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Introduction

Nanocomposites used in thermally conductive poly-
meric materials have recently attracted science’s
curiosity. Polyethylene (PE) is a low-cost semicrys-
talline polymer with good thermal and mechanical
properties. It works well in a variety of applications
such as automotive, films, pressure pipes and fittings,
bottles, tubes, and cable jacketing [1]. PE crystals
have an orthorhombic structure, with two polymeric
chains per unit cell, and belong to the Pnma space
group. The lattice parameters of PE are a = 7.43 A,
b=494 AQ;, and ¢ = 2.55 A [2]. The average molecular
weight and distribution, degree of branching and/or
cross-linking, presence of copolymers, the concen-
tration of fillers, and the thermal history of the
polymer formulation are some of the factors that
affect the polymer’s crystalline content.

To address low mechanical, thermal, electrical, and
gas barrier properties, several fillers have been used
[3]. Graphene nanoplatelets (GNPs), with a two-di-
mensional lattice of sp>- bonded carbon, are platelet-
like graphite nanocrystals containing several gra-
phene layers and a platelet thickness of 0.35-100 nm
[4]. The addition of graphene to the PE matrix has
been proved to improve the polymer’s properties
[5, 6]. However, the end-use properties of products
comprised of semicrystalline thermoplastics are very
much dependent on the overall degree of crystallinity
achieved by the material production. It has been
proposed that matrix crystallinity and crystal size
have a considerable impact on stiffness and yield
strength, respectively [7]. Only a few studies have
been done presenting the size effect of GNPs on the
crystallinity of a polymer matrix.

X-ray diffraction (XRD) and differential scanning
calorimetry (DSC) are the two most popular tech-
niques for determining the crystallinity of a polymer
matrix. XRD determination is based on the compar-
ison of the integrated intensity of the features related
to the amorphous and crystalline phases, while DSC,
on the measurement of the melting or crystallization
enthalpy. According to the DSC results of Batista
et al. [5] and Bourque et al. [8], the crystallinity values
for HDPE/graphene nanocomposites were found to
be in the range of 60-63%. Shafiei et al. [9] showed
that the crystallinity of HDPE/GNPs/carbon black
nanocomposites decreases with the addition of the
fillers as indicated by DSC and XRD measurements.
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Jiang et al. [10] reported the maximum crystallinity at
3 vol% GNP loading because a compromise occurs
between the nucleating and the retarding effects of
GNP on the matrix during non-isothermal crystal-
lization. A difference in HDPE/carbon nanofiller
nanocomposites between DSC and WAXD crys-
tallinity values was found by Xiang et al. [11] because
of the recrystallization of imperfect crystallites during
the DSC heating process. Olesik et al. [12] reported
that the changes in the crystalline structure of HDPE
composites filled with glassy carbon depend on the
carbon filler type.

Fourier transform infrared spectroscopy (FTIR)
and Raman spectroscopy can also provide reliable
values for the crystalline phase content of a polymer
[13]. IR spectroscopy has been applied many times to
determine the crystalline phase content of HDPE
because it is a sensitive and fast technique, requiring
only a small amount of sample. For this estimation, a
probing band (which varies with crystallinity) and a
reference band (which acts as an internal standard to
eliminate inaccuracies) were chosen. According to
Zerbi et al. [14], the bending band vibrations at 1474
and 730 cm™' (crystalline phase) and 1464 and
720 cm™' (amorphous phase) can be used. Addi-
tionally, Raman spectroscopy can offer significant
information on the structural characterization of PE.
Several studies have improved and modified Strobl
and Hagedorn method, and it is now generally
accepted and used in the morphological structure
investigation of various PEs samples [15, 16]. Parad-
kar et al. [17] used the normalized intensity of the
1418 cm™! Raman band to estimate the crystalline
fraction in HDPE fibers. According to Failla et al. [18],
the crystallinity calculated by DSC and Raman
spectroscopy was found to be in good agreement. Lin
et al. [15] confirmed the correlation of the Raman
deduced crystallinity with those obtained from other
analytical methods applied to PE.

In our previous works, crystallization kinetics of
HDPE/GNPs nanocomposites in non-isothermal
conditions was studied at several constant cooling
rates by means of conventional DSC and fast scan-
ning calorimetry (FSC). However, the structure for-
mation was far from thermodynamic equilibrium due
to the high cooling rates used. Additionally, it was
found that GNPs M25 reduced the chain mobility in
the matrix, while HDPE/M25 nanocomposites
exhibited delayed crystallization and improved rhe-
ological properties [19-22]. Concerning the
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mechanical properties, GNPs M25 improved the
tensile modulus and tensile strength and decreased
the elongation at break and tensile stress at break of
the HDPE /GNP nanocomposites at low filler content.
However, the size effect of GNPs on crystallinity and
crystalline morphology, and specifically the calcula-
tion of crystallinity by using four different tech-
niques, has not been discussed.

The aim of this work is to determine the crys-
tallinity values of HDPE nanocomposites using four
different techniques: XRD, DSC, FTIR, and Raman
spectroscopy. The advantages and disadvantages of
the above-mentioned techniques, as well as the
accuracy of the crystallinity measurement of HDPE/
GNPs nanocomposites with various GNPs content
and sizes, are highlighted. The melt mixing method
was used to produce HDPE/GNPs nanocomposites
in the loading range of 0.5-5 wt%. with three differ-
ent diameter sizes: 5, 15, and 25 um. The effect of
GNPs on thermal properties of HDPE matrix, such as
melting and crystallization temperature, was inves-
tigated with conventional DSC and temperature-
modulated differential scanning calorimetry (TM-
DSC). A detailed structural study of GNPs in the
HDPE matrix was performed by combining XRD,
Raman spectroscopy, X-ray photoelectron spec-
troscopy (XPS), and FTIR.

Experimental section
Materials

HDPE under the brand name Luminece mPE M5510
EP was supplied by Total Petrochemicals (Feluy,
Belgium). It has a density of 0.955 g cm > and a melt
flow index of 0.028 g min~". XG Sciences Inc., USA,
provided GNPs with an average thickness of 8 nm
and three different average diameters: GNPs with an
average platelet diameter of 5 um (GNPs M5), 15 pm
(GNPs M15), and 25 pm (GNPs M25). The average
surface area ranges from 120 to 150 m? g~ '. The bulk

density of all GNPs is reported to be 2.2 g cm >

Nanocomposites preparation

HDPE/GNPs nanocomposites, having various load-
ing levels ranging from 0.1 to 5 wt% (0.5, 1, 2.5, 3, and
5 wt% of GNPs), were produced by melt mixing in a
Haake-Buchler Reomixer (model 600) at 200 °C for
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300 s using a torque speed of 35 rpm. The prepared
materials were then hot pressed at 180 &+ 5 °C using
an Otto Weber, Type PW 30 hydraulic press coupled
to an Omron E5AX Temperature Controller to pre-
pare films of various thicknesses. The nanocomposite
samples are referred to here as HDPE/xM5, HDPE/
xM15, and HDPE/xM25 where x is GNP content in
wt%.

Characterization methods
X-ray diffraction (XRD)

The X-ray diffraction (XRD) patterns of the prepared
materials (10-30 mm thick) were recorded by a 2-
cycles Rigaku Ultima + X-ray diffractometer with
CuKa radiation (1.5418 A), using a step size of 0.05°
and a step time of 2 s in Bragg-Brentano geometry,
operating at 40 kV and 30 mA. The systematic error
in the 20 degrees was found to be £ 0.015°. The
Bragg diffraction formula was used to calculate the
inter-planar spacings (d):

nA = 2dsin 0 (1)

where 7 is an integer indicative of the reflection
order, A is the wavelength of CuKa, radiation
(L = 1.5418 A), and 0 is the diffraction peak.

The average out of plane crystallite size of the
HDPE/GNPs nanocomposites (L) was estimated
from the (110) and (200) reflections using the Scherrer
equation:

L=K-1/p-Cosf (2)

where f is the line width (FWHM) in radians, 1 is the
X-ray wavelength, K is the coefficient taken to be 0.89,
and 0 is the diffraction peak [23].

The deconvolution of the X-ray diffractograms was
performed using a Gaussian-Lorentzian function [24]
to separate the amorphous and the crystalline content
and calculate the crystallinity percentage, crystalline
size, and the space between the structural layers of
the HDPE/GNPs nanocomposites. According to the
profile fitting process, the weight crystalline fractions

of the prepared materials were calculated:
A
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X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy spectra were
recorded using an Axis UltraP®"P system by Kratos
Analytical (Shimadzu Group Company). XPS spectra
were acquired using an Al-Kal X-ray source (energy
1486.6 eV) with a pass energy of 160 eV for survey
scans and 20 eV for high-resolution spectra. The
binding energy (BE) of the C 1s peak (284.6 eV +
0.2 eV) was used to calibrate all binding energies.
The spectra were decomposed using the software’s
least-squares fitting with a Gauss/Lorentz function
and a Shirley background. Atomic ratios were cal-
culated from background-subtracted peak areas
using sensitivity factors provided by the data analy-
sis system.

Fourier transform infrared spectroscopy (FTIR)

The GNPs-HDPE matrix interaction was studied
using Fourier transform infrared spectroscopy (FTIR)
in transmittance mode. The spectra of neat HDPE and
HDPE/GNPs nanocomposites were obtained with a
Spectrum 1000 PerkinElmer spectrometer in the
spectral area 4000-400 cm™'!, with a resolution of
2cm™' and 32 scans. The systematic error in the
wavenumber values was found to be & 0.13 cm ™.
The crystalline phase content was determined by the
empirical relations proposed by Zerbi et al. [14],
where X is the percentage of amorphous and I, and I,
are the infrared intensities in the spectral bands of
doublets 1472 and 1462 cm ™' or the bands 730 and
720 cm™'. The intensity ratio of the bands in a spec-
trum of a 100% crystalline PE is 1.233:

Iy

1— -l
X =—-"28.100 (4)
1+

Raman measurements

Raman measurements were taken in the back-scat-
tering geometry using a LabRAM HR (HORIBA)
spectrometer with a 515 nm solid state laser
(COBOLT) as an excitation source, at a power of less
than 0.1 mW on the sample. The laser beam was
focused on the sample by means of a 100 x objective
to a spot of ~ 1 um in diameter, which was rapidly
scanned over an area of 10 x 10 pm?, taking advan-
tage of the DuoScan system (HORIBA), for reducing
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the effective laser power density as well as providing
spatial averaging of the signal. Three different sam-
ple areas were measured and averaged. The sys-
tematic error in the wavenumber values was found to
be + 0.15 cm™'. The crystalline fraction was obtained
using the equation:
a6

where I1416 is the integrated intensity of the band at
1416 cm™! normalized to that of the CH2 twisting
band around 1300 cm™'. The constant 0.46 was
determined in the literature from the corresponding
intensity of the 1416 cm™' peak of 100% crystalline
polyethylene [25].

Differential scanning calorimetry (DSC) and temperature-
modulated differential scanning calorimetry (TM-DSC)

Differential scanning calorimetry (DSC) measure-
ments have been taken in a DSC141 (Setaram). The
instrument’s temperature and energy calibrations
were carried out for various heating rates, using well-
known melting temperatures, and melting enthalpies
of high-purity zinc, tin, and indium. HDPE/GNPs
nanocomposites of 8 mg were placed in an alu-
minum-sealed crucible, while an identical empty
crucible was used as a reference in each measure-
ment. The samples were heated from room temper-
ature to 170 °C at a rate of 2.5 °C min™' in a 50 ml-
min~' flow of nitrogen.

Temperature-modulated  differential  scanning
calorimetry (TM-DSC) was also used to separate the
reversing and non-reversing melting processes (DSC
214 Polyma). HDPE/GNPs nanocomposites of 8§ mg
were heated from 40 to 160 °C at a heating rate of
2.5 °C min~" with a modulation period of 60 s and a
temperature amplitude of 0.5 K. A nitrogen flow rate
of 20 mL min~" was used throughout. The degree of
crystallinity (X.) of HDPE/GNPs nanocomposites
was calculated by:

AH,,

PR —
(1 —w) - AHY,

-100% (6)

where AH,, is the measured heat of fusion, AH, is
the heat of fusion of 100% crystalline HDPE
(293 ] g_1 [26]), and w is the weight fraction of GNPs
in the polymer matrix. The systematic error in the
temperature values was found to be lower than
0.4 °C.
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Results and discussion

Structural properties of HDPE/GNPs
nanocomposites

XRD was used to determine the crystallinity and
investigate the effect of filler size and content on the
crystalline structure of HDPE/GNPs nanocompos-
ites. Figure 1 shows selected XRD patterns for
HDPE/M15 nanocomposites. The orthorhombic
phase (Pnma space group) of HDPE/GNPs
nanocomposites shows three peaks at 21.6°, 24°, and
36.4°, corresponding to (110), (200), and (020) reflec-
tions [27]. All HDPE/GNPs nanocomposites show
similar XRD patterns to that of the neat HDPE; the
only difference is a sharp diffraction peak of the (002)
crystal plane of GNPs located at 20 ~ 26.5°. Fig-
ure S1 shows the crystalline structure of the GNPs,
which reveals a highly crystalline material. The
intense and sharp peak observed at 20 ~ 26.5° is due
to the crystallographic plane (002) of the graphitic
structure. It is assumed that the higher GNPs inten-
sity of HDPE/M25 nanocomposites results from the
greater quantity of stacks of graphene layers [28].
This also shows that during the melt mixing process,
some GNPs may aggregate and form a more ordered
stacking structure, which is consistent with our pre-
vious TEM studies [22].

To further examine the effect of GNPs on the
crystalline structure, the space between the structural
layers (d) of the HDPE nanocomposites was also
calculated using Bragg’s law (Eq.1). Scherrer’s
equation (Eq. 2) was used to estimate the crystallite

m S
= ool - ——neat HDPE
S ——HDPE/ 0.5 M15
a ———HDPE/1 M15
< ——HDPE/ 2.5 M15
= HDPE/3 M15
2 06
5 ——HDPE/ 5 M15
[ =
o [’
£ S
- (U]
°
N 0.3
© _ .
£ S &
] N =3
> 4 o
0.0 = . A e S
15 20 25 30 35

2-Theta angle (degrees)

Figure 1 XRD patterns of HDPE/M15 nanocomposites.
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size (L) perpendicular to the planes (110) and (200) of
HDPE/GNPs nanocomposites, as well as perpen-
dicular to the planes (002) of GNPs (Table 1). The
L110, Logo, and d for neat HDPE were found to be 289
(A) 224 (A), and 4.1138 (A), respectively, in agree-
ment with the literature [29]. The d-spacing values
for the HDPE samples filled with GNPs do not
change significantly, as shown in Table 1. The crys-
tallite size along with the two main crystallographic
directions, L1 and Loy, of HDPE/M5 nanocom-
posite decreases with increasing filler loading up to
3 wt% and then it increases. The Li;g and L,y of
HDPE/M15 and HDPE/M25 nanocomposites follow
the same trend; they slightly decrease with GNPs
loading up to 2.5 wt% because of the suppressed
crystal growth caused by the presence of GNPs (the
crystal packing becomes a little tighter and the crys-
tals get smaller) and then increase for higher filler
concentration. The incorporation of GNPs with
higher diameter size in HDPE at higher filler con-
centration results in a larger crystallite size that can
withstand the applied load [22]. Crystallite sizes in
HDPE/GNPs nanocomposites are a two-factor pro-
cess: the nucleating effect of GNPs and the slow
diffusion of polymer molecular chains, which limits
crystal growth [30]. Additionally, Lo, of GNP
increases with increasing filler diameter, indicating
that GNPs M25 have a more agglomerated structure
than GNPs M5 and GNPs M15. These explanations
support the varying crystallite sizes, indicating that a
decrease in crystallite improves mechanical proper-
ties [22].

X-ray photoelectron spectroscopy (XPS) measure-
ments were taken on selected HDPE/GNPs
nanocomposites to examine the incorporation and the
interaction of GNPs into the HDPE matrix. Figure 52
and S3 show the wide scan C 1s and O 1s XPS spectra
of GNPs as well as HDPE/5 M5 and HDPE/5 M25
nanocomposites, which demonstrate the presence of
carbon and oxygen in these materials with only slight
differences in intensity. The decomposition of the Cls
peak of neat HDPE reveals the presence of four
components: C-C (or C-H), C-OH, O-C-O (or C=0),
and O-C=0O with binding energies of 285.0 eV,
286.5 eV, 288.0 eV and 289.5 eV [31] (Fig. 2). Table 2
presents the deconvolution of the Cls peak of HDPE/
GNPs nanocomposites into five subpeaks. Through
the four typical peaks of neat HDPE, the Cls core
level analysis of HDPE/GNPs nanocomposites con-
firms the presence of C—C/C-H, C-OH, O-C-O, and
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Table 1 XRD parameters calculated by Scherrer—Debye equation and Bragg’s law

A/A x (A) b (A) c (A) VAY L@ LwoA)  Lene A)  dig (A daoo (A)  danes (A)
HDPE 7.3678 5.1207 2.5360 95.68 289 224 - 4.1138 3.7049 -
HDPE/0.5 M5 7.4005 5.1173 2.5496 96.55 285 222 351 4.1135 3.7071 3.3566
HDP/1 M5 7.4019 5.1173 2.5488 96.54 284 215 335 4.1105 3.7057 3.3547
HDPE/2.5 M5 7.4025 5.1171 2.5513 96.64 280 205 287 4.1188 3.7123 3.3608
HDPE/3 M5 7.4031 5.0975 2.5509 96.26 250 189 252 4.1127 3.7078 3.3563
HDPE/5 M5 7.4123 5.0875 2.5525 96.26 291 230 313 4.1153 3.7101 3.3579
HDPE/0.5 M15 7.4020 5.1176 2.5498 96.59 278 219 353 4.1096 3.7035 3.3542
HDPE/1 M15 7.4025 5.1174 2.5508 96.63 272 210 350 4.1105 3.7066 3.3554
HDPE/2.5 M15 7.4025 5.1175 2.5508 96.63 278 207 352 4.1155 3.7098 3.3585
HDPE/3 M15 7.4019 5.1173 2.5505 96.61 283 225 361 4.1083 3.7037 3.3526
HDPE/5 M15 7.4014 5.1173 2.5505 96.60 298 236 369 4.1141 3.7164 3.3652
HDPE/0.5 M25 7.4006 5.1174 2.5479 96.49 273 210 355 4.1089 3.7030 3.3538
HDPE/1 M25 7.4018 5.1173 2.5489 96.55 270 205 358 4.1120 3.7055 3.3556
HDPE/2.5 M25 7.4020 5.1173 2.5511 96.63 273 200 361 4.0999 3.6973 3.3488
HDPE/3 M25 7.4028 5.1175 2.5512 96.65 293 231 369 4.1074 3.7016 3.3525
HDPE/5 M25 7.4028 5.1176 2.5514 96.66 300 252 384 4.1141 3.7073 3.3575

O-C=0 bonds. However, a new Cls peak appears
at ~ 284.5 eV, corresponding to the GNPs” C=C
bond (sp” hybridized graphitic structure). The spec-
trum of HDPE is symmetric and appears at a BE of
285.6 eV. However, the peak becomes asymmetric for
nanocomposites because of the presence of graphite
materials. So, the spectra of HDPE/GNPs nanocom-
posites are a combination of two components: GNPs
sp” and PE sp® contributions. The increased C-C sp”
content with increasing both filler content and size
confirms the presence of GNPs. As shown in Fig. 2a
for HDPE/GNPs M5 nanocomposites, the peak
intensity corresponding to C-C (sp>- hybridized
orbital similar to that of diamond-like carbon)

(a)

Measured
—C=C
—=C-C
——C-OH
——0-C-0
——0-C=0
——fitting

Intensity (Arb. Units)

282

292

290 288 286 284

Binding Energy(eV)

decreases, while an increase in C=C and C-OH bonds
are seen as a shoulder peak. These findings demon-
strate that the overall levels of carbon linked to oxy-
gen at the surface of neat HDPE are increased by the
addition of GNPs. The contribution of GNPs M25
looks to be even more noteworthy as the sp” area for
the HDPE/5 M25 composite was found to be 6.8%.
FTIR was used to estimate the crystalline phase
content and study filler-polymer matrix interaction
in HDPE/GNPs nanocomposites at various filler
content in the range from 4000 to 500 cm ™" (Fig. 3a).
There are four characteristic bands in the spectrum of
neat HDPE. The strongest IR peaks of neat HDPE are
assigned as follows: 2915 and 2845cm™' to

(b)

Measured
—C=C
—C-C
——C-OH
——0-C-0
——0-C=0
—— fitting

Intensity (Arb. Units)

284
Binding Energy(eV)

294 292 290 288 286 282 280

Figure 2 High-resolution XPS spectra of Cls core level and peak deconvolution for a HDPE/5 M5 and b HDPE/5 M25 nanocomposites.
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Table 2 Deconvoluted peak assignments for high-resolution XPS scan of Cls region of HDPE/GNPs composites
A/A Cc=C c-C C-OH Cc=0 0-C=0

BE (eV) Area (%) BE (eV) Area(%) BE (eV) Area (%) BE (eV) Area(%) BE (eV) Area (%)
HDPE - - 285.6 84.9 286.2 10.1 288.0 3.6 289.5 1.4
HDPE/0.5 M5 284.3 2.3 285.4 83.3 286.1 10.4 287.5 2.4 289.1 1.6
HDPE/2.5 M5 284.7 3.6 285.5 78.2 286.2 12.5 287.6 1.6 289.4 1.4
HDPE/5 M5 284.8 6.0 285.4 57.6 286.3 27.2 287.6 6.0 289.4 3.2
HDPE/M25
HDPE/0.5 M25 284.7 4.3 285.5 81.7 286.3 10.0 287.9 2.6 289.5 1.5
HDPE/2.5 M25 284.4 4.4 285.4 76.6 286.0 15.3 287.4 2.2 289.1 1.6
HDPE/5 M25 284.5 6.8 285.6 74.7 286.3 11.3 287.5 4.8 289.2 2.4
asymmetric and symmetric stretching vibrations of  spectra and the intensified 1720 cm™' peak, the

methylene (-CH,-) groups; 1460-1470 cm™' to
bending deformation of methylene groups;
1367 cm™! to CH, wagging vibrational modes of
crystalline PE, and the 700-800 cm™" to CH, rocking
deformation of methylene groups of PE [32]. All the
characteristic PE vibrations are visible in the HDPE/
GNPs nanocomposites, including the symmetric and
antisymmetric stretching of — CH, groups, at ~
2900 and 2844 cm ', respectively, and the doublets
at  1472/1462 cm™' (— CH, bending) and
730/719 cm ™' (— CH, rocking). However, the pres-
ence of GNPs in HDPE composites leads to appear-
ance of the C=C band at around 1570 cm™" (Fig. 3b)
in absorbance mode. A small amount of oxygen
found in GNPs also gives rise to the carbonyl peak
around 1720 cm™'. The normalized intensity for the
carbonyl peak for HDPE/5 M5, HDPE/5 M15, and
HDPE /5 M25 was found to be 0.011, 0.013, and 0.014,
respectively. As can be seen from the collected

100

| (a)

~——— HDPE neat

——HDPE/0.5 M5
——— HDPE/1 M15
—— HDPE/2.5 M5
~———HDPE/3 M5
—— HDPE/§ M5

%I

S50

251
WM\\ e AR vy

Transmittance (Arb. Units)

/

bt 1
3000

1000

o = i 1 i 1 i 1 i 1
4000 3500 2500 2000 1500

Wavenumber (cm™)

presence of GNPs causes a slight increase in the -OH
and C=0 content of nanocomposites with increasing
GNPs diameter. Similar observations have been
reported on composites of multi-walled carbon nan-
otubes and ultra-high-density polyethylene treatment
[33].

Raman spectroscopy has been widely used to
study the interaction between polymeric matrices
and carbon fillers and estimate the crystalline fraction
[34]. Figure 4a shows the Raman spectra of selected
nanocomposites. In detail, the Raman spectrum of
neat HDPE exhibits characteristic spectral features in
the regions of 1000-1500 cm™" and 2700-3000 cm™".
In the first region, Raman spectra of neat HDPE can
be divided into three spectral areas. In area I, the
main Raman peaks can be attributed to the
antisymmetric ~ (1063cm™')  and  symmetric
(1130 em™Y) C-C stretching modes, vibrations of the
skeletal chains parallel and perpendicular to chain

100 (b) Neat HDPE
® L ——HDPE/2.5 M5
g ——HDPE/2.5 M15
g 075F ——HDPE/2.5 M25
o
n
e}
<C 0.50 |
T
N
% 1760 1680 1600 1520
£ 025}
£
(=]
z J
0.00 1 1 1 1 1 1 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'1)

Figure 3 FTIR spectra of a HDPE/M5 and b HDPE/GNPs nanocomposites filled with 2.5% GNPs.

@ Springer



1628

axis, respectively, while the 1168 cm™' band is
assigned to the C-C stretching mode of the amor-
phous chains; area I is sensitive to molecular orien-
tation, stress, and conformation. In area II, the main
Raman peaks can be attributed to the CH, twisting
vibrations can be observed resulting in one sharp
peak at 1295 cm™" due to the vibrations of the crys-
talline components of PE, and a broad amorphous
band with a maximum at around 1303 cm ™. In the
literature, the 1295 cm ™' peak has been proposed as a
reliable internal intensity standard because it has
been proved to be independent of conformational
changes [25]. In area III, the 1415 and 1440 cm™"
peaks are assigned to a split doublet of the CH,
bending mode vibrations. This crystal field splitting
is characteristic of the orthorhombic unit cell in which
two molecular chains occupy the unit cell and their
interaction results in two components for the bending
Raman and IR active peaks. The 1415 cm ! peak,
assigned to CH; bending in the orthorhombic crystal,
is of Ag symmetry and it is also useful for the esti-
mation of the PE crystalline fraction. The
1460-1470 cm™" broad band can be associated with
the amorphous or an intermediate disordered phase
of the system [35]. The second region includes two
sharp peaks at ~ 2848 and 2882 cm ™', correspond-
ing to the symmetric and asymmetric stretching
vibration of the CH, group, respectively, as well as a
weaker peak at 2724 cm ™.

The characteristic D, G, and 2D bands of GNPs can
be observed in all HDPE nanocomposites even at the
lowest filler concentration. Raman spectra of the M5,
M15, and M25 GNPs are illustrated in Fig. S4. Evi-
dently, they are very similar and spectral features can
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be observed at 1362, 1581, 1620, 2451, 2694 and 2720
(doublet), and 3246 cm ™}, attributed to the D, G, D/,
D + D’, 2D, and 2D’ modes, respectively. So, the D
band peak of HDPE/GNPs nanocomposites in Fig. 4
at around 1362 cm™' originates from the K-point
phonons of A;; symmetry in graphite, which is defect
activated, while the G band peak at around
1581 cm™! is assigned to the zone center phonons of
B, symmetry. The 2D band at around 2720 cm™! s
the second order Raman scattering associated with
the D band, being Raman active even for perfect
crystalline graphitic materials [36].

The peak intensity ratio, Iip)/I(g), for all the starting
GNPs and their nanocomposites ranges non-system-
atically from 0.2 to 0.5, compatible with the presence
of localized sp® defects within the sp® carbon net-
work. This is consistent with marginal alteration of
the GNPs upon their incorporation in the polymer
matrix, which is not unexpected since the particles
are in the microscale. Furthermore, the frequency and
the line shape of the 2D band in the samples suggest
their multilayer graphitic structure.

Thermal properties of HDPE/GNPs
nanocomposites

DSC is also used to calculate the crystallinity of
nanocomposites. The melting and crystallization
behaviors of neat HDPE and HDPE/GNPs
nanocomposites were studied by standard DSC and
TM-DSC as a function of GNPs size and content.
Table 3 summarizes the peak melting temperatures
(Ty), enthalpy of melting (AH,), and degree of
crystallinity for HDPE/GNPs nanocomposites dur-
ing the first and second heating cycles at heating rates
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Figure 4 Raman spectra of a HDPE/MS5 and b HDPE/GNPs nanocomposites filled with 5 wt% of GNPs.
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of 20 °C min! and 2.5 °C min~}, respectively. The
thermal history of HDPE/GNPs nanocomposites is
reflected in the first heating curve, which is influ-
enced by the synthesis process. The second heating
curve shows the crystallization of the melts. The AH,,
of HDPE/GNPs nanocomposites is not the same
during the first and second heating cycles due to the
thermal and flow histories from the melt mixing
process. To accurately compare the different methods
used to measure crystallinity, it is important to pre-
sent the values of crystallinity for the samples with-
out any additional heat treatment, as was done when
using XRD, RAMAN, and FTIR methods. The incor-
poration of GNPs at low filler content into the HDPE
matrix slightly increases T, values compared to neat
HDPE during the second cycle because of the pres-
ence of an enhanced number of heterogeneous nuclei
(Fig. 5a). However, the melting temperature was
shown to diminish with increasing GNPs content and
size (HDPE/5 M25), indicating that the excess addi-
tive or its agglomeration affect chain compaction and
crystal perfection. This result agrees with data from
similar systems [37].

Figure 5b shows the results of crystallization
behavior of HDPE/GNPs nanocomposites from the
melt at a cooling rate of 2.5 °C min~". Table 3 pre-
sents the crystallization parameters: peak tempera-
ture (T.), crystallization enthalpy (AH.), and the
degree of crystallinity (X.). The addition of GNPs
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does not significantly alter the T. of HDPE
nanocomposites obtained from the exothermic peak
on the DSC cooling curves following the melting
results.

TM-DSC was employed to comprehend the melt-
ing behavior and separate the simultaneously occur-
ring events during the melting of the samples. In a
previous study [21], we reported the multiple melting
behavior of HDPE/GNPs nanocomposites that
appeared only in specific combinations of cooling
and heating rates during fast scanning calorimetry
(FSQO). It was found that the structure formation was
far from thermodynamic equilibrium due to the high
cooling rates used. In this work, the modulated raw
heat flow data are deconvoluted by Fourier trans-
formation into the total heat flow (the average, cor-
responding to conventional DSC data) and the
reversing heat flow. Figure 6 shows the TM-DSC
curves of total heat flow, non-reversing heat flow,
and reversing heat flow as a function of temperature
for neat HDPE, HDPE /M5, HDPE/M15, and HDPE/
M25 nanocomposites filled with 5 wt% of GNPs. The
total curve of neat HDPE shows a relatively narrow,
single melting endothermic peak and it splits into a
reversing and a non-reversing signal. Nevertheless,
the standard DSC curves (Fig. 5) or total TM-DSC
curves did not indicate any recrystallization during
the scanning. However, a recrystallization process
during heating was found in the non-reversible heat

Table 3 Summarized results of standard DSC analysis of HDPE and GNPs nanocomposites at various filler’s content

A/A Tt °C) AHmi g™ Xewt %) T2 (°0) AHmo U g Xemz (%) Tc(°C) AH (T g™ Xee (%)
HDPE 139.7 180.1 62.1 134.1 184.3 63.5 119.5 189.5 65.2
HDPE/0.5 M5 138.7 172.1 59.6 134.6 181.6 63.0 120.1 185.9 64.4
HDPE/1 M5 140.3 178.4 62.1 134.6 198.1 63.0 120.9 185.2 64.5
HDPE/2.5 M5 139.5 177.8 62.9 134.5 173.5 61.4 121.0 175.3 62.0
HDPE/3 M5 141.5 171.9 61.1 134.1 181.7 62.6 120.8 179.2 63.7
HDPE/S M5 139.1 171.0 62.1 1343 172.3 62.5 120.8 175.8 63.8
HDPE/0.5 M15  140.2 175.6 60.1 134.1 178.3 61.8 119.8 179.7 62.3
HDPE/1 M15 139.8 1733 60.4 134.5 175.5 61.1 120.1 174.4 60.7
HDPE/2.5 M15 141.0 169.5 59.9 134.7 172.8 61.1 120.5 170.0 60.1
HDPE/3 M15 139.2 170.4 60.6 134.5 168.1 59.8 120.7 166.8 59.3
HDPE/S M15 140.5 171.0 62.1 134.5 168.2 61.1 121.0 169.9 59.9
HDPE/0.5 M25  140.0 178.0 61.7 134.4 182.1 63.1 120.1 180.6 62.6
HDPE/1 M25 142.2 175.5 61.1 134.7 178.5 62.2 120.1 176.1 62.0
HDPE/2.5 M25 141.2 176.9 62.6 134.9 177.2 62.7 120.5 178.2 63.0
HDPE/3 M25 139.3 171.2 60.9 134.4 172.1 61.2 120.8 173.2 61.6
HDPE/5 M25 138.3 168.8 61.3 134.4 171.7 62.3 121.2 170.7 62.0
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Figure 5 DSC curves of HDPE/M5 nanocomposites with various GNPs contents for a melting (second heating cycle) and

b crystallization measurements at a rate of 2.5 °C/min.

flow, while the reversing contribution (broader and
smaller in magnitude than the total and non-revers-
ing curves) exhibits multiple overlapped melting
peaks because of overlapping of melting and crystal
reorganization and different populations of crystal
sizes. According to Wei et al. [38], the double melting

30F ¥ exo (a)
neat HDPE
25 | HDPES M5
—— HDPE/5 M15
20 - | — HDPE/S M25

15 e

HeatFlow(total)/(mW/mg)

0‘0 1 1 1 1 1
25 50 75 100 125 150

Temperature/(°C)
o
E 08F fexo (©)
=
E ——neat HDPE
% 06 | [——HDPE/S M5
c ——HDPE/5 M15
» —— HDPE/5 M25
2 04}
[
=
3
2 o2F
w
-
© | P—
T
0'0 A A 1 A A
25 50 75 100 125 150
Temperature/(°C)

peaks in the non-reversing heat flow curve of PEEK
were attributed to the melting—recrystallization
mechanism and different morphologies.

For HDPE/GNPs nanocomposites, the total heat
flow curves exhibit one sharp melting peak. A non-
reversing characteristic and a reversing contribution
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Figure 6 TM-DSC curves of a total heat flow, b non-reversing heat flow, ¢ reversing heat flow, and d cooling curves as a function of
temperature for neat HDPE, HDPE/5 M5, HDPE/S M15, and HDPE/5 M25 nanocomposites.
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that can be attributed to recrystallization, crystal
annealing, perfection of the non-equilibrium crystals,
and melting-recrystallization mechanism (melting of
primary crystals and remelting of secondary crys-
tals), different populations of crystal sizes, nucleation
activity of GNPs [39, 40]. The enthalpy of the
reversing endotherms of HDPE/GNPs nanocom-
posites was found to be larger than that of neat
HDPE, forming more unstable crystals [41]. The non-
reversing melting enthalpies of HDPE/5 M5, HDPE/
5 M15, and HDPE/5 M25 nanocomposites were
found to be small enough due to the presence of
GNPs agglomeration that prevents the reorganization
of imperfect crystals into more stable or perfect
crystals and to the formation of secondary crystals.
On the contrary, the bigger non-reversing contribu-
tion of HDPE/GNPs filled with 2.5% wt. of filler
signifies the ongoing crystal perfection, accompanied
by the reversing melting of the imperfect crystals in
the same temperature region, decreasing the degree
of crystallinity (Table 4).

Table 4 and Fig. 6b also show the crystallization
characteristics of the nanocomposites. It is observed
that the crystallization temperature (T.) of HDPE/
GNPs nanocomposites shifts to slightly higher values
with increasing GNPs content. This is evidence of the
enhancement of heterogeneous nucleation because
the time to form the critical nucleus has been
diminished. Moreover, small peaks (shoulders) can
be seen in addition to the main peak (inset in Fig. 6b).
Crystals growing at the surface of GNPs might have
different lamellar thicknesses or crystal sizes, result-
ing in a heterogeneous distribution of crystalline
structures (heterogeneous nucleation) and various
peaks. This is supported by the observed relatively
broad multiple endotherms and exothermic peak in
the reversing and non-reversing heat flow curves
(Fig. 6a-c).

Table 4 Melting and
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The crystallization enthalpy and the crystallinity of
the HDPE/GNPs nanocomposites have decreased
compared to neat HDPE, starting from 218.2 ] g~ for
neat HDPE, down to 199.8 ] ¢ ' and 200.8 ] g™ ' for
samples containing 5 wt% GNPs M5 and 5 wt%
GNPs M25, respectively. The same trend has been
presented in the conventional DSC measurements
(Table 3). On the one hand, there are more nucleating
sites in GNPs due to the increase in surface area to
volume ratio. On the other hand, the mobility of the
molecular chains may decrease because of the filler’s
presence, slowing the formation of the crystals and
decreasing the efficiency of the filler. A similar phe-
nomenon has been reported by Magniez et al. [42] in
the poly(m-xylene diamide)/dodecaphenyl polyhe-
dral oligomeric silsesquioxane/montmorillonite sys-
tems. The authors hypothesized that in the primary
stages of crystallization, the polymer spherulites
nucleate quicker in the presence of the nanoparticles
[42]. However, in the secondary stage of crystalliza-
tion, the presence of nanoparticles might cause steric
hindrance resulting in reduced crystallinity. Biswas
et al. [43] also thought that the crystallization of
polymer chains from the melt might cause GNPs
aggregation outside of the crystalline areas. This is
true in our case especially when the existence of
GNPs M25 with the large diameter and high aspect
ratio reduces the mobility of the HDPE molecules and
causes steric hindrance in the semicrystalline HDPE
matrix.

Degree of crystallinity of HDPE/GNPs
nanocomposites

Calculating the crystallinity of HDPE/GNPs
nanocomposites is crucial since the degree of crys-
tallinity (X.) greatly influences the properties of the
polymer. Semicrystalline polymers such as HDPE
contain two primary components: a crystalline phase

crystallization characteristics AIA Te'C) AHR'(g™h) AHRJ g AHRdg™) Te(C) AH(g™)

of neat HDPE and GNPs HDPE 1348 2139 110.7 101.9 1213 2182

nanOCOInpOSlteS
HDPE2.5%M5 1349 2097 130.0 78.5 1228 2032
HDPE2.5%MI15 1343 1843 136.9 66.9 1223 1993
HDPE2.5%M25 1342 2045 138.8 63.7 1222 202.0
HDPE/5%M5 1344 2098 159.3 55.0 1234 199.8
HDPE/5%MI5 1339 2012 159.5 46.8 1231 2005
HDPE/5%M25 1340  197.6 155.3 41.9 1229 2008
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and an amorphous phase. The crystallinity of neat
HDPE can be calculated by:

d. - (d—dy)

XC:d-(dC—da)

(7)

where d is the density of HDPE, d. is the density of
100% HDPE crystal (0.985 g cm ™), and d, is the
density of completely amorphous HDPE
(0.824 g cm™>). The density d and the crystallinity of
neat HDPE were found to be 0.955 g cm > and 84%,
respectively.

The crystallinity of the HDPE/GNPs nanocom-
posites was estimated by using a Gaussian-Lor-
entzian function to fit the XRD profiles in Fig. 7a and
then calculating the ratio between the crystalline
diffraction area and the total area of the diffraction
profile [24]. The Gaussian-Lorentzian function is a
mathematical function that is able to accurately
model the shape of the diffraction peaks in the X-ray
diffractograms. It consists of a combination of a
Gaussian function, which describes the shape of the
diffraction peak due to the ordered arrangement of
atoms in the material, and a Lorentzian function,
which describes the shape of the diffraction peak due
to the presence of disorder or defects in the material.
Figure 7b shows the trend of crystallinity as a func-
tion of the filler content for HDPE /M5, HDPE/M15,
and HDPE/M25 nanocomposites, which increases
with increasing the diameter size and content. This
agrees with the XPS results, which show that the C-C
sp” content increases with increasing both filler con-
tent and size. There is a significantly higher crys-
tallinity of HDPE matrix at low concentrations of
GNPs M25 compared to that of neat HDPE, HDPE/
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M5, and HDPE/M15 nanocomposites. Once again,
some GNPs may aggregate and form a more ordered
stacking structure. So, GNPs M25 have a significant
nucleating effect and operate as heterogeneous
nucleating sites, increasing the crystallinity of HDPE.
However, the crystallinity of the matrix does not rise
linearly as the concentration of GNPs increases. With
a higher content of GNPs M25 in the matrix, GNPs
hinder the mobility and diffusion of the HDPE
chains, limiting the growth of the HDPE crystallites.
It is hypothesized that these two mechanisms coun-
teract each other at 5 wt% in agreement with the
calculated crystallite size values Lyppg of the (110)
and (200) planes in Table 1. The incorporation of
GNPs with higher diameter size in HDPE at higher
filler concentration results in a larger crystallite size
that can withstand the applied load.

FTIR may provide additional information about
the polymers crystalline content since some of the
absorption peaks in the infrared spectrum of PE are
sensitive to crystallinity. HDPE's crystalline forms
and amorphous phase absorptions can also be
determined using the infrared-active scissoring
vibrations in the 1472 to 1462 cm™' and/or rocking
vibrations in the 735 to 715 cm ™! spectral region [23].
The crystallinity was calculated by the empirical
relations proposed by Zerbi et al. [14], where X is the
percentage of amorphous and I, and I, are the
infrared intensities in the spectral bands of doublets
1472 and 1462 cm™! or the bands 730 and 720 cm™'
(Eq. 4). The 1472/730 cm™" are the crystalline bands
while the 1462/720 cm™! bands are associated with
the amorphous component. The band component
was assumed to be a weighted mixture of Lorentzian
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Figure 7 a Fitting of the XRD profile of neat HDPE and b degree of crystallinity, Xc, as a function of GNPs content for HDPE/M5,

HDPE/M15, and HDPE/M25 nanocomposites.
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and Gaussian functions, and the variables (the rela-
tive weight of these two functions, the height, the
width, and the peak position) were adjusted by a
nonlinear least-squares method so that the summed
spectral profile was fitted to the measured pattern as
well as possible [44]. Figure 8 shows the deconvolu-
tion results for HDPE/1 M25 and HDPE/5 M25
nanocomposites. The lower-frequency components
(1462/719 cm™") were found to have greater nor-
malized intensity than the higher-frequency ones
(1472/730 cm™"). A general observation was that the
more crystalline the sample, the closer the two peaks
were to being equal in intensity [45]. The intensity of
the lower-frequency component decreases with
increasing the GNPs M25 content until the two peaks
are equal in intensity.

The results indicate significant differences
depending on the spectral bands used to evaluate the
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crystalline content. The crystalline phase content was
determined by the empirical relations proposed by
Zerbi et al. [14] using the intensity ratio of the
methylene bending bands at 1472/1462 cm™'. The
degree of crystalline phase content of neat HDPE and
HDPE/GNPs nanocomposites is plotted as a function
of GNPs concentration in Fig. 9a. As expected from
the estimation of crystalline phase content by FTIR
spectroscopy, a relatively higher value of crystalline
phase content (75.9%) was measured for neat HDPE
compared to that by XRD. However, this value is
very close to that calculated by density. Additionally,
the crystallinity of HDPE/M25 nanocomposites was
found to be higher than neat HDPE, HDPE/M5, and
HDPE/M15 nanocomposites. Once again, the GNPs
M25 act as a nucleating site at low concentrations
(< 3%) improving crystallinity, but it decreases as the
GNPs M25 begin to obstruct the molecular mobility
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Figure 8 Peak deconvolution of doublets 730 and 720 cm™! and 1472 and 1462 cm™! for a, ¢ HDPE/1 M25 and b, d HDPE/5 M25

nanocomposites.
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of the HDPE polymer matrix at higher
concentrations.

Raman spectroscopy has been used to estimate the
load transfer between polymeric matrixes and car-
bon-related fillers. For the nanocomposites, both
HDPE and GNPs structures are expected to coexist,
and hence, the vibrational modes of both structures
contribute to the overall spectra. The Strobl and
Hagedorn method was used to estimate the crys-
talline fraction from the Raman spectra [25] (Eq. 5).
The 1415 cm ™' bending band is commonly attributed
to the orthorhombic phase, and its content can be
estimated by dividing the intensity by the integral
intensity of the PE twisting vibrations bands. The
crystalline fraction can then be obtained by Eq. 5
(Fig. 9b). It can be clearly observed that the Raman
crystalline fraction is in the same order as the values
obtained by the FTIR method and follows the same
trend as the other testing techniques. Once again,
GNPs M25 lead to the formation of a material with a
higher degree of crystallinity, as revealed by XRD,
and FTIR analysis. At lower filler content, the overall
finer dispersion of GNPs M25 in the matrix leads to
reinforced polymer composites with superior
mechanical properties, indicating that the shear
mixing forces overcome the intrinsic van der Waals
interactions of GNPs.

As shown by FTIR and Raman spectroscopy mea-
surements, the absence of chemical interactions by
bonds between the matrix and the fillers reveals that
the weak van der Waals attractions between GNPs
cause the observed agglomeration, while the shear
force from melt mixing contributes to randomly array
them. The overall fine dispersion of GNPs M25 in the
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HDPE matrix at low filler contents, which is essential
for making reinforced polymer composites with
superior properties [22], proves that the shear mixing
forces overcome the intrinsic van der Waals attrac-
tions of GNPs.

In DSC, the degree of crystallinity was determined
from the heat of fusion under the area of melting and
crystallization peaks of HDPE/GNPs nanocompos-
ites (Table 3). All the crystallinity calculations were
normalized by the HDPE weight (Eq. 6). The degree
of crystallinity of neat HDPE and HDPE/GNPs
nanocomposites was around 60%, while the crys-
tallinity slightly decreases with the GNPs content and
size in case of HDPE/M25 nanocomposites. This
result agrees with the T, values (Table 3). It was
found that the incorporation of GNPs at low filler
content slightly increases Ty, values compared to neat
HDPE, while the melting temperature was shown to
diminish with increasing GNPs content and size. This
decrease can be attributed to chain mobility, the
existence of GNPs, and the formed agglomerations
that obstruct crystal growth. In this way, the folding
of polymeric chains is difficult and, consequently, a
decrease in crystallinity is more likely. Cheng et al.
also have reported insignificant changes in crys-
tallinity for reduced graphene oxide and poly-
ethylene nanocomposites during DSC measurements
[46].

Figure 10 also shows the crystallinity values cal-
culated by TM-DSC, which were used to study the
multiple melting events that occur. The reorganiza-
tion process often comprises a change in the crystal
form and the crystallinity, and thus, the melting and
recrystallization that simultaneously occur during
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Figure 9 The calculated crystalline fraction of HDPE/MS, HDPE/M15, and HDPE/M25 nanocomposites using a FTIR and b Raman

measurements.
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heating must be taken into account for the calculation
of crystallinity. Table 4 reveals that the non-reversing
melting enthalpies were sufficiently low due to the
existence of GNPs agglomeration. So, the crystallinity
of the HDPE/GNPs nanocomposites have decreased
compared to neat HDPE. However, the degree of
crystallinity for HDPE/GNPs nanocomposites was
found to be slightly higher compared to those of
conventional DSC.

Summing up, Fig. 10 shows a comparative plot of
crystallinity versus filler content (wt%) for HDPE/
M5 and HDPE/M25 nanocomposites as calculated by
XRD, DSC, FTIR, Raman, and TM-DSC measure-
ments. The degree of crystallinity varies because of
the restrictions that each technique places on its use.
HDPE has a degree of crystallinity that ranges from
70 to 80%. According to Batista et al. [5], the degree of
crystallinity of neat HDPE was determined to be
around 60% using DSC analysis, based on the melt-
ing peaks observed. Pelto et al. [47] found that the
degree of crystallinity for neat HDPE, as determined
using XRD data, was proportional to the values
obtained from the first DSC heating cycle. The sample
had a slightly higher degree of crystallinity (2-4%)
during the first heating cycle compared to the second
heating cycle. Bourque et al. [8] demonstrated that
the crystallinity values of the neat high and low
molecular weight HDPE were 61.6% and 88.0%,
respectively. Shafiei et al. [9] found a high degree of
crystallinity (74.23%) for neat HDPE calculated by
XRD.

FTIR and Raman values of crystallinity were found
to be in the same order of magnitude. FTIR is based
on the absorption of infrared radiation by the
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material, while Raman spectroscopy is based on the
scattering of light by the material; both techniques
can provide information about the vibrational modes
and chemical bonds within the material. Strong
Raman scattering and strong IR absorption are
caused by nonpolar molecular and polar groups,
respectively. So, the vibrations of the substituents on
the carbon chain may be investigated using IR spec-
troscopy in chainlike polymer molecules, and the
vibrations of the backbone carbon chain can be ana-
lyzed using Raman spectroscopy. One of the draw-
backs of using IR spectra to determine polymer
crystallinity is that few polymers (such as PE) exhibit
the crystal field splitting seen in certain situations
because the splitting is highly susceptible to polymer
chain separation. PE has the highest crystal field
splitting of any polymer because of its tighter chains
than any other. XRD and vibrational spectroscopy
measure long-range/intermolecular order and short-
range/intramolecular order, respectively. XRD uses
either individual peaks from the pattern or the com-
plete pattern to establish a correlation between peak
intensity and/or cumulative area and phase compo-
sition. Therefore, both methods do not always mea-
sure the same crystallinity, because short-range
intramolecular order is required for long-range order
to exist, but not vice versa [48].

Thermal analysis, although widely used for deter-
mining crystallinity, may have limited precision with
oriented polymers due to the differential nature and
overlap of multiple thermal events (cold crystalliza-
tion, chain relaxation, etc.). DSC crystallinity is
determined by comparing the enthalpy of fusion of
the measured polymer matrix to the enthalpy of
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Figure 10 A comparative plot of crystallinity versus filler content for a HDPE/MS5 and b HDPE/M25 nanocomposites calculated by XRD,

DSC, FTIR, Raman, and TM-DSC measurements.
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fusion of 100% crystalline material at the equilibrium
melting point. The disadvantages of this method
include the lack of consideration for temperature
dependencies of thermodynamic parameters and the
comparison to the heat of fusion of 100% crystalline
material at equilibrium melting point [49]. Since the
crystallinity of the polymer is temperature depen-
dent, the estimated crystallinity determined by DSC
at the melting temperature will differ from the value
at ambient temperature [50]. Additionally, it was
shown that all melting peaks must be taken into
consideration. The differential nature and overlap of
multiple thermal events (cold crystallization, crystal
perfection, recrystallization, chain relaxation, and
melting of different crystal forms) would make the
DSC crystallinity much more difficult.

The results obtained by the above-mentioned
techniques are complementary to achieve a better
comprehensiveness about the structure and crys-
tallinity of the HDPE/GNPs nanocomposites. While
each technique has its own strengths and limitations,
they all provide valuable information about the
crystallinity of these materials. Many studies have
employed a combination of techniques including
density measurements, DSC, XRD, FTIR, and Raman
spectroscopy to determine the degree of crystallinity
[51-53]. On the one hand, XRD, FTIR, and Raman
measurements show greater values for crystallinity of
HDPE/GNPs nanocomposites. This is likely because
GNPs is a highly crystalline material. A higher crys-
tallinity and smaller amorphous layer thickness were
reported for the nanocomposites, meaning tighter
nanoconfinement for the amorphous phase, possibly
accounting for the lower mobility [54]. There is a
trend as the crystallinity of HDPE/M15 and HDPE/
M25 nanocomposites increases until 2.5-3 wt% and
then decreases, whereas the crystallinity of HDPE/
M5 nanocomposites increases monotonically with
increasing filler content. On the other hand, the
crystallinity determined by conventional DSC was
found to be with lower values compared to those of
TM-DSC values. According to TM-DSC, the melting
and recrystallization that simultaneously occur dur-
ing heating, must be taken into account for the cal-
culation of crystallinity. Summing wup, the
incorporation of GNPs within the HDPE matrix
affects the crystallization process in two different
competing ways. Initially, the nanofillers act as nuclei
for heterogeneous crystallization, but thereafter they
place constraints on the polymer chains, restricting
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their mobility and crystal growth. However, as the
filler content increases, limits to polymer chain
mobility are imposed and a restricted network is
formed via geometrical contacts, reducing crystal
growth [55].

Conclusions

This study provides a comparative study of four
different techniques to determine the crystallinity of
HDPE nanocomposites filled with GNPs of different
diameter sizes at various fillers contents. XRD results
revealed a substantially higher intensity of the GNPs
in the HDPE/M25 nanocomposites because of the
higher number of graphene layers structured in
stacks. FTIR and Raman findings showed that the
addition of GNPs led to slight differences in the
spectra of the nanocomposites compared to that of
neat HDPE. GNPs M25 exhibited a strong nucleating
effect at low concentrations, increasing the degree of
crystallinity of HDPE. However, the crystallinity of
the matrix did not increase monotonically with the
concentration of GNPs. With a higher density of
GNPs M25 in the matrix, GNPs hindered the mobility
and diffusion of the HDPE chains, limiting the
growth of the HDPE crystallites. FTIR, Raman spec-
troscopy, and XRD method yielded higher crys-
tallinity for HDPE/GNPs nanocomposites, whereas
the DSC method was the lowest. However, all the
results obtained by the above-mentioned techniques
are complementary to achieve a better comprehen-
siveness about the structure and crystallinity of the
HDPE/GNPs nanocomposites.
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