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Abstract 

This article reports some morphological, tribological, and mechanical data on polyamide-

11(PA11)/halloysite nanotube (HNT) nanocomposites prepared by melt-compounding. HNTs 

extracted from the Djebel Debbagh deposit in Algeria were incorporated into the polymer at 1, 

3, and 5 wt%. For comparison, commercial HNTs were also used under the same processing 

conditions. Scanning electron microscopy showed that both HNTs were homogeneously 

dispersed in the PA11 matrix, despite the presence of few aggregates, in particular at higher 

filler contents. The tribological properties were significantly improved, resulting in a decrease 

in the friction coefficient and the wear rate characteristics due to the lubricating effect of HNTs. 

This is consistent with optical profilometry data, which evidenced the impact of both types of 

HNTs on the surface topography of the nanocomposite samples, in which the main wear process 

was plastic deformation. Furthermore, Young’s modulus and tensile strength were observed to 

increase with the filler content, but to the detriment of elongation at break and impact strength. 

Regarding the whole data, the raw Algerian halloysite led to interesting results in PA11 

nanocomposites, thus revealing its potential in polymer engineering nanotechnology. 
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1. Introduction 

Polyamide-11 (PA11) is a versatile thermoplastic polymer exhibiting excellent 

characteristics in terms of abrasion and chemical resistance, piezoelectric and ferroelectric 

properties or resistance to heat [1]. Moreover, PA11 is biocompatible and has the advantage to 

be less hydrophilic than the commonly used polyamide-6 and 6,6 [2,3].Therefore, PA11 is 

widely used as engineering polymer in a wide range of industrial fields, from automotive to 

offshore applications, including food packaging. Indeed, polyamides, especially PA6 and 

PA6,6, are widely used as a replacement for bronze, brass, aluminum or steel parts as wear 

materials [5] due to their hardness, strength, and tribological properties [4]. However, PA11 has 

poor wear resistance [4], which can limits its application in the offshore or automotive fields, 

with wear being the most important constituent of tribology [6]. In order to improve the 

tribological properties of polyamides, several methods have been reviewed with as main 

challenge the reduction of wear and friction rates in order to save and reduce the energy while 

increasing the productivity[6]. One of the most promising approach is the nanocomposite 

technology, where recent investigations on the influence of different nanofiller particles in 

polyamides, have shown a considerable improvement in tribological properties even at low 

filler content [4,7–9].Nevertheless, the mechanism which describes the nanoparticles effect in 

enhancing the wear resistance of polymers remains still in debate[10]. One explanation for the 

wear behavior of nanocomposites can be related to the high contact surface area of the 

nanofiller, which favors the interactions polymer-filler[11]. 

Recently, halloysite nanotubes (HNTs)have attracted significant attention as a new type 

of nanofiller for polymer nanocomposites in relation to those most commonly used, i.e. 

montmorillonite clays and carbon nanotubes (CNTs)[12].HNTs have a higher intrinsic stiffness 
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compared to the montmorillonite nanoplatelets [13,14]. They are inexpensive, naturally 

available and biocompatible[15]. In addition, HNTs do not require exfoliation due to their 

unique tubular structure with few hydroxyl groups on the surface. HNTs are minerals of the 

kaolin group with the following chemical composition:Al2Si2O5(OH)4.nH2O.Various 

polymer/HNTs nanocomposite systems were investigated using different matrices based on 

polymer thermoplastics [13,16–20], thermosets [21–24] and elastomers [25,26]. The main 

results arising from these studies indicated an enhancement of tensile properties such as 

Young’s modulus and tensile strength, thermal stability and fire retardancy.PA11/HNTs system 

has not been investigated extensively and only a few publications can be found in the open 

literature [1,27,28]. Prashantha et al.[27] reported that addition of HNTs to PA11 realizes a 

tailor-made material with multifunctional characteristics, while in recent papers, the Algerian 

HNTs were successfully used both as reinforcing agent and compatibilizer in various polymer 

blends : PA11/PS [29], PA11/SEBS-g-MA [30]or PHBV/PBS[31]. 

In this work, we aimed to investigate the tribological and mechanical properties of 

PA11nanocomposites filled with raw Algerian halloysite prepared by melt mixing at filler 

contents of 1, 3 and 5 wt%. The results will be discussed on the basis of those obtained with a 

commercial halloysite and neat PA11.  

2. Experimental 

2.1. Materials 

PA11 (Rilsan® LMNO) was supplied by Arkema(France). According to the 

manufacturer, this grade is free of additives. The weight average molecular weight = 51000 

g/mol with a density of 1.02 g/cm3.Algerian halloysite nanotubes (referenced as HNTs A) were 

extracted from Djebel Debbagh deposit in Guelma (Algeria). The filler particles have an 

average diameter of 25 µm and a surface area of 51.4 m2/g. Fig.1 shows a TEM micrograph of 
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raw Algerian halloysite nanotubes. For further details, see ref. [31]. Prior to use, the stone-like 

raw HNTs A were finely ground into powder using a laboratory mill and sifted through a 40 

µm sieve to obtain particles having an average diameter of 25 µm. A commercial halloysite 

(referenced as HNTs C) was purchased from Sigma Aldrich (France) and used for comparison 

purpose. The main characteristics of HNTs Care as follows: outer diameter= 30-70 nm,length 

= 1.3 μm, density = 2.53 g/cm3,surface area = 64 m2/g and CEC= 8 meq/g. Prior to processing, 

HNTs and PA11 were dried under vacuum at 80°C for 24 h and overnight, respectively, to 

remove moisture traces. 

 

Fig 1.TEM micrograph of Algerian halloysite nanotubes. 

2.2. Sample preparation 

Various PA11/HNTs nanocomposite samples filled at 1, 3 and 5wt% were prepared by 

melt compounding under vacuum in a semi-industrial twin-screw extruder (BC 21 Clextral) 

having a screw diameter (Φ) = 25 mm and length to diameter ratio (L/Φ) = 48 at a screw speed 

of 250 rpm according to the compositions reported in Table 1.The temperature profile was 

140/230/235/245/250 °C from the hopper to the die. After pelletizing, the granules were dried 

under vacuum at 80°C overnight and then injection molded into standard test specimens for 
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tribological and mechanical tests using an injection-molding machine KM50-180X (Krauss 

Maffei). The temperature profile ranged from 220 to 225 °C and the mold temperature was kept 

at 40 °C. Holding pressure and screw rotation speed were 135 bar and 100 rpm, respectively, 

with a throughput of 50 cm3/s.  

Table 1.Codes and composition of the samples. 

Sample PA11 (wt%) HNTs A (wt%) HNTs C (wt%) 

PA11 100 0 0 

PA11/H1 99 1 0 

PA11/H3 97 3 0 

PA11/H5 95 5 0 

PA11/HC1 99 0 1 

PA11/HC3 97 0 3 

PA11/HC5 95 0 5 

 

2.3. Characterization 

2.3.1. Scanning electron microscopy (SEM) 

SEM was conducted under high vacuum with an environmental SEM Quanta 200 FEG 

(FEI Company) operating at 12.5 kV. SEM was used to evaluate the degree of dispersion of 

HNTs in PA11 matrix. Specimens obtained by injection molding were cryo-fractured and 

coated with a thin carbon layer and the fracture surfaces were observed in the back-scattered 

electrons (BSE) mode. Moreover, the fracture surface of the samples after Charpy test as well 

as the worn surfaces after being sputter-coated with a silver gold film were also observed. 
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2.3.2. Tribological measurements 

Tribological tests were carried out on a CSM pin-on-disk tribometer according to ASTM 

G99-05 standard procedure. An assembly diagram of the friction pairs is shown in Fig.2. A 

spherical ended pin is placed in contact with the sample surface (disc) under a predetermined 

load, which generates a friction force. 6 mm diameter hardened steel ball was involved as the 

counter body. All the sliding tests were performed under ambient conditions with a normal load 

of 10 N at a sliding speed of 0.3 m/s and a sliding distance of 800 m. The wear track radius 

considered was 6 mm. Before the test, the surface roughness of the samples (Ra) was 

determined using a piezoelectric transducer roughness meter (TR100). The surfaces were 

cleaned and thoroughly dried to remove all dirt and foreign matter. 

 

Fig 2. Schematic diagram of the friction pairs in the pin on disc tribometer. 

During sliding, the friction coefficient was continuously measured and recorded in real 

time by the tribometercomputer software (TriboX) and the average value is given. The average 

values of friction coefficient in the test range were used as the friction coefficient of samples 

[32].The wear rate (W) (mm3/N.m) of each specimen was calculated using Equation 1.  

𝑊 = 𝑉𝑑𝑖𝑠𝑘 𝐹𝐷𝑠⁄ (Equation 1) 
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Wher eF is the load used, Ds the sliding distance and Vdisk, the disc volume loss which is given 

by Equation 2. 

𝑉𝑑𝑖𝑠𝑘 = 2𝜋𝑅[𝑟2 𝑠𝑖𝑛−1 (
𝑑

2𝑟
) − (

𝑑

4
) (4𝑟2 − 𝑑2)1/2](Equation 2) 

Where R is the wear track radius, d the wear track width and r, the pin end radius.                          

The wear track width (d) was determined using an optical microscope (Nikon) and image 

analysis software. At least four measurements were recorded for each sample at different 

representative locations in the track and the average values were reported.  

2.3.3. Tensile test 

Stress-strain analysis was evaluated from ISO 527-2 IA type tensile bars according to 

ISO 527 standard test procedure. Young’s modulus was accurately measured using an 

extensometer clip-on incremental (ZwickRoell) at a cross-head speed of 1 mm/min, whereas 

yield strength and elongation at break were determined at a speed of 20 mm/min. The 

measurements were carried out with a tensile machine Zwick Z010 (ZwickRoell) at 

environmental conditions. Prior to testing, the samples were stored at 23 °C and 50% RH for 

10 days, according to ISO 527 standard. At least ten specimens of each formulation were tested 

and the average values were reported. 

2.3.4. Charpy impact  

Notched Charpy impact strength of the samples was determined using a Zwick 5102 

pendulum impact tester (ZwickRoell) according the ISO 179 standard test procedure. The 

notched specimens had the following dimensions:80×10×4 mm3 and a depth notch of 2.0 mm. 

Prior to testing, all specimens were stored as dry as molded at 23 °C and 0% RH for 10 days. 

At least ten specimens of each formulation were tested and the average values were reported.  
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Fig.3. SEM micrographs of fractured surfaces of the PA11/HNTs samples. 

 

3. Results and discussion 

3.1. Morphology 

SEM micrographs offractured surface of differentPA11/halloysite nanocomposites 

samples are shown in Fig.3. The images reveal a homogeneous and uniform dispersion of both 

raw and commercial halloysite particles in the PA11matrixmost of the nanotubes being 

  

  

  

PA11/H1 PA11/HC1 

PA11/H3 PA11/HC3 

PA11/H5 PA11/HC5 
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dispersed at the nanoscale. However, a few aggregates, which seem to increase with increasing 

the filler content irrespective to the type of halloysite, are also visible but they are less than 15 

µm in size. These aggregates for HNTs A correspond to the micronic particles resulting from 

the comminution process of raw halloysite. However, the presence of agglomerates in the case 

of HNTs C is quite surprising, regarding the high purity of the commercial clay. This suggests 

that at higher HNTs content, the intensity of the mixing process and the filler-matrix 

interactions were insufficient to facilitate complete break-up of the pre-existing HNTs 

aggregates. The fine dispersion of halloysite particles in PA11 matrix may be the result of good 

affinity between the two components.  

3.2. Tribological properties  

 The surface roughness values (Ra) of neat PA11and PA11/HNTs nanocomposites 

measured before sliding test are reported in Table 2. The obtained results reveal values of Ra 

forthe different samples ranged between 0.26 and 0.35 µm. The values are very small and are 

conform to the ASTM G99-05 standard procedure, which recommends surface roughness 

values less than 0.8 µm. The results confirm also the good preparation procedure of the samples 

and the good adherence of the nanoparticles to the matrix. 
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Table 2.Surface roughness (Ra), average friction coefficient (µ) and Wear rate (W) of neat PA11 and PA11/HNTs 

nanocomposites. 

Sample Surface roughness(Ra) 

(µm) 

Average Friction 

coefficient (µ) 

Wear rate  (W)        (10-5 

mm3/N.m) 

PA11 0.32 0.43± 0.02 8.6 

PA11/H1 0.28 0.39± 0.02 5.7 

PA11/H3 0.3 0.35± 0.03 4.4 

PA11/H5 0.35 0.35± 0.02 4.6 

PA11/HC1 0.32 0.40± 0.02 6.5 

PA11/HC3 0.26 0.37± 0.02 5.3 

PA11/HC5 0.31 0.39± 0.02 5.6 

 

One of the most important characteristics of the tribology is the friction coefficient. In 

this regard, Fig.4 (a) and (b) shows the evolution of the friction coefficient of the neat PA11 

and the different nanocomposite samples as a function of sliding distance for HNTs A and 

HNTs C, respectively. The whole curves exhibit two different stages, i.e. initial and steady state 

stages. In the first stage, which is also called running-in period, the friction coefficient increases 

from a static value to the highest one characterizing the initial step of the friction process. In 

the second stage starting from around 70 m, the friction coefficient remains almost unchanged 

along the sliding distance. According to the data reported in Table 2, the addition of 

HNTsdecreases slightly the friction coefficient of PA11, being maximum at 3 wt% filler 

content. Indeed, the values of the friction coefficient of PA11 nanocomposite samples filled 

with the Algerian halloysite are reduced by about 9% at 1 wt%, while at 3 and 5 wt%, 
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19%decrease is noted. Similar trend is observed for PA11/HNTsC nanocomposites, however 

less pronounced than those filled with HNTsA.  

 

Fig.4. Evolution of the friction coefficient (µ) of the samples as a function of the sliding distance. Nanocomposites 

filled with HNTs A (a) and HNTs C (b). 

 

The improved tribological properties of PA11/HNTs were also investigated through the 

determination of the wear rate (W) and the main results are summarized in Table 2. As well 

(a) 

 

(b) 
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known, any enhancement in the tribological properties requires a reduction of the wear rate. 

The wear track width after sliding tests is illustrated in Fig.5. From Table 2, it appears clearly 

that the addition of HNTs decreases significantly the wear rate of PA11with an optimum filler 

rate of 3 wt%. The incorporation of 1 and 3 wt% of HNTs A reduces W of PA11 from 8.610-5 

to 5.710-5 and 4.410-5 mm3/N.m, corresponding to a decrease of 33.7 and 48.8%, respectively. 

At 5 wt%, the wear rate of the PA11/H5sampleincreases slightly but still remains below that of 

neat PA11. For the PA11 nanocomposites filled with HNTs C, similar trend is also noticed with 

the commercial halloysite, however less pronounced than the PA11/ HNTsA ones. 

 

Fig.5. Wear track width after sliding tests. 

According to the literature [7,8,32–34], the wear rate decrease is interpreted as a result 

of the formation of a tenacious transfer layer on the counter face by the nanoparticles, which 

protects the composite surface from direct contact with the counter face,  reducing thereby, the 

friction and wear of the nanocomposite samples. Whereas, the phenomenon observed at 5 wt% 

may be attributed to the formation of HNTs agglomerates as observed in Fig.3. 

Consequently,the material becomes more easily peeled off during sliding processing [35]. 

Moreover, at higher filler content, crystallinity of the nanocomposite materials is reduced, 

leading to higher friction coefficient and wear rate[9]. 
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Fig.6. SEM micrographs of the worn surfaces during testing under a load of 10 N and at a sliding speed of 0.3 m/s 

of PA11 (a), PA11/H5 (b) and PA11/HC5 (c).  

 

Fig. 6 shows the worn surfaces of the neat PA11 and those of PA11/H5 and PA11/HC5 

nanocomposites. From Fig.6 (a), it can be seen that the matrix shows a rough surface with 

significant damages and the presence of some lumps. This suggests that the wear process is 

governed by plastic deformation and adhesive wear mechanism [9]. Whereas, in Fig.6 (b) 

relative toPA11/H5 sample, the worn surface reveals traces of shallow micro cutting and wear-

particle accumulation. This is due probably to the presence of an excessive amount of halloysite 

particles in the sample (5 wt%),causing a tilting of the adhesive wear towards an abrasive wear, 

impacting negatively both the mechanical strength and shear deformation of the nanocomposite 

(a)                                                                   (b) 

  
                                       (c) 

 



14 
 

surface. Unlike the nanocomposite filled with the commercial halloysite, i.e.PA11/HC5 (Fig.6 

(c)), which see the shearing surface considerably reduced. Indeed, a smoother surface is 

observed with reduced wear particles accumulation. The results are in accordance with the 

tribological measurements, which evidenced the action of halloysite clay through the reduction 

of the friction coefficient and the wear rate. 

Table 3.Main mechanicals properties of neat PA11 and PA11/HNTs nanocomposites obtained by tensile and 

notched Charpy tests. 

 

Sample Young’s Modulus 

(GPa) 

Tensile strength 

(MPa) 

Elongation at 

break (%) 

Impact strength 

(KJ/m2) 

PA11 1219.9 ± 54.9 41.2 ± 0.6 228.1 ± 14.2 5.5 ± 0.3 

PA11/H1 1390.3 ± 55.5 44.6 ± 0.3 160.8 ± 15.6 3.8 ± 0.4 

PA11/H3 1411.1 ± 32.1 43.8 ± 0.3 115 ± 27 3.9 ± 0.2 

PA11/H5 1511.2± 75.4 44.6± 0.3 94.2± 15.6 3.6 ± 0.2 

PA11/HC1 1348.2 ± 47.9 43.6 ± 0.9 224.6 ± 60.5 4.3 ± 0.7 

PA11/HC3 1411.1 ± 35.1 43.9 ± 0.7 129 ± 53.8 3.2 ± 0.4 

PA11/HC5 1463.5 ± 55.3 43.5 ± 0.3 100.6 ± 38.4 3.1 ± 0.6 

 

3.3. Mechanical properties 

Both tensile and impact strength values of neat PA11 and PA11/HNTs nanocomposites 

are provided in Table 3. As expected, the incorporation of 5 wt% of HNTs Ain PA11induces 

an increase in Young’s modulus of the nanocomposite sample by24% compared to the neat 

polymer. This is attributed to the reinforcing effect of the clay filler and it is consistent with the  

literature data [1,13,36–38]. On the other hand, the elongation at break of PA11/H5decreasesby 
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58% compared to neat PA11, while its impact strength is reduced by 34%.Similar trend is also 

observed with HNTs C in PA11 nanocomposites, however the effect is less pronounced than 

the Algerian halloysite. Indeed, the Young's modulus value of PA11/HC5 only increases by 

20%, while its impact strength decreases by almost 44% compared with the neat PA11. 

According to the literature [14], an improvement of mechanical properties of the 

nanocomposite materials depends on the degree of dispersion of the filler in the polymer matrix 

together with filler-filler and filler-polymer matrix interactions. Therefore, the enhancement of 

tensile strength of the nanocomposites is only due to the intrinsic stiffness of the individually 

dispersed halloysite nanotubes [13]. Regarding toughness, halloysite nanotubes can play a 

double role, i.e.in the first instance the HNTs can enhance the toughness via a crack-bridging 

effect [13,36], while in the second scenario, halloysite aggregates can cause stress 

concentrations in the sample, increasing its brittleness. 

In order to gain a better understanding on the mechanical behavior effect of halloysite 

on PA11, SEM micrographs of the fractured surface of PA11 loaded at 5 wt% with both HNTs 

A and HNTs C after undergoing the notched Charpy impact test are shown in Fig.7 (a)and(b), 

respectively. Both figures show a good interfacial adhesion between halloysite nanotubes and 

PA11matrix, confirming thus the surface roughness results (Table 2). Moreover, most of HNTs 

particles are well imbedded in the polymer matrix even if some pulled out nanotubes are 

observed. 
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Fig.7. SEM micrographs of fractured surfaces of PA11/H5 (a) and PA11/HC5 (b) after undergoing notched Charpy 

test.  

 

(a) 

 

(b) 
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4. Conclusions 

The study focused on the use of crude Algerian halloysite as nanofiller in PA11 matrix 

in order to improve the tribological and mechanical performances of the nanocomposite 

materials prepared by melt mixing. The data obtained were compared to those obtained with 

commercially pure available halloysite. The SEM analysis of PA11/HNTs nanocomposites 

morphology showed a regular dispersion of HNTs in PA11 even though the formation of filler 

aggregates was evident, especially at higher content ratio. The addition of both halloysite 

nanotubes to PA11 improved its tribological properties by reducing both the friction coefficient 

and wear rate parameters, however the effect was more pronounced for the nanocomposite 

samples filled with the Algerian halloysite. Furthermore, 3 wt% appeared to be the optimum 

filler ratio. Moreover, the mechanical data indicated a reinforcement effect of HNTs in PA11 

nanocomposites with however, a relative loss of toughness. The whole results led to the 

conclusion that the use of raw Algerian halloysite is promising in the elaboration of PA11 

nanocomposites since no prior treatment is necessary. It has the potential to compete with the 

commercial ones as reinforcement agent to improve tribological and mechanical performances 

of PA11. 
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