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The use of natural fiber polymer composites is being considered in many 
applications. In the current work, the three-body abrasion performance of 
an alkali-treated eucalyptus and polyvinyl chloride (PVC) composite was 
studied at different applied loads (40 to 130 N), sliding velocities (1.86 to 
3.73 m/s), sliding distance (up to 4.0 km), and abrasive particle size (0.25 
to 0.75 mm). The results showed that the applied load and sliding distance 
affected three-body abrasion. At lower applied loads and shorter sliding 
distances, higher specific wear rates (Ws) and more obvious worn surface 
features were exhibited, while sliding velocity had less of an effect on the 
wear behavior. The Ws and worn surface roughness increased as abrasive 
particle size increases, and deeper grooves and higher deformation on the 
worn surface were found due to the enhanced material loss from the larger 
particle size abrasive. 
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INTRODUCTION 
 

Natural fibers have many advantages such as environmental friendliness, low 

density, biodegradability, low cost, non-toxicity, and high specific strength; therefore, they 

offer great potential as reinforcement in polymers for various industrial applications and 

have a greater impact on socioeconomic development (Chand and Dwivedi 2007; Yousif 

et al. 2010a). There have been many attempts to incorporate natural fibers in polymer-

based composites, such as kenaf, jute, bamboo, flax, hemp, sisal, and wood fibers (Yousif 

et al. 2010a,b; Lin et al. 2017; Shuhimi et al. 2017). The use of natural fiber polymer 

composites (NFPCs) is increasingly considered in many applications such as sliding 

panels, linkages, and bearings and bushings. Being cost-effective, they are especially 

suitable for use in low-cost housing, car interiors, the construction industry, packaging, 

storage devices, and the automotive industry (El-Tayeb 2008). However, there are some 

considerations that need to be addressed before NFPCs gain widespread acceptance and 

confidence for them to be commercially viable; their wear and frictional performance are 

especially important (Nirmal et al. 2012). 

As the use of NFPCs for engineering applications subjected to various types of 

tribological loading conditions has increased, some studies have investigated the 

tribological behavior of NFPCs. The tribological characteristics of oil palm fiber and 

polyester composites have been studied, and the effect of operating parameters such as 

sliding distances, sliding velocities, and applied loads were investigated (Yousif and El-
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Tayeb 2007, 2008, 2010). Compared with neat polyester, the specific wear rate (Ws) is 

lower for oil palm-reinforced polyester composite at various sliding distances, and the Ws 

decreases at higher applied loads for oil palm-reinforced polyester composite as sliding 

velocity increases. The wear performance of kenaf fiber reinforced polyurethane 

composites has been investigated at different applied loads (Chin and Yousif 2009; Singh 

et al. 2011), and there is a slight reduction in the Ws when the applied load increases. When 

the wear properties of rice husk-reinforced polyvinyl chloride (PVC) composite were 

studied (Chand et al. 2012), the friction and wear values were low for composites compared 

with neat PVC. The two-body wear behaviors of other NFPCs have been experimentally 

studied with wheat straw, rice straw, corn straw, sorghum straw (Jiang et al. 2017, 

2018a,b), bamboo (Nirmal et al. 2012), sugarcane (El-Tayeb 2008), cotton (Hashmi et al. 

2007), and jute (Chand and Dwivedi 2006). Eucalyptus is one of the most widely used 

genera in global commercial plantation timber industries (Forrester et al. 2006), as it is a 

high quality and high yield tree. Studies have been performed to investigate the mechanical 

and physical properties of eucalyptus fiber reinforced composites (Espinach et al. 2017; 

Pereira et al. 2018). Although a good amount of research is available on tribological 

properties of NFPCs, there have been few studies on the three-body abrasion behaviors of 

the eucalyptus fiber reinforced polymer composite. 

Previously, the three-body abrasion behaviors of eucalyptus and PVC composite 

were investigated under fixed operating parameters (Zhang et al. 2019). One important 

method for enhancing the wear resistance of wood-plastic composites is alkali treatment 

(Alawar et al. 2009; Phuong et al. 2010; Saha et al. 2010; Yousif et al. 2010b). The 5% 

NaOH alkali-treated eucalyptus and PVC composites had a noticeably improved three-

body abrasion resistance (Zhang et al. 2019). The purpose of this study is to explore the 

effect of operating parameters such as applied load, sliding velocity, sliding distance, and 

the abrasive particle size on three-body abrasion behaviors of alkali-treated eucalyptus 

fiber reinforced PVC composites for potential engineering applications. 

 

 

EXPERIMENTAL 
 
Materials 

Eucalyptus (Eucalyptus robusta Smith) was purchased from Guangxi Fenglin 

Wood Industry Co., Ltd., Guangxi, China. The density was 0.611 g/cm3. Its chemical 

composition included fibrin (42.31%), half-fibrin (16.65%), lignin (24.38%), and ash 

(4.38%). The SG-5 PVC was purchased from Tianjin Tongxingguo Trading Co., Ltd., 

Tianjin, China. The 400A maleic anhydride graft coupling agent and 603 non-toxic Ca/Zn 

composite stabilizer were purchased from Guangzhou Yinghong Chemical Co., Ltd., 

Guangzhou, China. The H-108 PE (polyethylene) wax was purchased from WujiangMeiqi 

Plastic Material Co., Ltd., Suzhou, China. 

The sand abrasives used in this work were sourced from the Yellow River in 

Lanzhou, China. The sand was washed, air-dried, and filtered with mesh screens to obtain 

particle sizes of 0.25 mm, 0.50 mm, and 0.75 mm. 

The air-dried eucalyptus was initially crushed, subsequently ground, and finally 

filtered with a 100-mesh screen (149 μm pore size). Selected eucalyptus fibers were soaked 

in 5% NaOH concentrations at 100 °C for 1 h (solid-liquid ratio = 1:2). The treated fibers 

were separated from the liquid by filtration and washed with deionized water until the 

rinsed solution became neutral. The rinsed fibers were dried at 90 °C for 16 h in a DHG-
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9055A electrical thermostatic drum-wind drying oven (Shanghai Yiheng Scientific 

Instrument Co., Ltd., Shanghai, China), then cooled to room temperature in the oven, 

obtaining a moisture content of less than 3%. 

Based on the pre-experiment data, the alkali-treated eucalyptus fiber, PVC, 

coupling agent, stabilizer, and PE wax (mass ratio = 100:100:3:8:5, respectively) were 

mixed in a SYH-5 3D linkage mixer (Changzhou Feima Drying Equipment Co., Ltd., 

Changzhou, China). The compound was then placed into a SY-6216 inter-meshing twin-

screw extruder (Shiyan Precision Instruments Co., Ltd., Guangdong, China). During the 

extrusion, the temperature profiles from the hopper to die zone were controlled at 150, 155, 

160, and 165 °C, and the rotational speed of the screw was 20 rpm. The extruded samples 

had a width and thickness of 25.5 mm and 6 mm, respectively, and the density of the 

samples was 2.355 g/cm3. The lengths of the NFPCs were verified and controlled by the 

extrusion period. The solidified samples were cut to a length of 57 mm with a hand saw for 

further wear tests. 

 

Three-body Wear Test 
The three-body wear test was carried out using a rubber-rimmed wheel three-body 

sand abrasive wear tester shown in Fig. 1a (MLS-225; Zhangjiakou Taihua Machine Co., 

Ltd., Zhangjiakou, China) at room temperature (20 ± 1 °C). The schematic diagram of the 

tester is shown in Fig. 1b. The Shore hardness of the rimmed rubber was A-70 degree and 

the circumference of the rubber wheel was 0.559 m. During the test, the specimen (6 × 25.5 

× 57 mm3) was pressed against the rimming rubber wheel by the applied load. The 

maximum value of the applied load for the tester is 225 N. The rotational speed of the 

rubber wheel can be controlled and adjusted continuously between 0 and 500 r/min using 

a frequency converter, corresponding to between 0 and 4.66 m/s in linear velocity.  

 

  
a)                                                                              b) 

 

Fig. 1. (a) Three-body sand abrasive wear tester and (b) Schematic diagram of the tester 
 

In this work, the tests were conducted at different applied loads (40 to 130 N), 

sliding velocities (1.86 to 3.73 m/s with a corresponding rotational speed of 200 to 400 

r/min), sliding distances (up to 4.0 km), and were subjected to different sizes of abrasive 

sand particles (0.25 to 0.75 mm of particle size), which were placed in the abrasive 

container. The abrasive container was filled up with sand particles in each test. A summary 

of the operating parameters and particle sizes is presented in Table 1. For each test, a new 
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specimen was used, and the surfaces of the specimen were cleaned with absolute ethanol 

and air-dried before and after each test. Each test was repeated on at least three independent 

specimens.  
 

Table 1. Parameters for the Wear Test 

Test parameter Unit Value 

Applied load N 40, 70, 100, 130 

Sliding velocity m·s-1 1.86, 2.80, 3.73 

Sliding distance km 1.0, 2.0, 3.0, 4.0 

Sand particle size mm 0.25, 0.50, 0.75 

 

The specific wear rate (Ws) was calculated by determining the weight loss and 

density of the test specimen and using Eq. 1 (Jeamtrakull et al. 2012),  

LF

M
W S


          (1) 

where ΔM is the weight loss (mg), L is the sliding distance (m), F is the applied load (N), 

and ρ is the specimen density (g/cm3). The weight loss of the test specimen was measured 

using an AUY 220 electronic analytical balance (Shimazu (China) International Trade, Co., 

Ltd., Tianjin, China) with an accuracy of 0.1 mg. The density of the specimen was 

measured using a TD-120 high precision touch screen plastic density tester (Taizhou 

Tiande Instrument Equipment Co., Ltd., Taizhou, China). 

The roughness of the wear track was measured before and after the test using an 

SRA profile and roughness tester (Shanghai Optical Instrument Factory, Shanghai. China), 

the test direction parallel to the sliding in each measurement. The average roughness of 

five measurements in different regions of the eucalyptus and PVC composite specimens 

before the test was about 0.22 μm (Fig. 2). 

 

 
 

Fig. 2. Sample of the roughness profile of the eucalyptus and PVC composite specimen surface 
 

Morphological analysis of the worn surfaces was performed by a Hitachi-S3400N 

scanning electron microscopy (SEM) (Hitachi Ltd., Tokyo, Japan). Prior to the SEM 

analysis, the worn surfaces of the specimens were coated with gold by an MSP-1S 

Magnetron sputter coater (Vacuum Device Inc., Tokyo, Japan). 
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RESULTS AND DISCUSSION 
 
Effect of Applied Load and Sliding Distance 

The effect of applied load and sliding distance on three-body abrasion behaviors 

was tested by varying the applied load and sliding distance, while keeping the sliding 

velocity and abrasive particle size constant. Figure 3 shows the effect of the applied load 

and sliding distance on the Ws of alkali-treated eucalyptus and PVC composite at different 

applied loads and sliding distances, while the sliding velocity was 2.8 m/s and sand particle 

size was 0.5 mm. 
 

 
Fig. 3. Variation of the Ws with sliding distance at different applied loads, sliding velocity 2.8 m/s 

and sand particle size 0.5 mm 

 

Figure 3 indicates that the Ws decreased gradually at all applied loads as the sliding 

distance increased, and the decrease rate of Ws slowed down slightly after 2 km of sliding 

distance. This is because more eucalyptus fibers were exposed to the wear surface as the 

wear was continued, and these exposed eucalyptus fibers enhanced the wear resistance of 

the matrix material, which can be further evidenced in the morphology investigation of the 

worn surfaces. 

When the applied load was changed in the range of 40 to 100 N, the Ws decreased 

clearly as the load increased, with higher Ws being observed at lower loads. This is because 

the relative motion between the sand particles and the surface of the composite specimen 

in the three-body wear process slows down with the increased applied load, and the wear 

loss caused by periodic fatigue decreased. However, when the load was increased from 100 

to 130 N, the decrease of Ws gradually lessened, and there was even an increased Ws in 

some sliding distance areas, which could be due to the increase of wear loss caused by 

multiple plastic deformation under high applied load. 

Due to the material removal during three-body wear test, the profile of the 

composite specimen worn surface was altered. Roughness profiles for the worn surfaces of 

the alkali-treated eucalyptus and PVC composite at different applied loads are shown in 

Fig. 4, while the sliding distance was 4 km, the sliding velocity was 2.8 m/s, and sand 

particle size was 0.5 mm.  
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Compared with the original surface roughness of 0.22 μm, the surface roughness of 

the composite specimen increased after tests with all applied loads, which could be 

attributed to the wear loss of surface material during the test. The roughness of the worn 

surface decreased as applied load increased, which is similar to the change rate of Ws with 

applied load. The material removal of wear surface decreased with increased applied loads, 

resulting in the lower roughness. 

 

 
a) Applied load of 40 N, Ra is 10.905 μm 

 
b) Applied load of 70 N, Ra is 9.278 μm 

 
c) Applied load of 100 N, Ra is 7.509 μm 

 
d) Applied load of 130 N, Ra is 7.479 μm 

 
Fig. 4. Roughness profile samples for the worn surfaces of the eucalyptus and PVC composite 
specimens at different applied loads with sliding distance 4 km, sliding velocity 2.80 m/s and sand 
particle size 0.5 mm 

 

Figure 5 contains SEM micrographs of the composite worn surface under 40, 70, 

100, and 130 N applied loads, respectively, while the sliding distance, sliding velocity, and 

sand particle size are constant. Fig. 5(e-g) is the SEM observation under 1, 2 and 3 km 

sliding distances, respectively, with fixed applied load, sliding velocity, and sand particle 

size.         
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a)    b)    c)    d)  

 

 
e)     f)    g)  

 

Fig. 5. SEM micrograph samples of worn surface at different applied loads (a, b, c, and d while 
sliding distance 4 km): a) Applied load of 40 N; b) Applied load of 70 N; c)  Applied load of 100 N ; 
d) Applied load of 130 N. Different sliding distances (e, f, and g, while applied load 100 N), sliding 
velocity 2.8 m/s, and sand particle size 0.5 mm: e) Sliding distance of 1 km; f) Sliding distance of 
2 km; g) Sliding distance of 3 km.  

 

Obvious abrasive wear features, such as furrows and pits, were apparent on all of 

the worn surface micrographs. With increased applied load (Figs. 5a to 5d), the furrows 

and pits became shallower and smoother, which indicates decreased three-body abrasion. 

The effect of the sliding distance on worn surface can be seen from Figs. 5e to 5g, some of 

the eucalyptus fibers were exposed after 1 km wear, while most of them were still covered 

by matrix material (Fig. 5e). As the wear continued to 3 km, more exposed eucalyptus 

fibers were visible, as shown in Fig. 5g. The exposed fibers could form a strong layer 

against the sand abrasive which protects the polyester region and reduces the mass loss of 

the composite (Chang et al. 2018), which is verified by the fact of gradual decrease of the 

Ws with increased sliding distance. 

 

Effect of Sliding Velocity 
The Ws variation with sliding velocity of alkali-treated eucalyptus and PVC 

composite is presented in Fig. 6, with a sliding distance of 3 km and sand particle size of 

0.5 mm. 

There was a slight increase in Ws for all applied loads when the sliding velocity 

increased from 1.86 to 2.80 m·s-1. More sand particles were brought in contact with the 

specimen surface as the sliding velocity increased, and the three-body abrasion is 

aggravated by those extra particles, resulting in more material removal. The Ws increased 

continuously when the sliding velocity increased at lower applied loads (40 and 70 N). For 

higher applied loads (100 and 130 N), there was no obvious change in Ws when sliding 

velocity increased from 2.80 to 3.73 m·s-1, due to the prevention of particle sliding along 

the composite surface under higher applied loads. 

The average roughness value of the specimen worn surface at different sliding 

velocities is shown in Fig. 7, with the applied load 100 N, sliding distance 3 km, and sand 

particle size 0.5 mm.  
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Fig. 6. Variation of the Ws with sliding velocity at different applied loads with sliding distance 3 km 
and sand particle size 0.5 mm 

 

 
 

Fig. 7. Worn surface roughness at different sliding velocities with applied load 100N, sliding 
distance 3 km, and sand particle size 0.5 mm 
 

There was a slight increase of surface roughness when the sliding velocity increased 

from 1.86 to 2.80 m·s-1 (Fig. 7), while a slight decrease in surface roughness was found as 

sliding velocity increased from 2.80 to 3.73 m/s. In general, sliding velocity had an 

insignificant effect on the worn surface roughness of alkali-treated eucalyptus and PVC 

composite. 

The effect of sliding velocity on the characteristics of the worn surface is shown in 

Fig. 8 (a, b, and c) at 1.86, 2.80 and 3.73 m/s with applied load 100 N, sliding distance 3 

km, and sand particle size 0.5 mm. Furrows, pits and exposed eucalyptus fibers were 

observed in all SEM micrographs in Fig. 8. Furrows and pits were not apparent at a sliding 
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velocity of 1.86 m/s compared with the others. Furthermore, some of the exposed fibers 

were mixed with the deformed polyester debris as shown in Fig. 8c, and a similar 

phenomenon was noted previously (Yousif and El-Tayeb 2007). This could be the reason 

that Ws and surface roughness decreased when the sliding velocity was 3.73 m/s. 

                        

 
a)      b)     c)  

 

Fig. 8. SEM micrographs of the worn surface at different sliding velocities with applied load 100 
N, sliding distance 3 km, and sand particle size 0.5 mm: a) Sliding velocity of 1.86 m/s;  b) Sliding 
velocity of 2.80 m/s; c)  Sliding velocity of 3.73 m/s 
   
 

Effect of Abrasive Particle Size 
The Ws of alkali-treated eucalyptus and PVC composite subjected to different 

applied loads against three particle size levels of sand abrasive is shown in Fig. 9. In 

general, there was a similar change trend of Ws with particle size increasing under all 

applied loads. The Ws increased with the increased size of sand particle at all applied loads, 

which is consistent with previous reports (Bijwe et al. 2002; Yousif et al. 2010c). 

 

 
Fig. 9. Variation of the Ws with sand particle size at different applied loads, sliding distance 3 km 
and sliding velocity 2.8 m/s 
 

The roughness profile of the specimen surface after wear tests with different sand 

particle size are shown in Fig. 10 under an applied load of 100 N, sliding velocity of 2.80 

m/s, and sliding distance of 3 km. Compared with the original eucalyptus and PVC 
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composite specimen surface roughness of 0.22 μm, the surface roughness of the specimen 

was highly increased after the wear test with all of the three sand particle abrasives. The 

average roughness values of the worn surface at the three sand abrasive sizes were 6.83, 

8.57, and 11.24 μm, respectively. The roughness value increased as the sand particle size 

increased, which could be due to the more obvious wear features under larger sand abrasive. 

 

 

 
a) Sand particle size=0.25 mm, Ra=6.768μm 

 
b) Sand particle size=0.50 mm, Ra=8.765μm 

 
c) Sand particle size=0.75 mm, Ra=11.522μm 

 
Fig. 10. Roughness profile of the specimen worn surface at different sand particle size with 
applied loads 100 N, sliding velocity 2.80 m/s, and sliding distance 3 km 
 

Figure 11 shows the SEM micrographs of the worn surface of the composite under 

0.25, 0.50, and 0.75 mm particle size abrasives. The wear behavior was aggravated with 

increased abrasive particle size, which is proved by deeper grooves and higher deformation 

on the worn surface as shown in Figs. 11a to 11b. The same trend has also been observed 

for Ws and surface roughness with increased abrasive particle size. This may be due to the 

deeper penetration with a larger particle size abrasive, which enhances the material removal 

from the composite surface (Yousif et al. 2010c).  
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a)       b)       c)  

 

Fig. 11. SEM micrographs of worn surface at different particle size, applied loads 100 N, sliding 
velocity 2.80 m/s, and sliding distance 3 km: a) Particle size=0.25 mm; b)  Particle size=0.50 mm; 
c)  Particle size=0.75 mm      

 

CONCLUSIONS 
 
1. The applied load and sliding distance affect three-body abrasion significantly; higher 

specific wear rate (Ws) and more obvious worn surface features were apparent at lower 

applied loads and shorter sliding distances. On the other hand, sliding velocity had less 

of an effect on the wear behavior at the range of 1.83 to 3.73 m/s. 

2. With increases in abrasive particle size between 0.25 and 0.75 mm, the Ws and worn 

surface roughness increased; deeper grooves and higher deformation were found on the 

worn surface under larger particle sizes due to enhancement of the material loss from 

the composite surface. 
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