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Twin boundaries (TBs) have been observed in and introduced into nonmetallic materials in recent years,
which brought new concepts for the design of new structural materials. However, the roles of TB on
the mechanical properties and strengthening/softening of transition metal nitrides remain unclear.
To investigate the TB effects and the in-plane anisotropy, nanoindentations on VN (111) films with
and without TB were simulated with molecular dynamics, in which a cylindrical indenter was used,
and its longitudinal axis were assigned along <112> and <110>>, respectively. We found that the
effect of the indenter orientation is insignificant in the elastic stage, but significant in the following
inelastic deformation. Different deformation mechanisms can be found for inelastic deformation,
such as twinning and dislocation glide. The migration of TB can be observed, which may release the
internal stress, resulting in softening; while the dislocation locking and pileup at TB can enhance the
strength. We also found that the strengthening/softening induced by TB depends on the deformation
mechanisms induced by indenter directions.

Transition metal nitrides (TMNs), such as vanadium nitride (VN) and titanium nitride (TiN), have attracted
increasing attention due to their excellent physical and mechanical properties, especially high hardness and wear
resistance'™. The testing of these mechanical properties usually involves plastic deformation. It is well known
that twinning® and dislocation glide® are two of the most common mechanisms for plastic deformation. Twin
boundary (TB), a symmetrical plane between the twin and the original parent lattice, plays a very important role
in the mechanical properties, such as strength”#, hardness” !° and toughness'!. While twinning may or may not
contribute to overall plastic deformation, depending on specific twinning mechanisms and the reactions between
twinning and other defects, it does result in substantial evolution of microstructures and the formation of TBs'2.
Li et al. found that there is a critical twin thickness, at which the yield strength reaches the maximum’, and
proposed a dislocation nucleation governed softening mechanism. However, Zhou et al.® and Zhu et al.'* found
that, when subjected to an external stress parallel to the twin planes, the strength of metallic multilayers can be
sustainably improved even though the twin spacing falls below a critical twin thickness, and proposed a jogged
dislocation governed strengthening mechanism. Different deformation mechanisms may play different major
roles under different stress states. At present, most work about TB focused mainly on metals, but less progress has
been achieved in other kinds of materials, for example, ceramics materials, probably because those less experi-
mental evidences have been reported in the literature.

In recent years, TBs have been observed in or introduced into nonmetallic materials, which brought new con-
cepts for the design of new structural materials. For example, by introducing the nanotwin structures into cubic
BN® and diamond!? can significantly enhance their hardness. It may inspire people to improve the mechanical
properties of ceramics by introducing nanotwin structures into rock-salt structure TMNs. Xue et al.'® identified
{111} twin boundary in rock-salt MnS with a combined study of transmission electron microscopy (TEM) and
density functional theory (DFT) calculation. It implies the possibility to introduce the twin structures into the
rack-salt structure VN to improve its mechanical properties. Li et al.'® found that twin structure can be stable in
rack-salt metal nitrides by analyzing the twin boundary energy. Yadav et al. and Fu et al. predicted the existence of
{111} <112> partial dislocations (PDs) in TiN'” and VN3, respectively, based on the calculation of generalized
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E(eV) |r(d) a | R R R L Cuin | Coax |4
vV 530 2625 481 [073 [474 |10 |25 10 |10 [330 [32 |-20 |o49 |28 o
N |48 1100 [596 |180 |275 |40 |40 |40 |10 [005 |10 |00 [200 |28 o

Table 1. Parameters in MEAM potentials for pure Vand N. E, r,, o, A, (3, t, C, and d denote cohesive energy,
equilibrium nearest-neighbor distance, exponential decay factor, scaling factor for embedding energy,
exponential decay factor, weigh factor for atomic densities, screening parameter, and adjustable parameter,
respectively.

V-N-V N-V-N V-V-N V-N-N
E(eV) |r.(A) |5(GPa) |4 |Cuin | Con | Coin | Coax | Cun Comsx | Cunin | Conax

6.72 2.06 315 0 |045 2.8 0.85 2.8 1.117 2.8 0.80 2.8

Table 2. A set of 2NN MEAM potential parameters for V-N system. E,, r,, B, d, and C represent cohesive
energy, equilibrium distance, bulk modulus, adjustable parameter and screening parameter of B1 phase VN.

stacking fault curves, which was thought to be the premise for twin nucleation. Fu et al.'® further found in MD
simulations that deformation twin can form in VN under nanoindentation. However, the roles of TB on the
mechanical properties and strengthening/softening effects in VN remain unclear.

It is still challenging to achieve quantitative results of the effects of TBs in VN in experiment. MD simula-
tion may provide a powerful means to explore the effects of TB in the mechanical properties of nanocrystalline
structural materials” 2. It is known that the deformation mechanisms are different if a material is subjected to
nanoindentation on different surfaces, for instance, VN (111)** and (001)*, ascribed to the inherent anisotropy
of monocrystalline rock-salt VN. On the other hand, etched W wire?? or wedge indenter? was often used to
perform nanoindentations, which can be equivalent to a two-dimensional (2D) cylindrical indenter. Therefore,
2D cylindrical indenters were usually used in MD nanoindentation simulations to investigate the mechanical
responses®*~?’. However, the in-plane anisotropy and the corresponding deformation mechanisms may exist
under nanoindentation if a cylindrical indenter is used, because the (111) surface has a three-fold rotation sym-
metry about its normal direction. In this work, we first investigate the in-plane anisotropy of VN (111) under
nanoindentation with a cylindrical indenter along different axial directions, and then explore the effects of TB on
the mechanical properties of VN.

Calculation Methods

The modified embedded atom method (MEAM) potential developed by Baskes et al.?*-*, which has been suc-
cessfully applied to the tension®!, deposition®?, surface energy®*** and stacking energy>> 3¢, is chosen to express
the interaction between the film atoms. The detailed parameters for the single element (V-V and N-N) potentials
have been given by Baskes et al.?® and Lee et al.*’, as listed in Table 1. The binary MEAM potential developed in
term of the single element was used to describe the force between V and N¥, the corresponding parameters are
listed in Table 2. These potentials can not only reproduce the basic mechanical properties of V-N system, but also
explore the fracture behaviors of VN layers¥, the slip systems and deformation mechanism in VN under nanoin-
dentation, incorporating generalized stacking fault energy curves?" . The pair Lennard-Jones potential, which
was widely used to describe the contact at nano-scale®, is chosen to describe the interaction between the indenter
and film. The parameters € and o are set to be 3.14meV and 3.7588 A for C-V24°, and 3.722 meV and 3.33 A
for C-N*!, respectively. On the purpose to investigate in-plane anisotropy of VN (111) and the effects of TB, the
indenter is treated as a rigid body. Therefore, as in some of our previous works'* 2!, the interaction between the
indenter atoms need not be involved in the simulation to save computational resources. Before the MD nanoin-
dentation simulations, we calculate the GSFE and TFE curves, as shown in Figure S1 of Supplementary Materials.

In this work, four samples, named as XSC, XTB, YSC and YTB, are prepared to perform the MD nanoinden-
tation simulations as shown in Fig. 1, the sizes and orientations of which are listed in Table 3. X and Y mean that
the indenter longitudinal axis are parallel with different crystallographic directions x <112> and y <110>, and
SC and TB represent single crystal and twin boundary, respectively. The x, y and z axes of the XSC, YSC, and the
upper part of XTB and YTB films corresponded to [112],[110] and [111] crystal orientations, respectively, while
that of the lower part of XTB and YTB films corresponded to[112],[110] and [111] crystal orientations to form a
TB. The thicknesses of the upper films of both the samples XTB and YTB are 10+/3 a. The conjugate gradient (CG)
algorithm is used at first to optimize the samples and make them reach stable configurations with minimum
equilibrium energy. All simulations are performed at 10K. The bottommost four layers of atoms are fixed to pre-
vent the film from shifting, and the rest atoms are kept at a constant temperature of 10 K with the Langevin ther-
mostat*? as the thermostat atoms during loading stage. The radius of the cylindrical diamond indenter is 60 A and
the indenter moves downwards at a constant speed of 40 m/s during indentation. Periodic boundary conditions
are imposed in both x and y directions.

Centro-symmetry parameter (CSP), which can be used to describe the local disorder, was originally devel-
oped for BCC and FCC lattice structures. It can also be applied to a diamond cubic lattice and NaCl structure by
considering them as nested structure with two identical FCC lattices*”*’. The CSP for each atom are calculated to
analyze the microstructure with the following formula*,
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(a)

x[112] x[112]

Figure 1. Atomic models for MD simulation of indentation. (a) XSC; (b) XTB; (c) YSC; (d) YTB. Red, blue and
grey balls represent V, N and C atoms, respectively. Yellow atomic layer represents the twin boundary (TB).

XSC 6[112]a 70[110]a 40[111]a
upper 6[112]a 70[110]a 10[111]a
XTB pp — [ ! 1 [” ]
lower 6(112]a 70[110]a 30(111]a
YSC 40(112] a 8[110]a 40[i11]a
upper 40 [112] a 8(110]a 10[111]a
YTB pp e [ ! ] [" ]
lower 40[112]a 8[110]a 30[111]a

Table 3. Sizes and orientations of samples XSC, XTB, YSC and YTB. X and Y represent axis direction of
cylindrical indenter. SC and TB represent single crystal and twin boundary, respectively. a = 4.12 A is lattice
constant.

N/2 2
CSP =) [R; + Ry ypol »
pus 1)

where N=6 is the nearest coordination number of a central atom in NaCl (B1) structure VN, R; and R, y, are
the vectors from the central atom to a particular pair of the nearest neighbors, respectively. The parameter is zero
for each atom whose neighboring atoms are located at the site of the perfect lattice structure. If there is defect
such as vacancy and dislocation, this parameter for an atom in the vicinity of the defect will become much larger
than that just caused by the local atomic vibration. We use the open software, OVITO®, for visualization analysis.

Results and Discussion

Elastic deformation. The indentation force Fis calculated by the interaction between two groups of atoms:
the indenter and the substrate atoms, hence, there are three components of the tensor are ordered x, y and z. The
indentation force F is the component in z direction. Due to the different lengths (6 [112] a for XSC and XTB, and
8[110] a for YSC and YTB) of the films in the directions of the longitudinal axis of the indenter, it is commonly
normalized to the indentation load P with

P=7 @)

where L is the length of the cylindrical indenter. The load-depth (P-h) curves are shown in Fig. 2, where the load
is positive rather than zero when h =0, as in the work by others*®*’, which can be attributed to the repulsion
between the indenter and the specimen atoms when their distance becomes smaller than the equilibrium one
(r.=2.68 A in Fig. 2) if using a “real” indenter rather than using a fictitious one described by a repulsive poten-
tial*. At the initial stage, the force F of the Hertz solution of for the contact between a rigid cylindrical indenter
and an elastic plane can be expressed as*%:

_ ma*GL
2(1 — v)R’ (3)

In which a, G, v and R are contact half-width, shear modulus of the film, Poisson’s ratio of the film and the radius
of the indenter, respectively. The contact half-width a can be determined with

a= R — (R —h), (4)

where h_ is the contact depth. The contact depth in elastic deformation stage can be calculated with
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Figure 2. Indentation load-depth (P-h) curves of four samples.

h, = 1/2h, ©)
Substituting Eq. (5) into Eq. (4) and then substituting Eq. (4) into Eq. (3), F can be expressed as

Fo 7wGL
2(1 — V)R

2
h- h_].
4 (6)
Noticing that k is much smaller than R, F can be further simplified as

mGL

F~———h,
2(1 —v) (7)
Hence, the load can be expressed as:
_F._mG ,
L 201-v) (8)

P should be approximately proportional to depth k, confirmed in Fig. 2, showing the validation of the nanoin-
dentation model. It can be seen that the four curves match well with each other at initial stage before h=2.40 A,
therefore, G/(1 — v) is a constant for different samples, indicating that the direction of cylindrical indenter axis
have insignificant effect on elastic deformation. However, some differences between these curves become more
obvious with the increase of h, which will be analyzed from the in-plane anisotropy and the effects of TB.

In-plane anisotropy in VN(111). Figure 3(a) shows the P-h curves of the samples XSC <112> and YSC
< 110>, where one can see that these curves can be divided into three parts (I, IT and III) by Points o (h=3.20 A)
and 3 (h=6.88 A). In part I, the curves of the two samples match each other. In part II, the curve of XSC is higher
than that of YSC, and the curve of XSC becomes lower than that of YSC in the following part. Figure 3(b) and (c)
present the microstructures of XSC and YSC at h =25 A, where the defects in XSC are more obvious than that in
YSC. It can be found that the stacking faults (SFs) contain two or three layers of atoms in both samples (Fig. 3(b)
and (c)), however, only few TBs form in YSC (Fig. 3(c)). The forming and thickening mechanisms of the TBs
are the sequential nucleation and propagation of partial dislocations on adjacent parallel {111} planes, which
has been discussed in details in our previous work!. A brief description is given as follows, (1) At Point o, the
resolved shear stress reaches the critical value, and a partial dislocation (PD) nucleates to relax the internal stress,
resulting in a drop near Point o; (2) During the subsequent loading in part II, the movement of the PD and the
expansion of the stacking fault become dominant, and the curve of YSC increases with the slope almost the same
as in the initial elastic stage; (3) With the further increase of h, the local resolved shear stress reaches the critical
value again, resulting in the nucleation of a new PD. The twin boundary begins to form with the movement of
this new PD, if the new PD nucleates adjacent to the previous nucleated SF. In the subsequent loading, some PDs
adjacent to the embryos of twin nucleate, contributing to the thickening of TB, or some PDs nucleate and move,
forming some isolated SFs.

Unlike the zigzag increase in the P-h curve of YSC, there is no sharp drop but some minor platforms (labeled
with “mp”) can be observed in the P-h curve of XSC, as shown in Fig. 3(a), which has also been reported in the
nanoindentation simulations with a spherical indenter®®* or in the case involving large deformation with a cylin-
drical indenter'®. To understand the mechanism for these minor platforms, the microstructures of XSC at differ-
ent depths are shown in Fig. 4. Figure 4(a) shows the microstructure at h =5.76 A, where one can see that a
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Figure 3. In-plane anisotropy of single crystal VN(111) with cylindrical indenter along different directions.
(a) P-h curves of XSC and YSC; (b) and (c) microstructures in XSC and YSC at =25 A, colored with atomic
type. The inset is twin structure on x-z plane, colored with CSP. Atoms with CSP < 0.5 and indenter atoms have
been removed.

v([-110] Y <112>DL

x(112]

(c)

y[-110]

x[112]

Figure 4. Microstructures of XSC, colored with CPS. (a) h=5.76 A, (b) h=6.24 A, (c) h=6.72 A, (d) °h: 6.72A
for illustration of formation mechanisms of a symmetrical structure formed in XSC and (e) h=13.44 A. Atoms
with CSP < 0.5 and indenter atoms have been removed.

< 112> PD nucleates and moves, forming a {111} SE. With the increase of 4, more PDs nucleate and glide, result-
ing in the expansion of the SF and the dislocation loop (DL) in Fig. 4(b). Meanwhile, some new PDs nucleate,
forming a {111} SF in parallel with or intersecting with the SF mentioned in Fig. 4(a). Subsequently, the SE, which
intersects with the previously formed one, expands with the increase of 4, forming a structure in symmetry with
the x-z plane across the central axis of the cylindrical indenter (Fig. 4(c)). Figure 4(d) shows the symmetrical
structure observed in Fig. 4(c), where it can be seen that the two SFs are on the {111} planes. Inspired by the result
obtained in the nanoindentaion on Au (111)*, it can be suggested that dislocations may nucleate on three possible
planes (ABD, BCD and ACD) during the nanoindentation on {111} plane. The three planes and the upper surface
of the film form a Thompson tetrahedron proposed for FCC structure. Here, the cylindrical indenter is along
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Figure 5. Comparison between P-h curves of samples with and without TB. (a) Indenter along x <112>
direction and (b) Indenter along y <110> direction.

[112], and the planes ABD and BCD are equivalently the easiest glide planes. Therefore, a symmetrical structure
forms when h reaches a critical value. This kind of structure is not found in the nanoindentation on YSC. For YSC,
the easiest glide plane is the plane ACD when the cylindrical indenter is along[110] direction, and the SFs in YSC
are almost parallel (Fig. 4(c)). Back to the minor platforms in Fig. 4(a), the main deformation mechanisms are the
nucleation of dislocation, the expansion of stacking faults and dislocation loop in XSC (Fig. 5(a—c)). Therefore,
the minor platforms may be ascribed to multiple nucleation of dislocations during the expansion of SFs and the
DL, as was reported in metals®. Figure 4(e) shows the microstructures of the sample XSC at the second minor
platform, where more dislocations nucleate and more SFs and DLs form. On the whole, because the dislocations
can nucleate and glide on the two easiest glide planes to release the internal stress, few TB form in the sample
XSC. But for YSC, there is only one easiest glide plane for the relaxation of internal stress. Hence, if the some PDs
nucleate and glide adjacent to the preformed SE, TB may form and thicken'*>'. Therefore, the reason that the P-h
curve of XSC is lower than that of YSC should be attributed to the different deformation mechanisms induced by
the indenter directions. The main deformation mechanism for the indenter direction along <112> (XSC and
XTB) is dislocation nucleation and glide. However, the main deformation mechanism for the indenter along
<110> (YSC and YTB) is twinning.

Effects of TB on hardness. Figure 5 shows the comparison between the P-h curves of the samples with and
without TB, where it can be seen that the P-k curve of XTB is higher than that of XSC when /> 16.52 A, indicat-
ing the strengthening induced by TB. However, the curve of YTB is generally lower than that of YSC, implying the
softening effects of TB. These interesting results can be attributed to different deformation mechanisms, twinning
and dislocation gliding, for nanoindentation with cylindrical indenter along different directions.

Figure 6 shows the microstructures in XTB at different h. By comparing Fig. 6(a) and (b), it can be seen
that the TB moves upper or down perpendicular to the TB, from V atoms to N atoms, which contributes to the
decrease of the first yield depth. During the movement of TB, some PDs nucleate and glide, forming SF parallel to
the TB and relaxing the internal stress, accounting for the lower P-h curve of XTB when h <4.96 A. At h=4.96,
anew PD nucleates beneath the indenter (Fig. 6(c)) resulting in the second softening. Then many PDs nucleate
simultaneously, leading to the further relaxation of the internal stress, and resulting in an “mp” in the P-h curve
of XTB. In the following region, the P-h curve of XTB ascends persistently, catches up with and even over the P-h
curve of XSC, exhibiting strengthening effect of TB. Figure 6(d) shows the microstructures of XTB at h = 15.68 A,
where one can see that the some dislocations are blocked by the TB, leading to the enhancement of the strength.
A slight drop occurs at h=21.28 A, and the corresponding microstructure is shown in Fig. 6(e). It can be seen
in Fig. 6(e) that some PDs nucleate and glide, forming a partial slip parallel with the twin boundary (PSPTB),
which may results in softening, and the softening stops as the PSPTB moves away, as shown in Fig. 6(f) when
h=22.32 A. Then the dislocation blocking induced strengthening dominates the linear increase in the following
part of the P-h curve.

Figure 7 gives the evolution of the microstructures in YTB at different 4. Similar to the results of XTB, the
migration of TB leads to softening by comparing the result in Fig. 7(a) with that in Fig. 7(b). With the increase of
h, the nucleation of PD beneath of indenter (Fig. 7(c)) may occur as the resolved shear stress reaches the critical
value, corresponding to the second yield point in the P-h curve of YTB (Fig. 5(b)). With the increase of h, the PD
in Fig. 7(c) glides to reacts with the TB (Fig. 7(d)). However, the main reason for the drop at = 6.32 A should be
the nucleation of a new PD (Fig. 5(b)), contributing to the thickening of TB along the direction of n (Fig. 7(d)).
It is known that the sequential nucleation and propagation of PD on the adjacent parallel {111} planes should
be the key to the thickening of deformation twin'®, but from the discussion in the previous subsection the new
PD can also nucleate on adjacent or away from the preformed SE. Figure 7(e) shows a new PD nucleating away
from the preformed SF in Fig. 7(d), which results in the softening near h =7.68 A (Fig. 5(b)). It should be noted
that the SF may be locked by TB (see the ellipse in Fig. 7(d) and (e)), which may be some kind of strengthening
factor but cannot play a dominant role. During 7.68 A < h < 14.65 A, the P-h curve of YTB develops linearly
with several slight fluctuations, corresponding to softening induced by the nucleation of PDs, forming TB or
unlocking of the dislocation from the locked site. Figure 7(g-i) show the microstructures of YTB at the three
drop points, h=19.12 A, 22.96 A, and 27.32 A, respectively, where one can see that the softening can be attribute
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Figure 6. Microstructures evolution in XTB colored with atomic type at different depths. (a) h=1.36 A,
(b) h=3.20A, (c) h=4.96 A, (d) h=15.68 A, (e) h=21.28 A and h=22.32 A. Atoms with CSP < 0.5 and
indenter atoms have been removed.
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Figure 7. Microstructures evolution of YTB colored with atomic type at different depth. (a) h=0.88 A,
(b) h=2.40A, (c) h=3.60A, (d) h=6.324, (e) h=7.68 A, (f) h=15.00A, (g) h=19.12A, (h) h=22.96 A, and
(i) h=27.32A.

to the migration of TB, the unlocking and nucleation of dislocations, and PSPTB, which can release the internal
stress. Therefore, we can conclude that softening mechanism should be responsible for the lower P-h curve of
YTB (Fig. 5(b)).

In Fig. 2, the comparison between the P-h curves of XTB and YTB can be divided into three segments (1), (2)
and (3) by h=6.20 A and h=23.44 A. To understand these curves, we introduce a simple expression
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P= PO + Pstrengthen - Psoften (9)

In which Py;engthen a0d Piggier, correspond to the contributions from strengthening and softening effects, respectively.
P, is the load without taking into account the strengthening and softening effects. In Segment (1), PD nucleates
firstly in YTB due to the smaller critical stress, which contributes to Py, and results in the lower P-h curve of
YTB. In Segment (2), the PDs and SFs in XTB are much more obvious than that in YTB, which contributes to Py,
and results in the lower P-h curve of XTB, though a little strengthening effect due to dislocations blocked by TB
appears. With the further increase of 4, the dislocation blocking induced strengthening begins to play a dominant
role in XTB and this effect is much stronger than that in YTB, because a larger number of PDs have nucleated in
Segment (2) in XTB than in YTB. On the other hand, the deformation mechanisms including the migration of TB,
the unlocking and nucleation of dislocation, and PSPTB due to the concentration of internal stress, induce sof-
tening in YTB. With the effect of the two aspects, the P-h curve of XTB is higher than that of YTB in Segment (3).

To guarantee the validity of the results, additional nanoindentation simulations are performed on the four
samples with a lower indentation speed of 20 m/s and at higher temperature of 300K, and similar result have
been obtained, of which the indentation P-h curves and the microstructures at some typical points are shown in
Figures S2-54 in Supplementary Materials.

Conclusions
Nanoindetations on VN (111) films with or without twin boundary were performed with molecular dynamics
simulations, in which cylindrical indenters along directions <112> and <110> were used to investigate the
in-plane anisotropy and the effects of TB. It was found that the direction of the cylindrical indenter has insignif-
icant effect in elastic stage, but it becomes significant in the following inelastic deformation stage. The strength-
ening or softening mechanisms involve twinning and dislocation glide, which were analyzed by a Thompson
tetrahedron. We found that the internal stress can be released by the migration of TB, which results in softening;
while the dislocation locking and pile-up at TB can enhance the strength.

However, the strengthening or softening by TB may be related to the many factors, such as the twin thickness,
temperature, loading parameters (indentation speed, indenter size), etc. These results are the basis for the study of
twin thickness effect and the effect of twinning in polycrystalline transition metal nitrides.

References
1. Zhao, H., Ni, Z., Mi, P, Mu, C. & Ye, F. The microstructure and phase evolution of cone-like VN coating in a wide temperature range.
Surface and Coatings Technology 307, 151-156 (2016).
2. Zeilinger, A. et al. In-situ Observation of Cross-Sectional Microstructural Changes and Stress Distributions in Fracturing TiN Thin
Film during Nanoindentation. Scientific reports 6, 22670 (2016).
3. Ziebert, C. & Ulrich, S. Hard multilayer coatings containing TiN and/or ZrN: A review and recent progress in their nanoscale
characterization. Journal of Vacuum Science & Technology A 24, 554-583 (2006).
4. Wang, S. M. et al. Synthesis, Hardness, and Electronic Properties of Stoichiometric VN and CrN. Crystal Growth & Design 16,
351-358 (2016).
5. Christian, J. W. & Mahajan, S. Deformation Twinning. Progress in Materials Science 39, 1-157 (1995).
6. Mitchell, T. E. & Heuer, A. H. In Dislocations in Solids Vol. Volume 12 (eds F. R. N. Nabarro & J. P. Hirth) 339-402 (Elsevier, 2004).
7. Li, X, Wei, Y., Lu, L., Lu, K. & Gao, H. Dislocation nucleation governed softening and maximum strength in nano-twinned metals.
Nature 464, 877-880 (2010).
8. Lu, L., Chen, X,, Huang, X. & Lu, K. Revealing the maximum strength in nanotwinned copper. Science 323, 607-610 (2009).
9. Tian, Y. et al. Ultrahard nanotwinned cubic boron nitride. Nature 493, 385-388 (2013).
10. Huang, Q. et al. Nanotwinned diamond with unprecedented hardness and stability. Nature 510, 250-253 (2014).
11. Zhou, H. & Qu, S. The effect of nanoscale twin boundaries on fracture toughness in nanocrystalline Ni. Nanotechnology 21, 035706 (2010).
12. Wang, J. & Zhang, X. H. Twinning effects on strength and plasticity of metallic materials. Mrs Bulletin 41, 274-285 (2016).
13. Zhou, H,, Li, X, Qu, S., Yang, W. & Gao, H. A jogged dislocation governed strengthening mechanism in nanotwinned metals. Nano
letters 14, 5075-5080 (2014).
14. Zhu, Y. X,, Li, Z. H., Huang, M. S. & Liu, Y. Strengthening mechanisms of the nanolayered polycrystalline metallic multilayers
assisted by twins. International Journal of Plasticity 72, 168-184 (2015).
15. Xue, Y. B,, Zhou, Y. T,, Chen, D. & Ma, X. L. Structural stability and electronic structures of (111) twin boundaries in the rock-salt
MnS. Journal of Alloys and Compounds 582, 181-185 (2014).
16. Li, T. et al. First-principles calculations of the twin boundary energies and adhesion energies of interfaces for cubic face-centered
transition-metal nitrides and carbides. Applied Surface Science 355, 1132-1135 (2015).
17. Yadav, S. K. et al. First-principles density functional theory study of generalized stacking faults in TiN and MgO. Philosophical
Magazine 94, 464-475 (2014).
18. Fu, T. et al. Molecular dynamics simulation of the slip systems in VN. Rsc Advances 5, 77831-77838 (2015).
19. Fu, T. et al. Molecular dynamics simulation of deformation twin in rocksalt vanadium nitride. Journal of Alloys and Compounds 675,
128-133 (2016).
20. Zhou, H. et al. Torsional Detwinning Domino in Nanotwinned One-Dimensional Nanostructures. Nano letters 15, 6082-6087 (2015).
21. Fu, T. et al. Molecular dynamics simulation of VN thin films under indentation. Applied Surface Science 357, 643-650 (2015).
22. Li, N. et al. Quantification of dislocation nucleation stress in TiN through high-resolution in situ indentation experiments and first
principles calculations. Scientific reports 5, 15813 (2015).
23. 1i,],, Van Vliet, K. J., Zhu, T., Yip, S. & Suresh, S. Atomistic mechanisms governing elastic limit and incipient plasticity in crystals.
Nature 418, 307-310 (2002).
24. Zhu, T. et al. Predictive modeling of nanoindentation-induced homogeneous dislocation nucleation in copper. Journal of the
Mechanics and Physics of Solids 52, 691-724 (2004).
25. Qu, S. & Zhou, H. Hardening by twin boundary during nanoindentation in nanocrystals. Nanotechnology 21, 335704 (2010).
26. Zhang, Z.Y., Wang, B. & Zhang, X. Z. A maximum in the hardness of nanotwinned cadmium telluride. Scripta Materialia 72-73,
39-42 (2014).
27. Zhang, Z.Y., Zhang, X. Z., Guo, X. G., Ye, F. & Huo, Y. X. Hardening mechanism of twin boundaries during nanoindentation of soft-
brittle CdTe crystals. Scripta Materialia 69, 457-460 (2013).

SCIENTIFICREPORTS|7:4768 | DOI:10.1038/541598-017-05062-0 8


http://S2
http://S4

www.nature.com/scientificreports/

28. Baskes, M. L, Nelson, J. S. & Wright, A. E Semiempirical modified embedded-atom potentials for silicon and germanium. Physical
review. B, Condensed matter 40, 6085-6100 (1989).

29. Baskes, M. I. Modified embedded-atom potentials for cubic materials and impurities. Physical review. B, Condensed matter 46,
2727-2742 (1992).

30. Kim, Y. M,, Lee, B.]. & Baskes, M. I. Modified embedded-atom method interatomic potentials for Ti and Zr. Physical Review B 74,
014101 (2006).

31. Xu, S. Z. et al. An analysis on nanovoid growth in body-centered cubic single crystalline vanadium. Computational Materials Science
50,2411-2421 (2011).

32. Xu, Z. H., Yuan, L., Shan, D. B. & Guo, B. A molecular dynamics simulation of TiN film growth on TiN(001). Computational
Materials Science 50, 1432-1436 (2011).

33. Wen, Y. N. & Zhang, H. M. Surface energy calculation of the fcc metals by using the MAEAM. Solid State Communications 144,
163-167 (2007).

34. Zhang, J.-M., Ma, E & Xu, K.-W. Calculation of the surface energy of FCC metals with modified embedded-atom method. Applied
Surface Science 229, 34-42 (2004).

35. Alam, M. & Groh, S. Dislocation modeling in bcc lithium: A comparison between continuum and atomistic predictions in the
modified embedded atoms method. Journal of Physics and Chemistry of Solids 82, 1-9 (2015).

36. Wei, X. M., Zhang, H. M. & Xu, K. W. Generalized stacking fault energy in FCC metals with MEAM. Applied Surface Science 254,
1489-1492 (2007).

37. Fu, T. et al. First-principles calculation and molecular dynamics simulation of fracture behavior of VN layers under uniaxial tension.
Physica E-Low-Dimensional Systems & Nanostructures 69, 224-231 (2015).

38. Fu, T. et al. Molecular dynamics simulation of plasticity in VN(001) crystals under nanoindentation with a spherical indenter.
Applied Surface Science 392, 942-949 (2017).

39. Cheng, S. FE & Robbins, M. O. Defining Contact at the Atomic Scale. Tribology Letters 39, 329-348 (2010).

40. Baowan, D., Triampo, W. & Triampo, D. Encapsulation of TiO2nanoparticles into single-walled carbon nanotubes. New Journal of
Physics 11, 093011 (2009).

41. Mesli, F, Mahboub, R. & Mahboub, M. Molecular dynamics comparative study of methane-nitrogen and methane-nitrogen-ethane
systems. Arabian Journal of Chemistry 4,211-222 (2011).

42. Schneider, T. & Stoll, E. Molecular-dynamics study of a three-dimensional one-component model for distortive phase transitions.
Physical Review B 17, 1302-1322 (1978).

43. Goel, S., Luo, X., Agrawal, A. & Reuben, R. L. Diamond machining of silicon: A review of advances in molecular dynamics
simulation. International Journal of Machine Tools and Manufacture 88, 131-164 (2015).

44. Kelchner, C. L., Plimpton, S. J. & Hamilton, J. C. Dislocation nucleation and defect structure during surface indentation. Physical
Review B 58, 11085-11088 (1998).

45. Stukowski, A. Structure identification methods for atomistic simulations of crystalline materials. Modelling and Simulation in
Materials Science and Engineering 20, 045021 (2012).

46. Huang, C. et al. Nanoindentation of ultra-hard ¢BN films: A molecular dynamics study. Applied Surface Science 392, 215-224 (2017).

47. Saraev, D. & Miller, R. E. Atomic-scale simulations of nanoindentation-induced plasticity in copper crystals with nanometer-sized
nickel coatings. Acta Materialia 54, 33-45 (2006).

48. Fu, T. et al. Molecular dynamics simulation of nanoindentation on Cu/Ni nanotwinned multilayer films using a spherical indenter.
Scientific reports 6, 35665 (2016).

49. Li, J. et al. Study of nanoindentation mechanical response of nanocrystalline structures using molecular dynamics simulations.
Applied Surface Science 364, 190-200 (2016).

50. Lilleodden, E. T., Zimmerman, J. A., Foiles, S. M. & Nix, W. D. Atomistic simulations of elastic deformation and dislocation
nucleation during nanoindentation. Journal of the Mechanics and Physics of Solids 51, 901-920 (2003).

51. Zhang, Z.Y. et al. A novel approach to fabricating a nanotwinned surface on a ternary nickel alloy. Materials ¢~ Design 106, 313-320 (2016).

Acknowledgements

The authors gratefully acknowledge the financial supports from National Natural Science Foundation of China
(Grant no. 11332013), Chongqing New Star Cultivation Project of Science and Technology, Chongging Graduate
Scientific Research and Innovation Foundation (Grant no. CYB16023), and Chonggqing Research Program of
Basic Research and Frontier Technology (Grant no. cstc2015jcyjA50008 and cstc2016jcyjA0366). The authors
would like to thank the constructive comments from anonymous reviewers.

Author Contributions

T.E. designed the scheme and wrote the manuscript under the guidance of X.P,, T.E,, C.H. and S.W. performed the
calculations and analyzed the results. C.H., and H.X., Z.W. and N.H. participated in the discussions, and provided
valuable suggestions. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-05062-0

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

CE | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS|7:4768 | DOI:10.1038/s41598-017-05062-0 9


http://dx.doi.org/10.1038/s41598-017-05062-0
http://creativecommons.org/licenses/by/4.0/

	In-plane anisotropy and twin boundary effects in vanadium nitride under nanoindentation

	Calculation Methods

	Results and Discussion

	Elastic deformation. 
	In-plane anisotropy in VN(111). 
	Effects of TB on hardness. 

	Conclusions

	Acknowledgements

	Figure 1 Atomic models for MD simulation of indentation.
	Figure 2 Indentation load-depth (P-h) curves of four samples.
	Figure 3 In-plane anisotropy of single crystal VN(111) with cylindrical indenter along different directions.
	Figure 4 Microstructures of XSC, colored with CPS.
	Figure 5 Comparison between P-h curves of samples with and without TB.
	Figure 6 Microstructures evolution in XTB colored with atomic type at different depths.
	Figure 7 Microstructures evolution of YTB colored with atomic type at different depth.
	Table 1 Parameters in MEAM potentials for pure V and N.
	Table 2 A set of 2NN MEAM potential parameters for V-N system.
	Table 3 Sizes and orientations of samples XSC, XTB, YSC and YTB.




