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Abstract

In the present study, newly design hybrid nanostructures were produced by
growing long carbon nanofibers (CNF) on single- and multi-layer graphene
oxide (GO) sheets in the presence of catalyst by chemical vapor deposition
(CVD). Chemical composition analysis indicated the formation of Fe-C
bonds by the deposition of carbon atoms on catalyst surface of Fe,O, and in-
creasing in C/O atomic ratio confirming CNF growing. These hybrid addi-
tives were distributed homogeneously through polyamide 6.6 (PA6.6) chains
by high shear thermokinetic mixer in melt phase. Spectroscopic studies
showed that the differences in the number of graphene layer in hybrid struc-
tures directly affected the crystalline behavior and dispersion state in polymer
matrix. Flexural strength and flexural modulus of PA6.6 nanocomposites
were improved up to 14.7% and 14% by the integration of 0.5 wt% CNF
grown on multi-layer GO, respectively, whereas there was a significant loss in
flexural properties of single-layer GO based nanocomposites. Also, the inte-
gration of 0.5 wt% multi-layer GO hybrid reinforcement in PA6.6 provided a
significant increase in tensile modulus about 24%. Therefore, multi-layer GO
with CNF increased the degree of crystallinity in nanocomposites by forming
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intercalated structure and acted as a nucleating agent causing the improve-
ment in mechanical properties.
Keywords

Nanoparticles, Polyamides, Nanocomposites, Mechanical Properties,
Thermal Properties

1. Introduction

Graphene having a 2-dimensional carbon nanostructure is a promising rein-
forcing agent in thermoplastic composite materials due to its high mechanical
and thermal properties, and high surface area [1] [2]. Several alternative tech-
niques including bottom-up and top-down approaches have been developed in
order to synthesize graphene sheets [3]. Chemical vapor deposition (CVD) me-
thod is a widely used bottom-up technique to attain defect-free single layer gra-
phene whereas top-down approach includes chemical exfoliation in order to
produce large quantities graphene layers in bulk [4] [5] [6]. CVD process pro-
vides to grow nanomaterials on metal catalysts or substrates used as a template
with gaseous hydrocarbons at elevated temperatures. There are several types of
graphene structures used in compounding and polymerization as well as in
coating which are graphene oxide (GO), reduced GO, functionalized graphene,
expanded graphite or graphene [7] [8]. So far Hummers” method [9] with some
modifications and improvements is the most common used route for the syn-
thesis of GO layers. This technique involves the oxidation of graphite by using
acidic mixtures and oxidizing agents to exfoliate oxidized graphene layers by
breaking down van der Waals forces keeping graphene layers in graphite struc-
ture [10]. Also, GO can be exposed to thermal shock that causes the elimination
of oxygen groups and form worm-like or vermicular-type structures by the ex-
pansion of the crystal lattice of planes in graphite [11] [12]. In thermal treat-
ment, the presence of oxygen functional groups on the surface of GO has great
influence on the wettability, hydrophilicity degree, thus providing good compa-
tibility with polymer chains [7] [13]. In addition, GO can be directly reduced by
using strong reductants (e.g. hydrazine, hydroquinone, etc.) which remove oxy-
gen containing functional groups.

There have been few attempts to combine the characteristic properties of
graphene with the other carbon-based materials such as carbon nanotubes
(CNT) or carbon nanofibers (CNF) to develop an hybrid structure by CVD
technique [14] [15]. These hybrid structures are mostly preferred in energy sto-
rage applications. For instance, Cheng et al produced Fe,O,-containing gra-
phene fiber by thermally treating the mixture of GO synthesized by improved
Hummers’ method and Fe,O, nanoparticles in a closed glass pipeline and used
these fibers in the construction of flexible supercapacitors [16]. In addition, Li et

al utilized CVD grown CNT on graphene nanoplatelet as a reinforcement in
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epoxy matrix to control load transfer properties and improve the mechanical
properties of the composites [17]. At this point, the integration of CNT in hybrid
structure prevents the entanglement of nanotubes and thus their agglomeration
in polymer matrix [18]. On the other hand, there is still an obstacle in the usage
of CNT and graphene separately or together in thermoplastic compounding and
their homogeneous dispersion by extrusion process.

There has been a growing interest for thermoplastic composites in the indus-
trial applications due to their low cost, lightweight, recyclable property, and ease
of processing at low processing temperature and pressure level [19] [20]. As an
important matrix for polymer nanocomposites, polyamide 6.6 (PA6.6), also
known as Nylon 6.6, has many different applications in engineering due to high
stiffness, toughness, and resistance to dynamic fatigue, high temperature and
harsh chemicals [21]. It is possible to produce surface functionalized graphene
or CNT based PA nanocomposites with improved mechanical and thermal cha-
racteristics by using melt-mixing technique [22] [23]. However, there is no work
about the integration of 3D graphene/CNT hybrid additive in thermoplastic po-
lymers in melt phase and the investigation of the effect of graphene type and its
number of layers in this hybrid structure with CNF on the performance of PA6.6
nanocomposites.

In the present study, CVD prosess was applied to grow CNF on single- and
multi-layer GO templates impregnated by iron catalyst. Detailed structural in-
vestigation was implemented in order to find the main differences in these new
design hybrids. Later, PA6.6 based nanocomposites reinforced with single-layer
GO, multi-layer thermally exfoliated graphene oxide (TEGO), and their CVD
grown CNF hybrids were prepared by a thermokinetic high shear mixer to ob-
tain better dispersion and prevent agglomeration of these nano additives. Also,
parallel study was conducted with these two types of bicomponent additives to
understand the effect of number of graphene layers on the crystallinity and me-

chanical properties of PA6.6 nanocomposites.

2. Experimental

2.1. Materials

PA6.6 polymer (Zytel E51IHSB NC010) was supplied from Dupont. Thermally
exfoliated graphene oxide (TEGO) was purchased from NANOGRAFEN Co.
Graphite flakes (+100 mesh size), iron (III) chloride hexahydrate (FeCl;-6H,0,
99%), dimethylformamide (99% DMF) and hydrogen peroxide (30% H,O,) were
purchased from Sigma-Aldrich. Potassium permanganate (KMnO,) was pur-
chased from Merck & Co. Helium (He), hydrogen (H,) and ethylene gases were

used in CVD experiments.

2.2. GO Synthesis

Graphene oxide (GO) was synthesized from graphite through improved Hum-
mers’ method [7] [24]. Briefly, 18 gr of KMnO, was slowly added to a 9:1 mix-
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ture of concentrated H,SO,/H,PO, (360:40 mL) and 3 gr of graphite flakes. The
reaction was then heated up to 50°C and stirred for 24 h. The reaction was
cooled to room temperature and poured onto ice with 3 mL H,0O,. The mixture
was centrifuged at 10,000 rpm for 30 min to obtain reaction product. The re-
maining solid material was washed with 200 mL of distilled water (x2), 200 mL
of 32% HCI (x2) and 200 mL of ethanol (x2), and the mixture was centrifuged
(10,000 rpm for 30 min) for each washing step. At the final step, the washed ma-
terial was coagulated with 200 mL of ether. Then product was kept at 50°C un-
der vacuum for 3 days for drying.

2.3.Iron Impregnation

Iron (Fe) was used as a catalyst in CVD process to grow CNF on the surface of
graphene sheets [25]. Fe impregnation process was applied for two different
graphene types in different medium. 0.5 g GO was dispersed in 100 ml distilled
water for 30 min by probe sonicator and then 20 mL of 0.5 M FeCl,-6H,0 solu-
tion was added slowly into GO solution and stirred for 4.5 h through refluxing.
In case of TEGO, 0.5 g TEGO was dispersed in 100 mL DMF for 30 min by
probe sonicator to get suspension and homogeneous dispersion, and then Fe
impregnation process was applied similar to that of GO. At the end of each reac-
tion, centrifugation and filtration steps were applied to obtain resultant prod-
ucts. All samples were dried at 70°C overnight under vacuum.

2.4. CNF Growth Process by CVD

Both graphene types were used for the growth of carbon nanofiber by CVD
process to monitor the length of fibers and understand their growing mechan-
ism. Fe loaded graphene samples were placed into a quartz glass plate in the
furnace and then He gas was purged at 50°C for 5 min to provide inert atmos-
phere and prevent oxidization. Subsequently, furnace temperature was increased
up to 750°C with a heating rate of 35°C/min under the mixture of He and H,
(3.8:1 = v/v) gases. At 750°C, temperature and gas flow rates were kept constant
for 10 min for the completion of annealing. Then, ethylene gas was purged to in-
itiate the growth of CNF on graphene templates for 15 min at 750°C.

2.5. Production of PA6.6 Nanocomposites

GO and TEGO based nano-sized reinforcements were dispersed in PA6.6 matrix
at 4700 rpm and 300°C by using custom-made Gelimat Thermokinetic Mixer.
Both neat graphene and their hybrid contents were adjusted in the range of 0.25 to
1 wt% to attain ideal dispersion. Then, specimens for mechanical tests were pre-
pared by injection moulding. Two different molds were used in tensile and flexural
tests in accordance with ISO 527-2 and ASTM D790 standards, respectively.

2.6. Characterization

The morphological structures of the nanoadditives were analyzed by Leo Supra
35VP Field Emission Scanning Electron Microscope (SEM) and JEOL2100 Lab6
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High Resolution Transmission Electron Microscope (TEM). For microtomy anal-
ysis, thin sections (75 nm) were generated with a Cryo-Ultramicrotome (Leica
EM UC6/FC6, Leica Microsystems, Vienna, Austria) equipped with an Ul-
tra-Sonic diamond knife (Diatome, Biel, Switzerland) at approximate —70°C and
were transferred on a 100 mesh Cu/Pd grid (Plano GmbH, Wetzlar, Germany).
Despite the cryogenic conditions, the Ultra-Sonic diamond knife generally used
at room temperature was used to eliminate compression and attain best struc-
ture preservation. The temperature for preparation depends strongly on the
sample and the climatic conditions in the room and can only be determined ex-
perimentally (-60°C to —80°C). Thermo Scientific K-Alpha X-ray Photoelectron
Spectrometer System (XPS) was used for quantitative elemental analysis of gra-
phene and its hybrid structures. X-ray diffraction (XRD) measurements were
carried out by using Bruker D2 PHASER Desktop with a CuKa radiation source.
The number of graphene layers was calculated using Debye-Scherrer equation
(Equation (1)) below:

t=0.894/Bcos & (1)

n=t/d

where tis thickness, £is full width at half maximum-FWHM and d is interlayer
spacing obtained from XRD patterns, and n is the number of graphene layers.
Raman spectroscopy was used to identify the structural properties of samples by
using a Renishaw in Via Reflex Raman Microscopy System with the laser wave-
length of 532 nm at room temperature in the range of 100 - 3500 cm™". Chain
conformational study was investigated by Thermo Scientific Fourier Transform
Infrared Spectroscopy (FTIR). Thermal characterization was carried out by Mett-
ler Toledo differential scanning calorimeter (DSC) at heating rate of 10°C/min
and 300°C under N, atmosphere. The produced compounds were injected by
DSM injection molding to prepare tensile and three-point bending test speci-
mens. Mechanical tests were performed with 2 mm/min speed by using Instron
5982 Static Test Machine with a 5 kN load cell for tensile (ISO 527-2) and flex-
ural (ASTM D 790) tests of PA6.6 based nanocomposites.

3. Results and Discussion
3.1. Differences in GO and TEGO

The surface functional groups and number of graphene layers play an important
role in the determination of characteristics of graphene based polymeric compo-
sites. Especially carbon/oxygen ratio has a significant indicator to understand
the dispersion of carbon based additives and improve the interfacial interactions
in polymer matrix [26]. TEGO has high carbon content of 97.9 at% and oxygen
content of 2.1 at% which are obtained from X-ray photoelectron spectroscopy
(XPS). TEGO has worm-like structure and Figure 1(a) and Figure 1(b) show
the separated graphene layers after thermal expansion that cause the elimination

of most of oxygen functional groups from graphene surface. Figure 1(c) and
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(o) (d)
Figure 1. SEM images of (a-b) TEGO and (c-d) GO sheets at different magnifications.

Figure 1(d) represent GO sheets having smooth and stacked graphene layers.
GO contains 60.6 at% carbon and 34.3 at% oxygen obtained from XPS mea-
surement and this high amount of oxygen content comes from graphite oxida-
tion process conducted by improved Hummers’ method [7].

XRD was used to examine the differences in the structures of TEGO and GO
and their XRD spectra are given in Figure 2(a). As seen in XRD spectrum of
TEGO, it has characteristic (002) peak at 26 = 26.6° indicating crystalline struc-
ture. In addition, the number of graphene layers in TEGO was calculated as 25,
based on (002) characteristic peak of graphene by using Debye-Scherrer equa-
tion. On the other hand, GO has a broaden peak at 26 = 10° belonging to (001)
peak meaning that it has amorphous structure and graphite flakes were com-
pletely oxidized and the intense (002) crystallinity peak of graphitic structure
was disappeared as seen in Figure S1(a) representing XRD spectrum of graphite
flakes.

Raman characterization technique is widely used as a powerful technique to
investigate carbon-based materials by providing useful information about de-
fects and disorders in the structure. In the Raman spectra of graphene, there are
three main characteristic peaks at 1355 cm™, 1582 cm™, and 2721 cm™" known as
D, G, and 2D bands, respectively. D band attributes to the disorderness while G
band corresponds to the vibrational mode of sp” carbon in graphitic materials
and is highly sensitive to the strain changes of sp’ carbons in the structure [27]
[28]. As seen in Figure 2(b), TEGO contains three characteristic graphene peaks

and its Raman spectrum is also similar to that of bulk graphite since it has 25
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graphene layers graphene. In contrast, GO has D and G bands in which the in-
tensity of D band considerably increased due to the formation of defects in the
oxidation process [29]. Raman spectrum of graphite flakes is provided in Figure
S1(b) in supplementary document. These results confirmed that the number of

graphene layer was tailored by changing chemistry routes.

3.2. Comparative Study of Growing Behavior of CNF-GO and
CNF-TEGO

The growth mechanism of CNF is directly affected by the alterations in C/O ra-
tio and the type of the template used in CVD process. In order to understand the
deposition of carbon atoms on catalyst surface and control the surface chemi-
stry, binding energies and surface compositions of CNF grown on TEGO and
GO were defined by XPS analysis. The intensities of Cls and Ols of GO, TEGO
and their hybrid structures were compared in the XPS survey scan spectra in
Figure 3(a). Elemental analysis clarified the significant increase in C/O atomic
ratio from 3.4 of TEGO up to 6.9 of CNF-TEGO confirming the deoxygenation
and CNF formation on the surface of TEGO during CVD process. In case of GO,
after CVD growth process, carbon content of GO has dramatically increased
from 60.6 up to 96.8 at% indicating the formation of CNF in the structure. Also,
C/O ratio of CNF-GO became 5.5 whereas that of neat GO was estimated as 0.5.
Similar to CNF-TEGO, CNF were grown randomly on the surface of single-layer
GO after CVD process. After CVD process, CNF were grown randomly on the
surface of TEGO while the content of carbon increased slightly up to 98.1 at%.
Table S1 summarizes elemental composition and C/O ratio of neat and hybrid

samples.
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Figure 2. (a) XRD spectra and (b) Raman spectra of GO and TEGO.
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Figure 3. (a) XPS survey scan spectra of TEGO, CNF-TEGO, GO, and CNF-GO and (b)
Fe2p of CNF-TEGO and CNF-GO.

In addition to C and O analysis, the Fe2p envelope of GO and TEGO hybrid
additives provided information about the ionic bond character of the iron. In
Figure 3(b), the peaks of Fe 2p,,, and Fe 2p,, in CNF-TEGO based on the ionic
states of Fe are located at around 724.2 eV and 710.6 eV, respectively. CNF-GO
also contained similar two peaks at 724.5 eV and 710.7 eV. Furthermore, these
two main peaks have satellite peaks indicating the presence of Fe,O, on the sur-
face of graphene layers confirmed by XRD [30]. The Cls and Ols envelopes
consist of Fe-C and Fe-O bonds that supported chemical binding between gra-
phene and CNF in the presence of iron catalyst. The detailed information about
the type of bonding in Cls, Ols and Fe2p scan survey is given in Table S2.

Macroscopic studies by TEM and SEM were also conducted to observe the
length and diameter of CNF in TEGO and GO. Multi-layer TEGO based hybrid
additive has randomly distributed carbon fibers as seen in Figure 4(a). The av-
erage length of CNF grown on TEGO is about 2 pm and its diameter is meas-
ured as 28 nm in Figure 4(c) and its inset figure. On the other hand, single-layer
GO based structure has randomly oriented CNF in its structure as shown in
Figure 4(b). The length and diameter of CNF grown on single-layer GO are ap-
proximately 1.6 um and 34 nm in Figure 4(d) and its inset.

The structural changes of hybrid structures of TEGO and GO were monitored
by XRD analysis. In Figure 5(a), neat TEGO has sharp (002) graphitic plane
peak. After CVD process, the intensity of (002) peak significantly decreased due
to the randomly deposited carbon atoms and thus the reduction in crystallinity.
In contrast, GO has (001) amorphous peak but growing carbon fiber on GO

surface caused the formation of crystalline structure lower than TEGO-based
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material and also (002) peak appeared as seen in Figure 5(b). In addition to
characteristic peaks of GO and TEGO, the additional peaks at 26 = 42.8° and
43.6° in the XRD spectra of both CNF-TEGO and CNF-GO are associated with
super-positions of (100) and (101) reflections of the graphite structure [31].
During CNF growth process, iron oxide catalyst was reduced to metallic Fe and
Fe,C [32]. Therefore, the characteristic peaks at 260 = 37.6° and 44.9° are attri-
buted to (311) and (400) planes of Fe catalyst [33], and reflections at 26 = 45.7°,
48.4°, and 49° are corresponding to (112), (131), and (221) planes of orthor-
hombic Fe,C phase, respectively [34]. Therefore, XRD confirmed the deposition
of carbon atoms on iron metal and thus the growth of CNF on graphene tem-

plates.

(0) (d)

Figure 4. SEM images of CNF grown on (a) TEGO and (b) GO, and
TEM images of CNF grown on (c) TEGO and (d) GO.
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Figure 5. XRD spectra of (a) TEGO and CNF-TEGO, and (b) GO and CNF-GO.

Spectral analysis by Raman scattering was also conducted to understand the
alterations in the new structures. Figure 6 shows the comparison of Raman
peaks of neat TEGO and GO and their CVD grown CNF hybrid samples. After
CVD process, a shoulder in the G band of both CNF-GO and CNF-TEGO
shown in the insets of Figure 6 appeared as a result of change in the geometry of
the samples during the growth of tube like CNF [27]. In addition, a second-order
peak known as S3 at around 2929 cm™" in the Raman spectra of both CNF-TEGO
and CNF-GO was relied on intervalley and intravalley phonon scattering be-
tween graphene and CNF [35] [36]. Furthermore, the formation of CNF affected
the disorderness and crystallinity of the structure and significant changes was
observed in the intensity ratio of D to G peaks (Ip/I;) that increased by increas-
ing the size of the crystalline grains or interdefect distance [37]. Neat TEGO has
very small D peak whereas a sharp increase in the intensity of D band is ob-
served after CVD process. GO also has similar trend and I,/I; of its hybrid in-
creases up to 1.5 from after CVD process. Table S3 summarizes peak positions

and I/I; values of neat and hybrid structures.

3.3. Comparative Study of CNF-TEGO and CNF-GO Reinforced
PA6.6 Nanocomposites

The changes in crystallinity and dispersion state of neat PA6.6 and its nano-
composites were investigated via XRD technique and the results are given in
Figure 7(a) and Figure 7(b). The prominent (100) peak at around 26 = 21°
corresponds to a-crystalline phase of PA6.6 due to intrasheet scattering within
polymeric chains [38]. After the integration of nanofillers into PA6.6 matrix, two
new peaks at 260 = 11° and 23" were appeared in the XRD spectrum of nano-
composites and attribute to the (002) reflection of y phase and (010/110) reflec-
tion of a-crystal structure, respectively [39] [40]. In contrast to the (100) reflec-
tion peak, (010/110) peak belongs to the intersheets scattering of hydrogen-bonded

PAG6.6 sheets [38]. Moreover, the incorporation of nanofiller promotes the y
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phase by inhibiting the chain mobility to form intercalated structure and thus
limiting the formation of hydrogen-bonded sheets and a crystalline structure
[28] [41]. The current study demonstrated that the layer number had a signifi-
cant influence on polymer crystallization behavior and multi-layered structure of
TEGO based additive led to an increase in crystallinity due to the creation of
percolated domains in the polymer matrix. In other words, TEGO has promi-
nent (002) peak attributed to crystallinity and graphite based structure (Figure
5(a)) since it has 25 layers keeping each other by van der Waals interactions and
thus TEGO based hybrid additive caused the formation of intercalated structure
by the coverage of polymer chains. Contrarily, the intensity of (010/110) peak
slightly decreased in CNF grown on GO based nanocomposite and it has more
intense Y(002) peak and shifting of this peak is higher at around 26 = 10° than
TEGO based one (Figure 7(b)). This means that GO based hybrid additive re-
sulted in intercalated structure since GO has broad (001) peak due to its sin-
gle-layer and amorphous structure (Figure 5(b)) and its hybrid has comparably
low (002) intensity peak owing to the growth of CNF.
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Figure 6. Raman spectra of (a) TEGO and CNF-TEGO,
and (b) GO and CNF-GO.
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Figure 7. XRD spectra of PA6.6 composites having (a) 1 wt% TEGO and 1
wt% CNE-TEGO, and (b) 1 wt% GO and 1 wt% CNF-GO.

FTIR analysis was also conducted to monitor the influence of hybrid additives
on the crystallinity of PA6.6 nanocomposites. In Figure 8(a) and Figure 8(b),
neat PA6.6 and 1 wt% TEGO-CNF and 1 wt% CNF-GO reinforced nanocompo-
sites exhibited two crystalline bands at 934 cm™ and 1198 cm™ [42] [43], and the
amorphous peak at 1180 cm™ [44]. Sharp peak at 1630 cm™ is independent of
crystallinity and attributed to the amide I, C=0 streching vibration [42]. In this
study, the peak at 1630 cm™" was used as a reference band in order to understand
the changes in crystallinity [45]. In Table 1 and Table S4, the transmittance ra-
ti0s of (Ts5/ T 1650) and (T105/ T 430) represent the changes in crystallinity structure
of nanocomposites and the results are complementary with each other. The em-
bedment of CNF-TEGO and CNF-GO into the nanocomposites enhanced the
crystallinity. The results designated that graphene based bicomponent fillers act
as an effective nucleating agent comparably better than neat PA6.6 polymer.

DSC technique was employed to investigate the crystalline behavior of nano-
composites and obtain a deep understanding of nucleation effect of hybrid addi-
tives. Figure 9 exhibits DSC curves of neat PA6.6 and 1 wt% hybrid reinforced
PA6.6 nanocomposites. It was found that there is no big difference in melting
temperature (T,) of nanocomposites specimens when compared to neat PA6.6
polymer according to Table 2. The percent crystallinity is determined using Eq-

uation (2):

X, =(AH,, /AH*"*)x100% )

where X_is the degree of crystallinity, A H,, is enthalpy of melting, and A H,,'"” is
enthalpy of purely crystalline (J/g). AH,'®” is a reference value for purely crys-
talline PA6.6 as about 188.4 J/g [43]. The AH,, of neat PA6.6 at the melting tem-
perature was calculated as 48.2 J/gr. In Table 2, there was a sharp increase in X,

values by the addition of each type of graphene hybrid additive. These results
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confirmed that graphene based additives were acted as effective nucleating
agents by allowing crystal growth during crystallization. However, we could not
detect any significant difference between single- and multi-layer based structures
in bulk matrix. Therefore, mechanical behavior of the produced nanocomposites
is a key indicator to point out crystallization and the detailed explanation is giv-

en in following section.
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Figure 8. FTIR spectra of (a) crystalline band and amide axial deformation (C-C=0) of
neat PA6.6 and 1 wt% CNF-TEGO and CNF-GO loaded nanocomposites, (b) crystalline
band and symmetrical angular deformation out of plane and (c) the amide I, C=0O
stretching vibration of neat PA6.6 and 1 wt% CNF-TEGO and CNF-GO loaded
nanocomposites.
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Figure 9. DSC curves of neat PA6.6 and PA6.6 nanocomposites
having 1 wt% CNF-TEGO and CNF-GO.

Table 1. The transmittance ratio of crystalline and independent peaks (Ty;s/1650)-

Samples Toss T 1630 Tos5/1630
Neat PA6.6 92.6 72.4 1.28
PA6.6 + 0.25 wt% CNF-TEGO 83.6 42.0 1.99
PA6.6 + 0.5 wt% CNF-TEGO 82.0 36.3 2.26
PA6.6 + 1 wt% CNF-TEGO 86.3 55.3 1.56
PA6.6 + 0.25 wt% CNF-GO 86.1 33.7 2.55
PA6.6 + 0.5 wt% CNF-GO 85.8 29.5 291
PA6.6 + 1 wt% CNF-GO 85.1 44.6 1.91
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Table 2. DSC results of CNF-TEGO and CNF-GO reinforced nanocomposites with
different filler amounts.

Samples T, (°C) AH,, (J/gr) X (%)
Neat PA6.6 262 48.2 25.6
PA6.6 +0.25 wt%
CNE-TEGO 262 77.4 41.1
PA6.6 + 0.5 wt%
CNE-TEGO 262 74.2 394
PA6.6 + 1 wt%
CNE-TEGO 262 75.4 40.0
PA6.6 +0.25 wt%
CNE-GO 261 73.4 39.0
PA6.6 + 0.5 wt%
CNE-GO 262 74.2 394
PA6.6 +1 wt%
261 73.9 39.2

CNF-GO

3.4. Mechanical Behavior of CNF-TEGO and CNF-GO Reinforced
Composites

After the fabrication of single- and multi-layer graphene based hybrid rein-
forcements, these two fillers were dispersed at the loadings of 0.25, 0.5 and 1
wt% in PA6.6 matrix by a thermokinetic mixer. Typical stress-strain curves of
neat PA6.6 and its nanocomposites of tensile and three-point bending tests are
shown in Figure 10. The tensile stress-strain curves exhibited a linear initial re-
sponse to the applied load (strain values under 0.01 mm/mm) for both rein-
forcement types in Figure 10(a) and Figure 10(b). Tensile modulus calculated
in the linear regions between 0.0005 and 0.0025 mm/mm indicated that the
modulus of PA6.6 was enhanced up to 24% by the incorporation of 0.5 wt%
CNF-TEGO in the polymer structure whereas increasing CNF-TEGO amount to
1wt% decreased the modulus improvement down to 17% compared to neat
PAG6.6 specimen. On the other hand, the incorporation of only 0.25 wt% CNF-GO
improved the tensile modulus by 34% while 0.5 wt% and 1 wt% CNF-GO speci-
mens showed 20% and 30% enhancement in the tensile modulus, respectively.
Table 3 summarizes the tensile properties of the PA6.6 and its nanocomposites
in terms of modulus and strength and their improvement values in comparison
of neat specimen. The variation in tensile modulus stems from non-uniformity
in dispersion state and the effect of nano reinforcement on the crystal structure
of the composites. However, increasing the reinforcement amount lowered the
dispersion quality and caused the agglomeration of particles in the composite
structure and thus decreased modulus values. Furthermore, tensile strength
showed improvement in all cases of nanocomposites compared to neat PA6.6
specimen except for PA6.6 + 1 wt% CNF-GO in which tensile strength was
dropped by 7.7% associated with the lower chemical compatibility of CNF-GO
with PA6.6 and the presence of defects in the composite structure. Specimens
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reinforced by CNF-TEGO showed higher tensile strength compared to CNF-GO
ones indicating higher interfacial interaction between CNF-TEGO and PA6.6
and slightly higher crystallinity in these specimens compared to specimens rein-
forced by CNF-GO confirmed by DSC characterization. Also, XRD characteriza-
tion supported that CNF-TEGO has higher crystallinity than CNF-GO discussed
in Section 3.2. The highest strength value was achieved with PA6.6 + 0.5 wt%
CNF-TEGO specimen as about 80.6 MPa which is 15.5% higher than neat
PAG6.6. Moreover, the higher decrease in the strain at failure of specimens rein-
forced by CNF-GO compared to CNEF-TEGO ones was due to lower compatibil-
ity of CNF-GO with PA6.6 and its chemical composition obtained from XPS
characterization. Figures 10(c) and Figures 10(d) represent the flexural stress
and strain curves of CNF-TEGO and CNF-GO reinforced specimens, respec-
tively. Table 4 indicated that the flexural properties of CNF-TEGO reinforced
PA6.6 nanocomposites were higher than those of CNF-GO reinforced nano-
composites. The best flexural property was achieved by using 0.5 wt% CNF-TEGO
providing 14% improvement in flexural modulus and 14.7% in flexural strength.
Consequently, CNF grown on multi-layer GO at 0.5 wt% loading showed better
performance in both tensile and flexural tests since the diameter of fibers on
multi-layer GO is smaller than the one grown on single-layer GO as depicted in
Figure 4 and this hybrid might reduce stress concentration sites in the matrix by
enlarging the specific surface area in the matrix at optimum loading. In addition,
crystallinity degree of nanoadditive is a crucial factor to attain better mechanical
performance and multi-layer TEGO based additive showed slightly higher crystal-
linity and thus improved mechanical properties.
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Figure 10. (a, b) Tensile stress-strain curves and (c, d) Flexural stress-strain curves of
CNF-TEGO and CNF-GO based nanocomposites at different loading ratios.
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Table 3. Summary of tensile properties of PA6.6 + CNF-TEGO and PA6.6 + CNF-GO

nanocomposites.
Tensile Tensile Modulus  Tensile Tensile Strength
Samples Modulus Improvement Strength Improvement
(MPa) (%) (MPa) (%)
Neat PA6.6 2400 - 69.8 -
PA6.6 + 0.25 wt%
2586 8 71.8 2.9
CNE-TEGO
PA6.6 + 0.5 wt%
2971 24 80.6 15.5
CNE-TEGO
PA6.6 + 1 wt% CNF-TEGO 2811 17 74.8 7.2
PA6.6 + 0.25 wt% CNF-GO 3225 34 72.1 3.3
PA6.6 + 0.5 wt% CNF-GO 2868 20 71.7 2.7
PA6.6 + 1 wt% CNF-GO 3122 30 64.4 =7.7

Table 4. Summary of flexural properties of PA6.6 + CNF-TEGO and PA6.6 + CNF-GO

nanocomposites.
hord Fl 1 Fl 1St th
Chor Flexural Modulus exura exural Streng
Samples Modulus Improvement (%) Strength Improvement
(MPa) P (MPa) (%)
Neat PA6.6 2570 - 102 -
PA6.6 + 0.25 wt% 2535 1 103 1.0
CNF-TEGO ’

PA6.6 + 0.5 wt% CNF-TEGO 2933 14 117 14.7
PA6.6 + 1 wt% CNF-TEGO 2904 13 116 13.7
PA6.6 + 0.25 wt% CNF-GO 2485 -3 101 -1.0
PA6.6 + 0.5 wt% CNF-GO 2365 -8 98 -3.9

PA6.6 + 1 wt% CNF-GO 2480 -4 98 -3.9

3.5. Cross-Sectional Analysis of CNF-TEGO and CNF-GO Hybrid
Reinforced PA6.6 Composites

Cross-sectional study was held for both fracture surfaces and cutting edges of the
produced nanocomposites. Freezed fracture surfaces of neat PA6.6 and its na-
nocomposite specimens with 1 wt% loading of CNF-TEGO and CNF-GO were
examined by SEM technique. Neat PA6.6 has fragmented surface in Figure
11(a). The addition of CNF-TEGO in the host matrix reduces surface roughness
compared to neat PA6.6, as shown in Figure 11(b). In case of CNF-GO in Fig-
ure 11(c), surface is comparably smoother than both neat PA6.6 and CNF-TEGO
based nanocomposite. This might come from GO having flattened surface whe-
reas TEGO has worm-like structure and expanded layers as seen in Figure 1.

In order to provide better understanding in the dispersion of nanoadditives in
polymer matrix, microtomy analysis from the center of each specimen in a ver-

tical alignment was carried out. Figure 12(a) and Figure 12(b) represent mi-
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crotome surfaces of 1 wt% CNF-TEGO reinforced PA6.6 nanocomposites hav-
ing distributed broken long fibers and separated graphene sheets since an ap-
plied high shear rate during melt compounding can cause to break down long
CNF from TEGO surface. On the otherhand, TEM images of 1wt% CNF-GO
based PA6.6 specimens have broken fibers shown in Figure 12(c) and clustering
of wrinkled GO sheets as seen in Figure 12(d). Consequently, the results are
supported the mechanical tests mentioned in the Section 3.4 and TEGO based
hybrid additive has better performance than CNF-GO based composites due to

its good dispersion quality in host matrix.

(b) (0

Figure 11. SEM images of freezed fracture surfaces of (a) neat PA6.6, (b) PA6.6 + 1 wt%
CNF-TEGO, and (c) PA6.6 + 1 wt% CNF-GO.

500 nm "

(a) (b)
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() (d)

Figure 12. TEM images of microtome surfaces of (a) and (b) PA6.6 + 1 wt%
CNF-TEGO, and (c) and (d) PA6.6 + 1 wt% CNF-GO.

4. Conclusion

In the current study, hybrid additive having different number of graphene layers
and their integration into PA6.6 matrix were investigated in order to understand
the interfacial interactions between polymer and graphene based additives and
also the behavior of dispersion state. Long CNFs more than 1.5 um were suc-
cessfully grown on iron loaded single- and multi-layer GO by CVD technique.
The structures of these two hybrid additives were confirmed by spectroscopic
and macroscopic characterization tools. These CVD grown CNFs on single- and
multi-layer GO additives were dispersed into PA6.6 matrix by high shear mixer
in melt phase. Tensile test results showed that tensile modulus of nanocompo-
sites was enhanced up to 24% by the incorporation of 0.5 wt% CNF-TEGO. The
flexural properties of CNF-TEGO reinforced nanocomposites were higher than
that of CNF-GO reinforced composites. Especially stronger interfacial interac-
tions were achieved by CNF-TEGO nanoadditive and thus its nanocomposite
showed better mechanical performance. This came from the formation of inter-
calated structure in polymer matrix by preserving the multi-layer nature of
TEGO and thus provided higher crystallinity instead of single-layer based hybrid
additive. In addition, these new design hybrid additives acted as a reinforcing
and nucleating agent in polyamide matrix. Consequently, this study supported
that further improvement in graphene structure will influence the performance
of structural composites especially used for load bearing applications in a posi-

tive manner.
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CVD Chemical Vapor Deposition
PA6.6 Polyamide 6.6
TEGO Multi-layer thermally exfoliated graphene oxide
CNF Carbon nanofiber
CNE-TEGO CVD grown.CNF on multi-layer thermally exfoliated
graphene oxide
GO Single-layer graphene oxide
CNF-GO CVD grown CNF on single-layer graphene oxide

PA6.6 + (0.25, 0.5, 1) wt% TEGO

PA6.6 + (0.25, 0.5, 1) wt% CNF-TEGO

PA6.6 + (0.25, 0.5, 1) wt% GO

PA6.6 + (0.25, 0.5, 1) wt% CNF-GO

(0.25, 0.5, 1) wt% TEGO loaded PA6.6 nanocomposite

(0.25, 0.5, 1) wt% CNF-TEGO loaded PA6.6
nanocomposite

(0.25, 0.5, 1) wt% GO loaded PA6.6 nanocomposite

(0.25, 0.5, 1) wt% CNF-GO loaded PA6.6 nanocomposite
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Supplementary Data
Table S1. XPS results of neat GO samples and their hybrid additives.
Samples C (at%) O (at%) Other (at%) C/0
GO 60.59 34.28 5.13 0.5
CNF-GO 96.83 3.17 - 5.5
TEGO 97.94 2.06 - 3.4
CNF-TEGO 98.12 1.88 - 6.9

Table S2. XPS spectra results for Cls, Ols, and Fe2p in the CNF-TEGO and CNF-GO [1]
(2] [3] [4] [5].

Cls Ols Fe2p
Binding  Peak Binding Peak Binding Peak
Samples  Group Energy Intensity = Group Energy Intensity Group Energy Intensity
(eV) (a.u.) V) (au) eV) (au.)

C=C 284.1 104,164 C-0 530.6 10,588
TEGO C-C 284.8 7664 C=0 532.5 12,820
C-O0 286.3 7339 HO-C=0 535.6 11,334

0-C=0 288.9 7858

g—zF(e:; 284.3 510,259 C-O,Fe-O 529.8 38,318 Fe2p3/2 710.6 32,860
C-C 285.2 76,341 C=0 532 45,209 Satellite 719.5 31,530
CNF-TEGO C-O-C 287.2 50,557 Fe2pl/2 7242 32,214
O-C=0 290.7 45,214 Satellite 727.6 31,657
C-C 284.7 51,245 C-O0 531.8 54,857
GO C-O0 286.9 66,274 C=0 532.7 80,534

0-C=0 288.7 19,284 HO-C=0 533.3 82,456

C=C,

C-Fe* 284.3 278,137 C-O,Fe-O 529.9 27,211 Fe2p3/2 710.7 37,089

-Fe
C-C 285.4 46,628 C=0 532.1 31,673 Satellite 720.0 36,416

CNF-GO C-0-C 287.1 37,166 ~HO-C=O 533.4 27,484 Fe2pl/2 724.5 36,759

O-C=0 290.5 31,652 Satellite 727.7 36,284

Table S3. Raman peak positions, intensities and I,/I; values of TEGO and GO and their

hybrids with CNF.
D G 2D In/Ig
Position (cm™)/ Position (cm™)/ Position (cm™)/
Intensity (au) Intensity (au) Intensity (au)
1582 2721
TEGO - / ! -
6728 4309
1342, 157 268
CNF-TEGO / o o/ 1.5
6399 4277 2203
1355 1593
GO / / - 0.93
14809 15835
1349 1571
CNF-GO / / - 1.5
5445 3503
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Table S4. The transmittance ratio of crystalline and independent peak (T,g5/163)-

Samples Tres Ti630 This8/1630
Neat PA6.6 86.6 72.4 1.20
PA6.6 + 0.25 wt% CNF-TEGO 74.9 42.0 1.78
PA6.6 + 0.5 wt% CNF-TEGO 72.4 36.3 1.99
PAG6.6 + 1 wt% CNF-TEGO 80.5 55.3 1.46
PAG.6 + 0.25 wt% CNF-GO 77.5 337 2.30
PA6.6 + 0.5 wt% CNF-GO 76.5 295 2.60
PA6.6 + 1 wt% CNF-GO 722 446 1.62
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Figure S1. (a) XRD spectrum and (b) Raman
spectrum of graphite flake.
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