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The erosion wear behavior of bamboo fiber-reinforced high-density 
polyethylene (HDPE) composites with silicon dioxide (SiO2) nanoparticles 
filler was investigated based on the sand-carrying water (a mixture of 
water and garnet sand) jets (SCWJ). The composites consisted of varying 
weight percentage of SiO2 fillers were prepared through press molding 
technology. Based on the rotating water jet technique, the erosion wear 
performance of composites was considered with varying erosion times and 
shooting distances. The results showed that composites filled with SiO2 
possessed better resistance to SCWJ erosion. The erosion resistance of 
the composites highly corresponds to their impact strength. The maximum 
erosion rate occurred at a shooting distance of 0.5 cm and an erosion 
duration of 180 s. Scanning electron microscopy (SEM) and energy-
dispersive spectroscopy (EDS) analysis further demonstrated that the 
erosive wear mechanisms mainly included the pulverization of bamboo 
fibers, brittle fracture of HDPE matrix, and increase in oxygen content. 
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INTRODUCTION 
 

Wood-plastic composites (WPC) are green composites prepared with plant fibers 

as the filler phase and thermoplastics as the matrix phase. They are widely used in coastal 

engineering infrastructure, such as ports, docks, and waterways (Xue 2016). However, the 

current application of WPC in the coastal environment still has certain shortcomings, such 

as poor hydrodynamic erosion wear resistance and unsatisfactory water resistance. The 

research on the mechanical (Zhang 2014; Zhang et al. 2016), thermal (Fang et al. 2013; 

Guo et al. 2014), aging (Zhang et al. 2013; Wang et al. 2019), and degradation (Moreno et 

al. 2018; Jiang et al. 2019) properties of WPC has received extensive attention, but little 

research has been reported on their hydrodynamic erosion wear properties. 

The classifications of wear of WPC under actual working conditions are sliding 

wear (Jiang et al. 2017), abrasive wear (Jeamtrakull et al. 2012), and erosion wear (Chand 

et al. 2007; Gupta et al. 2012; Bagci and Imrek 2016; Gupta 2018a). Hydrodynamic erosion 

wear is a common wear form in the field of coastal engineering. It can be described as a 

type of wear phenomenon in which the material surface is damaged by the impact of a fluid 

containing solid particles. Jena et al. (2018) and Vigneshwaran et al. (2019) found that red 
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mud and hollow microbeads could enhance the erosion wear resistance of bamboo fiber-

reinforced polymer (BFRP) composites based on an air jet technique, which due to red mud 

and hollow microbeads with brittle characteristics could develop semi-ductile property of 

composites. And they pointed out that the erosion speed was the most important parameter 

affecting the erosion wear. Gupta et al. (2012) and Gupta (2018b) have studied the erosive 

wear properties of BFRP composites using the air jet technique. They found that alumina 

trioxide and silicon carbide could exhibit ductile behavior when impacted with fine 

particles, and further improve the erosion wear resistance of BFRP composites, and the 

highest erosion rate of pneumatic abrasives on BFRP composites was formed at an erosion 

angle of 75°. The erosion wear mechanism was mainly fiber thinning, fiber crushing and 

matrix brittle fracture. Most researchers have studied the effect of inorganic particles on 

the abrasive wear resistance of composites, and there are few reports on the hydraulic wear 

resistance of composites, with even fewer reports combining the actual working conditions 

of the materials. 

Nano silicon dioxide (SiO2) is often used as a filler modifier for WPC due to its 

large specific area and high surface energy. The mechanical properties of SiO2-filled 

polymer composites have been studied, while there is no research on their resistance to 

hydrodynamic erosion wear. Therefore, in view of the wide application of WPC in coastal 

engineering, the rotating water jet technology is adopted in this paper, which can better 

simulate the real erosion characteristics of seawater. The effect of SiO2 on the erosion wear 

behavior of WPC was investigated to provide a theoretical basis and technical reference 

for the preparation of erosion-resistant WPC and broaden their application in coastal 

engineering. 

 
 
EXPERIMENTAL 
 

Materials 
Bamboo fiber (149 μm, yellowish-brown powder, chemical compositions: cellulose 

48.78 wt%, hemicellulose 18.21 wt%, lignin 15.60 wt%, ash 3.53 wt%; mechanical 

milling) was provided by Mujiang Weihua Perfumery Plant, Jiangmen, China. High-

density polyethylene (HDPE, 0.85mm, white powder, density: 0. 0.94-0.96 g·cm-³) was 

obtained from Sinopec Group Co., Ltd., Beijing, China. Maleic anhydride grafted 

polyethylene (MAPE, white power, density: 0.951 g·cm-³) was acquired from Jinghong 

Polymer Materials Co., Ltd., Guangdong, China. Silicon dioxide (SiO2, 20 nm, whiter 

power) purchased from Keze Metal Materials Co, Ltd, Hebei, China. Garnet sand was 

purchased from Wuxi Dinglong Mining Co, Ltd. Jiangsu, China. 

 

Table 1. Designation and Composition of Composite Samples 

Sample ID 
Mass ratio (wt%) 

SiO2 Bamboo flour HDPE MAPE 

S1 0 80 100 3 

S2 2 80 100 3 

S3 4 80 100 3 

S4 6 80 100 3 

S5 8 80 100 3 
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Composite Fabrication 
Bamboo powder, HDPE, MAPE, and SiO2 were dried at 100 °C for 6 h before 

preparation. The dried raw materials were evenly mixed in the ball grinder (YL71-4, 

Zhejiang Donglai Motor Co., Ltd.; ceramic ball with 1 cm diameter) with reference to the 

sample composition ratios in Table 1. The mixed raw materials were molded by XW-212C 

flat vulcanizing machine (Dongguan Xunwei Testing Instruments Co., Ltd, Guangdong, 

China) with the molding temperature, pressure and time of 170 °C, 30 MPa, and 12 min, 

respectively. The specimen size was 100 × 100 × 5 mm3, and then the sample was cut 

according to the required size for characterization. 

 

Characterization 
The hardness of the samples was tested using the LX-D-1 shore durometer (Siwei 

Instrument Manufacturing Co., Ltd, Shanghai, China) with an indenter pressure of 0 to 45 

N according to GB/T 2411 (2008). The measurements were represented by at least five 

replications. 

The impact strength test of the specimens was carried out by the FBS-5.5DZ 

pendulum impact tester (Furbs Testing Equipment Co., Ltd., Xiamen, China) according to 

ASTM D256-10 (2018). The test was conducted at a pendulum impact energy of 2.75 J 

and an impact velocity of 3.4 m/s. The size of each sample is 100 × 10 × 50 mm3. Each 

impact strength value is the mean of at least five specimens. 

The water absorption of the samples was tested using the FA224 electronic 

analytical balance (Furbs Testing Equipment Co., Ltd., Xiamen, China) referring to GB/T 

1034 (2008). The samples were dried at 100 C for 6 h before testing, and then soaked in 

deionized water at 23 ± 1 C. The water absorption rate (WA) was calculated from the 

weight gains according to the following formula: 

WA=(WA2-WA1)/WA1×100%       (1) 

where WA1 and WA2 are the weight of the dry and wet samples (g), respectively. 

Microscopic morphology and element investigation were identified by the 

FlexSEM1000 scanning electron microscopy (SEM, IXRF Ltd., Austin, USA) equipped 

with 550i energy dispersive spectroscopy (EDS). The location of the surface for the 

observation was the impact section, the uneroded and eroded surfaces of the sample. The 

detected surfaces were sputter-coated with gold-palladium to provided electrical 

conductivity. 

The self-assembled former mixed abrasive water jet device (Fig. 1) was used for 

the erosion wear test. The working principle is that the water is first pumped using a high-

pressure reciprocating piston pump into the abrasive tank through the mix chamber until 

the abrasive tank is filled. Then the sand valve is opened, allowing the water and garnet 

sand to be mixed in the mix chamber and simultaneously transformed into a rotating jet by 

a rotating impeller and ejected by a nozzle with an inner diameter of 4 mm. The ejected 

mixture is called sand-carrying water jets, which is abbreviated as SCWJ. Here, the garnet 

sand was used as a solid particle carried by the rotating jet, which is more responsive to the 

state of real seawater. Test was conducted with two control factors: shooting distance (0.5 

cm, 1 cm, 1.5 cm) and erosion duration (60 s, 120 s, 180 s). Detailed information about the 

erosion wear test is shown in Table 2. The shoot distance is the distance between nozzle 

and sample. The position of nozzle can be adjusted by numerical control platform. Before 

and after the test, the specimens were subjected to ultrasonic cleansed at 40 kHz for 5 min 
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and dried at 100 C for 6 h. The loss of erosion weight and the density of samples were 

measured using an FA224 electronic analytical balance and DM-300 electronic 

densitometer (Furbs Testing Equipment Co., Ltd., Xiamen, China), respectively. The 

results were the average of minimum five replicates. 

 

 
Fig. 1. Schematic diagram of the former mixed abrasive water jet device 
 

Table 2. Detailed Information about the Erosion Wear Test 

Erosion 
Angle 

Pump 
Pressure 

Garnet Sand 
Content 

Garnet Sand 
Size 

Specimen 
Dimensions 

90° 1 MPa 0.27 wt% 80 mesh 50 × 50 × 5 mm3 

 

 
RESULTS AND DISCUSSION 
 

Erosive Wear Quantification Analysis 
The weight and volume losses of bamboo powder-HDPE composites are shown in 

Fig. 2. Under the same erosion duration, the weight and volume losses of all five samples 

generally tended to decrease with the increasing shooting distance, which can be explained 

by the weakening of the SCWJ energy caused by the increase in the shooting distance. 

However, the weight and volume losses of all samples showed the expected increasing 

trend with increasing erosion time under the same shooting distance condition. The 

maximum erosion rate occurred at the shooting distance of 0.5 cm and the erosion duration 

of 180 s. The maximum weight losses of samples S1, S2, S3, S4, and S5 were 29.6, 21, 

18.2, 26, and 27 mg, respectively, and the maximum volume losses were 43, 32.1, 27.6, 

38, and 40 mm3, respectively. It can also be concluded from Fig. 2 that the erosion 

resistance samples followed the order: S3>S2>S4>S5>S1, indicating that SiO2 can 

improve the erosion resistance of bamboo powder-HDPE composites. The effect of SiO2 

addition on the erosion resistance will be further analyzed and verified combined with the 

analysis of the mechanical properties, micro-morphology and chemical structure of 

bamboo powder-HDPE composites. 
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Fig. 2. Weight and volume loss of bamboo powder-HDPE composites 

 

Analysis of Composite Structure 
The fiber/matrix interface quality is the key to determine the structural strength and 

wear properties of WPC (Rashid et al. 2017; Swain and Biswas 2017). Therefore, the water 

absorption (WA) test and impact section microscopy were adopted to laterally characterize 

the effect of SiO2 on the fiber/matrix interfacial quality of composites. 

The WA test results of the specimens are presented in Fig. 3. As shown in Fig. 3(a), 

with the increase of soaking time, the dynamic WA of composites showed an upward trend 

of first fast and then slow until saturation, which is consistent with Fick's law. It is generally 

believed that a better fiber/matrix interface leads to more comprehensive encapsulation of 

the hydrophilic fibers by the hydrophobic matrix. All SiO2-added composites showed 
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lower dynamic WA in comparison with the sample without SiO2 (S1), which illustrated 

that SiO2 could enhance the compatibility of the fiber/matrix interface. From the results of 

saturated WA (Fig. 3b), compared with the of sample S1 (8.08%), the decrease of saturated 

water absorption of specimens S2, S3, S4, and S5 were 15.1%, 16.3%, 14.4%, and 14.0%, 

respectively. It can be concluded from the WA test that sample S3 possessed the best 

fiber/matrix interface quality, followed by S2, S4, S5, and S1. 

 

 
 

Fig. 3. Dynamic and saturated water absorption of bamboo powder-HDPE composites 

 

The microscopic morphology of the impact cross-section of the bamboo powder-

HDPE composite is displayed in Fig. 4. The cross section of sample S1 was uneven and 

ravine-shaped, and there were strip-shaped void defects left caused by a large number of 

pulled-out bamboo fibers. The fiber/matrix interface was clearly visible (Fig. 4a). In the 

impact cross section of sample S2 and S3 (Fig. 4b, 4c), the bamboo fibers were evenly 

distributed in the HDPE matrix and well wrapped by the HDPE matrix.  

 

 
 

Fig. 4. Impact cross section micromorphology of bamboo powder-HDPE composites 

 

Two phases were tightly bonded and the cross section was flat. For the samples S4 

and S5 (Fig. 4d, 4f), the fiber/matrix inter-face was blurred, but there were still a few holes 
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formed by the bamboo fibers being pulled out from the matrix. The microscopic 

observation of the impact cross section could better confirm the conclusion drawn from the 

water absorption test. The fiber/matrix inter-face of the samples gradually became 

indistinct with increasing SiO2 content, but when the SiO2 content was too high, a small 

number of pull-out hole defects appeared at the fiber/matrix interface. 

 

Hardness and Impact Strength Analysis 
The erosion rate as well as the type, hardness, and impact strength of the eroded 

specimens are important experimental parameters affecting the erosion wear properties of 

the composites (Tilly 1969; Tewari et al. 2003). Hence, it is crucial to investigate the 

synergistic effects of hardness and impact strength on the erosion wear properties of 

composites. 

The hardness and impact strength of composites are given in Fig. 5. The hardness 

and impact strength of samples showed a trend of first increasing and then decreasing with 

the increase of SiO2 content. The hardness of S4 was the highest about 64.6 HD, which 

increased by 5.6% compared with S1. The impact strength of S3 was the highest about 3.6 

KJ m-2, which increased by 11.8% compared with S1. According to the analysis, the 

increase in hardness and impact strength is due to the large specific surface area and high 

specific surface energy of nanoscale SiO2, which can be physically cross-linked with the 

macromolecular chains of HDPE matrix and tightly bonded. When the HDPE matrix was 

subjected to the external forces, the physical cross-linking point formed by nanoscale SiO2 

and HDPE can inhibit the sliding of the molecular chains of the matrix (Asgari et al. 2017). 

The decrease in hardness and impact strength is due to the agglomeration of excessively 

high content of SiO2, the agglomerated SiO2 tended to accumulate stress and further 

causing stress damage. 

 

 
 

Fig. 5. Hardness and impact strength of bamboo powder-HDPE composites 

 

The erosive wear quantification analysis showed that the sample S3 possessed the 

best erosion resistance. Combined with the results of composite structure and mechanical 

properties of bamboo powder-HDPE composites, a reliable explanation for S3 is that it has 

the relatively best impact strength and fiber/matrix interface, with a hardness second only 

to that of S4. The higher impact strength provides a stronger resistance to axial SCWJ 
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impact. The better fiber/matrix interface enhances the "anchoring" effect of the matrix on 

the bamboo fibers and hence improves the interaction force between the matrix and the 

fibers. The higher hardness provides a stronger resistance to embedding and plowing. 

However, the larger weight loss of the samples S4 and S5 might because the agglomerated 

SiO2 is easily deprived under the action of the SCWJ. 

 

Erosive Wear Mechanism Analysis 
The trajectory of the fluid plasmas in the rotating water jet is similar to a conical 

spiral, and each fluid plasmas has three partial velocities, i.e., axial velocity (u), radial 

velocity (v), and tangential velocity (w), as shown in Fig. 6. The traditional straight water 

jet erosion wear technique lacks the tangential velocity. Therefore, compared with the 

traditional straight water jet, the rotating water jet can reflect the real erosion characteristics 

of seawater more comprehensively. At the same time, in comparison with direct jet erosion, 

the erosion wear mechanism of rotary jet is more complex, which requires in-depth analysis 

based on the characteristics of rotary jet. 

 

 
Fig. 6. Rotating water jet principle diagram 

 

The microscopic morphology of the eroded surface of the bamboo powder-HDPE 

composite at a shooting distance of 0.5 cm and an erosion duration of 180 s are presented 

in Fig. 7. All eroded surfaces exhibited obvious bamboo fiber crushing and HDPE matrix 

brittle fracture. There were no nanoscale SiO2 fillers observed in the eroded surface. This 

was taken as evidence that nanoscale SiO2 had been uniformly distributed in the composite 

system. According to tribology and rotating jet theory, the erosion wear mechanism of 

bamboo powder-HDPE composites under the action of rotating SCWJ can be divided into 

three stages in terms of time sequence. The first is the primary damage to the surface plastic 

layer of the bamboo powder-HDPE composites by the rotating jet under the action of 

“water hammer” pressure, which were rapidly deprived under the joint action of water jet 

droplets and garnet sand, and further formed the primary craters on their surfaces (this 

process was dominated by the garnet sand). Secondly, many micro-pores and micro-cracks 

were generated around the crater under the tensile and shear breakage caused by the axial 

and tangential velocities (the most important factor for the damage of composites; among 

them, tensile failure caused by the axial velocity is the main factor). Finally, the jet pressure 

was transformed into quasi-static pressure due to the penetration of the rotating jet wedged 
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into the micro-pores and micro-cracks of composites, resulting in “water wedge effect” and 

making the crack continue to expand under the action of tension. The expanded micro-

pores, micro-cracks continued to converge and eventually formed macroscopic damage of 

composites (Du 2016). 

 

 
 

Fig. 7. Microstructure of the eroded surface of bamboo powder-HDPE composite: shooting 
distance 1.5 cm, duration of erosion 180 s 

 

Elemental Changes and Distribution 
Oxygen (O) and silicon (Si) elements are the representative components of bamboo 

fibers, garnet sand, and silicon dioxide (SiO2). The test of the elemental distribution and 

changes of oxygen and silicon in composites before and after erosion could provide 

important information related to the erosion wear at the chemical composition level. In 

view of this, the EDS spectra of the bamboo powder-HDPE composites on eroded and 

uneroded surfaces are given in Fig. 8. All composites showed a tendency of the increasing 

of oxygen content and the decreasing of the silicon content after undergoing an erosion 

process. A plausible explanation is that the HDPE matrix of the composites surface layer 

was degraded by the jet carrying garnet sand and causing the exposure of the bamboo fibers 

embedded under the HDPE matrix. The bamboo fibers contain more oxygen than the 

HDPE matrix, and the peeled-off HDPE from the surface layer could increase the overall 

oxygen content. However, due to the lack of HDPE matrix wrapping, the polar hydroxyl 

group (-OH) in the bamboo fiber combined with water to form hydrogen bonds could also 

lead to the increase of oxygen content. In addition, compared with samples S1, S2, S4, and 

S5, the sample S3 has the lowest oxygen content before and after erosion. As above 

analysis, S3 has a better fiber/matrix interface, the bamboo fibers were well wrapped by 

the HDPE matrix, the “anchoring” between two phases was stronger, and the mutual force 

was greater. Hence, there were less bamboo fibers exposed to the air on the surface of S3 

before and after the SCWJ erosion. 
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Fig. 8. EDS spectra of the eroded and uneroded surfaces of bamboo powder-HDPE composites 

 
 
CONCLUSIONS 
 

1. The structural strength and composite structure of the composites can be enhanced by 

adding nanoscale SiO2, which is ascribed to the physical cross-linking formed by SiO2 

and macromolecular chain of high-density polyethylene (HDPE). However, the 

excessive SiO2 content will in turn reduce their structural strength and composite 

structure, due to the agglomeration of SiO2. 

2. There is a high correspondence between the erosion wear resistance of composites and 

their impact strength. In this study, the maximum erosion wear rate was observed at the 

shooting distance of 0.5 cm and erosion time of 180 s. 

3. The scanning electron microscopy (SEM) images and energy-dispersive X-ray 

spectrometry (EDS) spectra of unworn and worn surfaces revealed various erosive wear 

mechanisms. These mainly include the pulverization of bamboo fibers, brittle fracture 

of HDPE matrix, and increase in O content. 

4. Using nanoscale SiO2 as a filler material can enhance the erosion resistance of the 

composite. Therefore, they can be recommended for use in coastal environments such 

as trestles, fences, and pontoons. 
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