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MECHANICAL PROPERTIES OF Ti𝑛+1AlC𝑛

NANOLAMINATES: A MOLECULAR DYNAMICS STUDY

The behavior of Ti𝑛+1AlC𝑛 nanolaminates with 𝑛 = 1, 2, 3 that undergo a tensile deformation
has been simulated using classical molecular dynamics methods. While calculating interatomic
forces, a combination of two- and three-body potentials together with the embedded-atom method
is applied. The stress-strain curves and the approximate values of the elastic moduli for the
researched samples are calculated. The strain rate effect on the fracture dynamics is considered,
and the corresponding atomistic configurations of examined samples are built.
K e yw o r d s: molecular dynamics, deformation, elastic modulus, strain rate.

1. Introduction

Ternary compounds Ti𝑛+1AlC𝑛 are representatives of
a relatively new class of solids, the so-called MAX
phases, where M denotes a transition metal, A is one
of the elements of group A in the table of chemi-
cal elements, and X stands for carbon or nitrogen
[1]. Those materials have unique physical, chemical,
and mechanical properties, being highly promising for
applications [1, 2]. In particular, under various condi-
tions, Ti𝑛+1AlC𝑛 nanolaminates combine the char-
acteristics of metals and ceramics. They are charac-
terized by high electrical and thermal conductivities,
a relatively high value of the elastic modulus, and
an increased resistance to corrosion and oxidation
[2]. Ti𝑛+1AlC𝑛 nanolaminates have a layered struc-
ture, in which the layers of aluminium atoms and the
layers of titanium carbide Ti𝑛+1C𝑛 alternate, as is
shown in Fig. 1. A unit cell of their crystal lattice
belongs to the hexagonal type [2].

The simulation of multicomponent compounds
with chemical bonds of different types using the mo-
lecular dynamics method is a rather difficult task,
because, as a rule, it requires the application of spe-
cial interatomic interaction potentials for simulating
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the corresponding chemical bonds, which should pro-
vide an equilibrium configuration of atoms in the fi-
nal substance. Hence, before studying the mechani-
cal properties of ternary nanostructured compounds
Ti𝑛+1AlC𝑛 in the framework of the classical molec-
ular dynamics, an appropriate model for calculat-
ing the interatomic interaction forces should be cho-
sen. This model has to provide a representation of
the structure of an examined material close to the
real one.

Recent researches [5, 6] have shown that MAX
phases are characterized by a combination of metallic,
covalent, and ionic chemical bonds. Therefore, one of
the possible variants consists in the application of
several different potentials of interatomic interaction
to simulate the bonds between the atoms of differ-
ent types. To simulate the interaction between the
titanium and aluminium atoms, the embedded-atom
method (EAM) [7] was used. The analytical expres-
sions for equations describing the energy of interac-
tion between titanium and aluminium atoms in the
EAM model and the corresponding numerical param-
eters can be found in works [7, 8].

The interaction forces between the titanium and
carbon atoms were calculated using the model that
was applied in works [9–11]. A detailed description



V. Borysiuk

Fig. 1. Atomistic structure of Ti3AlC2 nanolaminate

Fig. 2. Initial atomistic configuration of the Ti2AlC sample

of this approach for simulating the titanium-carbon
interaction can be found in works [9, 12], with only a
brief summary of the model being given below.

According to this scheme, the potential energy of
the system can be represented as the sum of a two-
and a three-particle term [12]. The potential energy of
pair interaction was described by the Lennard-Jones
potential in the standard form [13]

𝑈𝑖𝑗 = 𝜀0

[︃(︂
𝑟0
𝑟𝑖𝑗

)︂12
− 2

(︂
𝑟0
𝑟𝑖𝑗

)︂6]︃
, (1)

where 𝑟𝑖𝑗 is the distance between the 𝑖-th and 𝑗-
th atoms, 𝑟0 the corresponding equilibrium distance,
and 𝜀0 the value of the interatomic interaction energy
at its minimum. On the other hand, the interaction
energy of three atoms 𝑖, 𝑗, and 𝑘 is determined by the
Axilrod–Teller potential [14]

𝑊𝑖𝑗𝑘 =
𝑍(1 + cos 𝜃𝑖 cos 𝜃𝑗 cos 𝜃𝑘)

(𝑟𝑖𝑗𝑟𝑖𝑘𝑟𝑗𝑘)
3 , (2)

where 𝑟𝑖𝑗 , 𝑟𝑖𝑘, and 𝑟𝑗𝑘 are the distances between the
atomic pairs 𝑖− 𝑗, 𝑖− 𝑘, and 𝑗 − 𝑘, respectively; 𝑍 is
the intensity parameter of the three-particle interac-
tion; and 𝜃𝑖, 𝜃𝑗 , and 𝜃𝑘 are the angles in the triangle
formed by the vectors r𝑖𝑗 , r𝑖𝑘, and r𝑗𝑘. The numerical
values of the parameters for the Lennard-Jones and
Axilrod–Teller potentials in the case of C–Ti inter-
action were calculated in work [12], while modeling
the interaction of titanium atoms with carbon nan-
otubes. The interaction between carbon atoms them-
selves was simulated by the Lennard-Jones potential,
as was done in work [15].

In such a way, a numerical model was obtained for
atomistic simulation of the behavior of Ti𝑛+1AlC𝑛

compounds in the framework of the molecular dy-
namics methods. In this work, we will study the
fracture dynamics of three Ti𝑛+1AlC𝑛 nanomaterials
with 𝑛 = 1, 2, 3 and will calculate the approximate
values for their mechanical parameters.

2. Computer Model of Specimens
and the Deformation Procedure

Before starting the simulation, titanium, aluminium,
and carbon atoms were arranged at the sites of a per-
fect crystal lattice corresponding to the crystalline
structure of Ti𝑛+1AlC𝑛. Then, the specimens were
relaxed to the equilibrium at a temperature of 300 K
maintained by means of a Berendsen thermostat
[16]. The general view of model specimens is shown
in Fig. 2 by an example of the Ti2AlC structure.

When studying the mechanical properties of
Ti𝑛+1AlC𝑛, a numerical tensile deformation proce-
dure was also used to calculate the dependence of
the mechanical stress 𝜎 on the strain 𝜀. The exter-
nal action was simulated as follows. The atoms lo-
cated in five rightmost atomic layers of the sample
were displaced at a constant rate, whereas five left-
most atomic layers remained fixed. The direction of
the applied displacement was chosen so that the dis-
tance between the opposite sample ends was gradu-
ally increasing as the sample was being stretched. In
addition, in order to study the influence of the
strain rate 𝑑𝜀/𝑑𝑡 on the fracture dynamics, the spec-
imens were stretched at three different values of this
parameter.

In the course of a sample deformation, mechanical
stresses were calculated on the basis of the virtual
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theorem using the formula [17–19]

𝜎𝑖𝑗 =
1

𝑉
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𝛼=1
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2
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𝑗
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𝛼
𝑗

⎞⎠, (3)

where the indices 𝑖 and 𝑗 mark the components in the
Cartesian coordinates; the indices 𝛼 and 𝛽 enumerate
the atoms; 𝑟𝑖𝛼𝛽 and 𝑓 𝑗

𝛼𝛽 are the corresponding compo-
nents of the distance and force, respectively, vectors
between the atoms 𝛼 and 𝛽; 𝑚 is the atomic mass; 𝑁
the number of atoms in the sample; and 𝑉 the sam-
ple volume. Thus, by calculating the corresponding
components of the velocities and the forces of inter-
atomic interaction at a given strain 𝜀, we can obtain
the stress-strain curve 𝜎(𝜀).

3. Simulation Results.
Calculation of Mechanical Parameters

The calculation results obtained by formula (3) for
the dependences of the mechanical stress 𝜎 on the
strain 𝜀 for the Ti2AlC sample at various strain rates
are depicted in Fig. 3. One can see that all stress-
strain curves have a typical profile. The initial sec-
tions of the dependences correspond to elastic de-
formations. The further growth and, afterward, the
recession of the dependences characterize the plastic
deformation and the failure of the samples. It should
also be noted that the curves obtained for the Ti2AlC
sample in the case where the strain rate 𝑑𝜀/𝑑𝑡 grows
demonstrate a small increase of the strain and stress
critical values (𝜀𝑐 and 𝜎𝑐, respectively) at which the
sample failure begins.

The corresponding “elastic” sections in the depen-
dences 𝜎(𝜀) at small strains 𝜀 ≤ 0.005 are shown
in Fig. 4. Note that, in order to calculate the elas-
tic modulus, the procedure of linear approximation
of the obtained numerical data by the least squares
method has to be applied. In doing so, one should
bear in mind that the available fluctuations in the cal-
culated stress-strain curves make the values obtained
for the elastic modulus in such a way to be strongly
dependent on the 𝜀-interval of the 𝜎(𝜀) curve that was
selected for the approximation. The values presented
below for the elastic modulus 𝑌 were calculated in
the interval 𝜀 ≤ 0.002 with an accuracy of 10 GPa. In
particular, for Ti2AlC, the value 𝑌Ti2AlC ≈ 280 GPa
was obtained. This value agrees well with the data
available in the literature [5, 20, 21]. For instance, in

Fig. 3. Stress-strain curves for the Ti2AlC sample calculated
at various strain rates (indicated in the figure)

Fig. 4. Elastic sections of the stress-strain curves for the
Ti2AlC sample at various strain rates. The dashed line cor-
responds to an elastic modulus of 280 GPa

work [20], the experimentally measured value of the
elastic modulus for Ti2AlC was equal to 𝑌Ti2AlC ≈
278 GPa. On the other hand, the ab initio calcula-
tions gave rise to a value of 312 GPa [5].

Atomistic configurations of the Ti2AlC sample at
various strains are shown in Fig. 5. One can see that
the sample undergoes a substantial failure at the
strains 𝜀 > 0.05. It should be noted that the fail-
ure of the Ti2AlC sample was not accompanied by
the formation of connective “bottlenecks”, which are
characteristic of the metal failure.

The Ti3AlC2 and Ti4AlC3 samples were stud-
ied following the same procedure. The correspond-
ing stress-strain curves calculated for them at various
strain rates are shown in Fig. 6 [panels (𝑎) and (𝑏), re-
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Fig. 5. Atomistic configurations of the Ti2AlC sample at
various strains 𝜀’s: top view (left panels) and side view (right
panels). The strain values are indicated. The lower panels
illustrate the sample after its failure

a

b
Fig. 6. Stress-strain curves for the Ti3AlC2 (𝑎) and
Ti4AlC3 (𝑏) samples calculated at various strain rates (indi-
cated in the figure)

a

b
Fig. 7. Elastic sections of the stress-strain curves for the
Ti3AlC2 (𝑎) and Ti4AlC3 (𝑏) samples at various strain rates
(indicated in the figure). The dashed lines correspond to elastic
moduli of 320 GPa (panel 𝑎) and 350 GPa (panel 𝑏)

spectively]. The obtained dependences have a typical
form with the sections corresponding to elastic and
plastic deformations. They are also characterized by
the dependence of the critical strain 𝜀𝑐 on the strain
rate 𝑑𝜀/𝑑𝑡.

The corresponding “elastic” sections of the stress-
strain curves at small strains 𝜀 ≤ 0.005 are ex-
hibited in Fig. 7. The presented dependences tes-
tify that the Ti4AlC3 sample is characterized by
a larger approximated value of the elastic modu-
lus (𝑌Ti4AlC3 ≈ 350 GPa) than the Ti3AlC2 sample
(𝑌Ti3AlC2 ≈ 320 GPa), which is in qualitative agree-
ment with the literature data (403 and 368 GPa, re-
spectively) obtained from the first principles [5]. Fur-
thermore, there is an experimentally measured value
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Fig. 8. Atomistic configurations of the Ti3AlC2 sample at
various strains 𝜀’s: top view (left panels) and side view (right
panels). The strain values are indicated. The lower panels
illustrate the sample after its failure

of 298 GPa for the Ti3AlC2 sample in [21], which
is also consistent with the value obtained in this
work.

Atomistic configurations of the researched Ti3AlC2

and Ti4AlC3 samples at various strains are shown in
Figs. 8 and 9, respectively. As one can see, the failure
of those samples is accompanied by a more intense
formation of connecting “bottlenecks” at the sample
right side that moves at a constant rate. Cracks also
appear in the same way at the opposite sample side,
which contains atoms that are fixed in space. The
cracks formed during the deformation process disap-
pear after the sample failure, and there appear resid-
ual deformations localized in this area.

The results of calculations show that the growth of
the parameter 𝑛 in the chemical formula Ti𝑛+1AlC𝑛

gives rise to larger values of the elastic modu-
lus for the corresponding samples. In addition, the
Ti𝑛+1AlC𝑛 samples with different 𝑛’s are character-
ized by different critical strain values 𝜀𝑐 correspond-
ing to the beginning of the sample failure. In order
to compare the critical strain values of all examined
samples, the corresponding stress-strain curves 𝜎(𝜀)
calculated for the strain rate 𝑑𝜀/𝑑𝑡 = 0.5 ns−1 are
shown in Fig. 10. One can see that the Ti2AlC sample
with the lowest elastic modulus has the lowest criti-
cal strain value 𝜀Ti2AlC

𝑐 ≈ 0.055. For the Ti3AlC2 and
Ti4AlC3 samples, the 𝜀𝑐-values are 𝜀Ti3AlC2

𝑐 ≈ 0.085
and 𝜀Ti4AlC3

𝑐 ≈ 0.105. This behavior is obviously as-
sociated with different relative numbers of Ti–C and
Ti–Al chemical bonds distributed over the sample vol-

Fig. 9. Atomistic configurations of the Ti4AlC3 sample at
various strains 𝜀’s: top view (left panels) and side view (right
panels). The strain values are indicated. The lower panels
illustrate the sample after its failure

Fig. 10. Stress-strain curves for the Tin+1AlCn samples with
𝑛 = 1, 2, 3 at the strain rate 𝑑𝜀/𝑑𝑡 = 0.5 ns−1

ume, which are characterized by different values of the
equilibrium interatomic distance and the interaction
strength.

4. Conclusions

Mechanical properties of three-component nanolam-
inates Ti𝑛+1AlC𝑛 with 𝑛 = 1, 2, 3 have been ana-
lyzed. The dynamics of the sample failure under the
action of a tensile deformation is considered. For all
three samples, the corresponding stress-strain curves
at various strain rates are calculated, and the approx-
imate values of the elastic modulus are determined:
𝑌 ≈ 280 GPa for Ti𝑛+1AlC𝑛, 𝑌 ≈ 320 GPa for
Ti3AlC2, and 𝑌 ≈ 350 GPa for Ti4AlC3. The ob-
tained stress-strain curves testify that, for the major-
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ity of researched materials, the growth of the strain
rate 𝑑𝜀/𝑑𝑡 leads to a small increase of the critical
strain value 𝜀𝑐 at which the sample begins to break.
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МЕХАНIЧНI ВЛАСТИВОСТI
НАНОЛАМIНАТIВ Ti𝑛+1AlC𝑛: ДОСЛIДЖЕННЯ
МЕТОДАМИ МОЛЕКУЛЯРНОЇ ДИНАМIКИ

Р е з ю м е

Проведено моделювання поведiнки наноламiнатiв
Ti𝑛+1AlC𝑛 з 𝑛 = 1, 2, 3 при деформацiї розтягнення
на основi методiв класичної молекулярної динамiки. Для
розрахункiв сил мiжатомної взаємодiї в дослiджуваних
зразках був використаний пiдхiд iз комбiнацiєю парного
та тричастинкового потенцiалiв i моделi зануреного атома.
Для розглянутих зразкiв розраховано кривi навантаження
та наближенi значення механiчних параметрiв, а саме мо-
дулiв пружностi. Дослiджено вплив швидкостi деформацiї
на динамiку руйнування, а також побудовано вiдповiднi
атомiстичнi конфiгурацiї дослiджуваних зразкiв.
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