Mechanical properties of flax fibers and their composites
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ABSTRACT:

Flax fibers, along with a number of other natural fibers, are being considered as an environmentally friendly alternative of synthetic fibers in fiber-reinforced polymer composites. A common feature of natural fibers is a much higher variability of mechanical properties. This necessitates study of the flax fiber strength distribution and efficient experimental methods for its determination. This paper review the mechanical properties of flax fibres and their composites for various textile applications
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INTRODUCTION:

Due to the exponential growth of human population on Earth we face environmental problems more and more. From the materials science point of view, there is growing interest in green, environmentally friendly materials. If we consider composites, one of solutions can be use of natural fibers instead of more traditional glass and carbon fibers [1-4]. 

The possible advantages of such natural fiber composites (NFC) could be

• Lower pollution level during production;
• Energy necessary for fiber production is lower than that of glass;
• CO2 neutral: amount of CO2 neutralized during fiber plant growth is comparable with that emitted during processing;
• Lower cost.
However, all these previous statements should be supported by quantitative analysis.
• Natural fibers are renewable resources;
• They are biodegradable; however this can be a drawback during the lifetime of a product;
• Using biodegradable polymers as matrix, we can have totally recyclable materials.
Natural fibers in composites can compete with synthetic fibers by
• Lower density;
• Healthier in use due to their natural origins;
• Less abrasive to the processing equipment.
Low density is the main point why NFC is interesting in automotive sector. Beside these environmental advantages, we are about to use natural fibers in composites.

Natural organic fibers have been around for a very long time, from the beginning of the life on Earth. The archeological artifacts suggest that human beings used these materials in fabrics many thousand years ago. A direct use of the strength of natural fibers is in lines, ropes and other one-dimensional products; miscellaneous applications include early suspension bridges for on-foot passage of rivers and rigging for naval ships in early times and into the nineteenth century. Many kinds of textiles, ropes, canvas and paper produced form natural fibers are in use today.

It may seem surprising, but first natural fiber composites were used more than 100 years ago. For example, airplane seats and fuel-tanks were made of natural fibers with a small content of polymeric binders and the first composite materials were applied for the fabrication of large quantities of sheets, tubes and pipes for electronic purposes (paper or cotton to reinforce sheets, made of phenol- or melamine-formaldehyde resins) [2]. However, these attempts were without recognition of the composite principles and the importance of fibers as the reinforcing part of composites. The use of natural fibers was suspended due to low cost and growing performance of technical plastics and, moreover, synthetic fibers. A renaissance in the use of natural fibers as reinforcements in technical applications began in 90s of 20th century.

OVERVIEW OF CELLULOSE-BASED NATURAL FIBERS:

Different types and examples of natural fibers classified according to their origin are presented in Figure 1. Asbestos is out of further consideration in this study due to its carcinogenic nature. In addition, asbestos does not possess most of advantages like other natural fibres 


STRUCTURE AND CHEMICAL COMPOSITION:

Generally, plant or vegetable fibers are used to reinforce plastics. The main polymers involved in the composition of plant fibers are cellulose, hemicelluloses, lignin and pectin. Let us consider very popular flax fibers to understand the intricate structure of plant fibers. The ~1 meter long so-called technical fibers are isolated from the flax plant for the use in textile industry. These technical fibers consist of elementary fibers with lengths generally between 2 and 5 cm, and diameters between 10 and 25 m. The elementary fibers are glued together by a pectin interface. They are not circular but a polyhedron with 5 to 7 sides to improve the packing in the technical fiber.
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Figure 2. Composition and buit of flax sten.




What are elementary fibers? They are single plant cells. And cellulose (C6H10O5)n is a common material in plant cell walls. It occurs naturally in almost pure form in cotton fiber. Chemical structure of cellulose monomer is represented in Figure 3. Most of the elementary fiber consists of oriented, highly crystalline cellulose fibrils and amorphous hemicelluloses. The crystalline cellulose fibrils in the cell wall are oriented at an angle of about ±10 degrees with the fiber axis [3, 6] and give the fiber its high tensile strength.
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Figure 3. Chemical structure of cellulose manomer.




CHARACTERIZATION OF MECHANICAL PROPERTIES:

The natural organic fibers are basically characterized by the same parameters and properties as all other fibers. However, due to natural origin they show much higher variability of the various parameters than their synthetic counterparts. Chemical composition, crystallinity, surface properties, diameter, cross-sectional shape, length, strength, and stiffness vary from fiber to fiber. Moreover, properties depend on growing (climate), harvesting conditions and processing. This possesses two problems: quality characterization of fibers and difficulties in application of traditional composite theories.

Usually the single fiber tensile (SFT) test method is used to measure modulus and tensile strength of natural fibers. It is important to mention that elementary (flax) fibers have considerably higher strength than technical fibers [5]. Elementary fibers of flax [5-8], nettle [6] and wheat straw [9] are tested at single gauge length. It is verified that Weibull distribution is applicable to approximate strength distribution of natural fibers [5, 6, 8]. Nonlinearity of stress strain response (strain-hardening) is reported [7, 9]. The increase of the Young’s modulus with strain is explained with a reorganization of the cellulose fibrils in the direction of the fiber (loading) axis. From fatigue tests it is established that this effect is irreversible [7].

Another direct method, although less popular, is loop test. Using this method it is possible to determine both tensile and compressive strength of fibers. Analyzing fiber failure qualitatively by ESEM [10] and quantitatively [5] it is obtained that compressive strength of the flax fibers is about 80% of tensile strength. Completely different approach is to back-calculate fiber properties from unidirectional model composite tests. Anisotropy of jute is studied using this method [11]. In this way it is calculated that the transverse modulus of fibers is 5-10 times smaller than the longitudinal modulus. Coefficient of thermal expansion is negative along fiber, but in transverse direction – positive and comparable with that of the polymer matrix.

In addition, the effect of heating [9, 12] and moisture [13] uptake of natural fibers has been studied. It is concluded [12] that during production of natural fiber reinforced plastics, only short periods of exposure to high temperatures are allowed. Composite production temperatures higher than 180ºC have to be avoided in order to prevent degradation of fibers.

We have several disadvantages of natural fibers:

• Large scatter of all the parameters;
• Properties depend on growing and processing conditions;
• Degradation of properties (moisture, heat, flame);
• Fibers are short; that means lower performance of their composites;
• Structure is highly inhomogeneous;
• Stress – strain response is nonlinear.

Finally, it is seen from literature that flax fibers have the best potential to substitute glass in polymer composites. A comparison of main parameters for flax, hemp, jute and glass fiber is given in Table 1. Specific properties of natural fibers, especially flax, are promising.
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NATURAL FIBER COMPOSITES:

Most of NFC are short fiber composites with non-homogeneous length and orientation distributions. It is known that elastic modulus and the strength of discontinuous fiber composites are moderate compared to continuous fiber-reinforced composites. But there is more flexibility in the selection of their fabrication methods. Many processing methods used for plastics can be applied to the fabrication of discontinuous fiber composites. This leads to the possibility of easier mass production.

MATERIALS:

To process to composites, natural fibers are typically formed into some form of fiber mat. Kenaf, hemp, sisal, coir, jute and some other fiber composites have been studied. But the flax fibers appear to have received more attention. Although thermal instability of fibers causes restrictions for matrices, both thermoplastics and thermosets are being used. Polypropylene (PP, melting temperature 160ºC) is the most popular thermoplastic matrix, also found to be the best [14] for flax fibers. There is no distinct favorite among thermosets: epoxies, vinyl esters, polyesters, and other polymers are used. There are also attempts to use biopolymers [15-21], such as polyester amide, poly-L-lactic acid and others. The main attention in this area is focused on manufacturing problems. The properties of such biocomposites seem very promising too. 

MANUFACTURING:

Thermoplastic NFC is manufactured mainly by different extrusion methods followed by injection [22] or compression molding [23, 24]. Fibers are chopped during process therefore composites have short fibers (few millimeters at most). Orientation is three-dimensional, but not necessarily isotropic (depends on method: injection process, shape of mould etc.). Besides, natural fiber mat thermoplastic composite plates with different fiber contents can be manufactured using the film-stacking method [25, 26]. Thermoplastic pultrusion can also be applied for continuous process [27]. Compression molding processes is very typical for thermosets [28]. Resin transfer molding [29, 30] and resin infusion are used as well. These methods ensure relatively longer fibers and more or less inplane orientation in resulting composite. Since the thermal stabilityof the flax fibers may be increased by chemical treatment, then even autoclave molding technique can be applied [31].

A very important task of NFC manufacturing is to have elementary fiber, not technical fiber, as the reinforcement in the composite [32]. On the other hand, using technical fibers or textile yarns, it is possible make long fiber composites with predefined fiber orientation. However in both cases the basic problem is fiber/matrix adhesion.

ADHESION:

All the plant fibers are hydrophilic in nature. That is because of their chemical structure – the hemicelluloses and the pectin are very hydrophilic [1, 14]. In contrary, many of the common matrix polymers in composites are largely hydrophobic in nature. Only thermosets such as phenol formaldehyde and related polymers are less hydrophobic and are therefore less problematic [1]. This discrepancy can lead to the formation of ineffective interfaces between the fiber and matrix. Problem can be solved applying different fiber treatments (both chemical and mechanical) or modifying chemical composition of the matrix.

Unfortunately, surface treatments have a negative impact on economical aspect of NFC manufacturing. There are many publications reporting that properties of PP based composites are improved using maleic anhydride grafted PP (MAPP) as matrix additive [8, 22, 25, 32-37]. The same MAPP [38], acetilation and stearic acid treatment [37] are used for fiber processing. Adhesion increases also after boiling of the flax fibers [35, 39]. For epoxy resin, alkali (NaOH), silane (3-aminopropyltriethoxysilane), isocyanate (phenyl isocyanate) [31], urea [40] and other treatments can be employed. Acrylic acid and vinyl trimethoxy silane of different concentrations are considered for several other thermosets [8]. Single fiber fragmentation (SFF) test is a common method used to measure adhesion quantitatively (via critical fiber length or interfacial shear strength) for synthetic fibers. It is adapted for flax as well [8, 41].

PERFORMANCE AND APPLICATIONS:

Usually NFC is compared with glass fiber reinforced polymers of the same type (matrix; manufacturing method; fiber volume fraction, length and configuration). Normally these are fiber mat composites. Composite density must be taken into account, because it is the strong side of NFC. In other words, specific properties must be compared. This subject is studied in many papers. The basic results are that NFC can have very good specific stiffness [24, 42] and reasonable specific tensile strength [24, 42]. 

Unfortunately, the impact strength is a disaster for NFC [24, 25, 43], however it can be upgraded improving adhesion [44]. Flexural strength of NFC is also somewhat lower that that of GFRP [32]. As expected, flax fiber composites are the best in properties (jute takes second place). In short, it can be concluded that NFC based on flax fibers can compete with E-glass based GFRP materials in stiffness critical structures, whereas for strength and impact critical applications these materials still need to be optimized further. Several leading car manufacturers already use flax, banana fibers, for instance as polymer reinforcement in interior parts (car roofs, door panels and other). The use of flax fibers in car disk brakes instead of asbestos fibers, is another example. There is a potential to develop this tendency further [4, 28].
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