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A B S T R A C T   

The impact of Al doping on the stability and shear strength of the Ti/TiN interface was investigated using a newly 
developed modified embedded atom model interatomic potential. The model was parameterized to the inter
facial properties of pure Al, TiAl and AlN binaries as well as TiAlN ternary system. The results of the new model 
are in reasonably good agreement with those obtained using Density Functional Theory and experimental data 
from the literature. A Ti/TiN system with a misfit dislocation network present on the Ti layer adjacent to the TiN 
interface was chosen for doping because of its low interfacial energy. To find the most likely configuration of Al 
atoms in Ti/TiN, a Monte Carlo scheme was developed. A range of Al compositions were studied, in which higher 
Al composition caused a more negative enthalpy of mixing up to 25 mol%. Even at small Al compositions, a 
drastic increase in shear strength was observed, continuously increasing with increasing Al composition. The 
highest Al composition had an abundance of screw dislocations, which were found to be responsible for its high 
shear strength.   

1. Introduction 

The study of metal/ceramic interfaces is an active area of research 
due to its applications in a wide variety of fields such as in microelec
tronic packaging, wear-resistant materials, electronic devices, fiber- 
matrix composites, sensors, medical implants, and thermal barrier 
coatings [1–9]. Ceramics exhibit good resistance to wear and oxidation, 
while metals are ductile and possess good electrical and thermal prop
erties [10]. Mechanical response of metal/ceramic systems is often 
controlled by the interface; hence, a complete knowledge of the struc
ture and mechanical behavior of the metal/ceramic interfaces can 
enable material engineers to make a better choice of materials in order 
to design stable systems with a desired strength [11]. There has been a 
growing interest in the study of adhesion between metals and ceramics 
for many years [12]. With increasingly capable experimental probes, 
such as high-resolution transmission electron microscopy and electron 
energy loss spectroscopy, the atomic and chemical structure of the in
terfaces can be investigated to near atomic resolution [9]. However, 
obtaining a detailed understanding of interfacial interactions remains a 
challenge [13]. The behavior of metal/ceramic interfaces at the atomic 
level can be understood more precisely through atomic level simulations 

such as first principles density functional theory (DFT) [14–16]. 
An important consideration is the presence of impurities or dopant 

atoms and its impact on the properties of metal/ceramic interfaces. 
Dopants have been known to affect the bonding and cohesion at im
perfections such as grain boundaries of metal/ceramic interfaces 
[17–19]. They have also been found to impact the adhesion at metal/ 
ceramic interfaces [13],[20–24]. A number of first principles calcula
tions have been done to study the interfacial properties of metal/ceramic 
systems, including the introduction of transition metal dopants to the 
interface [25],[26]. In a recent first principles study, it was observed 
that the addition of Al to the Ti/TiN interfacial region significantly 
increased the generalized stacking fault energy (GSFE) barrier by 
drawing some of the electron charge from the ceramic N atoms into the 
Ti phase [10]. However, DFT is limited to the study of small sized sys
tems due to the associated high computational cost [27]. In order to 
study more complex interfacial effects, such as how misfit dislocation 
networks (MDNs) affect interfacial mechanical properties, larger system 
sizes are required. Such larger scale simulation studies will allow gen
eration of insights that are more closely related to experimental obser
vations. In particular, large-scale molecular dynamics (MD) simulations 
can be utilized [28] to bring system sizes to the order of millions of 
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atoms. 
One of the main challenges in carrying out large-scale MD simula

tions is the need for appropriate interatomic potentials that can accu
rately describe the system of interest. Modified embedded atom method 
(MEAM) potentials have been extensively utilized for metallic systems 
[29–36], along with different ceramics, such as TiN and CrN [37–39]. 
Employing MEAM potentials, several metal/ceramic interfaces have 
been recently studied to provide a detailed understanding on the 
interfacial stability, the influence of MDNs, the shear strength [40–42], 
as well as mechanisms of epitaxial growth of metal on a ceramic tem
plate [43]. Based on the above considerations and extending previous 
work [10], this paper describes the development of a new MEAM po
tential for Ti-Al-N ternary systems. The new model was used to inves
tigate how the addition of Al dopants impacts the structure and shear 
strength of the Ti/TiN interface. 

2. Methodology 

2.1. Interatomic potential 

A detailed description of MEAM formalism has been covered in the 
literature [44. Briefly, the total energy of a system is estimated as the 
sum of an embedding function, Fi, and a pair interaction, φij(Rij), be
tween atoms i and j at a distance Rij, 

Etotal =
∑

i

[

Fi(ρi) +
1
2
∑

j∕=i

Sijφij
(
Rij

)
]

(1)  

F(ρ) = AEc
(
ρ

/
ρ0)

ln
(
ρ

/
ρ0)

(2)  

where A is an adjustable parameter, Ec is the sublimation energy, and ρ0 

is the background electron density for a reference structure. Sij is the 
screening function between atoms, which will be described later. The 
background electron density at site i is ρ, which is constituted by partial 
electron density terms for different angular contributions [34]. The 
partial electron densities are combined as follows: 

ρi = ρ(0)

i G(Γ) (3)  

where 

G(Γ) = 2/(1 + e−Γ) (4)  

and 

Γ =
∑3

h=1
t(h)

i

[
ρ(h)

i

/
ρ(0)

i

]2
(5) 

ti(h) are the adjustable parameters. The atomic electron densities are 
given as 

ρ(h)

j (R) = ρ0e
−β(h)

(

R
re−1

)

(6)  

which involves the adjustable parameters β(0), β(1), β(2), β(3) and re, the 
nearest neighbor distance in the equilibrium reference structure. The 
energy per atom for a given reference structure is calculated from the 
universal equation of state by Rose et al. [45], 

F
[
ρ0(R)

]
+

1
2

∑
ϕ(R) = Eu(R) = − Ec

(
1 + a* + a3a*3)

e−a* (7)  

where 

a* = α
(

R
re

− 1
)

(8)  

a3 = drepuls, a* < 0 and a3 = dattrac, a* ≥ 0 (9) 

α is an adjustable parameter involving contributions from the bulk 
modulus, cohesive energy, and equilibrium atomic volume. Sij, as given 
in Eq. (1), is a many-body screening function that denotes the effect of 
the position of an atom k on the interaction between atoms i and j, which 
is limited by Cmin and Cmax as described in detail in a previous work [46]. 
A value of Sij = 1 implies that the interaction between atoms i and j is 
unscreened while a value of Sij = 0 means that the interaction is 
completely screened. The cutoff distance of 5 Å was used in this work to 
be compatible with the model used for Ti/TiN [40]. 

For pure elements, 13 MEAM parameters are required to be deter
mined: β(0), β(1), β(2), β(3), t(1), t(2), t(3), A, α, Ec, re, Cmin, and Cmax. Nor
mally, the equilibrium structure is taken as the reference structure and 
Ec and re values are set to experimental values. The reference structures 
for Ti and Al are hcp and fcc, respectively, and the MEAM parameters for 
N were taken from the literature without any modification [39]. For 
each binary system there are 11 additional parameters that are required 
to be fit, including Ec in Eq. (2), α and re values in Eq. (8), four Cmin, and 
four Cmax values. For ternary interactions, an additional six parameters, 
three Cmin and three Cmax, are fit. For the pure Ti and the binary TiN 
system, the previously developed model designed to study the Ti/TiN 
interface was used [40]. We parameterized a model for pure Al and 
compared it with one developed by Lee et al. [47], along with a model 
for the binary combinations Al–N and Ti–Al (Ti–N was taken from a 
previous work [40]), and for the ternary combination of Ti-Al-N. The 
optimization of a set of MEAM parameters was done by utilizing a Py
thon code developed by our group based on minimizing the mean square 
displacement between the calculated and the experimental/DFT derived 
properties with the aid of a genetic algorithm [48]. 

2.2. DFT calculations 

The Vienna ab initio simulation package [49] was utilized for the 
DFT calculations using the Perdew, Burke, and Ernzerhof generalized 
gradient approximation for the exchange-correlation functional [50], 
[51]. The potential due to the core electrons was accounted for by the 
projector augmented wave method [52], which combines 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 [53] and in the calculations, the 
specific k-point mesh size used was based on the system size. The 
monovacancy formation energy, surface energies, and the GSFEs for 
pure Al were calculated using first-principles DFT. In order to calculate 
the monovacancy formation energy, the Brillouin zone was sampled 
using 4 × 4 × 4 mesh of k-points for the 32-atom cells. The surface 
energies were calculated for the surfaces Al(001), Al(110), and Al(111) 
with the system sizes of 36, 32, and 24 atoms, respectively, and the 
Brillouin zone was sampled using a 4 × 4 × 1 k-point mesh. For each of 
these surfaces, a periodic system with a 15 Å of vacuum was created, 
resulting in the formation of two surfaces. 

The GSFE surface was calculated for the Al(001) and Al(111) planes. 
For both, a system of 48 atoms was used with 12 layers of 4 atoms each 
with 15 Å of vacuum present. In the Al(001) GSFE calculation, half of the 
atoms were displaced in the X[110] and Y[110] directions, while for Al 
(111), the displacements were in the X[001] and Y[001] directions, 
keeping the other half of atoms fixed as had been done previously [54]. 
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 min
imum energy path was then plotted along the X direction after mapping 
the full GSFEs out, which will be denoted 1D-GSFE [10]. The maximum 
height of the minimum energy plot gives the energy barrier of the shear 
displacement of the GSFE surfaces. 
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The binary systems had their elastic constants, surface energies, and 
the enthalpies of mixing calculated using DFT. The elastic constants 
were calculated using a system size of 64 atoms for TiAl, 24 atoms for 
TiAl3 and 24 atoms for Ti3Al with a 12 × 12 × 12 k-point mesh. To 
calculate the enthalpy of mixing, a Ti3Al system of 24 atoms, a TiAl3 
system of 32 atoms and a TiAl system of 32 atoms were used, each with a 
4 × 4 × 4 k-point mesh. For the surface energy calculations, 48, 44 and 
72 atoms were used for TiAl(001), TiAl(110) and TiAl(111). In each of 
these systems, 15 Å of vacuum were present normal to the surface in 
consideration, and a k-point grid of 4 × 4 × 1 was used for all the cases. 
The impact of spin-polarized calculations was investigated for all the 
systems, and it was found that they did not have a significant impact on 
the structure and energetics of these systems. 

The GSFE calculations of the interfacial systems were carried out in a 
previous work [10]. The metal phase included 16 layers of 4 atoms (64 
total metal atoms) with its (0001) surface in contact with the (111) 
surface of 6 layers of TiN (48 total atoms) with the N atoms oriented 
towards the Ti phase. As with the metal GSFE calculations, 15 Å of 
vacuum was present. The value, which will be referred to as M, describes 
the metal layer away from the TiN surface. Three different system 
configurations were used for the GSFE calculations: a system with one Al 
atom in the M = 1 layer, a system with two atoms in the M = 2 layer, and 
a system with 16 Al atoms (1/4 of the metal atoms), which were 
distributed based on a Monte Carlo minimization scheme [10]. The 
determination of the GSFE was carried out by displacing the atoms along 
the X and Y planes in 10 increments each (see ref. [10] for the specific 
directions and further details). The plane in which the displacement 
occurred was in between the M = 1 and M = 2 surface layers in the metal 
phase, which had the lowest barrier for the Ti/TiN interface. 

2.3. Calculation of properties from the MEAM model 

The LAMMPS simulation software [55] was used to calculate all of 
the MEAM properties. For Al, the lattice constants, the energy ratio of 
different crystal structures with respect to the most stable structure, i.e. 
(Ebcc/Efcc) and (Ehcp/Efcc), surface energies (Es) of various surfaces Al 
(001), Al(110), Al(111), solid density (ρs), elastic constants, and mon
ovacancy formation energy (Evac) were calculated. For all calculations 
except the solid density, energy minimizations were carried out with the 
conjugate gradient method. The fcc system had 108 atoms, the hcp 
system had 48 atoms, and the bcc system had 54 atoms. To calculate the 
monovacancy formation energy for Al, one atom was removed from the 
fcc system of 108 atoms. The elastic constant calculations were carried 
out for the fcc system with 108 atoms, and systems with 72, 48, and 48 
atoms were used for the calculation of surface energies of Al(001), Al 

(110), and Al(111) surfaces, respectively. To calculate the solid density 
for Al metal, 20 ps of NPT simulations of a system with 500 atoms were 
carried out at 298 K and 1 atm using the Nosè-Hoover thermostat and 
barostat [56],[57] with a timestep of 1 fs. 

For binary systems, the enthalpy of mixing was calculated for TiAl, 
TiAl3 and Ti3Al. The enthalpy of mixing was calculated using a system of 
128 atoms for TiAl, 64 atoms for Ti3Al and a system of 64 atoms for 
TiAl3. The surface energies were calculated using a system size of 72 
atoms for both TiAl(001) and TiAl(100), 64 atoms for TiAl (110) and 54 
atoms for TiAl (111) surfaces. The elastic constants were calculated 
using 36 atoms for TiAl, and 64 atoms for both Ti3Al and TiAl3. For 
ternary systems, the enthalpy of mixing and lattice parameters were 
calculated using 216 atoms for Ti2AlN and 40 atoms for Ti3AlN. The 
surface energy for the Ti2AlN(0001) hexagonal system was calculated 
using 32 atoms, and 40 atoms for Ti2AlN(001), 80 atoms for Ti2AlN(110) 
and 112 atoms for Ti2AlN(111) system. The elastic constants for the 
Ti2AlN and Ti3AlN systems were calculated using 96 atoms and 40 
atoms, respectively. The GSFEs were calculated using the same system 
sizes as used in DFT calculations described in Section 2.2. 

2.4. Large scale simulations 

In this work, the orientation with the lowest energy found in previ
ous work for Ti/TiN was used [40]: X || [1120]Ti || [110]TiN; Y|| 
[1100]Ti || [112]TiN, and Z || [0001]Ti || [111]TiN. To minimize the 
lattice mismatch between the metal and the ceramic at the interface for 
the Ti/TiN system, previous work found that the length of the X and Y 
dimensions can be set to 16.1 nm and 27.9 nm, respectively [40]. The 
thickness of the ceramic phase in the Z dimension was approximately 29 
Å, while the metal phase was 50 Å. The Z dimension had non-periodic 
boundary conditions, while the X and Y dimensions were periodic. 
Also, the previous work found that the interfacial energy was lowest 
when an MDN was present on the second Ti layer with respect to the TiN 
surface [40] (with N atoms in contact with the Ti metal), so that was the 
configuration used in this study (see reference for a detailed description 
of the formation of dislocations). A total of 133,100 atoms in the metal 
phase and 69,984 Ti and N atoms combined in the ceramic phase were 
used in the simulation. 

A number of the Ti atoms in the metal phase were replaced with Al 
atoms, giving mol % ranging from 1 to 25%. It should be noted that 25% 
Al means that 25% of the 133,100 Ti atoms in the metal phase (not the 
ceramic) were replaced (33275). To find the most likely configuration 
for these atoms, a Monte Carlo (MC) scheme was developed as follows: 

Fig. 1. Snapshot of the Al doped Ti/TiN system snapshot with 4 mol% of Al with gray representing Ti, blue N, and red Al. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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1) The Al atoms were placed randomly in the Ti metal phase excluding 
the top two layers, followed by an energy minimization.  

2) Each MC move attempted to exchange 5 atoms (nexchange) using 
Rosenbluth sampling to reduce the number of energy calculations 
required. The Ti and Al atoms that were chosen for exchange 
included all atoms not present in the top two or bottom two layers of 
the entire system (the Ti atoms in the ceramic phase, excluding its 
bottom two layers, were allowed the exchange).  

3) For each atom exchange attempt, a total of 10 trials (ntrial) were 
attempted. The acceptance probability for each trial was carried out 
with the following probability. 

Ptrial
acc =

Pi
∑

jPj
(10)  

where the sum of j is over ntrial. How each pi was determined will be 
described below.  

4) After the nexchange exchange attempts were carried out, a single 
energy minimization was carried out, and if the energy was lower 
than the energy before the exchanges were attempted, then the entire 
MC move was accepted. 

If the goal were to sample the system at a specific state (i.e., with a set 
temperature and pressure), the biasing used for the trials would need to 
be accounted for in the final acceptance. Since the goal is to find the 
minimum energy of the system (the most stable configuration), this is 
not necessary. The pi values used to bias the trialed atomic exchanges 
was generated by the identity of the 12 nearest neighbors around each 
atom type. For instance, in bulk Ti doped with Al, there will be an 
average number of Al atoms and Ti atoms surrounding each Al atom. 
The biasing probabilities were constantly updated throughout the 
simulation based on the attempted moves that were accepted. This was 
used to better guide which of the ntrial attempts were more likely to 
lower the system’s energy. In essence, when an MC move was accepted, 
the environment surrounding the exchanged Ti and Al atoms in the 
accepted configurations are used to update pi. Fig. 1 gives a represen
tative configuration with 4 mol% of Al in Ti. As can be observed, the Al 
atoms are distributed throughout the system, including the ceramic 
phase as well, albeit in a much lower composition than in the metal 
phase. 

3. Results and discussion 

3.1. Pure Al metal 

The parameters for the Al MEAM model developed for this work are 
shown in Table 1. A comparison of the DFT calculated/experimental 
properties with values obtained using an existing model (Lee model) 
[47] and the model developed for this work are given in Table 2. The 
values for Ec and re for Al were taken from the experimental values in the 
literature [58],[59]. From Table 2, it can be observed that reasonable 
agreement with experimental/DFT values was achieved with both 
MEAM models. The fcc structure was found to be the most stable, and 
the correct order among the low index surface energies was achieved for 

Table 1 
MEAM potential parameters for Ti-Al-N.   

Ec (eV) re (Å) A α β(0) β(1) β(2) β(3) t(1) t(2) t(3) Cmin Cmax 

Al 3.36 1.43 0.89 4.47 2.15 4.62 7.01 0.0 −1.82 −1.02 9.07 0.39 2.24 
Tia 4.87 2.92 1.19 4.41 1.58 0.08 2.89 0.0016 5.55 6.79 −2.05 0.89 2.85 
Nb 4.88 1.10 1.80 5.96 2.75 4.00 4.00 4.00 0.05 1.00 0.00 2.00 2.80  

a Ref. [60]. 
b Ref. [39]. 

Table 2 
Comparison of the DFT calculated/experimental properties of Al with values 
obtained using the Lee model [47] and the newly developed model in this work.  

Property DFT/expt value New model Lee model [47] 

Lattice parameters (Å) 4.049 4.050 4.044  
4.049 4.050 4.044  
4.049 4.050 4.044 

Evac (eV) 0.78a, 0.68b 1.046 0.6788 
Es (111) (J/m2) 1.14a 0.874 0.6263 
Es (100) (J/m2) 1.366a 1.069 0.8545 
Es (110) (J/m2) 1.433a 1.254 0.9152 
Elastic constants (GPa)    

C11 114a 95.1 114.33 
C12 62a 60.2 61.915 
C44 32a 32.6 31.566 

ρs (g/cm3) 2.70c 2.697 2.7182 
Ebcc/Efcc 0.971a 0.9882 0.9647 
Ehcp/Efcc 0.994a 0.9975 0.9912  

a DFT calculated in this work. 
b Ref [61]. 
c Ref [62]]. 

Fig. 2. Comparison of the 1D-GSFEs for pure Al from DFT, the new MEAM model, and the Lee model along the (a) (001) and (b) (111) planes.  

N. Dhariwal et al.                                                                                                                                                                                                                               



Applied Surface Science 613 (2023) 156024

5

both models. Figs. S1 and S2 in the supporting information show 
detailed GSFEs of Al(001) and Al(110) surfaces calculated by DFT, the 
new MEAM model, and the Lee model [47]. The 1D-GSFEs plots as a 
function of position along the x-axis is shown in Fig. 2. The new model 
overpredicts the DFT barrier height in the 1D-GSFE for both surfaces, 
but only by a modest amount. It should be noted that better agreement 
with the GSFEs could not be achieved without doing significantly worse 
on reproducing other properties such as lattice constants, cohesive en
ergy, and elastic constants. 

3.2. Mixed systems 

The binary parameters for TiAl, Ti3Al, and TiAl3 were fit to several 
properties, including enthalpies of mixing, elastic constants, and surface 
energies. Tables 3 and 4 show the values of the binary and ternary pa
rameters obtained in the present work, respectively, while the Ti–N 
binary parameters have been taken from our previous work [40]. The 
DFT and the MEAM calculated values of the various properties of binary 
and ternary Ti-Al-N systems using the present model are presented in 
Tables 5 and 6. As can be seen in Tables 5 and 6, there is reasonable 
agreement between the results of the presented model and DFT/exper
imental values for TiAl and Ti-Al-N systems. Some of the surface en
ergies for TiAl, in particular, are an exception to this, as improving them 
came at the expense of worse agreement for the GSFEs of Al doped Ti 
and Ti/TiN. Agreement for the GSFEs was a major focus of the param
eterization, for reasons that are described later. 

Previous work showed that with two Al atoms in adjacent layers of 
bulk Ti, the enthalpy of mixing significantly lowered, and the GSFEs had 
a significant increase in barrier height [10]. Because of these reasons, 
this system was a focus of the parameterization strategy for the new 
model. Fig. 3 gives a snapshot of the system in which the GSFE was 
extracted, along with the associated 1D-GSFE (See Fig. S3 in the sup
plementary information for the full GSFE). The plane in which the GSFE 
was calculated is between the two Al atoms in the X and Z directions in 
Fig. 3(a). The 1D-GSFE has a more complex structure than the ones 
extracted from the pure phases, and the new model does a reasonable 
job of reproducing it. 

Fig. 4 shows comparisons of the 1D-GSFEs between the M = 1 and M 
= 2 metal layers in the Al doped Ti/TiN interfacial systems for DFT and 

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  

Ti-Al N-Al Ti-N [40] 

Reference state b2 b1 b1 
Ec (x, y) (eV) 4.844 6.53 6.6139 
re (x, y) (Å) 3.023 1.6258 2.1195 
α (x, y) 4.022 6.8183 4.7225 
Cmin (x, x, y) 2 0.7183 0.4263 
Cmin (y, y, x) 1.409 0.3414 1.0733 
Cmin (x, y, x) 0.055 0.8582 1.5 
Cmin (x, y, y) 0.936 1.1618 1.5 
Cmax (x, x, y) 4 3.3405 2.0328 
Cmax (y, y, x) 2.133 2.5308 1.7998 
Cmax (x, y, x) 2.644 3.2418 2.4073 
Cmax (x, y, y) 2.993 3.9408 2.3557  

Table 4 
MEAM potential parameters for the Ti-Al-N ternary 
interactions.  

Parameters Value 

Cmin (Ti, Al, N) 0.0848 
Cmin (Ti, N, Al) 1.2438 
Cmin (Al, N, Ti) 1.5301 
Cmax (Ti, Al, N) 2.517 
Cmax (Ti, N, Al) 2.4209 
Cmax (Al, N, Ti) 3.1322  

Table 5 
Comparison between the results of the new model and the experimental/DFT 
results for TiAl binary systems.  

Property System  Expt/ 
DFT 

New 
model 

Lee model  
[47] 

ΔHmix (eV/ 
atom) 

γ-TiAl (P4/ 
mmm L10)  −0.258a −0.237 −0.141 
Ti3Al (P6_3/ 
mmc)  

−0.279a −0.313 −0.029 

TiAl3 (I4/ 
mmm) 

−0.398a −0.435 −0.163 

Elastic 
constants 
(GPa) 

γ-TiAl (P4/ 
mmm L10) 

C11 187b 192 190 
C12 74.8 83 67 
C13 74.8 111 133 
C33 182 224 234 
C44 109 172 86 
C66 81.2 52 52 

Ti3Al (P6_3/ 
mmc) 

C11 183.2c 241 200 
C12 89 95 107 
C13 62.6 56 91 
C33 225.1 286 238 
C44 64.1 67 45 
C66 47.1 73 46 

TiAl3 (I4/ 
mmm) 

C11 217.7d 202 152 
C12 57.7 105 138 
C13 45.5 90 116 
C33 217.5 188 154 
C44 92 100 71 
C66 116.5 143 87 

ES (J/m2) 
γ-TiAl (P4/ 
mmm L10) 

−1 2.16e 1.92 2.43 
−110 1.64e 0.64 1.8 
−111 1.79e 1 1.98 
−100 2.03e 1.75 2.09  

a Ref [63]. 
b Ref [64]. 
c Ref [65]. 
d Ref [66]. 
e DFT calculated in this work. 

Table 6 
Comparison between the results of the new model and the DFT results for TiAlN 
ternary systems.  

Property System  DFT New model 

Lattice parameters 

Ti2AlN (P6_3/mmc)  
8.98 8.9 
7.77 7.71 
40.83 41.34 

Ti3AlN 
(pm-3 m) 

8.22 8.2 
8.22 8.2 
8.22 8.2 

ΔHmix (eV) 

Ti2AlN (P6_3/mmc)  −1.32 −1.21 
Ti3AlN 
(pm-3 m) −1 −1.14 

Elastic constants (GPa) 

Ti2AlN (P6_3/mmc) 

C11 305 234 
C12 67 96 
C13 93 105 
C33 281 322 
C44 123 109 
C66 119 69 

Ti3AlN 
(pm-3 m) 

C11 202 335 
C12 144 55 
C13 – – 
C33 – – 
C44 60 177 
C66 – – 

ES (J/m2) 
Ti3AlN 
(pm-3 m) 

−1 1.69 1.76 
−110 2.32 2.12 
−111 1.83 1.95 

Ti2AlN (P6_3/mmc) (0001) 2.208 1.87  
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the new model. The three systems are those with a single Al atom (Fig. 4 
(a)), two Al atoms (Fig. 4(b)), and 16 Al atoms, or 25% of the metal 
atoms (Fig. 4(c)). The full GSFEs for these systems, along with snapshots 
of their structures, are given in Figs. S4-S6 in the supporting informa
tion. The agreement is not particularly good for the system with one Al 
atom but is significantly better for the two systems containing two or 
more Al atoms. This was due to a greater emphasis being placed on 
parameterizing to systems with more Al atoms than the one with only 
one Al atom. There is reasonable agreement between the new model and 
DFT for the system with two Al atoms, while the agreement for the 
system with 16 Al atoms is particularly good. Overall, the new model 
somewhat underestimates the 1D-GSFE barrier, but agreement improves 
with higher Al composition, where the barrier heights increase to a value 
of approximately 0.28 J/m2. 

3.3. Large scale simulations 

3.3.1. Structure and stability 
The purpose of the MC simulations was to find low energy configu

rations. As stated before, the most stable structure for Ti/TiN is the one 
with an MDN in the M = 2 layer (or the second metal layer from the TiN 
phase, with N atoms in contact with the Ti metal). Because of this, all 

large-scale simulations included an MDN in the same position. Fig. 5(a) 
gives a plot of the energy with respect to MC step for the different sys
tems studied, and it can be observed that a rapid decrease in energy 
happens at the initial steps, tending to a steady value at higher numbers 
of steps. Also, the reduction in total energy occurs more rapidly for the 
cases with higher Al compositions due to its lower overall cohesive en
ergy. To compare the stability of the different systems, the enthalpy of 
mixing is a better measure, which is calculated as follows when there are 
n Al atoms exchanged with Ti atoms, 

ΔHmix = Edoped − Eundoped + nETi − nEAl (11)  

where Eundoped is the Ti/TiN system, and the EAl and ETi are the energies 
for bulk Al and Ti systems, respectively. Fig. 5(b) gives the enthalpy of 
mixing as a function of Al composition after the 5000 MC steps were 
completed for each system. Unlike the total system energy, the enthalpy 
of mixing decreases with increasing Al composition until 25 mol% is 
reached, and after that it increases. 

To demonstrate the distribution of Al atoms at the doped Ti/TiN 
interface, the relative Al composition as a function of position with 
respect to the interface is plotted in Fig. 5(c). Layer one is the Ti layer 
immediately next to the TiN phase (with the N atoms in contact with the 

Fig. 3. (a) Snapshot of the Al (red atoms) and Ti (gray atoms) used to calculate the GSFE. (b) Comparison of DFT, the new model and the Lee model [47] 1D-GSFE for 
this system. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. Comparison of the 1D-GSFE for Ti/TiN with (a) 1 Al atom in the M = 1 layer (b) 2 Al atoms in the M = 2 layer (c) 16 Al atoms, extracted from MC 
calculations. 
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metal phase) coinciding with the snapshot at the bottom third of the fig. 
A value of 1.0 in Al composition represents the overall average of Al 
composition with respect to all of the Ti atoms in the system. So, if the Al 
atoms are evenly distributed, there will be a value of 1.0 throughout at 
any mol % of Al. For the system with 1 mol% Al, there is essentially zero 
Al atoms in the TiN phase or in the metal layer adjacent to the TiN 
surface, while the most likely position to find one is in layer two. This is 
consistent with the previous DFT calculations when one or two Al atoms 
were present [10]. At all higher Al compositions, the probability to find 
Al atoms in layer two becomes lower than in bulk Ti, showing that the 
higher Al composition in layer two is only present for the lowest overall 

composition. Al atoms do not significantly accumulate in layer one or in 
the TiN phase until 4 mol% is reached, showing that this is also a 
consequence of higher composition. 

3.3.2. Interfacial shear 
The shear strength was calculated by using a stress-controlled shear 

loading with quasi-static loading applied in the X direction as described 
previously [67]. The method used incremental deformation gradients 
separately applied to the metal and ceramic phase based on their 
stresses, which were implemented in the X || [1120]Ti || [110]TiN di
rection, followed by energy minimization at fixed deformation. During 

Fig. 5. (a) Plot of the energy with respect to MC step (b) Enthalpy of mixing of various Al doped Ti/TiN metal/ceramic systems (c) Aluminum composition in each Ti 
layer of Ti/TiN system with the snapshot below the figure showing the position of each layer. 

Fig. 6. (a) Plots of shear stress versus strain for different Al compositions, and (b) maximum shear stress achieved for the different Al compositions in Ti/TiN 
interfacial systems. 
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each incremental deformation gradient, a 1 ps NVT simulation at 5 K 
was run, followed by a full relaxation of the cell structure and atomic 
positions, minimizing the total energy at fixed strain. The methodology 
is identical to previous work [40]. Fig. 6(a) shows the plot of shear stress 
in the various Al doped Ti/TiN systems as a function of strain. The re
sults for the undoped system are taken from previous work [40], which 
indicated an extremely low shear strength. By increasing Al composi
tion, the shear strength increases rapidly with strain up to the point of 
starting plastic deformation. For the doped systems, this appeared to be 
around 2% of strain. To better compare how the amount of doping im
pacts shear stress, Fig. 6(b) shows the maximum shear stress as a func
tion of Al composition. The value for the undoped system is small, 
almost unimpeded due to the presence of the MDN and the low GSFE 
barrier near the Ti/TiN interface [40]. When the Al composition is raised 
slightly, the shear stress increases considerably to over 150 MPa, and it 
continues to increase at an almost linear rate with higher Al mol % until 
the strength is >1 GPa at 25 Al mol %. 

To determine specifically where shear failure occurs, the displace
ment was calculated as a function of strain for each layer near the metal/ 
ceramic interface. Specifically, the displacement difference between 
adjacent layers was calculated, which is shown in Fig. 7 for the undoped 
interface, the system with 4 mol% of Al and the system with 25 mol% of 
Al. The maximum strain shown in the plots was set to the point where 
the maximum displacement reached 10 Å for each system. This was 
around 10% strain for the three systems examined, with higher values 
correlated with higher Al composition. For all systems, the initial 
displacement occurs between the first and second layer next to the Ti/ 

TiN interface. This continues for the undoped and 4 mol% system, with 
all displacements occurring in the first layer throughout the length of the 
simulations. For the 25 mol% system, though, displacements start to 
occur two layers from the interface, starting around 4% strain. This 
coincides with a region where the stress increases rapidly as shown in 
Fig. 6(a). 

As shear failure occurs between the first and second Ti layers from 
the interface, the structure of the second layer was further investigated. 
Snapshots extracted from equilibrium structures from the Ovito software 
[68], in which the common neighbor analysis was used to identify hcp 
(red), fcc (green), and amorphous regions (white) are shown for the 
undoped, along with the 4, 25, and 30 Al mol % systems in Fig. 8. The 
undoped Ti/TiN system is similar to what has been found in previous 
work [26], showing interdispersed fcc and hcp triangles with moder
ately sized nodes at their vertices. For the 4 mol% Al doped system, the 
size of the nodes decreases, and the shape of the nodes and hcp regions 
become less defined. The smaller nodes are consistent with the higher 
GSFE barriers present when Al atoms are added to Ti/TiN (see Fig. 4). 
These smaller nodes should result in greater pinning effects [67], which 
is likely the reason for the increased shear strength with higher Al 
composition. 

For the 25 mol% Al system, it is difficult to discern if the node size 
becomes smaller, pointing to another likely mechanism for the order of 
magnitude increase in shear strength for this system in comparison with 
the 4 mol% one. Fig. 8 also shows the presence of edge and screw dis
locations in the second layer from the Ti/TiN interface for the different 
systems. The edge and screw type dislocations are calculated using the 

Fig. 7. Snapshots of displacement for various layers of Al doped Ti/TiN surfaces.  

Fig. 8. Snapshots of various Al doped Ti/TiN surfaces using common neighbor analysis (top) to classify fcc (green), hcp (red), and amorphous (amorphous). 
Dislocation and Burgers vector analysis of various Al doped Ti/TiN systems (bottom) with black arrows indicating Burgers vectors, blue lines indicating edge dis
locations, and red line indicating screw dislocations. The horizontal direction is the X dimension described in section 2.4 and the vertical directions is the Y 
dimension. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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dislocation analysis implemented in the OVITO program as described in 
the reference [69]. The undoped system only has edge dislocations 
present, and for the most part, the 4 mol% system only has the same 
defects. For both the 25 and 30 mol% systems, though, there are sig
nificant screw dislocations present, which is likely the reason for the 
displacements in the third layer from the interface for this system only 
(see Fig. 7). It appears that the alloying Al atoms in the host Ti matrix, 
along with the defects that occur as a result of them, interact with the 
dislocations and provide resistance to motion [70]. The larger number of 
screw dislocations caused by these interactions further impedes shear 
deformation resulting in the large increase in shear strength for the 25 
and 30 mol% systems [71],[72]. 

To better understand the microstructure at the barrier for shear 
failure, Fig. 9 shows snapshots and the same dislocation analysis 
described in Fig. 8, but at the barrier for shear failure. The undoped 
structure at the barrier is nearly identical to the minimum energy 
configuration, with the node shape and size, along with the shape of the 
crystalline regions, being the same. For the 4 mol% system, the node 
present in the minimum energy structure is not present at the barrier, 
but some screw dislocations are present where the nodes in the mini
mum energy structure were located. Additionally, the shapes of the 
crystalline regions are distorted away from where the nodes are present 
in the minimum energy structure, showing the pinning effect of the node 
positions for the 4 mol% system. For the 25 and 30 mol% systems, 
similar qualitative behavior at the barrier for shear failure is present as 
for the 4 mol% system, but to a greater degree, which is consistent with 
the greater shear strength of these systems, along with greater number of 
layers displaced as shown in Fig. 7. 

4. Conclusion 

A new interatomic MEAM potential for Ti-Al-N interactions was 
developed to examine the effect of the addition of Al on the shear 
strength of the Ti/TiN interface. The Ti, N, and TiN interactions were 
taken from a previously developed MEAM potential for Ti/TiN, with the 
Al unary, AlN and AlTi binary, and TiAlN ternary interactions parame
terized for this work. A previously developed genetic algorithm code 
was utilized to fit the model to reproduce a combination of DFT and 
experimental properties. A Monte Carlo minimization procedure was 
implemented to find low energy configurations of Al doped Ti/TiN at 
various Al compositions. The structure and shear strength of the Ti 
(0001)/TiN(111) interface was investigated with misfit dislocation 
networks (MDNs) present in the second metal layer from the Ti/TiN 
interface (with the TiN nitrogen oriented towards the Ti phase) in both 
directions parallel to the interface. It was found that the presence of Al 

significantly increased the shear strength of the Ti/TiN interface, by two 
orders of magnitude. Shear failure occurred between the first and second 
metal layers from the TiN interface. Previous work found that large 
nodes formed at the Ti/TiN interface, while the current work found that 
small compositions of Al shrunk the size of these nodes to a significant 
degree, increasing their pinning effect and overall shear strength. At 
higher Al compositions, the presence of screw dislocations impeded 
atomic movement, further increasing the interfacial shear strength. 
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Figure S1: GSFE curves of the Al(001) calculated using (a) DFT, (b) MEAM model (c) Lee 

model 

 

Figure S2: GSFE curves of the Al(111) calculated using (a) DFT, (b) MEAM model (c) Lee 

model 



 

Figure S3: 2D GSFE plots of the Al doped bulk Ti using (a) DFT, (b) MEAM model and (c) Lee 

model. 

 

Figure S4: 2D GSFE plots of the Ti/TiN system with 1 Al atom in M =2 layer using (a) DFT 

and (b) new MEAM model. 



 

Figure S5: 2D GSFE plots of the Ti/TiN system with 2 Al atoms in M =2 layer using (a) DFT 

and (b) new MEAM model. 

 

Figure S6: 2D GSFE plots of the Ti/TiN system with 16 Al atoms using (a) DFT and (b) new 

MEAM model. 

 

 


	Strengthening the Ti/TiN interface against shear failure with Al dopants: A molecular dynamics study
	1 Introduction
	2 Methodology
	2.1 Interatomic potential
	2.2 DFT calculations
	2.3 Calculation of properties from the MEAM model
	2.4 Large scale simulations

	3 Results and discussion
	3.1 Pure Al metal
	3.2 Mixed systems
	3.3 Large scale simulations
	3.3.1 Structure and stability
	3.3.2 Interfacial shear


	4 Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgment
	Appendix A Supplementary data
	References


