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 In this study, the effect of hexagonal boron nitride (hBN) and modified 
(carboxylic acid functionalized) multi-walled carbon nanotubes (MWCNTs-
COOH) on tensile and flexural behaviour of 30% short glass fiber reinforced 
Polyamide 66 (PA 66/30SGF) is investigated. Initially, MWCNTs-COOH, hBN and 
MWCNTs-COOH/hBN are mechanically mixed with PA 66/30SGF granules in 
ethanol and stirred via a magnetic stirrer for one hour. After ethanol evaporates, 
MWCNTs-COOH, hBN and MWCNTs-COOH/hBN integrated granules are 
conditioned in an oven and the obtained granules are transferred to the plastic 
injection moulding machine for the fabrication process of specimens. Thus five 
types of specimens are produced; and their mechanical behaviors are examined 
by Instron 5982 test machine. The test results show that elastic modulus and 
flexural properties of PA 66/30SGF are improved with the addition of MWCNTs-
COOH, hBN and MWCNTs-COOH+hBN. 
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1. Introduction 

Plastic materials have been widely used in medical, biomedical, military, aerospace, 
structural applications and so forth [1, 2].  In the last years, production of plastics globally 
almost reached up to 370 million tonnes [2]. However, among all plastics, thermoplastics 
are the most preferred given that they account for virtually 80% of the plastics used 
throughout the world [3]. Thermoplastics owe this popularity to their advantageous 
properties such as high strength, easy processibility, and reasonable production cost and 
lightweight. Yet, despite these advantages, some thermoplastics such as PA 66 might suffer 
from micro-cracking during use or production [4]. In order to prevent such mechanical 
problems, thermoplastics could be improved by micro-scale or nano-scale reinforcing 
fillers. The mixtures of polymers with inorganic or organic fillers that have certain 
geometries (fibers, flakes, spheres, and particulates) are known as polymer composites 
and if these fillers are of nano-scale dimensions, the materials are known as polymer 
nanocomposites [5]. 

In polymer matrix composites, short glass fiber (SGF) has been frequently used as 
reinforcing filler due to its relatively low cost and superior mechanical properties [6]. 
Additionally, nano-scale materials provide considerable enhancement in mechanical 
properties of the polymers. However, in fabrication process of polymer matrix composites 
or nanocomposites, achieving the uniform dispersion of the fillers in the polymer could 
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even be a lot challenging due to the fact that some nano-scale fillers tend to form bundles 
or agglomerates in the polymer matrix [7]. 

Polyamide 66 (PA 66), also known as Nylon 66, is a semi-crystalline commercial 
thermoplastic mostly used as engineering resin in high-performance applications where 
good mechanical, chemical and thermal properties are required [8, 9].  With the addition 
of various fillers or nano-fillers, such as glass fibers, carbon fibers, carbon nanotubes, nano 
clays, mechanical properties of PA 66 could be altered. Among a variety of fillers, glass 
fibers are extensively preferred owing to their ability of increasing the stiffness and heat 
resistance of the composite as well as their relatively low processing costs [10]. Addition 
of glass fibers into PA 66 matrix up to a certain ratio leads to a large amount of 
improvement in the mechanical properties [11-18].  

For the last a few decades, various nanomaterials, such as single-walled or multi-walled 
carbon nanotubes, nanoclays, boron nitride nanoparticles and so forth, have become 
commercially available. A number of studies revealed that multi-walled carbon nanotubes 
could be ideal candidates for polymer reinforcement owing to their high tensile strength, 
which is 11-63 GPa [19], and Young’s modulus reaching up to 1 TPa [19, 20].  

Regarding CNT/polyamide composites, a number of investigations have been carried out 
so far [21-35] and majority of them state that CNTs are able to enhance the mechanical 
performance of polymeric composite systems. Miyagawa et al. [36] and Coleman et al. [37] 
produced overall reviews on the mechanical reinforcement of polymers by the use of CNTs. 
And some studies focusing on CNT-polymer matrix interaction and crack behaviour of 
CNTs/polymer composites are also available in literature [38-42]. Mechanical and 
morphological investigations demonstrated that CNTs prevent crack opening and 
propagation by stretching across the cracks during the fracture and hence improves the 
mechanical performance. Ajayan et al. [43] and Liu et al. [44] obtained the SEM images 
indicating the bridging phenomenon of CNTs in polymeric matrices. Zhang et al. [45] 
investigated the mechanical properties of MWCNT/Polyamide 6 composite prepared by 
simple melt-compounding and revealed that the tensile strength and the elastic modulus 
of the composite increase by nearly 120% and 115%, respectively, with the addition of 1 
wt.% MWNTs content. This significant enhancement in mechanical performance was 
attributed to uniform dispersion of MWNTs in the polymer matrix and the strong 
interaction between MWNTs’ surface and polymeric matrix. Similarly, Ferreira et al. [46] 
explored that the presence of 1 wt.% pristine-CNT in PA 6 matrix increases the elastic 
modulus by 43% and the tensile strength by 33%. 

A vast majority of the studies on polymeric nanocomposites point out that mechanical 
behaviour of the CNT/polymer composites are highly dependent on the dispersion, 
distribution and alignment of CNTs throughout the matrix and the interfacial interaction 
between CNT and polymer [22, 32, 47-50].   

Despite the high reinforcing potential of CNTs, it is extremely difficult to have them well-
dispersed  in the polymer due to their agglomeration tendency caused by their long length 
and high polarizability as well as the van der Waals forces between their surfaces [51, 52]. 
Agglomerated CNTs may cause stress concentrations and act like defects, which brings 
about reduction in mechanical performance. One of the most effective ways to avoid CNT 
agglomeration and achieve efficient load transfer between matrix and CNT network is 
functionalization [22, 30, 37, 51].  Chopra et al. [53] carried out a study on functionalized-
MWCNTs/PA 6 composites and reported that the inclusion of functionalized-MWCNTs 
(MWCNTs-COOH) increases the tensile strength of Polyamide 6 by almost 12%. The 
authors explained this improvement by efficient interaction between well-dispersed 
MWCNTs and Polyamide 6 matrix. The study of Chen et al. [27] on the properties of PA 
66/MWCNTs-COOH fibers showed that tensile strength of PA 66 fibers improves by 24%, 
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when 1 wt.% MWNTs-COOH is incorporated. This effect was attributed to the 
homogeneous dispersion of MWNTs in PA 66 matrix. 

In recent years, thanks to the developments in nanoscience and nanotechnology, new 
nanomaterials have been introduced to the market and one of the most prominent of them 
is hexagonal boron nitride (hBN) [54], which is a 2D crystal material composed of equal 
boron and nitrogen atoms in a honeycomb arrangement [55-57]. Due to its structural 
similarity to graphene and novel properties such as excellent thermal stability, chemical 
inertness and high strength, hBN has become the subject of many studies to date [57-59]; 
and it is considered to be a potential reinforcement for polymer matrix composites. 
Mortazavi and Cuniberti [60] calculated the elastic modulus and tensile strength of pristine 
hBN films as 800-850 GPa and 150±15 GPa, respectively. Similar results regarding the 
mechanical properties of hBN were also presented by several authors in literature [61-64]. 
In addition, Joy et al. [65] provided an overall review on boron nitride based polymer 
nanocomposites. 

Nanofillers such as nanoparticles and nanoplatelets could alter the direction of crack 
propagation and thereby stop the crack propagation and crack pinning along the original 
direction [66], which improves the mechanical performance of the composite system. 
According to the computational study of Spanos and Anifantis [62], even small volume 
fractions of boron nitride nano sheet (BNNS) can significantly contribute to the 
reinforcement of matrix material. The authors pointed out that sufficient interface, matrix 
stiffness and BNNS size and volume fraction are the critical parameters determining the 
elastic mechanical properties of BNNS-based nanocomposites. Similiarly, the study of 
Muralidhara et al. [67] revealed that presence of hBN results in increment in mechanical 
properties of CF filled epoxy. Moreover, Randhawa and Patel [68] reported that tensile 
strength and modulus of PA 6 increased by 15.2% and 64.5%, respectively, after  the 
addition of 8 wt.% hBN.  

Despite the large number of research on polymer nanocomposites in literature, to the best 
of our knowledge, merely a few of them discuss the mechanical performance of the 
composites filled with binary or ternary hybrid reinforcements. Thus, this paper aims to 
present the tensile and flexural properties of the nanocomposites consisting of PA 66 
matrix and glass fiber+MWCNTs-COOH+hBN hybrid fillers. The results obtained in this 
study are expected to make a contribution to the relevant fields of science and technology 
in designing high-performance nanocomposites.  

2. Experimental  

2.1. Composite Constituents 

Neat PA 66 and 30 wt.% short fiber reinforced PA 66 (PA 66/30SGF) granules used as 
matrix materials were purchased from Mat Polymer, Istanbul/Turkey. MWCNTs-COOH 
with a mass purity of more than 95%, 2.00 wt.% COOH-content, outer diameter from 10 to 
20 nm, interior diameter from 5 to 10 nm, length from 10 to 30 µm, were purchased from 
Ege Nanotek Kimya Sanayi, Izmir/Turkey. hBN with size of 300-400 nm were supplied by 
the National Boron Research Institute (BOREN), Ankara/Turkey.  

2.2. Fabrication Method 

Specimen preparation process of hBN integrated PA 66/30SGF hybrid composites are 
demonstrated in Figure 1 (a) to (g). MWCNTs-COOH and/or hBN integrated composite 
specimens were also prepared through the same method and instruments. The list of the 
produced specimens and the labels assigned to them are shown in Table 1.  
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Table 1. List of the composite specimens 

Labels Specimens 

C1                                                                            Neat PA 66 

C2 PA 66/30SGF 

C3 0.4 wt.% MWCNT-COOH integrated PA 66/30SGF 

C4 0.4 wt.% hBN integrated PA 66/30SGF 

C5 0.2 wt.% MWCNT-COOH + 0.2 wt.% hBN integrated PA 66/30SGF 

 

Firstly, C2 granules were mixed with MWCNTs-COOH and hBN in different beakers and 
stirred in ethanol for one hour by means of a hot plate magnetic stirrer. After ethanol 
vaporized, 0.4 wt.% MWCNTs-COOH integrated C2 and 0.4 wt.% hBN integrated C2 
granules were obtained. By following the same steps, 0.2 wt.% MWCNTs-COOH + 0.2 wt.% 
hBN integrated C2 granules were produced. These three types of granules, as well as C1 
and C2 granules, were conditioned in an oven at 100 °C for 2 hours and transferred to the 
plastic injection moulding machine for the production of specimens. During this process, 
the granules fed to the funnel of the machine proceeded towards the nozzle passing 
through three hot zones, in which the temperature was approximately 285 oC, via a 
rotating screw. Owing to this high-temperature and the rotation of the screw in the hot 
zones, MWCNTs-COOH and hBNs efficiently mixed in C2 matrix.  

 

Fig. 1 Preparation process of PA 66/30SGF/hBN composite specimens 
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2.3. Characterization 

During the plastic injection moulding process, five types of composite specimens in 
accordance with ISO 527-2 type-1A and ISO 178 standards were produced. Tensile and 
flexural properties of the specimens were analysed using Instron 5982 100 KN (USA) test 
machine at room temperature with a crosshead speed of 5mm/min. Scanning electron 
microscopy (SEM) images were obtained in a JSM-7001 F analytical field-emission SEM 
(Japan). Chemical structures of the specimens were analysed by Perkin Elmer Spectrum 
Two Fourier transform infrared spectrometer. 

3. Results and Discussion 

 3.1. Surface Characteristics of the Fractured Composite Specimens 

Figure 2 (a) to (c) represents the SEM images of the surface morphology of the fractured 
C3 specimen. Agglomerated MWCNT-COOH can be clearly seen in Figure 2 (b) and (c). 
When used as reinforcement material, CNTs stretch or bridge across the cracks and absorb 
the fracture energy; thus, they prevent crack opening and propagation during the fracture. 
This stretching behaviour of CNTs was monitored in some studies [44, 69, 70]. Moreover, 
in the hybrid reinforced composite systems where CNTs and fibers are used together as 
filler material, CNTs can create an interconnecting effect between the fiber and matrix, 
which leads to improvement in mechanical properties.  

Figure 2 (b) demonstrates that MWCNTs-COOH are strongly embedded within C1 matrix, 
which is the evidence of strong interfacial adhesion between MWCNTs-COOH and the 
matrix. However, entangled MWCNTs-COOH or agglomerates were also observed in Figure 
2 (c). They limit the mobility of PA 66 chains and hence decrease the crystallinity and 
confinement effect deployed by the MWCNTs-COOH [71, 72]. Despite the presence of 
embedded MWCNTs-COOH, agglomerated MWCNTs-COOH may cause stress 
concentrations and act as defects; which may lead to deterioration in mechanical 
properties.  

 

Fig. 2 SEM images of (a) fractured C3; (b) MWCNTs-COOH embedded in C1 matrix; (c) 
MWCNTs-COOH agglomeration 
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SEM images of surface morphology of fractured C4 are shown in Figure 3 (a) to (d). There 
is a certain amount of hBN to absorb the fracture energy and stop the crack propagation 
and crack pinning [60]. However, as indicated in Figure 3 (d), agglomerated hBN particles 
may act as defects and thereby contribute to the occurrence of microcracks within the 
composite system. 

 

Fig. 3 SEM images of (a) fractured C4; (b) and (c) individual hBN particles; (d) hBN 
agglomeration 

Figure 4 (a) to (c) represent the SEM images of surface morphology of fractured C5 
specimen. Agglomerated hBN particles were observed, as shown in Figure 4 (a). Figure 4 
(b) and Figure (c) show that MWCNTs-COOH are strongly embedded in PA 66, which 
indicates that an sufficient surface interaction between MWCNTs-COOH and the PA 66 
matrix is achieved. However, Figure 4 (c) demonstrates a few MWCNTs-COOH pull-out 
probably due to the fracture or poor interfacial interaction between MWCNTs-COOH and 
PA 66. When the fracture ends, CNTs somewhat close and loosen getting a worm-like form, 
as shown by yellow arrow in Figure 4 (c). This worm-like form is due to the relaxation or 
uneven crack propagation [40]. On the other hand, no direct interaction between MWCNT-
COOH and hBN was observed. 
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Fig. 4 SEM images of (a) fractured C5; (b) MWCNTs-COOH embedded in PA 66; (c) 
MWCNTs-COOH pull-out  

3.2. Chemical Analysis 

Understanding the chemical structure of the components in a material is quite useful so as 
to achieve good mechanical properties by controlling the process parameters. From 
Fourier Transform Infrared (FTIR) spectra of the injection-moulded composite specimens, 
shown in Figure 5, it can be seen that the signature regions do not exhibit a significant 
difference by the addition of micro- and nano-scale fillers. In neat PA 66, the absorption 
band at 3267 cm−1 is correlated to the stretching vibrations of N-H group. The absorption 
bands at 2912 cm−1, 2843 cm−1 and 1192 cm−1 stem from the symmetric and asymmetric 
C–H stretching vibrations and C–H twisting. The peaks appearing at 1636 cm−1 and 1545 
cm−1 are assigned to the stretching vibration of the C=O group of the amide I and the N–H 
bending and C– N stretching vibration of amide II, respectively. The peak at 1283 cm−1 is 
associated with C–N–H coupling vibration of amide III.  The presence of glass fibers does 
not bring about a significant change in the molecular structure of PA 66, which could be 
due to the lack of chemical interaction between glass fibers and PA 66 matrix  [63]. 
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Fig. 5 FTIR spectra of the specimens 

In Figure 5 (c), the absorption band at 1747 cm−1 results from C=O symmetric stretching 
of carboxyl, which confirms the presence of MWCNT-COOH. Similar observations were also 
made by Al-Hobaib et al. [64] and Chen et al. [26]. And also, considering the observations 
made by B. Zhang et al. [65], characteristic peaks of hBN at 1353 cm−1 and 803 cm−1 
shown in Figure 5 (d) can be correlated to in-plane B-N stretching and out-of-plane B-N 
bending vibrations of hBN, respectively. The appearance of the characteristic peaks of 
carboxyl group of MWCNT-COOH and hBN indicates that no chemical reaction occurred 
during the melting and mixing step of plastic injection process. Therefore, physical 
interactions alone are likely to be responsible for any change in the mechanical properties 
of the composite system. Yet, considering the study by Demircan et al. [66], due to the high-
temperature (nearly 285oC) in the hot zones of the plastic injection machine chemical 
interaction at some level might have occurred. 

3.3 Tensile Test Results 

Load-displacement curves and the tensile-fractured specimens are represented in Figure 
6 (a) and (b) respectively. As shown in Figure 6 (c), C2 exhibits the highest tensile strength 
(87.05 MPa) whereas C5 exhibits the highest elastic modulus (5.17 GPa). The graphs 
demonstrate that the inclusion of glass fibers improves the tensile strength and elastic 
modulus of C1. This result is in accordance with the results of relevant studies in literature 
[10-12, 15, 17]. However, the addition of 0.4 wt.% MWCNTs-COOH into C2 leads to 
reduction by 28% in tensile strength while increasing the elastic modulus by 14.7%. This 
failure can be explained by the agglomeration of MWCNTs-COOH in the matrix. Similarly, 
presence of 0.4 wt.% hBN in C2 increases the elastic modulus by nearly 11.2% and reduces 
the tensile strength by 20.6%. The findings of some relevant studies in literature support 
these results [69, 77-80]. 

Considering the number of similar investigations in literature, it can be claimed that 
mechanical performance of hybrid composites incorporating ternary fillers has not been 
fully revealed yet. However, the present study revealed that the addition of MWCNTs-
COOH and hBN together increases the elastic modulus of C2 by 15.4% and decreases the 
tensile strength of it by 13.33%. It is obvious that C3 exhibits better tensile performance 
over C4. Moreover, the addition of MWCNTs-COOH and hBN together further improves the 
tensile properties, which indicates that these two nanomaterials are compatible with each 
other in a ternary-filler polymeric composite system. 
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(a) 

 

(b) 

               
(c) 

Fig. 6 (a) Load-displacement curves of the specimens after tensile tests; (b) Tensile-
fractured specimens; (c) Tensile properties of the specimens 

3.4 Flexural Test Results 

Figure 7 (a) and (b) represent the load-displacement curves after 3-point flexural tests and 
the fractured specimens, respectively. According to the results, shown in Figure (c), C5 
exhibits the highest flexural strength (170.48 MPa) and flexural modulus (3.89 GPa) 
whereas C1 exhibits the lowest flexural strength (65.33 MPa) and flexural modulus (1.07 
GPa). It is clear that the presence of short glass fibers enhances the flexural performance 
of C1. As aforementioned, this improvement can be attributed to the good mechanical 
properties of glass fibers as well as their homogeneous distribution in the matrix. With the 
addition of 0.4 wt.% MWCNTs-COOH, flexural strength and flexural modulus of C2 increase 
by nearly 7% and 13%, respectively. This positive effect can be explained by the fact that 
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CNTs prevent crack opening and propagation by bridging across the cracks during the 
fracture. Moreover, they cause an interlocking effect between fibers and matrix and 
thereby improve the flexural and tensile properties of the composite system.  

 

(a) 

 
(b) 

 
(c) 

Fig. 7 (a) Load-displacement curves of the specimens after three-point flexural tests; (b) 
Flexural-fractured specimens; (c) Flexural properties of the specimens 

In the present study, 0.4 wt.% hBN integration results in better flexural performance over 
that with 0.4 wt.% MWCNTs-COOH whereas the composite with 0.2 wt.% MWCNTs-
COOH + 0.2 wt.% hBN fillers exhibits the best flexural performance. Since good filler-
matrix facial interaction allows the fillers to absorb the fracture energy and thus 
contributes to the enhancement in mechanical properties, the improvement in flexural 
properties can be attributed to the good surface interaction between the fillers and the PA 
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66 matrix. Similar results were obtained and discussed in a number of studies in literature 
[80, 88]. 

Figure 8 (a) to (d) represents the optical micrographs of fractured specimens after 3-point 
flexural tests. Failure modes of the specimens were mainly matrix cracks along the 
direction of tension. Longer cracks were observed in fractured C2.  

 

 

Fig. 8 Optical micrographs of fractured C2, C3, C4 and C5  

5. Conclusions 

In this study, mechanical properties of MWCNT-COOH and/or hBN integrated PA 
66/30SGF composites were investigated. Mechanical analyses showed that the presence 
of short glass fibers positively influences the tensile and flexural performance of PA 66. 
This behavior can be explained by good mechanical properties of glass fibers and their 
sufficient facial interaction with the matrix surface.  

The obtained test results demonstrated that the highest tensile strength and elastic 
modulus were exhibited by PA 66/30SGF and MWCNTs-COOH+hBN integrated PA 
66/30SGF composite specimens, respectively. However, it was observed that the addition 
of MWCNTs-COOH and hBN leads to deterioration in the tensile strength. Since the desired 
reinforcement highly depends on the uniform stress transfer between the filler and matrix, 
we can conclude that the external stress applied to the specimens incorporating MWCNTs-
COOH was not well distributed along the matrix due to the presence of agglomerates; 
consequently, the tensile strength decreased.  

On the other hand, addition of MWCNTs-COOH and hBN enhanced the flexural properties 
of PA 66/30SGF composites. Having tubular form, MWCNTs are able to stretch across the 
cracks absorbing the fracture energy and hence prevent crack opening and propagation. 
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Besides this bridging phenomenon, MWCNTs can cause interlocking effect between the 
fiber and matrix and prevent glass fibers from slipping, which improve the mechanical 
performance of the composite system. hBN particles, on the other hand, can stop crack 
propagation and crack pinning by changing the direction of crack propagation and hence 
make a contribution to the mechanical properties. The specimens with 0.4 wt.% hBN 
exhibit higher mechanical performance than that with 0.4 wt.% MWCNTs-COOH, which 
might be due to their mechanical and geometrical or morphological differences as well as 
the difference in their agglomeration tendency.  The highest flexural values were found in 
specimens where MWCNTs-COOH and hBN were integrated together; therefore, we can 
conclude that the hybrid reinforcement mechanism worked efficiently and that MWCNT-
COOH and hBN are compatible with each other. The shorter cracks in MWCNT-COOH and 
hBN filled PA 66/SGF observed by optical microscopy confirm this conclusion.  

FTIR spectra of the specimens confirmed the molecular structure of PA 66 as well as the 
presence of MWCNT-COOH and hBN in the system. It was also observed that glass fibers 
do not bring about a drastic change in the chemical structure of PA 66.  Although a chemical 
interaction due to the high temperature applied in the specimen production process might 
have occurred, since no significant chemical bond was detected, the increase in mechanical 
properties are dominantly due to the physical interactions.   

Considering the increments in elastic modulus, flexural modulus and flexural strength of 
the specimens, MWCNT and hBN integrated PA 66/glass fiber composites are expected to 
be quite promising for future applications in which high mechanical performance is 
required. 
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