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A B S T R A C T

The dependence of interfacial shear resistance on the substitutional doping of Al, V and Cr at the Ti/TiN interface
was studied using first principles Density Functional Theory. Only Al dopants had negative enthalpies of mixing
in Ti and at the Ti/TiN interface. Generalized stacking fault energies (GSFE) were calculated and their barriers
were used as an estimate of shear resistance. The addition of Al increased the GSFE barriers of pure Ti when they
were in adjacent atomic layers. It was found that when Al atoms were in contact, they had a destabilizing effect
that led to the increased barriers in certain configurations. Near the Ti/TiN interface, the presence of one or two
Al dopants increased the GSFE barrier by drawing some of the electron charge from the ceramic N atoms into the
Ti phase. There was a general correlation between higher GSFE barriers and Al concentration at the Ti/TiN
interface, which were attributed to both of the described effects: destabilizing Al-Al interactions and Al drawing
electron density from the ceramic into the Ti phase.

1. Introduction

Metal/ceramic interfaces are frequently encountered in various
engineering applications to improve the structural, electrical and
magnetic properties of the constituent materials [1]. Many of these
applications utilize metal/ceramic composites customized for a given
service-environment by selectively combining the properties of the
metal phase and the ceramic phase [2–4]. Ceramics have high hardness,
thermal stability, and wear resistance that allow for their use in harsh
environments involving high temperatures, pressures, and contact.
Metals, on the other hand, are ductile with higher toughness. Metal/
ceramic nanolaminates can possess high hardness and wear resistance
along with enhanced toughness and ductility [5,6].

Many metal/ceramic combinations have been studied over the last
few decades [7–21]. Physical and chemical vapor deposition–grown
transition metal nitride coatings, such as TiN, have high hardness, low
thermal conductivity, and may exhibit hardness increases as tempera-
ture increases due to isostructural compositional segregation (age-
hardening) [22,23]. However, refractory ceramics, such as TiN, are
brittle, allowing for deflection of cracks through the coating/substrate
interface, leading to delamination and spallation [24]. Hence, metal
interlayers, such as TiAl, Ti, and Ni, have been interdispersed with the

ceramics, such as TiN and W2N, to form multilayers in order to hinder
crack propagation and crack deflection at interfaces [25–28]. Such
property tailoring finds application related to gas turbines, aeroengines,
automobile and aerospace components, machining and cutting tools,
tribological contacts, etc. [2,29–36]. Strong adhesion and resistance to
shear is desired for the above-mentioned applications to minimize wear
and interfacial spallation. One way to improve these between the layers
is to add a small amount alloying elements or ‘dopants’ to the system
[37,38].

The influence of dopants has been reported for some of the metal/
ceramic laminates such as Al/TiN [6,39], Al/TiC [40], Fe/Y2O3 [41],
Fe/TiC [42], Ti/TiO2 [43], Ni/Ni3Al [44–46], Fe/TiN [47], Nb/Al2O3

[48], Mo/HfC [5], NiAl/Al2O3 [49,50], etc. Addition of Al to TiN re-
sulted in higher hardness and friction co-efficient until the mole frac-
tion of Al becomes higher than 0.6 in Ti1–xAlxN, after which the hard-
ness and wear resistance are reduced [22,51,52]. Ti interlayers within
the Ti/TiN multilayer nanolaminates were also alloyed with Al produ-
cing enhanced hardness and toughness [51,53]. A comparative study
between bilayer Ti/TiN and TiAl/TiAlN deposited on austempered
ductile iron (ADI) revealed that TiAl/TiAlN coatings had higher hard-
ness and elastic moduli than Ti/TiN, although the critical load for the
first delamination from scratch testing was higher for the latter [51].
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For this particular study, it was stated that the TiAl/TiAlN system has
more mismatch with ADI than Ti/TiN, which could be the reason for
the lower critical load for the former.

Characterizing local interactions and geometries experimentally is
difficult without disruption or deformation of the system being ex-
amined. At the same time, the increasing availability of high-perfor-
mance computation allows first principles density functional theory
(DFT) calculations to be performed for systems of moderate size and
complexity. The neat Ti(0 0 0 1)/TiN(1 1 1) interface has been in-
vestigated with DFT calculations by some of the present authors,
finding that basal slip tend to occur in the Ti layers adjacent to the
interface, but not at the interface itself [54,55]. This was in agreement
with molecular dynamics simulations and consistent with experimental
observations [54].

To our knowledge, there are no studies of the effect of dopants on
interfacial metal/ceramic shear strength. In this work, we probe the
possibility of enhancing the adhesive properties of the Ti/TiN interfaces
by adding Al, V or Cr dopants. The shear strengths of the systems are
analyzed through adhesion and interfacial strength metrics such as
work of adhesion and generalized stacking fault energy (GSFE)/γ-sur-
face.

2. Methodology

2.1. Ti bulk and Ti/TiN interfaces

Generalized gradient approximation for the exchange–correlation
functional proposed by Perdew, Burke and Ernzerhof (PBE) was used to
perform ab-initio DFT calculations [56]. The valence electrons were
represented by a plane wave basis set with a cutoff energy of 400 eV.
The Projector Augmented Wave (PAW) pseudopotentials were used for
core electrons as implemented in the Vienna Ab-Initio Simulation
Package (VASP) package [57,58]. A 4 × 4 × 1 Γ–centered k-point
mesh was used for the metal/ceramic systems with periodic boundary
conditions [59]. No significant changes in the cell dimension or energy
was observed with higher-level meshes and energy cutoffs. Spin po-
larized calculations were carried out to determine their impact on the
geometry and the energetics of all the metal/ceramic combinations. For
each, the structure and the enthalpy of mixing showed no significant
impact from including spin polarized calculations, so it was not further
considered in this study.

The simulations were setup similar to our previous work [55]. A
total of 64 atoms (16 layers of 4 atoms) of Ti(0 0 0 1), along with 48
atoms of TiN(1 1 1) (6 layers of 8 atoms) were separately relaxed and
brought in contact to create a single Ti(0 0 0 1)/TiN(1 1 1) interface
aligned normal to the Z direction. Table 1 gives the unit dimensions and
directions, parallel to the interface, for the two different phases. The
final combination included 2 units in the X direction and 1 in the Y
direction for both Ti and TiN. Before bringing Ti in contact with TiN,
the Ti system was stretched in both the X and Y directions to match TiN.
Since there are periodic boundaries, each phase had two interfaces, one
metal/ceramic and one with vacuum, in which at least 15 Å of vacuum
was present in the Z direction (see Fig. 1). The combined Ti/TiN system
was then allowed to fully relax, and the resulting structure was used for
the steps afterwards. This particular interfacial combination has been
extensively studied experimentally [9,11,60,61].

The atomic layers and the planes in between them are denoted by M
and P, respectively, as shown in Fig. 1. M = 1 is assigned to the atomic
layer of Ti that is directly above the first N layer from the ceramic, and
the plane between these two layers is designated as P = 0.

2.2. GSFE mapping

The GSFE or γ-surfaces in X and Y were calculated for planes at and
near the interface (P = 0–3 in Fig. 1). Starting with the relaxed system,
all atoms above a particular plane are displaced in the X and/or Y di-
rections, keeping atoms below it fixed. After the displacements, only the
Z positions of the atoms are allowed to relax. This is illustrated for the
P = 0 plane in Fig. 2. For P = 1, an additional layer of 4 Ti atoms are
fixed, with those above them translated, while for P = 2, there are two
fixed Ti layers, etc. To generate the 2D GSFE surface plot, 10 equally
spaced positions spanning the initial relaxed position to half the X cell
length, along with 10 positions spanning half the Y cell length were
taken. This allows a quadrant (half of both the X and Y cell lengths) to
be sampled with 100 total positions. The energies of these positions are
replicated once in both directions to generate the full 2D GSFE surface
as shown, for example, in Fig. 2c and d for P = 0. When dopants are
introduced into the system, the symmetry of the quadrants can be
broken in certain situations, in which the entire X and/or Y directions
need to be sampled, resulting in 200 total positions if one of the di-
rections need to be fully sampled or 400 if they both do. Due to this
increased computational burden, for the larger system size described in
Section 3.2.2 (with 16 Ti atoms per layer), only the energy variation in
the X dimension, [1̄ 1̄ 2 0], was computed, allowing the atoms to relax
in the Y and Z directions, with more details given below.

2.3. Doping configuration and stability

Pure Ti and the Ti/TiN systems were each doped with Al, Cr, and V,
since these are common substitutional alloying elements of Ti [62,63].
The pure Ti system, which has two vacuum/Ti interfaces as shown in
Fig. 1a, was initially tested to determine the influence of dopants on
bulk GSFE and adhesion properties without the ceramic being present.
To determine if the dopants created energetically stable systems, the
enthalpies of mixing for the exchange of one and two dopant atoms
(x = Al, Cr or V) with Ti atoms were calculated,

+ → +−nx x nTi Ti Tin n64 bulk 64 bulk (1)

where Ti64 represents the energy of the pure system shown in Fig. 1a,
and bulk denotes the most stable crystalline systems for Ti or dopant.
The positions of the Ti atoms that were exchanged with dopants were
varied to find those near the GSFE slip plane with negative heats of
mixing.

For the Ti/TiN systems, one and two dopant atoms were exchanged
with different Ti atoms near the interface, and their heats of mixing
were calculated:

+ → +−nx x nTi N Ti N Ti .n n88 24 bulk 88 24 bulk (2)

When greater than two dopant atoms were exchanged with Ti
atoms, the number of potential combinations was too large to system-
atically sample them. To overcome this challenge, a Monte Carlo ap-
proach as shown in Fig. 3 was used to find possible low energy con-
figurations when four or more dopant atoms were examined.

Table 1
Crystal directions assigned as X and Y for Ti and TiN and their unit length along those directions.

Surfaces Unit Directions Unit Dimensions Metal/Ceramic Periodic Units

X Y X Y (X × Y)metal/(X × Y)ceramic

Ti(0 0 0 1) [1̄ 1̄ 2 0] [1 1̄ 0 0] 2.93 5.11 (2 × 1)Ti/(2 × 1)TiN
TiN(1 1 1) [1 1̄ 0] [1 1 2̄] 3.01 5.22
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For the first step of the Monte Carlo procedure, 4, 8, or 16 randomly
chosen Ti atoms are replaced with Al atoms. These include the 64 atoms
in the Ti phase, along with the 24 atoms in the TiN phase. However, the
two layers closest to the vacuum for both the Ti and TiN phases were
not included in this, as solid/vacuum interfaces are not the focus of this
investigation. The atomic positions are then relaxed utilizing DFT cal-
culations, keeping the cell dimensions the same as the non-doped
system. For each step, 4 trials (T = 4) are performed, in which each
trial swapped two random Al atoms with two random Ti atoms (ex-
cluding those in the two layers closest to the vacuum for both phases),
followed by full relaxation of all atomic positions. The trial with the
lowest energy calculated from DFT is then identified, and if it is less
than the energy of the previous configuration plus an energy tolerance
(δ = 0.1 eV in this work), it is chosen as the new one. The purpose of
the energy tolerance is to keep the system from being stuck in local
minima. If during any trial relaxation, the VASP calculation fails to
converge, the trial is discarded. To ensure that the algorithm is rea-
sonably ergodic, two random initial configurations were chosen for a
system and the Monte Carlo procedure run on them to check if they
converge to similar energies. For each procedure, 50 Monte Carlo steps
(N) were carried out.

3. Results and discussion

3.1. Bulk Ti doping

3.1.1. Enthalpies of mixing for different dopants
The enthalpies of mixing (ΔHmix) for the doping of the Ti bulk

system, which consisted of 64 atoms, with single Al, Cr, and V atoms are
shown in Table 2. The only dopant atom with a negative enthalpy of
mixing is Al, while Cr and V have significant positive enthalpies. The
positive enthalpies signify that the configurations with Cr and V are
unlikely to form stable structures. Therefore, only Al was considered for
further study as a dopant in Ti for this work. The ΔHmix for adding a
second Al dopant to the Ti bulk system was calculated with two dopants
in the same layer (1,1), and in different layers (1,2). Both have negative
enthalpies, while the (1,2) system has the lowest overall. For HCP Ti
having 4 atoms per layer, two dopants in the same layer can assume
only one unique nearest–neighbor position with respect to each other.
Dopants in two consecutive layers, such as in the (1,2) systems, can
reside in two unique nearest-neighbor positions: one where the Al
atoms are 1st nearest neighbors, and another where the Al atoms are
2nd nearest neighbors (See Fig. S1(b) in supplemental materials). The
system in which the Al atoms are in the 1st nearest neighbor position
has an energy of −1.05 eV, which is significantly higher than the 2nd
nearest neighbor energy shown in Table 2.

Fig. 1. Structures of (a) Ti(0 0 0 1) and (b) TiN(1 1 1) with the vertical black lines indicating the boundaries of the simulation cell. (c) Ti(0 0 0 1)/TiN(1 1 1)
structure, atomic layers near the interface in the green shaded boxes are denoted by M and the planes between the layers marked with broken lines are denoted by P.
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3.1.2. GSFE surfaces and barriers to shear displacement
From here on, the notation

=
S m n
b or i
{M ( , )} will be used to refer to the Al-

doped system [superscript b for bulk Ti and i for Ti/TiN], where one Al
atom is in the M = m layer and the other at the M = n layer. For a
single atom at M = m, the notation is

=
S m
b or i
{M ( )} . For Ti/TiN systems, the

locations of the different M layers are shown in Fig. 1c, while for bulk
Ti, they are shown in Fig. 4a.

To examine the effect of substitutional Al atoms in the HCP Ti
matrix, 2D GSFE surface calculations were carried out for the doped
systems as shown in Fig. 4. The 2D GSFE surface of pure Ti bulk is
shown alongside the GSFE surface of Sb(1) in Fig. 4d and e, respectively.
The minimum energy paths on these surfaces can be traced as shown in
these figures and is plotted as a function of X in Fig. 4f along with those
of Sb(1,2) and Sb(1,1) . The symmetry of the GSFE planes allows for a periodic
variation in the minimum energy path along X for most systems. Thus,
the minimum energy path is plotted until it reaches a point from which
it repeats itself. The Sb(1,2) system requires 6 Å of displacement until
periodicity is achieved. The highest GSFE barrier can be extracted from
this, which is used to compare the different systems studied. Higher
GSFE barriers should coincide with higher resistance to shear. There is a
small decrease of 0.013 J/m2 in the barrier height with the exchange of
a single Al atom from that of the pure bulk as seen in Fig. 4f. For all the
systems studied, the only one with increased barrier height was the
Sb(1,2) system at its P = 1 plane. As can be observed in Fig. 4b, this plane
separates two layers, each with one Al atom.

After an approximate 1.5 Å displacement along the X direction (see
Fig. 4f), the configurations for bulk Ti corresponds to local FCC
stacking. The difference in energy between this local FCC stacking
configuration and the global minimum energy, which is HCP stacking,
gives the stacking fault energy (SFE). One may expect that a higher SFE

energy corresponds to higher GSFE barriers. To verify this, they are
plotted against one another in Fig. 4g. There is indeed a correlation
between these two. In particular, the SFE for the Sb(1,2) system is con-
siderably higher than that of the pure Ti, and it is the only system with
an increased GSFE barrier upon doping. This suggests that destabilizing
the FCC configuration with respect to the HCP configuration may be a
good strategy for increasing the barriers to shear.

Snapshots from the M = 1 and M = 2 layers of the Sb(1,2) system
viewed from Z direction are given in Fig. 5b. HCP1 corresponds to the
minimum energy configuration at X = 0 Å, while FCC and HCP2 cor-
respond to the configurations at X = 1.5 Å and X = 3 Å, respectively,
as indicated with red arrows in the minimum energy path in Fig. 5b.
The HCP2 configuration, which would be identical to the HCP1 con-
figuration for the undoped system, is higher in energy than HCP1 for
Sb(1,2) . What the HCP2 and FCC configurations share that the HCP1
configuration does not is that the Al atoms are nearest neighbors. When
Al atoms are in adjacent layers, configurations in which Al atoms are
1st nearest neighbors are destabilized with respect to those in which
they are not. This conforms to the results obtained from the energy of
mixing calculations described in Section 3.1.1, where a dopant atom in
the 1st nearest neighbor position of another dopant atom resulted in a
higher energy than if it was placed in the 2nd nearest neighbor position.
This destabilizing effect results in an increase in GSFE barriers for
transitions from HCP1 to HCP2 configurations.

3.2. Low concentration doping of interfaces

3.2.1. Enthalpies of mixing
The substitutional dopant atoms were added at the M = 1, 2, 3 and

4 layers of the Ti/TiN interface (see Fig. 1c) as described in Section 2.3.

Fig. 2. Snapshots of the Ti/TiN system with Ti and TiN-phases marked by grey and brown shades, respectively for (a) the fully relaxed system, and (b) the displaced
system. The atoms marked with ‘1’ reside at M = 1 layer, and the snapshots facing the z direction show the atomic layers adjacent to the displacement plane (P = 0).
(c) The P = 0 2D GSFE surface with the relaxed atomic positions of the M = 1 and the first two atomic layers in the ceramic present. (d) 3-dimensional visualization
of the GSFE surface. (Color print required).
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The resulting ΔHmix are listed in Table 3. As mentioned earlier, the
ΔHmix values were calculated from Eq. (2). Cr and V doping results in
significantly positive enthalpies for all combinations studied. This fur-
ther signifies that they are unlikely to form stable structures with Ti in
the system size studied, so they are not studied further in this work. One
Al atom in the M = 1 layer results in positive enthalpies, while one Al
atom in M > 1 results in negative enthalpies of similar magnitude as in
bulk Ti. Negative enthalpies similar to the bulk Ti are observed for
M > 1 when two dopants are present, with more negative enthalpies
for dopants in separate layers. As with single dopants, substitution of
one Al in M = 1 yields positive enthalpies as evident from the (2,1)
entry in Table 3. For systems with two dopants, such as (2,2), (2,3) and
(2,4), the possible nearest neighbor positions are explored in a similar
manner as for bulk Ti (explained in Section 3.1.1) and the most en-
ergetically favorable system is listed in Table 3. In general, when the Al
atoms are 1st nearest neighbors, they are less stable than when 2nd
nearest neighbors.

3.2.2. GSFE surfaces and minimum energy paths
The 2D GSFE surfaces of the (0 0 0 1) planes (P = 0–3) near the

interface for undoped Ti/TiN systems were calculated, and also for
single dopants in the M = 2 and 3 layers (M = 1 is not shown due to
the fact that it has a positive enthalpy of mixing). The minimum energy
paths along the 2D GSFE surfaces for these as a function of X, along
with that for bulk Ti are shown in Fig. 6. As in previous work, the
lowest GSFE barrier for Ti/TiN is present in the P = 1 plane of the
system (see Fig. 6a) [64]. The addition of a single dopant atom adjacent
to the P = 1 plane (i.e. in M = 2), significantly increases the barrier for
shear, by more than two times (see Fig. 6b). Even with the significant
increase, the barrier is only around half as much as that in bulk Ti. The
minimum energy paths were also calculated for cases with 2 dopant
atoms present, which shows that the Si(2,2) system had the highest bar-
rier height of all the possible combinations, which is still below that of
bulk Ti. The GSFE surfaces and the minimum energy paths for P = 1
plane of these systems are provided in the supplementary document in
Figs. S2 and S3.

For the P = 1 case, the local FCC configuration is stabilized with
respect to HCP for the undoped Ti/TiN system, which can be seen by
the much lower energy of the local minimum at X = 1.5 Å for P = 1 in
comparison with Pure Ti in Fig. 6b. Substituting a single Al atom in the
M = 2 layer (Si(2) ) does not significantly change the FCC and HCP en-
ergies despite the fact that it significantly increases the GSFE barrier. This
points to a different cause for the increase in GSFE barriers than in bulk
Ti. A plausible hypothesis is that the presence of electronegative N
atoms in the ceramic attracts electron density from the interfacial Ti
atoms towards the ceramic bulk. This results in the region in the P = 1

Fig. 3. Flow chart of the Monte Carlo procedure.

Table 2
Enthalpies of mixing for the doping of bulk Ti. (1,1) indicates atoms in the same
atomic layer, and (1,2) indicates them in two separate layers.

Dopants Layer(s) of Dopant Location ΔmixH (eV/atom)

Al (1) −0.94
(1,2) −1.99
(1,1) − 1.54

Cr (1) 0.97
V (1) 4.38
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Fig. 4. Snapshots of (a) Sb(1) , (b) Sb(1,2) and (c) Sb(1,1) . 2D GSFE of (d) pure Ti and (e) Sb(1) . (f) Plot of minimum energy path of pure bulk Ti, Sb(1) , Sb(1,2) and Sb(1,1) along the
X||[1̄ 1¯ 2 0] direction. (g) GSFE barrier heights of the pure Ti, Sb(1) , Sb(1,1)and Sb(1,2) systems plotted against the Stacking fault Energy (SFE) of the same systems. (Color
print required).

Fig. 5. (a) Sb(1,2) system (b) Snapshots of the M= 1 and M= 2 layers viewed form the Z direction for different configurations formed along the minimum energy path.
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plane (see Fig. 1c) to have reduced electron density as has been pointed
out by us previously [55]. Another consequence of this will be that Ti
atoms in the M = 1 layer will carry a net positive charge. To test this
hypothesis, Bader charge analysis was performed on the Ti/TiN systems
[65,66].

The average charge as a function of Ti atomic layer (M in Fig. 1c)
position for different systems near the Ti/TiN interface is plotted in
Fig. 6c. The metal layers in the TiN phase are numbered with negative
integers, starting with −1 for the layer closest to the interface. In the

ceramic, the electronegative N atoms carry a significant negative
charge, while the Ti atoms have an equally positive charge. As de-
scribed, the M = 1 layer is positively charged in all cases. The M = 2
layer has a slightly positive charge for the undoped system, showing
that the electronegative N layer significantly impacts the charges of at
least two layers in the Ti-phase. This would be expected to weaken the
interactions between these two layers, causing a decrease in the GSFE
barrier. Incorporating Al atoms, which are slightly more electro-
negative than Ti atoms [67], decreases the average charge in the M = 2
layer. The Al Bader charge in this layer is close to −1.0e, while the Ti
charges (in the M = 2 layer) range between 0.1e and 0.3e. As a con-
sequence, the purely electrostatic interaction between these M = 2 Al
atoms and the positively charged Ti atoms in the M = l layer will be
more attractive than between Ti atoms. This should increase the in-
teraction between the M = 1 and M = 2 layers, and thus also increase
the GSFE barriers. Accordingly, the barrier height is expected to be even
higher with more Al atoms present at the M= 2 layer. This is consistent
with the results as the Si(2,2) system has the highest GSFE barrier.

While the systems with one Al atom have an overall low Al con-
centration, the concentration in the particular layer they are present is
still 25%, since there are only four atoms in each layer. To investigate
system size effects, a calculation that has twice the size in the X and Y
directions were examined. This system consisted of 8 layers of 16
atoms, resulting in each layer having four times as many atoms as the
previous calculations. With a single Al atom present, only 6.25% of the
atoms in that layer are dopants. As with the smaller systems, Si(1) was
not energetically favorable whereas both Si(2) and Si(3) had negative
ΔHmix. Due to the increased size of these calculations, the 2D GSFE

Table 3
Enthalpy of mixing for the doping of Ti/TiN. The locations correspond to M
shown in Fig. 1c.

Dopants Layer(s) of Dopant Location ΔHmix (eV/atom)

Al (1) 1.17
(2) −1.07
(2,1) 0.38
(2,2) −1.92
(2,3) −2.04
(2,4) −1.99
(3) −0.87
(3,3) −1.45

Cr (1) 1.41
(2) 0.91
(3) 0.94

V (1) 0.65
(2) 0.51
(3) 0.51

Fig. 6. (a) Minimum energy path for pure bulk Ti and the P = 0–3 planes of undoped Ti/TiN. (b) Comparison for P = 1 of undoped Ti/TiN, Si(2) , and Si(2,2) with pure
bulk Ti. (c) Average Bader charge per atom for each Ti atomic layer. (Color print required).
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surface calculations were computationally too expensive to carry out.
To simplify these calculations, while allowing direct comparisons with
the smaller systems to be made, the 1D GSFE in the X direction was
computed, allowing both the Y and Z positions to relax. The results can
then be compared with the variation of energy along the analogous
paths in the smaller systems.

This comparison of the 1D GSFE in the X direction for the larger
system with the analogous path on the 2D GSFE surface for the smaller
systems is presented in Fig. 7. The largest difference between the
smaller and larger systems is the asymmetric nature of the GSFE plots.
However, the energy barriers are of similar magnitude between the two
albeit with subtle differences. For instance, the Si(2) system’s GSFE
barrier is almost identical between the largest and smallest system,
while for the Si(3) system, the larger system has only a slightly lower
barrier than the smaller one. This shows that at even lower dopant
concentrations, significant increases in barrier height of the weakest
GSFE plane (P = 1) can be obtained.

3.3. Higher concentration doping

3.3.1. Creation of low energy configurations
The Monte Carlo procedure described in Section 2.3 was utilized to

find low energy configurations of the doped systems with 4, 8, and 16
Al atoms among all the Ti atoms in the Ti/TiN system, excluding the
two layers closest to the vacuum for both phases. For each of these
systems, two initial configurations were generated to determine if the
Monte Carlo procedure generated similar final structures. Fig. 8a and b
shows the energy versus step number for the Monte Carlo procedure for
the system with 8 and 16 Al atoms present respectively, while the re-
sults for the systems with 4 atoms are given in Fig. S4 in the supporting
information. As is apparent from the figures, the energies converge to
similar values within the 50 Monte Carlo steps for the three systems.
Fig. 8c also shows a representative snapshot of the systems with 4, 8,
and 16 Al atoms. The Al atoms do not cluster together to a significant
degree but remain rather dispersed. Moreover, Al atoms are rarely
present in the TiN phase or in the M = 1 layer, which is expected since
AlN has a different crystal structure than TiN. The overall ΔHmix for the

Fig. 7. (a) P = 1 GSFE comparisons of undoped Ti/TiN with (a) Si(2) and larger system of Si(2) , (b) Si(3) and larger system of Si(3) . (Color print required).

Fig. 8. Energy vs. step in the Monte Carlo minimization scheme with (a) 8 Al and (b) 16 Al atoms. (c) Snapshot of the system with 16 Al atoms. (d) Enthalpy of mixing
as a function of the number of Al atoms. (e) GSFE barrier height for P = 1 as a function of composition.

A.S.M. Miraz, et al. Applied Surface Science 517 (2020) 146185

8



different systems were calculated using Eq. (2) and are shown in
Fig. 8d. The ΔHmix is most negative for the system with 8 atoms, but
there is a negative enthalpy for all of the systems studied. The system
with 16 Al atoms is consistent with Ti3Al, which is a known alloy
[68,69].

The P = 1 plane 2D GSFE surfaces were calculated for the lowest
energy configurations found for each of these systems, and the
minimum energy paths were identified. Only the P = 1 planes are
shown due to the fact that they had the lowest barriers for the Ti/TiN
system. The 2D GSFE results are given in Figs. S5–S7 in the supporting
information, and the barrier heights from these are given in Fig. 8e. The
values for 1 and 2 dopant atoms were taken from the results described
in Section 3.2. The GSFE barriers generally increase with the number of
Al atoms, reaching about 75% of the barrier of bulk Ti at the highest
concentration of Al studied. The system with 16 Al atoms, a snapshot of
which is shown in Fig. 8c, is the only one with in which Al atoms were
found to be in the M = 1 layer. The discussion in Section 3.1 supported
the idea that having Al atoms in adjacent layers can destabilize some
configurations with respect to others, increasing the GSFE barrier. This
appears to be the case for the system with 16 Al atoms, which happens
to have the highest GSFE barrier. Thus, two mechanisms have been
identified for increasing GSFE barriers with dopants. One of them is
destabilizing some configurations in which Al atoms are adjacent to one
another, while the other is drawing electron density from the ceramic to
stabilize the second Ti layer next to the nearest N layer. These two
mechanisms appear to work in concert near the Ti/TiN barrier when 16
Al atoms are present, resulting in the largest increase in GSFE barriers.

4. Conclusion

The influence of doping on the shear resistance of Ti/TiN interfaces
were studied with first principles density functional theory calculations.
Al, V and Cr were separately examined as potential dopants, but Al was
the only one that had a negative enthalpy of mixing in bulk Ti or Ti/
TiN. For bulk Ti, the GSFE barrier height only increased when Al atoms
were in adjacent layers to the slip plane. This coincided with the de-
stabilizing effect of specific configurations in which Al atoms were in
contact with one another. For undoped Ti/TiN, the N layer near the
interface draws electron density away from the adjacent Ti layers in the
Ti-phase weakening their interaction and GSFE barriers. The presence
of Al atoms, which are more electronegative than Ti atoms, draws some
of that electron density back into the Ti phase, leading to an en-
hancement of the slip resistance in the process. For higher doping
concentrations, a Monte Carlo randomization scheme was used in
conjunction with energy minimization to search for configurations with
low energies. A general correlation between higher Al concentration
and higher GSFE barriers was obtained. The higher barriers were at-
tributed to a combination of more configurations with Al atoms in
contact, in addition to Al atoms drawing some electron density from the
ceramic into the Ti phase.

For coatings, there are often three components present: a substrate,
often an iron alloy, the binding metal, and then the ceramic. For our
particular work, only the interface between the binding metal and
ceramic is considered. For scratch testing, it is difficult to elucidate the
cause of delamination, as it could be related to the substrate/metal or
metal/ceramic interface. In particular, the previous work that found
TiAl/TiAlN to have a weaker critical load for delamination than Ti/TiN
concluded that the origin of this was likely due to the lower lattice
mismatch between substrate and Ti than TiAl [51]. Our work shows
that most of the increase in shear resistance at the Ti/TiN interface can
be realized with relatively low concentrations of Al. This suggests that a
lower Al concentration than used in this previous work [51] that
maintains matching between metal and substrate should further in-
crease the critical load of delamination.
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