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Dual effect of chemical modification and polymer precoating of flax
fibers on the properties of short flax fiber/poly(lactic acid) composites
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ABSTRACT: Polymer precoated and chemically modified short flax fiber (SFF)/poly(lactic acid) (PLA) composites were successfully
produced. The main focus of this study was to investigate the effects of the combinatorial use of chemical modification methods of
flax fiber, such as alkaline treatment and silane coupling agents, together with polymer precoating as the film former on the physical
and mechanical properties for PLA/SFF composites. The chemically modified flax fibers were characterized by X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), and scanning electron microscopy. It was revealed from XRD analysis that alkaline
treatment resulted in change in the cellulose I structure to the cellulose II structure because of the removal of the cementing non-cel-
lulosic components. The XPS analysis showed that the silane groups were successfully bonded to the surface of the flax fiber. As the
film-former application, PLA was coated on the surface of alkaline or silane-treated flax fiber surfaces via a solution dipping process.
The SFF content was kept constant at 25 wt % in the composites that were prepared by means of a 15 mL Xplore Instruments twin-
screw compounder. After melt processing, the positive effect of the sizing application on both the alkaline- and silane-treated SFF was
observed from the enhanced fiber length distribution. The mechanical properties were examined by means of tensile and impact tests
and dynamic mechanical analysis. In addition, the thermal properties obtained from differential scanning calorimetry were discussed
as a function of the fiber treatment method. The hydrolysis rate was determined by a weight loss test in a phosphate buffer solution.
The results showed that in addition to the positive single influence of the silane coupling agent, the synergetic effect of the film for-
mer (i.e., precoated polymer) and silane treatment was observed to improve the performance of the composites. The hydrolysis rate
of the polymer-coated flax-based composites was lower than that of uncoated flax fiber composites. In addition, polymer-coated flax
fibers could be easily processed like conventional chopped short-glass-fiber composites. © 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci.
2015, 132, 42564.
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with conventional fibers such as glass fibers.> However, the poor
compatibility between highly polar cellulose and the nonpolar
matrices are the main disadvantage of flax fibers; this reduces
their potential as reinforcing agents in composites, such as auto-
motive applications.>

INTRODUCTION

With increasing environmental awareness and enforcing legisla-
tions, the usage of fully biodegradable polymeric materials has
received enormous attention from manufacturers. Conventional
polymeric composites are nonbiodegradable and contribute
Many renewable and readily biodegradable polymers have excel-
lent properties comparable to many petroleum-based plastics,
and in addition, they may be replaced with commodity plastics.

solid waste pollution and a dependency on petroleum-based
nonrenewable sources. Ecological composites are produced by
the incorporation of a natural renewable fiber to a completely

biodegradable biopolymer synthesized from renewable resources,
such as cellulosic plastics, aliphatic polyesters, thermoplastic
starch, polyhydroxyalkanoates (bacterial polyesters), and soy-
based plastics. Natural fiber resources used to obtain reinforcing
fiber in bioplastics are sisal, coconut coir, jute, hemp, ramie,
palm, cotton, rice husk, bamboo, banana, wood and flax.'
Among all of the natural fibers, flax is considered to be one of
the strongest and easily available fibers that can be replaced

© 2015 Wiley Periodicals, Inc.

MA‘“\‘F‘"SN’B WWW.MATERIALSVIEWS.COM
]

42564 (1 of 13)

However, some of their properties, such as brittleness, low heat
distortion temperature, and low melt viscosity, restrict their
applications in real life.” Poly(lactic acid) (PLA) is a promising
compostable polymer that is synthesized from renewable resour-
ces, such as corn, sugar cane, or potatoes. In contrast to con-
ventional plastics that degrade in a hundred years, PLA can
biodegrade into carbon dioxide and water in a short period of
Above all, PLA is relatively cheap already

time.® and
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commercially available at different grades from different compa-
nies. PLA can be processed in a similar manner to that of poly-
olefins, especially polypropylene (PP), and other thermoplastics.
The properties of PLA can be modified through the use of the
cellulosic fibers such as flax. This modification also reduces the
cost of the PLA without restricting its biodegradability.*”

In recent years, flax fiber-reinforced PLA ecocomposites have
been studied by some researchers.*'* Although these kinds of
ecocomposites exhibit interesting mechanical properties, the
major drawbacks of natural fibers are their poor thermal stabil-
ity, anisotropic mechanical performances, high moisture absorp-
tion, and heterogeneity.'>'> In addition, the mechanical
performance of these composites is closely related to the quality
of the fiber—matrix interface, which defines the amount of stress
transferred from the matrix to the fiber. Because PLA is rela-
tively hydrophobic and the flax fiber is hydrophilic, the
mechanical properties of composites become insufficient with-
out any surface modification.”” To improve the interfacial com-
patibility, alkali treatment (mercerization), dewaxing, silane
modification, acrylation, peroxide treatment, and coatings have
been discussed in the literature.>>™'° In the alkaline treatment
method, the surface roughness of fibers is increased with
NaOHj this results in breakage of the hydrogen bonding in the
network structure of the fiber.'”'® Lignin, hemicellulose, waxes,
and oils that cover the external surface of the fiber cell walls
have also been removed by the application of alkaline treat-
ment.'”'® In addition, the fiber diameter was reduced, and so,
the aspect ratio of the fiber was increased.'” In addition, alka-
line treatment also affects the molecular orientation of cellulose
crystallites because of the removal of lignin and hemicellulose.’
In a recent study, Sirvaitiene et al'” investigated the influence
of chemical and/or mechanical treatment on the adhesion inter-
action of PLA composites reinforced by flax or cotton. It was
reported that the tensile strength of PLA biocomposites
increased when the flax fiber underwent alkaline treatment. In
another study conducted by Aydin et al,’ the effects of alkali
treatment on the properties of short flax fiber (SFF)/PLA eco-
composites were investigated. They concluded that the modulus
of the untreated fiber/PLA composites was higher than that of
PLA; on the other hand, the modulus of the alkali-treated flax
fiber/PLA composite was lower than that of neat PLA. This
reduced modulus of elasticity in the composite was attributed
to the weakening of the flax fiber after alkaline treatment.

As mentioned earlier, silane treatment is one of the most
applied methods for improving the interfacial adhesion between
the fiber and matrix. In this method, silane is hydrolyzed, forms
reactive silanols, and is then adsorbed and condensed on the
fiber surface (sol-gel process). Thus, the hydrogen bonds
formed between the adsorbed silanols and hydroxyl groups of
natural fibers improve the mechanical performances of the
resulting polymer/fiber composites.'” Yuan et al.* used silanized
flax fibers as reinforcement in PLA biodegradable composites.
They emphasized that with the increases in flax addition from
30 to 50% and silane addition from 1 to 5%, the tensile
strength and modulus increased. On the other hand, the flexural
strength and modulus first increased and then decreased with
increasing flax addition. Le Moigne et al.”' treated flax fibers
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with an epoxide functional organosilane coupling agent, 3-glyci-
dyloxpropyl trimethoxysilane, under various conditions. It was
demonstrated that the optimization of the organosilane treat-
ment conditions increased the hydrophobicity of fibers and sig-
nificantly increased the stiffness, yield, and impact strength of
the PLA/flax fiber biocomposites.

In addition to the surface modification by silanes, the utilization
of film formers to form a sizing layer is known to be an effec-
tive method in the short-glass-fiber industry to protect the fiber
from damage during production, handling, and processing.” It
is known that the film former in conjunction with the silane
governs the wetting behavior, the resulting interfacial structure,
and most of the properties of fiber-based composites materi-
als.?>** In addition, the introduction of polymer coatings (PCs;
ie., film-forming polymer or film former) on the fiber surface
can help to separate fibers from each other, eliminate the hydro-
gen bonding that holds them together, and also induce bond
formation between the fibers and the matrix; this results in
improved composite properties.”>*® Although the influence of
the coupling agent on the interfacial mechanical properties of
natural fiber composites has been the subject of numerous
articles, the effect of the nature of the film former has been very
poorly investigated. In a recent study conducted by Altun
et al,”” the effects of alkaline treatment and pre-impregnation
with a PLA solution on the mechanical and water absorption
properties of pine wood flour containing PLA-based green com-
posites were investigated. It was concluded that alkaline treat-
ment and pre-impregnation were effective methods for
increasing the mechanical properties, including the tensile mod-
ulus and tensile and impact strengths of PLA/wood flour
composites.

In this study, by inspiring from the glass fiber technology, we
investigated the effects of chemical modification methods
applied to flax fiber, such as alkaline treatment and silane cou-
pling agents, in combination with a polymer precoating as the
film former on the physical and mechanical properties of PLA/
SFF composites, for the first time in the literature. The chemi-
cally modified flax fibers were characterized by X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), and scanning
electron microscopy (SEM). The SFF composites were prepared
via twin-screw compounding. The fiber content was kept con-
stant at 25 wt %, but the surface-treatment type was varied.
The relationship between the fiber surface treatment and the
mechanical properties were focused.

EXPERIMENTAL

Materials

The properties of the materials are given in Table I. The PLA
used in the studies was an injection-molding-grade resin with a
melt flow index of 18 g/10 min (190°C and 2.16 kg). Flax fibers
were obtained from a local producer in Kandira, Turkey. The
silane coupling agent and solvents were purchased from Sigma-
Aldrich Co. and Albar Chemical Co., respectively.

Treatment of Flax Fibers and Composite Preparation
In alkaline treatment, long flax fibers were first washed with
excess ethanol (EtOH) to remove any waxes. A 10% NaOH

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.42564
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Table I. Properties of the Materials Used in the Experiments

WILEYONLINELIBRARY.COM/APP

Material Source/trade name Specifications/properties

PLA o Genetically modified
organism (GMO)-free
PLA for injection molding

o Melt flow index:

18 g/10 min at 190°C

o Density: 1.25 g/lem®

e Transparent pellets

Natureplast
(France)/PLI 005

Flax fiber Local source e Tow form
(Kandira, Turkey) e Average diameter:
179 +95 um

o Density: 1.43 g/lem®
o Tensile strength:
650 + 340 MPa
e Tensile modulus: 43 + 8.7 GPa

Silane Sigma-Aldrich o APS
coupling  (Germany)
agent

Solvents Albar Chemical Co. e Ethyl alcohol and
(Kocaeli, Turkey) chloroform
e Technical grade

Wrapping around a
metal frame

!
e

| .

CIENCE

solution was used as the alkaline medium. Before the wet pro-
cess, the fibers were wrapped around a rectangular frame and
dipped into the alkaline solution. After the treatment, the fibers
were washed with an excess amount of water. In the following
step, the flax fibers were placed in a vacuum oven at 80°C for
3 h to remove the moisture. In the silane treatment, the flax
fibers were washed with EtOH and dipped into a 3-
aminopropyltrimethoxysilane (APS) solution in a 60% v/v
EtOH/water mixture. At the end of 4 h of treatment, the silan-
ized fibers were put in a vacuum oven at 70°C for 48 h for the
curing of the silanes. The alkaline- or silane-modified flax fibers
were then treated by a 15% PLA solution in chloroform to coat
the fiber surface with PLA. Before compounding, the treated
flax fibers were chopped to 0.5 cm. The fiber treatment proce-
dure is schematically shown in Figure 1.

The chopped fibers and PLA were melt-compounded in a
laboratory-type twin-screw compounder (Xplore Instruments
15 mL microcompounder) at 180°C at 100 rpm to obtain 25 wt %
fiber-loaded composites. Before processing, both PLA and the
fibers were dried in a vacuum oven at 60°C for 12 h. To prepare
standard samples for tensile and impact tests, an Xplore Instru-
ments 12 mL microinjection molding machine was used. The
melting temperature (7;,) was 180°C, and the mold temperature

Dried in an oven

Figure 1. Schematic representation of the flax fiber treatment procedure. [Color figure can be viewed in the online issue, which is available at wileyonli-

nelibrary.com.]
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H
CgH;0,(OH); + NaOH = CgH;0,(OH),(ONa) 2—0) CgH;0,(OH); + NaOH
Cellulose |  Alkali cellulose | Cellulose Il

a)

NHCH,CH,CH, Si(0C;Hs)s + H,0 == NH,CH,CH,CH, Si(OH), + 3C,H;OH
3-aminopropyltrimethoxysilane

wonr Sj— O

|
NH,CH, CH,CH,Si(OH),+ @-OH o> NH,CH,CH,CH, Ti—o—@
-2

Silanol Fiber e Si—0 Fiber

b)

Figure 2. Schematic representation of the (a) alkaline and (b) silane treatments. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

was 25°C. As the control, untreated flax fiber composites were
also prepared.

Characterization

To observe the morphological changes in the flax fibers after the
treatment procedure, wide-angle XRD analysis was carried out
with a Rigaku D/MAX 2200/PC diffractometer with a Cu Kua
(1.54 A) radiation source generated at a voltage of 40 kV and a
current of 40 mA. The scanning rate was 2°/min. XPS spectra
were recorded on a SPECS EA 300 spectrometer with Al Ko
radiation. The samples were analyzed for the Cls, Si2p, and
Ols peaks.

To obtain the fiber length distributions in the resulting compo-
sites, injection-molded tensile bars were used. The fibers were
separated by the dissolution of the PLA matrix in an excess
amount of chloroform and subsequent filtering and drying. The
collected fibers were analyzed with an optical microscope
(Nikon LV100 POL) at a magnification of 100X. At least 400
fibers were measured to obtain the distribution curves.

Tensile tests of the composites were conducted according to 1SO
527 5a with a universal tester (Zwick Roell Z005). A 5-kN load
cell was used. The crosshead speed of the test was 10 mm/min.
Measurements were performed at room temperature with at
least five parallel specimens. The Charpy impact tests were con-
ducted with a pendulum type impact tester (Ceast Resil Impac-
tor) with V-notched samples according to ISO 180 at room
temperature.

Dynamical mechanical properties were obtained with a Metra-
vib 01dB DMAS50 instrument in tensile mode. The frequency of
the test was constant at 1 Hz. The temperature was scanned
from 25 to 150°C. The temperature ramp in the experiments
was 3 K/min.

The flax fiber surfaces after treatments and the interfacial topol-
ogy after tensile testing in the composites were observed by
means of SEM (JEOL JSM-6335F). Before analysis, the sample
surfaces were sputter-coated with gold to prevent arching.

Differential scanning calorimetry (DSC; Mettler Toledo DSCI1
Star System) was used to monitor the thermal properties of the
pure PLA and PLA/flax fiber composites. The samples were

Mah\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
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heated from 25 to 180°C at a rate of 10 K/min. The thermal
properties were determined from the first heating scan.

Hydrolytic degradation was investigated in a phosphate buffer
solution (pH 7.4) through determination of the degradation
rate from the weight loss. Samples approximately 0.5 mm in
thickness were placed in a bottle containing 25 mL of solution.
The solution was refreshed everyday. The bottles were then
placed in a water bath that remained at a constant temperature
of 60°C during the whole degradation period, and the weights
of the samples were recorded at specified periods after 40 days
of drying.

RESULTS AND DISCUSSION

Characterization of the Flax Fiber after Treatment

The schematics showing the chemical and structural modifica-
tion in the flax fiber are given in Figure 2. In alkaline treatment,
the noncellulosic cementing content (i.e., lignin and hemicellu-
lose) of the flax was removed. As a result, cellulose underwent a
new polymorphic structure, such that the crystals rearranged
from cellulose I, in which the chains were aligned in parallel
conformation, to cellulose II, in which the chains were antipar-
allel to each other?®* [Figure 2(a)]. The chemical structure of
the cellulose stayed the same, but the physical structure was
modified. In the silanization of flax fibers, silanols reacted with
the hydroxyls of cellulose; as a result, the fiber surface was
organically functionalized [Figure 2(b)].

To monitor the structural changes in the flax fiber, Fourier
transform infrared spectroscopy and XRD analysis were per-
formed. The XRD patterns of the untreated, alkaline-treated,
and silane-treated flax fibers are shown in Figure 3. The
untreated fibers showed the main characteristic diffractions of
cellulose I, [101] diffraction at 20 = 14°, [101’'] diffraction at
20=15.5° and [002] diffraction at 20 =23°. The alkaline-
treated flax fibers represented typical diffraction peaks, [101],
[021], and [002] of cellulose II at 20 = 14, 20, and 23°, respec-
tively. The intensities of the [101'] and [002] diffraction peaks
decreased, and the intensities of [021] diffractions increased in
comparison to those of the untreated flax fiber. In addition, a
peak appeared between and 60° this corresponded to the amor-
phous part of cellulose broadening. These findings pointed out

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.42564
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Figure 3. XRD patterns of the untreated, alkaline-treated, and silane-
treated flax fibers.

that the crystalline ordered structure of the flax fibers were
shifted to a disordered structure after alkaline treatment. These
results are in good agreement with the literature.”®* In the
silane-treated fibers, the diffractogram mostly resembled the
untreated flax fiber, except one for weak indication of the for-
mation of the cellulose II structure, which was observed from
the diffraction appearing at 20 =20° (the shoulder peak) for
[021] of cellulose II. This gave the idea that the alignment of
the cellulosic structure was slightly disturbed during silane treat-
ment, probably because of the swelling of the flax fibers in the
presence of the EtOH/water mixture.

An XPS analysis of the flax fibers was conducted to monitor
whether silanization had taken place. XPS spectra results for the
untreated and treated fibers are shown in Figure 4, and the
elemental breakdown for the untreated, alkaline-treated, and
silanized flax fiber is summarized in Table II. The main features
observed in the spectra for the untreated and alkaline-treated
flax fiber could be associated with the Cls and Ols photoelec-
trons; this indicated the saturated carbons and oxygen of cellu-
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Figure 4. XPS scans for the untreated, alkaline-treated, and silanized flax

800

fibers (the x axis shows the binding energy in electron volts).

lose. For the silanized fiber, in addition to the common Cls
and Ols photoelectrons, there was clear evidence from the
observation of the Si2p peak at 105 eV; this indicated the pres-
ence of silane group on the fiber surface. In addition, the
amount of oxygen on the surface decreased because of the pres-
ence of silanes on the surface of the flax fiber (Table II).

The surface topologies of the untreated and alkaline- or silane-
treated flax fibers are shown in Figure 5(a—c). We observed that
the elementary fibers forming the untreated flax fiber were

Table II. Results of XPS Analysis

Mass concentration (%)

0 C Si
Untreated fiber 38.3 61.7 —
Alkaline treatment 39.7 60.3 —
Silane treatment 353 62.5 2.2

The binding energies were 536 eV for O, 289 eV for C, and 105 eV
for Si.
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Figure 5. SEM micrographs of the (a) untreated (5000 ), (b) alkaline-treated (1000X), and (c) silane-treated flax fibers (1000X).

aligned together. They seemed to be highly packed. After alkali
treatment, this structure was deteriorated by the removal of
noncellulosic materials [Figure 5(b)]. The elementary fibers
were separated from each other. We observed that the surface
roughness of the alkali-treated flax fibers were much higher in
comparison to the untreated and silane-treated fibers. The
fibrils were also separated from each other for silane-treated flax
fiber, as shown in Figure 5(c). The surface of the silanized fibers
was rougher in comparison to the untreated flax fibers. The
rough, undulated structure seen on the fiber surface may have
been due to the deposition of the silane layer on the surface.

Fiber Length Distribution

The importance of the critical fiber length in the mechanical
performance of short-fiber composites has been shown in the
literature. This critical aspect ratio (or length/diameter) depends
on the intrinsic characteristics of the fiber, the matrix proper-
ties, and the strength of the fiber/matrix interphase.”® The full
performance of the composite was observed when the average
length of the fibers was greater than a critical value after com-
pounding. When the interfacial adhesion was high and the
stress transfer was efficient, the required critical aspect ratio
could be lower. However, in reality, the average fiber length
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(AFL) of the composites was generally lower than the critical
length. This means that the advantage of the fiber reinforcement
capabilities could not be totally achieved.

The fiber breakage mechanism in the well-known system of
chopped glass fiber/thermoplastic composites can be explained
as follows: in shear flow, fibers are subjected to compressive
forces; this leads to rupture because of buckling when the fibers
are above a critical value.”"”* The fiber—fiber and fiber—metal
collisions also induce fiber breakage. On contrary, the rupture
mechanism is different for natural fibers®> because they are very
flexible in comparison to glass fibers. They mostly tend to
entangle under shear flow rather than breakage. Severe mixing
conditions, such as higher rotor speeds, higher temperatures,
and longer residence times, affect adversely AFL in natural-
fiber-reinforced polymer composites.”> The rupture of natural
fibers seems to occur after an accumulation of fatigue by the
time.”> An important structural property of flax fibers is the
presence of repeating transversal defects due to the growth of
cell walls and the extraction processes. These defects, called kink
bands, play an important role in fiber rupture’® (Figure 6).
These defects act like sites for the initiation of fiber breakage
and are responsible of the formation of microcracks.” A
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Figure 6. Optical micrograph of a flax fiber.

detailed work on the rupture mechanism of flax fibers has been
published elsewhere.*?

Figure 7 shows the fiber length distribution of the untreated,
alkaline-treated, and silanized flax fibers after processing. AFL
for all three types of fiber decreased severely from 5 mm to
approximately 0.3 mm because of the phenomena explained
previously. AFLs for silanized and untreated fibers were around
300 pum (327 and 303 pm, respectively); but the smallest AFL
was obtained for the alkaline-treated fibers as 265 um. This was
attributed to the surface defects formed after alkaline treatment,
which weakened the fiber. It was reported that alkaline treat-
ment may have decreased the mechanical properties of the
fiber.’® On the contrary, it was mentioned in the literature that
silane treatment does not damage the natural fibers because no
acidic or basic components are present nor is a high tempera-
ture used.”’

Figure 8 shows the fiber length distribution and AFL of
alkaline-treated then polymer-coated flax fiber composites, and
silane-treated then polymer-coated flax fiber composites. As
shown in the histograms that the distribution curves shifted to
the right (i.e., higher fiber length region) when PC was applied.
As a result of this, the AFL values were higher in the case of PC
in comparison to only alkaline treatment or only silane treat-
ment. AFL increased approximately 200 um (from 265 to 432
um for alkaline treatment and from 327 to 493 um) when PC
was applied on silanized or alkaline-treated fibers. This incre-
ment was associated with the protective effect of the film for-
mer on the fiber surface. It is known from the literature that
significant fiber breakup occurs right after the addition of fibers
to the molten matrix.*® The presence of a protective polymer
layer or, in other words, a film former over the fiber surface
may retard the break-up process.

Stress—Strain Behavior and Mechanical Properties of
Composites

The stress—strain curves of the neat PLA and its flax fiber com-
posites are given in Figure 9 with respect to the surface-
treatment method. PLA exhibited yielding and subsequent short
cold-flow region before failure. On the other hand, the stress—
strain behavior of the flax fiber composites were different than
that of neat PLA. In this case, failure occurred right after the
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yielding process without any cold flowing because of the
restricted chain slippage in the presence of flax fibers. The yield
strength and elongation during yielding in the fiber-reinforced
composites were strongly affected by the quality of the inter-
phase. In the presence of a good adhesion, for a relatively duc-
tile matrix, the yield strength was expected to be higher because
the separation of the fiber—polymer interphase was delayed, and
more load was transferred from the matrix to the fiber; this
resulted in a higher yield strength and higher extent of defor-
mation, that is, the yield strain, during tensile testing. By taking
this phenomenon into account, the lower yield strength and
elongation at yield obtained for the untreated and alkaline-
treated flax fiber composites was attributed to the lack of
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Figure 7. Fiber length distributions of the (a) untreated, (b) alkaline-
treated, and (c) silane-treated uncoated flax fiber composites.
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Figure 8. Fiber length distributions of the (a) alkaline-treated and
polymer-coated flax fiber composites and (b) silane-treated and polymer-
coated flax fiber composites.

interfacial interaction at the fiber—matrix interphase. The addi-
tion of the silane-treated flax fibers to PLA increased the yield
strength and elongation at yield because of the possible physical
or chemical interactions between the —NH, groups of APS and
—COOH end groups of PLA. In addition to the single influence
of the silane coupling agent, the synergetic effect with PC was
obvious in the stress—strain curves (see curve silane + PC). PC
after both alkaline or silane treatment enhanced the vyield
strength and elongation at yield. This improved strength was
associated with the enhanced interaction between the matrix
and the silane coupling agent. When the silanized flax fiber was
coated with PLA solution, the extended chains of PLA in solu-
tion could easily intermingle between the silane groups attached
to the surface of the flax. This already interpenetrated structure
could easily create chemical bonds during melt processing. On
the other hand, only silanized flax fiber could not make proper
contact because of the high viscosity of the molten matrix.

The overall picture of the tensile strength with respect to the
surface-treatment technique is shown in Figure 10. In addition
to the level of interfacial adhesion between the flax fiber and
matrix, the resulting fiber length also displayed crucial impor-
tance to the mechanical properties of short-fiber-reinforced
composites.”® Because of the stress concentration at the ends of
the fibers, matrix crack formation started at these points under
tensile loading. As the strain was increased, more cracks were
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Figure 9. Representative stress—strain curves of the neat PLA and its flax
fiber composites with respect to the surface-treatment type (No-T, no
treatment). [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

formed. The cracking at the beginning of the tensile test may
have been related to the load transfer to the fibers that con-
nected the cracked regions. It is claimed in the literature that
when the extent of cracking on the specimen reached a critical
level and the surrounding fibers and matrix could no longer
support the increasing load, the failure of the specimen
occurred in the weakest region.””™' As the fiber length
decreased, the number of fiber ends increased; in other words,
the number of stress concentrators increased in the matrix.
Therefore, the composite failed earlier than in composites hav-
ing shorter chains. This phenomenon was also effective in the
current case, where the composites having a bigger AFL exhib-
ited a higher tensile strength.

80

75

70

65

60

Tensile Strength (MPa)

55

50

Surface Treatment Type

Figure 10. Tensile strength with respect to the surface-treatment type.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]
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Figure 11. Elastic modulus with respect to the surface-treatment type.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

The variation of the elastic modulus on the fiber surface treat-
ment is shown in Figure 11. One should note that the elastic
moduli of all of the composites were higher with respect to
neat PLA. The elastic moduli of the short-fiber-reinforced com-
posites depended on the fiber volume fraction and fiber effi-
ciency factor, including the fiber orientation and fiber length.**
In other words, the interphase was not a major factor in the
elastic modulus because the modulus was measured at very low
strains. We observed that the elastic modulus data supported
this phenomenon (Figure 11). The elastic modulus of the
untreated, silane-treated, and alkaline-treated flax fiber compo-
sites and alkaline-treated/polymer-coated and silane-treated/
polymer-coated flax fiber composites were similar. In addition,
the polymer-coated fibers exhibited improved the elastic modu-
lus because the AFL was higher than that of the uncoated fibers.

Dynamic Mechanical Properties and Impact Testing

To observe the heat-dependent dynamic mechanical properties
of the flax fiber composites, dynamic mechanical analysis was
conducted in temperature sweep mode. The change in the stor-
age modulus and loss factor with respect to the temperature of
the selected composites are shown in Figure 12(a,b), respec-
tively. The positive influence of the surface treatment on the
storage modulus of the composites was easily observed [Figure
12(a)]. It was obvious that incorporation of flax fibers to neat
PLA resulted in an increase in the stiffness of the composites at
room temperature and also at elevated temperatures. In other
words, this observation indicated that the flax fiber composites
had improved thermomechanical resistance compared to that of
PLA. As the type of surface treatment was focused, the silanized
and polymer-coated flax fiber composites exhibited higher stiff-
ness in the glassy and rubbery regions.

The glass-transition temperature (T,) of PLA in the composites
was higher than that of the neat PLA. This was due to the
restriction of the chain movements in the presence of the flax
fibers. The damping peak of PLA in the composites shifted to
higher temperatures with surface treatment. The lowest T, was
obtained in the untreated flax fiber composites among the three
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selected composites. T, was found to be 74°C when flax fibers
were silanized and polymer-coated. This value was 7°C higher
than that of neat PLA. The damping peak in the composites of
treated fibers showed a decreased magnitude of loss factor in
comparison to the untreated composites. That was why the
fibers could carry a greater extent of stress and allowed only a
small part of it to strain the interphase; therefore, energy dissi-
pation occurred in the matrix and at the interphase. This indi-
cated that a stronger interface could be characterized by less
energy dissipation, that is, a lower magnitude of the loss factor.
In other words, the composite with poor interfacial bonding
between the fibers and matrix tended to dissipate more energy;
it showed a high magnitude of the damping peak in compari-
son to a material with a strongly bonded interface. This phe-
nomenon was clearly observed in this case. The damping peak
for the silanized and polymer-coated flax fiber composites

1000
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Figure 12. Dynamic mechanical analysis of the neat PLA, untreated flax
composites, silanized flax composites, and silanized/polymer-coated flax
composites: (a) storage modulus (E') and (b) loss factor. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.
com.]
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Figure 13. Impact strength with respect to the surface-treatment type.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

exhibited the lowest magnitude of loss factor; this supported
the fact that the interfacial interactions were the best among the
others [see Figure 12(b)].

The change in the Charpy unnotched impact strength of the
neat PLA and flax fiber composites is shown in Figure 13. We
observed that the impact strength of all of the composites were
higher than those of the neat PLA, regardless of the treatment
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type. This finding was parallel to findings the literature.*> The
highest impact strength was obtained in the silanized and
polymer-coated flax fiber composites. The increase in this com-
posite was approximately twofold in comparison to neat PLA.
This was attributed to the better interfacial interaction, which
needed more energy during crack propagation under impact
testing and higher AFL.

Interfacial Morphology by SEM

SEM micrographs showed the tensile fractured surfaces of the
SFF composites (Figure 14). In the case of the untreated flax
fibers, the fiber surfaces were smooth and clean; this showed a
lack of interaction between the fiber and PLA matrix [Figure
14(a)]. The black line (marked with a circle) seen around the
fiber on the matrix was due to the deconstruction of the fiber—
matrix interface, the so-called debonding of the fiber under a
tensile load.** For such a system, failure was accompanied by
the pullout of fibers from the matrix. On the other hand, it was
clear from the SEM micrographs that the surface of the flax
fibers either silanized or silanized/polymer-coated were covered
by a polymer layer; this was evidence of a strong interaction. In
the case of a strong interphase, the density of the matrix near
the fiber surface was different than those of the bulk polymer;
therefore, the failure under tensile loading occurred at the
matrix near the fibers. The polymer-coated fibers shown in the
SEM micrographs (marked with a circle) were probably due to
this failure mechanism.

KOUMET

KOUMET

Figure 14. SEM micrographs of the flax fiber composites: (a) untreated, (b) silane-treated, and (c) silane-treated and polymer-coated. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Table III. Results of the DSC Analysis

Treatment Crystallinity
type TgC) T C) Tm(C) (%)

PLA 67.8 = = =
Untreated 66.3 132.3 151.6 3.5
Alkaline 65.9 131.8 152.9 2.7
Alkaline + PC 68.1 124.7 154.6 56

Silane 66.2 132.3 153.1 3.1

Silane + PC 65.6 127.7 154.8 53

Thermal Properties by DSC Analysis

The results of DSC analysis are listed in Table III. As shown,
both T, and T, of the neat PLA and the composites did not
exhibit any significant change with respect to the fiber surface-
treatment technique. One also should note that the entire com-
posites had a very low amount of crystallinity; this ranged
between 2.7 and 5.3%. The main difference was obtained in the
cold crystallization behavior of the composites. We observed
that the cold crystallization temperature (7T..) values of the
untreated and alkaline- or silane-treated flax fiber composites
were the same, but the alkaline-treated/polymer-coated and sil-
ane-treated/polymer-coated flax fiber composites had a signifi-
cantly lower T, value. This indicated the nucleating effect of
these flax fibers; this was possibly due to the much easier nuclei
formation because of the already immobilized PLA chains on
the surface of the PLA coated and chemically modified flax
fibers. This could be an advantage in the injection-molding pro-
cess for shortening the cycle times.

Hydrolytic Degradation

Figure 15 shows the percentage of weight loss as a function of
the hydrolytic degradation time for the PLA and flax fiber com-
posites. We observed that the weight loss curves could be
divided into three categories: (1) neat PLA; (2) untreated or
alkaline- or silane-treated flax fiber composites; and (3) silan-
ized or alkaline-treated and polymer-coated flax fiber compo-
sites. Because of its relatively lower hydrophilicity, the hydrolysis
rate of PLA was the lowest with respect to the flax fiber compo-
sites. The weight loss of PLA in the first 10 days was around
2%; then, the hydrolysis rate increased in the last 20 days. In
total, the PLA lost approximately 35% of its initial weight at
the end of the test of 40 days.

Natural fibers are highly hydrophilic in nature, and they easily
absorb water. Therefore, the incorporation of natural fibers into
polymeric matrices will generally increase the hydrophilicity of
the resulting composite.” The untreated, alkaline-treated, and
silanized flax fiber composites exhibited a similar trend in the
hydrolytic degradation time. In the first 10 days of the experi-
ment, they lost approximately 20% of their initial weight. This
sharp weight reduction continued until 60% of weight loss was
reached. In comparison to the neat PLA, the composites exhib-
ited a higher amount of weight loss during the test. The pres-
ence of flax fibers accelerated the hydrolysis rate of the
composites; this agreed with the results reported in the litera-
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ture.*™*® This was because water could easily penetrate from
the edges of the composites in the flax-based samples because
flax behaved as a channel for the water to penetrate inside the
composite. In addition, such a finding was sensible, given the
hydrophobic nature of PLA and the hydrophilic nature of the
flax fiber. Despite the high rate of weight loss, the silane-treated
flax fiber composites showed a relatively slower degradation rate
in comparison to the untreated and alkaline-treated flax fiber
composites. This observation was attributed to the relatively
lower hydrophilicity of the silane-treated flax fibers and better
polymer—fiber interphase.

Silane- or alkaline-treated and polymer-coated flax fiber compo-
sites showed a lower weight loss with respect to the untreated
and alkaline- and silane-treated flax fiber composites. This
behavior was associated with the reduced hydrophilicity of the
fibers and the improved interphase due to polymer precoating.
The values of weight loss for any given period of time was the
alkaline-treated then for the
polymer-coated flax fibers. They both exhibited a 50% weight
loss at the end of 40 days.

same for the silanized and

Quantitative Comparison of the Current Composites with the
Literature

There are several promising markets for biodegradable polymers
such as PLA. Plastic bags and barriers for sanitary products,
such as diapers, disposable cups, and plates, are some commod-
ity applications. In addition, plastics used in white goods or
automotive applications could be a high-value-added potential
market for biodegradable composites. Because PLA can be proc-
essed in nearly the same way as PP, it is possible to replace PP
composites with PLA/SFF composites that can be prepared via
twin-screw extrusion.

The tensile properties and impact strength of the polymer-
coated and silanized flax fiber/PLA biodegradable composites,
which exhibited the highest properties in this study, were com-
pared with nonbiodegradable (mostly PP based) and
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Figure 15. Weight loss in hydrolytic degradation with time (days). [Color
figure can be viewed in the online issue, which is available at wileyonline-
library.com.]
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Table IV. Comparison of Current Composites with Selected Biodegradable and Nonbiodegradable Composites

Fiber Tensile Impact Elongation
Composite description and source content strength (MPa) strength (kJ/m?) at break (%)
Silane-treated and polymer-coated SFF 25 wt % 74.3 12.7 2.2
PLA composites (this study)
PLA/SFF® 40 wt % 44 12 0.9
PLA/Biotex flax fiber composites (continuous woven 40 vol % 102 32.8 1.6
flax fiber textile reinforcement, 250 tex)>°
PLA/polycarbonate (10%)/NaOH-treated SFF5* 10 wt % 532 — —
PLA/randomly scattered nonwoven SFF°2 20 vol % 722 — i.72
PP/maleated PP (5%)/SFF (extrusion compounding)®® 30 wt % 39° — —
PP/SFF® 40 wt % 29 — 1.5

@Obtained from the graph.

biodegradable flax fiber-reinforced composites (see Table IV).
One should note that some of the composites contained SFF,
but some contained woven or nonwoven flax fibers.

Despite the lower content (25 wt %) of flax fiber in these com-
posites, the tensile strength was observed to be higher than the
composites with the higher SFF content (40 wt %) without a
loss in the toughness-related properties, such as the impact
strength and tensile elongation at break. The usage of woven or
nonwoven flax fibers was much stronger than these composites.
This was a consequence of the presence of continuous or longer
fibers. The challenging question here was what the properties of
polymer-coated and silane modified continuous flax fiber com-
posites would be. On the other hand, as the properties of cur-
rent composites were compared with that of the flax fiber/PP
nonbiodegradable composites, we observed that the properties
were much higher than those of the PP composites.

The benefit to the use of a film former over the flax fiber sur-
face after chemical treatments was the ease of handling and
feeding. Figure 16 shows the pictures of the silanized flax fibers
after chopping. The one coated by a film former (PLA layer)
kept its granular form; this helped in feeding to the com-
pounder like glass fibers, but the one without film former
turned to a mass of fluffy fibers of which it was very difficult to
feed with conventional feeding systems.

(@)

Figure 16. Pictures of the chopped flax fibers: (a) silanized and polymer-
coated and (b) silanized. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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CONCLUSIONS

The combinatorial effect of the chemical surface modification
via alkaline treatment or silanization and PC as the application
of the film former on the physical and mechanical properties of
the SFF/PLA composites were investigated. Both the alkaline
and silane treatment affected the structure of the flax fiber.
XRD analysis shows that the alkaline treatment changed the cel-
lulose I structure into a cellulose II structure. It was revealed
from the XPS analysis that the silane treatment was successfully
implemented to the fiber. The mechanical tests showed that the
usage of PC on the modified flax fiber surface enhanced the
performance of the composite. The maximum tensile and
impact strengths were obtained in the silanized and polymer-
coated flax fiber composites. Moreover, it was shown that the
thermomechanical resistance of this composite system was the
highest among the others. DSC analysis indicated that the cold
crystallization process of PLA was affected by the different sur-
face treatments of the flax fibers. The presence of PC enhanced
the crystallization of PLA in the composites without deteriorat-
ing the T,, and T, values of the system. PC negatively affected
the hydrolysis behavior of the flax fiber composites by decreas-
ing the hydrophilicity of the flax fibers. We concluded that in
particular, in addition to the single influence of the silane cou-
pling agent, a synergetic effect of the film former (i.e., PC) and
silane treatment was observed to improve the performance of
the composites.
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