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In this ab initio work, density functional theory was used to calculate the ideal shear strengths of
pure Al, pure TiN, the Al/TiN interfacial region, and Al/TiN multilayers. The ideal shear strength
of the Al/TiN interface was found to vary from very low (on the order of the ideal shear strength of
Al) to very high (on the order of the ideal shear strength of TiN), depending on whether the TiN at
the interface was Ti- or N-terminated, respectively. The results suggest that the shear properties of
Al/TiN depend strongly on the chemistry of the interface, AI:N versus ALTi terminations.
Nevertheless, for the Al/TiN multilayers, the ideal shear strength was limited by shear in the
Al layer away from the interface, even when the individual layer thickness is less than a nanometer.
© 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.3703663]

. INTRODUCTION

The ideal shear strength—the highest achievable theo-
retical strength of a material—is the minimum stress needed
to plastically deform an infinite dislocation-free crystal." An
accurate estimate of the ideal shear strength is central to
understanding the limits of mechanical strength of nano-
structured materials such as multilayer films, which show un-
usual mechanical, chemical, and electronic properties.>
Such nanoscaled multilayer films composed of metals and
ceramics have been explored for their potential applications
as ductile, yet strong, materials.* It is believed that at the
nanoscale, the interfaces between the two materials constitut-
ing the multilayer assume an increasingly important role in
determining the properties, as they comprise a more signifi-
cant volume fraction of the multilayer with decreasing layer
thickness.® The high strength of multilayer nanocomposites
may be due to dislocations confined in a layer, which are
nucleated at interfaces.

A recent experimental work on Al-TiN multilayer nano-
composites explored the effect of layer thickness of Al and
TiN on hardness and flow strength.” The observed high
strengths were explained using the concepts of dislocation
motion and interactions within the confined nanoscale Al
layers. The present work attempts to test the specific role of
interfaces for increased strength of multilayer nanocompo-
sites, in the absence of dislocations. Unlike the metal-metal
multilayer systems, molecular dynamics simulations to com-
pute the interface properties are more difficult for metal-
ceramic interfaces due to the lack of accurate interatomic
potentials.

Using density functional theory (DFT), the ideal shear
strengths of Al, TiN, Al-TiN multilayer nanocomposite, and
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Al/TiN interface were calculated. The slip system of Al
established by DFT results is consistent with experiments. In
the case of TiN there are multiple possible slip systems as
determined from the ideal shear strength calculations. The
effect of interfaces on the shear behavior is explored for two
geometries: (1) the Al/TiN interfacial region in a bilayer,
and (2) Al/TiN multilayer with layer thickness <1 nm.

Il. METHODS

Simulations were performed using the Vienna ab initio
simulation package (VASP),® with the Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation functional,’ and
projector-augmented wave (PAW) method.'” A cut-off energy
of 300 and 500eV for the plane wave expansion of the wave-
functions was used for Al and TiN, respectively. A Monkhorst-
Pack k-point mesh of at least 18 x 18 x 18 and 7 x 7 x 7 was
required to obtain well-converged bulk modulus and lattice pa-
rameters of Al and TiN, respectively, using a primitive unit cell.
Table I shows excellent agreement between the calculated and
experimental values of lattice parameters, bulk modulus, and
elastic constants of Al face center cubic (fcc) and TiN rock salt.

To calculate the ideal shear strength, a series of incre-
mental shear strains were applied to the suitably chosen unit-
cell. The total energy and Hellmann-Feynman stress values
as a function of strain were then obtained. At each step of
applied strains, a full relaxation of atomic positions was
allowed. We consider two extremes of ideal shear strength.
In one case, relaxation of cell shape and volume (increase in
volume would be reported as percent volume increase) is
allowed so that there is no stress in the system except along
the shear direction. This would be referred to as pure shear.
In the second case, the cell shape and volume were relaxed.
Therefore, stress in directions other than the shear direction
was created during the shearing process. This would be
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TABLE I. Comparison of calculated and experimental values (Refs. 12 and
15) of lattice parameters, bulk modulus, and elastic constants of Al and TiN.
The experimental data are room temperature data.

Al TiN
Present Expt. Present Expt.
Lattice parameter (A) 4.04 4.04 4.24 4.24
Bulk modulus (GPa) 76 79 277 288
Cl11 (GPa) 114 108 639 625
C12 (GPa) 61 62 139 165
C44 (GPa) 25 28 160 163

referred to as simple shear. The highest achievable shear
stress in the shearing process is reported as the ideal shear
strength of the material.

lll. RESULTS AND DISCUSSION
A. The ideal shear strength of Al

Given that the well-established slip plane of Al is {111},
the shear strength of Al was calculated for the {111}(112)
and {111}(110) slip systems. Table I compares the results of
the current work with available calculated values. The com-
puted values for the simple and pure ideal shear strength of
4.2 and 3.2 GPa, respectively, for the {111}(112) slip system
of Al are in good agreement with previous DFT results.'"!?
Both pure and simple shear strengths of Al are lower in the
(112) shear direction compared to the (110) shear direction.
Figure 1 shows the relative movement of atoms along the
(112) and (110) directions. Atoms in layer 1 are fixed, and
open circles show the relative movement of atoms of layer 2
during the shear process. When Al is sheared in the (112)
direction, the upper layer of atoms move symmetrically with
respect to the lower layer, while movement of atoms due to
shearing along the (110) direction is hindered. From the
movement of atoms, it is intuitive that the ideal shear strength
of Al is lower in the (112) direction than in the (110) direc-
tion. Consistent with the relative shearing of atoms, the vol-
ume relaxation involved during pure shear is higher by 2% in
the (110) direction compared to the (112) direction.

B. The ideal shear strength of TiN

In an attempt to identify the slip systems of TiN, the
ideal simple and pure shear strengths are calculated for

TABLE II. The simple and pure shear strength of Al for various shear sys-
tems. Values obtained in the current work are compared with the values
reported in the literature (using GGA functional).

Simple shear Pure shear
Shear Shear
strength ~ Shear  strength ~ Shear % Volume

(GPa) strain (GPa) strain increase

{111}(112) Ref. 11 3.7 2.9
Present 4.2 0.20 3.2 0.19 1.9
{111}(110)  Ref. 12 3.5
Present 6.9 0.27 4.3 0.25 4.1
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FIG. 1. First and second columns show unit cell of Al at equilibrium and
sheared states, respectively. Right column shows top view (perpendicular to
the shearing plane) of relative movement of atoms in layer 2 with respect to
layer 1, in (a) (112) direction and (b) (110) direction.)

the following six shear systems: {111}{112), {111}(110),
{001}(100), {001}(110), {110}(110), and {110}(001).
Figure 2 shows the relative movement of atoms along vari-
ous shear directions; layer 1 is fixed and the relative move-
ment of atoms of layer 2 upon shearing is shown by open
circles. The shear strengths of TiN in pure and simple shear
states and volume relaxation corresponding to pure shear are
listed in Table III.

The {111} planes of TiN consist of alternating layers of
Ti and N atoms. Ti and N atoms are symmetrically bonded
to N and Ti atoms above and below, respectively. Hence,
each layer moves symmetrically with respect to each other.
Similar to the behavior of Al, when TiN is sheared in
{111}(112), the upper layer of atoms (N) move symmetri-
cally with respect to the lower layer, as seen in Fig. 2(a).
However, the movement of atoms due to shearing along the
(110) direction is hindered by Ti atoms in the layer above
and below, leading to a bending of the path of atoms along
the (112) direction, as shown in Fig. 2(b). Due to the sym-
metrical nature of atomic movements along the (112) type
directions, the pure shear strength of TiN is lower along
(112) 29GPa as compared to the strength along (110)
35.3 GPa. Accordingly, the volume relaxation involved dur-
ing pure shear is higher along (110) as compared to (112).

The {001} planes have an equal number of Ti and N
atoms, with the Ti (N) atoms bonded to the N (Ti) atoms
below (above). Hence, each {001} layer is symmetrically
bonded along (001), and just two layers are sufficient to rep-
resent the relative movement of atoms. When sheared along
(010) or (110}, both Ti and N atoms move symmetrically as
shown in Figs. 2(c) and 2(d). Due to the symmetric move-
ments of atoms with no hindrance from other atoms, pure
and simple shear strengths differ by a small value (of 6.7-
15.7 GPa) compared to other slip planes. Also, the volume
relaxations are small (1.25-1.55%) in both cases.

The {110} planes have an equal number of Ti and N
atoms in each layer, similar to the case of {001} planes.
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FIG. 2. First and second columns show the unit cell of TiN at equilibrium
and sheared state, respectively. Right column shows the top view (perpen-
dicular to the shear plane) of the relative movement of atoms, 1 and 2
denotes two layers involved in shearing. (a) {111}(112), (b) {111}(110),
(c) {001}(010), (d) {001}(110), (e) {110}(110), and (f) {110}{001).

Simple and pure shear strength of TiN in the {110}(110)
slip system differs by a large value (122.6 GPa), accompa-
nied by a large volume relaxation (6.02%) in pure shear de-
formation. This is due to hindrance of atomic movement by
the out-of-plane atoms in the adjacent layers. Pure shear
strength of 29 GPa, in {110}(110) shear, is in good agree-
ment with the prior DFT calculated value of 31 GPa."? For
{110}(001) shear, due to symmetrical movement of atoms
and no atoms to hinder, simple and pure shear strength of
this shear system only differ by a small value of 9.2 GPa and
the volume relaxation is as low as 1.45%.
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TABLE III. The ideal shear strength of TiN for various shear systems under
stress states of simple and pure shear.

Simple shear Pure shear
Shear Shear
strength  Shear strength Shear % Volume

(GPa)  strain (GPa) strain increase
{111}(112) 454 0.38 29.0 0.21 3.8
{111}(110) 121.0 0.73 353 0.33 10.8
{001}(100) 51.2 0.42 355 0.28 1.6
{001}(110) 39.4 0.33 32.7 0.28 1.3
{110}(110) 151.6 0.60  29.0[31.0 (Ref. 13)]  0.20 6.0
{110}(001) 65.6 0.47 56.4 0.47 1.5

Based on the pure shear strength of TiN, we predict that
there are several slip systems possible, {111}(112),
{111}(110), {001}(010), {001}(110), and {110}(110). All
of these systems have pure shear strength close to 30 GPa.
This also includes {111}(110), which is the slip system of
the rock salt crystal structure. As in Al, pure shear strength
of TiN for {111}(112) shear is lowest among several shear
systems considered. Thus it is reasonable to assume that Al-
TiN multilayer nanocomposites have the lowest ideal shear
strength along the (112) directions on the {111} planes.

C. The ideal shear strength of Al-TiN multilayer

To compute the shear behavior of the Al-TiN multilayer,
we consider a supercell with: (1) alternating layers of Al and
TiN along the [111] direction, consistent with the experimen-
tally observed interface plane,””'* (2) two layers of Al and
TiN in each slab, with both layers of Al twinned with respect
to each other, as observed experimentally,'* and (3) at the
interface, Al atoms are in the fcc position (or site) with
respect to adjacent TiN such that a fcc stacking sequence of
A(TD)B(Ti)C(Ti)A(Al) is maintained.”'* For simplicity, the
supercell has in-plane lattice spacings of TiN. The atomic
structure of the slab for this configuration is shown in Fig. 3.
We chose a minimum number of layers of Al and TiN to
insure the presence of a significant interfacial effect. In all
cases, the slab is sheared in the (112) direction in accordance
with the fact that shear strength of Al and TiN is among the
lowest in {111}(112) shear and Al/TIN interface is formed
on {111} planes.

We find that the ideal shear strength of the composite is
limited by Al and is the same as the ideal shear strength of Al.
Shear occurs in the twinned region for the case considered,
but it can occur in the Al region or twinned Al region depend-
ing if the supercell is sheared in the (112) or (112 ) direction.
The preference for shearing along the Al/Al layer as opposed
to the Al/N interface was also noted for the case when the
thickness of Al was just two atomic layers. A possible expla-
nation for this is that the shear strength of the Al/TiN interface
when the interface is N-terminated is much higher than the
Al/Al layers adjacent to the interface. Thus, in multilayers
with N-terminated interfaces, the interface shear may occur in
the weaker Al/Al layer one atomic layer away from the inter-
face. To further test this idea we computed the shear strength
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FIG. 3. Atomic structure of the Al/TiN multilayered slab used in the calcu-
lation. The TiN layer is bounded by Al layers above and below that are in
twin orientation with respect to each other, consistent with experimental ob-
servation (Ref. 14). Al always sits at fcc configuration with respect to under-
lying TiN.

of the AI/TiN interfacial region for both N and Ti termina-
tions, as described next.

D. The ideal shear strength of the AI/TiN interfacial
region

In this section, we compute the ideal shear strength of
the AI/TiN interfacial region. In the case under consideration
two interface types are possible: interfacial TiN being either
N- or Ti-terminated leading to, respectively, Al-N or Al-Ti
bonds at the interface (referred to as the Al/N or Al/Ti inter-
face). The shear behavior of the Al/TiN interfaces was mod-
eled by rigidly shearing a block of Al on top of TiN along
the (112) directions on the {111} plane. Supercell contains 3
layers of Al and 3 layers of TiN (3 layers of Ti and 3 layers
of N), and each layer has 2 atoms. This involves shearing of
Al and N or Ti bond depending on the termination.

A schematic of the interface under shear is shown in
Fig. 4. The interface between materials with different lattice
parameters can induce biaxial stresses. Two stress conditions
were considered at the interface; Interface 1: Equal and op-
posite biaxial stress in Al and TiN layers at the interface;
Interface 2: Al lattice parameter is stretched to match that of
TiN at the interface.

[111]

Al

FIG. 4. Schematic representation of interface model with rigid shearing
between Al and TiN at the interface.
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TABLE IV. The ideal shear strength of interfaces, Al with N terminated
TiN (AI/N) and Al with Ti terminated TiN (Al/Ti). Interface 1: Equal and
opposite biaxial stress in Al and TiN layers. Interface 2: Al lattice parameter
stretched to match TiN.

Interface 1 Interface 2
Shear strength Shear Shear strength Shear
(GPa) strain (GPa) strain
Al/N 19.1 0.39 26.4 0.49
Al/Ti 33 0.18 32 0.18

Table IV lists the ideal shear strength of the interfaces
under two types of biaxial stress states. Irrespective of the
biaxial stress states at interface 1 or 2, the shear strength of
the Al/Ti and AI/N interface is on the order of the ideal shear
strength of Al and TiN, respectively. Moreover, the strain at
the ideal shear strength is approximately equal to that in bulk
Al and bulk TiN, for Al/Ti and AI/N interface, respectively.
This confirms that metallic bonding exists at Al/Ti interface
similar to that in Al, and covalent/ionic bonding at Al/N
interface similar to that in TiN.

IV. CONCLUSIONS

In this ab initio work, DFT was used to study the shear
behavior of pure Al, pure TiN, Al/TiN multilayer, and the
Al/TiN interfacial region. For TiN, the existence of multi-
ple slip systems is indicated by several shear systems hav-
ing similarly low ideal shear strength if pure shear is
considered. A key finding from this work is that the ideal
shear strength of the AI/TiN interfacial region depends
strongly on the interface chemistry. For N-termination, due
to the strong N-Al bonding the shear strength is much
higher than the case of Ti-termination with relatively
weaker Ti-Al metallic bonding. Thus, the ideal shear
strength of the interface is on the order of shear strengths
of pure Al and pure TiN for N and Ti interfacial termina-
tions, respectively. An implication of this finding is that in
Al/TiN multilayers, if the interfaces are N-terminated the
shear occurs not at the Al/N interface but at the Al/Al layer
below the interface at stresses on the order of the ideal
shear strength of Al. The DFT results are calculated at 0K
without temperature effect into consideration. It is expected
that at higher temperatures, the ideal shear stress will be
reduced and from recent molecular dynamics studies of the
temperature effect on ideal shear strength of Al and Cu
using the embedded atom method potentials,'® the change
is almost linear with increasing temperature. Further studies
with dislocations at the interface are required to understand
the detailed slip processes involved when the Al/TiN multi-
layers are plastically deformed.
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