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ABSTRACT: In this study, all-cellulose composite laminates were prepared from lyocell fabric with ionic liquid (1-butyl-3-methyl imi-
dazolium chloride), a conventional hand layup method, and compression molding. Eight layers of lyocell fabric, which were impreg-
nated with ionic liquid, were stacked symmetrically and hot-pressed under compression molding for various times; this resulted in
the partial dissolution of the surface of the lyocell fibers. The dissolved cellulose held the laminas together and resulted in a consoli-
dated laminate. Finally, the prepared laminate was impregnated in water to remove the ionic liquid and to regenerate a matrix phase
in situ; this was followed by hot-press drying. Optical microscopy and scanning electron microscopy studies were used to analyze
composite structures. With increasing dissolution time, the void content in the composites decreased, and the interlaminar adhesion
improved. For LC-2h and LC-3h, the highest tensile strength and modulus values obtained were 48.2 MPa and 1.78 GPa, respectively.
For LC-4h, the highest flexural strength and modulus values obtained were 53.96 MPa and 1.2 GPa, respectively. © 2016 Wiley Periodi-

cals, Inc. J. Appl. Polym. Sci. 2016, 133, 43398.
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INTRODUCTION

Nowadays, worldwide environmental awareness has restricted
the use of many biocomposites where nonbiodegradable
petroleum-based material are used as the matrix phase.' There-
fore, research efforts have currently been directed toward
the development of a new class of fully biodegradable green
composites through the combination of natural/biofibers with
biodegradable matrices, such as poly(lactic acid), polyhydroxy-
butyrate, and poly[3-hydroxybutyrate-co—3-hydroxyvalerate].”
However, there is still the issue of compatibility between the
hydrophobic polymer matrix and hydrophilic biofibers as rein-
forcements in biocomposites.” This problem has been mini-
mized to a great by the physical or
modification of the fibers/matrix,"® but more research is still
required in this field.

extent chemical

Recently, an alternate approach has been developed to prepare
environmentally friendly composites, so-called single-polymer
composites, which are based on an ecodesign concept.” In addi-
tion to the success of single-polymer-based all-polypropylene
composites or all-polyethylene composites, fully cellulose-based
all-cellulose composites (ACCs) are also becoming very popular
by the day. Because of the chemical similarity of the matrix and
reinforcing phase, these are able to overcome the problem of
poor fiber—matrix adhesion.®

© 2016 Wiley Periodicals, Inc.
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ACCs are one of the latest class of single-polymer composites,
where both the matrix and reinforcing phase are based on cellu-
lose. Cellulose is currently the most abundantly available bio-
polymer in the world.*® Moreover, the low density, high
strength, and biodegradability of cellulosic fibers add to the
advantages for its use in biocomposites as reinforcements.*®
The main components of plant-based cellulosic fibers are cellu-
lose, hemicellulose, lignin, pectin, waxes, and water. However,
natural biofibers are nonuniform, and their quality and
mechanical properties may vary, depending on the different
growing conditions, fiber extraction procedures, and maturity
of the harvested plant.'® The presence of lignin and hemicellu-
lose in lignocellulosic biofibers (jute, sisal, ramie, bagasse, etc.)
may be an obstacle to the preparation of an effective ACC
because of the poor solubility of these constituents in cellulosic
solvents under the used process conditions.® Therefore, the use
of regenerated-cellulose-based fibers such as viscose, modal, and
lyocell can redress this problem with the achievement of good
properties in the ACCs, as these fibers offer greater consistency
in terms of the mechanical properties, fiber structure, and fiber
diameter when compared with natural fibers.'"" On the basis of
the possibility of developing different forms (film/sheet/lami-
nate) and having good promising properties, ACCs may find
many potential applications, ranging from biomedical to struc-
tural applications, in the near future.
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In this study, lyocell fabric (3:1 twill weave) was used to pro-
duce ACC by partial dissolution or a surface selective dissolu-
technique with a simple hand-layup process with
compression molding. An ionic liquid (1-butyl-3-methyl imida-
zolium chloride) was used as the solvent; it fell into the class of
so-called green solvents and had a very low vapor pressure,
nontoxicity, nonflammability, good thermal stability, and easy
recyclability.'>"? The changes in the structure and properties of
the manufactured composites as a function of the dissolution
time are discussed.

tion

EXPERIMENTAL

Materials

An ionic liquid (1-butyl-3-methyl imidazolium chloride) was
used as a cellulose solvent and was purchased from Sigma
Aldrich. Lyocell fabric (3:1 twill) with GSM-210, EPI-76, and
PPI-62 was supplied by Aditya Birla Group, and it was used as
a starting material for the synthesis of ACC. The lyocell fabric
had basic strengths of about 33 and 26.1 MPa in the warp and
weft directions, respectively. It had breaking extensions of about
23 and 26.4% in the warp and weft directions, respectively. The
lyocell fiber was composed of pure regenerated cellulose, mainly
in the form of cellulose II, and it had a crystallinity of about
67%. Deionized water was used as a nonsolvent to regenerate
cellulose.

Material Preparation

The ionic liquid was heated in a vacuum drier at 105 °C for
24 h before use to remove residual moisture. The lyocell fabric
was initially washed in hot water (80 °C) to remove water-
soluble sizes and other impurities from the fabric and then
dried at room temperature. Then, it was cut to 18 X 15 cm’
and dried in a vacuum drier for 90 min at 90 °C before we
used it for composite preparation.

Composite-Laminate Preparation

The dried lyocell fabric was impregnated in the preheated ionic
liquid and spread evenly on the fabric with a plastic scraper to
produce a single lamina. Eight layers of these laminas were
stacked symmetrically, with warp yarns of all fabric pieces kept
in the same direction. It was placed between two aluminum
foils and folded on three sides, with one side kept open to col-
lect excess ionic liquid when pressed. The whole foil-based sys-
tem containing the laminas was subsequently placed under a
compression-molding machine, where it was pressed at 110 °C.
The dissolution times in compression molding were varied at
30 min, 1 h, 2 h, 3 h, and 4 h with the pressure kept constant
(1 MPa).

Then, the hot-pressed consolidate laminates were impregnated
in distilled water for 24 h. In between, water was exchanged
four times for the complete removal of the ionic liquid from
the laminates. Subsequently, the regenerated laminates were
dried by hot pressing at 0.1 MPa of pressure at 100 °C for 30
min and then at 80 °C for 2 h. The steps of composite prepara-
tion are schematically illustrated in Figure 1.

Testing and Characterization
Wide-angle X-ray diffraction patterns of lyocell fabric and cor-
responding laminates were obtained with a PaNalytical PW3040
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Stepl: Impregnation of Lyocell fabric in ionic liquid

Ioil Lisi
é’/omc fquid Lyocell Fabric {Lamina)

Step2: Hot=pressing in compression moulding (dissolution)

Pressure- IMP

Compression moulding plate

Temperature- 110°C Stack of cight laminas
Step3: Impregnation of laminates in water (Recovery of
fonic liquid and regeneration of cellulose)

Deionized Water Consolidate laminate

Step4: Hot-press drying

Pressure- 0.1 MPa Hot-press plate

ACC-laminates

Temperature- 100°C & BO°C

Figure 1. Schematic diagram of the steps for the preparation of lyocell
ACCs. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

X’Pert Pro (The Netherlands) X-ray diffractometer with Cu Ka
radiation (4= 1.54) with 40 kW of power and 30 mA of cur-
rent. The 26O range was set from 10 to 40° at a rate of 0.04°/s,
where © is Bragg’s angle. The X-ray diffraction profiles were
analyzed with Peak Fit software, where the diffraction profiles
were resolved into noncrystalline (amorphous) scattering and
crystalline reflections. The percentage crystallinity (%Xc) was
measured with the following equation:

%XC:ZA[/ZA, (1)

where YA, is the total area (crystalline plus amorphous) under
the graph and > A, is the only crystalline area under the graph.

The surfaces of the ACC laminates and lyocell fabric were
observed with a polarized optical microscope (Nikon SMZ1500,
Japan). All of the samples were analyzed with 30X magnification.

The cross-sectional binding and the tensile-fractured surfaces of
the ACCs were observed with scanning electron microscopy
(SEM). Initially, the composite samples were dried for 24 h at
80 °C to make them moisture free and cut to a size of 8 mm
(length) by 3 mm (width) with a circular saw cutter. The sam-
ples were further placed on conductive carbon black tape and
sputtered coated with gold with 25 mA of current. SEM was
performed with a Zeiss Evo 18 (Special Edition) instrument
with an accelerating voltage of 20 kV.

The thickness of the lyocell fabric and ACCs were measured
with a slide caliper associated with the Vernier scale with an
accuracy level up to 0.02 mm (Mitutoyo, Japan). At least 10
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Figure 2. T-peel test specimen.

readings were taken for each sample, and the average values are
reported.

For density measurement, the samples were cut to a particular
size (2 X 2 cm?). Then, for each samples, we calculated the
average thickness (in centimeters) by measuring the thickness in
10 different places. The volume (V) of each sample was calcu-
lated with this equation:

V(cm3 ) = Length X Width X Thickness (2)

Here, Length = Width =2 cm. Then, the weight (W) in grams
was noted from the weighing balance for each composite sam-
ple, and the apparent density (D,) of the composites were
measured with the following equation:

D,=W/V (3)

The bulk density (D;) of the regenerated-cellulose-based lyocell
fiber was assumed to be about 1.52 g/cc.'®"” The percentage
void content (%V) in the composites was calculated with the
following equation:

%V = [1—(D,/Dy)] X 100% (4)

The T-peel test was carried out according to ASTM D 1876-08
with a Tinius Olsen universal testing machine. A 25 mm wide
strip was cut from each composites, torn off at one end, as
shown in Figure 2 (T-type specimen) and peeled off at a constant
velocity of 254 mm/min. The machine was equipped with suita-
ble grips capable of firmly clamping the specimens without slip-
page throughout the tests. During the peel test, the applied load
was recorded in a graph as a function of the distance peeled (in
millimeters). To calculate the peel strength, the mean of the
recorded peak loads was used and divided by the width of the
peeled stripe. For each composites, eight samples were tested.

The tensile properties of the prepared ACCs were measured by
a method from ASTM D 3039. As the thickness of samples were
varied from 1.5 to 1.9 mm, the samples were cut into a size of
150 mm (in length) by 8-10 mm (in width) for tensile testing.
The samples were tested in an Instron 4301 tensile tester with a
5-kN load cell. The test was performed with a crosshead speed
of 2 mm/min and a gauge length of 40 mm. All samples were
conditioned for 24 h at a 65*2% relative humidity and
20 =2 °C before tensile testing. The direction along the warp
yarns in the lyocell fabric was considered as the longitudinal
direction of ACCs.
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Flexural tests were performed at room temperature with the
three-point bending method according to ASTM D 790-10. A
Zwick Z010 flexural testing machine was used for this purpose.
Specimens 60 mm in length and 12.7 mm in width were cut
and loaded into the three-point bending tester with a recom-
mended span-to-thickness ratio of 16:1. The specimens were
tested at a crosshead speed of 2 mm/min. The flexural stress
was noted against the displacement up to 15 mm for each sam-
ple. The flexural strength and flexural modulus were calculated
with egs. (8) and (9), respectively16:

o= (3FL)/(2bt) (5)
E= (L’m)/(4bt) (6)

where F is the maximum load (N), L is the support span (mm),
b is the width of the sample (mm), ¢ is the thickness of the
samples (mm), m is the slope of the initial straight line portion
of the load—deflection curve, ¢ is the flexural strength (MPa),
and E is the flexural modulus (MPa).

RESULTS AND DISCUSSION

Wide-Angle X-ray Diffraction Analysis

Figure 3 shows the X-ray diffraction profiles for the lyocell fab-
ric and lyocell ACCs. The regenerated-cellulose-based lyocell
fiber could have a mixture of cellulose II and cellulose III crystal
structures,'” whereas under certain conditions, the formation of
cellulose IV was also favored.'®'? For lyocell fabric, a weak peak
was found at 26 = 12° (plane 101), and two almost indistin-
guishable peaks were found at 26 = 22° (plane 002) and 20.6°
(plane 021). The peaks at 26 = 12 and 22° were mainly for cel-
lulose II, whereas the peak at 26 = 20.6° may have been due to
the presence of cellulose II1.%° The partial dissolution of the lyo-
cell fabric and the regeneration of dissolved cellulose was
accompanied by a change in the diffraction peak from 20.6° to
a lower value 19.8° with a gradual reduction in the peak
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Figure 3. X-ray diffraction profiles for the lyocell fabric and lyocell ACCs.
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[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]
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Figure 4. Crystallinity (%) of the lyocell fabric and ACCs produced with
various dissolution times.

intensity with increasing dissolution time. The peak for the lyo-
cell fabric at 26 = 12° shifted to a slightly lower 2& value in
the case of lyocell ACCs. Although there was no peak at
26 = 16° in the X-ray diffraction profile of the lyocell fabric, a
new peak was observed at about 26 = 16° (plane 101) for the
lyocell ACCs. This peak may have been due to the presence of
cellulose T or cellulose TV.*' However, cellulose II is more stable
than cellulose I because of the antiparallel packing of cellulose
chains in cellulose I1** and does not transform into cellulose
L.3?! This indicates that the peak at 26 =16° for the lyocell
ACCs was possibly due to presence of cellulose IVy, which
might have been formed from cellulose II caused by heating
during dissolution and drying.®'***

The crystallinity of the as-received lyocell fabric was about
66.8%, and because of this high crystallinity, it took longer for
the proper dissolution of the lyocell fibers. From the X-ray dif-
fraction patterns, it was clear that with increasing dissolution
time, the intensity of the peaks (at planes 021 and 002)
decreased gradually; this indicated a reduction in the crystallin-
ity of the ACCs because of the breaking of intermolecular and
intramolecular hydrogen bonds between cellulose molecules
during the dissolution process.”* Figure 4 shows the graphical
representation of %X values for the lyocell fabric and ACCs.
We observed that at a higher immersion time, more cellulose
was dissolved, and it formed a less oriented and less crystalline
or paracrystalline regenerated matrix phase. This resulted in a
reduction in the overall crystallinity of the ACCs,>>*® as shown
in Figure 4.

Surface Morphology of the Lyocell ACCs

Figure 5 shows the surface images of the lyocell fabric and
ACCs under an optical microscope with 30X magnification;
this shows the effect of time on the dissolution of cellulose.
From these images, it is clear that with increasing time, because
of the increase in cellulose dissolution, the pores or voids that
were present in the fabric (between yarn interstices) and among
the layers were gradually filled up by dissolved cellulose. This
resulted in a comparatively smoother surface in the ACCs. In
Figure 5(A), which was recorded from the gray lyocell fabric,
sharp twill lines were clearly visible. With increasing dissolution
time, the sharpness of twill line diminished gradually in the
ACCs because of the increased partial dissolution of the lyocell
fiber surface. The surface color of the prepared ACCs changed
from white (in the fabric) to slightly brownish (in ACC) after
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the treatment with IL for a longer time. This may have been
due to the slight degradation of cellulose for processing at high
temperatures for prolonged times.'>*’

Cross-Sectional Binding of Lyocell ACCs

Figure 6 shows the SEM micrographs for the cross-sectional
view and interlaminar bonding in different lyocell ACCs. These
images show that the process resulted in extensive interlaminar
and intralaminar bonding with the formation of minimum
voids with higher dissolution times. With increasing dissolution
time, the intralaminar and interlaminar voids were reduced sig-
nificantly and led to improved interfacial adhesion between the
regenerated matrix and the undissolved cellulose fraction. In the
case of LC-0.5h, although the dissolved cellulose was able to
bind the undissolved part, the individual yarns were clearly visi-
ble in the composite cross section [Figure 6(A,B)]. With 1- and
2-h dissolution times, improved adhesion was observed as a
result of the further dissolution of cellulose. However, still fabric
layers could be clearly identified in the cross sections of LC-1h
and LC-2h; they showed lines in the fiber—matrix interface.
With higher dissolution times (3 and 4 h), almost no distinct
interface was found; this justified the term interfaceless
composite.”>

Thickness, Apparent Density, and Void Content

The lyocell fabric used here as a basic material for ACC prepa-
ration had a thickness of about 0.46 mm. However, the ACCs
generated in this process were several millimeters in thickness;
they varied between 1.47 and 1.91 mm, depending on the pro-
cess conditions. We observed that initially, with increasing dis-
solution time, the thickness of the ACCs decreased because of a
greater dissolution of cellulose and the application of high pres-
sure. However, after 2 h of dissolution, almost no more change
was observed in the thickness of the lyocell ACCs (Table I).

For the 30-min dissolution time, the void content in the lyocell
composite (LC-0.5h) was very high (ca. 36%) because of the
large interlaminar and intralaminar void spaces in the compos-
ite. However, with increasing dissolution time, the void content
in the lyocell ACCs gradually decreased as the void were filled
up by more dissolved cellulose. A minimum void content value
of 3.4% was obtained for the ACC produced with 4 h of disso-
lution time. On the contrary, the apparent density of the com-
posites gradually decreased with increasing dissolution time
because of the reduction in the void content and the increase in
the compactness.

Mechanical Properties

Peel Strength. The peel strength is the average strength per unit
width of the bond line required to produce progressive separa-
tion of two bonded, flexible adherents. It is a measure of the
interlaminar adhesion strength. Figure 7 shows that with
increasing dissolution time, the peel strength of the lyocell com-
posites gradually increased; this demonstrated the increased
interlaminar adhesion of the ACCs. We observed that the peel
strength increased 12-fold when the dissolution time increased
from 30 min to 4 h. The lyocell ACC produced with 4 h of dis-
solution time showed an average peel strength of about 2.96 N/
mm, which was superior even to those of metalized carbon
fiber-reinforced epoxy composites™ and E-glass fabric reinforced
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Figure 5. Optical microscopy images of the surfaces of the lyocell fabric: (A

WILEYONLINELIBRARY.COM/APP

CIENCE

-

Lyocell fabric (L-FAB) and (B-F) lyocell composites (LC-0.5h, LC-1h, LC-

2h, LC-3h, and LC-4h, respectively; magnification = 30X). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

polyester composites.”> This high interlaminar adhesion in the
lyocell ACCs was due to the chemical similarity and high com-
patibility of the matrix and reinforcing phase.’*”!

Tensile Properties. The tensile properties of the lyocell ACCs
were found to be a function of the basic structure of the lyocell
fibers and process conditions. In general, lyocell fibers possess a
skin—core structure. However, they are less porous and more
oriented than regenerated-cellulose-based viscose fibers.'> The
structure of lyocell fibers may also change, depending on the
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process conditions and composition of the regeneration bath
during fiber manufacturing.'” The lyocell fiber used here was
manufactured with a regenerating bath containing N-Methyl-
morpholine N-oxide (NMMO) and water. Abu-Rous and
coworkers®®?? observed the cross section of a similar type lyo-
cell fiber using transmission electron microscopy, where the
fiber cross section contained a compact core, a porous middle
zone, and a semipermeable fiber skin. The cellulose dissolution
and the ultimate mechanical properties of the lyocell ACCs were
solely dependent on the structure of these lyocell fibers.
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Figure 7. Change in the peel strength of the lyocell ACCs produced with
various dissolution times.

in amount of dissolved cellulose helped to form a sufficient
matrix and finally resulted in an improved fiber—matrix adhe-
sion and, consequently, an increase in the composite strength.

The longitudinal tensile strength of the lyocell composites
increased up to 2 h because of the formation of an efficient
matrix phase through the dissolution of the top skin and

A - -»- Transverse direction
—— Longitudinal direction
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Figure 6. SEM micrographs with lower (50X) and higher magnification 2.5
(300X) of (A,B) LC-0.5h, (C,D) LC-1h, (E,F) LC-2h, (G,H) LC-3h, and B :
(L)) LC-4h. £ 5
2
Figure 8 shows the tensile properties of ACCs developed in this 215
study; this highlighted the effect of the dissolution time. With é
increasing dissolution time, two contradictory effects played a I !
significant role in controlling the tensile strength of the lyocell g 0.5
ACCs: (1) more dissolution of cellulose caused a reduction in -
the strength of the basic cellulosic material, and (2) an increase 0
Table I. Thickness, Apparent Density, and Void Content Values of the
Lyocell ACCs c 3
S
Apparent Void = w0
density content E 2
Sample Thickness (mm) (g/cm®) (%V) 2 S
LC-0.5h 1.91+0.03 0.97 36.06 § 20
LC-1h 1.8+x0.02 1.09 28.39 =
LC-2h 149004 1.3z 13.03 3 L-FAB LC-0.5h LC-lh LC-2h LC-3h LC-dh
LC-3h 1.47+0.02 1.46 4.08 ) ‘ T i ' o
Figure 8. Tensile properties of the lyocell ACCs produced with various
LC-4h 1.48+0.02 1.47 S8g

dissolution times.
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porous middle section of the lyocell fibers. This resulted in bet-
ter stress transfer between the matrix and undissolved cellulose
reinforcement. The highest tensile strength achieved was 48.2
MPa for LC-2h. After 2 h, because of a higher amount of cellu-
lose dissolution, the core part of the lyocell fibers also dissolved,
and this affected the basic strength of the lyocell fibers.”” This
resulted in a decrease in the tensile strength of the composites
produced with higher dissolution times (3 and 4 h). However,
in the transverse direction, the tensile strength of the lyocell
ACCs continuously dropped with increasing dissolution time
after 1 h for the same reason [Figure 8(A)].

Because the basic material for these composites was in fabric
form, good tensile properties were obtained in both the longitu-
dinal and transverse direction. The tensile strength of the lyocell-
based ACCs varied between 35 and 48 MPa in the longitudinal
direction and between 29 and 44 MPa in the transverse direction.
In comparison to the transverse direction, the higher strength in
the longitudinal direction was due to difference in the basic
strengths of the lyocell fabric in the warp and weft directions.
However, the transverse strength obtained here was far superior
to other ACCs, as was previously reported in other literature.”>**

The Young’s modulus of the lyocell ACCs continuously
increased with increasing dissolution time [Figure 8(B)]. The
presence of voids had a crucial impact on the Young’s modulus
of the ACCs.”® With increasing dissolution, the intralaminar
and interlaminar voids had a tendency to decrease; this resulted
an increase in the Young’s modulus or stiffness of the lyocell
ACCs. The ACCs processed for 3 h (LC-3h) had a stiffness that
was more than seven times higher than that of the ACCs pro-
duced with 30 min of dissolution time (LC-0.5h). However,
after 3 h, no further increase in the stiffness was noticed, and
actually, it decreased slightly for the 4-h processing time.

The modulus in the transverse direction followed an almost
similar trend. However, the lyocell ACCs possessed a slightly
lower modulus in the transverse direction than they did in lon-
gitudinal direction.

The percentage strain at break (%¢) initially increased for the
ACC produced with 30 min of dissolution time. After that, it
decreased continuously because of the increase in stiffness with
increasing dissolution time [Figure 8(C)]. The longitudinal %e
value for LC-0.5h was about 25.9%; this became almost half after
4 h of processing (for LC-4h). The breaking strain in the trans-
verse direction varied in a similar fashion to the longitudinal direc-
tion with increasing dissolution time. In fabric, because of the
interlacement between the warp and weft, crimps were created in
the crossover points. On the other hand, generally, a higher crimp
is noticed in weft direction of fabric compared to the warp direc-
tion because of comparatively higher stress in the warp direction
during fabric manufacturing.”®*” This may be the major reason
behind the observation that the lyocell fabric and the fabric-based
ACCs showed a comparatively higher %¢ and a lower stiffness in
the transverse direction than they did in the longitudinal direction.

Repeatability of the Tensile Properties of the Lyocell
ACCs. Figure 9 shows the repeatability of the tensile properties
in the longitudinal direction of the lyocell ACCs produced with

Maﬁ‘%},& WWW.MATERIALSVIEWS.COM
1

WILEYONLINELIBRARY.COM/APP

43398 (7 of 10)

CIENCE

| 1st time & Repeat

=)
(=]

=
& 50
2 \
5 40 N
Bn R
= N
o 30 R
AN
[+ 20 AN
NN
£ 10 R
(] N
a \
0
24
=
[=9
g 2 I
16 §
=}
212
=
X 0.8
(=]
Z 0.4
= =
0 R
30
E
= 20 :
= N if\ &
g N N N
£10 - N N N
n N R R
e :\§\ R “\\\
B 2 N N
0 N

LC-0.5h LC-1h LC-2h LC-3h LC-4h
Figure 9. Repeatability of the tensile properties of the lyocell ACCs pro-
duced with various dissolution times.

various dissolution times. This graph proves that the processes
showed a great repeatability in terms of all of the tensile proper-
ties (strength, modulus, and breaking extension). The values of
the achieved tensile properties were not only almost the same; it
followed nearly the same trend with various dissolution times.

Tensile-Fractured Behavior. The tensile-fractured samples of
the lyocell ACCs processed with various dissolution times are
shown in Figure 10. The main tensile-fractured modes observed
were fiber/yarn breakage, fiber/yarn pullout, and delamination
of individual fabric layers; this was been marked in the SEM
images of the fractured surface for different Iyocell ACCs (Fig-
ure 11). For the ACCs produced with lower dissolution times
(30 min and 1 h), the tensile failure was mainly due to the
delamination of fabric layers and fiber/yarn breakage, whereas
individual yarns showed little or no adhesion to neighboring
yarns [Figure 11(A,B)]. The composite LC-0.5h did not even
rupture completely, and failure was only due to delamination,
as shown in Figure 10(A). These types of failure were due to
the lack of bonding between adjacent laminas/yarns/fibers and
suggested the formation of an inadequate matrix phase to bind
the reinforcement. However, for a higher dissolution time, as
the fiber-matrix adhesion improved, the ACCs became stiffer.
So, a slightly ductile-type fracture with little delamination and
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Figure 10. Tensile-fractured samples of the lyocell ACCs produced with various dissolution times. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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Figure 11. SEM micrographs of the tensile-fractured surfaces of the lyocell ACCs with a magnification of 80X: (A) LC-0.5h, (B) LC-1h, (C) LC-2h, (D)
LC-1h, and (E) LC-4h. The different fracture modes were the (1) delamination of layers, (2) pulled-out yarn, and (3) fractured yarn.
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Figure 12. Flexural strength and modulus values of different lyocell ACCs.

comparatively lower fiber/yarn pullout was observed for the
ACCs produced with 2 h of dissolution time [Figure 10(C)].

The tendency of the delamination gradully decreased with
increasing dissolution time as a result of better intralaminar and
interlaminar adhesion. Therefore, for LC-3h and LC-4h, compa-
ratively lower pullouts of the fibers/yarns were observed [Figure
11(D,E)]; this indicated slightly brittle-type fracture.

Flexural Properties. The flexural strength is the ability of a
material to withstand bending forces applied perpendicular to
its longitudinal axis, whereas the flexural modulus is a measure
of the resistance to deformation in bending.’® During flexural
testing, the materials can be subjected to tensile, compressional,
and shear stresses, which produce a compound stress together.”®

The flexural properties of the lyocell ACCs are shown in Figure
12, as an effect of the dissolution time. Both the flexural
strength and modulus increased with increasing dissolution
time; this revealed that ACCs produced with higher dissolution
times could withstand bending forces to a great extent. This
was due to the formation of better interfacial adhesion between
the undissolved part of the lyocell fabric and the regenerated
matrix. Similar to the tensile properties, the interlaminar and
intralaminar voids played important roles in controlling the
flexural properties, especially the flexural modulus.®® With
increasing dissolution time from 30 min to 4 h as the internal
voids gradually decreased, consequent rises in the flexural
strength and modulus were observed by 4 times and 3.5 times,
respectively. The highest flexural strength and modulus were
achieved for LC-4h, and the values were 54 MPa and 1.2 GPa,
respectively. This might have been due to the presence of the
lowest void content and the better fiber—matrix adhesion com-
pared to those of the other ACCs. The obtained flexural
strength for the LC-3h and LC-4h laminates were relatively high
when compared with many other natural fibers and petroleum-
or bioderived polymer matrix based biocomposites,”® such as
lyocell fiber—PP composites (33.4 MPa),” jute fiber—PBS com-
posites (39 MPa),*' and Kenaf fiber—poly[3-hydroxybutyrate-
co—3-hydroxyvalerate] composites (16.7 MPa).*> On the other
hand, the flexural strength of these two ACCs were quite low
compared to those of an ACC laminate (135.24 MPa) produced
from rayon textile by Huber et al®® with a solvent infusion
processing method.”> However, the values were higher than
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those of ACC laminates (45 MPa) produced from rayon textile
with the prepreg style by Schuermann et al.*

CONCLUSIONS

In this study, we demonstrated the production of thick ACC
laminates using a simple processing route, which was based on
hand layup with compressing molding. From this study, it was
evident that the process parameters, that is, the dissolution
time, pressure, and temperature, had a vital role in controlling
the composite structure and properties. The application of pres-
sure during cellulose dissolution and drying helped in control-
ling the differential shrinkage and void content and also in
maintaining the compactness in the lyocell composite laminates.
The void content was a key governing factor in controlling the
composite stiffness and flexural properties. With a higher disso-
lution time (3 or 4 h) as the internal voids decreased to a
greater extent, the composites showed an improvement in the
mechanical properties. The adhesion strength of the lyocell
ACCs (especially for LC-3h and LC-4h) was superior to those
of most other natural fiber-reinforced composites because of the
chemical similarity of the matrix and reinforcing phase in the
ACCs. The stiffness of the lyocell ACCs continuously improved
with increasing dissolution time as a result of the improved
interlaminar adhesion and the reduction of intralaminar and
interlaminar voids. The highest tensile strength was achieved
with 2 h of dissolution time. The flexural strength of the lyocell
ACCs produced with dissolution times of 3 or 4 h were superior
to many biocomposites. The repeatability of the tensile test
results was found to be very high.
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