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Graphdiyne possesses not only high strength but also excellent ductility, making it possible to be used in
future high-performance protective structures. In this paper, the mechanical properties of graphdiyne
were firstly measured by AFM experiments, and the failure behavior during low velocity perforation was
also investigated by molecular dynamics (MD) simulations. Firstly, the elastic modulus was measured to
be about 218.5 GPa by AFM experiments, which is about half of its ideal value due to various defects and
the layer numbers of the synthesized graphdiyne film. Then, the nanoindentation processes of graph-
diyne films were investigated by MD simulations, and the elastic modulus and strength were simulated
to be about 489.04 GPa and 33.95 GPa, respectively. The failure behavior of the graphdiyne film was also
studied in atomic level. Sequential broken of C=C, C=C and C—C bonds and recombination of the broken
bonds were observed to form a unique lathy crack. Furthermore, the effects of loading speed and
indenter radius on the mechanical response of graphdiyne were investigated. A revised formula was
developed for analyzing the mechanical properties of films in AFM experiments under various loading

conditions.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Two-dimensional (2D) materials have attracted great attention
due to excellent properties such as high strength and high thermal
conductivity after graphene is discovered. It has found various
potential applications such as electricity, chemistry, and energy
storage [1—5]. Most of 2D materials have remarkable mechanical
strengths [6—9] and high electronic performance [10,11]. Graph-
diyne [12,13], one of the new carbon allotropes, exhibits
outstanding properties, which derives from its unique structure
consisting of sp? and sp hybridized carbon atoms. The presence of
acetylene can decrease the binding energy so that the electronic
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and optical properties can be modulated, which is superior to
graphene and carbon nanotubes [14,15].

Unlike graphene, the structure of graphdiyne has diacetylene
(—C=C—-C=C-) linkages between benzene rings, making it more
flexible and ductile than graphene. Nevertheless the strength of the
graphdiyne will be sure to lower because of lower atom density
when compared to graphene. It is well known that the strength and
ductility of a material has always been competitive mechanism.
However, graphdiyne could balance the competition between its
strength and ductility in some extent, indicating its promising
application in engineering industries such as impact protective
coating for micro-projectiles. There is considerable body of litera-
ture that addresses the mechanical behavior of graphdiyne by
theoretical analysis and MD simulation. Cranford et al. [16] derived
basic scaling laws for the cumulative effects of additional acetylene
repeats through a spring-network framework, allowing prediction
of mechanical performance of other extended graphdiyne struc-
tures. Based on their calculation, the in-plane stiffness of a mono-
layer graphdiyne was estimated to be 170.4 N/m, and the strength
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was estimated to be 45GPa in zigzag direction and 29 GPa in
armchair direction. Sergio et al. [17] calculated the Young's
modulus, Poisson's ratio, and linear thermal expansion coefficient
of seven types of graphynes and graphdiynes using classical MD
simulation. The ab initio simulation by Ahangari et al. [ 18] indicated
that the in-plane stiffness and Young's modulus of graphdiyne
decreased from 164.4 N/m and 513.8 GPa at room temperature to
1289 N/m and 402.8 GPaat 1500K, respectively. It has been
observed that in the same range of strain, larger force could be
exerted to graphene than to graphdiyne. Pei [19] investigated the
influences of strain on the energetic and electronic properties of
graphdiyne based on first-principles calculations. The in-plane
stiffness and Poisson's ratio of graphdiyne were calculated to be
7.60 eV/A? and 0.453, respectively. Yang et al. [20] calculated the
mechanical properties of monolayer graphdiyne under tensile
loading by MD simulations. The fracture strains and associated
ultimate stresses were also obtained.

Graphdiyne was firstly synthesized on the surface of copper in
2010 by Li et al. [13] through a cross-coupling reaction using hex-
aethynylbenzene. After that it has been extensively studied in
various application conditions, such as field emission [21,22], en-
ergy storage [23,24], catalysis [25,26] and energy conversion
[27,28]. To the best of our knowledge, the mechanical behavior of
graphdiyne has not been investigated by experiments previously.
Especially, the strength and failure behavior of graphdiyne, which is
important to estimate its responses in some challenging engi-
neering such as micro-projectile impact protection, is not well
understood.

In this paper, the elastic properties and failure behavior of
graphdiyne was studied by experiments and MD simulation. Firstly,
the indentation response of the graphdiyne film, which had been
transferred to a copper network with square wells, was investi-
gated by atomic force microscope (AFM). The Van der Waals
interaction between the copper network and the graphdiyne films
rendered strong binding condition. The experimental results
showed that the graphdiyne film had excellent mechanical per-
formance such as high strength, more flexible and stretchable
when compared to graphene. Then, the failure behavior of the
graphdiyne films was investigated by MD simulation. The
sequential failure of the graphdiyne's bonds as well as the fracture
initiation behavior of the graphdiyne was obtained, showing high
ductility of the graphdiyne film. The effects of loading parameters
such as diameter of the indenter and its moving velocity on the
mechanical response of the graphdiyne film were also investigated
by MD simulation.

2. Experimental and MD simulation methods
2.1. Materials

The graphdiyne films were synthesized according to Ref. [13]
The copper foils were pretreated by sonicating in 1 M HCI, acetone
and ethanol subsequently for 15 min, dried under a flow of argon,
then used immediately for growing graphdiyne films. The mono-
mer of hexaethynylbenzene was synthesized in good yield (62%) by
adding tetrabutylammonium fluoride (TBAF) to the THF solution of
hexakis[(trimethylsilyl)ethynyl]benzene for 10 min at 8°C. The
graphdiyne was grown on the surface of copper foil in the pyridine
by a cross-coupling reaction of the monomer structure of hex-
aethynylbenzene for 72 h at 60 °C under nitrogen atmosphere. In
the procedure of forming graphdiyne, the copper foil was not only
the catalyst for the cross-coupling reaction but also the substrate
for growing graphdiyne films.

Then the successfully synthesized graphdiyne films were
transferred to a copper network with distributed square wells with

a dimension of 6.1 x 6.1 um for preparing AFM experiments. The
width between two adjacent wells was 5.1 um. The Van der Waals
interaction between the copper network and the transformed
graphdiyne film made the graphdiyne film binding strongly with
the boundary of the wells of the copper substrate.

2.2. AFM experiments and analysis methods

The thermo-mechanical noise method was employed to cali-
brate the spring constant by recording the thermal noise spectrum
when the environmental temperature was balanced with the sur-
rounding temperature of cantilever. According to the equipartition
theorem and vibration amplitude when the cantilever is in first-
order inherent frequency, the spring constant can be calculated as
follows,

T
z2)

where kg is Boltzmann constant, (Z2) represents mean square of
harmonic oscillator displacement. The spring constant was deter-
mined as 25.47 N/m. Additionally, the optical leverage factor was
81.65 nm/V by measuring the sensitivity of optical leverage system.
A diamond tip was chosen to obtain the elastic behavior of the
graphdiyne film in AFM experiments. The length of the indenter
was 6.4 + 1 pm and the radius of curvature of the indenter tip was
20 nm as shown in Fig. S1. Prior to indentation, the ac mode of the
AFM was used to image the suspended graphdiyne films because ac
mode was less likely to cause damage in specimen than contact
mode. The graphdiyne films were scanned in the noncontact mode
and a slightly withdraw was executed. Then the AFM tip was
positioned within 60 nm of the center of the rectangular graph-
diyne film to minimize the location error of the AFM tip. Finally, the
mechanical tests were performed in the contact mode, and each
graphdiyne film experienced a loading and unloading cycle.

In AFM experiments, the relationship between the loading force,
F, and its corresponding deflection, d, could be described by a
polynomial function according to the analytical model of a clamped
circular elastic film under point loading [29,30]. The loading force,
F, could be divided into two aspects,

K= (2-1)

F= Fo.zn ((S) + FEZD (5). (2-2)
where 6 denotes deflection of film. The first item. F,20 (0), represents
the initial pre-tension of film, having a linear relationship between
force and displacement. The second term, Fg»(0), is valid for
applied stress larger than initial axial pre-tension stress, having a
cubic relationship between force and displacement.

According to the loading theory of elastic film, there are
different loading models according to the sizes of indenter and
circular film. If r/a>0.1, where r and a are radii of indenter and
film, respectively, the sphere load model is dominant, and the effect
of the parameter r/a should be taken into account. The relationship
between the initial-tension force, F,.»(0), and deflection of a
clamped elastic film, d, under sphere load model has been derived
by Wan et al. [29] and could be expressed as follows while
neglecting the bending stiffness of the film,

F,20(6) = 02D (ma) <£>3/4 @)

2-3
2 (2-3)
where 0(2)’3 denotes pre-tension stress of film.

Based on the present AFM, a rectangle film is employed.
Therefore, Eq. (2-3) could be revised by introducing the aspect
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ratio, £, as follows according to the study by Xiang et al. [31],

Fao®) = B2 (5)"" ().

a a (2-4)
where 0P denotes pre-tension stress of film, § denotes aspect ratio
of sample, and a = (Iw/m)'/? represents equivalent radius of rect-
angular graphdiyne film, where [ and w are length and width,
respectively.

For the applied force, Fg (9), its relationship with the deflection,
o, of a circular film has been given by Komaragiri et al. [30] In the
present study, the relationship is also revised so that it is validate
for a film with rectangle shape according to the study by Wang et al.
[32],

Foio = () ()" (2)

a a (2-5)

where E?P denotes Young's modulus of 2D material, g = 1/(1.049 —

0.146v — 0.158v2) = 1.036 is dimensionless constant, and v = 0.4 is
Poisson's ratio [17].

If r/a<0.1, the point loading model is dominant, and the effect
of r/a is negligible. The pre-tension term and the stress term can be
expressed as follows,

Faol®) = P ra)f 2 (7). (2-6)

3
Feo(9) = E20 (¢%a) 61/ (§> (2-7)
a
In the present study, the length and the width of the films are
6.10 um. The equivalent radii of indenter and rectangle specimens
are 20 nm and 3.44 pm for AFM experiments and 20 A and 304.27 A
for MD simulation. As a result, the point loading model is dominant
in both experimental and MD simulation.
According to the study by Bhatia et al. [33], the maximum stress
for an elastic rectangular film can be expressed as

1/2
j2p _ (FmaxE? /
m = 8nr ’

where ¢2P is maximum stress of film under indenter, r is radius of
indenter tip and Fyax denotes breaking force under indentation.

(2-8)

2.3. MD model

The MD simulations through large scale atom/molecular
massively parallel simulation (LAMMPS) package [34] were per-
formed to simulate the mechanical behavior especially the failure
behavior of graphdiyne during nanoindentation. The monolayer
graphdiyne film was constructed to achieve high computational
efficiency. The carbon atom number of the model was 81468. There
were three kinds of bonds between the adjacent carbon atoms, i.e.
aromatic (e.g. sp?), single, and triple (e.g. sp'). The bond lengths
were set to be 1.44 A for aromatic bonds, 1.40 A for single bonds,
and 1.24 A for triple bonds, respectively [35]. Fig. 1 shows the MD
model of the nanoindentation tests, where the upper sphere
configuration represents the tip of the indenter as used in AFM
experiments. Since the indenter was constructed by diamond, it
was regarded as a rigid object in MD simulations to pursue high
efficiency. The length and width of the graphdiyne film were 572 A
and 578 A, respectively, and the radius of the indenter was 20 A. The
point-loading model was taken to describe the interaction between

the indenter and the film according to the theory of elastic.

Fixed boundary conditions were applied on all the sides of the
graphdiyne film during simulation. The carbon-carbon interaction
of the graphdiyne film was described by the adaptive intermolec-
ular reactive empirical bond order (AIREBO) potential [36], which is
a variant of the reactive empirical bond-order (REBO) potential.
Both REBO and AIREBO are the membership of classical bond-order
family of Tersoff-Brenner potentials, which could effectively
describe the covalent bonds in non-polar systems. Compared with
REBO, AIREBO potential not only includes multi-body potential
effects, but also considers the long-range interactions and torsion
term. It has been proved to be more accurate in describing bond
breaking and reforming of carbon atoms than Tersoff potential [37].
It is worth to note that there should be a cutoff value of the inter-
action between the nearest neighbor atoms to accurately capture
the bond breakage and re-hybridization. In the present study the
cutoff value of AIREBO potential was set to be 2.0A [38]. The
interaction between the indenter and the graphdiyne film was
described by Lennard-Jones (L]) potential with oc=3.4A and
ec = 2.84 meV, where o¢ is distance when potential is zero and ec is
depth of potential wall in L] potential. The NVT ensemble was taken
during simulation. The temperature was controlled by Nose-
Hoover algorithm, and the room temperature of 300 K was set to
be equilibrium temperature. The velocity-verlet time stepping
method was adopted, and the time-step was set to be 1 fs to achieve
more accurate simulation results. Before the process of nano-
indentation, the energy minimization and relaxation were carried
out to ensure that the system stayed in the equilibrium state with
lowest energy.

3. Results and discussion
3.1. The characterization of graphdiyne films

Fig. 2 shows the structure characterization of the graphdiyne
films. Fig. 2a exhibits the morphology of synthesized graphdiyne
films by scanning electron microscopy (SEM). The microstructure of
the graphdiyne film has the similar morphology as 3D porous
materials. Interestingly, the erected nanowalls exists sub-
micrometer voids, and the diameters of those voids vary from tens
of micrometer to hundreds of micrometer. The distribution of the
nanowalls is significantly uniform and the synthesized film is thin
as shown by the nanowalls. Fig. 2b shows the transmission electron
microscopy (TEM) observation of the graphdiyne film with a
smooth surface. Fig. 2c shows the high resolution TEM image,
which clearly exhibits interlayer space of 3.65 A. All the results are
consistent with the observation of Refs. [13,39—41]. Fig. 2d shows
typical Raman spectra of the graphdiyne film in various randomly
selected positions to distinguish the quality of the graphdiyne film
before being transferred to the surface of copper foil. The Raman
spectra in different positions show the same four prominent peaks
at 1386.7cm ™1, 1572.4cm ™, 1926.4 cm~! and 2167.9 cm™, respec-
tively. The peak of the first-order scattering is 1572.4 cm~, showing
that the sp? carbon domains in aromatic rings by E>g mode in-phase
stretching vibration. The peak at 1386.7 cm™! is attributed to the
breathing vibration of sp? carbon domains in aromatic rings. The
peaks at 1926.4cm~! and 2167.9 cm™! can be attributed to the vi-
bration of conjugated diyne links (—C=C—C=C-). The intensity
ratio of the peak at 1386.7cm~' and 1572.4cm™! is 0.788, indi-
cating the high order and low defects in the graphdiyne films.
Fig. 2e shows the high resolution results of asymmetric C 1s of the
graphdiyne film by X-ray photoelectron spectroscopy (XPS). The C
1s peak can be de-convoluted into four sub-peaks at 288.23 eV,
286.44 eV, 284.56 eV and 285.03 eV, which has been specified as C
1s orbital of C=0, C—0, C—C (sp) and C—C (sp?), respectively, after
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Fig. 1. Atomic configuration of MD model. (A colour version of this figure can be viewed online.)
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Fig. 2. Characterization of graphdiyne films. (a) SEM image of local structure; (b) TEM image; (c) high resolution TEM image; (d) Raman spectra in three different positions; (e)
narrow scan for element C by XPS; (f) SEM image of copper network with rectangular wells. (A colour version of this figure can be viewed online.)

subtracted a Shirley background and fitted with a mixture function
of Lorentzian and Gaussian. Fig. 2f shows the copper network with
square wells with aside length of about 6.1 um, where the graph-
diyne film has been transferred to the copper network.

3.2. Results of AFM experiments

In AFM experiments, the transferred graphdiyne films with
thickness varying from 10 nm to 30 nm on the copper substrates
with numerous wells were moved in the Inverted Fluorescence

Microscope (IFM) instrument to investigate the effects of thickness
on the elastic behavior. The typical measured relationship between
the applied load and the deflection of the graphdiyne film is given
in Fig. 3. With increasing indentation depth to about 650 nm, the
applied force on the graphdiyne film increased nonlinearly to about
7000 nN. The relationship between the applied force and the
indentation depth could be fitted by a cubic polynomial function as
described by Eq. (2-2), from which the elastic properties such as
per-tension stress, 2D and 3D moduli could be obtained. Five
graphdiyne films with different thickness were tested, and the
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Fig. 3. Load versus indentation depth curve obtained from the experiment and fitted
by Eq. (2-7). (A colour version of this figure can be viewed online.)

Table 1

Experimental results of different measured elastic modulus.
Test No. 1 2 3 4 5
2D elastic modulus (N/m) 53.1 74.5 829 88.3 99.8
3D elastic modulus (GPa) 145.6 204.1 2273 2419 273.6

results are given in Table 1. Due to the difference in thickness of the
tested graphdiyne films, the corresponding 3D elastic modulus
varied from 145.6 GPa to 273.6 GPa, and the average 3D elastic
modulus was 218.5 GPa.

3.3. Results of MD simulation

The indenter located at the center of the graphdiyne film and
moved perpendicularly to the surface of the graphdiyne film with a
constant velocity. The atoms on the edge of the graphdiyne film
were fixed. After loading a certain distance, some lattices of the
graphdiyne film ultimately fractured and showed the unique failure
mode.

3.3.1. Bond length analysis

The bond lengths of the model in the equilibrium after energy
minimization were investigated to validate the MD simulation
model. All the atoms were fully relaxed to the minimum energy
state, and then the effective bond lengths were measured at the
room temperature of 300 K. A random selection of bond lengths of
atoms except the fixed boundaries was averaged, resulting in a
nearly constant value of 1.407 A for aromatic bonds, 1.340 A-1.395 A
for single bonds, and 1.263 A for acetylene bonds, respectively. A
brief summary of the calculated bond lengths is given in Table 2, in
which the previous related results are also given as a comparison.

The acetylene bonds had been shown to change the character of

aromatic benzene ring. The statistical results about the bond
lengths showed that the sp2-sp jointed bond between the benzene
ring and the acetylene linkage was elongated, indicating a weak
conjugation effect between the benzene ring and the acetylene
linkage. When compared to the typical lengths (about 1.40 A for
aromatic bond and 1.54 A for single bond [44]), the equilibrium
structure of graphdiyne showed that the aromatic bonds were
elongated while the single bonds were shortened, which could be
explained by the atomic interactions as the study by Cranford et al.
[16] The measured triple bond lengths as given in Table 2 are a little
larger than that in the previous published works, which could be
ascribed to the difference in the adopted temperatures of systems.
The higher temperature is, the more drastic thermal vibrations of
atoms are, and correspondingly causing the larger bond lengths as
obtained in the present simulation.

3.3.2. Elastic modulus analysis

The simulated force-deflection relationship of the graphdiyne
films is depicted in Fig. 4a, in which the radius of the indenter is
2nm and the loading velocity is 0.2 A/ps. The inset of Fig. 4a gives
the force-deflection curve of monolayer graphene [42] as a com-
parison. The fitted curves were based on Eq. (2-2). The maximum
value of the indentation depth is 42.08 A, corresponding to a critical
force of 40.36 nN, which is consistent with the previous study [42]
at the same simulation conditions. As shown in the inset of Fig. 4a,
the fracture depth and the corresponding maximum force are
55.95 A and 655.08 nN, respectively, for the monolayer graphene. It
could be seen that the maximum force of the monolayer graphene
is much higher than the monolayer graphdiyne film whereas the
indentation depth is almost the same, indicating that the strength
of the graphdiyne is inferior but the ductility is superior to gra-
phene. The difference of strengths between graphene and graph-
diyne could be understood by the different number of bonds in
structure. Each C atom is three-fold coordinated for graphene,
whereas in graphdiyne the average coordination number of C atom
is 2.5, leading to the relative smaller in-plane stiffness of graph-
diyne. The ductility of graphdiyne should be ascribed to the
introduction of the acetylene joint, providing a design method for
the carbon family's 2D materials by introducing various types of
acetylene. Fig. 4b shows the effect of loading velocity on the critical
depth of the graphdiyne film. It could be seen that the influence of
loading velocity is negligible in the present study range of velocity.
Broad range of loading velocity conditions will be undertaken in
near future to investigate the strain rate and inertial effects of the
graphdiyne film.

The mechanical properties of the graphdiyne film were calcu-
lated according to Eqs. (2-2) to (2-7) and given in Table 3. The
average value of elastic modulus, maximum stress of the graph-
diyne film are 489.043 GPa, 33.949 GPa, respectively. The elastic
modulus in the present MD simulation agrees with the study of
Refs. [18,45,46] and the maximum stress is also consistent with
Ref. [16].

It is to be noted that the elastic modulus is about 218.5 GPa
measured by AFM experiments, which is about half of its ideal

Table 2
Comparison of equilibrium bond lengths (A).
Works Cc=C c—C c=C Remarks
graphdiyne 1.407 1.340—1.395 1.263 MD, AIREBO
Bai et al. [35] 1.440 1.341-1.400 1.239 DFT, GGA-PBE, graphdiyne
Pei [19] 1.431 1.337-1.395 1.231 VASP, GGA-PBE, graphdiyne
Yang and Xu [20] 1.405 1.398 1.240 MD, AIREBO, graphyne
Haley [42] 1.49 1.48 1.19 MD, ReaxFF
Cranford et al. [16,43] 1.48-1.50 1.46—-1.48 1.18-1.19 MD, ReaxFF; allotropes of graphyne
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Table 3
Mechanical properties of the graphdiyne film by nanoindentation MD simulation.

Loading speed (A/ps) 0.1 0.2 0.3 0.5 Average
2D elastic modulus (N/m) 180.613 177.836 178.208 177.344 178.500
3D elastic modulus (GPa) 494.829 487.224 488.241 485.876 489.043
2D max stress (N/m) 12.604 11.953 12.350 12.659 12.392
3D max stress (GPa) 34532 32747 33.835 34681 33.949

value. The low measurement results should be ascribed to the ef-
fects of defects and thickness of the synthesized graphdiyne films.
According to the study by Ahangari [18] and Ajori et al. [47], the
elastic modulus of graphdiyne decreases significantly with the in-
crease of vacancy atoms numbers. In addition, with the increase of
layer numbers of the graphdiyne, the elastic modulus decreases
dramatically [48,49]. It is worth noting that there are plenty of
defects such as defects types, vacancy atoms numbers, defects lo-
cations and layer numbers. Systematically study on the effects of
defects and layer numbers on the mechanical behavior of graph-
diyne will be performed in near future.
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Fig. 5. Force-deflection curves of loading-unloading-reloading process. (A colour
version of this figure can be viewed online.)

3.3.3. Fracture behavior of the graphdiyne film

The loading-deflection behavior of the graphdiyne film is given
in Fig. 5, in which the loading-unloading-reloading process are also
depicted. The loading and unloading curves of the graphdiyne film
are almost identical, indicating the elastic behavior of the graph-
diyne film. The reloading curve up to failure of the graphdiyne is
also given in Fig. 5. It can be seen that with increasing the inden-
tation depth to 42.08A, the load continuously increases to
40.36 nN at the loading velocity of 0.2 A/ps. Then the abrupt drop of
the reloading curve is observed with continuously loading, indi-
cating the failure of graphdiyne film resulted from the broken of
bonds between carbon atoms.

Fig. 6 illustrates the evolution of the lattice structures during
fracture initiation of the graphdiyne film. The front and vertical
views of the original atom structure are shown in Fig. 6a. When the
indenter approaches the surface of the graphdiyne film, the
graphdiyne film is convex due to the attraction between the
indenter and the film if the distance is smaller than 3.4 A. The
graphdiyne film has a “snap-through” once the indenter contacts
with the graphdiyne film. Similarly phenomenon has been
observed in Refs. [32,50] With the increase of indentation depth,
the force between indenter and the graphdiyne film changes from
attractive interaction to repulsive interaction, and the C—C bonds
are getting longer as shown in Fig. 6b. With continuous indentation,
the covalent bonds’ lengths of the surrounding atoms of the
graphdiyne film under the indenter begin to change. The acetylenic
bond breaks firstly when the indentation depth exceeds the critical
depth due to the lower binding energy of triple bond when
compared to double bond and single bond, and the graphdiyne film
expands largely as shown in Fig. 6¢c—e. The first fractured bond of
the triple bond is 7 bond. Then some of the C=C bonds break, and
the fractured double bond is also 7 bond. At last some C—C bonds
begin to break because the ¢ bond of single bond is more stable
than 7 bond. Once the graphdiyne film is broken, the force between
the indenter and the graphdiyne film suddenly drops to zero and
the broken bonds are irreversible. After the indenter fully perfo-
rates the graphdiyne film, some broken atoms separate from the
graphdiyne film and the irregular crack initiation is formed as
shown in Fig. 6h.

It is interesting to note that the re-combination between the
broken C—C bonds and C=C bonds happens to sustain further
deformation of the graphdiyne as shown in the highlighted black
circle in Fig. 6f. In addition, the quadrangular structure as illustrated
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Fig. 6. Evolution of graphdiyne film lattice fracture. (a) Initial structure of graphdiyne film; (b) prolonged lattice structure of graphdiyne film; (c) broken of acetylenic bond; (d)
broken of the C=C bonds; (e) broken of the graphdiyne film; (f) re-combined structure of the C—C bonds and C=C bonds as marked in the figure; (g) fracture manners of the C=C
bonds as marked in the figure; (h) final broken behavior of graphdiyne film. (A colour version of this figure can be viewed online.)

in the blue circle as shown in Fig. 6f is observed. The broken C=C
bond is partially combined with the neighbor atoms to derive
various unique shapes such as trilateral structure as shown in the
highlighted circles in Fig. 6g. Be different from the symmetrical
fracture behavior of graphene [32], the fracture of the graphdiyne
film is asymmetrical as depicted in Fig. 6h, where a lathy crack is
formed through bond breaking and recombining.

3.3.4. Effects of loading parameters
The effects of indenter radius and loading velocity on the me-
chanical properties of the graphdiyne film were also investigated

50
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Fig. 7. Force-deflection behavior of graphdiyne film by changing indenter velocity. (A
colour version of this figure can be viewed online.)

through MD simulation. As shown in Fig. 7, it can be seen that when
the indentation velocity is faster than 1A/ps, the relationships
between the force and the indentation depth are different from that
obtained at indentation velocity slower than 1 A/ps. With the in-
crease of indentation velocity, the indentation depth increases
slightly, whereas the critical loads are almost the same to each
other. It is to be noted that there are some steep increases of slopes
of the force-indentation depth curves at different indentation
depth for each loading velocity, i.e. at 20.000 A for 1.00 A/ps, at
25196 A for 1.25A/ps, at 31.245A for 1.50A/ps, at 37.642 A for
1.75A/ps, and at 43.872 A for 2.00 A/ps, respectively. This phe-
nomenon could be understood by the vibration response of the
graphdiyne film during impact. Once the indenter contacts with the
graphdiyne film, the vibration wave is generated and propagates
transversely. When it comes back to the contact region due to the
reflection at the boundary, the force will increase abruptly as
observed in Fig. 7.

The effects of indenter radius on the mechanical behavior of the
graphdiyne film is given in Fig. 8a, where the radius of the indenter
changes from 10 to 50 A and the same indentation velocity of 0.2 A/
ps is employed. Larger indenter radius gives larger force and
indentation depth. The basic mechanical properties, as shown in
Fig. 8b, are calculated from these force versus indentation depth
curves according to Egs. (2-6) and (2-7) for r/fa<0.1 (i.e.r < 30 A) and
Egs. (2-4) and (2-5) for r/a>0.1 (i.e. r > 30 A). The calculated elastic
modulus are slightly larger for r > 30 A than that for r < 30 A due to
the effect of geometrical factor, (r/a)'/%. However, there will be an
obvious discontinuous point for r/a= 0.1 according to Egs. (2-4) to
(2-7). Large error will be introduced into the analysis results for r/
a=0.1 with the current analysis method as shown in Fig. 8b.
Therefore, a revised equation as follows is developed to eliminate
the discontinuous problem near r/a = 0.1 while analyzing the me-
chanical properties of films,



K. Xiao et al. / Carbon 144 (2019) 72—80 79

Force (nN)
N
g

50 I T T R H TR
0 20 40 60 80 100 120 140

Indentation depth (A)

220 220
—&— Original E*®

210  |—@— Revised EZD -4 210

200 | 4200
£ £
> 190 - 190 z
g g
Woeof J180 W

170 - 170

160 1 " 1 4 1 n 1 n 1 " 1 L 1 n 1 n 160

002 004 006 008 010 012 014 016 0.18
rla

Fig. 8. a Effects of indenter radius on the mechanical behavior of the graphdiyne film. b Relationship between 2D elastic modulus and r/a by changing the indenter radius. (A colour
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2D 3 ]/2 r %(%)1/4 6 3

Fen(5) = 22 (¢%a) "2 (1) (E) . (3-1)
It is clearly shown that the error of 2D elastic modulus is
significantly reduced according to Eq. (3-1) as depicted in Fig. 8b,
demonstrating its effectivity for calculating the elastic properties of

films in AFM experiments.

4. Conclusion

In the present study, the mechanical behavior of the graph-
diyne film was studied by AFM experiments and MD simulation.
The microstructure of the synthesized graphdiyne film was
characterized, and the elastic modulus of the graphdiyne film
was experimental measured to be about 218.5 +72.9 GPa. The
modulus of the grahpdiyne films showed dispersibility due to the
initial defects during synthetic process. The simulated elastic
modulus and the maximum stress of the perfect monolayer
graphdiyne film were about 489.043 GPa and 33.949 GPa,
respectively. The failure behavior of the graphdiyne film was
obtained in atomic level. It was observed that during the failure
of the micro-structure, the acetylenic bonds broke firstly then the
C=C bonds and C—C bonds broke subsequently. It was inter-
esting to note that the broken C—C bonds and C=C bonds re-
combined to sustain further deformation, and the broken C=C
bond partially combined with the near atoms to derive various
unique micro-structures and failure pattern. Unlike graphene, the
asymmetrical lathy crack was initiated in the graphdiyne film.
The effects of indenter radius and loading velocity on the me-
chanical response of the graphdiyne film were also investigated.
When the indentation velocity was faster than 1 A/ps, the slopes
of force-deflection curves had steep increase points at certain
indention depths for almost all the indentation velocity condi-
tions simulated in the present study, which should be ascribed to
the dynamic vibration response of the graphdiyne film. With
increasing the radius of the indenter, the critical load and
indentation depth also increased due to less stress concentration
in the graphdiyne film. A revised formula was also developed for
analyzing the mechanical properties of films in AFM experiments
under various loading conditions.
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