NC cobalt and 
magnesium with and without pre-existing SFs. (b) The average flow stress vs. SF spacing for 
2D columnar NC cobalt and magnesium. (c) Simulated stress–strain curves of 3D NC cobalt and 
magnesium with and without pre-existing SFs. (d) The average flow stress vs. SF spacing for 3D 
NC cobalt and magnesium.
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3.2.  Atomistic deformation mechanisms for NC hcp samples with nano-
spaced SFs

In order to understand the SF spacing effect on the strength for the NC Cobalt sam-
ples, the snap shots at various strains for both 2D columnar (SF spacing = 14.6 nm) 
and 3D (SF spacing = 4.9 nm) NC Cobalt samples are revealed, and the plastic 
deformation process can be categorised into stages. The typical snapshots for the 
stage I and the stage II in 2D columnar samples are shown in Figures 3(a) and 
(b), respectively. While, the typical snapshots for the stage I and the stage II in 
3D samples are shown in Figures 3(c) and (d), respectively. In stage I, lots of new 
basal SFs are formed, and other deformation mechanisms are seldom observed for 
both 2D columnar and 3D simulations. The interactions of basal SFs with other 
dislocations might contribute to the strain hardening, while the formation of new 
basal SFs itself in hcp metals should contribute little to the strain hardening due 
to the easy slip for basal planes, which is consistent with the plateau of the flow 
stress in stage I.

Figure 3.  (colour online) Simulated deformation patterns of 2D columnar NC cobalt with pre-
existing SFs (SF spacing = 14.6 nm): (a) for stage I at strain of 4%; (b) for stage II at strain of 7%. 
Simulated deformation patterns of 3D NC cobalt with pre-existing SFs (SF spacing = 4.9 nm): (c) 
for stage I at strains of 4%; (d) for stage II at strains of 20%.
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However, besides formation of new basal SFs, the other three deformation 
mechanisms are also observed in stage II, resulting in strong strain hardening: 
(i)<c + a > edge dislocation activities and interactions between < c + a > disloca-
tions and basal SFs; (ii) Nucleation and growth of {101̄2} tensile twins; (iii) Phase 
transformation from hcp to fcc by basal SFs at every other plane. Higher critical 
resolved shear stress is required to nucleate < c + a > dislocation due to its large 
Burgers vector. The < c + a > dislocations have been indicated to be significant 
during the uniform plastic deformation in hcp metals since they have played 
important roles for the enhanced strain hardening and the improved ductility 
[3,20,27,29,45]. The formation of {101̄2} tensile twins has been indicated to be an 
important deformation mechanisms in hcp metals, and contribute to the strong 
strain hardening for the high ductility in hcp metals [2,3,17,18,21,29]. It is well 
known that the interfaces between difference phases can lead to an enhanced strain 
hardening and higher strength in nanoscale metallic multilayer systems [46], thus 
the formed phase boundaries for fcc/hcp interfaces after phase transformation 
may provide strong strain hardening due to the possible interactions between 
glide dislocations and interfaces. It should be noted that no strain hardening 
stage is observed for the 2D columnar NC magnesium samples due to the fact 
that nucleation and propagation of cracks at GBs already occur at strain of 6%.

For the stage I of the plastic deformation of NC Cobalt samples with nano-
spaced basal SFs, the main deformation mechanism is the formation of new basal 
SFs, the corresponding close-up views are shown in Figure 4. Partial basal dis-
locations are observed to nucleate from one GB and propagate into the opposite 
GB, leaving newly formed SFs behind. Different from SFs in fcc metals, SFs in hcp 
metals are indicated to be much more complex due to the low symmetry. So far, 
three slip systems associated with SFs have already been confirmed so far by MD 
simulations in hcp metals [28]. Due to the relative low SFE for the basal planes, 
SFs on basal planes are most likely to be formed among them. Three kinds of basal 
SFs have been indicated in previous research for hcp metals, i.e. two intrinsic SFs 
(I1 and I2) and one extrinsic SF (E) [20,29,47]. In Figure 4, the pre-existing SFs 
are intrinsic with I1 type, while most newly formed SFs are found to be intrinsic 
with I2 type [29] since the leading partial dislocations have an Burgers vector of 
2∕3[11̄00] and the SFs are observed to have two continuous fcc layers. Moreover, 
newly formed SFs with I1 type and E type are also observed in the simulations 
(as indicated in Figures 4 and 5). For the early stage of the plastic deformation, 
both 2D columnar and 3D simulations show similar results, i.e. the plastic defor-
mation is mostly accommodated by the formation of new basal SFs and on other 
deformation mechanisms are involved. The corresponding close-up view showing 
the details for the Burgers circuit of the leading partial for the I2-type basal SFs is 
displayed in Figure 4(e), and the Burgers vector of the leading partial is identified 
as 2∕3[11̄00].

The corresponding close-up views for the deformation mechanisms during 
the stage II of the plastic deformation for the 2D columnar NC Cobalt samples 
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Figure 4. (colour online) The corresponding close-up views showing the deformation mechanism 
for stage I in 2D columnar NC Cobalt with pre-existing SFs (SF spacing = 14.6 nm): partial basal 
dislocations nucleate from one GB and propagate into the opposite GB, leaving newly formed 
SFs behind. The deformation patterns are collected at strain of (a) 0%; (b) 4%. The corresponding 
close-up views showing the deformation mechanism for stage I in 3D NC Cobalt with pre-existing 
SFs (SF spacing = 4.9 nm): partial basal dislocations nucleate from one GB and propagate into the 
opposite GB, leaving newly formed SFs behind. The deformation patterns are collected at strain 
of (c) 4%; (d) 5%. (e) The corresponding close-up views showing the details for the Burgers circuit 
of the leading partial for the I2-type basal SFs.
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with nano-spaced basal SFs are shown in Figure 5. These deformation mecha-
nisms include the phase transformation, the formation of {101̄2} tensile twins 
and < c + a > edge dislocation activities. It is interesting to note that the newly 
formed TB is not straight and is incoherent since the newly formed TB deviates 
from {101̄2} twinning plane. While, the misorientation angle between two sides 
of the newly formed TB is still close to the theoretical value of 85.80 [28,29,48]. 
These non-classical twinning behaviours have also been observed by TEM after 
dynamic deformation in cobalt [48], and the corresponding mechanisms were 
proposed to be a homogeneous shear plus atomic shuffling. In the models with 
nano-spaced SFs, the pre-existing basal SFs are destroyed by the twinning pro-
cess ({101̄2} tensile twinning, a major deformation mode in actual hcp metals), 
while more new basal SFs are formed in the newly twinned region, as shown in 
Figure 5(b). As shown in Figure 5(b), lots non-basal dislocations are nucleated 

Figure 5. (colour online) The corresponding close-up views showing the deformation mechanisms 
for stage II in 2D columnar NC Cobalt with pre-existing SFs (SF spacing = 14.6 nm). Formation and 
growth of deformation {101̄2} tensile twins, phase transformation from hcp to fcc, interaction 
between < c + a > partial edge dislocation 1/6[22̄03] and basal SFs. The deformation patterns are 
collected at strain of (a) 0%; (b) 7%. The corresponding close-up views showing the details for: 
(c) the Burgers circuit of the < c + a > partial edge dislocation 1/6[22̄03]; (d)<c + a > dislocation 
cutting through SFs. The slip direction is [22̄03] and the slip plane is (3̄307) for the < c + a > partial 
edge dislocations.
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from GBs and one of their Burgers circuits is shown in Figure 5(c). The Burgers 
vector is identified as 1/6[22̄03], and the non-basal dislocations are confirmed 
as the < c + a > partial edge dislocations. Thus, non-basal SFs are also generated 
during the propagation of the < c + a > partial dislocations with edge type (their 
dislocation lines are parallel to the z-axis of [112̄0]). During the propagation of 
the < c + a > partial edge dislocations, interactions between the basal SFs (I1 or I2 
type) and the non-basal SFs are observed, and every interaction creates one layer 
step on the SFs (as indicated in Figure 5(d)).

The three deformation mechanisms for the later stage (stage II) of plastic defor-
mation of NC Cobalt with pre-existing basal SFs are also confirmed by real 3D MD 
simulations. The overall deformation patterns are shown in Figure 3(d), while the 
close-up views for the details of the three deformation mechanisms are displayed 
in Figure 6. These observations indicate that although the slip systems are limited 
in 2D columnar simulation cells, the effects of SF spacing and the corresponding 
atomistic deformation mechanisms are not significantly affected by the limited 
slip systems and the basal texture in 2D simulations. However, the densities of 
these three deformation mechanisms are relatively low compared to those in the 
2D simulations due to the lower flow stress and the smaller grain size for the 3D 
simulations. Thus, no apparent hardening stage is observed up to a tensile strain 
of 20% for 3D simulations.

The overall deformation patterns of the SF free samples, the samples with large 
and small SF spacing for 2D columnar NC cobalt and magnisum samples are 
shown in Figures 7 and 8, respectively. These two figures indicate two things: 
(i) The SF spacing has no effect on the deformation mechanisms for both stage 
I and stage II in the 2D columnar NC Cobalt samples. The plastic deformation 
for the SF free sample, the sample with large SF spacing and the sample with 
small SF spacing is all accomodated by the newly formed SFs at stage I, and the 
deformation mechanisms at stage II are the formation of {101̄2} tensile twins, the 
phase transformation and the < c + a > edge dislocation activities for the SF free 
sample, the sample with large SF spacing and the sample with small SF spacing. 
(ii) The deformation mechanisms are slightly different in the 2D columnar NC 
cobalt and magnisum samples. New basal SFs are formed before the other three 
deformation mechanisms in the 2D columnar NC Cobalt samples. While, the 
formation of new basal SFs occur simultaneously with the other three deformation 
mechanisms in the 2D columnar NC Magnisum samples. It is well known that 
the formation of the basal SFs is much easier in the metals with lower SFE, which 
might be the origin for the slightly different mechanisms in the NC cobalt and 
magnisum samples (NC coblat samples have much lower SFE when compared 
to NC Magnisum samples).

The nano-spaced basal SFs are observed to have no strengthening effect on the 
NC pure cobalt and magnesium from MD simulations in the present study (Figure 
2), very different from the strengthening effect of basal SFs on a Mg alloy [30–35]. 
This observation could be due to the following two reasons: (i) Lots of new basal 
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SFs are formed before (for cobalt) or simultaneously with (for magnesium) the 
other three deformation mechanisms (i.e. the formation of {101̄2} tensile twins, 

Figure 6.  (colour online) The corresponding close-up views showing the deformation 
mechanisms for stage II in 3D NC Cobalt with pre-existing SFs (SF spacing = 4.9 nm). (a) (b) Phase 
transformation from hcp to fcc, and the deformation patterns are collected at strains of 5% and 
7%, respectively. (c) (d) Interaction between < c + a > partial edge dislocation 1/6[22̄03] and SFs, 
and the deformation patterns are collected at strains of 0% and 7%, respectively. (e) (f ) Formation 
and growth of deformation {101̄2} tensile twins, and the deformation patterns are collected at 
strains of 0% and 20%, respectively. The slip direction is [22̄03] and the slip plane is (3̄307) for 
the < c + a > partial edge dislocations.
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the phase transformation and the < c + a > edge dislocation activities) during the 
tensile deformation. The nano-spaced SFs have been found to have strengthening 
effect for the single-crystal pure Mg nanowires with the tensile direction along 
the c-axis [49]. In their simulations,<c + a > dislocations have been found to 
nucleate before the formation of basal SFs due to the fact that the resolved shear 
stress on the basal planes is zero under the special loading conditions. While 
in the NC samples as in the present study, the resolved shear stresses on both 
basal dislocations and < c + a > dislocations should have a wide range, given 
that the grain orientations are random. Thus, the basal SFs should form first in 
the NC hcp metals since the required resolved shear stress for the basal SFs are 
much lower when compared to the other type dislocations. (ii) The interaction 
between < c + a > dislocations and the basal SFs creates one step (as shown in 
Figure 5(d)), which would be an energetically unfavourable process based on 
the change of the Burgers vector. However, the propagation of the < c + a > edge 
dislocations can’t be blocked by the basal SFs, thus < c + a > edge dislocations 
can cut through either the pre-existing basal SFs or the newly formed basal SFs 

Figure 7. (colour online) Simulated deformation patterns of 2D columnar NC Cobalt at strains of 
0, 4 and 7%: (a) without pre-existing SFs; (b) with pre-existing SFs (SF spacing = 24.3 nm); (c) with 
pre-existing SFs (SF spacing = 2.4 nm).
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although the interactions between the < c + a > dislocations and the basal SFs are 
observed (Figure 5(d)). Interfaces, such as TBs, GBs, SFs, generally can provide 
barriers for dislocation motion to strengthen the materials, and segregation of 
alloy elements and impurities on these interfaces can stabilise them and provide 
a large strengthening effect [30,32]. Previous research has also shown that the 
electronic structure by substitutional solutes at the interfaces can interact strongly 
with the dislocation for strengthening [50]. Based on the mechanistic modelling 
approach proposed by Asaro and Suresh [51], Gu et al. presented a theoretical 
work on the < c + a > dislocation passing through the basal SFs [52], in which the 
activation volume is found to be inversely proportional to the flow stress, thus the 
higher local stress induced by the alloy elements and impurities at the interfaces 
can give smaller activation volume and result in stronger strengthening effect than 
the pure metals. However, no segregation of other elements on the SFs can be uti-
lised to help pin and impede dislocations for pure hcp metals, such as pure cobalt 
and magnesium, which could also be the reason of no strengthening effect for the 
nano-spaced basal SFs in hcp pure metals. Moreover, the specimens in previous 

Figure 8. (colour online) Simulated deformation patterns of 2D columnar NC Magnesium at strains 
of 0, 4 and 6%: (a) without pre-existing SFs; (b) with pre-existing SFs (SF spacing = 23.9 nm); (c) 
with pre-existing SFs (SF spacing = 2.1 nm).
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experiments [30] have gone through cold rolling and heat treatment to result in 
large thickness reduction. It is likely that during these operations, in particular, 
rolling, the basal poles are aligned to one direction such that when pulling in 
the RD direction there is effectively no shear component of deformation on the 
basal plane. This makes < c + a > dislocation and its passing through basal SFs to 
be one of the favourable deformation modes in strengthening the material. This 
might also explain the strengthening effect of SFs observed in [30]. Moreover, the 
nano-spaced basal SFs are also found to have no restriction effect on the forma-
tion of deformation twins, the phase transformation and the < c + a > dislocation 
activities.

4.  Summary

The effects of nano-spaced basal SFs on the tensile strength and deformation 
mechanisms of NC pure cobalt and magnesium have been studied by a series 
of large-scale 2D columnar and 3D molecular dynamics simulations. The main 
findings can be summarised as follows:

(1) � No strengthening effect is observed for the nano-spaced basal SFs on 
the NC pure cobalt and magnesium, which is much different from the 
strong strengthening effect of basal SFs on Mg alloys [30–35].

(2) � This observation could be due to the following two reasons based on the 
detailed atomistic mechanisms of MD simulations: (i) New basal SFs 
are formed before (for cobalt) or simultaneously with (for magnesium) 
the other deformation mechanisms during the tensile deformation; (ii) 
The < c + a > edge dislocations can cut through either the pre-existing 
basal SFs or the newly formed basal SFs. Unlike hcp alloys, there is no 
segregation of other elements on the SFs which can be utilised to help 
pin and impede dislocations for pure hcp metals, which could also be 
the reason of no strengthening effect for the nano-spaced basal SFs in 
hcp pure metals.

(3) � The nano-spaced basal SFs are found to have no restriction effect on 
the formation of deformation twins, the phase transformation and 
the  <  c  +  a  >  dislocation activities. The current findings could help 
improving our understanding of the microstructure effect on the 
strength of pure hcp metals.
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