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19 ABSTRACT

20 Bamboo stems were subjected to a mechanical treatment process for the

21 extraction of bamboo fiber bundles. The fiber bundles were used as reinforce-

22 ment for the fabrication of high-performance composites with phenolic resins as

23 matrix. The influence of fabricated density and bamboo species on physical–

24 mechanical properties of bamboo fiber bundle reinforced composites (BFCs)

25 was evaluated. The results revealed that BFCs with density of 1200 kg/m3

26 exhibited lower water absorption, better dimensional stability, and higher

27 mechanical properties with comparison to those with lower density. The

28 changes in microstructures of BFCs with respect to density gave evidence that

29 the high performance of BFCs with high density was due to the almost complete

30 collapse of bamboo lumens, which resulted in the formation of solid bamboo

31 and thin resin films with water resistance ability. BFCs fabricated from five

32 bamboo species all showed better properties compared to commercialized

33 bamboo-based composites. However, significant differences in physical–me-

34 chanical properties of BFCs among bamboo species were also found. This may

35 be attributed to the variations in anatomical structure and physical–mechanical

36 properties among original bamboo species. From a practical production view,

37 the effect of bamboo species on properties of BFCs should be properly taken into

38 consideration.
39

40

41 Introduction

42 Renewable raw materials have attracted more and

43 more attentions on the development of bio-based

44 green materials because of the rising concerns

45regarding the depletion of fossil oil and environ-

46mental issues [1]. Natural fibers derived from plants

47have been used as reinforcement elements in the

48fabrication of fiber/polymer composites for versatile

49applications with benefits including biodegradability
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50 and environmental protection. Among various natu-

51 ral fiber plants, bamboo has been considered as the

52 most promising material owing to its high growth

53 rate, abundant availability, renewable nature, short

54 maturity cycle, and unique biological structure and

55 high mechanical performance. Meanwhile, the

56 mechanical properties such as tensile strength and

57 modulus of single bamboo fibers are nearly two times

58 of that of single Chinese Fir and Masson Pine fibers,

59 and significantly higher than that of most other

60 softwood fibers, the average tensile strength and

61 modulus for bamboo fibers are 1.55 and 36.7 GPa,

62 respectively [2, 3].

63 Because of the excellent performance of bamboo, it

64 has been widely used in the manufacturing of artifi-

65 cial craftworks since ancient times. Over the past

66 decades, a number of bamboo-based products such

67 as bamboo panel [4], orientation strand board [5, 6],

68 keyboard [7], laminated composites [8, 9], bamboo

69 mat/wood veneer plywood [10], and bamboo cement

70 composites [11] have been developed. For the pro-

71 duction of bamboo panels or laminated composites,

72 outer and inner layers were usually removed to

73 increase the bonding performance, which resulted in

74 the low efficiency of use of bamboo and waste of

75 resources. As reported, the utilization ratio of bam-

76 boo in bamboo-based plywood, panel, and flooring

77 was 35–48, 50, and 20–25 %, respectively [12].

78 Recently, polymer matrix composites reinforced

79 with bamboo fibers have been extensively explored

80 due to the favorable properties of bamboo fibers [13,

81 14]. As for the fiber-reinforced composites, fiber

82 extraction methods, fiber characteristics, and prepa-

83 ration techniques were main parameters affecting the

84 mechanical properties of the composites [15]. How-

85 ever, the usually employed bamboo fibers for the

86 preparation of fiber-reinforced composites were

87 extracted using chemical treatment process, from

88 which the original orientation of natural bamboo

89 fibers was disrupted and the performances of fibers

90 were damaged. Moreover, the chemical processes

91 consumed large amount of chemical reagents and

92 energy resulting in environment pollutions and high

93 cost.

94 In order to address the aforementioned problems

95 for the industrial production of bamboo-based com-

96 posites for construction of engineering materials, Yu

97 developed a novel mechanical treatment process for

98 the preparation of bamboo fiber bundle mat [16].

99 Basically, bamboo fiber bundle mats are formed by

100differential cleavages, where partial linear- and dot-

101ted-shaped cracks are caused to occur in the rolling

102process using fluffer. The fluffer includes driving

103rollers connected to the motor and fluffing rollers

104with several fluffing teeth distributed in the circum-

105ferential surface. The driving and fluffing rollers are

106rotary and fixed horizontally on a support frame. By

107inputting bamboo logs into a fluffer, impact forces are

108delivered to the surfaces of bamboo skins, causing

109ruptures to occur explosively along natural cleavage

110planes forming a reticulated sheet [17]. The produced

111bamboo fiber bundle mat via this novel technique has

112been applied in the fabrication of bamboo fiber

113bundle reinforced composites [18], bamboo scrimber

114which is a novel engineered composite made from

115parallel bamboo bundles [19], reconstituted bamboo

116lumber [20], and bamboo-bundle laminated veneer

117lumber [21, 22]. The composites with this new fiber

118bundle mat as matrix all showed excellent physical–

119mechanical properties. Even though a reduction in

120mechanical properties of bamboo fiber reinforced

121composite was observed after 2 years’ outdoor expo-

122sure tests, the samples still exhibited high mechanical

123strength and good dimensional stability [23].

124In all these studies, only one bamboo species was

125used as raw resource for the fabrication of bamboo-

126based composites. However, there are 75 genera with

1271250 bamboo species worldwide [24], and bamboo

128properties including anatomical structure and phys-

129ical–mechanical properties are reported to be signif-

130icantly different with species [25–27]. The differences

131in bamboo properties could also significantly affect

132its mechanical or chemical processing procedures

133and the performance of end products [28–30].

134Therefore, research on fabrication of bamboo fiber

135bundle reinforced composites from more bamboo

136species still needs to be conducted. And the evalua-

137tion of their performance is also essential to ensure

138that the fabricated composite could meet with the

139requirements of construction design. In this study,

140structures and physical–mechanical properties of

141bamboo fiber bundle reinforced composites (BFCs)

142with different fabricated density were first investi-

143gated. Then, BFCs with density of 1100 kg/m3 were

144fabricated from five bamboo species because density

145of 1100 kg/m3 is close to that of the industrial

146products. The objective of this study was to provide

147primary understanding of the formation mechanism

148of BFCs and the influence of bamboo species on

149properties of BFCs. The results in this study may
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150 provide fundamental information for quality control

151 system in a practical production.

152 Experimental

153 Materials and chemicals

154 Bamboo culms (4-year old) of five bamboo species

155 (Neosinocalamus affinis (NA), Dendrocalamus farinosus

156 (DF), Phyllostachys heterocycla (PE), Dendrocalamus lat-

157 iflorus (DL), and Bambusa pervariabilis McClure 9 Den-

158 drocalamopsis daii (BD)) were harvested in Sichuan

159 province, China. Ten bamboo logs with length of 4

160 meters were cut at about 10 mm above the ground. A

161 commercial phenol–formaldehyde (PF) resin obtained

162 from the Taier Corporation (Beijing, China) was used

163 as matrix for the composite fabrication. The parame-

164 ters of the PF resin were as follows: 44.6 % of solids

165 content, viscosity of 41 mPa.s, pH of 11.2, and its

166 ability to dissolve in water 7–8 times.

167 Preparation of bamboo fiber bundles

168 Bamboo logs with length of 1000 mm were first split

169 longitudinally into two semicircular bamboo sec-

170 tions. After bamboo inner nodes were removed, the

171 semicircular bamboo tubes were pushed into a fluf-

172 fer. With brooming and rolling, the bamboo sections

173 were processed into a loosely laminated sheet. The

174 laminated sheet was cross-linked in the width direc-

175 tion with a series of dotted- and/or linear-shaped

176 cracks along the longitudinal/fiber direction. The

177 netlike bamboo sheet with uniform thickness and

178 maintaining the original bamboo fiber arrangement

179 was finally cut into pieces with length of 500 mm

180 using an electrical saw.

181 Preparation of bamboo fiber bundle
182 reinforced composites (BFCs)

183 The PF resin solution was diluted with water to a

184 solids content of 15 %. The bamboo fiber bundles

185 were immersed into the PF resin for 3 min and placed

186 for 5 min to avoid PF resin flowing out; the amount of

187 glue was controlled to about 12 % of the oven-dry

188 weight of the bamboo fiber bundles, and then air-

189 dried to a moisture content of 9 %. The bamboo

190 fiber bundles were weighted out according to the

191 desired density (800, 1000, and 1200 kg/m3) and were

192assembled in a designed mold. For evaluating the

193effect of bamboo species on the properties of BFCs, the

194density was set as 1100 kg/m3. A hot press was used

195to press the BFCs at a platen temperature of 150 �C.

196The pressure was kept 2.5 MPa for a holding time of

1971.5 min/mm. The dimension of BFCs was 450 mm

198(length) 9 160 mm (width) 9 15 mm (thickness).

199Characteristics of original bamboo

200Anatomical properties

201Bamboo samples were boiled in distilled water for

2026 h until soft. The softened blocks were sliced into

20330-lm sections on a sliding microtome. The cross-

204sections were stained with 0.1 % safranin-o and

205dehydrated through an alcohol series, and then

206mounted on a slide with a cover slip. The air-dried

207slides were examined on a digital photomicroscope

208(Olympus DP20), and the anatomical properties were

209analyzed by Image-Pro Plus (Media Cybernetics,

210version 6.0). The vascular bundle density was deter-

211mined by counting the numbers of the vascular

212bundle on the cross-section images per mm2. Six

213replicates were carried out for each sample.

214For the analysis of fiber morphology, the Jeffrey’s

215solution (10 % chromic acid:10 % nitric acid mix-

216tures = 1:1) method was used. Bamboo splits were

217macerated in the Jeffrey’s solution, and then were

218washed carefully with distilled water. Macerated

219splints were stained with 0.1 % safranin-o for a few

220seconds to contrast the fiber’s images. Little part of

221the stained splints was dispersed in a drop of 50 %

222glycerol solution on a slide. Slides of cross-section

223were projected using microscope with digital camera

224at 209 for the determination of fiber length and at

2254009 magnification for lumen diameter and cell wall

226thickness, respectively. A total of fifty complete and

227reasonable fibers were selected randomly and mea-

228sured for each bamboo species.

229Physical–mechanical properties

230Physical–mechanical properties of original bamboo

231were determined according to a referenced method

232[31]. A 25-mm section was used for specific gravity

233test, which was obtained from the middle portion of

234an internode from each bamboo. For each species, six

235samples were prepared for specific gravity test. Vol-

236umetric shrinkage was estimated on green and oven-
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237 dry volume dimensions. Samples for volumetric

238 shrinkage determination were oven-dried at

239 105 ± 2 �C until constant weight was obtained. The

240 green volume of samples was determined using the

241 water displacement method.

242 Shear strength (SS) and compressive strength (CS)

243 parallel to grain were determined using a universal

244 testing machine (Reger, RGM-4100, China). Sample

245 size for the measurement of shear strength and

246 compressive strength was 35 9 20 mm 9 culm wall

247 thickness and 20 9 20 mm 9 culm wall thickness,

248 respectively. Compressive and shear strength were

249 measured by loading the specimen at a constant rate

250 of 0.5 mm/min until the maximum load was reached

251 or when failure occurred. The force was loaded from

252 top to bottom along the longitudinal direction of the

253 samples for both SS and CS test. The samples for CS

254 were organized with two steel plants of testing

255 machine, one attaching upper surface and the other

256 one supporting lower surface of test pieces. Shear and

257 compressive strength were calculated by formula (1)

258 and (2), respectively. Thirty replicates were carried

259 out for each sample.

Shear strength ¼
Pmax

hL
ð1Þ

261261 Compressive strength ¼
Pmax

bh
; ð2Þ

263263 where Pmax is the maximum load at which the sample

264 fails (N), L represents the length of shear surface,

265 b represents the width (mm), and h represents the

266 depth (culms wall thickness, mm).

267 Properties of BFCs

268 Microstructure analysis

269 The structure and the surface morphology of the

270 BFCs were observed using a scanning electron

271 microscope (SEM, JCM-5000). Test samples were

272 coated with gold using a vacuum sputter coater

273 before subjected to the SEM analysis.

274 Physical properties of BFCs

275 The water absorption (WAR), width swelling (WS),

276 and thickness swelling (TS) of BFCs were measured

277 according to a standard procedure in ASTM D-1037.

278 Samples with size of 50 9 50 9 15 mm were sub-

279 jected to a water boil proof treatment in accordance

280with Chinese National Standard for Testing and

281Materials (GB/T 30364-2013). The samples were

282immersed in boiling water for 4 h, and then dried in

283oven for 20 h. Thereafter, the samples were immersed

284in boiling water for another 4 h.

285Mechanical properties of BFCs

286Bending strength (MOE) and modulus of elasticity

287(MOR) of BFCs were tested in accordance with Chi-

288nese National Standard for Testing and Materials

289(GB/T 17657-1999). Sample size for bending strength

290test was 360 9 50 9 15 mm. Compressive strength

291(CS) and shear strength (SS) were tested in accordance

292with ASTM D3501-2005 and ASTM D 2344-2013,

293respectively. Samples for compressive and shear

294strength were 80 9 15 9 15 and 90 9 40 9 15 mm,

295respectively. All samples for mechanical test were

296conditioned at 20 �C and 65 % relative humidity for at

297least 4 weeks prior to testing. Six specimens of BFCs

298were tested for each bamboo species.

299Data analysis

300Statistical analysis was carried out using SAS (version

3019.1, SAS Institute, Cary, NC). Analysis of variance

302(ANOVA) was performed to determine significant

303differences (a = 0.05) in the properties of both origi-

304nal bamboo and BFCs. Correlation analysis was also

305performed to investigate the relationship between

306properties of original bamboo and those of BFCs.

307Results and discussion

308Effect of density on physical–mechanical
309properties of BFCs

310Bamboo fiber reinforced composites (BFCs) with

311density of 800, 1000, and 1200 kg/m3 were fabricated

312using DF bamboo fiber bundles with phenol–

313formaldehyde resin. Table 1 represents the water

314absorption and dimensional stability of the compos-

315ites with respect to the fabricated density. The water

316absorption (wet state) decreased from 43.03 to 5.01 %

317as the density increased from 800 to 1200 kg/m3,

318indicating that the increase in fabricated density

319could significantly reduce the water absorption abil-

320ity of the composites. Both the width and thickness

321swelling showed a decrease with increasing the
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322 fabricated density. The width swelling, thickness

323 swelling, and water absorption of BFCs with density

324 of 1200 kg/m3 were 0.7, 5.5, and 5.01 %, respectively.

325 This result revealed that BFCs with density of

326 1200 kg/m3 showed good water resistance ability.

327 This could be attributed to that with high-pressure

328 hot-pressing process lumens of bamboo such as ves-

329 sels, parenchymas, and fibers were deformed result-

330 ing in the close of the lumens, which reduced the

331 water pathways in the composites during water

332 treatment.

333 Table 2 shows the mechanical properties (MOE,

334 MOR, CS, and SS) of the composites with respect to

335 fabricated density. The MOE, MOR, CS, and SS for

336 BFCs with density of 800 kg/m3 were 170.88, 21231,

337 105.17, and 10.01 MPa, respectively. For comparison,

338 the composites fabricated in this research showed

339 comparable strength to that of the bamboo-based

340 composite as reported in other studies [18, 30].

341 Compared to BFCs with density of 800 kg/m3, the

342 MOE, MOR, CS, and SS for BFCs with density of

343 1200 kg/m3 increased by 41, 43, 52, and 85 %,

344 respectively.

345 Bamboo culm wall was characterized by vascular

346 bundle embedded in parenchymas, and the vascular

347 bundle density was closely associated with the

348 properties of bamboo culm wood. As for bamboo

349 wood, evidence that vascular bundle density has

350 positive relationship with the specific gravity (den-

351 sity) and mechanical properties has been provided

352 [32]. In order to further clarify the relationship

353between mechanical properties of the composites and

354the vascular bundle, the microstructure and the

355characteristics of the vascular bundle were

356investigated.

357The cross-sections of the DF bamboo culm and

358BFCs were observed using SEM and the images are

359presented in Fig. 1. As shown in Fig. 1a, the DF

360bamboo culm wood was composed of vascular bun-

361dles and parenchymas. The vascular bundles consist

362of central vascular and fiber strands embedded in

363parenchymas with regular lumen. In the SEM image

364of BFCs with density of 800 kg/m3, the shape of the

365parenchymas and the central vascular including

366vessels and phloem became irregular, i.e., lumens

367became thinner and the circular vessel became ellip-

368tic. Although the lumen for BFCs with 800 kg/m3

369were deformed and became thinner compared to that

370of the original bamboo, the deformed lumens could

371still provide pathways for water impregnation, this

372may provide evidence that BFCs with density of

373800 kg/m3 still exhibited high water absorption and

374width and thickness swelling. Increasing the density

375to 1000 kg/m3, lumens of the vessels, phloem, and

376most parenchymas were compressed into a closing

377state (Fig. 1c). Further increasing the density to

3781200 kg/m3, the lumens except for that of the thick

379fibers were all collapsed resulting in an almost solid-

380state composite.

381As the lumens were almost completely collapsed

382because of the hot-pressing and formation process in

383fabricating BFCs with density of 1000 or 1200 kg/m3,

Table 1 Water absorption and dimensional stability of BFCs from Dendrocalamus farinosus with respect to fabricated density

Density (kg/m3) Wet state Dry state

WS (%) TS (%) WAR (%) WS (%) TS (%) WAR (%)

800 3.78 ± 0.24a 8.56 ± 0.43 43.0 ± 3.00 3.54 ± 0.24 9.91 ± 1.03 51.1 ± 4.09

1000 1.57 ± 0.22 6.18 ± 0.52 13.5 ± 1.34 1.36 ± 0.28 7.22 ± 0.71 20.2 ± 7.96

1200 0.70 ± 0.10 5.50 ± 0.54 5.01 ± 0.92 0.46 ± 0.22 6.19 ± 0.47 6.66 ± 1.22

a Mean ± standard deviation of six replicates

Table 2 Mechanical

properties of BFCs from

Dendrocalamus farinosus with

respect to fabricated density

Density (kg/m3) MOR (MPa) MOE (GPa) CS (MPa) SS (MPa)

800 171 ± 26.9a 21.2 ± 1.03 105 ± 8.07 10.0 ± 0.68

1000 193 ± 36.0 22.7 ± 1.53 138 ± 2.84 15.5 ± 1.76

1200 213 ± 12.5 30.1 ± 1.29 162 ± 11.1 18.6 ± 1.19

a Mean ± standard deviation of six replicates
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384 water impregnation pathways were dramatically

385 reduced, which somewhat contributed to the lower

386 water absorption and width and thickness swelling

387 as discussed above. Meanwhile, the phenol–

388 formaldehyde resin which penetrated into the

389 lumens during the resin immersing process was also

390 compressed into a thin film when the bamboo tissue

391 lumens were closed with the high-pressure hot

392 pressing. This thin film performed excellent ability in

393 water resistance and prevented the hydroxyl groups

394 of the bamboo fiber bundles from interacting with

395 water molecules [18]. Therefore, both the closing of

396 the bamboo lumens and the formation of the phenol–

397 formaldehyde resin film contributed to good water

398 resistance properties of the composites with high

399 density (1000–1200 kg/m3).

400 From the analysis of the microstructure of the

401 composites, it could be concluded that during the

402 fabrication of BFCs, with the compression loading in

403 the radial direction of the composites, the par-

404 enchyma portions were first compressed and

405 deformed, then the stress was transferred into the

406 vascular bundle which resulted in the deformation of

407 the vessels and phloem. Thereafter, the deformed

408 bamboo lumens changed the vascular bundle

409 dimension and density. Figure 2 shows the variation

410in vascular bundle dimension and vascular bundle

411density among BFCs. The radial diameter of the

412vascular bundle decreased with increasing the fabri-

413cated density, while the vascular bundle density

414showed an increasing trend. The vascular bundle

415diameter and the vascular bundle density for the

416original bamboo culm wood were 458 mm and 3.26

417bundle/mm2, respectively. For comparison, the

418composites had smaller vascular bundle size and

419larger vascular bundle density because of the defor-

420mation of the lumens. For vascular bundle diameter,

421BFCs with density of 1200 kg/m3 showed more than

42225 % smaller than that for BFCs with density of

423800 kg/m3, while the vascular bundle density of

424BFCs with density of 1200 kg/m3 was about 1.9 times

425of that for the composites with density of 800 kg/m3.

426This result allowed the statement that high vascular

427bundle density resulted in high mechanical proper-

428ties of the composites.

429Variation in original bamboo properties
430among species

431In order to investigate the effect of bamboo species on

432the physical–mechanical properties of BFCs,

433anatomical structure, fiber morphology, and

Figure 1 SEM images of cross-sections of a Dendrocalamus farinosus bamboo culm and composites with density of b 800 kg/m3,

c 1000 kg/m3, and d 1200 kg/m3.
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434 physical–mechanical properties of the five bamboo

435 species were first evaluated to provide fundamental

436 information for analysis of variation in properties of

437 BFCs among species.

438 Transverse sections of the five bamboos were

439 observed using microscope, and the microstructure

440 images were presented in Fig. 3. Differences in vas-

441 cular bundle shape and size were observed as indi-

442 cated in the images. The vascular bundle type of NA,

443 DL, DF, and BD was ‘‘open type,’’ which consists of

444 only one part: the central vascular bundle, with a

445supporting tissue of four sclerenchyma sheaths on

446the sides [33]. The vascular bundle type of PE was

447‘‘broken-waist type,’’ and was composed of a central

448vascular strand and an isolated fiber bundle located

449at the protoxylem side [33].

450As shown in Table 3, NA had the highest vascular

451bundle density, while that of PE was lowest.

452According to the analysis of the fiber morphology,

453DL had long fibers with thin cell wall and large

454lumen diameter. Fibers of NA and PE were thicker

455than those of DL, DF, and BD. Fibers of DL had the

456largest lumen diameter (12.61 lm), while those of PE

457had the smallest lumen diameter (2.74 lm). Com-

458pared to DF, DL, and DB, NA and PE showed higher

459basic density, lower volume shrinkage, and stronger

460compressive strength and shear strength. The vari-

461ance analysis results indicated species had significant

462influence on properties of bamboo culm wood

463(p\ 0.05).

464Effect of bamboo species on properties
465of BFCs

466BFCs with density of 1100 kg/m3 were fabricated

467from the five bamboo species. The water absorption

468and dimensional stability (width and thickness

469swelling) of BFCs are listed in Table 4. The width

470swelling both at wet and dry state of BFCs fabricated

Figure 2 Vascular bundle diameter and density of BFCs with

respect to fabricated density.

Figure 3 Microstructure images of transverse sections of a NA, b DF, c PE, d DL, and e DB.
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471from the five bamboo species was less than 2 %, and

472the thickness swelling was less than 8 %. Compared

473to strand board made from Moso bamboo, BFCs

474exhibited lower thickness swelling, i.e., thickness

475swelling for strand board was 39.4 % [5]. The water

476absorption of BFCs except for that fabricated from

477NA was less than 10 %. As reported, the water

478absorption values for bamboo mat plywood [10],

479oriented strand board made from Betung bamboo [6],

480and bamboo short cellulosic fiber reinforced com-

481posites [34] were about 28, 46–48, and 17–33 %,

482respectively. This result showed that all BFCs had

483high dimensional stability and good water resistance

484property.

485BFCs fabricated from NA, DF, DL, and BD exhib-

486ited higher water absorption, width and thickness

487swelling than those from PE. This may be due to that

488PE had the smallest fiber lumen diameter as afore-

489mentioned. According to correlation analysis, posi-

490tive correlation between fiber lumen diameter and

491water absorption and dimensional stability was

492found, indicating that bamboo with larger fiber

493lumen contributed to higher water absorption, width

494and thickness swelling of BFCs. Another explanation

495for the highest width swelling of BFCs from NA may

496be attributed to its thick fiber cell wall. As the fiber

497lumen was compressed and became thinner due to

498compression deformation because of hot pressing,

499the lumen became wider and the stress was stored in

500the cell wall along the thickness direction. Thicker

501cell wall resulted in more stress stored, and the ten-

502dency to spring back was stronger. Therefore, larger

503width swelling generated when exposed to water

504treatment procedure. The variance analysis result

505showed that significant differences (p\0.05) in water

506absorption and dimensional stability among BFCs

507from five bamboo species were found. This result

508indicated bamboo species had significant influence

509on the water absorption and dimensional stability of

510BFCs.

511Figure 4 shows the mechanical properties of BFCs.

512As presented, the CS of BFCs from all five bamboo

513species was more than 130 MPa. The CS for bamboo-

514laminated composites was 55–88 MPa [9]. The com-

515parative result revealed that BFCs fabricated in this

516study possessed higher CS. Significant difference in

517CS was observed between BFCs from DF and PE. SS

518of BFCs from NA, PE, and DL was higher than that

519for BFCs from DF and BD, and BFCs from NA

520showed the highest SS. The MOE and MOR of BFCsT
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Figure 4 Effect of bamboo species on a compressive strength, b shear strength, c bending strength, and d modulus of elasticity of

bamboo fiber reinforced composites. Some letters above the columns indicate no significant different at 0.05 probability.

Table 4 Water absorption and dimensional stability of BFCs fabricated from five species

Species Wet state Dry state

WS (%) TS (%) WAR (%) WS (%) TS (%) WAR (%)

NA 1.23 ± 0.49aa 4.80 ± 0.47b 10.0 ± 1.78a 1.69 ± 0.58a 5.80 ± 0.75bc 10.5 ± 2.42a

DF 0.77 ± 0.26b 6.52 ± 0.72a 9.38 ± 1.00ab 1.03 ± 0.28ab 7.65 ± 0.69a 9.76 ± 1.06ab

PE 0.68 ± 0.09b 3.55 ± 0.37c 6.21 ± 0.40c 1.00 ± 0.16b 4.25 ± 0.54d 6.61 ± 0.54c

DL 0.87 ± 0.10ab 3.71 ± 0.59bc 7.05 ± 1.25bc 1.15 ± 0.12ab 4.58 ± 1.01cd 7.14 ± 1.43bc

BD 1.12 ± 0.25ab 6.31 ± 0.74a 7.33 ± 1.08abc 1.49 ± 0.40ab 5.82 ± 0.19b 8.12 ± 1.44abc

a Mean ± standard deviation of six replicates; Values followed by the same letter in the same row are not significantly different at 0.05

probability
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521 were more than 200 MPa and 20 GPa, respectively.

522 As compared to other bamboo fiber reinforced

523 materials such as bamboo fiber-polyester composites,

524 MOE for bamboo fiber-polyester composite was

525 16.4–42.3 MPa [14]; MOE of BFCs was much higher.

526 BFCs from PE showed the lowest MOE and MOR

527 compared to BFCs from the other species. The higher

528 mechanical properties of BFCs compared to com-

529 mercialized bamboo composites were mainly due to

530 the fact that bamboo fiber bundles maintained their

531 original fiber arrangement and orientation of frame-

532 work structure. A significant positive correlation

533 between bamboo fiber wall thickness and SS of BFCs

534 was observed (R = 0.90, p\ 0.05), whereas a negative

535 correlation was found between fiber wall thickness

536 and MOE and MOR. There was also a significant

537 positive correlation between fiber lumen diameter

538 and MOR (R = 0.88, p\ 0.05).

539 Although all BFCs fabricated from different bam-

540 boo species exhibited better dimensional stability,

541 lower water absorption, and stronger mechanical

542 properties with comparison to other bamboo-based

543 materials, differences in physical and mechanical

544 properties among BFCs from various bamboo species

545 were also observed. Therefore, for using BFCs as a

546 structural material, the effect of bamboo species on

547 properties of BFCs should be under consideration

548 because uniformity of raw materials for structural

549 design is highly required [21].

550 Conclusions

551 Bamboo fiber bundle reinforced composites (BFCs)

552 with density of 800, 1000, and 1200 kg/m3 were

553 fabricated. The microstructure images of BFCs

554 showed that the bamboo lumens were deformed due

555 to hot-pressing process. The vascular bundle density

556 of BFCs increased with increasing the fabricated

557 density, while the radial diameter of the vascular

558 bundle showed a decreasing trend. The increase in

559 fabricated density of BFCs resulted in the improve-

560 ment in dimensional stability and mechanical

561 strength. This may be due to the closing of bamboo

562 lumens and formation of phenolic resin films. Dif-

563 ferences in anatomical structure and physical–me-

564 chanical properties were observed among five

565 original bamboo wood. Bamboo species had signifi-

566 cant influence on the physical–mechanical properties

567 of BFCs with density of 1100 kg/m3. The smaller

568fiber lumen diameter of PE contributed to its lower

569water absorption of BFCs. BFCs from NA showed the

570highest shear strength and those from PE showed the

571lowest bending strength and modulus of elasticity.

572Although differences in physical–mechanical prop-

573erties of BFCs among bamboo species were observed,

574BFCs still showed significantly higher performance

575compared to commercialized products.

576Acknowledgements

577This work has been supported by ‘‘Key Laboratory of

578Wood Industry and Furniture Engineering of Sichuan

579Provincial Colleges and Universities.’’

580References

581[1] Morreale M, Liga A, Mistretta MC, Ascione L, Mantia FPL

582(2015) Mechanical, thermomechanical and reprocessing

583behavior of green composites from biodegradable polymer

584and wood flour. Materials 8:7536–7548

585[2] Yu Y, Jiang ZH, Fei BH, Wang G, Wang HK (2011) An

586improved microtensile technique for mechanical characteri-

587zation of short plant fibers: a case study on bamboo fibres.

588J Mater Sci 46:739–746. doi:10.1007/s10853-010-4806-8

589[3] Yu Y, Wang HK, Lu F, Tian GL, Lin JG (2014) Bamboo

590fibers for composite applications: a mechanical and mor-

591phological investigation. J Mater Sci 49:2559–2566. doi:10.

5921007/s10853-013-7951-z

593[4] Zhang YM, Yu YL, Yu WJ (2013) Effect of thermal treat-

594ment on the physical and mechanical properties of Phyl-

595lostachys pubescen bamboo. Eur J Wood Prod 71:61–67

596[5] Lee AWC, Bai XS, Peralta PN (1996) Physical and

597mechanical properties of strandboard made from Moso

598bamboo. For Prod J 46:84–88

599[6] Sahroni FF, Hidayat W, Bakar ES, Kwon GJ, Kwon JH,

600Hong SI, Kim NH (2012) Properties of oriented strand board

601made from Betung bamboo (Dendrocalamus asper (Schul-

602tes.f) Backer ex Heyne). Wood Sci Technol 46:53–62

603[7] Deng JC, Chen FM, Wang G, Qin DC, Zhang XK, Feng XQ

604(2014) Hygrothermal aging properties, molding and abrasion

605resistance of bamboo keyboard. Eur J Wood Prod 72:659–667

606[8] Verma CS, Chariar VM (2012) Development of layered

607laminate bamboo composite and their mechanical properties.

608Compos Part B-Eng 43:1063–1069

609[9] Verma CS, Sharma NK, Chariar VM, Maheshwari S, Hada

610MK (2014) Comparative study of mechanical properties of

611bamboo laminae and their laminates with woods and wood

612based composites. Compos Part B-Eng 60:523–530

J Mater Sci

Journal : 10853 - Large 10853 Dispatch : 13-5-2016 Pages : 11

Article No. : 24
h LE h TYPESET

MS Code : JMSC-D-16-01325 h CP h DISK4 4

A
u

th
o

r
 P

r
o

o
f

http://dx.doi.org/10.1007/s10853-010-4806-8
http://dx.doi.org/10.1007/s10853-013-7951-z
http://dx.doi.org/10.1007/s10853-013-7951-z


U
N
C
O
R
R
EC

T
ED

PR
O
O
F

613 [10] Rahman KS, Nazmul Alam, Islam MN (2012) Some phys-

614 ical and mechanical properties of bamboo mat-wood veneer

615 plywood. ISCA J Biol Sci 1:61–64

616 [11] Sudin R, Swamy N (2006) Bamboo and wood fibre cement

617 composites for sustainable infrastructure regeneration.

618 J Mater Sci 41:6917–6924. doi:10.1007/s10853-006-0224-3

619 [12] Zhang HY, Liu J, Wang ZQ, Lu XN (2013) Mechanical and

620 thermal properties of small diameter original bamboo rein-

621 forced extruded particleboard. Mater Lett 100:204–206

622 [13] Ochi S (2014) Mechanical properties of uni-directional long

623 bamboo fiber/bamboo powder composite materials. Mater

624 Sci Appl 5:1011–1019

625 [14] Manalo AC, Wani E, Zukarnain NA, Karunasena W, Lau K

626 (2015) Effects of alkali treatment and elevated temperature

627 on the mechanical properties of bamboo fibre-polyester

628 composites. Compos Part B-Eng 80:73–83

629 [15] Zakikhani P, Zahari R, Sultan MTH, Majid DL (2014)

630 Extraction and preparation of bamboo fibre-reinforced

631 composites. Mater Des 63:820–828

632 [16] Yu WJ (2011) Development of bamboo-fiber based com-

633 posites. China Wood Ind 25:6–8

634 [17] Yu YL, Huang XA, Yu WJ (2014) A novel process to

635 improve yield and mechanical performance of bamboo fiber

636 reinforced composite via mechanical treatments. Compos

637 Part B-Eng 56:48–53

638 [18] Yu YL, Huang XA, Yu WJ (2014) High performance of

639 bamboo-based fiber composites from long bamboo fiber

640 bundles and phenolic resins. J Appl Polym Sci. doi:10.1002/

641 APP.40371

642 [19] Yu YL, Zhu RX, Wu BL, Hu YA, Yu WJ (2015) Fabrication,

643 material properties, and application of bamboo scrimber.

644 Wood Sci Technol 49:83–98

645 [20] Qin L, Yu WJ, Yu YL (2012) Research on properties of

646 reconstituted bamboo lumber made by thermo-treated bam-

647 boo bundle curtains. For Prod J 62:545–550

648 [21] Chen FM, Jiang ZH, Deng JC, Wang G, Zhang D, Zhao QC,

649 Cai LP, Shi SQ (2014) Evaluation of uniformity of density

650 and mechanical properties of bamboo-bundle laminated

651 veneer lumber (BLVL). Bioresources 9:554–565

652 [22] Deng JC, Chen FM, Li H, Wang G, Shi SQ (2014) The effect

653 of PF/PVAC weight ratio and ambient temperature on

654 moisture absorption performance of bamboo-bundle lami-

655 nated veneer lumber. Polym Compos. doi:10.1002/pc.23255

656[23] Zhu RX, Zhang YH, Yu WJ (2015) Outdoor exposure tests

657of bamboo-fiber reinforced composite: evaluation of the

658physical and mechanical properties after 2 years. Eur J Wood

659Prod 73:275–278

660[24] Kamruzzaman M, Saha SK, Bose AK, Islam MN (2008)

661Effects of age and height on physical and mechanical

662properties of bamboo. J Trop For Sci 20:211–217

663[25] Hao PY (2004) Researches on wood characteristics of main

664papermaking bamboos in Hubei province and Phyllostachys

665pubescence in different growth period. Dissertation. Wuhan,

666China

667[26] Fang W, Huang JQ, Min L, Qian LY, Fu WN (1998) Com-

668parative anatomy on seventeen species of tufted bamboos.

669J Zhejiang For Coll 15:225–231

670[27] Huang XY, Qi JQ, Xie JL, Hao JF, Qin BD, Chen SM (2015)

671Variation in anatomical characteristics of bamboo, Bambusa

672rigida. Sains Malays 44:17–23

673[28] Xie JL, Huang XY, Qi JQ, Hse CY, Shupe TF (2014) Effect

674of anatomical characteristics and chemical components on

675microwave-assisted liquefaction of bamboo wastes. Biore-

676sources 9:231–240

677[29] Qi JQ, Xie JL, Yu WJ, Chen SM (2015) Effects of charac-

678teristic inhomogeneity of bamboo culm nodes on mechanical

679properties of bamboo fiber reinforced composite. J For Res.

680doi:10.1007/S11676-015-0106-0

681[30] Qi JQ, Xie JL, Huang XY, Yu WJ, Chen SM (2014) Influ-

682ence of characteristic inhomogeneity of bamboo culm on

683mechanical properties of bamboo plywood: effect of culm

684height. J Wood Sci 60:396–402

685[31] Huang XY, Xie JL, Qi JQ, Hao JF, Zhou N (2014) Effect of

686accelerated aging on selected physical and mechanical

687properties of Bambusa rigida bamboo. Eur J Wood Prod

68874:547–549

689[32] Mohmod AL, Amin AH (1993) Effects of anatomical char-

690acteristics on the physical and mechanical properties of

691Bambusa blumeana. J Trop For Sci 6:159–170

692[33] Liese W (1985) The anatomy of bamboo culms. Proceedings

693of the international bamboo workshop 196–208, Beijing

694[34] Xie XL, Zhou ZW, Jiang M, Xu XL, Wang ZY, Hui D

695(2015) Cellulosic fibers from rice straw and bamboo used as

696reinforcement of cement-based composites for remarkably

697improving mechanical properties. Compos Part B-Eng

69878:153–161

J Mater Sci

Journal : 10853 - Large 10853 Dispatch : 13-5-2016 Pages : 11

Article No. : 24
h LE h TYPESET

MS Code : JMSC-D-16-01325 h CP h DISK4 4

A
u

th
o

r
 P

r
o

o
f

http://dx.doi.org/10.1007/s10853-006-0224-3
http://dx.doi.org/10.1002/APP.40371
http://dx.doi.org/10.1002/APP.40371
http://dx.doi.org/10.1002/pc.23255
http://dx.doi.org/10.1007/S11676-015-0106-0


Journal : 10853

Article : 24 123
the language of science

Author Query Form

Please ensure you fill out your response to the queries raised below and return this form along

with your corrections

Dear Author

During the process of typesetting your article, the following queries have arisen. Please check your typeset proof carefully

against the queries listed below and mark the necessary changes either directly on the proof/online grid or in the ‘Author’s

response’ area provided below

Query Details Required Author’s Response

AQ1 Please check the clarity of the sentence ’This could be attributed to that with....’ and amend if necessary

A
u

th
o

r
 P

r
o

o
f




