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Abstract

Molecular dynamics (MD) based study of nanocrystalline (NC) Al and CNT (carbon nanotube)
reinforced NC Al specimens having grain sizes ~9 nm have been carried out under tensile
loading using hybrid potentials for different temperatures (10 K, 300 K and 681 K) at a
particular strain rate of 10'°s!. Structural variation and defect evolution during the deformation
have been investigated. An enhancement in both strength and ductility is observed in case of
the CNT embedded NC Al specimens with respect to NC Al specimen and such improvement
is significant in case of (30,30) CNT embedded NC Al specimen. It is also found that NC Al
matrix is fractured first, then the CNT at lower test temperature, whereas at high temperature,

the CNT fractures before the matrix.

Keywords: Molecular dynamics; Nanocrystalline materials; Carbon nanotubes; Tensile
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Introduction

Reduction in grain size of polycrystalline metal into nano scale more precisely less than 100
nm has positive influence on mechanical properties like strength [1] and hardness [2] and
thereby nanocrystalline (NC) metals have attracted a great deal of attention [3-7]. However,
low ductility (~5-8%) remains to be a drawback of such materials; therefore these materials are
not able to gain deserved importance as structural materials [8, 9]. Moreover, a rise in strength
as well as in ductility for nanostructured metallic systems is mutually exclusive [10, 11]. In this
regard, Carbon Nanotubes (CNTs) reinforcement may play a vital role as they possess a low
density (~1.2g/cm?®), a high tensile strength (~100 GPa), a high Young’s modulus (~900 GPa)
and a tensile ductility of ~20%. Moreover, CNTs already attract a lot of attention as promising
materials in various fields such as sensors [12], energy applications [13], biomedical
applications [14], polymer composites [15, 16]. Successful attempt to exploit mechanical
properties of CNT has been demonstrated enormously in the case of CNT reinforced polymer
composites with improved tensile strength [17], flexural strength [18] and fatigue resistance
[19, 20]. This has led to the experimentation of reinforcing metals (polycrystalline and
Nanocrystalline) with CNTs, thereby producing “Metal Matrix Composites” (MMCs), a new
class of composites to achieve a combination of enhanced strength and ductility [21, 22]. Shi
et. al [23] have experimentally investigated the mechanical properties of Single Walled Carbon
Nanotube (SWCNT)-Aluminium composites using microscopic tensile tests and reported
improvement in strength without compromising on ductility. Compression studies suggested
that a combined effect of CNT reinforcement and grain refinement contributed to the improved
strength. Hou et. al [24] have reported increased strength of 355 MPa and ductility (~15%) in
Mg-9Al alloys reinforced with Multi Walled CNTs (MWCNTs). In-situ formation of nanoscale
Mg17Al12 phase using the MWCNTs as a heterogeneous nucleation site. However, in order to

achieve these benefits in a more systematic, reliable and reproducible manner, (1) proper



fabrication of these composites with respect to homogeneous dispersion of CNTs in the matrix
[25], (2) a proper understanding of the matrix-CNT interface structure, and (3) load transfer
across the interface needs to be clearly understood. Experimental methods such as Molecular
Level Mixing (MLM) [26] and Mechanical Alloying [27] have been successful in achieving
homogeneous dispersion of CNTs. This indicates a progress in the direction of factor (1)
mentioned above. However, with respect to the length and time scales controlling the factors
(2) and (3), an experimental approach to address these factors would be very tedious, costly
and time consuming, if not impossible. In this regard, Molecular Dynamics (MD) simulations
based investigation can be beneficial for studying deformation behaviour at the atomic scale
[28, 29]. For instance, the mechanical properties (toughness and Young’s modulus) of CNT
reinforced single crystal (SC) Al composites is found to be enhanced and CNTs restrict the
fracture of the composite by bearing extreme load [30]. The mechanical properties of such
material are influenced by diameter and chirality of CNT [31] and the rate of CNT
reinforcement [32]. Silvestre et. al [33] have performed compressive studies on Aluminium
Single crystal-CNT composite measuring 4.85 nm x 4.85 nm x 10.22 nm, and observed slip
bands at 45°. Also, premature failure of the composite was attributed to buckling of CNT. Duan
et. al [34] have performed MD simulations to understand the damping behaviour of Ni coated
CNT — Copper composite at a temperature of 300 K and found out that the distorted Cu lattice
at the interface was responsible for the dissipation of energy. Chen et al. stated that the
improvement of the ductility and strength of CNT/Al composites is due to boosting up the
bonding conditions between matrix and reinforcement [35]. Although the above studies show
possible enhancement of mechanical properties of Al by CNT reinforcement, detailed atomic
level studies of mechanical behaviour and corresponding underlying mechanisms of NC Al by
CNT reinforcement have not been studied till date. In this paper, the mechanical behaviour and

fracture mechanisms of CNT embedded NC Al composite have been investigated using MD
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simulations under uniaxial tensile loading condition. The effect of CNT diameter as well as the
impact of temperature on the deformation behaviour of the composite subjected to tensile load
has also been studied.

Simulation details

The 20x20x20 nm> NC Al specimens (each contains 12 grains with a grain size of 9 nm) have
been created by the Voronoi method [36] using the Atomsk software [37]. In the present study,
armchair-CNTs with (5,5), (15,15), (30,30) have been constructed, then inserted into the NC-
Al specimens (Fig. 1(a)). MD Simulation studies by Choi et. al on single crystal AI/CNT
composites at 300 K have shown to reach UTS at a strain of 0.18 and fracture strain of 0.45
[30], whereas in the present study (for the 300 K case), the UTS of NC Al with (5,5) CNT is
reached at a strain of 0.14 and fracture strain of at least 0.84. The deviation suggests that the
position of the CNT with respect to grains and grain boundaries (GBs) affect the properties.
However, due to our specimen size, it is not possible to complete such a study. The CNTs in
this work pass through grains and grain boundaries. The x, y, z orientations are [100], [010]
and [001] respectively. The number of atoms in NC Al without CNT, NC Al of (5,5) CNT, NC
Al of (15,15) CNT and NC Al of (30,30) CNT is 483274, 486641, 488252 and 490096. The
smallest diameter of the CNTs used in this work is 0.678 nm. The radius of the aluminium
atom is 0.184 nm, which suggests a possibility of introducing aluminium atoms inside the CNT.
In fact, the absence of matrix atoms in the CNT would represent a system in which the
deformation processes (dislocation generation and annihilation, fracture) would be biased to
the matrix-CNT interface, and would not represent a typical behavior. Previously carried out
tensile deformation simulations of single crystal AI/CNT composites keeping CNT cores
empty, showed that void generation occurred at the matrix-CNT interface and that the hole in
the centre of the CNT weakened the composite [30]. Hence, in order to get rid of such bias, the

inner part of the CNT, in our study, is filled with aluminium atoms. Periodic boundary



conditions have been applied in the X, Y, and Z directions and the time step was taken as 0.001
ps. An Embedded Atom Method (EAM) potential [38] and an Adaptive Intermolecular
Reactive Empirical Bond Order (AIREBO) potential [39] have been applied for Al-Al and C-
C interactions respectively. The EAM computes the total energy E; as
1
E;=F, Zpﬁ(rij) + Ez Deap (1if)
j#i j#i

Where F is the embedding energy (depends on atomic electron density p), @ is the pair potential
function, a and B are the element types of atoms i and j. The AIREBO style computes the
energy as

1
E = Ezz EiR}EBO + EiLj]+ z z E,ngS’ON

i j#i k#L,j 1#0,),k

The Al-C interaction is modelled with a Lennard-Jones (LJ) 12-6 potential based on the van
der Waals forces [40]. The preferred cutoff distance is taken as 10.2 A, which is three times
larger than that of the C-Al interaction in order to fit to the cutoff distance of the AIREBO

potential [30]. The Lennard-Jones (LJ) 12-6 is computed as

12

o o\®

E=de [(;) -3 ]
Where E is intermolecular potential among the Al and C atoms, o is the distance at which the
inter-atomic potential is zero, 7 is the distance between two atoms, and € is the potential well
depth. Energy minimization was performed using the conjugate gradient method and
subsequent equilibration was done at 10 K, 300 K, and 681 K (~0.7*Melting point) using the
NPT ensemble. The equilibration was performed for 20000 time steps. Then the specimens
were subjected to a uniaxial tensile loading in the Z-direction in the NVT ensemble [30, 31] at
a strain rate of 10'° s™!. Although the strain rate used is not similar to experimental strain rates,
this work will provide insights into the underlying atomistic mechanisms of CNT reinforced
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NC Al metal matrix nanocomposites during the deformation process. Furthermore, in order to
check the impact of the strain rate, one representative simulation was done at a lower strain
rate of 10° s ! at 300K.The MD simulations were performed with LAMMPS [41] and the post
processing done using OVITO software [42]. The dislocation density and their types have been
investigated using the dislocation analysis (DXA) [43]. Presence of Stacking faults can be
identified using the Common Neighbor Analysis technique (CNA) [44]. The atomic strain tool
of OVITO [45, 46] has been used to find out the shear strain distribution in the matrix and CNT
during the deformation. The vacancies have been analysed using the Wigner-Seitz defect
analysis tool of OVITO. The spatial distribution of vacancies has been obtained by retaining

only those sites whose “Occupancy” was reported as zero by OVITO.

Results and discussion
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Fig. 1. (a) Initial specimen of CNT-NC Al composite (Composite generated from the
combination of NC Al represented in Centrosymmetry parameter analysis and a CNT which



has been inserted in the hole created in the matrix) and Stress-strain plots of NC Al without
CNT and CNT reinforced NC Al specimens at different temperatures (b) 10 K (¢) 300 K (d)
681 K.

Stress-strain plots of the NC Al and NC AI-CNT specimens for different temperatures are
presented in Fig. 1 and the evaluated mechanical properties are summarized in Table 1.
Young’s modulus was calculated by using a linear regression analysis and the yield strength
by the 0.2% offset method, and the detail of the method is available in the literature [30, 47].
Both, Young’s modulus and yield strength are found to increase when the CNT diameter
increases at all temperatures. It is also seen that the percentage of modulus improvement (for
the NC Al-(30,30) CNT compared against the NC Al without CNT) is ~14% at 10 K, ~15% at
300 K and reaches the highest value of ~21.5% at 681 K, thereby indicating that the
enhancement of modulus is higher at higher temperatures. However, an opposite trend is
observed for the case of yield stress. The percentage improvement in yield strength (for the NC
Al-(30,30) CNT compared against NC Al without CNT) is ~34% at 10 K, ~28% at 300 K and
~20% at 681 K. Regarding the impact of temperature, the modulus and yield strength is found
to decrease when the temperature increases. Conversely, the opposite tendency is observed for
the Ultimate Tensile Strength (UTS). It can be seen from the stress-strain plots that the stress
drops continuously beyond the UTS for NC Al without CNT specimen, at all the temperatures
considered here. However, the stress increases slightly in the regime beyond the UTS for the
NC AI-CNT nano-composites, and this behaviour becomes more pronounced for the composite
specimen with the higher CNT diameter. This behaviour is attributed to the contribution of the
matrix to the total stress which is higher at lower strains due to a higher volume fraction, and
the contribution of CNT to the total stress which is higher at higher strains due to its higher
strength. In other words, the stress strain plots of the matrix and the CNT follow the rule of
mixtures.

Table 1. Mechanical properties of NC Al and CNT reinforced NC Al composites for different
temperatures.



Young’s Modulus Yield Strength Ultimate Tensile .
Strength Fracture Strain
Specimens (GPa) (GPa) (GPa)

10 300 | 681 | 10 | 300 | 681 10 | 300 | 681 10 | 300 | 681

K K K K K K K K K K K K
NC Al
without CNT 1009 | 97.8 | 91.3 | 3.2 3 29 |1 652|693 | 691|056 | 1.02 | 1.31
NC Al with
(5,5) CNT 104.1 | 101 | 100 | 4.1 | 3.15 | 298 | 6.92 | 7.24 | 7.17 | 0.73 | 0.84 | 1.51
NC Al with
(15,15) CNT 105.6 | 104 | 102 | 42 | 34 |3.12 | 7.14 | 733 | 7.28 | 0.63 | 1.01 | 1.71
NC Al with
(30,30) CNT 1152 | 113 | 111 | 43 | 385 | 3.5 | 825|837 | 864 | 088 | 1.59 | 2.2

Table 2. Mechanical properties at 300 K calculated using MD simulations for NC Al and CNT

reinforced NC Al composites having different grain size.

Specimens (;sl;:in Ultimate tensile Fract}lre
(nm) strength (GPa) strain
NC Al without CNT 4 8.25 1.24
NC Al with (30,30) CNT 4 8.93 1.42
NC Al without CNT 6 7.68 0.81
NC Al with (30,30) CNT 6 8.46 1.31
NC Al without CNT 9 6.93 1.02
NC Al with (30,30) CNT 9 8.37 1.59

The effect of grain sizes on mechanical properties of NC Al and CNT reinforced NC Al

composites at 300 K are displayed in Table 2, and the corresponding stress-strain plots in Fig.

S2. The ultimate tensile strength is the highest for the smallest grain size studied. In general,

our study shows that increasing the grain size leads to a decrease of the mechanical properties,

which is in line with the findings reported in literature [48, 49]. In most engineering

applications where strength is an important factor, the toughness is often an issue. Fig. 2

compares the UTS and fracture strain achieved by CNT reinforcement. It can be seen that the

addition of CNTs with ((5,5) and (15,15)) led to only minor improvements in the UTS, and




minor changes in the fracture strain. However, the addition of (30,30) CNT induce a significant
improvement in both UTS and fracture strain, thereby indicating a higher toughness, evident

at all the considered temperatures.
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Fig. 2. (a) Ultimate tensile strength vs. fracture strain plot showing NC Al without CNT and
CNT reinforced NC Al specimens at various temperatures 10 K, 300 K and 681 K.

Table 3. Volume fraction of (5,5) CNT, (15,15) CNT and (30,30) CNT

Chirality Volume fraction (in %)
(5,5) 0.075
(15,15) 0.224
(30,30) 0.448

The different CNT volume fractions investigated in this work are displayed in Table 3, and the
properties of the nanocomposites with these CNT volume fractions are shown in Fig.3. In that
figure, red, green, blue and cyan colours indicate respectively the 0 vol.% (i.e. without CNT),
0.075 vol.%, 0.2 vol.% and 0.4 vol.% CNT content. The material properties such as Young’s

modulus as well as the yield strength increase with the CNT volume fraction according to Fig.3,



which is also seen in previously reported works [50-53]. In addition to this, the load bearing
capacity, the UTS and fracture strain of the composite are also enhanced with an increase in

the CNT volume fraction, in agreement with literature [54, 55].
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Fig. 3. Mechanical properties for varying CNTs volume fraction at (a) 10 K, (b) 300 K, and (c)
681 K.

Fig. 4 illustrates the stress-strain plots of the NC Al and NC AI-CNT specimens for 300 K ata
10° s! strain rate. The stress-strain plots at 10° s™! exhibit a lower ultimate tensile strength
values and a sudden drop in strength after UTS in comparison with the stress-strain plots at
10'° 5!, However the behavior of the different specimens studied on the basis of mechanical

properties such as Young’s modulus, yield strength and UTS remain the same.
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Fig. 4. Stress strain plots of the NC Al with and without CNTs at 300 K for a 10° s™! strain rate.
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Fig. 5. Plots of overall dislocation densities vs. strain for NC Al without CNT and CNT
reinforced NC Al specimens at various temperatures (a) 10 K, (b) 300 K and (c) 681 K.

The mechanical behaviour of materials can very often be explained by the behaviour of their
defects. Addressing this, we plotted the dislocation density evolution during the tensile
deformation for all the cases in Fig. 5(a-c). A common trend is observed: the dislocation
density decreases first, and then increases gradually to reach a steady state at the end of the

deformation process. Note that dislocations do exist in the grain boundaries of the sample prior

11



to loading. Loading makes these dislocations move towards the specimen surfaces, thereby
leading to the decrease of the dislocation density, in the initial stages of the loading. Although
there is also generation of dislocations in the initial stages of deformation, the annihilation rate
of these dislocations at the surface dominates the rate of dislocation generation. At further
stages of loading, the dislocation generation is significantly higher, and the dislocation density
increases. The vertical black lines marked on the plots indicate the strain at UTS (which is
found to vary with CNT diameter. It can be seen that the increase in dislocation density beyond
UTS point is higher for NC Al composites with higher CNT diameter and at higher
temperatures (refer Fig. 5(a-c)). The test temperature is also seen to have a pronounced effect
on the dislocation density. At lower temperatures such as 10 K, (Fig. 5(a)) the dislocation
density is less than that expected from strain hardening theory. According to strain hardening
theory, a higher strength at low temperature is expected due to a lower rate of dislocation
annihilation, assuming that the production of dislocations is not difficult. This assumption may
not be valid at low temperatures such as 10 K where the atomic movement is difficult.
Therefore, the two factors, namely, (1) a low mobility of atoms, and (2) a high strength of grain
boundaries render dislocation generation difficult. In conventional polycrystalline materials
with grain sizes ~um, dislocations are generated through sources such as Frank-Read sources.
However, in NC materials, such sources do not exist for two reasons: 1. The small sized ~nm
grains cannot contain the dislocations due to their inability to bear the distortion of the lattice
caused due to dislocation due to higher strains (the strain is proportional to b/d, where b is the
burgers vector and d is the grain size). 2. The proximity of grain boundaries (which can act as
a surface) attracts the dislocations towards themselves (via image dislocations). The force
image is Fimage = -Gb%/ (4*pi*(1-v)*d), d = distance between the dislocation and the free
surface, v = Poisson’s ratio [56]. Apart from the above two reasons, evidence of dislocations

emanating from GBs in nanocrystalline materials has been reported widely in literature [57,
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58]. In this study, the dislocations are initiated from the grain boundaries of the NC materials
(Fig. S1). In nanocrystalline materials, since the grains boundaries are the main source of
dislocations, their inability to produce dislocations would reduce the overall dislocation
density. As the temperature increases to 300 K, the dislocation density increases due to above
mention reasons. At even higher temperatures such as 681 K, dislocation annihilation takes
place, thereby reducing the dislocation density. From our results in Fig. S, it can be seen that
the dislocation density is higher for the CNT reinforced NC Al as compared to NC Al and this
is more pronounced at higher temperatures. It can also be said that CNT hinders dislocation
movement owing to the mismatch between the matrix and the CNT particles at the interface.
Xiang et al. and Lu et al. have showed that interfacial shear stresses (interactions) depend on

the CNT chirality and interaction perimeter [31, 59].
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Fig. 6. Plots showing types of dislocations for (a) NC Al without CNT, (b) (5,5) CNT, (c)
(15,15) CNT and (d) (30,30) CNT reinforced NC Al specimens at 10 K temperature.
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A detailed analysis of the dislocation density for each type of dislocations is depicted in Fig.
6. Four types of dislocations, namely perfect, Shockley partial, Frank partial and stair-rod have
been analyzed as they are of prime importance for the mechanical behaviour. Fig. 6 represents
the dislocation density at 10 K. Comparing Fig. 6(a) with 6(b), 6(c) and 6(d), it can be inferred
that reinforcing NC Al with CNT favours the formation of Shockley and stair-rod dislocations.
In the initial stages of deformation, the density of both Shockley partials and stair-rod
dislocations are seen to first remain almost constant, then they increase suddenly at a particular
strain and finally they reduce at around 17-22% strain where, a drop in these densities is
observed. Not much variation in the dislocation density is observed for the Perfect and Frank
partial dislocations as a function of CNT diameter. The dislocation densities decrease in the
initial stages of deformation, and then remain constant. The results of the dislocation density
variation at 300 K are qualitatively similar to the case of 10 K, excepting that the density of
perfect dislocations increases slightly in the later stages of deformation (see S3). The stair-rod
and Frank dislocations are entirely absent in case of 681 K (see S4). The deformation happens
thus predominantly by Shockley partials and to a minor extent by perfect dislocations. This is
because, at high strain rates, the stresses achieved are well above the critical stress required to
initiate the partial dislocation activity. The critical stress T is dependent on the intrinsic stacking
fault energy y and the burgers vector b. In order to prevent the stacking fault from collapsing,
the work done must exceed v, i.e. T > y/b. The stresses in the present studies are well above ~1
GPa, hence partial dislocations (manifested as Stacking Faults) are dominant, as most of the
perfect dislocations are expected to have dissociated into partials in agreement with literature

[60, 61].
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Fig. 7. Atomic strain snapshots of (30,30) CNT reinforced NC Al specimens during tensile
deformation process in slice vision at 10 K temperature. (a) Void and stacking faults formation
(inset through common neighbor analysis), (b) Crack propagation and representation of
dislocations and (c) CNT fracture.

Fig. 7 shows the atomic snapshots of the various features influencing the deformation in NC
Al with (30,30) CNT at 10 K. (Similar results have been observed for (5,5) and (15,15)
diameters. Refer to Supplementary Figures). The atoms are coloured according to the shear
strain. It can be seen from Fig. 7(a) that at 14% strain, the failure of the composite is initiated
by void generation at the interface between the grain boundary of the matrix and CNT.
Common Neighbour Analysis pictures also suggest the formation and propagation of stacking
faults (Coloured as orange bands, and indicated using arrow marks). The shear strain
distribution within the CNT and matrix is uniform. Fig. 7(b) shows the dislocation type and
structure at the vicinity of the cracks. Dislocation entanglement and dislocation multiple
junctions are seen to form. Although the Shockley partials are more numerous, Frank partials
and stair-rod dislocations are also observed. The Burgers’ vector and dislocation line direction

suggest that both edge and screw dislocations are present. Note also that the morphology of the
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CNT indicates that the CNT bears no cracks, which suggests matrix cracking as the mechanism
of failure of the composite. This is an expected mechanism at such low temperatures due to the
extremely low ductility of metals at such temperatures. The cracks are seen to propagate along
the grain boundaries via void amalgamation. Fig. 7(c) shows the morphology of the matrix and
CNT at 38% strain, where the CNT is found to fracture. Inhomogeneity in shear strain to some

extent is observed within the matrix and CNT.
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™

Shear Strain
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Dislocation
Multi junction

Fig. 8. Atomic strain snapshots of (30,30) CNT reinforced NC Al specimens during tensile
deformation process in slice vision at 681 K temperature. (a) Void and stacking faults formation
(inset through common neighbor analysis), (b) Crack propagation and representation of
dislocations and (c) CNT fracture.

Fig. 8 shows the atomic snapshots of the various features influencing the deformation in NC
Al with (30,30) CNT at 681 K. It can be seen from Fig. 8(a) that at 22% strain, the voids begin
to form. A comparison of Fig. 8(a) with Fig. 7(a) suggests that the grain boundary has
thickened at higher temperatures (as can be deduced from the Common Neighbour Analysis
snapshots). Furthermore, the shear strain distribution is seen to be non-uniform even at lower
values of strain. Fig. 8(a) indicates that the regions of CNT in contact with the aluminum lattice
have higher shear strains, and the regions of CNT in contact with the GBs of NC Al have lower
shear strains. Fig. 8(b) shows the snapshots at a strain of 36%, where the CNT fracture is

initiated. Significant inhomogeneity in the strain distribution has been attained, and fracture is
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seen to occur in regions with higher strains. Fig. 8(c) shows the snapshot at a strain of 65%,
when the matrix begins to crack. Unlike the 10 K case, the failure of the composite is initiated
by fibre breakage, and continued by matrix cracking. This is expected at higher temperatures
due to the increased ductility of the matrix, and relatively brittle nature of the CNT
reinforcement. The Burgers’ vector and type of dislocations are also indicated in Fig. 8(c).
Shockley partials, Stair-rod and perfect dislocations are seen at the vicinity of the crack. A
majority of the dislocations happen to be either edge or mixed type of dislocations. This is
because the screw dislocations having a high mobility, move quickly in response to the applied
load, and thus get annihilated at the grain boundaries or at the surfaces. The overall set of
events: void formation, crack propagation at the grain boundary, and CNT fracture is observed

during the tensile deformation of all the CNT reinforced specimens.

Fig. 9. Atomic snapshot representations of (5,5) CNT fracture path for 10 K during tensile
deformation process.

Fig. 9 shows the mechanism of CNT failure for (5,5) CNT at 10 K. It can be seen that the
mechanism of failure is almost the same for all diameters. “Fibre” like appearance suggests
that the bonds are broken by shear failure. i.e., rupture of bonds takes place. Fig. 9(e) shows
the disrupted order of atoms from where the failure has been initiated. The point of CNT rupture
is seen to be the same point where the voids developed in the Al matrix. Another mechanism
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is the formation of Stone-Wales defect which is reported to reduce the strength of the CNTs,
thereby making them prone to failure, as found in the literature [30]. An observation of the
CNT morphology in Fig. 9(f) shows the regions in which the rings are distorted from hexagonal
shapes to rings with five and seven carbon atoms (these are the so-called Stone Wales defects).
These defects are known to induce distortion in the bonds and bond angles, and become sites
of failure initiation and rapid propagation as previously reported by Lu and Bhattacharya [62].

A similar fracture mechanism has been observed for (15,15) CNT and (30,30) CNT (S12).
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Fig. 10. Plots of the number of vacancies vs. strain for NC Al without CNT and CNT reinforced
specimens at various temperatures (a) 10 K (b) 300 K and (c) 681 K.

While details regarding dislocations and shear strain distribution provide information on the
deformation behaviour of materials, vacancies also play a role, particularly at high
temperatures due to their increased concentration and increased mobility. In nanocrystalline
materials, easy diffusion paths such as grain boundaries are extensively available, and hence
vacancy motion becomes important. Fig. 10 shows the variation of the total number of
vacancies as a function of strain for our specimens at (a) 10 K, (b) 300 K and (c) 681 K. It can
be seen from all the three figures that the vacancies are produced as the deformation progresses.
At temperatures 10 K and 681 K, the NC Al is seen to have a reduced number of vacancies at
later stages of deformation. As far as the CNT diameter is concerned, its effect on the number
of vacancies is not so significant at all the temperatures investigated here. However, the effect

of CNT diameter on the vacancies can be better understood by the spatial distribution of
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vacancies along the x-direction as represented in Fig. 11. It is observed that the vacancy
concentration is higher at the matrix-CNT interface compared to the region away from the
interface. The “interface” in this context refers to the region up to either ends of the CNT. More
precisely, in our description, the specimen is centered at 0, and the interface is the region
situated close to x = -R to x = +R, where R is the radius of the CNT. The ratio of the average
number of vacancies at the interface to the number of vacancies away from the interface can
be seen to be more or less unaffected with changes in temperature. The CNTs with higher CNT
diameter tend to attract more number of vacancies at the interface. As deformation progresses,
the vacancy pile up at the interface is destroyed, and the distribution of vacancies is uniform
across the specimen. This is expected to happen via grain boundary diffusion of vacancies (at
low temperatures such as 10 K) and via lattice diffusion as well (at high temperatures such as
681 K), as reported in the literature [63]. Apart from this, additional vacancies are produced

during the deformation.
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Fig. 11. Plots showing number of vacancies vs. length along x-direction for NC Al without
CNT and CNT reinforced NC Al specimens at various temperatures (a) 10 K - 0% strain, (b)
10 K - UTS, (¢) 300 K - 0% strain, (d) 300 K - UTS and (¢) 681 K - 0% strain, (f) 681 K - UTS.
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The summary of the deformation mechanisms involved in the present study with respect to
temperature and engineering strain is shown Fig. 12. Values of strain at which each event
initiates have been obtained from the atomic snapshots. Three events, namely, void formation,
matrix cracking and CNT fracture have been investigated. It is observed that for all the
investigated temperatures, the grain boundaries of the matrix and grain boundary/CNT
interfaces are potential sites for void nucleation. This is seen to occur in the strain range of 0.12
to 0.22. Matrix cracking (crack propagation) is seen to take place along the grain boundary

through voids amalgamation. Initiation of matrix cracking has been observed at low strains
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(€=~0.22) for low temperatures (~10 K), whereas for high temperatures (~681 K) matrix
cracking is initiated at high strains (€=~0.65). Among the many types of dislocations, Shockley
partials contribute to prominent driving deformation for NC Al without CNT and CNT
incorporated NC Al specimens. Due to CNT incorporation in NC Al specimens, the dislocation
density is higher than in NC Al without CNT. CNT fracture through Stone Wales defect is seen
to occur in the strain range 0.34 to 0.39, and is found to be independent of temperature. Overall,
the composites have failed in the following manner: the NC Al matrix material is fractured
first, then the CNT due to low ductility at low temperatures, whereas at high temperatures, the

CNT fractures first followed by the NC Al matrix material.

Conclusions

A MD simulation based study has been carried out to investigate the effect of CNT on the
mechanical behaviour of NC Al reinforced CNT composites. It reveals that (30,30) CNT is the
best for enhancing the strength and causing delay in fracture for NC Al. In addition, it can also
be concluded that the failure is initiated by matrix cracking at low temperature and fibre
breakage at high temperature. The behaviour of vacancies at the interface has also been
analysed, and we find that the higher concentration of vacancies for higher CNT diameters at
the interface is attributed to the higher surface area. These results will help understand the
underlying mechanisms leading to the improvement of mechanical properties in NC metals

reinforced with CNT.
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