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Abstract

Fiber-reinforced polymer (FRP) composites are revolutionizing the global manufacturing sectors due to their superior material
properties. FRP’s mechanical performance at various temperatures is gaining attention in aerospace, marine, and civil
industries. These composites are examined for various mechanical properties at room temperature or below the glass
transition temperature of the polymer matrix. The challenge exists at times of actual service conditions, as the components
made of these composites are exposed to different temperature environments. At various machining operations, thermal
stresses are generated due to the increase in cutting temperature between the tool-workpiece interface, leading to the
catastrophic failure of the component when subjected to prolonged service time. This review comprehensively discusses the
prominence of low and high temperature affecting the mechanical performance and various machining conditions of FRP
composites. More than 80 research articles have been analyzed and summarized on temperature outcomes of tensile, flexural,
and compressive properties. The influence of cutting temperature on different machining operations such as orthogonal
cutting, milling, edge trimming, and drilling on surface characteristics and tool wear at various temperatures has also been
discussed. In addition, tensile properties numerical predictive models for FRP composites exposed to elevated temperatures

are presented, providing up-to-date progress.
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1. Introduction

Most promising material to be globally used in aerospace,™
automotive,? naval industry,?! and civil structures, replacing
the historic metallic materials are fibre reinforced polymer
(FRP) composites. FRP composites exhibit superior properties
such as high strength to weight ratio, high stiffness, excellent
endurance limit, improved fatigue resistance, and high
corrosion resistance over conventional metallic materials.F!
Because of these unique properties, they are extensively used
in aircraft components such as fuselage, outer flaps, spoilers
in an automobile, and high, low-temperature applications in
high-density electronic systems, satellite components.[® In
addition to these, FRP's are used for strengthening/retrofitting
of existing or damaged concrete structural members.

! Department of Mechanical and Manufacturing Engineering,
Manipal Institute of Technology, Manipal Academy of Higher
Education, Manipal- 576 104, India.

2Mangalore Institute of Technology & Engineering (MITE), Badaga
Mijar, Near Moodabidri- 574 225, Mangalore, India.

*E-mail: nagaraj.shetty@manipal.edu (N. Shetty)

26| Eng. Sci., 2021, 16, 26-46

When exposed to fire and high temperatures, FRP
composites produced from the thermosetting matrix,
mechanical properties deteriorate starkly, as the resin softens
and decomposes with the temperature exceeding glass
transition temperature. Due to the lower rate of flame
retardancy, various polymer composites cannot be used in
some specific applications.®! Although carbon fibre reinforced
polymer (CFRP) composites are advantageous in multiple
applications. Their incapability of continuous heat dissipation
due to the lower thermal conductivity of polymer matrix limits
their use in thermal applications.**? In various structures,
mechanical degradation occurs when exposed to temperature
variations over a continuous period.’¥! Due to these
temperature variations, the overall properties of composites
are affected in actual service conditions.! For the above
structural applications, the ideal requirements of high thermal
conductivity, low thermal expansion, and in-depth knowledge
of the temperature behavior of composites are necessary.[*5]
Hence, a thorough understanding of the temperature variation
behavior of FRP composites is highly essential for the in-
service condition of assessing mechanical behavior and
various modes of failure in such safety-critical applications.
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Various types of stresses are imperiled to composites
during fabrication, storage and machining operations. The
stresses generated are of constant load or dynamic load. In
dynamic loading, multiaxial stresses are generated where the
design aspects and failure criteria based on the uniaxial
stresses are not applicable.'’!® In addition to the above
stresses, residual thermal stresses are also developed at the
fibre/matrix interface region due to thermal mismatch, as the
temperature drops below the fabrication temperature.l'¥) The
factors for thermal stresses in FRP composites are lack of
adhesion between reinforcement and matrix, the volume
fraction of reinforcement, and the amount of voids present.l"!
Also, polymer matrix are highly temperature-dependent. As
their temperature increases, their modulus falls several orders
lower, and with decreasing temperature, they display brittle
nature behavior, allowing crack propagation initiation in
composites.?! Rapid changes in the service environment
affect these composites, altering the mechanical performance
at different loading conditions.

There is a limited study in the literature displaying the
effect of temperature and thermal cycling effects on FRP
composites when exposed under various loading conditions.
The variables affecting the dominance of FRP’s final products
are different manufacturing techniques implemented, types
and configurations of fibres, and different kinds of resins
applied. Moreover, based on various FRP applications,
composite structures' structural performance and machining
quality at different temperatures are distinguished. Concerning
the above statement authors, Micelli and Nannil?d called
attention to that each component made of FRP composites has
specified constituents and production methods; therefore, the
ends drawn for one material are not pertinent to others.
However, more infallible results can be presented when there
are many datasets from numerous studies for comparison.

This paper comprehensively reviews the experimental and
numerical findings, providing a foundation for exploring the
behavior of FRP composites at various elevated temperatures.
Initially, the damage mechanism and various mechanical
properties (i.e., tensile, flexural, and compressive) exposed to
elevated temperatures are briefly discussed. Also, the
numerical models established for relating temperature with
tensile properties are also explained. Later, various
conventional machining operations performed with varying
conditions of temperature and their effects on thermal-induced
damages are summarized for the readers. In the final section,
suggestions for future work are provided, and the conclusions
are drawn.

2. Degradation mechanism of FRP composites

In civil structures, FRP composites are implemented in various
shapes (i.e., [-shaped channels, tubes, reinforcing bars, sheets,
strips).l23-281 Structures made of FRP's are a matter of concern
under aggressive environment and cementitious environment
as they are prone to premature debonding failure raising
worries about the durability of the structures.[?227]

© Engineered Science Publisher LLC 2021

FRP composites exposed in the temperature range of 65 to
120 °C are considered as glass transition temperature (T)
where the matrix (resin) changes its state from a glassy to a
rubbery state.?! Besides this FRP's exposure to higher
temperatures (i.e. 300 to 500 °C) causes their natural
framework to deteriorate, producing heat, smoke, and ash with
harmful volatiles.? This higher temperature is called resin
decomposition temperature (Tq), causing chemical bonds and
modular chains between resin and fibres to break.% Based
on the study of Wang et al.* reinforcement loses half of its
strength at critical temperature (i.e. 50% loss in mechanical
strength is noted). Fig. 1 represents the change in the
mechanical property of FRP's with temperature. In Fig. 1,
initially, there is no change in mechanical property from initial
room temperature until softening temperature (Ts) is reached.
With increasing temperature (i.e. rising Ts), the mechanical
property extends to a residual value (Presiqual) Where the
composite reaches the melting temperature (Trm). The region
beyond the (T;) is termed as glass transition range, as the resin
matrix changes its state from brittle to rubbery state.l
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Fig. 1 Relationship between FRP mechanical properties and
temperature. Reproduced with the Permission from [35]
Copyright 2014 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.

The overall performance of FRP under -elevated
temperatures are categorized into two types: a) FRP elements
directly exposed to heat flux and fire (e.g. Bridge piers).[6-40
b) FRP elements not in direct contact with heat flux and fire
(e.g. concrete members reinforced with FRP bars).[*-41 In
addition to the above types, based on different applications,
some factors affecting FRP performance at variable
temperature also include type and configuration of fibres, resin,
and the manufacturing process used for fabricating FRP
structures.

The different degradation mechanisms at different
temperature ranges are: 1) The failure mode is brittle when the
FRP structure is exposed at a temperature below that of glass
transition temperature (Tg) as fibers are still intact and
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surrounded by resin matrix. 2) as the temperature reaches glass
transition, the resin changes its state as explained above and
softens, causing gasification followed by fibre rupture.[* 3)
when the temperature exceeds the decomposition temperature
(Ta), resin's self-ignition occurs, and due to no resin, only the
fraction of fibres remain.*"]

The scanning electron microscopic (SEM) images of
affected FRP laminates at different temperatures are shown in
Fig. 2. As seen in Fig. 2(a) at room temperature, the fibres are
bounded by matrix, and there are no modifications in the
composite surface. As the temperature increases (i.e. at
moderate temperature from Fig. 2(b)), the matrix softens and
degrades with fibres becoming more visible. At extreme
temperatures from Fig. 2(c), the matrix is completely burnt off,
remaining with only fibres.

3. Mechanical properties

FRP composites are largely used to enhance the mechanical
properties of concrete structures, columns, slabs. Therefore, a
thorough understanding of FRP composites' high-temperature
behavior and mechanical performance is essential. In
thermoset composite materials, the factors affecting heat
propagation are fiber orientation, configuration, and volume
fraction.®* Moreover, investigations performed under
cryogenic temperature also showcase the propagation of
microcracks at the fibre/matrix interface, resulting in
debonding and delamination.®* % This section briefly
discusses the tensile, flexural, interlaminar and compressive
properties performed on various FRP composites.

3.1 Tensile properties

Many researchers have focused on experimental and
numerical analysis, on a diverse range of FRP laminates, based
on a different orientation, thickness, resin types at
temperatures from ambient to fire condition. From the results
obtained, researchers have developed and proposed several
prediction models by establishing the relation between the
mechanical properties of FRP composites at elevated
temperatures. In the present section, various researchers
determining tensile properties at temperatures (200 to 700 °C)
are explained, whereas, the numerical models are presented in
the next section.

@

Room Temperature (25 ° C)

Moderate Temperature (60 ° C)

Jafari et al.® investigated the tensile properties of uni-
directional, woven, and chop strand mat glass fibre laminates
at high temperatures. The effect of laminate thickness and
fibre orientation on tensile property were determined.
According to their study, superior results were obtained for
uni-directional fibre maintaining the tensile strength of 40% at
550 °C. However, laminates with woven and chop strand mat
fibres lost all their tensile strength at temperatures 550 and
400 °C. Similarly, Jarrah et al.®® found that a maximum
reduction in tensile strength of 87% was obtained for glass
fibre reinforced polymer (GFRP) composites whereas, a 67%
reduction was observed for CFRP composites when tested at
600 °C.

Cao et al.bl examined the tensile property of CFRP and
hybrid glass/ basalt sheets subjected to a temperature of
200 °C. They determined; tensile strength was reduced to 40%
at that respective temperature. In the further study, CFRP
sheets were subjected to a temperature range of 20 to 120 °C
as shown in Table 1. Below the glass transition temperature,
stable behavior was detected, and a swift drop in tensile
strength was observed when subjected to the above glass
transition temperature. In case of woven GFRP composites
subjected to a temperature of 300 °C, 80% reduction in
strength was reported by Gibson et al.®®l. According to the
investigation of Kumarasamy et a/. on determining the
tensile strength of GFRP laminates fabricated using hand lay-
up, at a testing temperature of 25 to 80 °C. From the results
obtained, maximum of 65% strength reduction was noted at
80 °C. During the investigation by Hawileh et /.1 on carbon,
basalt, and carbon/basalt hybrid laminates. 90% reduction of
tensile strength was noted at laminates exposed to a
temperature of 250 °C. In their further study, carbon, glass,
and hybrid laminate of carbon/glass were investigated above
the same temperature. They saw an improved performance
(i.e., the elastic modulus reduction of 9% for hybrid
glass/carbon in comparison to 28 and 26% for glass and
carbon laminates, respectively) at 250 °C. Extensive literature
performed by Bazli and Abolfazli®! on the investigation of
tensile properties on FRP laminates reported that the
maximum tensile strength retention was obtained between the
temperature of 200 to 300 °C for CFRP and GFRP laminates
as represented in Fig. 3. They also concluded that the result

High Temperature (300 ° C)

Fig. 2 SEM images of composite exposed at: (a) room temperature, (b) moderate temperature and (c) high temperature. 8!
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Table 1. Tensile properties at elevated temperatures.

Ref.

Fibre Type

Resin Type

Fabrication
Method

Glass Transition
Temperature Tq

Testing
Temperature (C)
9]

Outcomes

Cao et al.l¥"

Hawileh et
alsol

Hawileh et
al.[’ol

Jafar et al.[?]

UD E-Glass,
UD Carbon

UD Carbon

UD carbon,
UD glass

UD glass,
Woven
glass,
Chopped
strand mat
glass

Epoxy

Epoxy

Epoxy

Epoxy

© Engineered Science Publisher LLC 2021

Hand lay-up

Hand lay-up

Hand lay-up

Vaccuum
infusion
process

38 40, 80, 120, 160,
200

85 25, 100, 200, 250

NA 25, 100, 150, 200,
250, 300

70 25, 60, 80, 105,
150, 200, 250,
300, 400, 550

Constant value of tensile
strength (3000 MPa) at
temperature (55 to 200 <C) for
CFRP.

Hybridization of carbon/glass
fibre improved tensile
properties at elevated
temperature.

68% tensile strength retention
at 16 <C for hybrid composites
at elevated temperatures.
Tensile strength (578 MPa)
and elastic modulus (37.258
GPa) were maximum at room
temperature (25 <C) .
Minimum tensile strength (112
MPa) and elastic modulus
(3.382 GPa) at (250 <C).

At (25 <C) Maximum tensile
strength (1485 MPa) and
(46.277 GPa) tensile modulus.
At temperature (300 <C)
minimum of (802 MPa) tensile
strength and (17.935 GPa) of
elastic modulus for UD
carbon.

For UD glass

At (25 <) Maximum (1365
MPa) tensile strength and
(38.999 GPa) tensile modulus
and at temperature (300 <C)
minimum tensile strength of
(772 MPa) and (27.300 GPa)
of elastic modulus.

Tensile strength and modulus
reduced to 42% and 9% for
UD carbon at 250 <C.

For UD glass, strength and
modulus reduction was 31%
and 26% at 250 <C.

From 25 to 75 T (Ty), very
slight decrease in strength and
modulus.

Above 75t0 150 T
significant decrease in strength
and modulus.

Above 150 <TC rapid
degradation of resin and load
carrying capacity is entirely on
fibres.

Higher tensile strength and
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Ashrafi et UD glass,
al.l"l Woven
glass,
Chopped
strand mat
glass
Jarrah et Woven
al.[%! carbon,
Woven glass
Wang et UD carbon
al.[47]
Lu et al.[*d] UD glass
Gibson et UD glass
al.[58l
Cao et al.l’2 UD carbon
Shekarchi et UD carbon,
al.lén UD glass

30| Eng. Sci., 2021, 16, 26-46

Epoxy

Epoxy

Epoxy

Epoxy

Polypropylene

Epoxy

Epoxy

Vaccuum
infusion
process

Hand lay-up

Pultrusion
process

Pultrusion
process

Vaccuum

bagging
process

Hand lay-up

Hand lay-up

70

60

60

167

NA

45

100

25, 70, 120, 200,
300

25, 60, 100, 150,
200, 250, 300,
350, 400, 450,

500, 600

22,50, 103, 155,
211, 308, 420,
520, 625, 706

25, 40, 80, 120,
160, 200

20, 40, 60, 80,
100, 120, 140, 170

20, 30, 35, 40, 45,
50, 55, 60, 70, 80,
100, 120, 140

25, 100, 150, 200,
250, 300, 350,
400, 500

Continued
modulus was seen for UD
laminates, followed by woven
laminates and least by
randomly distributed
laminates.

For unconditioned samples
(without thermal treatment) at
lower thickness woven
laminates and random
laminates exhibited lower
tensile strength.

For conditioned samples,
tensile strength reduced with
increasing exposure time (120
min).

Less significant effect of
elastic modulus and tensile
strength below 120 <C.
About 87% for woven CFRP
and 67% for woven GFRP
laminates, reduction in tensile
strength at 600 <C.

Slight reduction in tensile
strength at temperature 20 to
150 <C.

Only 7% strength retention at
700 <C compared to room
temperature.

Self-ignition of laminates at
temperature range 350 to

600 <C.

With the increase in exposure
time, tensile strength reduction
ranged from 3.9% to 43.2%.
Tensile strength dropped
significantly from 20 <C.

For 12 mm thick laminates,
tensile stress results under heat
flux (50 kW/m?) is
quantitatively nearer to
thermosetting laminates.
Average tensile strength and
elastic modulus of 4127 MPa
and 254.2 GPa obtained at
room temperature (20 <C).
Rapid reduction in tensile
strength at temperature 40 to
60 <C.

Above 60 T, average tensile
strength loss is nearly stable.
Ultimate tensile strength
initially maximum at room
temperature (25 <C) for GFRP.
With increasing temperature
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Aydinl73]

Chowdhury
et al.l’

Yu and
Kodurl™!

Foster and
Bishy!®4

Kumarasamy
et al.l>9

Park et al.[®%

Reis et al.[68]

Nguyen et
al [68.69]

UD glass

UD glass

UD carbon

UD carbon,
UD glass

Woven glass

Neat CFRP
chips,
Recycled
carbon fibre
chips
Glass fibre

Carbon fibre

Polyester

Epoxy

Epoxy

Epoxy

Polyester

Phenolic

Epoxy

Epoxy

Pultrusion
process

Hand lay-up

Pultrusion
process

Hand lay-up

Hand lay-up

Resin
infusion

Hand lay-up

Hand lay-up

NA

75

80

78

NA

300

60

82

-50, -25, -10, 0,
10, 25, 50, 75,

100, 125, 175, 200

20, 45, 60, 75, 90,

200

20, 100, 200, 300,

400, 500, 600

20, 100, 200, 300,

400

-20, -15, -10, -5,
25, 40, 50, 60, 80

25, 300, 400, 500,

600

20, 40, 60, 80

20, 200, 400, 600

Continued
CFRP is more stable compared
to GFRP in terms of tensile
strength.
Maximum tensile strength at
25 <T (351 MPa), least
strength at 200 <C (186 MPa).
From 0 to -50 <C, tensile
strength decreased in a
constant level.
Stress strain curves represent
increase in brittleness at
temperature below 0 <C and
reduced rigidity at
temperatures above 50 <C.

Tensile strength loss at 60 T
is 51% and elastic modulus
loss is 70%.

Tensile strength retention of
about 80% at temperature
range of 20 to 200 <C.

Rapid degradation of tensile
strength at temperature range
of 200 to 400 <.

In temperature 500 to 600 <C,
only 10% strength retention is
noted.

CFRP samples retained its
tensile strength upto 300 <C.
Significant loss in tensile
strength noted for GFRP
samples from 200 <C.

With increase in temperature
(40 to 80 <C), strength and
modulus decreased due to
resin softening.

Slight increase of tensile
modulus from 25 to -5 <C,
from -5to -20 T slight
decrease in modulus.

Thermally treated (400 <C)
recycled-CFRP phenolic chip
composites exhibited higher
tensile properties.

Modulus of elasticity
decreased to 5.4%, 35.6% and
54.4% at 40, 60 and 80 <C.
The maximum tensile strength
at 350 <C, decreased by 50%.
Tensile modulus at 600 <C,
decreased by 30%.
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Fig. 3 Tensile strength Vs. the critical temperature performed in
the literature by Bazli and Abolfazli. Reproduced with the
Permission from [48], Copyright 2020, Multidisciplinary Digital
Publishing Institute.

values obtained were more scattered, as the fabrication
technique selected differed from one researcher to another.
Uni-directional (UD) CFRP laminates aged for period of
555 h at a cryogenic temperature of -184 °C presented a 20%
decrease in tensile strength compared to specimens exposed to
room temperature.? In the study of Foster and Bisby® no
loss in tensile strength was observed for CFRP composites
until 300 °C, however above 300 °C there was rapid reduction
as shown in Fig. 4(a). However, in case of GFRP composites
reduction was observed at the beginning of 200 °C as seen in
Fig. 4(b). Failure tensile specimens of CFRP and GFRP
exposed at 20, 100, 200, 300 and 400 °C are shown in Fig. 5.
Tensile behavior of CFRP sheets in the temperature range
of 20 to 60 °C for different types of resins were investigated
by Wu et al.[?2. Tensile modulus was increased for thermally
treated CF T300 at 1500 °C, with the minimum modification
in surface morphology. Thermally-treated carbon fibres'
displayed good thermal and mechanical stability by improving
their graphitization degree at elevated higher temperatures.
Likewise, thermal decomposition of glass/vinyl ester (VE),
glass/polyester (PE), and glass/polypropylene (PP) for tensile
strength estimation at temperature 0 to 200 °C displayed a
similar failure behavior for the same strain rate. However,
compressive strength was lower than tensile strength and was

1.2
10
=
2 0.8
o
&
@ 06
&
e 04} o Individual specimens N\
8 Group average °
= 02 | ersmsisee Group average +1 std. dev.
1S s Group average -1 std. dev.
o
P4 0.0 L~ L " N .
C1-20 C1-100 C1-200 C1-300 C1-400

Temperature( ° C)

below zero for glass/PP as soon as the temperature exceeded
the melting point of PP.I54

Mechanical and thermal analysis was performed by
thermally treating recycled carbon fibre (RCF) chips for 2 h at
temperature ranging from 100 to 600 °C into the phenolic resin
by Park et al.[1 Mechanical properties explored at temperature
condition of 60 °C presented best result of tensile strength for
thermal treatment at 400 °C of recycled carbon fiber chips as
represented in Fig. 6. In Fig. 6, different abbreviations are as
follows PR-Phenolic resin, NCPC- Neat CFRP chip-phenolic
composite, CPC- CFRP chip phenolic composites at different
thermal treatment conditions (i.e. 200, 300, 400, 500 and
600 °C).

Reis et al.*® studied the tensile performance of GFRP

laminates at a ambient temperature to 80 °C, at different strain
rates. They concluded that the strain rate played a significant
factor in influencing the tensile performance of GFRP.
However, no influence was seen on elastic modulus due to
variable strain rate. The investigation of ultimate tensile
strength for CFRP and GFRP laminates at temperature 25 to
500 °C by Shekarchi et al. found a strength reduction of
83% for GFRP and 70% for CFRP laminates at 500 °C. They
also reported that for exposed temperature of 200 °C, 48 and
39% reduction was noted.
Based on the fire application Nguyen et al.[8% conducted an
experimental investigation on manually fabricated hand lay-
up CFRP (M-CFRP). Two types of thermo-mechanical tests
were performed: constant temperature test to determine
Young's modulus, ultimate strength, and later a constant
mechanical load test to determine the failure temperature of
M-CFRP. The temperature levels selected for the experiment
were 20 to 600 °C. With increasing temperature, 50% loss in
ultimate strength was reduced, followed by a 30% reduction
in Young's modulus. The rapid drop was observed between 20
to 200 °C. However, there was a gradual decrease in strength
and Young's modulus for the temperature range of 400 to
600 °C. Also, a correlation was established between
temperature and mechanical loading of M-CFRP in the same
study.

1.2
10}
=
S o8}
L
2]
@ 06
z
= 04 o Individual Specimens
B Group Average
= 0] essneranses Group Average +1 std. dev.
g ——— Group Average -1 std. dev.
(=]
z 0.0

G200 G-300  G-400

Temperature( ° C)

G-20 G-100

Fig. 4 Variation in ultimate tensile strength of (a) CFRP specimens and (b) GFRP specimens exposed at elevated temperatures.
Reproduced with the permission from [61], Copyright 2005, Farmington Hills, Mich. American Concrete Institute.
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Fig. 5 Failure tensile specimens of (a) CFRP and (b) GFRP at elevated temperatures. Reproduced with the permission from [61],
Copyright 2005, Farmington Hills, Mich. American Concrete Institute.
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Fig. 6 Tensile property of thermally treated recycled carbon fiber
chip—phenolic composite at 60 °C. Reproduced with the
permission form [61]. Copyright 2012 SAGE Publications.

3.1.1 Tensile properties-predicting numerical models at
various temperatures
During designing of composite structures, systematic study on

the behavior of structures at elevated temperatures is necessary.

Researchers have proposed numerical models for predicting
tensile properties of FRP's. Gibson et al.l’® were the first to
propose a primary model for predicting mechanical properties
at elevated temperatures. By further implementing Gibson et
al. model, several researchers proposed various numerical
models for detecting mechanical properties of FRP's as

explained below.
P,+PR  Py—Pp

P(T) = =578 = =5 erf(k(T —T1) )
R

Egs. 1 and 2 represent the Gibson et al. numerical model.
The specific property (tensile or compressive) to be
determined is denoted by P (T). P, and Pr represent unrelaxed
property at low temperature and relaxed property at high
temperature, k represents distribution constant, erf and tan h
represents the error and hyperbolic tangent function and T'
being determined respective glass transition temperature of
composite.

By implementing regression analysis to achieve a
minimum error of the Gibson et al. model, Yu and Kodurl™!

© Engineered Science Publisher LLC 2021

developed new equations for determining the tensile strength
R(T) and elastic modulus R(E) of CFRP pultruded strips, as
represented in Egs. 3 and 4. Egs. 5 and 6 also represent tensile
strength and modulus for CFRP pultruded rods. Tan h
represents the hyperbolic tangent function.

R(T) = 0.56 — 0.44 tan h(0.0052(T — 305)) A3)
R(E) = 0.51 — 0.49 tan h (0.0035(T — 340)) )
R(T) = 0.54 — 0.46 tan h(0.0064(T — 330)) (5)
R(E) = 0.51 — 0.49 tan h (0.0033(T — 320)) (6)

They discovered an average error of 7% and 6.3% between
the predicted tensile strength obtained from the developed
model and experimental tests performed on pultruded CFRP
strips and rods.

A similar study was performed by Saafi et all*l to
determine the tensile properties of GFRP bars at various
temperature conditions. Eqgs. 7 and 8 represent the numerical
model used for predicting the tensile strength R(T) and elastic
modulus R(E).

R(T) =1—0.0025T {0 < T < 400°C (7)
1 0<T<100°C
R(E) = {1.25—0.0025T 0<T <300°C (8)
2 — 0.005T 300 < T < 400 °C

For determining the tensile strength R(T) of CFRP
laminates, Wang et al.*l developed a stress-temperature
relation model, as represented in Eq. 9.

1 @227 22 <T <150°C
200
— 0.7
R(T) = {059 — L1200 150 < T < 420°C (9)
_ 1.8
0.48 — 42077 420 < T <706 °C
76000

3.2 Flexural properties

Numerous researchers investigated the temperature effect on
flexural and interlaminar shear strength of FRP laminates.
Ningyun and Evansl performed the first study on graphite
fibre laminates to determine the flexural properties by
conducting a short beam shear test at temperatures up to
300 °C. They found that the decrease in temperature leads to
delamination fracture. A maximum strength loss of about 75%
was observed at temperature 300 °C. During the investigation
of laminate thickness and fibre orientation effect on flexural
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strength of GFRP laminates at various temperatures. The
authors reported that thinner laminates were more vulnerable
at temperature 300 °C than thicker laminates. Also, in fibre
orientation, maximum strength was retained for uni-
directional fibres compared to laminates fabricated with
woven and chopped strand mat fibres. In the study of
Shekarchi et al.®! flexural strength reduction of 89% was
obtained for CFRP exposed to temperature at 350 °C. For the
same condition, maximum of 93% strength reduction was
noted for GFRP laminates. A similar experimental study was
performed on pultruded GFRP laminates by Vieira et al.l'® at
laminates exposed to a maximum temperature of 320 °C. The
authors declared no considerable reduction in flexural (i.e.
25%) and interlaminar shear strength (i.e. 12%). In the further
study of Schmidt et a/.l'¥ pultruded GFRP laminates with
isophthalic polyester and phenolic resins exposed to elevated
temperatures found that GFRP laminates with phenolic resins
showed better results as compared to the latter type.

Similar outcomes were reported for CF/epoxy by Aoki et
al 1 when influenced at -269 °C, claiming crack initiation
taking place at lower load level than at room temperature.

Using liquid nitrogen, interlaminar shear stress (ILSS) for
woven and chopped E-glass fibre/epoxy, and woven CF/epoxy
was investigated by Surendra er al.¥-#2 An increase in ILSS
was observed as the load transfer arrest seen through the glass
fibre/matrix interface due to the hardening of the matrix at a
lower temperature.®®! However, in CF/epoxy, due to its
anisotropic nature, contraction of carbon fibre was
experienced in the transverse direction at the cryogenic
condition resulting in a weak interfacial bond leading to a
decrease in ILSS.BU

The bending strength of CF/epoxy was studied under the
thermal treatment for the temperature ranges as mentioned in
Table 2. Bending strength was found to be maximum for 120
to 150 °C and was relatively stable in the temperature range of
20 to 90 °C, with the least strength observed at 120 °C. At 120
to 150 °C, the secondary curing enhanced the resin's cross-
linking density, resulting in increased bending strength of 3.11%
higher. Extreme bending failure was observed at 150 °C as
shown in Fig. 7, and with increasing temperature, the loss was
tangible. [

Table 2. Flexural properties at elevated temperatures.

Ref. Fibre Type Resin Type Fabrication Glass Transition Testing Outcomes
Method Temperature Temperature
Tq () 9]
Shekarchi et  UD carbon, Epoxy Hand lay-up 100 25, 100, 150, 1.  Flexural strength
al.[é7 UD glass 200, 250, retention at 250 <C for UD
300, 350 carbon is 50%.
2. Flexural strength
retention of 50% for UD
glass noted at 250 <C.
3. At maximum
temperature strength
retention is 11% and 7% for
UD carbon and glass.
Bazli et al.[88] UD glass, Epoxy Vaccuum 70 25, 70, 120, 1.  Uni-directional
Woven glass, infusion 200, 300 composites exhibited
Chopped process superior strength
strand mat corresponding to woven
glass and randomly oriented
composites at elevated
temperatures.
2. 5% decrease in
flexural strength at
temperature 60 to 200 T,
90% reduction in
temperature 200 to 300 <C.
Manalo et al. UD glass, Phenolic NA 93 21, 35, 50, 1. Flexural strength
1871 Woven glass, 65, 80, 100, retention of about 60% upto
Chopped 120, 150,180 80 <C.
strand mat 2. 80% retention of
glass modulus from room (21 <C)
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Vieiraetal.l’®  Glass fibre Isothalpic polyester,  Pultrusion
Vinylester,
Phenolic
Schmidt et E- Glassfibre Isothalpic resin, Pultrusion
al.ll Phenolic
Aoki et al .l Carbon fibre Bismaleimide, NA
Polyether ether
ketone
Surendra et Chopped E- Epoxy Hand lay-up
al.[8182 glass
Wang et al.®  UD carbon Epoxy NA

Continued
(180 ).
1. At
temperatures vinylester
composites presents the
higher flexural strength.
2. Composites with
isothalpic polyester showed
the lowest modulus of
elasticity.
1. Isothalpic resin
matrix composites presents
decrease in flexural
strength at shorter exposure
duration 30 min.
2. Phenolic matrix
composites show more
thermal stability at 250 <C.
1. Fracture toughness is
maximum at cryogenic
condition (-269 and
169 <C), due to increase in
matrix strength.
1. Composites in
cryogenic condition shows
immense matrix cracking
and interfacial debonding
as brittleness of matrix
increases.
1.  Storage modulus and
interfacial shear strength
are in a steady state at
temperature 20 to 95 <C.
2. At temperature 95 to
120 <C, modulus and
interfacial shear strength
declines at a rapid rate.

230 24, 120, 170, elevated

220, 270, 320

NA 250

NA -269,

20

-1609,

NA -196

90 20, 60, 90,

120, 150, 180

UD- Uni-directional.

Interlaminar strength was studied by Li et al.® performing
a microwave curing process, to achieve stronger interface
bonding between fibers and fillers. An overall, 66% increase
in mode-1 interlaminar fracture toughness for microwave
curing was observed compared to the traditional curing
process. A 16% decrease in delamination factor was perceived
in hybrid composite in comparison to the neat CF/epoxy
composites.

Wang et al.®® investigated UD carbon fiber epoxy under
temperature-controlled conditions. The temperature range
selected for the study was 23 to 120 °C, with a 30 °C increment.
At 23 to 95 °C, steady behavior was observed in storage
modulus and interfacial shear strength (IFSS). However,
above 95 °C, a sharp decline was observed as the matrix was

© Engineered Science Publisher LLC 2021

in the glass transition temperature range.

3.3 Compressive Properties
Compared to investigating tensile and flexural properties at
elevated temperatures, the experimental study performed on
compressive properties is limited. The limitation for lower
analysis is that more research is required to understand
laminates' local and global buckling behavior when
undergoing compressive tests at different temperatures.
During the investigation of compressive property for
woven glass fibre composites with polypropylene matrix
subjected to fire condition. Gibson et al.*¥l concluded that at
the temperature exposure of 140 °C, compressive strength
reduced to 90%. Similarly, On the application of combined
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Fig. 7 Bending deformation of CFRP at different temperatures. Reproduced with the Permission from [84]. Copyright 2019, De

Gruyter.

thermal and compressive load on FRP composites, Asaro et
al®  determined two important factors, stating that
degradation of composites, the strength, and failure
significantly depends on the exposure time and the
temperature subjected on the composites. Table 3 represents
compressive properties at different testing temperatures.

4. Machining of composites

Although fabrication is performed to the near net shape of
FRP composites, the machining operations are still necessary
to finalize the part sizes and accomplish a close tolerance fit.[°!
The machining of FRP composites differ from those of
traditional metals.®? In machining of FRP composites for
aerospace parts, the demand for excellent surface quality and
geometric dimensional stability is of utmost necessity for the
proper functioning of components and safety necessities.[*

Table 3. Compressive properties at elevated temperatures.

Ref. Fibre Type Resin Type Fabrication Glass Testing Outcomes
Method Transition Temperature
Temperature  (<C)
Tg ()
Gibsonetal. Woven glass Polypropylene  Vaccuum NA 20, 40,60,80, 1. Compressive strengthat0°Cis
(58l bagging 100, 120, 140, 260 MPa and at 130 °C strength
process 170 decreases to 68 MPa.
2. Strength value at 160 °C is zero
at the melting point of polypropylene
matrix.
Feih et al. Woven glass Vinylester Vaccuum 120 50, 100, 150, 1. Compressive strength at room
%0l bagging 200, 250 temperature is 435 MPa.
process 2.  Above 50 °C, compressive
strength degrades rapidly.
Park et al. Neat CFRP chips, Phenolic Resin infusion 300 25, 200, 300, 1. Maximum compressive

[65] Recycled carbon

fibre chips

400, 500, 600 strength (210 MPa) obtained for
thermally treated (400 °C) neat

CFRP chip composites.

CFRP- Carbon fibre reinforced polymer.
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Many attempts have been performed to achieve the above goal
by introducing various new technologies, for instance,
vibration-assisted machining, [+l ultrasonic-assisted
machining, "% modulation assisted machining

(MAM),[%5100.1011  [ager-assisted machining,[921%% vibration-

assisted drilling (VAD)!%1081  and orbital drilling

processes.l'"1% However, the challenges of machining have
always remained disputed, as the behavior of composites is
inconsistent due to their inhomogeneity, abrasiveness, and
anisotropic nature. Several types of tool materials are used to
maintain the output quality of machined composite parts.

According to Saoubi et al.l%! tool materials for machining of

composite components are classified into two categories:

a) Carbides (cemented and coated) and ceramic tools fall
under hard materials due to their high fracture toughness
and good thermal stability.

b) Polycrystalline diamond (PCD) and cubic boron nitride
(CBN) are considered super-hard to display extreme
hardness and thermal conductivity during machining.

4.1 Temperature influence on machining of composites
Based on various applications of composite materials exposed
to a diversity of environmental conditions, recently,
researchers have made numerous attempts to study the
environmental factors (moisture, ultraviolet radiation, and
extreme fluctuating temperatures) affecting FRP composites'
performance.*!'"*15] Several studies are performed on
characterizing the outcome of fire and thermal loads affecting
mechanical properties of composite materials as explained in
the above sections. However, the difficulty in experimentation
and the indeterminate flammable nature of polymer
composites are still dubious.[*®16120] During the machining of
composite materials, high cutting temperatures cause heat-
affected zones (HAZ), which extremely impacts the
performance of fabricated composite parts.[*?!l

The critical temperature of 180 °C is produced during the
cutting process of CFRP/epoxy composites.[?2 The research
on this topic is limited, as the challenge always exists in
eliminating the thermal effect induced machining composites.

This section summarizes the thermal effect and the outcome
of temperature generated during the machining of FRP
composites.

4.1.1 Orthogonal cutting

In orthogonal cutting of composites, as the cutting temperature
exceeds the glass transition temperature of the matrix, the
irreversible mechanical, chemical, and thermal decomposition
affects the functioning of components.[*?%1 This, in turn,
increases cost of the components as the rejection of parts
becomes higher.'?61?11  Characterization of homogeneous
materials during cutting is done due to plastic deformation
producing continuous chips. Different conventional
machining performed by the researchers to study the thermal
effect on composites is tabulated in Table 4.

Orthogonal cutting was first applied to FRP's by Koplev et
al.n?81 to study the formation of chips and wear of the tool. The
influence of workpiece temperature was discussed by
Brinksmeier et al.'%1 and Pecat et al.'*! on machining quality.
The results from their investigations exposed the relation of
depth of HAZ with the length of bending carbon fiber,
representing the cutting induced damage. UD CF’s cured at
different temperature conditions showed no influence on
surface roughness (R.) during orthogonal machining.[**9 Wang
et al.*? claimed the effect of fibre orientation on cutting
temperature during dry orthogonal cutting of CFRP. A new
approach of heat partition ratio was implemented for
machining composites, obtained from the analytical model,
latter was added to a finite element model. Then, the numerical
results were validated to experimental outcomes. The
maximum cutting temperature was observed for 90° fibre
orientation, as shown in Fig. 8. Thermal effects were predicted
by developing a three-dimensional (3D) finite element model
of orthogonal cutting of CFRP composite laminates. For the
fibre orientation of -45 and 90°, higher thermal damage was
noted as the cutting speed increased from 300 to 600 m/min,
whereas damage was seen with the increasing cutting speed
from 60 to 6000 m/min.[3!]

Table 4. Temperature influence on different conventional machining performed in the literature.

Fibre Type Machining Ref.
Method
CFRP Orthogonal Wang et al.'21, Wang & Zhang!'3, Santiuste et al.['31], Yan et al.'7], An et al.[148]

Cutting

Milling Morkavuk et al.¥2, Cui et al.*], Ghafarizadeh et al.'*9, Yashiro et al.['%, Liu et al.['51,
Kerrigan et al.152, Khairusshima et al.[*3], Jia et al.'>*], Gao et al.[*%]

Drilling Wang et al.[%8], Brinksmeir et al.l'%¢], Joshi et al.[*], Kumaran et al.[**", Merino-Perez et
al.l1%8], Alvarez et al.l**, Sorrentino et al.l*®], Saleem et al. [6%, Nagaraj et al.['5?], Ferreira
et al.[*63] Ben et al.[164]

GFRP Drilling Loja et al.l*%%, Sorrentino et al.['6%

Edge Trimming  Jamal Sheikh et al.['6¢]

CFRP- Carbon fiber reinforced polymer; GFRP- Glass fiber reinforced polymer.
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Fig. 8 Maximum cutting temperature measured at different fibre orientations of UD-CFRP. Reproduced with the Permission from

[121]. Copyright 2018 Elsevier Ltd.

4.1.2 Milling and edge-trimming

Milling is one of the advanced machining methods applied for
hole making, slots, and keyways in hard materials, such as
titanium (Ti) alloy, aluminum alloy, and CFRP
composites.[*3137 Researchers are trying to reduce the thermal
defects and surface-induced damage by employing
mathematical models to predict the temperature distribution in
milling of CFRP composites.[!314 Other approaches such as
cryogenic cooling, minimum quantity lubrication (MQL),
flood cooling have also been studied for reducing heat
generation during milling of composites. 421481

Ghafarizadeh et all'*! reported a maximum cutting
temperature observed for 90° fibre orientation during milling
of CFRP. Also affirming, fibre orientation and cutting speed
being significant factors on affecting cutting temperature. In
the work of Yashiro et al.'% cutting temperatures during end
milling was studied by employing three different types of
measuring methods. The first method was analysed using an
infrared camera, secondly using a tool-workpiece
thermocouple, and later by thermocouples embedded between
different composite layers. The authors reported, at a cutting
speed of 25 m/min, the cutting temperature at the tool-
workpiece interface measured 180 °C, and with the increasing
cutting speed of 100 m/min, cutting temperature reached
300 °C. The cutting temperature remained stable with the
furthermore increase in the cutting speed. Moreover,
comparing temperature at the contact point to that of the
workpiece material, a minimum cutting temperature was
achieved at a high cutting speed of 300 m/min.

Similarly, Liu et al.'*1 studied the variation of workpiece
temperature during helical milling of CFRP composites. The
authors concluded that the effect of axial cutting depth had a
maximum influence on the variation of workpiece temperature

38| Eng. Sci., 2021, 16, 26-46

compared to the spindle speed. Kerrigan et al.'52 specified the
workpiece thickness and depth of cut being the vital
parameters that significantly influence cutting temperature. A
comparison study on surface roughness produced by
performing milling of CFRP laminate at room temperature by
supplying chilled air of -10 °C was investigated by
Khairusshima et al.'¥1 Minimum surface roughness was
reported for chilled air condition at the lowest feed of 0.025
mm/rev with a constant cutting speed of 179 m/min. Influence
of cutting area temperature maintained at two temperature
range -50 to -25 °C and -10 to 25 °C using cryogenic nitrogen
gas, on surface integrity was investigated by Zhenyuan Jia et
al.’™ during an end milling operation of multidirectional
CFRP. The results represented, that the material removal was
uniform under low temperatures and uneven removal and
maximum surface roughness were observed with increasing
temperatures. Furthermore, the authors added that the effect of
the flow rate and pressure of nitrogen gas has a significant
influence in reducing the surface roughness during the process.

Heat partition and temperature distribution were
investigated by Jamal Sheikh ef al.l'*l by edge trimming
operation of GFRP laminate, adopting the inverse heat
conduction method. The authors concluded that no machining
thermal damage was produced due to low temperature and
shorter exposure time. However, the maximum surface area
temperature was determined to be 178 °C, falling below the
glass transition temperature of epoxy.

4.1.3 Drilling

For decades, drilling has been the most commonly used
conventional methods for producing holes in composites.
Damage suppression strategies during the drilling of
composites have been a continuous research topic drawing the
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attention of all the research community. Delamination, fibre
pull out, and thermal ablation caused during drilling has been
the high-risk factors for the continuous performance of
components during its service life cycle.['5-172 From literature,
to compute the damage, some studies propose different
mathematical models,['”*1® whereas others considered
optimizing various drilling parameters.7¢-1°1  Similarly,
researchers have tried reducing the delamination in
composites by adapting different types of drilling tools- twist
drill, step drill, candlestick drill, dagger drill, multi-facet drill,
and trepanning drill.[:80181 Also, reduction was achieved by
optimizing drilling conditions such as variable cutting
speed, 182183 feed rate, 8181 point angle,[*®" drill diameter, 88
pre-drilled pilot holes** and support plates.[*]

Unlike the study on high-temperature drilling performance
on CFRP composite, from the literature, there is inadequate
information regarding the cryogenic drilling performance of
GFRP composites. When a desired quality of hole is to be
produced, efficient drilling is performed, reducing excessive
tool wear.['84191 Engineering materials under low temperatures
produce more resistance to deformation than at higher
temperatures. Researchers have compared their study by
performing dry drilling, %% wet drilling,[*%°1 and
cryogenic drilling,[*%6:197.1%] on composites. From most of the
above three drilling operations, cryogenic drilling exhibited
better results, followed by dry and wet drilling. During the
process, the coolant supplied near the tool and workpiece
interface, reduces the temperature caused due to friction and
indeed reduced the rapid tool wear.['1%] Dry drilling and
cryogenic drilling were performed on CFRP composites.

Concluding, tool wear progression reduced to 25% in the
case of cryogenic drilling.[**1 A similar study was conducted
by Kumaran ef al.'*1 on woven CFRP, adopting the cryogenic
method with the aid of nitrogen coolant. Peel-up delamination
was found to be reduced due to an increase in the transverse
strength of the composite.

Dry and cryogenic drilling, a comparative study performed
by Joshi et al.l** using nitrogen as a coolant, reported thrust
force increase, however, delamination was found to be
decreased compared to dry drilling. The relationship of cutting
speed with heat dissipation during drilling of CFRP was noted
by Merino-Perez et al.l'*! An analytical and experimental
study was performed by Sadek et al.?% to predict thermal
damage and delamination in FRP’s using twist and multi-facet
drills. The experimental and analytical results were found to
be in good agreement when validated. The authors claimed,
both thermal damage and delamination can be anticipated
using their analytical approach.

Wang et al.% proposed a new method to control the
drilling temperature for improving the quality of drilled holes
in CFRP. Four temperature conditions were chosen for the
study (i.e. -50, -25, 0 and 23 °C). The drilling temperature
measured during the experiment was 45, 73, 100, and 128 °C
for the above temperature conditions. Drilling parameters
selected for the study are represented in Table 5. Drilling
temperature had a significant influence on the surface
roughness (R,). The minimum surface roughness value was
obtained for drilling temperature of 73 °C. Surface roughness
measured along the parallel and perpendicular hole axis
direction provided a minimum value of 51.9% and maximum

Table S. Different cutting conditions and temperatures (i.e. supplied and measured) for drilling.

Ref. Cutting Speed Feed Rate  Temperature (C)
(m/min) (mm/rev)
Wang et al.[#8] 25 m/min 0.02 mm/rev Initial temp. = -50, -25, 0, 23 T
Drilling temp. measured = 128, 100, 73, 45 <C
Brinksmeir et al.[208] 40, 80, 120 0.25, 0.2, 0.18 Drilling temp. measured
m/min mm/rev Maximum = 191.6 <C for 120 m/min cutting speed and 200
mm/min feed rate
Minimum = 112.9 <C for 40 m/min cutting speed and 500
mm/min feed rate
Joshi et al.[15] 100,125,150 0.03, 0.06, 0.09 Temp. supplied =-190 T
m/min mm/rev
Kumaran et al.'57] 15, 28,57 m/min  0.01, 0.05, 0.1 Temp. supplied =-196 T
mm/rev
Merino-Perez et al.l!81 50, 100, 150, 0.005 mm/rev Tool temp. measured,
200 m/min Maximum = 260 <C for 100 m/min cutting speed
Loja et al.[16%] 100 m/min 0.12 mm/rev Drilling temp. measured
Maximum = 79.57 <C
Minimum = 38.79 C
Sorrentino et al.[16% 47.1, 251.2, 0.015, 0.05, Tool temp. measured,
376.8 m/min 0.10, 0.15, 0.20, Maximum = 155 <C for CFRP, 195 <C for GFRP at 251.2
0.30 m/min cutting speed and 0.10 mm/rev feed rate
mm/rev

CFRP- Carbon fibre reinforced polymer, GFRP- Glass fibre reinforced polymer.
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Fig. 9 Effect of drilling area temperature on surface roughness. Reproduced with the Permission from [88]. Copyright 2018, Springer-

Verlag London Ltd.

of 53.8% at 73 °C as shown in below Fig. 9.

Alvarez et al.'* discussed the heat generated during
drilling of woven CFRP composite by combining analytical
and numerical modeling. The maximum temperature was
predicted at the exit of the hole, also initiating mechanical
delamination. Similarly, Loja et al.l' confirmed drill
geometry and thickness of material displaying more
significant influence on maximum temperature-induced
whereas, the cutting parameters (spindle speed, feed rate) and
material type offered less significance during drilling of GFRP
laminates. Moreover, for the same cutting speed and material
removal rate, thermal and mechanical load was observed least,
in case of orbital drilling compared to the conventional drilling
of CFRP. Cracks obtained were perceived at higher cutting
speeds during the traditional drilling process, resulting in
surface layer damage.'®! Sorrentino et al.l*®® developed a
sensory system for measuring the temperature of the tool and
workpiece during the drilling of CFRP and GFRP composites.
With decreasing feed rate and increasing cutting speed, the
maximum temperature was observed at the tool interface.
However, decreasing temperature was noted with an increase
in feed rate and cutting speed, whereas for GFRP drilling, the
temperature increased with increasing feed rate.

5. Recommendations for future work

From the review performed in this article, following are the

recommendations proposed for future work:

e More experimental investigation at high temperature and
real fire conditions are required for understanding the
effect of various factors on fire resistance of FRP
composites.

e In comparison to the thermal study of GFRP composites
for determining various mechanical properties, limited

40| Eng. Sci., 2021, 16, 26-46

work has been performed on CFRP composites.

o There is a requirement of more research related to the effect
of fibre content and fibre orientation on performance of
FRP composites at elevated temperatures.

There is a limited research in enhancing the thermal
properties of thermoplastic matrix. Therefore, a further
investigation is required by addition of different types of
ceramic fillers, fire retardant materials into thermoplastic
matrix

6. Conclusions
A comprehensive review 1is presented on mechanical
properties (i.e. tensile, flexural and compressive) and
conventional machining operations (orthogonal cutting,
milling, trimming and drilling) subjected to high and low
temperature conditions. Based on the studies performed above
following conclusions:

e C(ritical temperature range where 50% strength reduction,
noted are, 200 to 300 °C for FRP laminates in tension and
180 to 250 °C in bending.

e High temperature above 300 °C exposure leads to matrix
decomposition, limiting the use of composite. Also, in case
of cryogenic treatment (i.e. -169 to -269 °C), crack
initiation takes place at quicker rate due to the contraction
of the polymer matrix.

e Epoxy resins are more thermally stable and economical,
vinyl ester enhances mechanical properties after post
curing, isothalpic-polyester presents lowest mechanical
properties instantly with increasing temperature.

e Maximum cutting temperature was obtained for fibre
orientation of 90°, for orthogonal cutting and end milling
operations.

e The factors significantly influencing the reduced surface
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roughness in drilling of CFRP composites include low feed
rate, high cutting speed, drill geometry and cryogenic air
supplied at the interface of tool and composite.

e Cryogenic machining (i.e. supplying cool air or liquid
nitrogen) is very effective in reducing tool wear and
improving the machining surface quality of FRP

composites.
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