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Abstract 

Ethylene-octene copolymer (EOC) with a loading level of 20 wt%, maleated EOC (EOC-

g-MA) with a loading level of 3 wt% and graphene nanoplatelets (GnPs) at four different 

loading levels, i.e., 3 wt%, 5 wt%, 10 wt% and 15 wt% were added to nylon 6 to prepare 

nanocomposites using a twin-screw extruder with a high shear rate screw running at 300 

rpm. Increased stiffness was observed with the addition of GnPs while tensile strength of 

nanocomposites was only slightly influenced. Addition of GnPs into nylon 6 and nylon 

6/EOC blend caused either a reduction in the Charpy impact strength or it remained 

unaffected. Similarly, the Izod impact strength of compatibilized nylon 6/EOC blend 

increased while that of nylon 6/EOC blend-based nanocomposites decreased. An increase 

was observed in the compressive Izod impact strength of compatibilized nylon 6/EOC 

blend. Addition of GnPs to nylon 6/EOC blend caused an increase in the fracture 

toughness due to their influence on the morphology and fracture mechanisms. This study 

shows that simultaneous addition of high surface area GnPs and an impact modifier to 

neat nylon 6 can help achieve enhancement and tailoring of stiffness and toughness.  
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1. Introduction

Development of polymer nanocomposites that possess a unique balance of properties is 

an area of great interest. Simultaneous addition of stiff and elastomeric particles to the 

host polymer may provide simultaneous improvement of the stiffness and toughness. 

However, the morphology of nanocomposites also dictates the mechanical properties [1–

4]. Three different types of morphologies usually obtained in the case of polymer blend-

based nanocomposites are (i) encapsulated, (ii) core-shell and (iii) dispersed phase [5]. In 

the case of encapsulated morphology, the nanoparticles reside in the elastomeric phase 

which lowers the toughening capability of the dispersed elastomeric phase while in the 

case of core-shell morphology, nanoparticles surround the elastomeric dispersed phase in 

the form of a shell which proves favourable for toughness enhancement. In the case of 

dispersed phase morphology, most of the nanoparticles reside in the host polymer matrix 

and stiffness is enhanced while toughness is adversely affected. 

Different research efforts have been carried out to investigate the toughening of nylon 6 

using different types of rubbers and nanoparticles [6-8].  The influence of addition of 

clays to nylon 6/elastomer blends with different elastomers like ethene-propene rubber 

(EPR), natural rubber (NR)/epoxidized natural rubber (ENR), styrene-ethylene-butylene-

styrene (SEBS), ethylene-octene copolymer (EOC) and carboxylated styrene-butadiene 

rubber (CSBR) [1], [9-10] have been investigated. Addition of different elastomers 

caused an enhancement of elongation at break and toughness, particularly in the case of 

maleated elastomers. Stiffness and strength of the blend were however adversely affected 
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by the addition of elastomers. Clays caused an enhancement of the stiffness with an 

embrittlement effect, alongside a reduction in the strength.  Simultaneous addition of the 

elastomers and clays helped achieve balanced properties.  

Single layer graphene is estimated to have a Young’s modulus of 1 TPa and a tensile 

strength of about 130 GPa [11]. These exceptional mechanical properties of graphene 

have made it a potential reinforcing filler. Thanh et al. [12] studied the influence of 

addition of GnPs and EPR, an ethene-methacrylate copolymer (EMA), and an aminated 

polybutadiene (ATB) elastomer, on the structure and properties of nylon 6 

nanocomposites. The addition of both GnPs and elastomers caused an enhancement of 

stiffness and stress at break. Toughness of all blend-based nanocomposites was however 

observed to decrease by the addition and increased content of GnPs. A study was carried 

out by Hoor et al. [13] to investigate the effect of addition of graphene nanosheets on the 

properties of SEBS elastomer toughened nylon 6. Addition of maleic anhydride up to 6 

wt% decreased the modulus and tensile strength of nylon 6/SEBS blend while impact 

strength and elongation at break were increased. Kelnar et al. [14] carried out further 

investigation to study the effect of graphene oxide on the structure and properties of EPR 

rubber based impact modified PA 6. Combination of EPR and GO yielded a polyamide 

material with increased strength, stiffness, and toughness. 

Some investigations have been directed to study the toughening effect of EOC. Norhayani 

et al. [15] studied the effect of addition of EOC and EOC-g-MA on the impact and tensile 

properties of polyamide 6 nanocomposites. Lim et al. [16] investigated the impact fracture 

behaviour of nylon 6/EOC-g-MA/clay-based ternary nanocomposites. A similar 

investigation using maleated EOC and organoclay was conducted by Chiu [9] with nylon 

6 as the matrix.   Addition of maleated EOC proved to be beneficial for the enhancement 
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of toughness and impact strength. Morphology of the blend was also influenced by the 

addition of compatibilizer which caused a smaller sized dispersed phase. Addition of clay 

was however detrimental to the toughness and strength as observed in other investigations 

using different elastomers.  

Based on the literature study, it is identified that an investigation on the effect of addition 

of EOC and high surface area GnPs to nylon 6 would be a significant supplement to the 

available literature. GnPs with high surface area could possibly generate large volume of 

interfacial area and substantially influence the tensile and impact properties. Nylon 

6/EOC/GnPs nanocomposites are therefore prepared in this study to investigate the effect 

of simultaneous addition of these additives on the mechanical properties.   

2. Experimental

2.1. Materials 

Nylon 6 (Akulon® F223-D from DSM Engineering Plastics) and ethylene-octene 

copolymer (Engage 8150 from DuPont Dow Elastomers) were purchased from ResinEx 

UK. Graphene nanoparticles with a surface area of 500 m2/g were supplied by 

ThermoFisher Scientific. Maleated EOC (EOC-g-MA, Fusabond 463) was provided by 

DuPont Dow Elastomers. 

2.2. Preparation of nylon 6 nanocomposites 

Nylon 6 pellets were cryogenically ground using a Wedco SE-12 UR pilot plant grinding 

mill at 7000 rpm and a gap size 400 µm. The powder size distribution was found to be 

100-300 µm using a stereo microscope (Nikon SMZ800). Nylon 6 powder was dried

overnight at 80 oC using a dryer (Carbolite). Pre-mixing of nylon 6 with 3, 5, 10 and 15 
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wt% of GnPs and 3 wt % EOC-g-MA was done using a Thermo Scientific Prism Pilot 3 

High Speed Mixer at 3000 rpm for 4 minutes. Melt blending of nanocomposites was 

performed on a Thermo fisher twin-screw extruder (HAAKE) using a high shear screw 

design at 300 rpm and two melt blending cycles. During the first cycle, nylon 6, EOC-g-

MA and GnPs were melt blended and the extrudate was pelletized. In the second cycle, 

the extruded pellets were melt blended with EOC pellets to give final nanocomposite 

materials. The temperature of the extruder barrel was 260 oC for zone 1-3, 270 oC for 

zone 4-5 and 260 oC for the die.  

2.3. Characterisation of nylon 6 nanocomposites 

Fourier Transform Infrared Spectroscopy (FTIR) was carried out using a Perkin Elmer 

Spectrum 100 spectrometer with an ATR sampling accessory. All the spectra were 

recorded at a resolution of 4 cm-1 with 32 scans in mid infrared region of 4000-650 cm-1. 

Differential scanning calorimetry (DSC) was carried out using Perkin Elmer DSC model 

6 under an inert nitrogen environment. A heating rate of 10 oC/min was used to heat the 

samples between 30 oC and 250 oC, held at 250 oC for 2 mins, then cooled to 30 oC at 10 

oC/min and reheated to 250 oC at 10 oC/min. A second heating curve was used for the 

calculation of degree of crystallinity. 

Tensile tests were conducted according to BS ISO 527 at room temperature using a Zwick 

testing machine with a 10 kN load cell and a crosshead speed of 5 mm/min. Five 

specimens were tested for each material. Dog-bone tensile test specimens were prepared 

by injection moulding using a Rondol high force 5 small injection moulding machine 

according to BS ISO 527 (Type 1BA) standard.  
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Charpy impact tests were conducted at room temperature using a Resil impact tester with 

a 7.5 J hammer according to BS ISO 179. A total of ten specimens were tested. Izod 

impact tests were conducted in tension (notch opening) mode and compression (notch 

closing) mode, again using a Resil impact tester with a 7.5 J hammer. A total of eight 

specimens were tested. Charpy impact, Izod impact and Single edge notch three-point 

bend test (SENB-3PB) specimens were prepared using a tabletop injection moulding 

machine (MegaTech H7/18, TecnicaDueBi, Fabriano, Italy) as per BS ISO 179 standard. 

The temperature of the feed zone was 20 oC, 200 oC for zone 1, 240 oC for zone 2, 260 

oC for the injection cylinder and 20 oC for the mould. 

SENB-3PB tests were conducted using a Zwick Z100 testing machine at a loading speed 

of 5 mm/min and a 10 kN load cell. SENB-3PB specimens were prepared by introducing 

cracks of length 2.25, 3, 3.75, 4.5, 5.25 and 6 mm, with a handheld blade, in the injection 

moulded rectangular bars (80 x 10 x 4 mm). Load displacement curves of the test 

specimens were recorded and the work done to the point of crack propagation (maximum 

load point on the curve) was used for J integral calculations.  

Scanning Electron Microscopy (SEM) was conducted using a FlexSEM 1000 scanning 

electron microscope at 5 kV. Samples were prepared by cutting small segments from 

representative Charpy impact tested and 3-point SENB tested specimens. Gold coating of 

the stub-mounted specimens was performed using an Agar Scientific sputter with a 

current of 30 mA and vacuum of 0.05 mB, for 240 sec. 
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3. Results and discussion

3.1. Structure

Figure 1 FITR spectra of nylon 6, nylon 6/EOC blends and nylon 6/EOC/GnPs nanocomposites 

FTIR scans of samples, shown in Figure 1, were performed to see any possible 

interactions between different constituents. Strong bands observed at 3288 cm-1, 2917 cm-

1 and 2851 cm-1 for nylon 6 represent N-H stretching vibration of the amide linkage and 

asymmetric and symmetric stretching vibrations of aliphatic C-H bonds respectively [17]. 

Two other strong IR bands are observed at 1636 cm-1 and 1540 cm-1 corresponding to the 

C=O stretching vibration of the amide-I and N-H bending vibrations of the amide-II 

respectively [4]. GnPs were expected to have a weak interaction with nylon 6, EOC or 

EOC-g-MA due to the absence of any functional groups and no new absorption peaks 

were observed in case of nanocomposites as compared to that of the neat nylon 6 

spectrum. FTIR scans of nylon 6/ EPR/ EMA/ATB/GnPs nanocomposites by Thanh et 

al. [12] also showed a similar spectrum to the one observed here.  No interfacial 
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interaction was observed between nylon 6 and EOC, possibly due to immiscibility of the 

two polymers. 

Figure 2 Cooling and 2nd DSC heating curves for nylon 6 and nylon 6 nanocomposites 

Table 1 DSC results for nylon 6, nylon 6/EOC and nylon 6/EOC/GnPs nanocomposites 

DSC scans of samples were performed to investigate any influence of the addition of EOC 

and GnPs on the melting and crystallization behaviour of nylon 6. Second heating and 

cooling DSC curves of nylon 6 and nanocomposites are shown in Figure 2. Measured 

parameters for all the samples are tabulated in Table 1.  
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The second heating curve of neat nylon 6 showed two peaks, a lower one at 214 oC for 

γ- crystallites and a higher peak at 220 oC for α-form crystals [18] Addition of EOC to 

neat nylon 6 had little or no effect on the α or γ crystalline phases of neat nylon 6 and 

two melting peaks were observed at 214 oC and 216 oC  [19]. Addition of the 

compatibilizer EOC-g-MA to the nylon 6/EOC blend again showed a heating curve with 

two melting peaks at 214 oC and 220 oC. Graphene nanoparticles were added to neat 

nylon 6, nylon 6/EOC blend and compatibilized nylon 6/EOC blend. Low temperature 

melting peak disappeared with the addition of GnPs due to the possible stabilizing effect 

of GnPs favouring the creation of more stable α-crystallites. A degree of crystallinity of 

35.1% was observed for nylon 6/GnPs nanocomposites. Addition of GnPs to nylon 6 

caused a mild reduction in the crystallinity while the addition of EOC to nylon 6 had no 

effect on the crystallinity of neat nylon 6.  

Addition of 3 wt% GnPs to nylon 6/EOC blend had a minor influence on the degree of 

crystallinity while the melting temperature remained unaffected. A crystallinity of 

40.6% for blend-based nanocomposites was slightly higher than that for the 

corresponding nylon 6/EOC blend. A crystallinity of 38.7% was observed for nylon 6/

EOC/EOC-g-MA/GnPs nanocomposites which was higher than the crystallinity of 

corresponding compatibilized nylon 6/EOC blend. Different higher contents of GnPs 

like 5 wt%, 10 wt% and 15 wt% were added to the compatibilized nylon 6/EOC 

blend. The crystallinity had values of 38.7% for 3 wt% GnPs nanocomposites and 

36.5% for 15 wt% GnPs nanocomposites. A much higher crystallinity of 60.7% 

was observed for 10 wt% GnPs based nanocomposites, which could be due to 

the fact that the nucleating effect of GnPs might have overcome the hindering effect. 

GnPs can simultaneously act as nucleating sites for the formation of crystals while they 

may also hinder the formation of crystals. These two 
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influences depend on different factors including the size, loading level and interaction of 

GnPs with the host polymer and one influence may overcome the other based on these 

factors.   

3.2. Mechanical properties 

Tensile tests of neat nylon 6 and nanocomposite samples were carried out to measure the 

tensile properties and representative curves are shown in Figure 3. Strain varied linearly 

with applied stress for all samples up to the elastic limit and became non-linear beyond 

this. Stress-strain curves of nanocomposites with different wt% of GnPs showed a 

reduction in the elongation at break with increasing GnPs content as indicated by their 

respective stress-strain curves. Breaking strength of nanocomposites with different wt% 

of GnPs was close to that of the ultimate tensile strength and a plateau is observed in most 

of the stress-strain curves. Measured values of tensile properties are tabulated in Table 2. 

Figure 3 Representative tensile stress-strain curves for nylon 6, and nylon 6 nanocomposites 

Table 2 Tensile test results of nylon 6 and nylon 6 nanocomposites  
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Nylon 6 showed a stiffness of 2.8±0.2 GPa while the highest stiffness value of 3.3±0.1 

GPa (18.1% higher) was observed for 3 wt% GnPs nanocomposites. Constrained polymer 

chains and high stiffness of GnPs have likely increased the stiffness of nylon 6/GnPs 

nanocomposites [20–22]. Neat nylon 6 exhibited the highest tensile strength of 87.0±0.5 

MPa and nylon 6/GnPs nanocomposites had a lower value of 77.4±0.4 MPa. A weak 

interface between the two constituents have likely caused this reduction in the tensile 

strength. However, strain at break for neat nylon 6 was increased from 11.8±0.6% to a 

value of 15.0±0.5% for nylon 6/GnPs nanocomposites and toughness also increased by 

21.3%. An increase in the strain at break of nylon 6/GnPs nanocomposites was likely 

facilitated by the large surface area GnPs promoting the slippage of polymer chains. The 

increase in toughness could be a possible outcome of the tortuous crack propagation path 

caused by high surface area GnPs.  

Addition of EOC to nylon 6 caused a reduction in the Young’s modulus and tensile 

strength while elongation at break was increased. Young’s modulus of nylon 6/EOC 

blend and nylon 6/EOC/GnPs nanocomposites was 1.8±0.1 GPa and 1.9±0.0 GPa 

respectively. Nylon 6/EOC/GnPs blend based nanocomposites showed a low tensile 

strength of 45.8±0.3 MPa and an elongation at break of 22.4±0.5%. Addition of GnPs to 

compatibilized nylon 6/EOC blend resulted in an increased elongation at break. Young’s 

modulus of the nylon 6/EOC/EOC-g-MA/GnPs nanocomposites increased from 1.6±0.0 

GPa for 3 wt% GnPs based nanocomposites to 2.2±0.1 GPa for 15 wt% GnPs based 

nanocomposites. Tensile strength of these samples varied only in the range of 42.2±0.7 

MPa to 44.7±0.8 MPa, all close to the tensile strength values of the corresponding 

compatibilized blend. A nearly constant tensile strength upon increasing the GnPs content 

indicates that tensile strength is not significantly influenced by the loading level of GnPs. 
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Addition of higher wt% of GnPs to nylon 6/EOC/EOC-g-MA nanocomposites lowered 

the strain at break due to the embrittlement effect of GnPs and constraining of higher 

volume of polymer chains. Highest elongation at break of 54.6% and corresponding 

highest toughness of 2160 J/m3 was observed for compatibilized nylon 6/EOC blend. 

Figure 4 Charpy Impact strength of nylon 6 and nylon 6/GnPs nanocomposite samples 

Measured Charpy impact strength values of nylon 6 and nylon 6 based nanocomposites 

are shown in Figure 4. Neat nylon 6 had the highest impact strength of 55.9±6.5 kJ/m2 

while nanocomposites with 3 wt% GnPs had a value of 19.5±3.5 kJ/m2. This reduction in 

the impact strength can be attributed to the constraining of polymer chains and presence 

of stiff nanoparticles. Addition of EOC to neat nylon 6 caused a reduction in the impact 

strength of the nylon 6 while addition of EOC-g-MA to nylon 6/EOC blend caused a 

slight increase in its impact strength. Reduction in the impact strength of nylon 6/EOC 
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blend could be due to a weak interaction between the two constituents because of their 

immiscibility.  

Nylon 6/EOC blend-based nanocomposites exhibited an impact strength value of 

11.2±0.8 kJ/m2. Addition of 3 wt% GnPs to the compatibilized nylon 6/EOC blend caused 

no appreciable influence on the impact strength of the compatibilized blend.  The addition 

of higher contents of GnPs only slightly influenced the impact strength of the 

compatibilized nylon 6/EOC blend. Impact strength of 5 wt%, 10 wt% and 15 wt% GnPs 

blend-based nanocomposites was 17.0±1.4 kJ/m2, 21.5±2.9 kJ/m2 and 20.0±1.6 kJ/m2 

respectively. Increase in the impact strength after the addition of GnPs to compatibilized 

nylon 6/EOC blend, could be due to enhanced interaction between nylon 6 and EOC 

facilitated by maleic anhydride groups. 

Izod impact strength (tension and compression mode) were also measured for the 

nanocomposites and detailed results are provided in the supplementary information. 

Fracture toughness of nylon 6 and nylon 6 blend based nanocomposites was determined 

by using the J-integral approach [23–25]. The area under the load displacement curve of 

the SENB test was used to calculate the J-integral fracture toughness [23] (details 

provided in the supplementary information)  and plotted as a bar chart as shown in Figure 

5.
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Figure 5 J-integral fracture toughness for nylon 6 and nylon 6/EOC/GnPs 

nanocomposites  
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fracture toughness of 6.5 kJ/m2.  

Compatibilized nylon 6/EOC blend exhibited a fracture toughness of 7.4 kJ/m2 while its 

nanocomposites having 3 wt% GnPs showed a higher fracture toughness of 10.6 kJ/m2. 

Similarly, nanocomposites with 5 wt%, 10 wt% and 15 wt% GnPs had a fracture 

toughness of 13.2 kJ/m2, 13.9 kJ/m2 and 19.8 kJ/m2 respectively. A trend of gradual 

increase in the fracture toughness was observed by increasing the content of GnPs in 
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Figure 6 SEM images of  the fracture surface of Charpy impact tested specimens: (a) nylon 6, 

(b) nylon 6/EOC, (c) nylon 6/EOC/EOC-g-MA (d) nylon 6/GnPs, (e) nylon 6/EOC/3% GnPs, (f)

nylon 6/EOC/EOC-g-MA/3% GnPs(g) nylon 6/EOC/EOC-g-MA/5% GnPs(h) nylon 

6/EOC/EOC-g-MA/10% GnPs and (i) nylon 6/EOC/EOC-g-MA/15% GnPs 

Fracture surface morphology of Charpy impact tested samples was studied by SEM scans 

shown in Figure 6 (a-i). Figure 6 (a) shows the ‘seashore’ like fracture surface 

morphology of neat nylon 6. The fracture surface of nylon 6/EOC blend in Figure 6 (b) 

indicates the presence of dispersed EOC phase domain in the nylon 6 matrix. Several 

EOC particles have debonded from the nylon 6 matrix and some EOC particles have been 

pulled out. Debonding of EOC particles from nylon 6 matrix indicates a weak interface 

between nylon 6 and EOC. A significant reduction in the impact strength of nylon 6/EOC 

blend as compared to neat nylon 6 can be attributed to their weak interfacial interaction. 

Compatibilized nylon 6/EOC blend in Figure 6 (c) shows that smaller EOC particles are 

present in the nylon 6 matrix compared to the previous case. Also, some fractured or 
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elongated EOC particles can be observed on the fracture surface which indicates that the 

EOC particles were pulled apart during the fracture process. It can be postulated that a 

stronger interface existed in this case as compared to that of uncompatibilized blend that 

caused more energy dissipation and an improvement in the impact strength. Nylon 

6/GnPs nanocomposite sample shown in Figure 6 (d) exhibits ‘sea waves’ like surface 

morphology. Little or no agglomerates of GnPs were observed, which indicated relatively 

good dispersion of nanoparticles. Nylon 6/EOC/3 wt% GnPs nanocomposites shown in 

Figure 6 (e) exhibited slightly different morphology than that of nylon 6/EOC blend 

shown in Figure 6 (b). An uneven fracture surface indicates a tortuous crack propagation 

path possibly due to the addition of GnPs. Debonding and pulling out of EOC particles 

along with porosity was also observed on the fracture surface in this case. The 

morphology of nylon 6/EOC/EOC-g-MA/GnPs nanocomposites as shown in Figure 6 (f) 

was similar to that of the compatibilized nylon 6/EOC blend. However, EOC particles in 

compatibilized nylon 6/EOC nanocomposites were observed to be smaller than those in 

the case of the corresponding blend, which might have caused an improvement in the 

impact strength. 

Compatibilized nylon 6/EOC/GnPs nanocomposites with 5 wt% GnPs showed a slightly 

different morphology as shown in Figure 6 (g). EOC particles became elongated in this 

case and debonded from nylon 6 upon application of the impact load. A minor reduction 

in the impact strength in this case could also be due to low energy dissipation during the 

debonding of EOC particles. A considerable difference in the phase morphology was 

observed in case of 10 wt% GnPs nanocomposites as shown in Figure 6 (h). It was 

difficult to distinctively observe the EOC particles in this case due to a significant 

reduction in the size of the dispersed phase domain. Similarly, nanocomposites with 15 
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wt% GnPs shown in Figure 6 (i) exhibited a morphology where the EOC phase was not 

distinguishable indicating possibly the formation of a co-continuous morphology. 

Crack initiation and propagation phenomenon was studied by taking SEM images of 

SENB tested samples at three different locations i.e. at the front, middle and end of the 

crack surface. A nearly plain fracture surface for neat nylon 6 was observed as shown in 

Figure 7 (1(a-c)). Stretching of nylon 6 matrix was observed to have increased from the 

crack front till the crack termination. Nylon 6/EOC blend showed a rough surface 

morphology as shown in Figure 7 (2 (a-c)). Fibrillation of nylon 6 and drawing/pulling 

out of EOC particles was observed from crack initiation through to crack termination. 

Stretching of compatibilized nylon 6/EOC blend was also observed with little to no 

stretching and pulling out of EOC particles. Distinct EOC particles were hardly observed 

in this case which was possibly due to the compatibilization and reduction of interfacial 

tension among EOC and nylon 6. Addition of GnPs to nylon 6 caused constraining of the 

polymer chains and very little stretching or deformation was observed on the fractured 

surface. Nylon 6/3 wt% GnPs based nanocomposites shown in Figure 7 (4 (a-c)) exhibited 

a rough surface morphology with small plastic deformation or stretching across the whole 

facture surface. Nylon 6/EOC blend-based nanocomposites showed a combination of 

stretching of nylon 6 and pulling out of EOC as shown in Figure 7 (5 (a-c)). Very little 

pulling out and more stretching of the nylon 6/EOC bled was observed for compatibilized 

nylon 6/EOC blend-based nanocomposites as shown in 7 (5 (a-c)). Increasing GnPs 

contents to 5 and 10 wt% caused more fibrillation, however, the fibril size progressively 

became smaller. Stretching and fibrillation of nylon 6 and EOC was observed over the 

whole surface of SENB tested samples as shown in Figure 7 (2,3,5-8). In all cases, no 

significant difference was observed in the fracture surface morphology from the crack 
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front towards the crack end. It is assumed that quasi-static loading conditions caused a 

stable crack propagation through the SENB specimens. 
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Figure 7 Low resolution SEM images of SENB tested samples at (a) crack tip, (b) crack 

middle and (c) crack end for (1) Nylon 6, (2) Nylon 6/EOC, (3) Nylon 6/EOC/EOC-g-

MA, (4) Nylon 6/3% GnPs, (5) Nylon 6/EOC/3% GnPs, (6) Nylon 6/EOC/EOC-g-

MA/3% GnPs (7) Nylon 6/EOC/EOC-g-MA/5% GnPs and (8) Nylon 6/EOC/EOC-g-

MA/10% GnPs 

4. Conclusions

Stiffness of the nylon 6 was increased by the addition of graphene nanoplatelets (GnPs) 

and increasing GnPs content also positively influenced the stiffness. It can be concluded 

that the stiffness of polymer nanocomposites is enhanced by the addition of stiff 

nanoparticles and their loading level. Tensile strength was also mildly increased by the 

addition of GnPs, however it can be postulated, based on the findings, that the tensile 

strength is mainly dependent on the strength of the interface and not much on the loading 

level of GnPs. The interfacial strength is observed to be dependent on the chemical nature 

of the nanoparticles and the presence or absence of functional groups. Increase in the 

6(a) 6(b) 6(c)

Stretching and yielding of 
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elongation at break of nylon 6 by the addition of high surface area GnPs could be a 

possible outcome of slippage of polymer chains facilitated by the GnPs. This caused an 

increase in the ductility and toughness of nylon 6. Impact strength of the blend-based 

nanocomposites was also positively influenced by the addition of GnPs which 

demonstrated the potential of simultaneous addition of stiff and elastomeric additives in 

enhancing the impact strength. Addition of Ethylene-octene copolymer (EOC) and 

maleated EOC (EOC-g-MA) to nylon 6 caused an increase in the elongation at break but 

adversely effected the stiffness and tensile strength. This was possibly due to the elastic 

nature of EOC while the addition of GnPs to nylon 6/EOC blends helped to regain the 

reduction in stiffness and tensile strength. Furthermore, the improvement in the fracture 

toughness indicated that compatibilized blend-based nanocomposites offered higher 

resistance to crack propagation. SEM scans showed that the fracture surface morphology 

of nanocomposites, tested under high and low strain rates, was very different which has 

likely influenced the mechanical properties. Also, addition of EOC-g-MA and different 

wt% of GnPs significantly altered the morphology from one case to the other as observed 

in the SEM images. This study showed that a balanced combination of tensile, impact and 

fracture toughness properties can be achieved by using a combination of stiff and 

elastomeric fillers under optimum loading levels and processing conditions. 
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Supplementary information 

A schematic of tension and compression modes of the Izod impact test along with 

measured impact strength values are shown in Figure 1 (a and b). Neat nylon 6 exhibited 

the highest Izod impact strength of 58.1±5.3 kJ/m2 and corresponding nanocomposites 

had an Izod impact strength of 33.8±2.1 kJ/m2. This reduction can be attributed to the 

constraining of polymer chains and presence of stiff nanoparticles. Nylon 6/ Ethylene-

octene copolymer (EOC) blend showed an Izod impact strength of 14.5±1.8 kJ/m2 and 

nylon 6/EOC blend based nanocomposites had an impact strength of 10.8±0.5 kJ/m2. 

Addition of the compatibilizer, maleated EOC (EOC-g-MA), caused a slight increase in 

the Izod impact strength, as compared to uncompatibilized nylon 6/EOC blend, with an 

impact strength value of 21.1±1.8 kJ/m2. This increase in the impact strength is likely due 

to the occurrence of some energy dissipation phenomena introduced by the GnPs. Higher 

contents of GnPs i.e. 5 wt%, 10 wt% and 15 wt% caused an increase in impact strength 

as compared to the compatibilized blend. However, their impact strength was still lower 

than that of neat nylon 6.   

Izod specimens were tested in the compression mode to study the behaviour of developed 

nanocomposites under compression loading. When the material fractures under 

compressive loading, the atoms or molecules of the material slide past each other which 

creates interatomic/ intermolecular friction. This causes an increase in the impact strength 

of the material under compressive loading condition as compared to the impact strength 

under tensile loading (crack opening mode) where there is no internal friction. Since 

compressive loading conditions exist in case of crash events, so compressive impact 

strength obtained by this test could be useful in understanding the nanocomposite 
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behaviour under these conditions. Izod impact strength of nylon 6 and blend-based 

nanocomposites tested in the compression (notch closing) mode is shown in Figure 1 (b). 

Neat nylon 6 exhibited an Izod impact strength (compression) of 231.8±5.2 kJ/m2. A 

higher Izod impact strength of 268.6±4.1 kJ/m2 was observed for nylon 6/GnPs 

nanocomposites. Nylon 6/EOC blend showed lower Izod impact strength (compression) 

than that of neat nylon 6. Addition of 3 wt% GnPs to nylon 6/EOC blend caused a further 

reduction in the Izod impact strength.  

Compatibilized nylon 6/EOC blend showed almost similar impact strength as that of the 

nylon 6/EOC blend. Nanocomposites with 3 wt% GnPs and compatibilized nylon 6/EOC 

blend exhibited an impact strength value of 165.9±3.9 kJ/m2. Addition of higher wt% 

content of GnPs in compatibilized blend caused a mild increase in the impact strength.  
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Figure 8 Izod impact strength (a) tension and (b) compression mode of nylon 6 and nylon 6 

nanocomposites  

Representative load-deformation curves of SENB specimens are shown in Figure 2. 

Figure 9 Representative load-deformation curves of SENB specimens for nylon 6 and 

nylon 6 nanocomposites 

J-integral values corresponding to the different ligament lengths are shown below in

Figure 3. 
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Figure 10  J-integral vs ligament length for nylon 6 and nylon 6/EOC/GnPs 

nanocomposites 

Higher resolution SEM images of the fracture surface of SENB tested samples were also 

obtained to study the fracture phenomenon under quasi-static loading and compared with 

the fracture phenomenon in the case of high-speed impact loading. It was observed that a 

relatively smooth fracture surface was obtained for neat nylon 6 fractured under a quasi-

static bending load as shown in Figure 4 (a). Small voids were observed on the fractured 

surface of nylon 6. The nylon 6/EOC blend underwent significant stretching and failure 

in the form of fibrils as seen in Figure 4 (b) possibly because of the slow drawing process. 

EOC particles stretched to elongated particles and ultimately broke. Compatibilized nylon 

6/EOC blend also exhibited a similar morphology to that of uncompatibilized blend, 

however, with relatively larger fibrils. Entangled EOC particles were also observed on 

the fracture surface in Figure 4 (c).  

Nylon 6/3 wt% GnPs nanocomposites showed a distinct fracture surface morphology to 

that of neat nylon 6 and nylon 6/EOC blends. Slight nylon 6 drawing took place as seen 

in the fracture surface morphology, however, due to stiff GnPs nanoparticles this 
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stretching was not extensive. A uniform fracture surface morphology was observed as 

shown in Figure 4 (d). A rough but plain fracture surface indicated a smooth crack 

propagation without much deflection which could be a cause of reduction of fracture 

toughness on nylon 6/GnPs nanocomposites as compared to neat nylon 6. Microvoids 

were observed in this nanocomposite sample which were not present in case of nylon 

6/EOC blend. The presence of micro voids/porosity could be due to the immiscibility of 

nylon 6 with EOC or addition of GnPs to the blend. An increase in the fracture toughness 

of this blend-based nanocomposite was observed which could be due to the unique 

morphology obtained in this case. Compatibilized nylon 6/EOC blend-based 

nanocomposite exhibited stretching of the matrix and formation of fibrils as shown in 

Figure 4 (f). Compatibilized blend-based nanocomposite with 3 wt% GnPs exhibited a 

higher fracture toughness than uncompatibilized blend-based nanocomposite. In a similar 

way stretching of nylon 6 matrix and fibrillation was observed for 5 wt% and 10 wt% 

GnPs based nanocomposites. Nanocomposites based on 5 wt% GnPs showed smaller 

fibrils and a higher degree of fibrillation possibly due to a higher wt% of GnPs. A further 

refined fibrillation was observed in the case of 10 wt% GnPs based nanocomposites. 

Microvoids or pores were observed in the case of both 5 wt% and 10 wt% nanocomposites 

but 10 wt% nanocomposites showed higher degree of porosity. A progressive increase in 

the fracture toughness of the compatibilized nylon 6/EOC blend was observed by adding 

higher wt% of GnPs. It was observed that the fracture toughness of nylon 6/EOC blend 

based nanocomposite with 15 wt% GnPs surpassed that of the neat nylon 6. It can be 

postulated that the morphology attained by the simultaneous addition of EOC and GnPs 

facilitated more energy dissipation. Crack deflections or other energy dissipation 

phenomena occurring due to the addition of GnPs have likely increased because of 
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increasing content of GnPs. Higher resolution images showed the presence of microvoids 

and porous microstructure which was not clearly observed in low-resolution images.  

Figure 11 SEM images of  SENB tested specimens (a) Nylon 6, (b) nylon 6/EOC, (c) 

nylon 6/EOC/EOC-g-MA (d) nylon 6/3 wt% GnPs, (e) nylon 6/EOC/3 wt% GnPs, (f) 

nylon 6/EOC/EOC-g-MA/3 wt% GnPs(g) nylon 6/EOC/EOC-g-MA/5 wt% GnPs(h) 

nylon 6/EOC/EOC-g-MA/10 wt% GnPs.  
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Cooling 

Melting Temp   

Tm (oC)

Enthalpy of 

fusion ΔH (J/g)

% Crytallinity       

Xc (%)

Crystallization Temp 

Tc (
oC)

PA6 220.1 70.5 37.5 189.0

PA6-20%EOC 220.8 57.5 38.2 188.8

PA6-20%EOC-3%EOC-g-MA 220.7 46.8 32.3 188.7

PA6-3%GnPs 220.2 64.1 35.1 192.8

PA6-20%EOC-3%GnPs 220.2 58.8 40.6 191.9

PA6-20%EOC-3%EOC-g-MA-3%GnPs 219.9 53.9 38.7 192.5

PA6-20%EOC-3%EOC-g-MA-5%GnPs 219.9 49.8 36.8 192.5

PA6-20%EOC-3%EOC-g-MA-15%GnPs 219.2 42.6 36.5 193.3

Sample ID

2nd Heating 

Table 1 DSC results for nylon 6, nylon 6/EOC and nylon 6/EOC/GnPs nanocomposites



Materials
Young's 

modulus (GPa)

Tensile strength 

(MPa)

Strain at 

break (%)
Toughness (J/m3)

PA6 2.8±0.2 87.0±0.5 11.8±0.6 806.9±34.8

PA6+20%EOC 1.8±0.1 50.3±0.5 14.8±0.4 678.5±25.0

PA6+20%EOC+ 3%EOC-g-MA 1.5±0.1 40.2±0.2 54.6±1.8 2160.7±72.8

PA6+ 3%GnPs 3.3±0.1 77.4±0.4 15.0±0.5 979.6±31.9

PA6+20%EOC+ 3%GnPs 1.9±0.0 45.8±0.3 22.4±0.5 977.6±27.8

PA6+20%EOC+ 3%EOC-g-MA+3%GnPs 1.6±0.0 42.2±0.7 36.8±1.0 1487.3±39.2

PA6+20%EOC+ 3%EOC-g-MA+5%GnPs 1.8±0.0 42.6±0.4 34.6±1.1 1461.8±47.6

PA6+20%EOC+ 3%EOC-g-MA+10%GnPs 2.0±0.0 43.2±0.4 29.2±1.0 1264.2±54.5

PA6+20%EOC+ 3%EOC-g-MA+15%GnPs 2.2±0.1 44.7±0.8 19.4±0.4 837.0±23.7

Table 2 Tensile test results of nylon 6 and nylon 6 nanocomposites 
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