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Abstract 

The mechanical response of single-walled carbon nanotubes (SWCNT) filled with crystalline zinc 

sulphide (ZnS) nanowires under uniaxial compression is studied using classical molecular 

dynamics. These simulations were used to analyse the behaviour of SWCNT, with and without ZnS 

filling, in terms of critical force and critical strain. Force versus strain curves have been computed 

for hollow and filled systems, the latter clearly showing an improvement of the mechanical 

behaviour caused by the ZnS nanowire. The same simulations were repeated for a large range of 

dimensions in order to evaluate the influence of the aspect ratio on the mechanical response of the 

tubes. 

1. Introduction 

Filling the cavities of carbon nanotubes generates new hybrid materials, an approach that can lead 

to the customisation and/or improvement of physical properties of either the host nanotube or the 

guest encapsulated substance [1]. The first record describing these host-guest systems dates back to 

1993 [2], when the encapsulation of lead/lead oxide within multi-walled carbon nanotubes 

(MWCNT) was performed using the so-called “capillary method”. Till present days, hundreds of 
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these systems have been produced with the prospect for applications spanning from drug delivery 

[3-6] to storage of sensitive materials [7] and nanopipetting [8, 9].  

Recently, we have been studying a relatively complex system which is composed of a ternary alloy 

guest, Ga-doped ZnS, confined in turbostratic MWCNT, for electrically-activated nanodelivery [8, 

10]. Besides characterising its structure and chemistry, we have also analysed the reactivity [11], 

thermal stability [12, 13] and mechanical behaviour [14-17]. Note that this work was carried out at 

the discrete nanostructure level providing therefore a more detailed view of the material’s behaviour 

than the averaged responses obtained from bulk samples [18]. Such an approach is particularly 

relevant for mechanical studies where the heterogeneity of bulk samples (in terms of orientation, 

diameter range…) influences considerably the outcome of force-displacement measurements. 

Accordingly, we have demonstrated how the stiffness of the host MWCNT is altered by the 

inclusion of the guest II-VI semiconductor [19]. As a next logical step, we developed a 

computational model that helps understanding the mechanics of this hybrid material [15]. In the 

first stage, we adopted an approach based on finite elements as it allowed handling the correct 

dimensions of the (doped-)ZnS@MWCNT system (here, @ means “encapsulated in”). In this 

model, a fully rigid platelet was included at each end to account for the clamps, one of which acted 

as the force sensor and the other as the displacement actuator. The displacement was applied 

according to the longitudinal axis of the CNT. Overall, both the experimental behaviour and force-

displacement curves could be reproduced. Whilst the continuum approach is appropriate for the 

present system, it has considerable limitations in regards to structures with smaller dimensions, such 

as SWCNTs [20]. Given our interest in nanodelivery it would be useful to extend this confined 

semiconductor system to the single-walled case as one can deposit within ever smaller amounts of 

ZnS. Furthermore, following the effect of filling in the mechanical properties of 

Zn(Ga)S@MWCNT [14], the stiffness may be used as a marker for the filled vs. empty states 

without having to resort to sophisticated electron microscopes. The continuum approach is also 

inadequate to analyse core-shell interactions at the atomic level. In result of this, we decided to 

complement the finite element modelling (FEM) with a molecular dynamics (MD) approach. In 

fact, modelling of filled carbon nanotubes mechanics has been traditionally carried out using mostly 

MD methods [20]. Moreover, MD uses well defined interatomic potentials which carry the physical 

nature of interatomic interactions, e.g. a response of a group of atoms to applied loads. With a well 

designed and tested potential, one obtains more accurate results (moreover, with atomic resolution) 

than with bulk continuum description using elastic properties such as Young’s modulus or Poisson 

ratio. 
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In this work, MD simulations were carried out with the aim to analyse the mechanical behaviour of 

empty and ZnS-filled SWCNT subjected to an axial compressive loading. Furthermore, predictions 

for some relevant properties are made such as the Young’s modulus, buckling critical force and 

strain. 

2. Methods 

The LAMMPS package [21] was used to study the ZnS@SWCNT system’s mechanical response as 

a function of several length/diameter (L/D) ratios. Filled and empty zigzag SWCNT were modelled 

with diameters of 1 nm (13,0), 2 nm (26,0), 3 nm (38,0), 4 nm (51,0) and 5 nm (64,0), and lengths 

varying between 10 nm and 50 nm, bringing the total number of modelled CNT to 50. In MD, the 

interaction between atoms is defined by interatomic potentials which simulate the force fields 

between atoms through potential energy vs. interatomic distance laws [22]. In this work, the atomic 

pair interaction between C-C atoms and the forces acting between  each atom of the confined ZnS 

nanowire were described by Tersoff potentials [23] (Equations S1 to S8 of the supplementary 

information). For the II-VI semiconductor, a diamond structure was adopted with a lattice 

parameter of 5.42 Å, using the potential parameterization defined in [24]. This pair potential 

allowed modelling of the inserted nanowire as a homogeneous crystal, replacing the Zn and S 

components by a single-type hypothetical average atom. The [001] crystal axis of ZnS was oriented 

along the SWCNT axis. 

The C-ZnS interaction was described using the Lennard-Jones potential (L-J) [25] which provides 

an approximate description of the van der Waals interactions. Since no previous studies about L-J 

potential parameterisations for C-ZnS interactions were found, the Lorentz-Berthelot mixing rules 

[26, 27] were used to determine the vdW interaction parameters ( C-ZnS and C-ZnS). These rules are 

widely used and can be applied if the L-J parameters  and are known for C-C and ZnS-ZnS 

interactions (Lorentz and Berthelot rules are given by the Equations 1 and 2, respectively).   

(1)

(2)

The vdW interaction parameters for C-C and ZnS-ZnS were taken from [28] and [29], respectively, 

and are listed in Table 1. To save computational time, we truncated the L-J potential at the 

commonly used cut-off distance (rc) of  2.5 .
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Table 1. Lennard-Jones parameters used to define C-ZnS interaction. 

Interaction (eV) (Å)

C-C 4.57x10-3 3.85 

ZnS-ZnS 4.16 x10-2 2.50 

C-ZnS 1.27x10-2 3.15 

Despite of their wide use, some authors have reported the Lorentz-Berthelot rules as inaccurate to 

predict vdW interactions [30]. Kong mixing rules [31] were therefore used as an alternative for 

more accurate results [30]. The calculations were performed for the same 50 models using also the 

Kong mixing rules. It turns out that the obtained results are very similar to Lorrentz-Berthelot ones 

and consequently we present them only in the supplemental material (Tables S19 and S22).  

Further information on the Tersoff parameters as well as the Lennard-Jones potential formulation 

and respective parameters can be found in the Supplementary Material. Further to this, we also 

include details concerning the calculation of the C-C equilibrium bond length and the ZnS 

equilibrium lattice parameter. 

The SWCNT uniaxial compression was modelled by creating a rigid zone at both tips and moving 

one towards the other along the tube axis. The loading was applied at a rate of 0.001 nm/ps until 

strain values of at least 5% were reached. This resulted in a total number of time steps between 

250,000 and 1,250,000 (for L = 10 nm and 50 nm, respectively). The temperature was maintained at 

a constant value of 0.1 K. Before applying the uniaxial loading, the nanotubes were relaxed for 20 

ps.

3. Results and Discussion 

We performed force versus displacement analysis for 50 different SWCNT models. The resulting 

data set was sufficiently large to identify several relationships linking buckling force, buckling 

strain and Young’s modulus with the SWCNT length, diameter and aspect ratio.  

Some examples of force vs. axial strain curves are plotted in Figure 1. These relate to empty (13,0), 

(26,0) and (51,0) nanotubes and their corresponding filled counterparts. All SWCNT were 20 nm 

long. At first glance, the comparison of empty and filled SWCNT curves suggests that the inner 

filling barely affects the slopes in the proportionality interval (elastic regime). Hence, encapsulation 

of the ZnS does not change significantly the axial stiffness (EA). This is an understandable 
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observation given the fact that the C shell has a much larger Young’s modulus than the core ZnS 

nanowire (approximate theoretical values of 1000 GPa [32] and 100 GPa [33]). On the other hand, 

an increase of the critical buckling force and strain is noticeable for filled tubes, which is directly 

related to the stability increase provided by the II-VI semiconductor and its van der Waals 

interaction with the carbon wall. In fact, as known from bars theory, for a sufficiently long tube, the 

higher the sectional inertia, the higher is the force needed to reach buckling [34].  

Figure 1. Predicted curves for compression force vs. axial strain for empty and filled (13,0), (26,0) 

and (51,0) SWCNT, all with a length of 20 nm. The thinner lines correspond to the empty 

nanotubes whereas the thicker ones relate to the filled cases. 

Besides the above, a collapse mode and critical buckling force difference between empty and filled 

SWCNT was found to be related with the aspect ratio. Analysing the behaviour of the larger (51,0) 

SWCNT (with an aspect ratio of 5), an abrupt collapse was noticed for the empty model whereas 

the filled one showed a more ductile collapse (the internal axial force decreases smoothly). For an 

aspect ratio of 10 (represented by the (26,0) nanotube in Figure 1), both empty and filled cases 

were concordant. Here, an abrupt collapse was noticed meaning that the axial force increases 

linearly with strain until the tube suddenly buckles at the critical strain. Lastly, for an aspect ratio of 

20, both empty and filled (13,0) SWCNT showed first an elastic response reaching small yield 

strains, followed by an almost constant residual force.  

The collapse under compressive force of an empty and filled (26,0) SWCNT is illustrated in Figure 

2. Four different stages are highlighted, namely, I) the initial, relaxed configuration, II) the system 

just before it buckles, III) immediately after the structural collapse and IV) the final, fully 

compressed configuration obtained at 10% strain. A similar buckling behaviour was recently 

reported from Monte Carlo simulations also for applied hydrostatic pressure [35]. The higher 
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deformability of the empty SWCNT seen in Figure 2 provides a clear visual clue of how the yield 

strength is increased with the inclusion of the ZnS. 

Figure 2. Snapshots of the deformation process of a 20 nm long (26,0) SWCNT in the (a) empty 

and (b) filled states. The yellow domains in (b) represent the confined ZnS nanowire. 

In the next sections, we will describe more quantitatively how properties such as the buckling force 

and strain are affected by the inclusion of the ZnS. 

3.1 Young’s modulus 

Applying Hooke’s law (3) combined with the expression that defines stress in a specific section 

under axial strain (4) and the definition of axial strain (5), the Young’s modulus can be expressed 

through (6) using the modelled force-strain data.  

(3)

(4)

(5)

(6)

where  represents stress,  denotes strain, A is the cross-sectional area of the tube, L refers the 

length and L the elongation. Considerable inconsistency has been found in the literature regarding 

the definition of the effective thickness of the SWCNT [36] (from 0.062 nm [37] to 0.69 nm [38]). 

In the specific case of the empty tubes, this discrepancy directly affects the definition of the cross 
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sectional area which in turn drastically influences the calculation of the Young’s modulus. To 

minimise this uncertainty, we adopted a different approach where we considered the perimeter, D,

instead of the cross-sectional area of the carbon shell. As a result we obtained a “linear Young’s 

modulus” (Elinear), corresponding to a unit thickness of the host wall and expressed by (7). In this 

way, one can estimate the Young’s modulus when provided with a specific effective thickness value 

of the carbon layer. It should be noted that this approach applies to empty tubes only. 

(7)

When the values calculated using (7) are divided by the wall thickness adopted, SWCNT effective 

Young’s modulus (E) is obtained. Elinear is plotted as a function of the zigzag SWCNT diameter in 

Figure 3 and presented in Table S16 in Supplementary Material. Here, a range of lengths was 

considered (within the interval of 10 to 50 nm) for each (n,m) nanotube.  

Figure 3. Elinear vs. diameter for all empty SWCNT length analysed adopting a unit thickness. 

Within the length interval analysed, Figure 3 shows that the Elinear for the larger empty tubes 

converged to an average value of ~470 nN/nm. The exception was the shortest (13,0) that, at 10 nm 

length, resulted in a Elinear of 570 nN/m. 

The uncertainty derived from the definition of the wall thickness for the carbon shell is irrelevant in 

the case of filled sections. Notwithstanding, for hybrid elements, the Young’s modulus becomes a 
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property of a specific cross section, since it depends on the ratio of the section components (ZnS 

and C, in the present case). It is straightforward that the greater the proportion of ZnS, the lower is 

the Young's modulus of the tube. The comparison between each hybrid filled SWCNT Young’s 

Modulus is therefore meaningless and, hence, this analysis was not made in the present work. 

3.2 Buckling force 

Two different failure modes were observed in the present study. Interestingly, both were present in 

the empty and filled configurations (albeit in lesser degree in the ZnS-filled nanotubes). The first, 

i.e. Mode 1, is due to local buckling effects [39] that occur punctually in the carbon shell (Figures 

4a and 4b). The second mode (Mode 2) refers to the global structural instability of the nanotubes 

when compressed uniaxially, as shown in Figure 4c. This figure exemplifies the typical global 

curvature shape of a bi-clamped long element. 

Figure 4.  Illustration of the observed buckling modes. a) Mode 1 for a hollow (38,0) SWCNT and 

30 nm long; b) Mode 1 for a filled (38,0) SWCNT and 30 nm long; c) Mode 2 for a filled (26,0) 

SWCNT and 40 nm long. 

Although the buckling modes are common to all nanotubes analysed, the critical forces involved 

may differ. Analysing the compression process, a clearly smaller buckling resistance was noticed 

for the longest tubes. Such fact led us to conclude that the resistance of SWCNT under axial 
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compression is also influenced by the tube length and not only by the cross-sectional geometry. In 

fact, the length behavioural dependence is widely acknowledged in the classical mechanics of 

columnar materials which predict that, as a consequence of their initial shape, long nanotubes would 

deform in the Euler-type mode (here, Mode 2) [34]. Thus, if we consider the buckling of an ideal 

column (i.e. initially straight, axially loaded), and if this is sufficiently long, i.e., the effective length 

(Lef) is greater than the critical length (Lcr), it will buckle at the critical yield force (Pcr), without any 

relation to the critical stress of the material ( cr). Then, by reducing the length, Mode 1 takes over 

Mode 2. The typical yield force values, defined by Euler, of doubly clamped tubes (Lef = 0.5L) 

subjected to axial compression, as a function of the element length [34], is defined by Eq. 8 and 9 

for hollow tubes and Eq. 10 and 11 for filled tubes.  

   and (8)

    and (9)

   and (10)

    and (11)

In fact, it is possible to make an association between the critical buckling force (extracted from 

Figure 1) and the dimensions of the nanotubes (diameter and length) as plotted in Figures 5a and 

5b for the empty and filled cases, respectively. While the ensemble of the shortest 10 nm empty 

nanotubes showed a relatively constant critical buckling force, the remaining cases followed a 

similar asymptotic trend whereby the critical buckling force increases with diameter up to a similar 

threshold (Figure 5a). The convergence point is attained at 5 nm diameter for all lengths analysed 

with an average buckling force of 102 nN. An averaged curve (dashed line) is also added to the plot 

for guidance.

A similar behaviour was found for the filled SWCNT (Figure 5b). Interestingly, the shortest 

nanotube also followed the trend common to all other lengths. Again, there is a convergence 

towards a common buckling force, although it happened right from 4 nm diameters and shows a 

decreasing trend until the largest diameter analysed. The average buckling force of 4 nm diameter 

filled SWCNT was approximately 132 nN vs. 124 nN for the 5 nm diameter. The comparison of the 

average curves obtained in Figures 5a and 5b demonstrate well the enhancement of the buckling 

force due to the filling. As an example, the average buckling force increment for the (51,0) SWCNT 

was 34%. 
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It is well known from tubes’ applied mechanics [40] that the critical force of a tube under axial 

compression depends not only of its cross section dimensions, but also of its length and support 

conditions. According to these mechanical laws, from a certain value of slenderness ratio, the 

behaviour of columnar elements is also dependent of their Lef defined through the initial length and 

support condition of each tip. Hereupon, it is understandable that for the same cross section, the 

buckling force of a SWCNT varies with the Lef. Looking at the plots of Figures 5a and 5b, it is 

evident that from a certain diameter onwards, the length of the tubes no longer influences 

significantly their buckling force.    

             

Figure 5. Buckling force vs. diameter for all SWCNT lengths. a) empty nanotubes, b) filled 

nanotubes.  

Given the influence of both length and diameter of the nanotube in the critical buckling force it is 

more useful to use the aspect ratio (L/D) to understand the relationship between dimensions and 

failure modes. 

Figures 6a and 6b show the relation of L/D and buckling force for empty and filled nanotubes, 

respectively. In both plots, the filled markers represent the SWCNT where Mode 1 of failure (local 

buckling) dominates while the hollow markers correspond to those cases where Mode 2 is 

predominantly observed (global buckling). Two phenomena are evident from inspection of the 

plots. First, the buckling force decreases with increasing aspect ratio, as expected. Second, there is a 

critical value of L/D ratio which separates the regions where Modes 1 and 2 dominate. For the 
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empty SWCNT (Figure 6a), this critical value is 17-20, i.e., all nanotubes with aspect ratio larger 

than 17 will deform via Mode 2. For the filled SWCNT (Figure 6b), this limit is lower, 10-12.  

           

Figure 6. Buckling force vs. aspect ratio plots for all the tested SWCNT. a) empty SWCNT; b) 

filled SWCNT. In both plots, the grey stripes show the L/D range corresponding to the transition 

between Mode 1 and Mode 2 of buckling. 

3.3 Buckling strain 

Just as for the critical buckling force, the above analysis can be performed for the yield strain, 

enabling us to understand how the SWCNT dimensions influence their final yield strain. Figures 7a

(empty SWCNT) and 7b (filled SWCNT) show the buckling strain as a function of the nanotubes’ 

diameter for the five lengths analysed (10, 20, 30, 40 and 50 nm). With the exception of the 

nanotube with the smallest diameter (1 nm) and shortest length (10 nm), there was an initial 

increase of critical strain peaking at 2 nm and 3 nm diameter, respectively for the empty and filled 

structures. Thereafter, the empty structures have similar buckling strains for all lengths, a trend that 

converges to an average value of 1.4% for the largest nanotube analysed. The same occurs with 

filled tubes, despite of a less pronounced trend, leading to a strain average value of 1.7% for the 5 

nm diameter SWCNT. 

The discrepant high critical strain observed for the empty 1 nm x 10 nm SWCNT (0.055, Figure 

7a) was also obtained for its filled counterpart (0.048, Figure 7b). Interestingly, the narrowest 

nanotubes (diameter of 1 nm) showed an opposite behaviour than expected. In fact, the buckling 
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strain is lower for the filled carbon shells as opposed to the empty ones. Contrastingly, the buckling 

strain enhancement for the largest filled nanotubes (diameters of 4 and 5 nm) was of 21% with 

respect to the corresponding empty SWCNT.  

As can be noticed from Figure 2b II and 2b III, the local buckling or shell-like buckling of the 

empty and filled tubes (Mode 1) is associated with the formation of waves in the structure of the 

carbon layer. As expected, such a buckling occurs for empty SWCNTs associated with smaller 

wave numbers than for filled SWCNTs but with greater wave length at a lower strain rate [41]. 

              

Figure 7. Buckling strain vs. diameter for all SWCNT lengths. a) empty nanotubes, b) filled 

nanotubes. 

Finally, the critical strain of each nanotube was plotted as a function of its aspect ratio, as 

demonstrated in Figures 8a and 8b. Both failure modes described above are represented with filled 

and hollow markers for buckling Modes 1 and 2, respectively. Here the change between the 

dominant modes does not appear as abrupt as in the case of the buckling force. An interesting 

observation is that for both SWCNT configurations there seems to be no relationship between L/D 

and buckling strain, particularly when comparing the results of the five cases where the buckling 

Mode 1 is dominant. On the other hand, when the tubes buckle according to Mode 2 (hollow 

markers), the behaviour of the empty and filled SWCNT is coincident irrespective of the diameters 

considered. Overall, one can conclude that beyond a certain level of slenderness ratio, the buckling 

strain of empty and filled tubes can be expressed as a function of their L/D ratio using a universal 

curve. 
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Figure 8. Buckling strain vs. aspect ratio plots for all the tested SWCNT. a) empty SWCNT; b) 

filled SWCNT. In both plots, the grey stripes show the L/D range which defines the transition 

between Mode 1 and Mode 2 of buckling. 

3.4 Comparison with existing results 

Today, there is a wealth of information on the mechanics of empty CNTs. By contrast, there are 

relatively few studies that have focused on the mechanical properties and response of filled CNTs. 

As highlighted in [20], the uniaxial buckling of SWCNTs filled with molecular or elemental 

substances (e.g. He [42], Ne [43], CH4 [43], C20 [44], C36 [44], C60 [44, 45] and Au [46]) was studied 

using armchair nanotubes, exclusively. These have dissimilar responses to the present zigzag 

structures which, added to the different conditions specified by each team (e.g. support, temperature 

or potentials), makes a direct comparison difficult.  Notwithstanding, Table S23 brings together all 

the results found in the literature for compression experiments on filled SWCNT using MD 

simulations. 

4. Conclusions  

Employing classical molecular dynamics, we investigated the mechanical properties related to 

uniaxial compression of SWCNT filled with ZnS nanowires for a wide range of diameters and 

lengths, and studied the influence of each parameter on buckling force and strain. The inner filling 

is shown to affect rather weakly the axial rigidity of the nanotubes. Nonetheless, it led to important 

enhancements of other properties. Amongst these are the increased buckling force and strain due to 
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the gain in stiffness provided by the filling. In other words, the nanotubes become more stable when 

loaded (34% and 21% of average gain of critical buckling force and strain, respectively, considering 

50 nm diameter nanotubes). It was also verified that, besides the cross sectional area, the length of 

the SWCNT also influences the buckling force. For both filled and empty configurations, two 

different buckling modes were seen (local and global buckling). Interestingly, a critical value of 

L/D defining the limit between the first (local) buckling mode and the second (global) one could be 

determined. Despite a global stability enhancement, this L/D value was lower for the filled tubes 

than for the hollow ones. Lastly, it should be noticed that nanotubes with D = 1 nm and L = 10 nm 

often possess qualitatively different behaviour from the rest of our models. This is particularly 

important as a number of MD papers on the subject have typically adopted similar dimensions (see 

[20] for a review). The present work contributes to the development of nanopippettes based on 

carbon nanotubes as it demonstrates that the mechanics of these systems may be used as 

independent, non-visual markers for a filled versus empty configuration comparison. 
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