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This article focused on the study of the influence of morphological parameters on the mechanical performance
(Young’s modulus) of Cellulose Acetate-Graphene Oxide nanocomposites produced by Supercritical CO,
assisted phase inversion, by means of an algorithm managing two parametric variational 3D finite element
(FE) models simulating micro- and nano-level of the nanocomposite. Micro-level showed interconnected
spherical pores, while nano-level showed a dispersion of not fully exfoliated graphene sheets. 3D FE model
exploited the periodic representative volume element (PRVE) concept and accounted for the nanocomposite
morphology as determined from Field Emission Scanning Electron Microscopy (FESEM) experiments. Model
predictions were compared with experimental results obtained by compression tests at different weight
percentages of graphene oxide with respect to the polymer. Once validated, such a FE simulation procedure
allows to know in advance which and how to vary the geometrical parameters during the nanocomposite
production to improve its final mechanical performance.

1. Introduction

Because of the difficulties in experimental investigation of nanostructured materials, analytical and numerical
simulations are getting more attractive as alternatives. Analytical micromechanics theories such as Mori-
Tanaka (Benveniste, 1987) and the Halpin-Tsai (Halpin, 1969) have been widely used (Chivrac et al, 2008) for
the evaluation of composite materials properties, but they show documented limitations in the evaluation of the
micro effects involved with individual fillers. In the field of modeling of elastic properties of composite
structures, finite element (FE) method have been also widely used (Zeng, 2008) since it is possible more
precisely to take into account adjacent fillers effects on the composite homogenized properties. Cricri et al.
(2012) recently compared 3D FE, Mori-Tanaka and experimental results conducted on nanocomposite films
and concluded that FE estimations are reliable and promising. In particular, numerical tools enables to take
into account the effects of different morphology parameters (the sheet interlayer spacing, the average number
of sheet per stack, etc.), which cannot be directly accessed experimentally. Several attempts to model the
effects of geometrical and material parameters on the elastic behavior of polymer-clay nanocomposites, have
been already reported (Farnes and Paul, 2003; Van Es et al., 2001; Liu and Brinson, 2008; Figiel, . and
Buckley, 2009) and numerous complexities arise when comparing composite theory to experimental data.
More recently, hierarchical modeling techniques take into account also the effect of the size and shape of the
nanoparticles on the stiffness of polymer nanocomposites (Li et al., 2011). A better understanding of the
influence of processing conditions on nanocomposite performances represents a key issue to facilitate the
design and development of these systems. For this reason, is highly demanded by the industry.

This manuscript focuses on the modeling of the mechanical behavior of Cellulose Acetate (CA)-Graphene
Oxide (GO) nanocomposite membranes. At this purpose, a 3D FE multiscale approach has been introduced.
In the specific, a FE model representing the nanoscale has been realized by means of an original algorithm
that generates the nanosheets position with the support of FESEM images. Periodic boundary conditions
(PBC) and a PRVE sizing method were used to minimize the size of the model that gives acceptable scatter.
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The GO particles were modeled as corrugated sheets, trying to pay attention to the spatial distribution and
orientation; then, the homogenized results, in terms of elastic moduli, have been introduced in a PRVE
representing the microscale modeled in the FE environment as a close-packing of equal spheres based on the
theory of hexagonal close-packed (hcp). Finally, FE results have been compared with experimental results
and a very good matching has been achieved confirming the validity of the reported FE procedure.

2. Materials and methods

Cellulose acetate, CA, (average Mn ca. 50 000 with acetyl content of 39.7 %), N-Methylpyrrolidine, NMP,
(purity 99.7 %) and Graphene Oxide powder, GO, (bulk density ~1.8 g/cm®) were bought from Sigma-Aldrich.
CO2 (99.5 % purity) was supplied by Morlando Group S.R.L. (Sant’Antimo, NA - Italy). All materials were used
as received.

2.1 Preparation, characterization and properties of the nanocomposite

CA/GO nanocomposites were produced by a supercritical CO, (SC-CO,) assisted phase inversion process
(Cardea et al., 2014; De Marco et al., 2014; Baldino et al., 2016). Solutions of CA in NMP with a concentration
of 25 % w/w were prepared. Subsequently, GO was suspended in the polymeric solution at different
concentrations: 3 % w/w and 9 % w/w with respect to the polymer. Then, the suspension was spread on steel
caps inside an high pressure vessel and phase separated using supercritical CO, (SC-CO;) for 4 h, at 200 bar
and 40 °C, with a CO; flow rate of about 1.5 Kg/h. Other details about the supercritical process can be found
in a previous work on CA/GO nanocomposite production (Baldino et al., 2015a). CA/GO nanocomposites were
cryofractured using liquid Nitrogen; then, the samples were sputter coated with Gold (Agar Auto Sputter
Coater mod. 108 A, Stansted, UK) at 30 mA for 160 s and were analyzed by FESEM (mod. LEO 1525, Carl
Zeiss SMT AG, Oberkochen, Germany) to check the pore size and the overall structure morphology.

Sigma Scan Pro 5.0 (Jandel Scientific, San Rafael, CANADA) and Origin 8.5 (Microcal, Northampton, USA)
were used to determine the average diameter of the pores in the structure. Images taken at various locations
in the structure were used for each calculation. We measured about 300 pores for each sample analyzed.
Using Origin software, we first represented a histogram with the percentage of the pores having a given
diameter; then, we performed a curve fitting to obtain the distribution curve. A quasi-constant overall porosity
(between 80 and 82 %) of the samples was also measured. Compressive mechanical properties of the
nanocomposites were measured using an INSTRON 4301 (Instron Int. Ltd, High Wycombe, UK). Cylindrical
samples with a diameter of 2 cm and a mean thickness of 4 mm were compressed at a cross-head speed of 1
mm/min. The compressive modulus is defined through the shape of the initial linear portion of the stress-strain
curve. Five specimens were tested for each sample.

The CA/GO nanocomposite showed in all cases a porous morphology, as the one reported in Figure 1.
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Figure 1: Example of CA/GO nanocomposite morphology.

The mean pore size was: 9.7 £ 2.4 ym and 15.2 + 3.9 ym for the CA membranes loaded at 3 % w/w GO and 9
% wiw GO, respectively.

The Young modulus of CA membrane was around 123 + 20 MPa; whereas, the Young modulus of CA/GO 3
% w/w and CA/GO 9 % w/w was 327 + 31 and 549 + 53 MPa, respectively.
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2.2 FE modeling

Modeling the micrometric porous structure

By using Ansys FE simulation environment, an algorithm has been written that, depending on the porosity,
realizes a porous hexagonal prism-shaped PRVE, based on the theory of hcp (Baldino et al.,2015b; Naddeo
et al, 2016) (see Figure 2). This shape has been chosen because the linear elastic behaviour and
micromorphology is very well approximated.

We can easily calculate the homogenized Young’s modulus along the axis of the prism, using the following
relationship:

(o)
(Exx)

(1)

XX

(e4x) being the strain component applied to the PRVE in the x direction; and

OxxiVi
(002} = ZT 2)
14
in which oxyi is the x normal component of the Cauchy Tensor and v; the volume of the i-th finite element of the
model; V, the volume of the pore-free virtual hexagonal prismatic PRVE.

b

Figure 2: PRVE FE model (micrometric structural level): a) Top view; b) 3D view.

Modeling the nanometric structure

By means of a semi-automatic FESEM image analysis (Cricri et al., 2012), we realized that the particles
(modeled as square sheets) arranged themselves substantially in a random way (orientation and position). An
average percentage of intercalated clusters were evaluated equal to 10 % and an average spacing of 5 nm
was measured. An average number of sheets per cluster of 3 was measured and introduced in the virtual
model. For this work, we used an original parameterized Random Sequential Adsorption Algorithm (RSAA)
that creates an easily manageable parametric FE model, which has all the information concerning with the
morphology of the hybrids and the mechanical properties of the composite phases. The nanocomposite
systems were represented by a periodic distribution of sheets in an infinite matrix. As repetitive cell of this
distribution, we have chosen a reasonably small cubic-shaped portion of space (PRVE), to minimize FE runs’
computational times. The RSAA shows some very well documented limits (Jamming limit) (Viot et al., 1992).
These limits are related to the inability to go beyond a certain threshold of the volume fraction of filler (GO).
This value decreases with decreasing aspect ratio of the filler sheets. For this reason, in this work we have
decided to model only the sample loaded at 3 % w/w GO, which is characterized by a lower volume fraction.
The nanosheets were modeled as square sheets, whose geometric parameters’ values were mediated from
those extrapolated by FESEM image analysis (see Figure 3a). The centroids and the orientations of the
square sheets were randomly generated. For all simulations, a sequential generation of square sheets was
performed imposing two conditions: 1) generated nanosheets must not overlap each other within the domain;
2) parts of the nanosheets that intersect the outline and so lie partly outside the PRVE, must be included in the
PRVE on the opposite side of the boundary. This arrangement was used to obtain a FE model with
geometrical periodicity that allows the implementation of the PBC (Hori and Menat-Nasser, 1999) to
extrapolate the mechanical properties more accurately. The square sheets were assumed to be perfectly
bonded to the polymer matrix and therefore, merged with the matrix during the realization of the FE model
(see Figure 3b). A convergence analysis of the results (in terms of mechanical properties) was realized.
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Figure 3: PRVE modeling the nanometric structure: a) 3D wireframe geometry; b) 3D FE model.

An ad hoc written FE routine was used for creating an identical surface distribution of nodes on the opposite
sides (Naddeo et al., 2014) in order to apply displacement which can be expressed in the following synthetic
matrix form:

U —uy = e(Xp — Xy) )

With ¢, being the strain tensor, X; (i = 1, 2) being the position vector of the points belonging to opposite sides
of the PRVE and u; being the relative displacement. For each simulation, this routine performed three virtual
static tensile tests and three static shear tests (with imposed average strains) in order to have an exhaustive
representation of the mechanical behavior of the structure. Imposing the overall strain to the PRVE: (¢) =
[0 ...(¢;) ... 0] and assuming elastic behaviour and small strains of the material, for each i-th imposed strain, the
routine allowed for calculating all the components of the corresponding i-th column of the stiffness matrix using
the following formulation (elastic overall constitutive law):

—  A{on)

Cri = ) (4)
vh,i=1,..,6, with (g;,) being the stress component calculated in the FE post-processing environment, using
the following relation:

Yelem Jhelemv()lelem
volpyg

(5)

{op) =

Ohgem D€ING the h-th stress component of the single finite element, due to the i-th imposed strain, vol;em,

being the element volume and volg,; the volume of the PRVE. In this way, the routine calculated all the
components of the stiffness matrix with Eq(4) by means of a single FE run, characterized by six sequential
imposed strains. Finally, the routine automatically provided the stiffness and compliance matrices of the
examined cubic PRVE in output. The PRVE size influences the simulation computational effort and the
possibility that the nanosheets distribution can be distorted (the position of a sheets may affect the position of
the sheets generated later). For this reason, intrinsic statistical characteristics were taken into consideration
when choosing the PRVE size in order to obtain an acceptable starting isotropic degree. An original isotropic
criterion (Cricri et al., 2012) to optimize the size of the cubic PRVE was implemented.

3. Results
3.1 FE modeling results and improvements by means of parameterization

As reported in paragraph 2.2, we approximated the micrometric structure to a “close-packaging of equal
spheres” (Figure 2) obtaining a homogenized resulting Young’s modulus equal to about 5 % of the Young'’s
modulus introduced as input, the porosity being set at the experimental value of about 82 %. Therefore, by
introducing as input the Young’s modulus of the neat CA equal to Eca = 2400 MPa and a Poisson ratio equal
to vea = 0.3827 (Azom, 2016) in the micrometric PRVE, we obtained a homogenized numerical value of the
Young’s modulus, representative of the microporous structure, equal to Erg_ca = 119.21 MPa. This Young’s
modulus value is fairly close to the one experimentally obtained (Eex = 123 £ 20 MPa). Then, introducing in the
nanometric PRVE a Young’'s modulus of GO equal to Eco = 425 GPa and a Poisson’s ratio of GO equal to veo
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= 0.197 (Nikolaou et al., 2016), we obtained a homogenized Young’s modulus, corresponding to CA/GO 3 %
w/w, equal to Ere_ca_co = 5050 MPa. This value was averaged among those calculated in the three mutual
perpendicular directions of the cubic PRVE after reaching a good degree of isotropy (see section 2.2). This
numerical value, representing the nanocomposite CA/GO, has been introduced in the micrometric PRVE in
order to evaluate numerically the effect of the micrometric pores on the mechanical behavior of the
nanocomposite in terms of Young’s modulus, obtaining Ere ca co = 355 MPa. This result slightly
overestimates the experimental one (327 + 31). This phenomenon can be easily explained considering that
the GO sheets actually exhibit a rough surface showing wrinkles. It is possible to demonstrate that particles
having this shape tend to behave like flexible elements (springs) reducing the overall structural rigidity of the
nanocomposite (Shen et al., 2014). This leads to a reduction of the homogenized Young’s modulus. For this
reason, on the bases of FESEM image analysis, the algorithm versatility allowed us to easily introduce
wrinkles in the nanosheets by modeling them as sheets having a corrugate profile (see Figure 4b).
Furthermore, a sensitivity analysis has been done, number of corrugation (5 for each sheet) and volume
fraction being equal, varying the corrugation angle and keeping the sheets aspect ratio in a fairly narrow
neighborhood of the average experimental value. In correspondence of a corrugation angle equal to a = 120°
(see Figure 4c) we have obtained as result a homogenized Young’s modulus of Ere_ca_co = 332.00 MPa, very
close to the experimental one (327 + 31). Table 1 shows the comparison between experimental and numerical
results in terms of Young’s modulus.

b c

Figure 4: FE model: a) polymer matrix and corrugated GO sheets; b) isolated corrugated GO sheets; c)
corrugation angle.

Table 1: Comparison between experimental and numerical results

Young’s modulus Experimental (MPa) FE (MPa)
CA 123 £ 20 119
CA/GO 3 % wiw 327 £ 31 332

4. Discussion, conclusions and perspectives

This work was focused on the FE modeling of mechanical behavior of CA/GO nanocomposite membranes
produced by SC-CO, assisted phase inversion. Comparison between numerical and experimental results, has
confirmed the reliability of the numerical procedure used in this study that reached a good approximation of
the experimental trend. Numerical results slightly overestimate experimental results once sheets are
considered as flat particles. This phenomenon can be easily explained considering that the GO sheets actually
exhibit a rough surface showing wrinkles tending to reduce the overall structural rigidity of the nanocomposite.
This leads to a reduction of the homogenized Young’s moduli. Moreover, the nanosheets were assumed to be
perfectly bonded to the polymer matrix without consider any kind of different interaction between mutual
surfaces, increasing the structural stiffness of the composite. For simulating the behavior of the sheets
induced by wrinkles, we have introduced a corrugated profile for the sheets obtaining a very good matching of
the experimental results. At this point, it is worthy to point out the potentialities of a FE-based micro/nano
mechanical approach carried on by a fully parameterized algorithm able to easily take into account of different
statistical, morphometric and material-related aspects.

In perspective, the idea is to use this procedure as a tool to understand/confirm the interactions among
different phases or to predict how optimized structures can be obtained. Possible future developments of the
proposed procedure may be:
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1) modeling the behavior at the nanosheets/matrix interface, in order to properly analyze the
mechanisms of fracture for these systems (that can be obtained by integrating the FE models with
molecular dynamics to better characterize the atomistic effects at interface GO/CA);

2) the evaluation of the effect of large deformations and the implementation of new material
characteristics to cover the field of geometrical and material nonlinearity.
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