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Abstract:

S2/FM94 glass-fibre reinforced epoxy is an aerospace-grade composite 
currently installed in parts of the Airbus A380 fuselage. In addition to its 
abrasive and hard nature, it is sensitive to thermal effects developed 
during the drilling process and therefore, using coolants becomes 
necessary. However, conventional oil and water-based coolants are not 
suitable for drilling of composites. Cryogenic coolants on the other hand 
are an attractive choice for machining composites and are 
environmentally friendly. In this study, a new, environmentally friendly 
cryogenic cooling technique in a liquid nitrogen bath was used for the 
drilling of S2/FM94 glass fibre reinforced epoxy composite. The aim was 
to investigate the effect of drilling parameters and cryogenic cooling on 
cutting forces, surface roughness, hardness and delamination factor at 
hole entry and exit sides. The workpiece was drilled within a cryogenic 
bath. In this way, both cryogenic workpiece cooling and tool cooling 
were obtained. The results indicate that the spindle speed and cryogenic 
cooling had the most significant influence on the cutting forces and 
surface roughness parameters (Ra and Rz), while the use of cryogenic 
cooling had the most significant influence on increasing the hardness and 
size of delamination at entry and exit sides of the holes. 
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Dear Prof. Narongrit Sombatsompop

I would like to take this opportunity to sincerely thank all reviewers and yourself for the time 

and effort in reviewing the previous version of the manuscript. Your suggestions/ comments 

have certainly helped to improve the quality of the manuscript. All queries are responded, and 

corresponding amendments made to the revised manuscript; the amendments are highlighted 

in yellow throughout the revised manuscript.

Comments:

Reviewer: 1

Line #54: I suggest reviewing the data about the expected value that composites market can to 

reach by 2022. This value maybe is wrong, due the pandemic crisis. The reference used is from 

2017.

Thank you for your observation, we have updated the expectations on composite market based on the 

pandemic impact and added extra sentences in the introduction.

However, the outbreak of COVID-19 virus has adversely impacted the aviation industry leading to 

shut down of aircraft production and cancellation of new orders. Before the unanticipated pandemic 

outbreak, it was estimated that the aerospace composites market will have a constant annual growth 

rate of 8.5% from 2016 to 20212. Due to the COVID-19 pandemic, the global composites market size 

is now expected to decline from $90.6 billion in 2019 to $82.9 billion by 2021, a 4.4% negative 

growth rate. However, the market will witness recovery after the year 2021 with an estimated 5-7% 

growth by 20253. The gradual slowing down of aerospace manufacturing industries will undoubtedly 

impose limits on the estimated demand on composites. Nevertheless, composites remain an attractive 

choice in aerospace industry due to the increased usage in the latest models of commercial aircrafts 

such as A350XWB and B787 compared to older aircraft programs2.

Line #60: In SI units, “kilogram” is not plural, like “Kgs”. The correct is “kg”.

Thank you for observing the typo. The unit Kgs is corrected to Kg
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I suggest the authors include the reference “Machining process of glass fiber reinforced 

polyamide 6,6 composites: Pathways to improve the drilling of recycled polymers”, from 

authors Harrison L. Corrêa, Rafaela Rodrigues and Dalberto da Costa. It is a recent article 

about drilling and evaluation of hole in polymer composite.

The reference was considered in the manuscript

I suggest the authors include the reference “Adhesion of glass/epoxy composites influenced by 

thermal and cryogenic environments” and “Effects of thermal and cryogenic conditionings on 

mechanical behavior of thermally shocked glass fiber-epoxy compositse”, both from Ray 

Bankim. They must be used to complement the discussion about hardness under cooling 

conditions.

The reference was considered in the manuscript

I suggest the authors include another reference to discuss the surface roughness in polymer 

composites. They are: “Roughness of holes in metal and polymer composite bags” (Chashhin, 

Sturov and Ivanov).

The reference was considered in the manuscript

Reviewer: 2

The sentence:

"S2 glass fibers are characterised by high compressive and tensile strength, coupled with 

temperature and impact resistance making it an attractive choice for aeronautical structures."

is not correct. Please rewrite it. Composite aeronautical structures are by far made of carbon 

fiber. S2 glass fibers are barely used compared to carbon. S2 fibers are much more expensive 

that E glass and their modulus and strength are much lower than carbon.

The suggestion to change the paragraph was considered in the manuscript

Composite aeronautical structures are by far made of carbon fibre. S2 glass fibres are much less used 

compared to carbon due to their higher costs. Nevertheless, they are characterised by high 

compressive and tensile strength, coupled with temperature and impact resistance making it an 

attractive choice for aeronautical structures that undergo impact loadings5. In the aerospace industry, 
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CFRPs (Carbon Fibre Reinforced Plastics) are mainly used in the primary structural components of an 

aircraft such as the wing aileron, flaps, spoilers, tailplane and main landing gear fairings 13, 26, while 

GFRPs (Glass Fibre Reinforced Plastics) are used in primary and secondary structural components 

such as the radome (the dome-like shell that protects a radar assembly in aircraft), belly fairing skins, 

floor panels, and passenger compartments. GFRPs are bonded with metals to create a hybrid fibre 

metal laminates used in sections of the fuselage 13, 26. Moreover, GFRPs can be also bonded with 

metals to create hybrid fibre metal laminates used in sections of the fuselage.

Please review the references, some key references are missing. Add their description including 

the differences with the present work.

Thank you for your recommendation, we have revised all the references and discussed them in more 

details as highlighted in yellow in several places in the manuscript. We also added other important 

references and highlighted the differences with present work.  

A backup plate is a standard device used to reduce cutting forces and exit delamination, please 

explain why it was not used in the present work.

Authors thanks the reviewer for his pertinent comment. as you suggested, the effects of backup plate 

on hole exit delamination is well-known to reduce delamination. There are many studies on this 

subject. However, it's important to know that, in the industrial field, during the drilling operation of 

the fuselage, the bottom face (hole exit) of the panels are not accessible. Therefore, machining with a 

backing plate cannot be performed. In addition, the aim of the current study is to evaluate the impact 

of cryogenic cooling of the workpiece on delamination without the aid of a backup plate to 

specifically determine its impact without any other supporting equipment or setup. Indeed, your 

suggesting is interesting, and we will aim to conduct further tests in the future to further investigate 

the effect of backup plate as well as cryogenic bath on the delamination and other hole quality 

metrics.  
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Abstract

S2/FM94 glass fibre reinforced epoxy is an aerospace-grade composite currently bonded with aluminium alloys 

and installed in parts of the Airbus A380 fuselage. In addition to its abrasive and hard nature, S2/FM94 glass fibre 

is sensitive to thermal effects developed during the drilling process and therefore, using coolants becomes 

necessary. However, conventional oil and water-based coolants are not suitable for drilling of composites. 

Cryogenic coolants on the other hand are an attractive choice for machining composites and are environmentally 

friendly. In this study, a new, environmentally friendly cryogenic cooling technique in a liquid nitrogen bath was 

used for the drilling of S2/FM94 glass fibre reinforced epoxy composite. The aim was to investigate the effect of 

drilling parameters and cryogenic cooling on cutting forces, surface roughness, hardness and delamination factor 

at hole entry and exit sides. The workpiece was drilled within a cryogenic bath. In this way, both cryogenic 

workpiece cooling and tool cooling were obtained. In addition, the drill geometry is fixed and only the cutting 

parameters (i.e. spindle speed and the feed rate) are varied under dry and cryogenic conditions. The results indicate 

that the spindle speed and cryogenic cooling had the most significant influence on the cutting forces and surface 

roughness parameters (Ra and Rz), while the use of cryogenic cooling had the most significant influence on 

increasing the hardness and size of delamination at entry and exit sides of the holes. 

Keywords: Cryogenic cooling; Drilling; S2/FM94; Cutting forces; Hardness; Roughness.

1. Introduction

The demand on composite materials for aerospace applications is consistently growing due to their excellent 

strength to weight ratio compared to metals. A main driver for that is because the world passenger air traffic is set 

to grow at 4.4% per year in the next two decades adding more than 37400 new aircraft within that period1. 

However, the outbreak of COVID-19 virus has adversely impacted the aviation industry leading to shut down of 

aircraft production and cancellation of new orders. Before the unanticipated pandemic outbreak, it was estimated 

that the aerospace composites market will have a constant annual growth rate of 8.5% from 2016 to 20212. Due 

to the COVID-19 pandemic, the global composites market size is now expected to decline from $90.6 billion in 

2019 to $82.9 billion by 2021, a 4.4% negative growth rate. However, the market will witness recovery after the 

year 2021 with an estimated 5-7% growth by 20253. The gradual slowing down of aerospace manufacturing 

industries will undoubtedly impose limits on the estimated demand on composites. Nevertheless, composites 

remain an attractive choice in aerospace industry due to the increased usage in the latest models of commercial 

aircrafts such as A350XWB and B787 compared to older aircraft programs2. At the same time, the increasing 
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demand on commercial aircraft means that the contribution of aviation to global warming phenomena and CO2 

emissions will lead to more strict regulations aiming to reduce aviation carbon footprint. Therefore, lightweight 

materials such as composites becomes more attractive choice for use in aircraft structures and aircraft engines 

than ever before in order to reduce the overall weight, cut fuel emissions as well as noise reduction4. Indeed, 

because of all the above reasons, the composite market is expected to reach a value of 115.43 billion USD by 

2022 from 72.58 billion back in 20165. The first commercial aircraft to use composite materials in its structure 

was the Boeing 707 in the 1950s with 2% glass fibre material6. In 1995, 10% of Boeing 777 structural weight was 

made from composites. The first Boeing 787 Dreamliner which entered the service in 2011 contained 32,000 Kg 

(50% by weight) of composite materials7-10. Composite materials such as carbon and glass fibre reinforced 

polymers are mainly used in the aircraft airframe, sections of the fuselage, wings, tail surfaces, doors, crater and 

fan of the engine 4, 11, 12. Such areas of the aircraft usually undergo drilling and milling processes for riveting and 

assembly purposes. In fact, 1.5- to 3 million holes are drilled in a single commercial aircraft using conventional 

process of machining. However, with this process of machining poor hole quality can be obtained which represents 

the main reason for part rejection prior assembly accounting for 60% of all rejected parts13-17. Therefore, proper 

hole drilling plays a critical role in defining longevity and structural integrity of future aircraft structures18-21. In 

addition, the drilling process becomes more challenging as some of those composite materials are bonded with 

metallic structures to enhance the impact and fatigue resistance of the aircraft structures22, 23. In this context, the 

most prominent composite material is S2/FM94 glass fibre reinforced epoxy composites which is integrated in 

fuselage panels made of GLARE® fibre metal laminates23, 24. S2/FM94 glass fibre reinforced epoxy composites 

have less strength  and stiffness than carbon fibre reinforced composites, however, they are extremely hard, 

cheaper, less brittle and can be easily formed5. S2 glass fibres are made of magnesium alumina-silicate glasses 

attenuated at higher temperatures into fine fibres ranging from 5 to 24 µm5, 25. Composite aeronautical structures 

are by far made of carbon fibre. S2 glass fibres are much less used compared to carbon due to their higher costs. 

Nevertheless, they are characterised by high compressive and tensile strength, coupled with temperature and 

impact resistance making it an attractive choice for aeronautical structures that undergo impact loadings5. In the 

aerospace industry, CFRPs (Carbon Fibre Reinforced Plastics) are mainly used in the primary structural 

components of an aircraft such as the wing aileron, flaps, spoilers, tailplane and main landing gear fairings 13, 26, 

while GFRPs (Glass Fibre Reinforced Plastics) are used in primary and secondary structural components such as 

the radome (the dome-like shell that protects a radar assembly in aircraft), belly fairing skins, floor panels, and 
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passenger compartments 13, 26. Moreover, GFRPs can be also bonded with metals to create hybrid fibre metal 

laminates used in sections of the fuselage.

There have been numerous studies on drilling different types of glass fibre materials as shown in Table 1. The 

past studies in the open literature investigated the machinability of unidirectional and woven E-glass and none on 

S2 glass fibre composites. The studies usually used HSS or carbide drills which were coated and uncoated, while 

their size ranged between 4-12 mm which is common hole size range used in aerospace structures. Previous studies 

also agree that minimal delamination and cutting forces on the GFRP work piece can be achieved using lower 

feed rates 27-29. It can be also observed that the order of the importance for the controllable cutting factors when 

drilling GFRPs is feed rate followed by spindle speed27, 28, 30-32. Although the feed rate seems to be the most critical 

parameter that should be selected carefully in order to reduce all kinds of damages. Nevertheless, most studies 

only investigated two input parameters which are the feed rate and the spindle speed. Additional, input parameters 

such as the drill coating, size or geometry have shown that they could significantly impact hole quality metrics 

and cutting forces 33, 34, while only few of the previous studies in the open literature studied the effect of 

environmentally friendly coolants such as MQL (Minimum Quantity Lubrication) and cryogenics (LN2 and CO2) 

on drilling GFRP mainly in composite metal stack structures 35-38.  The aim in the current study is to fill this gap 

in the literature and highlight the impact of using cryogenic cooling environment when drilling GFRPs. 

Generally, previous studies on drilling GFRPs have looked into the effect of cutting parameters, nature of the 

process of manufacturing of the composite, drill geometry, drill coating and coolants on the developed cutting 

forces and hole quality as depicted in Table 1. Previous studies reported that the feed rate had a major influence 

on the hole quality, thrust force and torque. Moreover, abrasion wear in the cutting tool is usually present when 

drilling GFRP composites and usually increases the thrust force and torque especially when low feed rates are 

employed. Also, the low thermal conductivity of the GFRP is a drawback for the machining process. For example, 

using low feeds and high speeds will considerably increase the friction and induce high temperatures on the 

material which causes severe delamination and premature wear of the tool. Previous studies showed that HSS and 

coated HSS tools wear quickly and therefore not suitable for drilling GFRP39. Cemented carbide or diamond 

coated tools, on the other hand, are recommended due to their high wear resistance40, 41. Hole quality parameters 

such as surface roughness and delamination were the most analysed parameters due to their importance in defining 

the quality of machined holes. The main challenge when machining composites made of glass fibre is the thermal-

induced damage caused by the interaction between the cutting tool and the workpiece. Excessive heat during 

drilling could cause significant delamination and worsen the dimensional accuracy of the holes due to the 
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difference in mechanical and thermal properties of the matrix and the fibre42. Conventional coolants can be used 

to overcome and improve the machinability of composite materials by reducing the friction between the tool, chip 

and workpiece15. Some previous studies reported that the composite materials tend to expand when in contact with 

lubricant or any fluid due to moisture absorption by the matrix43, 44. However, other authors have mentioned that, 

specimens machined with abrasive water jet process are characterized by high limit endurance compared to other 

specimens machined by conventional cutting tool and without lubricant19, 20. This in return will increase the 

mechanical damage and cause rapid deterioration of the composite structure during its service43, 44. In addition, 

previous reports showed that the use of lubricants contributes by around 7.5% to 20% of the total manufacturing 

costs, while the cutting tools contributed by 4% to 8% beside45-47. The machined parts with the presence of 

coolants require cleaning from oils and contamination which makes coolants less desirable especially with 

composite materials due to increased costs. 

Table 1: Summary of previous research conducted on drilling of glass fibre composites

Material Drill bit information Drilling parameters Output 
parameters Ref.

GFRP 8 mm diameter HSS drill 455, 875, 1850 (rpm)
0.03, 0.08, 0.15, 0.23, 0.3 (mm/rev) CF, T, DF 48

GFRP 4, 6, and 8 mm diameter solid carbide drills
4-facet, 8-facet, parabolic point, and Jobber drill

750, 1500, 2250 (rpm)
10, 15, 20 (mm/min) CF, T, DiD 49

GFRP 2, 3, and 4 flute carbide drills with 60°, 90° and 120° 
- point angle, and 8 mm diameter

50, 70, 90 (m/min)
0.06, 0.12, 0.18 (mm/rev) DiD, TW 50

GFRP 12 mm WC tipped drill 600, 900, 1200, 1600 (rpm)
0.04, 0.08, 0.12, 0.16 (mm/rev) CF, DF, SR 51

GFRP 3, 6, 10, and 12 mm diameter carbide-coated drills 600, 900, 1200, 1500 (rpm)
50, 75, 100, 125, 150 (mm/min) DF 29

GFRP 6 mm diameter HSS drill, 90°, 104°, and 118°-point 
angle

375, 938, 1500 (rpm)
0.075, 0.188, and 0.300 (mm/rev) CF, T, DiD 52

GFRP 5 mm stub length and Brad & Spur cobalt grade 
drills

55, 71, 86 (m/min)
0.05, 0.1, 0.2 (mm/rev)

SCP, CF, DiD, 
SR

31

GFRP 6 mm diameter, HSS, TiN coated HSS and tipped 
tungsten carbide drills

9.43, 18.85, 23.56, 30.16 (m/min)
0.02, 0.04, 0.06, 0.08 (mm/rev)

CF, TW, DF, 
P, AE

39

GFRP 8 mm diameter cemented carbide drills

6.41, 12.71, 20.25, 32.03, 50.63 
(m/min)
0.056, 0.112, 0.22, 0.315, 0.45 
(mm/rev)

CF, T, DF, SR 53

GFRP 6, 8- and 10-mm diameter step and multifaced drills 500, 1500, 2500 (rpm)
100, 300, 500 (mm/min) CF 54

GFRP 7 mm diameter with high speed steel (HSS)
point angles of 118° and 135°, helix angle of 30°

5, 10, 15, 20, 25 (m/min)
0.1, 0.2, 0.3, 0.4 (mm/rev) DF, SR 32

GFRP 5 mm HSS drills
50, 80 and 110 (mm/min),
355, 710 and 1000 (rpm),

 =5, 10 and 15 μm𝐴
CF, D 55

GFRP 6 mm HSS drill 0.04 (mm/rev), 630 (rpm), 220 𝐹 =  
Hz

CF, P, W 56

GFRP
7 mm carbide 25° helix angle, 120°-point angle
7 mm tungsten carbide multifaceted micro grain 
drill with 30° rake angle and 30° helix angle

0.03,0.05, 0.07, (mm/rev)
9550, 24100, 38650 (rpm) CF, W 57

Woven 
E-GFRP 10 mm 25, 50, 75, 100, 125 (m/min)

1000, 1200, 1400 (rpm) DF 58

Woven 
E-GFRP 8 mm cemented carbide drill

0.56, 0.112, 0.22, 0.315, 0.45 
(mm/rev)
255, 505, 805, 1275, 2015 (rpm)

CF, DF, SR, 
W

53

Woven 
GFRP 6 mm cemented carbide drill

0.02, 0.05, 0.1, 0.2, 0.3 (mm/rev)
600, 800, 1000, 2000, 3000 (rpm)
Conditions of curing of the composite

DF, SR 59
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E-GFRP 5 mm Cemented carbide (grade K20) twist drills 
25o helix angle 130°, 118°, 85°-point angle

1000, 3000, 6000, 9000 (mm/min)
4000, 8000, 40000 (rpm) DF 60

Woven
E-GFRP

8- and 13-mm cemented carbide drills with point 
angle of 120° and flute angle of 30°

0.056, 0.112, 0.22, 0.315, and 0.45 
(mm/rev)
6.41, 12.70, 20.23, 32.04, 50.64 
(m/min)

CF, DF, R, 
TW

61, 

62

E-GFRP 10 mm coated cemented carbide drill 140°-point 
angle, 30° helix angle

0.05, 0.10, 0.15 (mm/rev)
750, 1000, 1250 (rpm) CF 63

GFRP 10 mm twist drill, point drill and multi facet drill
0.02, 0.03, 0.04, 0.05 (mm/rev)
500, 1000, 1500, 2000, 14000, 16500 
19000 (rpm)

DF, R 64

Woven 
GFRP

6 mm HSS TiN coated HSS and tipped tungsten 
carbide drills

0.02, 0.04, 0.06, 0.08 (mm/rev)
9.43, 18.85, 23.56, 30.16 (m/min) CF 39

E-GFRP PCD
0.048, 0.096, 0.143, 0.191, 0.238 
(mm/rev)
54, 82, 126, 194, 302 (m/min)

SR 65

Polyamide 
GFRP

8 mm HSS TiN coated drills with 118° and135° 
point angle

0.1,0.2,0.4 (mm/rev)
1500, 3000, 6000 (rpm)

HS, HC, B, 
DiD

66

E-GFRP Twist drill 400, 800, 1200 (rpm)
50, 100, 150 (mm/min) DF 27

E-GFRP 6, 8, 10 mm carbide K10 drills 500, 1000, 1500 (rpm)
50, 100, 150 (mm/min) DF 67

E-GFRP 2, 4, 6, 8, 10 mm brad and spur drills 500, 1000, 1500, 2000, 25000 (rpm)
50, 100, 150, 200, 250, 300 (mm/min) SR 68

GFRP 8 mm brad and spur drills 1000, 1500, 2000, 2500 (rpm)
100, 200, 300, 400 (mm/min) CF, DF SR 30

E-GFRP Diamond core drills 1000, 1200, 1400 (rpm)
30, 50, 70 (mm/min) CF 69

CF: Cutting Forces, T: Torque, P: Power, AE: Acoustic Emission, B: Burrs, DF: Delamination Factor, DiD: Drilling-induced Damage, TW: 
Tool Wear, TEMP: Temperature, SCP: Specific cutting pressure, SR: Surface roughness, HS: Hole Size, HC: Hole circularity. 

Alternative methods to minimise machining temperatures were proposed by using cryogenic cooling techniques70. 

Cryogenic machining is the process of using liquids that have sub-zero boiling temperatures as coolants for 

machining instead of conventional coolants to study their impact on different machined materials5, 38. Cryogenic 

coolants are environmentally friendly, do not leave any signs of contamination on the machined parts and can 

save costs as the produced chips are clean and can be easily recycled. Moreover, they evaporate at room 

temperatures and therefore do not require handling and disposal similar to conventional machining coolants71, 72. 

Most commonly used cryogenic coolants in machining processes are carbon dioxide (CO2) and liquid nitrogen 

(LN2)38, 72. The majority of research on cryogenic machining was conducted using turning operations on different 

types of steel, nickel, Inconel and titanium alloys. This was mainly due to their high hardness, good failure strength 

and low thermal conductivity which causes excessive temperatures in the tool-workpiece during machining38. 

There has also been an increasing interest in using cryogenics in machining composite materials in the past two 

decades73-80. A large number of researchers looked into a different method of applying cryogenic coolants to the 

machining process either through direct cooling of the cutting zone or precooling the workpiece/cutting tools. For 

example, previous study showed that applying LN2 when drilling Kevlar composites reduced the surface 

roughness and improved the hole accuracy73. However, applying cryogenic coolants directly tends to increase the 

workpiece hardness which causes a significant rise in cutting forces and therefore increasing the delamination size 

and microcracking 5, 36, 38, 73, 81. In contrast, other studies reported that cryogenically pre-cooling the cutting tool 

or direct cryogenic spraying tended to reduce the cutting forces stating that it provided lubrication between the 

Page 9 of 34

https://mc.manuscriptcentral.com/jrpc

Journal of Reinforced Plastics and Composites

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

drill and the workpiece74, 76. Drilling studies on CFRP agree that using cryogenic coolants tend to reduce surface 

roughness and increase cutting forces and delamination factor 77, 82, 83. While previous studies on drilling GFRP in 

cryogenic environment are limited and reported that using them increased the cutting forces and reduced 

delamination factor and surface roughness35. None of the previous studies in the open literature reported the 

drilling of S2 glass fibre composites or the impact of cryogenic cooling in particular. Therefore, the purpose of 

the current work is to fill this gap in the literature. The study evaluates the impact of drilling parameters (spindle 

speed (n), feed rate (f )) and cryogenic cooling of the workpiece/drill using LN2 on the developed cutting forces 

(thrust force and torque), hole roughness parameters (Ra and Rz), hole hardness and area delamination factor (Fa) 

at the hole entry and exit sides. To eliminate any influence on the study arising from other factors, the same cutting 

tool geometry was used for all tests with fixed drill size, point angle and helix angle. Moreover, a full factorial 

design of experiments was employed in the study. The design consists all possible combinations of three factors 

(spindle speed, feed rate and dry or cryogenic coolant) at different levels. The results were further analysed using 

Analysis of Variance (ANOVA) statistical method to evaluate the percentage contribution of cryogenic coolant, 

cutting parameters and their interactions on the measured hole metrics. 

2. Materials and methods

2.1 Workpiece and cutting tools

S2/FM94 glass fibre prepreg workpiece of 240 mm x 240 mm x 7.18 mm thick (54 layers) was used in the drilling 

studies. The workpiece consisted of FM-94 film adhesive embedded with S2 glass fibres in the form or prepregs 

having a thickness of 0.133 mm14, 16, 36, 40, 84. The fibres were delivered as a prepreg including the FM94 adhesive 

system (Cytec®) from Cytec, U.K 40. The S2/FM94 glass fibre adhesive epoxy material is of particular interest as 

it is the fibre reinforcing material used in fibre metal laminates85. The material is mainly used in aerospace 

structural applications such as Airbus A380 fuselage as part of a fibre metal laminate material commercially 

known as GLARE®. Table 2 shows the mechanical properties of the glass fibre prepregs used in the current study.

Table 2: Mechanical properties of unidirectional S2 Glass/FM 94 epoxy prepreg86-90

Mechanical property UD S2
Glass/FM 94 Epoxy Prepreg

𝑽𝑭 = 𝟔𝟎%

Units

EL 54-55Young Modulus (E)
ET 9.4-9.5

GPa

L 2640Ultimate tensile strength (σult)
T 57

MPa

L 3.5-4.7Ultimate strain % (εult)
T 0.6

-
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G LT 5.55Shear Modulus (G)
GTL 3

GPa

LT 0.33Poisson’s ratio (ν)
TL 0.0575

-

Density (ρ) - 1980 kg/m3

αL 3.9-6.1Thermal expansion coefficient(α)
αT 26.2-55.2

(1/ºC) ·10-6

λL 1.1-1.4Thermal conductivity (K)
T 0.43-0.53

W/m-K

The symbols L and T stand for longitudinal (the rolling direction for the metal) and transverse directions respectively.

The workpiece was made using unidirectional (UD) prepregs with symmetric stacking sequence of [0°/90°]27s 

similar to those used in GLARE® laminates as shown in Figure 1.a which can found in aircraft structures. The 

workpiece was cured in an autoclave for around 300 minutes at elevated temperatures of 120°C and under a 

pressure of six bars according to the manufacturer’s instructions as shown in Figure 1.b. A 6 mm TiAlN coated 

carbide drill bit with a point angle of 140° and a helix angle of 30° was used for drilling tests as shown in Figure 

1.c. The drill has a shank length of 28 mm and a flute length of 75 mm long. The drill is suitable for general use 

on materials up to 55 HRC. The specific selection of the drill geometry and coating was based on previous studies 

shown previously in Table 1 and previous literature5, 16, 40, 91. Besides, the choice of the drill bit size was based on 

previous studies on and typical 4.8-10 mm hole size commonly used for rivets in aerospace structures5, 16, 33, 84. 

Figure 1: (a) Fibre orientation system of S2/FM94 glass fibre composite workpiece (b) Manufacturing the 
workpiece in the autoclave (c) Cutting tool used in the study

2.2 Cutting parameters

Drilling tests have been conducted using full experimental design with three levels of spindle speed and three 

levels of feed rate. Besides, two cooling strategies (with and without cooling) and one cutting tool type (i.e. fixed 

coating, size and geometry). Each test run produced a set of nine holes, which was repeated two additional times 

to confirm repeatability. Therefore, all values reported in this study represent the mean values of the three runs. 

A fresh drill bit was used in each run to eliminate any impact of tool wear33, 92. The full factorial design technique 

with three factors (i.e. spindle speed, feed rate and presence/absence of cooling) was carried out for both dry and 
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cryogenic cooling tests, thus requiring a total number of 54 holes (27 holes for dry tests and 27 holes for cryogenic 

tests). Table 3 shows the levels of the spindle speeds and feed rates used in the study. The full factorial study can 

determine the impact of the three factors and their levels on measured outputs, which were the cutting forces (Fz, 

Mz), surface roughness (Ra, Rz), hardness and delamination factor (Fa). The collected data was analysed using a 

statistical approach. For this MINITAB®18 software was employed to determine the significance of each of the 

three factors and their interactions. The factorial analysis was carried out using a Prob>F less than 0.05 which 

means that the effect of the model, the input parameters on the output parameters (Fz, Mz, Ra, Rz, hardness and Fa) 

are significant at 95% confidence level33. The spindle speed and feed rate levels were chosen according to previous 

literature on drilling different types of glass fibre composites and based on recommendations of tool 

manufacturers. Current literature reported that a typical feed rate ranging from 0.05 to 0.3 (mm/rev) can be used 

for drilling glass fibre reinforced plastics (GFRP). Similarly, the choice of spindle speeds - depends on the drill 

size and can be anything from 1000 to 9000 rpm5, 16, 33, 36, 38, 91, 93-96. Table 3 shows the levels of the spindle speeds 

and feed rates used in the study.

Table 3: Spindle speed and feed rate levels used in the study

Factor Low level Medium level High level 

Spindle speed (rpm) 3000 5000 7000

Feed rate (mm/min) 300 500 700

Cooling No (Dry)     Cryogenic bath of tool and workpiece

2.3 Experimental machine setup and procedure

The drilling tests were carried out on a Quaser MV 154-C - CNC milling machine and the drilling tests were 

programmed using a Mitsubishi M70 Series controller. This CNC machine is characterised by a maximum spindle 

speed of 10000 rpm. Some of the most commonly used cryogenic machining techniques include cryogenic 

workpiece cooling, cryogenic jet cooling, and cryogenic cutting tool cooling. In this study, with a different 

approach, the workpiece was drilled within a cryogenic bath. In this way, both cryogenic workpiece cooling and 

tool cooling were obtained. The workpiece was placed in a polyamide fixture that was full of liquid nitrogen as 

shown in Figure 2. The fixture provides thermal insulation to minimise the impact of low temperature effects of 

LN2 on the dynamometer or damaging the CNC machine97. The detailed information about the fixture and the 

method were given in a previous study70.
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Figure 2: Details of the experimental setup for the drilling tests, cutting force and torque measurement 
instruments

2.4 Measurement of thrust force and torque 

The cutting forces (thrust force Fz and torque Mz) were measured using a piezoelectric 6-component force 

measurement (Fx, Fy, Fz, Mx, My, Mz) KISTLER 9257B dynamometer which is suitable for milling and drilling 

experiments. This dynamometer is based on the instrumentation by four piezoelectric sensors. DynoWare 

software, KISTLER 5697A data acquisition system and 5070A 8-channel charge amplifier were used for 

measurement and data acquisition as shown in Error! Reference source not found.2. a sampling frequency of 

8000 Hz and 10 to 20 seconds measuring range were predefined in the software before the drilling process.

2.5 Surface roughness measurements

The machining quality of the wall of the hole can influence the performance of the machined structure in service. 

Therefore, for the qualification of the drilled holes, the choice focuses on the determination of the surface 

roughness. There are many criteria for the qualification of surface quality. The arithmetic average roughness, Ra 

and the ten-point mean roughness Rz were measured in the current study using a Zygo Zegage optical surface 

profilometer as shown in Figure 3a20, 98. ZeMaps and MetroPro software surface analysis software was used to 
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monitor surface topography and determine the surface roughness data. All holes were divided into two part from 

the radial axis and the wall of the hole was examined using a contactless surface profilometer.

Figure 3: (a) Details of borehole surface roughness measurement and (b) observation of the drilled sample

2.6 Delamination factor measurement

Drilling induced delamination in fibre reinforced composites reduce the service life of the parts during 

compressive loading. In fact, delamination is one of the most critical drilling induced damage in composite 

materials 99. Surface delamination, which occurs around the hole edges at entry and exit sides can be inspected 

using an optical microscope. The delamination factors -  FA (ratio of delaminated area to the nominal hole area) 

or FD (ratio of the diameter of delamination considering the extremities of surface damage contour to the nominal 

hole diameter) are often used to quantify delamination defect after drilling of composites100. FA is a more accurate 
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method to evaluate surface delamination, however, the majority of previous studies employ the conventional 

delamination factor FD to assess surface delamination due to the difficulty in measuring the delamination area101-

103. In this study, both entry and exit sides of the drilled composites were inspected using Keyence VHX-900F 

digital microscope as illustrated in Figure 3b and delamination factor FA for each hole was determined with digital 

image processing to give an accurate evaluation of delamination defect. Hole images at the entry and exit sides 

were processed using ImageJ software to measure the delamination area. Full details of the steps undertaken to 

measure area delamination factor were reported in previous work104. The area delamination factor FA was 

calculated using the equation shown below:

             𝐹𝐴 =
𝐴𝑛𝑜𝑚

𝐴𝑚𝑎𝑥

Where 

 Anom is the nominal area of the hole
 Amax is the area of the hole and delamination area around it.

2.7 Hardness measurement

It is well known that the hardness of the material changes due to the machining process. Vickers hardness testing 

is the commonly used method for evaluating hardness in metals 105, while for hardness testing of composite 

materials, it is most commonly measured by the Shore (Durometer). Shore hardness is mainly used to measure 

the resistance of soft rubber-like or rigid plastic materials to indentation. A ZwickRoell analogue shore D 

hardness tester with a drag-pointer was used to measure the hole hardness prior and after the drilling tests as 

shown in Figure 4. The hardness value determination was taken after a dwell time of three seconds (ISO 7619-

1) and 1 second (ISO 868) can be accommodated with digital hardness testing instruments. The post-machining 

hardness for each hole was measured near the entry and exit sides at room temperature T = 23 °C. The hardness 

of the top and bottom surfaces of the workpiece before machining were found to be 82 and 78, respectively.
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Figure 4: Hole surface hardness measurement

 

2.8 Scanning Electron Microscopy (SEM)

A Hitachi SU5000 field emission Scanning Electron Microscope (SEM) equipped with Energy-dispersive X-ray 

spectroscopy (EDX) mapping was accessed to inspect the wall quality of the drilled holes as shown in Figure 5. 

Each hole was cut in two from its centre and throughout its thickness. The cut holes were cleaned using an 

ultrasonic bath to remove any dust or debris followed by a sputter coating process. Magnifications of 30-5000X 

and 10 keV voltage were applied to visualise the walls damage induced by the interaction cutting tool /composite  

as necessary. 

Figure 5: Photos showing (a) the Hitachi SU5000 SEM microscope (b) the outer view of the SEM interlock (c) 

inside the main chamber with the specimen (d) image from the monitor
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3. Results and Discussion

3.1 Analysis of hole hardness 

All holes machined under dry and cryogenic conditions showed a change in the surface hardness due to the cutting 

process and developed temperatures in the workpiece/cutting tool zone. Figure 6 shows the average shore hardness 

measured near the hole entry and exit sides versus cutting parameters. The hardness of the holes under cryogenic 

conditions was always greater than those drilled under dry condition for the same cutting parameters. Dynamic 

recrystallization effect, which is a significant mechanism for metals, may be not valid for GFRP. The reason of 

strength and therefore hardness increase due to cryogenic treatment can be attributed to matrix hardening caused 

by more densely polymer structure based on exposing the material to low temperatures. In addition, cryogenic 

hardening may alter the local threshold required for breaking of adhesion bondage at the fibre/matrix interface 

which in return would cause reduced strength properties 81. It was also observed that the hole hardness decreased 

with the increase of the feed rate under dry and cryogenic conditions with an exception for holes drilled at 

 rpm under cryogenic conditions. This could be attributed to the generation of uncut chips at higher 𝑛 = 3000

speed. Another reason could be related to the time of exposition to the low temperature from the first drilled holes 

till the ninth one when the spindle speed is  rpm. In addition, the cutting temperatures at the tool-chip 𝑛 = 3000

interface increase due to the drilling process while the workpiece remains exposed to sub-zero cryogenic 

temperatures. At this instant, very large thermal expansion mismatch within the workpiece itself may result in 

weakening the fibre–matrix interface and/or a possible matrix cracking due to thermal shock stress106.

Additionally, the percentage change in hardness under dry condition at entry and exit sides ranged between -

1.83% and 3.67%, while under cryogenic condition ranged between 0% and 3.6%. This indicates that cryogenic 

bath provided a thermally stable environment which allowed for uniform hardness across the hole and somewhat 

better than that obtained under dry drilling conditions. The largest increase in hole hardness under cryogenic 

conditions compared to dry condition occurred at  mm/min at all spindle speeds due the generation of 𝑓 = 700

uncut chips at higher speed as mentioned earlier. The maximum hardness on the cryogenically machined holes 

was 62.5 and 61 in Shore D hardness, which was 16.8% and 11.9% higher than dry machining at entry and exit 

sides at  mm/min and  rpm, respectively. Structural materials used in aerospace applications 𝑓 = 700 𝑛 = 3000

must satisfy the crashworthiness and impact energy absorption conditions. Since S2/FM94 glass fibre is installed 

in areas of the aircraft that are subjected to low or high impact energy levels, therefore, it is speculated that an 

increase in the material hardness due to cryogenic machining would result in brittle fracture during impact. 

However, this claim needs to be confirmed in a future study. 

Page 17 of 34

https://mc.manuscriptcentral.com/jrpc

Journal of Reinforced Plastics and Composites

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

Figure 6: Shore hardness of holes at entry and exit sides under dry and cryogenic conditions

3.2 Thrust force and torque analysis

Figure 7 shows a thrust force profiles recorded during drilled under dry and cryogenic conditions. The thrust force 

profiles show several stages which indicate the interaction of the chisel edge and the main cutting edges of the 

cutting tool with the workpiece during the drilling process. The first stage occurs by the first contact of the chisel 

edge with the workpiece and is achieved when the corner of the cutting tool reaches the first layer or the of the 

laminate therefore, the thrust force is zero followed by rapid increase in the thrust force. This stage can be defined 

as the entry-stage since the chisel edge is not fully in contact with the workpiece. Once the chisel edge becomes 

in full contact with the workpiece, the thrust force reaches a maximum and steady value throughout the hole 

drilling process. The final stage occurs when the cutting tool represented by the chisel edge begins to exit the 

workpiece from its bottom side hence the thrust force drops down. This stage resembles the first stage observed 

when the drill enters the workpiece indicating the end of hole-making process.
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Figure 7: Thrust force diagram using a spindle speed of =3000 rpm and a feed rate of =300 mm/min 𝑛 𝑓 

Figure 8 shows the cutting forces results obtained under different cutting parameters. The results showed that the 

cutting forces decreased with the increase of the spindle speed and increased with the increase of the feed rate. 

This augmentation can be explained by the fact that, when the feed rate increases the uncut chip thickness increases 

too 4, 97. However, the reduction of the cutting forces when the spindle speed increases can be related the thermal 

phenomenon. In fact, when the temperature of machining increases the composite material (epoxy) softens and 

its strength is reduced. In addition, from Figure 8, it can be noticed that the cutting forces generated using 

cryogenic bath were always greater than those generated under dry drilling. This result is  in good agreement with 

previously reported studies of using cryogenic liquid nitrogen as a coolant during drilling and milling of 

composites, metals and composite metal stacks alike38, 70, 80, 97, 107. Indeed, drilling in dry conditions generates 

lower cutting forces perhaps due to the softening of the matrix by the heat generated during the drilling process108, 

yet cryogenic bath drilling lowers temperature in the cutting zone, therefore, higher cutting forces are produced38, 

97. 

It was also observed that the rise in cutting forces under cryogenic cooling increased with the increase of the feed 

rate. For example, the thrust force and torque recorded under cryogenic conditions occurs when drilling at =700 𝑓 

mm/min and  =3000 rpm were 69% and 35% higher than that under dry conditions, respectively. The difference 𝑛 

could be attributed to the increase in hardness of the hole as shown previously in Figure 8. It was also observed 

that the difference in cutting forces between dry and cryogenic conditions becomes smaller when drilling is 

conducted with a higher spindle speed. This could be due to the counter-effect of cutting temperatures rise with 
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spindle speed which reduces the effect of cryogenic coolant on the hardness of the hole and its mechanical 

properties. This also indicates that perhaps cryogenic cooling is more suitable for high-speed drilling applications 

where temperatures play a more significant role on hole quality and premature tool wear.    

Figure 8: Average torque and thrust force under different cutting conditions

Table 4 shows part of the ANOVA analysis of cutting forces, surface roughness parameters and delamination 

factors at entry and exit sides. The table contains the P-value and percentage contribution for each of the analysed 

output parameters and the impact of cutting parameters and presence of cryogenic cooling on them. The table 

includes linear interaction between input parameters and their two- and three-way interactions. The percentage 

contribution values in red are the ones with significant contribution to the model with P-value < 0.05. It can be 

observed that the use of cryogenic cooling had the largest impact on thrust force with 34.41% followed by the 

feed rate and spindle speed, respectively. It can be also observed that the order of the importance for the 

controllable cutting factors when drilling GFRPs is feed rate followed by spindle speed which is in agreement 

with previous studies 27, 30 .

Their two-way interactions had much less impact with all of them equally contributing inferior to 5%. However, 

for torque, the most contributing parameter was the spindle speed with 45.22% followed by the feed rate with 

36.16%. The use of cryogenic coolant had a minor contribution of 8.84% which could be because torque is more 

affected by increased vibrations which are directly related to the increase in the feed rate and spindle speed. The 

two-way interactions of both cutting parameters with the coolant were also minimal and ranged around 2%. 

Page 20 of 34

https://mc.manuscriptcentral.com/jrpc

Journal of Reinforced Plastics and Composites

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

Table 4: ANOVA analysis of cutting forces, surface roughness parameters and delamination factors at entry and exit sides

Fz Mz Ra Rz Fa entry Fa exit

Source P-Value Contribution P-Value Contribution P-Value Contribution P-Value Contribution P-Value Contribution P-Value Contribution

Model 0 98.66% 0 95.98% 0 95.98% 0 88.81% 0 95.28% 0 94.59%

Blocks 0.006 0.47% 0.039 0.84% 0.055 0.75% 0.531 0.42% 0.933 0.02% 0.602 0.16%

Linear 0 90.20% 0 90.22% 0 90.31% 0 82.30% 0 76.02% 0 81.93%

Spindle speed 0 26.97% 0 45.22% 0.425 0.21% 0.011 3.42% 0 22.48% 0 3.79%

Feed rate 0 28.83% 0 36.16% 0 6.51% 0 16.06% 0 25.17% 0 6.06%

Coolant 0 34.41% 0 8.84% 0 83.59% 0 62.82% 0 28.37% 0 72.08%

2-Way Interactions 0 7.66% 0 4.78% 0 4.71% 0.122 4.61% 0 15.03% 0 10.12%

Spindle speed*Feed rate 0 2.28% 0.385 0.51% 0.733 0.24% 0.183 2.18% 0 6.64% 0.108 1.31%

Spindle speed*Coolant 0 2.48% 0.001 1.99% 0 4.16% 0.042 2.30% 0.005 1.71% 0.156 0.62%

Feed rate*Coolant 0 2.90% 0 2.29% 0.28 0.31% 0.827 0.13% 0 6.68% 0 8.19%

3-Way Interactions 0.108 0.33% 0.888 0.13% 0.77 0.21% 0.363 1.48% 0 4.21% 0.013 2.37%

Spindle speed*Feed rate*Coolant 0.108 0.33% 0.888 0.13% 0.77 0.21% 0.363 1.48% 0 4.21% 0.013 2.37%

Error 1.34% 4.02% 4.02% 11.19% 4.72% 5.41%

Total 100.00% 100.00% 100.00% 100.00% 100.00% 100.00%
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3.3 Surface roughness analysis

Figure 9 shows the average surface roughness metrics Ra and Rz for dry and cryogenic drilling conditions under 

different cutting parameters. The results showed that Ra and Rz tended to increase with the increase in the feed rate 

and decrease with the increase of spindle speed. It was also observed that Ra and Rz of the holes drilled under 

cryogenic conditions were much lower than their counterparts in holes drilled under dry conditions. This would 

imply that using cryogenic cooling bath had a positive impact on hole roughness and Ra and Rz values. Similar 

results have been observed when drilling metallic alloys, composites and fibre metal laminates38, 70, 109, 110. The 

reduction in Ra using cryogenic cooling was highest (more than 100% reduction in Ra) at 7000 rpm, this 𝑛 =

would imply that the impact of the cryogenic cooling becomes more significant at higher cutting speeds where 

higher drilling temperatures are more likely to be present. Similar trends were also observed for Rz. Generally, Ra 

and Rz ranged between 1.72 to 2.2 µm and 0.81 to 1.4 µm under dry and cryogenic drilling conditions, respectively. 
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Figure 9: Average surface roughness (Ra and Rz)
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From the ANOVA results in Table 4, it was found that the change in spindle speed affects the surface roughness 

to a much lower degree than the feed rate 111. Nevertheless, the use of cryogenic coolant had the most significant 

contribution with 83.59% and 62.82% for Ra and Rz, respectively. It can be also observed that the order of the 

importance for the controllable cutting factors when drilling GFRPs is feed rate followed by spindle speed which 

is in agreement with previous studies 27, 30 .

In summary, a lower feed rate and higher spindle speed produce better roughness metrics Ra and Rz. Cutting tool 

manufacturers reports states that the requirements of hole surface roughness Ra in composite and metallic 

aeronautical structures to be less than 3.2 μm and less than 1.6 μm, respectively5, 112. Ra results in this study are 

within the limits of recommended roughness values and lower than those reported in previous drilling studies of 

glass fibre composites under dry conditions61, 64, 65. Figure 10 shows several three-dimensional optical images of 

hole topographies drilled under dry and cryogenic conditions. The images show that using cryogenic cooling 

provides a smoother surface variation of peaks and valleys along with the hole depth. This in return would attribute 

to lower surface roughness values of Ra and Rz. 

D
ry

C
ry

og
en

ic

Figure 10: 3D optical microscopy showing the surface topography of holes drilled under dry and cryogenic 
conditions

3.4 Surface delamination analysis

Figure 11 depicts the drilling-induced delamination damage at hole exit under dry and cryogenic drilling 

conditions. The laminate undergoes severe cracks or decohesion between layers which cause it to split or separate 
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into layers known as delamination113. The damage can be seen to propagate along the fibre direction which creates 

spalling regions as shown in Figure 11b. This indicates that delamination is influenced by the stacking sequence114. 

Spalling is considered as one of the major damage mechanisms which occur during drilling of composite materials 

115, their size and severity becomes greater at the exit side of the hole and tends to increase with the increase of 

the feed rate and decrease with the increase in spindle speed. The fibre at the hole entry side was pulled upwards 

instead of being cut (peel-up delamination) as shown in Figure 11a.

Figure 11: Drilling induced delamination damage at hole exit at 3000 rpm and 300 mm/min under a) dry and b) 
cryogenic drilling conditions

Figure 12 shows the delamination factor (Fa) at different cutting parameters for dry and cryogenic drilling 

conditions. Delamination at hole exit side was greater than at the entry side which is well-known phenomenon 

since delamination is more likely to occur at the interfaces near the hole exit side when the thrust force exceeds a 

critical value which induces delamination. Therefore, a common strategy to avoid introducing delamination is to 

reduce the thrust force (by reducing the feed rate). Also, delamination factor under cryogenic condition was 

always greater than that under dry condition which could be attributed to the higher thrust force as shown 

previously in Figure 8. It is well known that the mechanical properties of polymer materials depend on frequencies 

of molecular excitation through the relaxation time, which depends on temperature81. Therefore, exposing the 

glass fibre samples to sub-zero temperatures during the drilling temperature might have introduced cracks and 

delaminated areas possibly by misfit strains at the interfaces, because of the differential coefficient of expansion 

between the fibre and polymer matrix81.

The results also showed the delamination factor increased with the increase of the feed rate while the spindle 

speed showed a somewhat variable effect. Previous studies on delamination in composites reported that the feed 

Page 24 of 34

https://mc.manuscriptcentral.com/jrpc

Journal of Reinforced Plastics and Composites

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

rate was the most influential factor and suggested using low feed rates to reduce delamination around the hole and 

cutting tool with small web thickness (chisel edge) 116, 117. However, in this study, it appears that both drilling 

parameters had an influence on delamination. This was evident by the results of the ANOVA analysis which 

showed that both cutting parameters had similar contribution as shown previously in Table 4. It was also observed 

that the presence of cryogenic coolant had the largest impact on delamination at entry and exit sides of the hole 

with 28.37% and 72.08%, respectively. The results also showed that the interaction between the feed rate and the 

coolant and the three-way interaction between all the input parameters had minor contribution ranging from 2.37% 

to 8.19%. Delamination decreased as the spindle speed increased within the tested feed rate range, probably due 

to an increased cutting temperature with spindle speed; this leads to enhanced softening of the matrix and less 

delamination 113. In addition, under dry conditions, the delamination at the exit was less affected by the cutting 

parameters compared to delamination in holes drilled under cryogenic cooling. 

The thrust force induced during cutting as well as the nature of the interface between layers of the composite 

define the machinability of composite materials which directly affects the drilling-induced delamination. Many 

studies reported a reduction in exit delamination by using a back-up plate118-120 or by using a pre hole or by using 

a step drill. Perhaps using a support plate at the bottom part of the workpiece is an appropriate method to control 

drilling-induced delamination when using cryogenic cooling, which will be investigated in a future study. 
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Figure 12: Delamination factor at (a) Hole entry (b) Hole exit.

3.5. Surface texturing analysis using SEM 

Scanning electron microscopy (SEM) was employed to inspect the surface texture of drilled holes under dry and 

cryogenic conditions at fibres scale. In fact, the inspection of the SEM images illustrated in the Figure 13 did not 

show any signs of cracks or separation of layers in all holes drilled under dry and cryogenic conditions. However, 

the entry and exit edges of the holes were damaged which could be due to the interaction of the drill with the 

workpiece. The severity of damages was more pronounced when dry machining is considered compared to 

cryogenic drilling case. In addition, it can be noticed that, the damage recorded at the hole exit in both cases (dry 

and cryogenic) are superior to those observed at the hole entry. This could be due to the fact that, the parameters 

responsible of the generation of these damage are not the same. For the SEM images it can also mentioned that, 

no clear indication of whether cryogenic cooling provided a better surface condition throughout the hole depth 

since similar damage forms were observed in both conditions. However, it was previously reported that cryogenic 

conditioning causes differential contraction which may increase the deboning resistance caused by temperature 

rise which weakens the adhesive bonding strength106. The impact of cryogenic conditioning during drilling process 

will be investigated in a future study. 

Generally, the fibre-matrix tended to stretch and overlap which could be due to rise in drilling temperatures due 

to poor thermal conductivity of the material and the action of the feed force due to the drill motion on the borehole 

walls. SEM images showed small segments of broken fibres which were forced into the laminate and adhered to 

the hole surface which could occurred during the subsequent removal of glass fibre layers. This phenomenon was 

more present in holes machined at highest spindle speeds and feed rates. Smearing was present when drilling is 

conducted at high spindle speed and feed rates. This could be due the rise in cutting temperatures at the drill-

workpiece interface which caused smearing of the matrix and fibres on the borehole walls. 
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Figure:13 SEM of holes cross-sections under dry and cryogenic conditions when machining is conducted with 
feed rate of 300 mm/min and spindle speed of 7000 rpm. 

SEM images shows that fibres were partially embedded into the matrix after being cut which could be due to the 

entrapment of broken fibres between the tool and the borehole wall forcing them into the matrix as shown in 

Figure14 a and Figure 14 c. Fibre rupture (fracture) and fibre pull-out were observed in different regions around 

the borehole as shown in Figure14 b. Fibre rupture occur due to excessive rubbing on the drill surface causing 

them to stretch along with the drill rotational motion until they break (split) from the fibre-matrix system. Some 

of the fibres were cut perpendicular to their direction due to the compressive action of the drill edges onto the 

surface causing micro-buckling of fibres (compressive failure of 0°)42. Usually, the least damage on fibre by 

cutting tools occurs when the fibres are at 0° relative to the cutting edge121. Those fibres are subjected to shearing 

from the supporting epoxy matrix and form smooth socket surfaces which are known as 'Cusps' as shown in Figure 

14 d. The inter laminar shear stress at the fibre-matrix interface increase with fibre orientation up to 90° which in 

return decreases the size of the formed discontinuous chip5, 84. The resulting machined surface is irregular and 

fibres protrude out of the surface in various lengths as shown in  Figure 14 d due to the elastic recovery of the 

fibres after the progression of the cutting tool away from the machined surface and the continuous stretching-

induced fractures of the fibres, the protruded fibres are the cause of flank wear5, 42, 122. 
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Figure:14 SEM images of holes cross-sections under dry conditions a) Broken fibres (5000 rpm and 500 
mm/min) b) fibre pull-out and fractured fibres (3000 rpm and 300 mm/min) c) uncut fibres (7000 rpm and 500 

mm/min) d) fibre length around the hole (3000 rpm and 300 mm/min)

It was also observed that plies with 0° fibres were protruding more than plies with 90° orientation as shown in 

Figure 15 a. This could be due to the difference in their thermal expansion coefficients. The thermal expansion 

coefficients of the workpiece can influence the hole quality due to the transverse isotropy of the glass fibre 

epoxy90. As shown earlier in Table 2, the thermal expansion coefficient of S2 glass in fibre and transverse 

directions (α1, α2) are 6.1·10-6  1/ºC and 26.2·10-6 1/ºC, respectively87. The large mismatch in thermal expansion 

coefficients in cross configurations causes the laminate plies to stretch and shrink at different rates 5. The 0° fibres 

expand along their longitudinal direction while the 90° fibres contract in the transverse direction causing 
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geometric mismatch and increased residual stresses in the hole which also promotes for debonding of the fibres 

from the matrix5, 121. 

Not all fibres are cut and removed by the cutting edges of the drill, some fibres that escape the cutting process  

undergo bending when the composite layers peels and slides along the rake face of the drill causing them to bend 

like a cantilever beam42. The progression of the drill into the laminate and the continuous peeling and bending of 

the fibre/matrix without fracturing. This in return produces small segmented (discontinuous) chips which flatten 

upon separation and attain their original shape as shown in Figure15 b.

Figure 15: SEM images of holes cross-sections a) shrinkage and expansion of composite layers (dry 7000 rpm 
and 700 mm/min) b) uncut fibres and longitudinal matrix fracture (dry 5000 rpm and 300 mm/min)

4. Conclusions

The machinability of S2/FM94 glass fibre adhesive epoxy was investigated through a conventional twist drilling 

process under dry and cryogenic drilling conditions. The aim was to evaluate the impact of using cryogenic liquid 

nitrogen cooling bath on the cutting forces, surface roughness, post-machining hardness and delamination factor 

at entry and exit sides. The specific aim was to study the suitability of liquid nitrogen coolant for drilling 

aerospace-grade composite materials. The results from cryogenic cooling tests were compared with results from 

conventional drilling tests using the same drilling parameters, drill geometry and coating. The study was driven 

by the fact that the impact of cryogenic coolants was previously tested for cutting different metallic and composite 

materials but never on S2 glass fibre composites. The investigation of environmentally friendly cooling process 

is an important issue when it comes to drilling aeronautical materials due to limited reported studies in the open 

literature. Based on the findings of the study, it can be concluded that:
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 The post-machining hardness, cutting forces and delamination factor at entry and exit sides of holes 

drilled under cryogenic conditions were always greater than those obtained under dry conditions. 

 Surface roughness metrics Ra and Rz were reduced when using cryogenic cooling. ANOVA analysis 

shows that coolant contribution on those metrics was approximately 83.59% and 62.82%, respectively. 

 The presence of cryogenic cooling had a significant impact on delamination factor at hole exit side with 

72.08% contribution. The spindle speed, feed rate and coolant had a somewhat equal impact on 

delamination factor at hole entry side. 

 Apart from the clear effect of cryogenic cooling on cutting forces and analysed hole quality metrics, the 

feed rate is the dominant parameter, which affects the thrust force, surface roughness metrics and 

delamination factor in drilling GFRP composites.

 Despite showing a positive impact on surface roughness, it was observed that cryogenic cooling did not 

improve the other analysed hole metrics which indicates that additional adjustments are necessary when 

using cryogenic coolants to limit its negative impact on hole metrics. A recommended procedure would 

be to use a backup plate to reduce cutting forces and exit delamination which will be investigated in a 

future study.
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