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Abstract 
 
   This paper deals with the study of machinability of GFRP composite tubes of different fiber orientation angle vary from 300 to 
900. Machining studies were carried out on an all geared lathe using three different cutting tools: namely Carbide (K-20), Cubic 
Boron Nitride (CBN) and Poly-Crystalline Diamond (PCD). Experiments were conducted based on the established Taguchi’s 
Design of Experiments (DOE) L25 orthogonal array on an all geared lathe. The cutting parameters considered were cutting speed, 
feed, depth of cut, and work piece (fiber orientation). The performances of the cutting tools were evaluated by measuring surface 
roughness (Ra) and Cutting force (Fz).  A second order mathematical model in terms of cutting parameters was developed using 
RSM. The results indicate that the developed model is suitable for prediction of surface roughness and Cutting force  in 
machining of GFRP composites.    
 
Keywords: GFRP composite materials, Response surface methodology (RSM), ANOVA, Surface roughness, Cutting force. 
 
1. Introduction          
 
   Glass Fiber Reinforced Plastics (GFRP) Composites are considered to be an alternative to conventional materials. GFRP 
composites are widely used in variety of applications from aircraft to machine tools due to their light weight, high modulus and 
specific strength (Hull and Clyne, 1996). Palanikumar et al. (2006) demonstrated that the users of FRP are facing difficulties when 
machining it, because knowledge and experience acquired for conventional materials cannot be applied for such new materials, 
whose machinability is different from that of conventional materials. Thus it is desirable to investigate the behavior of FRPs during 
the machining process. Everstine and Rogers (1971) have  proposed an analytical theory of machining FRPs.  In a classical study, 
they developed a theory of plane deformation of incompressible composites reinforced by strong parallel fibers. Sakuma et al 
(1983) and Bhatnagar et al (1988)  studied how the fiber orientation influence both the quality of the machined surfaces and tool 
wear. The machinability of composite materials is influenced by the type of fiber embedded in the composites, and more 
particularly by the mechanical properties. On the other hand, Rehman et al (1999) demonstrated that the selection of cutting 
parameters and the cutting tool are dependent on the type of fiber used in the composites and which is very important in the 
machining process. Davim and Mata (2004) studied the influence of cutting parameters on surface roughness in turning  glass-fiber 
reinforced plastics using statistical analysis.    
   Ramulu et al. (1994) carried out a study on machining of polymer composites and concluded that higher cutting speeds give 
better surface finish. Tekeyama and Lijma (1988) studied the surface roughness on machining of GFRP composites, according to 
them, higher cutting speed produce more damage on the machined surface. This is attributed to higher cutting temperature, which 
results in local softening of work material. They also studied the machinability of FRP composites using the ultra sonic machining 
technique. According to Koing (1985) measurement of surface roughness in FRP is less dependable compared to that in metals, 
because protruding fiber tips may lead to incorrect results. Additional errors may result from the hooking of the fibers to the stylus. 
Palanikumar  (2008)  studied the effect of cutting parameters on surface roughness on machining of GFRP composites by poly-
crystalline diamond (PCD) tool by developing a second order model for predicting the surface roughness. Palanikumar et al. 
(2006) have developed a procedure to asses and optimize the chosen factors to attain minimum surface roughness by incorporating 
response table and response graph, normal probability plot, interaction graphs, and analysis of variance (ANOVA) technique. 
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Adamkhan et al. (2011) have carried out machining studies on GFRP composites using two alumina cutting tools.  The machining 
process was performed at different cutting speeds at constant feed rate and depth of cut. The performance of the alumina cutting 
toll was evaluated by measuring the flank wear and surface roughness of the machined GFRP composite material. 
   As seen from the literature, only limited work has been carried out on the machinability aspects of Glass fiber Reinforced 
Plastics (GFRP) composites. Thus, this present work aims at investigating the effects of cutting speed, feed, depth of cut and fiber 
orientation angle on some aspects of machinability of GFRP composites. In the present investigation, the machinability aspects 
have been evaluated in terms of surface roughness (Ra) and  cutting force (Fz) during the turning of GFRP composites using 
carbide (K-20), CBN and CBN tools has been analyzed by developing the RSM based second order mathematical model. 
 
   The cutting force (Fz) is a function of both cutting speed (v) and feed rate (f), which can be expressed as 
 
   Fz = Φ (v, f)          (1) 
Where 
‘v’  is cutting speed, ‘f’ is feed rate and ‘d’ is depth of cut 
 
2. Materials and Methods  
 
   The work material used for the present investigation is glass fiber reinforced plastics (GFRP) pipes. The inner diameter of the 
pipe is 30mm; outer diameter is 60mm and length 500mm respectively shown in Figure 1. The pipes used in the study are 
manufactured by filament winding process. The orientation of the fibers on the works piece has been set during the manufacture of 
pipes. The fiber used in the pipe is E-glass and resign used is epoxy. The specification of the material used in this work is given in 
Table 1. 
 

Table 1. Specifications of fiber and resign 
Fiber: E-glass – R099 1200 P556 Resin: Epoxy 

Manufacturer: Saint Gobain vetrotex India Ltd. Manufacturer:  CIBA GEIGY 
R099- Multi filament Roving Product:   ARALDITE MY 740 IN 
1200-Linear Density, Tex 110KG Q2 
P556- Sizing reference for vetrotex Hardner: HT 972 

 
                           

 
 

                 Fig 1. GFRP Composite Pipe Specimens 
 

2.1 Response Surface Methodology 
   The surface finish of machined GFRP composite parts is important in manufacturing engineering applications which have 
considerable effect on some properties such as wear resistance, light reflection, heat transmission, coating and resisting fatigue. 
While machining, quality of the part can be achieved through proper cutting conditions. In order to know the surface quality and 
dimensional properties in advance, it is necessary to employ theoretical models making it feasible to do prediction in function of 
operation condition. Response surface methodology (RSM) is a collection of mathematical and statistical techniques that are useful 
for modeling and analysis of problems in which a response of interest is influenced by several variables and the objective is to 
optimize this response (Montgomery, 1991).  
   In many engineering fields, there is a relationship between an output variable of interest ‘y’ and a set of controllable variables 
{x1,x2……xn}. in some systems, the nature of relationship between y and x values might be known. Then, a model can be written 
in the form 
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Y= f(x1, x2, -----Xn) + ε                    (2) 
Where ε  represents noise or error observed in the response ‘y’ 
If we denote the expected response be E(Y) = f(x1, x2, -----Xn) =Y

)
 is called response surface. The first step is to find suitable 

approximation for the true functional relationship between y and set of independent variables employed usually a second order 
model is used in RSM. 
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The β coefficients, used in the above model can be calculated by means of using least square method. The second-order model is 
normally used when the response function is not known or nonlinear. 
 
3. Experimental Details 
 
   The experiments are conducted as per the Taguchi’s orthogonal array L25 design of experiments. The four cutting parameters 
selected for the present investigation is cutting speed (v)m/min, feed (f)mm/rev , depth of cut (d)mm and work piece (fiber 
orientation ‘Ф’) in degrees . Since the considered factors are multi-level variables and their outcome effects are not linearly 
related.  The machining parameter used and their levels chosen are given in Table 2. All the GFRP tubes are turned in a BHARAT 
all-geared lathe of model NAGMATI-175 with a maximum speed of 1200 rpm and power of 2.25KW. The ISO specification of 
the toll holder used for the turning operation is a WIDAX tool holder PC LNR 2020 K12 and the tool insert used for the study are 
carbide K-20, (CNMA 120408), CBN (CNMA 120408T MB825) and PCD (CNMA 120408) 
 

Table 2. Cutting parameters, their notations and their limits 
   Levels 
Process parameters, with units Notation Variable -2 -1 0 +1 +2 
Cutting speed, m/min v x1 40 60 95 145 225 
Feed, mm/rev f x2 0.048 0.096 0.143 0.191 0.238 
Depth of cut, mm d x3 0.25 0.5 0.75 1.0 1.25 
Fiber orientation angle, degrees Ф x4 30 45 60 75 90 

 
   In machining, the cutting force is measured using a KISTLER quartz 3-component dynamometer type 9257B. The dynamometer 
measures the active cutting force regardless of its application point. The dynamometer is connected to a 3-channel charge amplifier 
type 5807A through a connecting cable type 1687B5, this in turn is connected to the PC by a 37-pin cable from the A/D board. The 
dynamometer is calibrated for the cutting force in the range from 0 to 1000N.  To get accuracy in measuring the cutting force, it is 
measured three times and average of cutting forces has been taken for analysis. The average surface roughness (Ra), which is 
mostly used in industrial environments, is taken-up for this study. In a composite machined surface, according to Koing (1985) the 
result of the roughness depends mainly on the stylus path with respect to fiber direction since the main direction of fibers may 
change from layer to layer. The absolute value of the roughness profile height over the evaluation length and is denoted by the 
following equation.. 
   For this reason, the roughness has been measured several times and averaged. The average surface roughness is the integral of  

dxxY
L

R
L

a ∫=
0

)(1
           (4) 

Where L is the length taken for observation, and Y is the ordinate of the profile curve. The surface roughness was measured by 
using surface roughness tester (FORM TALY SURF). 

 
3.1 Mathematical models for Ra, and Fz,  
   In the present study, the second-order quadratic RSM based mathematical models were developed for surface roughness (Ra), 
Cutting force (Fz), are presented  in Tables 3-5 for Carbide (K-20) and CBN tool and PCD tool inserts. 
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Table 3. Model summary for Carbide (K-20) tool insert 
Measure of performance Model expression 

Surface roughness (Ra), µm 2.34 - 0.0150 v + 7.60 f - 1.47 d + 0.0497 Ф + 0.000066 v*v - 8.7 f*f 
+ 1.36 d*d - 0.000046 Ф*Ф - 0.0079 v*f + 0.00233 v*d - 0.000127 
V*Ф + 1.31 f*d - 0.0120 f*Ф - 0.0238 d*Ф. 

Cutting force (Fz), N 294 + 0.606 v + 950 f + 4 d + 0.01 Ф - 0.00217 v*v - 1636 f*f - 167 
d*d - 0.0208 Ф*Ф - 4.31 v*f  - 0.710 v*d + 0.0129 V*Ф + 1026 f*d 
- 3.05 f*Ф  + 3.43 d*Ф. 

 
Table 4. Model summary for CBN tool insert 

Measure of performance Model expression 
 
Surface roughness (Ra), µm 

2.91 - 0.0198 v + 2.86 f - 0.742 d + 0.0367 Ф + 0.000078 v*v + 2.4 
f*f + 1.60 d*d + 0.000047 Ф*Ф + 0.0134 v*f + 0.00038 v*d - 
0.000130 V*Ф - 2.73 f*d + 0.0144 f*Ф -0.0274 d*Ф. 

 
Cutting force (Fz), N 

 293 + 0.173 v + 502 f + 27 d + 0.43 Ф - 0.00043 v*v - 1467 f*f - 
228 d*d  - 0.0187 Ф*Ф - 6.79 v*f + 0.233 v*d + 0.00988 V*Ф + 
1436 f*d + 4.46 f*Ф  + 1.53 d*Ф. 

 
Table 5.  Model summary for PCD tool insert 

Measure of performance Model expression 
 
Surface roughness (Ra), µm 

1.19 - 0.0111 v + 1.84 f - 1.64 d + 0.0552 Ф + 0.000059 v*v - 2.93 
f*f   + 1.36 d*d  + 0.000055 Ф*Ф - 0.0122 v*f + 0.00723 v*d - 
0.000206 V*Ф + 4.05 f*d + 0.0141 f*Ф -0.0381 d*Ф. 

 
Cutting force (Fz), N 

293 + 0.173 v + 502 f + 27 d + 0.43 Ф - 0.00043 v*v - 1467 f*f - 
228 d*d - 0.0187 Ф*Ф - 6.79 v*f + 0.233 v*d + 0.00988 V*Ф + 
1436 f*d + 4.46 f*Ф+ 1.53 d*Ф. 

 
Where v is cutting speed (m/min), f is feed (mm/rev), d is depth of cut (mm) and Ф is fiber orientation angle in deg. 
 
   The statistical testing of the developed mathematical models was done by Fisher’s statistical test for the analysis of variance 
(ANOVA). As per ANOVA, if the calculated value of F-ratio of the regression model is more than the standard tabulated value of 
the F-table for a given confidence interval, then the model is adequate within the confidence limit. The results of ANOVA at 95% 
confidence interval are presented in Table 6 and it is found that the developed mathematical models are highly significant at 95% 
confidence interval as F-ratio of all three models is greater than 2.83 (F-table (14,10, 0.05)) 
   The coefficient of determination (R2) is also determined to test the goodness-of fit of the mathematical model, which provides a 
measure of variability in the observed values of response and can be explained by the controlled process parameters and their 
interactions.  The R2 values of the developed models are given in Table 7, which clearly indicate the excellent correlation between 
the experimental and the predicted values of the responses.  Adjusted R2 is a modified R2 that has been adjusted to for the number 
of terms in the model. In this paper including insignificant terms, R2 can be artificially high. Unlike R2, adjusted R2may get smaller 
when added to the model. Because the adjusted R2 takes in to consideration the number of independent variables in the model. 
When R2 and adjusted R2 differ dramatically, there is a good chance that non-significant terms have been included in the model. 
From the Table 7 shows that R2 and adjusted R2 are found to be very close, that indicate that all the terms included in the model are 
significant. 
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Table 6.  ANOVA results for surface roughness, cutting force, specific cutting pressure and cutting power models of three different 
tools viz: Carbide (K-20), CBN and PCD. 

 Sum of squares                   Degree of freedom                     Mean square                    
Response              Regression    Residual Regression   Residual            Regression        Residual         F-ratio 
 
Tool: Carbide (K-20) 
Surface roughness: 7.15446         0.13095           14  10                      0.51103           0.01310             39.02 
Cutting force  : 107647.8       3135.6           14  10           7689.1    313.6             24.52 
 
Tool : CBN 
 
Surface roughness :   5.92233         0.14201           14  10           0.42302   0.01420              29.79 
Cutting force :  92439.1          3174.0              14  10           6602.8      317.4              20.80 
 
Tool: PCD 
  
Surface roughness :  5.62209           0.08226            14  10           0.40158    0.00823            48.82 
Cutting force :125355.9          3660.1            14  10            8954.0      366.0              24.46 
 

 
Table 7 Coefficient of determination values for surface roughness, cutting force, specific cutting pressure and cutting power 

models of three different cutting tools viz: Carbide (K-20),CBN and PCD cutting tool inserts. 
 

Type of tool Response Adj R- 

square 

R2 

Surface roughness (Ra) 0.957 0.982 Carbide (K-20) 

Cutting force (Fz) 0.932 0.9511 

Surface roughness (Ra) 0.93 0.9576  

CBN 
Cutting force (Fz) 0.92 0.9667 

Surface roughness (Ra) 0.965 0.9526  

PCD 
Cutting force (Fz) 0.932 0.9716 

  
   From the models, it was revealed that the co-efficient of determination (R2) is more than 90% in all the cases, which shows high 
correlation exists between the model and experimental values.  

 
4. Results and Discussions 
 
   In the present work a comprehensive analysis is carried out to study the effect of different cutting tool material on various 
machining characteristics viz., surface roughness, cutting force, specific cutting pressure and cutting power with variation of 
cutting speed, feed, and depth of cut for different fiber orientation angle GFRP composites. For analyzing the influence of 
machining parameters on machining of different  fiber orientation angle (300-900) GFRP composites, the machinability aspects, 
viz: surface roughness, and cutting force are calculated at different machining conditions and are plotted as shown in Figures 5-7 
and Figures 11-13. The graphs are drawn with the help of response surface model observed. In these graphs only one variable is in 
variation in nature by keeping other variables constant at the middle level.  

 
4.1 Analysis of surface roughness  
   Surface roughness plays a predominant role in determining the machining accuracy. The study of surface roughness 
characteristics of GFRP composites dependent on many factors, it is more influenced by the cutting parameters like cutting speed, 
feed, depth of cut, etc., for a given machine tool and work piece set-up. The machining of FRP differs in many respects from that 
of metals. The behavior of composites is heterogeneous and depends on the fiber and matrix properties, orientation of fibers, bond 
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strength between fiber and matrix, and the type of weave. It is known that the mechanism of cutting in GFRP composites is due to 
the combination of plastic deformation, shearing, and bending rupture. The occurrence of above mechanism depends on the 
flexibility, orientation and toughness of the fibers, these constitute a surface texture on the work piece. The effects of cutting tool 
material on surface roughness at various machining conditions are shown in Figures 5-7. 

 
Table 8 : Response table for  surface roughness for Carbide (K-20)  
                Insert 

                  
 
Table 9 : Response table for  surface roughness for CBN            Figure 2: Effect plot of surface roughness for Carbide  insert              
                         (K-20) insert     
             

                    
              Figure 3: Effect plot of surface roughness for CBN  insert 

   Surface roughness plays a predominent role in determining the machining accuracy. The study of surface roughness 
characteristics of GFRP composites dependent on many factors, it is more influenced by the cutting parameters like cutting speed, 
feed, depth of cut etc., for a given machine tool and work piece set-up. The influnce of different cutting parameters on machining 
of GFRP composites can be studied by using response graph and response table. Tables 8-10 show the effect of different cutting 
parameters. From the response tables, it can be asserted that feed is the main parameter which affect the surface roughness 
followed by cutting speed, fiber orientation and and depth of cut. Figures 2-4 show the influence of cutting parameters on surface 
roughness for three different cutting tools namely carbide (K-20), CBN and PCD. The observed surface roughness at high cutting 
speed is low as compared to low cutting speed. The experimental results indicated that the surface roughness is low at low feed as 
compared to the high feed. The effect of depth of cut on machining of GFRP composite indicated that the surface roughness 
reduces with increase of depth of cut. The experimental results indicated that low surface roughness is observed for low fiber 
orientation angle as compared to high fiber orientation angle.  
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Table 10: Response table for surface roughness for PCD insert 

                    
             Figure 4: Effect plot of surface roughness for PCD insert 

 

                                        
(a) Effect of cutting tool material on surface      (b) Effect of cutting tool material on surface roughness 

roughness with varying cutting speed for 300            with varying cutting speed for 450 fiber orientation 
Fiber orientation angle GFRP composite.            GFRP composite. 
 

                                        
(c )      Effect of cutting tool material on surface      (d) Effect of cutting tool material on surface roughness 

roughness with varying cutting speed for 600            with varying cutting speed for 750 fiber orientation 
Fiber orientation angle GFRP composite.            GFRP composite 

Figure 5 (a-d) Effect of cutting tool materials with varying cutting speed on surface roughness of GFRP composites 
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(e) Effect of cutting tool material on surface roughness 

With varying cutting speed for 900 fiber orientation 
angle GFRP composite. 

 
Figure 5 (e) cont’d. Effect of cutting tool materials with varying cutting speed on surface roughness of GFRP composites 
 
   The factor affecting the surface roughness in machining of GFRP composites is the cutting speed, for analyzing the influence of 
machining parameters in machining of GFRP composites, the surface roughness values are calculated at different machining 
conditions for different fiber orientation angle GFRP composites and are plotted as shown in Figure 5 (a-e). The graphs are drawn 
with the help of response surface model observed. In these graphs only one variable is in variation in nature by keeping other 
variables constant at the middle level. Figure 5 (a-e) clearly represents the variation of surface roughness with the cutting speed at 
constant values of feed, depth of cut and fiber orientation angle. It can be observed that the surface roughness gradually decreases 
for the three different cutting tool inserts with increasing the cutting speed up to 145m/min and thereafter it increases slightly. This 
is because, at higher cutting speed debonding and fiber breakage are the reasons for poor surface roughness. During machining of 
GFRP composites, at lower cutting speed large material flow with the cut fibers has been noticed which intern produce high 
surface roughness. It can be noted that the surface roughness of the machined GFRP composite material range from 
1.51to3.1542µm (microns) for 300 fiber orientation angle GFRP composite material. Fiber orientation angle plays an important 
role for deciding the surface roughness. It is noted from the graphs that, higher values of surface roughness are observed for higher 
fiber orientation angle GFRP composite materials. These results are in close agreement with the results of palanikumar et al 
(2004). 
   From the above figures, it can be asserted that moderate cutting speed is preferred for machining GFRP composite materials of 
different fiber orientation angle. The above figure also reveals that Poly-Crystalline Diamond cutting (PCD) tool produced better 
surface finish among the other cutting tools used for the study. This is followed by Cubic Boron Nitride (CBN) tool. 
 

           
(a) Effect of cutting tool material on surface     (b) Effect of cutting tool material on surface roughness 

roughness with varying feed for 300 fiber         with varying feed for 450 fiber orientation angle 
orientation angle GFRP compoiste.          GFRP composite. 

 
Figure 6 (a-b) Effect of cutting tool materials with varying feed on surface roughness of GFRP composites. 
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(c) Effect of cutting tool material on surface     (d) Effect of cutting tool material on surface roughness 

roughness with varying feed for 600 fiber         with varying feed for 750 fiber orientation angle 
   orientation angle GFRP compoiste.               GFRPcomposite        

 
(e) Effect of cutting tool material with on surface roughness  

with varying feed for 900 fiber orientation angle GFRP 
composite 

Figure 6 (c-e) cont’d. Effect of cutting tool materials with varying feed on surface roughness of GFRP composites. 

   Figure 6(a-e), shows the graphs plotted between feed and surface roughness at constant cutting speed, depth of cut and fiber 
orientation angle. From the graphs it is asserted that a steady increase in surface roughness is observed with the increase in feed for 
the range of fiber orientation angle (300to900) GFRP composite materials with the three different cutting tool inserts used in this 
study. The results are in close agreement with the results stated by sarma et al (2009).  The increase in the feed rate increases the 
heat generation and hence, tool wear, which resulted in the higher surface roughness. The increase in the feed rate also increases 
the chatter and it produces incomplete machining at faster traverse, which leads to higher surface roughness. It is noted that, lower 
values of surface roughness ranges from 1.1713-1.7939µm (microns) for 300 fiber orientation angle GFRP composite material with 
PCD cutting tool insert. The surface roughness is more for 900 orientation angle GFRP composite materials for all the range of 
feed rates for the three different cutting tools used in this study. This finding has close relationship with results presented by 
Takeyama and LiJima (1988). From the above figures, it is asserted that low feed rates and low fiber orientation angle are 
preferred for machining GFRP composite materials. The above figure also reveals that Poly-Crystalline Diamond cutting (PCD) 
tool produced better surface finish among the other cutting tools used for the study. This is followed by Cubic Boron Nitride 
(CBN) tool.  

           
(a) Effect of cutting tool material on surface      (b) Effect of cutting tool material on surface roughness 

roughness roughness with varying depth of cut          with varying depth of cut for 450 fiber orientation 
for 300 fiber orientation angle GFRP composite.          angle GFRP composite. 
Figure 7 (a-b) Effect of cutting tool materials with varying depth of cut on surface roughness of GFRP composites. 
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(c) Effect of cutting tool material on surface      (d) Effect of cutting tool material on surface roughness 

roughness roughness with varying depth of cut          with varying depth of cut for 750 fiber orientation 
for 600 fiber orientation angle GFRP composite.          angle GFRP composite. 

 
(e) Effect of cutting tool material on surface roughness 

 with varying depth of cut for 900 fiber orientation 
 angle GFRP composite 

Figure 7 (c-e) cont’d. Effect of cutting tool materials with varying depth of cut on surface roughness of GFRP composites. 

   Figure 7(a-e), shows the graphs plotted between surface roughness with varying depth of cut at constant cutting speed, feed and 
fiber orientation angle for GFRP composite materials whose fiber orientation angle vary from (300to900).  From the graphs it is 
asserted that a gradual decrease in surface roughness is observed with the increase in depth of cut up to 0.75mm to 1.0mm 
thereafter slightly increases for the range of fiber orientation angle (300to900) GFRP composite materials with the three different 
cutting tool inserts used in this study.  According to Sang.-Ook An et al (1997) depth of cut plays a small role in composite 
machining process compared to cutting speed and feed rate , but the higher depth of cut causes a deleterious effect on surface 
quality in GFRP machining and hence moderate depth of cut are preferred for machining GFRP composite materials. It can be 
seen from the graphs that, lower surface roughness values are observed with in range from 1.4658µm to 2.1131µm on 300 fiber 
orientation angle GFRP composite material with PCD cutting tool insert, and at larger fiber orientation angle it increases steeply, 
this is due to the fact that larger fiber orientation angle, a larger compressive strain generated with in the work material. 
   From the above figures, it is asserted that moderate depth of cut and low fiber orientation angle are preferred for machining 
GFRP composite materials. The above figure also reveals that Poly-Crystalline Diamond cutting (PCD) tool produced better 
surface finish among the other cutting tools used for the study. This is followed by Cubic Boron Nitride (CBN) tool. Carbide (k-
20) was not satisfactory compared to the other tools used in this investigation. PCD cutting tools are designed to machine tough, 
abrasive non ferrous and non-metallic materials, they are very hard and maintain a keen cutting edge for long production runs. The 
sharp cutting edge shear the chip clearly and reduce the friction force of the chip sliding over rake surface of the tool by virtue of 
this closer dimensional tolerance is obtained on GFRP composites. 

 
4.2 Analysis of cutting force 
   The cutting force in the machining process is produced due to the sliding of the cutting tool against the work piece in order to 
remove the material from the work piece. The cutting tool geometry, tool materials, and machining conditions are responsible for 
higher cutting forces which in turn produce worse surface texture. The presences of glass fiber with brittle behavior of the 
reinforcement reduce the contact area and promote low cutting force. The main mechanisms represent the cutting force in 
machining FRP composite, namely shearing in the perpendicular direction and buckling in the parallel direction. The effect of 
cutting tool material on cutting force at various machining conditions in machining of GFRP composites are shown in Figures 11-
13. 
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   The study of cutting force characteristics of GFRP composites dependent on many factors, it is more influenced by the cutting 
parameters like cutting speed, feed, depth of cut, etc., for a given machine tool and work piece set-up. The influence of different 
cutting parameters on machining of GFRP composites can be studied by using response graph and response table. The influence of 
different cutting parameters on machining of GFRP composites can be studied by using response graph and response table. Tables 
11-13 show the response table for Cutting force on machining GFRP composite using carbide (K-20) tool insert, CBN tool insert 
and PCD tool insert. From the response table, it can be asserted that feed is the main parameters which affect the cutting force, 
followed by cutting speed and fiber orientation angle. Figures 8-10 show the influence of different cutting parameters on cutting 
force. The observed cutting force is high at low cutting speed as compared to high cutting speed. The experimental results 
indicated that that the cuttings force is low at low feed as compared to high feed. Cutting force is greatly influenced by the fiber 
orientation angle. When the orientation angle differs, the distance between the fibers may vary and accordingly, the cutting force 
increases. The effect of depth of cut in machining of GFRP composites by three different cutting tools inserts viz., Carbide (K-20), 
CBN and PCD is minimal when compared to other machining parameters. 
 
Table 11 : Response table for cutting force (Fz) for Carbide(K-20) tool 

                            
 Figure 8: Effect plot for cutting force (Fz) for carbide  
               (K-20) tool. 
 

Table 12 : Response table for cutting force (Fz) for CBN tool 
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Figure 9: Effect plot for cutting force (Fz) for CBN tool 
 
Table 13: Response table for cutting force (Fz) for PCD tool 

                                
Figure 10 : Effect plot for cutting force (Fz) for PCD  
                    tool 

 

                                     
(a) Effect of cutting tool material on cutting force  (b) Effect of cutting tool material on cutting force 

with varying cutting speed for 300 fiber         with varying cutting speed for 450 fiber orientation 
orientation angle GFRP compoiste.          angle GFRP compoiste. 

                                      
(c) Effect of cutting tool material on cutting force  (d) Effect of cutting tool material on cutting force 

with varying cutting speed for 600 fiber         with varying cutting speed for 750 fiber orientation 
orientation angle GFRP compoiste.          angle GFRP compoiste. 

 
Figure 11 (a-d)    Effect of cutting tool material on cutting force with varying cutting speed  
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(e) Effect of cutting tool material on cutting force  

with varying cutting speed for 900 fiber orientation  
angle GFRP composite. 

Figure 11 (e) cont’d. Effect of cutting tool material on cutting force with varying cutting speed  

   For analyzing influence of cutting tool material the on cutting force (Fz) in machining of GFRP composite material with varying 
cutting speed, the cutting forces are calculated for each fiber orientation angle GFRP composite material with the help of response 
surface model by keeping the one variable in variation in nature by keeping the other variable constant at the middle level. Figure 
11 (a-e), shows the effect of cutting tool material on cutting force with varying cutting speed for different fiber orientation angle 
GFRP composite materials. It can be seen from the graphs that, the cutting force decreases with increase of cutting speed   for all 
the cutting tool inserts used in this study. The decrease in the cutting force is due to the decrease in tool chip contact and increase 
in and increase in the cutting zone area, leading to the reduction in shear strength of the work piece.  The results indicates that, the 
cutting forces are minimum for 300 fiber orientation angle GFRP composite material machining with PCD cutting tool insert 
ranges from 191.73N to 334.92N. Figure11(d-e) indicates that the cutting force increases with increase of fiber orientation angle. 
This may be due to increase of compressive stresses at larger fiber orientation angle. This finding has close relationship with 
results presented by Takeyama and LiJima (1988). From the graphs it is asserted that the performance of PCD tool is superior to 
the other two cutting tool inserts used in this investigation. 

 

                                          
(a) Effect of cutting tool material on cutting force      (b) Effect of cutting tool material on cutting force 

With varying feed for 300 fiber orientaion angle          with varying feed for 450 fiber orientation angle 
GFRP compoiste.              GFRP compoiste.    

                                           
(c) Effect of cutting tool material on cutting force      (d) Effect of cutting tool material on cutting force 

With varying feed for 600 fiber orientaion angle          with varying feed for 750 fiber orientation angle 
GFRP compoiste.              GFRP compoiste 
Figure 12 (a-d).    Effect of cutting tool material on cutting force with varying feed        



Hussain et al. / International Journal of Engineering, Science and Technology, Vol. 3, No. 4, 2011, pp. 103-118 

 

116

 

 
(e) Effect of cutting tool material on cutting force 

 with varying feed for 900 fiber orientation  angle  
GFRP composite. 

Figure 12 (e). Cont’d. Effect of cutting tool material on cutting force with varying feed          
    
   Figure 12 (a-e) illustrates the effect of effect of cutting tool material on cutting force with varying feed on GFRP composite 
materials of different fiber orientation angle ranges from 300to 900.  These graphs are drawn with the help of response surface 
model by keeping one variable in variation and keeping the other variable constant at the middle level. From the graphs, it is 
asserted that the increase in feed rate increases the cutting force for all GFRP composite materials of different fiber orientation 
angles. It is obvious that, with increase in feed rate, the contact area between work and tool increases. As a result, the material 
removal rate increases, which contribute to increase in cutting force. It can be seen from the graphs, lower cutting forces ranges 
from 202.72N to 327.57N are observed for 300 fiber orientation angle GFRP composite materials with PCD cutting tool inserts 
used in this investigation compared to the higher fiber orientation angle GFRP composite materials. Figure 12(a-e) reveals that 
PCD tool insert performs better and yields lower cutting forces for all the GFRP composite materials used in the present 
investigation and this  followed by CBN tool insert. Carbide (K-20) was not satisfactory compared to the tools used in this 
investigation. 

                                          
(a) Effect of cutting tool material on cutting force ` (b) Effect of cutting tool material on cutting force 

with varying depth of cut for 300 fiber          with varying depth of cut for 450 fiber orientation  
orientation angle GFRP composite.              angle GFRP composite. 

                                          
(c) Effect of cutting tool material on cutting force ` (d) Effect of cutting tool material on cutting force 

with varying depth of cut for 600 fiber          with varying depth of cut for 750 fiber orientation  
orientation angle GFRP composite.              angle GFRP composite 

Figure 13 (a-d).    Effect of cutting tool material on cutting force with varying depth of cut 
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(e) Effect of cutting tool material on cutting force 

with varying  depth of cut for 900 fiber orientation angle  
GFRP composite. 

Figure 13 (e). Cont’d.  Effect of cutting tool material on cutting force with varying depth of cut  
 
   Figure 13 (a-e) illustrates the effect of cutting tool material on cutting force with varying depth of cut  on  GFRP composite 
materials of different fiber orientation angle ranges from 300to 900.  These graphs are drawn with the help of response surface 
model by keeping one variable in variation and keeping the other variable constant at the middle level. From the graphs, it is 
asserted that the increase in depth of cut to a value of 1.0mm the cutting force increases and thereafter it decreases slightly for all 
GFRP composite materials of different fiber orientation angles. Normally in machining of GFRP composite materials depth of cut 
plays only a small role and this has been proved from this study. This finding has very close relationship with the findings of  Sang 
Ook An et al.(1997). It can be seen from the graphs, lower cutting forces ranges from 220.64N to 217.98N are observed for 300 
fiber orientation angle GFRP composite material with PCD cutting tool inserts used in this investigation compared to the higher 
fiber orientation angle GFRP composite materials. Figure 13(a-e) reveals that PCD tool insert performs better and yields lower 
cutting forces for all the GFRP composite materials used in the present investigation and this  followed by CBN tool insert. 
Because of high uniform hardness and wear rate of cutting edge is slower than that of cemented tungsten carbide tools. Reduced 
wear results in holding closer tolerances on work pieces.  Carbide (K-20) was not satisfactory compared to the tools used in this 
investigation. 
 
5. Conclusion 
 
   The present study deals with the investigation on some aspects of machinability such as surface roughness and cutting force 
during turning of GFRP composite materials for a range of fiber orientation angle (300-900) with three different cutting tools viz., 
Carbide (K-20), CBN and PCD. Based on the experimental results, the following conclusions are drawn within the range of 
parameters selected.  

 
• In machining of GFRP composites the surface roughness is highly influenced by feed followed by cutting speed and fiber 

orientation angle. Depth of cut has very little effect on surface roughness. 
• Cutting forces are highly influenced by feed, followed by cutting speed and fiber orientation angle. Depth of cut has very 

little effect in machining GFRP composites. 
• While machining GFRP composites, low cutting forces and better surface finish are observed while using Poly- 

Crystalline Diamond (PCD) tool among other cutting tools used for the study. This is followed by cubic Boron Nitride 
(CBN) tool. 

• Carbide (K-20) tool gave high surface roughness and high cutting forces hence, it is not at all desirable to use this tool for 
machining GFRP composites. 

• While machining GFRP composites moderate cutting speed, low feed rate, moderate depth of cut and low fiber 
orientation angle are preferred.  

• The developed models for surface roughness and cutting force using Response surface modeling are highly adequate as 
their R2 values are very close to 1 and hence all the models can be used for reliable prediction. 
 

The future scope of work includes the following: (1) The number of machining parameters can be extended and hence, the data 
base can be improved by extensive experimentation; and (2) In this work, the experimental data has been modeled and analyzed by 
Response surface methodology (RSM). The same problem can be modeled and analyzed by an Adaptive Neuro-Fuzzy Inference 
System (ANFIS). 
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