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This paper presents a theoretical study on the influence of the geometry (layer thickness and length) and the
magnitude of axially applied tension load on the delamination in a three-layer graphene/PMMA
nanocomposite. Two different analytical solutions (Case 1 and Case 2) for the interface shear stress in the
middle layer of the nanocomposite structure are obtained, based on the application of a two-dimensional
stress-function method and minimization of the strain energy. The theoretical criterion for delamination in the
interface layer, which is based on the model interface shear stress, is formulated. The obtained non-linear
equation with respect to debond length is solved numerically, for both solutions, at different values of the
mechanical load and geometry of the structure layers. For both solutions, it was found that the magnitude of
the applied tension load influences strongly the appearance of delamination in the structure. For Case 1
(thinner PMMA layer) the delamination could be observed over 350 MPa external load; for Case 2 (thicker
PMMA) it could be seen over 750 MPa. If the structure length decreases, under the above-mentioned
conditions, the delamination begins at slightly lower values of the tension load. The magnitude of the applied
load influences also the value of debond length. The obtained results could be used for fast prediction of
safety intervals of applied loads and geometry design (without delamination) in similar nanocomposite devices
to assure their safety working as sensors, nano- and optical electronic devices, energy devices, etc.

1. Introduction

It's been 17 y since graphene was discovered by Novoselov et al. (2005). From that moment the world of
material science is changing constantly, because of the unique graphene structure — a two-dimensional (2D)
atomic crystal and its very surprising properties: Young’s modulus of 1 TPa; intrinsic strength of 130 GPa; very
high thermal conductivity (above 3,000 W mK-'); optical absorption of about 2.3 % (in the infrared limit);
complete permeability to any gases. It can sustain extremely high densities of electric current (on the order of
108 times higher than copper) as is reported by Novoselov et al., (2012). The chemical functionalization of
graphene leads to the creation of new nanoscale materials. For example, Nair et al., (2010) synthesized
fluorographene - a two-dimensional counterpart of Teflon; it has high thermal and chemical stability, also a
great insulating ability just like its macroscale analogue. In the work of Loh et al., (2010) the chemistry and
reactivity of graphene where different molecules are bonded to the carbon monolayer crystal are described.
Another application of graphene is to graphene-polymer composites, which can be used in mechanics,
electronics, medicine, packaging, chemical industries and environmental protection. An implementation of the
graphene nanocomposites is their use as additives in the production of supercapacitors according to Cheng,
(2015). The graphene nanocomposite could be used as a material for the removal of lead ions (Pb?*) from
water as shown in the work of Thy et al., (2020). Graphene oxide membranes (Zunita et al., 2020) could be
used also for metal ions removal from industrial wastewater. The addition of graphene and copper to epoxy
resin has shown significant improvement in mechanical properties, thermal stability and heat resistance of the
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obtained nanocomposite (Li et al, 2017). Despite the wide applications of graphene, currently, there is no
complete life cycle assessment (LCA) on nanomaterials or nanotechnology reported in the literature. Only a
few studies present limited evaluation based on Life Cycle thinking (Mata et al., 2015).

As it can be seen from the review of Dhand et al, (2013) and all mentioned above, graphene and its
derivatives like graphene nanocomposites have a great potential use. Implementation of the nanomaterials
requires the theoretical and practical research of the mechanical properties of the nanocomposite structure, as
well as how it works and react to the applied loads, which geometric dimensions are most appropriate, in order
to determine the optimal dimensions and loads at which the structure could work without destruction.
Experimentally, it was found that the proper choice of the length of the graphene flakes in the nanocomposite
(more than 10 um) is crucial for the prevention of debonding in the structure (Anagnostopoulos et al., 2019).
Nowadays, the finite elements commercial software and molecular modelling (Rahman and Haque, 2013) has
a wide application for simulation of nanocomposites behaviour. But there are only few analytical models that
can describe on macro level the behaviour of the layered nanocomposites under combined loading, and as
was commented in Gong, (2012), their main drawback is that most of them are one-dimensional (shear-lag).
In our previous works (Kirilova et al., 2019) and most recent (Petrova et al., 2022) analytical modelling of the
two-dimensional stresses in the three-layered nanocomposite is proposed, based on the two-dimensional
stress-function method and minimization of complementary strain energy functional. In the available literature,
only the influence of the graphene flake length on the efficient reinforcing in graphene-polymer
nanocomposites is investigated - for graphene/poly(methyl methacrylate) (PMMA) in Androulidakis et al.,
(2019) and for graphene/ Polyethylene terephthalate (PET) in Xu et al., (2016). In both these papers it was
done combining shear-lag model calculations and experimental measurements for determine the interface
shear stress. The influence of other geometric dimensions and magnitude of applied load in the
nanocomposite on the delamination are not studied.

To eliminate the gap between the theory and experimental data, this paper’s focus is set on the modelling of
delamination in a graphene/polymer nanocomposite subjected to static extension load and determining the
factors that influence on it. Using two different geometries for the layer's thicknesses and a parametric
analysis, the influence of magnitude of applied load and of the length of the nanocomposite structure on the
delamination is modelled and investigated. The safety intervals for preventing nanocomposite structure from
delamination in respect to applied load and geometry (thickness and length) are determined.

2. Statement of the Problem and Developed Analytical Solutions

The representative volume element (RVE) of nanocomposite — graphene monolayer/SU-8/PMMA, which is
shown in Figure 1 will be examined in this study. The axial tensile force P (N-m) is applied to the PMMA layer.
The coordinate system Oxy is placed at the left end of the structure with a length /, the y-coordinates for the

layers are:b=h,c=h+h,y,=h+h,+h. In the work of Kirilova et al. (2019), a detailed description and
development of two-dimensional stress function method for axially loaded nanocomposite structure
graphene/SU-8/PET, is presented. In (Petrova et al., 2022) the same method is applied for the structure
shown in Figure 1 and the other type of solution, different from that in (Kirilova et al., 2019) is developed.
Here, for the case of brevity only model assumptions, few of the equations and the two solutions are given.

¥

Graphene monolayer, /;
SU-8 adhesive layer A,

«— PMMA substrate /4, — b =h;
Pe—] —p
— —

Figure 1: Scheme of the three-layer nanocomposite structure

The initial assumptions of 2D stress-function variation method for the considered nanocomposite structure
consist in the following:

1. The axial stresses in the layers are assumed to be functions of axial coordinate x only. Physically, no load
transfer occurs over the layers ends.

2. In the adhesive interface layer the axial stress ¢\ =0 is neglected.
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3. All stresses in the layers (axial, normal (peel) and shear stresses) are determined under the assumption of
the plane stress formulation (standard constitutive strain-stress equations from 2D elasticity theory).

According to Petrova et al., (2022), Egs. (1) and (2) give the two dimensional stresses '), o, ol ineach

layer (i=1,2,a) of the nanocomposite structure, which are expressed in terms of a single stress potential
function (the axial stress of the graphene layer is noted with ¢,, function only of x) and its first and second

derivatives:
1 " .
o =g, (x):al, o‘ﬁ_’ :E(y—y/)2 oy, ol :(ylfy)z)'l (1)
n ' ,
o =0, O';ﬁ) = {71 +h(c- y)} o, O'Lj) =ho, )
) - : ‘ h
O-i.:) =0, = PO, O-)(;) :7p|:y27y(yl+ha)j|0'l, O-,(;\Zr) =pyo,, where p:i (3)

2

Application of two-dimensional stress-function method and minimization of complementary strain energy result
is Eq.(4) - a 4™ order differential equation, in respect to the axial stress of graphene layer o,, with constant

coefficients D, . The latter (Egs. 4-9) depend on the layers thicknesses and their material properties as Young

module and Poisson ratio, also on the magnitude of the applied static tensile load - h,,E(”,v(’),ov0 .

2D,0!" +(2D, -2D,) o, +2D,0, + D; =0 4)
h hp’
ST D (5)
I hh 27 Wh, s
T RSTIYD [ 61 =15k, (3, +h,)+10(y, +h,)" |+ e (387 +6hh, +412 ] (6)
_ v 7pV(2)h1hz [2}12 —3(y,+h“):| @)
3T 3E(1) 6E(2)
2 (v (1+v?) L 2(1+v )R, g
4 :E 70 +g e h hy + e (8)
2 (1 +v(”)h13 2 (1+v‘2’) s 2(1+v(“))hlzhu 9
4= 3 EU) +§ E(Z) h'hy + E(2) ( )
2h,po,
D= (10)

As is shown in Petrova et al., (2022), the homogeneous Eq. (4) has a characteristic equation of fourth order in
respect to unknown stress function o, . The corresponding quadratic equation discriminant can be positive or

negative, so its roots can be real, complex or mixed. The sign of this discriminant depends on the thicknesses
and material properties of the structure layers, e.g. from coefficients D,,i=1+5, but not depend on the external

tensile load o, = P/h, . The last one is included in the solutions for o, in our previous works. After determining
of the function o, and it's derivatives, all the stresses in the structure layers can be obtained, using the Egs.
(1-3). The axial stress in the graphene layer (the general analytical solution in the case (noted here as Case 1)
of four real roots A; (Petrova et al., 2022), and its first derivative are presented by:

0,=C,-exp(4-x)+C,-exp(4,-x)+C,-exp(4,-x)+C,-exp(4,-x)- A4 (11)
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0,=C - Aexp(4-x)+C,- exp(4,-x)+Cy- Ayexp(A -x)+C, - A, exp (4, -x) (12)

Egs. (13) and (14) present the general solution in the case (noted here as Case 2) of complex roots « +if
and its first derivative (Kirilova et al., 2019):

o, = exp(-ax)[M, cos(Sx)+ M, sin(Bx)]+exp(ax)[(M, cos(Bx) + M, sin(Sx)] - A (13)

0"1 =exp(-ax)[M, (-acos(Bx)- Bsin(fBx))+ M,(Bcos(fSx)-asin(fx))]+

+exp(ax)[(M,(acos(Bx) - fsin(Bx))+ M, (asin(Bx)+ fcos(fx))] (14)

The constant 4=D;,/2D, is the solution for non-homogeneous Eq. (4) and depends on external static load and

C; and M; are integration constants in the model solutions, determined from respective boundary conditions.
The delamination in the structure depends on the value of interface shear stress (ISS) in the adhesive layer,
namely ¢ =ho,. If this shear stress is greater than ultimate shear stress in the adhesive layer SU-8 (30

MPa), the delamination takes place for some values of external load and geometry dimensions of the
construction. Having both solutions and their first derivatives, it is easy to obtain the model interface shear
stress in both cases. A theoretical non-linear equation for length of debonding in the structure is presented:

ol (x) = otk (15)
where GL‘;)S is the ultimate shear strength of the adhesive. The value of x for which Eq. (15) holds, is the
debond length of delamination. Graphically, it represents the intersection of the interface shear stress curve

c:f;’ with the straight horizontal line corresponding to 0‘;) =o{fs)9 (the value for the ultimate shear strength).

A parametric analysis is made in the next section, where for each of the obtained ISS solutions and fixed
values for the geometrical parameters, the following parameters can be changed: o, - the value of the axial
load; /- the length of the RVE; #, - the height of the substrate layer; 4, - the height of the adhesive layer. The

aim of this analysis is to obtain safety intervals for geometry and external load for the structure, for which no
delamination occurs.

3. Results and discussion

The geometrical and mechanical characteristics of the considered nanocomposite structure (Figure 1)
graphene flake/SU8/PMMA, are: [=12-10°m, E® =1-10%Pa, E® =3.5-10°Pa, E“ =2-10°Pa,v" =0.13,v¥ =035,
v? =022, unless the other is stated. The layer’s thickness (given in Table 1) is connected to the model
solution for ISS of Case 1 (real roots) — Eq. (12) and Case 2 (complex roots) — Eq. (14). All calculations of ISS
are performed in developed Mathcad Prime programs, the graphics were built in Sigma Plot, v.13. Here, the
discriminant of quadratic equation and its roots are given in Table 1 together with the geometry configuration
in the layers for two Cases.

Table 1: Geometry configuration for calculated model solutions for interface shear stress in adhesive layer of
nanocomposite structure

Discriminant for Roots of quadratic
Case hy,m ha,m ho,m . . .
quadratic equation equation
Case 1 0.35x10° 1x10-8 2x10¢ 4.38x10% 1.333x10"3 ; 1.123x10"3
Case 2 0.35x10° 4x108 1x105 -3.681x10% (4.942x10")+/ (9.593x10")

The parametric analysis is performed for both solutions for ISS in Table 1. First, the magnitude of applied
static tension load was varied, for fixed values of the material properties and geometry as they were defined.
The influence of magnitude of external load on the interface shear stress for Case 1 is shown in Figure 2. The
same procedure was repeated for Case 2 to investigate the effect of different thicknesses of layers on the ISS.
For both Cases the length of the structure is fixed at 12 ym.
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Figure 2: Influence of the magnitude of applied mechanical load g, on the interface shear stress in adhesive
layer, for Case 1 solution
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Figure 3: Influence of the magnitude of applied mechanical load g, on the interface shear stress in adhesive
layer, for Case 2 solution

The following result is obtained for Case 1: if g, = 350 MPa, then a delamination of the graphene layer occurs,
which is visible from the fact that graphically ISS are larger than the critical value for adhesive — 30 MPa (red
line in Figure 2). The value of calculated debond length by Eq. (15) for the maximal applied load (3.5 GPa) is
about 1.5 ym. For the ISS at Case 2, from the parameters presented, will give: if g, = 750 MPa, then a
delamination of the graphene layer will occur. The value of calculated debond length by Eq. (15) for the
maximal applied load (3.5 GPa) for Case 2 is about 3.5 ym. These results for debond lengths coincide very
well with experimentally obtained data for interface shear stress of (Anagnostopoulos et al., 2019) for the
graphene/SU-8/PMMA.

The other part of the parametric analysis is connected with the influence of length structure on the
delamination in it. Four different structure lengths (from 6 to 30 um) were tested to analyse influence of the
geometrical parameters of the substrate layer and to determine the critical magnitude of the applied load, after
which a delamination will occur. The results are presented in Table 2.

Table 2: Critical magnitude of applied load, over which delamination appears for various structure lengths

Case /=6 uym /=12 uym /=20 um /=30 um
Case 1 0022.5x108 Pa  0023.5x108Pa  0p=8.5x108 Pa  0,=3.3x10° Pa
Case 2 0027.5x108 Pa  0g27.5x108 Pa  0p27.2x108 Pa  0¢28x108 Pa

It can be concluded for Case 1, that delamination depends strongly on the structure length and occurs at
higher loads with length increasing. This is confirmed by the experimental observation of Gong (2012) for the
efficient stress transfer for graphene flakes >30 ym. For Case 2 (thicker structure) practically, there are no
influence of the length on the critical load after which delamination takes place.



468
4. Conclusions

The parametric analysis over the influence of the geometry (layer thickness and length) and the magnitude of
axially applied tension load on the delamination in a three-layer graphene/SU-8/PMMA nanocomposite
structure is performed. Based on the model solutions for all stresses in the structure considered, the model
ISS in the middle adhesive layer is calculated for different geometry of the structure (Case 1 and Case 2) and
different magnitudes of the applied load. It was found that safety intervals (without delamination in the
structure) with respect to loading could be fixed up to 350 MPa for thinner Case 1 and up to 750 MPa for
thicker Case 2. The values of debond lengths are determined in both Cases by the proposed non-linear
equation for ISS and coincide well with those reported in the literature. The length of the structure influences
the delamination for thinner Case 1 significantly; for thicker geometry (Case 2) it is not essential.
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