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ARTICLE INFO ABSTRACT
Keywords: Spar caps, which cover 50% of the cost of windmill blades, were made of unidirectional and
Plain and twill bamboo biaxial glass/carbon reinforcements of 600 gsm with thicknesses ranging from 100 to 150 mm for

Phenalkamine bio-based hardener blades 70-80 m long. The significance of this study was to utilize an economical biodegradable

material i.e bamboo fabric of 125 gsm to fabricate a lightweight composite and study its behavior
for spar caps applications. The aim of this research was to investigate the effect of weave pattern
and composite size at coupon level under thermal, dynamic, water absorption, and flammability
conditions. Composites comprising 125 gsm plain and twill weave bamboo as reinforcements/AI
1041 Phenalkamine bio-based hardener with epoxy B-11 as matrix were tested. Thermo-
Gravimetric Analysis revealed that the weave pattern and composite thickness had an effect on
the rate of weight loss and sustenance until 450 °C. The pattern had an effect on the glass
transition temperature, as seen by Differential Scanning Calorimetry. The weave pattern and size
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thickness had an effect on energy storage and dissipation, displaying the damping behavior in
DMA. The weave pattern and size had an effect on the rate of water absorption, which saturated
after a few hours. The wettability and thickness of composites hampered the burning rate, with
5.4 mm thickness resulting in a 30% decrease.

1. Introduction

The ease of extraction, availability, biodegradability, mechanical and chemical properties of natural fibers have defined their
selection for domestic applications. Natural Fiber Reinforced Composites have found importance in applications such as automobile
parts, sports equipment, bicycles, aircraft cabin parts, packaging, and many more [1]. Challenges such as thermal stability, durability,
resistance to water/moisture absorption, and so on, have hindered their full-fledged functionality and performance in high-end ap-
plications [2]. Research works have been focused on addressing these challenges by methods such as fiber treatments, fabric weave
patterns, coatings, usage of additives, nano-materials, and so on [3]. The current trend of research works has been oriented towards
weight reduction, processing materials out of bio-degradable waste, and manufacturing domestic materials such as roofs, hollow
designed window frames, geotextile nets, etc [4]. Among the vast classification of natural fibers, bamboo has been widely chosen as a
suitable reinforcement because it has shown a better stiffness/mass ratio than steel and aluminum. Testing of bamboo as reinforcement
in form of strips, fibers, and mats have shown acceptable results for structural concrete components [5] and repeated load-bearing
components [6]. As bamboo is naturally extracted in the form of fibers, they are addressed as pure bamboo and chemically, as
viscose fibers [7,8]. By resisting wind and its own weight naturally, it has displayed bending and compressive strength [9]. In-depth
study of a fiber structure and morphology such as the cellulose percentage, micro-fibrillar angle and crystallinity index of extracted
fibers have shown an effect on mechanical properties [10,11]. Acetylated bamboo showed less water absorption and thermal
degradation, whereas alkaline-treated bamboo displayed a higher crystallinity index, tensile strength and modulus [12]. Thermal
studies showed degradation of bamboo strips at 310 °C due to loss of cellulose, at 471 °C due to lignin and no Glass transition tem-
perature (Tg) [13]. Fiber diameter and hygrothermal conditions had an effect on the mechanical properties of bamboo/epoxy [14].
Similarly, 4% alkaline treated bamboo/epoxy showed higher mechanical and thermal properties [15]. A 5% Sodium Hydroxide
(NaOH) treated bamboo/epoxy showed better tensile properties [16]. Dynamic Mechanical Analysis (DMA) indicated the Ty of the
composite increased by the addition of NaOH treated bamboo to cardanol, but its thermal stability reduced as analyzed from Thermal
Gravimetric Analysis (TGA) [17]. TGA analysis inferred addition of bamboo reduced the degradation temperature of Bamboo/Po-
lyamide and modulus increased as determined from DMA [18]. The T4 of epoxy as observed from Differential Scanning Calorimeter
(DSC) and DMA tests got reduced by addition of bamboo whereas an improvement in the thermal stability of bamboo/epoxy was
determined from TGA [19]. Alkaline treatment of bamboo enhanced the tensile strength and also the Ty of bamboo/PLA as observed in
DSC, whereas its Melting Temperature (Ty,) got reduced. TGA showed a reduction in thermal resistance for treated bamboo/PLA [20].
A 4% alkaline treated bamboo/PLA showed better tensile properties at 40 wt% and Tg at 50 wt% [21]. At 60 wt%, short bamboo/PLA
displayed higher flexural modulus, storage modulus, and creep resistance [22]. The damping properties were at peak when the
addition of Calcium Carbonate (CaCOs) treated bamboo was at 30 wt% in High Density PolyEthylene (HDPE). The DSC and X-Ray
Diffraction (XRD) graphs showed an increase in crystallinity of extruded parts for treated bamboo [23]. The affinity of uni-directional
bamboo/PolyEster (PE) for water absorption was higher compared to random-oriented bamboo/PolyPropylene (PP) [24]. DMA
studies indicated kenaf/epoxy had better damping properties than bamboo/epoxy [25]. Similarly, 10:40 bamboo/kenaf/epoxy
showed better tensile and impact strength [26]. Flexural properties of Hemp/bio-resin were better than bamboo/bio-resin with a
better Ty and lower water intake [27]. The addition of silane-treated bamboo increased the thermal stability of epoxy [28]. The
addition of bamboo increased the fire resistance of bamboo-glass/PP. Better thermal resistance and damping properties were observed
for hybrid composites from TGA and DMA [29]. Few works conducted on studying the influence of composite thickness subjected to
static and fatigue conditions, have shown a decrease in failure probability, an increase in defects, a decrease in fatigue life, and
variation in curing of composites through the thickness [30,31]. The basalt plain weave fabrics indicated better tensile and
compressive strength than twill weave due to higher interlacing density and binding effect between fibers [32]. The plain weave of
kenaf and banana fibers displayed higher tensile strength than twill weave due to interlacing of fibers in both directions [33]. Tough
the tensile strength of basket weave pattern was higher, its failure to strain was lower than plain weave pattern fabric [34]. As the spar
caps of thick sections cannot be tested at coupon level, specimens between 1 and 5 mm thickness can be studied by taking into account
the scaling effects [35].

The literature review provides insight into the research efforts that were exclusively focused on the weave pattern or the size
influence on composite performance. According to the literature, little study has been conducted on the use of lightweight composites
for spar cap applications and understanding the cumulative influence of weave pattern and size on composite behavior. Previous work
on the material characterization and static investigations concluded that the weave pattern and thickness played a role in determining
the performance of the composite [36]. Thus, the current work focuses on utilizing a biodegradable material of 125 gsm as rein-
forcement in the composite for the application. The secondary tests were conducted to determine the influence of weave pattern (plain
and twill) and composite thickness (3.1, 4.3, 5.4 mm) of bamboo/epoxy-phenalkamine on composite behavior at higher temperatures
and its ability to resist the flame spread, visco-elastic properties and affinity towards water absorption.
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2. Experiment details
2.1. Fabrication of composites

To fabricate a lightweight composite, the raw materials used were as mentioned in Table 1. Here, 125 gsm plain and twill weave
patterned reinforcement fabrics were processed by wet layup method. 5 sheets of fabric were piled with epoxy-phenalkamine resin to
achieve 3.1 mm thickness. Similarly, 7 sheets of fabric were piled for 4.3 mm thickness and 9 sheets of fabric for 5.4 mm thickness. The
epoxy resin and the hardener were mixed in a volumetric ratio of 1:1 and stirred at a pace. Achieving a uniform mixing was challenging
as the densities of epoxy and hardener were different. The fabrics were wetted by the matrix using a metal pad till the respective
thickness and were kept under a uniform load for 24 h. The different thickness composites obtained have been mentioned in Table 2.
The density of composites obtained was 1.15 g/cm®.

2.2. Thermal-gravimetric analysis (TGA)

Three samples of Plain weave composites (PWC) and Twill weave composites (TWC) of varying thickness were prepared in form of
flakes and tested in Perkin Elmer TGA4000, Ricmond, California, USA, by subjecting to a temperature range from 25 °C to 700 °C. The
heating rate was maintained at 10 °C/min and nitrogen atmosphere at 50 mL/min.

2.3. Differential Scanning Calorimeter (DSC)

In present work samples have been prepared in form of small flakes as the pan used for testing is about 2-3 mm. The fabrics from
plain and twill weave were cut into small flakes and were packed in an air tight bag as three different samples. PWC and TWC
composites of 3.1, 4.3 and 5.4 mm thickness were cut along the surface to get samples in flakes form. The samples were further tested
on Perkin Elmer DSC6000 instrument, at KONSPEC Mangalore, by subjecting them to temperature from 25 °C to 400 °C. Heating was
maintained at 10 °C/min. Nitrogen atmosphere was maintained at 50 mL/min.

2.4. Dynamic mechanical analysis (DMA)

Three samples of plain and twill weave composite with specimen size 55 mm x 13 mm x thickness were tested in TA Instru-
mentsQ800 (New Castle, DE, USA), as per ASTM D5418-01 by mounting on a dual-cantilever beam testing machine as shown in Fig. 1
(a-f). The amplitude was set at 10 pm and 1 Hz frequency. The heating rate was set at 3 °C/min and the heating range was from 25 °C to
180 °C.

2.5. Water absorption

Five specimens of plain and twill weave composite of specimen size 76.2 mm x 25.4 mm x thickness was kept in salt water (S) and
distilled water (D). The testing was performed as per ASTM D570-98 standard. The saltwater was collected from the Arabian Sea and
specimens were placed in the solution as shown in Fig. 2 (a-b). The specimens were weighed before immersing in the water and the
measurements were noted in weights i.e., grams (gms). The specimens were kept in both solutions as shown in Fig. 2 (c-d) and were
measured after immersing for 2, 6, 12, 24, 48, 72, 96, 120, and 144 h.

2.6. Flammability

Three samples of specimen size 127 mm x 13 mm x thickness was subjected to flammability test as per UL-94HB horizontal
standards on ATLAS HVUL2, equipment as shown in Fig. 3 (a-c). The specimen was marked at 25 mm and 100 mm, along the length.
The flame was ignited from a burner inclined at 45° to the horizontal specimen as per the standard mentioned above. The burner was
placed at a 2 mm distance below the sample tip marked at 25 mm end. The timer starts once the flame reaches the 25 mm mark and a
reading was noted when it reaches 75 mm. The burning rate was calculated as per standard equation

_60x L
Y

14

where V = burning rate in mm/min L = burned length in mm, t = time in seconds.

Table 1
Materials used and their properties.
Material Properties
Bamboo Fabric (Plain and Twill weave) was procured from Sreenath Weaving Industry, Rajasthan, INDIA 125 gsm, 2/30 x 2/30 yarn count
Epoxy Resin (B-11) was procured from Axotherm Industry, Peenya, Bengaluru, INDIA. 1.15-1.18 g/cm3, 11,000-15,000 mPas @ 25 °C
Phenalkamine hardener (AI 1041) was procured from Axotherm Industry, Peenya, Bengaluru, INDIA. 0.98-1.0 g/cms, 20,000-50,000 mPas @ 25 °C
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Table 2

Notation for composite thickness.
3P—3.1 mm thickness plain weave composite 3T—3.1 mm thickness twill weave composite
4P—4.3 mm thickness plain weave composite 4T-4.3 mm thickness twill weave composite
5P—5.4 mm thickness plain weave composite 5T-5.4 mm thickness twill weave composites

Fig. 1. a) Plain weave ||b) Twill weave and Dynamic testing (¢) PWC, (d) TWC, (e)&(f) testing of samples at varying temperatures and con-
stant frequency.

2.7. Scanning Electron Microscope (SEM)
Fractured specimens from DMA test were examined on Scanning Electron Microscope (SEM) - TESCAN VEGA3 AMU equipment at

an operating voltage of 10 kV. The DMA tested specimens were coated with gold, by sputtering method and were kept in the equipment
under vacuum for failure analysis. The failures were observed between 300X — 800X magnification to determine the failure.
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Fig. 2. Water absorption testing of (a) PWC, (b) TWC, (c)&(d) testing of samples in distilled and salt water solutions.
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Fig. 3. Horizontal flammability testing of (a) PWC, (b) TWC & (c) testing of samples.

3. Results and discussion

The thermal degradation temperature, glass-transition temperature, and melting temperature observed from DSC and TGA are

tabulated in Table 3, the burning rate results from flammability in Table 4 and percentage increase weight of PWC and TWC due to
water absorption in Table 5.

3.1. Thermo-Gravimetric Analysis

In TGA the curve plotted in Fig. 4a, displays a 5% weight loss for the fabrics at 50 + 5 °C and their respective composites at 255 +
10 °C. The presence of the aromatic rings in the matrix produces the char residue, which acts as a protective coating and enhancing the
initial degradation temperature (IDT) of PWC and TWC by 50% compared to their respective fabrics as observed in Table 3 [37,38,39].
The DTG curve plotted in Fig. 4b, displayed a lower rate of mass loss for TWC compared to PWC and their fabrics, inferring a better
bonding at the interface. A larger mass of fabrics becomes degraded at 350 °C, whereas their respective composites sustain till 450 °C
due to the matrix which acts as a coating [40,41,42]. The results indicated that though the weight loss of composites occurred at
temperatures prior to pure resin, the derivate weight of composites showed sustainability till 450 °C compared to that of pure resin.

Table 3

TGA and DSC results of composites.
Sample TGA Var DSC Var

Tsy, (°C) Tmax °C) % Char @ 650 Ty (°C)

Plain 46 332 1.776 1 -
Twill 54 347 1.049 1.4 -
3p 255 424 10.51 1.4 84.12 2
4P 256 427 10.73 1 83.56 2.4
5P 262 432 10.81 1.4 84.21 2.4
3T 251 436 11.88 1.4 88.48 2
4T 258 433 11.43 1 87.24 2
5T 262 434 11.08 1 87.72 2.4

TGA - Thermal Gravimetric Analysis, DSC - Differential Scanning Calorimeter, Var - Variance, Tsy, - Temperature at 5% weight loss, Ty - Glass
Transition Temperature, Tpax - The temparture at maximum loss of weight.
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Table 4

UL94HB flammability test results.
Sample Seconds to Burn Damaged Length Burning Rate (mm/min) HB Var
3P1 214.96 21.08 Pass 2.5
4pP1 202.73 22.28 Pass 2
5P1 278.63 16.13 Pass 2.3
3T1 204.7 22.01 Pass 1.4
4T1 207.73 21.73 Pass 2.2
5T1 277.43 16.56 Pass 2.5

HB - Horizontal Burning.

Table 5
Percentage increase in Water absorption of PWC and TWC immersed in distilled (D) and salt water (S) solutions.
Composite 3P 4P 5P 3T 4T 5T
Hours | Solution
2 D 0.24 0.22 0.16 0.21 0.14 0.13
S 0.18 0.16 0.13 0.14 0.12 0.13
6 D 0.40 0.34 0.29 0.35 0.29 0.26
S 0.33 0.28 0.24 0.29 0.24 0.23
12 D 0.65 0.55 0.45 0.57 0.45 0.41
S 0.60 0.47 0.36 0.47 0.38 0.38
24 D 1.04 0.87 0.69 0.88 0.68 0.64
S 0.97 0.74 0.58 0.71 0.60 0.57
48 D 1.57 1.31 1.04 1.25 1.00 0.95
S 1.43 1.15 0.89 1.14 0.92 0.89
72 D 2.16 1.76 1.40 1.81 1.47 1.35
S 2.00 1.58 1.23 1.57 1.29 1.22
96 D 2.81 2.29 1.82 2.36 1.92 1.77
S 2.62 2.07 1.60 2.06 1.69 1.60
120 D 3.47 2.82 2.25 291 2.38 2.18
S 3.25 2.56 1.98 2.55 2.09 1.98
144 D 4.13 3.35 2.67 3.46 2.84 2.60
S 3.87 3.05 2.36 3.04 2.49 2.35
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Fig. 4. (a) TG curve; (b) DTG curve.

3.2. Differential Scanning Calorimeter

An endothermic broad curve observed at 125 °C in Fig. 5a, indicates the loss of moisture, similar to the peaks observed in TG curves
in Fig. 4a. An exothermic peak at 350 °C indicates the breakage of cellulose chains and pyrolysis of lignin, similar to peaks observed for
DTG curves in Fig. 5b. The Tg values observed in Table 3 were 5% higher for TWC compared to PWC, indicating better curing and
bonding with the matrix. The peaks observed at 370 °C were higher for 5T inferring maximum heat absorption capacity [43,44]. No
exothermic peaks were observed below 150 °C/200 °C indicating a faster curing of PWC and TWC at room temperature [15].

The presence of hydroxyl groups observed in Fig. 6, indicated the existence of cellulose. This cellulose will bond with the matrix
which indicates the aliphatic and aromatic chains, forming the interface which was observed by the shift in the peak of the hydroxyl
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Fig. 6. FTIR analysis of fabric, resin, and composites [36].

group observed for the composites. Please refer to my previous work on characterization and structural analysis of composites for
thorough information [36].

3.3. Dynamic mechanical analysis

Based on the observations made from TGA and DSC analysis, PWC and TWC composites were considered for further studies.

3.3.1. Storage modulus (E’)
In the glassy region (<60 °C) as observed in Fig. 7a, 5T displayed higher E’compared to 5p, because of better wettability and fiber

breakages observed from the micrographs in Fig. 8 [45]. With increasing temperature, the components in the glassy region break loose
at the beginning of the Ty range as per micro-Brownian motion and with the relaxation of the amorphous phase, they co-ordinate large
scale motions forming a steep slope in the transition region (>60 °C and <100 °C) [29]. Further increasing the temperature, the matrix
softens and increases the free flow of components in rubbery region (>100 °C) [42]. In rubbery region the interfacial strength was
determined from crosslinking density equation p = QE—};T where p is crosslink density, ® is front factor normalized to 1, R is gas constant
and T is absolute temperature i.e., Tg 4 30 °C [46]. The p calculated from the rubbery region as displayed in below Table 6, was higher
for TWC than PWC.The E’ of 5T showed 1.3 times that of 5P in rubbery region, indicating better stiffness [47]. Thus, 5T displayed
better elastic and stiffness properties in glassy and rubbery regions.

3.3.2. Loss modulus (E”)

An unrecoverable energy dissipated in the form of heat due to the segmental motion of components at the interface results in E” as
plotted in Fig. 7b. PWC has shown an increase in Tg from 3P to 5P but their E*’ values reduced, indicating a lower cross-linking density.
Whereas TWC showed an increase in Tg and E” from 3T to 5T, indicating a higher cross-linking density [48]. A 9% higher E”’ displayed
by 5T compared to 5P was due to better wettability observed from the micrographs in Fig. 8. It also indicated an increase in the ratio of
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Fig. 7. DMA results as (a) Storage Modulus v/s Temperature; (b) Loss Modulus v/s Temperature; (¢) Tand v/s Temperature; (d) Cole-Cole plot.

bonding sites to thickness [36]. This infers the dissipation of higher energy by 5T due to internal friction or molecular motion at the
interface [49,50]. The area under the curve for both the composites has been the same, indicating the volume fraction of reinforcement
maintained was constant.

3.3.3. Loss factor (tans)

A lower value of the loss factor indicates an elastic behavior and a higher value, damping [51]. In Fig. 7c, the damping factor has
not changed for PWC inferring the stiffer properties of plain weave fabric. A soft fiber-matrix interface of PWC deduced from mi-
crographs in Fig. 8 displays fiber pullouts with the presence of resin on surface, implying their damping behavior [52]. TWC with a
higher float length and fewer interlacements, have shown an increase in tand peak from 3T to 5T. The micrographs in Fig. 8, indicated
an improvement in wettability and fiber breakages for TWC, thus inferring the shift in elastic to damping behavior [36,53]. 5T has
shown a higher value of storage and loss modulus, indicating a better damping property [50].

3.3.4. Cole-Cole plot

In Fig. 7d, PWC has shown an elliptical shape indicating a multiphase formation at the interphase, whereas TWC displayed a semi-
circle, inferring a homogenous formation [54]. With increasing thickness, the peaks of TWC increased, indicating a rise in the ho-
mogenous percentage of material and it was higher for 5T. The overall results infer, thickness and weave pattern of composites have an
influence on visco-elastic behavior and 5T has shown better damping properties.

3.4. Micrographs

The freeze fractured DMA specimens for PWC and TWC as observed under SEM are presented in Fig. 8af for different thicknesses.
The amount of resin on the PWC was seen to be very poor compared to TWC inferring a higher amount of resin on the surface of fiber.
Furthermore, tested specimens show loose filaments due to fiber pullouts in PWC, whereas in the TWC bundled failure occurred due to
fiber breakages, indicating a higher fiber/matrix bonding ratio and better interface observed from Fig. 8b, d and 8e, respectively. The
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Fig. 8. SEM micrographs of specimens at (a) 3.1 mm, PWC (b) 3.1 mm, TWC, (c¢) 4.3 mm, PWC, (d) 4.3 mm, TWC, (e) 5.4 mm, PWC and (f) 5.4

mm, TWC.

Table 6
Croslink density determined in rubbery region.

Crosslink 3P =0.0533 4P = 0.0574

Density

5P = 0.0601

3T = 0.0817 4T = 0.0752 5T = 0.0793
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increase in thickness also shows the increase in load-carrying capacity and better bonding in composites (Fig. 8a—f). The SEM images
also indicate the poor bonding between the plain weave and the matrix as compared to the twill weave that has shown a good amount
of resin on the surface of the fabric [36].

3.5. Water absorption

The results plotted on graphs display the notations as ‘S’- salt water and ‘D’-distilled water. The hydroxyl groups present in the
composites develop a new hydrogen bonding with water molecules as the water infuses through (a) micro-capillary units known as
micro-fibrils, (b) micro-gaps between polymer chains, and (c) micro-cracks formed during processing, which leads to swelling [55].
PWC and TWC have shown a reduction in water absorption with increasing thickness as observed in Table 5, whereas few works have
shown increasing behavior [56,57]. The crossover points in plain weave fabrics were higher than the twill weave, this led to the
formation of micro-cracks at these points due to swelling after water infusion. These micro-cracks paved way for more amount of water
absorption by capillary action than TWC. Because TWC possesses fewer interlacements, better wettability as observed in micrographs
Fig. 8 and the homogenous formation in Cole-Cole plot Fig. 7d [58]. In Fig. 9, a linear rate of absorption was observed after 4 days,
resembling Fickian diffusion behavior till attaining saturation [59]. In Fig. 9a-b, 5P showed a 35% reduction in water absorption
compared to 3P in D-solution and 39% in S-solution, after a week. Similarly, 5T showed a 25% reduction in D-solution and 23% in
S-solution, compared to 3T. 3T showed an improvement of 21.4% and 4T showed 18.4% compared to 3P and 4P respectively, in
resisting the absorption. At 5.4 mm thickness, PWC and TWC have shown similar resistance to absorption in both solutions. This was
due to better bonding as observed from the micrographs in Fig. 8, which displayed fiber breakages and wettability [36]. In Fig. 9c—d,
we can observe the absorption of distilled water was higher compared to salt, which is due to the presence of salt content that hinders
the absorption in both the composites [60].

3.6. Flammability
The graph plotted in Fig. 10, shows the minimal impact of the weave pattern on the flammability of composites. An increase in
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Fig. 10. Horizontal burning test of plain and twill weave composites.

thickness increased the time for ignition by reducing the burning rate [61]. SEM micrographs observed in Fig. 8 display the increase in
wettability of composites from 3.1 mm to 5.4 mm thickness. This wettability of composites reduced the burning rate at 5.4 mm
thickness by 30% compared to 3.1 mm as observed in Table 4 [36,62].

4. Conclusions

The use of lightweight materials as a substitute for synthetic reinforcements showed the composite performance at coupon level as a
function of weave design and thickness. The results conveyed that the lesser interlacements in TWC showed an improvement in Ty and
capacity to absorb the heat at higher thickness. A lower tand value in DMA indicates the material’s capacity to store energy, whereas a
higher number indicates energy dissipation. TWC’s demonstrated better storing of energies at lower thickness and dissipates the
energy at higher thickness implying that the area under the curve determined the amount of molecular mobility occurring to achieve
damping, which was greater. TWC, which originally displayed resistance to absorption rate compared to PWC, saturated over time due,
according to Fickians’ behaviour. The weaving pattern had no influence on flammability, but the wettability and thickness of the
composite reduced it.
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