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TiN.

� Generalized stacking fault energy is
directly related to shear strength.

� The maximum shear stress of 7.2 GPa
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with nitrides, in agreement with
experiment.
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a b s t r a c t

The effect of misfit dislocation networks (MDNs) on the stability and shear strength of Cr/TiN was inves-
tigated using a newly developed modified embedded atom model parameterized to pure Cr, CrTi, CrN,
and Cr/TiN interfacial properties. The interfacial energy was lowest when the MDN was located in the
Cr layer adjacent to the chemical interface, which also had the largest dislocation core widths. This
was consistent with generalized stacking fault energies, which had lower energy barriers between the
first and second Cr layers next to the chemical interface. As the MDNmoved away from the interface, dis-
location core widths consistently decreased along with the interfacial energy. For all positions of MDNs,
shear failure occurred in the ceramic, between the first and second TiN layers next to the chemical inter-
face. The lowest shear strength was found for the system with the MDN in the first Cr layer with respect
to the chemical interface. Only for this particular configuration was there a significant plastic deforma-
tion present.
� 2021 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Metal/ceramic systems have numerous applications in areas
such as structural composites, electronic devices, thermal barrier
coatings on gas and jet turbine engines, high-temperature aircraft
structures, wear-resistant materials, and medical implants [1–8].
Their overall performance depends on the properties of their inter-
faces [9], and interfacial failures can limit their durability [10].
Transition metal nitrides such as TiN and CrN are good candidates
for coatings on machining tools due to their high hardness, high
melting point, and good wear resistance [11–17]. However, they
may display low adhesion to the substrate in many cases [14].
An improved interfacial mechanical integrity can often be achieved
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by the addition of thin metal interlayers between the ceramic coat-
ing and the substrate [18]. A detailed understanding of the struc-
ture and mechanical behavior of metal/ceramic interfaces will
facilitate the selection of materials for stable metal/ceramic sys-
tems with desired strength [19]. This can be achieved by combin-
ing experimental methods with multiscale modeling and
simulation techniques [20–22], providing atomic-level insights
that are verified by experimental measurements.

The strength of the metal/ceramic systems against external
shear is an important property from the material design perspec-
tive. Experimental techniques, such as axial compression loading
of micropillar specimens containing metal/ceramic interfacial
regions, fabricated with focused ion beam micro/nano scale
machining, and in-situ indentation in a transmission electron
microscope, have been utilized in producing quantitative data,
such as the average critical shear stress, for the mechanical failure
of metal/ceramic interfaces [23–26]. Specifically, research on mul-
tilayered Al/TiN showed enhanced plastic co-deformation [27] at
the individual layer thickness of 5 nm or below during indentation
studies. The mechanical properties of Al/SiC films were studied
under shear loading and the dependence of the failure behavior
on layer thickness was observed [28]. Such unique properties pro-
vided a potential of designing novel metal/ceramic composites
with enhanced hardness and ductility. A recent experimental study
provided details on the mechanical failure of Cr/CrN [29], Cu/CrN
and Ti/CrN interfaces under shear loading [23]. It was established
that the critical shear stress of the coating/substrate system
depended on the metal interlayer used. As compared to Cu and
Ti, Cr interlayer displayed highest critical shear stress for failure.
The addition of a Cr metal interlayer between CrN (or TiN) and
the underlying substrates, such as stainless steel or Ti6Al4V alloys
[14,30,31] has been shown to improve their strength and stability
by reducing the stress between the ceramic and the substrate.
Additionally, the presence of Cr interlayers has been found to
improve the corrosion and wear resistance [32–35], and the
high-temperature oxidation resistance of different alloys [36,37].
However, the interfacial behavior of chromium interlayer-based
metal/ceramic systems at the atomic level is still unclear.

Atomic level simulations can provide a detailed understanding
of the factors that contribute to interfacial strength and stability.
First-principles density functional theory (DFT) is an attractive
choice due to its flexibility in studying a large array of systems
without the need for parameterizing atomic models. Many DFT
studies focus on the investigation of work of adhesion (WoA) of
metal/ceramic interfaces [38–40], interface-driven twinning [41],
phase transitions [42,43] and tensile or shear strength of the inter-
face [44,45]. Recent DFT calculations found that resistance to shear
was highest for Cr/TiN in comparison to many metal/ceramic com-
binations [46]. This was attributed to Cr/TiN having the highest
overall generalized stacking fault energy (GSFE) barrier near the
interface of the systems studied [46]. Validating this requires
expanding the simulations to larger scales to directly calculate
the shear strength of Cr/TiN. However, due to the higher computa-
tional costs, ab initio DFT techniques are infeasible for the study of
large systems.

To understand the structure-property relationships of Cr/TiN
metal/ceramic systems through large scale simulations, reliably
parameterized interaction potentials are needed. The modified
embedded atom method (MEAM) developed by Baskes et al. [47]
has been widely used for many metals including fcc, bcc, and hcp
[48–56], along with different ceramics, such as TiN and CrN
[13,57,58]. Simulations with the MEAM model have also been
shown to scale to very large system sizes [59–61]. Metal/ceramic
interfaces have recently been examined with MEAM potentials,
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providing information on their interfacial stability, the influence
of misfit dislocations (MDNs), and shear strength [62–64].

Based on the above consideration and building upon the previ-
ous work related to the study of the effect of MDNs on the mechan-
ical response of Ti/TiN and Cu/TiN interfaces [62], the present work
is aimed at developing a new interatomic potential for the interac-
tion of Cr with TiN and studying their interfacial behavior. While a
considerable amount of work has been done on the study of fcc
metal/TiN [44,45,65] and hcp metal/TiN interfaces [14,62,66,67],
to the author’s knowledge, no previous work has studied the inter-
facial behavior of bcc metal/NaCl-type TiN interfaces. This paper
represents the development of a new Cr/TiN MEAM model, and
the investigation into the role of the presence and location of
MDNs on its shear strength. From previous computational work,
it is anticipated the Cr will have stronger interactions with TiN
than fcc and hcp metals [46], and experimentally, Cr has higher
shear strength with CrN than Ti or Cu [23]. The parametrization
and simulation methodology developed will help bring ab initio
predictions closer to experimentally measured results, to further
validate their abilities for use in materials design.

2. Methodology

2.1. Interatomic Potential: MEAM formalism

The details of the MEAM formalism have been reported in the
literature [47]. In brief, the total energy of a system is the sum of
an embedding function, Fi, and a pair interaction, uij(Rij) between
atoms i and j separated by a distance Rij,
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X

i
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where A is an adjustable parameter, Ec is the cohesive energy, and

q
�0 is the background electron density for a reference structure. q

�

is the background electron density at the atomic site i that can be
computed by combining the partial electron density terms for dif-
ferent angular contributions [53]. Several expressions for combin-
ing the partial electron densities have been proposed [68]. Among
them, the following form has been widely used:

q
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tðhÞi are the weight factors. The atomic electron density is given
as

q hð Þ
j Rð Þ ¼ q0e
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which involves the adjustable parameters b(0), b(1), b(2), b(3) and re,
the nearest neighbor distance in the equilibrium reference struc-
ture. The total energy per atom for a given reference structure is
evaluated from the universal equation of state by Rose et al. [69]
as a function of nearest neighbor distance R,
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Table 2
Comparison of the DFT calculated/experimental properties of Cr with values obtained
from the MEAM model.

Property DFT/expt. value New model Lee model [88]

Evac (eV) 2.57a, 2.27b 3.17 1.95
Es (001) (J/m2) 2.50a 2.85 2.39
Es (110) (J/m2) 2.34a, 2.35c 2.69 2.26
Es (111) (J/m2) 2.60a 3.07 2.44
Elastic constants (GPa)

C11
C12
C44

391.0d

89.60d

103.20d

455.91
69.76
112.11

344.40
112.80
130.40

qs (g/cm3) 7.15e 7.28 7.25
Efcc/Ebcc 0.96a 0.92 0.97
Ehcp/Ebcc 0.95a 0.93 0.98

a DFT as calculated in this work.
b Reference [89].
c Reference [90].
d Reference [91].
e Reference [92].

Table 3
MEAM potential parameters for the binary systems (x-y). In any pair, the first element
is denoted by x, and the second element is denoted by y.

Parameters (x-y) pair
Cr-N Cr-Ti Ti-N [62]

Reference state b1 b1 b1

Ec (x, y) (eV) 5.5269 2.9859 6.6139
re (x, y) (Å) 2.1069 2.6952 2.1195
a (x, y) 6.9415 7.3082 4.7225
Cmin (x, x, y)
Cmin (y, y, x)
Cmin (x, y, x)
Cmin (x, y, y)
Cmax (x, x, y)
Cmax (y, y, x)
Cmax (x, y, x)
Cmax (x, y, y)

0.08
1.4265
1.7054
1.75
2.18
3.814
2.891
4.0

2.0
1.88
0.22
1.2036
3.4196
3.2941
2.0
2.198

0.4263
1.0733
1.5
1.5
2.0328
1.7998
2.4073
2.3557

Table 4
MEAM potential parameters for
the Cr/TiN ternary system.

Parameters Value

Cmin (Cr, N, Ti) 1.9376
Cmin (Cr, Ti, N) 0.9440
Cmin (N, Ti, Cr) 0.7918
Cmax (Cr, N, Ti) 3.8510
Cmax (Cr, Ti, N) 3.6540
Cmax (N, Ti, Cr) 3.1064
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where

a� ¼ a
R
re

� 1
� �
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a is an adjustable parameter that includes contributions from the
bulk modulus, cohesive energy, and equilibrium atomic volume.
Sij, as given in Eq. (1), is a three-body screening factor that denotes
the effect of the position of a third atom, k, on the interaction
between atoms i and j, which is limited by Cmin (Sij = 0) and Cmax

(Sij = 1) as described in detail in the literature [70].

2.2. Determination of MEAM parameters

For a single element, once the reference structure is defined,
including its Ec and re, which are set to experiment, 11 remaining
MEAM parameters need to be determined: b(0), b(1), b(2), b(3), t(1),
t(2), t(3), A, a, Cmin, and Cmax. The values for the MEAM parameters
for N were taken from the literature without any modification
[58]. The reference structures for Ti and Cr are hcp and bcc, respec-
tively. This requires fitting eleven additional parameters for the
binary systems. These include the Ec between them in Eq. (2), along
with their a and re values in Eq. (8). The remaining eight parame-
ters are their Cmin and Cmax values. For ternary interactions, an
additional six parameters, three Cmin and three Cmax, need to be
fit. For Ti and TiN, the previously developed model designed to
study the Ti/TiN interface was used [62]. A model for pure Cr
was parameterized (Table 1), along with a model for CrN, Cr2Ti
[71,72] (Table 3) and the Cr/TiN interface (Table 4). A model for
CrN was recently developed by Ding et al [13], while no model
for the CrTi binary system is currently available to the best of the
knowledge of the authors.

An in-house Python code developed by this research group [73]
was used for the optimization of a set of MEAM parameters by
minimizing the mean square displacement between the calculated
and experimental/DFT derived properties. The method uses a com-
bination of minimization and a genetic algorithm.

2.3. Computational details

2.3.1. DFT calculations
The properties were extracted from a combination of experi-

mental measurements and DFT calculations. Most of the DFT calcu-
lations were carried out for this work, even if values existed in the
literature. The Vienna ab initio simulation package [74] was uti-
lized for the DFT calculations using the Perdew, Burke, and Ernzer-
hof generalized gradient approximation for the exchange-
correlation functional [75,76]. The potential due to the core elec-
trons was accounted for by the projector augmented wave method
[77], which combined the features of the pseudopotential
approach and the linear augmented plane wave method. Kohn-
Sham orbitals for valence electrons were expanded in terms of a
plane wave basis set with a cutoff energy of 400 eV. The
Monkhorst-Pack scheme was used for sampling the k-point of
the plane wave basis in the first Brillouin zone [78]. The specific
k-point mesh size depended on the system size and the calculation
being carried out. For pure Cr, the monovacancy formation energy,
Table 1
MEAM potential parameter sets for pure Cr, Ti, and N.

Ec (eV) re (Å) A a b(0) b(1) b

Cr 4.10a 2.88b 0.28 5.70 8.74 0.01 5
Ti 4.87 2.92 1.19 4.41 1.58 0.08 2
N 4.88 1.10 1.80 5.96 2.75 4.00 4

a Reference [87].
b Reference [86].

3

surface energies, and the GSFEs were calculated using first-
principles DFT. In order to calculate the monovacancy formation
energy, the Brillouin zone was sampled using 3 � 3 � 3 mesh of
k-points for the 128-atom cells. The surface energies were calcu-
lated for the surfaces Cr(001), Cr(110), and Cr(111) with the sys-
tem sizes of 54, 72, and 48 atoms respectively and the Brillouin
zone was sampled using 4 � 4 � 1 k-point mesh. For each of these
(2) b(3) t(1) t(2) t(3) Cmin Cmax

.48 0.37 1.06 11.09 �7.73 0.75 2.36

.89 0.0016 5.55 6.79 �2.05 0.89 2.85

.00 4.00 0.05 1.00 0.00 2.00 2.80
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surfaces, a periodic system with 15 Å of vacuum was created,
resulting in the formation of two surfaces with the specified
orientations.

The GSFE surface was calculated for the Cr(001) system. For
this calculation, half of the atoms were displaced in the X[110]

and Y½1
�
10] directions, keeping the other half of atoms fixed, as

had been done previously [46]. A total of ten positions along X
and ten along the Y directions were sampled, mapping a total of
100 points. For each point, an energy minimization followed their
displacement, allowing the atoms to only relax in the Z direction
(keeping X and Y positions all fixed). The minimum energy path
was then plotted along the X direction after mapping the full GSFEs
out [79]. The maximum height of the minimum energy plot along
the X direction defines the energy barrier of the shear displace-
ment of the GSFE surfaces.

For the binary systems, the elastic constants, surface energies,
and the enthalpies of mixing were calculated using DFT. The elastic
constants were calculated using a system size of 64 atoms for CrN
and 24 atoms for Cr2Ti with a 12 � 12 � 12 k-point mesh. To cal-
culate the enthalpy of mixing, a Cr2Ti system of 24 atoms and a CrN
system of 32 atoms were used, each with a 4 � 4 � 4 k-point mesh.
For the surface energy calculations, 72, 32 and 54 atoms were used
for CrN(001), CrN(110) and CrN(111) while 48, 44 and 72 atoms
were used for Cr2Ti(001), Cr2Ti(110) and Cr2Ti(111). In each of
these systems, 15 Å of vacuum was present normal to the surface
in consideration, and a k-point grid of 4 � 4 � 1 was used for the
surface calculations. The impact of spin-polarized calculations was
investigated for all the systems, and it was found that they only
had a significant impact on the structure and energetics of CrN,
so only the CrN properties include spin polarization.

For Cr/TiN interfaces, the WoA was calculated for a system that
consisted of eight layers of four Cr atoms (32 total) along with six
layers of eight TiN atoms (48 total) that formed a single interface
between Cr(001) and TiN(001). The interface was perpendicular
to the Z-direction in a cell of approximate dimensions of 5.88 � 5.
88 � 40 Å. As with the previous work [46], there was at least 10 Å
of vacuum present along the Z direction to assure that only one
interface was formed in between Cr and TiN. The WoA for the Cr/
TiN interface was calculated as done previously [80]:
Fig. 1. (a) Cr(001)/TiN(001) structure with the atomic layers denoted by M and the inte
the GSFE surface of the Cr/TiN metal/ceramic system.

4

WoA ¼ ðECr þ ETiN � ECr=TiNÞ=A ð9Þ

where ECr=TiN is the energy of the entire system, and ECr is the energy
of the Cr(001) system optimized in both atomic positions and cell
coordinates. ETiN is the energy of an optimized TiN(001) system,
and A is the area of the Cr/TiN interface.

For the GSFE surface of the Cr/TiN system, the configuration was
the same as for the WoA, and it was calculated at the chemical
interface between the Cr(001) and the TiN(001) surfaces. This
was denoted as P = 0 (see Fig. 1(a)). The GSFE surface was also cal-
culated for the P = 1 layer, which was in between the TiN(001) sur-
face with one Cr(001) layer (4 additional atoms) and the
remaining eleven Cr(001) layers (44 atoms). The GSFE surface for
Cr/TiN was mapped out using the procedure described above, i.e.,
by displacing all the atoms above the planes P = 0 or P = 1 from
one lattice point to another equivalent lattice point along the X

[110] and Y½1
�
10] directions (Fig. 1(b)), keeping the positions of

all the atoms below those planes fixed, followed by relaxation
along the Z direction.

2.3.2. Calculation of properties from the MEAM model
All the MEAM properties were calculated using the LAMMPS

simulation software [81]. For Cr, the lattice parameters, ratios of
the energy of different crystal structures (Efcc/Ebcc) and (Ehcp/Ebcc),
surface energies (Es) of various surfaces Cr(001), Cr(110), Cr
(111), solid density (qs), elastic constants, and monovacancy for-
mation energy (Evac) were calculated [73]. For all calculations
except the solid density, energy minimizations were carried out
with the conjugate gradient method. The fcc system had 32 atoms,
the hcp system had 48 atoms, and the bcc system had 54 atoms. To
calculate the monovacancy formation energy for Cr, one atom was
removed from the bcc system of 128 atoms. The elastic constant
calculations were carried out for the bcc system with 54 atoms,
and systems with 54, 72, and 48 atoms were used for the calcula-
tion of surface energies of Cr(001), Cr(110), and Cr(111) surfaces,
respectively. To calculate the solid density for Cr metal, 20 ps of
NPT simulations of a system with 432 atoms were carried out at
298 K and 1 atm using the Nosè-Hoover thermostat and barostat
[82,83] with a timestep of 1 fs.
rlayer planes denoted by P, (b) Schematic of the shear displacements for calculating
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For binary systems, the enthalpy of mixing and WoA were cal-
culated for CrN and Cr2Ti. The enthalpy of mixing was calculated
using a system of 192 atoms for CrN, and a system of 216 atoms
for Cr2Ti. The surface energies were calculated using a system size
of 108 atoms for CrN(001), 144 atoms for both CrN(110) and CrN
(111) surfaces, 48 atoms for Cr2Ti (001), 44 atoms for Cr2Ti (110),
and 72 atoms for the Cr2Ti (111) surface. The elastic constants,
GSFE, and WoA were calculated using the same system sizes as
used in DFT calculations described in Section 2.3.1.
2.3.3. Large scale MD simulations
The Baker-Nutting orientation relationship [84]—with [100]NaCl

|| [110]bcc along the X axis, [010]NaCl || [1
�
10]bcc along the Y axis,

and (001)NaCl || (001)bcc along the Z axis—was adopted between
the rock salt (B1) structured TiN and bcc Cr (Fig. 2). The interface
was parallel to the X-Y plane, with each dimension close to
7.5 nm in the initial structures. The total thickness in the Z direc-
tion was approximately 10 nm, with 6 nm of Cr and 4 nm of TiN
present. The plane separating Cr and TiN phases was defined as
the chemical interface. The first Cr layer next to this interface
was denoted by M = 1, the second layer by M = 2, and so on (see
Fig. 1(a)). The equilibrium interfacial structure was obtained by
an initial relaxation followed by an iterative conjugate-gradient
stress-relief treatment [85]. The preliminary relaxation was carried
out through an NVT equilibration at 10 K for 50 ps in which the top
and the bottom two layers in the Z direction were fixed. The iter-
ative stress-relief treatment was conducted to adjust the magni-
tude of the normal stress components to be less than 100 Pa.

The relaxed structure was then subjected to a quasi-static,
stress-controlled shear loading parallel to the interfacial plane
with a stress step size of 50 MPa. Controlled shear stresses were
applied in equal amounts on both the Cr and TiN layers using an
incremental deformation gradient computed from the elastic con-
stants of Cr and TiN [85]. The system was allowed to equilibrate in
each step by first running a 1 ps NVT equilibration at 5 K, followed
by a conjugate-gradient relaxation.
Fig. 2. (a) Cr(001)/TiN(001) structure (b) orientation relationship in Cr/TiN multilayers. T
the references to color in this figure legend, the reader is referred to the web version of

5

3. Results and discussion

3.1. Pure Cr metal

Table 1 shows the newly determined MEAM parameter values
for Cr, along with the MEAM parameter values used for this work
for Ti [62] and N [58] taken from the literature. The values for Ec
and re for Cr were taken from the experimental values in the liter-
ature [86,87]. The experimental/DFT and the MEAM calculated val-
ues of the various properties of Cr using the present model, as well
as Lee’s model [88], are listed in Table 2.

As can be observed from Table 2, reasonable agreement with
experimental/DFT values was achieved with both MEAM models.
In particular, the bcc structure was the most stable, and the cor-
rect order among the low index surface energies was achieved
for both models. While good agreement with the properties out-
lined in Table 2 were sought, the focus of this work was to
model interfacial shear resistance. The GSFE surfaces are rele-
vant to the dislocation movement under shear stress which
impact the overall resistance of surfaces to shear [85], which
is why it was also used in the parameterization of the new
MEAM model.

Fig. 3(a-c) show the GSFE surfaces of Cr(001) calculated by DFT,
the new MEAM model, and the model by Lee et al. [88]. The new
model did a good job of reproducing the GSFE from DFT, while hav-
ing a slightly different shape than the DFT calculations. The Lee
model underestimated the GSFE barriers to a moderate degree.
The minimum energy path on these GSFEs plotted as a function
of position along the X axis is shown in Fig. 3(d). For this system,
the path ended up as simply the energy at Y = 0 as a function
of X since the minimum energy path is parallel to the X axis. The
new model, again, reproduced the DFT barrier height in the mini-
mum energy pathway with good accuracy, while the Lee model
underestimated it by around 30%. The GSFE for Cr(110) surface
was also calculated and is provided in the Supplementary Informa-
tion (Fig. S1), showing reasonable agreement with DFT results,
underestimating the barrier by about 20%.
he top and the bottom red colored regions are the fixed atoms. (For interpretation of
this article.)



Fig. 3. GSFEs of Cr(001) calculated using (a) DFT, (b) new model (c) Lee model [88] (d) Comparison of minimum energy path of the GSFE for Cr(001).
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3.2. Mixed systems

The binary parameters for Cr-Ti and Cr-N were fit to several
properties, including enthalpies of mixing, elastic constants, and
surface energies. Table 3 shows the values of the binary parameters
obtained in the present work and Ti-N binary parameters from pre-
vious work [62]. It should be noted that there are instances of
Cmax > 2.8 for the binary interactions. Previous work noted that
for atomic mixtures, charge transfer can be significant [73]. This
can be explicitly modeled with a charge transfer method [93,94],
but at significantly increased computational cost. A larger Cmax

allows for longer ranged charge interactions to be implicitly mod-
eled with the regular MEAM formalism and has been used previ-
ously to model mixtures [62,95].

The parameters for the ternary Cr/TiN system are shown in

Table 4. The NaCl-type CrN and TiN (space group Fm3
�
m) were cho-

sen as reference structures for the Cr-N and Ti-N binary systems.
Since the Cr2Ti (space group Fd3m) structure cannot be used as a
reference for the MEAM packages in LAMMPS, an NaCl type CrTi
reference structure was chosen. Despite choosing a different refer-
ence structure, the Cr-Ti interactions were parameterized to repro-
duce the enthalpy of mixing, elastic constants, and surface energies
of Cr2Ti.

The DFT and the MEAM calculated values of the various physical
properties of CrN, Cr2Ti, and the ternary Cr/TiN systems using the
present model are presented in Table 5. The new model repro-
duced the target values to a reasonable extent. In particular, the
enthalpies of mixing, elastic constants, and the order of stability
of the different surfaces compared well for Cr2Ti. A MEAM model
for CrN was developed by Ding et al. [13] (‘‘Ding model” in Table 5),
which was parameterized to reproduce elastic constants extracted
from CrN thin films [96] and DFT calculations without spin polar-
ization. Because of this focus, the elastic constants calculated with
6

the Ding model were somewhat different in comparison with the
new model, which focused on the Cr/TiN interfacial properties.
While the surface energies of the new model had the same order
as DFT, their magnitudes are consistently underestimated. The rea-
son that a better agreement with the surface energies was not
achieved is that improving CrN surface energies hindered the
agreement with DFT for the WoA and GSFE surfaces of the Cr/TiN
interface. Since the focus of this work was to model the Cr/TiN
interface, a greater weight on the WoA and GSFEs was used than
CrN surface energies in evaluating the new MEAM parameters.

Fig. 4 shows a comparison of the GSFEs for the Cr(001)/TiN
(001) interface for the P = 1 and P = 2 planes (see Fig. 1(a) for a
description of P) calculated by the new model with the DFT results.
While there were some subtle differences in the GSFE surfaces
between DFT and the MEAM model, their overall agreement was
good. Moreover, the minimum energy path and GSFE barrier
heights had good agreement between DFT and the new MEAM
model for both layers studied. For semi-coherent interfaces, smal-
ler GSFE barriers have been shown to lead to larger dislocation core
widths [46,99], which generally decrease shear strength [100,101].
Because of these reasons, reproducing GSFEs was one of the main
focuses for the parameterization of the new MEAM model.
3.3. Stability of Cr/TiN systems

Large scale MD simulations were used to study the effect of the
MDNs on the mechanical response of the Cr/TiN interfacial system
under shear loading. MDNs were accommodated in successive
metal layers and their relative energies were calculated to deter-
mine how MDN location influences interfacial stability and struc-
ture. MDNs were introduced by adding an extra row of atoms in
both the X and Y direction in their respective layers. There were
25 atomic rows of TiN in the X and Y directions, and in a coherent



Table 5
Comparison of DFT calculated values of properties of binary CrN and Cr2Ti and ternary Cr/TiN with the MEAM fitted values.

Property System DFT MEAM Ding Modela

Enthalpy of mixing DHmix (eV/atom) CrN �1.65b �1.036
Cr2Ti �0.11c,d �0.109

Elastic Constants (GPa) CrN C11
C12
C44

319c, 386e

117c, 120e

60c, 111e

245
114
103

515
62
100

Cr2Ti C11
C12
C44

296c, 287.3f

154.3c, 151.2f

81.6c, 81.1f

251
97
58

Surface energies
ES (J/m2)

CrN CrN(001)
CrN(110)
CrN(111)

0.8088c

1.4602c

1.8264c

0.3767
0.7438
1.0077

1.06
1.75
1.92

Cr2Ti Cr2Ti(001)
Cr2Ti(110)
Cr2Ti(111)

3.195c

1.436c

2.744c

2.4220
1.5549
1.7224

WoA (J/m2) Cr/TiN 3.69c 4.75

a Reference [13].
b Reference [97].
c DFT calculated in this work.
d Reference [72].
e Reference [98].
f Reference [71].

Fig. 4. GSFEs of the Cr/TiN calculated using (a) DFT (b) MEAM for P = 0 and P = 1 planes. (c) A comparison of minimum energy path extracted from the GSFEs for P = 0 and
P = 1.
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interface between Cr and TiN, the same number of Cr atomic rows
were present. For bulk TiN, the X dimension with 25 rows was
74.94 Å, while for bulk Cr, the X dimension was 72.02 Å. Hence,
when adding anMDN, therewere 26 rowsof Cr, giving a bulk CrXdi-
mension of 74.91 Å, very close to equilibrium TiN. The proximity of
eachmetal layerwith respect to the chemical interfacewas denoted
by the letter M, as shown in Fig. 1(a). When an MDN was located at
a specific M layer, all Cr layers greater than or equal to M had addi-
tional Cr rows in the X and Y directions (except when noted other-
wise), while those layers less thanM (or in between theM layer and
TiN) were coherent with the TiN interface. For instance, if the MDN
was at the M = 1 layer, all Cr layers had additional rows, while for
M = 4, the M = 1–3 layers did not have additional rows and were
coherent with the TiN interface.

The open software OVITO [102] was used for visualization and
analysis. The centrosymmetric parameter (CSP), a measure of the
7

lattice disorder around an atom, was used to characterize local
atomic environment [103]. Fig. 5 shows atomic structures of the
relaxed Cr/TiN interface with MDNs at the M = 1, M = 2, and
M = 5 layers in both the X and Y directions. A system (Fig. 5(d)) with
an MDN only in the X direction at M = 1 was also studied. To aid in
viewing, the structures are replicated 3 times in the X and Y dimen-
sions in the figures. The atoms are colored according to the CSP val-
ues with dark green atoms representing perfect lattice positions,
yellow fully off-lattice, and light green in-between [103]. The layers
shown are the onewith theMDN (top), all layers between it and the
ceramic, and the ceramic phase. The dislocation cores formed by the
MDNs can easily be observed via the yellow bands present with the
MDN at M = 1 having the largest core width. The network of edge-
shaped misfit dislocation cores shown in Fig. 5(a-c) are similar to
what was observed for other {001} stacking orientations, such as
the Nb/NbC interface [84].



Fig. 5. MDN structure of Cr/TiN system at (a) M = 1, (b) M = 2, and (c) M = 5 (d) M = 1 (X axis only) layers. Atoms are color-coded according to CSP results.
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Fig. 6 shows a plot of the dislocation core width for MDNs in dif-
ferent layers. The core widths were measured by calculating the
width of the off-lattice regions as observed in Fig. 5 (atoms with
a CSP > 20 [103]). The core widths of the dislocations gradually
Fig. 6. Dislocation core width with respect to the location of MDN (M).
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decreased as the location of MDNs moves away from the interface.
The intersection of the misfit dislocations results in the formation
of nodes [84]. Fig. 5 shows that larger sized nodes are present for
the system with MDNs at M = 1, and the node size decreases as
the MDNsmoves away from the interface with little to no node for-
mation for the system with MDN at M = 5. The larger width of the
dislocation cores for M = 1, which corresponds to semi-coherency
at the P = 0 plane, is consistent with the fact that the GSFE for P = 0
has a lower amplitude than for P > 0 (see Fig. 4). An increase in
GSFE barriers corresponds to reduced dislocation core widths, con-
stricting the nodes at their intersection, which provide stronger
pinning points to the motion of MDNs [85].

The interfacial energy (c) of the Cr/TiN interface is calculated as
follows:

c ¼ Einterface � nECr �mETiNð Þ=A ð10Þ

where Einterface is the total potential energy of the bilayer system, A
is the area of the interface, n is the number of Cr atoms, andm is the
number of TiN groups. ECr and ETiN are the cohesive energies of Cr
and TiN, respectively. Fig. 7 gives the interfacial energy as a function
of the location of the MDNs, where the energy of the fully coherent
interface was subtracted from them for comparison.

The interfacial energy was found to be dependent on the loca-
tion of the MDN and was lowest when the MDN was present at
the interface due to the lower GSFE barriers at that layer (P = 0).
There was a gradual increase in the interfacial free energy as the



Fig. 7. Plot of the difference in the interfacial energy with respect to the coherent
interfacial energy as a function of MDN location (M).
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location of MDN moved further into the Cr layers. The increase in
energy associated with larger M is due to the energy required to
strain additional Cr layers to keep it coherent with the TiN surface.
The interfacial energy for the configuration with the MDN at the
M = 1 layer along one axis is also shown in Fig. 7 and has a value
that is significantly closer to the coherent energy than when the
MDN is present in two axes at M = 1. This was expected as with
the MDN in one direction, it more closely represents the higher
energy coherent structure than with MDNs in two directions.

3.4. Impact of shear on Cr/TiN systems

The relaxed structure was subjected to a shear loading parallel
to the interfacial plane in the X direction. Fig. 8 shows the variation
in the shear strength of the interface as a function of the location of
MDNs. All the structures with MDNs displayed a much lower yield
strength than the coherent interface, which showed a maximum
shear stress of 20 GPa. It can be seen from Fig. 8 that the maximum
shear stress was lowest for the structure with the MDN at the
interface (7.2 GPa) and gradually increases as the location of
MDN moves away from the interface reaching 15.3 GPa for the
MDN at M = 5. The shear response of the interface was observed
to be related to the dislocation core width. The larger nodes in
the M = 1 layer (corresponding to the lower GSFE barrier) causes
Fig. 8. Plot of interfacial shear strength vs. the location of MDN (M).
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a reduced pinning force and therefore, reduces the shear strength
of the interface. Additionally, Fig. 8 gives the shear strength when
the MDN in the M = 1 layer was only in one direction perpendicular
to the shear. It can be observed that the shear strength was mod-
erately higher, 9.3 GPa vs. 7.2 GPa, with the MDN in one direction
in comparison with it in both X and Y directions in the M = 1 layer.
This is expected as the system with MDNs along two directions has
much wider core sizes in comparison with the system with an
MDN in one direction (see Fig. 6). Another aspect of the M = 1 sys-
tem with MDNs in two directions, is that the nodes that are formed
at the intersection of dislocation cores are significantly larger in
size than the cores themselves, creating extended regions of local
disorder (see Fig. 5(a)). For the M = 5 system, where the cores meet
results in a node that is smaller in width than the cores themselves
(see Fig. 5(c)). Overall, the larger regions of local disorder present
in the M = 1 layer with MDNs in two directions reduces internal
strain reducing its shear strength [85].

Overall, the maximum shear stress was shown to be signifi-
cantly higher for Cr/TiN than for Ti/TiN and Cu/TiN as calculated
in the previous work by the authors [62]. This is consistent with
experimental results comparing the shear strength of Cr, Cu, and
Ti in contact with CrN, which showed the highest shear strength
for Cr [23]. Furthermore, Cr performed much better than Ti and
Mo in wear and friction tests with TiC ceramic [104] due to its
higher hardness and better adhesion.

Fig. 9 shows a plot of the magnitude of the relative displace-
ment between layers as a function of the number of stress steps
as mentioned in Section 2.3.3 for the coherent structure, and con-
figurations with the MDN at the M = 1 and M = 5 layers. The plots
for the other configurations studied are given in the Supplemen-
tary information (Fig. S2). Each stress step is scaled with respect
to the step at which the shear failure occurs (where the shear force
drops dramatically) to better compare among the different config-
urations. A unit value of this scaled stress step represents the ini-
tiation of fracture in all cases. It can be observed that for all
configurations, shear failure occurs between the first and second
ceramic layers in comparison to the chemical interface. This is dif-
ferent than what was observed at the Ti/TiN and Cu/TiN interfaces
[62]. The likely reason for this is due to the different interfacial
configuration of TiN at the Cr/TiN interface, in which the TiN
(001) surface is in contact with Cr, while the TiN(111) surface is
in contact with both Cu and Ti. This is also consistent with the
work of adhesion at the Cr (001)/TiN (001) interface, which is
3.69 J/m2, higher than the value of 1.70 J/m2, observed one layer
into the ceramic. When the MDN is at the M = 5 layer, a weak dis-
placement can be observed between the M = 4 and M = 5 layers
that forms before fracture occurs. Additionally, for the coherent
system, there is a small displacement between the chemical inter-
face and the M = 1 layer. However, none of these are enough to
cause shear failure. The more gradual displacement observed when
the MDN is at the M = 1 layer as indicated in Fig. 9(b) hints towards
a plastic deformation behavior for that configuration, which will be
discussed later.

To better illustrate where shear failure occurs, snapshots show-
ing atom positions and their displacements with respect to their
equilibrium positions are shown in Fig. 10 for the coherent system
and for the configuration with MDNs located at the M = 1 layer. The
displacement arrow magnitudes are set to be consistent within
each individual system, but not with respect to one another. It is
clear that shear failure occurs in both cases one layer into the cera-
mic from the Cr/TiN interface, and that under shear, the nitrogen
atoms in the top ceramic layer shift towards the Cr metal with
respect to the Ti atoms. The shifting that occurs under shear desta-
bilizes the interaction between the first two layers of the TiN
phase, causing shear failure to occur. Moreover, this destabilization
is present in all MDN patterns studied in this work, being prevalent



Fig. 9. Plot of the difference in displacement (D) per layer per stress step for (a) coherent (b) MDN at M = 1 and (c) M = 5 layer.

Fig. 10. Snapshots of the displacement of atoms immediately after shear failure (a) for coherent system and (b) for with MDNs at the M = 1 layer. Red atoms represent Cr, blue
atoms N, and white atoms Ti. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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enough to overcome weaker interactions between Cr layers caused
by the presence of these MDNs.

Fig. 11(a) shows the shear stress vs the stress step relative to
shear failure for the Cr/TiN system with MDNs present at the
Fig. 11. (a) The plot of stress against the stress step scaled by the fracture step. (b-f) Snap
with letters on the stress plot corresponding to the snapshot letters in parenthesis.
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M = 1 and M = 5 layers. The snapshots in Fig. 11(b-d) correspond
to the letters in Fig. 11(a), all showing the M = 1 layer and all cera-
mic atoms. Atoms in the snapshots are color coded with respect to
their CSP. For the system with MDNs at M = 1 along both X and Y
shots of different configurations in the shear calculations as shown in the stress plot
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axes, the elastic deformation was observed up to point b in the plot.
Further shear loading resulted in a plastic deformation region for
the metal/ceramic system leading to point c, as can be observed
from the flattening of the stress curve in Fig. 11(a). In the corre-
sponding snapshots, it can be observed that the nodes present in
the minimum energy structure (see Fig. 5(a)) start to expand and
move at point b as shown in Fig. 11(b). During the plastic deforma-
tion, the size of the locally disordered region expands until it prop-
agates through the entire system when it reaches point c as shown
in Fig. 11(c). When the MDN is only present in one direction, no
specific nodes are present like they are when MDNs are present
in the X and Y directions, and the yielding flows from the disloca-
tion lines evenly as can be observed in Fig. 11(d). The consequence
is a sharper peak in stress before shear failure, as can be observed
near point d.

As described previously, when the MDNs are present at M = 5,
the yielding does not occur at that layer to a significant amount,
but near the chemical interface. Fig. 11(e) shows the equilibrium
structure for the system with MDNs at M = 5, but unlike Fig. 5(c),
the top layer shown is the M = 1 layer, which is closer to where
shear failure occurs. It is apparent that the disorder induced by
the MDN propagates to the interfacial region to a modest degree.
Shown at point f in Fig. 11(a), a very sharp peak is present at
shear failure with no plastic behavior. Fig. 11(f), which corre-
sponds with this point, shows only a small amount disorder,
which encompasses atoms close to the positions of the MDN in
the M = 5 layer (four layers above what is shown). In general,
MDNs in the M = 5 layer appears to have a modest impact on
the structure at the interface, which lowers its shear strength in
comparison with the coherent interface by around 4 GPa as
shown in Fig. 8.

4. Conclusion

A new MEAM interatomic potential was developed to study Cr/
TiN stability and shear strength. The new potential expanded upon
a previously developed TiN model to parameterize new interac-
tions for Cr, CrTi, CrN, and CrTiN. The potential was fit to experi-
mental and density function theory derived thermodynamic,
mechanical, and interfacial properties. In particular, the focus
was on reproducing the GSFE for Cr/TiN interfacial systems since
they were found to be important for describing the formation
and stability of MDNs. Using the new MEAM model, large scale
molecular dynamics simulations were used to determine the
impact of MDN position on the stability and resistance to shear
for the Cr/TiN interface. The main finding from the simulations
was to show that Cr has the highest interfacial shear strength with
TiN of the systems studied, which was linked to the fact that it had
the highest GSFE barriers. Higher GSFE barriers were further linked
to decreases in dislocation core widths. This showed the ability of
properties calculated with relatively small ab initio calculations to
be linked with macroscopic shear strength calculated with large
scale simulations. Moreover, this leads to a new potential para-
digm, in which results from small scale ab initio calculations can
be used to design stronger interfaces with a reasonable degree of
confidence.

For the Cr/TiN interface specifically, when the MDN was located
adjacent to the chemical interface, it had the largest dislocation
cores and the lowest interfacial energy. The larger dislocation
nodes led to lower shear strength, and for this particular system,
a significant plastic deformation region was present. As the MDN
was moved farther away from the Cr/TiN interface, the interfacial
core width decreased, the interfacial energy increased, and the
shear strength increased. For all systems studied, shear failure
occurred in the ceramic phase, between the first and second TiN
layers form the Cr/TiN interface.
11
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