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Abstract

:

In the present work, an investigation on the surface topography and geometry variation of bagasse fibers was correlated with their mechanical properties via image analysis. The fibers were tested under a universal tensile testing machine and the diameter of the fibers was calculated using images obtained in a digital microscope. Furthermore, surface characterization and quantification were also performed using images obtained via SEM. The results showed that the surface roughness of alkali-treated bagasse fiber increased compared to that of the untreated one. Moreover, it was observed that the diameter variation of bagasse fiber along its length and among different fibers is not only variable but also unpredictable. The tensile test results revealed that bagasse fibers showed lower stress at a rupture with considerable scatter. It can be inferred that the synergistic effect of thick bagasse fiber, bagasse fiber diameter variations along its length and among fibers, and the fiber fracture mechanism establishes a local condition for fracture and resulted in such variations in tensile properties. Finally, the results clearly showed that the two-parameter Weibull fit the experimental data fairly well (   R 2  = 0.97  ). The Weibull modulus    ( m )    was found to be 1.7, indicating that the strength distribution is high.
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1. Introduction


Research and development of eco-friendly, green, and sustainable composite materials using agro-based or lignocellulose materials have been attracting increasing research attention in recent years. The attractive characteristics of natural fibers whereby they are economic, lightweight, biodegradable, zero carbon footprint, environmentally friendly and nonabrasive, and exhibit interesting physical and mechanical properties such as low density, high specific properties, high aspect ratio, relatively high processing flexibility, and good strength [1,2] make them attractive for use in composite materials. In recent decades, much research has been directed towards the use of various lignocellulose-based fibers as reinforcement for plastics. Various types of natural fibers are used as reinforcement of composite such as flax fibers [3], bamboo fibers [4], jute fiber [5], kenaf fiber [6], sisal fiber [7], coir [8], abaca [9], and wheat straw [10].



In Bangladesh, on average, about 0.13 million ha of land is used to cultivate sugarcane and the annual production is about 7.5 million tons [11]. During the scorching summer, people—especially day laborers, rickshaw pullers, and other low-income groups—consume sugarcane juice sold by street vendors as they are inexpensive, convenient, and attractive. Street vendors roam around the city with hand or motor-driven crushing machine and sugarcane on their vans (Figure 1). The “bagasse” (the fiber residue that is left after the juice extraction from sugarcane) is dumped into the environment by the street vendors. Bangladesh produces about 800,000 tons of bagasse per year and is considered as one of the most important agricultural residues in the country [11]. Therefore, proper consumption of this bagasse is necessary by implementing proper valorization technologies and must be handled in an environmentally friendly and economically advantageous way.



Inspection of the published studies, however, revealed that the three main components of bagasse are cellulose, hemicellulose, and lignin, which have reasonable mechanical properties with ultimate tensile strength (UTS) ranging from 170–290 MPa, and modulus of elasticity in the range of 15–19 GPa [12,13]. Hence, bagasse is considered a promising fiber for reinforcing filler for composites, either in thermoplastics or thermoset matrices.



Like other natural fibers, the main bottlenecks of bagasse fiber utilized in reinforcement to composites are high moisture absorption and poor interfacial adhesion with the matrix [14]. To address these limitations, significant research has been carried out in the last decade and can be broadly classified into two groups, namely (i) matrices for composites and (ii) modification of surface properties of bagasse fibers. The shape, surface appearance, durability, and environmental tolerance of composites are dominated by the matrix while the macroscopic stiffness and strength of composites are dominated by reinforced fibers by carrying most of the structural load. Hence, the research on the matrices for composites group was mainly focused on the incorporation of bagasse fibers in thermoplastics such as bagasse-fiber reinforced with polypropylene composite [14,15], bagasse-fiber reinforced with polyester composites [12,16,17], bagasse-fiber reinforced with poly (ethylene vinyl acetate) composites [18], bagasse reinforced polyethylene composites [19], bagasse reinforced with polypro and thermoset matrix bagasse epoxy bio-degradable composite [19]. On the other hand, the modification of surface properties of bagasse fibers research is carried out to improve the adhesion characteristics of bagasse fibers either in thermoplastics or thermoset matrices. A favorable strength and stiffness could be achieved with a strong interface using physical methods (such as mechanical activation treatment [20]), chemical methods such as mercerization or alkaline treatment [13,14,21,22,23], acetylation [13], methylation, benzoylation, permanganate treatment, acrylation, esterification [19,24,25]. However, mercerization is found to be the most widely used chemical treatment for bagasse [24].



In comparison with synthetic fibers such as carbon and glass fiber, bagasse fiber exhibits much higher variation not only in terms of morphology, surface characteristics, mechanical, physical, and chemical properties, but also they present a geometry variation. The diameter of bagasse fiber varies not only among fibers but also along the fiber length, resulting in significant scattering in the fiber mechanical properties. Consequently, this may result in considerable variation in the fiber strengths and hence, cannot be characterized completely using deterministic models. The scattering characteristics of bagasse fiber need to be assessed statistically. Usually, the Weibull distribution that is commonly used to evaluate the strength distribution of brittle materials, has now been shown to give a reasonable fit to fiber strength at a single gauge length for natural fibers [26,27].



Aiming to use bagasse fibers as reinforcing agents for either thermoplastics or thermoset matrices, this work focuses on the characterization of alkali-treated bagasse fibers. The fiber diameter was estimated from a digital microscope image, whereas the fiber surface characterization and quantification were performed by obtaining scanning electron microscopy images. Finally, the two-parameter Weibull distribution was used to model the fracture probability of the above-mentioned bagasse fibers




2. The Weibull Distribution


The Weibull distribution [28] relies on the ‘weakest link hypothesis’ which means that the most detrimental flaw in the material will control the strength. In the case of bagasse fiber, the weakest point relies on where there is a defect or where the fiber diameter is at a minimum, or a combination of both. The fibers fracture when this weakest point reaches its breaking limit. Therefore, it is reasonable to assume that the fiber failure load is the characteristics of the fiber and the measured strength of bagasse fibers exhibits a distribution. However, the variations in fiber strength are commonly subjected to further detailed analysis using a two-parameter Weibull distribution, which takes the form as per the below Equation (1) [29]:


  F  (   σ f  ;  σ 0  , α  )  = 1 − e x p  [     (  −    σ f     σ 0     )   α   ]   σ 0  > 0 ,   α > 0    



(1)







Here,   F  (   σ f  ;  σ 0  , α  )    represents the failure probability;    σ 0    represents the scale parameter, where failure probability is 63.2%;    σ f    represents the variable (fiber fracture load in the present study);  α  represents the shape parameter (alternatively referred to as Weibull modulus), which is a measure of both data scattering and the scale parameter    σ 0   .



The shape parameter,  α , is predicted using one of three methods: (i) linear regression, (ii) maximum likelihood, and (iii) moments. Among these, linear regression is the most widely used method, mainly because of its simplicity and relative ease of use [28].



Taking the natural logarithm of both sides of Equation (1) twice yields the following:


  l n  [  l n  (   1  1 − F (  σ f  ;  σ o  , α    )   ]  = α l n  (   σ f   )  − α l n  (   σ o   )  = α x + c  



(2)







To evaluate the value of  α  and    σ o   , the experimental values of    σ f    were arranged in ascending order. Then, a good estimate of   F  (   σ f  ;  σ 0  , α  )    is the median rank of    σ f   , which is calculated using the following expression [4]:


  F  (   σ f  ;  σ 0  , α  )  =   i − 0.3   n + 0.4    



(3)







Here,  i  represents the rank of the respective data point in ascending order, and  n  represents the sample number (20 in the present study)



After plotting   l n  [  l n  (   1  1 − F (  σ f  ;  σ o  , α    )   ]    versus   l n  (   σ f   )   , a linear regression of the data points is utilized to calculate the Weibull modulus,  α , and the characteristic tensile strength,    σ 0   . The slope of the regressed line represents the Weibull modulus,  m , whereas the characteristic tensile strength,    σ 0   , is calculated from the intercept (  α l n  (   σ o   )  )  . In the regression model, the precision adjustment parameter,    R 2   , can be used to assess the goodness of fit between the function and experimental data. For all sample sizes,    R 2  > 0.95   indicates a good fit,    R 2  < 0.90   indicates a poor fit, and no guidance was provided for    R 2    values between 0.95 and 0.90 [30].




3. Materials and Methods


3.1. Material


The bagasse fibers used in the present study were collected from street vendors. Figure 2a shows the fibrous residue, after the extraction of juice from sugarcane by roll pressing, dumped into the environment. The as-collected fibrous residue (shown in Figure 2a) was washed thoroughly in running water and then dried for 72 h under the sun. The bagasse was then washed with warm water at 70 °C for 3 h and dried under the sun for another 72 h. This was done to remove any remaining sugar residue and undesirable foreign matter in the bagasse. Bagasse fibers were then manually extracted from the dried fibrous residue, as shown in Figure 2b. Hereinafter, the dried bagasse fibers were designated as untreated bagasse fibers.




3.2. Chemical Treatment


Alkaline treatment was used to treat the bagasse fibers, wherein a 1% NaOH was used to soak the fibers for 3 h at ambient temperature. The bagasse fibers were washed thoroughly in water to ensure all excess NaOH that may stick to the fiber surface is removed and the fibers were dried under the sun for 72 h. Hereinafter, the chemically treated bagasse fibers were designated as treated bagasse fibers. The details of the preparation of the bagasse fibers are shown in Figure 3.




3.3. Fiber Diameter Measurement


To measure the diameter variation of bagasse fiber within and along its length, the treated fibers were observed using a Motic AE 2000 microscope. The microscope was equipped with Motic image plus 3.0 software. In total, 20 randomly selected bagasse fibers were observed and images were captured.



After the acquisition, ImageJ version 1.53 g was used for processing and analyzing the images. First, the images were converted to 8-bit images. Then, the scale bar at the bottom of the image was used to calibrate the image and the known distance was transformed from pixels into micrometers. The 8-bit images were then converted into binary images using conventional thresholding in ImageJ (Figure 4). The diameter of the bagasse fiber along its length was calculated using the line segments. The measurement was conducted at 20 different locations along each sample length.



The surface morphology of untreated and treated bagasse fibers was investigated by capturing the images in a scanning electron microscope (TESCAN VEGA 3). These high-resolution SEM images were further processed to understand the surface profiles of untreated and treated bagasse fibers using Image J software [31]




3.4. Tensile Testing


The tensile properties of fibers can be obtained either by single fiber tensile testing (SFTT) [32] or by bundle fiber tensile testing (BFTT)) [33]. Though SFTT is a laborious and time-consuming process, this process is the most straightforward, most reliable, and unambiguous means of characterizing fibers or exploring their morphologies. Therefore, the SFTT method was applied in the present study.



All the single fiber tensile tests were carried out using a Titan Universal Tensile Testing machine with a 200 N load cell and a gauge length of 75 mm and 10 mm/min crosshead speed. In total, 20 single bagasse fibers were tested. The load–displacement curve was recorded during the test.





4. Results


4.1. Surface Morphology of Bagasse Fiber


Figure 5 shows the SEM images of both untreated and treated bagasse fiber. As can be seen, compared to untreated bagasse fiber, the alkali-treated bagasse fiber showed a cleaner surface. The literature review revealed that during alkali treatment, a certain amount of lignin, hemicellulose, and pectin covering the surface, inorganic materials, non-cellulose substances, and waxes are removed, resulting in fibers with a cleaner yet uneven surface [21]. Therefore, it is customary to distinguish the surface morphology of untreated and treated bagasse fiber used in the present study.



Traditionally, various techniques have been used for measuring surface roughness, ranging from mechanical profilers [34] to more sophisticated optical techniques such as optical profilers [35], laser profilometry [35], atomic force microscopy [35], indicating that no universal technique exits to measure or describe surface morphology. Recently, Scanning Electron Microscopic imaging combined with image analysis software is used for assessing the quantitative surface morphology [36,37,38]. In the present study, surface characterization and quantification were performed with an ImageJ plugin (version 1.51 k) for surface assessment, called the SurfCharJ plugin [39]. Various surface roughness parameters such as root mean square deviation (   R q   ), arithmetic mean deviation (   R a   ), kurtosis of the assessed profile (   R  k u    ), skewness of the assessed profile (   R  s k    ), lowest valley (given by the minimum measurements) (   R V   ), highest valley (given by the maximum measurements) (   R p   ), and the total height of the profile (   R t   ) can be obtained in accordance with ISO 4287/200 standard. For details about surface roughness parameters and image measurement, the procedure is documented elsewhere [40].



Figure 6 shows typical cross-sectional line profiles obtained by ImageJ. Each of these profiles was generated by selecting one line from the corresponding 2D SEM images and is shown in Figure 6a,c. Compared to untreated bagasse fiber, the grayscale value amplitude of treated bagasse fiber changes. It could also be seen that the grayscale value is high in treated bagasse fibers compared to that of untreated bagasse fibers. Figure 7 shows three-dimensional surface topography images of both untreated (Figure 7a) and treated bagasse fibers (Figure 7b). Though both surfaces are characterized by irregularly distributed peaks, treated bagasse fibers showed more peaks. To quantitatively assess the roughness between untreated and treated bagasse fiber, average roughness parameters    R q   ,    R a   ,    R  k u    ,    R  s k   ,    R  V ,        R p   , and    R t    were calculated using the SurfCharJ plugin and are shown in Table 1. From Table 1, it is clear that the average value of root mean square deviation (   R q   ), and arithmetic mean deviation (   R a   ) of treated fibers is about 1.5 times and 1.6 times larger than that of untreated fibers, respectively. The ratios of highest valley to lowest valley    (     R P     R V     )    for both untreated and treated bagasse fibers are about 6.3 and 6.6, respectively. This indicates that the surface of treated bagasse fibers has high peaks, which is in agreement with Figure 7. However, the average roughness    (   R a   )    and the root mean squared (RMS) roughness    (   R q   )    are most widely used to characterize the surface quality, both    R a    and    R q    parameters did not offer any insight into the horizontal dimensions of the surface. Therefore, some authors recommended the use of additional parameters such as skewness    (   R  s k    )    and kurtosis    (   R  k u    )    [41,42]. Our results clearly show that both untreated and treated bagasse fibers have positively skewed (   R  s k     is positive indicating that profile with high peaks) and leptokurtic (   R  k u   > 3   indicating that the distribution has a relatively high number of high peaks and low valley) distributions.



Based on the aforementioned discussion, it is clear that the alkali treatment changes the surface morphology of bagasse fibers, making the surface of the fiber cleaner yet rougher.




4.2. Diameter Variation along the Fiber and between Fibers


Figure 8 shows the diameter distribution along the fiber length of randomly selected bagasse fibers. The bagasse fiber studied showed a considerable amount of diameter variation along its length. Like other natural fibers, bagasse fiber has also shown non-uniform dimensions. However, here it is shown for the first time that marked differences in diameter distribution may occur along the fiber length.



The average diameter of each bagasse fiber was actually the average value obtained by 20 different measurements performed along each sample length. Figure 9 shows the average diameter distribution of 20 arbitrarily selected bagasse fibers. The histogram revealed a relatively large scatter in the diameter (1.1 to 2.3 mm) and was perhaps due to the fiber extraction method used in the present study. A similar large dispersion in diameter has been found in piassava [43] fibers. Moreover, investigations on a greater number of fibers could possibly extend the range of histograms by finding even thinner and thicker bagasse fibers. However, this study revealed that the diameter of a bagasse fiber along its length and among different fibers showed considerable scatter.




4.3. Tensile Properties


Figure 10a showed typical load versus elongation curves for all 20 randomly selected bagasse fibers. Despite variability in the breaking load, the load-elongation curves showed a characteristic trend in all samples. Note that each bagasse fiber showed a different deformation rate until breaking point (Figure 10b’,b’’,b’’’). Careful observation revealed that bagasse fibers initially showed linear elastic behavior followed by sudden failure with no apparent plastic extension. Other lignocellulosic fibers such as the giant bamboo fibers also showed similar stretching behavior [44]. Based on the maximum load, as shown in Figure 10a, the tensile strength of each fiber was calculated. It is found that the mean tensile strength of the studied bagasse fiber is about 7.3 MPa. Note that the diameter of bagasse fibers used in the present study ranged between 1.1 to 2.3 mm, with a gauge length of 75 mm. Several researchers reported that both fiber diameter and fiber length are negatively correlated with fiber strength [45,46]. The present work also shows a similar decreasing trend in fiber strength with increasing fiber gauge length and fiber diameter, as shown in Figure 11. Therefore, the observed low fiber strength in the present study might be due to the use of bagasse fibers with a relatively larger diameter and longer gauge length.




4.4. Weibull Analysis of Bagasse Fiber Tensile Strength


The load versus elongation curve (shown in Figure 10) revealed that the bagasse fiber tensile strength varied, which is characteristic of natural fibers [46,47]. Such variability can be statistically analyzed by the two-parameter Weibull method. Figure 12 shows the Weibull plots based on least-squares fit. The Weibull modulus,  α , was obtained from the slope of the linear regression model. The scale parameter,    σ 0  ,   was calculated using the point at which a unimodal straight line specified by the regression model intersects the  Y -axis in the expression


   σ 0  = e x  p  −  (   c α   )     











Table 2 shows the Weibull modulus, the scale parameter, and the correlation coefficient    (   R 2   )    of the Weibull model for bagasse fiber. In Figure 12, the correlation coefficient    (   R 2   )    is found to be 0.97, suggesting that the two-parameter Weibull fit the experimental data fairly well, although some deviation from the best fit line occurred.



The calculated values of the Weibull modulus and the scale parameter were found to be 1.7and 8.3, respectively. Similar values for the Weibull modulus have been observed in other lignocellulosic fibers [48].





5. Discussion


The strength of composite materials is critically dependent on the strength distribution of the reinforcing fibers. Therefore, establishing the reliability for industrial applications requires extensive testing and a substantial amount of research. In fact, the variability in mechanical properties of natural fibers is one of the major concerns for final product application. Hence, a good understanding of the scattering behavior of tensile properties may shed light on their safe industrial utilization. Owing to their hydrophilic nature, bagasse fibers usually do not have good adhesion either in thermoplastics or thermoset matrices [49,50]. The application of alkali treatment improves the adhesion between the fiber and the matrix [24]. Cellulose, hemicellulose, and lignin are the three main components of bagasse fibers. During alkali treatment, hemicellulose, lignin, and other components such as pectin, fat, and wax were solubilized, whereas the cellulosic portion was not significantly affected by NaOH [51]. This resulted in increased surface roughness, providing for improved interfacial bonding [52]. Y Cao et al. [53] reported that bagasse fiber pretreated with 1% NaOH showed improved tensile strength, flexural strength and impact strength. Similar observations of jute fiber have been reported by Ray et al. [54]. The present observations (Figure 6 and Figure 7) indicate that the alkali treatment changes the surface morphology of bagasse fibers, making the surface of the fiber cleaner yet uneven, in line with the previous study [51,54]. In addition to their hydrophilic nature, the bagasse fibers used in the present study showed significant diameter variation both between and within fibers (Figure 8 and Figure 9). Similar diameter variations have been observed in other natural fibers such as wool [55], bamboo fibers [44], sisal fiber [56], and jute fiber [57]. However, the fiber diameter distributions observed in the present study were higher than those reported by Reddy and Yang [58] and M. Siti Alwani et al. [59]. Generally, the origin, quality of plant, location, weather, age, and fiber extraction method employed control the properties of natural fibers [60]. As reported in Section 3.1, the bagasse fibers used in the present study were manually extracted from the dried fibrous residue. Therefore, both natural conditions and the extraction method employed may have resulted in such variation.



Strength tests of bagasse fiber clearly showed wide variations in the breaking strength (Figure 10). Such variations could be attributed to several factors including the fiber diameter, gauge length, and fiber fracture mechanism. Monterio et al. [61] reported that thicker lignocellulosic fibers break at a lower stress than that required for thinner fibers. The distribution of both weak and stronger fibrils is relatively high in thicker fibers. During tensile deformation, the weakest fibrils in the thicker fiber fracture at a lower stress than that required for the fibril (the weakest) in the thinner fiber. Once the weakest fibril is fractured, it nucleates a flaw in the fiber structure, which then propagates in a brittle manner until complete rupture. Thus, a fiber with a smaller diameter will be stronger compared to one with a larger diameter. In addition, fiber strength was found to be negatively correlated to fiber gauge length [46,59,62,63,64]. Furthermore, as the fiber gauge length increases, the distribution of flaws also increased the probability of the presence of a larger fatal flow, which leads to the localization of stress and thereby reduces fiber strength. Our results show that the synergistic effect of thick bagasse fiber, high gauge length, and fiber fracture mechanism establishes local conditions for fracture and causes not only low breaking strength but also considerable scatter. This clearly indicates that the tensile properties of bagasse fiber cannot be characterized completely using deterministic models. Therefore, the two-parameter Weibull distribution has been applied in the present study to explain the strength variation of fibers. Let us assume that the flaws in the bagasse fibers represent both the diameter variation and fiber fracture mechanism. Therefore, in the present study, the Weibull modulus,  α , can be defined as the flaw frequency distribution. The high value of  α  suggests evenly distributed flaws throughout the material, resulting in strength that is independent of the gauge length and low strength variability. In contrast, low values of m represent fewer and less evenly distributed flaws, resulting in considerable scatter in strength. Natural fibers usually have a Weibull modulus between 1 and 6 [44]. The value of  α  for the bagasse fibers studied was relatively low (1.7, Table 2), which would be connected with brittle materials and it indicated that flaws in the bagasse fibers are distributed heterogeneously. Consequently, the tensile properties of bagasse fiber should be assessed statistically, rather than a single average experimental value.



The Weibull analysis provides guidance related to the overall performance of bagasse fibers, rather than relying on the average fiber strength and standard deviation. Although the Weibull modulus is comparatively low, there is the possibility that material with a larger  α  could be selected for the use.



The effect of alkali treatment on the structure and properties of natural fibers was studied by various research groups by changing the concentration of NaOH (from 0.03–40 wt%) and the time of treatment (from a few minutes to 48 h) [64,65]. It is generally accepted that the alkali treatment affects the composition, structure, the degree of crystallinity, pore structure, cellulosic fibril [64,66], microfibril angle [64,67], and crystal modification (the transformation from the cellulose I to the cellulose II form as the result of the treatment) [68]. Therefore, precise and accurate characterization of the effect of alkali treatment on bagasse fiber is of crucial importance. Concerning the crystallinity index, it has been reported that the crystallinity index increases [64], decreases [69] or goes through a maximum [70,71] as a function of NaOH concentration and time. For this purpose, further systematic research must be carried out by varying the NaOH concentration and time. Therefore, it would be more instructive to use X-ray diffraction (XRD) to identify the crystallinity changes and the change of the microfibril angle (MFA) by varying the NaOH concentration and time. Several authors have also reported that owing to the alkali treatment, the hemicellulose, lignin, and wax content of the natural fibers decrease and the cellulose content increases. Fourier transform infrared spectroscopy (FTIR) must be carried out to understand the change in the chemical composition of the alkali-treated bagasse fibers; therefore, further investigation is still required. Furthermore, for a better understanding of the fiber fracture mechanism, direct observation of the 3D fracture behavior using X-ray microtomography is preferred. This procedure has a clear advantage over the traditional simple observation (observation of fracture surface under SEM) because it provides unique possibilities for detecting fracture origin in a quantitative manner.




6. Conclusions


An investigation of the surface morphology, geometry variation, and tensile properties of bagasse fibers was presented for potential application as reinforcement in composites. The results showed that the alkali treatment changes the surface morphology of bagasse fibers making the fiber surface rough (   R a    of treated fiber is about 1.6 times higher than that of untreated fiber). The observed lower rupture stress is not only due to the accumulation of defects but also between-fiber and within-fiber diameter variations. Furthermore, the two-parameter Weibull fit the experimental data fairly well (   R 2    is found to be 0.97). The Weibull modulus    ( α )    was found to be 1.2, indicating that the strength distribution is high (has a higher scatter). The obtained results can be used as feedback for optimizing the bagasse fiber extraction and further fiber preparation.
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Figure 1. Street vendors with motor-driven crushing machine and sugarcane on their vans. 
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Figure 2. Bagasse fibers: (a) fibrous residue collected from street vendor, (b) manually picked fibers. 
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Figure 3. Flow chart highlighting the steps employed in preparation of bagasse fiber. 
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Figure 4. Segmentation of bagasse fiber (a) 8 bit image, (b) binary image from thresholding in ImageJ. 
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Figure 5. SEM image of single sugarcane bagasse fiber: (a) untreated, (b) treated. 
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Figure 6. Typical two-dimensional images and cross-sectional gray value profile showing: (a,b) untreated fibers, (c,d) treated fibers. 
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Figure 7. Three-dimensional surface topography images of (a) untreated bagasse fiber, (b) treated bagasse fiber. 
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Figure 8. Variation of bagasse fiber (alkali treated) diameter along its length. 
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Figure 9. Diameter variation among different bagasse fibers (alkali treated). 
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Figure 10. Typical tensile load vs. displacement curve of alkali-treated bagasse fibers showing: (a) all the tested fibers, (b’,b’’,b’’’). 
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Figure 11. Dependence of bagasse fiber strength on: (a) fiber gauge length, and (b) fiber diameter. Red circles represent the data obtained in the present study, whereas the black circles represent the data adopted from Studies on lignocellulosic fibers of Brazil: Part III-morphology and properties of Brazilian curaua fibers by Tomczak, F.; Satyanarayan, G.; Sydenstricker, T.H.D. Compos. Part A Appl. Sci. Manuf. 2007, 38, 2227–2236. 
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Figure 12. Two parameter Weibull plots of breaking strength taken from 20 bagasse fibers. 
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Table 1. Average roughness parameters of untreated and treated bagasse fibers.
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Roughness Parameter




	

	
    R q    

(Pixels)

	
    R a    

(Pixels)

	
    R  k u     

(Pixels)

	
    R  s k     

(Pixels)

	
    R V    

(Pixels)

	
    R p    

(Pixels)

	
    R t    

(Pixels)






	
Untreated

	
21.8

	
15.7

	
5.7438

	
5.7

	
27.5

	
172.9

	
230.8




	
Treated

	
34.3

	
22.9

	
5.6385

	
7.7

	
30.0

	
197.6

	
227.6
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Table 2. Weibull modulus    ( α )   , scale parameter    (   σ 0   )   , correlation coefficient    (   R 2   )    of the Weibull distribution equation (obtained from Figure 12).
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	Parameter
	Symbol
	Values





	Weibull modulus
	  α  
	1.667



	Constant term
	  c  
	−3.530



	Scale parameter
	    σ 0  = e x  p  −  (   c α   )      
	8.3



	Precision adjustment
	    R 2    
	0.97
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