Reviews on Advanced Materials and Technologies, 2024, vol. 6, no. 3, pp. 89-95
DOI: 10.17586/2687-0568-2024-6-3-89-95

Model of Ductile Fracture Initiation in Metal/Graphene Composites

N.V. Skiba“ ), A.G. Sheinerman

Institute for Problems in Mechanical Engineering, Russian Academy of Sciences, St. Petersburg 199178, Russia

Article history

Abstract

Received July 15, 2024
Accepted July 22, 2024
Available online July 25, 2024

We suggest a model that describes the initiation of ductile fracture in metal/graphene
composites. Within the model, the cracks are generated at dislocation pileups formed at
the metal/graphene interfaces in the course of plastic deformation of composites. The
transformation of these cracks to elongated voids and their coalescence leads to ductile
failure of metal/graphene composites. For an exemplary case of Al-4Cu/graphene com-
posites we have calculated the critical strain for the ductile fracture initiation as a func-
tion of the structural parameters of graphene platelets. Assuming that strain to failure is
mainly determined by the strain for fracture initiation, we have calculated the strain to
failure of metal/graphene composites. It appeared that strain to failure is maximum in
the case of short graphene platelets. The calculated values of strain to failure agree with

the experimental data for Al-4Cu/graphene composites.
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1. INTRODUCTION

Recently, metal/graphene composites have attracted sig-
nificant interest due to their enhanced strength, electrical
and thermal conductivity and corrosion resistance; see.
e.g., reviews [1-20]. The incorporation of graphene into
metal matrices results in materials with improved mechan-
ical performance, wear resistance, and thermal stability,
making them promising candidates for a wide range of ap-
plications in the aerospace and automotive industries,
electronics, and structural engineering.

One of the key advantages of metal/graphene compo-
sites over traditional pure metals or metal alloys is their
enhanced strength. Graphene in the metal matrix acts as a
reinforcing phase, effectively hindering dislocation mo-
tion and facilitating the load transfer within the composite,
further enhancing its mechanical properties; see, e.g.,
Refs. [7,18]. For example, various studies demonstrated
that the addition of graphene can increase both yield and
ultimate strength of metals and metal alloys [1-20]. At the
same time, an increase in strength is often accompanied by
a decrease in tensile ductility, which can be related either
to necking or to ductile fracture. While the effect of gra-
phene inclusions on strength is theoretically studied in

various papers (see, e.g., review [18]), the effect of gra-
phene on fracture behavior of metal/graphene composites
attracted only limited attention [21-27].

For example, Jiang et al. [21] developed a cohesive
zone model (CZM) to simulate the interfacial behavior be-
tween graphene coatings and Al substrate. The finite ele-
ment (FE) simulations of deformation of Al/graphene
composites with a progressive damage at the Al/graphene
interfaces were performed by Su et al. [22] and Song et al.
[23]. These models, however, only examined fracture in
terms of adhesion of the metal matrix and graphene and
did not consider the microstructure of the metal matrix as
well as the crack initiation and propagation at grain bound-
aries and inside grains. Liu et al. [24] combined the crystal
plasticity FE modeling with the CZM to simulate the dam-
age evolution of the deformed Al/graphene composites.
The works [25-27] combined the mechanism-based theo-
retical stress-strain relations of metal/graphene compo-
sites with the description of a process of damage accumu-
lation characterized by a damage parameter. However, the
studies [24,27] did not reveal the relation between the
strain to failure and the structural parameters of the com-
posites. The authors of work [26] predicted that the strain
to failure should increase with a decrease in the thickness
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Fig. 1. Model of the ductile failure of a metal/graphene composite. (a) Lattice dislocations slip across the grain. (b) Formation of a
dislocation pile-up AO at the boundary of the graphene platelet and the matrix, and generation of a crack with length / at the dislocation
pile-up. (¢) The dislocation pileup AO is modeled by a superdislocation with the Burgers vector magnitude Nb.

to length ratio of graphene platelets, while Ref. [25] con-
firmed that the strain to failure of Cu/graphene composites
reduces with an increase in the graphene volume fraction.
At the same time, the above studies did not examine the
exact mechanism of fracture initiation and propagation.
The aim of the present study is to suggest a model of duc-
tile fracture initiation in metal/graphene composites and to
reveal the dependences of the strain to failure of such com-
posites on the structural parameters of graphene platelets.

2. MODEL

Let us consider a deformed composite solid under the action
of a uniaxial tensile mechanical load c,,. Within the model,

the solid consists of a matrix based on a metallic alloy and
graphene platelets located along grain boundaries (GBs).
Graphene platelets are modeled as disks with a diameter L
and thickness / and their average lateral size is assumed to
be smaller than the characteristic GB length (Fig. 1a).
Following the results [28] on the ductile fracture of
Al2024/graphene composites, we assume that the ductile
fracture of metal/graphene composites occurs via the gen-
eration of cracks or voids at graphene platelets and the
propagation of cracks to other graphene platelets. Within
this approach, we suppose that ductile fracture occurs via
the formation of cracks near graphene platelets. These
cracks transform to elongated pores. If their length is close
to the distance between neighboring graphene platelets,
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these pores can coalesce resulting in ductile failure. We
also assume that after the initiation of the initial cracks
with sufficient lengths near graphene platelets, subsequent
failure through the transformation of these cracks to pores
and their coalescence proceeds very quickly. As a result,
strain to failure can be approximated by the critical strain
for the formation of a crack that is stretched from one gra-
phene platelet to another.

Consider an individual graphene platelet AO at a GB
(Fig. 1a). Under the action of the mechanical load o, lattice
dislocations with the Burgers vectors b slip in the grain in-
terior and stop at graphene platelets and GBs (Fig. 1a). Fol-
lowing the results of experiment [29], we assume that the
slipping lattice dislocations are accumulated at graphene
platelets, while they are not accumulated at graphene-free
parts of GBs due to the fast recovery (Fig. 1b). As a result,
a pile-up of edge dislocations with the identical Burgers
vectors b =a~2 /2 (where a is the lattice parameter) is
formed at the boundary AO of the graphene platelet and the
matrix, and is fixed at the edge of the graphene platelet at
point O (Fig. 1b).

Next, consider generation of a nanocrack with a
length / at the dislocation pile-up near edge O of the gra-
phene platelet in the sum stress field of the dislocation
pile-up and the external load o, (Fig. 1b). In the follow-
ing, we focus on the case of short graphene platelets,
where the crack length / is much greater than the platelet
length L.

In this case, for the calculation of the equilibrium crack
length /, the dislocation pileup AO will be modeled by a
superdislocation with the Burgers vector magnitude Nb
(Fig. 1c), where N is the number of dislocations in the
pileup. Within the model, the Burgers vector of the super-
dislocation makes an angle o with the normal to the direc-
tion of the applied load o, (Fig. lc).

Let us calculate the critical length / of the nanocrack. To
do so, we introduce the polar coordinate system (r, 0) asso-
ciated with the crack with the origin at the point O as shown
in Fig. 1c. In the framework of the model, the nanocrack
opens under action of the normal, 7, (7,0) and oy, (7,0),
and shear, 6%, (r,0) and 6’ (r,0), components of the stress
fields created by the external load (c7,) and the superdislo-
cation (c%). To calculate these components, we use the Car-
tesian coordinate system (x,y) (Fig. 1c) and the well-
known stress components of the superdislocation [30]:

o = _pap Y3+

(< +y)
y(x*=»*)
Giy =DNb 2 2N\2 ?
x"+y7)
X x2 _ 2
ot = DNp 25—, (1)
(x"+y7)

where D = G /[2n(1-V)], G is the shear modulus, and v
is the Poisson ratio.

Using formula (1) and the coordinate transformations
x=rcos® and y =-rsin®, we can rewrite the stress
components Gy, (7,0) and o’ (r,0) as follows:

O (r,0) = o7, sin” 8+ cos’ B+, sin 20, )
Gy (r,0) = (o}, —0) )sinBcos O+ o7, cos26. (3)

The components of the stress created by the external
load o, in the plane of the nanocrack are expressed as

64y (7,0) = 5, cos” (o — 0), “
6% (r,0) = 5, sin 2(a. - 0). 5)

To characterize quantitatively the conditions of the
nanocrack generation, let us calculate in the first approxi-
mation the critical length / of the nanocrack. To do so, we
will use the following condition of crack growth [31]
F > 2vy, which gives the balance between the strain energy
release rate F' associated with crack growth and the spe-
cific energy of the formation of two new nanocrack sur-
faces characterized by the surface energy y per unit area.

The energy release rate can be written as [31]

n(l-v) _, _
= T Gée +Gg)s (6)

F
where G, and G, are the mean weighted values of the
sum stress components G, (7,0) = cp(7,0)+ cf;e(r, 0)
and ,,(r,0) =% (r,0)+ 0% (r,0), respectively. These
mean weighted values are determined by the following
formulas [31]:

_ 2 | r
G0 == et /:dr, (7)
0

_ 2
G =— j G, (r.0)

" _ar. (8)
-7

When a nanocrack forms in the stress field of a super-
dislocation, its growth is energetically favored until its
length reaches an equilibrium length /,, which can be
found from the critical condition F(/ =/,) =2y [31]. Sub-
stituting formula (6) to the latter condition, we obtain

8Gy — | =2
———— =0, tO0,. 9
nd-vy, ®
3. RESULTS

With the help of formulae (1)—(5) and (7)—(9), we can
relate the parameter N to the equilibrium nanocrack
length /,. Following [28], we assume that ductile failure
occurs via the generation of cracks at graphene platelets,
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their transformation to pores and coalescence. Under this
assumption, we postulate that ductile failure can occur if
the nanocrack is large enough to connect to neighboring
graphene platelets. This can be the case if its equilibrium
length is not smaller than the average distance between
graphene platelets. Thus, the critical condition for ductile
failure can be written as /, =/, where /; is the distance
between the edges of the neighboring graphene platelets.

According to the work [32], the average distance be-
tween the edges of neighboring graphene platelets can be
expressed as

Lh 4L
lo(fv) - TC\/%—?,

where f, is the volume fraction of the graphene platelets.

In our case, the number N of the dislocations at the gra-
phene platelets depending on the true plastic strain €, is
given by the formula [33]:

. _B,M ]
N=a,Ln |1-ex —¢€ R
0 { p[ w7

where o, <1 is a parameter that takes into account the
presence of dislocations at the lower boundary of the gra-
phene platelet, B, =1 is the geometric factor, M = 3 is the
Taylor factor and »" is the model parameter that has the
meaning of the maximum number of dislocations that can
be accumulated at the graphene platelet.

Thus, the true plastic strain can be expressed from for-
mula (11) as follows:

(10)

(11)

(12)

Z

~ o o0
/c> 2 3

Within the framework of the model, it is assumed that
the ductile fracture of the composite occurs when a crack
of length /; is formed at the dislocation pileup. This occurs
when a critical number N, of the dislocations is accumu-
lated at the graphene platelet boundary. In this situation,
the critical true plastic strain for ductile failure ¢ is de-
finedase, =¢,(N=N,), where N, = N|1:’o(./;‘)'

Then, using the equality ¢, =exp(e,) —1 that relates
the engineering plastic strain ¢, with the true plastic
strain ¢,, we can relate the critical true plastic strain
€.(f,,L) to the critical engineering plastic strain to fail-
ure g5(f,. L) =¢, (¢, =¢,).

At first, let us calculate the dependence the critical
number dislocations N, on the azimuthal angle © in the
exemplary case of Al-4Cu/graphene composite. The ma-
terial parameters are as follows: G =28 GPa, v=0.33,
y =~ 1.5 J/m? The external true stress o, was chosen to be
300 MPa, which corresponds to the average ultimate true
stress obtained in the experimental work [34] for Al-
4Cu/graphene composite. We accept this assumption since
the critical plastic strain weakly depends on the external
stress 6,. The length L and the thickness # were taken as
100 nm and 10 nm, respectively. In the following, we fo-
cus on the case of sufficiently small graphene volume frac-
tion, for which the relation L <</, required for the re-
placement of the dislocation pileup by a superdislocation
(Fig. 1b,c) is satisfied. The dependences N, (6) for
o =45° and various values of the graphene volume frac-
tion f, are shown in Figure 2. As follows from Fig. 2,
crack nucleation is most favorable at the angle 6 ~ 45°.

Now let us calculate the dependences of the engineer-
ing strain to failure €/ on the graphene volume fraction f,

£=0.1%

S~ e
~—

1%
\ /
20
. . . 0
-90° -45° 0° 45° 90°

Fig. 2. Dependences of the critical number of dislocations N, on the azimuthal angle 0 for various values of the graphene volume

fraction f,.
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Fig. 3. Dependences the engineering strain to failure £ on the graphene volume fraction f, for various values of the graphene platelet
length L. Triangles correspond to the experimental data from work [34].
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Fig. 4. Dependences the engineering strain to failure ¢ on the graphene volume fraction f, for various values of the

graphene platelet thickness 4.

for various values of the length L and the thickness /, us-
ing the same parameters as above and the parameters
o, =0.8 and n" =0.7 nm! as the fitting parameters. The
dependences € (f,) are shown in Figure 3 at 47 =10 nm
and in Figure 4 at L = 100 nm. These dependences demon-
strate good agreement with experimental data [34] at val-
ues of the length L = 100 nm and the thickness 2 = 15 nm.
It is seen from Figs. 3 and 4 that the engineering strain to
failure € decreases with an increase in the graphene vol-
ume fraction f,. For a preset graphene volume fraction f,,
€; increases with a decrease in the graphene platelet length

L and an increase in their thickness /4. An increase in the
strain to failure & with graphene platelet thickness / can
be explained by the fact that for a specified volume frac-
tion of graphene, an increase in the platelet thickness
leads to a decrease in the number density of graphene
platelets. This implies an increase in the average distance
between graphene platelets, and, as a result, a rise in the
critical crack length /, for the onset of ductile failure.
Also, an increase in the strain to failure with a decrease
in the graphene platelet length L can be associated with
a decrease in the number of dislocations accumulated at
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each graphene platelet at a given plastic strain. The
smaller number of dislocations at the platelets provides
smaller stress concentration. This hinders the growth of
nanocracks near graphene platelets and thereby increases
strain to failure.

4. CONCLUSIONS

Thus, we have suggested a theoretical model that enables
one to calculate the strain to failure of metal/graphene
composites for the case where these composites fail due to
ductile fracture. Within the model, ductile fracture occurs
via the formation of cracks near graphene platelets, their
transformation to pores and subsequent coalescence. For
the exemplary cases of Al-4Cu/graphene composites it is
demonstrated that strain to failure decreases with an in-
crease with the graphene platelet volume fraction. This
can be explained by a reduction of the distance between
graphene platelets with an increase of the graphene vol-
ume fraction, which facilitates the propagation of cracks
between graphene platelets. The calculations also demon-
strate that at a specified volume fraction of graphene, the
strain to failure in the case of ductile fracture is maximum
for short graphene platelets.
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Mogaesb HauaJIa BA3KOr0 pa3pylieHusi KOMIIO3UTOB «MeTajlI/rpaden»

H.B. Cxkuba, A.I'. llleiinepman

Wucruryt npobnem mamunoseaeHus PAH, Caunkr-ITerepOypr 199178, Poccust

AnHoTauus. IIpeqnoskeHa MO/eNb, ONMCHIBAIOIAs HAYAIBHYIO CTaMIO0 BSI3KOTO Pa3pyIICHHs] B KOMIIO3UTaX «Meramr/rpadeny. B
paMKax MOJCIH TPELIMHEI 3aPOKAAI0TCS B MOJE HANPSDKCHUI JUCIOKALMOHHBIX CKOILUICHMH, 00pa3yonmxcst Ha TpaHuIax pasjena
«Metawr/rpaden» B mporecce MmIacTHYecKoi AeopManun KoMrno3utos. [IpeoOpa3oBaHue 3TUX TPELIHH B YIUIMHEHHBIC MOPHI H UX
CIIUSIHUE TIPUBOJHUT K BS3KOMY Pa3pyLICHHIO KOMIO3UTOB «Metaiur/rpaden». s ciayuast komnoszuro Al-4Cu/rpaden paccunrana
KpUTHYECKast AehOpMaList sl Hadasaa BI3KOTO Pa3spyLICHHS B 3aBUCHMOCTH OT CTPYKTYPHBIX ITapaMeTpoB IpadeHOBBIX MITACTHHOK.
IIpexanosaras, 9to geopMaryst 10 Pa3pyLICHHs B OCHOBHOM ONpeAessieTcs: aehopMariel, Ipyu KOTOPOil BSI3KOE pa3pyILICHHUs HauH-
HAeTCsI, MBI pacCuUTan JeOpMAIIHIO 10 pa3pyIICHHUs] KOMIIO3UTOB «MeTa/rpaden». Oka3anock, 4yto aedhopManust 0 pa3pyIieHuUs
MaKCHMajbHa B CIy4ae KOPOTKHX IPaeHOBBIX IUIACTHHOK. PaccunTaHHble 3HAaUCHHS AeOPMAIMK A0 Pa3pyLICHHUs COIIACYIOTCS C

IKCIIEPUMEHTAIbHBIMH JaHHBIMH 1715t KoMIo3uToB Al-4Cu/rpadeH.

Kniouesvie cnosa: meranisl; rpadeH; KOMIO3HUTBI; Pa3pyIICHHUE; TPSLINHBI
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