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1. Introduction 
 

Fiber reinforced polymer (FRP) composite laminates 

possess attractive characteristics such as chemical 

resistance, low weight, design flexibility, high strength and 

high stiffness-to-weight ratio. These properties account for 

manufacturing of structural parts with FRP composite in the 

aircraft and spacecraft industries, railway, automobile, 

aeronautical, marine vehicles, pressure vessels, and sporting 

goods, wind energy, mechanical and plant engineering, 

(Khashaba and Ramzi 2017, Reisgen et al. 2020). For 

instance, about 57% of the primary structure of Boeing 787 

(Dream-liner) consists of composites, which can save 15-

20% fuel for a comparable mission compared to any other 

wide body airplane, Geng et al. (2019). Laminated 

composite structures are made-up of composite materials 

plies with desirable angle orientations to accomplish 

desirable and high-performance mechanical properties, 

Eltaher and Mohamed (2020). Machining operation, such as 

drilling of FRP laminates, plays a significant role in the 

assembly of parts in aircraft and spacecraft production. 

conventional drilling with twist or special drill bits has 

remained the most frequently and economically used 

machining operation in industry, Karimi et al. (2016). Due 
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to its heterogeneity and anisotropy, FRP laminates becomes 

one of the typical difficult-to machining materials, Shahri et 

al. (2020). A drilling process of composite is a common 

machining operation, which is still an open problem for the 

academic and industry. The quality of the drilled holes such 

as roughness/waviness of its wall surface, roundness, and 

axial straightness of the hole section causes high stress on 

the rivet, leading to its failure. Microcracking and 

delamination owing to drilling process significantly reduces 

the composites residual strength. Therefore, the quality of 

the drilled holes can be critical to the life of the riveted 

joints for which the holes are used, Khashaba (2013). 

In 1990, Ho-Cheng et al. and Tagliaferri et al. 

investigated and predicted the damage zone and 

delamination of laminated composite induced during 

drilling by using a fracture mechanics approach. Khashaba 

et al. (2007) examined the influence of drilling parameters 

on cutting forces and torques in drilling chopped 

composites and predicted that delamination size decreased 

with decreasing the feed and insignificant affect by cutting 

speed. Shyha et al. (2009) evaluated the effect of drill 

geometry and drilling conditions on tool life and hole 

quality of unbacked carbon CFRP laminate. Khashaba et al. 

(2010) showed that the behavior of thrust force during 

drilling process was greatly affected by the drill pre-wear, 

and peaks/valleys in surface roughness profile were due to 

burning the matrix. Durão et al. (2010) monitored hole wall 

roughness and delamination during drilling of composite 
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Abstract.  This paper investigates experimentally and numerically the influence of drilling process on the mechanical and 

thermomechanical behaviors of woven glass fiber reinforced polymer (GFRP) composite plate. Through the experimental 

analysis, a CNC machine with cemented carbide drill (point angles =118° and 6 mm diameter) was used to drill a woven GFRP 

laminated squared plate with a length of 36.6 mm and different thicknesses. A produced temperature during drilling “heat 

affected zone (HAZ)” was measured by two different procedures using thermal IR camera and thermocouples. A thrust force and 

cutting torque were measured by a Kistler 9272 dynamometer. The delamination factors were evaluated by the image processing 

technique. Finite element model (FEM) has been developed by using LS-Dyna to simulate the drilling processing and validate 

the thrust force and torque with those obtained by experimental technique. It is found that, the present finite element model has 

the capability to predict the force and torque efficiently at various drilling conditions. Numerical parametric analysis is presented 

to illustrate the influences of the speeding up, coefficient of friction, element type, and mass scaling effects on the calculated 

thrust force, torque and calculation’s cost. It is found that, the cutting time can be adjusted by drilling parameters (feed, speed, 

and specimen thickness) to control the induced temperature and thus, the force, torque and delamination factor in drilling GFRP 

composites. The delamination of woven GFRP is accompanied with edge chipping, spalling, and uncut fibers. 
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laminates by different drill point geometries and feed rates. 

Gaitonde et al. (2011) indicated that point angle is the most 

significant factor followed by feed and spindle speed on 

delamination defects. Kharazan et al. (2014) investigated 

delamination growth in composite laminates subjected to 

low-velocity impact. Mahieddine et al. (2015) presented 

modeling and simulation of partially delaminated composite 

beams by using first-order shear deformation theory. Luo et 

al. (2016) observed in drilling thin CRFP laminates that 

when uncut thickness was too thin to hold the drill bit, 

spring back of workpiece enlarged the actual feed rate. 

Merino-Pérez et al. (2016) studied impact of cutting speed 

and workpiece constituents on the forces developed in 

CFRP drilling by machining three carbon/epoxy systems, 

combining two types of thermosetting resins and two types 

of woven CF fabrics. Biswal et al. (2016) experimentally 

studied the critical loads of laminated composite cylindrical 

shell panels that are made of hygrothermal treated woven 

fiber-glass/epoxy by using a universal testing machine 

INSTRON 8862, Khashaba and El-Keran (2017) 

investigated experimentally and analytically the impact of 

machining parameters on thrust force and delamination 

during a drilling of thin woven GFRP. Qiu et al. (2018) 

considered effects of chisel edge and step drill on 

delamination of CFRP during drilling and demonstrated that 

the chisel edge has significant influence on delamination 

when the different ratio of primary drill bit diameter to 

secondary drill bit diameter (k) is bigger than 0.75. Fazilati 

(2018) investigated the parametric instability characteristics 

of tow-steered variable stiffness composite laminated 

cylindrical panels using the B-spline finite strip method 

considering geometrical defects including cutout and 

delamination. Ghosh and Chakravorty (2019) used the finite 

element method to predict failure on the first ply of 

composite hyper shells with various edge conditions. Geier 

et al. (2019) developed a comprehensive review on 

advanced cutting tools and technologies for drilling carbon 

fiber reinforced polymer (CFRP) composites.  

In the work conducted by Cadorin et al. (2015), it was 

found the reinforcement of the composite material in the 

third direction remove the problem of delamination at the 

hole exit even the tool is worn and for high feed rate 

used.Beylergil et al. (2019) showed that the propagation 

Mode-I fracture toughness values of carbon fiber/epoxy 

(CF/EP) composites can be significantly improved (by 

about 72%) using aramid nonwoven fabrics. Formisano et 

al. (2020) evaluated the influence of the manufacturing 

technology on the mechanical behavior of composite 

laminates from commingled fabrics consisting of glass and 

polypropylene fibers. Gemi et al. (2020) studied damage 

and surface quality of filament wound hybrid composite 

pipes with different stacking sequences during drilling. 

Khashaba et al. (2020) explored experimentally thrust 

force, torque and delamination of GFRP composites during 

drilling processes with different machining parameters. 

Mudhukrishnan et al. (2020) analyzed the thrust force and 

delamination in drilling of GFR polypropylene composites 

using HSS twist, tipped carbide and solid carbide drills, and 

observed that higher value of thrust force is noticed with 

HSS rather than the other types. Suresh et al. (2020) 

restored the strength of the repaired sandwich beams after 

complete failure by insertion of submillimeter fibrous pins 

in the failed laminate and the honeycomb cells using robotic 

hand micro-drilling. Zou et al. (2020) addressed cutting 

responses of the hole characteristics and tool wear modes 

during drilling process of carbon fiber-reinforced plastic/Al 

co-cured material with standard TiAlN-coated cemented 

carbide twist drill. Mishra et al. (2020) developed a 

numerical simulation model to present the influence of 

residual thermal stresses and material anisotropy on the 

inter-laminar delamination behavior of the joint structure. 

Ahmadi and Zeinedini (2020) investigated effect of drilling 

on the mode I delamination of GFRP laminates by using 

experimental, theoretical, and numerical methods. Eltaher 

and Abdelrahmaan (2020), Almitani (2020) studied the 

bending and buckling of perforated nanobeam with surface 

energy effects. Jai et al. (2020a) presented novel multi-

margin drill structure for improving drilling 

quality/accuracy of Ti/CFRP stack.  

Considering thermal effects, Ramesh et al. (2016) 

presented the influence of different cooling methods on 

quality characteristics of drilled GFRP non-laminated 20 

mm thick pultruded composite rods. In the work conducted 

by Zitoune et al. (2017) an original technique for the 

measurement of the machining temperature has been 

proposed. This technique is based on the in-situ 

instrumentation with optical fiber with Braggs sensors for 

the monitoring when in real time of the temperature 

generated when drilling thick 3D woven composites. It was 

concluded that, the temperature generated when drilling is 

conducted with twist drill coated with TiN/AlTiN/CrAlSiN 

is inferior the one generated when drilling with the same 

drill coated with TiN/TiAlSiN/AlTiSiN. This result has 

been attributed the to the frictional phenomenon between 

the tool and the CFRP. Hou et al. (2020) investigated 

impacts of drilling parameters involving rotating speed, 

feed rate and diameter of twist drill on exit-ply temperature 

characteristics and damages of UD CFRP. Zhang et al. 

(2020, 2021) analyzed influences of the axial force and the 

hole-exit temperature on the formation of the hole-exit 

surface damages and predicted novel fiber fracture criteria 

in machining process of CFRP.   

Through analytical and numerical analysis, Karimi et 

al. (2016) modeled the critical feed rate for the onset of 

delamination by combining the resulting equations for 

oblique cutting model and critical thrust force based on 

elastic fracture mechanics (EFM) and classical plate 

bending theory (CPBT). Elamary et al. (2016) presented a 

numerical simulation of concrete beams reinforced with 

composite GFRP-Steel bars under three points bending. 

Ismail et al. (2017), Ojo et al. (2017) developed an 

analytical model using linear elastic fracture mechanics and 

CPBT to evaluate the delamination of FRP during drilling 

operation, and predicted that thrust force, feed rate, twist 

drill bit chisel edge and point angle are the principal factors 

responsible for delamination. Tan and Azmi (2017) 

presented analytical mechanics formulation with surface 

energy released from the crack surface to predict critical 

thrust force for on-set delamination damage of drilling 

hybrid FRP composite. Shetty et al. (2017) presented a brief 
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review in depth for drilling of composites using finite 

element method and knowledge on damage of the 

composites caused during drilling. Joshi et al. (2018) 

developed FEM for the study of delamination while drilling 

FRP composites. The simulations use realistic geometry and 

boundary conditions, and the results are compared with 

literature, analytical models, and experimental results. 

Hrechuk et al. (2018) exploited non-destructive 

quantification of visible defects based on the numerical 

analysis to evaluate the quality of drilled holes in FRP 

composites. Guenfoud et al. (2018) used of the strain 

approach to develop a new consistent triangular thin flat 

shell finite element with drilling rotation. Based on the 

microscopic level, Tang et al. (2018) developed 3D finite 

element model to examine the chip formation and 

delamination in drilling of CFRP composites. Murthy et al. 

(2019) used a system dynamic approach and Taguchi 

method to evaluate the influence of drilling parameters on 

thrust force developed during drilling of GFRP. Feito et al. 

(2019) predicted the damage induced during drilling of 

composite materials by using multi-objective optimization 

analysis of cutting parameters for special geometry drills. 

Heidary et al. (2020) estimated the critical thrust force and 

feed rate determination in drilling of GFRP laminate with 

backup plate. Liu et al. (2020a, b) presented delamination 

model based on superposition of linear fracture mechanics 

capable of predicting a critical thrust force of aramid fiber-

reinforced plastics by brad drill. Wang and Jia (2020) 

performed a full factorial experiment and Artificial neural 

network for the drilling of CFRP with different drilling 

parameters to express thrust force and delamination factor 

as a function of drilling parameters. Shahri et al. (2020) 

exploited modified Mindlin-Reissner plate theory in 

conjunction with EFM in mixed mode loading condition for 

the prediction of critical thrust force during drilling process. 

Tong et al. (2020) developed experimental and analytical 

study on continuous GFRP concrete decks with steel bars. 

Jai et al. (2020b) presented analytical study of delamination 

damage and delamination-free drilling method of CFRP 

composite. Asiri et al. (2020), Eltaher and Akbas (2020) 

developed a finite element model to predict the transient 

response of 2D functionally graded beam under a dynamic 

load. She (2020), She et al. (2021), Lu et al. (2021) studied 

numerically resonance analysis and postbuckling of 

composite curved microbeams reinforced with graphene 

nanoplatelets. Zhang et al. (2021) investigated the snap-

buckling of FGCNTR curved nanobeams considering 

surface effects. She (2021) presented the effect of thermal 

loadings on guided wave propagation of porous functionally 

graded plates. Bhat et al. (2020) investigated the effect of 

operational parameters on the damages caused in the GFRP 

composites during the drilling process by using multiple 

response optimization technique. In another work Saoudi et 

al. (2016) proposed an analytical model to predict the 

critical thrust force responsible for delamination at the hole 

exit. Almitani et al. (2021) exploited finite element model 

to evaluated stress and vibration analysis of axially 

functionally graded rotating beams.  
According to the knowledge of author and literature 

review, the impact of thermomechanical behavior of the 
woven GERP plate under drilling using experimental and  

Table 1 The estimated fiber volume fraction 

n (Layers) Aw (g/m2) f (g/cm3) t (cm) Vf (%) 

8 324 2.5 0.259 40.0 

16 324 2.5 0.525 39.5 

24 324 2.5 0.773 40.2 

 

 

numerical finite element model (FEM) has not been 

addressed. Therefore, the current article aims to fill this gap. 

The investigation of the temperature induced by drilling has 

been considered by a thermocouple and thermal imaging 

infrared camera. The impact of machining parameters (i.e., 

speed, feed, etc.) and numerical parameters (i.e., model 

speeding up, Mass scaling, Element Type, Coefficient of 

friction, and strain rate) on the thrust force, torque and 

delamination has been evaluated. The rest of the paper is 

organized as following, the experimental setup and material 

characterization have been presented in section 2. The 

experimental results are discussed comprehensively in 

section 3. The numerical model and adaptation have been 

discussed in section 4. Validation of the numerical model 

with experimental thrust force and torque is presented in 

section 5, with parametric studies. Statistical analysis is 

illustrated in section 6. The conclusion remarks and main 

points are summarized in section 7. 

 

 
2. Experimental works 
 

2.1 Specimen preparation 
 

Three woven GFRP composite laminates with varying 

thickness were manufactured using hand lay-up technique. 

The polymer (epoxy) matrix was Araldite LY5138-2 and 

Hardener HY5138. Symmetric lay-ups of orthogonal 

balanced woven fabric composites with thickness of 2.6, 5.3 

and 7.7 mm were manufactured respectively from 8, 16 and 

24 layers of E-woven roving glass-fiber (3.5 yarns/cm for 

the warp and weft fibers). The cutting of glass fiber layers 

was through the warp and weft threads to ensure right 

angles of all layers. The fiber volume fractions of the 

fabricated GFRP laminates were calculated by Eq. (1) and 

presented in Table 1. 

𝑉𝑓 =
𝑛 ∗  𝐴𝑤

𝜌𝑓 ∗ 𝑡
 (1) 

where Vf is the fiber volume fraction, n is the number of 

layers, Aw is the areal weight of the fabric, t is the thickness 

of the product, and f the fiber density.  

 
2.2 Macromechanical characterization 
 

According to ASTM D 3039, a series of standard ASTM 

tensile tests were performed to characterize the mechanical 

properties of the fabricated materials using Servohydraulic 

testing machine model Instron 8803 (500 kN) and 8872 (10 

kN). The test specimens were cut to the standard dimension 

using CNC abrasive waterjet machine to eliminate a heat 

that generated by conventional machining processes. The 

specimens were loaded at test rate of 1.0 mm/min. The  
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Table 2 The mechanical properties of woven GFRP 

composites 

Poisson’s 

ratio 

12=21 

Standard 

Deviation 

Young’s 

modulus (GPa) 

E11=E22 

Standard 

Deviation 

Tensile 

Strength 

(MPa) 

Standard 

Deviation 

0.295 0.015 16.05 0.116 203.86 4.215 

 

 

Fig. 1 Different elements of the cemented carbide drill 

 

 

longitudinal and transverse strains were measured using 4-

channels data acquisition (DAQ) model 9237 NI. For each 

test, five samples were evaluated, and the average value 

was presented in Table 2.  

 

2.3 Drilling experimental setup 
 
Drilling tests were conducted under dry cutting 

conditions using CNC milling machine model “Deckel 

Maho DMG DMC 1035 V, ecoline”. Two flute-twist drills 

manufactured from special ultra-fine cemented carbide 

particle, are used for efficient cutting, with excellent 

toughness and abrasion resistance. As provided by the 

manufacturer (Zhuzhou Best for Tools Co., Ltd., China), the 

details about drill materials were illustrated in Table 3 and 

the drills geometries are illustrated in Table 4. The drills 

were provided with two internal coolant holes of 0.6 mm 

diameter. Three identical drills were used in this study. The 

total cutting time for each drill does not exceed 4 min, 

which is too small to induce wear in the cemented carbide 

drill. The different elements of the drill, which are repeated 

in the result and discussion section are illustrated in Fig. 1. 

The drilling tests were implemented on specimens of 

 

 

 

 
(a)                                        (b) 

Fig. 2 Experimental setup for measuring cutting forces in drilling GFRP composites using CNC milling machine and 

Kistler dynamometer. The temperature was measured by: (a) instrumented drill with two thermocouples, and (b) IR camera 

Table 3 The constituent materials of the cemented carbide drills 

Material 

grade 
ISO code WC Co 

Grain size 

(µm) 
Density 

(g/cm3) 
Hardness 

(HRA) 
Transverse rupture 

strength (MPa) 
KIC 

(MPa.m1/2) 

K200 K20~K40 90% 10% 0.5~0.8 14.4 91.3 3920 10.5 

 

Table 4 Geometries of the cemented carbide drills, as provided by the manufacturer 

D 

(mm) 

Flute length 

(mm) 

Overall 

length (mm) 
Helix angle Rake angle 

Clearance 

angle 
Point angle 

Chisel edge 

length (mm) 

6 28 66 30 30 12 118 0.3 
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Table 5 Levels of the variables used in the experiment 

Factors Unit 
Levels 

1 2 3 4 

Spindle speed, N r/min 400 800 1600 -- 

Feed, f mm/r 0.025 0.05 0.1 0.2 

Thickness of sample, t mm 2.6 5.3 7.7 -- 

 

 

Fig. 3 Image indicates the push-out delamination in 

drilling FRP composites 

 

 

36.6×36.6 mm prepared from composite laminates using 

abrasive water jet machine. The experimental setup with 

dynamometer-fixture-workpiece assembly is illustrated in 

Fig. 2. Thrust force and torque data were recorded with a 

Kistler 9272. For the drilling parameters a full experimental 

design is used through spindle speed (N), feed (f), and 

laminate thickness (t) as illustrated in Table 5. Three tests 

were performed for each machining factor. 

The temperature was measured using two different 

techniques. In the first technique, two K-thermocouples 

model TL0201 were embedded in coolant holes near the 

cutting edge of the drill. The temperature variation during 

the drilling process was online monitored and recorded 

using National Instruments LabVIEW Signal Express 

software. In this method, the instrumented drill was 

mounted by four independent-jaws chuck, which was fixed 

on the dynamometer. The specimen was clamped firmly to 

the machine spindle using special fixture as shown in Fig. 

2(a). In the second technique, the specimen was clamped 

firmly on the dynamometer using special fixture as shown 

in Fig. 2(b). The fixture was designed with U-slot of 20 mm 

width to allows measuring the temperature induced in the 

heated zone using infrared (IR) camera model FLUKE 

Ti480 Pro, which has 640×480 resolution and temperature 

measurement range from ≤−20°C to +800°C. The infrared 

camera placed at about 260 mm from the hole center and at 

angle of 60° as shown in Fig. 2(b). The recorded video for 

each test were analyzed using SmartView 4.3 software. 

 

2.4 Delamination characterization 
  
The peel-up and push-out surface delaminations had 

been measured using the AutoCAD technique that was 

developed earlier by Khashaba (2004). This technique is 

suitable for quasi-transparent composite materials in which 

the drilled specimen was scanned using high resolution 

flatbed color scanner model Epson “V370, 4800×9600 dpi”. 

The transmitted light to the delaminated or damaged zone  

 

Fig. 4 Evolution of thrust force and the induced temperature 

vs time (displacement) in drilling GFRP with 7.7 mm 

thickness at 400 r/min and 0.025 mm/r 

 

 

makes it brighter and can be easily distinguished from the 

undamaged area. The image was analyzed using CorelDraw 

software, which enable magnifying the image and 

determine the delamination size within 10-3 mm. The 

delamination factor was defined as 

𝐹𝑑 =
𝐷max

𝐷0

 (2) 

in which Fd is the delamination factor, Dmax is the maximum 

delaminated diameter that drawn from the centerline of the 

hole nominal diameter (D0=6 mm), Fig. 3. 

 

 

3. Experimental discussion 
 

3.1 Thrust force and temperature relationship  
 

Fig. 4 illustrates the evolution of the thrust force and 

temperature with respect to cutting time and displacement 

during drilling of woven GFRP composite with thickness of 

7.7 mm at 400 r/min cutting speed and 0.025 mm/r feed. As 

shown, the thrust force and temperature vs time can be 

categorized to four and five different stages, respectively, as 

follows:  

In the 1st stage the GFRP composite behaves in a linear 

elastic manner up to thrust force of about 12 N (around 52% 

of the maximum Ft) within 2 sec (2×400×0.025/60=0.33 

mm) at the entry of chisel edge into the workpiece. At this 

stage the chisel edge, with zero speed at its center, does not 

actually cut, but, instead, it extrudes the material. 

Chandrasekharan et al. (1995), Khashaba et al. (2007) 

reported that the average chiseling edge thrust force is about 

53% of the total thrust force. 

At the end of the 1st stage, the drill penetrates the 

workpiece surface layer, and second the 2nd stage was 

observed. In this stage the thrust force increased from 12 N 

to its maximum value of 23 N as drill moves to 1.8 mm. 

This distance equal the approach allowance that accounts  
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Fig. 5 Representative sample of evolution of temperature 

obtained by IR camera vs cutting time in drilling GFRP 

with 5.3 mm thickness at 400 r/min and 0.025 mm/r at 

different positions 

 

 

for the drill point angle of 118, =(D/2)/tan(118/2)=1.8 mm. 

During this stage, the uncut chip area increases with the 

increase of the cutting depth until the total engagement of 

the drill point was achieved. After this distance, the drill is 

fully engaged with work piece and the 3rd stage will be 

initiated. During the 1st and 2nd, the flank temperature was 

increased sharply because of rapidly increase in the tool-

workpiece contact/cutting area.  

In 3rd stages, the temperature was increased with 

increasing hole depth because of increasing of friction 

between drill margin and the machined surface. The 

accumulated temperature in the 3rd stage was increased with 

a lower rate (slope) compared to those of the 1st and 2nd. 

The increase of the accumulated drill temperature was 

assisted by the lower thermal conductivity of the GFRP 

composites. Khashaba et al. (2010) showed that the thermal 

conductivity of GFRP composites is very low (0.59 

W/m°C) compared to steel (=53 W/m°C), brass (=109 

W/m°C) and Aluminum (=210 W/m°C). The thermal 

conductivity of glass fiber is (8.67 W/m°C) higher than that 

of the epoxy resin (0.14 W/m°C). Therefore, the heat 

accumulation during cutting mostly occurs in the resin 

matrix. In addition, the glass fiber has a much higher glass 

transition temperature (Tg=550C) compared to the epoxy 

matrix. The Tg of used epoxy is (60.61C) determined in the 

present work by Differential Scanning Calorimetry (DSC). 

The lower thermal conductivity and Tg of epoxy matrix 

played a vital role on its softening and burning and thus, the 

measured machineability parameters such as thrust force, 

torque and delamination factor as will be seen later. 

For the third stage, thrust force is decreased gradually, 

which may be attributed to a reduction in stiffness of the 

specimen that is caused by the removal of material layers 

under the drill as well as softening of the material due to 

increasing of cutting temperature. Through this stage, the 

temperature increased linearly until 6.7 mm after 38 s. At 

this point equilibrium balance between the energy generated 

 

Fig. 6 Representative sample of the temperature distribution 

of HAZ of GFRP specimen with different thicknesses at 

400 r/min and 0.025 mm/r 

 

 

by friction and energy stored in drill and workpiece. 

Therefore, the temperature remain constant as the drill 

moves from 6.7 mm to 8.3 mm (the third stage of 

temperature). 

The fourth stage start when the chisel edge of the drill 

just exits the specimen causing a higher reduction in thrust 

force by about 50%. Then gradual reduction in the thrust 

force and temperature fifth stage are observed up to the end 

of the drilling cycle due to the gradual exit of the drill 

cutting edges, as shown in Fig. 4.  

 

3.2 Machining variables vs temperature  
 

Fig. 5 shows a representative sample of evolution of the 

measured temperature using the IR camera versus cutting 

time in drilling GFRP with 5.3 mm thickness at 400 r/min 

and 0.025 mm/r at different positions. To obtain the heat 

distribution in the heat affected zone (HAZ), a line of about 

5mm is drawn from the hole edge at the middle of the U-

slot using the utilities of SmartView 4.3 software. A large 

number of temperature measurements along the drawn line 

were obtained and recorded, as illustrated in Fig. 6. This 

figure shows representative samples of the temperature 

distribution in the HAZ of the GFRP composites with 

different thickness at speed of 400 rpm and feed of 0.025 

mm/r. The results in Fig. 6 showed that the temperature of 

the HAZ was sharply decreased as move away from the 

hole edge because of the lower thermal conductivity of the 

GFRP composite laminates. The temperature was reached to 

the room temperature of about 20C after about 2.8 mm, 3 

mm and 3.4 mm away from the hole edge of the composite 

laminates with thickness of 2.6 mm, 3.5 mm and 7.7 mm, 

respectively. Merino-Pérez et al. (2015) found that the 

temperature was decreased from 360C to 50C after 3.5 

mm from the hole edge in drilling FRP composites at speed 

ranging from 50 to 200 m/min. They have measured the 

temperature distribution using thermal imaging and  
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Fig. 7 Representative sample of evolution of temperature at 

hole edge (P0) vs cutting time in drilling GFRP with 5.3 

mm thickness at 400 r/min and 0.025 mm/r 

 

 

thermocouples impeded at different distances around the 

hole. 

Fig. 7 illustrates a representative sample of evolution of 

temperature vs cutting time in drilling GFRP with 5.3 mm 

thickness at 400 r/min and 0.025 mm/r. The temperature 

was measured by both the instrumented drill and the IR-

camera. It is clear from Fig. 7 that at the first 10 s the 

measured temperature values by the two methods are almost 

identical. This was attributed to at the drill entry, the chisel 

edge with zero speed at its center does not actually cut, but 

instead, it extrudes the material. Therefore, the camera 

records the drill temperature that equal to those measured 

using the instrumented drill. Similar observation was 

reported by Xu et al. (2020) in drilling CFRP/Ti6Al4V 

stacks. After 10-s the drill point is cut only 1.67 mm 

(10×f×N/60) from its approach allowance (1.8 mm). 

Therefore, the camera measure in the first 10-s the 

temperature of drill pint, which approximately equal those 

measured by the instrumented drill. As the drill penetrate 

the specimen, the drill-work interaction zone become not 

accessible and thus, the IR camera measure the temperature 

of the HFZ, which is lower than that of the drill point that 

was measured by the instrumented drill, as shown in Fig. 7. 

At drill exit the work, the IR camera record sudden increase 

of the temperature. This because the camera always records 

the highest temperature in the drilling zone. This result 

indicates that the drill point temperature (72C) is higher 

than those of the hole edge (62C) by about 10C, as shown 

in Fig. 7. 

Fig. 8(a)-(c) shows the variation of drill temperature vs 

feed with varying cutting speeds in drilling GFRP 

composites with thickness of 2,6, 5.3 and 7.7 mm, 

respectively. It is evident from these figures that for the 

investigated cutting speeds and laminate thicknesses, the 

peak flank temperature is proportional inversely with the 

feed because of decreasing cutting time. In contrast, at the 

same feed values, the maximum temperature curves were 

observed at maximum speed and laminate thickness, as 

 
(a) 

 
(b) 

 
(c) 

Fig. 8 Temperature vs feed with different speeds and 

laminate thickness of: (a) 2.6 mm, (b) 5.3 mm, and (c) 

7.7 mm 

 

 

shown in Fig. 8. As shown, at feed 0.025 mm/r and 

thickness 2.6 mm the temperature increased from 60°C to 

95°C by increasing speed from 400 rpm to 1600, which 

means the increasing in temperature within 55%. It is also 

observed that, by increasing the thickness as in sequence, 

the temperature increases to 95°C, 112.5°C and 127.5°C, 

respectively at 1600 rpm and 0.025 mm/r. Increasing the 

thickness from 2.6 to 7.7 has a significant effect on the drill  
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(a) 

 
(b) 

 
(c) 

Fig. 9 Thrust force vs feed with different speeds and 

laminate thickness of: (a) 2.6 mm, (b) 5.3 mm, and (c) 

7.7 mm 

 

 

point temperature. 

The increasing of the drilling temperature with cutting 

speed was attributed to increasing the frictional heat at the 

tool rake face and at the drill flanks, Ghafarizadeh et al. 

(2016). The friction between the machined surface and the 

drill margins as well as between chip and flutes are other 

reasons for increasing the measured temperature with the 

increase of the drill speed. It is evident from Fig. 8(c) that 

the maximum drilling temperature is (128C) obtained at 

maximum speed, lower feed, and maximum laminate 

thickness. Therefore, the drill speed and the laminate 

thickness are the most significant parameters on the 

temperature rather than feed. This conclusion is consistent 

with observation noticed by Zhang et al. (2020). 

 

3.3 Effect of machining variables on thrust and torque  
 

The effect of feed and speed on the maximum thrust 

force and torque in drilling GFRP laminates with thickness 

of 2.6, 5.3 and 7.7 mm are presented in Fig. 9. It is evident 

that at different laminate thicknesses, the measured thrust 

force decreases with a little bit as the speed increases. On 

comparing Fig. 8(a)-(c) with Fig. 9(a)-(c) respectively, the 

increase in the temperature accompanied by increasing of 

the drill speed leads to decreasing the thrust force in the 

same order of thicknesses. Xu et al. (2020) attributed the 

reduction of the thrust force with increasing drilling speed 

to the thermal softening of the FRP composites. Although 

the thinner specimens (2.6 mm) have the lowest 

temperature, their thrust forces are lower than those of the 

5.3 mm. This behavior was attributed to the lower stiffness 

of the thinner specimen is more effective compared to the 

reduction in the stiffness of those with 5.3 mm thickness 

because of higher temperature and softening.  
In case of smaller thickness at 2.6 mm, by increasing 

cutting speed from 400 rpm to 1600 rpm, the maximum 
thrust force is decreased by 15%. However, in the other 
thicknesses, this reduction is less than 15%. Through all 
cases spreading in Fig. 9, it is obvious that the higher the 
feed the higher the thrust force. So, there is a proportional 
significant effect of the feed on the thrust force compared to 
the effect of cutting speed. This result is attributed to the 
increasing of the cross-sectional area of the uncut chip 
(A=D.f/4) with increasing feed. 

It is evident from Fig. 10 that the cutting temperature 

was increased with increasing feed at different speeds and 

laminate thicknesses. This was attributed to increase of 

friction force between the machined surface and both drill 

flanks and margins and, also between chip and flutes. 

Increasing of the cross-sectional area of the uncut chip 

(A=D.f/4) is another reason for increasing friction force on 

the rake face and the flank face of the tool point and thus, 

increasing the torque. The engaged drill body length just 

before the exit of chisel edge of the drill point of the 

laminate with 2.6 mm thickness is 0.8 mm (=2.6 mm- 

approach allowance, 1.8 mm) very small compared to 3.5 

mm and 5.9 mm of the laminate thickness of 5.3 mm and 

7.7 mm respectively. Hence, at the same cutting speeds and 

feeds the lowest torque is for the composite laminate with 

the lowest thickness (2.6 mm) because of decreasing the 

friction area between the drill margins and the machined 

hole wall surface. Also, the GFRP laminate with 2.6 mm 

thickness has the lower induced temperature, Fig. 8, and 

thus, lower thermal expansion. Increasing the drill thermal 

expansion can significantly increase the friction between 

drill margins and the machined hole wall surface. In 

addition, the friction between the chip and the drill flute is 

decreased with decreasing specimen thickness. For this 

reason, the torque of the GFRP laminate with 5.3 mm  
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(a) 

 
(b) 

 
(c) 

Fig. 10 Torque vs feed with different laminate 

thicknesses and speed of: (a) 400 rpm, (b) 800 rpm, and 

(c) 1600 rpm. 7.7 mm 

 

 

thickness is higher than those of the 2.6 mm as shown in 

Fig. 10(a)-(c). 

 

3.4 Effect of machining variables on the delamination 
factor  

 

Delamination induced in drilling FRP composite 

laminates exhibited a complex failure mode that consists of 

 

Fig. 11 Representative samples of delaminations in drilling 

of GFRP laminate at speed of 1600 rpm: (a) t=2.6 mm and 

(b) t=7.7 mm 

 

 

a combination between mechanical and thermal damages. 

The delamination may occur at the entry (peel-up) and exit 

planes (push-out) of the composite laminate. Fig. 11 shows 

some representative samples of peel-up and push-out 

delaminations at different feeds, speeds and laminate 

thickness. It is evident that the push-out delamination is 

higher and more critical than the peel-up because of the lack 

of a backup support, which can compensate the thrust force 

during drill penetration. On comparing Fig. 11(a) with Fig. 

11(b), it is evident that at the same cutting condition, the 

push-out delaminations of the GFRP laminate with 7.7 mm 

thickness evidently higher than that of 2.6 mm thickness 

and accompanied with edge chipping, spalling, uncut fibers. 

There are excessive uncut fibers spread beyond outward 

because fibers bend or move away from the path of the 

advancing tool.  

Effects of feed, and laminate thickness on peel-up and 

push-out delamination factors in drilling GFRP composites 

at speeds of 400, 800 and 1600 rpm are presented in Fig 

12(a)-(c) respectively. It is evident from Fig. 12 that peel-up 

and push-out delamination factors are increased 

significantly by increasing feed as a result of increasing 

thrust force, Fig. 9. 

From Fig. 12(c), the push-out and peel-up delaminations 

are sharply increased with feed because of drilling at the 

highest speed and temperature, Fig. 9. Although the thrust 

force of the specimen thickness of 5.3 mm is higher than 

those of the 2.5 mm the push-out and peel-up delaminations 

of the latter one are higher than those of the former 

laminate. This result was attribute to the lower stiffness of 

the thinner laminate and thus, higher bending deflection of 

the last layer compared to those of 5.3 mm thickness. The 

delamination of the specimen with thickness of 7.7 mm is 

higher than those of 5.3 mm. This result was attributed to 

the combination between mechanical and thermal damages 

in drilling specimen with 7.7 mm, which has the highest 

cutting temperature as shown in Fig. 9. At the sever cutting 

conditions, higher speed (1600 rpm), feed (0.2 mm/r) the 

delamination of the GFRP laminate with thickness of 2.6  
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(a) 

 
(b) 

 
(c) 

Fig. 12 Delamination factor vs feed of different laminate 

thickness at speed of: (a) 400 rpm, (b) 800 rpm, and (c) 

1600 rpm 

 

 

mm is higher than those of the 7.7 mm. This result was 

attributed the higher thrust force and lower stiffness of the 

thinner laminate. It can be concluded that feed and laminate 

thickness have the largest contribution to delamination 

damage as a result of increasing thrust forces and 

temperature, as shown in Fig. 9. Their study predicted that 

peel-up delamination is influenced by specimen thickness 

and cutting speed. Whereas, push-out delamination is 

influenced by specimen thickness and feed. 

At the beginning of drilling operation, the thickness of 

the laminated composite materials is able to withstand the 

cutting force and as the tool approaches the exit plane, the 

stiffness provided by the remaining plies may not be 

enough to bear the cutting force, causing the lamina to 

separate result in delamination. The delaminations that 

occur during drilling severely influence the mechanical 

characteristics of the material around the hole. To avoid 

these problems, it is necessary to determine the optimum 

conditions (feed, cutting speed and material thickness) for a 

particular machining operation. Therefore, the optimization 

technique and multivariable regression have been done in 

the next section to predict the optimum drilling conditions. 

 

3.4 Effects of cutting time on drilling response  
 

Fig. 13(a) to (c) is exploited to present the coupling 

effects between the mechanical thrust force, delamination 

parameter, temperature and cutting time at speed of 400 

rpm, 800 rpm and 1600 rpm respectively. It is shown the 

thrust force and delamination has the same behaviors rather 

than the temperature with the variation of drilling time, 

which assure that the delamination is dependent 

proportionally on the thrust force and inversely with the 

temperature that may lead to the softening. Therefore, the 

thrust force and temperature have a coupling effect on the 

delamination ratio, which will be investigated statistically in 

the next section. From Fig. 15, it can be concluded that, by 

increasing the time of drilling, the temperature of drill and 

chip increased, and the thrust forced decreased in 

exponential forms. 

 

 

4. Finite element model 
 

4.1 Drill bit and workpiece modeling  
 

The finite element model 3D solid components are the 
Drill bit and the workpiece. The Drill bit is modeled using a 
parametric generic SolidWorks model. This generic model 
automatically creates the 3D model of the drill body based 

on the drill’s main geometry features; drill diameter, point 
angle, helix angle, clearance angle, and chisel edge size. 
The steps of creating the drill 3D solid body are 
summarized in Fig. 14. The drill model starts from a blind 
cylinder defined by the drill diameter and length. Four 
consequence cuts create the final shape of the drill. Firstly, 

the flute is graved by sweeping a circular profile on the 
helix profile (Fig. 14(a)). Second, by a wedge defined by 
the point angle parameter, the drill point angle is cut (Fig. 
14(b)). Third, the relief angle is cut by a wedge profile 
parallel to the drill flank (Fig. 14(c)). Finally, the clearance 
cut of the drill is made by sweep cutting of a rectangular 

profile through the same helix profile of the flute cut (Fig. 
14(d)). Finally, the drill bit’s outer surface is discretized 
with shell elements as a rigid body, ignoring any 
deformation that might occurs due to its interaction with the 
workpiece. 
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The finite elements of the workpiece are meant to be 

parallel to the drill geometry. This design is achieved by 

modeling the workpiece with two extra cones, as shown in 

 

 

 

Fig. 15(a). These two cones are sliced later after creating 

the finite element mesh, as shown in Fig. 15(b) and Fig. 

15(c). The workpiece is divided into two main parts an  

 
(a) 

 
(b) 

 
(c) 

Fig. 13 Variation of thrust force, delamination, and temperature vs the cutting time at speed of: (a) 400 rpm, (b) 800 

rpm, and (c) 1600 rpm 

 

 

Fig. 14 Solid modeling and meshing steps of the drill bit 
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erodible part with very fine mesh and an elastic part with 

coarse mesh, as shown in the zoomed figure in Fig. 15(b). 

The two parts are connected using a tide contact algorithm. 

Each of the discretized workpieces is then rotated around Z 

axis separately to form the workpiece’s final finite element 

model, as shown in Fig. 15(d). The mesh size in the fine 

zone is 0.025 mm in the feed direction and 0.05 mm in the 

radial direction. In the coarse elements zone, the elements 

are sized at 0.1 mm in the feed direction while enlarged 

towards the outermost workpiece stem. The mentioned 

procedure is used for the workpiece with a thickness of 7.8 

mm, which is eased to be cut to the other two thicknesses, 

5.2 m and 2.6 mm, without repeating the mentioned 

procedure, as shown in Fig. 15(e). 

 
4.2 Model setup and adaptation  
 

The finite element model requires defining the contact 

between the drill and the workpiece, defining the boundary 

conditions and initial conditions of the drill and workpiece, 

defining the workpiece material properties, defining the 

element type, defining the erosion model, and setting the 

solution scheme. Due to the uncertainties in many of these 

model parts, a parametric study will be carried out to set up 

the finite element model’s proper settings. The model is set 

at chosen settings based on the authors’ experience, then 

based on the measured experimental results, these settings 

are adapted to the most accurate conditions. 

The model components, drill, workpiece erodible, and 

elastic parts are shown in Fig. 16. The starting evaluation 

case is chosen with a plate thickness of 2.6 [mm], drilling 

feed of 0.2 [mm/rev], drill diameter of 6.0 [mm], drill point 

angle of 100o [deg], and fixation diameter of 20.0 [mm]. 

The finite element model parameters are set at starting 

conditions based on the authors’ experience. The eroding 

contact’s friction coefficient is assumed 0.5, and the model 

uses full integration solid elements (ELFORM#2) for 

erodible elements and constant stress solid elements 

(ELFORM#1) for the elastic supporting elements. The drill  

 

 

Fig. 16 Finite element model components with defined 

process parameters and model parameters 

 

 

rotational speed is multiplied by ten for speeding up the 

solution, and a mass scaling factor is set at 37.5%. 

The model successfully simulated the drilling of woven 

GFRP after about 250 hours. Fig. 17 shows the erodible 

elements’ plastic strain contours during the drilling 

process’s development steps while hiding the rest of the 

simulation model for clarity. It is worth noting that many 

flying chips are observed during the drilling simulation; 

meanwhile, no plastic strains are observed at the outermost 

layer of the erodible elements. The pre-chosen model 

parameters are then evaluated against the experimental 

measurements of the drilling axial thrust force and the 

drilling torque for the same working conditions for drilling 

a plate with a thickness of 2.6 [mm], drilling feed of 0.2 

[mm/rev], drill diameter of 6.0 [mm], drill point angle of 

100o [deg], and fixation diameter of 20.0 [mm]. The 

evaluated model parameters are; the model speed multiplier, 

the model mass scaling, the contact coefficient of friction, 

the material model, and the element type. 

 

Fig. 15 Solid modeling and meshing steps of the Woven GFRP workpieces 
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Fig. 18 Effect of the drilling speed multiplier on the drilling 

thrust force and torque 

 

 

5. Numerical analysis  
 

5.1 Effects of model speeding up  
 

In the previously mentioned starting model, the drilling 

speed is multiplied by 10 to reduce the calculations’ cost; 

 

Table 6 Comparison of the solution times for the drilling 

speeding various multipliers 

 Experimental 
Speed 

Factor=1000 

Speed 

Factor=100 

Speed 

Factor=10 

Maximum 

Thrust Force 
75 [N] 75 [N] 74.7 [N] 79 [N] 

Maximum 

Torque 
15.3 [N.cm] 14.2 [N.cm] 13.5 [N.cm] 15.2 [N.cm] 

Solution 

Time [min] 
N/A 151 [min] 1470 [min] 14400 [min] 

 

 

however, the solution time is extremely high with more than 

250 hours. Since the current model neither considers the 

heating effects nor the strain rate effects, increasing the 

simulated drilling speed will not significantly change the 

results. The drilling speed is evaluated further at 100 times 

and 1000 times the real drilling speed. The other model 

parameters are kept the same for the three evaluation 

models, as shown in Fig. 18.  

The comparison shows that multiplying the drilling 

speed with multiple orders of magnitude has slight changes 

in the cutting forces. However, the calculation cost is 

decreased dramatically to 2 hours and a half for the case of 

multiplying by 1000, which is one hundredth the time of the 

starting simulation model, as shown in Table 6. This virtual 

drilling speed increase helps the comprehensive exploration 

of woven GFRP drilling using finite element modeling, 

except the studies include thermal effects. 

 

5.2 Effects of mass scaling  
 

Nonphysical mass is applied to a system to obtain a 

greater explicit time step, defined as mass-scaling. In 

certain circumstances, the impact of mass scaling is 

negligible, and it is justifiable to incorporate nonphysical 

mass. In all cases, the analyst’s judgment based on 

experimental verification determines the impact of mass 

scaling. In this section, three conditions are tested for mass 

scaling against the cutting forces and calculation cost; no 

mass scaling, 37.5% mass scaling, and 75% mass scaling. 

These evaluation cases are tested with the same process  

Strain Rate                   High

Friction Coefficient   m = 0.5
Mass Scaling               37.5%
Element Type         ELFORM#2
Speed Factor               Varies

Strain Rate                   High

Friction Coefficient   m = 0.5
Mass Scaling               37.5%
Element Type         ELFORM#2
Speed Factor               Varies

 

Fig. 17 Solid modeling and meshing steps of the drill bit 
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Fig. 19 Effect of the mass scaling on the drilling thrust 

force and torque 

 

 

parameters, plate thickness 2.6 mm, drill diameter 6.0 mm, 

drilling feed 0.2 mm/rev, and drill point angle 118o. The 

finite element model’s common parameters for the three 

evaluation cases are set at contact’s friction coefficient of 

0.5. The model uses full integration solid elements 

(ELFORM#2) for erodible elements and constant stress 

solid (ELFORM#1) for the elastic supporting elements. For 

speeding up the solution, the drill rotational speed is 

multiplied by one thousand. Furthermore, the material 

model is assumed plastic kinematic with high strain rate 

properties of woven glass-reinforced polymer fiber. 

The finite element model results show insignificant 

changes in the thrust force and slight changes in the cutting 

torques, as shown in Fig. 19. However, the calculation time 

is reduced from the model with no mass scaling to the 

model with moderate mass scaling ten times. Further 

increase in the mass scaling over the recommended 

threshold of 40% shows insignificant calculation time 

savings. The further simulations stick with the moderate 

mass scaling of 37.5%. 

 

5.3 Effects of element type  
 

The current finite element model simulates the 

workpiece using 3D solid elements. Solid elements are 3D 

finite elements that can be used to model solid bodies and  

 

 
Fig. 20 Effect of the element type on the drilling thrust 

force and torque 

 

 

structures without the requirement for any a priori 

geometric simplification. There are no geometric, 

constitutive, or loading conclusions to create the model. 

Further, it eases more practical treatment of boundary 

conditions (compared to shells or beams). Visually, the FE 

mesh resembles the existing system. On the other hand, 

brick elements sufferer expensive mesh refining, CPU time, 

and mesh preparation. Although hexahedral brick elements 

with full integration formulation require more calculation 

time, it is stable and accurate. Ls-Dyna offers three full 

integration hexahedral element types; ELFORM2, 

ELFORM-1, and ELFORM-2. The latter two types are 

more expensive than the first type, but they are used to 

overcome instabilities due to badly shaped elements. The 

three types are evaluated against the drilling thrust force 

and torque and the calculation time as shown in Fig. 20. 

The element type evaluation results show that 

hexahedral brick element with full integration type 2 has 

accurate results with the lowest calculation time, as shown 

in Table 7. Element type -1 shows proper calculation time 

but with far inaccurate results. Element type -2 achieves 

close results to element type 2 but requires severely higher 

calculation time. Element type 2 does not suffer any 

instability problems that push towards the need for element 

type -2. The chosen element type for further simulation is 

element type 2. 
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Table 7 The effects of element type on the drilling cutting 

forces and the solution time 

 Experimental 
Element 

Type -1 

Element 

Type 2 

Element 

Type -2 

Maximum 

Thrust Force 
75 [N] 64.7 [N] 75.1 [N] 75.3 [N] 

Maximum 

Torque 
15.3 [N.cm] 12.5 [N.cm] 14.5 [N.cm] 14.0 [N.cm] 

Solution Time 

[min] 
N/A 171 [min] 151 [min] 550 [min] 

 

 

 
Fig. 21 Effect of the friction coefficient on the drilling 

thrust force and torque 

 

 

5.4 Effects of coefficient of friction  
 

Friction conditions playing a significant role in defining 

the cutting forces in the drilling process. The experiments 

are carried at dry conditions, which results in high friction 

conditions. These friction coefficients are not measured in 

the current work, requiring model adaptation for the 

accurate friction condition evaluation. Three friction 

coefficients are examined; 0.4, 0.5, and 0.6, as presented in 

Fig. 21. The rest of the model parameters are set at the 

previously chosen parameters in the previous sections. The 

results show that friction coefficient 0.5 is the most proper 

friction coefficient for the current drilling experiments on 

the woven glass fiber reinforced polymer. 

 

 
Fig. 22 Effect of Material Properties on the drilling thrust 

force and torque 

 

 

5.5 Effects of strain rate properties  
 

Woven glass fiber reinforced polymer behaves 

differently at high strain rates than at quasi-static 

deformation. Many researchers have measured the 

mechanical properties of the woven GFRP at different strain 

rates. These results show that the Woven GFRP is stiffer in 

elastic zone and stiffer after elastic zone with higher failure 

strain at a higher strain rate. The previous evaluation 

models have used the higher strain rate properties due to 

pre-testing models. In this section, the other strain rate 

conditions’ effect is presented to gain confidence in the 

chosen finite element model parameters. 

The evaluation results show a significant reduction in 

the drilling axial thrust and torque, as shown in Fig. 22. In 

drilling, the strain rate is extremely high with no change 

during the process. This constant high strain rate allows the 

use of material properties of the WGFRP at a high strain 

rate as the base material properties in the finite element 

model without strain rate effects.  

 

 

6. Statistical analysis 
 

Much research combined between DoE and ANNs to  
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Table 8 ANOVA results with contribution of control factors 

effect on machinability responses 

Source DF Ft 
P-

Value 

T 

(N.cm) 

P-

Value 
Fd-out 

P-

Value 
Temp 

P-

Value 

f 

(mm/r) 
3 95.38% 0.000 73.81% 0.000 58.50% 0.000 30.94% 0.000 

s 

(N.cm) 
2 0.78% 0.040 0.12% 0.778 3.58% 0.100 34.39% 0.000 

t (mm) 2 3.04% 0.000 19.45% 0.000 17.86% 0.000 28.76% 0.000 

Error 28 0.79%  6.61%  20.05%  5.91%  

Total 35 100.00%  100.00%  100.00%  100%  

 

 

develop prediction models Abdelwahed et al. (2012), El-

Midany et al. (2013), Kharwar and Verma (2019). Yun and 

Abdel Wahab (2017) detected damage of composite 

structures using vibration data and dynamic transmissibility 

ensemble with an auto-associative neural network. Damage 

in a girder bridge was predicted using transmissibility 

functions as input data to Artificial Neural Networks by 

Nguyen et al. (2019). Tran-Ngoc et al. (2019) discovered a 

failure in bridges and beam-like structures by improving the 

training parameters of ANNs using a cuckoo search 

algorithm. Khatir et al. (2019, 2020) improved the ANNs 

technique combined with the Jaya algorithm for crack 

identification in plates using extended isogeometric analysis 

and experimental analysis. As outputs of drilling operation 

(responses), thrust force, torque, and temperature were 

measured during the experiment conducting. In present 

study, a factorial design was used to identify the main 

effects of three factors named feed, spindle speed, and 

workpiece thickness on the machinability responses 

mentioned above. The machining properties were measured 

according to design of experiments for actual independent 

drilling process variables with their levels illustrated in 

Table 5.  

The primary objective for employing ANOVA was to 

investigate the significance of machining parameters 

affecting the machinability properties including thrust force, 

torque, cutting temperature and delamination factor. The 

ANOVA results are summarized in Table 6. The 

contribution percentage of each parameter on the total 

variation indicates its effect on the measured properties. The 

significant effect of the machining parameters on the 

machinability of GFRP composite can be measured by the 

P-value. For most experimental work, the P value less than 

0.05 indicates the significance of the related factor for the 

response. Accordingly, all machining parameters have 

significant effect on the measured temperature as shown in 

Table 6. The largest contribution is of the speed (34.39%), 

followed by feed (30.94%) and thickness (28.76%). 

It is evident that the contribution of the feed on 

measured thrust force is about 95.38%, which is higher than 

those of laminate thickness (3.04%). However, the effect of 

laminate thickness is higher than the cutting speed (0.78%), 

which is agreed with Figs. 9. The lower contribution of the 

speed was attributed to the indirect effect of increasing the 

temperature accompanied with decreasing stiffness of 

GFRP specimen on the measured force. Observing Table 6, 

it is evident that the torque is primarily affected by feed 

(73.81%) then the thickness (19.45%), while the effect of 

 

Fig. 23 Optimum response according to different machining 

parameters 

 

 

speed is not significant (p=0.778). The feed has the most 

significant drilling parameter affecting the delamination 

factor (58.50%) as a result of its high effect on the thrust 

force (95.38%). The thickness of laminate affects the 

delamination by 17.86%. While the spindle speed has no 

significant effect on delamination with p-value (0.1).  

The optimization function aims to minimize all 

machinability properties of drilling GFRP composite. The 

optimization plot in Fig. 23 reveals that the optimal 

parameters are feed of 0.025 mm/r, speed of 400 rpm and 

material thickness of 5.3 mm. While, it is observed that the 

optimal parameters for minimum push-exit delamination, 

without respect to other machinability properties, are the 

feed of 0.025 mm/r, the speed of 1600 rpm, and the 

laminate thickness of 5.3 mm. This combination may 

produce minimum push-exit delamination but is associated 

with maximum temperature as shown in part of plot 

dedicated for temperature in Fig. 23 

 

 

7. Conclusions 
 

The effect of machining parameters on the 

thermomechanical response of the woven GERP composite 

laminated under drilling process has been studied 

compressively through this article. The distribution of 

surface temperature of the heat affected zone (HAZ) and 

drill point temperature were investigated using thermal 

infrared camera and instrumented drills with 

thermocouples. The impact of machining parameters on the 

generated heat, thrust force, torque and delamination in 

drilling GFRP composite laminates with different thickness 

has been evaluated. The main outcomes from this study can 
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be summarized as. 

• The temperature of the HAZ was sharply decreased as 

move away from the hole edge as a result of the lower 

thermal conductivity of the GFRP composite laminates.  

• The increase in the temperature rises because of 

increasing the drill speed leads to decreasing the thrust 

force.  

• The thrust force and temperature have a coupling 

effect on the delamination ratio. By increasing the 

cutting time, the temperature increased, and the thrust 

force decreased in exponential forms. 

• At the same cutting condition, the push-out 

delaminations of the GFRP laminate with 7.7 mm 

thickness evidently higher than that of 2.6 mm thickness 

and accompanied with edge chipping, spalling, uncut 

fibers. This behavior was attributed to the highest 

temperature induced in drilling of the thicker laminate 

leads to softening the matrix and hence, bending the last 

layer instead of cutting by the drill edges.  

• From ANOVA results, all drilling conditions have 

significant influence on generated temperature, while 

the feed and material thickness are seen to make the 

largest contribution to the delamination effect. The 

optimal cutting conditions are feed of 0.025 mm/r and 

speed of 400 rpm, when the drilling process is carried 

out on the GFRP laminate with 5.3 mm thickness 
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