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Featured Application: Piping material for geothermal heat pump applications.

Abstract: Short-chain branched-Polyethylene (SCB-PE) is commonly utilized in hot and cold piping
systems due to its high-temperature resistance. SCB-PE nanocomposites using graphene nanoplatelets
(GNPs) as a reinforcing filler were synthesized in this work. The effect of the filler’s content and the
ball-milling process on nanocomposites’ structure, tensile and shear properties was studied. Two se-
ries of nanocomposites have been prepared, one with and one without the ball-milling as a premixing
step prior to the melt-mixing process. The ball-milling process induced a lower crystallinity degree
of the SCB-PE nanocomposites than their solely melt-mixed counterpart. The tensile properties of the
ball-milled samples presented a more profound enhancement with increasing filler content. The Ji
and modified Halpin-Tsai micromechanical models were best fit to describe the experimental elastic
modulus of the solely melt-mixed and the ball-milled nanocomposites, respectively. Fractography
studies suggested that the detachment of the filler particles from the polymer matrix is avoided
for lower GNPs contents of the ball-milled samples. Shear tests revealed that the shear strength
increased and ductility decreased with increasing filler content in any case. The ball-milling process
resulted in SCB-PE nanocomposites with superior mechanical properties compared to their solely
melt-mixed counterparts.

Keywords: polyethylene; nanocomposites; ball-milling; mechanical properties; tensile tests; shear tests

1. Introduction

Thermoplastic polyoefin materials are the most widely used polymers in piping
systems. Their abrasion, corrosion and chemical resistance, lightweight, and good process-
ability make them the ideal substitute for metal pipes [1]. More particularly, their utilization
of domestic water piping systems drives the academic and industrial sectors to research
and invest in the preparation of new types of polyoefins with improved physicochemical
properties appropriate for the application of interest. Polyethylene of raised temperature
resistance was developed to present enhanced long-term hydrostatic strength at higher
temperatures without crosslinking, thus improving processability [2]. These properties
result from its molecular structure, which contains short-chain branches (SCB-PE) intro-
duced by copolymerizing ethylene with hexene or octene [3]. Nonetheless, the low thermal
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conductivity and mechanical properties of SCB-PE compared to the counterpart metal
materials used in these systems limit its advantages and create the necessity for further im-
provement. More specifically, polymer materials used in geothermal piping systems, where
ground heat exchange is a crucial parameter, should present adequate thermal conductivity
combined with good temperature resistance and mechanical properties since these systems
may experience changes in temperature (−4–46 ◦C) and pressure (up to 415 kPa) [4].

Adding a small amount of a reinforcing filler in a polymer matrix can lead to a multi-
component system with enhanced physicochemical properties, depending on the selected
filler’s and matrix’s properties separately. For this reason, during the last decades, polymer
composites and nanocomposites have been extensively studied to gain insights into the
factors that control and affect the reinforcement effect and subsequently develop new ways
of improving these systems’ fabrication. Carbon fillers such as graphene nanoplatelets
(GNPs), expanded graphite (EG), carbon nanotubes (CNTs) etc., present outstanding me-
chanical performance, thermal and electrical conductivity and thus are widely used as a
reinforcing material. Nonetheless, it is essential to mention that the extent of property rein-
forcement is inseparably linked to the filler’s dispersion and the filler-matrix interactions,
as many studies suggest [5,6].

Many methods have been proposed in order to improve the filler’s dispersion in the
polymer matrix [7–10]. However, ball-milling presents many advantages, i.e., it is environ-
mentally friendly and industrially applicable [11–13]. Its operating principle is based on
the mechanical forces generated by repeated events to the milling tools. These forces are
then transferred to the inserted materials, the filler and polymer matrix, separating this
way the filler’s aggregates [14]. Based on the applied conditions (milling time, temperature,
rounds per minute etc.), various phenomena can occur, such as diffusion of the atoms,
crack of the filler’s particles, and intimate mixing [14].

The main characteristic of a polymer nanocomposite affected by the filler’s dispersion is
its mechanical properties. Improved distribution of the reinforcing particles leads to a more
uniform distribution of the load transfer and an enhanced nanoconfinement effect [15–17].
Chien et al. have shown that ball-milling induced better dispersion and stronger interfacial
interaction of modified multiwalled nanotubes (MWNTs) in a Polyamide-6, 6 (PA66) matrix,
which resulted in improved mechanical properties at a lower filler loading [18]. Yang et al.
have also prepared poly(butylene terephthalate) (PBT) nanocomposites containing modified
nano-Sb2O3 particles dispersed by high-speed rotating and high-energy ball-milling. The
results showed that better dispersion was achieved for the nanocomposites prepared by ball-
milling resulting in better mechanical properties [19]. Polyetheretherketone (PEEK) filled
with nano-SiO2 particles nanocomposites have also been fabricated by compounding via
the ball-milling technique by Zhang et al. [20]. They reported substantial improvement in
material stiffness [20].

Many efforts have been made to predict the nanocomposites’ tensile behavior using
micromechanical models [21–27]. This has become a difficult task due to the nanocompos-
ites’ peculiar behavior, depending on the matrix’s structure, filler’s dispersion, as already
stated, the particles’ aspect ratio, the filler-filler and filler-matrix interactions etc. Various
two-phase or three-phase micromechanical models will be tested in this work for the elastic
modulus prediction of the prepared nanocomposites. Depending on the applied model,
the filler’s and/or the matrix’s characteristics are taken into account.

The aim of the present work is to examine the effect of the ball-milling process as a
premixing step prior to melt-mixing on the crystalline structure and tensile properties of
polyethylene of raised temperature resistance/graphene nanoplatelets nanocomposites,
which are referred to in this manuscript as SCB-PE nanocomposites. SCB-PE/GNPs
nanocomposites were prepared using various filler contents of 0.5, 1, 2.5 and 5 wt.%. Two
series of nanocomposites were synthesized, the first nanocomposites via direct melt-mixing
and the second set with a premixing ball-milling step and subsequently melt-mixing.
X-ray diffraction (XRD) analysis was employed to investigate the filler’s loading and
the ball-milling effect on the prepared polymers’ crystalline structure. Tensile tests were
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applied on neat SCB-PE and its nanocomposites prepared with and without ball-milling
in order to examine their tensile properties. At the same time, various micromechanical
models were fitted on the experimental elastic modulus values of the nanocomposites.
A fractography study using scanning electron microscopy was also employed to investigate
the fracture mechanisms of neat SCB-PE as well as its nanocomposites in any case. Shear
tests were conducted to evaluate the shear strength of SCB-PE nanocomposites. To the
best of our knowledge, it is worth mentioning that the ball-milling effect on the tensile and
shear properties and crystalline structure of polyethylene of raised temperature resistance
(SCB-PE)/graphene nanocomposites has not yet been studied. Since this polymer is
commonly used in piping systems, its mechanical properties optimization has become an
appealing goal.

2. Materials and Methods
2.1. Materials

Metallocene medium-density polyethylene (polyethylene of raised temperature, SCB-
PE Type I) under the trade name XP9000 was kindly supplied by Daelim (Seoul, Korea).
It has a melt flow index of 0.6 g/10 min and a density of 935 kg/m3. Graphene nanoplatelets
under the trade name xGNP M5 with an average thickness of 6 × 10−9 m and an average
diameter of 5 × 10−6 m were supplied by XG Sciences Inc. (Lansing, MI, USA). The
average surface area varied from 120 to 150 m2/g and the bulk density of the GNPs was
2200 kg/m3.

2.2. SCB-PE Nanocomposites Preparation

SCB-PE/GNPs nanocomposites were prepared by melt-compounding in a Haake–Buchler
Reomixer model 600 (company: Thermo Fisher Scientific, Waltham, MA, USA) with rollerblades
and a mixing head with a volumetric capacity of 6.9 × 10−5 m3. The GNPs’ content in the poly-
mer matrix was 0.5, 1, 2.5 and 5 wt.%. The set temperature (180 ◦C) and torque speed (30 rpm)
were continuously recorded during the mixing period. The components were mixed for 10 min.
Following the melt mixing process, the prepared materials underwent a hot press shaping with
an Otto Weber, Type PW 30 hydraulic press (company: P/O/WEBER, Remshalden, Germany)
connected with an Omron E5AX Temperature Controller (company: Omron, Kyoto, Japan), at
a 170 ± 5 ◦C temperature the films’ preparation of appropriate thicknesses in accordance with
each measurement. The SCB-PE/GNPs nanocomposites are mentioned in this manuscript as
SCB-PE/GNPs no BM.

For the preparation of the SCB-PE/GNPs nanocomposites, which were prepared
using the high-energy ball milling (HEBM) method as a premixing step [13,28,29], SCB-PE
mixtures containing 0.5, 1, 2.5 and 5 wt.% of GNPs were physically mixed for 10 min and
then inserted into a Retsch centrifugal ball mill model S 100 (company: Retsch GmbH,
Haan, Germany) for solid-state mixing. A cylindrical stainless steel jar of 50 mL with six
steel balls of 10 mm diameter was used, and the prepared mixtures were milled for 1 h
with a rotation speed of 500 rpm at room temperature. The ball-milled materials were
then melt-mixed following the melt compounding procedure described above. These
SCB-PE/GNPs nanocomposites are mentioned in this manuscript as SCB-PE/GNPs w BM.

2.3. Characterization Techniques

The prepared materials’ X-ray diffraction (XRD) patterns (10–30 mm thick) were
obtained at Bragg–Brentano geometry, using a water-cooled Rigaku Ultima+ (company:
Rigaku Corporation, Tokyo, Japan) diffractometer with CuKa radiation, a step size of 0.05◦

and a step time of 3 s, operating at 40 kV and 30 mA.
An Instron 3344 dynamometer (company: Instron, Norwood, MA, USA) with a

crosshead speed of 50 mm/min was used to perform tensile tests on neat SCB-PE and
its nanocomposites, according to ASTM D638-14. The specimens were dumb-bell-shaped
(central portions 5 × 0.8 mm thick, 22 mm gauge length) and cut in a Wallace cutting
press. The extracted results were averaged from at least five samples’ measurements to
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obtain the mean values of the elastic modulus, tensile strength at yield and breakpoint, and
elongation at break.

Fractography studies were conducted via scanning electron microscopy (SEM) on
all the prepared materials using the Jeol JSM-7610F Plus scanning microscope (company:
JEOL Ltd., Tokyo, Japan), equipped with an AZTEC ENERGY ADVANCED X-act EDS
Oxford analytical system (company: Oxford Instruments, Abingdon, UK), operating at
20 kV, probe current 45 nA, and counting time 60 s.

The influence of ball milling and graphene nanoplatelets on the shear strength of SCB-
PE and SCB-PE/M5 specimens was evaluated according to ASTM D 732-17. A universal
testing machine (company: Testometric, Rochdale, UK) has been used, equipped with a
standard 15 mm flat design cylindrical puncture head. A die cavity with a mean diameter
of 15 mm was achieved in each sample by shearing it against two pieces of metal. Prior
to each shear test, the puncture head was lubricated. Shear tests were conducted with a
crosshead speed of 5 mm/min at ambient temperature. Each test specimen was mounted
on a metal fixture and punctured at the center with a punch tool. The shear strength, the
energy to shear, and the SCB-PE nanocomposites’ ductility with and without ball milling
were measured three times.

3. Results and Discussion
3.1. Structural Investigation

The ball-milling’s effect on the crystalline structure of SCB-PE/GNPs nanocomposites was
studied using X-ray diffraction. The crystallinity degree of a polymer can affect its mechanical
properties, i.e., the crystalline phase can lead to increased tensile strength [28,29]. Figure 1a,b
present the XRD patterns of SCB-PE/GNPs no BM and SCB-PE/GNPs w BM nanocomposites,
respectively, along with the diffractogram of neat SCB-PE. All the samples present distinct
crystalline peaks corresponding to (110) and (200) planes of the orthorhombic (Pnam space
group) phase of polyethylene, superimposed on an amorphous halo [24]. The SCB-PE/GNPs
nanocomposites of any case present a sharp peak around 2θ ≈ 26.5◦, which corresponds to
the diffraction of the (002) crystal plane of GNPs [30]. It can be seen that with increasing filler
content, the intensity of the GNPs’ diffraction peak increases, in any case of the nanocomposites.
The crystallinity degree of all the prepared materials has been calculated using the following
equation [31]:

Xc% =
Acr

Acr + Aam
·100, (1)

where Xc is the degree of crystallinity and Acr and Aam are the crystalline and amorphous
peak areas, respectively.

Figure 1. XRD patterns of (a) neat SCB-PE and SCB-PE/GNPs no BM, (b) neat SCB-PE and SCB-PE/GNPs no BM.

The values of the crystallinity degree of all the prepared materials are presented in
Table 1. As seen from the resulted Xc values, the incorporation of GNPs in the polymer
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matrix causes an increase in crystallinity. GNPs act as a nucleation site for the macromolec-
ular polyethylene chains, leading to a higher crystalline volume fraction in any case of the
nanocomposites with increasing filler content. However, a difference in the crystallinity
degree between the ball-milled nanocomposites and their solely melt-mixed counterparts
is observed. SCB-PE/GNPs w BM nanocomposites present lower Xc values, indicating
that the ball-milling process induced the decrease of the lamellar density [32]. Despite the
amorphization effect, the ball-milled nanocomposite samples present higher crystallinity
values compared to neat SCB-PE. The lamellae thickness of the two main crystallographic
directions (110) and (200) of the neat SCB-PE and its corresponding nanocomposites was
calculated using Scherrer’s equation:

L(hkl) =
Kλ

FWHM(2θ) cos θ
, (2)

where FWHM is the full width at half maximum of the corresponding peak, K is a geometri-
cal factor (for polyethylene is taken as 0.9 [33]), and λ is the wavelength of CuKa radiation
(λCuKa = 1.5418 Å). The results are presented in Table 1. The lamellae thicknesses of the
prepared materials do not present significant variations, meaning that the GNPs presence
and the ball-milling process did not seem to affect the matrix’s crystalline size. This can
also be verified by the almost constant and similar values of the ratio L110/L200 (Table 1).

Table 1. Crystallinity degree values, lamellae thickness of (110) and (200) polyethylene’s crystalline planes and L110/L200 ratio
of neat SCB-PE, SCB-PE/GNPs no BM and SCB-PE/GNPs w BM anocomposites.

Sample L110 (Å) L200 (Å) L110/L200 Xc%

neat SCB-PE 97.2 32.8 3 53.5

SCB-PE/0.5 GNPs no BM 100.3 33.7 3 56.3

SCB-PE/1 GNPs no BM 102.9 33.1 3.1 62.4

SCB-PE/2.5 GNPs no BM 101.4 34.6 2.9 66.4

SCB-PE/5 GNPs no BM 99.8 33.3 3 69.4

SCB-PE/0.5 GNPs w BM 103.5 34 3 53.6

SCB-PE/1 GNPs w BM 101.8 34.4 3 56.2

SCB-PE/2.5 GNPs w BM 100.8 33.8 3 57.9

SCB-PE/5 GNPs w BM 103.8 34.2 3 60.7

3.2. Tensile Properties

Tensile tests were conducted to estimate the tensile properties of all the prepared
materials. Figure S1a,b in the supplementary data report, present the stress-strain curves
of SCB-PE/ GNPs no BM and SCB-PE/ GNPs w BM respectively, along with neat SCB-
PE. The estimated values of elastic modulus, tensile strength at yield and break, and
elongation at break are reported in Table 2. In any case of the GNPs nanocomposites, the
elastic modulus and the tensile strength at yield and break present higher values than
neat SCB-PE. The reinforcement effect is a result of the effective stress transfer from the
polymer to the GNPs. However, when the filler content exceeds 0.5 wt.%, the elongation
at break decreases compared to neat SCB-PE. The presence of the GNPs particles restricts
the macromolecular chains’ mobility during the stress application. This results in stress
concentration around the filler’s particles and/or aggregates, where less energy is required
to propagate a crack. Similar findings have been found by Tarani et al. for high-density
polyethylene (HDPE)/GNPs nanocomposites [23].
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Table 2. Elastic modulus, tensile strength at yield and break, and elongation at break values of neat SCB-PE, SCB-PE/GNPs
no BM and SCB-PE/GNPs w BM nanocomposites.

Sample Elastic Modulus
(MPa)

Tensile Strength at
Yield (MPa)

Tensile Strength at
Break (MPa)

Elongation at Break
(%)

neat SCB-PE 650 ± 37 15 ± 1.3 21.3 ± 5.2 623 ± 126

SCB-PE/0.5 GNPs no BM 790 ± 42 19.6 ± 0.6 29.6 ± 6.3 710 ± 152

SCB-PE/1 GNPs no BM 810 ± 42 19.5 ± 1 21.9 ± 3.1 590 ± 91

SCB-PE/2.5 GNPs no BM 880 ± 45 20.1 ± 1 22.3 ± 2.2 589 ± 88

SCB-PE/5 GNPs no BM 1140 ± 51 22.6 ± 0.8 21.8 ± 3.2 421 ± 123

SCB-PE/0.5 GNPs w BM 830 ± 58 20.8 ± 0.6 26.4 ± 3.7 646 ± 110

SCB-PE/1 GNPs w BM 960 ± 65 21.8 ± 1 27.2 ± 3.6 583 ± 87

SCB-PE/2.5 GNPs w BM 1110 ± 55 23.1 ± 0.4 28.7 ± 2.5 424 ± 103

SCB-PE/5 GNPs w BM 1290 ± 68 25.3 ± 1.2 28.3 ± 1.3 342 ± 121

Additionally, it is observed that the elastic modulus and tensile strength at yield of the
SCB-PE/GNPs w BM nanocomposites are larger in value than those of the SCB-PE/GNPs
no BM samples. Elastic modulus increased values of SCB-PE/GNPs w BM nanocomposites
are in agreement with the results of nanoindentation tests presented in our previous
work [34]. Tensile strength at break follows similar behavior except for the SCB-PE/0.5
GNPs no BM nanocomposite, which presents the highest stress at break. The deformation
upon failure also takes the largest value among the rest of the prepared materials for
this sample. Overall, the tensile properties of the ball-milled nanocomposites present a
more significant enhancement compared to the ones that were solely melt-mixed. Better
dispersion of the GNPs and improved interfacial adherence induced by the ball-milling
process result in better tensile properties of the SCB-PE/GNPs w BM nanocomposites,
despite being less crystalline. During the ball-milling step, GNP particles are coated by
the polymer matrix. This polymer coating on the surface of GNPs reduces the van der
Waals forces between the platelets, which are the main cause of the aggregates’ formation
during the melt-mixing process, thus resulting in better dispersion of the filler in the
SCB-PE matrix [34].

Similar results in regards to the elastic modulus improvement of thermoplastic/GNPs
nanocomposites have been reported in the literature. More specifically, HDPE/GNPs
nanocomposites prepared via melt-mixing containing 1wt. % filler content presented a 5%
elastic modulus increase [23], while the corresponding augmentation for SCB-PE/1 GNPs
w BM is 47.7%. Linear low-density polyethylene (LLDPE)/GNPs nanocomposites were
also studied in terms of their physicomechanical properties. The tensile strength of the
LLDPE/GNPs nanocomposite containing 1 wt. % GNPs increased by 5%; however, further
increase in filler content led to reduced tensile strength values due to the agglomerated filler
particles [35]. The corresponding increase of SCB-PE/1 GNPs w BM is 45%, suggesting
that the reinforcing effect of the GNPs is significant even at lower filler loadings due to the
effect of the ball-milling process.

The elastic modulus’ profound enhancement of SCB-PE/GNPs nanocomposites raises
the interest to further study their elastic behavior, applying various models used to predict
Young’s modulus of composite materials. These models take into account several factors
through various assumptions (interfacial adhesion, filler dispersion, aspect ratio and shape
of the particles, aggregates’ concentration etc.). Numerous equations were fitted to the
experimental data for the micromechanical modeling to compare the different predictions
for the prepared materials’ elastic modulus.

The first two models are the parallel (Voight) and series (Ruess) geometrical models
and are described by Equations (3) and (4), respectively (rule of mixture method) [36]. In
these models, the hypothesis is that the composite consists of two different piled-up phases
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in parallel and series geometry. The Voight model uses the assumption of the isostrain
condition where the two phases experience the same strain while the stress is additive. The
following equation describes the parallel model:

Ec = E f Vf + EmVm, (3)

where Ec, Ef and Em are the elastic moduli of the composite, the filler and the matrix,
respectively and Vf and Vm are the volume fractions of the filler and the matrix.

In the Reuss model, the hypothesis is that the composite’s phases carry the same
external load and the strain is additive. Equation (4) gives the predicted elastic modulus
values according to this model:

1
Ec

=
Vf

E f
+

Vm

Em
, (4)

Takayanagi et al. introduced a combination of series-parallel and parallel-series two-
phase models [21]. In this concept, the main assumption is that the polymer composite
consists of a homogenous rigorous discontinuous phase and a homogeneous continuous
matrix phase. The series-parallel (Takayanagi I) equation is the following:

1
Ec

=
ϕ

λE f + (1 − λ)Em
+

1 − ϕ

Em
, (5)

while in the parallel-series (Takayanagi II) model, the modulus of a polymer composite is
described by the following equation:

Ec = λ

(
ϕ

E f
+

1 − ϕ

Em

)−1

+ (1 − λ)Em, (6)

where the product of the parameters ϕ and λ equals to the volume fraction of the filler
phase. These parameters are related to the degree of series and parallel coupling of the
system.

Ouali et al. introduced the percolation filler concept in Reuss’s model, considering
the filler–filler interactions and describing a percolating network of filler’s inclusions in a
continuous phase such as a polymer matrix [27]. The elastic modulus of the composite is
described, in this case, based on the elastic moduli of each component. The equation that
describes the elastic behavior of the composite is the following:

E f =

(
1 − 2ψ + ψVf

)
EmE f +

(
1 − Vf

)
ψE2

f(
1 − Vf

)
E f +

(
Vf − ψ

)
Em

, (7)

where

ψ =

 0, Vf < Vc

Vf
(Vf −Vc)
(1−Vc)

, Vf ≥ Vc
, (8)

and
Vc =

0.7
r

, (9)

where Vc is the percolation threshold of the filler in the polymer matrix, the parameter b
takes a value 0.4 in the case of a 3-D structure and r is the aspect ratio of the filler particle.
When ψ = 0 the Ouali model is identical to the series model.

Despite introducing the percolation concept, Ouali’s equation fails to describe the
composites’ elastic modulus behavior when the filler particles form agglomerates in the
matrix volume. In case there are filler aggregates in the polymer, considering that the com-
posite consists of three phases, the elastic moduli and volume fractions of the matrix, the
dispersed filler and the agglomerated filler are taken into account in order to rearrange the
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two-phase rule of mixture and Takayanagi series and parallel models. In order to calculate
the volume fraction of each component, an f-switching function has been proposed [37]:

f
(

Vf

)
=

 0, Vf < Vc

1 − e−A(
Vf
Vc −1)

0.474

, Vf ≥ Vc

, (10)

where A is an adjustable parameter. Using this function, the volume fractions of the
dispersed and aggregated filler can be calculated according to the following equations:

Vagg
f = f

(
Vf

)
Vf , (11)

Vdis
f =

(
1 − f

(
Vf

))
Vf , (12)

while the elastic moduli of the dispersed and aggregated filler are calculated using the
equations:

Eagg = E f

(
Vf − Vc

)c
, (13)

Edis =
1 + (h − 1)V2/3

f

1 + (h − 1)(V
2
3
f − Vf )

, (14)

where h = Ef/Em and c the percolation exponent.
Using the above, the modified parallel model is described by the following equation:

Ec = Vagg
f Eagg + Vdis

f Edis + (1 − Vagg
f − Vdis

f )Em, (15)

The modified series model is written as:

Ec =
EaggEdisEm

Vagg
f EdisEm+Vdis

f EaggEm + (1 − Vagg
f − Vdis

f )EaggEdis
, (16)

The modified Takayanagi I (series-parallel) and II (parallel-series) models are described
by the following equations, respectively:

Ec =

(
1 − Vf

)
EmEagg +

(
Vf − ψ

)
EdisEagg(

1 − Vf

)
ψEm + ψ

(
Vf − ψ

)
Edis + (1 − ψ)2Eagg

, (17)

and

Ec =
ψ
(

1 − Vf

)
EdisEagg + ψ

(
Vf − ψ

)
EmEagg + (1 − ψ)2EmEdis(

1 − Vf

)
Edis +

(
Vf − ψ

)
Em

, (18)

Halpin-Tsai’s model was also applied to the experimental elastic modulus data of the
prepared SCB-PE/GNPs w BM nanocomposites. Halpin-Tsai’s approximation considers
that the reinforcement effect derives from the presence of rigorous inclusions in the matrix
without taking into account the filler–filler and filler–matrix interactions [25,38] when the
nanocomposite consists of the polymer matrix and randomly oriented fibers. In this case,
the nanocomposites’ modulus is described by the following equation:

Ec = Em

(
1 + ξηVf

1 − ηVf

)
, (19)
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where ξ = 2r and r the aspect ratio of the filler particle and η can be calculated using the
following expression:

η =

E f
Em

− 1
E f
Em

+ ξ
, (20)

The Einstein model is also commonly used on the elastic moduli experimental data of
nanocomposites [22]:

Ec = Em

(
1 + BVf

)
, (21)

where B is a constant parameter. B is related to the filler geometry and interfacial adhesion
between the matrix and the filler particles. When this parameter’s value is up to 1, the
adhesion between the filler and the matrix is considered poor. If the quality of adhesion is
excellent, this value rises higher than 2.5.

Ji et al., using Takayanagi’s two-phase model, introduced a three-phase model that
includes the matrix, the interfacial region and the filler, assuming that the filler particles
(sphere-, cylinders or plate-shaped) are randomly distributed in the matrix [24]. The
following equation describes the Ji model:

Ec = Em

(1 − a) +
a − β

(1 − a) + a(h−1)
ln(h)

+
β

(1 − a) + (a−β)(h+1)
2

+
E f

Em
β

−1

, (22)

where

a =

√(
2

τ

tc
+ 1
)

Vf , (23)

and
β =

√
Vf , (24)

where h = Ei(0)/Em is the stiffness ratio of the interfacial modulus around the surface of
the filler particle, Ei(0) (GPa), to the one of the matrix Em, tc (nm) the thickness of the
filler’s particle and τ (nm) is the interphase’s thickness. The parameter τ equals 0 when
the interfacial region’s influence is insignificant. In this case, the Ji model drops to the
two-phase series-parallel Takayanagi model.

A modified Halpin-Tsai equation has been proposed to predict polymer/carbon
nanotubes (CNTs) composites’ elastic modulus [39]. This modification considers the
orientation of the CNTs, the agglomeration state of the filler, and the filler particle’s
waviness. The composite’s elastic modulus follows Equation (19) with the difference of the
η factor. According to the modified Halpin-Tsai model, η factor is given by the following
equation:

ηm =

fR fA fW E f
Em

− 1
fR fA fW E f

Em
+ ξ

, (25)

where fR the orientation factor that takes the value 1/6 for randomly oriented filler in three
dimensions, and the length of the filler is much smaller than the specimen’s thickness [40].
fA is the agglomeration efficiency factor and is given by the Equation (26):

fA = exp
(
−aVβ

f

)
, (26)

where parameters α and β are related to the agglomeration degree of the filler. The fW factor
represents the waviness of the filler’s particles and is given by the following equation:

fW = 1 −
(

A
W

)
, (27)
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where A and W are the amplitude and half-wavelength of a wavy platelet (in the case of
GNPs), respectively.

The models described above were applied to the experimental data of SCB-PE/GNPs
no BM and w BM nanocomposites. The results of the solely melt-mixed and the ball-milled
samples are presented in the supplementary data report in Figure S2a,b, respectively. In
both cases of the nanocomposites, the Voight and modified Voight models and the Halpin-
Tsai and Ouali’s models overestimate the elastic modulus of the composites. On the other
hand, both Takayanagi, Ruess and modified Ruess models result in much lower Ec values
than the experimental ones for all the prepared nanocomposites. The elastic modulus
values derived by the fitting of the Einstein model, while closer to the experimental data for
both cases of the nanocomposites, present linear behavior resulting in poor fitting quality.
The B parameter of the Einstein model for the SCB-PE/GNPs no BM nanocomposites
equals 35.3, and the corresponding value for the ball-milled samples is 51.5, indicating that
the interfacial adhesion between the filler particles and the matrix is better in the case of
the SCB-PE/GNPs w BM nanocomposites.

The fitting of the Ji model on the experimental elastic modulus of the nanocomposites
is presented in Figure 2. As seen, the Ji model results in Ec values close to the elastic
modulus values of SCB-PE/GNPs no BM nanocomposite, while in the case of the ball-
milled samples, this model presents large deviations from the experimental data. The
derived values of the interfacial modulus Ei(0) and the interphase’s thickness τ for both
cases of the nanocomposites are presented in Table 3. The Ei(0) of the SCB-PE/GNPs no
BM is 74.54, while the corresponding value for the ball-milled nanocomposites is 98.67;
These results indicate a more extensive reinforcement of the interfacial modulus of the
SCB-PE/GNPs w BM samples, possibly induced by the ball-milling process, which causes
stronger interfacial adherence between the filler particles and the polymer matrix. Likewise,
the derived τ values for the SCB-PE/GNPs no BM and w BM nanocomposites are 29.45
and 43.9 nm, respectively, suggesting that the ball-milling step assists in the formation of a
thicker interfacial layer around the platelet particle.

Figure 2. Theoretical modeling of elastic modulus for the SCB-PE/GNPs no BM and SCB-PE/GNPs
w BM nanocomposites’ experimental data as a function of filler volume fraction, using the Ji and
modified Halpin-Tsai models.
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Table 3. Elastic modulus, tensile strength at yield and break, and elongation at break values of neat
SCB-PE, SCB-PE/GNPs no BM and SCB-PE/GNPs w BM nanocomposites.

Model A/A

Sample

SCB-PE/GNPs no
BM SCB-PE/GNPs w BM

Ji
Ei(0) (GPa) 74.54 98.67

τ (nm) 29.45 43.9

R2 0.964 0.859

Modified Halpin-Tsai

fW 0.23 0.94

α 9.74 9.88

β 0.76 0.47

R2 0.928 0.992

The predicted Ec by the modified Halpin-Tsai equation is also presented in Figure 2, along
with the prepared materials’ experimental elastic modulus; the extracted results are shown in
Table 3. As observed, the elastic modulus behavior of SCB-PE/GNPs w BM nanocomposites is
better described by the modified Halpin-Tsai model compared to the Ji fitting on the experimental
data. For the solely melt-mixed samples, the predicted Ec values, while close to the experimental
data, present larger deviations than the ones of the Ji fitting. The fW parameter of the ball-milled
samples presents a higher value compared to the solely melt-mixed samples, considering that the
ball milling process causes a high curvature of the graphene nanoplatelets. The α parameter from
Equation (26) holds a similar value in both cases of the prepared materials. On the other hand,
the β parameter’s value of the SCB-PE/GNPs w BM is lower than that of the SCB-PE/GNPs no
BM nanocomposites. Since this parameter is related to the degree of the filler’s agglomeration, it
can be suggested that the ball-milled nanocomposites present better GNPs dispersion compared
to the solely melt-mixed counterpart, thus resulting in higher values of elastic modulus.

3.3. Scanning Electron Microscopy-Fractography Study

In order to evaluate the fracture mechanism of neat SCB-PE and all the prepared GNPs
nanocomposites under tensile stress, the fracture surfaces of the samples after the tensile
tests were observed using scanning electron microscopy. Figure 3 presents the fracture
surface of neat SCB-PE. The sample’s plane view presents plastic tearing due to the share
stresses applied parallel to the fracture plane and the chain stretching of the matrix. Some
superficial voids are also observed, while no intense fibril formation occurs due to the
homogenous polymer chain fracture during the macromolecular chains’ alignment and
orientation caused by the uniaxial tensile stress [23].

Figure 3. SEM images of the fracture surface of SCB-PE after tensile test.
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The fracture surface of SCB-PE/0.5 GNPs no BM is presented in Figure 4a. The
GNPs aggregates’ presence causes unevenly cut fibrils of the matrix as seen at the frac-
ture surface’s cross-section. Some of these fibrils are curved due to the relaxation of the
polymer after the failure. During the tensile stress application, the macromolecular chains’
movement is restricted by the entangled GNPs in the matrix, i.e., when the GNPs form
inhomogeneously distributed aggregates, their presence block the further elongation of
the amorphous and crystalline regions, causing stress concentration around these areas
and abrupt cut of the polymer chains leading to the formation of the uneven fibrils. On the
sample’s plane view, deep voids larger than 100 µm in length can be seen, caused by the
fibrils’ stretching.

Figure 4. SEM images of the fracture surfaces of (a) SCB-PE/0.5 GNPs no BM and (b) SCB-PE/0.5 GNPs w BM.

On the other hand, the failure surface of SCB-PE/0.5 GNPs w BM presented in Figure 4b
is characterized by smoother areas, although voids larger than 100 µm but lesser in number
compared to that of SCB-PE/0.5 GNPs no BM, can be observed on the plane view image. As
mentioned, the elongation at break of SCB-PE/0.5 GNPs in both cases is even higher than
that of neat SCB-PE. This could be attributed to the better GNPs dispersion and the stronger
interfacial adhesion between the filler and the matrix. Homogeneously dispersed filler results in
an evenly distributed stress transfer throughout the matrix. At the same time, good interfacial
adhesion between the particle and the polymer induces a stronger bond, meaning that more
stress must be applied in order for the particle to detach from the matrix and as a consequence,
initiate a crack leading to the final fracture of the material [41]. During the application of the
stress, a possible GNPs response is their alignment to the stress’s direction, allowing the further
stretching of the lamellas and amorphous areas of the matrix, leading to a smoother fracture
surface like the one seen in Figure 3.

Similar behavior of fracture with SCB-PE/0.5 GNPs no BM is presented on the SEM
images of the failure surface of SCB-PE/1 GNPs no BM (Supplementary data Figure S3a).
Unevenly cut fibrils and large voids are formed on the surface’s plane view due to the
ununiformly distributed stress through the matrix caused by the GNPs aggregates and poor
adhesion between the filler and the polymer. The fracture surface of SCB-PE/1 GNPs w
BM is also presented in Figure S3b in the supplementary data report. The fibrils’ formation
is apparent, presenting curved areas due to the polymer chains’ relaxation after the failure.
However, the fibrils’ length seems longer, indicating a higher elongation at break and a
homogeneous stress distribution in the polymer matrix. On the plane view of the fracture
surface, it can also be seen that the GNPs act as a bonding agent preventing the voids
from fully opening, thus acting as an obstacle to the crack formation during the stress
application. The above leads to smoother surface areas around the fracture surface on the
sample’s plane view, as presented in Figure S3b. This indicates a better dispersion of the
GNPs in the polymer and a stronger interfacial bonding of the filler to the matrix induced
by the ball milling process.
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The fracture surface of SCB-PE/2.5 no BM is presented in Figure 5a. The abrupt cut is
evident by the highly ununiformed length and thickness of the fibrils. Large voids appear
on the plane view around the failure area due to the polymers’ stretching. Similar fracture
behavior also presents the SCB-PE/2.5 GNPs w BM as seen in Figure 5b. The GNP content
in these cases prevents the molecular chains’ movement during the stress application, while
the denser dispersion of the filler can cause stress concentration in the matrix’s volume
hindering the alignment of the GNPs along with the stress’s direction, as was in the case
with lower filler content. One can identify identical characteristics to the fracture surface of
SCB-PE/5 GNPs no and w BM, presented in Figure S4, in the supplementary data report.
The difference occurs on the fibrils thickness, while in the case of the ball-milled sample, a
possible detachment of the GNPs can be observed in the voids. In this case, the interfacial
adhesion between the filler and the matrix was inadequate to prevent the voids’ formation
during the stress application due to the stress concentration around the GNPs area and
their dense dispersion in the polymer’s volume.

Figure 5. SEM images of the fracture surfaces of (a) SCB-PE/2.5 GNPs no BM and (b) SCB-PE/2.5 GNPs w BM.

3.4. Shear Test Results

The mechanical properties of the specimens were measured using tensile testing of
dog-bone specimens and shear tests by punch tool. The shear test is helpful for compliant
materials that may stretch excessively and demonstrate misleading results when tested
in the tensile mode. The most critical parameters are the peak load, the area under the
load-displacement curve, and the punch probe’s displacement from initial contact up
to the shear fracture of the film. From these data, shear strength and energy to shear
were calculated. The nature of the test does not allow calculation of Young’s modulus or
elongation to shear [42]. Shear strength is calculated based on Equation (28):

Shear strength (N/mm2) = F/Ac, (28)

where F is the load required to shear the specimen and Ac is the area of the sheared edge,
which shall be taken as the product of the specimen thickness by the circumference of the
punch. The equation for energy to shear is similar to that of a tensile test, except for the
calculation of the volume term. Hence, the energy to shear per unit volume is calculated by:

Energy to shear (J/cm3) = AS/VC, (29)

where As is the area under the load-displacement curve of the shear tests and VC is
the volume of the die cavity of the film holder. The displacement of shear punch until
fracture of each specimen has been normalized by each specimen’s initial thickness and
considered ductility.

The shear test data revealed that SCB-PE/5 GNPs w BM specimens have the highest
shear strength, as shown in Figure 6a. These results agree with the ones derived from the
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tensile tests since the elastic modulus of SCB-PE/5 GNPs w BM was the highest among
all samples examined. In addition, SCB-PE/5 GNPS w BM specimens had the lowest
elongation at break. The neat SCB-PE specimens demonstrated the lowest shear strength.
The results show a moderate increase of the shear strength for SCB-PE GNPS for both cases
of the nanocomposites with increasing filler content. However, the ball-milled samples
present higher shear strength augmentation compared to their solely mixed counterparts.
The most probable cause of this behavior is that the shear stress required to fracture is
higher for the SCB-PE/GNPs w BM nanocomposites due to the better dispersion and
interfacial adherence between the GNPs and the polymer matrix [43]. That is, in the
case of the ball-milled nanocomposites, the crack initiation is further delayed since there
is a higher surface area for interfacial bonding; during the shear stress application, the
internal “planes” of a fractured sample are strongly bonded by the filler particles causing
resistance to sliding.

The values of energy to shear fracture are shown in Figure 6b. The neat SCB-PE
specimens were the most resistant to shear and required the greatest amount of energy to
shear fracture. A similar phenomenon occurred for the calculation of ductility presented in
Figure 6c. Neat SCB-PE specimens were considered as the more ductile ones. This can be
attributed to a combination of their high shear strength and relatively high elongation to
fracture. It should be noted that for both tensile and shear testing, the addition of graphene
nanoplatelets improved the strength of the specimens. The nanocomposites’ ductility was
expected to decrease since, once the debonding of the particles from the matrix begins, the
GNPs act as a crack initiation site [44–46].

Figure 6. (a) Bar chart comparing shear strength measured from mechanical tests, (b) bar chart comparing energy to shear
measured for all SCB-PE specimens, and (c) ductility of the specimens.
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4. Conclusions

The filler content and the ball milling effect on the tensile and shear properties of short-
chain branched-polyethylene/graphene nanoplatelets nanocomposites were examined in
this study. Two series of SCB-PE/GNPs nanocomposites with various filler loadings (0.5–5
wt.%) were synthesized; the one was solely melt-mixed, and the other was ball-milled prior
to the melt-mixing process. X-ray diffraction analysis revealed that the ball-milling step
induced a lower crystallinity degree on the ball-milled samples than the SCB-PE/GNPs no
BM counterparts. The nanocomposites presented improved tensile properties in any case.
The SCB-PE/GNPs w BM nanocomposites presented a more significant enhancement of
the elastic modulus and tensile strength compared to the solely melt-mixed counterparts
despite having a lower crystallinity degree, meaning that the controlling factors of the
improved tensile properties are the GNPs’ dispersion and the interfacial adherence with
the polymer matrix. The Ji micromechanical model successfully predicted the experimental
elastic modulus of the SCB-PE/GNPs no BM nanocomposites, and the modified Halpin-Tsai
model was the one that best described the elastic modulus behavior of the SCB-PE/GNPs w
BM samples. Fractography studies suggest that, in the case of the ball-milled samples, the
stress transfer between the filler and the matrix is more effective for lower filler content due
to the better dispersion and interfacial adhesion of the GNPs and the polymer. Shear tests of
the prepared materials showed that the nanocomposites’ shear strength increased with filler
content while the ball-milled nanocomposites presented more significant augmentation
compared to the SCB-PE/GNPs no BM counterparts in any case. On the other hand,
the nanocomposite samples were characterized by lower ductility with increasing filler
content than the neat SCB-PE, while the SCB-PE/GNPs no BM nanocomposites were
the least ductile among all the prepared materials in general. To sum up, the use of the
ball-milling as a premixing step induced better mechanical properties even at low GNPs
content, reducing the cost of the overall fabrication process of the nanocomposites.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/app11209420/s1, Figure S1: Representative tensile stress vs strain curves of neat SCB-
PE, (a) SCB-PE/GNPs no BM and (b) SCB-PE/GNPs w BM nanocomposites, Figure S2: Theoretical
modeling of elastic modulus for the SCB-PE/GNPs no BM and SCB-PE/GNPs w BM nanocomposites’
experimental data as a function of filler volume fraction, using various micromechanical models,
Figure S3: SEM images of the fracture surfaces of (a) SCB-PE/1 GNPs no BM and (b) SCB-PE/1
GNPs w BM, Figure S4: SEM images of the fracture surfaces of (a) SCB-PE/5 GNPs no BM and (b)
SCB-PE/5 GNPs w BM.
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