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Abstract

This study is to investigate the mechanical, hygasd interfacial strength of continuous
bamboo fiber reinforced epoxy composites. The atiek and alkali-treated continuous bamboo
fibers were prepared from cutting the nature banthdm. The basic characteristics of the bamboo
fibers, such as density, equivalent diameter, andile properties were experimentally measured.
The bamboo fiber reinforced epoxy (BF/EP) compssiere fabricated by the resin transfer
molding (RTM) process with the resulting fiber vimla fraction about 42%. The strength of
bamboo fiber was found to decrease with the alkalieatment. However, alkali-treated bamboo
fiber reinforced epoxy composites acquired be#asile strength than those with untreated bamboo
fibers. The untreated bamboo fiber was believduatie weak interface with the epoxy resin, which
was verified by the subsequent interface strengsist The size effect of bamboo fibers on the
tensile properties of the BF/EP composites were stadied. The results showed that the tensile
strength and Young's modulus of the composite aszewith the decrease of the bamboo fiber
diameter. For the hygrothermal aging test, BF/Emmusites are highly sensitive to moisture
absorption, and the moisture has a detrimentattetia the mechanical properties of the BF/EP

composite.
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1. Introduction

Fiber Reinforced Polymer (FRP) is the most widedgdi composite. According to literature,
glass fiber reinforced composites began mass ptiodut the industry in the 1940s. Later, the
advent of carbon fiber reinforced composites plagadimportant role in defense and aerospace
industry. In recent years, environmental awarerness emerged, and fossil fuels have gradually
become depleted at the same tifhe The commonly used synthetic fibers such abaarfiber and
glass fiber are not easily decomposed in the natimaronment and subjected to the problem of
environmental pollution. As a result, the developtef green composites and biodegradable
materials has attracted much attention. In the 20dBout 315,000 tons of natural fibers were made
into composites, which accounted for 13% of thaltoginforcing materials which include glass
fiber, carbon fiber and natural fiber. It is esttedhthat by 2020s it will increase to about 830,000
tons [2, 3]. In the field of natural fiber reinforcemerd large number of plant fiber reinforced
polymer composites have been used in the past.y@ammonly used plant fibers include bananas,
sisal, cotton, bamboo, and wop#8]. These plant fibers have the advantageswfdensity, good
thermal insulation and mechanical properties, lowstc durability, sustainability and
biodegradability|9-11].

Bamboo is a suitable choice for the developmemtatdiral fiber composites. It grows rapidly,
up to several centimeters per day, and has extett@thanical propertie§l2]. There were
numerous bamboo fiber extraction methods suchtéagesteam explosion, alkali treatment, and
degumming, etc[13-16]. All the extraction methods will directlyfact the quality and strength of
the fibers.

Bamboo is a natural honeycomb fiber-reinforced cosite material. Vascular Bundles are
surrounded by parenchyma cells. The vascular bucmitsists of vessels, a phloem, and a large
number of fibers. Parenchyma cells is a lignifieédllwcomposed of lignin, cellulose and
hemicellulose. In the entire bamboo stalk, fibed parenchyma occupy 40% and 50% respectively

[17]. The cell structure of fiber in the vasculamble has a small hole in the middle, which is



surrounded by a multi-layer structure consistingaafecondary wall and a primary wall from the
inside to the outside. These cell walls consistcelfulose, hemicellulose, polysaccharides and
pentose sugars. There is also an intermediate tapside the primary wall between fibers. There is
also an intermediate layer outside the primary Wwativeen vascular bundles. The main component
of this layer is lignin with the content of moreath 90% [18]. The cell wall structure and
mechanical properties of bamboo fibers were studgdg scanning electron microscopy (SEM),
atomic force microscopy (AFM), and nano indentatimnZou et al [19, 20]. The investigation
showed that the bamboo fiber cell wall is composédobblestone-like nano-sized polygonal
cellulose particles, approximately 21-198 nm inesiEor the bamboo fiber with a nano-grain
structure, the measured hardness is 49 GPa and the elastic modulus is 10.8 GPa. The
cellulose, lignin and hemicellulose account for @h®5% of the plant cell walf21]. Although
lignin has the function of binding fibers togethér,s a complex compound that causes poor
interfacial adhesion with polymer resi22, 23]. However, lignin can be dissolved in swodiu
hydroxide solution[24] during the fiber extraction procesBhe experimental results showed that
proper surface treatment could effectively remagaih and hemicellulos§5, 26], resulting in a
better interface than those obtained without thalede treatmenf27-30].

In use, composites are often exposed to meisivhen the composite absorbs moisture, the
water and the polymer interact (hydrolyze) or affbe adhesion between the matrix and the fiber,
leads to a hygrothermal aging of the composite winias a detrimental effect on the mechanical
properties of the composite [31-33]. Unlike glagefs, the prominent tendency of natural fibers to
absorb moisture is the biggest factor limiting loioposites [24]. Therefore, it is important to study
the phenomenon of bamboo fiber reinforced comp®s$itehygrothermal aging.

This study is to investigate the mechanical, hygasd interfacial strength of continuous
bamboo fiber reinforced epoxy composites. The atdek and alkali-treated continuous bamboo
fibers were prepared by cutting the nature bamhtm.cBamboo fiber reinforced epoxy (BF/EP)

composites were fabricated by using the resin teamaolding (RTM) process. The size effect of



bamboo fibers on the tensile properties of the BF¢Bmposites and hydrothermal aging test were

also studied.

2. Experiment
2.1 Extraction of Continuous Bamboo Fiber
To mechanically extracting bamboo fibers, a bambabn section was cut without node

portions first and barks were removed from the baonéulm. Secondly, the bamboo culm was cut
into thin bamboo strips, and further divided thenthin fibers. Noticed that the bamboo fibers used
in this study had a dimension about 0.7x0.7x160 amd its inner structure contained fibers,
parenchyma cells, vessels and phloem. Then, BF placed in an oven with the temperature of 80
°C for 5 hours to remove the contained moistureally, the average volume of a bamboo fiber was

measured, which was used to calculate the equivdiameter and density.

2.2 Alkaline treatment

Alkaline treatment of bamboo fiber was performed dmpmerging and boiling BF in the
sodium hydroxide solution (concentration: 0.1 N)anpot at 100°Cfor 12 hours. After that,
alkali-treated bamboo fibers (ALK-BF) were washeithvdistilled water, and then were placed in
an oven to dry out under the temperature of 809C8ftnours. The average volume of a single

bamboo fiber was also measured to calculate thwaguat diameter and density of ALK-BF.

2.3 BF/EP composites

Bamboo fiber reinforced epoxy composites wat®itated by using the resin transfer molding
process. Before RTM, the resin (ML 3564, GoldeneGalhiemical, Taiwan) and hardener (HY 3954,
Golden Gate Chemical, Taiwan) were placed in tlgas®ing equipment to eliminate dissolved air

for 6 hours. Then, the resin and hardener were danixex beaker at a weight ratio of 100:35. After



that, the mixed resin were poured into a pressyireder. For RTM process, the bamboo fibers (BF
or ALK-BF) were manually placed in the mold cavify60x130x1.5 mm) with an aligned direction.

The regulated high pressure nitrogen was conndotéte pressure cylinder to force the resin into
the mold cavity while the mold was mounted on agress. After the injection process, the curing
was performed at 140 for 2 hours. The resulting BF/EP and ALK-BF/EP qmsites had the fiber

volume fraction about 42%. Those composites wensidered as quasi-unidirectional because the
manually placed fibers were not perfectly alignelde theoretical density of the composite could be
estimated using the formula of rule-of-mixture. Tdensity was also measured experimentally to

compare with the theoretical values.

2.4 Tensile test of bamboo fiber

Before the tensile test, the BF and ALK-BF wati&ached on a paper with epoxy adhesive, as
shown in Figure 1. Then, samples were dried at §0tG hours to cure the epoxy adhesive and
further dry the fiber. Finally, the tensile streémgbf both fibers was measured using a

micro-stretcher.

2.5Tensile and bending test of BF/EP composites

Tensile and bending tests of composites wertomeed using a universal material testing
machine (250 kN capacity). Three points bendintste®re performed to measure flexural strength
with a bending span of 100 mm. BF/EP composite eusnto a strip specimen with 160x12x1.84
mm or 160x10x1.84 mm, respectively, for tensildbending test. For tensile test specimen, both
ends are attached with end tabs to prevent spedil@®age from the clamp. Before testing, all the
specimens were placed in an oven at a temperat@@ tC for 8 hours to remove moisture. Both
BF/EP and ALK-BF/EP composites were used for tereild bending tests.

For unidirectional composites, the Young’s modudieng the fiber direction can be properly

estimated by the rule of mixture which are writtenfollows:



Ec: Efo+ Eme (1)

where E. is the Young's modulus of the composite alongfiber direction, E; is the Young's
modulus of the fiber, Eis the Young's modulus of the matrix 6 fiber volume fraction, and ¥
is matrix volume fraction.

For the analysis of composite strength, if thatrix failure strain is greater than the fiber
failure strain, the longitudinal tensile strengthtloe continuous fiber composite laminate can be
estimated using the micromechanical model repobedKelly and Davies [34]. This model in
equation 2 can be used to calculate the tensdagtin of the BF/EP composite in the fiber direction
and compared with the experimental results.

SLO=8:1MV i+ S (- V) 2)

where $is the tensile strength of composite in fiber di@t, S, is the tensile strength of fiber,
Snin™ is the strain at the time of fracture of the filmerresponding to the stress value on the

oblique line of the matrix, Yis fiber volume fraction, as shown in Figure 2.

2.6 Measurement of Interface shear stress

The pull-out test was used to measure thefaded shear stress between bamboo fiber and
epoxy resin. First, the bamboo fiber is embeddéal time uncured resin with the appropriate depth,
as shown in Figure 3(a). A homemade pull-out teamtds shown in Figure 3(b) was used for the
measurement. The sample was fixed on the standhandull-out displacement was applied by a
wheel handle with a rate about 0.15 mm /min. Tlaelilog force during the pulling was read out by
a force sensor at the same time. After the resm swdidified, the single fiber was pulled out from
the epoxy resin, and the pull-out load was recardé resulted average interfacial shear stress

was calculated using the equation indicated by e [35] as:



t=FhdL 3)

wherer is the interfacial shear stress, F is the pulldoatl, d is the fiber diameter, and L is the

depth of the fiber embedded in the matrix.

2.7 Effect of the bamboo fiber diameter

The purpose of this experiment was to understaacetfect of the bamboo fiber diameter on
the strength of the ALK-BF/EP composites. First, ttmee batches of bamboo fibers each having a
length of 160 mm and a cross section in dimensairgpproximately 0.9x0.9 mm, 0.7x0.7 mm,
and 0.5x0.5 mm, respectively. All the bamboo filsamples in this case were alkali treated
(concentration: 0.1 N sodium hydroxide solutiomperature: 100°C, time: 12 hours). Secondly,
the average volume of ALK-BF were measured, whiagtrevused to calculate the equivalent
diameter. Then, specimens of ALK-BF/EP compositeewaade by RTM also. All the specimen
have a fiber volume ratio of 42%. Finally, tensiésting was conducted for those specimens to

measure their strength.

2.8hygrothermal aging tests

The purpose of this experiment was to discuss thistare absorption capacity of bamboo
fiber composites and the effect of heat and humiaiit the mechanical properties. First, Specimens
of ALK-BF/EP composite with fiber volume fractiomaut 42% were prepared by RTM. Next, all
specimens were oven dried to eliminate all the klitjai Then, the composite specimens were
immersed in water at 100 °C for different times Iofhour, 2 hours, 3 hours, and 4 hours,
respectively. In order to evaluate the weight cleanfjthe composite after water absorption, the
weight of dry specimen, ¥/ and the weight after water absorption;, Were measured for each

specimen. The following equation was used to cateuhe moisture content,\Wbf a composite:



W, = (W-Wo)/Wo (4)

To investigate the changes in the mechanical ptiegeof composites under hot and humid
conditions, the specimens were subjected to baghtehsile and three-point bending tests after

hygrothermal aging.

3. Results and Discussions
3.1 The basic characteristics of the bamboo fibe@nd bamboo fiber composites

The basic characteristics of the bamboo fibermftbe test results are given in Table 1. After
the alkaline treatment, the average density of Bffeiased from 0.93 g/éno 1.29 g/cm and the
average equivalent diameter decreased from 643rh5an583.80 mm. For the tensile tests of a
single bamboo fiber, typical stress and train csif@e given in Figure 4. The results are alsodiste
in Table 1. As comparison of the alkali-treated amdreated bamboo fibers, the average tensile
strength decreased from 717.53 MPa to 473.05 MiR&,Yaung's modulus decreased from 43.34
GPa to 33.31 GPa. Noticeable decrease of mechgmiocpkrties were observed for the bamboo
fibers after alkaline treatment. As composed toBREP composite, the ALK-BF/EP has higher
tensile strength due to the better interface skangth although the ALK-BF tensile strength is
weaker. The interface shear strength between blee ind epoxy will be discussed later.

Figure 5 shows the fiber structure of BF and ALK-Bfken by a Dual-Beam Focused lon
Beam microscope. For untreated bamboo fibers urdig5(a) and 5(b), it was observed that the BF
retains the intact vascular bundle, and the fibberthe vascular bundle also retain the complete
hexagonal structure. The figure5 (c) showed thectire of the ALK-BF where the vessels, phloem,
and parenchyma cells were removed by the alkaditrivent. In a higher magnification view, the
figure 5(d) showed that the lignin between fibeeswlissolved by alkali, resulting in gaps between

the fibers. This explains why the tensile strergftbamboo fibers decreases after alkali treatment.



The densities of the bamboo fibers composites @engn Table 2. Theoretical estimations of
the composite density with rule of mixture wereoalsted in the table. As compared to the
measured results, the theoretical estimations cam igasonable predictions. The ALK-BF/EP
composite has a higher density than BF/EP compobieause the BF after alkaline treatment has
higher density. Furthermore, the deviation of déesiof BF/EP composites is higher than that of
ALK-BF/EP composites because the BF contains afdignin, pectin and impurities. Figure 6
shows the photographs of finished continuous uedtional bamboo fiber composites for BF/EP

and ALK-BF/EP.

3.2 Tensile and bending test of BF/EP composites

Figure 7 shows the tensile strength and moduluth@fepoxy (EP), BF/EP composite, and
ALK-BF/EP composite. For the neat epoxy, the tensitength is 79 MPa and the Young's modulus
is 2.5 GPa. With the BF/EP composites, the tersiilength in the fiber direction increased to
168.87 MPa and the Young's modulus increased # @Pa, showing successful reinforcing effect
of the bamboo fibers. After BF was treated by alktile tensile strength of the ALK-BF/EP
composite in the fiber direction increased to 222VPa, and the Young's modulus increased to
13.10 GPa. Almost 30% and 40% increases in tessidngth and modulus were noticed for the
alkali-treated BF composites.

The flexural strength and modulus were shown iufed from three-point bending tests. The
results shows the same trend as the alkali-treBtedchaving better reinforcing effect for the
composites. The resulting flexural strength of BP&mposite is 141.39 MPa and the flexural
modulus is 10.09 GPa. After BF was treated by alkhke flexural strength of the composites
increased to 182.29 MPa and the flexural moduloeased to 17.23 GPa.

From the test results of a single bamboo fiberté¢nsile strength and modulus of ALK-BF are
smaller than those of BF. On the other hand, ALKddmposites have larger strength and modulus

than BF/EP composites. Based on equations 1 ath@ 2ensile strength and modulus of composites



in the longitudinal direction can also be calculiatieeoretically. The results for both the theomdtic
and experimental results are listed in Table 3vds found that the experimental values of tensile
strength and modulus of the ALK-BF/EP composite eveloser to the theoretical values. The
BF/EP composite showed different results with tkpegimental values far below the theoretical
predictions. It was believed that the untreatednBB poor interface adhesion with the epoxy. The
derivations of equations 1 and 2 assumed a perfeatace between the matrix and reinforcement.
Under this circumstance, equations 1 and 2 mayhalat for the BF/EP composites. That explains
the reason of poor predictions of tensile stremagtth modulus for BF/EP composites.

In order to further investigate the interface aibve between BF and epoxy, the fracture
surface of the specimen after the tensile testokasrved using an optical microscope, as shown in
Figure 9. A fiber pullout behavior was found at thracture surface for BF/EP composites,
indicating poor interface adhesion between the B& epoxy. For ALK-BF/EP composites, the
fracture surface being quite smooth without angrfipullout implied good interface adhesion. This

might explains the better mechanical propertiesifoin ALK-BF/EP composites.

3.3 Fiber pullout test

A direct fiber pullout test was conducted to canfithe conclusions derived from the previous
discussion about the interface adhesion betweerari@Fepoxy. The measured average interface
shear strengths from fiber pullout tests are showhigure 10. The ALK-BF has higher interface
shear strength with the epoxy as compared to uetiteBF. It was also noticed that the measured
shear strengths of the ALK-BF had larger scatterimgich might be caused by uneven alkali
washing of the bamboo fiber through the alkalimatment process. From the above results, it was
confirmed that the interfacial adhesion between AK-BF and the epoxy resin was better,

resulting in a stronger reinforcing effect in corapes.



3.4 Effect of the bamboo fiber diameter

In this experiment, under the same alkalined@t@ns (concentration: 0.1 N sodium hydroxide
solution, temperature: 100° C., time: 12 hoursjeehbatches of ALK-BF each having a length of
160 mm and average equivalent diameter of 71083 583.80um and 340.7Gm were obtained,
respectively. Then, specimens of ALK-BF/EP commosrere made by RTM also. Table 4 shows
the tensile strength and modulus of ALK-BF/EP cositgs with different bamboo fiber diameters.
For fiber diameters of 719.38m and 583.8Qum, the tensile strength and modulus have slight
increase for smaller fiber diameter. However, duéhe large deviation, the increase trend is not so
obvious. For composites made from smaller fibemdiger of 340.7pm, the tensile strength and

modulus increase significantly as compared to tmposites with larger fiber diameter.

3.5 Hygrothermal aging test

The moisture absorption of ALK-BF/EP composiéesl neat epoxy was shown in Figure 11
for different soaking time in boiling water. Thaseno obvious moisture absorption for neat epoxy.
However, with the adding of ALK-BF in the compositehe moisture absorption behavior is
apparent. The moisture content of ALK-BF/EP comigosicreases quickly with the duration of
soaking in boiling water. For about 4 hours, theistuve content of the ALK-BF/EP composite
reaches the saturation about 19%.

The tensile and three-point bending tests \ats@ conducted for ALK-BF/EP composite after
hygrothermal aging. Figure 12 shows the result®ins$ile and bending tests. It was found that the
mechanical strength and modulus of ALK-BF/EP contpesdecreased with the increase of
moisture content. With 1 hour duration of hygrothal aging, the strength may lose 25% of the
original value. As the moisture reaching saturatiihre composites may only retain 50% of the
original strength. The results show that the hyggonal aging has a detrimental effect on the

mechanical properties of the bamboo fiber compssite
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4.

Conclusions

This study successfully used resin transfer mgldim fabricate continuous unidirectional

bamboo fiber reinforced epoxy composites. Some lositms may be drawn from above

discussions.

1.

Compare to BF, the ALK-BF has a larger density heeasome lignin, hemicellulose, fructose,
and impurities are removed in the alkaline treatm@&m the other hand, the tensile strength
and modulus of bamboo fibers decrease after akkatmatment. As compared the data from
literature, Figure 13 shows the strength of the t@onfiber extracted by different methods
[36]. Our study shown in solid circles have the panable results. The mechanically extracted
BF has the better strength compared to other msthod

The addition of continuous BF in the epoxy resisults in a composite with good reinforcing
effect as compared to the short BF reinforced caitge The ALK-BF/EP composite has
higher tensile strength and modulus than BF/EP ositga The flexural strength and modulus
also show the same conclusion. This implies thatatlkali-treated bamboo fibers have better
efficiency as reinforcement in composites. Figudeshows the strength of different BF/epoxy
composites from literatures [37-39]. Our resultevegh in A and G for ABF/EP and BF/EP
composites. Jain’s results as shown in B [39] haireated bamboo fiber, which had similar
strength as ours. Kushwaha’ results in C and H {&&k the strengths of bi-directional BF/EP
composites, having a lowere strength compared ¢outhdirectional composites. Banga’'s
results in D, E, and F [37] were the strengthshaffsBF composites that had lower strength.
Through the optical microscopy and pull-out testyas found that the interface between BF
and epoxy resin was poor, but the interfacial aidinesould be improved by alkaline
treatment.

Under the condition of constant bamboo fiber lengtke tensile strength and Young's modulus
of bamboo fiber composites increase with the degred bamboo fiber diameter.

Bamboo fiber composites are highly sensitive tostuse absorption, and the hygrothermal

11



aging has a detrimental effect on the mechaniagigaties of the bamboo fiber composites.
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Table 1. The basic characteristics of bamboo fiber

Densit Equivalent Tensile Elongation ~ Young’s

( /cm3)y diameter strength atbreak ~ Modulus

J (um) (MPa) (%) (GPa)
BF  093%00% 6431578192 717.53%788  2.03%0355  43.34*5E¢

ALK-BF  1.2973%5  583.80%3820  473.05%19%12 205033  33.31%339
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Table 2. Density of bamboo fiber Composites

Fiber vo_Iume Theore_tlcal Measured density
fraction density ( /cm3)
(%) (g/cn) J
BF/EP composites 42 1.0479:92 1.08%93:32
ALK-BF/EP composites 42 1.1979:92 1.16193:02
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Table 3. Comparison of theoretical and experimerdhles of tensile properties

BF/EP composites ALK-BF/EP composites
Tensile Young’s Tensile strength Young’'s
strength modulus (MPa) modulus
(MPa) (GPa) (GPa)
Theoretical 315 gg+7¢9, 19.65325 213.18%139% 15.44%530
value
EXP\?:IT:ma' 1678713203 8.5415:33 222.7133333 13.10%]32

Table 4. Tensile properties of ALK-BF/EP compositeth different fiber aspect ratios

Average of
equivalent Tensile strength ~ Young’s modulus Elongation
diameter (MPa) (GPa) (%)
(um)
719.33*1%31 213.4711127 11961032 1.763513
583.8013529 222.71%1332 13.10%]:3¢ 2.01%9 15
340.76138:29 269.05%32%2 16.431133 2234547
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Figure 1 Tensile specimen of a single fiber
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Figure 2 Micromechanical model of longitudinal sigéh of composite [34]
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d

Bamboo fiber

(a) (b)

Figure 3 Pull-out test method of a single fibertted sample setup (b) pull-out test stand
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Untreated bamboo fiber
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Figure 4  (a) typical stress strain curves for watrd bamboo fiber tensile tests (b)
typical stress strain curves for alkali-treated bamfiber

20



Hexagonal structure
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Figure 5 (@) observation of BF cross sectiond@xGmagnification (b) observation of BF
cross section at 5000x magnification (c) observedbALK-BF cross section at
500x magnification (d) observation of ALK-BF crassction at 5000x magnification
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(a) (b)

Figure 6 (@) untreated bamboo fiber/epoxy (BF/&dtposite (b) alkali-treated bamboo
fiber/epoxy (ALK-BF/EP) composite
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Tensile test
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Figure7  Tensile strength and modulus of the ep&B)(bamboo fiber/epoxy (BF/EP)
composite, and alkali-treated bamboo fiber/epoxy{ABF/EP) composite

Bending test
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Figure 8 Flexural strength and modulus of bamfidwer/epoxy (BF/EP) composite and
alkali-treated bamboo fiber/epoxy (ALK-BF/EP) corsfie
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(b)

Figure 9  Using the optical microscope to take frees of tensile specimens: (a) epoxy
/untreated bamboo fiber composite (b) epoxy/ atikalted bamboo fiber composite
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Interfacial shear strength
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Figure 10 Average interfacial shear strength betvieanboo fiber and epoxy resin
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Figurell Moisture absorption capacity of bamhkberfcomposites
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Figure 12 Changes in mechanical properties of lmanfiber composites in a hot and humid

environment, (a) tensile strength (b) Young's modyct) flexural strength (d)
flexural modulus
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Figure 13 The strength of bamboo fibers extractedifferent methods; our results shown
in solid circles [36]
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Figure 13 The strength of BF/EP composites; owltgshown as A and G; Jain in B [39];
Kushwaha in C and H [38]; Banga in D, E, and F [37]
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