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Abstract 

The tribological behaviour of chitosan 

(CS) filled polylactic acid (PLA)/ basalt fiber 

(BF) reinforced (PBC) composites of three 

different volume fraction were studied using 

Pin-on-Disc wear tester under dry sliding 

conditions. The worn out surfaces of the 

composites were examined by scanning electron 

microscope (SEM) and wear mechanisms 

dominating each sliding conditions were 

classified. The wear maps were used to study the 

influence of sliding velocity and normal force 

over the Co-efficient of friction (µ), contact 

temperature (CT) and wear rate (WR). A wear 

mechanism map was developed by using Fuzzy 

C- Means Clustering Algorithm Method (FCM) 

to study the wear mechanism of composites. 

Results showed increased weight percentage of 

basalt and chitosan in PLA played a vital role in 

increasing the wear resistance.  

Keywords: PLA/Basalt/Chitosan Composites; 

Pin-On-Disc; Wear Rate; Wear mechanism 

maps; Coefficient of friction; Contact 

temperature; Scanning Electron Microscope 

(SEM). 

1. Introduction 

The advance technology focus on 

sustaining natural environment and green 

chemistry leads the development of the next 

generation of materials, products and processes. 

In the today’s world, the need for application of 

environmentally friendly biodegradable 

polymers, especially produced from renewable 

resources, is increasingly coming to focus [1-4]. 

Hence natural fibers are suggested due to its low 

cost, bio friendly and renewable characteristics 

[5-6]. 

Polylactic acid (PLA) is a firm 

thermoplastic that has a special interest as a 

matrix in hybrid Composite materials. PLA is a 

highly recommended biopolymer and is 

highlighted because it is derived from a 

renewable resource such as corn, wheat, rice, 

potato, tapioca. It also has good mechanical 

properties, tensile strength of 60 MPa, tensile 

modulus of 3 GPa. PLA parts reinforced with 
273 
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natural plant fibers found to have slight 

increase in mechanical parameters due to the 

temperature and shear sensitive property of the 

natural plant fibers [7]. A possible alternative for 

the natural plant fibers is the mineral basalt 

fibers [8]. Tensile strength of basalt fiber tends 

to increase with increasing drawing temperatures 

due to increasing proportions of crystal nuclei of 

basalt at lower temperatures [9]. The increasing 

application of basalt fiber raised the question 

whether basalt fiber is harmful to health. Kogan 

et al made rats inhale air containing asbestos and 

basalt fibers for 6 months. According to the 

results, basalt fibers seem to be a good selection 

to reinforce PLA composites [10].  

Chitosan is a linear polysaccharide 

composed of randomly distributed D-

glucosamine (deacetylated unit) and N-acetyl-D-

glucosamine. Chitosan and its derivatives are 

very attractive candidates as scaffold composites 

because they apparently degrade as new tissues 

are formed, without inflammatory reactions or 

toxic degradation [11]. Kim et al. [12] noted that 

chitosan has been extensively used in bone 

tissue engineering because of its capacity to 

promote growth and mineral rich matrix 

deposition by osteoblasts in culture. Also, 

chitosan is biocompatible and biodegradable. 

Besides its biodegradability and 

biocompatibility, Chitosan is reported to be an 

active polymer with antimicrobial activity [13]. 

The use of composites as another class 

of engineering materials is very vital to the 

success of any industrialized nation. Numerous 

research institutes adopted the challenge of 

developing and improving the existing 

composites. Record available shows that the 

present global consumption is continually 

increasing [14 & 15]. Hence natural fibers are 

suggested due to its low cost, bio friendly and 

renewable characteristics [16]. 

2. Materials and Methods 

2.1 Materials:  

Poly lactic acid (PLA) biopolymer 3052 

D designed for injection moulding application in 

pellet form was obtained from Nature-Tec India 

Pvt Ltd., Chennai, Tamilnadu, India. It was 

dried at 120°C for 6 hours prior to extrusion. 

Significantly higher adhesion could be 

developed between the phases, because the 

residual moisture could induce degradation and 

it could also weaken the adhesion between the 

fibers and the matrix material. The basalt fiber 

used in this work was supplied from Muktagiri 

Industrial Corporation, Borivali West, Mumbai, 

India, and it was supplied as silane treated, 

developed specially for strong adhesion with 

Poly lactic acid (PLA). The average diameter of 

the fibers was 13 µm and length about 4-6 mm. 

The Basalt fiber was also dried along with the 

PLA resin to remove residual moisture. High 

molecular weight chitosan (CS) with high 
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degree of deacetylation was supplied by 

Axogen pvt Limited (Pudhucherry, India). A 

cutter grinder was employed to reduce the 

particle size of CS powder from 715 µm to 180 

µm.  

2.2 Blending of PLA/CS:  

           There are some challenges to overcome 

when using small-sized CS polysaccharides in 

extrusion process. The main challenges are the 

difficult feeding of the material into the extruder 

and the tendency of tiny materials to 

agglomerate when dry, due to the formation of 

hydrogen bonds. One possibility for overcoming 

these problems is to use adequate solvent oil to 

mix Poly lactic acid (PLA) and Chitosan (CS) 

Powder homogenously during compounding. 

Required amount of Poly lactic acid (PLA) and 

Chitosan (CS) Powder was mixed by adding 

acetone, which acts as an adhesive agent for 

PLA and CS that suits for feeding in extruder. 

2.3 Fabrication of hybrid composite: 

Fabrication of basalt fiber reinforced 

PLA/CS hybrid bio composite consists of two 

stages. In the first stage, the PLA/CS polymer is 

blended with BF to form a hybrid composite as 

granules. And in the second stage hybrid 

composite specimens are prepared using 

injection moulding.   

2.3.1 Extrusion of hybrid composites: 

             Dry PLA, chopped basalt fiber and 

Chitosan powder  were mixed in three different 

combinations named as PBC1, PBC2, and PBC3 

and the details of composition is shown in table 

1.  This mixture is fed in to high speed co- 

rotating twin screw extruder for blending and 

homogeneous mixing. The twin screw extruder 

has a Screw diameter of 28 mm, L/D ratio of 40, 

contains 5 different heat zones from feed point 

to exit point at various heat temperatures 1250 C, 

1300 C, 1400 C, 150 0 C, and 1650 C, respectively. 

The screw speed is maintained at 150 rpm. 

Homogeneous mixing of PLA/CS matrix and 

Basalt fiber was carried out by twin screw 

extruder for 15 min and then extruded at the 

ratio f 10 mm/ sec through a 1 mm gauge strands 

die. Strands were cooled in a water bath and 

then fed in to pelletizer to make compound 

pellets. Compounded pellets were dried at 60 0 C 

in a vacuum for 12 hrs and stored in an air tight 

container.  

2.3.2 Preparation of hybrid composite 

specimens: 

  The PLA/BF/CS compounded pellets 

were processed by injection moulding at a melt 

temperature of 170 0C, back pressure of 7 bar, 

screw speed of 60 mm/ sec and mould 

temperature of 300C. Screw diameter 30 mm 

with L/D ratio of 20 is used to obtain hybrid 

composite specimen in the Injection moulding 

machine. Test specimens for wear test as per 

ASTM G 99 standard. The test specimens were 

subjected to annealing at a temperature of 800C 
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in an oven for 24 hours.  

2.4. Wear Tests 

A pin-on-disc type apparatus was used 

to investigate the dry sliding frictional and wear 

behavior of the composite material according to 

ASTM G 99 test standard. The specimen 

attached pin is mounted on to the arm of 

tribometer.  During the wear tests, the end 

surface of the specimen pins were pressed 

against a horizontal rotating cast iron. The 

sample is made to rotate on the wear disc made 

of cast iron with 55mm diameter and 10mm 

thick. Different loads in the range of 10 N to 40 

N were applied directly on the top of the pin and 

the sliding velocities were varied from 0.104 to 

0.523 m/s for a period of 15min.  The friction 

coefficient was calculated from the friction force 

measured during the wear test, and the wear 

rates are calculated in microns as displayed by 

the tester. Also the temperature at the contact 

surface is recorded.  The worn surfaces of the 

composite specimen were analyzed in order to 

investigate the operating wear mechanisms by 

JEOL Scanning Electron Microscope [SEM]. 

3. Results and Discussions 

3.1. Development of Wear Mechanism Map 

by Fuzzy Clustering Method 

Wear rate of the hybrid composites with 

respect to sliding velocity and normal force were 

studied using wear rate map represented by 

contours. The change of contour lines indicates 

the change of wear mode (mild wear to severe 

wear. MATLAB software is used to navigate the 

wear rate map, taking sliding velocity on X-axis 

and normal force on Y – axis and average wear 

rate on Z – axis. 

Wear transmission map or wear 

mechanism map is developed from the wear rate 

map. The boundaries of maximum wear and 

their transitions are the important data in 

drafting the wear map, doing this may change 

the wear rate [17]. The boundaries in wear 

mechanism map separate the nature of wear as 

mild wear, severe wear and ultra severe wear. 

The mild wear regime of any composite 

is considered to be acceptable for application 

purpose, whereas severe and ultra severe are 

unacceptable values. Fuzzy C means algorithm 

is uses to identify the boundaries in wear 

mechanism [18]. The Fuzzy C-means clustering 

algorithm uses the minimization of the fuzzy C-

means functional. The three input parameters 

used are: param: c, as the number of clusters or 

initializing partition matrix; param:s, as the 

fuzziness weighting exponent; and param:e, as 

the maximum termination tolerance. The two 

parameters s and e have their default value, if 

the user does not give them. The standard 

Euclidean distance norm was calculated by 

function where the norm inducing matrix is a 

nE`n identity matrix. The result of the partition 

is collected in structure arrays. At each iteration 

step the partition matrix cluster centers, the 
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square distances, the number of 

iterations, and the values of the C-means 

functional can be obtained. 

The boundaries of each wear regime 

were found out by fuzzy clustering technique. 

Hence the boundaries between the wear regimes 

were drawn by removing the intermediate 

contours of the wear rate map [19]. 

3.2. Friction and Wear characteristics of 

PBC1 

Fig. 1a shows the wear behavior of 

PBC1 with respect to normal force and sliding 

velocity. At all sliding velocities the wear rates 

are found to increase with increasing normal 

force.  Similarly in Fig. 1 b, the coefficient of 

friction increases with increase in normal force 

and sliding velocity. From Fig. 2, it can be seen 

that transition of wear mechanism changes with 

increasing normal force.  The mild wear regime 

of PBC1 has a maximum wear rate of 140 

microns and a maximum coefficient of friction 

of 0.47, which is well supported by the 

micrographs of worn out specimens shown in 

Fig. 2a.  The dominant wear mechanism in the 

regime is ironing mechanism that contributed to 

higher wear resistance due to strong bond 

between the fiber and the matrix made the 

material separation from the pin more difficult 

[20]. 

When the load was increased beyond 

20N, the speed was maintained at 2.62 m/s, the 

wear regime shifted from mild wear to severe 

wear which has a maximum wear rate of 280 

microns and a maximum coefficient of friction 

of 0.490. In this regime, there was a 

considerable increase in coefficient of friction 

and wear rate which may be due to elastic 

deformation of surface asperities due to 

increasing contact temperature.  The SEM 

photography of worn out specimens shown in 

Fig. 2b reveals the presence of matrix fracture 

and ploughing mechanisms. The above 

statement is well correlated with the studies of 

Ming Qui Zhang et.al [291. This mechanism was 

predominant in the severe wear regime with 

higher loads and a low sliding velocity. 

Repeated ploughing and matrix fracture causes 

surface fatigue occurred in a small proportion of 

the displaced material that was detached from 

the surface [22].  

When the loading conditions were 

increased beyond 40N, transition of wear regime 

from severe wear to ultra-severe wear took 

place. The wear rates in the ultra severe wear 

regime exceeded 424.54 microns and the 

corresponding coefficient of friction is more 

than 0.53. SEM micrographs of worn out 

specimens in the ultra severe regime shown in 

Fig. 2c confirms the presence of matrix damage 

and deep ploughing mechanisms.  

3.3. Friction and Wear Characteristics of 

PBC2 
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 Fig. 3a and 3b represents the 

effect of sliding velocity and normal force on the 

wear rate of PBC2. The wear rate of the 

specimen increases with increase in normal 

force and follows the increasing trend until the 

normal force reaches the value of 20 N. The 

wear rate started to increase gradually with 

normal force as shown in Fig.3a, whereas the 

coefficient of friction increases with increase in 

normal force which is shown in Fig.3b. From the 

wear mechanism map shown in Fig. 4a, it can be 

observed that the mild wear regime exists at low 

normal forces for all sliding velocities [23-24]. 

In this regime a maximum wear rate of 200 

microns and a maximum coefficient of friction 

of 0.52 were obtained respectively.  From the 

micrographs of worn out specimen taken at mild 

wear regime, it is clearly seen the dominance of 

ploughing mechanism and matrix fracture where 

the bulk of materials recovers elastically which 

may be due to localized decrease in roughness 

[25]. The severe wear regime was dominated by 

deep ploughing and matrix damage mechanism 

shown in Fig. 4b. For severe wear regime the 

wear rate values ranges from 200 microns to 400 

microns whereas the coefficient of friction 

values ranges from 0.52 to 0.68.  

The ultra severe wear regime shown in 

Fig. 4c, displays the dominance of fiber-matrix 

debonding and fiber fracture mechanism is 

greatly observed. The corresponding values of 

wear rate and coefficient of friction have 

exceeded 538.54 microns and 0.72 respectively. 

In comparison with PBC1, the wear rate of 

PBC2 has greatly increased, that is the 

maximum wear rate of PBC1 in mild wear is 

140 microns whereas the maximum wear rate of 

PBC2 in mild wear regime is 200 microns. As 

the temperature of contact surfaces are not 

uniform the thermal gradients developed have 

generated thermal stresses in the specimen 

which leads to weakening of fiber matrix 

damage at interface. Fibers become loose and 

shear easily due to repeated axial thrust during 

sliding [26-28].   

The results also suggest that the wear 

rate is highly determined by the type or 

ingredients of the friction material. On micro 

scale, the friction and wear characteristics of 

friction material depend on the formation, 

growth, disintegration of contact plateaus, shape 

adaption and thermal induced deformation [29].   

3.4. Friction and Wear characteristics of 

PBC3 

Fig. 5a and 5b shows the influence of 

sliding velocities and normal force on the wear 

rate and coefficient of friction of PBC3 

respectively.  The wear rates decreases with 

normal force up to a normal force of 20 N for all 

sliding velocities.  Beyond this, the wear rates 

follow the increasing trend with normal force. 

At lower sliding velocities, the coefficient of 

friction decreases with increasing normal force, 

whereas for the sliding velocities of 1.96 m/s 
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and above the coefficient of friction 

increases with increase in normal force. 

Fig. 6 shows the wear mechanism map 

of PBC3 with respect to normal forces and 

sliding velocity. The mild wear regime has a 

maximum wear rate of 240 microns and 

maximum coefficient of friction of 0.898. Fig. 

6a shows a dominance of matrix damage and 

deep crack in the mild wear regime [30]. The 

severe wear regime of PBC3 composites have 

the wear rates ranging from 240 to 480 microns 

whereas the coefficient of friction varies from 

0.898 to 0.91. SEM images of worn out 

specimens in the severe wear regime shown in 

Fig. 6b, shows the dominance of matrix 

debonding and deep ploughing mechanism. The 

ultra-severe regime have the wear rates above 

12.4 microns and a coefficient of friction of 0.93  

which causes the wear through fracture matrix 

debonding and fiber fracture shown in Fig. 6c.  

3.5 Dependence on Contact Temperature on 

Normal Force and Sliding Velocity 

Contact temperatures with respect to 

normal velocities of PBC1 composite under dry 

sliding is shown in Fig.7a, 7b and 7c. The 

graphs show the contact temperature increases 

with increase in sliding velocities. The increase 

in load results in rise in frictional heat [31]. 

When the load increases from 10 N to 40 N a 

gradual increase in temperature noticed. 

Maximum contact temperature of 23.95˚C 

recorded in PBC1, 25.87˚C for PBC2 and 

26.90˚C for PBC3, when the speed is 3.27 m/s 

and load is 40 N. 

There is no remarkable difference in 

temperature gradient when the speed increases 

from 0.628 to 3.27 m/s. When the force is 

increased, there is a rise in temperature which is 

due to frictional heating of contacting surfaces. 

The mechanical energy converts in to heat is a 

dissipation process of friction behavior. The 

transformation of mechanical energy into heat 

can be attributed to the origination of the 

breakdown of adhesion bonds, transferring 

behavior of the materials and plastic 

deformation.  

From the study, it is found that the 

PBC1 has a maximum wear rate of 140 microns 

in the mild wear regime while the PBC2 and 

PBC3 have their maximum wear rates of 200 

and 240 microns respectively. The maximum 

wear rate in the severe wear regimes of PBC1, 

PBC2 and PBC3 are 280, 400 and 480 microns 

respectively. Hence, the PBC1 composites 

showed better wear resistance pattern in 

comparison with PBC2 and PBC3 composite. 

As the weight percentage of basalt fiber and 

chitosan increases in PLA matrix shows better 

wear rate when compared to PBC2 and PBC3. 

The contact temperature of PBC1 seems to be 

low compared to PBC2 and PBC3, shows low 

friction heat in PBC1. Also good thermal 

characteristics and bonding nature of basalt 

fibers and chitosan polymers make PBC1 a 

material with good wear resistance.  
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4. Conclusions  

From the results and discussion above the 

following conclusions can be made: 

1. The increase in weight percentage of basalt 

fiber in the polylactic acid/chitosan matrix as a 

reinforcement increases the wear resistance of 

the composites. 

2. The wear rate increased with increases in 

applied load from 10 to 40 N and coefficient of 

friction also increases with normal velocity 

when it increased from 1.31 to 3.27 m/s. 

3. It is observed that fibers are mostly affected at 

higher magnitudes of force and sliding velocities 

in the regimes of severe wear and ultra-severe 

wear. 

4. Ironing and ploughing mechanism are noticed 

maximum in the mild wear regime of wear 

mechanism map whereas deep ploughing and 

matrix fracture are mostly seen in severe wear 

regime. The ultra severe regime was dominated 

by fiber matrix debonding and fiber fracture. 

5. Comparative study of wear rate of three 

composites, PBC1 is found to be a better choice 

for the wear resistant composite that can be 

suitable for engineering and medical application. 

6. The wear mechanism map developed using 

Fuzzy Clustering method proved to be an 

effective tool in the study of wear behavior of 

materials. 

7. The lowest contact temperature is recorded 

for PBC1 compared to PBC2 and PBC3, shows 

that lowered frictional heat and wear rates in 

PBC1. 
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TABLES 

Table.1 Weight percentage of Hybrid composites 

SAMPLES WEIGHT PERCENTAGE    

PLA  :   BS  :    CS  

PBC1  65      :  25   :  10  

PBC2  75      :  15   :  10  

PBC3  85      :  10   :  5  
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FIGURE CAPTIONS 

Figure 1 a Effect of normal force and sliding velocity on wear rate of PBC1 

Figure 1 b Effect of normal force and sliding velocity on COF of PBC1 

Figure 2 Wear mechanism map for PBC1 composites 

Figure 3 a Effect of normal force and sliding velocity on wear rate of PBC2 

Figure 3 b Effect of normal force and sliding velocity on COF of PBC2 

Figure 4 Wear mechanism map for PBC2 composites 

Figure  5 a Effect of normal force and sliding velocity on wear rate of PBC3 

Figure 5 b Effect of normal force and sliding velocity on COF of PBC3 

Figure 6 Wear mechanism map for PBC3 composites 

Figure 7 a Effect of normal force and sliding velocity on contact temperature of PBC1 

Figure 7 b Effect of normal force and sliding velocity on contact temperature of PBC2 

Figure 7 c Effect of normal force and sliding velocity on contact temperature of PBC3 
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FIGURES 

           
Figure 1 a Effect of normal force and sliding 
velocity on wear rate of PBC1 

Figure 1 b Effect of normal force and sliding 
velocity on COF of PBC1 
 

 

 

(c)Matrix damage and deep ploughing. 

  

(a)Ironing                                                                                (b)ploughing and matrix fracture 
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Figure 2 Wear mechanism map for PBC1 composites 

 

  
Figure 3a Effect of normal force and sliding 
velocity on wear rate of PBC2 

Figure 3b Effect of normal force and sliding 
velocity on COF of PBC2 
 
 

 

     

(c) Fiber Fracture mechanism and Matrix debonding 
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 (a) Ploughing and Matrix Fracture Mechanism  

    

(b) Deep Ploughing and Matrix damage 

Figure 4 Wear mechanism map for PBC2 composites 

           

Figure  5 a Effect of normal force and sliding 

velocity on wear rate of PBC3 

Figure 5 b Effect of normal force and sliding 

velocity on COF of PBC3 
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          (c) Deep Matrix Bonding and Fiber fracture 

      
(a) Matrix Damage and Deep Cracks (b) Matrix Debonding and Deep Ploughing 

 

Figure 6 Wear mechanism map for PBC3 composites 
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Figure 7a Effect of normal force and sliding 

velocity on contact temperature of PBC1 

Figure 7b Effect of normal force and sliding 

velocity on contact temperature of PBC2 

 

 

 

Figure 7c Effect of normal force and sliding 

velocity on contact temperature of PBC3 
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