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The graphene-based carbon honeycombs (CHCs) have excellent mechanical properties and various applications, and
have attracted intensive attention recently. However, the real CHCs in experiments have random cell shapes. The effects of
polycrystallinity and cell irregularity on the mechanical properties of CHCs are still unknown. Here, first, we investigate
the minimum cell size stability with ideal cell walls in the polycrystalline graphene-based carbon honeycombs (PGCHs).
Then, based on molecular dynamics simulations, the compressive mechanical properties of four PGCHs with typical cell
irregularities are studied systematically, including the periodic regular graphene-based carbon honeycombs (RGCHs) with
a zero-degree cell irregularity. Under in-plane compression, the Young’s modulus, initial peak stress, mean plateau stress,
and per volume energy absorption Wy, of RGCHs and PGCHs decrease significantly with increasing grain size, and show
a pseudo Hall-Petch relation. The mean plateau stress and W, of PGCHs are higher than those of RGCHs. Under out-of-
plane compression, the grain size effect is also obvious. However, the influence of cell irregularity is very small and can be
ignored. The results indicate that the Hall-Petch relations of polycrystalline materials are dependent on both grain size and

cell irregularity, and provide theoretical guidance for real CHCs in engineering applications.

Keywords: mechanical behavior, graphene-based carbon honeycombs, cell irregularity, grain size effect
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1. Introduction

Carbon honeycomb is a three-dimensional (3D) cellu-
lar structure consisting of graphene nanoribbons,!!! and at-
tracts wide attention due to unique physical and chemi-

cal properties. Carbon honeycomb shows distinctive elec-

241 excellent mechanical

8-11

tronic and magnetic properties, !
properties, > high thermal conductivity.!®'!] It has excel-
lent potential applications, such as high adsorption and storage
capacity for gaseous and liquid species,!l">!?! and excellent
anti-impact energy absorption. %7131 Carbon honeycomb may
also possess potential applications in nanoscale resonators
and heat transfer.['*10] However, although the real carbon
honeycomb is always in a polycrystalline structure state in

experiment, -]

most previous studies are based on peri-
odic regular graphene-based carbon honeycombs (RGCHs),
except for the thermal conduction properties of polycrys-
talline graphene-based carbon honeycombs (PGCHs).!!0]
Grain boundaries and grain size can influence the mechanical
properties of nanocarbon materials significantly.!'®2%1 How-
ever, it is still unclear about the effect of grain size and cell

irregularity on the mechanical properties of PGCHs. The re-
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lated work not only reveals various natural phenomena, but
also has enormous application prospects in the emerging field
of nanotechnology.

A comparative study of PGCHs and RGCHs can help us
better understand their mechanical behavior and explore the
related mechanism. Consider the cell in RGCHs as a grain. Its
cell wall length is related to the grain size.['”) Meng et al.l”)
found that the in-plane compression mechanical properties of
RGCHs are mainly dependent on the grain size and the density
of knots between graphene ribbons. Gu et al.!®) indicated that
the mechanical properties of RGCHs under tension are depen-
dent on the cell wall length. However, the cell wall length is
less than ~ 2.0 nm, and the compressive mechanical properties
of RGCHs affected by the cell size are not reported. Zhang
et al.®) demonstrated in-plane tension and compression me-
chanical properties of RCHs with different cell wall lengths.
Xing et al.”!! proposed anisotropic and tunable mechanical
properties of asymmetric carbon honeycombs by constructing
various cell wall sizes, found that the famous Gibson—Ashby
model fails to predict the mechanical properties of RGCHs,
and developed a new useful mechanical model. A systematic
study is required on the grain size effect on the mechanical
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properties of RGCHs and the related mechanism, especially
compared with the grain size effect on PGCHs.

In this study, to study the effect of grain size and cell ir-
regularity, a method based on Voronoi mosaic technology to
construct the PGCHs is constructed for comparison and mech-
anism analysis. Then, based on molecular dynamics simula-
tions (MDs), we systematically study the mechanical proper-
ties of in-plane and out-of-plane PGCHs under compression.
We focus on the following questions: What are the effects of
the average grain size and cellular irregularity of PGCHs on
their mechanical properties?

2. Methodology

The aperiodic structure of PGCHs is mainly realized by
the Voronoi tessellation technique!'%2>231 with the Rhino soft-
ware, which can construct random polycrystalline structures
with various grain shapes. Figures 1(a)-1(c) show a typical
geometry of RGCH with a zero-degree cellular irregularity.

(b)

RGCHs are periodic arrays of honeycomb structures. The hon-
eycomb wall is a single-layer graphene sheet (Fig. 1(a)). To
form the honeycomb wall, the cell walls in the Voronoi dia-
gram are replaced with armchair or zigzag-shaped graphene
nanoribbons. The armchair junction is a six-membered ring
structure (Fig. 1(e)), and the zigzag junction is a five—eight
ring structure (Fig. 1(f)). The carbon atoms at the cell wall
junction are marked in red (Figs. 1(e) and 1(f)). The cell struc-
ture of RGCHs is shown in Fig. 1(g). A parameter d (Fig. 1(d),
not the % or [ in Fig. 1(e)) is used to indicate the cell size for
both PGCHs and RGCHs, which is the length between two
seeds. 1% For RGCHs, there is a relation h =1 =d/ /3 in the
simulation models. For example, taking the grain size d =
~ 1.0 nm in zigzag RGCHs as an example, the parameters /
and / are about 0.58 nm. In the simulations, the grain sizes of
PGCHs are chosen from the minimum size to about 10.0 nm,
which can well present the varying trend due to the size effect.
The minimum cell size stability in PGCHs with different cell

irregularities is presented in Subsection 3.1.

4

(d) (e)

Regular voronoi cell Seed 2 Seed 3

Fig. 1. (a) Geometry of an RGCH. Periodic boundary conditions are applied in all three directions. (b) Top view of the in-plane RGCH in x—y
plane. (c) Side view of the out-of-plane RGCH in y—z plane. (d) Average grain size, where d is used to represent the cell size of both PGCHs
and RGCHs, which is the distance between two regularly packed seeds. The atomistic structures of the junction composed of (e) armchair
(six-membered ring structure) and (f) zigzag (five-eight ring structure) graphene nanoribbons. (g) Honeycomb cell.

The random features of PGCHs are acquired by the
Voronoi tessellation technique. First, a set of seeds is placed
in space simultaneously and randomly. Second, these random
seeds grow with a uniform velocity in all directions. Then,
depending on the space dimension, a two-dimensional (2D)
or 3D Voronoi diagram is constructed. The Voronoi tessel-
lation structure is fully determined by the initial locations of
the seeds. Using regularly positioned seeds produces regular
Voronoi diagrams. In order to construct a honeycomb struc-
ture with irregular cell shapes, a regular hexagonal honeycomb

structure with a perfectly ordered, regular cell shape, and uni-
form cell wall length is first constructed, as shown in Fig. 2(a).
Then, perturbations are introduced to the reference model to
generate Voronoi diagrams with irregular cell shapes and non-
uniform cell wall length.

The irregularity of cell shapes is determined by the irreg-
ular distribution of the seeds. The locations of the seeds used
to construct Voronoi diagrams with irregular cell shapes are
perturbed from a regular lattice of seeds. Figure 1(d) shows
the coordinate perturbations of a regularly packed seed. The
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perturbed coordinates (xx, yx) of the seed k can be represented
by

xk:x2+a(dc089k)¢k7 (1a)
Yk =y +a(dsin6;) g, (1b)

where xg and yg are the two coordinates of the same seed in the
regular lattice. d is the distance between two regularly packed
(unperturbed) seeds. 6, (€ [0, 27]) is a uniformly distributed
stochastic angle between the xj-axis and the line connecting
unperturbed and perturbed seeds. ¢, (€ [—1,1]) is a random
variable with a uniform distribution. a is the amplitude used to
quantify the degrees of cell shape irregularity, and ranges be-
tween 0 and 1. The smaller a is, the more regular the Voronoi
diagram is. Regular hexagonal honeycombs are obtained when
a =0, and completely irregular honeycombs are defined when
a =1.0. Figures 2(e)-2(h) show honeycomb samples with dif-
ferent degrees of cell shape irregularity. In the simulations, the
degree of cellular irregularity of random PGCHs is chosen as
0, 0.2, 0.4, and 0.65. Figures 2(a)-2(d) show four Voronoi di-
agrams of PGCHs with (a) a =0, (b) a =0.2, (¢) a =04,
and (d) a = 0.65 degrees of cell irregularity (with an aver-
age grain size of 3.9 nm). Then, models of PGCHs with (e)

a=0,f)a=0.2,(g) a=0.4, and (h) a = 0.65 degrees of cell
irregularity are obtained (Figs. 2(e)-2(h)). Graphene-based
cellular carbon presents various styles, including multi-walled
porous nanocarbons and composite nanoporous carbons com-
posed of other molecules and materials.>*?> The connectivity
between the pores is diverse and even non-existent. Here, we
only discuss the ideal honeycomb structure with a mono-layer
thickness.!!] More typical simulation models of PGCHs, with
average grain sizes of 6.01 nm and 9.88 nm, are shown in sup-
plementary information S1.

The software package Lammps was used in the MD sim-
ulations. The structural analysis and processing were carried
out by the visualization software OVITO. The binding inter-
action between the carbon atoms was described by the adap-
tive intermolecular reactive empirical bond order (AIREBO)
potential.?! The onset of the covalent interaction cut-off
distance was set to 2.0 A. The long-range van der Waals
(vdW) interaction between carbon atoms was modelled by the
Lennard—Jones potential with a well depth of 4.7483x 10722 J
and an equilibrium distance of 0.3407 nm. The Nosé-Hoover
thermostat was used to control the system temperature. The
time step was taken as 1 fs.

(h) a=0.65

Fig. 2. Four Voronoi diagrams of 3.9-nm average grain size PGCHs are constructed with (a) a = 0, (b) a = 0.2, (c) a = 0.4, and (d) a = 0.65 degrees
of cell irregularity. Four structural PGCHs with 3.9-nm average grain size are obtained with (e) a =0, (f) a = 0.2, (g) a = 0.4, and (h) a = 0.65 cell

irregularities.

In the in-plane simulations (loaded in the x—y plane), the
side lengths L, and L, of PGCHs and RGCHs in the x and y
directions were both set to ~ 60 nm, and the length L, in the
z direction was set to about 3.3 nm. Periodic boundary condi-
tions were imposed in all three directions of RGCHs. Prior to
the loading, the model was relaxed using the NPT ensemble
until its energy was minimized at room temperature. Then an
NVT ensemble was adopted to simulate the compressive be-
havior of PGCHs and RGCHs by applying a constant strain

rate of 0.001 ps~!. Young’s moduli were calculated as the

slope of the stress—strain curves E = ¢/€ at a small strain of
0.5%. The energy absorption per unit volume W, and energy
absorption per unit mass Wy, at a specific strain € are defined

respectively as follows: [6.21]
€
Wv:/ ode and W, =W, /p, @)
0

where p is the mass density of GCHs.

In the out-of-plane simulations (loaded in the z direction),
the side lengths L, and L, of PGCHs and RGCHs in the x and
y directions were both about 7 nm, and the length L, in the z
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direction was about 10 nm. In the simulations, periodic bound-
ary conditions were imposed in all three directions of RGCHs.
In the calculation of the nominal stress of PGCHs and RGCHs,
the cross-sectional area was defined as the product of the two
side lengths in the x—y plane of PGCHs (Figs. 2(a)-2(d)). In
the calculation of the real stress, the cross-sectional area was
defined as the net area occupied by the graphene walls whose
thicknesses were assumed to be 0.34 nm.

3. Results and discussion

3.1. Minimum grain (cell) size in RGCHs and PGCHs with
ideal cell wall

In symmetrical RGCHys, the cell wall height and length (A
and / in Fig. 1(g)) equal & = [, and are different in asymmet-
ric carbon honeycombs.>!] The Voronoi tessellation method
in Section 2 can be used to construct any size of the height and
length honeycomb cell wall. From the mathematical point of
view, honeycomb with any small cell (grain) size is possible to
build. However, physically, there are minimum cell (average
grain) size for RGCHs and PGCHs, because that the cell walls
of RGCHs and PGCHs are composed of graphene ribbons, and
have minimum cell wall size & and minimum growth step sizes
of cell wall Ah.

For RGCHs with the cell irregularity degree a of O (see
Eq. (1)), as shown in Fig. 3, the minimum cell sizes A% and
h]ZTil‘?n for armchair and zigzag symmetrical RGCHs are about
0.49 nm and 0.58 nm, respectively.[®) Otherwise, cell walls
with smaller sizes are not ideal graphene ribbons. As men-
tioned in Section 2, there is a relation h =1 =d/ /3 between
the cell wall and the average grain size d (Fig. 1(d)). Thepe-
fore, the corresponding minimum grain sizes d5" and dﬁign
are ~ 0.85 nm and ~ 1.0 nm for armchair and zigzag RGCHs,
respectively. In the following, we mainly use grain size d to
describe PGCHs.

(b) Cell of zigzag RGCHs

Fig. 3. Minimum honeycomb cell of (a) armchair and (b) zigzag
RGCHs with ideal cell wall.
The minimum average grain size of PGCHs is larger than
din of RGCHs (PGCHs with a = 0). First, if the minimum av-
erage grain size of PGCHs is smaller than d,;;, of RGCHs, it

means the cell wall does not consist of ideal graphene ribbons,
because we already stated above that dyy;, is the smallest value
for a cell wall to have ideal graphene ribbons. There should be
some defects in the cell wall if the wall width is smaller than
dmin, and it is not the armchair or zigzag honeycomb struc-
ture which is defined in Fig. 1. Second, non-zero cell irregu-
larity will induce perturbation of the grain size. If the mini-
mum average grain size of PGCHs is equal to dyj, of RGCHs
with 0 degree cell irregularity, some cell wall widths should be
smaller than dyyi,, and some of them should be larger than dyyp,
because the average of them is equal to dpi,. In the first case,
we already stated that it is impossible for the minimum aver-
age grain size of PGCHs to be smaller than dp,;, of RGCHs.
Therefore, the minimum average grain size of PGCHs is larger
than dp,i, of RGCHs. In the following passage in this section,
based on the analysis of the minimum grain size of RGCHs
and the minimum growth step sizes of grain size, we will get
the minimum average grain size dp,;, of PGCHs with 0.2, 0.4,
and 0.65 cell irregularities.

Seed 2 \‘\\ /

_____________________________

\
ZI—”'«' Seed 6

Fig. 4. The coordinates variation of the grain and the variation of the
grain size.

—p
dmin

The minimum growth step sizes of grain size for arm-
chair (zigzag) symmetrical RGCHs is Ad3™ ~ 0.43 (Adf;?rl ~
0.74) nm. The average grain size increases as d = dyy +n X
Adpin. Table 1 provides the cell wall size and average grain
size of PGCHs with n from O to 7. As shown in Fig. 4, the

grain size after variation based on dp, is

din+ Ad =\ (duin -+ 24 + (2)2, 3)

where Ax and Ay are the coordinates variation of the grain size.
Based on Eq. (1), we choose the maximum variable value of
sinf; = +1, cosG, = £1, and ¢, = £1. Then, we can get
Egs. (4a) and (4b) to predicate the grain size after maximum
variation of armchair and zigzag PGCHs respectively

(dumin + Ad)arm = \/(0.85 +2a x0.85)2 4 (2a x 0.85)2, (4a)

(dmin+ Ad)yig = \/(1.0+2a 1.0 + (24 x 1.0)2. (4b)

For PGCHs with a = 0.2, using Eq. (4a), the grain size
after variation of armchair PGCHs is dpi, + Ad ~1.24 nm.
Therefore, the real minimum average grain size at least larger
than 1.24 nm. Compared to Table 1, the real minimum aver-
age grain size should be 1.28 nm for armchair PGCHS with
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a = 0.2. Similarly, using Eq. (4b), the grain size after varia-
tion of zigzag PGCHs is dpin + Ad ~ 1.46 nm. Compared to
Table 1, the minimum average grain size should be 1.74 nm
for zigzag PGCHS with a = 0.2.

For PGCHs with a = 0.4, using Eq. (4a), the grain size
after variation of armchair PGCHs is dyj, + Ad ~ 1.67 nm.
Compared to Table 1, the minimum average grain size should
be 1.71 nm for armchair PGCHs with @ = 0.4. Similarly, us-
ing Eq. (4b), the grain size after variation of zigzag PGCHs
iS dmin + Ad ~=1.97 nm. Compared to Table 1, the minimum
average grain size should be 2.48 nm for zigzag PGCHs with

a=04.

For PGCHs with a = 0.65, using Eq. (4), the grain size
after variation of armchair PGCHs is dpyi, + Ad ~ 2.25 nm.
Compared to Table 1, the minimum average grain size should
be 2.57 nm for armchair PGCHs with a = 0.65. Similarly, us-
ing Eq. (4b), the grain size after variation of zigzag PGCHs
iS dmin + Ad = 2.51 nm. Compared to Table 1, the mini-
mum average grain size should be 3.21 nm for zigzag PGCHs
with a = 0.65. For convenience, Table 2 shows the minimum
cell wall size and minimum average grain size of RGCHs and
PGCHs with 0, 0.2, 0.4, and 0.65 cell irregularities.

Table 1. The cell wall size and average grain size of RGCHs and PGCHs with increasing step n from 0 to 7. The cell size and average grain

size increase as h = hyin +n X Ahyin and d =

diin + 1 X Adpin, respectlvely The minimum cell sizes and grain size for armchair (zigzag)

symmetrical RGCHs are /4™ =~ 0.49 (h ni2 ~0. 58) and d*™ = 0.85 (dnlg ~ 1.0) nm, respectively. The minimum growth step sizes of cell wall

min ‘min min

and grain size for armchair (zigzag) symmetrical RGCHs are AR3 = 0.25 (Ahf];‘?n ~0.43) and AdyT ~0.43 (Adﬁfn ~0.74) nm, respectively.
The relation between cell wall and average grain size d (Fig. 1(d))is h =1 =d/+/3.

n=0 n=1 n=2 n=3 n=4 n=>5 n==6 n=17
A*™ (nm) 0.49 0.74 0.99 1.24 1.49 1.74 1.99 2.24
d*™™ (nm) 0.85 1.28 1.71 2.14 2.57 3.0 343 3.86
h%ig (nm) 0.58 1.01 1.44 1.87 2.3 2.73 3.16 3.59
d4¢ (nm) 1.0 1.74 2.48 3.21 3.95 4.69 5.43 6.17

Table 2. The minimum cell wall size and minimum average grain size of
RGCHs and PGCHs with the increasing degree cell irregularity.

a=0 a=0.2 a=04 a=0.65
RED (nm) 0.49 0.74 0.99 1.49
dig (nm) 0.85 1.28 1.71 2.57
f;,gn (nm) 0.58 1.01 1.44 1.87
d“¢ (nm) 1.0 1.74 2.48 3.21

mln

As stated above, any small cell sizes of PGCHs are possi-
ble in mathematics based on the Voronoi tessellation method.
We can contract PGCHs with smaller average grain size than
the predicted minimum value. However, some cell walls in
these conditions will not ideal graphene ribbons and have
Take armchair PGCHs with 0.65 cell irregu-
larity as an example. As shown in Fig. 5, we build a = 0.65

some defects.

armchair PGCHs with 2.14-nm average grain size, which
is smaller than the predicted minimum average grain size
(2.57 nm) for armchair PGCHs with 0.65. As shown in Fig. 5,
there are two types of defect walls. Type-I defect cell wall
(Fig. 5(b)) is smaller than 0.25 nm. Type-II defect cell wall
(Fig. 5(c)) is larger than 0.25 nm and smaller than 0.49 nm.
Some defect walls may break after thermal relaxation and en-
ergy minimization. Even for the maintained structure stable,
the cell wall structure is not PGCHs with ideal graphene rib-
bon cell wall. That is to say, it is not the ideal defined arm-
chair or zigzag PGCHs in Fig. 1. Moreover, in the modeling
process based on the Voronoi tessellation method, when one
builds PGCHs with smaller average grain size and higher cell
irregularity, more defects wall as shown in Fig. 5 will occur
even if the building average grain size is larger than the critical
value of the minimum average grain size. Therefore, to obtain

ideal PGCHs with smaller average grain size and higher cell
irregularity, more modeling iterations are required

(a) PGCHs with a =0.65

(c) Type II

Fig. 5. PGCHs with defect wall. The cell wall is not ideal graphene ribbons in
the defects. (a) An armchair PGCHs with ¢ = 0.65-nm and 2.14-nm average
grain size. (a) Type-I defect cell wall. (c) Type-II defect cell wall.

3.2. The x—y in-plane compression of zigzag PGCHs

3.2.1. The x-direction in-plane compression of zigzag
PGCHs

The in-plane compression properties of honeycomb struc-
tures are a crucial concern in energy absorption in engineer-
ing design. Figure 6 shows the stress—strain curves of zigzag
RGCHs and random PGCHs with different grain sizes under x-
direction compression. The compression stress—strain curves
of random PGCHs are consistent with those of RGCHs. [%-13:21]
The stress—strain curves under x-direction compression show
three ranges (Fig. 6): (I) the linear elastic stage, (IT) the stress
plateau stage, and (III) the densification stage. Compared to
the macro-scale honeycomb, the densification stage in car-
bon honeycombs at the nano-scale actually includes an addi-
tional hardening stage due to the vdW interactions.*!”] The
detailed physical and mechanical significance of these stages
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can be seen in our previous results.[%132!] The zigzag RGCHs
and random PGCHs with smaller grain sizes have higher com-
pression stresses under the same strain (Fig. 6). The compres-

sion stress decreases with increasing grain size, and the over-

all trend of the compression stress curve of PGCHs shows a

pseudo Hall-Petch relation. [>!]

120 T T T T T 60 T T T T
(a) Zigzag, 0 (b) Zigzag, 0.2
100 50 E
— —1.0 —s
£ 8ot —in £ 4of —6.01 .
&) — 395 S P a3 (1D
2 60 —5.43 2 30F | 50 4
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Fig. 6. Stress—strain curves of zigzag RGCHs and random PGCHs with (a) a = 0, (b) a = 0.2, (c) a = 0.4, and (d) a = 0.65 cell irregularities

at different grain sizes under x-direction compression.

The Young’s modulus, initial peak stress, mean plateau
stress, and energy absorption per volume W, in the linear
elastic stage and plateau stage of zigzag RGCHs and random
PGCHs decrease with increasing grain size (Figs. 7(a)-7(d)).
As shown in Fig. 7(a), when the grain size increases from
1.0 nm to 9.8 nm, the Young’s modulus of the zigzag RGCHs
with O cell irregularity decreases from about 222.1 GPa to
26.2 GPa.
10.0 nm, the Young’s modulus of zigzag random PGCHs with
0.2, 0.4, and 0.65 cell irregularities decreases from 38.3 GPa
to 24.3 GPa, 27.6 GPa to 22.1 GPa, and 19.3 GPato 17.2 GPa,
respectively. As shown in Fig. 7(b), the initial peak stress of
the zigzag RGCHs decreases from about 9.17 GPa to 0.51 GPa
when the grain size increases from 1.0 nm to 9.8 nm. When the

When the grain sizes increase from 3.9 nm to

grain size increases from 3.9 nm to 10.0 nm, the initial peak
stress of zigzag random PGCHs with 0.2, 0.4, and 0.65 cell ir-
regularities decreases from 0.96 GPa to 0.42 GPa, 0.75 GPa to
0.33 GPa, and 0.31 GPa to 0.15 GPa, respectively. The smaller
the grain sizes, the greater the density of the cell walls, which
induces a more significant intensity of the vdW force between
Hence, RGCHs and random PGCHs with a

small grain size tend to have more tremendous stress under

the cell walls.

the same strain state.

According to Gibson—Ashby continuum model, the

Young’s modulus of honeycombs can be expressed as?!!

3
t cos@
E,= () - ——E,, (5a)
1) (h/l+sinB)sin” 6
3 .
t\ h/l+sin0
Ey= (l> cos?o e (5b)

where E, and E, are the Young’s modulus of honeycombs in
the x- and y-directions, respectively, E, is the Young’s modu-
lus of the honeycomb composition material. Here, for RGCHs,
the cell length and height is equal to & = [, the cell width ¢ is
~ 0.34 nm, and the angle is 6 = 30°. Therefore, we have
1\ 3

E;~E, ~0.091 x Eg (h) . 6)
According to our new model,?!! the Young’s modulus of
RGCHes in the x-direction and y-direction can be given by

tcos O
(h+1sing) ¥
_ t(h+1sin0)
Y7 2lcosO(h+1/2)

E.= (7)

(7b)

Substitution of & = [, the cell width ¢ is ~ 0.34 nm, and the
angle is 8 = 30° into Eq. (7) yields

E.~E,~0.196 x Eg /h. )
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Using Gibson—Ashby model in Eq. (6) and our new model in
Eq. (8) with Eq = 600 GPa,[®2%21] we obtain the Young’s mod-
ulus of RGCHs as compared in Fig. 7(a). Both models indicate
the Young’s modulus of RGCHs decrease with increasing cell
size.

Graphene and CHCs show brittle fracture behavior under
external loading.!%2!! According to the Gibson—-Ashby contin-
uum model, the brittle fracture stress of honeycombs can be

expressed as[?!]

1 £\ >
(Our)x = 35,7 Fsin6)sind (1) Ot Oa)

2
(Ger) _ bt or
YT 300820 \ 1 &

where (0 ). and (o), are the fracture stresses of honey-

(9b)

combs in the x- and y-directions, respectively, Oy, is the frac-
ture stress of the honeycomb composition material. Substitu-
tion of the & = [, the cell width 7 is ~ 0.34 nm, and the angle

240 T T T T T T T T T
220} (a) Zigzag, Young’s modulus g
Q‘f 200 1
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e
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T

= hhhw
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Mean plateau stress (GPa)
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[
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o O
o O

is 8 = 30° into Eq. (11) yields
1\2
(Ocr)x & (Ocr)y = 0.154 X O (h) . (10)

According to our new model,?!1 the fracture stresses of
RGCHs in the x-direction and y-directions are

tcos6
=7 11
(Ocr)x (hHSine)Gfg, (11a)
t
(Ocr)y = 2[COS60-fg. (11b)

Substitution of & = [, the cell width ¢ is ~ 0.34 nm, and the
angle is 8 = 30° into Eq. (10) yields

1
(Ccr)x = (Ocr)y = 0.196 x Gfgz. (12)

Using the Gibson—Ashby model in Eq. (10) and our new
model in Eq. (12) with of, = 80 GPa,[®2?!] we obtain the
fracture stress of RGCHs compared with the initial peak stress
in Fig. 7(b). Both models indicate that the initial peak stress
of RGCHs decreases with increasing cell size.

16 L3 T T T T T T T T
—~ igzag, 1nitial peak stress
ol b) Zi initial K
[a W) -0
O 12f ¢ <02 ]

—a— (),

% 10F - 0.65 B
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e 2r [ SR
S oL
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—_

)

o
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—
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o

o
T

0o 1 2 3 4 5 6 7 8 9 10
Grain size (nm)

Fig. 7. (a) Young’s modulus, (b) initial peak stress, (c) mean plateau stress, and (d) energy absorption per volume W, of zigzag RGCHs and

random PGCHs with different grain sizes under x-direction compression.

The mean plateau stress (Fig. 7(c)) and energy absorp-
tion per volume W, (Fig. 7(d)) also decrease with increasing
grain size over the whole varying trend. However, it should
be noted that obvious fluctuations appear for random PGCHs,
which may be due to the random and irregular grain struc-
ture. The mean plateau stress (Fig. 7(c)) and energy absorp-
tion per volume W, (Fig. 7(d)) of PGCHs are higher than those
of RGCHs. This means that random PGCHs can also be used

as high-energy-absorption honeycomb materials. [}

Why do the mean plateau stress and energy absorption
per volume W, of RGCHs and PGCHs decrease significantly
with increasing grain size? The variation trends in W, and
mean plateau stress are nearly consistent (Figs. 7(c)-7(d)).
The W, is mainly determined by the zone of mean plateau
stress. The plateau stress reflects the bending or compres-
sive buckling and failure of the cell walls in the whole honey-
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comb structure.?!) Short cell walls are more difficult to bend
or buckle. Therefore, RGCHs with smaller grain size have
higher plateau stress, and also have higher W,.[>!]

Why are the mean plateau stress and energy absorption
per volume W, of PGCHs higher than those of RGCHs? The
average plateau stress and energy absorption are determined
by the total effect of all cell walls. For a single cell wall, the
cell wall strength is related to the cell wall size by a nega-
tive first power relationship as Eq. (12), or a negative second
power relationship as Eq. (10). With the same average cell
(grain) size h, RGCHs have a h cell wall, and PGCHs have
some smaller 7 — Ah and larger size h + Ah cell walls. Tak-
ing two cell walls and Eq. (12) as an example, the strength of
RGCHs is

1 1 2
0.196 x o, (h +Ah> =0.196 x O'fgz,

and the strength of PGCHs
0.196 x O'fg( ! +A ! ) ~ 0.196 x Gfgiz .
h+Ah h—Ah h—2Ah

Clearly, PGCHs have higher strength. Therefore, PGCHs have
higher mean plateau stress and W, than those of RGCHs. The-
oretically, when the average grain size is the same, PGCHs
with higher cell irregularity should have higher W,. How-
ever, PGCHs in MD simulation are not infinite structures, and
PGCHs with different degrees of cell irregularity under finite
size cannot contain all random probabilities, so fluctuations of

3.2.2. The y-direction in-plane compression of zigzag
PGCHs

The characteristic of the compression stress strain curves,
Young’s modulus, initial peak stress, mean plateau stress, and
energy absorption per volume W, in the linear elastic stage
and plateau stage of zigzag PGCH under y direction in-plane
tension is similar to those of zigzag PGCH under x direction
in-plane tension. The detail results can be seen in the supple-
mentary information S2.

3.3. The z-direction out-of-plane compression of zigzag
PGCHs

Figure 8 shows the stress—strain curves of zigzag RGCHs
and random PGCHs with different grain sizes under z direction
compression. Figure 8 can be divided into four distinct phases,
namely the alignment elastic phase (phase I), the buckling
phase (phase II), the structural failure phase (also known as the
plateau phase III), and the densification phase (phase IV). The
detailed physical and mechanical significance of these phases

613211 The compression

can be seen in our previous work
stress of zigzag RGCHs and random PGCHs decreases with
the increase of the grain size. The mechanization is that the
smaller the grain size of the PGCHs, the higher the density of
the graphene wall, and the net area of the honeycomb cell wall

increases, and it can withstand more significant compression

mean plateau stress W, may occur (Figs. 7(c) and 7(d)). stresses.
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Fig. 8. Stress—strain curves of zigzag RGCHs and random PGCHs with (a) a =0, (b) a = 0.2, (¢) a = 0.4, and (d) a = 0.65 cell irregularities

at different grain sizes under z-direction compression.
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In Fig. 9, the Young’s modulus, initial peak stress,
mean plateau stress, and energy absorption per volume W,
of zigzag RGCHs and random PGCHs showed a decreas-
ing trend with the increase of grain size. As shown in
Fig. 9(a), the Young’s modulus of the zigzag RGCHs de-
creases from about 661.7 GPa to 52.3 GPa when the grain
size increases from 1.0 nm to 9.8 nm. When the grain size
increases from 3.9 nm to 10.0 nm, the Young’s modulus of
zigzag random PGCHs with 0.2, 0.4, and 0.65 cell irregular-
ities decreases from 142.1 GPa to 50.6 GPa, 157.8 GPa to
52.5 GPa, and 131.8 GPa to 35.1 GPa, respectively. As shown
in Fig. 9(b), the initial peak stress of the zigzag RGCHs de-
creases from about 48.71 GPa to 1.25 GPa when the grain
size increases from 1.0 nm to 9.8 nm. When the grain size
increases from 3.9 nm to 10.0 nm, the initial peak stress of
zigzag random PGCHs with 0.2, 0.4, and 0.65 cell irregu-

700 T T T T
(a) Zigzag, Young’s modulus

600
500
400
300
200+

Young’s modulus (GPa)

100

= 25 ————
a, plateau stress
9/ 20 F i
@ J—
[ —-—0.2
< 15F ——0.4 A
= - 0.65
@
g 10}
=
=5
g b5f i
<
o}
= L T

01 2 3 4 5 6 7 8 9 10

Grain size (nm)

larities decreases from 4.96 GPa to 1.01 GPa, 4.65 GPa to
0.99 GPa, and 3.23 GPa to 0.52 GPa, respectively. As shown
in Fig. 9(c), the mean plateau stress of the zigzag RGCHs de-
creases from about 22.15 GPa to 0.52 GPa when the grain
size increases from 1.0 nm to 9.8 nm. When the grain size
increases from 3.9 nm to 10.0 nm, the mean plateau stress
of zigzag random PGCHs with 0.2, 0.4, and 0.65 cell ir-
regularities decreases from 2.03 GPa to 0.41 GPa, 2.0 GPa
to 0.42 GPa, and 1.5 GPa to 0.29 GPa, respectively. As
shown in Fig. 9(d), the W, of the zigzag RGCHs decreases
from about 10097.5 MJ/m? to 289.6 MJ/m* when the grain
size increases from 1.0 nm to 9.8 nm. When the grain size
increases from 3.9 nm to 10.0 nm, the W, of zigzag ran-
dom PGCHs with 0.2, 0.4, and 0.65 cell irregularities de-
creases from 1179.6 MJ/m?3 to 221.8 MJ/m?, 1137.9 MJ/m3 to
223.9 MJ/m?, and 946.1 MJ/m? to 174.6 MJ/m?, respectively.

50 T T T T T T T T
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Fig. 9. (a) Young’s modulus, (b) initial peak stress, (c) mean plateau stress, and (d) energy absorption per volume W, of zigzag RGCHs and

random PGCHs with different grain sizes under z-direction compression.

The effects of grain size and cell irregularity on the me-
chanical behavior of armchair RGCHs and random PGCHs
can be seen in supplementary information S3. Armchair
RGCHs and random PGCHs showed similar mechanical char-
acteristics to the zigzag RGCHs and random PGCHs. Some

deformation videos can be found in the attachments.

4. Conclusions

Based on theoretical analysis and MD simulations, the
minimum stable grain sizes in RGCHs and PGCHs are stud-
ied. The related mechanism is that, physically, RGCHs and
PGCHs have a minimum cell wall size and minimum growth
step sizes of the cell wall, because the cell walls are composed

of graphene ribbons. The mechanical properties of RGCHs
and PGCHs are investigated under compression. Under in-
plane compression, the Young’s modulus, initial peak stress,
mean plateau stress, and energy absorption decrease with in-
creasing grain size overall, with some fluctuations. The mean
plateau stress and energy absorption per volume of PGCHs are
higher than those of RGCHs. Under out-of-plane compres-
sion, the Young’s modulus, initial peak stress, mean plateau
stress, and energy absorption decrease with increasing grain
size. The grain size effect is obvious, but the irregularity ef-
fect is weak. This research can help predict the performance
of future RGCHs and random PGCHs in engineering applica-

tions.
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