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ABSTRACT
The surface damage wear mechanism of GFRP is complex in real time applications due to the anisotropic nature 
of the material. The main objective of this study is to identify the parameters that affect the wear behavior of 
GFRP composite made by Hand Layup, VARTMand RTM technique. Most GFRP research has focused on fiber/
matrix types, but this current research addresses on critical research gap i.e., fiber volume fraction Vf% and 
optimizing various wear parameters such as load, sliding distance and sliding velocity in order to understand 
the wear contribution. The result of L9 orthogonal array under dry sliding wear experiment using pin –on – disc 
tribometer is analyzed by taguchi and ANOVA to determine the optimal wear rate by considering the smaller the 
best attribute. The result shows that by increasing fiber volume Vf% up to 7% minimum wear rate is observed 
in materials produced by VARTM and RTM technique. It is evident that improvement of fiber volume in GFRP 
increases the wear resistance and produce preferential wear with negligible de-bonding of the reinforcement as 
per SEM study.
Keywords: Dry sliding wear; Hand layup; VARTM; RTM; Taguchi & ANOVA.

1. INTRODUCTION
FRP composite materials are popular in automobile, shipbuilding, air craft and many other industries mainly 
with advantages such as lightweight, high strength to its weight ratio [1, 2]. In addition, FRP exhibits superior 
properties such as anti-corrosion resistance, thermal resistance, flexible mechanical properties etc., In most case 
FRPs are used in surface body structures and their material properties are limited to the range of composition 
range of reinforcement and matrix [3, 4]. The life of an FRP material and its dimensional stability are determined 
by the type of raw material, quality of the material and mainly depend on the manufacturing method by improving 
the fiber quantity [5]. The main objective of this research is to investigate the optimal parameters and improve 
the quality by reducing wear tribology through increasing fiber content in the in GFRP [6, 7].

Improvement in sliding wear resistance is important because dry friction and wear roots to major issue 
in repair and product replacement, and this is a key issue in many engineering application [8–11]. However, 
industries require better tribological property in FRP and this is mainly due to problem faced by material surface 
wear. The demand for FRP is increasing based on economic and market dynamics, the need for superior wear 
resistance based on increasing fiber volume fraction and reducing void [12]. Even though relative wear resistance 
increases irrespective of specific surface area, surface contact but fiber volume fraction directly influences the 
amount stress level on wear and material fatigue. This is mainly because increasing the percentage of fiber 
reinforcement improves stiffness and strength [13–15]. From this observation and review of the additional 
scientific article shows that very limited investigation has been carried out from the reinforcement of fiber 
volume fraction vf% by varying manufacturing technique [16, 17]. The study of fiber volume fraction vf% 
irrespective of tribological analysis is an important research gap in recent studies irrespective of improve wear 
resistance by varying manufacturing technique by minimizing void [18–21].

The review of scientific literature shows that, many articles are not examined the competitiveness 
of FRP manufacturing method with respect to tribological property [22–25]. A scientific methodology and 
techniques are necessary to investigate the diverse process factor for wear tribological characteristics of 
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FRP material. Wear property depends on the mechanical properties like material hardness, stiffness, surface 
roughness, strength [26]. Improving the wear resistance in FRP material is depends on manufacturing 
technique by increasing the fiber aspect ratio in the composite [27, 28]. The wear behaviour is improved with 
respect to the microstructures and this microscopic study can be used to determine the wear surface contact 
temperature response in relation to the softening of surface contact material under wear [29]. Glass fiber 
reinforced polymers GFRP is widely used in many applications due to its cheap cost and excellent stability 
[30]. In most case epoxy resin are used in reinforcement but alternative resin such as isophthalic polyester 
resin is used in this study due to its cheap cost and high thermal stability.

In this study, the widely used FRP manufacturing Hand layup (HL) techniques is comparatively 
investigated with vacuum assisted resin transfer molding (VARTM) and resin transfer molding (RTM) technique 
with respect to quality by determining wear parameter optimization such as design of experiments (DOE) to 
produce improved quality material [31]. This method determines the DOE, conduct experiments and validate 
the model to measure the least wear rate through the response. The selection of parameters is based on standard 
wear laws, i.e. wear rate is directly proportional to normal force, distance and inverse to hardness and soft 
contact [32, 33]. Taguchi’s optimization technique is used in this study, this experimental design eliminates 
unnecessary repeated tests and determine the acquire parameter influence the significance and variations  
[34, 35]. Additionally, this wear rate outcome is validated with the help of ANOVA (Analysis of Variance) and 
regression line value analysis [36]. The broken specimens from pin-on-disc tribometer are observed under SEM 
to identify the morphological observation which is high effective method to determine the wear and material 
fracture behaviour.

2. MATERIALS AND METHODS

2.1. Composite preparation
The Synthetic E-Glass fibers made of silica components and thermoset type isophthalic polyester resin are 
reinforced to form GFRP composite samples. The fiber acts as the primary load-carrying material, where resin 
act as the bonding material. This combination cerats an anisotropic character for GFRP. 300 GSM (grams per  
square meter) E-Glass woven fabrics with density of 1.42 g/cm3 and isophthalic polyester resin (NRC 220) 
with density of 1.1 g/cm3 with additions catalyst MEKP (Methyl ethyl ketone peroxide) and cobalt naphthenate 
accelerator are used. The ingredient is mixed under standard room temperature 25°C with optimum ratio of 
1:0.025:0.015 recommend by the researchers.

In this study, three different manufacturing methods are used for GFRP production namely traditional 
hand layup (HL), VARTM and RTM method as shown in Figure 1. The HL fabrication process begins with 
applying the release agent PVA (Poly Vinyl Alcohol) to the mold surface. Impregnated layers of fibers were 
placed one on top of another on the mold (30 cm × 30 cm) dimension and isophthalic polyester resin was added 
between woven and pressed as showed in Figure 1a. The hot wet part is allowed to cool for one hour before 
curing at room temperature for 24 hours and the part is removed. Uniform thickness of 3 mm is maintained using 
spacers on the mold. The VARTM and RTM techniques begin with placing multiple layers of fibers on one-sided 
of the mold and closed and tightly sealed with a vacuum bag for VARTM and mating mold for RTM as showed 
in Figures 1b and 1c. For the VARTM resin infusion process, resin flows through the distribution media and fiber 
layers with an injection pressure of 25psi through a vacuum pump with fiber- resin ratio of 1:0.45.

The Pressurized resin injected for RTM is carried out with 58–87psi, i.e., 4-6 bar pressure pump is used to 
inject resin-catalyst mixture into the runner and excess resin is discharged from the riser setup. Vf% is calculated 
by Equation (1) and Equation (2) where vf and vm are the volume of fiber and matrix and Vf and Vm are volume 

Figure 1: (a) HL based GFRP production, (b) VARTM based GFRP production and (c) RTM based GFRP production.
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fraction of fiber and matrix and are shown in Table 1. The Barcol hardness test value for HL, VARTM and RTM 
is measures to be 38, 43 and 42 HRB.

Vf + Vm = 1 (1)

Vf = νf
νm  (2)

2.2. Sliding wear test and Taguchi- ANOVA optimization technique
Wear tests were carried out on a pin on disc testing tribometer according to ASTM G 99-95 standard. The 
machine consists of fixed pin sliding on EN32 steel rotating disc connected to an electric motor. Specimens of  
10 mm × 10 mm × Actual thickness are fixed flat on the sliding pin so that specimen can be in contact the rotating 
disk showed in Figure 2a. The actual thickness for GFRP is 3 mm for HL and 2.9 mm for VARTM and RTM. 
The thickness variations occur during the compression operation in VARTM and RTM technique. The change in 
wear, sliding distance is recorded in LABVIEW software and the total wear rate of the specimens is measured by 
the difference in the weight of the specimens before and after wearing the test specimens Figures 2b and 2c. The 
wear rate is determined irrespective of finding the wear co efficient the following Equation (3), Wv represent 
volumetric wear, K for wear co efficient, P is applied load, S is the sliding velocity.

wear co efficient K = WvH/PS (3)

The damaged wear broken specimens are examined using microscope and SEM. The investigation of 
surface wear properties is an important to determine the internal behavior of material under stress. GFRP quality 
can be easily determined by this surface examination. The high magnification observation such as SEM is 
necessary to study the surface morphology of the GFRP composite material. The ratio of length to fiber diameter, 
i.e., the GFRP fiber aspect ratio is considers in many wear studies because GFRP has high aspect ratio, but in 
terms of FRP production flexibility the fiber volume fraction should be considered.

In this study, the L9 orthogonal array is chosen for the specific factorial design to simplify 
parameterization. The similar experiments is omitted for repeated testing and the results interpretation is 
closed with three major parameters namely load, sliding speed and sliding distance considered as shown in 
Table 2 and Table 3. The Taguchi systematic approach is used to determine the significance of the parameter, 
which separates the arrays of process parameter by differentiating the levels in orthogonally. This algorithm 
consisted nine rows and controlled data collection was carried out. The S/N ratio is derived from significance 

Table 1: GFRP manufacturing process.

CONFIGURATION 
CODE

MANUFACTURING 
PROCESS

FIBER  
ORIENTATION

FIBER  
VOLUME  

FRACTION (VF%)

THICKNESS 
(MM)

HARDNESS 
(HRB)

GFRP-HL Hand layup [45/0/90/45]6 45 3 38
GFRP-VARTM VARTM [45/0/90/45]6 52 2.9 43

GFRP-RTM RTM [45/0/90/45]6 50 2.9 42

Figure 2: (a) pin on disc testing tribometer, (b) LABVIEW software based wear rate value and (c) Weight measurement to 
find wear loss.
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of controllable factors in decibels. Wear response effects are visually identified by mean and S/N ratio graphs, 
the positive and negative influence is identified by magnitude of effect direction versus slope of the line. The 
rank compares the relative magnitude of the effect by (Δ) delta if the line is linear. Delta (Δ) is the difference 
of maximum and minimum S/N ratio. In this wear test, the S/N ratio is selected as smaller the better and 
calculations are based on Equation (4).

2
n

ii=1
10

1S/N ratio (Smaller the better) = 10log y
n

− ∑  (4)

ANOVA optimization analysis for wear parameter characteristics is performed by MINITAB software to 
observe the significant process parameter and contribution. By measuring the mean effect variance, the signifi-
cant effect of parameter on the quality is investigated and the complexity resulting from the experiments become 
simple to analyze and are calculate by Equation (5–8).

S/N ratio is expressed as

1

9

1 sS/N =  i
9 N

 
 
 

∑  (5)

SS is the sum of squares

2
9

i=1

sSS =   i  (S/N)
N

   −  
  

∑  (6)

SSi is the sum of the square for ith parameter

2
3

i i=1

sSS  =   ij  (S/N)
N

   −  
  

∑  (7)

Contribution

%Contribution = SSi

SS
×100 (8)

Table 2: Selected variable levels for wear test.

VARIABLE LEVEL 1 LEVEL 2 LEVEL 3
load (N) 10 11 12

Sliding velocity (m/s) 2 3 4

Sliding distance (m) 0.6 0.9 1.2

Table 3: L9 orthogonal array for wear test.

LOAD (N) SLIDING  
VELOCITY (M/S)

SLIDING  
DISTANCE (M)

10 2 0.6
10 3 0.9
10 4 1.2
11 2 0.9
11 3 1.2
11 4 0.6
12 2 1.2
12 3 0.6
12 4 0.9
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3. RESULTS AND DISCUSSION

3.1. Signal to noise (SN) analysis on wear behaviour
The variety of triboliogical factors affect the wear rate that can be easily investigated through DOE array 
simulation. This leads to reducing the number of experiment runs and guide investigator to achieve the targeted 
result i.e., minimum wear rate. The L9 is effective balancing orthogonal array is used in this study to identify 
the impact of three major factors such as load, sliding velocity and sliding distance is taken accounted equally 
with respect to three levels.

The test result of the wear rate is translated into S/N ratios, which combine results of various parameters. 
The wear test result is used to determine the S/N ratio to produce the high quality material. Calculation of wear 
loss calculated is found to be directly proportional to performance of the frictional material. Considering smaller 
wear rate is best attribute, the experimental results are converted into ratios to measure quality characteristics. 
The Table 4 shows the wear rate and S/N ratio of various composites and consequently the wear loss increases 
with increasing load.

The optimal minimum wear rates are observed at load 10N, sliding distance 1.2 m and sliding velocity 
4 m/s for VARTM and RTM specimens. HL specimens the minimum wear rate is observed at load 11N, sliding 
distance 0.6 m and sliding velocity 3 m/s. All the GFRP specimens the maximum wear rate observed at load 
12N, sliding distance 1.2 m and sliding velocity 3 m/s. VARTM and RTM based specimen shows significant 
improvement in wear resistance behaviour compared to wear rate of HL specimens.

The Figures 3, 4 and 5 shows the factors affecting the optimal process parameter to achieve lowest wear 
rate irre. The mean effect plot for S/N ratio as in right side of Figures 3, 4 and 5 shows that, the slope of the lines 
indicates the influence of each parameters and the graph indicates. The maximum straightest line and its linearity 
in lines show the most significant factors. From the right side of Figures 3, 4 and 5 it shows load is the primary 
factor affecting the wear rate. The Sliding distances shows second linearity for VARTM and RTM specimens.

Left side of Figures 3, 4 and 5 the probability plot analysis for all the samples shows that wear parameters 
plot wear loss point is closer to the centre mean line and all the points lie in the mean value, that is, the parameter 
selected for the wear test is valid for all the specimens. The main control parameter is determined by the delta 
value. This delta is the different between mean high and low characteristics S/N ratio average for the particular 
factor. In terms of delta, the highest impact parameter is determined for the process parameter, and the ranking 
is calculated by the highest delta value. The greater delta shows the highest ranking, indicating that factor has a 
greater influence on the wear rate.

The response to the S/N ratio for hand layup, VARTM and RTM specimens are tabulated in Tables 5, 6 
and 7. It shows that, all three groups of specimens are mainly affected by primary load and secondary sliding 
distance for VARTM and RTM, but HL sliding velocity is second most significant factor as per delta value.

3.2. Interaction plot for wear rate analysis
The interaction of wear related parameters determine the non-parallel factor behaviour through minor correla-
tion as shown in Figures 6, 7 and 8. Compared to other factors, the normal force with respect to applied load 
on the specimen is high significant factor in determining the wear rate. Sliding velocity is the secondary most 

Table 4: Wear rate and S/N ratio result of HL, VARTM and RTM specimens by L9 orthogonal array.

LOAD 
(N)

SLIDING 
DISTANCE 

(M)

SLIDING 
VELOCITY 

(M/S)

WEAR 
RATE 

HL

WEAR 
RATE 

VARTM

WEAR 
RATE 
RTM

S/N 
RATIO

HL

S/N 
RATIO
VARTM

S/N 
RATIO
RTM

10 0.6 2 1.97 2.15 2.06 28.44 25.87 26.92
10 0.9 3 1.86 1.86 1.76 51.18 53.32 47.89
10 1.2 4 2.11 1.27 1.35 56.97 49.73 56.12
11 0.6 3 1.81 1.87 1.91 30.77 33.61 30.17
11 0.9 4 1.96 2.20 2.31 28.21 25.91 26.81
11 1.2 2 3.67 3.51 3.25 22.27 18.17 21.71
12 0.6 4 2.06 2.16 2.23 28.93 32.17 29.76
12 0.9 2 4.29 4.16 4.25 15.17 22.18 15.96
12 1.2 3 5.82 4.71 5.07 20.12 18.03 19.97
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interaction factor with line linearity for VARTM and RTM specimens as shown Figures 7 and 8. But the sliding 
distance acts as a second contribution factor in the HL specimen according to an interaction plot with perpen-
dicular lines as per Figure 6.

3.3. ANOVA analysis of wear behaviour
The effect of different variables on wear response is determined by ANOVA method of analysis. The result 
findings of the L9 array are calculated to determine the percentage of contribution of factor with respect to wear 

Figure 3: Mean effect plot- S/N ratio for HL specimens at right side and normal probability plot for HL specimens at left 
side.

Figure 4: Mean effect plot- S/N ratio for VARTM specimens at right side and normal probability plot for VARTM specimens 
at left side.

Figure 5: Mean effect plot- S/N ratio for RTM specimens at right side and normal probability plot for RTM specimens at 
left side.
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Table 5: Response table for S/N ratios for GFRP Hand layup.

LEVEL LOAD (N) SLIDING VELOCITY 
(M/S)

SLIDING DISTANCE 
(M)

1 51.16 50.23 44.40
2 41.29 33.72 41.81
3 22.20 30.70 28.44

Delta 28.95 19.52 15.96
Rank 1 2 3

Table 6: Response table for S/N ratios for GFRP VARTM.

LEVEL LOAD (N) SLIDING VELOCITY 
(M/S)

SLIDING DISTANCE 
(M)

1 53.29 37.90 42.53
2 33.36 31.36 34.35
3 16.19 33.57 25.95

Delta 37.11 6.54 16.58
Rank 1 3 2

Table 7: Response table for S/N ratios for GFRP RTM.

LEVEL LOAD (N) SLIDING VELOCITY 
(M/S)

SLIDING DISTANCE 
(M)

1 47.82 37.94 39.13
2 31.79 34.20 35.39
3 21.74 29.21 26.83

Delta 26.08 8.73 12.30
Rank 1 3 2

loss as showed in Tables 8, 9 and 10. The mean difference and estimate process from ANOVA table show the 
greater influence on the result by determining the statistical significant. The ANOVA analysis mainly consists of 
F the factor value and P the probability value. The F value is calculated as the difference between the specimen 
divided by the specimen average, and the higher F value indicates higher parametric significance. The F Value is 
inversely proportional to the p value, and this P value is calculated by the changes in error. It is indicated from 
the table that the most significant influence parameter of wear loss is load with delta value of 26.08-37.11. In 
addition, load shows the most contributed factor among the entire specimen. The rate of wear is majorly affected 
by the increase in applied load or force.

The load shows 92% and 85% of the major contribution for VARTM and RTM in Tables 9 and 10. Sliding 
velocity is the second contribution factor to wear rate in HL models, but VARTM and RTM specimen shows 
a minor significant in sliding distance as the second contribution factor and negligible contribution in sliding 
velocity. Although the GFRP raw material is similar, the manufacturing technique determines the quality of the 
material. Table 8 shows, Factors affecting the wear rate of HL specimens are distributed in the sliding velocity, 
because the stability of the material decreases under increased sliding velocity and the wear rate increases due 
to its poor fiber-matrix bonding.

3.4. Microscopic analysis of wear surfaces
After the wear test the GFRP specimens are examined under microscopic test and the surface morphology  
observations shows the precise reasons for de-bonding of glass fragments as in Figures 9, 10 and 11. Microscopic  
examination of in Figures 9a and 9b shows large crake on the HL material. High contact stress and frictional heat 
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Figure 6: Interaction plot for wear rate for HL specimens.

Figure 7: Interaction plot for wear rate for VARTM specimens.
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Figure 8: Interaction plot for wear rate for RTM specimens.

Table 8: Contribution of process parameters for GFRP HL.

SOURCE SUM OF SQUARES (SSI) %CONTRIBUTION
Load (N) 0.010764 75.199

Sliding velocity (m/s) 0.002878 20.1061
Sliding distance (m) 0.000672 4.6947

Table 9: Contribution of process parameters for GFRP VARTM.

SOURCE SUM OF SQUARES (SSI) %CONTRIBUTION
Load (N) 0.039168 92.6596

Sliding velocity (m/s) 0.000065 0.1521
Sliding distance (m) 0.003040 7.19135

Table 10: Contribution of process parameters for GFRP RTM.

SOURCE SUM OF SQUARES (SSI) %CONTRIBUTION
Load (N) 0.0096735 85.0417

Sliding velocity (m/s) 0.0002410 2.1186
Sliding distance (m) 0.0014605 12.8395
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is the main causes of fiber deboning from the reinforcement in the HL specimen as per Figure 9c. The large size 
FRP brake from Figure 9a shows that the material has increased with an internal crake at high velocity and the 
temperature developed at the contact surface affect the adhesion of the material according to SEM Figure 9c and 
abrasive wear at the end are obtained in HL specimens.

The Figures 10a and 11a from the VARTM and RTM speciments shows high sliding on smooth surface 
and Figure 10b shows the high abresion reisitance and preferential wear on VARTM model compared to HL 
speciments Figure 9c. Although smooth slip or sliding occurs on the RTM specimens surface as on Figure 
11b, but relatively VARTM Figure 10b shows localized preferential wear with minor de-bonded in GFRP fiber 

Figure 9: SEM image of HL wear specimen tested under load 12N, sliding distance 0.9m and sliding velocity 2m/s.

Figure 10: SEM image of VARTM wear specimen tested under load 12N, sliding distance 0.9m and sliding velocity 2m/s.

Figure 11: SEM image of RTM wear specimen tested under load 12N, sliding distance 0.9m and sliding velocity 2m/s.
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fragments. VARTM samples show high modulus according to higher fiber volume fraction, which is attributed 
to increase in wear resistance.

Additionally, the increased fiber content in VARTM and RTM showed high adhesion to fiber matrix 
materials with more surface area contact compare to HL samples. As a result, the wear resistance of GFRP made 
by VARTM and RTM models is greatly increased. It is evident that an increase in volume fraction decreases the 
wear rate during sliding.

4. CONCLUSIONS

The following conclusions are drawn from this investigation.

• Although GFRP raw materials are similar, it shows that by changing the production technique which changes 
the material quality irrespective of change in fiber volume fraction Vf%.

• Considering smaller the wear rate is best attribute in taguchi technique for experimental trail using L9 
orthogonal array, it is found that wear loss increases drastically with increase in load.

• According to ANOVA analysis load shows major significant contribution in all specimen groups with  
92%–85%.

• VARTM and RTM shows improvement in wear resistance compared to HL specimens as per delta rank. This 
material has high adhesion to fiber –matrix and form localized preferential wear with minor de-bonding.

• VARTM and RTM interaction plot and ANOVA shows that sliding distance is the second most significant 
factor, but sliding velocity of HL specimens influence the wear rate secondarily. This in mainly due to poor 
fiber-matrix bonding in HL specimens, which cause abrasive wear due to frictional heat and internal stress, 
which causes de-bonding and cracks in the material as per SEM study.

• The minimum optimal wear rate are observed in at load 10N, sliding distance 1.2m and sliding velocity 4m/s 
for VARTM and RTM samples.

The key findings are that changing the production technique influences the GFRP quality and load is the primary 
parameter affecting the wear. Strong fiber/matrix bonding, incresing fiber volume fraction, reducing void are the 
majour influence factores on wear resistance.
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