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ABSTRACT

Natural fiber-reinforced composites (NFRCs) are increasingly being used in the automotive industry due to the growing push toward sustainability and vehicle lightweighting. NFRCs offer several advantages such as low density, low cost, and good thermal and vibration insulation. However, these also possess some key challenges such as poor compatibility with hydrophobic polymers, which limits their wide range of applications. This research is focused on addressing those challenges using different strategies.

The first strategy used in this study was fiber modification via alkali treatment and fiber sizing with the primary goal of improving the fiber properties and interfacial properties between fiber and matrix. Due to the wide variability within the fiber and fiber type, the effectiveness of alkali treatment varies. Therefore, the first objective was focused on determining the optimal alkali treatment condition and understanding the interplay between alkali treatment and fiber sizing. Among 2, 5 and 8 wt% NaOH treatment conditions, fibers treated at 5 wt% NaOH for 6 hrs showed maximum improvement in tensile and IFSS properties. Sizing treated fiber with commercial sizing agent PP201 at a concentration of 1.5 wt% further enhanced the IFSS properties without a significant reduction in the tensile properties of the fiber. For the second objective, the effect of different sizing approaches and sizing concentrations on the properties of composites was studied. Sizing discontinuous coir fibers during the nonwoven manufacturing process, also termed in-situ sizing throughout the study showed significant improvement in tensile strength compared to ex-situ sized or unsized composites. Furthermore, based on the mechanical and morphological properties, 1.5 wt% sizing concentration was found to be the optimal sizing concentration resulting in composites with a balance of tensile and impact properties.

The second strategy used in this study was – hybridization. For the third objective, coir fiber composites were hybridized by adding a fraction of glass fibers, to obtain the balance between mechanical properties, lightweighting, and environmental sustainability. Lastly, the cumulative energy demand (CED) and greenhouse gas (GHG) emissions related to material production, material transport, manufacturing, and use phase associated with coir fiber composite part were investigated and compared with glass fiber composite counterpart. (This section has word limit of 350 words based on grad school guidelines)

Keywords: Natural fiber reinforced composites (NFRCs), coir fiber, polypropylene, glass fiber, wet-laid, alkali treatment, sizing, hybridization, life cycle assessment (LCA), mechanical properties.
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Introduction

0. [bookmark: _Toc167611789] Motivation
In past few decades, fiber-reinforced polymer composite has been extensively used in several fields such as automotive, aerospace, infrastructure, sports, and military due to its excellent characteristics such as lightweight, corrosion resistance, higher specific strength and stiffness, and design flexibility [1,2]. Fiber reinforcements can be either synthetic fibers or natural fibers. Due to the increase in awareness among the public regarding sustainability and strict governmental regulations regarding global emissions, the use of natural fibers as reinforcements has increased. Studies have shown that the natural fiber-reinforced composites (NFRCs) market is projected to increase from $ 360 million in 2020 to $694 million by 2030 [3]. Especially in the case of automotive industries, heavier glass fiber reinforced parts are being substituted by lightweight NFRCs to reduce vehicle weight and lower fuel consumption and carbon dioxide (CO2) emissions. However, NFRCs possess some limitations such as poor fiber/matrix interface, poor mechanical and thermal properties compared to synthetic fiber composites, and high moisture absorption that need to be addressed to gain wide acceptance from the automotive industry [4]. 

In this research, coir fiber, a plant-based natural fiber was investigated as the potential reinforcement of polypropylene (PP) for automotive applications. We implemented different approaches to address the challenges associated with their wide range of applications in the automotive industry. Overall, this research encompasses the study of fiber from a fundamental level followed by sizing   optimization by understanding the relationship between property-processes to hybridization of composites and final product/part development. Additionally, this research also incorporates the investigation of   carbon footprint associated with the development of a natural fiber reinforced composite part. This work is collaborative between University of Tennessee Knoxville (UTK), Oak Ridge National Laboratory (ORNL), the University of Maine, and industry partners. 
[bookmark: _Toc167611790] Coir fiber: an undervalued natural fiber
Coir fiber is a fruit fiber, extracted from the husk or mesocarp of coconut fruit [5]. Coconuts (Cocos nucifera) are generally grown in tropical and sub-tropical countries such as  India, Sri Lanka, Thailand, Vietnam, and the Philippines [6]. Each year, approximately 55 billion coconuts are harvested globally. Out of which, only 15% of husk are utilized for different applications such as making ropes, yarns, brushes, and mattresses [7]. The remaining are discarded which either end up rotting in coconut farms or getting burnt consequently contributing to environmental pollution [7]. Utilizing coir fibers for advanced composite applications will not only solve the issue of pollution created due to discarded husk but also will enhance the value of these fibers. Compared to other natural fibers, it offers some unique properties such as a by-product of non-seasonal, high-volume crop, high durability, high elongation at break (15-51%), moth resistance, high heat resilience, and resistance to bacterial and fungal degradation [8]. Despite all these, it shares some common hurdles (like for other natural fibers) for advanced composite applications such as comparatively lower mechanical strength than synthetic fibers, lower thermal degradation temperature (< 200°C) that restricts the maximum process temperature, poor interfacial adhesion with polymer matrices, and a propensity for water uptake due to the abundance of hydroxyl groups in the molecular structure [9,10]. The chemical, physical, and mechanical properties of coir fibers found from various literatures are summarized in Table 1.1.

[bookmark: _Toc167611791] Composites manufacturing: Effects of fiber length and manufacturing techniques
The properties of the composites are influenced by several factors such as manufacturing process, fiber length, fiber orientation, constituent properties of fiber and matrices, and the fiber-matrix interface. Fiber length governs the properties of the composite as well as its processability, as shown in Figure 1.1. With increase in fiber length, mechanical properties such as tensile strength, elastic modulus, and impact strength whereas ease to processability decreases.


[bookmark: _Ref158498888][bookmark: _Toc167611888]Table 1.1: Chemical, physical and mechanical properties of coir fibers [5,11-13] 
	Chemical properties
	Physical properties
	Mechanical properties

	Properties
	% Composition
	Parameter
	Values
	Properties
	Value

	Cellulose
	32-43
	Length (mm)
	60-80
	Tensile strength (MPa)
	95-593

	Hemicellulose
	0.15-0.25
	Diameter (mm)
	0.01-1.5
	Young’s modulus (GPa)
	2-8

	Lignin
	40-45
	Density (g/cm3)
	1.15-1.46
	Elongation at break (%)
	4.5-51.4

	Pectin
	3-4
	Moisture at 65% RH
	8-10.5
	-
	-

	Ash
	0.32-2.02
	Tenacity (g/Tex)
	10
	-
	-
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[bookmark: _Ref167375514][bookmark: _Toc167611903]Figure 1.1: The effect of fiber length on the mechanical properties and processability of the composites (Adapted from [14]). Increase in strength, modulus and impact properties of composite and decrease in ease to processability with increase in fiber length. 

[image: ]
[bookmark: _Ref167375570][bookmark: _Toc167611904]Figure 1.2: The change of the fiber tensile stress and interfacial shear stress with fiber aspect ratio (l/d) (Adapted from [14]). Fibers with aspect ratio equal to or greater than critical aspect ratio attain ultimate tensile strength of fiber.

Fiber aspect ratio is the ratio of fiber length to fiber diameter.  Equation 1.1 provides the relationship between the critical aspect ratio, tensile strength of fiber and interfacial shear strength between fiber and matrix. Equation 1.1 can be modified to  Equation 1.2 to determine the critical fiber length of the fiber given that the tensile strength of fiber, interfacial shear strength between fiber and matrix and fiber diameter are known. For a particular fiber, critical fiber length might differ based on the matrix used with as it is influenced by interfacial shear strength between fiber and matrix. The effect of fiber aspect ratio on the strength of a single fiber is shown in Figure 1.2. If the fiber aspect ratio is less than critical fiber aspect ratio, then fiber’s tensile strength does not reach the ultimate tensile strength indicating fibers are not used to their maximum capacity and often the failure takes place due to fiber pull-out [14]. However, if the fiber aspect ratio is equal or greater than the critical aspect ratio, fiber attains the ultimate tensile strength. Therefore, the composite having a fiber aspect ratio greater than critical fiber aspect ratio has better mechanical performance compared to that with that having smaller critical fiber aspect ratio.

 ……… Equation 1.1
 ………. Equation 1.2

where,
 = fiber length
 = fiber diameter
 = ultimate tensile strength of fiber
 = interfacial shear strength between fiber and matrix

Fiber length or aspect ratio in the composite depends on the manufacturing process selected for making the composite. For example: injection molding results in high degree of fiber length attrition (i.e. 70-90%) [14] due to high shear action during melting processing however, composites prepared using wet-laid followed by compression molding results in minimal fiber attrition [15]. In case of natural fiber composites, it is difficult to process long natural fibers using conventional melt processing methods due to –(1) difficulty in feeding lightweight fluffy fibers in extrusion or injection system and (2) lack of commercially available natural fiber reinforced long fiber thermoplastic(LFT) pellets. Therefore, to reinforce the composite with long fibers (fiber length > critical fiber length), wet-laid technique was selected to prepare non-woven natural fiber mats throughout this study. 

[bookmark: _Toc167611792] Wet-laid: a nonwoven manufacturing technique
Wet-laid is an economical nonwoven manufacturing technique where fibers are dispersed in water followed by formation of nonwoven mat in a wired mesh and drying the it in the oven  [15]. Figure 1.3 illustrates the wet-laid nonwoven manufacturing process. It is similar to the conventional papermaking process however employs the fibers greater than 3 mm [16]. The wet-laid technique has several advantages including the ability to work with a wide range of fiber types/lengths, to reuse process water, to mix reinforced fiber and thermoplastic matrix fiber in a single step with negligible fiber attrition, high productivity and low cost of production [15]. The quality of the mat can be determined by the dispersion of the fibers in the tank. Various factors that determine the dispersion of fibers are fiber length, amount of fiber in the wet-laid tank, linear density, surfactant, dispersion time, stirring rate and draining time [15]. Poor dispersion leads to the formation of logs or ropes. Insufficient shear might result in fibers agglomeration to form ‘log’ like defects and excess stirring can create vortex in water which can result in ‘rope’-like defects. These defects   can be minimized by optimizing the dispersion time, speed of agitation, profile of stirring, and type of surfactant used. The spinning rate or speed of agitation determines the shear force exerted during dispersion of the fibers. For fibers to de-filamentize and disperse uniformly, the shear force should overcome the surface tension, friction force and forces from polymer fusion [15]. 
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[bookmark: _Ref158499237][bookmark: _Toc167611905]Figure 1.3: Schematic of lab-scale wet-laid nonwoven manufacturing technique. Fibers are dispersed in the wet-laid tank followed by draining water and collection of nonwoven mat in the wired mesh and drying mat in the oven.
























Wet-laid nonwoven can be used for a wide range of applications such as medical product, filtration media, preforms for composites, separators etc. For composite applications, nonwoven mats are stacked in the mold and are compression molded at required temperature and pressure to form the composite panel of desired thickness. The properties of the composites are influenced by the temperature, pressure and dwell time applied during the compression molding process.

[bookmark: _Toc167611793] Fiber-matrix interface
As mentioned in section 1.3, one of the factors influencing the composite properties is fiber-matrix interface. In case of NFRCs, attaining strong/better fiber matrix interface is a huge challenge due to the poor compatibility between hydrophobic polymer and hydrophilic fibers. To overcome this limitation of poor fiber matrix interface, natural fibers are often pretreated (i.e. physical and/or chemical treatment) or the matrix system is modified by adding different compatibilizers. 

In this study, two different fiber modification techniques were used namely alkali treatment or mercerization and fiber sizing. Among the different surface modification methods, alkali treatment is the extensively studied, simple, most economical and effective fiber treatment method [11,17,18]. Alkali treatment is basically done by immersing the fibers in the sodium hydroxide (NaOH) or potassium hydroxide (KOH) solution of certain concentration for specific time period (treatment time) followed by thoroughly washing or immersing it with distilled water until residual NaOH is removed. Fibers are then dried in an oven to remove moisture. Alkali treatment results in complete or partial removal of fiber surface impurities such as wax and oil, lignin and hemicellulose and makes the fiber surface rough which enhances the mechanical interlocking between fiber and matrix.Figure 1.4a and b represent the possible chemical reaction on fiber surface due to alkali treatment and effect of alkali treatment on the fiber surface respectively.

Fiber sizing is the process of coating the fiber with a chemical that has strong affinity to both fiber as well as polymer. It is commercially done with synthetic fibers (i.e. glass and carbon) during their manufacturing process to improve handleability and processability. Moreover, fiber sizing has also shown improvement in fiber/matrix interface and mechanical properties of the composites [19]. Fiber sizing is composed of mixture of water, film forming polymeric component, coupling agents, different additive, and modifiers such as surfactant, plasticizer, rheology modifiers etc. [19]. However, the exact formulation differs based on the targeted application. The formulation of commercially available sizing agents has always been a trade secret. Extensive research work has been done to understand the effect of sizing on glass and carbon fiber however, limited work can be found on sizing of natural fibers [20-22]. 

[bookmark: _Toc167611794] Hybridization
Fiber and matrix properties are another factor influencing the properties of the final composite. Compared to synthetic fibers, mechanical and thermal properties of natural fibers are poor which results in poor properties of NFRCs compared to synthetic fiber reinforced composites. To address this limitation, NFRCs are often hybridized by adding two or more fibers (synthetic or natural) where the deficiency of one is balanced by the merits of other(s) [23,24]. Hybrid fiber composites prepared by combining natural and synthetic fibers provide a balance of mechanical performance, weight saving, environmental sustainability, and cost-effectiveness [25]. Studies have suggested that the properties of hybrid composites or the extent of improvement in properties upon hybridization are greatly influenced by the manufacturing technique, properties of the fiber and matrix, fiber-matrix compatibility, fiber content, fiber orientation, and stacking sequence [26,27]. Careful selection of these influencing parameters can help designers/engineers to tailor the final composite’s properties.
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[bookmark: _Ref158499286][bookmark: _Toc167611906]Figure 1.4: (a) Possible chemical reaction and (b) morphological changes on fiber surface after alkali treatment. Removal of impurities and waxy substances from fiber surface after alkali treatment. 

















[bookmark: _Toc167611795] Life Cycle Assessment (LCA) 
LCA is a method of assessing environmental impact associated with the life cycle of the product, process and/or services by balancing the flow of energy and material [28].  It comprises of four phases (see Figure 1.5), which are: (1) goal and scope definition, (2) inventory analysis, (3) impact assessment and (4) interpretation.  In the goal and scope definition phase, the major reason behind conducting LCA, fundamental unit (i.e. product or service and its life cycle) and system boundaries (i.e. what to include and what not for the analysis) is defined. In the second phase, inputs (such as raw materials and energy) and outputs (such as emission and pollutants to the environment) associated with the product and services are identified to prepare life cycle inventory (LCI). In impact assessment phase, environmental impact associated with the product or service is translated into different environmental themes or impact categories such as global warming potential, total energy, total land use, total water use, eutrophication etc. Finally, the conclusion drawn, data and procedure used to draw conclusion is checked in the interpretation phase.

There are different ways or models to perform LCA of a product. Figure 1.6 illustrates the three main life cycle models namely cradle-to-gate, cradle-to-grave, and cradle-to-cradle used to perform LCA [29]. Cradle-to-gate model is used to access the product impact from the raw material extraction (cradle) till its production or manufacturing phase, until it leaves the factory gate. Similarly, cradle-to-grave model is used to assess the product impact from raw material (cradle) till its end-of-life stage (grave) whereas cradle-to-cradle model is applied to the assess the impact associated with the product which has circular life cycle i.e. instead of end-of-life or going to grave, the product is recycled or upcycled.

[bookmark: _Toc167611796] Research Objectives
This dissertation is divided into four main objectives that are summarized below:
OBJECTIVE 1: INVESTIGATE THE EFFECTS OF ALKALI TREATMENT AND SIZING ON THE PROPERTIES OF THE COIR FIBER. 
Natural fibers exhibit poor compatibility with polymer matrices and thus require a
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[bookmark: _Ref158499330][bookmark: _Toc167611907]Figure 1.5: Four main phases of life cycle assessment showing each phase are interdependent and result of one phase determines how other are carried out.
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[bookmark: _Ref158499349][bookmark: _Toc167611908]Figure 1.6: Three common life cycle models used to perform LCA.



pre-treatment step for improved compatibility. Alkali treatment or mercerization is a popular method for improving the mechanical properties of the natural fibers by removing the surface impurities and roughening the fiber surface providing a better mechanical interlocking with the matrix. Likewise, fiber coatings or sizing is a popular industrial practice on all synthetic fibers in composites, where fiber is essentially coated with a thin layer of a material with a strong affinity for both fiber and matrix. However, very few natural fiber studies examine the application of sizing agents to natural fibers. The hypothesis of this study is that the optimized mercerized natural fiber will exhibit superior strength compared to the as-received fiber and that application of a compatible sizing will consequently improve the interfacial adhesion more than it would without.  Therefore, this study presents the alkali treatment and fiber sizing approach used to improve the properties of fiber and interfacial properties of the fiber and polypropylene (PP) matrix. This work is discussed in detail in Chapter 2.

OBJECTIVE 2: DETERMINE THE OPTIMAL SIZING PROCESS AND PARAMETERS FOR COIR FIBER-REINFORCED POLYPROPYLENE NONWOVEN AND STUDY THE EFFECT OF SIZING ON THE COMPOSITES. 
Fiber sizing is one of the most ubiquitous processes for coating synthetic fibers as it can be done in-line during processing when the fiber is still continuous and prior to chopping. In natural fibers, however, it is seldom investigated because natural fibers primarily start as discontinuous long fibers. In this objective, two different sizing approaches i.e. in-situ and ex-situ using the wet-laid technique to size nonwoven mats were investigated. There are two hypotheses for this study – (1) Enhancement in fiber properties obtained in objective 1 will translate in composite properties and (2) Composites prepared via in-situ fiber sizing approach exhibit better interface than that of ex-situ. The efficacy of the in-situ versus ex-situ sizing and the effect of varying sizing content on the composite properties were studied. This work is discussed in detail in Chapter 3.

OBJECTIVE 3: IMPROVE THE PROPERTIES OF COIR FIBER-REINFORCED POLYPROPYLENE COMPOSITES BY HYBRIDIZATION WITH GLASS FIBER. 
Despite the advantages of lightweight and high abundance, natural fiber lacks the mechanical properties to justify it as a substitution for synthetic fiber for reinforcing polymers. The hypothesis of this study is that by adding a fraction of synthetic fiber to natural fiber composites, the balance between mechanical performance and weight saving can be achieved. This objective examines the relative trade-offs of hybridizing a coir fiber composite with glass fiber using a wet-laid process where the fiber length is preserved, and the high-temperature processing time is minimized. This work is discussed in detail in Chapter 4.
 
OBJECTIVE 4: PERFORM LIFE CYCLE ASSESSMENT OF COIR FIBER-REINFORCED POLYPROPYLENE COMPOSITES FOR AUTOMOTIVE APPLICATIONS.
One of the biggest motivations for the use of natural fiber composite in automotive applications is the potential reduction of energy and greenhouse gas (GHG) emission from the lightweighting of vehicle parts. However, using natural fiber composites does not necessarily make it environment friendly compared to its synthetic fiber composites counterparts (such as glass fiber reinforced composites) because of several factors associated with the life cycle of the part such as the impact associated with production/extraction of fiber, sourcing/supply chain, manufacturing process etc. This objective investigates the total energy and GHG associated with coir fiber composites compared to glass fiber-reinforced counterparts for a passenger car. This work is discussed in detail in Chapter 5.
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Effects of Mercerization and Fiber Sizing of Coir Fiber for Utilization in Polypropylene Composites

[bookmark: _Hlk158493328]Abstract
The use of natural fibers as an alternative to synthetic fibers for reinforcing composites is increasing. However, the poor interfacial adhesion between natural fibers and polymer matrices limits their applications. Several approaches have been considered to improve fiber-matrix adhesion via chemical and/or physical treatment. However, the effectiveness of these treatments varies based on the type of fiber, its source, and its composition. Thus, it is imperative to understand the effectiveness of treatment conditions. In this study, we investigated the influence of alkali treatment and fiber sizing on the chemical, thermal, morphological, and mechanical properties of coir fibers and the interface between coir fiber and polypropylene matrix.  It was found that using a 5 wt.% sodium hydroxide solution for 6hrs at room temperature was the optimal treatment condition that led to an improvement in tensile strength by 58%, tensile modulus by 71%, and elongation at break by 37% compared to non-treated fibers, and an increment in interfacial shear strength (IFSS) between coir fibers and polypropylene matrix by 32%. The alkali treatment removed the fiber surface impurities, made the fiber surface rough, and enhanced the fiber crystallinity. Sizing of the alkali-treated fiber led to an improvement in IFSS by 87% with no modification of the fiber’s mechanical properties.

Keywords: Coir fibers, natural fibers, alkali treatment, sizing, polypropylene composites, fiber properties, interfacial shear strength (IFSS)

[bookmark: _Toc167611799] Introduction
Due to the increasing public awareness and governmental policies regarding global greenhouse gas emissions and environmental protection, interest toward the use of sustainable, renewably sourced, natural products as an alternative to petroleum-derived products is increasing. Natural plant fibers, like hemp, flax, and coir are examples of one such class of products. Natural fibers possess many desirable properties such as low density (1.15-1.5 g/cc), biodegradability, natural abundance, low cost, and good thermal and sound insulation properties. Also, these materials are inherently non-toxic [1]. Realizing the value of these attributes has led to the use of natural fiber composites rapidly increasing in the automotive and transportation industries, packaging,  building technologies, and spurred research initiatives [1-3]. For instance, natural fibers are replacing glass fibers (2.55 g/cc) in automotive composite applications where these composites can meet performance requirements and offer significant reduction of vehicle weight and fuel consumption. A study revealed that a 25% reduction in automobile weight can lead to a 220-billion-pound reduction in CO2 production per year [3].  

Coir fiber is a fiber obtained from coconut as a by-product of large-scale, high-volume, non-seasonal crops. Due to its unique properties, when compared to other natural fibers, such as durability, high elongation at break (15-51%), moth resistance, high heat resilience, and resistance to bacterial and fungal degradation, it is mostly used for conventional natural fiber applications such as making yarns, ropes, brushes, and mattresses [4,5]. Using coir fiber in advanced composite applications will enhance its value. In advanced composites, coir fiber shares several of the major hurdles that limit the usage of natural fibers: low thermal degradation temperatures (< 200 °C) that restrict the maximum process temperature, poor interfacial adhesion with polymer matrices, and a propensity for water uptake due to the abundance of hydroxyl groups in the molecular structure [6]. Moreover, while many natural fibers possess excellent mechanical properties, the tensile strength of coir fiber is typically 95-240 MPa while the elastic modulus is 2.8-6.0 GPa [5]. This is on the lower end for high-performance fibers like glass or aramid fibers, and other natural fibers like flax or banana fiber [5]. 
 
Several approaches to address the shortcomings of poor interfacial adhesion between natural fibers and polymer matrices are 1) fiber modification by physical treatments such as corona and plasma, for which the surface and structure of the fiber are modified without altering the chemical composition, 2) surface modification by chemical treatment such as alkali, silane, and acetyl treatment to change the surface morphology and chemistry, and 3) matrix modification by adding compatibilizers such as maleic anhydride [7,8]. Among the different chemical treatment methods, the alkali treatment, also known as mercerization, is one of the most common, effective, and economical [6]. Alkali treatment makes the fiber surface rough by removing impurities and non-cellulosic, hydroxyl-containing components such as pectin, lignin, and hemicellulose [9]. This enhances the wettability of the fiber by the matrix and improves the fiber-matrix interfacial adhesion, which ultimately leads to an enhancement in the mechanical properties of the final composite [9].  

The alkali treatment has been shown to effectively improve the tensile properties of natural fibers by authors Valášek et al. [10], Liu et al.[11] , Sinha et al.[12] and Nam et al. [13]. However, the extent of improvement depends on the chemical composition of the natural fiber being treated and process variables like alkali concentration, soak/wash time, and temperature. For fibers with low lignin content, such as abaca which has around 9% lignin, an alkali treatment is effective with a short amount of time as compared to fibers with high lignin content such as coir (lignin content 40-46%) [10]. Coir fiber mechanical performance has been reported to increase until the optimal treatment conditions are reached. This is attributed to the removal of surface lignin and of unwanted impurities such as wax and fatty acids. This creates a rough fiber surface, can enhance the crystallinity index, and increases strength [14]. Beyond optimal treatment conditions, the fiber properties deteriorate due to a damage of the fiber integrity [10,15]. In the case of coir fibers, a wide variation in what are considered to be the optimal treatment conditions is observed. In a study led by Nam et al. [13] involving coir fibers that were procured from Vietnam, a 5% NaOH treatment for 72 hrs at room temperature has been found to be the optimal treatment conditions for which tensile strength and modulus were improved (71% and 113% respectively). However, Silva et al.  [16] found that the effects of 5 wt.% NaOH treatment for 72 hrs. with Brazilian coir fibers were too aggressive. They suggested that a 5 wt.% NaOH treatment for 48 hrs. were the optimal treatment conditions. Valášek et al. [10] did not find any significant improvement in the tensile strength and modulus of coir fibers (sourced from Philippines) with a 5%  NaOH treatment done in intervals from 0 to 48 hrs. In another study by Gu [17], a decreasing trend in tensile strength of the coir fibers (sourced from China) was observed with increasing the alkali treatment concentration from 0 to 10%. Despite some lower fiber tensile strength, they observed an enhancement in the tensile strength of the associated composite, which was attributed to an improved fiber/matrix interface, due to an increased fiber surface roughness and associated mechanical interlocking. The effect of alkali treatment on the thermal stability of natural fibers also depends on the concentration of the alkali solution and the time of treatment [9]. All in all, inconsistencies in the literature about the optimal treatment conditions for coir fibers sourced from various locations show that the fiber elemental composition affects the efficiency of the treatment process.

A key challenge with natural fiber composites is the inherent compositional variability of these materials because of their natural origin. Within the same type of natural fiber, the chemical composition varies based on the age of the plant, its place of origin, the extraction method and so on [18]. In turn, the effectiveness of the chemical treatment (concentration, time, temperature, etc.) on the properties of that fiber also varies. To advance the use of natural fibers, a deep understanding of the treatment conditions on fiber composition is needed. Moreover, how chemical treatment might be combined with fiber sizing, which is common practice in the case of synthetic fiber use, must be investigated to better understand the pathways forward for optimizing the fiber-matrix interface. Fiber sizing has commonly been done on glass or carbon fibers to improve the handleability during processing and to enhance the interfacial adhesion between fiber and matrix [19-21]. However, limited work has been published in the case of natural fiber sizing despite the opportunity to improve interactions between the hydrophilic fiber surface and polymer matrices [22].  

In this work, the effect of different alkali treatment concentrations (2 wt.%, 5 wt.% and 8 wt.%) at room temperature on the properties of the coir fiber were investigated to determine the optimal treatment concentration. In addition, untreated and optimally treated fibers were sized and the effect of sizing on the properties of the fiber and its interface with a polypropylene (PP) matrix was studied. The main objective of this work is to understand the interplay of the alkali treatment with the fiber sizing and the opportunity for combining these two conventional processes with natural fibers. The main mechanisms contributing to fiber adhesion, and ultimately fiber composite performance, have to be highlighted. To do so, the untreated, treated, and sized fibers were thoroughly characterized. For chemical analysis, Fourier transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS) and X-ray diffraction (XRD) were performed. Thermogravimetric analysis (TGA) was carried out to evaluate the thermal behavior of the fibers before and after chemical treatment and sizing. Fiber surface morphologies were characterized using scanning electron microscopy (SEM). For fiber mechanical properties and composite interfacial properties, a single fiber tensile test and a single fiber pull-out test were performed, respectively. 

[bookmark: _Toc167611800] Materials and Methods
[bookmark: _Toc167611801] Materials
Coir fibers (CoF) (as received fiber length in the 10-300 mm range and fiber diameter in the 90-400 μm range) used in this study were obtained from a coconut plant grown in India and were supplied by SMACAR Solutions, Inc, (NJ, USA). Polypropylene (PP) pellets (PP3155 homopolymer, density of 900 kg.m-3) were procured from ExxonMobil™, North America (TX, USA). For alkali treatment, sodium hydroxide (NaOH, 98%) was acquired from Thermo Fisher Scientific Inc. (MA, USA). Hydrosize PP2-01 sizing agent was provided by Michelman Inc (OH, USA). This is a malleated PP emulsion with an anionic/nonionic charge and 45 nm particle size typically used for carbon fiber and glass fiber; the solids loading is 55 wt.%. Deionized (DI) water was produced in-house using a Barnstead Mega-Pure® System MP-1 and was used wherever water was denoted for solutions.

[bookmark: _Toc167611802] Alkali treatment and sizing of fibers
For the alkali treatment, 2 wt%, 5 wt% and 8 wt% NaOH solutions were prepared, and fibers were soaked in each solution for 6 hrs at room temperature. Treated fibers were then washed thoroughly with tap water to neutralize the fiber pH. Washed fibers were then dried in an oven at 80 ℃ for 24 hrs. For sizing, the as-received sizing solution was diluted with DI water to make a 1.5 wt% solids solution. The fibers exhibiting optimal interfacial properties after alkali treatment were sized by dipping the fibers into the solution. Excess sizing was squeezed out manually and the sized fibers were dried at 80 ℃ in an oven for 4 hrs. Table 2.1 shows the naming conventions for all samples, where ‘T’ indicates when an alkali surface treatment was performed, and ‘S’ indicates when the fiber was sized. 

[bookmark: _Toc167611803] Fourier transform infrared spectroscopy (FTIR) 
Variations in the functional groups and associated changes in the chemical structure of the fibers after treatment and sizing were determined by FTIR, using a Nicolet iS50 FTIR spectrometer. Two transmittance spectra, each corresponding to the accumulation of 128 scans with wavenumber ranging from 400-4500 cm-1 with a resolution of 4 cm-1, were collected for each sample.

[bookmark: _Toc167611804] X-ray photoelectron spectroscopy (XPS)
XPS was used to quantify the elemental composition and analyze the fiber surface chemistry before and after treatment and sizing. A Thermo Scientific K-Alpha XPS instrument with monochromated, micro-focused Al Kα X-rays (1486.6 eV), a variable spot size (50-400 µm), and a configuration to attain the strongest signal over the largest area, was used to obtain the elemental surface composition. Coir fibers were prepared for analysis by placing them onto double-sided tape affixed to a clean glass slide, and the spot size was adjusted to prevent any potential interfering signals from the tape. The take-off angle was 90°. A survey spectrum (step size 1 eV, pass energy = 200 eV) was first collected to determine elemental composition. Next, high-resolution core level spectra (step size 0.1 eV, pass energy = 50 eV) were acquired for a detailed chemical state analysis. All spectra were acquired with the charge neutralization flood gun (i.e., a combination of low energy electrons and argon ions) turned on to maintain a stable analysis condition. The spectrometer energy scale was calibrated with respect to Ag 3d5/2, Au 4f7/2, and Cu 2p3/2 core level peaks, set with binding energies of 368.3, 84.0, and 932.7 eV, respectively. The component peaks position used for the C(1s) and O(1s) peak fitting are presented in Table 2.2. The C(1s) peak fitting was done so that the total area of all the oxy-carbonated components would match the total area of the O(1s) peak. No peak component of the O1s peak was assigned to oxygen atoms potentially associated with the few percent of other elements detected (silicon, calcium, nitrogen), as a first approximation. For each fiber reference, two measurements were carried out on two individual single fibers.

[bookmark: _Toc167611805] X-ray Diffraction (XRD)
XRD analysis of as-received, treated, and sized fibers was performed using Empyrean X-ray diffractometer (Malvern Panalytical Ltd) with CuKα radiation (λ=1.54Å) source, Beta-filter Nickel and PIXcel3D-Medipix3 1×1 detector. The operating voltage and current were 45kV and 40mA respectively. The operating 2θ range was from 5.0 to 45.0o, step size was 0.197o and scan speed was 0.0358 (o/s). A blank run with an empty sample holder was performed and the data obtained from the blank run was subtracted from the sample data. The degree of crystallinity or crystallinity index (CI) of the fibers was calculated using Equation 2.1 [24,25].
[bookmark: _Ref158501994] …..Equation 2.1
where, (I200 -IAM) represents the crystalline portion, I200 represents total scattered intensity at 2θ = 22.5º  and IAM represents the amorphous intensity at 2θ = 18.6º.

[bookmark: _Toc167611806] Thermogravimetric analysis (TGA)
The effect of fiber treatment and sizing on the thermal stability of coir fibers was determined by using a TGA 5500 from TA instruments. Samples were heated from room temperature to 600 ℃ at the heating rate of 10 ℃/min under argon atmosphere. 

[bookmark: _Ref158500979][bookmark: _Toc167611889]Table 2.1: List of samples and corresponding processing.
	Sample #​​
	Sample name​​
	NaOH concentration (wt.%)​​
	Sizing concentration (wt.%)​

	1​​
	CoF​​
	-​​
	-​

	2​​
	CoF_2T​
	2​​
	-​

	3​​
	CoF_5T​
	5​
	-​

	4​​
	CoF_8T​
	8​
	-​

	5​
	CoF_1.5S​
	-​
	1.5​

	6​
	CoF_5T_1.5S​
	5​
	1.5​




[bookmark: _Ref158501846][bookmark: _Toc167611890]Table 2.2: Component peaks used in C(1s) and O(1s) peak fitting [23].
	C(1s)
	O(1s)

	Binding energy (eV)
	Component peak
	Binding energy (eV)
	Component peak

	284.6 < < 285.1
	C-C
	531.2 < < 532.2
	O=C, COOH 

	286.0 < < 286.3
	C-O-R, C-O-H
	532.7 < <  533.7
	O-C

	287.4 < < 287.6
	C=O
	
	

	288.3 < < 288.9
	COOR, COOH
	
	












[bookmark: _Toc167611807] Scanning electron microscopy (SEM)
Morphology of the raw, treated, and sized coir fibers were observed using a Zeiss Augria SEM with an acceleration voltage of 5 KeV. The fibers were coated with gold, with a thickness of less than 2 nm (30 s of deposition using a SPI module sputter coater). 

[bookmark: _Toc167611808]  Single fiber tensile test
The single fiber tensile test was conducted using a MTS C42.504 Tensile test machine (Figure  A1.1b). To prepare test specimens, a single coir fiber was glued on a paper frame using Araldite 2014A epoxy adhesive with a gauge length of 1 inch (25.4 mm) (Figure A1.1a). The diameter of each fiber was measured at four different locations using a Keyence Digital Microscope VHX-2000 and the average value was used to calculate the tensile stress. Fibers were tested at a cross-head speed of 5 mm/min using a 25 N load cell. A total of 14 specimens were tested for each sample.

[bookmark: _Toc167611809] Weibull distribution of tensile strength of coir fibers
Weibull distribution is a commonly used statistical tool for describing the strength of brittle materials such as carbon and glass fibers [26-28]. It has also been implemented to describe the single fiber tensile strength distribution of natural fibers such as coir, bamboo, kenaf, jute, etc. [29,30]. The model is based on the weakest link theory and the fact that the tensile strength depends on a statistical distribution of defects within the fiber. Generally, a two parameter Weibull equation is used to express the distribution in fiber strength (Equation 2.2); the two parameters are Weibull modulus or shape parameter (m) and characteristic strength or scale parameter (σ0). The two parameter Weibull distribution is given as:
[bookmark: _Ref158502151]   …..Equation 2.2
Rearranging the two parameter Weibull distribution gives:
   …..Equation 2.3
where,
F(σ) = probability of fiber fracture or failure
L= characteristics gauge length
Lo= reference gauge length
σ = applied stress
For constant gauge length, Equation 2.2 can be written as [28,31]:

   …..Equation 2.4
Weibull modulus (m) and characteristic strength (σo) can be determined by plotting the x = lnσ versus y =  , where the slope of the linear fit of the plot gives the Weibull modulus and intercept with the y-axis leads to the value of characteristic strength.
In this study, Benard’s approximation or Median rank method (Equation 2.5) was selected to estimate the probability of fiber failure.
[bookmark: _Ref158503006] …..Equation 2.5
i= rank of each data point
N=total number of samples

[bookmark: _Toc167611810] Single fiber pull-out test
To determine the effect of treatment and sizing on the interfacial adhesion between the fiber and the PP matrix, a single fiber pull-out test was performed. To prepare the single fiber pull-out samples, fibers were first aligned between sheets of PP using Kapton adhesive tape. The assembly was then heated and pressed in a Carver press (Model # 3895.4NE1000, Carver, Inc. USA) at 180 ℃ and 1 ton for 3 mins prior to cooling to room temperature. The free fiber end was glued to the paper frame using Araldite 2014A epoxy adhesive. The diameter of the fiber was measured using a Keyence Digital Microscope VHX-2000. The length of the embedded fiber in the PP matrix was determined by punching a hole in the specimen as shown in Figure S2 (in the SI). Single fiber pullout tests were performed using the MTS C42.504 tensile test machine with a 25 N load cell at a crosshead speed of 0.5 mm/min. A total of 14 specimens for each sample were tested and average values were reported. The interfacial shear strength was calculated using the maximum forced measured during the fiber pullout test using Equation 2.6 [13]. 
[bookmark: _Ref158502961]…..Equation 2.6
 where, 
τ = Interfacial shear strength
Fmax = maximum force during the fiber pull-out 
d = diameter of the fiber 
L = length of the fiber embedded in the matrix 

[bookmark: _Toc167611811] Statistical analysis
The differences between the mean values of the fiber tensile properties and of the composite interfacial properties were evaluated using an analysis of variance (ANOVA) and a Tukey-Kramer test. All analyses were performed at the significance level of 0.05 using JMP software (NC, USA). 

[bookmark: _Toc167611812] Results and Discussion
[bookmark: _Toc167611813] Fourier transform infrared spectroscopy (FTIR) 
FTIR was performed to study the change in functional groups before and after treatment and sizing.  FTIR spectra of CoF, CoF_2T, CoF_5T, CoF_8T, sizing agent, CoF_1.5S and CoF_5T_1.5S are shown in Figure 2.1. Several absorption bands were similar for all samples and were assigned based on the literature [32,33]. The peak at 897 cm-1 represents the C-O-C in plane stretching of β-linked glucose residue and β-glycosidic linkage of hemicellulose whereas the one at 1032 cm-1 corresponds to the C–O, C–C stretching, and C–OH bending of hemicellulose. Similarly, C–O stretching of cellulose and C-O-C asymmetric stretching of glycosidic bond of hemicellulose appeared at 1162 cm-1. C–H bending of cellulose, hemicellulose, and guaiacyl ring and C=O stretching of lignin were at 1269 cm-1. In addition, peak at 1316 cm-1 corresponds to the C–H2 wagging of cellulose and O–H in plane bending of hemicellulose. 1375 cm-1 corresponds to C–H bending of cellulose. The characteristic peaks at 1420 cm-1 indicate C–H deformations of lignin and C–H2 symmetric bending of cellulose and 1453 cm-1 indicates C–H deformations of lignin and C–H bending of hemicellulose, respectively. The peaks at 1505 cm-1 and 1591 cm-1 correspond to the aromatic skeletal vibrations of lignin and C=O stretching of lignin, respectively. Furthermore, band appeared from O-H stretching of hydrogen bonded water at 1640 cm-1, and O–H stretching at 3327 cm-1. The peak at 1240 cm-1 represents the C-O stretch of acetyl group of lignin. The decrease in intensity of this peak and its change in shape indicates the removal of lignin after the NaOH treatment [34]. Similarly, a peak at 1732 cm-1 corresponding to C=O stretching in the acetyl group of hemicellulose was greatly diminished indicating the removal of hemicellulose after the NaOH treatment [35]. FTIR was also used to confirm the sizing of the fibers (Fig. 1). The spectrum of the sizing agent has prominent peaks at 2838–2950 cm-1 indicating C-H stretching and at 1375 cm-1 representing C-H bending. When comparing sized and unsized fibers, prominent peaks are observed at 2838–2950 cm-1 and 1375 cm-1 for CoF_1.5S and CoF_5T_1.5S and not for CoF, confirming the presence of the sizing agent on the surface of the fibers.

[bookmark: _Toc167611814] X-ray photoelectron spectroscopy (XPS)
Figure 2.2 displays the two survey spectrum corresponding to two individual single fibers randomly selected from the non-treated coir fibers. The elemental composition of the coir fibers before and after treatment in sodium hydroxide solutions at room temperature and after sizing are reported in Table 2.3.

Non-treated fibers showed traces of silicon, calcium, chlorine, nitrogen, sodium, and potassium. Tran et al. [36] reported a composition involving only carbon, oxygen, 
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[bookmark: _Ref158634052][bookmark: _Toc167611909]Figure 2.1: FTIR spectra of untreated coir fiber (CoF), fibers treated in different concentrations of NaOH (CoF_2T, CoF_5T, and CoF_8T), PP201 sizing agent, untreated and sized fibers (CoF_1.5S) and treated and sized fibers (CoF_5T_1.5S).
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[bookmark: _Ref158634091][bookmark: _Toc167611910]Figure 2.2: XPS analysis of non-treated coir fibers, survey spectra corresponding to two individual fibers.
[bookmark: _Ref158634342][bookmark: _Toc167611891]Table 2.3: Elemental composition of non-treated coir fibers, of coir fibers treated in sodium hydroxide solutions, and of sized fibers (average values corresponding to the analysis of two individual fibers).
	
	C at.%
	O at.%
	Si. at.%
	Ca at.%
	Cl at.%
	N at.%
	Na at.%
	K at.%
	Mg at.%

	[bookmark: _Hlk129084264]CoF
	76.3 ± 3.3
	21.1 ± 3.0
	0.7 ± 0.3
	0.2 ± 0.1
	0.2 ± 0.2
	1.1 ± 0.1
	0.1 ± 0.1
	0.3 ± 0.1
	--

	[bookmark: _Hlk126968283]CoF_2T
	69.2 ± 0.4
	27.0 ± 0.3
	0.3 ± 0.1
	1.6 ± 0.1
	0.1 ± 0.1
	1.7 ± 0.1
	--
	--
	0.1 ± 0.1

	CoF_5T
	73.9 ± 0.4
	23.4 ± 0.2
	0.4 ± 0.1
	0.5 ± 0.1
	0.3 ± 0.1
	1.4 ± 0.1
	0.1 ± 0.1
	--
	--

	CoF_8T
	71.0 ± 0.9
	25.1 ± 1.1
	0.4 ± 0.1
	1.6 ± 0.6
	0.2 ± 0.1
	1.7 ± 0.4
	--
	--
	--

	CoF_1.5S
	89.7 ± 0.4
	7.1 ± 0.1
	1.3 ± 0.1
	0.4 ± 0.1
	--
	1.3 ± 0.3
	0.2 ± 0.1
	--
	--

	CoF_5T_1.5S
	88.2 ± 2.1
	8.7 ± 1.5
	1.6 ± 0.8
	0.9 ± 0.2
	--
	0.5 ± 0.1
	0.1 ± 0.1
	--
	--



[bookmark: _Ref158634458][bookmark: _Toc167611892]Table 2.4: Area of the peak components (in percent of the total area of all of the peaks) for the C(1s) and O(1s) peaks, non-treated coir fibers and coir fibers treated in sodium hydroxide solutions, and sized fibers (average values corresponding to the analysis of two individual fibers).
	
	C (1s)
	O (1s)

	
	C-C
	C-O-R, C-O-H
	C=O
	COOR, COOH
	O=C, COOH
	O-C

	CF
	55.4
	15.8
	4.9
	3.5
	6.9
	13.5

	CF_2T
	40.8
	23.1
	4.2
	3.4
	6.3
	22.2

	CF_5T
	45.2
	21.5
	4.6
	2.7
	4.7
	21.3

	CF_8T
	42.4
	21.4
	8.3
	2.0
	8.8
	17.1

	CF_1.5S
	71.0
	11.3
	3.2
	1.8
	3.9
	8.8

	CF_5T_1.5S
	80.5
	6.9
	2.3
	1.8
	3.8
	4.7







nitrogen, and silicon, but at equivalent concentrations, using XPS as well. The treatment in sodium hydroxide increased the concentration in oxygen, calcium, and nitrogen. The already low concentration in silicon decreased further. The presence of chlorine persisted, and traces of sodium were found in one of the three fibers treated in sodium hydroxide. Traces of potassium disappeared, and traces of magnesium were detected in one treated sample. The fitting of the C(1s) and O(1s) peaks with the peak components listed in Table 4 showed that after treatment in alkali solutions of 2 wt% and 5 wt%, the area of the peak component related to hydroxyl and ether groups increased, whereas the area of the peaks related to aldehydes and esters and carboxylic acids stayed unchanged (Table 2.4 and Figure 2.3), which suggests that the alkali treatment removed some lignin and hemicellulose and enabled a higher concentration of cellulose. With an alkali solution of 8 wt%, both the peak components related to hydroxyl and ether groups and to aldehydes increased, whereas the peak component related to esters and carboxylic acids decreased, suggesting that more hemicellulose was removed. This is in agreement with the FTIR data. This is different from what Tran et al. [37] reported when using an alkali treatment at room temperature for 2 hrs using a 5 wt% sodium hydroxide solution with coir fibers. The authors observed an increase of the area for all the C(1s) peak components related to oxygen-containing functionalities. They claimed that the alkali treatment removed some wax from the surface of the untreated fiber.

To check the homogeneity of the fiber elemental composition before and after treatment, a line scan made of six adjacent spots was acquired at two distinct locations on the same fiber. This can be found in the Supplementary Information section (Figure A1.3, A1.4, A1.5 and Tables A1.2, A1.3).

After sizing, a clear increase in carbon element concentration and a sharp decrease in oxygen and nitrogen elements could be observed (Table 2.3). This is to be expected if the fiber surface is coated with a hydrocarbon polymer containing a low density of oxygen atoms. Silicon remained at the same concentration, and calcium and sodium elements were still detected, suggesting that the sizing was not uniform, leaving some areas of the fiber 
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[bookmark: _Ref158634516][bookmark: _Toc167611911]Figure 2.3: Fitting of C(1s) and O(1s) peak, fiber treated with a 5 wt% alkali solution.


















surface uncovered, or that the sizing thickness was less than 10 nm (typical probed thickness when the take-off angle is 90°). Anhydride functionalities correspond to a specific C(1s) component peak at 290.2 eV [38], which was not observed (Supplementary Information-Figure A1.5). After sizing, the C(1s) component corresponding to C-C bonds increased, as expected. It seems that for the alkali treated fibers, the C(1s) component corresponding to hydroxyl and ether groups decreased preferentially after sizing. One hypothesis would be that the sizing coated preferentially the cellulose-based part of the fiber surface. 

[bookmark: _Toc167611815] X-ray Diffraction (XRD)
X-ray diffractograms of untreated fibers, fibers treated with different concentrations in NaOH, as well as sized fibers are presented in Figure 2.4. Three major diffraction peaks were observed in all the diffractograms at 2θ angles of 16.0º, 22.5º and 35.0º representing typical cellulose I structure. The first peak at 2θ = 16.0º corresponds to an overlap of 1-10 and 110 plane [39]. The second peak observed around 22.5º relates to the crystallographic plane 200, and the third one at 35.0º corresponds to the  004 lattice plane [39]. The crystallinity index of the different coir fibers was calculated using equation (1) and is reported in Table 5. The crystallinity index of untreated coir fibers was 36.2%. Compared to other lignocellulosic fibers such as flax (80.0%), hemp (88.0%) and sisal (71.0%), the measured crystallinity index of coir fibers used in this study was much lower [40]. With treatment in a 2, 5 and 8 wt% NaOH solution, the crystallinity index increased to 38.5%, 41.5% and 40.3% respectively. This increase in crystallinity index with alkali treatment is likely due to the removal of amorphous constituents like hemicellulose, lignin, wax, or other impurities [35]. Ru et al. [41] observed a similar increase in the crystallinity index from 35.9% to 40.4% with an alkali treatment (4% NaOH concentration for 15 hrs at 34 ℃) the coir fibers. When sizing treated fibers, the crystallinity index decreased slightly, which might be due to the non-crystalline sizing agent.
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[bookmark: _Ref158634678][bookmark: _Toc167611912]Figure 2.4: XRD spectra of the different coir samples.	


[bookmark: _Toc167611893]Table 2.5: Crystallinity index values corresponding to the different coir fiber samples.
	Samples
	Crystallinity index (CI) (%)

	CoF
	36.2

	CoF_2T
	38.5

	CoF_5T
	41.5

	CoF_8T
	40.3

	CoF_1.5S
	37.0

	CoF_5T_1.5S
	39.3






[bookmark: _Toc167611816] Thermogravimetric analysis (TGA)
During manufacturing/processing of fiber-reinforced composites, the fiber/polymer system experiences a thermal treatment. The processing temperature may be close to the fiber degradation temperature, resulting in a performance loss for the corresponding composite. Thus, it is imperative to understand the thermal behavior of the reinforcing fibers, especially the onset of thermal degradation. TGA is the appropriate technique to determine the thermal degradation behavior and thermal stability of materials. Weight change versus temperature curves for different coir fiber samples are presented in Figure 2.5. 
The fiber degradation occurs in multiple stages due to the presence of different lignocellulosic components such as cellulose, hemicellulose, and lignin [6]. Initial weight loss was observed below 140 ℃ and is attributed to the elimination of moisture as cellulose fibers are very hygroscopic. The moisture content was 7-9 wt% of the fiber without a clear trend in whether surface treatment or sizing affected the moisture uptake. A second onset of weight loss, which marks the thermal degradation of the coir fiber, was observed in the temperature range of 245-340 ℃ which was due to the degradation of 1) hemicellulose, 2) cellulose, by breaking glycosidic linkages of glucose chain, and 3) lignin [6]. Lignin is a complex hydrocarbon containing both aliphatic and aromatic components. Due to its complex structure, a wide range of thermal decomposition behaviors have been reported [6,9]. The final weight loss onset was observed around 380-540 ℃ and was due to the decomposition of remaining lignin and decomposition of charred residue [6]. With alkali treatment, the onset of the second degradation temperature shifted from 245 ℃ to 267 ℃ which is due to the removal of lower thermal stability components such as hemicellulose, as shown by FTIR and XPS. Among the different alkali treated fibers, there was no notable change in the onset degradation temperature (see Table 2.6). Similarly, there was minimal change in the onset temperature with the sizing, suggesting that 1.5% sizing was such a low amount that it did not have any remarkable effect on the thermal properties of the coir fibers.
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[bookmark: _Ref158635058][bookmark: _Toc167611913]Figure 2.5: TGA curves of the coir samples.
[bookmark: _Ref158635084][bookmark: _Toc167611894]Table 2.6: Second onset degradation temperature (℃) for the different coir fiber samples.
	Sample​
	Second onset degradation temperature​ (℃)

	CoF​
	245

	CoF_2T​
	267​

	CoF_5T​
	266​

	CoF_8T​
	267​

	CoF_1.5S​
	248​

	CoF_5T_1.5S​
	266​







[bookmark: _Toc167611817] Scanning electron microscopy (SEM)
[bookmark: _Hlk161321198]The level of interfacial adhesion between the fiber and the matrix can be influenced (to some extent) by the fiber surface topography through mechanical interlocking. SEM micrographs of untreated, treated, and sized coir fiber surfaces are shown in Figure 2.6. The SEM image of the untreated coir fibers (in Figure 2.6a) shows that their surface is smooth, because of the presence of impurities and waxes. Globular protrusions or tyloses are present everywhere on the fiber surface [13,42]. Generally, an alkali treatment removes these undesired impurities from the fibers and makes the fiber surface rougher. However, the level of effectiveness greatly depends on the concentration of the alkali solution, the soaking time, and the fiber elemental composition [10]. Figure 2.6b displays a SEM image corresponding to a 2 wt% NaOH solution treated coir fiber. Some of the globular protrusions or tyloses originally present were removed, exposing pits on the fiber surface. With increasing alkali concentration, like in the case of a 5 wt% NaOH solution, most of the globular particles were removed. The number of pits increased, and surface layer impurities such as waxes, lignin, and hemicellulose were washed away resulting in the generation of grooves on the fiber surface and fiber surface appeared rougher, as shown in Figure 2.6c. This led to the increase in mechanical interlocking between the fiber and the polymer matrix, potentially leading to a higher interfacial adhesion. Increasing the NaOH concentration to 8 wt%, led to the removal of surface impurities to a greater extent, which may result in fiber degradation, as shown in Figure 2.6d. After sizing the untreated fibers, their surface looked smooth. Some features like globular particles and pits were not easily found (Figure 2.6e). Similarly, the SEM image of the CoF_5T_1.5S sample revealed that a sizing agent decreased the visibility of pits and grooves, which is consistent with the literature [20,22]. Also, an increase in fiber roughness was noticed because of some clumps of sizing agent (Figure 2.6f). This might be due to poor wetting of the polar coir fiber surface by a non-polar sizing agent [43].

[bookmark: _Toc167611818] Single fiber tensile test
The tensile properties of the different coir fiber samples are presented in Table 2.7. The average tensile strength, Young’s modulus, and strain at break for raw coir fiber used 
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[bookmark: _Ref158635165][bookmark: _Toc167611914]Figure 2.6: SEM images of a) Untreated coir fiber (CoF) showing globular particles on the fiber surface, b) 2 wt% NaOH treated fiber (CoF_2T) surface with pits after the partial removal of the globular particles, c) 5 wt% NaOH treated fiber (CoF_5T) with pits and groves due to the removal of globular particles and lignin from the fiber surface, d) 8 wt% NaOH treated fiber (CoF_8T), e) Untreated coir fiber with 1.5% sizing (CoF_1.5S), f) Treated coir fiber with 1.5% sizing (CoF_5T_1.5S) revealing a non-uniform distribution of sizing agent on the fiber surface.


in this study was 86 MPa, 2.0 GPa, and 20.7% respectively. This is in agreement with the values reported by Adeniyi et al. [5] (tensile strength – 95-593 MPa, Young’s modulus – 2-8 GPa and elongation at break – 4.5-47.0%). Compared to other natural fibers the tensile strength of coir fibers is lower (see Table A1.4) whereas its strain at break is higher. This is due to lower cellulose and higher lignin contents [13,44]. 

After an alkali treatment, the tensile strength increased significantly to a maximum with a 5 wt% NaOH solution (136 MPa, +58%) and then slightly decreased to 125 MPa with a 8 wt% NaOH solution. However, the variations in tensile strength with different NaOH concentrations were not statistically significant. The enhancement in tensile strength using an alkali treatment is due to the removal of surface impurities and wax, as well as some crosslinking of the cellulose molecular chains [10]. Nam et al. [13] also observed an increase in the tensile strength of coir fiber by 71% when treating the fibers with a 5 wt% NaOH solution for 72 hrs. Upon sizing both untreated and treated fibers, the average tensile strength slightly decreased, which might be due to surface flaws generated by a non-uniform coating of the fiber surface. The average tensile modulus also increased significantly after the alkali treatment. The increase in tensile modulus was by 40%, 70%, and 35% with the 2, 5, and 8 wt% alkali treatments, respectively.  This improvement in stiffness with alkali treatment is attributed to the higher crystalline content after removal of lignin, hemicellulose, and impurities from the fibers  [45-47]. Nam et al. [13] also observed an increase in tensile modulus by 113% using a 5 wt% NaOH treatment for 72 hrs. The elongation at break of the coir fibers gradually increased by 17%, 37%, and 60% with 2, 5, and 8 wt% of NaOH solutions, respectively. When using the Tukey-Kramer test, there was a significant difference between the mean elongation at break among the untreated fibers and the 5 and 8 wt% alkali treated fibers. This enhancement in elongation at break with alkali treatment might be due to a breakage of the three dimension cross-linked networks of cellulose and lignin [10,45,46]. 
[bookmark: _Ref158635386][bookmark: _Toc167611895]Table 2.7: Tensile properties of untreated, alkali treated, and sized fibers.
	Sample

	Tensile strength (MPa)
	Tensile modulus (GPa)
	Strain at break 
(%)

	CoF
	86 ± 27b
	2.0 ± 0.5b,c
	20.9 ± 4.4c

	CoF_2T
	122 ± 44a
	2.8 ± 1.0a
	24.4 ± 3.8b,c

	CoF_5T
	136 ± 30a
	3.4 ± 0.7a
	28.6 ± 7.1a,b

	CoF_8T
	125 ± 30a
	2.7 ± 0.6a,b
	33.4 ± 6.7a

	CoF_1.5S
	76 ± 14b
	1.8 ± 0.4c
	27.3 ± 6.3a,b

	CoF_5T_1.5S
	133 ± 24a
	3.1 ± 0.5a
	30.6 ± 5.6a,b


Note: Different letters (i.e., a, b, and c) denote statistically different at p<0.05.

[bookmark: _Ref158635549][bookmark: _Toc167611896]Table 2.8: Weibull parameters corresponding to the different treatment conditions.
	Sample
	Tensile strength (avg) (experimental) (MPa)
	Weibull modulus (m)
	σo= characteristics strength (MPa)
	Error (%)

	CF
	86 
	3.7
	96
	11.6

	CF_2T
	122 
	2.9
	137
	12.3

	CF_5T
	136 
	4.9
	148
	8.8

	CF_8T
	125 
	4.7
	137
	9.6

	CF_1.5S
	76
	5.6
	82
	7.9

	CF_5T_1.5S
	133
	6.2
	143
	7.5






[bookmark: _Toc167611819] Weibull distribution
Natural fibers generally have wide variations in strength which might be due to the presence and distribution of flaws in the fibers attributed to morphological structures such as porosity, variation in fiber diameter, and/or external factors such as processing, handling, or chemical treatment [30,48]. It is imperative to assess such data having wide variations with statistical tools such as a Weibull analysis. The shape factor or Weibull modulus indicates the variation in the fiber strength data. The larger the value, the smaller the variation in the strength data [29,49]. Synthetic fibers have shape factors between 5 and 15, whereas the value for natural fibers varies mostly between 1 and 6 [29,50]. The Weibull moduli of the fibers used in this study were in the range of 2.9-6.2, which is in accordance with the literature. When comparing the different alkali treatment conditions, the Weibull modulus was the highest for the 5 wt% NaOH solution implying lower scattering of fiber strength. Weibull modulus further increased for sized fibers which is due to the low variation in strength distribution [51]. The characteristic strength or the estimated strength values obtained using the shape parameter or Weibull modulus are in good agreement with the experimental values. Table 2.8 presents the Weibull parameters calculated on tensile strength of different coir fiber samples.

[bookmark: _Toc167611820] Single fiber pull-out test
Figure 2.7 shows the mean IFSS values for untreated, alkali treated, and sized coir fiber/PP composites. We were not able to determine the IFSS value for CoF_1.5S because, for the majority of the samples, the fiber broke before being pulled out, which was probably due to the decreased in fiber strength upon sizing as well as increased interfacial adhesion between fiber and matrix [52]. Figure 2.7 shows the untreated coir fiber has the lowest IFSS value of 1.52 MPa, suggesting poor interfacial adhesion between the fiber and the PP matrix due to incompatibility between the hydrophilic coir fiber and the hydrophobic PP matrix. It is also due to the presence of surface impurities [13]. 

With a 2 wt% NaOH solution treatment, the IFSS increased by approximately 25%, which was due to the rough fiber surface due to alkali treatment as shown in SEM micrograph (Figure 2.6a). With a further increase of the treatment concentration to 5 wt%, the IFSS value increased by 32% to 2.01 MPa, which was the highest increase among the different NaOH concentrations. This can be explained by the maximum removal of globular particles and impurities from the fiber surface, making the fiber surface even rougher and consequently increasing the mechanical interlocking between fiber and matrix. For the 8 wt% NaOH treated coir fiber/PP interface, the IFSS value decreased to 1.61 MPa, which might be due to too rough of a fiber surface caused due to an excess of lignin removal [53]. Too rough fiber surface leads to incomplete wetting of the fiber surface by the matrix, creating major defects at the interface.  This is consistent with previous work  for which the authors found an improvement in IFSS up to a concentration of 5 wt% in NaOH, using date palm fibers [53]. The IFSS then decreased with a 10 wt% NaOH solution. The IFSS increased by 87% when adding the 1.5 wt% sizing after the 5 wt% NaOH solution treatment. This remarkable increase in IFSS value for the CoF_5T_1.5S sample is attributed to mechanical interlocking due to the rough fiber surface, along with the probable chemical bonding between the sizing agent and PP [43]. Furthermore, decreased hydroxyl group in sized fibers (as shown in XPS) made fibers hydrophobic in nature which increased the compatibility between fiber and matrix and thus led to increased IFSS.

The Tukey-Kramer test showed that the IFSS value corresponding to the CoF_5T_1.5S was statistically different from all other samples (p value < 0.0001), suggesting the 5 wt% alkali treatment followed by sizing had significant impact on the interfacial properties of coir fiber and PP. Similarly, the IFSS corresponding to CoF_5T was significantly different from CoF with p < 0.05, implying that 5 wt% alkali treatments had a significant impact on the IFSS properties of PP and coir fiber, as compared to no treatment.

[bookmark: _Toc167611821] Discussion
The results show that alkali treatment of coir fiber has notable effects on chemical, thermal, and mechanical properties of the fibers. However, its extent of influence varied with the treatment concentration. Reduction in peak intensity of FTIR transmittance spectra 

[image: ]
[bookmark: _Ref158635697][bookmark: _Ref158635691][bookmark: _Toc167611915]Figure 2.7: Interfacial shear strength of untreated, treated, and sized coir fiber/PP composites. Different letters (i.e., a, b, and c) denote statistically different at p<0.05.
















of alkali treated fibers at 1240 cm-1 and 1732 cm-1 suggested the partial removal of lignin and hemicellulose from the coir fiber. Similar results were found by Akintayo et al. [35], as the authors found that alkali treatment resulted in partial removal of hemicellulose and lignin.  XRD results indicate an increase in crystallinity with alkali treatment, which was due to the removal of amorphous constituents from the fiber surface such as hemicellulose, lignin, and waxes. Removal of these less thermally stable components from the fiber surface further improves the thermal properties of the fibers as onset degradation of the fiber increased from 245 ℃ to 267 ℃, which suggests that the treated fiber can withstand higher temperature than untreated ones during the composites manufacturing. Alkali treatment also resulted in significant improvement in tensile properties of the fibers as compared to untreated fibers. Single fiber pull-out results showed that IFSS value was the highest for the 5 wt% NaOH treated fibers. This was attributed to the improved mechanical bonding between the fiber and the matrix resulting from the removal of globular particles (exposed pits) and rougher fiber surface.  The deposition of a sizing on the fiber surface was confirmed from the FTIR, XPS data and SEM images. However, it was not uniform due to the poor compatibility between the fibers and non-polar sizing agent. Sizing of the fibers led to a decrease in available hydroxyl groups which enhanced the compatibility between the fiber and hydrophobic PP. This was one of the reasons for significant enhancement in IFSS value of PP and alkali treated and sized CoF.

[bookmark: _Toc167611822] Conclusions 
The effect of different NaOH concentrations (2 wt%, 5 wt%, and 8 wt%) during an alkali treatment and of a sizing agent on the properties of coir fibers and interfacial adhesion between coir fibers and a polypropylene matrix was studied. The results show that the 5 wt% NaOH concentration for 6 hrs at room temperature are the optimal alkali treatment conditions that lead to maximum fiber tensile properties (strength- 136 MPa, modulus-3.4 GPa and elongation at break- 28.6%) and maximum IFSS (2 MPa) with the polypropylene matrix. Microscopy revealed that the optimal alkali treatment made the fiber rougher which led to an increase in mechanical interlocking between the fiber and matrix. XPS and FTIR analysis of the alkali treated fibers revealed the partial removal of hemicellulose and lignin. This was consistent with the improvement in crystallinity shown by XRD analysis. Sizing of the fibers led to significant improvement in interfacial adhesion with the matrix. Overall, the results suggest that 5 wt% NaOH treatment followed by sizing leads to improved tensile properties (compared to untreated fibers) and interfacial adhesion with a polypropylene matrix. Based on this study, future work will involve the improvement of the mechanical properties of long coir fibers/polypropylene composites. 
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Long Coir and Glass Fiber Reinforced Polypropylene Hybrid Composites Prepared via Wet-Laid Technique

Abstract
Natural fiber composites offer an advantage in terms of weight saving for many automotive applications; however, many natural fiber composites lack properties to justify substitution for synthetic composites. Hybridizing the natural fiber composites by adding a fraction of synthetic fibers is an innovative approach to provide a balance between composite’s performance and weight saving. In this study, coir fiber (40 wt%)-reinforced polypropylene (PP) composites were hybridized by substituting a fraction of coir fiber with glass fiber (0-30 wt%). The composites were prepared using a novel wet-laid technique followed by compression molding, where the fiber length is preserved. The composites prepared by hybridizing PP/coir fibers with glass fibers were light in weight (6-20% lighter compared to 40 wt% glass fiber reinforced PP) with significantly enhanced tensile (strength – 49-182%, modulus – 54-130%), flexural (strength – 41-104%, modulus – 64-193%), and impact properties (157 - 474%) compared to 40 wt% coir fiber reinforced PP composites. Furthermore, the addition of glass fiber (10-30 wt%) to coir fiber reduced the water-absorbing tendency (by 18-74%) of   PP/coir fiber composites. All in all, this work has potential applications in automotive, mass transit, and truck applications where natural fiber composites are being investigated as alternatives to metal and/or fully synthetic composites. 
Keywords: Hybrid composites, polypropylene/coir fiber composites, glass fiber, wet-laid technique, mechanical properties, water absorption.

[bookmark: _Toc167611826] Introduction
Global climate change and increasing greenhouse gas (GHG) emissions have raised awareness among consumers about the impact of their activities on the environment. In the US, 27% of total GHG emissions are associated with road transport where 60% of the emissions are from passenger cars and light-duty trucks [1].  Different government bodies all around the world have mandated stringent targets for reducing   GHG emissions from road transport. For example, the European Commission has proposed a 55% reduction in GHG emissions from passenger cars by 2030 [2]. These targets can be achieved through various measures, one of which is reducing the vehicle weight. The average passenger vehicle emits approximately 4.6 metric tons of CO2 per year, as per the CO2 emission data by the United States Environmental Protection Agency (EPA) [3]. Studies have suggested that a 10% reduction in vehicle’s overall weight can lead to 6-8% fuel savings [4], which consequently reduces CO2 emissions.

The use of fiber-reinforced polymers (FRPs) in the automotive industry has increased because of their attractive properties such as higher specific strength and modulus, energy absorption capacity, high impact resistance, good corrosion resistance, and lower noise [5]. For example, use of FRPs can reduce a vehicle’s overall weight significantly as these materials are up to 35% lighter than aluminum and 60% lighter than steel [1]. Furthermore, the use of FRPs has reduced the cost and energy associated with tooling and assembly for automotive manufacturing [1]. Commonly used fiber reinforcements are carbon, glass, basalt, and different types of natural fibers. In recent years, automotive industries have been looking for alternatives to curb CO2 emissions and are interested in technologies that are cost-effective and eco-friendly. Natural fiber-reinforced composites (NFRCs) are being used as an alternative to glass fiber composites as natural fibers have approximately 77% lower carbon footprint than glass fiber-reinforced composites [6]. Additionally, natural fiber offers several benefits such as low density, good thermal and vibration insulation, low price, and biodegradability making them a preferred alternative to glass fiber. Despite these benefits, several key issues have limited these materials from wider implementation. These limitations include non-optimal compatibility with polymer matrix, variation in the fiber properties, tendency for moisture uptake, and lower thermal degradation temperature [5,6]. Hybridization is an innovative solution to address these limitations. Hybridization is combining two or more fibers (e.g., synthetic-synthetic, natural-natural, or natural-synthetic) to form a unique intermediate where the deficiency of one is balanced by the merits of the other(s) [5,7]. Hybrid fiber composites prepared by combining natural and synthetic fibers provide a balance of mechanical performance, environmental sustainability, and cost-effectiveness [8]. 

Previous research has been performed on hybrid fiber reinforced composites; Malingam et al. [9] and Pinto et al. [10] examined the influence of stacking sequences of natural and synthetic fiber fabrics on the mechanical properties of the final hybrid composite. In both studies, the authors found that the stacking sequence of the fabrics (natural and synthetic) significantly affects the mechanical properties and the failure mechanism of hybrid composites. Ramnath et al. [11] studied the mechanical properties of intra-layer abaca-jute-glass hybrid composites where the mechanical properties of the hybrid composites can be optimized by fiber orientation. Panthapulakkal et al. [12], Almeida Júnior et al. [13], Ashori et al. [14], and Ghasemzadeh-Barvarz et al. [15]   investigated the mechanical properties of hybrid composites (composed of glass fiber and natural fiber) as a percent of reinforcement where they reported an increase in the strength and modulus of the composites with increasing glass fiber content. However, the extent of properties improvement varied based on the manufacturing technique and the length of glass fiber used.  These studies have suggested that the properties of hybrid composites are affected by the properties of the fiber and matrix, fiber-matrix compatibility, fiber orientation, fiber content, and stacking sequence. 

Fiber length is one of the important aspects that govern the properties of the resulting composites, however it is difficult to process natural fibers using conventional melt processing methods. For example, injection molding and extrusion-compression molding are common thermoplastic composite manufacturing techniques. Feeding long natural fibers (fiber length > critical fiber length (lc)) into an extrusion or injection molding system is challenging due to their lightweight and fluffy nature (i.e., cannot easily be gravity fed) [16], and natural fiber-based long fiber thermoplastic (LFT) pellets are less commercially available in the market. Furthermore, these manufacturing techniques result in fiber attrition. Fiber attrition during processing can deteriorate the mechanical properties of the composite, as fiber lengths above the critical fiber length are necessary to improve strength in the composites [16,17]. For hybrid composites, to fully take advantage of hybridization, fiber attrition should be minimized [12]. 

Wet-laid, an emerging economical non-woven mat-producing technique, is comprised of three steps: (1) dispersion of fiber in water, (2) collection of nonwovens in a wire mesh, and (3) drying the non-woven mats [18].  The wet-laid technique has several advantages including the ability to work with a wide range of fiber types/lengths, to reuse process water, and to mix reinforced fiber and thermoplastic matrix fiber in a single step with negligible fiber attrition [18]. Moreover, thermal degradation of natural fiber reinforcements is minimized as fiber mats are prepared at low temperature and then consolidated at high temperature for a short amount of time in subsequent processes. Several researchers have worked on different aspects of the wet-laid techniques that include mixing techniques, use of different chemicals for dispersion, the effect of fiber length on the dispersion and use of different types of fibers to make the nonwoven [19–22]. 

Ghossein et al. [19] developed an innovative mixing technique for the wet-laid process which enhanced carbon fiber dispersion. Using this mixing technique, Ghossein et al. [19] were able to prepare mats with minimal defects in short mixing time with significant reproducibility; this technique allotted a 20 min mixing time in comparison to 50 min for traditional methods. Yeole et al. [20] studied the effect of adding flocculent, dispersant and binder on the nonwoven mats prepared using this wet-laid technique. The authors found that adding these chemicals in the mixing medium (water in the wet-laid tank) during the wet-laid process improved fiber dispersion in the mat, minimized defects and enhanced wettability during the molding process leading to superior composite performances. Dispersion of fibers to produce fiber mat(s) is also influenced by the fiber length [22]. Wang et al. [22] observed that kenaf fiber mats with fiber lengths of 12 mm and 25 mm exhibited good dispersion whereas mats prepared using 50 mm long fibers were inconsistent and had inadequate dispersion due to fiber entangling during mixing.

In this study, we hypothesized that by adding a fraction of a synthetic fiber (glass fiber) or hybridizing the system, a balance between composite performance and weight savings can be determined for a coir fiber composites system. We examined the relative trade-offs in the properties of coir fiber composites on hybridizing with glass fiber; prepared using a wet-laid- compression molding process where the fiber length is preserved, and high temperature processing time is minimized. The effect of hybridization on mechanical properties of the composites were determined by performing tensile, flexural and impact tests. Similarly, thermal properties were examined by performing thermogravimetric analysis (TGA) to better understand the onset of thermal degradation, heat deflection temperature (HDT) using dynamic mechanical analysis (DMA), and the effect of crystallinity and melting point using differential scanning calorimetry (DSC).  

[bookmark: _Toc167611827] Materials and methods
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Chopped polypropylene (PP) fiber was purchased from MiniFibers Inc. (TN, USA); the fibers had an average length of 6 mm. The specific gravity was 0.90 g/cm3. Coir fiber (CoF) was supplied by SMACAR Solutions, Inc, (NJ, USA) and the fiber length was in the range of 10-300 mm with fiber diameters in the range of 90-360 μm. An alkyl amine surfactant Nalco 8493™ and Nalclear 7768™, a viscosity modifier and anionic flocculent, respectively was procured from Nalco Water (IL, USA). E-glass fiber (average fiber length of 25.4 mm) was purchased from Owens Corning (OH, USA).   

[bookmark: _Toc167611829] Composite fabrication
Randomly oriented non-woven mats (323 grams per square meter (gsm)) of CoF and GF composites were prepared using a non-woven wet-lay process (Figure 4.1). First, the CoF was chopped manually to an average length of 25 mm. Next, the Thwing-Albert wet-laid tank) was prepared by filling with water and adding 2 gm surfactant and 2 gm of flocculent, which improved the surface wettability of the fibers. PP fibers, CoF and GF were added to the tank and mixed for 15 mins until the materials had become visually distributed and intermixed. The water in the tank was then drained leaving a fiber mat on a fine mesh screen. The resulting wet mat was dried at 93 ℃ for 30 mins in an Emerson Speed Dryer (Model 145, ME, USA). Before compression molding, mats were further dried in the oven at 80 ℃ for 24 hrs.

For making composite panels, ten non-woven, dry hybrid mats were stacked in a 305 mm×305 mm mold and were pressed in a Carver hydraulic unit (model #3925, 25 ton, Wabash, IN, USA). The mold was heated at 180 ℃ under a pressure of 10 tons for 20 mins prior to water cooling to room temperature while under 10 tons of pressure. Compositions of all specimens are provided in Table 4.1 where the total fiber loading was fixed at 40 wt% fiber in PP for all composites; the composition is denoted by the fiber type (CoF or GF) followed by the weight percent of fiber (10-40 wt%).

[bookmark: _Toc167611830] Density
The geometrical densities of the composites were determined by using  Equation 4.1. The mass of the specimens was measured using a Mettler Toledo AG245 balance (Mettler-Toledo LLC, OH, USA) with 10-4 accuracy, and dimensions were measured using a digital caliper (MLTools DC8001). Equations to calculate the theoretical density of composites are provided in supplementary information.
[bookmark: _Ref163638419]….. Equation 4.1

[bookmark: _Toc167611831] Thermogravimetric analysis (TGA)
Thermal stability and degradation behavior of the composites was studied using a TGA Q50 (TA Instruments, DE, USA). Samples of mass 15-18 mg were heated from room temperature to 80 ℃ at a rate of 10 ℃/min and were held isothermally for 5 mins to remove moisture. After 5 mins, samples were heated to 600 ℃ at a rate of 10 ℃/min. Experiments were conducted under a nitrogen atmosphere. 



[bookmark: _Ref163638474][bookmark: _Toc167611897]Table 4.1: List of sample composition and identifying sample code.
	Sample name​
	Polypropylene (PP) (wt%)​
	Coir fiber (CoF) (wt%)​
	Glass fiber (GF) (wt%)​

	PP​
	100​
	-​
	-​

	PP_CoF40​
	60​
	40​
	-​

	PP_CoF30_GF10​
	60​
	30​
	10​

	PP_CoF20_GF20​
	60​
	20​
	20​

	PP_CoF10_GF30​
	60​
	10​
	30​

	PP_GF40​
	60​
	-​
	40​
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[bookmark: _Ref163638532][bookmark: _Toc167611916]Figure 4.1: Schematic of hybrid composite preparation via wet-laid method followed by compression molding.





[bookmark: _Toc167611832] Differential scanning calorimetry (DSC)
A DSC 2500 (TA instruments, DE, USA) was used to investigate the melting and crystallization behavior of all composites. The samples were heated from 25 ℃ to 200 ℃ at a rate of 10 ℃/min to remove the thermal history followed by cooling to 25 ℃ at a rate of 10 ℃/min and heating back to 200 ℃ at a rate of 10℃/min. Experiments were conducted under an argon atmosphere at a flow rate of 50 mL/min. 
The degree of crystallinity (χc) was calculated using Equation 4.2.
…..Equation 4.2
where, ΔHm is the enthalpy of melting, ΔH0m is the enthalpy of melting of 100% crystalline PP (reported in literature as 209 J/g) [23], and f is the weight fraction of PP in the composite.

[bookmark: _Toc167611833] Heat deflection/distortion temperature (HDT)
The heat deflection temperature (HDT) was measured for all composites following the ASTM D648 procedure. Slight modifications allowed these experiments to be run on the Discovery series dynamic mechanical analyzer (DMA) (TA Instruments, DE, USA) using the three-point bend fixture. Approximate sample dimensions were 60 mm long, 12.5 mm wide, and 3.5 mm thick. Samples were heated at a ramp rate of 2 °C/min from 30 °C to 150 °C under a constant stress (0.455 MPa or 1.82 MPa) and the HDT is reported as the temperature at which the deflection is equivalent to 0.121% strain. A minimum of 3 samples were tested to ensure statistical significance. 

[bookmark: _Toc167611834] Scanning electron microscopy (SEM)
The fracture morphology of mechanically tested samples and the cross-section of the hybrid samples were studied using Hitachi TM3030 electron microscope (Hitachi High-Tech America, Inc., TX, USA) at an accelerating voltage of 15 kV. 
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Tensile properties of the composites were measured using a Test Resources frame (Test Resources, MN, USA) with a load cell of 50 kN. Five specimens each of 254 mm×25.4 mm×3 mm were prepared and tested according to ASTM D3039 standards. 

[bookmark: _Toc167611836] Flexural test
For the flexural test, a set of five specimens for each composite sample was extracted according to the ASTM D790 standard. Flexural properties were determined as per ASTM D790 at room temperature using a Test Resources frame (Test Resources, MN, USA) with a load cell of 50kN.

[bookmark: _Toc167611837] Izod test
Specimens of dimension 63.5 mm×12.7 mm×3 mm were extracted from the composite panels and were notched 90o. Tinius Olsen IT-504 impact pendulum tester (Tinius Olsen TMC, PA, USA) with a load capacity of 22.6 J was used to investigate the impact properties of the composite samples.

[bookmark: _Toc167611838] Vibration damping test
Vibration behavior of the composites was studied by performing forced vibration test using a Bruel & Kjaer vibration system.  This system is comprised of a 4810 mini-shaker, 8001 impedance head, 3160 LAN-XI module, 2735 power amplifier, and two 2647 CCLD converters. A sample with dimensions of 254 mm × 25.4 mm × 3 mm was mounted on the impedance head (cf. Figure A3.1). The mini shaker generates a 1.6 kHz low bandwidth pseudo random waveform at 1 Hz resolution. The impedance head measures the input force (F) and captures the output acceleration (A) signal of the sample and feeds it to the frequency analyzer. The obtained frequency response function (FRF) had multiple modal responses, however, only Mode 1 was considered in this study due to the high amplitude and clean response. The values of frequencies obtained from Mode 1 were used to calculate the damping ratio using half-power bandwidth method [24,25].

[bookmark: _Toc167611839] Water absorption test
The water absorption test was performed according to ASTM D570-98. Three specimens each of dimension 76.2 mm × 25.4 mm × 3 mm were cut out for each composition. Dry samples were weighed using a Mettler Toledo AG245 balance (Mettler-Toledo LLC, OH, USA) with 10-4 accuracy. The samples were then immersed fully into distilled water. The samples were taken out of the water periodically, dried using the paper towel and weighed. Weight gain (Wg) due to water absorption was calculated using  Equation 4.3:
..... Equation 4.3
where Wt is the weight of the specimen after a certain time and W0 is the initial weight of the dried specimen.

[bookmark: _Toc167611840] Statistical analysis
The mechanical properties of the composites were statistically analyzed using analysis of variance (ANOVA) and the Tukey Kramer test at the significance level of 0.05. All statistical analysis was performed using JMP 17 software (NC, USA).

[bookmark: _Toc167611841] Results and Discussion
[bookmark: _Toc167611842] Density
The experimental and theoretical densities of all hybrid composite formulations are presented in Figure 4.2. Among all formulations, the density of PP_CoF40 was the lowest (geometrical-0.83 g/cm3) whereas PP_GF40 was highest (geometrical-1.13 g/cm3) due to the lower density of CoF (1.23 g/cm3) as compared to that of GF (2.55 g/cm3). For hybrid composites, as the CoF content decreased and the GF content increased, the density of the composites also increased. Figure 4.2 depicts that the theoretical density of the composites is higher than their experimental density. We postulate this is due to the presence of micro-voids and pores; the hydrophilic CoF is incompatible with the hydrophobic PP and resulting in a poor fiber matrix interface (see Figure 4.5b). Porosity may form at the matrix-fiber interfaces due to non-optimal interactions of the reinforcement and matrix [26]. With the increase in GF content in the composite, difference between the theoretical and geometrical density decreased, implying reduction in void content at high GF to CoF ratio.

[bookmark: _Toc167611843] Thermogravimetric analysis (TGA)
Figure 4.3 presents the thermogravimetric (TG) (Figure 4.3a) and derivative of thermogravimetric (DTG) (Figure 4.3b) curves of all hybrid fiber composites with varying contents of CoF and GF. The TG curve of the neat PP shows that it has an onset degradation temperature of 434.7 ℃ and the DTG curve represents the single-step degradation of PP with a maximum degradation temperature of 462.8 ℃. In contrast, for all composites containing CoF, the DTG curves indicate a two-step degradation and the onset temperature decreased (see Table 4.2). This behavior was due to the presence of CoF which starts to decompose earlier than the PP. In the case of hybrid composites, even though the onset degradation temperature was not improved, the temperature at 5% mass loss (T5) and the temperature at 50% mass loss (T50) increased remarkably for PP_CoF20_GF20 and PP_CoF10_GF30 which was due to the high thermal stability of the GF. At 600 ℃, a significant amount of char residue was obtained for PP_CoF40 (10.4%) which gradually increased for hybrid composites with the addition of GF and was maximum for 40 wt% GF reinforced PP (36.5%). This increase in char upon adding GF is attributed to the resistance of GF to the higher temperature. Essentially, the TGA result demonstrates an improvement in thermal stability of hybrid composites with increasing GF concentration. Improved thermal stability of these hybrid composites creates avenue for “under-the-hood” applications in automotive for example, where thermal stability is a key parameter [27].

[bookmark: _Toc167611844] Differential scanning calorimetry (DSC)
Table 4.3 presents the melting temperature (Tm), enthalpy of melting (Hm), crystallization temperature (Tc), enthalpy of crystallization (Hc) of the hybrid composites obtained from DSC. The Tm and Tc of neat PP were around 165 ℃ and 110 ℃, respectively. The addition of CoF and/or GF did not lead to a significant change in the melting and crystallization temperature of PP.
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[bookmark: _Ref163638816][bookmark: _Toc167611917]Figure 4.2: Experimental and theoretical densities of the studied composites. 
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[bookmark: _Ref163638904][bookmark: _Toc167611918]Figure 4.3: a) TG curve and b) DTG curve of studied PP composites with varying content of CoF and GF. 

 The Hm and Hc of neat PP decreased on incorporating GF and/or CoF and had no significant difference in varying the CoF and GF ratio. This pattern aligns with the results obtained by Reale Batista et al. [28] where authors found a decrease in Hm and Hc of neat PP with the incorporation of cellulose and different inorganic fillers such as GF, talc, and GF/mica. The degree of crystallization was calculated using Equation 4.2 where enthalpy of melting for 100% crystalline PP was taken as 209 J/g [23]. The degree of crystallinity of neat PP was increased from 41.2% to 47.7% and 48% upon the addition of 40 wt% CoF and 40 wt% GF, respectively due to the formation of nucleation sites at the fibers that accelerate the crystallization rate [29]. Since the degree of crystallinity was similar for all compositions, we postulate that crystallinity differences are not a significant contributor to differences in experimental density shown in Figure 4.2. The DSC curves are shown in Figure A3.2.

[bookmark: _Toc167611845] Heat deflection
A common indicator of composite applicability for the automotive industry is HDT. Composites are of interest for the automotive industry for their high strength to weight ratios and the HDT indicates their ability to maintain loads under variable temperature; this is particularly of interest as these materials will be exposed to a variety of high and low temperature climates throughout their lifetime. Both high and low stress HDT values are reported with similar results as seen in Figure 4.4 and Figure A3.3, respectively. The HDT value increases with the GF concentration where the addition of CoF provides negligible increases in HDT; this trend is reasonable given the higher stiffness values of GF (72.30 GPa) over CoF (1.98 GPa). For example, the addition of 40 wt% GF results in a 167% increase in composite HDT while the addition of 40 wt% CoF produces a nominal 7.5% increase in HDT. The hybrid composite HDT values exist between these two extremes. In addition, oscillatory stress and frequency sweeps were performed at two temperatures, confirming the increased resistance to deformation with increasing GF content (cf. Figure A3.4). As expected, the error is larger for low stress samples and for the hybrid systems, as compared to neat CoF or GF composites. We postulate this increase in error is due to bundles of glass fibers within the composites, as shown in SEM images (cf. Figure 4.5).

[bookmark: _Ref163638949][bookmark: _Toc167611898]Table 4.2: Temperature at 5% mass loss (T5), temperature at 50% mass loss (T50) and residue at 600 ℃ for studied PP composites from TGA curve.
	Sample
	Onset temperature (℃)
	T5 (℃)
	T50 (℃)
	Residue at 600 ℃ (wt%)

	PP
	434.7
	404.3
	456.8
	0

	PP_CoF40
	267.3
	291.9
	454.2
	10.4

	PP_CoF30_GF10
	265.5
	288.4
	455.1
	16.5

	PP_CoF20_GF20
	267.3
	325.4
	466.5
	26.5

	PP_CoF10_GF30
	265.6
	358.1
	464.9
	32.5

	PP_GF40
	434.9
	414.4
	463.9
	36.5





[bookmark: _Ref163638972][bookmark: _Toc167611899]Table 4.3: DSC data for all composite formulations where, Tm is the melting temperature, Hm is the enthalpy of melting, Tc is the crystallization temperature, Hc is the enthalpy of crystallization, and Xc is the degree of crystallization.
	Sample
	Tm (℃)
	Hm (J/g)
	Tc (℃)
	Hc (J/g)
	χc (%)

	PP
	164.6
	86.0
	110.2
	95.7
	41.2

	PP_CoF40
	165.6
	59.8
	113.3
	71.6
	47.7

	PP_CoF30_GF10
	165.3
	57.7
	112.7
	65.8
	46.0

	PP_CoF20_GF20
	165.1
	56.9
	114.1
	63.9
	45.4

	PP_CoF10_GF30
	163.8
	64.8
	112.9
	67.4
	51.6

	PP_GF40
	164.3
	60.2
	110.4
	64.4
	48.0
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[bookmark: _Ref163639090][bookmark: _Toc167611919]Figure 4.4: HDT average values are reported for all composites at high stress values of 1.82 MPa.  














[bookmark: _Toc167611846] Scanning electron microscopy
SEM images of the composite cross-sectional areas (along the thickness) of PP_CoF40, PP_GF40 and PP_CoF10_GF30 are seen in Figure 4.5. Figure 4.5a illustrates the dispersion of CoF in the PP matrix and the presence of pores that might have been formed during the manufacturing process.  This poor interface between CoF and PP matrix seen in PP_CoF40 (cf. Figure 4.5b) is due to the incompatibility between the hydrophilic CoF and hydrophobic PP. This agrees with the density results (cf. Figure 4.2) where experimental density was lower than the theoretical one, probably due to the weak interface and voids/porosity in the composites. Figure 4.5c and d show the distribution of glass fiber bundles in the PP matrix. Glass fiber bundles are well dispersed in the polymer matrix. However, the uniform dispersion of individual glass fiber was not achieved which might be due to the sizing in the glass fiber. Strong interfacial adhesion between the GF and PP was observed as evidenced by minimal voids or pores seen in PP_GF40 composites (cf. Figure 4.5d).  In the case of hybrid composite, well dispersion of glass fiber bundles and coir fibers in the polymer matrix was observed (cf. Figure 4.5e).

[bookmark: _Toc167611847] Vibration damping properties
Different automotive systems such as engine and power train and external factors such as road input and climate generate vibrations that results in interior noise, premature wear of parts and stress fatigue failure [30,31]. To achieve vehicle quality, safety, performance, and customer satisfaction, it is of utmost importance to reduce vibrations in passenger vehicles [30]. Vibration can be reduced/ dissipated using different methods, among which is material selection that exhibits better vibration damping. Damping is the ability of material to dissipate or absorb energy from vibrations [32]. 

Table 4.4 presents the damping properties of PP and PP_CoF_GF hybrid composites with varying content of CoF and GF. Results show that the damping ratio of neat PP decreased from 3.71% to 1.75% with incorporation 40 wt% CoF. 
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[bookmark: _Ref163638842][bookmark: _Toc167611920]Figure 4.5: SEM images of the polished cross-sectional areas of PP_CoF40 (a and b), PP_GF40 (c and d), and PP_CoF10_GF30 (e and f) indicating CoF, GF, pores, and fiber-matrix interface.

PP being viscoelastic in nature, can dissipate energy through mechanical deformation which results in higher damping properties. Incorporating 40 wt% CoF shifts the response of PP from viscoelastic to elastic behavior, which leads to reduced damping [31,33]. Studies have suggested that composites with higher fiber reinforcement results in decreased damping ratio [31–33].  In addition to fiber content, damping properties depend on several factors such as the resin and fiber type, fiber matrix-interface, fiber orientation and probable defects or voids in the composite [32]. Damping ratio gradually decreased with increasing GF to CoF ratio in PP_CoF_GF hybrid composites. This decrease is expected due to the less vibration damping behavior of GF compared to CoF [34]. CoF is composed of lignocellulosic components such as cellulose, hemicellulose, lignin, and pectin, which are considered as viscoelastic material [31].  Mode 1 resonant frequency of the neat PP increased from 55.6 Hz to 66.9 and 72.4 Hz for the 40 wt% of CoF and GF composites, respectively; we postulate this frequency increase is due to the reduction in damping ratio. However, no clear trend on mode 1 resonant frequency was observed for hybrid composites.

[bookmark: _Toc167611848] Tensile test
Table 4.5 presents the effect of fiber hybridization on the tensile properties of the composites. The tensile strength of the neat PP used in this study was 27.6 MPa. Adding 40 wt% of CoF decreased the tensile strength by 35%. This significant reduction in strength was due to the non-optimal adhesion between the CoF and PP matrix (see SEM image, Figure 4.5a and b). Furthermore, the voids formed during the composite manufacturing led to microcracks under loading and thus resulted in decreased strength [35]. This result is in agreement with Ghasemzadeh-Barvarz et al. [15], where authors observed a reduction in tensile strength of PP upon adding 40 wt% flax fibers. The authors explained this was due to the weak fiber matrix adhesion and low transverse tensile strength of the flax fibers. On incorporating the GF in PP_CoF composites, the tensile strength of the composites increased. As shown in Table 4.5, the variation in ratio of GF to CoF had significant influence on the tensile strength attributed to the stronger GF, improved interaction between the GF and PP, and the retention of fiber length in the final composites. 
[bookmark: _Ref163639444][bookmark: _Hlk163242491][bookmark: _Toc167611900]Table 4.4: Resonant frequency and damping ratio for Mode 1 of PP and PP_CoF_GF hybrid composites.
	Material​​
	Resonant frequency (Hz)​​
	Damping ratio (%)​​

	PP​​
	55.6 ± ​4.5​
	3.71 ± 0.52​​

	PP_CoF40​​
	66.9 ±​ 2.4 
	1.75 ± 0.13​​

	PP_CoF30_GF10​​
	66.3​ ± 4.1​
	1.58 ± 0.11​​

	PP_CoF20_GF20​​
	66.3 ±​ 3.1​
	1.48 ± 0.05​​

	PP_CoF10_GF30​​
	62.3 ± 3.3​​
	1.50 ± 0.17​​

	PP_GF40​​
	72.4​ ± 2.8​
	1.24 ± 0.25​​






[bookmark: _Ref163639507][bookmark: _Toc167611901]Table 4.5: Tensile properties of the studied composites and mineral filled composites. Different letters (i.e. a, b, c and d) denote statistically different at p < 0.05.
	Samples
	Tensile strength (MPa)
	Tensile modulus (GPa)
	Strain at break (%)
	Reference

	PP
	27.6 ± 0.51
	1.58 ± 0.09
	14.44 ± 3.13
	This study

	PP_CoF40
	17.93 ± 0.63a
	1.85 ± 0.12a
	4.06 ± 0.33a
	

	PP_CoF30_GF10
	26.77 ± 1.60b
	2.84 ± 0.20a
	1.88 ± 0.35b
	

	PP_CoF20_GF20
	36.75 ± 3.21c
	4.19 ± 0.65b
	1.50 ± 0.42b
	

	PP_CoF10_GF30
	50.61±1.21d
	4.26 ± 0.30b
	1.88 ± 0.19b
	

	PP_GF40
	58.11 ± 3.95e
	6.26 ± 1.30c
	1.26 ± 0.32b
	

	PP/talc (30 wt%)
	30.4
	4.61
	3.6
	[28]

	PP/talc (30 wt%)
	20
	2.67
	
	[38]








Tensile strength was enhanced by 49%, 105% and 182% by replacing 10, 20 and 30 wt% of CoF with GF in the hybrid composites. However, Jarukumjorn et al. [36] found insignificant improvement in tensile strength by replacing 20 wt% sisal fiber with GF in PP/sisal (30 wt%) composites. The manufacturing technique used in their study was melt mixing followed by injection molding. In another study, Kahl et al. [37]   did not observe enhancement in tensile strength of hybrid composites by increasing the GF content. They used twin screw extrusion followed by injection molding to prepare hybrid composites. In both studies, fiber attrition occurred during the compounding and injection molding step which consequently affected the strength of the composites. Thus, the distinct effect of hybridization on the strength of the hybrid composite was not observed. Tensile strength of the hybrid samples prepared in this study are comparable (PP_CoF30_GF10) and some even exceed (PP_CoF20_GF20 and PP_CoF10_GF30) than the strength of 30 wt% talc filled PP (30.4 MPa) [28].

In the present study, we found the tensile modulus of neat PP increased from 1.58 to 1.85 GPa by incorporating 40 wt% of CoF. On replacing CoF with GF, an incremental increase in tensile modulus was observed. Replacing 10, 20 and 30wt% of CoF with GF, improved the tensile modulus of composites by 54%, 127% and 130% respectively. This was due to the higher stiffness of GF (72.30 GPa) compared to CoF (1.98 GPa). Reale Batista et al. [28] observed a similar trend of increased tensile modulus by replacing cellulose with GF.  No significant difference in tensile modulus was observed for the composites with 20 and 30 wt% of GF. The tensile modulus of the hybrid composites prepared in this study is within the range of modulus value of 30 wt% talc filled PP composites studied by Nofar et al. [38] (2.67 GPa) and Reale Batista et al. [28] (4.61 GPa).  Figure 4.6 illustrates the typical tensile stress-strain curve of the studied composites. It can be seen from Figure 4.6 that the ductile nature of PP changed with the addition of fiber reinforcement. Strain at break of the neat PP was 14.44%.  Adding 40 wt% CoF, led to significant reduction in strain at break of PP to 4.06% as molecular rearrangement does take place [23]. Hybridizing PP_CoF composites with GF further resulted in decreased strain at break due to the lower elongation at break of GF (3-5%) [5,39]. However, no significant difference was found in the strain as a function of GF content.

Theoretical modeling of tensile modulus
There are different theoretical models used to describe the tensile modulus of composites such as the rule of mixture, Halpin-Tsai model. In this work, the rule of mixture (ROM) and a modified rule of mixture (Krenchel model) was used to compare with the experimental value. 
A generalized rule of mixture (ROM) for modulus of the hybrid composites can be described by:
…..Equation 4.4
Modified rule of mixture for modulus of the hybrid composites can be described by [40]:
…..Equation 4.5
where  represents the composite efficiency factor (Krenchel). Its value is 1, 0.5 and 0.375 for unidirectional, biaxial and random (in-plane) fiber orientation respectively [40]. Furthermore ECoF, EGF, and Em the modulus of the CoF, GF and PP respectively. VCoF, VGF and Vm is the volume fraction of the CoF, GF and PP respectively, where VCoF + VGF + Vm = 1.

Figure 4.7 shows the theoretical modulus prediction based on ROM and a modified ROM in comparison to experimental results. Both models followed the same trend of increased modulus with an increase in GF content. For PP_CoF40, both theoretical modulus values agreed with the experimental value. However, for the composites with GF, ROM overestimated the tensile modulus. We postulate this discrepancy is due to the ROM yielding more accurate predictions for sufficiently long and highly oriented fibers along load direction [41]. The modified ROM adjusted better with the experimental values for all samples as it adjusted by the composite efficiency factor which varies with fiber orientation.
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[bookmark: _Ref163639964][bookmark: _Toc167611921]Figure 4.6: Stress-strain curve of the studied composite under tension.
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[bookmark: _Ref163643205][bookmark: _Toc167611922]Figure 4.7: Experimental and theoretical modulus of hybrid composites.

[bookmark: _Toc167611849] Flexural test of hybrid composites
Flexural properties of all hybrid composites with varying CoF and GF content are presented in Figure 4.8. Flexural strength and modulus of the neat PP used in this study was 47.17 MPa and 1.3 GPa, respectively. By incorporating 40 wt% of CoF, flexural strength decreased notably by 26% whereas there was insignificant change in flexural modulus, possibly due to the poor adhesion between the CoF and PP matrix.  Similarly, flexural properties of the hybrid composites improved with incremental additions of GF to the CoF composites. For the flexural strength, 41%, 59% and 104% increments were observed on replacing 10, 20 and 30 wt% of CoF with GF, respectively; flexural modulus was enhanced by 64%, 101% and 193% on substituting 10, 20 and 30 wt% of CoF with GF respectively. This significant enhancement in properties is attributed to the stronger and stiffer GF. In contrast, Jarukumjorn et al. [36] observed insignificant effect of increasing GF on flexural properties of PP/sisal fiber composites which might be due to the GF length reduction during composites manufacturing. Bending failure and shear failure are two common failure modes in three-point bend test [27]. For hybrid composites with high GF content, GF offers increased resistance shear failure, resulting in enhanced flexural properties [27]. The flexural properties of 40 wt% GF composites were the highest due to the high technical fiber strength of GF (3445 MPa). Compared to tensile strength, the flexural strength of the hybrid composites is higher suggesting that hybrid composites perform better under compressive load than tensile load [27].

[bookmark: _Toc167611850] Izod impact tests of hybrid composites
 The impact strength of a composite depends on several factors such as properties of the individual fibers, content and length of reinforcing fibers, and interfacial adhesion between the fiber and matrix [42,43]. The impact strength of the CoF_GF reinforced PP with the variation of fiber loading 40/0, 30/10, 20/20, 10/30, and 0/40 by weight fraction are presented in Figure 4.9. Impact strength of neat PP was 2.53 KJ/m2. Reinforcing the PP with 40 wt%  CoF resulted in an increase in impact strength by 391% which is due to the increase in resistance to crack propagation as fibers bridge the cracks [44]. 
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[bookmark: _Ref163640009][bookmark: _Toc167611923]Figure 4.8: Flexural properties of PP_CoF, PP_GF, and PP_CoF_GF composites. Different letters (i.e. a, b, c and d) denote statistically different at p < 0.05.













While there are no direct comparisons to literature, we attempt to provide context of our results to similar studies in a general sense. Our impact results are in contrast to that reported by Ghasemzadeh-Barvarz et al. [15] where the authors observed a decrease in impact strength of PP on incorporating 40wt% flax fiber. They explained this reduction in impact strength was due to the limited ductility and hollow structure of the flax fibers. 

In our study, replacing 10, 20, and 30 wt% CoF with GF, impact strength increased by ~157%, ~375% and ~474 %, respectively. Reale Batista et al. [28] found 91% increase in impact strength on replacing 15 wt% cellulose A with long GF in PP/cellulose A composites and 69% in impact strength on replacing 15 wt% cellulose B with short GF in PP/cellulose B composites. Enhancement in impact properties of hybrid composites in our study is comparatively higher than that presented by Reale Batista et al. [28]. This might be attributed to the length of reinforced fibers. Reale Batista et al. [28]’s samples were injection molded study which led to fiber attrition. Longer reinforced fibers result in higher impact strengths due to longer fiber pull-out and increased resistance to fracture (cf. Figure 4.10) [37]. PP_GF40 had an impact strength of 70.1 KJ/m2. We found that there was significant variation in impact strength among all the composite samples except PP_CoF10_GF30 and PP_GF40. Ghasemzadeh-Barvarz et al. [15] and Samal et al. [44] also reported enhancement in impact strength of PP/natural fiber composites on hybridizing with GF. Additionally, the impact strength of the hybrid composites prepared in this study surpasses the impact strength of 30 wt% Talc filled PP composites (20 kJ/m2) and is also higher than the impact strength limit preferred for an exterior automotive part (i.e. 15 kJ/m2) [38].

[bookmark: _Toc167611851] Water uptake test on hybrid composites
Water absorption by composites can take place through different phenomena such as absorption by the fiber strands itself via hydrogen bonding, diffusion through capillary gaps between fiber and matrix, micro or nano gaps in between chains of base matrix and/or through micro-defects from the surface of the composites [15,45–47].
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[bookmark: _Ref163640048][bookmark: _Toc167611924]Figure 4.9: Impact strength of CoF, GF and hybrid CoF and GF reinforced PP composites. Different letters (i.e. a, b, c and d) denote statistically different at p < 0.05.


[image: A picture containing graphical user interface

Description automatically generated]
[bookmark: _Ref163640078][bookmark: _Toc167611925]Figure 4.10: a) Izod impact tested PP_CoF20_GF20 sample showing GF resisting complete failure b) SEM image of fractured sample indicating fiber pull-out and fiber breakage.
Figure 4.11 shows the water absorption percentage as a function of time for the PP_CoF_GF composites with the varying content of CoF and GF. The water absorption percentage increased with increasing immersion time and coir fiber content. The maximum water absorption percentage for PP_CoF40 was 20.9% which was comparatively higher than the values reported in the literature for PP/40 wt% flax (9.4%) [15] and recycled PP/40 wt% oil palm empty fruit bunch fiber composites (7.7%). This increase is due to the longer fibers being used in our study (approximately 25.4 mm) compared to literature (3-5 mm).  Haameem   et al. [48] observed the highest water absorption for long Napier fiber reinforced composites compared to that of short Napier fiber reinforced composites. Long untreated fibers tend to absorb more water than short and treated fibers due to hydrophilic nature of fibers that form hydrogen bonds with water, resulting in weak interfaces which act as water transport pathways within the composites [48]. The water absorption percentage gradually decreased to 17.1% for PP_CoF30_GF10, 12.4% for PP_CoF20_GF20 and 5.34% for PP_CoF10_GF30 due to the replacement of hydrophilic CoF with hydrophobic GF. A similar reduction in water absorption was observed by Ashori et al. [14], Islam et al. [49] and Panthapulakkal et al. [12] by hybridizing natural fiber composites with GF. The maximum water absorption percentage for PP_CoF40 was 1.4% which was in accordance with literature [15].

[bookmark: _Toc167611852] Manufacturing of representative automotive part shapes for demonstration
Figure 4.12 illustrates two different representative automotive part shapes made up of hybrid coir (20 wt%) and glass fiber (20 wt%) reinforced PP. The nonwoven mats were prepared via wet-laid technique using similar processing parameters as described in section 2.2. Nonwoven hybrid mats were stacked on the mold and compression molded at 180 ℃, 7 tons for 20 mins and was cooled down to room temperature maintaining the 7 tons pressure.  No warpage was observed in either of the parts. The first part (cf. Figure 4.12a) had a rectangular draw of 30 mm depth, flange thickness (average) of 2.5 mm and wall thickness (average) of 2.2 mm. The second part (cf. Figure 4.12b) had top curved surface with 20 mm draw on side and overall thickness (average) of 3 mm. 
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[bookmark: _Ref163640144][bookmark: _Toc167611926]Figure 4.11: Water absorption curve for CoF and GF reinforced hybrid PP composites.
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[bookmark: _Ref163640183][bookmark: _Toc167611927]Figure 4.12: Automotive parts made by compression molding PP_CoF20_GF20 non-woven mats.



The ability of these nonwoven hybrid mats to form such complex shapes with deep draws and features will enhance their value in future products.

[bookmark: _Toc167611853] Discussion
The results show that among tensile, flexural and impact properties, impact strength was most sensitive to hybridization. The impact strength of the PP_CoF40 composite was improved by (∼157–474%) on substituting 10–30 wt% of coir fiber with glass fiber. The tensile strength and modulus were enhanced by (∼49–182%) and (∼54–130%) respectively and flexural strength and modulus were improved by (∼41–104%) and (∼64–193%) respectively on substituting 10–30 wt% of coir fiber with glass fiber. The improvement in mechanical properties upon hybridization found in this study was comparatively higher than that reported in different hybridization studies by Jarukumjorn et al. [36]., Kahl et al. [37] and Reale Batista et al. [28] This was attributed to the manufacturing technique used in this study i.e. wet-laid technique in which long fibers (e.g. 1 in was used in the present study) can be used, fibers experience minimal attrition during 
the manufacturing process (i.e. minimal fiber length degradation), and good distribution of the fibers is achieved in the matrix. Furthermore, nonwovens prepared using this technique had the ability to form shapes and be scaled up for practical applications and the technique enables use of recycled and natural material that are typically discontinuous, which is conducive to further development of hybrid composites.

[bookmark: _Toc167611854] Conclusion
In the present study, significant improvement in the mechanical properties of 40 wt% coir fiber reinforced polypropylene composites on hybridizing with glass fiber were demonstrated. A distinct effect of hybridization was observed as the long glass fiber used for hybridization exhibited minimal attrition of glass fiber during the manufacturing process. Tensile strength and modulus of the hybrid composites were enhanced by 49–182% and 54–130% respectively on substituting coir fiber by 10–30 wt% glass fiber. Similar trends of enhancement in flexural and impact properties were observed on hybridization. Hybrid composites also demonstrated enhanced thermal stability. In addition, we noted a significant reduction (18–74%) in water uptake behavior on hybridizing with glass fiber. SEM images depicted non-optimal fiber matrix interface between the coir fiber and polypropylene; however, we postulate this interfacial adhesion could be improved by fiber surface treatments and/or compatibilizers in future studies. These hybrid composites of light weight and improved mechanical, thermal, vibrational damping and water absorption properties are a promising alternative to metal and/or synthetic composites for automotive and related applications.
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Life Cycle Assessment of Coir Fiber Reinforced Composites for Automotive Applications

Abstract
[bookmark: _Hlk162885197]Past decades have seen an increasing prevalence of natural fiber-reinforced composites (NFRCs) due to growing conscientiousness around sustainability and a push towards vehicle lightweighting. Factors, such as fiber types (e.g. hemp, flax, etc.), whether natural fiber is co-product or by-product, fiber form (discontinuous or sliver), and supply chain, affect energy and emissions associated with the natural fiber as well as the NFRCs. Consequently, it is important to validate claims around NFRCs energy and emissions due to the large variability and variety of these products, particularly where material substitutions are concerned, such as in the substation of glass-fiber with natural fiber. The objective of this work is to determine the cumulative energy demand (CED) and greenhouse gas emissions (GHG) associated with an automotive part (of volume 0.001 m3) made from 40 weight (wt) % coir fiber reinforced polypropylene (PP) and compared with a similar part (assumed to be door panel) made from 40 wt% glass fiber reinforced PP. For both material systems, the composite part was prepared by compression molding of nonwoven wet-laid mats. The study provides insight into CED and GHG related to material production, material transport, manufacturing, and use phase (mass-induced fuel consumption) associated with these parts. The results showed that the life cycle (excluding end-of-life) CED and GHG associated with the coir fiber composite part was ~24% (CED) and ~24% (GHG) lower than the glass fiber composite part. Furthermore, for both material systems, among the different life cycle stages of the part, the use phase (70-73% of CED, 77-80% of GHG) accounted for the maximum CED and GHG impact, followed by part manufacturing (~16% of CED, 14-15% of GHG), material (11-14% of CED, 5-9% of GHG), and transportation (0-0.3% of CED, 0-0.3% of GHG). Scenario analysis revealed that substituting 10, 20, and 30 wt% glass fiber with coir fiber reduces the energy and emissions associated with the composite compared to glass fiber composite. Overall, the results presented in this study will help researchers as well as automakers to make wise decisions regarding material selection (i.e. coir fiber or glass fiber), material acquisition distance/transportation, and vehicles to target for lightweighting based on the CED and GHG associated with each. 

Keywords: Life cycle assessment (LCA); Cumulative energy demand (CED); Greenhouse gas emissions (GHG); Coir fiber composites; Glass fiber composites; Hybrid composites; Natural fiber reinforced composites (NFRCs); Automotive

[bookmark: _Toc167611857] Introduction
Due to the relative contribution of the transportation sector to U.S. and global GHG emissions (28% of U.S. and 20% of global - [1,2]), many regulatory agencies are proposing and setting regulations for vehicle efficiency and GHG emissions. In the U.S., the Environmental Protection Agency (EPA) has proposed standards for the Model year (MY) 2027-2032 vehicles, where the average target of GHG for the light-duty fleet (for MY 2032) is 82 grams/mile (g/mile) of CO2 [3]. This is a 56% reduction in projected fleet average GHG target levels relative to the existing MY 2026 standards.   One key decarbonization opportunity in vehicles is replacing conventional materials, such as mild steel and cast iron, with lightweight materials, such as aluminum and polymer composites [4]. Among different lightweight materials, fiber-reinforced composites are gaining attention in the automotive industry due to their lower density (1.25- 2.5 g/cm3), higher modulus, good corrosion resistance, higher hardness, and strength [5,6]. Studies have mentioned that fiber-reinforced composites can contribute to 15-40% vehicle weight reduction [7,8]. Previously, manufacturers have focused on light-weight metals and glass or carbon fiber composites for lightweighting, but with the increasing drive for further decarbonization and the growing consumer awareness of materials' impact on the environment, automakers are seeking sustainable and/or renewable and cost-effective material options, that can meet the required performance specifications. Properties, such as low cost (0.2-4.2 USD/kg), low density (1.2-1.6 g/cm3), abundant availability, renewability, and non-toxicity of natural fibers make natural fiber-reinforced composites (NFRCs) a potential alternative to glass fiber-reinforced composites (GFRCs), which are typically used in automotive applications [9-11]. With growing interest in NFRCs, many types of natural fibers are being considered as potential reinforcements for composites, including flax, hemp, jute, and coir [12-14]. NFRCs are currently being used in different parts of vehicles, such as door panels, dashboards, seat backs, and other interior parts [8,13,15]. Even though NFRCs are generally considered sustainable alternatives to conventional composites, it is of utmost importance to have in-depth assessment of NFRCs to ensure the lower GHG emissions compared to GFRCs by performing life cycle assessment (LCA). 

Several researchers have worked on different aspects of LCA of NFRCs, such as production of fibers [16,17], different types of natural fibers for reinforcement [18], fiber treatment [19], different manufacturing processes [20] and so on. Dissanayake et al. [16] showed that while flax fiber in sliver form (randomly aligned, before carding, 59 GJ/tons) has nearly the same energy requirements as a glass fiber mat (randomly oriented, 55 GJ/tons), spun flax yarn (86 GJ/tons) is much more energy intensive than continuous glass fiber reinforcement (26 GJ/tons). Similarly, Dong et al. [17] found that without the spinning process, ramie fibers have lower ozone depletion potential (7.88×10-10 kg CFC-11 eq/ton for ramie fiber vs. 483×10-10 kg CFC-11 eq/ton for glass fiber), but similar climate change impacts (1770 and 1740 kg CO2 eq/ton for ramie fiber and glass fiber, respectively) and terrestrial acidification potentials (10.9 and 10.3 kg SO2 eq./ton for ramie fiber and glass fiber, respectively) compared to glass fiber. The authors found that the degumming process was the main cause of environmental pollution since the degumming process includes the use of chemicals and the release of treated wastewater. However, if the spinning step is included, glass fiber has lower values compared to ramie yarns for most environmental impact categories, such as climate change, terrestrial acidification, freshwater eutrophication, human toxicity potential, photochemical oxidant formation, freshwater ecotoxicity, and fossil depletion, except for ozone depletion (8.26×10-10 kg CFC-11 eq./ton for ramie yarns and 483×10-10 kg CFC-11 eq./ton for glass fibers). Boland et al. [21] studied the life cycle energy and GHG emission associated with 30 wt% cellulose fiber/polypropylene (PP) composites and 40 wt% kenaf fiber/PP composites compared to 30 wt% glass fiber/PP counterpart. The authors found that cradle-to-gate energy use is 2.2% and 4.1% higher for cellulose fiber composites compared to glass fiber composites and kenaf fiber composites, respectively. Overall, studies have shown that the form of natural fiber reinforcement (discontinuous or continuous) and type of natural fibers used (such as flax, cellulose, hemp etc.) influence the fibers’ environmental impact, as well as NFRCs. 

LCA including the use phase of NFRCs can further elucidate the pros and cons of NFRCs for automotive applications by including the impacts of the vehicle lightweighting. A study by Alves et al. [19] found that until the production phase, GFRC bonnets (of the off road vehicle- (Buggy)) have lower environmental impact in categories such as carcinogens (~27%) , respiratory organics (~4%), respiratory inorganics (~7%), climate change (~4%), radiation (~32%), acidification/eutrophication (~6%), minerals (60%) when compared to jute (NFRC) bonnets but in the categories such as ozone layer (~153% ), ecotoxicity (~33%) and fossil fuels (~15%) impact was higher than jute fiber bonnets. However, when including the use phase, jute fiber bonnets have better environmental performance compared to glass fiber bonnets (average of 9% higher for the GFRCs). This is due to the reduction in fuel consumption resulting from lightweight jute bonnet (about 15%) that consequently reduced environmental impacts associated with the part.  Akhshik et al. [22] studied the GHG emissions and cumulative energy demand (CED) of hybrid lightweight composites (carbon/cellulose or glass fiber/mineral reinforced) as an alternative to current materials (glass or mineral reinforced composites) used for four different under-the-hood parts i.e. battery tray, engine beauty shield, cam cover, and oil pan. Authors found that the lightweight hybrid composites were more efficient in terms of GHG emissions (2.28 times less GHG emissions) and CED compared to current materials being used. Akhshik et al. [23] found similar results when comparing the life cycle impact associated with manufacturing and disposal of the under-the-hood part (i.e. engine beauty cover) made using two materials: conventional – glass fiber reinforced polyamide and hybrid- cellulose/carbon fiber reinforced PP. They showed that hybrid composites had more than 1.5 times reduction in energy demand, but water and wood consumption increased by more than 2 times and ~1.1 times compared to conventional composites, respectively. The increase in water and wood consumption associated with hybrid composite was attributed to the cellulose fiber which is extracted from the wood itself. Overall, based on literature, it can be seen that the answer to the question of “Are natural fiber composites environment friendly?” varies vastly depending on the scope of the study, assumptions (such as whether fiber is by-product or co-product of the crop, fiber type selected for reinforcement, manufacturing method, additional processing steps and environmental impact categories assessed [16,19,21]. 

 This study focuses on another natural fiber for automotive application – coir fiber which is extracted from husk of coconut is considered a zero-burden waste product [24,25]. Coir fibers are generally used for making different traditional, but low-valued products, such as ropes, mats, rugs, and mattresses [24]. Researchers are exploring routes to utilize coir fiber for advanced composite applications to enhance the value of the fiber [26-28]. Previous analyses have already shown that conventional natural fibers can have lower GHG emission impacts than glass fiber (366 - 406 and 349 kg CO2 eq./ton of fiber for flax and hemp, respectively, vs 2700 kg CO2 eq./ton of glass fiber) [29]. Coir fibers are a by-product of coconut production, therefore the energy and emissions associated with coconut production and harvesting are not typically included in the life cycle of the by-product [30]. This results in lower energy and emissions associated with coir fiber compared to other commonly used natural fibers, such as flax and hemp fibers, which are grown solely as the main product.  However, to the authors’ knowledge, there has not been a study focused on determining the energy and emissions associated with the coir fiber production itself. Additionally, in terms of cost, coir fibers ($0.2-0.5 per kg) are cheaper than the flax ($2.1-4.1 per kg) and hemp fibers ($1-2.1 per kg) [9,10].

Production method can have a significant impact on LCA of the composite and the composite performance. In our previous study, we prepared coir fiber reinforced PP composites by compression molding nonwoven wet-laid mats [31]. Wet-laid mats were prepared by using the innovative mixing technique developed by Ghossein et al. [32]. The process required less mixing time (10-20 min) compared to the traditional mixing method (50 min). Traditional processing methods for discontinuous fibers, such as injection molding and extrusion compression molding, cause fiber attrition. In comparison, composites prepared via wet-laid technique offer higher fiber length retention, which consequently leads to higher mechanical properties. Incorporating natural fibers (coir in this study) in composites may not necessarily reduce the environmental impacts of the composites, as evidenced in studies by Alves et al. [19] and Boland et al. [21]. To the author’s knowledge, no study on LCA of coir-reinforced PP prepared by wet-laid compression molding for automotive applications has been done. Therefore, before giving any ‘eco-friendly or sustainable’ tag, it is important to assess the environmental burden associated with these composites.

One of the biggest motivations for the use of NFRCs in automotive applications is the potential reduction of energy and GHG emissions resulting from lightweighting of vehicles parts, paired with the lower embodied impacts of the NFRCs over GFRCs. However, NFRCs currently rely on a global supply chain, meaning that the raw materials are not always locally sourced in the USA, but might be shipped from South Asia, such as in the case of coir. In this work, the GHG emissions and CED of NFRCs are analyzed for coir fiber sourced from India to better understand the impacts of global sourcing on the “eco-friendly” claims made for natural fiber [33,34]. Furthermore, the life cycle GHG emissions and CED of coir fiber reinforced PP were compared to those of glass fiber reinforced PP to determine whether the environmental benefit, if any, justifies the sourcing and production of these materials. Additionally, three scenario analysis were carried on (1) hybridization (i.e. replacing 10, 20 and 30 wt% of coir fiber with glass fiber), (2) varying the driving distance of the component and (3) lightweighting different vehicle types to (a) understand the effect of fiber hybridization (i.e. replacing 10, 20 and 30 wt% of coir fiber with glass fiber) on CED and GHG, (b) determine the reduction in total energy and GHG during use phase for varying component life and (c) determine the total energy and GHG savings due to lightweighting of different vehicle types, respectively. 

[bookmark: _Toc420995911][bookmark: _Toc422997498][bookmark: _Toc167611858] Methodology
[bookmark: _Toc167611859] Goal and scope of the study
The goal of this study was to compare the CED and GHG associated with a 40 wt% coir fiber reinforced PP (PP_CoF40) part with a 40 wt% glass fiber reinforced PP (PP_GF40) counterpart for automotive applications. The system boundary included the life cycle stages of material production, transportation, part manufacturing, part transportation and use phase of the part. Figure 5.1 shows the system boundary and processes in the life cycle of a coir fiber composite part and reference case (i.e. glass fiber composite part).

[bookmark: _Toc167611860] Functional unit
The functional unit for this study is a non-structural automotive part (assumed to be door panel) of 0.001 m3 volume prepared by compression molding wet-laid nonwoven mats. For each case, the mass of different materials used was calculated based on the density of the material. The part is expected to possess a life of 250,000 km (155,343 miles). Table A4.1 presents the different material scenarios used to manufacture the part along with its respective mass.

[bookmark: _Toc167611861] Life cycle inventory data
The data used in this study were collected using different approaches. Some data were measured while conducting experiments on manufacturing processes of composites whereas some were obtained from different databases such as Ecoinvent 3 (available in SimaPro v. 9.0.0.49), USLCI (2015) (available in SimaPro v. 9.0.0.49), Transportation Energy Data Book [35], GREET model 2022 [36], and published papers [18,37-39]. The detailed assumptions are provided in the following sections. The following sections are each associated with the life cycle stages shown in Figure 5.1 for both composites, namely material production, transportation, part manufacturing and use phase.

[bookmark: _Toc167611862]3.2.3.1 Material Production
This study focuses on three different materials: PP, coir fiber, and glass fiber. PP fibers, used as the matrix for both composites, were produced by melt-spinning PP granulates. The Ecoinvent 3 database contained the data for the embodied impact (energy demand and emission data) of the PP granulates, it did not provide data regarding the manufacturing of PP fibers from the granulates. Data for this was adapted from Akbar et al. [37]. The complete list of input materials and energy associated with the production of PP fibers is presented in Table A4.2.

Coir fiber is considered as a by-product of coconut production, therefore, the potential environmental impact associated with the cultivation and maintenance of the coconut tree was not considered [30]. However, we have included the energy associated with the extraction of coir from the coconut husk. Freire et al. [38] reported that 0.18 kWh of electrical energy was required to extract 3.3 kg of coir from 6.54 kg of coconut husk and this energy consumption value was used for analysis of the coir fiber production process in the present work. The data on the production, processing of glass fiber and their associated energy demand and emissions were used from Ecoinvent 3.0.

[bookmark: _Toc167611863]3.2.3.2 Part Manufacturing
In this study, the automotive part (assumed to be door panel) was manufactured by compression molding the nonwoven wet-laid mats. Nonwoven wet-laid mats were prepared using the innovative mixing technique described by Ghossein et al. [32], where chopped fibers are dispersed in a tank of water using propellers and then the non-woven mat was collected on a screen. The energy associated with manufacturing wet-laid mat was measured during the experiment, which is lab scale at ~7-gal tank capacity. We did not include the environmental impact associated with the flocculent and surfactant, as there was not enough information available, and these materials are present in small quantities (< 3 wt%). The energy required for oven drying the nonwoven mat before compression molding was assumed to be 6.91 MJ/kg based on the study by Gu et al. [18]. Hill et al. [39] mentioned the electricity required for compression molding is 11.4 MJ/kg. This value was used in our LCA model for the compression molding process.
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[bookmark: _Ref163641200][bookmark: _Toc167611928]Figure 5.1: System boundary/process steps included in this study for life cycle assessment of the coir fiber-based composites and for glass fiber-based composites along with the stages of product life cycle.














[bookmark: _Toc167611864]3.2.3.3 Transportation
Coir fiber used in this study was procured from SMACAR Solutions, Inc., (NJ, USA) which was imported from India. The transportation distance of coir fiber within India was assumed as 200 km [30]. Coir fiber was assumed to be shipped from the Mumbai port to the Newark port and then to the Fibers and Composites Manufacturing facilities (FCMF), University of Tennessee Knoxville (UTK). PP fiber was sourced from MiniFibers (Johnson City, TN) and glass fiber was sourced from Owen’s Corning (Toledo, OH). The distance used for analysis was calculated based on the source/supplier from which it was acquired (see Table A4.3). The final part prepared at FCMF was assumed to be transported to an assembly plant. The considered assembly plant was assumed to be ~160 km from FCMF, based on the location of an actual automotive assembly plant that is nearest to FCMF. For all road transportation, heavy truck class 8 mode was assumed. The logistics data for the materials and manufactured part is presented in Table A4.3.

[bookmark: _Toc167611865]3.2.3.4 Use Phase
For the use phase, we assumed the part will be used in an internal combustion engine vehicle-gasoline (ICEV-G) car that uses E10 gasoline as fuel. Well-to-wheel emission data for E10 gasoline was obtained from the GREET model 2022 [36]. Well-to-wheel energy use for E10 was 46.72 MJ/L, whereas the GHG-100 emission factor was 3.33 kg of CO2 equivalent per liter of E10. Fuel consumption of vehicles depends on the vehicle mass itself, impact of aerodynamic resistance, parasitic losses, and driving distance. The change in fuel consumption due to weight reduction (L/(100 km × 100 kg)) is measured using a factor, fuel reduction values  (FRV), also known as fuel consumption reduction coefficient (FRC) [40,41]. Fuel consumption by a vehicle can be calculated using Equation 5.1 [40].
[bookmark: _Ref163641920]Equation 5.1
where,
FRV = fuel reduction value
M = vehicle mass (kg)
γ = fuel consumption factor related to aerodynamic resistance and parasitic losses.
DD = driving distance (km)
Since we are considering a non-structural vehicle component, γ is negligible. Additionally, Equation 5.1  can be modified for a non-structural vehicle component and the fuel consumption was calculated using Equation 5.2 [40].
[bookmark: _Ref163641975]…..Equation 5.2
where, m= mass of the component (kg)
Fuel consumption was calculated based on FRVs without the powertrain resizing assumption and for ICEV-G car, FRV is 0.26 L/(100 kg ×100 km) [41]. The total driving distance of the vehicle of 250,000 km (155,343 miles) was used in this study [22].

[bookmark: _Toc167611866]3.2.3.5 End of Life
In North America, most of the plastic waste generated after the vehicle’s service life goes to landfill [23]. Natural fibers do degrade; however, this may not be the case when it is in a non-biodegradable matrix (i.e. PP). There are not enough studies related to degradability of NFRCs. So, we assumed that coir fiber composites will not degrade and will behave similarly in end-of-life as glass fiber composite. Since we have assumed both to have the same end-of-life, we have not added it to the analysis. However, if coir fiber composites degrade, there could be CO2 and methane emissions into the atmosphere. The CO2 would be a biogenic emission which is considered net neutral. However, if it degraded via anaerobic digestion, this could lead to methane, which has a much higher GWP than CO2. As this would degrade slowly, similar to wood or paper products, the methane could be captured, or at least capped to minimize emissions. Captured methane would provide emission credits, making the assumption of similar end-of-life impacts a more conservative one.

[bookmark: _Toc167611867]  Life Cycle Impact Assessment 
The CED in MJ and GHG emissions in kg CO2 eq. were quantified using the CED method (version 1.11) and the IPCC 2013 Global Warming Potential (GWP) 100a method (version 1.03), respectively, in SimaPro v. 9.0.0.49 (PRé 2019).  

[bookmark: _Toc167611868] Scenario Analysis
[bookmark: _Toc167611869]3.2.5.1 Hybridization – substituting 10, 20 and 30 wt% coir fiber with glass fiber.
Despite the several advantages that NFRCs possess, they can have some disadvantages compared to synthetic fiber reinforced composites, such as poor mechanical performance, high moisture uptake and low thermal degradation temperature, which limit their application. One way to address this problem is hybridizing natural fiber composites by adding synthetic fibers (i.e. GF in this study). We also performed an environmental impact assessment of the hybrid fiber reinforced composites prepared by substituting 10, 20 and 30 wt% coir fiber with glass fiber.

[bookmark: _Toc167611870]3.2.5.2 Lifetime/driving distance of an automotive part - 250,000 km (155,343 miles), 200,000 km (124,274 miles) and 150,000 km (93,206 miles).
Automobile vehicles or automotive parts may not reach the targeted lifetime of 250,000 km. Therefore, we performed a scenario analysis where the driving distance of a car was considered to be 250,000 km, 200,000 km, and 150,000 km. CED and GHG emissions associated with the use phase of components for three different driving distances/lifetimes were calculated.

[bookmark: _Toc167611871]3.2.5.3 Use phase CED and GHG savings for different vehicle types. 
For this scenario, three different vehicle technologies, namely internal combustion engines vehicles-gasoline (ICEV-G), Hybrid electric vehicles (HEVs), and plug-in hybrid vehicles (PHEVs), were considered. ICEV-G is the most common type of vehicle technology that uses gasoline/E10 for powering the engine. HEV technology uses both gasoline/E10 and rechargeable energy storage systems (such as batteries) to draw propulsion energy. HEV vehicles do not need to be plugged into an external electric source 
[bookmark: _Ref163642138]

[bookmark: _Toc167611902]Table 5.1: Fuel reduction values (FRVs) with and without powertrain adjustments for different vehicle types [41].
	Technology
	Category
	Fuel Reduction Values (FRVs)

	
	
	without powertrain adjustments
	with powertrain adjustments

	ICEV-G
	Car
	0.26
	0.44

	
	Light truck
	0.27
	0.45

	HEV
	Car
	0.17
	0.32

	
	Light truck
	0.18
	0.33

	PHEV
	Car
	0.17
	0.32

	
	Light truck
	0.18
	0.33




















as the electric battery is charged through regenerative braking system and internal combustion engine [41]. PHEVs are a type of hybrid electric vehicle that can be charged from external electric source. These operate either in charge depleting (CD) mode or charge sustaining mode (CS). In CD mode, vehicles are operated only on electric power (however some operate on both electricity as well as gasoline/E10) and in CS mode, vehicles are 
operated using only gasoline/E10 [41]. The impact of switching from glass fiber composite to coir fiber composite is only evaluated for CS mode. For each vehicle technology, light duty vehicles are further categorized into two types based on their weight namely cars (vehicles below 6000 lbs) and light trucks (vehicles between 6000-10000 lbs). Fuel consumption (use phase energy use) was investigated for six different vehicle types to understand the impact of lightweighting (by using coir fiber composites instead of glass fiber composites). The values of FRVs with and without powertrain adjustments were taken from the study by Milovanoff et al. [41] and are shown in Table 5.1. Corresponding energy saving and reduction in GHG emissions were calculated for each vehicle type. 

[bookmark: _Toc167611872] Results and Discussions
[bookmark: _Toc167611873] Cradle-to-Gate Results
Figures 2a and 2b represent the cradle-to-gate CED and GHG emission of the 40 wt% coir fiber and 40 wt% glass fiber reinforced PP composites, respectively. These values include CED (in MJ/part) and emissions (kg CO2 eq/part) associated with materials (PP, coir fiber and glass fiber), transportation, and manufacturing phase (wet-laid, drying and compression molding). The results of the cradle-to-gate impact assessment were in favor of coir fiber reinforced PP compared to the reference material, i.e. glass fiber reinforced PP. The CED and GHG emissions of coir fiber composite were ~34% and ~40% lower than those of glass fiber composite, respectively. 

Figure 5.2a shows that the CED associated with PP is dominant from the materials perspective for both composites followed by the reinforcing fiber. PP accounts for ~40% of cradle-to-gate CED for coir fiber composite and ~36% for glass fiber composite whereas glass fiber accounts for ~12% and coir fiber accounts for ~0.4% of cradle-to-gate CED for the respective fiber reinforced composites. A similar trend was observed in the case of GHG emissions. PP accounted for 21-25% of cradle-to-gate CED followed by the fibers – glass fiber (~16%) and coir fiber (0.03%) in the two respective composites. Higher energy and GHG impact related to PP might be due to the form of PP (i.e. fiber) and its ratio (i.e. 60 wt%) used for making the composite. In contrast to injection molding and extrusion compression molding where polymers are used in pellet form, wet-laid technique requires polymer fiber instead of polymer pellets. The polymer fibers are dispersed throughout the mat   with the reinforcing fiber, creating a uniform distribution of reinforcing fiber in the polymer matrix after consolidation. Preparing PP fibers from PP pellets requires additional energy-intensive processes, such as melt spinning, resulting in higher CED and GHG emissions compared to PP pellet. Among the manufacturing steps, for both composites, compression molding (36.28–43.47 MJ/part) is the most energy-intensive process followed by drying (21.99 – 23.35 MJ/part) and wet-laid (9.14 – 10.94 MJ/part). The CED and GHG emissions can be reduced by using a cleaner energy source for the material production and the manufacturing process of composites. Transportation of material accounted for 1.11% and 0.04% of cradle-to-gate CED and 1.41% and 0.01% of GHG emissions for coir fiber reinforced PP and glass fiber reinforced PP, respectively. Higher energy and GHG emissions for transporting the coir fiber composite were due to the long-distance transportation of coir fiber (i.e. from India to Tennessee, US). The CED and GHG emissions values for each stage are presented in Table A4.4 and A4.5 (supplementary information).

[bookmark: _Toc167611874] Cradle-to-Grave (excluding end-of-life) Results
The cradle-to-grave (excluding end-of-life) CED and GHG emissions for the coir fiber and glass fiber reinforced composite parts are shown in Figure 5.2 c and d. On comparing the cradle-to-grave (excluding end-of-life) CED and GHG associated with these composites, results revealed that both CED and GHG of coir fiber composite were ~24% lower than the glass fiber composite. Among the materials, manufacturing, transportation, and use phases, the use phase had the highest CED (72.54-70.29%) and GHG (80.0-77.4%) 
[image: ]
[bookmark: _Ref163642238][bookmark: _Toc167611929]Figure 5.2: (a) Cradle-to-gate CED, (b) Cradle-to-gate GHG emissions, (c) Cradle-to-grave (excluding end-of-life) CED and (d) Cradle-to-grave (excluding end-of-life) GHG emissions associated with coir fiber composite (PP_CoF40) and glass fiber composite (PP_GF40). PP = polypropylene; CoF = coir fiber; GF = glass fiber; PP_US = transportation of PP within US; CoF_India = transportation of coir fiber within India; CoF_Ship = transportation of coir fiber from India to US; CoF_US = transportation of coir fiber within US; GF_US = transportation of glass fiber within US.



emission impact for both composites as it accounts for the fuel consumption by part over the lifetime of the part/vehicle. Furthermore, material transport and part transport have negligible impact on the whole life cycle energy and emission indicating that environmental benefit can be achieved even upon sourcing coir fibers from India. The percentage of use phase of the life cycle energy consumption was in the range (63-92%) mentioned by Kim et al. [42] in their review on LCA related to lightweighting on automobiles. The reduction in mass of the part by using coir fiber instead of glass fiber was 0.2 kg which led to a fuel saving of 1.3 L (over the lifetime of the part). However, Akhshik et al. [22] found 4.2 L of fuel saving with 1 kg lightweighting. This variation in fuel saving between this study and the literature value was due to the difference in FRVs (this study-0.26 L/(100 km × 100 kg), Akhshik et al. [22] – (0.168 L/(100 km × 100 kg)) used for calculation. Based on GREET 2022 [36], for E10 fuel, the CED saving on using coir fiber was 60.74 MJ/part and the reduction in total GHG emissions was 4.33 kg CO2 eq./part. The difference or total energy saving and reduction in GHG seems to be low considering the vehicle lifetime. However, if we look at it from a larger perspective, in the year 2022 only, nearly 2.86 million passenger cars were sold in the US [43]. If we consider this reduction in the total energy and GHG for the total cars sold that year, then the numbers will be 173.72×106 MJ and 12.38×106 kg CO2 eq., which is substantially high. We find that lightweighting 2.86 million passenger cars even by 0.2 kg is equivalent to replacing 2,755 gasoline powered passenger vehicles for one year [44].
 
[bookmark: _Toc167611875] Hybridization – substituting 10, 20, and 30 wt% coir fiber with glass fiber.
Figure 5.3 shows the life cycle (excluding end-of-life) CED and GHG emissions associated with hybrid composites along with 40 wt% coir fiber reinforced PP and 40 wt% glass fiber reinforced PP composites. On substituting 10, 20 and 30 wt% coir fiber with glass fiber, total energy as well as GHG emissions were increased by ~5%, ~11% and ~18% respectively. This increase in CED and GHG was associated with the energy associated with glass fiber production and the increase in weight of the composite part on incorporating heavier glass fiber. Based on our previous study on the mechanical properties of hybrid composites [31] and this study, we can conclude that hybridizing fibers is an innovative way to balance between the mechanical properties of the composites and environmental impacts. Refer Table A4.6 and A4.7 for the life cycle energy and emissions associated with different life cycle stages of the composites considered for this scenario.

[bookmark: _Toc167611876] Lifetime/driving distance of a car/car component - 250,000 km (155,343 miles), 200,000 km (124,274 miles) and 150,000 km (93,206 miles).
The CED and GHG emissions associated with the use phase is mainly dependent on the fuel consumption by the vehicle/or the component. Based on Equation 5.2, we know that fuel consumption has direct dependency on the life expectancy of the part or the total driving distance. Fuel saving on using coir fiber reinforced part instead of glass fiber reinforced part can be determined by subtracting fuel consumption by coir fiber reinforced part from that by glass fiber reinforced part. Figure 5.4 shows the CED and GHG savings on using lighter 40 wt% coir fiber reinforced part instead of 40 wt% glass fiber reinforced part at different driving distance. As the life expectancy or the driving distance of the component decreases, fuel saving decreases, which consequently decreases the overall CED and GHG saving. While composites may need replacement due to early failure or environmental degradation, we assume that both composites behave similarly throughout their lifetime, given that they are used for non-structural components. It is worth noting, however, that there is a knowledge gap regarding the impact of material change on early failure or environmental degradation, and therefore on total energy and emissions. Hence, for this scenario analysis, we assumed the same life expectancy for both composites.

[bookmark: _Toc167611877] Fuel saving for different types of vehicle technology (with E10 fuel type) based on different FRVs.
Figure 5.5 shows the reduction in CED and GHG emissions during use phase resulting from the use of lightweight coir fiber part for different lightweight vehicle technology and category. Results show that for all the vehicle technology and category, CED saving and GHG reduction are higher when the powertrain is resized compared to without powertrain resizing.
[image: ]
[bookmark: _Ref163642422][bookmark: _Toc167611930]Figure 5.3: Life cycle (excluding end-of-life) CED and GHG emission associated with hybrid composite parts.
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[bookmark: _Ref163642503][bookmark: _Toc167611931]Figure 5.4: Reduction in CED and GHG emissions (for use phase) on using lighter coir fiber reinforced part instead of glass fiber reinforced part, at different lifetime/driving distance of the component.
.

The coir fiber composite substitution with powertrain resizing results in energy saving from 74.8 MJ to 105.1 MJ whereas without powertrain resizing results in CED saving from 39.7 MJ to 63.1 MJ across different vehicle type. Similarly, GHG emissions reduction with powertrain resizing was 5.34-7.49 kg CO2 eq. whereas without powertrain resizing, the reduction was 3.00-4.50 kg CO2 eq. when using the coir fiber composites. Furthermore, among three different vehicle technologies (i.e. ICEV-G, HEV and PHEV), CED and GHG savings were highest for ICEV-G, which were in the range of 60.7-105.1 MJ and 4.33-7.49 kg CO2 eq. respectively. This suggests that targeting ICEV-G vehicles for natural fiber composites substitution (or lightweighting with other lightweight materials) is more beneficial than HEV and PHEV. Moreover, among cars and light trucks, lightweighting light trucks resulted in higher energy and GHG savings compared to lightweighting cars. Overall results revealed that lightweighting is advantageous for the vehicles with higher FRVs.

[bookmark: _Toc167611878] Conclusions
The study showed that for a part with defined volume (0.001 m3, in this study), coir fiber reinforced composite outperformed glass fiber reinforced composite in terms of life cycle CED (~24% lower) and GHG emissions (~24% lower), excluding end-of-life. The study also revealed that the use of coir fiber composite can lead to reduction in energy and GHG emissions not only in the use phase but also in the cradle-to-gate phase. The energy and GHG emissions were highest for use phase (70-73% of CED, 77-80% of GHG) followed by manufacturing (~16% of CED, 14-15% of GHG), material (11-14% of CED, 5-9% of GHG), and transportation phase (0-0.3% of CED, 0-0.3% of GHG). Transportation of materials did not have notable effect in the overall CED and GHG emissions associated with both composites. This was somewhat expected for glass fiber composites. However, it was interesting to see the low impact of coir fibers shipping from India on the CED (0.3%) and GHG emissions (0.3%) of the composite. While shipping is low impact, coir itself is a by-product of coconut farming, leading to its inherent environmental impact being small. As more biomaterials are explored for use in composites, transportation should 
still be included in analysis to ensure that the transportation burdens are not significant; and sourcing should be decided accordingly. 

Furthermore, scenario analysis on different total travelling distance (or use phase) showed that higher fuel saving associated with lightweighting part can be achieved if the part/component can travel longer distance. Other scenario analysis on the energy and GHG saving associated with use phase of different vehicle type revealed that as compared to HEV and PHEV vehicles, ~36-53% higher CED reduction and ~36-53% higher GHG savings can be achieved on lightweighting ICEV-G vehicles. Additionally, the study also showed that lightweighting light trucks instead of cars can achieve ~2-6% higher CED and GHG savings for use phase.

This study focuses on the coir fiber composites for nonstructural parts in automotive applications. As the use of composites in automotive industry increases, it stands to reason that they could be used in structural applications, as well. However, structural applications would require higher mechanical properties than in non-structural applications. Hybridizing the coir fiber composites by substituting part of coir fiber with glass fiber is one of the approaches to enhance the mechanical properties of coir fiber composites, to expand their use. Even though hybridization resulted in an increase in energy (5-18%) and GHG emissions (5-18%) of the composites compared to coir fiber composites, these values were lower (5-15%) than those of the glass fiber composite itself. Hybridization, therefore, shows promise in the development of low-carbon composites for structural uses in the automotive industry. However, more research would be needed to better understand the changes in mechanical properties before such use can be promoted on a wider scale. Another way to enhance the mechanical properties of coir fiber composites is through additional treatment, such as alkali treatment (chemical treatment) or sizing of the coir fibers. However, the feasibility of chemical treatments of fibers in large scale and their environmental impact is not well studied thus need further investigation. 
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[bookmark: _Ref163642524][bookmark: _Toc167611932]Figure 5.5: Reduction in CED and GHG emissions (for use phase) on using lighter coir fiber reinforced part instead of glass fiber reinforced part for different vehicle types.


















One key consideration for wide-scale use of biofibers (in this case, coir fiber) in automotive applications would be the availability. To understand coir fiber availability better, the amount of coir fiber required to fulfill the demand from the automotive industry should be explored and the associated increase in energy consumption needs to be determined. Additionally, other barriers such as supply chain issues, reliance on international markets (since coconut is mostly grown in sub-tropical countries), and changes in the part manufacturing techniques or molds on using these fibers, among other considerations, need to be well researched for their wide adoption in automotive industry. Coir fibers are also traditionally used for making different products, such as ropes, mats, rugs, and mattresses. Will the usage of coir fiber for composite application affect the production, supply, and cost of these products? This question can have further environmental justice implications, which should all be studied as the use of biofiber composites are studied in the future.
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[bookmark: _Toc167611881] Summary
In this study, coir fiber, a by-product of coconut plant was investigated as a reinforcing fiber for composites targeted for automotive applications. Like other natural fibers, coir fiber has some drawbacks such as poor compatibility with polymer matrices, poor mechanical properties, and high moisture absorption that limits its applications. The overall study was focused on addressing these limitations of coir fiber-reinforced composites. 

The first part of the study (i.e. Chapter 2) was focused on the fiber level study of coir fibers along with the two techniques (i.e. alkali treatment and fiber sizing) used to enhance the fiber properties and interfacial strength between the fiber and PP matrix. The results showed that alkali treatment led to the removal of surface impurities, waxes, and a partial amount of hemicellulose and lignin. Among 2, 5 and 8wt% NaOH treatment, 5 wt% NaOH treated coir fiber for 6 hrs resulted in maximum improvement in tensile properties (strength- 136 MPa, modulus-3.4 GPa, and elongation at break- 28.6%) and maximum IFSS (2 MPa) with the PP matrix. This improvement in IFSS was due to enhanced mechanical interlocking between PP matrix and rough coir fiber surface resulting from alkali treatment. On further sizing the 5 wt% alkali treated coir fiber at 1.5 wt% sizing solution, interfacial adhesion between fiber and PP matrix enhanced by ~87% compared to untreated fibers. This was attributed to the mechanical interlocking between fiber and matrix and the chemical bonding between fiber and sizing agent. 

In the second part of the study (i.e. Chapter 3), two different sizing approaches (1) ex-situ sizing i.e. sizing the coir fibers before using them to make nonwoven wet-laid mats and (2) in-situ sizing i.e. sizing the fibers while making the nonwoven wet-laid mats were investigated. Based on the mechanical and morphological properties, in-situ sizing approach was selected as an effect sizing approach for discontinuous natural fiber systems. Furthermore, the effect of varying sizing concentration (1.5, 2.5, 3.5 wt%) on the mechanical properties of coir fiber composites was investigated to determine the optimal sizing concentration. Results revealed that the composites prepared with in-situ sizing approach at a sizing concentration of 1.5 wt% resulted in maximum impact strength whereas the one prepared at a 2.5 wt% sizing concentration resulted in maximum tensile strength. Since, the composite prepared at 1.5 wt% sizing concentration had a balance of tensile and impact properties, 1.5 wt% sizing concentration was further selected to study the effect of sizing on three different natural fibers (namely coir, banana, and cottonized hemp) reinforced composite system. It was found that despite the variation in the chemical constituent among different natural fibers, improvement in tensile strength of these composite upon sizing was in the range of 30-40% compared to their unsized counterparts. 

In the third part of the study (i.e. Chapter 4), the properties of coir fiber composites were enhanced by hybridizing with the glass fibers. The hybrid composites were prepared by replacing 10-30 wt% coir fiber with glass fibers. The thus prepared composites were 6-20% lighter than 40 wt% glass fiber composites and had improved mechanical properties (tensile strength- 49-182%, tensile modulus – 54-130% and impact strength-157-474%) compared to 40 wt% coir fiber composites. Additionally, hybrid composites had enhanced thermal stability and reduced water-absorbing tendency (18-74%).

Finally, in the last part of the study (i.e. Chapter 5), the cumulative energy demand (CED) and greenhouse gas (GHG) emissions associated with the coir fiber composite part for automotive applications were investigated and compared with the glass fiber composite counterpart. The results revealed that CED and GHG emissions associated with the coir fiber part were lower compared to the glass fiber composite part for cradle-to-gate (~34-40%) and cradle-to-grave (excluding end-of-life) (~24%) analysis. 

The overall outcome of this work showed different strategies that could be implemented to widen the application of NFRCs especially in sectors such as automotive, mass-transit, and transportation where NFRCs are considered as the alternative to glass or mineral-filled composites.

[bookmark: _Toc167611882] Recommendations

In the first and second parts of the study (i.e. Chapter 2 and 3), we were not able to quantify the actual sizing concentration deposited in the fiber surface and nonwoven mats.  So, it is recommended that in further studies, various strategies can be applied to determine the actual coating/sizing concentration in the fiber or the nonwoven mats. Furthermore, the sizing used in the study was commercially available with very little information regarding its chemical constituents. Therefore, it is recommended that future studies can be done on formulating cheaper, sustainable, and effective sizing solutions with the potential of being produced on a larger scale.

In the third part of the study (i.e. Chapter 4), no strategies were applied to further enhance the properties of hybrid fiber composites. Thus, future studies can be done to further enhance hybrid fiber composites such as by using pretreated and sized coir fibers. In addition to that, glass fibers used in this study were pre-sized, this might influence their distribution if the in-situ sizing approach was used to make nonwoven mats. This can be further explored in future studies. 

In the last part of the study (i.e. Chapter 5), CED and GHG emissions associated with as-received coir fiber reinforced composites were determined. However, if these composites are targeted for semi-structural or structural applications, their mechanical properties need to be enhanced by chemical treatment of fibers (such as alkali treatment) or fiber sizing. Therefore, it is recommended that future studies be done to determine the feasibility of such treatments at a large scale and their environmental impacts.
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Figure A1.1: a) Single coir fiber glued on a paper frame using epoxy. b) Glued single coir fiber mounted in MTS frame for tensile testing.
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Figure A1.2: A) Schematic of single fiber pull-out specimen. B) Pull-out specimens glued in paper frame using epoxy adhesive.





Table A1.1: FTIR bands and corresponding functional groups [1-4].
	Wavenumber (cm-1)
	Functional group

	897
	C-O-C in plane stretching of β-linked glucose residue and β-glycosidic linkage of hemicellulose

	1032
	C–O, C–C stretching, and C–OH bending of hemicellulose

	1162
	C–O stretching of cellulose and C-O-C asymmetric stretching of glycosidic bond of hemicellulose

	1240
	C-O stretch of acetyl group of lignin

	1269
	C–H bending of cellulose, hemicellulose, and guaiacyl ring and C=O stretching of lignin

	1316
	C–H2 wagging of cellulose and O–H in plane bending of hemicellulose

	1375
	C–H bending of cellulose

	1420
	C–H deformations of lignin and C–H2 symmetric bending of cellulose

	1453
	C–H deformations of lignin and C–H bending of hemicellulose

	1505, 1591
	C=C aromatic vibrations of lignin

	1640
	O-H stretching of hydrogen bonded water

	1732
	C=O stretching in the acetyl group of hemicellulose

	2838–2950
	C-H stretching

	3327
	O–H stretching



Homogeneity of the fiber surface chemistry by XPS
In order to study the surface homogeneity of the non-treated coir fibers and the fibers treated with a 5 wt% solution of sodium hydroxide for 6 hrs, two 2.4 mm line scans made of six adjacent 400 μm spots were collected on the same single fiber, in two regions separated by 1.5 cm, as shown in Figure A1.3.

As an example, the six survey spectra corresponding to one the two-line scans collected with one single non-treated fiber can be found in Figure A1.4. 

The elemental compositions corresponding to each of the six spots for each line scan for the non-treated coir single fiber are reported in Table A1.2. It appeared to be very homogenous locally, as each of the scan line showed the same elemental composition for the six spots. The elemental composition was also remarkably close at longer range, as both scan lines gave similar average values for each element concentration. The only differences are that one line scan revealed the presence of traces of calcium whereas the other line scan did not, and that the elemental concentration of silicon was slightly different (but still considered as traces).

The elemental composition corresponding to each of the six spots for each line scan for the coir single fiber treated in a 5 wt.% sodium hydroxide solution for 6 hrs can be found in Table S2. Just like for the non-treated fiber, it was very homogenous locally, as both scan lines showed the same elemental composition for the six spots. The homogeneity was also observed at a larger scale, as the average elemental compositions are the same for the two line scans.
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Figure A1.3: Schematic describing the characterization of coir fiber surface chemistry homogeneity by XPS with two line scans of the same single fiber.
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Fiure A1.4: Six survey spectra corresponding to a line scan collected on a single non-treated coir fiber.


[bookmark: _Hlk127174807]Table A1.2: Elemental composition corresponding to two line scans collected on the same non-treated single coir fiber.
	At. %
	C
	O
	Si
	N
	P
	Cl
	K
	Na
	Ca

	Spot 1
	74.3
	22.8
	0.3
	1.3
	0.2
	0.3
	0.5
	0.1
	0.2

	Spot 2
	74.8
	21.8
	0.4
	1.6
	0.3
	0.2
	0.5
	0.2
	0.2

	Spot 3
	75.4
	21.7
	0.3
	1.4
	0.2
	0.2
	0.4
	0.2
	0.2

	Spot 4
	74.7
	22.2
	0.4
	1.4
	0.2
	0.2
	0.5
	0.2
	0.2

	Spot 5
	73.7
	23.0
	0.5
	1.3
	0.3
	0.3
	0.4
	0.2
	0.3

	Spot 6
	73.9
	23.1
	0.5
	1.4
	0.2
	0.2
	0.4
	0.2
	0.1

	Average
	74.5 ± 0.6
	22.4 ± 0.6
	0.4 ± 0.1
	1.4 ± 0.1
	0.2 ± 0.1
	0.2 ± 0.1
	0.5 ± 0.1
	0.2 ± 0.1
	0.2 ± 0.1





	At. %
	C
	O
	Si
	N
	P
	Cl
	K
	Na

	Spot 1
	74.0
	22.6
	0.9
	1.2
	0.3
	0.4
	0.4
	0.2

	Spot 2
	75.0
	21.5
	0.9
	1.4
	0.2
	0.4
	0.4
	0.2

	Spot 3
	74.9
	21.9
	0.8
	1.3
	0.2
	0.4
	0.4
	0.1

	Spot 4
	73.6
	22.8
	0.9
	1.4
	0.3
	0.4
	0.4
	0.2

	Spot 5
	73.2
	23.2
	1.0
	1.4
	0.3
	0.4
	0.4
	0.1

	Spot 6
	73.3
	23.3
	1.0
	1.2
	0.3
	0.3
	0.4
	0.2

	Average
	74.0 ± 0.7
	22.6 ± 0.7
	0.9 ± 0.1
	1.3 ± 0.1
	0.3 ± 0.1
	0.4 ± 0.1
	0.4 ± 0.0
	0.2 ± 0.1










Table A1.3: Elemental composition corresponding to two line scans collected on the same single coir fiber treated in a 5 wt% sodium hydroxide solution.
	At. %
	C
	O
	N
	Si
	Ca
	Cl
	Mg
	Na

	Spot 1
	75.0
	20.5
	1.9
	1.3
	0.9
	0.2
	0.1
	0.1

	Spot 2
	74.7
	20.7
	1.9
	1.3
	1.0
	0.2
	0.1
	0.1

	Spot 3
	74.8
	20.4
	2.1
	1.1
	1.2
	0.2
	0.1
	0.1

	Spot 4
	73.4
	22.0
	1.8
	1.2
	1.2
	0.2
	0.1
	0.1

	Spot 5
	72.6
	22.7
	1.9
	1.2
	1.2
	0.2
	0.2
	0.1

	Spot 6
	71.7
	23.4
	2.2
	1.0
	1.2
	0.2
	0.2
	0.1

	Average
	73.7 ± 1.4
	21.6 ± 1.3
	2.0 ± 0.2
	1.2 ± 0.1
	0.2 ± 0.1
	0.2 ± 0.0
	0.1 ± 0.1
	0.1 ± 0.0




	At. %
	C
	O
	N
	Si
	Ca
	Cl
	Mg
	Na

	Spot 1
	72.1
	22.7
	2.3
	1.4
	1.1
	0.2
	0.1
	0.1

	Spot 2
	71.4
	23.4
	2.5
	1.0
	1.2
	0.2
	0.2
	0.1

	Spot 3
	74.8
	20.9
	1.3
	2.2
	0.5
	0.1
	0.1
	0.1

	Spot 4
	72.7
	21.9
	2.6
	1.0
	1.3
	0.2
	0.1
	0.2

	Spot 5
	73.1
	21.3
	2.8
	1.2
	1.2
	0.2
	0.1
	0.1

	Spot 6
	73.9
	20.7
	2.5
	1.2
	1.3
	0.2
	0.1
	0.1

	Average
	73.0 ± 1.2
	21.8 ± 1.1
	2.3 ± 0.5
	1.3 ± 0.5
	1.1 ± 0.3
	0.2 ± 0.1
	0.1 ± 0.1
	0.1 ± 0.1
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Figure A1.5: XPS high-resolution C(1s) and O(1s) peaks corresponding to non-treated and sized fibers.

Table A1.4: Comparison of Coir fiber properties across literature.
	Fiber
	Country
	Tensile strength (MPa)
	Tensile modulus (GPa)
	Tensile strain at break (%)
	Reference

	Coir
	Indonesia
	142±7
	
	
	[4] 

	Coir
	Vietnam
	140±39
	3
	29.5±6.9
	[5] 

	Coir
	Nigeria
	108±5
	4
	18.2±2.9
	[6] 

	Coir
	Brazil
	120±5
	
	8.0±1.0
	[7] 

	Flax
	
	343-2000
	28-103
	1.2-3.3
	[8] 

	Hemp
	
	270-900
	24-90
	1-3.5
	[8] 

	Bamboo
	
	140-800
	11-32
	2.5-3.7
	[8] 

	Coir
	Overall, from literature
	95-286
	2-8
	4.5-47.0
	[9] 
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Figure A1.6: Weibull plots for a) untreated coir fiber (CoF), b) 2 wt% NaOH treated fiber (CoF_2T), c) 5 wt% NaOH treated fiber (CoF_5T), d) 8 wt% NaOH treated fiber (CoF_8T), e) untreated sized fiber (CoF_1.5S) and f) treated and sized fiber (CoF_5T_1.5S).
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Density
According to the rule of mixture, the theoretical density of the hybrid composites can be calculated using Equation A3.1.
 ….Equation A3.1
where,
 ….Equation A3.2
…..Equation A3.3
 ρ is density, V is fiber volume fraction and W is weight fraction and subscripts CoF, GF and PP stand for coir fiber, glass fiber and polypropylene, respectively.
















Vibration damping test
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Figure A3.1: a) Vibration analysis setup using a Bruel & Kjaer vibration system [1]. b) Composite sample mounted on impedance head.


Differential scanning calorimetry (DSC)
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Figure A3.2: a) Second heating curves and b) cooling curves obtained from DSC of studied composites.





Heat deflection
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Figure A3.3: HDT average values are reported for all composites at low-stress values of 0.455 MPa.  A minimum sample size of 3 was used to ensure statistical significance where the error bars represent the standard deviation.
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Figure A3.4: Stress sweeps (a-b) and frequency sweeps (c-d) are shown at chosen temperatures of 30 °C and 60 °C for all hybrid composite systems. In all cases, regardless of temperature, the storage modulus increases with increasing glass fiber content; this trend is expected given the higher stiffness of GF in comparison to CoF. In addition, it should be noted that the storage modulus decreases with increasing temperature for each composition. Oscillatory stress sweeps were performed at a frequency of 1 Hz, while all frequency sweeps were performed with an oscillatory amplitude of 10 µm. (a) The legend provided pertains to all graphs.
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Table A4.1: Material compositions of non-structural automotive part used in this study.
	Sample #
	Sample name
	Volume (m3)
	Mass of composites (kg)
	Mass of PP (kg)
	Mass of CoF (kg)
	Mass of GF (kg)

	1
	PP_CoF40
	0.001
	1.01
	0.605
	0.403
	

	2
	PP_GF40
	0.001
	1.21
	0.729
	
	0.486





Table A4.2: Input material/energy for manufacturing 1 kg Polypropylene (PP) fiber [1] 
	Material
	Description
	Unit
	Quantity

	PP Granulates
	Production of PP granulate
	kg
	1

	Water
	Tap water
	kg
	22.78

	Oil
	Lubricating oil
	kg
	0.01585

	Energy
	Heat at industrial furnace
	MJ
	0.6












Table A4.3: Logistics data for the materials and the manufactured part.
	Material
	Description
	Distance in km (in miles)
	Mode of transportation
	Analysis based on

	Coir fiber
	Within India (CoF_India)
	200 (124)
	Heavy truck class 8
	Transportation energy data book [2] 

	
	Mumbai port to Newark port (CoF_Ship)
	16,735 (10399)
	Ship
	Ecoinvent’s transoceanic freight ship

	
	Newark port to University of Tennessee Knoxville (CoF_US)
	1,127 (700)
	Heavy truck class 8
	Transportation energy data book [2] 

	Polypropylene, PP fiber
	MiniFibers (Johnson City, TN) to UTK (Knoxville, TN) (PP_US)
	100 (62)
	Heavy truck class 8
	Transportation energy data book [2] 

	Glass fiber
	Owens Corning (Toledo, OH) to UTK (GF_US)
	644 (400)
	Heavy truck class 8
	Transportation energy data book [2] 

	Manufactured part
	UTK to the automobile assembly plant
	160 (100)
	Heavy truck class 8
	Transportation energy data book [2] 





Table A4.4: Cradle-to-gate CED associated with coir fiber composites and glass fiber composites.
	
	
	CED (MJ/part) – 40 wt% coir fiber composite (PP_CoF40)
	CED (MJ/part) – 40 wt% glass fiber composite (PP_GF40)

	Material
	Polypropylene fiber (PP)
	46.96
	56.58

	
	Coir fiber (CoF)
	0.41
	

	
	Glass fiber (GF)
	
	17.88

	Material transport
	Transportation of PP fiber within US (PP_US)
	0.01
	0.01

	
	Transportation of coir fiber within India (CoF_India)
	0.01
	

	
	Transportation of coir fiber from India to US (CoF_Ship)
	1.19
	

	
	Transportation of coir fiber within US (CoF_US)
	0.07
	

	
	Transportation of glass fiber within US (GF_US)
	
	0.05

	Part manufacturing
	Wet-laid
	9.14
	10.94

	
	Drying
	21.99
	26.35

	
	Compression molding
	36.28
	43.47



Table A4.5: Cradle-to-gate GHG emissions associated with coir fiber composites and glass fiber composites.
	
	
	GHG emissions (kg CO2 eq./part) – 40 wt% coir fiber composite (PP_CoF40)
	GHG emissions (kg CO2 eq./part) – 40 wt% glass fiber composite (PP_GF40)

	Material
	Polypropylene fiber (PP)
	1.347
	1.623

	
	Coir fiber
	0.031
	

	
	Glass fiber
	
	1.242

	Material transport
	Transportation of PP fiber within US (PP_US)
	0.000
	0.000

	
	Transportation of coir fiber within India (CoF_India)
	0.000
	

	
	Transportation of coir fiber from India to US (CoF_Ship)
	0.076
	

	
	Transportation of coir fiber within US (CoF_US)
	0.001
	

	
	Transportation of glass fiber within US (GF_US)
	
	0.001

	Part manufacturing
	Wet-laid
	0.559
	0.670

	
	Drying
	1.297
	1.553

	
	Compression molding
	2.139
	2.563






Table A4.6: Cradle-to-grave (excluding end-of-life) CED associated with coir fiber composites, glass fiber composites, and hybrid fibers composites.
	Composites
	CED associated with different life cycle stages of composite part (MJ/part)
	Total energy (MJ/part)

	
	Material
	Material transport
	Part manufacturing
	Part transport
	Use
	

	PP_CoF40
	47.36
	1.29
	67.41
	0.03
	306.72
	422.80

	H1 : PP_CoF30_GF10
	53.23
	1.02
	70.08
	0.03
	318.86
	443.22

	H2 : PP_CoF20_GF20
	59.62
	0.73
	73.42
	0.03
	334.05
	467.84

	H3 : PP_CoF10_GF30
	66.66
	0.41
	77.42
	0.03
	352.27
	496.79

	PP_GF40
	74.46
	0.06
	80.76
	0.03
	367.45
	522.76



Table A4.7: Cradle-to-grave (excluding end-of-life) GHG emissions associated with coir fiber composites, glass fiber composites, and hybrid fibers composites.
	Composites
	GHG emissions associated with different life cycle stages of composite part (kg CO2 eq./part)
	Total GHG (kg CO2 eq./part)

	
	Material
	Material transport
	Part manufacturing
	Part transport
	Use
	

	PP_CoF40
	1.378
	0.077
	3.995
	0.000
	21.861
	27.311

	H1 : PP_CoF30_GF10
	1.699
	0.061
	4.153
	0.000
	22.727
	28.640

	H2 : PP_CoF20_GF20
	2.051
	0.042
	4.351
	0.000
	23.810
	30.253

	H3 : PP_CoF10_GF30
	2.438
	0.023
	4.588
	0.000
	25.108
	32.157

	PP_GF40
	2.865
	0.001
	4.786
	0.000
	26.190
	33.842
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