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Abstract. A theoretical model which describes micromechanisms of the deformation-induced formation of
nanovoids and the competition between the nanovoid formation and the deformation-induced formation of
nanocracksin bimodal metal-graphene compositesis presented. In the framework of themaodel, the formation
of nanovoids and nanocracks occurs at the grain boundary (GB) disclination dipoles near the graphene
inclusions. It isdemonstrated that the formation of nanovoids at the GB disclination dipolesis energetically
favorable processin deformed bimodal Ni-graphene composite.

1.INTRODUCTION

Bimodal metal-graphene composites (materials consi st-
ing of large (micrometer-size) grains embedded into a
nanocrystalline/ultrafine-grained (NC/UFG) metal-ma-
trix) demongtrate that combination of bimodal grainsize
distribution with graphene fillers can provide simulta-
neously high strength and good ductility of the com-
posite [1-6]. In such materials, the plastically
nanocrystalline NC/UFG metal-matrix areresponsiblefor
ultrahigh strength, while plastically coarse grains pro-
vide good ductility. Fracture processesin bimodal metal-
graphene composites (having high strength and good
ductility) are the subject of intensive experimental re-
search[5,6], computer simulations|[7,8] and theoretical
examinations [9]. Metal-graphene composites exhibit
either ductile or brittle fracture behavior, depending on
their structural characteristics and the conditions of
mechanical loading. In particular, inworks[5,6], bimodal
metal-graphene composites with the Ni [5] and Al-4Cu
[6] matrices were produced. The bimodal Al-4Cu-
graphene composite exhibited brittle fracture with la-
mellar structuresimplying that microcracksformed dur-
ing plastic deformation of this composite and showed
low ductility [6]. At the same time, bimodal Ni—graphene
composite exhibited ductilefracture with dimpled struc-

tures at fracture surfaces and demonstrated good duc-
tility [5]. In this case, the ductile fracture is viewed to
occur through the void nucleation and coalescence
mechanism. Thus, it seems important to identify the
micromechanisms responsi ble for micromechanisms of
deformation-induced formation of voids as carriers of
ductile fracture and the competition between void for-
mation and deformation-induced formation of brittle
cracks serving as carriers of brittle fracture in bimodal
metal-graphene composites.

The main aim of this paper is to theoretically de-
scribe the competition between formation of nanoscale
voids and brittle nanocracks at GB disclination dipoles
in bimodal metal-graphene composites.

2. MODEL

Itiswell known that specific plastic deformation mecha
nisms such as grain boundary diding, grain boundary
migration and deformation twinning can effectively op-
erate in NC/UFG metals. However, the graphene inclu-
sions act as effective obstacles for the implementation
of the specific deformation modes. Thus, the suppres-
sion of the specific deformation modes often leads to
plastic strain instability which causes the formation of
GB disclination dipole configurations at the graphene
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Fig. 1. Model of theformation of ananocrack and ananovoid at aGB dislocation dipole near aGB grapheneinclusion
in bimodal metal-graphene composite. (a) General view. (b) Formation of a nanocrack at the disclination with the
strength -o of the disclination dipole AB. (¢) Formation of a nanovoid with the axes s and t around the disclination
dipoleAB. Inthiscase, thedisclination dipole AB becomes equivalent to an edge disl ocation with Burgersvector B'.

inclusions (Fig. 1a). The GB disclination dipoles serve
as stress sources capable of initiating the formation of
nanocracks, carriersof brittlefracture and also can initi-
ate the diffusion-controlled formation of nanovoids,
carriers of ductile fracture. Besides, the lattice disloca-
tionsdip which realizesin large grains usualy leads to
theformation of pile-ups of thelattice dislocations (Fig.
1a). The pile-ups of the lattice dislocations create long-
range stress fields that can stimulate the formation of
nanocracks at the GB disclination dipoles.

Consider atwo-dimens onal model of bimodal metal-
graphene nanocomposite under mechanical load (Fig.
1a). In the model, the bimodal metal-graphene
nanocomposite consists of NC/UFG metal-matrix | rein-
forced by graphene inclusions and large (micrometer-
size) grains |1 with an average grain size d embedded
intoaNC/UFG meta-matrix (Fig. 18). Thechemica com-

positions of the NC/UFG metal-matrix | and large grains
Il areidentical. In the framework of the model, the NC/
UFG metal-matrix containsthe GB disclinationsdipoles
at the GB graphene inclusions while the large grains
contain the pile-ups of thelattice dislocations (Fig. 1a).

Consider a GB dislocation dipole AB having
strengths o (hereinafter called +w-disclination dipole)
and arm (distance between the disclinations A and B of
thedipole) p located in NC/UFG metal-matrix and pile-
ups of the lattice dislocations CD and C'D with length
(Fig. 1a). Further, analyze the energy characteristics of
the generation of ananocrack at agrapheneinclusionin
the combine stress field of the dipole AB, the pile-ups
CD and C'D’, and the external shear stress o (Fig. 1b),
and nanovoid around the disclination dipole AB
(Fig. 1c).
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3. FORMATION OF NANOCRACKSAT
GB DISCLINATION DIPOLE

Following the work [10], the GB nanocrack of length |
can be generated at the disclination with the strength
- of thedisclination dipole AB (Fig. 1b). The condition
a( f) > g, for the nanocrack generation is given by the
following expressions[10]:

. (2(\/1+|~—1)_In 1+|~+1J2
I

ql) = =
1+1 -1

()] W

0, =16n(1-v)(2r, ~7,) / (Gpo),

where G is the shear modulus, and v is Poisson’s ratio,
= |/p, v, is the specific (per unit area) free surface
energy, and Yoo isthe specific (per unit area) grain bound-
ary energy, t,=t+ 1T, T, is shear stress caused by the
dislocation pile-ups CD and C'D” in the neighboring
largegrain.

According approach [10], the function q( f) hasone
maximum value g, and the formation of a nanocrack
occurs if g.<q . Condition g.<g, can be rewritten as
p>p,, wherep_= 16p(1-v)(2y-y,)/(Gq, »?) istheminimum
value of the dipole arm p at agiven value of o at which
nanocrack formation at -c-disclination of thedisclination
dipoleAB isenergetically favorable.

Estimate the value 7, of the shear stress from the
pile-ups CD and C'D" in large grain II acting along GB
with the disclination dipole AB. The simplest estimate
of the shear stress T, can be obtained by modeling the
pile-ups CD and C'D" as dipole of superdislocations
[11] with Burgers vectors £B =+Nb, where N = (1-v)dt/
Gb[11] (Fig. 18). Using thewell-known formula[11] for
the stress csfy(x,y) of an edge dislocation in an infinite
medium and formulafor N the expression of thevalue T,
isgiven by thefollowing formula:

27d?

v, =0.°(0,0) = ———,
nl(d+L)

b (2)
where L is a distance between large grain and
-w-disclination of the disclination dipole AB.

4. FORMATION OF NANOVOIDS AT
GB DISCLINATION DIPOLES

Calculate the energy change AW that characterizes the
nucleation of an elliptic nanovoid with axessand t (Fig.
1c) around the disclination dipole AB. The energy
change AW = W,-W, a can be represented as the sum:

AW = AW, +W, W, (3)

where AW  is the change of the disclination dipole AB
energy due to the nanovoid formation, W<, is the free
surface energy of the elliptic nanovoid, and W, isthe
energy of the GB fragments that disappear due to the
nanovoid formation.

Itisknown that adisclination dipoleisidentical to a
wall of edge dislocations and their total Burgers vector
magnitudeisrelated to the dipolearm p and disclination
strength o by the equality [12] B'~wp (Fig. 1a). Thus,
the proper energy of the disclination dipole after the
nanovoid formation is given by the known expression
[13] for the proper energy W_, of the corresponding
superdislocation (with the Burgers vector B'=wp) lo-
cated within the nanovoid. Then, the energy change
AW, of the disclination dipole due to the nanovoid for-
mation can be represented as the difference [13]:

2.2
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where W " is the energy of the disclination dipolein an
infinitemedium, D = G/[2r(1-v)].

The free surface energy W, of the nanovoid per its
unit length can be written as follows:

S

t2
W* =25y, E(l——z} (5)

where
/2
E(m) = [ (1-msin® 0)* do

isthe complete eliptic integral of the second kind.
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Fig. 2. Dependences of the critical values of the dipole
arm, p, (curves1-3) and p, (curve4), for theformation of
a nanovoid and a nanocrack, respectively, on the
disclination dipole strength o at the different values of
the external shear stresst=100 MPa(curve 1), 500 MPa
(curve 2), and 1000 MPa(curve 3).
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Infirst approximation, theenergy W, of the GB frag-
ments that disappear due to nanovoid is given by the
formula:

W, ~ VS (6)

g

Thereation (0AW / 65)|S:S =0 adlowsto calculate
the equilibrium nanovoid length sss att=lnmandata
given value of the strength w. Therefore, the necessary
condition s >p for nanovoid formation can be rewritten
asp=p, , where p_ isdefined by therelation s (wp, )=p.

5. RESULTS

Using formulas (1)-(6) cal culate the dependences p ()
and p (o) inthe exemplary case of bimodal Ni-graphene
composite. To do so, we have used the following pa-
rameter values typical of Ni composite: [11,14]: G=73
GPa, v=0.31,7=1.725 Jnv, 74,=0.69 Jm?. Other param-
eters are taken as d=1000 nm, L=300 nm, and t= 1 nm.
The dependences p () (curves 1-3) and p, (o) (curve4)
are shown in Fig. 2 for different values of the external
shear stresst=100 M Pa(curve 1), t =500 M Pa(curve 2),
and t=1000 MPa(curve 3). Theformation of ananocrack
and ananovoid isfavorableinthe parameter plane (p,o)
region located above the dependences p (w) and p, (o)
and unfavorable in the region located below these
dependences. AsfollowsfromFig. 2, at t=100 MPaand
=500 MPa, p_>p, for any o, which meansthat the for-
mation of a nanocrack at -o-disclination of the
disclination dipole AB is much more difficult than the
formation of ananovoid around this dipole. In contrast
the above result, at t=1000 MPa the formation of a
nanocrack is energetically more favorable than the for-
meation ananovoid for any o (Fig. 2).

6. CONCLUSIONS

Thus, following the results of our theoretical analysis,
the generation of nanovoids and nanocracks at the GB
disclination dipoles which formed near the graphene
inclusions are in competition depending on parameters
of the defect system in bimodal metal-graphene com-
posites. According to our estimates, the nanovoids for-
mation ismore energetically preferred than that of brit-
tle nanocracksin deformed bimodal Ni-graphene com-
positeinwiderangesof their parameters. Theformation
of nanocracksisenergetically favorable at the very high
values of the external shear stress < 1000 MPa only.
Nanovoidscan serve asnuclei for viscousdimple struc-
tures experimentally observed in work [5] at fracture
surfaces of bimodal Ni-graphene composite. The pre-
sented theoretical model explains experimental obser-
vation [5] of theductilefracture of bimodal Ni-graphene
showing good ductility compared to the most metal-

graphene composites which exhibit brittle fracture and
demonstrate low ductility. Thus, the formation of
nanovoids in bimodal metal-graphene composites can
improve the toughness of these composites.
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