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Abstract. A model is suggested which describes fracture toughness of ceramics and
nanocrystalline metals containing graphene (nano)platelets with random orientations. Within
the model, the toughening is primarily associated with two-dimensional deflection of cracks that
bypass graphene nanoplatelets. Using the boundary element method, it is demonstrated that
two-dimensional crack deflection can increase fracture toughness by up to 90 percent. It is
shown that the optimum graphene concentration that corresponds to maximum toughening is
determined by the aspect ratio of graphene nanoplatelets. The results of the model explain the
results of the experiments demonstrating strong toughening of ceramics containing graphene
nanoplatelets. The situation where graphene nanoplatelets have the same orientation is also
briefly discussed.

1. INTRODUCTION

The characterizations of such composites demonstrated that graphene nanoplatelets lead to signifiWith its combination of a large specific surface area
cant improvements of fracture toughness, flexural
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and hardness. In addition, recently, graphene
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nanoplatelets (also referred to as graphite
crack deflection. Ramirez et al. [36] produced siliO]Z
Ob
SZ
Sb
arW Z
ca
W
]a ]b
OWWUa
Sd
SOZ
[] ]
con nitride ceramics toughened either by reduced
layers of graphene, with a thickness from 1 nm to
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graphene nanoplatelets. They reported 135% increase in fracture toughness of silicon nitride toughened by 4.3 vol.% of reduced graphene oxide and
40% increase in fracture toughness of silicon nitride toughened by 4.3 vol.% of graphene
nanoplatelets. At the same time, similar studies of
Al2O3 and Al2O3-based ceramics toughened by
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posites [27,29] have not demonstrated such strong
toughening.
Besides ceramics, graphene inclusions can potentially toughen nanocrystalline metals. In such
metals, lattice dislocation motion is suppressed,
resulting in low toughness of nanocrystalline metals [38]. Similar to the case of ceramics, the introduction of graphene nanoplatelets in the
nanocrystalline matrix should hinder crack propagation and can produce nanocomposites with very
high strength and satisfactory toughness.
The mechanisms responsible for the toughening of ceramics and nanocrystalline metals by
graphene nanoplatelets can be crack deflection,
crack bridging and crack branching, and all these
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same time, the possible contribution of each mechanism to fracture toughness is not clear. Also, the
scattered experimental data on fracture toughness
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graphene nanoplatelets and structure of ceramics
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posites as well as to estimate the maximum possible fracture toughness that can be achieved by
the insertion of graphene nanoplatelets into ceramics. To fill this gap, in the present paper, we suggest a model that describes the toughening of ceO[WrUO VS SO RUO VS Sr O ] g
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composites with a focus on the crack deflection
mechanism of toughening. In the following sections,
we present a model of crack growth in ceramics
and nanocrystalline metals containing graphene
nanoplatelets, calculate their fracture toughness and
compare it with available experimental data.

2. CRACK PROPAGATION IN A
BRITTLE SOLID TOUGHENED BY
GRAPHENE NANOPLATELETS.
MODEL
Consider a brittle solid (ceramics or nanocrystalline
metal) toughened by graphene nanoplatelets
(Fig. 1a). For simplicity, we examine a two-dimen-
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Fig. 1. Crack propagation in a composite consisting of a polycrystalline or nanocrystalline matrix and
graphene nanoplatelets (two-dimensional view). (a)
Composite without a crack. (b) Crack in the composite propagates through matrix grains and along
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interfaces. (d) Crack in the composite propagates
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sional model, where graphene nanoplatelets represent elongated rectangles whose length is much
larger than their thickness. We consider the situation where graphene nanoplatelets have different random orientations (Fig. 1a). Let us examine a brittle
crack that propagates in a composite (containing
graphene nanoplatelets) under a uniaxial tensile
stress (Figs. 1b and 1c). We postulate that the crack
cannot penetrate graphene nanoplatelets or initiate
formation of new cracks on the other side of
nanoplatelets. Also, we will not consider such toughening mechanisms as crack bridging and pull-out
of graphene nanoplatelets or crack branching and
focus on toughening associated with crack deflection. Thus, within the model, when a crack propagating through a matrix grain (Fig. 1b) or along a
grain boundary (Fig. 1c) meets a graphene
nanoplatelet, it changes its direction and advances
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interface, it again changes its direction and grows
either through a matrix grain or along a grain boundary. (The latter situation is possible only if the
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Fig. 2. Crack propagation in a polycrystalline or
nanocrystalline matrix. (a) Crack propagates through
grains along favorable crystal planes that vary from
one grain to another. (b) Crack propagates along
grain boundaries.
graphene nanoplatelet terminates at a grain boundary.) After that, the crack meets a new graphene
nanoplatelet, and the process repeats (Figs. 1b and
1c). Thus, on a large scale, the crack direction is
normal to the direction of the applied load, while
graphene nanoplatelets induce local fluctuations of
the direction of crack propagation, which increase
fracture toughness.
To compare the fracture toughness of brittle solids toughened by graphene nanoplatelets with that
of similar solids without graphene inclusions, one
should take into consideration that even in pure
ceramics or nanocrystalline metals, the cracks are
not necessarily ideally straight. Intragrain cracks
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can deviate from the plane normal to the direction of
the applied load and advance along favorable planes
with small surface energies, thereby propagating in
a zigzag fashion (Fig. 2a). Grain boundary cracks
propagate along grain boundaries that also make
large enough angles with the normal to the crack
plane (Fig. 2b).
Also, for the calculation of the fracture toughness of brittle solids toughened by graphene
nanoplatelets, one should account for the fact that
intragrain crystallographic planes, grain boundaries
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tance to crack propagation. (The propagation of a
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interface is expected to be easier than that along a
favorable crystallographic plane making the same
angle with the normal to the direction of the applied
load.) Thus, in the calculation of the fracture toughness it is reasonable to consider the most difficult
region for crack propagation, that is, its propagation inside a matrix grain. Besides, one should notice that even if cracks in pure ceramics or
nanocrystalline metals tend to propagate along grain
boundaries (Fig. 2b), in similar solids toughened by
graphene nanoplatelets, cracks can advance not
]Z
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interfaces but also inside matrix grains (Fig. 1c).
(This is because graphene nanoplatelets are typically larger than grain boundaries and, in general,
terminate inside grains.) In the latter case the change

Fig. 3. Geometry of model cracks in the composites containing graphene inclusions and pure ceramics or
metals under uniaxial tensile loading. (a) Model crack in a composite containing graphene inclusions. (b)
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q45mwith respect to the x-axis) and favorable crystallographic directions in the matrix (inclined by the angle
q with respect to the x-axis). (c) Model intragrain crack in a polycrystalline or nanocrystalline solid. The
crack consists of the fragments inclined by the angle q with respect to the x-axis. (d) Model grain boundary crack in a polycrystalline or nanocrystalline solid. The crack consists of the fragments inclined by the
angle q) mwith respect to the x-axis.
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of the fracture mode (from grain boundary fracture
to mixed grain boundary and transgranular fracture)
also leads to the toughening of the composites containing graphene inclusions. At the same time, if
the concentration of graphene nanoplatelets exceeds
a critical value, the latter can form a cluster (Fig.
1d). In this situation, fracture toughness is deter[WSRPgb
VSa[OZ
ZSaW
ab
O S]T[ObW
frUO VS S
interfaces to crack propagation and is expected to
be smaller than fracture toughness of similar solids
containing isolated graphene nanoplatelets.
Now let us calculate the fracture toughness of
the composites containing graphene nanoplatelets.
In general, the fracture toughness of such composites depends on the concentration of graphene
nanoplatelets, their dimensions, their locations relative to each other and their orientation with respect
to the direction of the applied stress. The variations
in the orientation of graphene nanoplatelets can result in essential variations in the toughness characterizing propagation of different cracks. Therefore,
as a first approximation, to estimate average fracture toughness, we consider an idealized periodic
structure where all graphene nanoplatelets have the
same dimensions and make the angles of q45mwith
the normal to the direction of the applied load (Figs.
3a and 3b). We also assume that intragrain and
grain boundary crack fragments make angles q
with the normal to the direction of the applied load,
the distances passed by the crack along all mabW
f
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a
tances passed by the crack between neighboring
graphene nanoplatelets are also the same (Fig. 3b).
Within the model, the crack is periodic with a period T, and its length l is much larger than T (Fig.
3b). The parameter p determines the total distance
p/cos that the crack passes between graphene
nanoplatelets within each period. In the limiting case
of p = T, where graphene nanoplatelets are absent,
the crack transforms to a model periodic intragrain
(Fig. 3c) or grain boundary (Fig. 3d) crack in a pure
ceramics or nanocrystalline metal.

3. CALCULATION OF FRACTURE
TOUGHNESS OF THE
COMPOSITES CONTAINING
GRAPHENE NANOPLATELETS
Let us consider the effect of crack deflection on the
fracture toughness of a composite containing
graphene nanoplatelets. To do so, as a first approximation, we will model the composite as an isotropic solid with the shear modulus G O RC]W
aa] u
a
ratio . We will also use the standard crack growth
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criterion [39] based on the balance between the driving force related to a decrease in the strain energy
and the hampering force related to formation of new
free surfaces during crack growth. In the examined
case of the plane strain state, this criterion is given
by [39]
1 
2G

K I K II
2

2

2 e,

(1)

where KI and KII are the stress intensity factors for
normal (to crack line) and shear loading, respectively, and e is the effective specific surface energy.
Here we put e = (where is the specific surface
energy) if the crack advances inside a matrix grain,
and e = c (where c is the specific cohesive energy
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Within the macroscopic mechanical description,
the effect of crack deflection on crack growth can
be accounted for through the introduction of the critical stress intensity factor KIC. In this case, the crack
is considered as that propagating under the action
of the tensile load perpendicular to the crack growth
direction, while crack deflection simply changes the
value of KIC compared to the case of straight crack
propagation. In these circumstances, the critical
condition for the crack growth can be represented
s
s
as (see, e.g., [40]): K I = KIC, where K I is the stress
intensity factor created by a uniaxial tensile load
near the tip of a straight crack.
Now let us introduce the parameters 1 and 2,
s
s
such that KI = 1K I and KII = 2K I . Substituting the
s
latter relations and the equality K I = KIC to formula
(1), we obtain K IC
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For convenience, we introduce the quantity

K IC
4G / 1  describing fracture toughness
associated with propagation of a straight intragrain
crack. Then we have
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It is important to note that formula (2) is valid for
the two-dimensional cracks where all parts of the
crack front simultaneously propagate either inside
the matrix or along the matrix-graphene interface.
In this case, fracture toughness is determined by
the region where crack propagation is most difficult
inside the matrix. At the same time, in the case of
real three-dimensional cracks, some parts of the
crack front propagate inside the matrix, whereas
the other parts of the crack front propagate along
[ObW
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sive strength and, as a result, a small effective surface energy e. Therefore, if the crack front is straight,
the surface energy in formula (2) should be replaced by an appropriate average of the values of
the effective surface energy e over the crack front,
including a small value c for the parts propagating
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this case, the fracture toughness KIC will be lower
than that for the examined two-dimensional cracks.
In reality, of course, the crack front may not be
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sitions (characterized by propagation inside the
matrix). In doing so, however, they increase the
stress intensity factor at the parts of the crack front
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helping them to propagate further. Thus, our twodimensional model leads to some overestimation of
the effective fracture toughness associated with
crack deflection compared to the real three-dimensional case.
Using the boundary element method (e.g., [41]),
we have numerically calculated the parameters 1
and 2 for l/T = 10, various values of the ratio p/T,
and = 30mand 15m
. The case p/T =1 corresponds
to the fracture toughness of a pure ceramics or
nanocrystalline metal (Figs. 3b and 3c). If cracks in
a pure ceramics or nanocrystalline metal propagate
in a transgranular mode (Fig. 3c), we have: e = . If
cracks in a ceramics or nanocrystalline metal propagate along grain boundaries (Fig. 3d), we have: e =
- b/2, where b is the specific grain boundary energy. In the latter case (Fig. 3d), we also put =
30m
, which represents the average value of the angle
between the grain boundary plane and the macroscopic crack growth direction in the model case of
regular hexagonal grains. Thus, using the computed
values of 1 and 2 for p/T = 1 at = 30mand 15mand
setting b = 0.4 , we obtain the fracture toughness
0
K IC for model cracks in a pure ceramics or
nanocrystalline metal (see Figs. 3c and 3d) to be
0
s
as follows: for intragrain cracks (Fig. 3c), K IC / K IC
=1.247 and 1.748 at = 15mand 30m
, respectively,
0
s
and for grain boundary cracks (Fig. 3d), K IC / K IC
=1.563.
Now let us calculate the fracture toughness KIC
of the composites containing graphene
nanoplatelets as a function of the volume concentration c of graphene nanoplatelets. Let each
graphene nanoplatelet represent a rectangular parallelepiped with a thickness h and a square base
with the side length p0. Let = T/2 be the average
distance between the centers of neighboring
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graphene nanoplatelets. Then the volume V of the
composite per one graphene nanoplatelet can be
estimated as V  3, and the volume concentration
2
c of graphene can be written as c = p0 h/ 3. We
assume that the average distance that the crack
passes along a graphene sheet (having the length
p0) is p0/2. Then for the situation shown in Fig. 3b,
we have: (p0/2)cos(/4) = (T - p)/2, which yields:
p0 = (T - p) 2 . The latter relation along with the
2
relations c = p0 h/ 3 and = T/2 gives:
c

16 2h
p0

1


p
T

3

.

(3)

At p/T = 0, the graphene concentration c reaches
the critical value ccr = 16 2 h/p0 at which graphene
nanoplatelets form a cluster.
Formula (3) demonstrates that increasing the
length p0 of graphene nanoplatelets and/or decreasing their thickness h reduces c at a given p/T. Since
the value of p/T determines the value of fracture
toughness KIC, this means that the concentration c
of graphene nanoplatelets needed to obtain a specified value of KIC is the smaller, the longer and thinner the nanoplatelets are. At the same time, the
thickness of graphene nanoplatelets should not be
too small (below one to several nm). The reason is
that a very thin graphene nanoplatelet cannot serve
as a barrier for the generation of a crack (at the
opposite side of the graphene nanoplatelet) in the
stress field of a pre-existent large crack that approaches the nanoplatelet.
Using the calculated values of KIC for various
values of p/T and formula (3), we have calculated
the dependences of the normalized fracture tough0
ness KIC / K IC on the graphene volume concentration c, for various values of the angle . One should
note that the dimensions h and p0 of graphene
nanoplatelets can vary in a wide range. For example,
Walker et al. [26] fabricated composites containing
graphene nanoplatelets with h 1 nm and p0 around
100 to 500 nm. Porwal et al. [34] produced composites containing nanoplatelets with h 1 nm and
p0 1.5 m. Liu et al. [32] obtained composites
containing graphene nanoplatelelts with h = 8 to 10
nm and p0 around 1 to 5 m. Therefore, for definiteness, we put: h/p0 = 0.002. The calculated depen0
dences of KIC / K IC on the graphene volume concentration c are plotted in Fig. 4 for the case of c < ccr.
Fig. 4 demonstrates that graphene nanoplatelets
increase the fracture toughness of ceramics and
nanocrystalline metals. The maximum fracture
toughness of a composite containing graphene
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that is, at the graphene concentration of 1 vol.% or
less. At c = ccr (the right ends of the dependences
in Fig. 4), fracture toughness is expected to abruptly
drop due to the formation of a cluster of graphene
nanoplatelets, which are expected to serve as the
paths of easy crack propagation.
Formula (3) and Fig. 4 also demonstrate that
the optimum (for toughening) values of graphene
concentration (corresponding to the case c
ccr)
strongly depends on the aspect ratio h/p0 of graphene
platelets: the smaller platelet thickness h and larger
platelet length and width p0, the smaller concentration of graphene platelet is needed to provide the
maximum fracture toughness of the composite containing graphene nanoplatelets.

4. FRACTURE TOUGHNESS OF
.0 ,74
.R2 ,:3080
COMPOSITES: COMPARISON
WITH EXPERIMENTS

Fig. 4. The ratios of fracture toughness KIC of the
brittle solid toughened by graphene nanoplatelets
0
to the fracture toughness K IC of a similar solid without graphene nanoplatelets as functions of the
graphene concentration c, for various values of the
angle characterizing the oscillations of the crack
direction in a brittle solid without graphene
nanoplatelets.
nanoplatelets corresponds to the case where the
concentration c approaches the critical one (c
ccr), when c is close to ccr but still smaller than ccr,
so that graphene nanoplatelets do not form a cluster. Fig. 4 also shows that if cracks in the matrix
tend to propagate along grain boundaries, the introduction of an optimum (for toughening) concentration of graphene nanoplatelets can increase fracture toughness approximately by 50%. At the same
time, if cracks in the matrix tend to propagate
through grains, the introduction of an optimum concentration of graphene nanoplatelets can increase
TO b
cSb
]cUV SaaPg r/
RS S RWU] b
VS
value of the angle . Fig. 4 also demonstrates that
at small graphene concentrations c, KIC very quickly
grows with c, while at larger c, an increase in
graphene concentration leads only to a slight increase in fracture toughness KIC. In particular, for
the values of graphene nanoplatelet dimensions (h/
p0 = 0.002) used to plot Fig. 4, significant toughening is observed already at c = 0.01 or even smaller,

Now let us compare the calculated values of fracture toughness of the composites containing
graphene nanoplatelets with available experimental
ROb
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be noted that the experimental values of fracture
toughness of such composites vary in a wide range.
In particular, as is mentioned above, using Vickers
indentation testing, Walker et al. [26] observed 135%
increase in fracture toughness of Si3N4 by the addition of 1.5 vol.% of graphene nanoplatelets. Ramirez
et al. [36], using the surface crack in flexure method,
reported 135% increase in fracture toughness of
silicon nitride toughened by 4.3 vol.% of reduced
graphene oxide. Centeno et al. [31], using the indentation-strength method, documented 50% increase in fracture toughness of Al2O3 through the
addition of 0.22 vol.% of graphene nanoplatelets.
As is seen in Fig. 4, these values of fracture toughness enhancement are much higher than the calculated fracture toughness enhancement associated
with two-dimensional crack deflection in the presence of randomly oriented graphene platelelts. At
b
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W
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observed significantly lower toughening associated
with graphene nanoplatelets. For example, Tapaszto
et al. [27] compared the mechanical properties of
OP] O ]b
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posites for 3 wt.% graphene concentration. They
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graphene composites compared to CNT compos-
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ites with the same concentration, although the overall
properties for both composites decreased compared
to pure Si3N4. Kvetkova et al. [29], using Vickers
indentation testing, reported 45% increase in fracb
cSb
]cUV SaaT
] 'eb UO VS SraW
Z
W] W
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composites consolidated using high isiostatic pressing. Wang et al. [28], using the single edge notched
beam method, reported 53% increase in fracture
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using the Vickers indentation method, revealed 45%
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silicon nitride composites consolidated through
spark plasma sintering. Liu et al [32], using the
single edge notched beam method, revealed fracture toughness increase of Al2O3 by 27% at 0.22
vol.% of graphene nanoplatelets. Liu et al. [33] and
Porwal et al. [34], using the single edge notched
beam method and Vickers indentation testing, documented fracture toughness enhancement by 40%
at 0.8% of graphene nanoplatelets added to Al2O3r
Zr composite [33] or pure Al2O3 [34]. Besides,
Ramirez et al. [36], using the surface crack in flexure method, reported 40% increase in fracture toughness of silicon nitride toughened by 4.3 vol.% of
graphene nanoplatelets. The toughening observed
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ment with our calculations (see Fig. 4b).
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posites first increases and then decreases with increasing graphene concentration. At the same time,
the experimental values of the critical concentration (above which fracture toughness starts to drop)
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low 2 vol.%. Since such concentrations are sometimes smaller than the concentration ccr required to
form large graphene clusters, a decrease in fracture toughness can also be associated with the inSOaWU ]]aW
b
gM
)(r) )-NW Ob
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formation of pores around graphene nanoplatelets.
At the same time, Fig. 4 demonstrates that supSa
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W
b
ge]cZ
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graphene composites with higher graphene concentration that would provide stronger toughening.
Concerning the difference in toughening documented in experiments [26,31] and that documented
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calculations, one should note that toughening depends on the orientation of graphene nanoplatelets,
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graphene composites are consolidated using the
spark plasma sintering method. This is associated
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with uniaxial pressure applied during sintering of
SO[WrUO VS S O ] Z
Ob
SZ
Sb
a eVWVRW
dSa
graphene nanoplatelets to lie in the plane perpendicular to the pressure direction [34]. This alignment
of graphene can also enhance the toughness of the
materials in the direction perpendicular to graphene
sheets but does not increase the toughness in the
planes parallel to graphene sheets. In particular,
Centeno et al. [31] revealed that fracture toughness
increases by 50% for cracks parallel to the direction of sintering and does not increase at all for crack
normal to this direction. One can also assume that
very high toughening observed in experiment [26]
can, at least, partly, be associated with the preferable orientation of graphene sheets and is valid for
unfavorable crack orientations (that is, for the cracks
whose macroscopic growth direction is close to the
normal to graphene sheets) but not necessarily for
cracks parallel to them.
Thus, graphene nanoplatelets can increase fracture toughness for cracks growing in any direction
only if such nanoplatelets have random orientations.
Our calculations demonstrate that in the latter case,
two-dimensional crack deflection associated with
the presence of graphene nanoplatelets can increase
fracture toughness of ceramics by up to 40-90%,
depending on graphene concentration and preferable fracture mode of ceramics (intergranular or
transgranular). At the same time, other toughening
[S VO W
a[ar O YPW
RUWUO RUO VS SaVSSb
cZ
Z]cb ]
O Y PO VWU r ]PaSdSR
M
(.(/))) ),N
W SO[WrUO VS S ][ ]a
W
b
Sa
also contribute to the fracture toughness of these
composite structures. The effect of these mechanisms on fracture toughness manifests itself mainly
at long (above 100 m) crack lengths [26], providing
higher fracture toughness for long cracks. At the
same time, although Fig. 4 demonstrates that crack
deflection can significantly increase the fracture
b
]cUV Saa]T SO[WrUO VS S ][ ]aW
b
Sa ]c
model does not allow one to estimate the percentage of the contribution of this toughening mechanism to overall toughening. Further research is
needed to clarify this issue.
In addition, note that undulations of graphene
sheets can also be a mechanism responsible for
VW
UVTO b
cSb
]cUV Sa
a]TSO[WrUO VS S ][
posites. Actually, such undulation were observed in
experiments [26, 36] (for silicon nitride toughened
by reduced graphene oxide), where very high toughening was observed. Also, Ref. [36] reported strong
undulations of reduced graphene oxide sheets,
which toughened silicon nitride by up to 135%, and
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much flatter geometry of graphene nanoplatelets,
which toughened the same ceramics only by up to
40%. All this testifies that along with crack deflection, bridging and sheet pull-out and, the bending of
graphene sheets can also contribute to the toughS WU]TSO[WrUO VS S ][ ]a
W
b
Sa

5. CONCLUSIONS
Thus, in this paper we have suggested a model describing toughening of ceramics and nanocrystalline
metals containing graphene nanoplatelets with random orientations. Within the model, the toughening
is associated with two-dimensional deflection of
cracks that bypass graphene nanoplatelets. We
have considered model periodic cracks that approximately describe real cracks that bypass graphene
nanoplatelets during growth. Using the boundary
element method, we have calculated the critical
stress intensity factor for deflecting mode I cracks,
which describes fracture toughness of the composites containing graphene inclusions. As a reference
structure, we have examined pure ceramics or
nanocrystalline metals containing either
transgranular or grain boundary cracks. The results
demonstrated that the addition of randomly oriented
graphene nanoplatelets to a ceramics or
nanocrystalline metal can increase fracture toughness by up to 50%, if the cracks in the pure ceramics or nanocrystalline metal grow along grain boundaries, and by up to 90%, if such cracks tend to be
transgranular. These values correlate well with the
SacZ
b
a]TSf SW
[S b
aM
()( (-r(/)(N] S
O[WrUO VS S ][ ]a
W
b
SaFVca]c OZcZ
Ob
W
]a
confirm that crack deflection is an important toughening mechanism that can lead to significant enVO S[S b]Tb
VSTO b
cSb
]cUV Saa]T SO[Wr
graphene composites. We have also demonstrated
that the optimum (for toughening) graphene concentration strongly depends on the aspect ratio h/p0 of
graphene nanoplatelets and decreases with a decrease in the nanoplatelet thickness h and/or an
increase in the nanoplatelet length p0. At the same
time, if graphene nanoplatelets have the same orientation, these can considerably increase fracture
toughness for the cracks normal to the graphene
nanoplatelets but hardly provide essential toughening for the cracks growing parallel to these
nanoplatelets. The effect of the graphene
nanoplatelet orientation on the fracture toughness
]TSO[WrUO VS S ][ ]a
W
b
Sa ]d
W
RSab
VS]
portunity for fabrication of composites with various
mechanical properties by tuning the geometry of
graphene nanoplatelets.
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