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ABSTRACT: In this study, long carbon nanofibers (CNFs) were grown on graphene nanoplatelets (GNPs) by chemical vapor deposition
(CVD) technique to develop three-dimensional (3D) bicomponent nanostructures. The structure and properties of graphene before and
after CVD process were investigated in details. X-ray photoelectron analysis depicted the formation of Fe-C bonds by the deposition of
carbon atoms on the catalyst surface of Fe2O3. This hybrid additive was firstly used as a reinforcing agent in melt compounding to fabri-
cate PA6.6-based nanocomposites with enhanced mechanical and thermal properties. Both GNP and CNF-GNP have enough surface
oxygen functional groups to improve the interfacial interactions with polyamide matrix and thus provide good wettability. Also, both
neat GNP and its bicomponent additive with CNF also acted as a nucleating agent and allowed the crystal growth in nanocomposite
structure. Homogeneous dispersion of nanoparticles was achieved by using thermokinetic mixer during compounding by applying high
shear rates. Mechanical results showed that 23 and 34% improvement in flexural and tensile modulus values, respectively, was attained
by the addition of 0.5 wt % CNF-GNP hybrid additive. The heat distortion temperature and Vicat softening temperature of the resulting
PA6.6 nanocomposites were improved compared to neat PA6.6 material indicating performance enhancement at higher service temper-
ature conditions. CNF was successfully grown on Fe-loaded GNP by CVD method and this hybrid additive was compounded with
PA6.6 by melt-mixing process. Mechanical results showed that 34% improvement in tensile modulus value was attained by the addition
of 0.5 wt % CNF-GNP hybrid additive because it acted as a nucleating agent and allowed the crystal growth in the nanocomposite struc-
ture. © 2019 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2019, 136, 48347.
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INTRODUCTION

Thermoplastic nanocomposites have gained increasing importance
in a wide range of industrial applications such as automotive, aero-
space, consumer goods and sports and leisure due to their light-
weight structures and multifunctional characteristics.1 Also, there
is an increasing trend to replace thermoset materials with thermo-
plastic materials in composite industry owing to their high fracture

toughness,2 high service temperature, shorter manufacturing cycles,
no need for cold storage3 and reprocessing and recycling potential.4

Herein, nanometer-sized reinforcing agents have led to the
development of high-performance composite materials with
intriguing properties at low loading fractions.5 Among nano-fillers,
graphene becomes an ideal reinforcing agent in the fabrication of
nanocomposites because of its extraordinary mechanical and
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thermal properties, and high surface area and 2D structure.6–9 The
main challenge in the utilization of graphene is to provide its
homogeneous dispersion in the host matrix by preventing its
crumbling.10 In addition, 1D carbon nanotubes (CNTs) can be an
alternative carbon reinforcement in high-performance composite
production because of their notable mechanical, electrical, thermal,
and magnetic properties in the fabrication of structural compos-
ites.6,11 However, CNT requires surface modification by the attach-
ment of oxygen functional groups to prevent their aggregation in
the chosen matrix.12 At this point, the combination of CNT and
graphene in one structure facilitates to attain the desired function-
ality and minimize the failures in composites and eliminate extra
surface treatments on structures.

Recently, graphene and CNT have been used together in thermo-
plastic and thermoset polymer matrices to get the synergetic effect
to enhance the structural, thermal, and mechanical features of the
produced composites. For instance, Yang et al. enhanced the ten-
sile modulus, tensile strength, and thermal conductivity of epoxy
composites as about 22.6, 14.5, and 46.9%, respectively, compared
to neat epoxy by reinforcing 0.9 wt % multilayer graphene platelets
and 0.1 wt % multiwalled CNT, which were separately mixed
before curing.13 In addition, Chatterjee et al. investigated mechani-
cal properties of epoxy-based nanocomposites with various mix-
ture ratios of CNT and graphene nanoplatelets (GNPs) at a total
of 0.5 wt % nanofiller concentration and obtained the notable
improvement in fracture toughness of 77% with a CNT:GnP ratio
of 9:1 when compared to pristine epoxy specimen.14 Furthermore,
Roy et al. improved storage modulus and thermal stability of ther-
moplastic polyurethane nanocomposites produced by solution
intercalation of multiwalled CNT and reduced graphene oxide
hybrid reinforcement which was prepared by solution mixing
method.15 In the literature, it is reported that mechanically and
thermally improved composites by integrating graphene and CNT
separately or in their physically combined form is possible.

In the recent work, researchers have studied to grow CNT on
graphene sheets by chemical vapor deposition (CVD) to develop
3D hybrid nanostructures. In one of the studies, Simari et al.
grew CNT on clay in the presence of Fe and Ni catalysts by CVD
technique and dispersed clay-CNT hybrid materials in Nafion
solution to prepare polymer electrolyte membrane for fuel cells.16

In another work, Fan et al. produced 3D CNT/graphene sand-
wich structures by CVD method and utilized as an electrode
material by coating this hybrid structure on Ni foam in super-
capacitors.17 To conclude, the studies are mostly focused on the
CVD growth of CNT on graphene and its utilization in energy
storage and sensing applications.18,19 In the literature, there is
only one work for the integration of 3D graphene-CNT hybrid
additive as a reinforcing agent in thermoset composites increas-
ing tensile modulus of 40% and the tensile strength of 36% com-
pared to pristine epoxy.20

In the present study, carbon nanofibers (CNFs) were grown on
GNPs by CVD technique to be used as a hybrid-reinforcing agent
in a thermoplastic resin for to examine the synergetic effect of
this 3D structure on structural, morphological, mechanical, and
thermal properties of the produced composites. To the best of
our knowledge, there is no work about the integration of 3D

graphene/CNF hybrid additive in thermoplastic polymers in
melt-phase mixing. The current work is the first attempt to pro-
duce CNF-GNP hybrid additive reinforced thermoplastic com-
posite by melt compounding without applying any additional
surface treatment on nanofiller surface because this filler has
enough oxygen groups to increase the interfacial adhesion with
polyamide matrix. Polyamide 6.6 (PA6.6) was selected as a ther-
moplastic matrix due to its high stiffness, toughness, and resistance
to dynamic fatigue, high temperatures and harsh chemicals.21 After
the fabrication of CVD grown CNF on graphene, this 3D hybrid
structure as a bicomponent reinforcement was compounded with
PA6.6 by using thermokinetic mixer by applying high shear rates
at different filler loadings to monitor the changes in the character-
istics of PA6.6-based nanocomposites and understand the interfa-
cial interactions by controlling the surface chemistry.

EXPERIMENTAL

Materials
GNP produced from recycled carbon was purchased from NAN-
OGRAFEN Co. (Istanbul, Turkey) This as-received graphene
contains 0.5 at % iron and 9.1 at % oxygen in its structure
obtained from X-ray photoelectron spectroscopy (XPS). PA6.6
polymer (Zytel E51HSB NC010) was supplied from Dupont.
Helium (He), hydrogen (H2), and ethylene gases were used in
CVD experiments.

CNF Growth Process
CNF growth by CVD was performed in four main steps: stabili-
zation, annealing, growth, and cooling. The optimum conditions
(gas flow rates, heating temperature, time for purging and
cleaning, nucleation, and growth steps) were determined with
experimental design of CNF growth in our previous studies.22

Before the process, as received iron impregnated graphene pow-
der was placed into a quartz glass plate in the furnace. In the ini-
tial step of CVD, He with the flow rate of 2500 sccm was purged
into the quartz tube at 50 �C for 5 min to remove oxygen and
prevent oxidization during stabilization step. Afterward, the tem-
perature of furnace increased up to 750 �C with a heating rate of
35 �C min−1 under the mixture of He and H2 (1700:450 sccm)
gases. At 750 �C, temperature and gas flow rates were kept con-
stant for 10 min to complete the annealing step. Then, ethylene
gas was purged to start CNF growing process on graphene tem-
plates for 15 min at 750 �C. At the final step, temperature
decreased down to room temperature under inert He gas flow.

Preparation of CNF-GNP-Reinforced PA6.6 Composites
PA6.6 were dried at 80 �C for 5 h in an oven to prevent the
absorption of moisture before compounding and injection steps.
Neat GNP and CNF-GNP reinforced PA6.6 composites were pro-
duced with 4700 rpm at around 300 �C by using custom-made
Gelimat Thermokinetic Mixer. In order to find optimum filler
concentration, nanoadditives were reinforced by three different
loading ratios of 0.5, 1, and 2 wt % during composite production.
Then, the specimens were prepared for mechanical tests by injec-
tion molding. Two different molds were used in tensile and flex-
ural tests in accordance with ISO 527-2 and ASTM D790
standards, respectively. All specimens were conditioned at room
temperature for 48 h before mechanical tests.
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Characterization
The morphological structures of the produced samples were
analyzed by Leo Supra 35VP Field emission scanning electron
microscope (SEM) and JEOL ARM 200CF transmission electron
microscope (TEM). Elemental X-ray diffraction (XRD) measure-
ments were carried out by using a Bruker D2 PHASER Desktop
with a CuKα radiation source. Raman spectroscopy was used to
identify the structural of samples by using a Renishaw inVia
Reflex Raman Microscopy System with the laser wavelength of
532 nm at room temperature in the range of 100–3500 cm−1. The
principal component analysis of PA6.6-based nanocomposites was
conducted using Renishaw inVia confocal Raman microscope by
mapping process. Thermo Scientific K-Alpha X-ray photoelectron
spectrometer system (XPS) was used for quantitative elemental
analysis of graphene and hybrid samples. Chain conformations of
specimens were investigated by Thermo Scientific Fourier trans-
form infrared (FTIR) spectroscopy. Thermal transition and crystal-
linities were investigated by differential scanning calorimeter
(DSC) at heating rate of 10�C min−1 and 300 �C under an inert
atmosphere. Mechanical tests were conducted with 2 mm min−1

speed by using an Instron 5982 Static Test Machine with a 5 kN
load cell for tensile (ISO 527-2) and flexural (ASTM D 790) tests
of PA6.6-based specimens. The mechanical test results were evalu-
ated by taking the average of minimum five samples for each
nanocomposite specimens. Charpy impact tests were performed to
at least five samples from each nanocomposite specimens by a
Ceast Resil Impactor according to ISO 179 standard. In these tests,
Type A notched specimens with angle of 45� were tested in the
edgewise direction supported at a span length of 62 mm. All
impact tests were performed at a striking speed of 3.56 m s−1 and
at an impact energy of 1 J. The heat distortion temperature (HDT)
and Vicat softening temperature (VST) of the samples were evalu-
ated according to (ISO 75-1 and −2) and ISO 306, respectively, by
using a Ceast HDT 3 VICAT 6911 machine. The HDT and VST
results were calculated by taking the average of two and three
times testing, respectively.

RESULTS AND DISCUSSION

The Morphological and Structural Properties of GNP and
CNF-GNP Hybrid Additive
Surface chemistry and physical properties of graphene materials
have great influence on the improvement of interfacial binding
interactions with polymer chains.9 Spectroscopic techniques are
required in order to investigate the structural and morphological
properties of graphene sheets. Figure 1(a,b) represents TEM images
of as-received Fe-loaded GNP with the average length of 50 nm. Fe
particles in the range of 10–20 nm are also observed on the surface
of GNP as shown in Figure 1(b). After CVD process at 750 �C,
CNFs were grown on Fe catalyst deposited on graphene surface and
bulk structure having long and randomly oriented CNF was
observed in SEM image in Figure 1(c) and TEM image in the
Supporting Information Figure S1. TEM image of hybrid structure
in Figure 1(d) indicates the formation of CNF with an average
diameter of 40 nm and about 1 μm length. TEM analysis also
supported 3D structure having two different components. In addi-
tion, the diameter of Fe increased up to 50 nm by the increasing of
temperature as shown in Figure 1(d) due to the heat treatment.

XRD characterization was performed to investigate the differ-
ences in the structural properties of samples before and after
CVD process. Figure 2 represents the XRD spectra of GNP and
CNF-GNP. In the XRD spectrum of GNP, there is a broad peak
at 2θ = 25.5�attributed to the (002) reflection of graphitic plane.
The peaks at 2θ = 35.8� belongs to the (311) reflection of Fe cata-
lyst.23 After CVD growth process, the appearance of characteris-
tic peak of (100) reflection at 2θ = 43� shows a typical carbon
peak coming from the formation of CNF.24 The characteristic
peaks at 2θ = 45� and 56� are related to the (400) and (511)
reflections of Fe2O3, respectively.

23,25 The relatively sharp peak at
2θ = 48� is due to the formation of Fe3C phase during pro-
cess.26,27 In addition, (002) peaks of both GNP and CNF over-
lapped at 2θ = 25.5� and the peak intensity increased and became
sharper compared to neat GNP peak. These results confirmed the
growth of CNF and iron catalyst by applying heat treatment and
bespeak with the results of electron microscopy.

Raman characterization provides information about crystallite
size, presence of sp2-sp3 hybridization, chemical impurities, and
defects in the structure. As shown in Figure 3, Raman spectros-
copy analysis was conducted for as-received graphene sample
and CNF-GNP hybrid additive to investigate the structural
changes of nano-sized additives after CVD process. Graphene has
typical characteristic Raman peaks, which are D-band at
1345 cm−1 related to disorderness and G-band at 1590 cm−1

corresponding to in-plane vibrations of sp2 bonded carbon
atoms.27 An increase in the ratio of D to G band intensities
(ID/IG) shows the formation of more sp3 bonds and supports the
formation of new carbon structure and thus hybridization by
breaking down sp2 bonds.28 In the present work, after CVD pro-
cess, ID/IG increased from 0.95 up to 0.98 and also the intensities
of D and G bands increased (Table S1 in Supporting Informa-
tion). This means that CNF-GNP hybrid additive contains a
large amount of sp3 amorphous carbon and a small number of
sp2 crystallite portions compared to as-received GNP. In the
Raman spectrum of CNF-GNP given in Figure 3, a peak at
2663 cm−1 is associated with the 2D band, which is due to the
vibrational mode of phonons and arises from intact sp2 regions.29,30

Moreover, the appearance of a second-order peak with suppressed
intensity at 2915 cm−1 in the Raman spectra of hybrid nanostruc-
ture, known as S3 band, is due to intervalley and intravalley pho-
non scattering.31,32

XPS is an important quantitative tool to investigate surface chem-
istry and define elemental composition of materials. In order to
examine surface functional groups of GNP and CNF-GNP, C1s,
O1s, and Fe2p signals were measured and functional groups were
attributed to their binding energy and atomic ratios were calcu-
lated. Figure 4(a) shows XPS survey scan spectra of GNP and
CNF-GNP samples by comparing the intensities of C1s and O1s
signals. C/O ratio of CNF-GNP increased to 6.6 from 3.94 of
GNP indicating the deposition of carbon atoms on the surface of
graphene during CVD process. In other words, carbon contents
of GNP and CNF-GNP were measured as 87.4 and 91.7 at %,
respectively, and oxygen percentage decreased from 9.1 at %
down to 5 at % after CNF growth. The peaks of Fe 2p1/2 and Fe
2p3/2 based on the ionic states of Fe are located in 725 eV and
711.3 eV.33 As shown in Figure 4(b), peak intensities of Fe 2p1/2
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and Fe 2p3/2 of Fe2O3 (magheamite) considerably decreased after
CVD process due to the attachment of carbon atoms on iron par-
ticles.34 Also, each peak has satellite peaks indicating the evidence
of Fe2O3 confirmed by XRD and these satellite peaks are
observed clearly in XPS spectra of both GNP and CNF-GNP
given in Figure 4(b). It should be noted that a satellite peak of Fe
2p3/2 is located at almost 8 eV higher than its main peak. The
presence of an additional peak in the range of 728–729 eV attrib-
uted to the satellite peak of Fe 2p1/2.

25

Table I summarizes the functional groups and related binding
energies of GNP and CNF-GNP samples. The C1s envelope of

GNP has four peaks at 284.1, 284.8, 286.2 and 289.1 eV
corresponding to C C, C C, C O, and O C O bonds, respec-
tively. After the attachment of carbon atoms, the peak intensity
of C C bond increased and C C decreased in hybrid additive,
and this new structure has additional two peaks of C O C and
C-Fe along with the main peaks of GNP. In case of CNF-GNP, a
new signal of C-Fe was found which is corresponded to Fe3C
phase confirmed previously by XRD. Furthermore, the envelope
O1s of GNP and CNF-GNP has two peaks of C O and the over-
lapped C-O and Fe-O. The peak belonging to C-O and Fe-O at
around 532 eV decreased sharply and carboxylic groups increased
confirming the formation of carbon nanofiber on graphene plate-
lets in the presence of Fe catalyst. XPS spectra of C1s and O1s

Figure 1. (a) and (b) TEM images of as-received GNP, (c) SEM and (d) TEM images of CVD grown CNF on GNP at different magnifications. [Color figure

can be viewed at wileyonlinelibrary.com]

Figure 2. XRD spectra of GNP and CNF-GNP. [Color figure can be viewed
at wileyonlinelibrary.com]

Figure 3. Raman spectra of GNP and CNF-GNP. [Color figure can be
viewed at wileyonlinelibrary.com]

ARTICLE WILEYONLINELIBRARY.COM/APP

48347 (4 of 11) J. APPL. POLYM. SCI. 2019, DOI: 10.1002/APP.48347

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://WILEYONLINELIBRARY.COM/APP


and their peak deconvolution of GNP and CNF-GNP are given
in Figure S2 in Supporting Information. Both XPS and Raman
analysis confirmed the sharp accumulation of sp3 bonds and thus
chemical binding of CNF on graphene structure.

Chain Conformational Analysis of CNF-GNP-Reinforced
PA6.6 Composites
PA6.6 is a semicrystalline polymer matrix crystallized in the tri-
clinic form, which is a dominant phase at room temperature.40

XRD patterns of neat PA6.6 and PA6.6-based nanocomposites
are depicted in Figure 5. In Figure 5(a), a broad diffraction peak
at 2θ = 21� belongs to α(100) crystalline plane of neat PA6.6
polymer indicating interchain distance within the hydrogen-
bonded sheet.41 After the distribution of pristine GNP, a new
peak appeared at 2θ = 23.6� corresponding to α(010, 110) dou-
blet peak of α-crystalline structure regarding intersheet dis-
tance.41 This peak might be overlapped with the characteristic

peak of graphene at 2θ = 25.5�. As carbon content in composite
structure increased owing to the addition of CNF-GNP hybrid
agent, the peak at 2θ = 23.5� became broad and its intensity sig-
nificantly decreased compared to the one having neat GNP. In
addition, compounding process at melting phase and high shear
rates increased the diffusion of polymer chains through graphene
layers and its hybrid structure and thus intercalated structure was
formed. Furthermore, a weak peak at 2θ = 13.5� is seen in XRD
pattern of CNF-GNP-reinforced composite related to (002) plane
of γ-crystalline form which can co-exist with α-crystalline form
based on different crystal size of reinforcing agents and the
dimensional change of carbon material.42 Figure 5(b) represents
the comparison of PA6.6 composites with different CNF-GNP
ratios and the ratio of α(100) and α(010, 110) peaks changed
slightly as CNF-GNP concentration increased. Furthermore, prin-
cipal component analysis was conducted by Raman spectroscopy
to examine the presence of graphene in nanocomposite speci-
mens, and the related results are given in the Supporting Infor-
mation Figure S3. The typical characteristic peaks of graphene
are distinguishable as D, G, and 2D band in neat GNP reinforced
PA6.6 nanocomposite whereby after CVD, the intensity of D/G
was increased and peaks became broaden which was in agree-
ment with point scan Raman results of GNP and CNF-GNP
given in Figure 3.

For to investigate the changes in crystallinity, FTIR was also
used to observe the chain conformational changes in graphene
and hybrid additive exfoliated PA6.6 semicrystalline polymer.
PA6.6 polymer has main characteristic peaks at 3300 cm−1

and 2933 cm−1, which are associated with H-bonded N H
stretching vibration and asymmetric CH2 stretch, respectively,
in the Supporting Information Figure S4. Neat PA6.6 and
0.5 wt % GNP and CNF-GNP reinforced nanocomposites have
two characteristic peaks at 934 and 1198 cm−1 indicating crys-
talline bands40 as shown in Figure 6(a) and (b). Regarding the
peak intensities, GNP-reinforced composite became more crys-
talline because graphene can act as a nucleating agent. On the
other hand, the peak intensities of CNF-GNP-reinforced com-
posite decreased because long CNF chains in hybrid structure
were broken down by applying high shear rates during com-
pounding process, and random distribution of hybrid nanoparticle
changes the crystallinity degree. Therefore, crystallinity of hybrid-
reinforced structure decreased compared to neat GNP-based
nanocomposite. In addition, the same trend in crystallinity of
1.0 wt % and 2.0 wt % GNP and GNP based hybrid-reinforced
composites shown in the Supporting Information Figure S5
and S6.

The Effect of Hybrid Additive Amount on Thermal Properties
of PA6.6 Nanocomposites
The effects of neat graphene and hybrid additive on the degree of
crystallinity of composite materials were investigated by thermal
characterization techniques. In the current study, the effect of dif-
ferent nanofillers on the crystallization behavior of PA6.6 was
investigated by DSC to measure the melting point and the crys-
talline fraction of nanocomposites. Figure 7 exhibits DSC heating
and cooling curves of neat PA6.6 and PA6.6 nanocomposites
having 0.5 wt % GNP and 0.5 wt % CNF-GNP. There is no big
difference in melting temperature (Tm) of GNP and CNF-GNP

Figure 4. XPS survey scan spectra of (a) GNP and CNF-GNP, and (b) Fe2p of
GNP and CNF-GNP. [Color figure can be viewed at wileyonlinelibrary.com]
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reinforced composites in comparison with neat PA6.6 polymer.
From DSC results, it is possible to examine the changes in crys-
tallinity. The percent crystallinity is determined using the follow-
ing equation [eq. (1)]:

Xc =ΔHm=ΔHm
100% �100% ð1Þ

where ΔHm100% is enthalpy of purely crystalline (J g−1), ΔHm is
enthalpy of melting, and Xc is the degree of crystallinity.
ΔHm100% is a reference value for purely crystalline PA6.6 as
being about 188.4 J g−1.43 The ΔHm of neat PA6.6 at the melting
temperature was calculated as to be 48.2 J g−1 from DSC curve.
According to the calculations based on the formula, there is a sharp
increase in Xc values by the addition of graphene and its hybrid
additive at the ratio of 0.5 wt % given in Table II. However, as the
amount of GNP and CNF-GNP increased more than 0.5 wt %,
degree of crystallinity started to decrease since graphene acted as a
physical barrier in polymer matrix due to its large surface area and
led to the interference in the crystallization of PA6.6.44 The optimum
filler amount was defined as 0.5 wt % in both GNP and CNF-GNP
nanocomposites (the explanation about the saturation point of
graphene in the following section) and at this concentration, nano
reinforcement also acted as a nucleating agent by creating surface
anomaly and allowing crystal growth in the structure. It is also evi-
dence that crystallization during cooling started at higher tempera-
tures in case of nanocomposites and this supported the nucleation
effect of nanoadditives. Consequently, DSC results are compatible
with FTIR and XRD results in terms of crystallinity degree.

Heat distortion temperature (HDT) and Vicat softening tempera-
ture (VST) are useful indicators of thermal properties, which
define upper temperature limit for load bearing capability of a
thermoplastic resin at elevated temperatures and under defined
loads.45 In HDT test, Method A was applied on the specimens
with constant stress value of 1.8 MPa by increasing temperature
with a rate of 120 �C h−1 to reach deflection of 0.33 mm. In Vicat
test (Method B50), temperature was increased with the rate of
50 �C h−1 until standard indenter with area of 1 mm2 penetrate
1 mm into the surface of specimens under the force of 50 N. In
Table III, the integration of 0.5 wt % GNP and CNF-GNP into
PA6.6 matrix enhanced HDT value from 52.6 �C for neat speci-
men up to 57.2 �C and 57.6 �C, respectively. Also, there was a
significant increase in Vicat softening temperature by the inclu-
sion of graphene and its bicomponent reinforcement and thus
the resistance of the produced composites to thermal deformation
was enhanced due to the restriction effect of graphene layers on
the movement of polymer chains.9 To sum up, both GNP and its
hybrid additive improved thermo-mechanical behavior of PA6.6
nanocomposites and thus processing conditions.

Mechanical Behavior of CNF-GNP-Reinforced Composites
GNP and CNF-GNP nanostructured reinforcements were dis-
persed through the PA6.6 polymer chains under high shear rates
by thermokinetic mixer to achieve uniform distribution and pro-
vide well-dispersed nanocomposites at various nanoparticle load-
ings of 0.5, 1.0, and 2.0 wt %. Afterward, composite specimens
based on ISO 527-2 and ASTM D 790 standards for theT

ab
le

I.
X
P
S
Sp
ec
tr
a
R
es
ul
ts
fo
r
C
1s
,O

1s
,a
nd

Fe
2p

in
th
e
G
N
P
an
d
C
N
F-
G
N
P

C
1
s

O
1
s

F
e2

p

S
am

pl
es

G
ro
up

B
in
di
ng

E
ne

rg
y
(e
V
)

P
ea

k
In
te
ns

it
y

(a
.u
.)

R
ef
er
en

ce
s

G
ro
up

B
in
di
ng

E
ne

rg
y
(e
V
)

P
ea

k
In
te
ns

it
y

(a
.u
.)

R
ef
er
en

ce
s

G
ro
up

B
in
di
ng

E
ne

rg
y
(e
V
)

P
ea

k
In
te
ns

it
y

(a
.u
.)

R
ef
er
en

ce
s.

C
C

2
8
4
.1

2
6
4
9
6
2

3
5

C
O
,F

e-
O

5
3
1
.1

3
1
8
0
1

3
6
,3
7

F
e2

p 3
/2

7
1
1
.3

4
2
5
7
1

3
4

G
N
P

C
C

2
8
4
.8

8
9
9
5
2

3
0

C
O

5
3
2
.6

3
5
5
4
6

3
6

S
at
el
lit
e

7
1
9
.6

4
0
3
2
5

2
5

C
O

2
8
6
.2

2
6
3
2
5

3
0

F
e2

p 1
/2

7
2
5

4
1
9
0
8

2
5

O
C

O
2
8
9
.1

1
4
8
7
5

3
8

S
at
el
lit
e

7
2
9
.8

4
0
7
6
9

2
5

C
-F
e

2
8
3
.9

6
0
5
9
3

3
9

C
O
,F

e-
O

5
3
0
.6

3
7
1
3
3

3
6
,3
7

F
e2

p 3
/2

7
1
1
.4

3
3
4
4
5

3
4

C
C

2
8
4
.5

1
8
7
3
6
6

3
5

C
O

5
3
2
.9

6
5
0
6
0

3
6

S
at
el
lit
e

7
1
9
.9

3
1
8
5
8

2
5

C
N
F
-G

N
P

C
C

2
8
5

2
0
5
6
9
1

3
0

F
e2

p 1
/2

7
2
4
.7

3
2
7
1
6

2
5

C
O

2
8
5
.6

8
3
4
7
5

3
0

S
at
el
lit
e

7
2
8
.4

3
2
1
5
4

2
5

C
O

C
2
8
7

4
9
0
0
5

3
8

O
C

O
2
8
9
.8

3
9
8
7
4

3
8

ARTICLE WILEYONLINELIBRARY.COM/APP

48347 (6 of 11) J. APPL. POLYM. SCI. 2019, DOI: 10.1002/APP.48347

http://WILEYONLINELIBRARY.COM/APP


determination of tensile and flexural properties were prepared by
using an injection-molding machine and test results below 10%
standard deviation were used. Typical stress–strain curves of
PA6.6 nanocomposites reinforced by GNP and CNF-GNP are
shown in Figure 8. The tensile stress–strain curves exhibited a
stiff initial response of the polymeric specimens to the applied
load with a linear relationship between stress and strain (strain
values under 0.03 mm mm−1) for both reinforcement types
(Supporting Information Figure S7). Tensile modulus calculated
from these linear regions indicated that modulus of PA6.6
nanocomposite was enhanced up to 41% by the incorporation of

0.5 wt % neat graphene into the PA6.6 structure whereas the
increasing of graphene amount in composite samples initiated a
decrease in the modulus values down to 29% as listed in
Table IV. The initial sharp increase in tensile modulus value orig-
inates from good dispersion and strong interface of GNP within
the polymer structure, which leads to a high accessible surface
area of nanomaterials and an improvement in tensile modulus.
However, increasing graphene amount more than 0.5 wt % cau-
sed agglomeration and restacking of sheets and the formation of
defects in the composite structure and thus modulus values
decreased. On the other hand, in the specimen reinforced by

Figure 5. XRD spectra of (a) neat PA6.6 and PA6.6 composites having 0.5 wt % GNP and 0.5 wt % CNF-GNP and (b) PA6.6 composites with different

CNF-GNP ratios. [Color figure can be viewed at wileyonlinelibrary.com]

Figure 6. FTIR spectra of (a) crystalline band and amide axial deformation (C C O) of neat PA6.6 and 0.5 wt % GNP and CNF-GNP-loaded
nanocomposites and (b) crystalline band and symmetrical angular deformation out of plane of neat PA6.6 and 0.5 wt % GNP and CNF-GNP-loaded
nanocomposites. [Color figure can be viewed at wileyonlinelibrary.com]
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CNF-GNP hybrid additive, the incorporation of 0.5 wt % rein-
forcement enhanced the tensile modulus by 34% lower than that
of reinforced by the same amount of GNP. This might stem from
breaking down long carbon fibers and polymer chains by apply-
ing high shear rates during compounding affecting the alignment
of the particles during tensile tests and hence causing the aggre-
gations of both hybrid and broken fibers. Moreover, the further
increase in the amount of CNF-GNP decreased the tensile modu-
lus slightly due to the reduction in accessible reinforcing surfaces
which prevented load from being transferred efficiently between
polymer chains and reinforcing nanoparticles.

Yield stress showed improvement in all cases of nanocomposites
compared to neat PA6.6 specimen and exhibited different
behavior regarding the type of reinforcement. In case of only
GNP-reinforced nanocomposites, the highest yield value was
achieved at the loading of 0.5 wt % GNP, whereas the highest
yield in CNF-GNP nanocomposites was obtained in case of 1.0
and 2.0 wt % nanofiller loading. Table IV summarizes modulus
and yield strength improvement percentages of composite speci-
mens. Figure 8(c,d) represents the flexural stress and strain cur-
ves of GNP and CNF-GNP specimens, respectively. Table IV

indicates that the flexural properties of CNF-GNP reinforced
PA6.6 nanocomposites are higher than those of GNP-reinforced
nanocomposites. The best flexural property was achieved by
using 0.5 wt % CNF-GNP providing 24% improvement in flex-
ural modulus.

In addition to flexural and tensile tests, impact properties of
nanocomposites were investigated to further understand the
interactions between matrix and filler. The Charpy impact
notched strength of neat PA6.6 and PA6.6 nanocomposites
having 0.5 wt % GNP and CNF-GNP are given in Table V.
The addition of both GNP and CNF-GNP led to slight
decrease in impact strength. On the other hand, CNF-GNP-
based nanocomposite showed better performance than the one
having GNP. SEM analysis was also conducted after impact
tests in order to examine fracture behavior and morphology of
cracked regions in the matrix and provide better understand-
ing the interactions between nano additive and polymer.
Figure 9 shows SEM images of fracture behavior of 0.5 wt %
GNP and CNF-GNP based PA6.6 nanocomposites after
notched Charpy impact test. It is known from the literature
that the integration of CNF would enhance the toughness of

Figure 7. DSC heating and cooling curves of neat PA6.6 and PA6.6 nanocomposites having 0.5 wt % GNP and CNF-GNP. [Color figure can be viewed at
wileyonlinelibrary.com]

Table II. DSC Results of GNP and CNF-GNP-Reinforced Nanocomposites
with Different Filler Amounts

Samples Tm(�C) ΔHm (J/gr) Xc (%)

Neat PA6.6 262 48.2 25.6

PA6.6 + 0.5 wt % GNP 261 75.6 40.1

PA6.6 + 1 wt % GNP 262 69.0 36.6

PA6.6 + 2 wt % GNP 262 68.8 36.5

PA6.6 + 0.5 wt % CNF-GNP 261 68.7 36.5

PA6.6 + 1 wt % CNF-GNP 261 62.6 33.2

PA6.6 + 2 wt % CNF-GNP 261 65.2 34.6

Table III. HDT and VST Test Results of GNP and CNF-GNP-Based PA6.6
Nanocomposites

Samples
HDT Method
A (�C)

VST Method
B50 (�C)

Neat PA6.6 52.6 � 0.8 232.3 � 2.1

PA6.6 + 0.5 wt % GNP 57.2 � 1.9 239.6 � 1.2

PA6.6 + 1 wt % GNP 57.8 � 1.4 241.0 � 0.2

PA6.6 + 2 wt % GNP 61.0 � 0.4 240.6 � 1.3

PA6.6 + 0.5 wt % CNF-GNP 57.6 � 0.9 238.8 � 1.3

PA6.6 + 1 wt % CNF-GNP 57.7 � 0.5 239.9 � 0.6

PA6.6 + 2 wt % CNF-GNP 58.9 � 0.4 239.7 � 0.6

ARTICLE WILEYONLINELIBRARY.COM/APP

48347 (8 of 11) J. APPL. POLYM. SCI. 2019, DOI: 10.1002/APP.48347

http://wileyonlinelibrary.com
http://WILEYONLINELIBRARY.COM/APP


polymeric nanocomposites by absorbing the impact energy.46

In agreement with this statement, Figure 9(b) and its inset
image clearly show CNF bridging in hybrid reinforced nano-
composites and thus this promotes a toughen structure of the
investigated specimen.

Cross-Sectional Analysis of GNP and CNF-GNP Hybrid-
Reinforced PA6.6 Composites
The morphologies of freezed-fracture surfaces of neat polymer,
graphene, and CNF-GNP bicomponent-reinforced nanocomposites
were analyzed by SEM in order to observe the distribution behav-
ior of GNP and CVD grown CNF on graphene in the polymer
matrix. Figure 10 represents SEM images of the freeze-fractured
surface of neat specimen and composite specimens with 0.5 wt %

loading of GNP and CNF-GNP. Neat PA6.6 has fragmented struc-
ture in Figure 10(a). After the dispersion of graphene, composite
surface becomes smoother and roughness is significantly reduced

Figure 8. (a, b) Tensile stress–strain curves and (c, d) flexural stress–strain curves of GNP and CNF-GNP-based nanocomposites at different loading ratios.
[Color figure can be viewed at wileyonlinelibrary.com]

Table IV. Summary of Tensile and Flexural Properties of PA6.6/GNP and PA6.6/CNF-GNP Nanocomposites

Samples

Tensile
Modulus
(MPa)

Tensile modulus
improvement (%)

Yield strength
(MPa)

Yield strength
Improvement (%)

Chord modulus
(MPa)

Flexural modulus
improvement (%)

Neat PA6.6 2400 � 121 - 68.0 � 2.5 - 2570 � 130 -

PA6.6 + 0.5 wt % GNP 3380 � 250 41 81.9 � 0.5 20 2800 � 39 9

PA6.6 + 1 wt % GNP 3257 � 248 36 80.2 � 0.5 18 2880 � 56 12

PA6.6 + 2 wt % GNP 3092 � 232 29 77.9 � 1.5 15 2928 � 65 14

PA6.6 + 0.5 wt %
CNF-GNP

3225 � 360 34 73.4 � 5.0 8 3170 � 65 23

PA6.6 + 1 wt %
CNF-GNP

3213 � 321 33 80.9 � 0.5 19 3063 � 97 19

PA6.6 + 2 wt %
CNF-GNP

3080 � 188 28 79.9 � 2.1 18 3123 � 29 22

Table V. Charpy Impact Properties of neat PA6.6 and PA6.6 Nanocomposites
Having GNP and CNF-GNP at 0.5 wt % Loading

Samples
Notched Charpy
Impact Strength (kJ m−2)

Neat PA6.6 5.94 � 0.30

PA6.6 + 0.5 wt % GNP 5.16 � 0.08

PA6.6 + 0.5 wt % CNF-GNP 5.53 � 0.06
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as shown in Figure 10(b). In case of hybrid additive, the existence
of fibrous structures is seen clearly and also pore formation is
observed due to the separation of long CNF fibers and pulling-out
the fibers after the breakage in Figure 10(c). In order to support
the dispersion behavior of neat GNP and its hybrid additives,
TEM analysis was conducted on the surface of cross-sections of
nanocomposite specimens (Supporting Information). TEM results
confirmed the homogeneous dispersion of GNP in the matrix as
shown in the Supporting Information Figure S8a,b. In case of
CNF-GNP, entangled carbon fibers were seen clearly in PA66
matrix in the Supporting Information Figure S8c,d. Hence, fracture
surface analysis verified random distribution of individually dis-
persed nano additives.

CONCLUSIONS

CNFs were successfully grown on Fe-loaded GNP by CVD
method and the formation of this 3D bicomponent additive hav-
ing long carbon fibers and graphene was confirmed by spectro-
scopic techniques. Then, CVD grown CNF on graphene as a
reinforcing agent was compounded with PA6.6 by thermokinetic

mixer which was the first work about the utilization of the devel-
oped hybrid structure in thermoplastic composites in the literature.
The structural, thermal, and mechanical properties of the produced
PA6.6 nanocomposites were controlled by changing weight frac-
tions of graphene based additives. Highly applied shear rates dur-
ing melt-compounding process enhanced the diffusion of 3D
hybrid additive through polymer chains but broke down long
fibers. Mechanical test results provided that flexural modulus of
PA6.6 nanocomposite was improved up to 23% by the integration
of 0.5 wt % CNF-GNP hybrid additive. Neat GNP provided a
noticeable increase in tensile modulus about 41% by 0.5 wt % load-
ing and this might stem from high accessible points in the matrix
and thus provide load transfer effectively. Furthermore, 3D hybrid
additive with optimum loading fraction of 0.5 wt% enhanced tensile
modulus of composite specimens up to 34%. There was a slight dif-
ference in the improvement percentages compared to pristine
graphene, but this work showed the utilization of both CNF and
GNP in melt-compounded polymer directly without applying any
pretreatments on the surface of reinforcement. Detailed XPS charac-
terization indicated the presence of surface oxygen functional groups

Figure 9. SEM images of fractured surfaces of (a) 0.5 wt % GNP and (b) 0.5 wt % CNF-GNP based PA6.6 nanocomposites after notched impact test. [Color
figure can be viewed at wileyonlinelibrary.com]

Figure 10. SEM images of freezed fracture surfaces of (a) neat PA6.6, (b) 0.5 wt % GNP-based PA6.6 nanocomposites and (c) 0.5 wt % CNF-GNP-
reinforced PA6.6 nanocomposites.
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in the hybrid structure that promoted the interfacial adhesion
between filler and polymer chains. Regarding the differences in the
conformational chains of PA6.6 polymer, both graphene and its
hybrid structure increased the degree of crystallinity and acted as a
nucleating agent as confirmed by FTIR and DSC analysis. Conse-
quently, CVD grown CNF on graphene has a significant potential
to be utilized as a reinforcing and nucleating agent in thermoplastic
resins and this further improvement in graphene structure will influ-
ence the performance of structural composites especially used for
load-bearing applications in a positive manner.
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