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“Monitoring and control of Delamination in Drilling of GFRP 

(Glass Fibre Reinforced Plastics)” 

 

Abstract 

Composite materials possess several desirable properties when compared against 

conventional metal such as, their high specific strength and specific modulus, their variable 

directional strength properties and their better fatigue strength. The fiber reinforced plastics 

(FRP) are highly promising materials for the applications in aeronautical and aerospace 

industries. Composites are being abrasive, the tool wear is high and hence the machining 

parameters are to be carefully selected while machining GFRP composite materials. 

Machining of these composites, especially drilling is very important operation which is 

to be carried out for assembly of composite parts. During drilling of GFRP and CFRP 

delamination is a major concern, which reduces the structural integrity of the material. The 

present work is critical review which focuses on the analysis of delamination behaviour of the 

composites when drilled and methods available to reduce the delamination. Remarkable work 

has been carried out by different researchers in this area where few have suggested controlling 

the cutting parameters like cutting speed, feed and depth of cut others have emphasis on thrust 

force and torque. In this experiment work GFRP laminate with specific properties is 

manufactured and drilled with three drills having different point angles of 1180, 1300, 1400. 

Speed, Feed rate and Point angle are taken as variables and drilled holes are measured for 

delamination. Effect of cutting parameters and tool geometry (point angle) on delamination are 

studied. ANFIS (Adaptive Neuro Fuzzy Inference System) based mathematical model is 

developed in MATLAB to control the delamination. Based on the above ANFIS model one 

can select best cutting parameters to minimise delamination. 

State of the art of the research topic 

 Composite materials are increasingly used in various fields of science and engineering 

because of their unique and desirable properties. As a result of these properties and potential 

applications, there is a strong need to understand the issues associated with fabricating and 

machining of composite materials better. In the past few decades, the use of composites has 

increased dramatically, continually leading to new applications. Initially the cost of these 

materials was very high, justified only for specialized, low volume applications such as 
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aerospace and defence. As these materials and their manufacturing methods are becoming 

cheaper, they are finding an increasing use in consumer-oriented applications.  

Drilling of these composite materials, irrespective of the application area, can be considered a 

critical operation owing to their tendency to delaminate when subjected to mechanical stresses. 

With regard to the quality of machined component, the principal drawbacks are related to 

surface delamination, fibre/resin pull-out and inadequate surface roughness of the hole drilled. 

Among the defects caused by drilling, delamination appears to be the most critical. In order to 

overcome these difficulties it is necessary to develop procedures to select appropriate cutting 

parameters, due to the fact that an unsuitable choice could lead to unacceptable work material 

degradation.  

In the aircraft industry, for example, drilling-associated delamination accounts for 60% of all 

part rejections during final assembly of an aircraft according to one of the research. 

Delamination is a major problem associated with drilling fiber-reinforced composite materials 

that, in addition to reducing the structural integrity of the material, also results in poor assembly 

tolerance and has the potential for long-term performance deterioration.  

The delamination damage can be quantified by a factor called delamination factor and it can 

be defined as the ratio of maximum diameter at damage zone to original diameter of drill 

(Figure) 

The delamination factor is given as 

max
d

D
F

D
  

Where maxD the maximum diameter of the 

damaged zone and D is the diameter of the 

hole, 

Alternatively it can be give as max
d

A
F

A
  

Where Amax is the maximum area of the 

damaged zone and A is the actual area of the hole. 

Delamination-free drilling of glass fiber reinforced composites is the main objective of this 

research. 
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Definition of the Problem 

Drilling is an important operation in assembling the GFRP parts and the quality of holes 

depends upon cutting parameters like cutting speed, feed rates, tool types and its geometry, 

material of tools etc. Thrust force of cutting is the result of combination of all above parameters 

which is a major responsible factor for the defect called delamination in drilling. More than 

60% rejection of materials at assembling stage in aerospace industry is due to delamination. 

With proper selection of cutting parameters and tool geometry, how and up to what extent 

delamination can be controlled or eliminated is a major focus of this study. 

Objective and Scope of work 

 To monitor the occurrence of delamination in drilling and to observe the thrust force 

and torque with respect to cutting speed and feed at the onset of delamination in a 

specially manufactured GFRP having specific mechanical properties.  

 To observe the effect of different tool geometry and cutting parameters on the 

delamination factor. 

 To develop mathematical model which can be a readymade tool to select the cutting 

parameters and point angles of tools for delamination free drilling within a given range. 

Original contribution by the thesis. 

 During the literature survey it is observed that GFRP (Glass Fibre Reinforced Plastics) 

is not commercially available but has to manufacture according to required properties. 

So the material with specific properties is manufactured at ATIRA (Ahmedabad Textile 

and Industrial Research Association). 

 Drilling tools with geometries like Multifaceted drill having point angle of 1180 , step 

drill having a point angle of 1300 and standard twist drill having a point angle of 1400 

were manufactured at Kreative Tools, A’bad. 

 Experiment was conducted on Laminates of GFRP in which 81 holes were drilled and 

thrust force and torque are measured online at IITRAM, A’bad. Delamination factors 

at entry and exit measured offline using 3D microscope at CHARUSET University. 

  A mathematical model was developed in MATLAB using ANFIS (Adaptive Neuro 

Fuzzy Inference System) tool which can be a readymade tool to select the cutting 

parameters and drills with specific point angles for delamination free drilling. 
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Methodology of Research, Results / Comparisons 

The whole methodology is given in the flow chart in figure-1.Work material GFRP (Glass 

Fibre Reinforced Plastic) is manufactured at ATIRA (Ahmedabad Textile Industries Research 

Association), Ahmedabad because the material is commercially not available in the market. 

 

Figure 1 Flow chart of Methodology 

The manufacturing process used is vacuum infusion process and the properties of the material 

for experiment purpose is decided based on the literature review and its industrial use as well.  

Material is Unidirectional. Glass fibre is having diameter of 9 µm and resin used is epoxy resin. 

Material properties are tabulated in Table 1. 
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Drill tools of three different types i.e. Twist drill, step drill and multifaceted drill, are 

manufactured at Kreative tooling, G.I.D.C, Vatva, Ahmedabad having different point angles.  

Cutting speed in rpm, feed in mm/min and point angle of tool geometry are taken as variables. 

Based on Trial runs and past literature review range of cutting speed and feed are selected. 
Taguchi’s Design of experiment (DOE) is used to decide the number of experiments to be 

carried out. 

Three variables namely cutting speed, Feed rate and Point angle with three levels of each are 

selected for the experimentation purpose. 

Levels of cutting speed are 30, 40 and 50 m/min or 1500, 2000 and 2500 rpm. 

Levels of feed rate are 0.05, 0.1 and 0.15 mm/rev or 100,200 and 300 m/min 

Point angles of drill tools are taken as 118°, 130° and 140°. 

According to Taghuchi full factorial experiment of total number of experiments to be carried 

out were 27 with different combination of three levels as mention above of variables namely 

Speed, Feed and point angle. In this experiment three readings of each were taken so total 

readings taken were 81 and for final reading average of three was taken. Experiment was 

carried out on vertical machining centre of Macpower and the readings of thrust force and 

torque was measured using Kistler Dynamometer 9272.  

Table 1 Properties of GFRP 

Name of Properties value 

Tensile strength 732 MPa 

Compressive strength 693 MPa 

Tensile Modulus 46 GPa 

Compressive modulus 33 GPa 

Density 2.4 g/cm3 

Thickness 4 mm 

Woven weaving base   E Glass  % by volume 70 % 

Epoxy Resin % by volume 30 % 

Barcol Hardness 70 BHN 

 

Schematic experiment set up and Actual set up are as shown in figure 2 and figure 3. 
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Figure 2 Schematic experiment set up 

 

Figure 3 Actual experiment set up 

After drilling the holes the measurement was done for delamination at entry and exit. Each hole 

is measured under 3D microscope of Mitutoyo make at CHARUSET and with the use of Image 

j software as shown in following figure 4. 

 

Figure 4 Delamination measurement 

Actual 

hole area  

Maximum hole 

area covering 

the damage 
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Table 2 shows the observations taken during the experiments. 

Table 2 Observation table 

Sr no. Feed rate in 
mm/min 

Cutting Speed 
in rpm 

Point Angle Average 
Thrust force in 

N 

Average 
Delamination 

factor 
Fd=Amax/Ao at 

entry 

Average 
Delamination 

factor 
Fd=Amax/Ao at 

exit 

1 100 1500 140 52.53 1.63 1.7 

2 100 2000 140 60.24 1.87 1.72 

3 100 2500 140 73.61 1.43 1.5 

4 200 1500 140 67.75 2.44 1.68 

5 200 2000 140 84.29 1.94 1.93 

6 200 2500 140 90.29 1.74 1.51 

7 300 1500 140 109.27 2.15 2.02 

8 300 2000 140 106.04 1.8 1.86 

9 300 2500 140 98.19 1.84 1.91 

10 100 1500 130 51.68 1.63 1.51 

11 100 2000 130 55.4 1.46 1.54 

12 100 2500 130 59.35 1.33 1.42 

13 200 1500 130 89.44 2.18 1.53 

14 200 2000 130 82.36 1.73 1.63 

15 200 2500 130 83.74 1.8 1.65 

16 300 1500 130 70.66 2.3 1.59 

17 300 2000 130 61.54 1.87 1.68 

18 300 2500 130 70.48 1.95 1.44 

19 100 1500 118 49.07 1.26 1.3 

20 100 2000 118 59 1.4 1.27 

21 100 2500 118 55.52 1.27 1.27 

22 200 1500 118 67.93 1.49 1.44 

23 200 2000 118 64.41 1.5 1.35 

24 200 2500 118 59.14 1.34 1.35 

25 300 1500 118 77.82 1.53 1.47 

26 300 2000 118 72.9 1.47 1.45 

27 300 2500 118 67 1.6 1.31 

  

ANOVA Analysis to find the responsible factor: 

Statistical method ANOVA( Analysis of Variance) was performed for Thrust force, 

Delamination at entry and Delamination at exit of GFRP Laminate for checking the 

significance level of each parameter( input Variables) and it is also used to find the percentage 

contribution of Point Angle, Feed Rate and Cutting Speed at entry and at exit.  

ANOVA is done for 95% confidence level so if p-value is less than 0.05 then that factor is 

responsible factor for the output. 
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 ANOVA table for Thrust force F 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

  Feed rate in mm/min 2 2933.24 1466.62 12.22 0 

  Cutting Speed in rpm 2 24.89 12.45 0.1 0.902 

  point angle(tool geometry) 2 1674.51 837.25 6.98 0.005 

Error 20 2400.45 120.02     

Total 26 7033.1        

  

 

For Thrust force the factors FR and PA are significant (p<0.05) whereas CS is insignificant 

(p>0.05). Hence, it is found that the FR has a more dominant effect on Thrust force than PA 

and CS. The value of the coefficient of determination (R²) indicates that 85.87% of the 

variability in the response could be explained by the model. 

 ANOVA table for Delamination Factor at Entry Fd: 

For Delamination Factor at Entry the factors Point Angle, Feed Rate and Cutting Speed all are 

Significant (p<0.05). Hence, it is found that the Point Angle, Feed Rate and Cutting Speed all 

have dominant effect on Delamination Factor at Entry. 

The value of the coefficient of determination (R²) indicates that 77.59% of the variability in the 

response could be explained by the model. 

 

 

 

 

S R-sq R-sq(adj) R-sq(pred) 

10.9555 85.87% 55.63% 37.80% 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

  Feed rate in mm/min 2 0.6983 0.34914 11.96 0 

  Cutting Speed in rpm 2 0.3099 0.15496 5.31 0.014 

  point angle(tool geometry) 2 1.0132 0.50661 17.36 0 

Error 20 0.5837 0.02918     

Total 26 2.6051        

S R-sq R-sq(adj) R-sq(pred) 

0.170834 77.59% 70.87% 59.17% 
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 ANOVA table for Delamination Factor at Exit Fd 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

  Feed rate in mm/min 2 0.12564 0.062818 6.69 0.006 

  Cutting Speed in rpm 2 0.07085 0.035426 3.77 0.041 

  point angle(tool geometry) 2 0.73628 0.368141 39.2 0 

Error 20 0.18782 0.009391     

Total 26 1.12059        

 

 

For Delamination Factor at Exit the factors Point Angle, Feed Rate and Cutting Speed all are 

significant (p<0.05). Hence, it is found that the Point Angle, Feed Rate and Cutting Speed all 

have dominant effect on Delamination Factor at Exit. The value of the coefficient of 

determination (R²) indicates that 83.24% of the variability in the response could be explained 

by the model. 

ANFIS (Adaptive Neuro Fuzzy Inference System) analysis in MATLAB 

 ANFIS is an adaptive fuzzy inference system and uses hybrid learning procedure that 

can construct an input-output mapping based on both human knowledge (in the form of 

fuzzy if-then rules) and stipulated input-output data pairs. 

 ANFIS has been based on a first-order Sugeno fuzzy inference model. If the fuzzy 

inference system is assumed to have two inputs and one output, x, y, and z respectively, 

then a first order Sugeno model has the rules as follows:   

 Rule 1: If x is A1, y is B1 and z is C1 then f1 = p1 x + q1 y + r1z +s1  

 Rule 2: If x is A2, y is B2 and z is C2 then f2 = p2 x + q2 y + r2z +s2  

 Rule 3: If x is A3, y is B3 and z is C3 then f3 = p3 x + q3 y + r3z +s3 

 For each of the three input variables, x, y and z there are three member 

ship functions i.e. (A1, A2, A3), (B1, B2, B3) and (C1, C2, C3). 

                      

                        

S R-sq R-sq(adj) R-sq(pred) 

0.0969075 83.24% 78.21% 69.45% 
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Figure 5.1 Sugeno Fuzzy inference model with three inputs (X, Y, Z) and one output (F) 

1 1 2 2 1 2 1 1 2 23 3 3 3 3( ) ( )f w f w f w f w w w w f w f w f        
 

 

Figure 5.2 ANFIS Architecture 

A square node has adaptive parameters while a circle node (fixed node) has none. The node 

functions in the same layer are of the same family as written below:   

Layer 1:   Every node i in this layer is a square node with a node function 

1 ( )i iO A x   For i=1, 2, 3……                                                   (1) 

Where x is the input to node i, and A, is the linguistic label (small, large, etc.) associated with 

this node function.  In  other  words,  is  the  membership function of  A, and  it  specifies the 

degree to which the  given x  satisfies the  quantifier Ai.  Usually   ( )iA x   is chosen to be bell-

shaped with maximum equal to 1 and minimum equal to 0, such as 

2

1
( )

1

i

i
i

i

A x

x c
b

a

 
  
   
   

                                (2)         



 

11 
 

Where {ai, bi, ci}   is the parameter set.  As the values of these parameters change, the bell-

shaped functions vary accordingly, thus exhibiting various forms of membership functions on 

linguistic label Ai.  

Layer 2: Every node in this layer is a circle node labelled  𝜋  which multiplies the incoming 

signals and sends the product out. For instance, 

2 ( ) ( ) ( ), 1,2...i i i i iO w A x B y C z i                              (3) 

Each node output represents the firing strength of a rule. 

Layer 3:   Every node in this layer is a circle node labelled N.  The ith node calculates the 

ratio of the ith rule’s firing strength to the sum of all rules’ firing strengths 

3

1 2 3

, 1,2...i
ii

w
O W i

w w w
  

 
                                      (4) 

For convenience, outputs of this layer will be called normalized firing strengths. 

Layer 4:   Every node i in this layer is a square node with a node function 

 4
ii i i i i i iO W f W p x q y r z s                                       (5) 

Where 
iW = output of layer 3 and Pi, qi, ri, si = Consequent parameter set 

Layer 5: The single node in this layer is a circle node labelled   that computes the overall 

output as the summation of all incoming signals, 

       5

iO  Overall output 

      
5 ii
i i i

i ii

w f
O w f

w
 





                             (6) 

The number of rules is decided by an expert in a conventional fuzzy inference system who is 

familiar with the system to be modelled. However in ANFIS, no expert is required and the 

number of membership functions (MFs) assigned to each input variable is chosen empirically, 

i.e., by examining the desired input-output data and/or by trial and error method. This situation 

is much the same as that of neural networks. There are no simple ways to determine in advance 

the minimal number of hidden nodes necessary to achieve a desired performance level. After 

the number of MFs associated with each input is fixed, the initial values of premise parameters 
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are set in such a way that the MFs are equally spaced along the operating range of each input 

variable. In this work, the input machining parameters considered are spindle speed, feed and 

point angle and the output parameter obtained is thrust force and delamination factor at entry 

as well as exit of the hole. Based on the experimental values, the number of MFs of all the three 

input parameters is chosen to be three. The analysis is carried out for the response. 

MATLAB supports the use of the function ANFIS and the ANFIS Editor GUI in the Fuzzy 

Logic Toolbox. These tools apply fuzzy inference techniques to data modelling. As in the case 

of other fuzzy inference GUIs, the shape of the membership functions depends on parameters, 

and changing these parameters will change the shape of the membership function. Then 27 

training data sets are considered as input training vectors and the function ANFIS is used to 

train the FIS model to emulate the training data presented to it by modifying the membership 

function parameters according to a chosen error criterion. The type of membership function 

chosen is by trial and error and Gaussian MF is applied in this study. Here, the parameter 

optimization method is chosen to be ‘Hybrid’ and the number of epochs for ANFIS training is 

set to 30. The training stops after the training data error remains within the error tolerance that 

is chosen as zero or if the training epoch number is reached. Randomly variables are taken and 

validated for thrust force and delamination to check the ANFIS model. 

Sr no. Point Angle 
Feed rate in 

mm/min 

Cutting 

Speed in 

rpm 

Actual 

Average 

Thrust 

force in 

N 

Predicted 

by ANFIS 

model 

% 

accuracy 

1 118 150 1700 67.75 59.40 87.68 

2 118 225 2100 59.88 65.20 91.11 

3 118 280 2375 65.49 67.00 97.70 

 

Nine graphs out of 27 are shown in figure 6.1, figure 6.2 and figure 6.3 for analysis purpose 

drawn in MATLAB. 

 

Figure 6.1 Thrust force at 1500 rpm, at 1000 point angle and at 100 mm/min feed rate 
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Figure 6.2 Delamination at exit at 2000 rpm, at 130 Point Angle and at 200 mm/min 

 

Figure 6.3 Delamination at entry at 2500 rpm, at 140 Point Angle and at 300 mm/min. 

Above results shows that ANFIS model can predict the thrust force and so based on the model 

cutting parameters can be selected. 

Effects of feed rate 

 The de-bonding of fibres and matrix become serious at entry and exit of the hole as feed 

rate is increased. At low feed rate the thrust force of the hole decreased. 

 An increase in feed rate increases the thrust force amount as it will result in increased 

material removal rate and in turn more energy is required. 

 Under low feed rates delamination doesn’t take place. When feed rates are increased 

the actual back rake angle becomes negative, thus pushing the work material instead of 

shearing and causing delamination. 

 At higher feed rates by using the tool with lower point angles reduces the delamination. 

Effects of speed 

 The results shows that the increase in cutting speed reduces the delamination in GFRP. 

 Increase in speed decreases the thrust force since at higher cutting velocities, the tool 

would cut better without ploughing, resulting in drop in the thrust force. 

 From our experiment and previous literature review it can be derived that there is no 

clear trend between cutting speed and delamination in drilling of GFRP. 
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Effects of point angle 

 Increase in point angle increases the contact between workpiece material and drill tool 

resulting in high thrust force and torque. 

 In case of step drill geometry the step of drill creates the effect of reaming which can 

be seen in experiment as thrust force reduces in case of step drill with increase in feed 

rates and consequently effects delamination in GFRP. 

Achievements with respect to objectives: 

 

Objectives Achievements 

To monitor the occurrence of delamination in 

drilling and to observe the thrust force and 

torque with respect to cutting speed and feed 

at the onset of delamination in a specially 

manufactured GFRP having specific 

mechanical properties 

GFRP laminates were prepared and 

experiment was conducted on VMC. Torque 

and Thrust fore were measured by Kistler 

Dynamometer and Delamination Factor was 

calculated using 3D microscope and Image J 

software. 

To observe the effect of different tool 

geometry and cutting parameters on the 

delamination factor. 

Various graphs were drawn to understand 

the effects of cutting parameters and tool 

geometry on delamination and thrust force.  

To develop mathematical model which can 

be a readymade tool to select the cutting 

parameters and point angles of tools for 

delamination free drilling within a given 

range. 

ANFIS (Adaptive Neuro Fuzzy Inference 

System) based mathematical model is 

developed in MATLAB which is a 

readymade tool to select the cutting 

parameters and point angles within given 

range. 

 

Conclusion 

 With the use of ANFIS model accurate prediction of thrust force and delamination is 

possible within given range. 

 Suitable combination of variables can be selected from optimisation that will help in 

increasing production rate by reducing machining time. 
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 Feed rate is the factor which is highly responsible for delamination followed by point 

angle with tool geometry. 

 The optimum levels of the geometry, the cutting speed, and the feed rate have been 

established for minimizing the damage of drilled holes in UD-GFRP laminates.  

 Multifaceted drill with 140 degree point angle, 100 mm/min feed rate and 1500 rpm 

have minimum delamination at entry and exit. 
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