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This paper presents the results of an experimental investigation into the 
mechanical behavior and microstructural characteristics of peach palm 
fibers. The fiber morphology was studied using a scanning electron 
microscope (SEM), and the results of the mechanical tests were 
correlated with the fiber microstructure. The specimens were submitted 
to direct tensile tests in a state-of-the art microforce testing system using 
three different gauge lengths. The cross sectional areas of the fibers 
were measured using SEM micrographs and image analysis. The fiber 
microstructural characteristics were determined via thermogravimetric 
analysis and X-ray diffraction. The measured Young’s modulus was 
corrected for machine compliance. Weibull statistics were used to 
quantify the degree of variability in fiber strength at the different gauge 
lengths. The failure mechanisms were described and discussed in terms 
of the fiber microstructure, as well as defects in the fiber. The results 
showed that the fiber void content had a large influence on the fiber 
tensile strength and elastic modulus but the amount of main voids did not 
influence the fiber strength.  
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INTRODUCTION 
 

Conventional construction materials such as concrete and steel are the most 

important components in infrastructure. The elevated cost of these materials and the 

negative impact on the environment has increased the use of natural materials (George et 

al. 2001). In recent years, non-conventional materials, such as cement and polymer 

matrix composites reinforced with vegetable fibers, have become attractive alternatives 

(Hota and Liang 2011). Composites reinforced with vegetable fibers can reduce the waste 

from construction, increase the energy efficiency of infrastructure, and promote the 

concept of sustainability (Dittenber and GangaRao 2012). 

Vegetable fibers have important advantages, such as their low cost compared with 

other conventional reinforcements, low density, high mechanical properties, and adequate 

thermal and acoustic insulation properties. Vegetable fibers are a renewable source and 

available anywhere in the world, and therefore, accessible for people with low incomes 

living in poor regions (Gaceva 2007). Vegetable fibers can be used in several areas, such 

as reinforcement of polymer-based composites for vehicles, textiles, and reinforcement in 

cementitious composites. Each fiber has different and unique properties depending on 

certain factors, such as fiber diameter, microstructure, degree of crystallinity, method of 

extraction, and the conditions of the plant before harvest (Marinelli et al. 2008). 
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Several studies have been performed to determine the mechanical behavior of 

vegetable fibers (De Rosa et al. 2011; Bezazi et al. 2014; Belouadah et al. 2015; Porras et 

al. 2015). These studies show that the tensile strength depends on the proportion of 

cellulose, degree of crystallinity, fiber morphology, microfibrilar angle, test methods, and 

plant characteristics, as reported for piassava (d’Almeida et al. 2006), coir (Defoirdt et al. 

2010; Ferreira et al. 2014), jute (Fidelis et al. 2013), sisal (Silva et al. 2008), bamboo 

(Prasad and Rao 2011), flax (Baley 2002), okra (De Rosa et al. 2010), kenaf (Akil et al. 

2011), Lygeum spartum L. (Belouadah et al. 2015), banana (Prasad and Rao 2011), 

curauá (Tomczak et al. 2007; Spinacé et al. 2009), alpha (Brahim and Cheikh 2007), 

hemp (Jayaramudu et al. 2010) and areca (Srinivasa et al. 2011; Chakrabarty et al. 2012; 

Padmaraj et al. 2013; Yusriah et al. 2014; Binoj et al. 2016). The mechanical behaviors 

of these fibers are classified depending on their tensile strength and modulus of elasticity. 

Among the low tensile strength category are piassava (143 to 175 MPa), alpha (152 to 

210 MPa), Lygeum (75 to 225 MPa), coir (175 to 245 MPa), okra (195 to 235 MPa), and 

areca (123 to 322 MPa). Jute fibers have moderate tensile strength (299 to 450 MPa). 

Sisal (375 to 577 MPa), hemp (388 to 570 MPa), banana (565 to 725 MPa), curauá (700 

to 900 MPa), and bamboo (710 to 915 MPa) are classified as high strength fibers. The 

high variability of the results can be traced back to the testing procedure, the 

methodology used for calculating the fiber cross sectional area, the plant age, harvest 

location, fiber humidity, and machine compliance. 

The crystallinity index (CI) of natural fibers ranges from 40% to 70%, as reported 

for coconut fibers (41.9%) (Carvalho et al. 2010), Lygeum spartum L. (47%) (Belouadah 

et al. 2015), Sansevieria ehrenbergii (52.27%) (Sreenivasan et al. 2011), and A. 

officinalis L. (70%) (Sarikanat et al. 2014). The thermal decomposition of the main 

components of natural fibers occurs at different temperatures. Lignin, hemicellulose, and 

cellulose decompose between 280 and 500 °C, 200 and 500 °C, and 240 and 350 °C, 

respectively (Seki et al. 2013). Thus, natural fibers are thermally stable from about 200 to 

275 °C (Fiore et al. 2014; Sarikanat et al. 2014; Belouadah et al. 2015). 

A previous study on the tensile behavior of natural peach palm fiber suggested 

that to understand the variability of their tensile properties, a deep microstructural 

analysis should be performed. The correct understanding of its mechanical behavior and 

microstructural characteristics is desirable to determine possible future applications, such 

as reinforcement in cementitious and polymeric matrices (Temer and d’Almeida 2012). 

This work presents mechanical and microstructural tests carried out on natural 

peach palm fibers. The mechanical results were correlated with the fiber microstructure. 

This correlation was made by observing fibers in the scanning electron microscope 

(SEM) to determine their cross sectional area and then performing direct tensile tests on 

the same specimens. The three areas studied were the total area, the area without the main 

voids, and the effective area. The microstructural properties of the fibers were determined 

by thermogravimetric analysis (TGA) and X-ray diffraction (XRD). 

 

 

EXPERIMENTAL 
 

Fiber Extraction  
The peach palm fibers used in this paper were extracted from the trunk of the 

palm by a manual process. The palm plant was located in Buenaventura, Colombia in the 

Valle de Cauca department. The extraction of the fiber was performed in four steps. First, 
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the trunk was cut into four sections. With a rubber hammer, the trunk was crushed to 

soften the structure in order to facilitate the fiber extraction process. After adding water, 

the fibers were manually extracted with tweezers. Finally, the fibers were treated with hot 

water (~40 °C) to eliminate surface impurities. In the present paper the term “fiber” will 

refer to a multi-cellular composite structure, which is the case for the peach palm fiber. 

The term “fiber-cell” is used in reference a single unit cellular structure. 

 

Fiber Morphological Analysis 
The fiber microstructure, before and after tensile fracture, was analyzed using a 

JEOL JSM-6510 LV SEM (JEOL, Tokyo, Japan). The electron microscope was operated 

in the secondary electron mode under 20 kV accelerating voltage and a working distance 

ranging from 8 to 10 mm. The fibers were pre-coated with a thin layer of gold.  

To measure the cross sectional area for each tested fiber under tensile load, an 

adjacent piece of the fiber (immediately next to the one tested) was kept for future 

measurement using the SEM.  

The morphological analysis was carried out to determine three different types of 

areas, which were At (the total area, Fig. 1a), Ad (the area without the main voids, Fig. 

1b), and Ae (the effective area without any void, Fig. 1c). This was done to evaluate the 

influence of porosity on the fiber mechanical behavior. The images were post-processed 

using the software ImageJ (National Institutes of Health, Bethesda, MD, USA), a Java-

based image processing program.  

 

X-Ray Diffraction 
To determine the CI of the peach palm fiber and to evaluate its content of 

cellulose, XRD tests were carried out. The tests were performed on a D8 DISCOVER 

diffractometer system (Bruker, Billerica, U.S.A.). The copper radiation was Cu-K, λ = 

1.5406 Å, and the equipment was operated at 40 kv and 30 mA. The specimens were 

analyzed between Bragg angles (2θ) of 5° to 70° with 0.02° angular speed per s. to 

determine the amount of crystallinity, the deconvolution method of crystalline peaks and 

amorphous halo was used. For this process, the Origin 9.0 software (OriginLab Corp., 

Northampton, U.S.A.) with a Gaussian function was used.  

The diffractogram was separated into various components that independently 

contributed to the formation of the peaks in each phase. The quantitative decomposition 

of XRD provided a measure of CI using Eq. 1, 

1  00%
Ac

CI
Ac Aa




                                                                                         (1) 

where CI is the crystallinity index of the material, Ac is the area below the crystalline 

peaks (a.u. versus degrees), and Aa corresponds to the area of amorphous halo (a.u. 

versus degrees). 

 

Thermogravimetric Analysis (TGA) 
The tests were performed in a Simultaneous Thermal Analyzer (STA) 6000 

(PerkinElmer,  Waltham, USA). A knife mill was used to produce 8 mg powder fiber 

samples. The fibers were subjected to a heating rate of 10 °C/min until reaching 800 °C, 

in an open platinum pan with nitrogen as the purge gas, which had a flow rate of 20 

mL/min. 
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Fig. 1. The fiber cross sectional area computation using the SEM micrographs in ImageJ 
software: (a) total area determination, (b) analysis of the area without the main voids which are 
used for the transport of the sap, and (c) analysis of the area without all voids (the effective area) 
 

Direct Tensile Behavior 
The fibers, tested in their dry natural state, were submitted to tensile loading for 

three different gauge lengths (GL), which were 20, 30, and 40 mm. The tests were 

performed in a MTS Tytron 250 (MTS Systems, Minneapolis, MN, USA) (Fig. 2). The 

tested fibers were arranged according to ASTM C1557 (2014). Tensile tests were 

performed with a displacement control rate of 0.1 mm/min and a load cell of 50 N. All 

tests were performed at room temperature (22 °C) with relative humidity at 

approximately 60%. 

The compliance of the frame and gripping system was obtained by determining 

the force versus displacement of the fiber for three different gauge lengths, following the 

methodology described elsewhere (Silva et al. 2008). The total displacement of the 

system during the tensile tests in the fiber, δt (mm), was determined by Eq. 2, 

1t l c
F EA

  
  
 

                                                                                                (2) 

where c is the machine compliance, F is the applied force (N), E is the Young’s modulus 

of the fiber (MPa), A is the cross-sectional area of the fiber (mm2), and l is gauge length 

(mm). A plot of δt / F versus l yielded a straight line with slope 1 / (EA) and intercept c. 

Effective area 

Outline Main voids 

(c) 

(a) (b) 
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Fig. 2. The direct tensile test setup of the MTS Tytron 250 and a zoom in showing the load cell 
and the peach palm fiber specimen  

 
 
RESULTS AND DISCUSSION 

 

Fiber Morphology 
The peach palm fiber had a structure in which each fiber had numerous individual 

fiber cells along the length. The fiber cells were composed of four main parts, which 

were the primary wall, the secondary wall, the tertiary wall, and the lumen (Fig. 3). The 

fiber cells were joined together by means of hemicellulose and lignin, and they are called 

the middle lamella (ML) (Fig. 3b, 3c). This type of structure is similar to those observed 

for other vegetable fibers (Silva et al. 2008). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 3 (a & b). Peach palm fiber microstructure: (a) fiber cells and main voids with its lumen, (b) 
detail of the fiber cells with the middle lamella between them 
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Fig. 3 (c). The peach palm fiber microstructure: (c) detail of the walls of the fiber cells 

 

The morphology of the peach palm fiber differed in the amount of main voids (or 

main lumens) that are used to transport the cell sap, i.e., watery fluid that circulates 

through the plant and carries food and other substances to various tissues (Fig. 3a, Fig. 4). 

In this work, we observed peach palm fibers with the number of main voids ranging from 

1 to 4 (Fig. 4). The measurements of the three different areas resulted in values of 0.39 to 

0.41 mm2 for At, 0.35 to 0.37 mm2 for Ad, and 0.26 to 0.28 mm2 for Ae (Table 1.).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4. Morphologies of the peach palm fibers according to the number of main voids: (a) one 
void, (b) two voids, (c) three voids, and (d) four voids 
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The microstructural observation performed in the peach palm fibers showed that 

the quantity of main voids was not a function of the total area of the fiber (Fig. 5a). The 

diameter of the main voids tended to increase when the number of main voids increased 

(Fig. 5b). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. The effect of the main voids on the fiber area: (a) number of the main voids versus total 
fiber area and (b) number of main voids versus area of main voids 

 

The cross sectional area calculation for peach palm fibers, as well as for other 

vegetable fibers, can result in considerable errors if a circular shape form is adopted. 

Therefore, the cross sectional area and porosity should be taken into account when 

computing the fiber tensile stress. 

 

X-Ray Diffraction and TGA Analysis 
The diffraction spectrum of X-rays had three characteristic peaks for the peach 

fibers and an amorphous halo.  

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 
 
Fig. 6. (a) X-ray analysis of peach palm fiber and (b) analysis carried out in the Origin 9.0 
software to determine the CI 
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The peak with the highest intensity at 2θ = 22.25° corresponded to the (002) 

plane; the average intensity peak at 2θ = 15.86° corresponded to the (101) plane. The 

angle 2θ = 35.62° was a peak of low intensity that corresponded to the (040) plane. These 

results were similar to cellulose in other natural fibers (Rong et al. 2001; d’Almeida et al. 

2006, 2008) (Fig. 6a). 

The analysis of deconvolution of the crystalline peaks and amorphous halo was 

carried out in the range of 10° to 45° using the Origin 9.0 software Gaussian function, 

with a correlation factor (R2) of 0.993 (Fig. 6b). Only the two highest peaks were 

included in the deconvolution analysis. The third peak, at 2θ = 35.62°, was not included 

because of its very low intensity. The CI, calculated according to Eq. 1, was 61%. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Fig. 7. TGA of the peach palm fiber 
 

Figure 7 shows the TGA of the peach palm fiber. Three events of mass loss 

occurred. Initially, a decrease in humidity caused a weight loss of 9% at temperatures 

ranging from 50 to 100 °C.  

Subsequently, the decomposition of hemicellulose began, which caused weight 

loss at approximately 300 °C. Finally, the degradation phase, which is linked with the 

fiber thermal decomposition of cellulose, occurred at 367 °C (Fig. 7). The results showed 

that the peach palm fiber was thermally stable up to 280 °C, which was similar to other 

natural fibers (d’Almeida et al. 2006; De Souza and d’Almeida 2014; Belouadah et al. 

2015; Porras et al. 2015). 

 

Fiber Mechanical Behavior 
A total of 15 fibers were randomly chosen from a batch to perform the tensile 

tests, and each gauge length was tested. To calculate the Young’s modulus of the peach 

palm fiber, it was first necessary to correct the flexibility in the machine’s ability to 

calculate the elastic region of the stress-strain curve according to Eq. 5 (Fig. 8a).  

The variability of the corrected and uncorrected Young’s modulus did not present 

much difference. This demonstrated that the machine that was used had a high stiffness 

(Fig. 8b). 
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Fig. 8. The direct tensile behavior of the peach palm fiber: (a) displacement/force versus gauge 
length of the peach palm fiber to determine the machine flexibility, c, (b) stress versus strain 
curve corrected for the machine compliance, and (c) influence of area (total area, area without 
main voids, and the effective area) on the stress versus strain behavior of the peach palm fiber 

 

The peach palm fiber had an average tensile strength of 213.5 MPa and a Young’s 

modulus of 10.8 GPa when the total area was used (area taking into account all voids). 

This behavior was compared to that of other natural fibers, such as piassava (d’Almeida 

et al. 2006), coir (Defoirdt et al. 2010; Ferreira et al. 2014), jute (Fidelis et al. 2013), 

sisal (Silva et al. 2008), curauá (Tomczak et al. 2007; Spinacé et al. 2009), bamboo 

(Prasad and Rao 2011), okra (De Rosa et al. 2010), Lygeum spartum L. (Belouadah et al. 

2015), banana (Prasad and Rao 2011), alpha (Brahim and Cheikh 2007), and hemp 

(Jayaramudu et al. 2010). 

The tensile stress was also computed as a function of the fibers microstructure. 

The fiber strength increased considerably when the effective area was taken into account 

(Fig. 8c, Table 1).  
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Table 1. Average Results and Standard Deviation of the Tensile Tests Carried 
on Peach Palm Fibers 

Area 
Type 

Gauge 
Length 

Area 
Tensile 
Strength  

Strain-to- 
Failure 

As-measured 
Young’s 
Modulus 

Weibull 
Modulus 

 
(mm) (mm2) (MPa) (%) (GPa) 

At 

20 0.39 ± 0.04 196.2 ± 17.8 2.7 ± 0.26 7.7 ± 0.8 12.9 

30 0.41 ± 0.06 198.5 ± 19.7 2.2 ± 0.30 9.5 ± 1.2 11.9 

40 0.40 ± 0.06 204.3 ± 26.9 1.8 ± 0.26 12.3 ± 1.6 7.9 

Ad 

20 0.36 ± 0.05 214.2 ± 21.1 2.7 ± 0.26 8.4 ± 1 11.6 

30 0.37 ± 0.04 222.4 ± 20.5 2.2 ± 0.30 10.6 ± 1.1 12.9 

40 0.36 ± 0.06 225.7 ± 30.4 1.8 ± 0.26 13.5 ± 1.5 8.3 

Ae 

20 0.26 ± 0.04 294.5 ± 30.1 2.7 ± 0.26 11.6 ± 1.5 10.5 

30 0.29 ± 0.03 284.1 ± 21.9 2.2 ± 0.30 13.6 ± 1.4 12.8 

40 0.29 ± 0.05 288.6 ± 28.6 1.8 ± 0.26 17.1 ± 1.7 12 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. The influence of major voids on the fiber tensile strength: (a) total area, (b) area without 

main voids, and (c) effective area void 
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The average tensile strength was not influenced by the gauge length, but the 

strain-to-failure of the fibers decreased with increasing gauge length. This behavior was 

related to the average size and distribution of flaws in the volume of the fiber, and was 

also observed in other vegetable fibers (Fidelis et al. 2013). This was traced back to the 

mean flaw size distribution, which did not change with gauge length. Once a crack 

formed at the largest flaw, how quickly the linkage between flaws occurred determined 

the strain values. The average tensile strength of the fibers did not vary when the number 

of main lumen increased (Fig. 9). The peach palm strength was a function of its diameter 

for all computed areas, as shown in Fig. 10. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10. The effect of the different areas on the fiber tensile strength: (a) fiber length of 20 mm, (b) 
fiber length of 30 mm, and (c) fiber length of 40 mm 

 

Most works that have been based on a similar investigation to the one presented in 

this paper (Zhang et al. 2015; Trujillo et al. 2014; Hoyos et al. 2012; Rosa et al. 2010) 

did not correlate the fiber morphology with its tensile behavior. Since the vegetable fibers 

present a complex cellular structure, it is of great importance the computation of the area 

by image analysis in order to investigate the influence of the fiber microstructure with its 

(a) (b) 

(c) 
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tensile behavior. Also the use of a micro-force testing system and the calculation of the 

machine compliance results in precise values of fiber strength and elastic modulus.  

The peach palm fibers varied in tensile strength, which is characteristic of natural 

fibers. This variability can be explained by the distribution of defects within the fiber or 

over the fiber surface. Weibull statistics was used to classify the fiber strength versus the 

relative probability of failure of the fibers in order to obtain a measure of variability in 

fiber strength (Silva et al. 2008). According to the Weibull analysis, the probability of 

survival for a fiber with a maximum stress, σ, is given by Eq. 3, 

0

( ) exp

m

P





  
   
   

                                                                                     (3) 

where m stands for the Weibull modulus, and σ (MPa) is the fiber resistance to a 

probability of survival defined as σ0 (MPa).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Fig. 11. The Weibull distribution for peach palm fiber for different gauge lengths according to: (a) 
the total area, (b) area without main voids, and (c) effective area void 
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Fig. 12. Peach palm fiber failure modes: (a) general view of the fiber after the fracture, (b) 
delamination of the fiber walls, (c) fracture of the fiber cells and delamination between walls of the 
fiber cells, and (d) delamination of the primary wall 

 

A greater m value results in a lower variability in the resistance value of m. The 

ranking of the resistance values is found using an estimator given by Eq. 4 (Silva et al. 

2008), 

  1
1i

i
P

N
  


                                                                                            (4) 

where P(σ) is the probability of survival corresponding to the resistance value of i (MPa), 

and N is the total number of fibers measured. Substituting Eq. 4 in Eq. 3, the following 

equation is obtained, 

0

1
ln ln ln

1

N
m

N i





  
       

                                                                          (5) 

The slope of ln ln [(N + 1) / (N + 1 - i)] versus ln σ / σ0 is called the Weibull modulus, m. 
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 The Weibull modulus is a measure of variability in the strength of the fibers. The 

tensile strength of peach palm fibers had a low variability (Table 1). When At was used, 

the Weibull modulus varied between 7 and 12 (Fig. 11a). When taking into account Ad, m 

varied from 8 to 12 (Fig. 11b), and for Ae, the value of m varied between 10 and 12 (Fig. 

11c). 

Figure 12 shows the fracture surface of the peach palm fibers after the tensile 

tests. The fracture of the fibers occurred by three processes. The first was the 

delamination of the fiber cell walls (Fig. 12d), the second was the delamination between 

fiber cells (Fig. 12b, 12c), and the third was the fracture of the fiber cells (Fig. 12c). The 

delamination between fiber cells seemed to be a secondary damage process. This was 

different than what was observed for other natural fibers, like sisal. For sisal, the 

delamination between the fiber cells contributed to the change in the slope of the stress-

strain curve. For the peach palm fiber, this non-linear behavior was not observed, 

probably because of a less severe delamination process of the fiber cells. 

 

 
CONCLUSIONS 

 

1.  The TGA results showed that the fiber was thermally stable up to 280 °C. This is an 

important characteristic for cementitious composites that are submitted to elevated 

temperatures during their life cycle. Compared with other lignocellulosic fibers, the 

fiber also had a superior CI of 71%. 

2.  The fiber void content had a large influence on the fiber tensile strength and elastic 

modulus. As the fiber got closer to its effective area, both its tensile strength and its 

modulus of elasticity increased to 90 MPa and 4 GPa, respectively, due to a high 

porosity of the fiber.  

3. The Weibull modulus decreased with increasing gauge length. This can be explained 

by the fact that the average size of flaws was independent of the reference length, but 

the number of flaws increased with increasing volume. Thus, while the medium size 

of flaws results in failure control, the number of flaws plays a more important role in 

controlling the strain-to-failure.  

4. The mechanical tests coupled with the microstructural investigation showed that the 

number of main voids did not influence the fiber strength. Therefore, every fiber with 

morphology independent of the number of main lumens can be safely used for 

reinforcement in composites. 
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