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ABSTRACT. The aim of this work is to evaluate the failure analysis of jute
fabric reinforced composite using statistical technique for marine applications.
A fracture mechanics approach is proposed to determine the failure load and
fracture toughness of the composite. Jute fiber reinforced epoxy composites
were fabricated by hand lay-up technique. The polymer composite is intended
for marine applications as an alternative material, mainly in high moisture
environments. Thus an investigation was conducted to evaluate the fracture
mechanic parameter by immersing composite specimens in sea water. The
statistical method of Taguchi was used for experimental design. Edge
Notched Tension (ENT) and Single Edge Notched Bend (SENB) test were
conducted according to the ASTM E1922 and ASTM D5045 respectively.
Main effect graphs are obtained to study the effect of a/w (Crack length to
width ratio), thickness and immersion time of composite on fracture
mechanics parameters. The approach of calculating the percentage of
contribution of control factors was established using by analysis of variance
(ANOVA). The influence of fracture parameters of control factors can be
analysed by using 3-D response surface graph (RSM). The Validation of
experimental results for fracture parameters agreed well with the predicted
values.
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INTRODUCTION

merging environmental awareness and social concern, the unmanageable consumption of petroleum, and new

system demands for eco- friendly materials with economic. Fiber-reinforced composite materials have some

advantages such as high stiffness, relatively good resistance to environmental actions, recyclable, fatigue and failure
resistance, etc. [1]. The natural fibers are a large amount of moisture absorbed. The absorption of water in a polymeric
matrix is a volumetric diffusion process which follows the Fick’s law [2]. It’s an important issue nature life when composite
materials are subjected to both mechanical loadings and exposed to severe environmental conditions [3]. In recent
developments, the laminated polymer matrix composite materials are being extensively used in extreme environments.
Correspondingly needs to be characterizing the fracture toughness over environmental conditions. This behaviour has been
interrelated to the effect of moisture on matrix ductility, an amount of matrix deformation and the size of the plastic zone
around the crack tip that occurs during fracture [4]. For fiber-reinforced composite matetials, the intetlaminar and/or
intralaminar interface will have a great effect on their fracture mechanisms. The interface is probably the weakest part of a
fracture process. Hence, the enhancement of interface behaviour is even more important [5]. The advance of fracture
mechanics tests methods for the determination of delamination resistance or fracture toughness of fiber-reinforced polymer
matrix composites is an active area of research [6]. Many machine elements have failed in the form of holes, notches, or
cracks that are very significant factors influencing stress distributions in the structures. In such cases, stress cannot be
defined as a strength parameter. Mechanical systems ate designed by using the fracture mechanics' parameter as fracture
toughness and can be used during the determination of the material strength against crack growth under external loads [7].
The increased use of polymer composites also requitres the understanding of the fracture behaviour. Evaluation of damage
and prediction of residual strength and fracture toughness is critical because the deboned can grow in an unstable manner
and finally leads to catastrophic failure [8]. Fiber-reinforced composites used structural materials. Since these structures are
to be used under some environmental conditions. It’s necessary for understanding the environmental effects on the fracture
toughness and deformation behaviour to prevent damage to the structure. Among the many different kinds of
environmental effect, the hydrothermal effect is one of the most important issues for polymeric composites [9].
Taguchi methods are statistical methods developed by Grenichi Taguchi to improve high-quality products at a low-cost
[10]. By using the Taguchi techniques, industries are able to greatly reduce cycle time for both design and production. The
objective of this technique is to optimize the settings of the process parameter values for improving performance
characteristics. The design of parameters is the key step in the Taguchi method [11]. Design of Experiment (DOE) is one
of the extensively used methods for experimental study. DOE is a statistical approach in which a mathematical model is
established through experimental results. The trial data were developed in a pattern of L9 Orthogonal Array (OA) So
possible output can be predicted based on the input parameters of the experimentation. Results can be analysed by using
analysis techniques such as ANOVA and linear regression [12]. Experimental results are shown by plotting response surface
methodology (RSM) graph.

MATERIALS AND EXPERIMENTAL METHODS

Specimen Preparation
he specimens used in the present study were fabricated using a hand lay-up technique. Main materials are jute fiber
and epoxy polymer. The 40% of volume fraction as matrix material used is a medium viscosity epoxy resin (LAPOX
L-12) and a room temperature curing hardener (IK-6). It provides excellent resistance to alkalis and good adhesive
properties [13]. Jute fiber of 60% used as teinforcement by volume fraction in this composite material. The specimens were
dipped in seawater about 7, 14, 21 days.

Fracture Testing

The experiment was conducted on a computerized universal testing machine (UTM). For ENT, loading fixtures are used
on the specimen to maintain a tensile load on the crack tip is uniaxial. The load was applied eccentrically to the specimen.
Hence the fixture freely allows the material to rotate interns reduces the torsion effect. The crack will propagate across the
laminate. For SENB, Specimen was placed in between the two jaws of the testing machine the dial gauge of extensometer
and vernier scale which as placed on the vertical column of the machine must be set to zero. The Precracked specimen was
loaded at the center of the specimen with suitable loading device. There are five trails were conducted for each condition
of the specimen.
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Edge Notched Tension test (ENT)
The ENT test specimens were prepated according to ASTM E1922 standard [13]. The crack has to be introduced by sawing
a fine razor blade. The standard dimensions of the specimen are as shown below the Fig.1.

Figure 1: ENT specimen as per ASTM standard [13].
Single Edge Notched Bend (SENB)

Single edge notched bend specimen was prepared based upon the ASTM D5045 standard, and it involves the specimen has
to be Precracked [14]. The standard specimen configuration of the specimen as shown in fig.2
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Figure 2: SENB specimen as per ASTM standard [14].

Experimental design for ENT and SENB fest

Trial A B C
1 1 1 1
2 1 2 2
3 1 3 3
4 2 1 3
5 2 2 1
6 2 3 2
7 3 1 2
8 3 2 3
9 3 3 1

Table 1: Experimental design using 1.9 OA [15]
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Code Control factots Level 1 Level 2 Level 3
A (a/w) ratio 0.3 0.4 0.5
B Thickness(mm) 7 10 12
Immersion time
C (Days) 7 14 21

Table 2: Factors and levels considered

Taguchi’s orthogonal array (OA) table was prepared by choosing three control factors that could affect the load and facture
toughness. Tab. 1 shows the parameters and the levels used in this experiment. The orthogonal array of L9 type was used
and is represented in Tab. 2. L is Latin square and subscript 9 means the number of the experiment [15].

Analysis Of Variance (ANOVA)

Analysis of variance (ANOVA) is done on the MINITAB software. It gives a clear picture about the extent to which a
particular process parameter affects the response. The main objective of this analysis is to estimate the relative contribution
of each control factor to the overall response. The contributions are expressed in terms of percentage [16].

Main Effect Plots

The main effect plots are the mean response of each level factor connected by the line. When the line is in horizontal, there
is no main effect present. Each factor for the level effects in the response same way the response means also same across
the level. When the line is a small deflection from horizontal my significant effect on the response. Different levels of the
factors may affect the response differently. Stepper the slope along the line shows the greater magnitude of the main effect

[17].

RESULTS AND DISCUSSION

on the load carrying capacity and fracture have been identified experimentally. The configurations of the specimen for
ENT and SENB tests were controlled by the ASTM E1922 and ASTM D5045 standards, respectively. Experimental
results have been discussed throughout this section.

I n the present work, the effect of varying a/w, thickness and immersion time with a fixed percentage of polymer epoxy

Main effect plot for Edge Notched Tension (ENT) test

The main effect plot of ENT test for load carrying capacity under sea water immersion is as presented in the Fig.3 (a).
Failure with unstable crack growth is common problem accompanying with brittle polymer matrix composite [13]. Load
carrying capacity decreases with increasing the ratio. This is because of the crack length increases, then the critical stresses
are decreased inters reduces the load withstanding capacity [18]. Previously established in the literature the sea water formed
in a closed cell of polymeric foams. The immersion time increases from 7 to 14 days, then the load carrying capacity decreases
due to the significant moisture absorption, sea water degradation and plasticization of the matrix inter deboning of the fiber
matrix interface. Again the load carrying capacity increase, when immersion time from 14 to 21 days is mainly due to the
secondary mechanism of sea water provides the foam permeability which increases the 4% of weight gain [18]. There is no
much deflects in the line of immersion time; this indicates that the sea water treatment does not the abundant cause of
composite material.

Main effect plot for fracture toughness on ENT test under sea water immersion is as shown in Fig.4. Fracture toughness
increases with inctreasing the a/w ratio because of the plastic zone size increases with increases crack length in the meantime
energy required for growth of crack is high. As long as the material becomes thicker don’t allow for the generation of the
larger plastic zone, hence the fracture toughness decreases with increase in thickness of the composite [20]. The immersion
time the seawater increases the fracture toughness decreases initially and again increases. It is observed that sea water
treatment yields a higher value of fracture toughness [13].
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Figure 3: Main effect plot of (a) Load carrying capacity (b) Fracture toughness MPa m'%.

Analysis of Variance (ANOV'A) for ENT fest
The percentage of contribution of each factor on load carrying capacity is cleatly revealed in ANOVA as shown in Tab.3.
The thickness is main factor influence on load carrying capacity is about 71.57%. The petrcentage of contribution of a/w
ratio is 21.39% and immersion time is 4.8%. Here the sea water immersion is not a major influence on load carrying capacity.

The error of 2.17% is due to the fabrication defects.

0
Source DF N MS F P @it
contribution
a/w ratio 2 10688.9 5344.4 9.82 0.092 21.39
Thickness (mm) 2 35755.6 17877.8 32.84 0.030 71.57
Immersion Time 2 24222 1211.1 2.22 0.310 4.8
(Days)
Error 2 1088.9 544.4 217
Total 49955.6 100
Table 3: ANOVA for load carrying capacity
0
Source DF SS MS F P ot
contribution
a/w ratio 2 311.702 155.851 1.63 0.051 74.5
Thickness (mm) 2 78.439 39.220 4.69 0.176 18.74
Immersion Time 2 11.519 5.760 0.69 0.592 2.7
(Days)
Error 2 16.728 8.364 39
Total 8 418.389 100

Table 4: ANOVA for Fracture toughness MPa mY.

ANOVA for the fracture toughness of JIFRP under sea water environment is as shown in Tab. 4. The main influencing
factor on the fracture toughness is the a/w ratio about 74.5%. The thickness of the composite contributes about 18.74% to
decrease the fracture toughness. And immersion time of 2.7% contributes to fracture toughness. It shows toughness alters
very least by immersing the composite in sea water. The error of 3.9 % is due to fabrication defects.
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Main effect plot for Single Eidge Notched Bend (SENB) test

The main effect plot of load carrying capacity for SENB test under sea water environment is as shown in Fig.4 (a). The
failure of the polymer composite by bending load causes the delamination. The delamination occurs over the edge region,
predominantly due to the plane stress developed [19]. In the main effect, the plot shows that the load carrying capacity
decreases with increase in a/w ratio. The load carrying capacity increases with an increase in thickness is due to the more
surface area is exposed to the load. And also the load carrying capacity decreases initially and the increases small amount to
an increase in immersion time. This is because of the structural degradation occurs within in laminates causes the rapture
of blisters, and viscous acid is expelled with immersion [18]. Composite under wet condition showed an initial decrease in
the load carrying capacity and again increases due to the plasticization of jute samples caused by moisture absorption. [21]
Main effect plots of fracture toughness for SENB test under sea water environment are as shown in Fig.4 (b). Fracture
toughness increases with increase in a/w ratio. A large amount of energy is required for failure of the composite structure.
As thickness increases the fracture toughness goes on decreases is due to the small quantity of water absorb over the voids
and cracks, this damage the fiber exposed [22]. And immersions time also some little effect on fracture toughness which
decreases initially and then increases. This is because of chemical degradation of fiber and matrix interface region [23].

Main Effects Plot for Fracture toughness MPa m2 Main Effects Plot for Load carrying capacity (N)
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Figure 4: Main effect plot of (a) Load carrying capacity (b) Fracture toughness MPa m'%.

Analysis of Variance (ANOVA) for SENB test

ANOVA for load carrying capacity of SENB test under sea water environment is as shown in Tab. 5. The major factor
influencing on load carrying capacity is the thickness of 78.32%. This is because of the larger surface area is exposed to the
load. The a/w ratio is also conttibuting to load catrying capacity is about 17.09%, but load cattying capacity decreases with
increase in crack length. The immersion time is a very little contribution to just 2.19% of load carrying capacity. This shows
that sea water treatment does not more effect on the reinforced composite. And the error of 2.4% is due to the fabrication
defect.

0
Soutce DF ss MS F p it
contribution
A/W ratio 2 18822 9411 7.00 0.125 17.04

Thickness (mm) 2 86489 43244 32.17 0.030 78.32
Immersion Time 2 2422 1211 0.90 0.526 2.19

(Days)

Error 2 2689 1344 2.4

Total 8 110422 100

Table 5: ANOVA for load carrying capacity.
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0
Source DF SS MS F P o @it
contribution
A/W ratio 2 761.58 380.79 14.7 0.063 57.34
Thickness (mm) 2 471.69 235.84 9.16 0.098 35.1
Immersion Time 2 43.26 21.63 0.84 0.544 3.5
(Days)
Error 2 51.51 25.76 3.87
Total 8 1328.04 100

Table 6: ANOVA for Fracture toughness MPa m"%.

The main influencing factor on the fracture toughness is the a/w ratio about 57.34% because of decrement in load
withstanding capacity as shown in Tab. 6. The thickness of the composite contributes about 35.1% to decrease the fracture
toughness. This is due to the plastic zone size with increase in thickness [24]. And immersion time of 3.25% contributes to
fracture toughness. It shows toughness alters very least by immersing the composite in sea water. The error of 3.87 % is
due to fabrication defects.

EXPERIMENTAL VALIDATION BY LINEAR REGRESSIONS

a/w ratio, width and thickness in general and a/w ratio, thickness and immersion time for seawater treatment,

mathematical equations were developed. The regression coefficients in a mathematical model are estimated
experimental responding. To investigation of these models, experiments are executed by taking an arbitrary combination of
factor and matched with the predicted values. These mathematical equations with different control were obtained using
statistical software MINITAB [25].

T o obtain the relationship between the load cartying capacity /fractute toughness and different parameter such as

Mathematical Equations for ENT Test

Load carrying capacity: 246- 500 A+ 30.9 T+ 1.67 1 o)

Fracture toughness: 31.5 + 72.1 A —1.12 T + 0.1331 2
Mathematical Equations for SENB Test

Load carrying capacity: 395- 550 A +47.2T-1.191 3

Fracture toughness: 92.2 + 111 A - 3.25 T - 0221 “
where,

A= a/w ratio

T= Thickness (mm)
1= Immersion time (days)

EXPERIMENTAL VALIDATION OF ENT TEST

he compatison of load cartying capacity/fractute toughness from the mathematical model developed in the present
work with values obtained experimentally. The Tab. 7 and Tab. 8 show the percentage of error from the experimental
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value corresponding predicted values for tests under sea water immersion. The difference in error for load carrying capacity is
varies from 0.45 to 8.36%. And the fracture toughness varies from 1.46 to 7.49%.

Factor combination .
Experimental load

(a/w, thlcknes.s mm, immetsion ™) Predicted Load (N) % Brror
time)
0.3, 7mm, 7days 351.106 323.99 8.36
0.4, 10mm, 14days 376.66 378.38 0.45
0.5, 12mm, 21days 375.55 401 6.77
Table 7: Confirmation Test table for Load carrying capacity (N).
Factor combination Experimental load
(a/w, thickness mm, immetsion p Predicted Load (N)
. IN) /o Brror
time)
0.3, 7mm, 7days 49.59 46.22 7.29
0.4, 10mm, 14days 51.75 51.00 1.46
0.5, 12mm, 21days 52.98 59.90 7.39

Table 8: Confirmation Test table for Fracture toughness MPa m'%.

EXPERIMENTAL VALIDATION OF SENB TEST

imilarly, Tab. 9 shows the SENB test for load carrying capacity under sea water immersion that difference in error
varies from 3.33 to 8.27%. And the fracture toughness varies from 0.6 to 1% is as shown in Tab.10.

Factor combination .
Experimental load

(a/w, thlcknesvs mm, immersion ™) Predicted Load (N) Vo Brror
time)
0.3, 7mm, 7days 597.77 552.07 8.27
0.4, 10mm, 14days 609.99 630.34 3.33
0.5, 12mm, 21days 635.55 661.41 4.06
Table 9: Confirmation Test table for Load carrying capacity (N).
Factor combination Experimental load
(a/w, thickness mm, immersion Xpermentat foa Predicted Load (N)
i N) % Error
time)
0.3, 7mm, 7days 102.16 101.15 1
0.4, 10mm, 14days 100.18 100.91 0.8
0.5, 12mm, 21days 103.31 103.91 0.6

Table 10: Confirmation Test table for Fracture toughness MPa m'%.
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RESPONSE SURFACE METHODOLOGY

he influence of fracture parameters on a/w, thickness and immersion time can be analysed by using a 3-D response
graph. These response sutface graphs are drawn from varying two parameters over the load and fracture toughness
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Figure 5: RSM graphs of different control factors V/S Load and Fracture toughness of ENT Test
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Figure 6: RSM graphs of different control factors V/S Load and Fracture toughness of SENB Test.
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Surface plot of Load carrying capacity/ Facture toughness vs. A/W ratio, Thickness and Immersion time is shown in Fig.5.
& Fig.6 for both ENT and SENB test. The figures clearly describe load carrying capacity increases on the thickness and
decreases on a/w ratio. It also notices that the load initially decreased and then increases with immersion time in both ENT
and SENB. The Fracture toughness decreases in thickness, increases on a/w ratio and initially decreases and then increases
with immersion time in both ENT and SENB. The behaviour of the materials, which were treated with sea water
environment, is noticed that, as the duration of immersion increases, fracture toughness also increased for all other control
factors. It is observed that specimens with sea water treatment yielded a higher value of fracture toughness.

CONCLUSIONS

capacity and fracture toughness have been identified for different control factors like a/w ratio and thickness. The

effect of seawater immersion on this composite has evaluated. Taguchi method can be applied to experimental
results using an L9 orthogonal array. Based on the results following conclusions were derived.

» The load cartying capacity increases with thickness and decreases with a/w ratio, but The Facture toughness

increases with a/w and decteases with a thickness in both EN'T and SENB tespectively.
The petcentage of contribution of the thickness of 71.57% and an a/w ratio of 21.39% of load carrying capacity,
a/w ratio of 74.5% and Thickness of 35.1% on fracture toughness in ENT specimen.
The Composite specimen immersed in seawater has little influence on its (4.8 %, 2.19%) load carrying capacity and
(2.7%, 3.87%) fracture toughness on both ENT and SENB respectively.
The experimental validation with the predicted result shows the error of less than 10% is acceptable.
RSM graph shows the variation of fracture mechanics parameters with control factors.
These results highlight that the jute fibres may be considered as a possible alternative material could be used in the
manufacturing of a boat.

I | ailure analysis of jute fiber reinforced composites has been made experimentally; the parameters such as load catrying
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