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ARTICLE INFO ABSTRACT

Keywords: Mechanical properties of nanocomposites are directly affected by their microstructures. Orientation distribution
Graphene of nano-reinforcements, one of the critical microstructural parameters, is, therefore, of great importance.
Nanocomposites

However, methods to quantify their orientation are limited. Many studies employ transmission electron micro-
scopy (TEM) for qualitative characterisation of orientation distribution of graphene nanoplatelets (GNPs) in
nanocomposites. However, there is no report in the literature that does it quantitatively based on TEM micro-
graphs. In this study, a method for the use of TEM in quantitative characterisation of the orientation distribution
of GNPs in nanocomposites is suggested. Materials used for this purpose were sodium alginate nanocomposites
reinforced with GNPs. In order to assess the effectiveness of the suggested method, finite-element (FE) models of
representative volume elements (RVEs) of the nanocomposites were developed based on the GNPs’ orientation
distribution data. Elastic-range tensile tests of these composites were simulated with the RVEs. The simulation
results were compared with the data from experiments reported in our previous study. A strong correlation
between the obtained results of numerical simulations and the experimental data was observed. Young’s moduli
of the nanocomposites, calculated with the simulations, were slightly higher than those from the experiments. A
discrepancy of less than 4 % in the Young’s moduli can be attributed to other microstructural parameters such as
spatial distribution nonuniformity, wrinkling and dimensional variation of the GNPs, which were not taken into
account in the FE models. Some micromechanical models were also implemented in order to assess their
capability to predict the effect of GNP orientation distributions on stiffness of the nanocomposites. The Krenchel
orientation factors were incorporated into the models for this purpose. This study shows that the quantitative
characterisation of orientation distribution of graphene in nanocomposites is achievable through TEM analyses
with the suggested methodology and can be used to underpin analysis of their properties and performance.

Mechanical behavior
Transmission electron microscopy
Spatial orientation

Finite-element modelling

1. Introduction

Microstructural features affect almost all physical properties of
composites, such as mechanical, thermal, electrical, optical, etc. Char-
acterisation of microstructure is a critical stage for development of many
types of composites systems reinforced with novel nanofillers like
graphene-based materials [1-3]. Orientation distribution of re-
inforcements is one of the most important microstructural features of
composites [4]. Various studies showed that orientation distribution of
graphene played a key role in determining mechanical properties of
nanocomposites [5-8]. Orientation of graphene nanoplatelets parallel to
the main plane of nanocomposites improves their in-plane Young’s
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modulus compared to the cases with randomly aligned GNPs [7].
Orientation of GNPs is influenced by manufacturing methods of nano-
composites [9], and by the types of materials used [10]. Therefore,
together with available manufacturing methods and types of materials, a
quantitative characterisation method would help to control orientation
distribution of GNPs in nanocomposites, and, hence, tailor their
properties.

Methods used for characterisation of orientation distribution of the
GNPs in nanocomposites are diverse, such as optical microscopy (OM)
[11,12], X-ray diffractometry (XRD) [13], Raman spectroscopy [5],
scanning electron microscopy (SEM) [9], and transmission electron
microscopy (TEM) [14]. However, most of these methods are used for
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Fig. 1. Sample-preparation stages for ultramicrotome sectioning: (a) placement of pointed sample in mounting clip (plane of nanocomposite film is x-y plane); (b)
positioning of clip-mounted sample in BEEM® capsule (through-thickness direction is z-axis); (c) sample in resin mould in y-z plane; (e) detail of sample tip in y-z
plane; (d) isometric view of resin block and film; (f) microscopic image of tip of sectioned block.

qualitative analyses of the reinforcement distribution. Due to its low
resolution, optical microscopy can analyse the orientation distribution
of nanoplatelets not through-thickness but in-plane [11,12]. This is
because the thickness of the GNPs is in the nanometres range while their
planar dimensions are at micrometres range. This does not allow OM to
characterise nanoplatelets’ orientation distribution, but only their
planar distribution. X-ray diffractometry (XRD) [13] was used to obtain
an average orientation degree for graphite platelets, while Raman
spectroscopy was employed for quantitative characterisation of orien-
tation distribution of GNPs in nanocomposites [15,16]. Obtaining an
orientation distribution function (ODF) with Raman spectroscopy, Li
et al. [5] studied the effect of the orientation distribution on the Young’s
moduli of the nanocomposites.

Thanks to the high-resolution capability of the electron microscopy
instruments, SEM and TEM studies allow the characterisation of orien-
tation distribution of nanoplatelets also in the thickness direction. SEM
was used for a quantitative characterisation of the orientation distri-
bution of GNPs in ceramic matrix nanocomposites [9]. One drawback of
this study is that it did not directly relate the orientation distributions to

the planes of nanocomposites: it assumed all micrographs to be oriented
at 45° to the plane of the nanocomposites and calculated the orientation
distributions accordingly. So far, TEM was employed only for a quali-
tative characterisation of orientation distribution of graphene nano-
platelets [6,13,14]. Defining a reference axis for a sectioned sample in
TEM is difficult: one reason is that an orientation-controlled transfer of
freely floating sections onto TEM grids is almost impossible. Still,
position-controlled sample preparation can be made possible with a
focused-ion beam (FIB) technique; however, this may lead to FIB-related
damage of samples [17]. Another reason is the nature of the spiral path
that the electron beam follows. Due to such path, image rotations occur
as the magnification is altered [18]. With advances in electromagnetic
lenses, the unwanted rotations can be compensated [19]. However, the
image rotations can still occur during focusing on images [20]. Uncon-
trollable rotations prevent the detection of reference axes (or planes) of
the observed samples. Even though image rotations can be prevented,
the detection of reference planes or reference axes can still be difficult.
This is because thin sections of samples may degrade due to
electron-beam damage [21], which can also make through-thickness or
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Fig. 2. (a) RVE of nanocomposite with GNPs (protruding areas of GNPs were trimmed). (b) FEM of nanocomposite showing BCs. (The grey vectors were partially
hidden in order to allow clear view of the fixing in z and y directions) RVE’s edge size is 5.3 pm.

Table 1
Young’s modulus (E), Poisson’s ratio (v), element types, and geometric param-
eters of FE models.

Young’s Poisson’s element type geometrical
modulus (GPa) ratio parameters
GNP 85.7 0.28 4-node shell t: 25 nm, d: 2 pm
Matrix 4.75 0.4 8-node -
hexahedral

(t -thickness, d - diameter).

planar directions of the sections ambiguous. Therefore, characterisation
of the orientation distribution of nanoparticles cannot be done quanti-
tatively with traditional TEM imaging methods.

This study suggests a novel imaging methodology with TEM for a
quantitative characterisation of orientation distribution of graphene in
nanocomposites: the respective procedure for preparation of samples for
TEM and approaches for analysis of micrographs were defined. The
obtained micrographs were processed to obtain the orientation

distribution of GNPs using a custom-made image processing software
(Nonwovens Anisotropy V1, developed by Demirci et al. [22] in Mat-
Lab), originally designed for detection and characterisation of orienta-
tion of fibres in nonwoven materials. As a result, ODFs of graphene
nanoplatelets were determined. In order to assess the validity of the
suggested methodology, the finite-element (FE) method was employed.
FE models of the nanocomposites were developed based on the orien-
tation distribution data obtained from this study and additional
geometrical data presented in a previous study [14]. Numerical simu-
lations of tension of composites with nanofillers were performed with
the developed FE models. Young’s moduli obtained from the simulation
results were compared with those from experiments presented in
Ref. [14]. The effect of orientation distribution was also assessed with
micromechanical models. In order to achieve this, Krenchel’s orienta-
tion factors [5,23] of the nanocomposites were calculated and incor-
porated into these models employing the modified rule of mixtures,
Halpin-Tsai, and Hui-Shia approaches [11].

Fig. 3. Appearance of sections under optical microscope (red lines represent z-axis and purple lines represent x-axis of sections). The degree of detachment of the
sections from the surrounding resins is higher for sections (a) and (c) and lower for section (b). The detachment leads to artefacts of fold-overs and wrinkles.
Therefore, the higher the level of detachment, the smaller the thickness (the z-direction) of the sections. The fold-overs (dark lines) are usually parallel to the x-axis.
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Fig. 4. Coordinate assignment for sections in micrographs: (a) original TEM image of section of 1.0 wt% GO-SA nanocomposite; (b) image edited with brightening of
original for focused area and artefacts appear clearly. (The thin green lines highlight the fold-overs, the purple lines show the top and bottom plane edges, and the red
line shows the through-thickness direction.) (c), (d), and (e) respective magnified areas. (f) smallest-scale micrograph with GNPs.

2. Experimental and modelling details
2.1. Sample preparation and characterisation

Manufacturing methods of graphene oxide (GO)-reinforced sodium
alginate (GO-SA) nanocomposites were described by Ionita et al. in
Ref. [24]. The nanocomposites used in our study were manufactured in
the form of flat films with ~50 pm thickness. Two different concentra-
tions of GO nanoplatelets were used - 1.0 wt% and 2.5 wt%. It was
established in Ref. [14] that the GO sheets were dispersed with a
morphology of intercalated structures rather than of a single layers.
Obviously, taking the morphology of the reinforcements into account is
crucial when modelling the nanocomposites. Based on the geometrical
and density data presented in Ref. [14], volume fractions of the inter-
calated structures of GO were calculated as 1.04 vol% and 2.63 vol% for
1.0 wt% and 2.5 wt% nanocomposites, respectively. In this study, the
GO flakes with intercalated morphologies are denoted GNPs. In the
numerical simulations reported below, mechanical and geometrical
properties as well as volume fractions of GNPs are taken into account
rather than those of GOs.

For preparation of specimens, small pieces with pointed tips were cut
out of the nanocomposite films. The pieces were flat when they were free

of external forces. Embedding of the cut samples into BEEM® capsules
was carefully performed. The samples were first mounted in a roll-like
plastic clips so that they could stand straight within the capsules (see
Fig. 1 (a)). The clip-mounted samples were placed inside the capsules,
ensuring that the planes of the films were parallel to the longitudinal
axis of the capsules (see Fig. 1 (b)). A special attention was paid to the tip
for the parallelism. A resin and a hardener were mixed in a container,
with the mixture poured into the capsules. The BEEM® capsules were
positioned with the tips facing down for the air bubbles to escape from
the tips. The epoxy-filled capsules were left for curing at room temper-
ature overnight. The cured moulds taken out of the capsules had well
positioned samples embedded in them (see Fig. 1(c) and (d)). The plane
and cross-sections of the nanocomposites were assigned the coordinate
axes: the plane of the films as parallel to the x-y plane (see Fig. 1(d) and
(e)). This ensured that the ultramicrotomy sectioning would occur on x-z
plane (see Fig. 1 (f)).

The tips of the moulds were trimmed down to a state with a slender
rectangular geometry, i.e., with a large aspect ratio of the lateral size to
thickness. This allowed a distinction between x and z axes of the sec-
tions. Ultramicrotomy sectioning (instrument used: PC PowerTome,
RMC Products®) of the moulds was performed with a diamond trimming
knife at a speed of 0.7 mm/s; 85 nm-thick sections were obtained. As the
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Fig. 5. Coordinate assignment for sections in micrographs: (a) original TEM image of section of 2.5 wt% GO-SA nanocomposite; (b) image edited with brightening of
original for focused area and artefacts appear clearly. (The thin green lines highlight the fold-overs, the purple lines show the top and bottom plane edges, and the red
line shows the through-thickness direction.) (c), (d), and (e) respective magnified areas. (f) smallest-scale micrograph with GNPs.

matrix material (SA) of the nanocomposites was water-soluble, the
sections floated on propanol and transferred onto copper grids.

The morphology of the obtained sections was observed with OM in a
transmitted illumination mode. Overall artefacts of the sections were
noted. The copper grids with the sections of acceptable quality were
selected for the TEM study, conducted with a JEOL® JEM-2000FX
transmission electron microscope. Two grids were loaded into the
specimen holder for each TEM session. In order to keep the radiation
damage of the sections to minimum without compromising the resolu-
tion, acceleration voltage of the electron beams was set at 100 kV. As
magnification beyond 100,000x was not needed, that voltage was suf-
ficient. Starting from the full view of the sections and going down to the
details where GNPs started to appear, the micrographs were taken at
incremental magnifications. The areas where the GNPs were clearly seen
were artefact-free. These areas were chosen for the analysis of orienta-
tion distribution. All the obtained incremental micrographs were saved
for image-processing.

The digital copies of the micrographs were transformed into an MS
PowerPoint document where x-axis (long edge) and z-axis (short edge,
or through thickness) of the sections were determined. This assessment
was based mainly on the dimensions of the sections, as well as on the
direction of the wrinkles and fold-overs where possible. Following the

determination of the axes of the sections, the micrographs were rotated
around their y-axes in order to make the x-axis horizontal. GNPs, with
the cross-section appearing clearly, were marked with straight lines. The
marked lines were then analysed using Nonwovens Anisotropy V1 soft-
ware in order to produce the orientation-distribution statistics of the
GNPs. The working principle of the software is given in detail in
Ref. [22].

2.2. Geometrical and finite-element modelling

Representative volume elements (RVEs) of the nanocomposites were
developed for numerical simulations based on the experimental data
using a generating algorithm that subsequently filled a three-
dimensional volume with randomly placed non-intersecting platelets
of the predefined sizes. This algorithm was created and implemented in
Wolfram Mathematica. The diameter and thickness of the discs were
defined as 2 pm and 25 nm, respectively, based on experimental mea-
surements [14]. Orientations of the discs were defined based on the
experimentally obtained distribution statistics of GNPs. These distribu-
tion data were statistically analysed and fitted to a parametric uniform
distribution law. Parameters of this distribution were determined in
each case study using embedded optimization algorithms of Wolfram
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Fig. 6. Stages used for determination and highlighting of GNPs for 1.0 wt% GO-SA nanocomposite.

Mathematica. In order to investigate the effect of the RVE size on me-
chanical behaviour of the FE models, three different RVEs with edge
sizes of 3.1 pm, 5.3 pm, and 7.6 pm were analysed.

Coordinates and orientation data of the discs representing the
nanoflakes were transferred into a custom-made Python® code written
to run in MSC. Marc® software. FE modelling parameters, such as mesh
sizes, boundary conditions (BCs), material definitions, contact features
etc., were defined within the code. Once the code was run in MSC.
Marc®, the FE models became fully defined, ready for analysis. The
parameters also included the RVE size, platelet thickness and material
properties. FTIR studies [24] performed on the same nanocomposites
indicated a formation of hydrogen bonding between the nanoplatelets
and the matrix; therefore, contact between the elements of the two
phases in simulations was defined by INSERT operation of the software.
This operation ties the degrees of freedom of nearest nodes of the con-
tacting phases, thus simulating the strong hydrogen bonding. Displace-
ment BCs to the RVE faces normal to the x-axis were applied (see Fig. 2).

All the nodes on left-hand face (Fig. 2) were fixed with regard to the
x-axis, while the nodes on the right-hand face were tied to a node created
outside the RVE. This allowed the transfer of the BCs from the tie node to
the nodes of the right face only in the x direction. A displacement-
controlled tensile loading was applied: in the x-axis direction, the tie-
node was loaded with a displacement of 10 % of the RVE’s edge size,
so that the RVEs could strain up to 10 % in the positive x direction. In
order to avoid a free-body motion of the RVEs, the tie node and the
orthogonal midline nodes of the left-hand face were fixed in y and z
directions. Mechanical properties of the elements of the matrix and
GNPs were defined based on the results presented in Ref. [14]. It is re-
ported in the literature that graphene can be modelled as continuum
[25] with finite-elements of linear-elastic mechanical behaviour [26]. In
this study, the platelets were modelled as 4-node shell elements with a
thickness of 25 nm and the matrix material was meshed with 8-node

hexahedral elements. Due to the 6-fold rotational symmetry of gra-
phene and graphene-based materials, these materials have an in-plane
isotropic elasticity [27]; hence, graphene is mostly modelled isotropic
[28]. The FE models of the GNPs in this study had an aspect ratio of 80
(2000 nm/25 nm), making the effect of through-thickness elastic
properties negligible. Therefore, isotropic mechanical properties were
defined for both phases. The Young’s moduli of pure SA (the matrix) and
monolayer GO were reported as 4.75 GPa and 158.7 GPa, respectively,
in Ref. [14]. The Young’s modulus of monolayer GO was calculated
based on its stiffness (~145.3 N m~! [29]) and thickness (~0.916 nm
[141). Also, the respective Poisson’s ratios were 0.4 and 0.186. The GNPs
in the nanocomposites were in the form of intercalated morphology
rather than single sheets of GO. Based on the data reported in Ref. [14],
the Young’s modulus and Poisson’s ratio of the GNPs (the re-
inforcements) were calculated as 85.7 GPa and 0.28, respectively. Ma-
terial properties, element types and geometrical parameters employed in
the FE models are presented in Table 1. Mesh-size and RVE-size
convergence analyses were performed in order to determine the most
accurate and the least expensive FE models. In the post-processing stage,
the changes of the cross-sectional area (y-z plane) were saved along with
the load-displacement data obtained from the tie-node. These collected
data were used to plot the true stress-strain curves and calculate the
Young’s moduli of the nanocomposites.

2.3. Analytical modelling

Analytical micromechanical models are commonly used to optimise
the design of composite materials [30]. The Modified Rule of Mixtures
(MRoM), Hui-Shia, and Halpin-Tsai schemes are some of the broadly
employed micromechanical models [14,31]. In our previous study,
those models were adapted for intercalated morphology of the nano-
platelets [14]. In order to analyse the effects of the orientation
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Fig. 7. Stages used for determination and highlighting of GNPs for 2.5 wt% GO-SA nanocomposite.

distribution of the nanoplatelets with the analytical models, the Kren-
chel orientation factor (y,) [23] was implemented in the MROM,
Hui-Shia, and Halpin-Tsai models in the following form:

EE,MROM =EmVm + nmrfﬂoEfvf (1)
1+ v,
Ec,Halpin—Tsai =En ol ff @
1 = n5m,v
E,
E¢ hui-shia = _ 3)

1—n,2 {%—&-5%‘}

where the terms can be found in Ref. [14] with further details, while the
Krenchel orientation factor used as described in Ref. [5]:

8 8 3
=15 + 21 (P2(cos 0)) + 35 (P4(cos 0)) (€)]

where P, (cos 6) and P4(cos 6) are Legendre polynomials:

1
Py(cos 6) =3 (3 cos®0—1) (5)
P4(cos 0) :é (35 cos* 6 — 30 cos® 6+ 3) (6)

3. Results and discussion

When the TEM grids were observed with optical microscopy, some of
the nanocomposite sections were found partially detached from the
surrounding epoxy frames; an example of this is given in Fig. 3.
Depending on the level of detachment, the sections wrinkled and/or

partially folded over, i.e., the higher the level of detachment, the more
extensive the process of wrinkling and folding over. Those types of ar-
tefacts were a problem in microscopic studies and reported numerous
times in the literature [32,33].

The level of detachment is higher in sections (a) and (c) in the figure;
it is lower for section (b). The sections normally have a thickness of ~50
pm (see Fig. 1 (f)). However, due to the partial detachment from the
surrounding epoxy, and the folding-wrinkling behaviour, they appeared
thinner (25-40 pm) on the grids. The red and purple lines show the z-
axis (the short edge) and the x-axis (the long edge), respectively. The
wrinkling and folding artefacts were mostly parallel to the long edge (x-
axis or the plane of the nanocomposites) of the sections. Locations of
folds nearly parallel to each other were also discussed in another source
[33]. Therefore, the wrinkling and folding artefacts were used to support
the axis-determination stage of the methodology developed in this
study.

More than five sections were collected on the grids during the ul-
tramicrotomy. However, most of the sections started to deteriorate due
to the electron-beam damage in TEM. Only two sections could be suc-
cessfully observed, one for each nanocomposite (Figs. 4 and 5). Micro-
graphs of those sections were taken at various magnifications. The
observation process of micrographs had to be swift in order to lessen the
beam-exposure time. At least four different magnification ranges were
used to correlate the micrographs with each other (images (c), (d), (e),
(f) of Figs. 4 and 5): the smallest-scale micrographs show the GNP dis-
tributions; the largest scale micrographs show the orientations of the full
sections. This allowed establishing a correlation between the orientation
of the sections and orientation of the nanoplatelets.

When the full sections (refer to the brightened micrographs (b) in
Figs. 4 and 5) were observed carefully, fold-over artefacts could be easily
noticed. The artefacts, similar to their appearance in the OM images
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Fig. 10. Von Mises stress (in MPa) distributions on GNPs of the FE model of 1.0 wt% GO-SA nanocomposite for three different plane views (a, b, ¢) and isometric
view (d) (A stress range bar is in the middle of the figure. The RVE had an edge size of 7.6 ym and the FE size was 200 nm).

(Fig. 3), appeared darker compared to the non-folded areas because the
folded areas absorb relatively more photons and electrons. The 1.0 wt%
GO-SA nanocomposite (Fig. 4 (b)) had more fold-overs compared to the
2.5 wt% one (Fig. 5 (b)). Similar to the preliminary findings from the OM
work discussed in the methodology section, the higher the degree of
fold-overs, the lower the appearance of the thickness (through-thick-
ness, z-direction) of the sections. Therefore, the section of 2.5 wt% GO-
SA nanocomposite looked thicker compared to that of 1.0 wt% GO-SA
nanocomposite.

Edge detection of the top and bottom planes of the sections was
performed based on their status. As the 2.5 wt% GO-SA nanocomposite
section had fever artefacts, its edges were noticed relatively easily.
However, the section’s edges at another composite were more ambig-
uous. In that case, the fold-over lines (green in Fig. 4) were used to
determine the parallelism of the section’s plane. Based on that parallel,
the top and bottom edges were predicted (purple lines). Between these
edge lines, an orthogonal line (red) was plotted. A coordinate axis was
assigned based on the edge (purple) lines and the through-thickness
(red) line. By doing so, the planes of the 1.0 wt% and 2.5 wt% GO-SA
nanocomposite sections were identified to have angles of 83° and 62°,
respectively, to the horizontal line (micrographs (b) in Figs. 4 and 5).

The smallest-scale micrographs (micrographs (f) in Figs. 4 and 5)
were also assigned the same local coordinate axis as their larger scale
counterparts. The micrographs were rotated by the obtained angles in
order to reorient them to their original positions (parallel to the hori-
zontal line). Due to the low contrast in the micrographs (micrographs (a)
in Figs. 6 and 7), they were assessed visually in order to detect and
highlight GNPs that appear in the form of lines (micrographs (b) in
Figs. 6 and 7). As the cross-section of a platelet is a line, such lines were
analysed. Some platelets were preferentially aligned towards the x-z
plane. A number of such GNPs was higher in the section of the 1.0 wt%
GO-SA sample. It was probably due to the fact that the GNPs had more

room to orient randomly when their number was low. The platelets in
the x-z plane were exempted from the analysis, as their orientation was
impossible to determine from the micrographs. After reorienting the
micrographs and highlighting the GNP lines (micrographs (c) in Figs. 6
and 7), the original micrograph images were deleted, and the lines were
enclosed in rectangular areas (Fig. 6 (d) and Fig. 7 (d)).

The obtained images (Fig. 6 (d) and Fig. 7 (d)) were processed with
the Nonwovens Anisotropy V1 software. The software assigns a starting
point and an end point for each line (The former is assigned to the left
end of the line and the latter to the right end). A vector was built from
the starting point to the end point for each line. The vector’s orientation
was calculated with respect to the plane of the nanocomposite (x-y
plane). The orientations were assigned in the angle range from 0° to
180°. The orientation distributions of the GNPs were quantified with
probability density for GNPS as a function of their angular intervals (see
the experimental distributions in Fig. 8). As can be seen from the experi-
mental distributions, the increase in the fraction of GNPs led to a higher
extent of their preferential alignment towards the main plane of the
nanocomposites. This fact was presented and discussed qualitatively in
previous papers that characterised the orientations based on trans-
mission electron microscopy [6,13,14].

To calculate the ODFs of the GNPs, the orientation distributions were
converted from 0 to 180" interval to 0'-90" interval. The distributions
were plotted in form of frequency graphs (in %) as a function of degree
in Fig. 9. The respective ODFs for 1.0 wt% GO-SA and 2.5 wt% GO-SA
were calculated from the curve fitting of the raw data as follows:

f(0) = 4.8 x 107°¢* — 8.4 x 107*¢* 4 0.04276* — 0.509¢ + 7.53 @)

£(6) = —4 x 107°6° + 0.00876 — 0.6366 + 19.33 (8)

In order to assess the effectiveness of this quantification method, the
finite-element technique was implemented in this study. In this respect,
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Fig. 11. Von Mises stress (in MPa) distributions on GNPs of the FE model of 2.5 wt% GO-SA nanocomposite for three different plane views (a, b, ¢) and isometric
view (d) (The stress range bar is in the middle of the figure. The RVE had an edge size of 7.6 pm and the FE size was 200 nm).
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Fig. 12. Comparison of experimental and numerical results for Young’s
modulus of studied nanocomposite.

three-dimensional random spatial distribution of disks representing
GNPs were generated based on the experimentally quantified distribu-
tions for different RVE sizes. For clarity, only one random distribution
for each nanocomposite is presented in Fig. 8; other diagrams had a
similar shape.

Analysis of mesh convergence and RVE size sensitivity were per-
formed for the 1.0 wt% GO-SA nanocomposite. FE models with different
mesh sizes were created in order to perform the mesh-convergence
study. The elements with edge sizes of approximately 400 nm, 300
nm, 200 nm, and 150 nm were applied for the same RVE for this
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purpose. The maximum tensile load was recorded for each model. They
were 26.1, 26.2, 26.1 and 26.05 mN, respectively. The discrepancies in
the maximum loads were negligible. However, the stress gradients on
the GNPs were smooth for models with 200 nm and 150 nm element
sizes, while the rest had rough stress-gradient distributions. Therefore,
an element edge size of 200 nm was chosen to mesh the nanocomposite
models. RVE edge sizes of 3.1 pm, 5.3 pm, 7.6 pm, and 8 pm resulted in
the effective Young’s moduli of the nanocomposite of 5.14 GPa, 5.18
GPa, 5.11 GPa, and 5.14 GPa, respectively. This finding shows that the
RVEs of all sizes exhibited consistent mechanical behaviour. As mesh
convergence and RVE-size-sensitivity analyses yielded consistent results
for the 1.0 wt% GO-SA nanocomposite, they were not performed for 2.5
wt% GO-SA nanocomposite. According to Ref. [34], RVE sizes that
included more than 30 nanoclay platelets were insensitive to the RVE
size. However, the FE models developed in our study were so consistent
in their mechanical behaviour that they were insensitive to the RVE size
down to a scale with only 5 nanoplatelets (RVE size 3.1 pm). Nonethe-
less, in order to make our study consistent with the literature with regard
to the RVE-size selection, the RVE size of 7.6 pm was chosen, with the
RVE containing about 71 and 149 nanoplatelets for 1.0 wt% GO-SA and
2.5 wt% GO-SA nanocomposites, respectively.

The FE models were stretched to the same magnitudes (1 %). Due to
the different weight fractions and orientation distributions of the
nanoplatelets, the maximum reaction forces obtained were different, 26
mN and 31 mN, respectively. The resultant stress distributions on the
GNPs are depicted in Figs. 10 and 11. Von Mises stresses ranged from 1
GPa to 10 GPa. According to the literature, single-layer GO sheets with
hole defects were estimated to have yield strength of some 30 GPa [35].
As the GNPs in our nanocomposites were intercalated structures of GO
and SA layers, even when the yield strength of SA layers was neglected,
GNPs would have yield strength higher than 15 GPa based on the Voigt’s
Rule of Mixtures (the volume fraction of GO in our GNPs were higher
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than that in Ref. [14]). Therefore, according to FE, none of the GNPs
would undergo plastic deformation at this strain level. GNPs that were
better aligned towards the loading direction experienced higher stresses.
As the number of preferentially aligned GNPs was higher in the 2.5 wt%
GO-SA nanocomposites, the number of GNPs in high-stress ranges was
greater in its FE model. The values of Young’s moduli were calculated
for both model; their experimental data were obtained from Ref. [14].
The experimental data and numerical results are compared in Fig. 12.
The discrepancy between the results was highest for the nanocomposite
with the higher fraction of GO; it was less than 4 %. For the nano-
composite with the lower fraction of GO, it was only about 1 %. It is
well-known that as the GNP content increases in nanocomposites, so
does the agglomeration rate [36,37]. The micrographs in this study do
not indicate obvious agglomerations. This might be mainly due to the
fact that the GO nanosheets formed intercalated morphologies of GNPs
[14], which significantly reduced the number of inclusions in the matrix
(as discussed above, the developed micromechanical models took the
intercalated morphologies into account). A low number of inclusions
potentially reduced the likelihood of further agglomerations. However,
a slightly higher non-uniformity of spatial distribution of the GNPs was
observed for the nanocomposites with their higher fraction. Therefore,
the higher discrepancy for the nanocomposite with 2.5 wt% of GO might
be due the non-uniformity of the spatial distributions that was not taken
into account in the microstructural characterisation and modelling
stages of our study.

The analytical micromechanics models were modified to incorporate
the orientation distributions of the nanoplatelets. The Krenchel orien-
tation factors (77,) were calculated as 0.84 and 0.65 for 1.0 wt% and 2.5
wt% nanocomposites, respectively. The Young’s modulus of the nano-
composites was calculated using Eqgs. (1)-(3) and compared with the
previous analytical results, in which the orientation distributions were
not taken into account. Also, the numerical and the experimental find-
ings were compared with the analytical results (Fig. 13). The ODF-
modified Halpin-Tsai and Hui-Shia models were found to approximate
the experimental results better than the ODF-modified MRoM approach.
The numerical models still performed the best compared to all other
models.

GO wt%

Fig. 13. Comparison of ODF-modified analytical models with previously obtained analytical models (dotted lines [14]) as well as experimental and numerical results.
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4. Conclusions

In this study, it was shown that the quantitative characterisation of
orientation distribution of GNPs with respect to the surface plane of the
nanocomposites can be successfully achieved with transmission electron
microscopy. This is the first study proving it. Even though the number of
micrographs that could have been acquired and analysed was low, the
quantitative characterisation performed was of good accuracy, verified
by experimental analysis and numerical simulations of the nano-
composites. A discrepancy of 1-4% between the stiffnesses was attrib-
uted to some neglected morphological features of graphene, such as
waviness, irregular planar dimensions, and non-uniformity of spatial
distribution of the nanoplatelets. Still, an accuracy of more than 95 %
justifies the validity of the suggested method for quantitative charac-
terisation of orientation distribution of graphene in nanocomposites
using electron microscopy.

Halpin-Tsai and Hui-Shia micromechanical models were shown to
perform better with modification accounting for the ODF while the
MRoM performed less accurate with the ODF consideration. The
developed numerical models approximated the experimental findings
better than the analytical schemes.

The methods applied in this study are independent of the type of
polymer matrix of the nanocomposites. Therefore, it can be concluded
that the developed methodology can be implemented reliably for many
types of GNP-reinforced polymer nanocomposites. For instance, the
suggested methodology holds the potential to be implemented on
nanocomposites reinforced with other types of nanoplatelets such as
MXene and boron nitride. Application of the methodology suggested
here would support the development and optimization studies of the
nanocomposites.

The developed methodology was based on ultramicrotomy-sectioned
samples. With the advent of new sample-preparation techniques of FIB
and ultramicrotomy, and with the advances in TEM instruments [38],
the suggested methodology can be further improved. The advancements
would cover the most critical limitation of this study, which is burning of
the nanocomposite sections under the TEM beams. A future work to
overcome this limitation is planned.
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The developed methodology is summarized below in the form of
steps in order to help the researchers who would like to implement it in
their studies. These steps do not cover every single detail of the TEM
process, rather making some additions to the conventional approach,
while some usual steps are not emphasized.

The methodology is as following.

e Prepare the nanocomposite in a film shape. If it has a bulk form, thin
it down to thickness preferably below 100 pm.

e Assign the orthogonal axes for the film, e.g., x-axis (length), y-axis

(depth), z-axis (thickness), x-y plane (plane of the film).

Cut a pointed piece out of the film nanocomposite.

e Place the film in an embedding capsule. Make sure the x-y plane of

the film is positioned nearly parallel to the main axis of the capsule;

the pointed end is placed at the pointed end of the capsule and the
film maintains a flat plane.

Fill the capsule with resin and allow some time for curing.

e Trim the tip of the mould down to a geometry where the lateral
dimension (x-axis) is at least five times larger than the thickness (z-
axis) of the film.

e Cut the sections with a predefined thickness and mount them on a

TEM grid.

Study the grid-mounted sections with transmitted light optical mi-

croscopy in order to note dimensions and artefacts of the sections.

Study the grids with a TEM at an optimum accelerating voltage.

e Start getting images from a low-magnification range, where the

section dimensions are distinguishable, moving to a high-

magnification range, where the nanoplatelets’ cross-sections can be
realized, keep the track of the relation between the parts of
micrographs.

Determine the x and z axes of the sections based on the orthogonal

dimensions of the film’s cross-section, i.e., its long edges and short

edges corresponding to x-axis and z-axis, respectively. If the edges
are not recognizable, refer to the artefacts that might appear parallel
to the long edge of the section.

e Once the x- and z-axis assignment of the section is achieved, calcu-

late the angle the x-axis of the section makes to the horizontal line.

Rotate the section micrograph to bring its x-axis parallel to the

horizontal line.

If the contrast of the nanoplatelet cross-sections is poor, highlight

them with lines.

e Apply image processing in order to determine the orientation dis-
tribution of the nanoplatelets.
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