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ABSTRACT

To utilize the extreme reinforcing performance of chitin whiskers (ChWs), the current work was under-
taken to fabricate nanocomposites embedded with highly uniaxial oriented ChWs into the matrix
polymer. Fibers of poly(vinyl alcohol) (PVA)/ChWs were prepared by gel spinning and the fibers were
subjected to a hot drawing to their maximal draw ratio. WAXD analysis revealed the very high orienta-
tion of ChWs in the PVA matrix. DSC measurements showed that, upon ChWs loadings, crystallinity of
PVA increased and non-isothermal cooling crystallization peak of PVA shifted towards lower tempera-
ture, indicating the interaction of PVA with ChWs. Measurement of infrared dichroism suggested that
the orientation of overall PVA chains increased with the increase in ChWs loading due to the possible
dragging of PVA chains attached with ChWs during drawing, which resulted higher PVA crystallinity in
the composites. The stress transfer in PVA/ChWs interface quantified by X-ray diffraction evidenced the
strong adherence between the two. The stress transfer between PVA and ChWs interface, and higher
PVA crystallinity induced by ChWs were reflected to the outstanding enhancement in mechanical- and

anti-creep properties of nanocomposite fibers.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Recent interest in solid waste management and biodegradable
products has led to a policy of developing environment-friendly
materials. Significant attention has been devoted in the past two
decades to fabricate polymer nanocomposites, in which incorpo-
ration of mechanically robust, high aspect ratio nanoscale fillers
markedly enhanced thermomechanical properties compared to
the neat polymer or conventional composites (Hussain, Hojjati,
Okamoto, & Gorga, 2006). As nanofillers, cellulose whiskers have
attracted particular interest in academia and industry, because of
their outstanding mechanical properties, natural abundance and
renewable nature (Azizi Samir, Alloin, & Dufresne, 2005; Habibi,
Lucia, & Rojas, 2010). Chitin, a structural polymer found in the outer
skeleton of insects, crabs, shrimps, and lobsters, and in the internal
structures of other invertebrates, is, after cellulose, the second most
abundant natural polymer. Chitin is recognized as a biocompatible
material because of its low antigenicity, low toxicity and biodegrad-
ability. Several research studies have reported its uses in medicine,
e.g. absorbable sutures, drug carriers, and veterinary applications
(Kumar, Muzzareli, Muzzareli, Sashiwa, & Domb, 2004).

The incorporation of chitin whiskers (ChWs) as reinforcing
nanofillers in polymer matrices has broadened the utilization of
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chitin in preparation of a new class of biocomposite material. The
mechanical performance of nanocomposites is highly influenced
by the inherent properties of the nanofiller and the matrix itself,
and the interactions and stress transfer at the filler/matrix inter-
face (Wang, Ciselli, & Peijs, 2007). Since high aspect ratio nanofillers
can exert their extreme performance along the length, thus uniax-
ial orientation of nanofillers in composites is highly desirable. The
stress transfer from matrix to filler was found to greatly promote
with the orientation of the filler (Rusli, Shanmuganathan, Rowan,
Weder, & Eichhorn, 2010). An effective way to orient nanofillers
in composites is to prepare nanocomposite fibers with high draw
ratio.

Poly(vinyl alcohol) (PVA), a water-soluble and biodegradable
polymer, is compatible with ChWs and several attempts were taken
to fabricate PVA/a-chitin whisker composite films or electrospun
nanofibers (Junkansem, Rujiranavit, & Supaphol, 2006; Junkansem,
Rujiranavit, Grady, & Supaphol, 2010; Kadokawa, Takegawa, Mine,
& Prasad, 2011; Sriuayo, Supaphol, Blackwell, & Rujiranavit, 2005).
Other than films or nanofibers, highly drawn PVA fiber has some
unique applications. For example, high-strength and high-modulus
PVA fiber is being used as fiber reinforced cementitious (FRC) mate-
rials to not only reduce the weight of structural materials, but also
to improve their ductility, toughness, and crack resistance (Sun,
Chen, Luo, & Qian, 2001). As a low density and relatively inexpen-
sive reinforcement for concrete, the demand of PVA is increasing
to replace asbestos, steel and glass fibers (Zheng & Feldman, 1995).
Moreover, the surface hydroxy groups of PVA fiber are known to
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be easily attached to latex to form a rubber composite, and hence
PVA fibers are used in the rubber industry to reinforce rubber hoses,
conveyer belts and tire cords (Eichhorn, Hearle, Jaffe, & Mikutani,
2009). The increase in the performance of PVA fiber is expected to
widen its utilization in those applications.

The present work was undertaken to enhance the performance
of PVA fiber by incorporating highly uniaxial oriented ChWs into its
matrix. The PVA/ChWs aqueous suspensions were extruded into
cold methanol to obtain gel fibers and the produced fibers were
drawn to the maximum extent, called maximal draw ratio (DRmax)
(Uddin et al., 2006). The interaction and the stress transfer mech-
anism between matrix and filler, the prime determining factors to
assess the performance of nanocomposites, were explored first and
then the mechanical properties of the nanocomposite fibers were
investigated.

2. Experimental
2.1. Matrix polymer

PVA chips (Poval-HC, Kuraray Co. Ltd., Japan) with a degree of
polymerization (DP) of ca. 1500 and saponification of 99.9% were
used.

2.2. Chitin whiskers (ChWs)

The chitin whiskers were prepared according to the previously
reported method (Junkansem etal., 2010). Briefly, chitin flakes from
crab shells (Tokyo chemical industry Co. Ltd.) were hydrolyzed with
3 N HCI at boil for 6 h under vigorous stirring. The suspension was
then diluted with distilled water followed by centrifugation and
dialysis. The concentration of the final whisker suspension was
6.5 wt%. From a number of transmission electron microscope (TEM)
images, the length and diameters of ChWs were measured to be
100-500 nm and 10-50 nm, respectively, with an average aspect
ratio of 15. Such a wide range in lengths and widths of ChWs with
similar aspect ratio was reported before for the crab shell derived
chitin whiskers (Nair & Dufresne, 2003).

2.3. Preparation of PVA-ChW suspensions

PVA chips were dissolved in distilled water in a static rotary
mixer (50rpm) at 80°C for 2 h to obtain a 30 wt% PVA solution. A
varying amounts of as-prepared 6.5 wt% whisker suspension and
water were added (or evaporated) to the PVA solution to adjust the
PVA concentration to 15% and the ChW concentration to 3, 5, 10, 15,
20 and 30% (of the weight of the solid PVA content). All the mixtures
were homogenized in the rotary mixer at 80°C for 1 h and then at
90°C for 30 min. A separate spinning dope containing only 15 wt%
PVA was also prepared for making neat PVA fibers for comparison.

2.4. Gel spinning and hot drawing

Gel spinning was carried out using a syringe pump and a syringe
with a needle. The heater surrounding the syringe was set to 75 °C,
and the spinning dopes were injected at 0.38 mlmin~! through
a 0.80-mm diameter, 55-mm long needle into cooled methanol
maintaining the temperature at —20 °C. After a 2-day drying in air,
the fibers were drawn in a hot oven at 210 °C to their DRpax.

2.5. Characterization of samples

Wide-angle X-ray diffraction (WAXD) was carried out with
a Rigaku Rotorflex RU200B X-ray generator operated at 40kV
and 150 mA. The radiation was Ni-filtered Cu-K, (wavelength
0.15418 nm). The degree of crystal orientation (f¢t) of PVA in

the composites was determined from f: =(180 — H%)/180 (Nishino,
Matsui, & Nakamae, 1999), where H? is the half-width of the inten-
sity distribution curve along the Debye-Scherrer ring.

Differential scanning calorimetry (DSC) analyses were per-
formed with a Rigaku ThermoPlus II. The measurements were
carried out at heating rate of 10°Cmin~! in a dry nitrogen atmo-
sphere. The degree of crystallinity (x.) of the PVA component in
composite fibers was calculated from y.= AHm/WAHR? where
AHm%=161] g 1isthe heat of fusion for 100% crystalline PVA (Kubo
& Kadla, 2003), AHy, is the heat of fusion and w is the weight
fraction of the PVA in composites.

Using an FTIR-8400S instrument (Shimadzu Ltd., Japan) the ori-
entation function of PVA component was determined by infrared
dichroism, employing the —CH stretching vibration at 2930 cm™!
(Holland & Hay, 2001) according to the formula,

(D—1)(Dg +2)
(D+2)Do —1)

where Dy is the dichroic ratio for perfectly oriented material, and is
related to the transition moment direction («) by the expression:
Do =2 cot? . Here o =90° is used. The dichroic ratio (D) is defined
by, D=A /AL where A and A, represent the peak absorbances of
infrared radiation polarized parallel and perpendicular to the ori-
entation direction after subtracting the baseline intensity. Details
of the measurement method are given in previous articles (Estes,
Seymour, & Cooper, 1971; Read & Stein, 1968).

Tensile properties were measured at room temperature with
a Shimadzu EZ-S instrument, using a 50N load cell, 20 mm
gauge length and 20 mm min~! crosshead speed. The experimental
results were evaluated as averages of at least 10 measurements.

The morphology of the fibers was examined using a Hitachi
S-2380 N scanning electron microscope (SEM) with accelerating
voltage 25 kV after sputter coating the samples with platinum.

Dynamic mechanical analysis (DMA) was performed in tensile
mode using an ITK Co. DVA-225 instrument, at frequency 10 Hz,
strain amplitude 0.15% and heating rate 10°Cmin~! on fibers of
20mm in length.

Creep strain under constant load was measured using a Rigaku
Denki model CN-8361 instrument. A single fiber 5 mm inlength was
subjected to a constant stress (300 MPa) at 120°C, and the time-
dependent strain was recorded for 6 h.

f=

2.5.1. Measurement of stress transfer

For the fiber reinforced microcomposites, several test meth-
ods such as fiber pull-out, microbond test and push-in test were
developed for measuring fiber-matrix adhesion using single fibers
(Quan, Li, Yang, & Huang, 2005). When the fillers have nanoscale
dimensions those methods are not applicable. In this context, we
employed X-ray diffraction as a reliable technique to investigate
the nanofiller-matrix interaction in composites (Uddin, Araki, &
Gotoh, 2011).

Fig. 1 shows the meridional X-ray diffraction profile of
PVA-ChW 30% fibers where distinct reflections of chitin- and PVA
crystals are observed. To study the stress-transfer mechanism, a
bundle of straight and parallel fibers were clamped in a stretching
device attached to a load cell (Sakurada, Nukushima, & Ito, 1962).
The whole set-up was placed in the X-ray goniometer. Constant
stress (o) was applied to the fibers in a direction parallel to the
fiber axis. The effective stress (o) on the ChWs in the composite
was determined from the strain in the crystal lattice from the peak
shift of the meridional (002) and (0 04) reflections of chitin crys-
tals. The diffraction angle (20) was converted into lattice spacing
‘d’ using Bragg's equation, A =2dsin#, where A is the wavelength
of the X-rays. The strain & in the chitin crystals was estimated
using the relationship, . = Ad/dy, where dy denotes the initial lat-
tice spacing, and Ad is the change in lattice spacing induced by a



AJ. Uddin et al. / Carbohydrate Polymers 87 (2012) 799-805 801

(002)pys

(013)cnitin

(004)chiﬁn
(002)chisin

Intensity

80

eI

20
Diffraction angle (28)/degree

Fig. 1. Meridional X-ray diffraction profile of PVA-ChW 30% fibers.

constant stress. The effective stress (o) on the incorporated ChWs
was calculated from, o = ¢ x Ej, where E is the elastic modulus of
the crystalline regions of chitin in the direction parallel to the chain
axis (41 GPa) (Nishino et al., 1999).

3. Results and discussion
3.1. Interfacial interaction between ChWs and PVA

The WAXD patterns of the neat PVA and PVA-CW 30% fibers are
shown in Fig. 2. The fibers exhibited diffractions from both highly
oriented ChWs and PVA crystallites. Some sharp diffraction spots
of the a-chitin crystals were indexed as (013), (002), (020) and
(110/120)(overlapped with the 101/101 plane of PVA) (Minke &
Blackwell, 1978). Table 1 lists the DRyax, fiber diameters and ther-
mal properties (heat of fusion, AHp,, crystallinity, x., and melting
temperature, Tr,) of the PVA obtained by DSC. An interesting trend
here is that x. gradually increased with ChW loading in the com-
posites though DRpax decreased for highly ChW loaded fibers due
to the increase in fiber stiffness. Fig. 3(left Y-axis) shows the cal-
culated degree of crystal orientation (f.) of PVA, determined from
the (2 00) plane by X-ray diffraction. Fig. 3(right Y-axis) also shows
the orientation function of the -CH component (f) of PVA, implying

200pya

«——¢

101/ OTpv,p.

overall chain orientation of PVA, determined from infrared dichro-
ism. Upon ChWs loading, the f- was almost constant but f tended
increasing towards negative indicating the increase in overall chain
orientation of PVA along the fiber axis that places —CH bonds of PVA
perpendicular to the chain. It should be noted here that in case of a
full orientation of PVA chains along the fiber axis, i.e., fully perpen-
dicular arrangement of -CH bonds with respect to the fiber axis,
the f value can be maximum -0.5 (Read & Stein, 1968). However,
though DRyax decreased with increasing ChW loading in compos-
ites, the increase in f value can be assumed to be generated from the
possible dragging of PVA chains adhered with ChWs while ChWs
were oriented along the fiber axis during drawing process. As seen
in Table 1, the increase in x. in the composites with the increase in
ChW content can be thought to be the result of the ChWs-induced
PVA chains orientation. The substantial increase in . in composites
is reflected to the higher Ty, values.

Fig. 4 shows DSC thermograms of dynamic cooling crystalliza-
tion of the nanocomposite fibers. The crystallization temperature
(T¢) of PVA gradually shifted towards lower temperature with
increasing ChW content. This phenomenon substantiated the inter-
action between PVA and ChWs, where PVA chains adhered with the
ChWs surface were likely to inhibit crystal growth by restricting the
mobility of surrounding PVA chains.

Fig. 5 illustrates the temperature dependence of dynamic tané
curves of the neat PVA and nanocomposite fibers. The a-relaxation
peak of neat PVA at around 50°C, associated to the glass transi-
tion (Tg), shifts to higher temperature and decreases in height with
increasing ChW loading in composites. With the increase in ChWs
loading, the a-relaxation peak changes its profile and shifts towards
higher temperature may result from the two possible facts. The
first one is due to likely for the interaction of PVA molecules with
the surface of ChWs. This coupling effect may result in a restricted
molecular mobility of PVA chains in contact with the ChWs surface.
Higher matrix/filler adhesion was reported to give the broader tan §
peak in fiber-filled composites (Nielsen & Landel, 1994). The sec-
ond reason could be the increased PVA crystallinity ascribed to the
presence of ChWs (Table 1). However, the two mentioned reasons
could be involved simultaneously in the observed change in the
profile and shift of tan § peaks.

3.2. Stress transfer between PVA and ChWs

Fig. 6 shows the relationship between the stress applied to the
composite fibers (o) and the effective stress (o) on the ChWs.
The o is nearly 2-fold larger than the o, indicating that the stress
applied to the samples was greatly transferred to the filler ChWs

013 cnaim

002cnitin
020chitin

110/120cpirn
+ —
101/101pya

Fig. 2. WAXD images of (a) neat PVA, and (b) PVA-ChW 30% fibers.
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Table 1
The maximal draw ratio (DRmay ), fiber diameter, heat of fusion (AHp, ), degree of crystallinity ( x.) and melting temperature (T, ) of PVA in neat PVA and PVA-ChW fibers.
ChW content (wt%) DRpax Fiber dia. (pm) AHnm (Jg) X (%) Tm (°C)
0 28 45 111 70 239
3 28 45 118 74 239
5 28 45 121 76 239
10 27 46 126 79 240
15 25 48 131 82 240
20 23 50 146 85 242
30 21 52 141 88 243
1.0 - -0.0
] E = = -} =] =
0.9 - _l 4040 0.12 5 9 * Neat PVA
o g “, a4 ChW 5%
5 . . ’ o ChW 10%
e
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Fig. 3. Crystal orientation factor (fc) and orientation function of ~-CH component (f)
of PVA in neat PVA and PVA-ChW fibers. Fig. 5. Dynamic tan§ curves of neat PVA and PVA-ChW fibers.
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Fig. 4. DSC cooling scans of neat PVA and PVA-ChW fibers at 10°Cmin~! after
melting to 250°C.

through the PVA matrix. In addition, a higher rate of stress transfer
was observed, especially in the higher stress region, for the sam-
ple with lower ChW content (here 10%) compared with the sample
with higher ChW content (here 30%). This can be explained by the
fact that ChWs being well dispersed and adhering well to the matrix
when its content is relatively lower in the composites. Conversely,
the lowerrate of stress transfer in case of higher ChW content might
have caused by the aggregation of ChWs in composites that reduced
the effectiveness in stress transfer.

—e— ChW 10% (002)
—&— ChW 10% (004)

—m— ChW 30% (002)
—m— ChW 30% (004)

T ! I L I L I 4
u] 200 400 600 800

s (MPa)

Fig. 6. The variation of the effective stress on the ChWs (o) with the stress applied
to PVA-ChW composite fibers (o).

3.3. Mechanical properties

Representative stress—strain curves of the neat PVA and
PVA-ChW fibers are shown in Fig. 7. Compared to neat PVA,
significant improvement in tensile strength, initial modulus and
toughness was observed for the composite fibers. The highest ten-
sile strength (1.88 GPa) and toughness (68 ] g~!) were obtained for
the PVA-ChW 5% composites compared with the same of neat PVA,
1.47 GPa and 58] g1, respectively (Table 2). It implies that the 5%
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Mechanical properties and creep rate of neat PVA and PVA-ChW fibers.
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Sample Breaking Young’s Elongation Toughness Loop strength Creep rate (% in
strength (GPa) modulus (GPa) at break (%) JgM (MPa) 1000 h)
Neat PVA 1.47 + 0.08 28+ 3 9.7 + 0.7 58 +3 155 + 15 33
ChW 3% 1.71 + 0.06 36+3 92402 65+ 2 190 + 12 22
Ch W 5% 1.88 + 0.08 38+4 9.0+ 0.2 68 + 3 230 + 16 17
Ch W 10% 1.80 + 0.11 41 +3 7.0+ 0.7 48 +3 215 + 14 16
Ch W 15% 1.75 + 0.10 43+4 62+ 0.6 42 +2 195 + 16 12
Ch W 20% 1.63 + 0.09 46 + 4 53+ 0.7 3242 184 + 17 11
Ch W 30% 1.50 + 0.10 50 + 4 44+ 0.6 24 + 4 172 + 15 10
204 ChWY 54 (Takahashi, Suzuki, Aoki, & Sakurai, 1991). Due to the existence
S Chw 104% qf voids, PVA ﬁ.ber had a structure with weak lateral interac-
e | Chw 3% tion between adjacent chains. In contrast, all PVA-ChW fibers had
16 4 yd transparent appearance in the optical microscope, indicating sup-
Chw 30% / / pression of large void formation by the incorporation of ChwWs. The
) p Neat PVA significant decrease of void formation in PVA fiber after ChWs incor-
— ' - poration is presumed to have contributed to increasing the tensile
& 12 / properties. Analogous suppression of voids was also observed for
(G PVA composites reinforced with cellulose whiskers (Uddin et al.,
a 2011).
£ o8 ] Due to the weak lateral interaction of chains and the existence of
0 ol voids, PVA fiber usually shows a low axial compressive strength to
/”' tensile strength like Kevlar (Fawaz, Palazotto, & Wang, 1992), that
0.4 //' limits its applications. The loop strength, a measure of a fiber’s sen-
sitivity to compression, of our neat PVA and PVA-ChW fibers were
" compared. The loop strength, shown in Table 2, followed a similar
trend to the tensile strength, and the PVA-ChW 5% fiber showed
00 2 T 2l T ‘l‘ T a] T 81 : 15 ] the highest loop strength of 230 MPa that was 48% higher than that

Strain (%)

Fig. 7. Representative stress-strain curves of neat PVA and PVA-ChW fibers.

ChWs loading is the optimum loading in the context of tensile
strength and toughness. Young’s modulus increased almost pro-
portionally with the ChW content. PVA-ChW 30% fiber showed
Young’s modulus of 50 GPa, much higher than the same of neat
PVA, 28 GPa.

The thermomechanical performance of nanocomposite mate-
rial is defined by the mechanical properties of the constituents and
the microstructure. The morphology is characterized by parame-
ters such as filler length and filler orientation. The influence of
these parameters on Young’s modulus of the composite (Ecom)
can be evaluated by a rule-of-mixtures type expression as follows
(Pickering, 2008):

Ecom = neNoeEfVs + Em(1 — Vg) (1)

Em and Er are Young’s modulus for matrix and filler, respectively,
V¢ is the volume fraction of filler, i is fiber length efficiency fac-
tor (0 <ng <1), and neE is the orientation efficiency factor which
is 1 for fully oriented fillers. Since we do not know the actual 7g
value, an effective filler modulus E.¢ incorporating only the length
efficiency factor of the fillers, given by E¢ = n gEf, was used. Substi-
tuting the values Ecom =50 GPa, Emy, =28 GPa, V¢=0.28 and 1og =0.9
for the PVA-ChW 30% fiber, E.¢ of the whisker was calculated to
be 118 GPa. This value is much higher than the reported modulus
of a-chitin crystals (41 GPa) (Nishino et al., 1999), which indicates
that the reinforcing mechanism of ChWs in our composites is not
governed by the simple rule-of-mixtures. There must be some other
factors that contribute to the enhanced modulus of the composites.

Neat PVA fiber was observed by optical microscopy to be dark
with a series of horizontal bands generated from large interfib-
rillar voids during the drawing process (not shown here). The
voids made the fiber opaque by inhibiting the transmission of light

of the neat PVA (155 MPa). The configuration of the fibers during
loop strength testing is shown in Fig. 8. At the bending point of the
loop, the fiber undergoes severe axial stress at the outer layer and
compressive stress at the inner layer. The fibrils of neat PVA fiber
had relatively weak lateral connections because of the presence of
voids. As aresult fibers tended to split into microfibrils when tested
under compression, and ultimately disintegrated. For the compos-
ite fibers the diminished voids and the interaction of PVA/ChWs led
to homogeneous shearing of fibrils. Thus their loop structure was
almost retained, and gave higher loop strength.

The dynamic mechanical properties of the composites have been
reported to strongly depend on the filler orientation (Nielsen &
Landel, 1994).Fig.9(a) and (b) shows, respectively the storage mod-
ulus (E'), and the E’ values at glassy (—100°C) and rubbery (100 °C)
regions of neat PVA and composite fibers. The significant enhance-
ment of E’ in both glassy and rubbery regions were observed after
incorporating ChWs. For PVA-ChW 30% fiber, the E' at —100°C
(116 GPa) was 38% higher than that of neat PVA (84 GPa). For the
same composite, the E' at 100°C (27 GPa) was 125% higher than
that of neat PVA fiber (12 GPa).

The creep strain response is considered to be an important cri-
terion for the fibers like PVA that are used to reinforce concrete,
conveyer belts and tire cords. Fig. 10 shows the creep strain behav-
ior of PVA and PVA-ChWs fibers under a constant stress (300 MPa,
more than yield stress) and at a constant temperature (120°C). It
is seen in Fig. 10 that the creep strain of PVA fiber is remarkably
suppressed after incorporating ChWs into it. The creep strain rates
calculated from the slope of the final linear part of the curves is
shown in Table 2. The values show a very remarkable decrease with
increase the ChW loading in composites. Under the constant stress
the molecular chains of neat PVA fiber may slide over each other and
hence the fiber elongates with time. For PVA-ChW fibers, the inter-
action of PVA/ChWs leading to reduction in interfibrillar voids, and
increase in chain orientation and resultant increased crystallinity
of PVA are assumed to immobilize the PVA chains against stress
even over a long period.
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Fig. 9. (a) Storage modulus (E'), and (b) E’ at —100°C (left) and 100°C (right) of the neat PVA and PVA-ChW fibers.

354 Neat PVA
1 ChW 3%
~30- ChW 5%
&
£
g 1 Chw 10%
2 Chw 15%
L a5
54 Chw 20%
| . ChW30%
20
T m 7 om
Time {min)

Fig. 10. Creep strain over time for neat PVA and PVA-ChW fibers at 120°C under
constant stress (300 MPa).

4. Conclusions

In this work, we prepared PVA-ChWs nanocomposite fibers
where ChWs were highly oriented along the fiber axis. With
increasing ChW loading in composites, the overall chain orientation

and crystallinity of PVA increase, the non-isothermal crystalliza-
tion temperature of PVA shifts to lower temperature, and the
dynamic a-relaxation peak of PVA shifts to higher temperature,
resulted from the interaction between matrix and filler. The study
of stress transfer by X-ray diffraction showed effective stress trans-
fer between matrix PVA to filler ChWs through their interface. The
effect of the interfacial interaction and the stress transfer between
PVA and ChWs, and higher crystallinity of PVA resulted the out-
standing enhancement in the tensile-, dynamic mechanical-, and
anti-creep properties of nanocomposites.

The nanocomposites prepared in this work incorporate a
biobased polymer, resulting in a very strong material.
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