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A B S T R A C T   

The use of natural fiber composites in the fatigue prone structures is limited due to the lower strength and 
durability when compared to the carbon fiber reinforced polymer composites. The present work focuses on 
improving the bending cyclic fatigue strength (CFS) of the sugarcane fiber reinforced epoxy composite (SFRPC) 
by a novel treatment method. The treatment has increased up to 40% fatigue life of SFRPC by fiber and interface 
strengthening. The fatigue life was evaluated using the standard bending cyclic fatigue test. The SFRPCs were 
prepared using a specially designed compression molding setup by the hand layup method. The sugar cane fibers 
(SCF) were treated using the waste glass powder and PVA adhesive. The statistical analysis was conducted to 
observe the effect of the treatment method, the load ration (R) on CFS of treated/untreated SFRPC. A comparison 
of CFS of SFRPC (treated/untreated) with CFRPC is presented based on the author’s previous work. A finite 
element based model was constituted for predicting the elastic properties of SFRPC (treated/untreated) at 
different fiber proportions. Additionally, a finite element (FE) model was constituted using the transient analysis 
in ANSYS (Explicit Dynamics Module) for obtaining the deformation and Von Mises stress at different R for the 
corresponding life of the treated/untreated SFRPC sample. A theoretical explanation for improved fatigue 
behavior of SFRPC was presented using scanning electron microscopy (SEM) micrographs and FE results 
collectively. The stress-strain-life relations for treated/untreated SFRPC were established. It was found that the 
shear yielding resulted due to the fracture of the outer glass layer of the SCF resulted in the higher CFS of the 
treated SERPC.   

1. . Introduction 

The production of the sugar cane is increasing globally and India is 
the second largest sugar cane producer (348.4 million tonnes) after 
Brazil (768.7 million tonnes) in the world [1]. The residue waste from 
the sugar cane juice extraction (bagasse) is incinerated for the power 
generation [2]. The use of bagasse powder (BP) is reported in the 
polymeric composites [3]. A significant amount of bagasse is disposed of 
as waste in open air causing a risk to the environment. The incinerated 
bagasse produces a large volume of toxic gases contributing to the global 
warming effect [4]. It was reported in the literature that the wasted 
lignocellulosic fibers have the potential to replace strong synthetic fibers 
such as carbon, aramid, glass, and nylon [5]. The low cost (high volume) 
sugarcane fiber reinforced epoxy composite (SFRPC) could be a prom
ising alternative for carbon fiber reinforced polymer composites 

(CFRPC) for the fatigue prone structures to an extent if overall cyclic 
fatigue strength (CFS), stiffness, swelling due to moisture absorption, 
and durability of SFRPC could be improved. The improvement in CFS of 
SFRPC was considered as the first objective of the study. 

The performance of SFRPC depends on fiber modification, matrix 
modification, and interface strengthening [6]. The fibers are modified 
physically, chemically and biologically by employing radiation [7] 
calendaring [8], steam explosion treatment [9], and corona discharge 
[10]. The sugar cane fiber (reinforcement material of the present work) 
consists of cellulose, hemicellulose, and lignin. The chemical treatments 
target the elimination of weaker constituents such as hemicellulose and 
lignin from the fiber surface. The alkali treatment [11] cross-linking and 
grafting [12], and the introduction of coupling agents for the modifi
cation of the surface of fibers [13] are commonly employed methods for 
fiber treatment. The sugar cane fiber modification affects the thermal 
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conductivity SFRPC [14]. The alkali treatment improves the mechanical 
properties of SFRPC [15]. The acrylic acid treated bagasse composite has 
superior mechanical properties than NaOH treated bagasse composites 
[16]. The laminated composite of sugarcane fiber having a higher 
number of layers has shown superior mechanical properties [17]. In 
addition to bagasse [18], mechanical properties of the composites made 
with sugarcane straw [19] and plasticized sugar palm starch [20] have 
been reported in the literature. The tensile and bending strengths of the 
SFRPC have shown improvement with the increase in a weight pro
portion of fibers from 10% to 30%, the further increment of the fiber 
proportion has resulted in the inferior strength [21]. 

The epoxy resins (matrix material of the present work) are the low- 
molecular-weight monomers which are converted into thermoset ep
oxies when cured with the curing agent. The epoxy has good mechanical 
strength, stiffness, electrical and chemical resistance, adhesiveness 
combined with low cure shrinkage and high-processability. Thus, ep
oxies are suitable for developing reinforced systems, adhesives, coating 
materials, electrical encapsulating and chemically resistant materials 
[22]. However, the poor crack resistance of epoxies under static as well 
as fluctuating conditions results in their brittle failure during service life 
[23]. The epoxy resins are modified by the addition of additives and 
fillers, such as reactive oligomeric compounds, low molecular weight 
polymers, plasticizers, nano-particles, nano-fillers, and carbon nano
tubes to overcome their weaknesses for the improved composite per
formance [22]. Although the strength of composite depends upon base 
material, filler concentration, moisture, voids and temperature, the 
interfacial adhesion between filler and matrix primarily governs their 
CFS [24]. The interfacial bonding is governed by factors such roughness, 
presence of functional groups on the fiber surface, matrix-filler chem
istry [25], voids, cohesion, residual stresses [26,27], the inclusion of 
nano species [28] and customized treatment methods [24]. In general, 
bio-composites have a lower mechanical or chemical interlocking be
tween the fiber and matrix. The hydrophobic polymeric matrix and 
hydrophilic fiber lead to insufficient adhesive bonding [29]. The rein
forcing characteristics of the glass as fiber has been studied and docu
mented in the literature [30–32]. These works have indicated the 
potential of the glass as a reinforcing agent for the thermoset and 
thermoplastic matrices. A number of customized methods of natural 
fiber modification are reported in the literature [33–35] but the effect of 
surface modifying characteristics of the powdered glass (waste and 
harmful otherwise) for natural fiber composites is rarely investigated in 
the cited literature [24]. An inexpensive method with the inexpensive 
materials for improved performance and the high volume fiber treat
ment for the production of SFRPC is reported in the present work. 

The second objective of the study was to establish the stress-strain- 
life relationships for the treated and untreated SFRPC. A finite 
element (FE) model was constituted to determine the stress and strain 
experienced by the SFRPC samples at different failure loads and asso
ciated lives. The life of SFRPC samples was determined by the standard 
bending cyclic fatigue test [36–38]. The FE modeling of natural fiber 
composites is reported extensively in the literature [39–43] for deter
mining micromechanical properties (strength, failure, deformation, and 
damage) [44–48], macro shape deformation (fracture and stress-strain) 
[49–52] and thermal conductivity [53]. The mesoscale elastic FE model 
for predicting tensile behavior of single hemp fiber with the different 
geometrical profile is reported in Ref. [54]. The microscale 
elastic-plastic model for predicting the tensile behavior of hemp fibers 
considering the fiber dimension and microstructure is reported in 
Ref. [55]. A review containing a summary of 113 articles covering the FE 
modelling of natural fibers for different length scales, thermal and me
chanical properties is reported by Ref. [56]. The representative volume 
element model and multi-scale homogenization-based constitutive 
method have effectively investigated the effect of microstructures on the 
mechanical properties of natural fibers composites. Thus, these ap
proaches were adopted in the present work. The bulk elastic properties 
of treated and untreated SFRPCs were predicted through a 

micromechanical FE model coupled with the numerical homogenization 
technique. 

The final objective of the study was to establish the structure- 
property relationship and providing a theoretical explanation on the 
mechanism the fracture of SFRPC. As the fatigue loading is most 
frequently responsible for the failure of engineering structures [57,58], 
determining and improving along with modeling fatigue life of a 
potentially important engineering composite SFRPC becomes impera
tive. The fatigue failure of the composites occurs due to the propagation 
of matrix cracks, delamination, longitudinal splitting, and fiber fracture 
[59]. However, matrix cracking is the first form of fracture and does not 
result in catastrophic failure. The fatigue failure depends on the 
microstructure the fiber architecture [57–59]. The longitudinal splitting 
is governed by intra-laminar shear fracture which encourages delami
nation [60]. The SEM micrographs of fractured SFRPC samples and FE 
modeling results were utilized for achieving the final objective. 

The method used for improving the CFS of SFRPC is inspired by the 
author’s previous work [24] but novel in nature. The FE modeling 
approach used in the study is widely accepted but not cited in the 
literature for modeling behavior of treated and untreated SFRPC under 
bending cyclic fatigue loading. The developed FE model would be useful 
for predicting CFS of other powder reinforced composites. Further, the 
FE model compliments SEM micrograph for determining the strength
ening mechanisms of SFRPC due to the treatment. The statistical anal
ysis was conducted for ensuring the validity of the experimental results 
for the population and interpreting the data from experimentation and 
simulation. The methodology for untreated and treated SFRPC prepa
ration, fatigue testing, FE modeling, and statistical analysis has been 
explained in the materials method section. The results and discussion 
section encompasses experimental, statistical, morphological, and nu
merical results. Finally, the conclusive outcomes and future extensions 
of the present study were discussed. 

2. . Materials and methods 

2.1. Fiber treatment and composite preparation 

The bagasse particles (BP), Bisphenol A diglycidyl ether (DGEBA) 
based epoxy resin (LY 556), curing agent triethylenetetramine (HY 951), 
poly vinyl acetate (PVA) based adhesive and the waste glass powder 
were utilized for the fabrication of the SFRPC samples. The sugar cane 
fiber consists of 40–45% cellulose, 20–28% hemicellulose, and 20–25% 
lignin. The BPs were ground to the particle size ranging 100–600 μm 
prior to the composites preparation using sieve analysis. The specially 
designed mould was fabricated for the preparation of composites so that 
minimum post curing processing is required. 

The composites were prepared by the traditional hand-lay-up tech
nique [24]. The epoxy resin and curing agent were mixed thoroughly in 
the ratio 1:1 at the room temperature with subsequent addition of 20, 25 
and 35 vol % BPs (untreated/treated). The total weight of one sample 
(20% volume proportion of BP) used for fatigue testing was 19 g, 8 gm 
each of epoxy and hardener and remaining was of BP. The mixture of 
epoxy resin, curing agent and BP was then poured in the mould smeared 
with silicon grease to allow easy withdrawal. The mould was subjected 
to a dead load of 10 kg in order to obtain a strong, dense, and non-porous 
casting [24]. The casting was post-cured for 24 h in the air after removal 
from the mould. The treated BPs were first coated PVA based adhesive 
followed by the glass powder coating around them. Further, the treated 
particles were left for drying for 24 h at the room temperature. The dried 
particles were visually inspected for any non-uniformity in the treatment 
and further, the sieve analysis was performed for having uniformity in 
the size of treated BPs. The composite samples consisting of treated 
particles were prepared using the method identical to that employed for 
untreated ones. Fig. 1. (a)-(e) show photographs of untreated and 
treated bagasse particles, sieve analysis apparatus, specially designed 
mould and samples curing in the mould under steady load and SFRPC 
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samples respectively. Fig. 1 (i) shows the SEM micrograph of BPs. 

2.2. Fatigue testing 

The cast iron fixtures with rubber pads were used for providing 
damage-free tight grip while holding the samples during fatigue test. 
The specimen size for fatigue test was taken to be 8 � 6 cm2. Fig. 1 (g) 
and (h) shows the fatigue testing machine fixture used and the block 
diagram of the experimental set-up. An alternating bending load varying 
between minimum and maximum values was applied to the specimens. 
The minimum load was kept fixed at 1 kg (9.81 N) and the maximum 

load was varied in the range between 4 kg (39.24 N) to 16 kg (156.96 N) 
with an increment of 3 kg (29.43 N). The maximum load ratio (R) (ratio 
of minimum load to the maximum load) was taken as 0.25. The fatigue 
testing machine automatically stops once the sample is fractured. The 
numbers of cycles at which SFRPC samples were fractured were 
recorded. 

2.3. Finite element modeling 

The elastic properties of bulk material were predicted using the nu
merical homogenization technique. In the model, the treated/untreated 

Fig. 1. (a) Untreated bagasse particles (b) Treated bagasse particles (c) Sieve analysis apparatus (d) Specially designed mould (e) Sample curing in mould under 
steady load (f) SFRPC samples (g) Fatigue testing machine with fixture holding SFRPC sample before fatigue testing (h) Block diagram of fatigue testing setup (i) SEM 
micrograph of BPs. 

A. Vedrtnam and D. Gunwant                                                                                                                                                                                                               



Composites Part B 175 (2019) 107089

4

BPs were assumed to be distributed evenly in the epoxy matrix in body- 
centered cubic (BCC) pattern as shown in Fig. 2. The FE model was 
assumed to be a representative volume of size a x a x a μm3 located at the 
top portion of the fatigue testing specimen (above the neutral axis). At 
any particular instant, the top-most fibres of a bending specimen are 
subjected to a tensile stress and the bottom-most fibres are subjected to 
compressive stress. 

The BCC model is a multi-inclusion model which assumes the BCC 
distribution of BPs in the epoxy matrix. It is a periodic model that 

Fig. 2. BCC unit cell and FE model (a) without meshing and (b) with meshing.  

Table 1 
Material properties of various constituent used in the FE analysis [24,63–65].  

S. No. Constituent Young’s modulus (MPa) Poisson’s ratio 

1 Epoxy 3500 0.33 
2 BP 11000 0.33 
3 Glass 70000 0.23  

Table 2 
Experimentation and simulation results.  

S. 
No. 

Proportion 
(%) 

R Load variation No. of cycles Von-Mises stress 
(MPa) 

Deflection 
(mm) 

No. of cycles Von-Mises stress 
(MPa) 

Deflection 
(mm) 

(untreated) (untreated) (untreated) (treated) (treated) (treated) 

1 20 0.25 ¡9.81 to þ39.24 1970 17.414 0.0526 2520 17.425 0.0496 
2 20 0.25 ¡9.81 to þ39.24 1874 17.398 0.0505 2475 17.414 0.0434 
3 25 0.25 � 9.81 to þ39.24 2022 17.354 0.0472 2722 17.428 0.0466 
4 25 0.25 � 9.81 to þ39.24 2124 17.418 0.0499 2645 17.245 .0425 
5 35 0.25 ¡9.81 to þ39.24 1875 17.405 0.0428 2345 17.434 0.0411 
6 35 0.25 ¡9.81 to þ39.24 1954 17.421 0.0451 2274 17.425 0.0399 
7 20 0.14 � 9.81 to þ68.67 980 30.361 0.104 1260 30.38 0.0978 
8 20 0.14 � 9.81 to þ68.67 924 30.351 0.0981 1158 30.32 0.0945 
9 25 0.14 ¡9.81 to þ68.67 1014 30.359 0.0897 1524 30.376 0.0824 
10 25 0.14 ¡9.81 to þ68.67 1154 30.366 0.0987 1653 30.386 0.0919 
11 35 0.14 � 9.81 to þ68.67 892 30.372 0.089 1140 30.384 0.074 
12 35 0.14 � 9.81 to þ68.67 884 30.370 0.074 1248 30.395 0.081 
13 20 0.1 ¡9.81 to þ98.1 770 43.305 0.132 960 43.331 0.138 
14 20 0.1 ¡9.81 to þ98.1 845 43.311 0.155 989 43.338 0.146 
15 25 0.1 � 9.81 to þ98.1 994 43.338 0.147 1154 43.341 0.125 
16 25 0.1 � 9.81 to þ98.1 1091 43.328 0.128 1204 43.346 0.137 
17 35 0.1 ¡9.81 to þ98.1 675 43.327 0.132 896 43.360 0.121 
18 35 0.1 ¡9.81 to þ98.1 588 43.320 0.121 888 43.348 0.113 
19 20 0.07 � 9.81 to þ127.53 510 56.261 0.206 880 56.290 0.181 
20 20 0.07 � 9.81 to þ127.53 485 56.254 0.186 908 56.298 0.194 
21 25 0.07 ¡9.81 to 

þ127.53 
651 56.268 0.181 991 56.308 0.182 

22 25 0.07 ¡9.81 to 
þ127.53 

689 56.272 0.196 984 56.301 0.162 

23 35 0.07 � 9.81 to þ127.53 460 56.282 0.176 789 56.327 0.161 
24 35 0.07 � 9.81 to þ127.53 425 56.275 0.160 771 56.322 0.142 
25 20 0.06 ¡9.81 to 

þ156.96 
440 69.213 0.257 620 69.251 0.205 

26 20 0.06 ¡9.81 to 
þ156.96 

384 69.210 0.224 648 69.258 0.242 

27 25 0.06 � 9.81 to þ156.96 510 69.220 0.202 745 69.24 0.198 
28 25 0.06 � 9.81 to þ156.96 526 69.226 0.245 776 69.27 0.228 
29 35 0.06 ¡9.81 to 

þ156.96 
430 69.239 0.220 589 69.293 0.201 

30 35 0.06 ¡9.81 to 
þ156.96 

384 69.235 0.184 501 69.284 0.171  
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considers the effect of adjacent BPs on the stress distribution. The FE 
procedure was made computationally efficient by modeling a one-eighth 
model of the BCC unit cell. A total of 24,200 3D solid95 tetrahedral 
elements available in the library of ANSYS were employed to discretize 
the model. The mesh was refined until mesh independence was observed 
in the results. The similar modeling approach and boundary conditions 
were employed by the authors for predicting the elastic properties and 
stress distributions in liquid rubber modified epoxy [61]. 

The symmetric boundary conditions were applied on the X ¼ 0, Y ¼ 0 
and Z ¼ a μm planes considering Y-Z as the plane of bending. A uniform 

displacement was applied on the Z ¼ 0 plane in the model. After the 
solution was completed, average stresses and strains were calculated. 
The Young’s modulus was calculated by dividing the average stress in Z 
direction with corresponding average strain. The Poisson’s ratio was 
calculated by dividing strain in Y direction with the strain in Z direction 
[62]. The numerical homogenization technique and post-processing 
commands were implemented through an ANSYS parametric design 
language (APDL) macro. The model was further employed to understand 
the behaviour of the untreated as well as treated bagasse particle rein
forced composites on the stress concentrations in the composites. The 

Fig. 3a. Residue plots for no. of cycles withstand by the untreated SFRPC samples.(see.Fig. 3b)  

Fig. 3b. Residue plots for no. of cycles withstand by the treated SFRPC samples.  
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boundary conditions were applied to simulate the effect of experimental 
bending of the specimen during fatigue testing. A linear elastic material 
model was chosen to model the behaviour of constituents and the 
analysis was conducted. Table 1 displays the material properties of 
various constituents used in the analysis [24,63–65]. 

Further, a macro-mechanical FE model was constituted to obtain 
theVon Mises stresses and deflection for associated values of R and 
number of cycles. The fatigue test was simulated using the Explicit Dy
namics Module of (transient analysis) ANSYS. Table 1 gives the prop
erties of BPs [65], glass [63,64], and epoxy [24] (assuming the glass as 
continuous) used for modeling. The loading and boundary conditions 
were taken from the experimentation. The SFRPC sample was kept fixed 

at the corners using nodal restraints and only rotation was allowed while 
the cyclic bending load was applied. The linear elastic material model is 
considered for the study [66,67]. The mesh statics includes 38234 solid 
95 mesh elements with an average element quality of 0.5679. The grid 
refinement was performed to examine any noteworthy change. The 
maximum deformation (MD) and maximum Von Mises stress were 
calculated considering RPM 1200 (as was in experiments), the associ
ated value of R and the maximum number of cycles withstand by the 
samples before the fracture during experiments. The time duration for 
which the cyclic bending load was applied during simulation was 
calculated by dividing a total number of cycles withstand by the samples 
by 1200 (RPM of fatigue testing machine). The statistical analysis was 

Fig. 4a. The statistical summary the untreated SERPC samples.  

Fig. 4b. The statistical summary the treated SFRPC samples.  
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performed using MINITAB. 

3. . Results and discussion 

3.1. Fatigue testing 

Table 2 gives the results of the bending cyclic fatigue testing of 30 
untreated and 30 treated SFRPC samples. The SFRPC samples (treated/ 
untreated) were having the longest life at 25% proportion of BPs. At the 
20% proportion and R ¼ 0.25, the untreated samples sustained 1970 
cycles whereas the treated samples have sustained 2520 cycles (28% 
higher than the untreated ones). This indicates the inclusion of the glass 
powder at the outer layer of BPs possibly enhanced the stress transfer 
between the BPs due to interface strengthening. The similar reinforcing 
behaviour of silica on the epoxy matrix was reported by Constantinescu 

et al. [68]. The significant enhancement in the fatigue crack growth 
resistance of the silica particle reinforced matrix in comparison with 
unmodified epoxy was possibly due to crack deflection and pinning 
phenomenon at rigid particles [69]. 

The life of the treated/untreated SFRPC samples decreases as the R 
reduces (load increases). The number of cycles sustained by untreated 
SFRPC (20% BPs) for R ¼ 0.25 and R ¼ 0.06 were 1970 and 440 cycles 
(347% lesser) respectively. This result is obvious due to the fact that as 
the severity of load increases, the no. of cycles before failure reduce 
drastically [36,48,49]. The similar trends were observed for treated 
SFRPC; however, the untreated SFRPC samples were having 28.79% (for 
R ¼ 0.25) and 40.90% (for R ¼ 0.06) the lesser life than the treated 
SFRPC samples. The number of cycles sustained by untreated SFRPC 
(25% BPs) for R ¼ 0.25 and R ¼ 0.06 were 2124 and 526 cycles (303.8% 
lesser) respectively. The untreated SFRPC samples were having 30.58% 

Fig. 5. The probability plots for no. of cycles of the untreated and treated SERPC samples.  

Fig. 6. The empirical CDF plots for the untreated and treated SERPC samples.  
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(for R ¼ 0.25) and 36.97% (for R ¼ 0.06) the lesser life than the treated 
SFRPC samples. The similar trends are observed for 35% volume pro
portion of reinforced fibers; however, the treated/untreated SFRPCs 
were having the highest life for 25% volume fraction of fibers, followed 
by 35% and 20% volume fraction respectively. The treated samples 
SFRPC samples have sustained significantly higher no. of cycles prior to 
fracture in comparison with the untreated particles irrespective for all 
associated R and proportions of fibers. This might be due to the effective 
mechanical interaction at glass-powder/epoxy interface in treated par
ticle composites. The glass particles have been observed to induce crack 
pinning and shear yielding of epoxy matrix improving its mechanical 
properties [70]. The localized shear yielding could be the main reason 
behind enhanced fatigue resistance of composites with treated particles. 
The life of SFRPC was decreased above 25% fiber proportion (for the 
tested proportions). This could be due to agglomeration of BPs leading to 
the heterogeneous distribution of reinforcement and formation of stress 
concentration sites. The agglomeration of particles promotes the initi
ation and growth of fatigue crack [71]. The reduced inter particle dis
tance at higher concentrations is also attributable to retarded shear 
yielding of the epoxy matrix [72]. 

The Von-Mises stress (MPa) for untreated SFRPC (20% fibers) varied 

from 17.414 (for R ¼ 0.25) to 69.213 (297% higher) for R ¼ 0.06. This 
shows that reduction in R resulted in higher Von-Mises stress. The 
deflection (mm) increased about 388% from 0.0526 (for R ¼ 0.25) to 
0.257 (for R ¼ 0.06) and 20% fiber proportion. On the other hand, the 
treated SFRPC samples showed nearby Von-Mises stress values to un
treated SFRPC, but significantly lower deflection. For R ¼ 0.25 and 20% 
proportion, the deflection in treated SFRPC sample was 5.70% lesser 
than untreated SFRPC samples. As the proportion of fibers was increased 
from 20 to 35% R ¼ 0.1, the deflection was reduced from 0.155 to 0.132 
(14.84% less). In the case of treated SFRPC sample, the deflection 
reduced from 0.146 to 0.121(17.12% lesser). It can be observed that at 
same R, increasing the proportion had a more significant effect in the 
case of treated SFRPC sample. At all proportions and loading ratios, the 
treated samples were observed to have lesser deflection than the un
treated samples. This indicates the strengthening effect due to the 
treatment of SFRPCs. The reduction in deflection is attributed to the 
presence of high modulus glass-powder layer. The similar trend was 
observed for the higher proportion of fiber as well. Further, for an 
insight and examining the validity of the experimental results, Analysis 
of variance (ANOVA), Regression Analysis and other statistical analyses 
were conducted for untreated and treated SFRPCs. The ANOVA for the 

Fig. 7. Bubble plots (a) R vs No. of cycles (b) Proportion (%) vs No. of cycles for untreated SFRPC samples.  

Fig. 8. Variation of predicted (a) Young’s modulus and (b) Poisson’s ratio for untreated and treated bagasse particle reinforced composites.  
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no. of cycles for the untreated SFRPCs samples are as follows. 
Factor Information.

Analysis of Variance.

Model Summary.

The ANOVA results clearly reflect that R and proportion (%) signif
icantly affect the life of untreated SFRPC. R is more significant than 
proportion (%) as reflected by the higher F-value. These observations 
are valid for the population as the p-value is lesser than 0.05. Equation 
(1) gives the regression equation for the untreated SFRPC useful for 
predicting the fatigue life of the untreated SFRPCs in between the tested 
values.  

No. of cycles ¼ 950.8–505.1 R_0.06–414.1 R_0.07–123.6R_0.10 þ 23.9 
R_0.14 þ 1019.0R_0.25–32.6Proportion (%)_20 þ 126.7 Proportion (%) 
_25–94.1 Proportion (%)_35.                                                             (1) 

The residue plots (Fig. 3 (a) and Fig. 3 (b)) clearly reflect that the 
data qualifies the thick pencil test, the error is within consideration 
limits and the data is normally distributed. For the treated SFRPC, 
following are the results of ANOVA. 

Analysis of Variance.

Model Summary.

The similar conclusions can be deduced from the ANOVA results of 
treated SFRPCs as were for untreated SFRPCs and equation (2) gives the 
regression equation for the untreated SFRPC samples.  

No. of cycles_T ¼ 1275.2–628.7R_0.06–388.1R_0.07–260.1 R_0.10 þ
55.3R_0.14 þ 1221.6R_0.25–33.4 Proportion (%)_20 þ 164.6 Proportion (%) 
_25–131.1 Proportion(%)_35 ….                                                        (2) 

Fig. 9. (a–i). Variation of stresses in epoxy, bagasse particle and the glass layer for different cases.  
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Fig. 4 (a) and Fig. 4 (b) shows the statistical report for no. of cycles 
including Anderson-Darling normality test, mean, standard deviation, 
variance, skewness, kurtosis and box plots for untreated and treated 
SFRPCs respectively. The Anderson-Darling normality test results indi
cate that the data is normally distributed for both treated and untreated 
SFRPCs, the constituted probability plots (Fig. 5) have confirmed data 
represents the population keeping error within the limits. The skewness 

of data for the treated samples is approaching to zero more closely thus 
the data for treated sample is having higher symmetry. 

Fig. 5 shows the probability plot for the number of cycles in treated 
and untreated SFRPCs. The probability plot shows that the treated/un
treated SFRPCs follow the normal distribution. The data points in both 
the cases were observed to follow the straight line and thus, can be 
considered as a good fit. The mean values of the number of cycles for 

Fig. 9. (continued). 

A. Vedrtnam and D. Gunwant                                                                                                                                                                                                               



Composites Part B 175 (2019) 107089

11

untreated and treated SFRPCs were observed to be 950.8 and 1275 
respectively. On an average, the treated SFRPCs sustained 34.09% 
higher number of cycles than the untreated SFRPCs. 

The fit of distribution of data in empirical CDF (Fig. 6) confirms the 

superiority of treated SFRPC samples over untreated SFRPC for the 
population. The empirical CDF clearly indicate improvement in the fa
tigue life of SFRPC for the population after the treatments. 

As it is clear that the untreated and treated SFRPC samples follows 

Fig. 10. Sample modeling results (a)Von-Mises stress (MPa) (b)Deflection (mm) (Untreated) for R ¼ 0.07, Proportion (%) ¼ 20%, N ¼ 500.  

Fig. 11. Mid-line deflection (vol. % ¼ 20) of Untreated (UT) and Treated (T) SFRPC samples.  

A. Vedrtnam and D. Gunwant                                                                                                                                                                                                               



Composites Part B 175 (2019) 107089

12

the similar trends the bubble plots for untreated SFRPC samples are 
given in Fig. 7 (a) and (b). The bubble plot clearly indicates the linear 
positive trend for R and no. of cycles, not much variation in bubble size 
highlights the consistency of data and a very strong relation between R 
and no. of cycles and strong relation between proportion (%) and no. of 
cycles for all the tested values. The treated SFRPC samples have shown a 
competitive CFS to the carbon fiber reinforced epoxy composites [24]. 

Fig. 12. Von-Mises stress (vol. % ¼ 20) (a) Untreated (b) Treated 
SFRPC samples. 

Fig. 13. The probability plots for deflection of the untreated and treated SERPC samples.  

Fig. 14. The life-stress-strain plots for the (a) untreated and (b) treated 
SERPC samples. 
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An earlier reported study by the author shows that treated SFRPC 
composites has the higher life for the same value of R than the carbon 
fiber reinforced epoxy composites [24]. Such encouraging results open a 
new horizon for the utilization of the low-cost natural fiber composites 
for the fatigue prone structures. 

3.2. Finite element analysis 

Fig. 8 (a) shows the variation of predicted Young’s modulus for the 
developed composites. It was observed that both the untreated as well as 
treated composites exhibited an invariable increase in Young’s modulus 
with bagasse particle proportions. The treated particles displayed the 
higher value of Young’s modulus for all proportions. This is attributed to 
the enhanced stiffness imparted to the epoxy matrix due to the glass 
powder modification of BPs. Similar behaviour has been observed in the 
experimental results of Wang et al. [13] and Ku et al. [30]. The FE results 
are consistent with the present experimental results in the way that the 
enhanced stiffness of composites with treated particles attributes to the 
enhanced fatigue life of composites. Possibly the BPs showed the lesser 
reinforcing capability without the treatment. Fig. 8(b) shows the vari
ation of the predicted Poisson’s ratio for the untreated and treated 
SFRPC composites. A slight reduction with concentration was observed 
with both untreated as well as treated particles. The treated particles 
displayed lower Poisson’s ratio in the comparison with the untreated 
once. This is attributed to the smaller Poisson’s ratio of glass particles as 
shown in Table 1. 

Fig. 9 shows the direct and Von-Mises stress contours in the repre
sentative volume element (RVE) subjected to an applied bending stress 
of 100 MPa in Z-direction. The results were obtained for the bagasse 
fiber concentration of 25%. The equatorial location of epoxy at the 
particle-epoxy interface was observed to be under small stress concen
tration in the case of both treated as well as untreated BPs as shown in 
Fig. 9 (a) and (c). On the other hand, the concentration of stress was 
observed at the polar location of the untreated bagasse particle as shown 
in Fig. 9 (b). The maximum stress concentration zone shifted to the 
center of the treated bagasse particle as shown in Fig. 9 (e). 

In case of treated particles, the glass powder layer was observed to be 
under a very high stress at its equatorial position. Such high-stress 
concentration might have caused the fracture of the glass layer first 
under fatigue loading due to its brittle nature. In order to simulate the 
effect of fracture of the glass layer, it was modeled as a low-stiffness 
material. Such an assumption seems to be valid as the glass layer loses 
its stiffness after the fracture has taken place. Fig. 9 (g-i) shows the stress 
distributions under this condition. It can be observed that as the glass 
layer fails, the Von-Mises stress increases in the epoxy matrix. It appears 
that the fracture of glass layer has resulted in the creation of void and 
subsequent enhancement in the Von-Mises stress leading to localized 
shear yielding. This shear yielding might have led to the enhanced fa
tigue strength of the composites with treated particles [73]. 

Fig. 10 (a) and (b) show the sample simulation results for the dis
tribution of Von-Mises stresses and deflection for untreated SFRPCs at 

Fig. 15. The contour plots of R-stress-deflection for the (a) untreated and (b) 
treated SERPC samples. Fig. 16. The contour plots of life-stress-deflection for the (a) untreated and (b) 

treated SERPC samples. 
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R ¼ 0.07, Proportion (%) ¼ 20%, N ¼ 500 respectively. Fig. 11 shows the 
sample simulation outputs giving the mid line deflection for untreated 
and treated samples. Fig. 12 (a) and (b) give the associated values of 
Von-Mises stresses. The complete results are summarized in Table 2. 

Fig. 13 shows the probability plot for the deflection in treated/un
treated SFRPCs. The probability plot indicates that data follow the 
normal distribution and a good fit. The mean values of deflection for 
untreated and treated SFRPCs were 0.1365 and 0.1277 mm respectively. 
On an average, the treated SFRPCs showed 6.44% lesser deflection than 
the untreated SFRPCs displaying. The standard deviation of treated 
SFRPCs (0.06086) was also observed to be lower than the untreated 
SFRPCs (0.06500) exhibiting lower variability in data and higher uni
formity of treatment. 

The surface plots (Fig. 14 (a) and (b)) represent the stress- 
deformation-life relation for untreated and treated SFRPC samples 
(method 4). The longer life, lower deflection at higher stresses in the 
case of treated SFRPC samples is clearly visible from surface plots. 

Fig. 15 (a) and (b) shows the R versus Von-Mises stress and deflection 
contour plots for untreated as well as treated SFRPC samples. It can be 
observed that in both cases, the Von-Mises stress, as well as the deflec
tion, increased significantly with the reduction in R. 

Fig. 16 (a) and (b) shows the number of cycles to failure versus Von- 

Mises stress and deflection contour plots for untreated as well as treated 
SFRPC samples. It can be observed that in both cases, the SFRPCs 
exhibited higher deflection and Von-Mises stress at a lower number of 
cycles. At a lower number of cycles, the deflection and Von-Mises stress 
were observed to be significantly higher in both the cases. 

The fractured SFRPCs were examined using the SEM micrographs 
(Fig. 17 (a) and (b)). The matrix debonding at the interface was clearly 
visible for the untreated SFRPC samples signifying inadequate bonding 
at the matrix-fiber. On the other hand, the SEM micrographs for treated 
SFRPCs exhibited the retarded tendency of matrix debonding and fiber 
pullout. This is due to the presence of the glass powder on the surface of 
SFs. The glass powder has enhanced the interfacial friction between 
matrix and SFs leading to mechanical interlocking. The mechanical 
interlocking is the main strengthening mechanism active at the interface 
and is the reason behind the enhanced life of treated samples. In addi
tion to this, the glass powder treated SFs have a higher contact area, 
leading to better contact at between the matrix and SFs. On the other 
hand, the micrographs of untreated SFRPC samples displayed brittle 
fracture manifested by the rapid propagation of cracks in multiple di
rections. The treated samples displayed plastic deformation prior to 
failure. This is manifested in the enhanced fatigue life of the treated 
samples at all proportions in comparison to the untreated ones. The 

Fig. 17. SEM Micrographs of fractured surfaces and fractured (a) Untreated (b) Treated SFRPC samples.  
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plastic deformation is also observed in the micromechanical FE model of 
the treated SFRPC (Fig. 9). The glass powder layer might have fractured 
due to high-stress concentration. Its fracture gives rise to increased Von- 
Mises stress in the matrix leading to its plastic deformation due to 
localized yielding [73]. 

The surface modification of SFs using the glass powder has signifi
cantly enhanced the fiber-matrix interface by altering the surface 
morphology of the SFs. Moreover, as exhibited by the FE model, the 
increase in Von-Mises stress due to fracture of the glass powder layer has 
induced localized shear yielding of the matrix leading to enhanced fa
tigue life. 

The surface modification of sugar cane fibers using the glass powder 
has shown a significant effect on the fiber–matrix interaction and the 
surface morphology of the sugar cane fibers. Thus, the treatment of 
sugar cane fibers before incorporating them in the epoxy matrix proved 

to have a significant effect in enhancing the CFS of SFRPCs by interface 
strengthening. A similar effect was observed due to the treatment of 
carbon fibers with the glass powder [24]. The continuum assumptions in 
the numerical model might have shortcomings as the nano-flaws visible 
in SEM images of the treated/untreated SFRPCs. A model that considers 
the nano-flaws and the discrete nature the SFRPCs and correlates the 
nano and macro level fracture could be considered as the work for the 
future. The fatigue-crack-growth-regions with distinct striations occa
sionally were visible in fractured SFRPC samples due to the non-uniform 
crack extension and larger striation spacing. The nano plastic zone at the 
crack tip was formed and due to the repeated and varying load divided 
into many crack branches which were propagated in the encouraging 
directions. The favourable direction of crack propagation during the 
fracture of SFRPCS was based on the presence of flows nearby the crack 
propagation route and availability of the least energy required to break 

Fig. 17. (continued). 
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the single bond at the crack tip. A numerical model customized for 
SFRPCs which can handle non-homogeneity, the multiple fractures, 
pre-existing cracks, voids, and defects can be considered as future work. 
Additionally, assuming SFRPCs a linear elastic material is a simplifica
tion and SFRPCs are sensitive to the loading rate, temperature and might 
have the nonlinear stress-strain behavior. The FE model employed in the 
present work paper could be enhanced through the incorporation of 
three-dimensional images from sophisticated technique such as tomog
raphy. Although, studies have been made to generate artificial micro
structure of composites and study defects such as clustering and void 
formation; still, sophisticated techniques such as holotomography and 
computed tomography are imperative for developing complete under
standing of the Nano and micro flaws present in the composites. The 
images obtained from such techniques can be directly transferred to 
finite element packages and further analysis can be done. However, such 
sophisticated techniques are coupled with infrastructural as well as 
computational difficulties The structure-property relationship could be 
better explained if the TEM, DTA, FT-IR, thermal gravimetric, EDS, XRD 
results were also available, however, this will be considered as the future 
work. 

4. Conclusions 

The treatment of sugar cane fibers by glass powder is an inexpensive 
and effective method for improving the CFS of SFRPCs. The treated 
SFRPC samples have a higher CFS, life, and lower deflection than the 
untreated SFRPCs. The life of the SFRPC samples (treated/untreated) 
exponential vary with load. The 25% volume proportion of sugar cane 
fiber has resulted in the higher life for treated/untreated SFRPC sample. 
The treated SFRPC samples were having higher average fatigue life than 
the CFRPC samples. The ANOVA results have confirmed CFS depend
ability on R, treatment effect and R was prominent among two. The 
higher Von-Mises stress of the glass powder layer of sugar cane fiber has 
induced localized shear yielding of the matrix leading to enhanced fa
tigue life. The mechanical anchoring and roughness due to the treatment 
resulted in interface strengthening and enhanced fiber strength which in 
turn resulted in the longer life of treated SFRPC samples than the un
treated LG samples. The developed FE model based on the representa
tive volume (numerical homogenization technique) approach has 
predicted elastic properties of SFRPC and macro-mechanical FE model 
(transient analysis) has predicted stress and deformation for different 
values of R, proportion, and no. of cycles. The reported FE models were 
in line with the experiments and complemented the experimental results 
well. However, a requirement of highly specialized numerical algorithm 
to model the effect of treatment method and flaws was noticed. 
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