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Abstract: The wood cellulose fiber (WCF) reinforced polylactic acid (PLA) offers cost effectiveness,
ease of mass production, short processing time, structural stability, high quality and efficient
recyclability. In the study presented orientation of fiber, microstructure and thermomechanical
property of composites are beingexamined by using X-ray tomography, scanning electron
microscopy (SEM), and dynamic mechanical thermal analysis (DMA). Also, the mechanical
properties of WCF-PLA-MAH composites were characterized and analyzed. The results
demonstrated that the best outcome of elastic modulus and tensile strength were accomplished at
30%WCF-PLA-3%MAH composite. The DMA result explains that by adding MAH in WCF-PLA
as an interfacial coupling agent enhanced the storage modulus and increased the toughness of
WCF-PLA composite by decreasing the tand peak. X-ray tomography of the PLA/WCF/FB
composite shows that the degree of anisotropy is accomplished 25% higher when WCF was 30% in
PLA matrix. In addition, the SEM micrograph shows that when MAH was used the interfacial
compatibility between the PLA matrix and WCF improved.

Keywords: polylactic acid (PLA); wood celluosefiber (WCF); maleic anhydride (MAH); dynamic
mechanical analysis (DMA); X-ray Tomography; degree of anisotropy (DA)

1. Introduction

Today the emphasis on studying the physical characteristics of biodegradable and sustainable
materials have become a priority as their use reduces the impact of manufactured products on
environment. The applications of sustainable material are in high demand in the fields of packaging,
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automotive, biomedical and structural engineering [1-3]. The naturally found chitosan, cellulose and
lignin are being studied to find their suitability in diverse application in the field of product design,
engineering and mass production [4—6].

The polylactic acid (PLA) as a matrix of composite has attracted attention due to its high impact
resistance, mechanical strength and chemical resistance [7—10]. Also, the corn starch, tapioca roots,
sugar cane and sugar beet are replenishable resources from where the PLA is mostly sourced.
Moreover, PLA is a linear aliphatic thermoplastic with high quality biocompatibility, non-toxic by-
products formation and superb transparency. The use of PLA can be found in industries such as
packaging, textile and automotive. However, there are drawbacks which limit its use such as low
glass transition temperature and high cost. The enhancement in the production of bio composites is
made by addition of natural fibers which are being utilized as reinforcing fiber. A vast array of
natural fiber such as rice, husk, jute, flax [11-13], cellulose acetate [14] and wood cellulose [15]
have been examined in the development of PLA composite.

The cost effective wood cellulose fiber has been preferred and studied in the field of
engineering as reinforcement. The structure of cellulose consists of small semicrystalline crystals and
microfibrills which are randomly positioned in matrix. Moreover, the properties of wood cellulose
also include thermal stability, higher stiffnes and strength. The studies done previously have shown
that the wood cellulose fiber when applied in engineering is capable of enduring externally applied
forces due to its intertwined network [16—18].The useful characteristics of the wood cellulose fibers
which can be utilized include 0.1 ppm/K coefficient of thermal expansion, 114 GPa Young’s modulus,
89% degree of crystallinity and 37 m?/g specific surface area [19-20]. The challenges faced during
the reinforcement of PLA with wood fiber can be poor compatibility. The study work concentrates on
improving the compatibility between wood fiber and PLA matrix by using coupling agent which can
enhance the interfacial bonding at the interfaces [21]. Furthermore, the beneficial characteristics and
sustainability of natural fiber reinforced polylactic acid makes it a preferential material when
compression molding is being used.

The analysis of damping and its effect on composite can be determined by using dynamic
mechanical analysis (DMA) technique. The technique is helpful in assessing the time, atmosphere,
stress, temperature and function of frequency. The structure of composite can be studied by using
dynamic mechanical response with the application of micromechanics and constitutive models. The
results of DMA are based on phases in polymer blends, interfaces between matrix and fiber,
morphology and the composition of constituents [22—-23]. Moreover, the results of DMA show that
the composite is strongly influenced by the fiber content, mode of testing, coupling agent and
orientation of fiber [24]. The researchers have demonstrated the DMA results in the form of loss
tangent (tand) and storage modulus (G’) for sisal fiber, jute fiber, wood particles and cellulose
triacetate fiber in polymer matrix. The Loss tangent (tand) and storage modulus (G’) of the
composite are completely dependent on fiber content, orientation and compatibility [23-26].

The X-ray tomography is being applied commonly for applications in medicine and medical
diagnostics [27-28]. Furthermore, X-ray tomography is also being utilized to examine the internal
structure of specimen [29]. Pandita and Verpoest [30] computed the stiffness of fabric composite by
utilizing Tomography technique. Faessel et al. [31] has examined the correlation between thermal
conductivity and microstructure of network by using 3D modeling. Also, the X-ray tomography was
utilized to investigate the structure of wood fiber reinforced composites [32—-36].

The aim of the intended investigation is to explore the performance of wood cellulose fiber
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(WCF) reinforced polylactic acid (PLA) composite. The study was conducted by examining
mechanical properties, dynamic mechanical properties and orientation of fibers. The Maleic
anhydride is also being used as a compatibilizer and coupling agent in the WCF reinforced PLA
composite.

2. Materials and methods
2.1. Preparation of material

Nature Works, USA provided the PLA 2003D having melt flow index of 6 g/10 min. American
Wood cellulose fibers supplied 12020 grade wood cellulose fiber (WCF) having 20 um dia and fiber
length in the range of 0.1 < LW < 0.2 mm. DuPont Canada provided the Maleic Anhydrid having
melt flow index of 2 g/10 min which is used as coupling agent. The wood cellulose fibers with
variable content of 10%, 20% and 30% having 1% to 3% Maleic anhydride, as shown in Table 1,
were utilized to develop the WCF-PLA composite. The components of the product were blended by
using co-rotating twin-screw extruder (Liestritz model ZSE27). The extrusion of the mixture was
carried out at temperature of 210 °C with screw speed of 80 rpm. The obtained pellets were
compression molded at 160 °C by using Carver Hydraulic press to obtain the desired standard
geometry of specimen.

Tablel. Composition of PLA/WCF/MAH composite.

S.NO PLA (Wt%) WCF (Wt%) % MAH (wWt%)
1 100 - -
2 90 10 -
3 80 20 -
4 70 30 -
5 89 10 1
6 79 20 1
7 69 30 1
8 87 10 3
10 77 20 3
11 67 30 3

2.2. Mechanical properties

The Tensile Testing machine (Instron, USA) of 50 kN with load accuracy of 0.01% was utilized
for tensile tests. The test was carried out having cross head speed of 10mm/min for compression
moldedspecimen having geometry of ASTM D638 type IV. The three samples for each composition
were tested at 25 °C.

The JB W300J impact testing machine (Test lab, Poland) was employed for Charpyimpact test.
The sample dimensions were 10 mm x10 mm X 55 mm with 2 mm notch size according ASTM
D256. The 5.2 m/s, 150 = 1 J, 150° were impact speed, potential impact energy and raise angle of
testing machine to perform the impact test respectively.
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2.3. Dynamic mechanical analysis

The storage modulus G’ and loss factor (tand) of the specimens were determined by employing
DMA 242 (Netszch, Germany) using dual cantilever in the temperature range of 25 to 120 °C. The
specimen dimensions were 40 mm x 12 mm X 5 mm. The test was carried out at a strain rate of 0.1%
and frequency of 1 Hz with the heating rate of 2 °C/min.

The DMA 242 (Netszch, Germany) was also employed to perform the stress relaxation tests in
tension mode by using applied strain of 0.8% at 25 °C for 45 min. The specimen dimensions were
40 mm x 12 mm X 5 mm.

2.4. Scanning electron microscope

The field emission scanning electron microscope, JEOL JSM-7600F (Peabody, MA) was
utilized to examine the fracture surface morphology of the PLA/WCF/MAH composites at an
accelerating voltage of 10 kV.

2.5. X-ray tomography

The high resolution SkyScan-1172 X-ray micro tomography was used for the images of selected
area of specimen as shown in Figure la. The X-ray source cone beam without filter was aligned
at 25 keV and 140 mA beam current. The rotation of samples was done in increments of 0.4° in a
range of 180°. The resolution of camera was 4000 x 2300 pixels with Voxel resolution of 10 um. The
software N Recon based on FeldKamp algorithm was used to reconstruct the images. The parameters
stayed constant during the characterization of specimen and image reconstruction. The reconstruction
of images helped in recognition by choosing from variety of threshold. The variety of threshold
appears due to the difference in absorption capability of WCF and PLA. The threshold algorithm was
used for segmentation of fiber and segmented fibers were evaluated over the entire reconstructed
volume of the micro tomographed sample of 386 x 323 x 424 voxel’. The threshold was set to the
value considering a fiber volume/total volume (FV/TV) ratio which corresponds to the volumetric
fiber fraction of the composite.

(a) (b) X3

Sectioned Sample

ND Y] ?\]e]
X

Figure 1. (a) schematic design of the compression molded plate and the position of the
sample collected for the X-ray micro tomography experiments (0° and 180° is the same
direction), (b) 3D ellipsoid is projected onto the plane of each element to produce a plane
ellipse [37]. ND: normal direction (Y axis); TD: transverse direction (X axis); MD:
machine direction (Z axis).
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The orientation of fiber was studied by using mean intercept length (MIL) concept, as described
in previous publication [37], of exposed reconstructed and segmented volume which is considered as
Volume of Interest (VOI). The fiber orientation in each selected section was estimated by showing an
elliptical image of fiber. The ellipsoid of orientation is being presented in the Figure 1b. The ellipsoid
explained a tensor of second order havingeigen values of A;, A,, A3 and the eigenvectors of e, e,, and
e; related to fiber orientation [37]. The eigen values and eigenvectors of the orientation tensor are
created for graphical demonstration.The eigen vectors demonstrate the most noticeable directions of
fiber alignment. Also, the Eigen values provide the statistical proportions from 0 to 1 of fibers lining
up (alignment) with the corresponding directions. The graphical representation with the help of eigen
values and eigen vector describes the orientation and alignment of fiber.

The Eq 1a presents the tensor of second-order having principle components:

11 Q12 dg3
a;; = |@21 Q22 Q23 (1a)
asz; dsz; dsz

a;j indicates the tensor of second order for fibers. Furthermore, with attained Eigen value the related
eigenvectors fits the Eq 1b
A4 0 0
a; j = [ 0 2'2 0

0 0 A

; Aleg + ey + es] (1b)

The eigenvectors are found to be related with the direction of anisotropic structure.
3. Results and discussion
3.1. Mechanical properties

The Figure 2a,b demonstrates the tensile strength and % elongation at break while Figure 2c,d
shows the modulus and impact strength of WCF/PLA/MAH composite. It can be observed from
Figure 2a,b that the addition of WCF in PLA matrix enhances the tensile strength and also reduces
the elongation at break. The tensile strength improved up to 44.3 MPa and the % elongation at break
reduced to 14.6% when 30% WCF was added in PLA. The addition of 3% MAH in the
30%WCF-PLA improves the tensile strength by 8% (46.7 + 3 MPa) and decreases the % elongation
at break by 10%when compared to MAH free WCF-PLA composite. The improvement in strength
and reduction in % elongation in the WCF-PLA-MAH composite characteristic can be associated to
the similarity found in the PLA molecular chain and MAH polar molecule [38]. Zhang et al. [39]
found the results that the strength of the PLA/30%WF/MAH composite reaches up to 48.5 MPa
which correspond to the presented results. The addition of MAH in WCF-PLA composite align the
interfaces coherently when external forces are applied showing efficient transfer of stress from PLA
matrix to wood cellulose fiber. The effective stress distribution improves the tensile strength of
WCF-PLA-MAH composite when compared to MAH free WCF—PLA. Furthermore, the effect of
improved characteristics by addition of MAH in WCF-PLA is visible in enhancement of tensile
strength when compared to WCF-PLA composite where MAH is absent. In addition, it can be
observed in Figure 2c¢,d that the impact strength is reduced up to 3.81 kJ/m” and the elastic modulus
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is improved by 1.08 GPa when 30%WCEF is added in PLA. The reduction in impact strength and
improvement in elastic modulus occurs because of the presence of WCF which hinders the motion of
PLA chains. Moreover, the impact strength of composite is improved by 5.29 kJ/m? and modulus is
improved by 1.17 GPa when 30%WCF-PLA composite contains 3%MAH. The enhancements show
that the impact strength improved by 7% and the modulus increased by 10% when compared to
MAH free WCF-PLA composite. The increase in interfacial compatibility and stability of
WCF-PLA-MAH composite shows that interfacial adhesion improved due to the presence of MAH
anhydride group and hydroxyl group in PLA matrix. Also, the impact strength and modulus
improvements during the process of compression molding demonstrate the development of cross
linking in the WCF-PLA-MAH composite.
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Figure 2. Mechanical properties of PLA-WCF-MAH composites (a) tensile strength,
(b) % elongation at break, (c) elastic modulus, and (d) impact strength.

3.2. Stress relaxation

The stress relaxation of WCF—PLA-MAH composite is illustrated in Figure 3. The rate of stress
relaxation shows the changes in stress relaxation modulus. In the initial stage the stress relaxation
modulus decreases intensely and afterwards decreases gradually indicating the limits of stress
relaxation. The outcome of Figure 3a shows that when stresses are applied the neat PLA relaxed 20%,
10%WCF-PLA relaxed 14%, 20%WCF-PLA relaxed 11% and 30%WCF-PLA relaxed 8%. The
inclusion of 30% WCF in PLA resulted in the increase of stress relaxation period when compared to
neat PLA. The relaxation modulus and delayed stress relaxation are the result of hindrance in motion
of PLA chains due to the presence of WCF in PLA matrix. The presence of WCF hinders the
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reorientation and restricts the PLA chains mobility. The observation shows that the stress relaxation
can be lowered when more WCF is added [40]. Figure 3b illustrates the addition of MAH in
20%WCF-PLA. The addition of 3% MAH in 20%WCF-PLA composite decreases the stress
relaxation up to 8% when compared to MAH free composite. The addition of MAH in WCF-PLA
has significant effect on stress relaxation because of interfacial bond formation and increase in
interfacial surface area. Moreover, the presence of MAH assists in increasing the shear stress at the
interface of WCF-PLA composite because of homogenous load transfer. The significant values of
relaxation modulus for the PLA, PLA-WCF, and PLA-WCF-WCF composites are presented in
Table 2.
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Figure 3. Stress relaxation behavior (a) WCF-PLA composites (b) 20%WCF-PLA-MAH.

Table 2. Relaxation modulus, storage modulus, G’, Tand, glass transition temperature T,
and adhesion factor A, of PLA-WCF-MAH composite.

PLA-WCF-MAH  Relaxation modulus  Storage modulusG’  Tand peak T, Adhesion
(Wt%) (MPa) (MPa) height (°O) factor “A”
100/0/0 1015.10 £ 1.13 3450 1.81 56.13 -

90/10/0 1083.20 £2.01 3622 1.62 58.87 —0.26
80/20/0 1084.48 + 1.83 3701 1.58 58.93 —0.35
70/30/0 1091.22 +1.74 4011 1.21 59.98 —0.43
89/10/1 1092.37 +2.23 3673 1.52 60.71 —0.41
79/20/1 1099.63 +2.31 3753 1.45 60.34 —0.45
69/30/1 1119.29 + 1.34 4047 1.09 60.69 —0.49
87/10/3 1097.14 £ 1.91 3711 1.47 61.23 —0.54
77/20/3 1111.80 £ 1.53 3801 1.18 61.43 —0.57
67/30/3 1191.33 £ 1.11 4101 0.81 61.76 —0.61

3.3. Thermomechanical properties

The Figure 4a demonstrates the storage modulus (G’) of PLA and WCF-PLA composites. The
addition of 30% WCEF in PLA increases the storage modulus from 3450 to 4050 MPa which is 15%
increased when compared to neat PLA. The 15% increase in storage modulus of 30%WCF/PLA is
due to the wood cellulose fiber acting as barrier in PLA chain movement. The Figure 4b illustrates
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the storage modulus with the addition of MAH in 20%WCF-PLA. The addition of 3%MAH
enhances the storage modulus upto 10% in comparison to MAH free WCF-PLA composite. The
enhancement of storage modulus indicates the improvement in thermomechenical characteristics.
The results correspond to the findings of Zhang [39] which showed that the storage modulus of
PLA/WF/MAH composite was 4.06 GPa. The introduction of MAH initiates a formation of stronger
structure due to the interfacial adhesion between WCF and PLA matrix. The improvement in
interfacial adhesion helps to dissipate the externally applied load uniformly from PLA matrix to
WCEF fiber preserving the integrity of structure and enhancing the toughness of the composite. The
similar effect has been found in 10%WCF-PLA-MAH and 30%WCF-PLA-MAH. The storage
modulus values for PLA, PLA/WCF, and PLA/WCF/WCF are presented in Table 2.
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Figure 4. Dynamic mechanical thermal analysis (a) storage modulus of WCF-PLA, (b)
storage modulus of WCF-PLA-MAH, (c) tand of WCF-PLA, and (d) tand of
30%WCF-PLA-MAH.

The variation of loss factor tand is shown in Figure 4c with respect to temperature for neat PLA
and WCF-PLA composite. The Figure 4c presents that the addition of 30%WCF in PLA reduces the
height of tand peak from 1.81 to 1.21 which is due to the restriction of polymer molecules movement
by the addition of wood cellulose fiber. The Figure 4d and Table 2 shows that the peak height shrank
to 0.81 with the addition of 3% MAH in 30%WCF-PLA indicating the improvement in interfacial
adhesion. Also, Huda et al [41] concluded that the height of tandpeak decreases up to 1.01 due to the
addition of 30%WCF in PLA matrix. The drop in tand peak results in increase of molecular
relaxation and stronger interfacial adhesion which in turn assists the WCF-PLA composite to endure
significant amount of energy. A similar impact has been shown by 10%WCF-PLA and
20%WCF-PLA with the addition of MAH as presented in Table 2.
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Furthermore, tand peak position defines the glass transition temperature Tg changes and results
are indicated in Table 2. The glass transition temperature Tg of 30%WCF-PLA is 59.98 °C which is
higher when compared to neat PLA. The rise in Tg occurs due to the addition of WCF which restricts
the motion of PLA molecule in the composite. Zhang et al. [39] found the Tg of 30%WF-PLA
around 62.3 °C which is 3% higher than the presented findings. Additionally, the use of MAH as
coupling agent caused the glass transition temperature to increase up to 61.76 °C as shown in Figure 4d
and Table 2 for 30%WCF-PLA. The increase in glass transition temperature Tg shows that the
suitable interfacial bonding occurred between WCF and PLA. Also, similar effect has been found for
10%WCF-PLA and 20%WCF-PLA with the addition of MAH as shown in Table 2.

The relative damping of the polymer matrix and composite can be applied to calculate the
adhesion factor A by utilizing the volume fraction of fiber as shown in Eq 2 [42]:

1 tandc

4= (1-vy) tans,

-1 (2)
The tand, and tand. are the relative damping of polymer and composite while Vi is the volume
fraction of fiber.

As shown in Table 2, the Adhesion factor A decreases with the addition of MAH in WCF-PLA
composite. The 30%WCF-PLA exhibits the minimum adhesion factor which is —0.61. The lower
value of adhesion factor A can be attributed to strong adhesion and decrease in reduction in tand..
The reduction in molecular mobility causes decrease in tand, which in turn improves the interfacial
interaction between WCF and PLA matrix. The increase in interfacial interaction has strong impact
on the characteristics such as mechanical and thermomechanical properties of WCF-PLA composite
as shown in Figures 2 and 4.

3.4. Orientation of fiber

The Figure 5 shows X-ray tomography segmented images of 10%, 20%, 30%WCF-PLA-MAH
composite and core shell of 20%WCF-PLA-MAH composite which showsfiberdispersion and
orientation. The core and shell corresponds to the center and surface of segmented volume of
specimen as shown in Figure 5d.

Figure 5. Cross section of wood fiber images (voxel size = 10 um) (a) side view of 10%
WCEF, (b) side view of 20% WCEF, (c) side view of 30% WCF, and (d) top view-
core-shell structure of 20%WCF-PLA-3%MAH.
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The Figure 6a illustrates the orientation variation between 10%, 20% and 30% WCF in PLA
matrix when 3%MAH is being added. In addition, Figure 6a shows that 40—45% of fibers in PLA
composite containing 30% wood cellulose fibers are in the direction of 0° and 180° (Z axis) when
compared to composite of 10% and 20% WCF reinforced PLA. The outcome defines that during the
process of compression molding the randomness of fiber increases with the decrease of fiber content.
The randomness in composite might be because of the variation of flow velocity of fiber in PLA that
cause the entanglement of fiber with non-homogeneous dissemination in PLA composite. The
calculated orientation data is being presented in Figure 6b illustrating the axis for the wood cellulose
fiber content and a;; components of tensor. The az3 component (Z axis) of the tensor is 0.70 in
30%WCF-PLA which is higher than the 10% and 20% WCF reinforcement. The variation in the a;;
components values is due to the viscosity and shear stresses during compression that directs the
WCF to be oriented in machine direction. The Z axis (0° and 180°) follows the a33; component which
corresponds to compression molding machine direction. Meanwhile, ay, and a;; components follow
the normal and transverse direction. The data presents that the higher amount of fibers directed
towards the a3; components. The orientation of fiber increases in the flow direction with the increase
of fiber content which is also presented by Neves et al. [43] in GF reinforced polypropylene
composite.

The degree of anisotropy (DA) is a calculation of orientation of fibers within a specified volume.
The calculated values for DA change from 1 which is isotropic to infinity which is completely
anisotropic and can be calculated by Eq 3 [44]:

pA = [1 - (

MinimumEigenvalue )]

MaximumEigenvalue (3)

Figure 6c¢ demonstrates the degree of anisotropy (DA) at 052 =+ 0.04 for
30%WCF-PLA-3%MAH composite which is higher when compared to 0.32 + 0.02 for 10%
reinforcement. Similar trend in the degree of anisotropy can be observed in MAH free WCF-PLA
indicating that the addition of maleic anhydride (MAH) has no impact on the degree of anisotropy.
Furthermore, 10%WCF-PLA-MAH composite presents that the higher amount of fiber is directed
towards the transverse and normal orientation along the X and Y axis representing a non uniform
dispersion [44]. In 30% WCF composite the significant fibers directs and flows toward Z axis which
is related to a3; components and corresponds to machine direction presenting uniform dispersion of
WCF in PLA matrix. Also, the uniform dispersion of 30% WCF in PLA corresponds to the increase
in strength, elastic modulus and storage modulus. Figure 6d illustrate the core-shell effect in the
WCF-PLA-MAH composite. The degree of anisotropy (DA) in the core of 20%WCF-PLA
is 0.55 £ 0.015 which is higher when compared to shell which is 0.21 £+ 0.037 indicates fiber
orientation occurred during compression molding. The degree of anisotropy (DA) in the core of
30%WCF-PLA and 10%WCF-PLA is 0.61 + 0.025 and 0.42 + 0.022 which are higher than the shell.
The alignment of fibers in the core follows the shear flow which orientates the WCF fiber to the
direction of PLA flow corresponds to Z direction. Furthermore, the alignment of fibers in the shell
follows the extensional flow which orientates the WCF fiber perpendicular to the direction of PLA
flow. Bernasconi et al. [45] by using X-ray tomomography found the similar effect for injection
molded glass fiber reinforced polyamide composite. The results show the higher DA of the core has
strong influence in increasing the strength, elastic modulus and storage modulus of the WCF-PLA
composite.
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Figure 6. (a) Wood cellulose fiber orientation in PLA matrix, (b) orientation components
a1, az and a3 with respect to wood cellulose fibers concentration (error bars: three test
of same compositions), (c) degree of Anisotropy with respect to wood cellulose fibers
concentration (error bars: three test of same compositions), and (d) degree of anisotropy
of core-shell section in 20%WCF-PLA-3%MAH.

3.5. Fracture surface

The Figure 7 shows the fracture surface of WCF/PLA/MAH composite. In the Figure 7a the
smooth and leveled fracture surface of neat PLA can be seen which indicates negligible deformation.
The Figure 7b shows the fracture surface of PLA/WCF composite without the addition of MAH. The
phase separation between PLA matrix and WCF can be noticed having rough surface including voids.
The tensile strength examination shows that WCF can be pulled out from PLA matrix presenting the
inadequate interfacial adhesion. It is evident from Figure 7c that the decrease of voids occurred with
the addition of 3%MAH in WCF-PLA composite. The reduction in WCF extraction preserves the
strong interfacial adhesion with PLA matrix that can sustain the higher load. The Figure 7d shows
the initiation of strain in the single fiber presenting the fracture of wood cellulose fiber in
PLA/20%WCF/MAH composite. The effect of MAH addition is evident in the improvement of
adhesion and interfacial bonding which shows the load transfer from PLA matrix to wood cellulose
fiber. Moreover, the MAH addition produces significant compatibility and interfacial integrity
between WCF and PLA matrix. The evidence of enhanced storage modulus and improved
mechanical properties shows the benefit of adding MAH as coupling agent in the WCF-PLA
composite.
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Figure 7. SEM micrograph of fracture surface (a) Neat PLA, (b) 20%WCF-PLA, (c)
20%WCF-PLA-3%MAH, and (d) strain on single WCF.

4. Conclusion

The WCEF reinforced PLA with the addition of MAH was blended by using twin screw extruder
and was successfully compression molded. The mechanical properties, thermomechanical properties,
orientation of WCF in PLA matrix and interfacial compatibility were investigated by adding varying
amounts of MAH in WCF-PLA composite. Also, MAH acted as an interfacial coupling agent in
WCF-PLA composite which appear to be beneficial in improving toughness, elastic modulus and
impact strength. The enhancement in mechanical properties created a composite which is tougher
when compared to MAH free composite. The addition of 3%MAH provided suitable results in the
form of reduced Tand peak and increased glass transition temperature Tg which also indicates
improvement in interfacial adhesion between WCF and PLA matrix. The degree of anisotropy is
found to be higher in 30%WCF/PLA when compared to 10%WCF-PLA and 20%WCF-PLA. The
30%WCF-PLA composite is isotropic due to higher degree of anisotropy which in turn enhanced the
mechanical and thermomechanical properties of WCF-PLA composite. The fracture surface shows
significant reduction in voids in the WCF-PLA composite with the addition of MAH. Finally, the
fracture surface illustrates that the addition of MAH improved the interfacial adhesion between WCF
and PLA matrix resulting in a tougher WCF-PLA-MAH composite.
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