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Abstract 

Study was made of the effect of multiwall carbon nanotubes (MWCNTs) and polymeric 

compatibilizer on thermal, mechanical, and tribological properties of high density 

polyethylene (HDPE). The composites were prepared by melt mixing in two steps. Carbon 

nanotubes (CNTs) were melt mixed with maleic anhydride grafted polyethylene (PEgMA) 

as polymeric compatibilizer to produce a PEgMA–CNT masterbatch containing 20 wt.% of 

CNTs. The masterbatch was then added to HDPE to prepare HDPE nanocomposites with 

CNT content of 2 or 6 wt.%. The unmodified and modified (hydroxyl or amine groups) 

CNTs had similar effects on the properties of HDPE–PEgMA indicating that only non–

covalent interactions were achieved between CNTs and matrix. According to SEM studies, 

single nanotubes and CNT agglomerates (size up to 1 µm) were present in all 

nanocomposites regardless of content or modification of CNTs. Addition of CNTs to 

HDPE–PEgMA increased decomposition temperature, but only slight changes were 

observed in crystallization temperature, crystallinity, melting temperature, and coefficient 

of linear thermal expansion (CLTE). Young’s modulus and tensile strength of matrix 

clearly increased, while elongation at break decreased. Measured values of Young’s moduli 

http://ees.elsevier.com/cste/viewRCResults.aspx?pdf=1&docID=10089&rev=1&fileID=256634&msid={01E51F35-C670-4AD2-BC37-EA73D2CC1B40}
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of HDPE–PEgMA–CNT composites were between the values of Young’s moduli for 

longitudinal (E11) and transverse (E22) direction predicted by Mori–Tanaka and Halpin–Tsai 

composite theories. Addition of CNTs to HDPE–PEgMA did not change the tribological 

properties of the matrix. Because of its higher crystallinity, PEgMA possessed significantly 

different properties from HDPE matrix: better mechanical properties, lower friction and 

wear, and lower CLTE in normal direction. Interestingly, the mechanical and tribological 

properties and CLTEs of HDPE–PEgMA–CNT composites lie between those of PEgMA 

and HDPE.  

Keywords: A. Carbon nanotubes; A. Polymer–matrix composites (PMCs); B. Thermal 

properties; B. Mechanical properties; B. Friction/wear  

1. Introduction 

Polymer nanocomposites have been extensively studied in the past few decades. 

Nanomaterials have been added to polymers with the aim of creating high–performance 

lightweight materials with combinations of properties tailored for specific commercial 

applications. With their unique physical and mechanical properties and high aspect ratio, 

carbon nanotubes are promising nanofillers for the reinforcement of polymers [1–7].
 

Polyolefin nanocomposites are fabricated by in situ polymerization,
 

solution 

mixing, and, of interest here, melt mixing. Melt mixing is a simple and economical method 

since the nanofiller is added directly to the polymer melt. The challenge in melt mixing is 

to achieve a good dispersion of the nanofiller through shear forces and a strong coupling 

between nanofiller and matrix [6,7]. Strong coupling between filler and matrix is 

particularly difficult to achieve with non–polar polymers like polyethylene and 

polypropylene. Chemical compatibility of nanofiller and polyolefin matrix has been 
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enhanced and the dispersion of nanofiller improved through the addition of polymeric 

compatibilizers such as maleic anhydride grafted polymers [8–10]. Yang et al. [8] enhanced 

the compatibility and dispersion of MWCNTs and polyethylene by melt blending of 

amine–functionalized nanotubes with PEgMA. Grafting PEgMA onto CNT improved the 

mechanical properties of composites.  Xie et al. [9] used maleic anhydride grafted styrene–

(ethylene–co–butylene)–styrene copolymer (MA–SEBS) as compatibilizer in thermal 

studies on ultrahigh molecular mass polyethylene–carbon nanotube composites. Prashantha
 

et al. [10] found maleic anhydride grafted polypropylene (PPgMA) to improve the 

dispersion of MWCNT in polypropylene. By wrapping around MWCNTs, the PPgMA 

gave higher modulus and strength.  

Increase in Young’s modulus [8,11–18] and decrease in elongation at break 

[8,12,14,18–20] have frequently been reported for CNT–polyethylene nanocomposites. 

Thermal properties such as melting and crystallization temperatures and crystallinity are 

reported to change slightly or not at all upon CNT addition [8,15–19,21]. Besides 

mechanical properties, thermal expansion and tribological behavior of composites are 

critical factors in many applications.  Thermal expansion is much higher for polymers than 

for ceramics or metals and may cause problems in junctions between polymers and 

ceramics or metals, especially where materials are used over a wide range of temperatures. 

Friction and wear behavior of materials are highly dependent on ambient conditions and 

measuring parameters. In general, HDPE has a good wear resistance and low friction 

coefficient [22]. The addition of nanotubes has been reported to improve the wear rate of 

PE but the effect on friction coefficient is not straightforward [23–25]. 



  

4 

 

To predict the properties of nanocomposites is challenging since the result is 

influenced by a diversity of factors including type, purity, size, defects, and aspect ratio of 

the filler; levels of dispersion and loading; processing method; polymer matrix; and 

interactions between matrix and filler. Models based on Mori–Tanaka and Halpin–Tsai 

composite theories are widely used to predict the elastic properties of polymer composites 

containing micron–sized fillers. These theories have also been used to predict Young’s 

modulus of composites with nano–sized fillers since only the shape and volume fraction of 

the filler are needed for modeling of the elastic modulus. Both theories assume that the 

filler is firmly bonded to the matrix, and the effect of the filler–matrix interface is not 

considered. The principles and details of the theories can be found in the literature [5,26–

31]. 

We studied the influence of unmodified and modified (OH and NH2) multiwall 

carbon nanotubes on the mechanical, morphological, thermal, and tribological properties of 

HDPE.  PEgMA was used as a polymeric compatibilizer to improve the adhesion between 

the CNTs and HDPE. The effect of CNTs on the mechanical properties of polyethylene has 

received considerable attention, but properties such as thermal dimensional stability and 

tribological behavior are important, as well. 

2. Materials and methods 

2.1. Materials 

High density polyethylene (HDPE, No CG8410) was purchased from Borealis Polymers 

Oy. The melt flow rate of HDPE (ρ=0.941 g/cm
3
) was 7.5 g/10 min and the melting range 

was 110–140 °C. HDPE had a weight average molecular mass (Mw) of 300 kg/mol and a 

polydispersity index, Mw/Mn (PDI), of 29. Molar mass distributions of HDPE and PEgMA 
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were measured with an Alliance GPCV 2000 in 1,2,4–trichlorobenzene at 140 °C. Columns 

were styragel HT3–5. Maleic anhydride grafted polyethylene (PEgMA, Polybond 3009) 

with maleic anhydride level of 1 wt.% was supplied from Crompton Uniroyal Chemical. 

The melt flow rate of PEgMA (ρ=0.95 g/cm
3
) was 5.6 g/10 min and the melting point was 

127 °C. PEgMA had Mw of 74 kg/mol and PDI of 6. CNTs, purchased from Nanocyl, had 

been produced via the catalytic carbon vapor deposition (CCVD) process and purified 

afterwards. MWCNT (Nanocyl 3150), MWCNT-OH (Nanocyl 3153, functionalization 

level < 6 atomic.%.), and MWCNT-NH2 (Nanocyl 3152, functionalization level < 0.5 

atomic.%.) had average diameter of 10 nm, average length less than 1 μm, and carbon 

purity higher than 95% (datasheet ref: NC3150DS–01 June 2005).  

2.2. Preparation of composites 

The polymeric compatibilizer (PEgMA) and carbon nanotubes (CNTs) were mixed with a 

conical twin–screw microcompounder (DSM Midi 2000) to produce PEgMA–CNT 

masterbatches with CNT content of 20 wt.%. The melt mixing  of masterbatches was done 

with a screw temperature of 150°C, a screw rotation speed of 150 rpm, and a mixing time 

of 5 min. The masterbatches were granulated and blended with HDPE in the melt 

compounder to produce the final composites, and then injection molded to test specimens 

with a DSM microinjection molding instrument. The CNT–wt.% in the final composites 

was 2 or 6. The melt mixing  of composites was done with a screw temperature of 200°C, a 

screw rotation speed of 100 rpm, and a mixing time of 5 min, and the injection molding 

with a temperature of feed unit of 180°C, a mold temperature of 40°C, and a piston 

pressure of 5-6 bar. The test specimens produced by injection molding used in the 

mechanical, CLTE, and SEM investigations were 1.5 mm thick, 5.0 mm wide, and had a 
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gauge length of 35 mm, while the disk–shaped specimens used in tribological studies were 

1.5 mm thick and 25 mm in diameter. 

2.3. Characterization 

Dispersions of CNTs in PEgMA and HDPE–PEgMA were characterized by 

scanning electron microscopy (Hitachi S–4800). All samples were coated with Pt–Pd alloy 

(layer thickness of 1.5–2 nm) to facilitate the measurements. The CNTs in PEgMA were 

examined on fracture surfaces of the masterbatches broken at the temperature of liquid 

nitrogen.  For characterization of CNTs in HDPE–PEgMA and in PEgMA, sample pieces 

were pretreated by reactive ion etching with oxygen as reactive etching gas. Etching was 

carried out with an Oxford Plasmalab 80 Plus reactive ion etching system where the 

working pressure in the chamber was 80 mTorr and the oxygen flow was 20 SCCM. The 

etching time was 30 s, and the etching power was 100 W for HDPE–PEgMA–CNT 

composites, and 300 W for PEgMA–CNT masterbatches.  

Thermogravimetric analysis (TGA) was done to determine the amounts of CNTs 

and the decomposition temperatures of the masterbatches and composites. TGA 

measurements were carried out on a Mettler Toledo TGA/STDA851
e
 under a nitrogen gas 

flow (50 ml/min), between 25 and 600 °C, with a heating rate of 20 °C/min. Three 

measurements were made of each sample. 

Differential scanning calorimetry (DSC) was performed on a Mettler Toledo 

DSC823
e
 under a nitrogen gas flow (50 ml/min) between 25 and 200 °C with heating rate 

of 10 °C/min. The DSC program included two heating–cooling cycles. The melting and 

crystallization temperatures and the crystallinity were determined from the second heating-

cooling cycle. The determined values are the averages of three measurements.  
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Thermomechanical analysis (TMA), done to determine the coefficient of linear 

thermal expansion (CLTE) of the composites containing unmodified MWCNTs, was 

carried out on a Mettler Toledo TMA/SDTA841
e
 with a ball–point probe (3.0 mm). 

Measurements were performed between two quartz disks (d= 6 mm) under a nitrogen gas 

flow (30 ml/min) between 40 and 120 °C with a heating rate of 5 °C/min and normal load 

of 0.05 N. The TMA program included two heating–cooling cycles, and the CLTE was 

recorded from the second heating. TMA measurements were made in injection molding 

direction (flow) and perpendicular to the injection direction (normal) using tensile test 

specimens, which were cut, vertical to the injection direction, into pieces of 3.5 mm from 

the middle. Hence each specimen had a height of 1.5, depth of 5, and length of 3.5 mm. 

TMA measurements were made first in flow and then in normal direction. The CLTE value 

is the average of three measurements. 

Mechanical testing of composites was carried out on material testing equipment 

(Zwick Z010–TH2A model 2001) with a crosshead speed of 50 mm/min. Calculations were 

performed with TestXpert version 8.1 software. Eight standard tensile specimens were 

tested for each series. The Young’s modulus was determined from the elastic region of the 

stress–strain curve. Tensile strength was the maximum at yield point for the CNT 

composites and PEgMA, and the maximum of the stress–strain curve for HDPE and 

HDPE–PEgMA references. 

Measured Young’s moduli of composites were compared with values predicted by 

Mori–Tanaka and Halpin–Tsai composite theories. According to a model based on Mori–

Tanaka composite theory and reformulated by Tandon and Weng [28], the longitudinal and 

transverse moduli (E11 and E22) of composites can be expressed with equations 
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E11/Em = A / [A+Φf(A1+2νmA2)] 

E22/Em = 2A / [2A+Φf[-2νmA3+(1-νm)A4++(1+νm)A5A]] 

where Em and νm are Young’s modulus and Poisson’s ratio of the matrix and Φf is the 

volume fraction of the filler. Functions of Eshelby’s tensor (A, A1–A5) depend on 

properties of the filler and matrix [26–28].
 

According to the Halpin–Tsai composite theory, the longitudinal and transverse 

moduli (E11 and E22) can be calculated with the formulas 

E/Em = (1+ ζηΦf)/ (1-ηΦf) 

η = (Ef/Em-1) / (Ef/Em+ ζ) 

where Φf is the volume fraction of filler and E, Ef, and Em are the Young’s moduli of the 

composite, filler, and matrix. The shaper parameter, ζ, is 2 for E22 and 2(l/d) for E11, where 

l/d is the aspect ratio of the filler [5,27,29–30].
 

For randomly oriented composites the equations based on Halpin–Tsai composite 

theory can be presented as 

E/Em = 3/8*[(1+ ζηLΦf)/ (1-ηLΦf)] + 5/8*[(1+ 2ηTΦf)/ (1-ηTΦf)] 

ηL = (Ef/Em-1) / (Ef/Em+ ζ) 

ηT = (Ef/Em-1) / (Ef/Em+ 2) 

where ζ is 2(l/d) and l/d is the aspect ratio of the filler [5,31]. 

In the calculations, Poisson’s ratio of 0.3 [32–33],  density of 2.0 g/cm
3
 [30,34,35], 

Young’s modulus of 50 GPa [36–38], and estimated aspect ratio of 100 were used for 

MWCNTs, and Poisson’s ratio of 0.35 [39,40] and Young’s moduli measured for HDPE–

PEgMA reference samples (0.66–0.70 GPa) were used for the matrix. 

Tribological measurements were performed with a CSM Instruments Tribometer 

using a pin–on–disk geometry. A cylindrical steel pin with diameter of 6 mm was fixed at a 
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45–degree angle toward the disk–shaped sample (d= 25 mm, h= 1.5 mm) with radius of 8 

or 10 mm. The tests were made at room temperature with a linear speed of 0.15 m/s, normal 

load of 25 N, and total sliding distance of 500 m. Six measurements were made of each 

sample, and the average of the measurements was calculated. The friction coefficient (μ) 

was observed as an average of values between 0 and 500 m. The wear was calculated as the 

difference between average penetration depths of 490–500 m and 90–100 m. 

3. Results and discussion 

3.1. Dispersion of CNTs in nanocomposites characterized by SEM 

The CNTs in PEgMA–MWCNT masterbatches prepared by melt mixing were 

characterized by SEM. Images of MWCNT–OH and melt mixed strands of PEgMA and 

PEgMA–MWCNT–OH(20) masterbatch are shown in Figure 1. Comparisons of the images 

of cryofractured surfaces (Fig. 1b–1c) and etched surfaces (Fig. 1d–e) of PEgMA and 

PEgMA–MWCNT–OH do not readily reveal the dispersion at nanoscale because of the 

high content (20 wt.%) of CNT in PEgMA. The etched surface of PEgMA is evidently 

smoother than that of the masterbatch containing nanotubes, however. 

Figure 2 presents SEM images of surfaces of HDPE–PEgMA(24) and HDPE–

PEgMA(24)–MWCNT(6) after reactive oxygen etching, recorded from the middle of 

tensile test specimens in normal direction. The flow direction in the figure is horizontal. 

Single MWCNTs and MWCNT agglomerates with a size up to 1 µm were present in 

nanocomposites. Interestingly, the individual nanotubes appear to be orientated in flow 

direction and perpendicular to the striated surface pattern of the polymer. In all 

nanocomposites CNTs existed in isolated and agglomerated forms. Modification or content 

of CNTs seemed to have no effect on size or amount of the CNT agglomerates. 
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3.2. Thermal properties of composites characterized by TGA, DSC, and TMA 

The influence of carbon nanotubes and PEgMA on the thermal properties of HDPE was 

investigated in terms of decomposition temperature, crystallinity, melting temperature, 

crystallization temperature, and linear thermal expansion. TGA results show that CNT 

contents in PEgMA and HDPE–PEgMA agree well with the amounts weighed for the 

preparation of composites. Incorporation of CNTs into PEgMA and HDPE–PEgMA 

increased the decomposition temperature (over 10 °C for 6 wt.% CNT addition to HDPE–

PEgMA) indicating that the presence of CNTs hinders the decomposition at high 

temperatures. Increase of the decomposition temperature of polyethylene by the addition of 

nanotubes has been reported earlier [18–19,41]. We observed only slight changes in 

crystallinity, melting temperature, and crystallization temperature when CNTs were added 

to PEgMA and HDPE–PEgMA. In line with this, other research groups have reported slight 

or no change in the thermal properties of PE–CNT composites prepared by melt 

compounding [8,18–19,21]. Crystallinity of PEgMA was over 10% higher than that of 

HDPE. 

Figure 3 shows the coefficients of linear thermal expansion (CLTEs) of samples 

from tensile test specimens in temperature range of 40–100 °C in flow and normal 

directions. In flow direction, CLTEs of the samples are closely similar, with HDPE 

showing the lowest value (Fig. 3a). In normal direction, neat PEgMA has the lowest and 

neat HDPE the highest CLTE, and addition of PEgMA to HDPE causes a decrease in 

CLTE. In normal direction, the CLTE of HDPE increases faster than the CLTE of PEgMA 

as a function of temperature (Fig. 3b). Since PEgMA has a higher crystallinity than HDPE, 

the microscopic structures of the injection molded specimens differ, and CLTEs of HDPE 
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and PEgMA are dissimilar in both flow and normal directions. Further, since the CLTE 

values of HDPE–PEgMA–MWCNT composites are independent of the CNT content in 

both flow and normal directions, we can conclude that the addition of MWCNTs has no 

influence on the morphology of the matrix. 

The main factors influencing the CLTE of polyethylene are the ratio of crystalline 

regions to amorphous regions and the orientation of the crystallographic c–axis (chain axis) 

relative to the measuring direction. The crystalline regions expand less than the disordered 

regions because of the restricted freedom of chain movements in crystalline regions. The 

crystallographic c–axis is parallel to the carbon–carbon polymer chain and therefore has 

lower CLTE than the crystallographic a– and b–axes [22]. 

The difference in the CLTEs of the measured samples in flow and normal direction 

may be explained by the crystallographic orientation or the anisotropic multilayer structure 

of injection molded specimens or both. Conventional injection molding of polyethylene 

leads to skin–core structure since contact of hot polyethylene melt with the cold mold walls 

produces a temperature gradient and high stress for the melt, with resulting high orientation 

of polyethylene chains near the surface. In the skin layer, polyethylene chains are oriented 

in flow direction and form lamellas, while in the core the lamellas appear in the form of 

spherulitic crystals [42–43]. Four distinct layers have been characterized in an injection 

molded specimen of linear polyethylene [42]. Properties of the polymer, the processing 

parameters, and the geometry of the mold influence the formation of these layers and the 

orientation of polymer chains [42–44]. Moy and Kamal [45] found that maximum 

crystallinity of injection molded polyethylene occurs at the center, while maximum 
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orientation occurs near the surface. Predominantly it is the crystallographic a–axis that is 

oriented in flow direction, but the orientation of the c–axis in flow direction increases 

toward the surface [45]. 

In the measurements in flow direction the measured surface is the cross–sectional 

area of the tensile test specimen, and adjacent layers are expanding independently.  Since 

the thermal expansion is measured between two quartz disks, the layer with highest CLTE 

determines the final CLTE value. In normal direction, however, the layers lie one upon the 

other, forming a sandwich–like structure, and all layers influence the final value.  

3.3. Mechanical properties of composites 

Mechanical properties of HDPE–PEgMA–CNT composites and reference samples are 

presented in Figure 4. Young’s modulus and the tensile strength of HDPE–PEgMA 

increased and breaking strength and elongation at break decreased upon the addition of 

CNTs. Similar results were obtained for unmodified and modified CNTs indicating either 

that covalent bonding between functional groups of CNTs and the maleic anhydride group 

of PEgMA did not take place or that the level of reacted groups was insignificant. Note 

that, because of its higher crystallinity, PEgMA had clearly higher Young’s modulus, 

tensile strength, breaking strength, and elongation at break than HDPE did. 

Our results showed Young’s modulus and tensile strength to increase upon addition 

of CNTs to HDPE–PEgMA even though the level of crystallinity remained unchanged. 

CNT nanodispersion in composites is not optimal (see SEM findings), and  interactions 

between matrix and nanotubes appear to occur merely as non–covalent bonding.  Moreover, 

the  aspect ratio of the nanotubes was only 100, whereas the typical aspect ratio of CNTs is 
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300–1000 [6]. At the same time, the small tube diameter and short length may be 

considered to facilitate the dispersion. Decreases in breaking strength and elongation at 

break were probably due to the presence of CNT agglomerates in the nanocomposites. 

Agglomerates may work as initiation sites for failure or accelerate the final breakage [7]. 

Similar trends in mechanical properties have  been reported for CNT–  reinforced 

UHMWPE composites [14]. Chrissafis et al. [18] found addition of 2.5 wt.% of MWCNT 

to HDPE to increase Young’s modulus (30%) and decrease elongation at break and 

breaking strength, while tensile yield strength was unchanged.
 

Increased Young’s modulus and tensile strength indicate stress transfer between the 

HDPE–PEgMA matrix and CNTs. In the case of non–covalent interactions, adhesion can 

be produced by van der Waals interactions or mechanical interlocking or both. Mechanical 

interlocking  may be promoted by entanglements between CNTs and the matrix and surface 

defects of CNTs, as well as by the thermal mismatch of CNTs and polyethylene. Moreover, 

the linear structure of CNTs may enhance the mixing of CNTs with HDPE and PEgMA 

chains [46].  In our studies, similar tensile  strengths were obtained for unmodified and  

modified CNTs, which suggets that even in the case where interactions in nanocomposites 

involve only non–covalent bonding, the addition of CNT masterbatch to polyethylene leads 

to higher tensile strength. Clearly, when both single CNTs and agglomerates of CNT exist 

in a composite, properties will be the result of both. Evidently, single CNTs have a 

reinforcing effect on composites, while agglomerates may act as defects and decrease the 

strength and toughness. 
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Experimental Young’s moduli of HDPE–PEgMA–CNT composites were compared 

with Young’s moduli predicted by models based on the theories of Mori–Tanaka and 

Halpin–Tsai  (Table 1) CNTs are reported [7,47] to have very high Young’s modulus, up to 

1 TPa; for arc–grown MWCNTs, for example, Young’s moduli are in the range of 270–950 

GPa [47].  Note, however, that defects in CNTs significantly reduce Young’s moduli. 

Currently, large–scale production of CNTs is mostly done by chemical vapor deposition 

(CVD) process, which produces defects in CNTs. For CVD–grown MWCNTs, Young’s 

moduli are lower than 100 GPa [36,37] and values are strongly dependent on tube diameter 

[38].  For our calculations, therefore, we used a Young’s modulus of 50 GPa for MWCNTs.  

Measured values of Young’s moduli were lower than the predicted values for 

longitudinal directions (E11) and higher than the predicted values for transverse directions 

(E22), where predicted values were obtained by Mori–Tanaka and Halpin–Tsai theories. 

Further, the measured values were lower than the Young’s moduli predicted by the model 

based on the theory of Halpin–Tsai for randomly oriented fibers. These results indicate that 

only moderate coupling was achieved between carbon nanotubes and the matrix. Moreover, 

the presence of CNT agglomerates may reduce the functional aspect ratio of the filler, 

resulting in lower modulus. In addition, melt compounding shortens nanotubes from the 

initial length [48]. Interestingly, increase in CNT content from 2 to 6 wt.% was 

accompanied with only a moderate increase in measured Young’s moduli compared to the 

moduli predicted by Halpin–Tsai theory for randomly oriented fibers (Table 1). Evidently 

stress transfer between CNTs and the matrix is less effective at the higher CNT 

concentrations.  
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3.4. Tribological properties of composites 

Wear and friction properties of HDPE–PEgMA–CNT nanocomposites and reference 

samples, obtained by pin–on–disk geometry, are presented in Figure 5. As expected from 

its higher crystallinity and higher Young’s modulus, the results show PEgMA to have a 

clearly lower friction coefficient and higher wear resistance than HDPE. Additions of 

CNTs to HDPE–PEgMA caused only slight changes in the tribological properties. 

Moreover, results were similar for composites containing unmodified and modified CNTs. 

It should be noted that tribological measurements were made in normal direction, and the 

results are comparable to the CLTE results obtained by TMA in the same direction. In 

normal direction, PEgMA exhibits the lowest and HDPE the highest CLTE, friction 

coefficient, and wear. 

4. Conclusions 

In studies of HDPE–PEgMA–CNT nanocomposites prepared by two–step melt 

compounding. SEM results indicated the presence of CNTs in HDPE–PEgMA in isolated 

and agglomerated form. In the surface layer of tensile test specimens, isolated CNTs 

appeared to be orientated in flow direction and perpendicular to the striated pattern of the 

matrix. Since the hydroxyl and amine modifications of CNTs had no notable effect on the 

properties of composites, we deduce that no reactions took place between functional groups 

(hydroxyl or amine) of modified CNTs and anhydride groups of PEgMA. The interactions 

between nanotubes and polymer matrix appear to involve non–covalent bonding. With the 

moderate interaction and adequate dispersion of nanotubes, increases in Young’s modulus, 

tensile strength, and decomposition temperature were obtained with no major changes in 

thermal or tribological properties of HDPE–PEgMA. Theoretical predictions supported our 
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experimental findings that non–covalent interaction between CNTs and matrix allows stress 

transfer from matrix to nanotubes, thereby increasing Young’s modulus.  
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Table 1. Measured and predicted Young’s moduli of the MWCNT composites. 

  Young’s modulus (GPa) 

Sample (wt.% in composite) Experimental Mori–Tanaka 

theory 

Halpin–Tsai 

theory 

Halpin–Tsai 

theory  for 

randomly 

oriented 

fibers 

    E11 E22 E11 E22 E 

HDPE 0.66 ± 0.03 

     HDPE-PEgMA(8) 0.66 ± 0.04 

     HDPE-PEgMA(24) 0.70 ± 0.03 

    

  

HDPE-PEgMA(8)-MWCNT(2) 0.74 ± 0.01         

 
HDPE-PEgMA(8)-MWCNT-OH(2) 0.76 ± 0.08 0.90 0.69 1.00 0.68 0.80 

HDPE-PEgMA(8)-MWCNT-NH2(2) 0.75 ± 0.02         

 
HDPE-PEgMA(24)-MWCNT(6) 0.90 ± 0.04 

    

  

HDPE-PEgMA(24)-MWCNT-OH(6) 0.93 ± 0.05 1.28 0.77 1.78 0.76 1.14 

HDPE-PEgMA(24)-MWCNT-NH2(6) 0.90 ± 0.02           
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Figure captions 

 

Figure 1. SEM images of MWCNT–OH (a), fracture surfaces of PEgMA (b) and PEgMA–

MWCNT–OH (20) masterbatch (c), and etched surfaces of PEgMA (d) and PEgMA–

MWCNT–OH (20) masterbatch (e). 
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Figure 2. SEM images of etched tensile test specimens of HDPE–PEgMA (24) (a,b) and 

HDPE–PEgMA(24)–MWCNT(6) (c,d) recorded in normal direction. Flow direction is 

horizontal. 

 

 

Figure 3. Coefficients of linear thermal expansion (CLTE) of HDPE, PEgMA, and HDPE–

PEgMA–MWCNT composites in flow (a) and normal (b) directions. 
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Figure 4. Mechanical properties of HDPE, PEgMA, and HDPE–PEgMA, and of 

nanocomposites HDPE–PEgMA–MWCNT, HDPE–PEgMA–MWCNT–OH, and HDPE–

PEgMA–MWCNT–NH2. Note that HDPE and PEgMA (dashed lines) and HDPE–PEgMA 

do not contain CNTs. 

 

Figure 5. Friction coefficients and wear rates of HDPE–PEgMA–MWCNT, HDPE–

PEgMA–MWCNT–OH, and HDPE–PEgMA–MWCNT–NH2 nanocomposites against a 

steel pin compared with those of HDPE, PEgMA and HDPE–PEgMA references. 
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