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The physical-mechanical properties of bamboo-polyethylene composites 
(BPCs) change depending on the environmental temperature and 
exposure to moisture during outdoor use. In this study, the water 
absorption, density, mechanical properties, and wear rate of the 
composites were tested after immersion in water, and four water 
temperatures were examined. Bamboo charcoal (BC) was used to 
improve the properties of the BPCs after hydrothermal aging. The 
composites were improved because of the strong interfacial interactions 
between the BC and polymers. The experimental results showed that the 
water diffusion rate accelerated as the water temperature increased. The 
BC reduced the water absorption at all of the water temperatures and the 
diffusion coefficient at temperatures above 39 °C. The wear rate of the 
composites first increased, and then decreased as the water temperature 
increased. The density and flexural properties decreased with an 
increased hydrothermal aging temperature. Overall, hydrothermal aging 
decreased the water resistance and mechanical properties. Additionally, 
these effects were enhanced as the water temperature increased, but 
were countered by the incorporation of the BC. 
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INTRODUCTION 
 

Wood-plastic composites (WPCs) are manufactured by combining natural plant 

fibers, such as wood, bamboo, sisal (Joseph et al. 2002), coir (Espert et al. 2004), and 

flax (Stamboulis et al. 2000), with currently produced thermoplastics. The composites 

are processed by hot pressing (Zhou et al. 2015), extrusion (Xian et al. 2015(a)), or 

injection molding (Kuo et al. 2009). These composites have been widely used in 

nonstructural construction, furniture, and transportation applications (Xian et al. 

2015(b)) because of their low cost, recyclability, and environmental compatibility 

(Aydemir et al. 2015). In most of these applications the material is exposed to a high 

water content, as well as frequent temperature changes. The water absorbed by the plant 

fibers in the composites can affect the dimensional stability, mechanical properties 

(Tissandier et al. 2014), and resistance to biological decay (Yildiz et al. 2005). 

For WPCs used outside, the physical-mechanical properties change depending 

on the environmental temperature and humidity. Many studies have investigated the 

effects of hydrothermal aging on the properties of these materials. Tamrakar and Lopez-

Anido (2011) investigated the water absorption and mechanical properties of WPCs 

immersed in water at different temperatures (21 °C, 45 °C, and 70 °C) and found that 

the water absorption at equilibrium increased as the temperature increased. The 

mechanical properties decreased after immersion in water. This phenomenon occurred 

because the wood fibers swelled, which caused the polymer matrix to yield locally and 
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decreased the adhesion between the wood fibers and polymers. The mechanical 

properties increased slightly for the specimens that were first immersed at 21 °C and 

then dried again, which was possibly because the different amount of water absorbed 

caused the wood fibers to swell to a different degree. Hence, less microcracks were 

produced when the water absorption was lower. Espert et al. (2004) found that a higher 

content of natural plant fibers resulted in a greater decline in the mechanical properties 

after immersion in water. Their scanning electron microscopy (SEM) results showed 

that the pectin layer and microfibrils were degraded after immersion in 50 °C water, 

and this behavior was attributed to the decline in the mechanical properties. Lin et al. 

(2002) investigated the changes in the mechanical properties of WPCs after water 

immersion and found that the flexural strength, flexural modulus, and impact strength 

increased after immersion in 23 °C water, but decreased upon immersion in 60 °C and 

100 °C water. Most existing studies have focused on the properties of WPCs during the 

water immersion process (Stark 2001; Espert et al. 2004). Few studies have examined 

the effects of wetting and re-drying WPCs. 

Bamboo charcoal (BC) is a well-suited reinforcement material for polymers (Ho 

et al. 2015) and WPCs (Li et al. 2014) because of its high porosity, high resistance to 

moisture, and high strength, among other factors. The strong interfacial adhesion 

between BC and polymers could increase the strength and decrease the water absorption 

of WPCs (You and Li 2014). The BC can also improve the thermal stability of WPCs 

and bamboo-plastic composites (BPCs) (Li et al. 2014; Zhu et al. 2016) and reduce the 

hydrophilicity of BPCs (Chen et al. 2016). Despite the many benefits that BC exhibits, 

its use to improve the properties of WPCs after hydrothermal aging has not yet been 

investigated. 

Bamboo-plastic composites are manufactured using remainders from bamboo 

processing as a natural plant fiber that is then blended with a thermoplastic matrix 

material. Fewer studies have focused on BPCs than WPCs (Xian et al. 2015b). In this 

study, bamboo fiber (BF) and low-density polyethylene (LDPE) were used to 

manufacture composites, and BC was used as the reinforcing material to improve the 

properties of BPCs after hydrothermal aging. The effects from four different 

hydrothermal aging temperatures on the BPCs were investigated, and the Arrhenius 

equation was used to predict the water diffusion coefficient at different immersion 

temperatures. Additionally, the mechanical properties and wear rates of the specimens 

after immersion in water and re-drying were investigated in this study. By investigating 

the influence of hydrothermal aging on the BPCs and BPCs modified with BC (BPC-

BCs) it is possible to determine the damage mechanisms of hot water on BPCs and 

made BPCs a wider used filed such as the bathroom. 

 
 
EXPERIMENTAL 
 
Materials 

The BF (less than 40 mesh size) was purchased from Weihua Spices Factory 

(Guangdong, China). The LDPE (density = 0.913 g/cm3) was purchased from SuZhou 

JoeShun Plastic Co. Ltd. (Suzhou, China). The BC was purchased from QuZhou Nine 

Wave E-commerce Co. Ltd. (Zhejiang, China). The vinyltrimethoxy silane coupling 

agent (A-171) was purchased from NanJingYouPu Chemical Co. Ltd., and the acetic 

acid and ethanol (analytically pure) were supplied by Beijing Chemical Works (Beijng, 

China). 
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Methods 
Preparation of the specimens 

The BPC formulation used for testing was a BF:LDPE ratio of 6:4 (mass 

fraction), and the BPC-BC formulation was a BF:LDPE:BC ratio of 5:4:1 (mass 

fraction). These formulations were set according to the authors’ previous study, which 

reported that BPC-BC exhibited the best mechanical properties when the BC content 

was 8% to 12% (Chen et al. 2016). The BF was treated with 4 wt.% of the coupling 

agent. The coupling agent was dissolved in ethanol with an appropriate amount of acetic 

acid to adjust the pH of the solution to 4.5 to 5.5, and then the solution was heated to 

60 °C for 10 min. The mixture solution was sprayed onto the BF uniformly at room 

temperature, and the mass ratio of the solution to BF was 1:1. Then, the treated BF was 

dried in an oven at 100 °C ± 1 °C for 24 h to reach a constant weight. All of the BF, 

LDPE, and BC materials were dried in an oven to reach a constant weight, and then 

premixed in a malaxator (NH-1, Guancheng Machine Co., Ltd., JiangSu, China). The 

mixing temperature of the materials was 50 °C, and the mixing time was 30 min. 

Afterwards, the mixture was transferred to a mold and hot-pressed (8 MPa) at 150 °C 

for 30 min. Finally, the composites were removed from the mold after reducing the 

temperature to 35 °C at a rate of approximately 22 °C/min using cold water. 

 

Water absorption 

Water absorption tests were conducted according to ASTM D570-98 (2005). 

Five samples from each set were tested using deionized water, and the dimensions of 

the specimens were 45 mm (length) × 45 mm (width) × 4.5 mm (thickness). All of the 

specimens were placed in an oven at 50 °C ± 1 °C for 24 h, and then immersed in 

deionized water at 23 °C, 45 °C, 70 °C, and 100 °C. To record data, the specimens that 

were immersed at 23 °C were removed from the water, wiped off using blotting paper, 

weighed, and placed back in the water. The specimens immersed at higher temperatures 

(45 °C, 70 °C, and 100 °C) were removed from the water and maintained in room 

temperature water for 5 min to cool the samples down. Then, blotting paper was used 

to wipe off the surface water, and the samples were weighed. The tests were conducted 

after 1 h, 4 h, 9 h, 16 h, and 25 h et al. until 600 h, and this continued until the procedures 

were completed. 

The percentage of water absorbed (M) was calculated by Eq. 1, 

M (%) = (mt - m0) / m0 × 100%                                                                 (1)  

where m0 (g) and mt (g) are the masses of the composite before and after immersion in 

water for various times, respectively. The diffusion behavior was theoretically 

distinguished from the shape of the initial part of the absorption curve using Eq. 2 

(Comyn 1985), 

t nM
k t

M

                                                                                              (2) 

where Mt is the water content (%) at a specific time (t, h) and M∞ is the maximum water 

content (%). When the value of n is close to 0.5, the absorption process can be described 

by Fick’s law of diffusion, and the diffusion coefficient (D) can be calculated with the 

following equation, 

2
=

16

tM
D

M t h





 
 
 

                                                                                  (3) 

where h is the thickness (mm) of the composite sheet (when dry) and D denotes the 

diffusion coefficient. 



PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Chen et al. (2018). “Bamboo-plastic composites,” BioResources 13(1), 1661-1677.  1664 

Density 

All specimens were conditioned at 23 °C with 50% relative humidity for two 

weeks after hydrothermal aging. The density of all the specimens was tested using a 

solid densimeter using the water displacement method (DH-120E, Taiwan Matsu Haku 

Scientific Instrument Co., Ltd., Xiamen, China). Before starting the test, all specimens 

were oven-dried at 103 °C ± 1 °C until the change in weight was 2 mg or less over a 3-

h period. The results were averaged for at least five specimens, and the dimensions of 

the specimens were 10 mm × 10 mm × 4.5 mm. 

 

Mechanical properties 

All specimens were conditioned at 23 °C with 50% relative humidity for two 

weeks after hydrothermal aging. The flexural strength (MOR) and flexural modulus 

(MOE) were tested following the standard ASTM D790-10 (2010) using a universal 

testing machine (Instron 5582, Instron, Norwood, USA), and the dimensions of the 

samples were 90 mm × 15 mm × 4.5 mm. The notched impact test was conducted using 

an impact-type testing machine (XJJ-5, Kecheng Testing Machine Co., Ltd., Chengdu, 

China) as specified by the standard ASTM D6110-10 (2010), and the dimensions of the 

samples were the same as those of the samples used for the flexural properties test. The 

reported values were the average of at least five specimens. 

 

Wear properties 

The wear properties were measured in accordance with standard GB/T 3960-

2016 (2016) using an abraser machine (5155 Abraser, Taber Industries, New York, 

USA). The loading on the specimens was 7.5 N, the test time was 2000 s, and the speed 

was 72 rpm. The results were expressed as the average of three specimens, and the 

dimensions were 100 mm × 100 mm × 4.5 mm. The wear rate was calculated by Eq. 4, 

=
m

F L






 
          (4) 

where ω is the wear rate (cm3/(N·m)), Δm is the loss of the wear quality (g), ρ is the 

density of the specimen (g/cm3), F is the loading (N), and L is the slide distance of the 

steel ring (m). 

 

Morphology characterization 

Micrographs of the specimens were obtained using SEM (JEOLJSM-6310F, 

JEOL, Tokyo, Japan) with an accelerating voltage of 7.0 kV. The specimens were 

coated with a layer of platinum by vacuum evaporation before testing. 

 

Statistical analysis 

SPSS 18.0 software (SPSS Inc., Chicago, USA) was used to analyze the data. 

Analysis of variance (ANOVA) techniques were used, and significant differences 

between the variables were investigated at the 95% confidence level. 

 

 

RESULTS AND DISCUSSIONS 
 
Water Absorption Behavior 

The weight of each sample was measured at a specific time to characterize the 

water behavior. The samples were tested after 1 h, 4 h, 9 h, 16 h, and 25 h because the 

initial parts of the water absorption versus √t plots are fairly linear (Tamrakar and 

Lopez-Anido 2011). The water adsorption percentages are shown in Fig. 1. Nearly all 

of the specimens absorbed water rapidly during the first stage, and then the absorption 

rate decreased until the equilibrium condition was reached and the weight of the 
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specimens became constant. The water absorption of the BPC-BC decreased by 

between 4% and 6% for all of the test immersion temperatures compared with the BPC. 

Since LDPE is a hydrophobic material and it cannot absorb water (Li et al. 2014), the 

increase in the water absorption was attributed to the BF. BF and the gaps between BF 

and LDPE provide the channels available for water absorption in BPC, so the BF 

content decrease would decrease the number of channels. Besides, BC could block the 

gaps between the BF and LDPE, which also would decrease the channels available for 

water in BPC-BC (Chen et al. 2016). The maximum water absorption of the BPC at 23 

°C was 17.6%. The absorption increased to 20.2% at 45 °C, and declined to 19.5% at 

70 °C, but within a margin of error that made the difference between 45 °C and 70 °C 

statistically insignificant. In contrast, the maximum water absorption of the BPC-BC 

increased as the immersion temperature increased. A few authors have reported that the 

maximum water absorption increased with the increasing immersion temperature, while 

others have reported the opposite (Joseph et al. 2002; Espert et al. 2004; Tamrakar and 

Lopez-Anido 2011). It was hard to determine whether this difference was caused by the 

immersion temperature because these composites were produced using different 

manufacturing technologies and contained different fiber species and contents. 

 

 
 

Fig. 1. Water absorption curves of the BPC and BPC-BC at different immersion temperatures 

 

Table 1. Diffusion Curve Fitting Parameters for the BPC and BPC-BC 

Specimen n k M∞ (%) D (m2/s) × 10-12 

BPC 23 0.5621 0.0567 17.56 0.95 

BPC 45 0.6272 0.0967 20.21 1.86 

BPC 70 0.5713 0.1439 19.54 2.56 

BPC 100 0.4342 0.5259 20.35 7.11 

BPC-BC 23 0.5365 0.0561 13.78 1.09 

BPC-BC 45 0.4695 0.1049 13.91 1.68 

BPC-BC 70 0.5263 0.1362 15.63 2.23 

BPC-BC 100 0.5021 0.3528 17.61 5.21 

 

The absorption process was different for different immersion temperatures. 

With an increasing temperature, the rate of diffusion increased, and the time required 

to reach the maximum water absorption was shortened. The period to reach the 

maximum water absorption was 6 h for the BPC at 100 °C, but was 337 h at 23 °C. The 

increased water temperature increased the motion of the water molecules, and thus the 

rate of diffusion increased. Table 1 shows the n and k values obtained using Eq. 2. The 

value of n was close to 0.5; thus, the Fick’s diffusion model was used to describe the 

diffusion of water in the BPC and BPC-BC (Zabihzadeh et al. 2010). The water 

diffusion coefficients for the composites are shown in Table 1. Similar results were also 

obtained by many other studies (Espert et al. 2004; Adhikary et al. 2008; Zabihzadeh 
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et al. 2010; Tamrakar and Lopez-Anido 2011). As was expected, the value of D 

increased with the increasing immersion temperature. This result was also obtained by 

Espert et al. (2004) and Tamrakar and Lopez-Anido (2011). 

Because the absorption behavior followed Fickian diffusion, an exponential 

Arrhenius-type equation could be used to predict the diffusion coefficient at any 

temperature. This equation is expressed below (Comyn 1985), 

  0 exp aE
D T D

R T

 
   

        (5) 

where D(T) (m2/s) is the diffusion coefficient at immersion temperature T (K), D0 is the 

permeability index (m2/s), Ea is the activation energy for diffusion (kJ/mol), and R is 

the universal gas constant (8.314 J/K/mol). From Eq. 5, Eq. 6 was derived as follows, 

  0

1
ln ln aE

D T D
R T

               (6) 

Thus, Ea/R and D0 could be determined from the slope and intercept of Eq. 6, 

respectively (Fig. 2). The Arrhenius-type relation could be used to predict the diffusion 

coefficient at any temperature using the experimental data. Thus, Eq. 5 was rewritten 

as Eqs. 7 and 8. The addition of the BC into the BPC reduced the apparent activation 

energy for diffusion. 

9 2743.53
( ) 9.7111 10 expBPCD T

T

  
   

 
      (7) 

9 2147.36
( ) 1.4380 10 expBPC BCD T

T





 
   

 
      (8) 

 
Fig. 2. Arrhenius plot for the BPC 
 

Figure 3 shows the diffusion coefficient as a function of the temperature using 

Eqs. 7 and 8 and the experimental data. When the temperature was lower than 39 °C, 

the diffusion coefficient of the BPC was slightly lower than that of the BPC-BC. At 

temperatures above 39 °C, the diffusion coefficient of the pure BPC was higher than 

that of the BPC-BC. This difference became wider as the temperature increased further. 

Thus, BC reduced the diffusion of water when the immersion temperature was high. 

Yang et al. (2005) reported that strong interfacial adhesion between the fibers and 

polymers could reduce the coefficient of thermal expansion. The LDPE could permeate 

the pores of the BC and interact strongly with the BC (Chen et al. 2016). Thus, the 

thermal expansion coefficient of the BPC-BC was lower than that of the BPC, and fewer 

gaps were formed in the BPC-BC after the composite was heated. Finally, this 

interaction resulted in a decreased diffusion coefficient for the BPC-BC. 
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Fig. 3. Diffusion coefficient as a function of the temperature 

 

 
 

Fig. 4. Effect of the immersion temperature on the wear loss of the BPC and BPC-BC 

 

Wear Loss 
Table 2 displays the mechanical and physical properties for all specimens. The 

effect of the hydrothermal aging temperature on the wear rates of the BPC and BPC-

BC is also given. Figure 4 shows the evolution of wear loss as a function of the 

temperature, which was expressed as the ratio between the wear loss upon immersion 

at different temperatures and the wear loss of the untreated specimen. The results 

indicated that the wear rate of both the BPC and BPC-BC first increased and then 

decreased with an increase in the water temperature. The maximum wear loss was 

found at the water temperature of 45 °C. The wear loss increased after immersion in 

water because the BFs absorbed water and expanded, which created larger gaps 

between the BFs and LDPE. Compared with the untreated specimen (Fig. 5a), the 

specimen that was immersed (Fig. 5b) clearly exhibited many gaps around the BFs. It 

was concluded that the BFs were more easily delaminated from the BPC. Therefore, 

compared with the worn surface of the untreated BPC (Fig. 5c), the BPC immersed at 

45 °C (Fig. 5e) showed more damage and more delamination on the worn surface. It 

was observed that the wear loss increased after immersion. 
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Fig. 5. SEM micrographs of: the flat surfaces of the BPC without treatment (a) and after 
immersion in 45 °C water (b); the worn surfaces of the BPC without treatment (c), BPC-BC 
without treatment (d), BPC after immersion in 45 °C water (e), and BPC after immersion in 
100 °C water (f); and fracture surfaces of the BPC without treatment (g) and after immersion 
in 100 °C water (h) 
 

In general, when the water temperature increased, both LDPE and BFs would 

absorb more heat and expand further, so the gaps between LDPE and BF became bigger 

after two weeks condition of the specimens. This made the BFs are more easily 

delaminated, and the wear loss is increased. However, when the temperature was above 

70 °C, the wear rate did not increase, but instead decreased (Table 2 and Fig. 4). Figure 

5f shows the worn surface of the BPC treated at 100 °C. 
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Table 2. Physical-mechanical Properties of the BPC and BPC-BC after Hydrothermal Aging 

Specimen 
Wear Rate (%) × 10-5 Density (g/cm3) MOR (MPa) MOE (MPa) 

Impact Strength 
(kJ/m3) 

BPC BPC-BC BPC BPC-BC BPC BPC-BC BPC BPC-BC BPC BPC-BC 

Untreated 
4.20 

(0.45) b 
3.57 

(0.75)ab 
1.050 

(0.008) a 
1.093 

(0.009) a 
13.0 

(0.6) a 
14.6 

(0.1) a 
1013 
(72) a 

1304 
(54)a 

9.04 
(0.54) bc 

8.12 
(0.39) ab 

23 °C 
4.72 

(0.59) b 
3.30 

(0.89) bc 
1.038 

(0.004) b 
1.052 

(0.009) b 
10.5 

(0.2) b 
12.4 

(0.2) b 
467 

(16) b 
656 

(28) b 
10.77 

(0.38)a 
8.43 

(0.38) a 

45 °C 
6.53 

(0.81) a 
4.48 

(0.28) a 
1.006 

(0.003) c 
1.050 

(0.006) b 
9.1 

(0.1) c 
10.7 

(0.2) cd 
342 

(25) c 
554 

(77) c 
9.47 

(0.36) bc 
7.65 

(0.46) b 

70 °C 
5.27 

(0.61) b 
4.38 

(0.22)ab 
0.991 

(0.009) d 
1.034 

(0.005) c 
7.8 

(0.5) d 
10.8 

(0.1) c 
310 

(47) c 
563 

(28)c 
9.56 

(0.37) b 
8.45 

(0.31) a 

100 °C 
3.12 

(0.38) c 
2.31 

(0.49) c 
0.983 

(0.012) d 
1.023 

(0.002) d 
7.5 

(0.3) d 
10.5 

(0.4) d 
250 

(19) d 
564 

(67) c 
8.70 

(0.99) c 
8.50 

(0.40) a 

Note: The letters a,b,c,d indicate significant differences based on the Duncan's analysis of variance. The same letter represented there was no significant difference 
between the specimens at the significance level of 5%. 
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Compared with the BPC treated at 45 °C (Fig. 5e), the detachment of the BPC worn 

surface decreased, and little delamination was observed. The wear loss likely increased 

because of the loss of the pectin layer. By increasing the water temperature, hot water 

extractives were obtained from the BFs, and pectin is an important component in hot 

water extractives. Figure 5g shows the BFs of the BPC without treatment, and Fig. 5h 

shows the BFs of the BPC after immersion in 100 °C water. In contrast to the untreated 

BFs, the BFs after immersion at 100 °C lacked a pectin layer, the similar result was 

obtained by Espert et al. (2004). Some authors (Stokes et al. 2011; Tingting et al. 2014) 

found that pectin shows low friction when used as an additive in water, possibly because 

a lubricating film forms on the wear surface. Figure 6 shows that gaps were produced 

around the BFs after immersion, and the BFs that were immersed at a lower temperature 

were covered with a pectin layer. The pectin layer allowed the BFs to detach more 

easily from the matrix because it reduced the friction effect between the BFs and matrix. 

When the specimen was immersed at a higher temperature, the pectin layer was 

dissolved. Therefore, the BFs had stronger interactions with the matrix, and the wear 

rate decreased. 

 

 
 
 

Fig. 6. Interfacial reaction mechanism of the BPC without treatment (a) and after immersion at 
lower (b) and higher temperatures (c) 
 

BC was effective at reducing the wear rate of the BPC at any water temperature. 

There are two possible reasons for this result. First, the strong interactions between the 

BC and polymer (Li et al. 2014; Chen et al. 2016; Zhu et al. 2016) increased the 

difficulty of delaminating the polymer from the surface. Figure 5c shows the worn 

surface of the BPC without treatment, and Fig. 5d shows the worn surface of the BPC-

BC without treatment. Both of these worn surfaces indicated that the polymer was 

delaminated after wear. However, the polymer was found to have delaminated more 

from the worn surface of the BPC than from that of the BPC-BC. The BC interacted 

strongly with the polymer, and these interactions decreased polymer delamination 

because of friction and wear, which decreased the wear rate. Second, the multiple 

laminated graphite planes existing in the carbon fibers endowed the fibers with a self-

lubricating characteristic (Song et al. 2007; Lkhagvasuren et al. 2016; Luo et al. 2016). 

Other fibers such as chrysotile asbestos fibers or glass fibers also can be used to 

reinforce the wear resistance of WPCs (Luo et al. 2013; Zhang et al. 2016). 

 

Mechanical Properties  
The density of the specimens decreased as the hydrothermal aging temperature 

increased (Table 2). The density of the untreated BPC decreased from 1.050 g/cm3 to 

1.038 g/cm3 after immersion in 23 °C water because the BF in the matrix expanded 

after immersion (Espert et al. 2004) and shrank after re-drying, which created many 

gaps. This mechanism increased the volumes of the specimens, and so the density 

BFs Pectin layer Matrix Swelled BFs Gaps Swelled BFs (without pectin layer) 
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decreased. When the hydrothermal aging temperature increased to 100 °C, the density 

decreased to 0.983 g/cm3. This change was attributed to several factors, such as the 

increase in the expansion rate of the BF, removal of bamboo extractives, and 

degradation of the BF via the hydrolysis mechanism during hydrothermal aging (Espert 

et al. 2004). The BC filled the gaps between the LDPE and BFs (Chen et al. 2016), and 

so the density of the BPC-BC was higher than that of the BPC at any water temperature. 

 

 
 

Fig. 7. Effect of the immersion temperature on the flexural properties of the BPC and BPC-BC 
 

Table 2 reports the flexural properties, and Fig. 7 shows the evolution of the 

flexural properties as a function of the temperature and expressed as the ratio between 

the specimens after immersion at different temperatures and the untreated specimens. 

The results indicated that the MOR of the specimens was smaller than that of the 

specimens that were untreated after immersion in water and decreased further as the 

hydrothermal aging temperature increased. The MOR of the specimens was decreased 

by 19.2% after immersion at 23 °C. When the immersion temperature was increased to 

100 °C, the MOR decreased by 42.3%. The decrease in the MOR could have been 

related to the decrease in the density of the composites. The BC could have enhanced 

the BPC whether the specimens were hydrothermally aged or not for the following 

reasons. First, the LDPE had strong interactions with the BC because it could permeate 

into the porous BC in a molten state (Li et al. 2014). Additionally, the BC was able to 

reinforce the BPC by filling the gaps between the BFs and LDPE (Chen et al. 2016). 

However, when the hydrothermal aging temperature was below 45 °C, the MOR of the 

BPC-BC decreased as the temperature increased, and when the immersion temperature 

was 70 °C and 100 °C, the MOR remained almost constant. The strong interactions 

between the LDPE and BC reduced the thermal expansion coefficient of the composite 

(Yang et al. 2005; Chen et al. 2016). Therefore, the smaller thermal expansion 

coefficient of the BPC-BC led to the formation of fewer gaps after heating the 

composites and resulted in a constant MOE value for the BPC-BC above 45 °C. These 

results suggested that the BC might prevent the strength of the BPC from decreasing 

after aging in water at a high temperature. 

The trend of the MOE was similar to that of the MOR, but it showed a greater 

degree of reduction after immersion (Fig. 7). The main reason for this may have been 

that the interaction between the BFs and LDPE became weaker after expansion and 

shrinking. The softening of the desorbed zones of the cellulose microfibrils might have 

caused this decrease (Lin et al. 2002; Akil et al. 2014). The MOE of the BPC-BC was 

higher than that of the BPC after hydrothermal aging at all of the tested temperatures. 

The MOE increased because the BC could restrict the motion of the polymer chains, 

which may have permeated the pores of the BC (Chen et al. 2016). 
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Table 3. Comparison of the Flexural Properties and Impact Strength for Different Immersion Temperatures from Previous Studies 

Temperature 
(°C) 

Wood 
Fiber 

Polymer 
Molding 
Method 

Immersion 
Time 

MOR MOE Impact Strength Reference 

Before  
Immersion 

(MPa) 

After 
Immersion 

(%) 

Before  
Immersion 

(MPa) 

After 
Immersion 

(%) 

Before  
Immersion 

(kJ/m3) 

After 
Immersion 

(%) 

 

21 to 23 

15% wood 
fiber 

PP Injection 
72 h /  
420 h# 

56 3.57a 1900 40.53a 
3.29 0.4 

Lin et al. 
(2002) 65.5 3.82b 2000 33.50b 

30% 
cellulose 

PP Hot press 
Water-

saturated 
- - 1260 -40.48 - - 

Espert et al. 
(2004) 

40% wood 
fiber 

PP Injection 
Water-

saturated 
46 -21.74 3600 -36.11 - - Stark (2001) 

46% pine PP Extrusion 
Water-

saturated 

22.5 0.44c 3700 -43.24c 

- - 
Tamrakar and 
Lopez-Anido 

(2011) 

32.1 -30.53d 4300 -55.81d 

22.5 8.00c* 3700 -32.43c* 

32.1 -21.18d* 4300 -41.86d* 

60% BF LDPE Hot press 
Water-

saturated 
13 -19.23* 1013 -53.90* 9.04 19.14* - 

45 to 50 

30% 
cellulose 

PP Hot press 
Water-

saturated 
- - 1260 -34.92 - - 

Espert et al. 
(2004) 

46% pine PP Extrusion 20 d 
22.5 -1.78c 3700 -43.24c 

- - 
Tamrakar and 
Lopez-Anido 

(2011) 32.2 -9.94d 4300 -46.51d 

60% BF LDPE Hot press 
Water-

saturated 
13 -30.00* 1013 -66.24* 9.04 0.05* - 

60 to 70 

15% wood 
fiber 

PP Injection 
72 h /  
240 h# 

56 -3.57a 1900 -15.79a 
3.29 0.16 

Lin et al. 
(2002) 65.5 -4.58b 2000 -10.00b 

30% 
cellulose 

PP Hot press 
Water-

saturated 
- - 1260 -35.71 -  Espert et al. 

(2004) 

46% pine PP Extrusion 
Water-

saturated 

22.5 -8.00c* 3700 -51.35c* 
- - 

Tamrakar and 
Lopez-Anido 

(2011) 32.2 -31.99b* 4300 -55.81d* 

60% BF LDPE Hot press 
Water-

saturated 
13 -40.00* 1013 -69.40* 9.04 0.06* - 
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Temperature 
(°C) 

Wood 
Fiber 

Polymer 
Molding 
Method 

Immersion 
Time 

Before  
Immersion 

(MPa) 

After 
Immersion 

(%) 

Before  
Immersion 

(MPa) 

After 
Immersion 

(%) 

Before  
Immersion 

(kJ/m3) 

After 
Immersion 

(%) 
- 

100 

15% wood 
fiber 

PP Injection 
72 h /  
240 h# 

56 -3.57a 1900 -10.53a 
3.29 0.11 

Lin et al. 
(2002) 65.5 -6.87b 2000 -10.00b 

30% sisal PP Injection 7 h - - 753 -23.28 - - 
Joseph et al. 

(2002) 

60% BF LDPE Hot press 
Water-

saturated 
13 -42.31* 1013 -75.32* 9.04 -0.04* - 

Note: a Results for the untreated WF, b Results for the treated WF, c Results for the WPC flange, d Results for the WPC web, * Results for the WPC after re-drying, 
# Immersion time was 72 h for the flexural properties and 420 h or 240h for the impact strength. 
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Hydrothermal aging had no significant effect on the impact strengths of the BPC 

and BPC-BC (Table 2). After hydrothermal aging, the specimens had a higher water 

content than the specimens without treatment because the new gaps were able to contain 

more water. The water molecules could resist the impact energy, and so the impact 

resistance increased (Pandian et al. 2014). However, the degradation of the BFs decreased 

the impact strength when the specimens were immersed at high temperatures. The BC 

could not improve the impact strength of the BPC. This result was also observed in the 

authors’ previous study (Chen et al. 2016). 

A comparison between the flexural properties and impact strength of WPCs at 

different immersion temperatures is shown in Table 3, along with the results of previous 

studies that used different wood fibers and molding methods. Almost all of the flexural 

properties of the test specimens decreased by various degrees, except for the samples in the 

study by Lin et al. (2002). The author attributed this behavior to decreased interfacial 

debonding and increased interfacial shear strength. In the current study, the flexural 

properties further decreased as the hydrothermal aging temperature increased, but similar 

conclusions were not reached in previous studies. These results may have been related to 

the high BF content, as BFs are more sensitive to hydrothermal aging than the polymer. 

Additionally, the flexural properties also further decreased as the wood fiber content 

increased with a constant immersion temperature. 

Hydrothermal aging did not have a significant effect on the impact strength of 

WPCs. Stark et al. (2001) speculate this might because the swelling of fibers made it 

difficult to pull out from the matrix (Stark 2001; Lin et al. 2002). Previous studies on 

hydrothermal aging using WPCs mainly focused on PP. However, more polymers should 

be studied because, for example, polyethylene and polyvinyl chloride are also raw 

materials commonly used in WPCs. 

 
 
CONCLUSIONS 
 
1. In this study, the BPC and BPC-BC were aged at four different water temperatures and 

tested. It was found that the moisture penetration behavior followed Fick’s law. When 

the immersion temperature was higher, the diffusion coefficient was larger. The BC 

reduced the water absorption at all of the water temperatures and reduced the diffusion 

coefficient at temperatures higher than 39 °C because the BPC-BC has a small linear 

thermal expansion coefficient. 
 

2. The wear rates of the composites first increased and then decreased as the water 

temperature increased. Immersion in water helped the BF to dislodge from the matrix. 

However, a higher water temperature degraded the pectin layer and decreased the wear 

rate. The BC also reduced the wear rate at all of the tested temperatures because of its 

strong connection with the polymer and its self-lubricating characteristics.  
 

3. The density and flexural properties of the specimens were clearly reduced after 

immersion and re-drying, and the decrease became sharper as the hydrothermal aging 

temperature increased because aging in water increased the gaps between the BF and 

LDPE. The BC increased the flexural properties of the BPC after hydrothermal aging, 

not only because of the strong interactions between the BC and polymer, but also 

because of the smaller thermal expansion coefficient for the BPC-BC. 
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