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PREFACE 

In our world, while there are many negativities in the areas of nature, 
health, social, etc.; technological developments are becoming a necessity 
in the industry in general for the solution of these and other problems. 
Technological developments, triggered by quality competition, desire 
for comfort, fear and anxiety, emerge as a fact that we face in many and 
difficult to follow. Academic studies conducted in this context; It is brou-
ght together with its interlocutors, sometimes in the form of open-access 
sites, and sometimes in the form of congresses, panels, periodicals and 
scientific books. 

We wanted to have a finger in the pie with this academic book study 
called “Innovative Technology Applications in Engineering Sciences” 
which consists of ten different chapters and covers the researches of va-
luable academicians. This book; we pre-sent it to you, valuable scientists 
and industry employees through “Güven Plus Grup Inc. Publications” 
which a major part of its publications consisting of academic books, has 
gained a great reputation with its qualified activities in the national and 
international arena. 

This book consists of many engineering subjects and experimental 
studies and applied academic subjects. In the book; 

You will find valuable research and experimental studies on many 
important subjects.

We believe that the book, which includes chapters dealing with 
many inter-esting topics of engineering technologies, will shed light on 
the academic studies of many researchers, and will find a valuable place 
in the catalogs of the Higher Education Institution, public libraries and 
personal archives. 
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We would like to express our gratitude to our esteemed editors, 
writers, ref-erees and you, our dear readers, who have contributed to 
the realization of this important work, which emerged as a result of the 
long-lasting and meticulous work. December 2022

Prof. Dr. Rakesh JAIN
Prof. Dr. Abdulkadir GÜLLÜ 

Assist. Prof. Senai YALÇINKAYA
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ÖNSÖZ

Dünyamızda doğa, sağlık, sosyal vb. alanlarda birçok olumsuzluk 
yaşanırken; bunların ve diğer problemlerin çözümüne yönelik olarak 
genel anlamda endüstride, teknolojik gelişmeler zorunluluk halini al-
maktadır. Kalite rekabeti, konfor arzusu, korku ve endişenin de tetikle-
diği teknolojik gelişmeler, takipte zorlanılacak derecede ve çok sayıda 
yüzleştiğimiz bir gerçek olarak karşımıza çıkmaktadır. Bu bağlamda ya-
pılan akademik çalışmalar; kimi zaman açık erişimli siteler, kimi zaman 
da kongre, panel, süreli yayınlar ve bilimsel kitaplar şeklinde muhatap-
larıyla buluşturulmaktadır. 

Biz de birbirinden kıymetli akademisyenlerin araştırmalarını kapsa-
yan, on farklı bölümden oluşan ““Innovative Technology Applications 
in Engineering Sciences” adını verdiğimiz bu akademik kitap çalışma-
sı ile çorbada tuzumuz olsun istedik. Bu kitabı; yayınlarının önemli bir 
bölümünü akademik kitaplardan oluşan, Ulusal ve Uluslararası alanda 
nitelikli faaliyetleriyle oldukça saygınlık kazanmış olan “Güven Plus 
Grup A.Ş. Yayınları” aracılığı ile siz değerli bilim insanları ve endüstri 
çalışanlarının hizmetine sunuyoruz. 

Bu kitap, birçok mühendislik konuları ve deneysel çalışmalar ile uy-
gulama yapılmış akademik konulardan meydana gelmiştir. Kitapta; 

Birçok problemlerin çözümüne yönelik birçok önemli konuda de-
ğerli araştırma ve deneysel çalışmaları bulacaksınız. 

Mühendislik teknolojilerinin birçok ilgi çekici konularına değinilen 
bölümlerin yer aldığı kitabın, çok sayıda araştırmacının akademik çalış-
malarına ışık tutacağına, Yükseköğretim Kurumu kataloglarında, kamu 
kütüphanelerinde ve kişisel arşivlerde oldukça değerli bir yer bulacağı-
na inanıyoruz. 
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Uzun zaman alan ve büyük bir titizlikle yapılan çalışmaların sonu-
cu olarak ortaya çıkan bu önemli eserin gerçekleşmesinde emeği geçen 
saygıdeğer editörlerimize, yazarlarımıza, hakemlerimize ve kitabımızı 
edinen siz sevgili okurlarımıza teşekkürlerimizi sunarız. Aralık 2022

Prof. Dr. Rakesh JAIN
Prof. Dr. Abdulkadir GÜLLÜ 

Dr. Öğr. Üyesi Senai YALÇINKAYA
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PLANT-BASED FIBER-REINFORCED GEOPOLYMER 
COMPOSITES

Kübra Ekiz BARIŞ1

Abstract: The excessive production of Portland cement is becoming 
unsustainable because of an enormous requirement for raw materials, 
energy use, greenhouse gas emissions, and environmental damage. 
Because of the aforementioned negative effects, it is essential to devel-
op and utilize alternative binders that have lower carbon footprints. 
Recent research on geopolymer binders indicates that this novel bind-
er has the potential to replace cement. There is a reduced effect on the 
environment from these binders because they use less calcium-based 
raw materials. They are also more energy-efficient because there is 
no calcination during the production stages and the production tem-
perature is lower. However, the usage of geopolymers in various ap-
plications may be adversely impacted by their low tensile strength, 
brittle nature, and limited crack resistance. The geopolymer matrix 
can be reinforced with either short or continuous fibers to enhance the 
mechanical properties of the material, decrease brittle fracture, and 
enhance ductility. Natural fibers are now preferred over other fibers 
in the reinforcing of geopolymers due to the recent trend toward the 
production of environmentally friendly and energy-efficient materi-
als. In contrast to the quantity of studies concentrating on inorganic 
and synthetic fiber reinforcement, it is, nevertheless, comparatively 
insufficient. The goal of the current chapter is to compile the most re-
cent scientific data on the impact of plant-based fiber reinforcement 
on the enhancement of the mechanical and physical characteristics of 
geopolymer composites. The Scopus and SCI databases were checked 
for recently published articles on plant-based fiber-reinforced geo-

1	 Kocaeli University, Faculty of Architecture and Design, Kocaeli / Turkey, e-mail: kubra.
ekizbaris@kocaeli.edu.tr, Orcid No: 0000-0002-3830-7185
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polymer composites. The characteristics (chemical structure, physical, 
and mechanical properties) of plant-based fibers, mixture ratios, pro-
duction stages, and curing conditions of plant-based fiber-reinforced 
geopolymer composites are also within the scope. Various plant-based 
fibers, including sisal, coir, jute, cotton, hemp, lignin, raffia, pineapple, 
bamboo, musa basjoo, sorghum, and sugarcane bagasse, can be incor-
porated as reinforcement in geopolymer matrices, according to study 
results. In order to produce plant-based fiber-reinforced geopolymer 
composites with higher physical and mechanical characteristics, it is 
vital to consider the type, chemical structure, and characteristics of 
the fibers as well as their content, manufacturing process, and curing 
conditions. The uniform dispersion of the fibers and matrix must be 
maintained throughout production since balling and fiber coalescence 
weaken the necessary properties. Depending on the characteristics of 
the fiber and the aluminosilicate source, the appropriate curing condi-
tions should be applied. The workability of fiber-reinforced geopoly-
mers was worse than that of the unreinforced geopolymer matrix, re-
gardless of the type of fiber utilized. More water is added to the matrix 
to decrease the viscosity of the geopolymer. During temperature cur-
ing, this free water evaporates, leaving a significant number of pores 
in the microstructure. As a result, adding fibers causes composites’ 
porosity and water absorption ratio to increase while their density and 
ultrasound pulse velocity decrease. Flexural, compressive, and impact 
strengths of unreinforced geopolymers increase with increasing fiber 
content until they reach their optimum amount. However, inclusion 
of additional fibers over the optimum level results in the fibers balling 
and coalescing, and also leaves voids in the matrix, which weakens 
the interfacial adhesion between the fiber and the matrix and, in turn, 
lowers the mechanical properties.
Keywords: Geopolymer Composite, Plant-Based Fiber, Fiber Content, 
Strength

INTRODUCTION

Climate change, one of the most important environmental problems 
facing our planet, is caused by CO2 emissions. The atmospheric CO2 ratio 
in the 18th century was 280 ppm per million, while today it is 450 ppm. 
If progress continues at this rate, it is predicted that the CO2 ratio will be 
731 ppm in 2130 (Pacheco-Torgal, 2015). The very large-scale production 
of Portland cement is becoming unsustainable due to an unprecedented 
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need for raw materials, energy consumption, greenhouse gas emissions, 
and environmental pollution (Farhan et al., 2021). Cement production 
is responsible for 5% of global CO2 emissions, which is quite a high rate 
(IPCC, 2001). Significant consumption of traditional non-renewable raw 
materials such as limestone, calcination of clinker at 1400�1450 °C, en-
ergy consumption for the grinding process, and high greenhouse gas 
emissions (0.9 tons of CO2 emissions per 1 ton of clinker production) are 
adverse effects of cement-based materials (Hendriks et al., 1999). There-
fore, the aforementioned adverse effects make it necessary to develop 
and use alternative binders with lower carbon footprints (Ganesan et al., 
2013).

Recent studies on geopolymer binders show that this new binder 
can be an alternative to Portland cement. Geopolymer binders are ob-
tained as a result of the reaction of an amorphous or glassy aluminosil-
icate source with various alkali activators (Garcia-Lodeiro et al., 2015). 
Various natural materials, including agricultural, industrial, and urban 
waste materials, containing mostly silica (SiO2) and alumina (Al2O3), 
can be used as an aluminosilicate source. Alkali hydroxides, weak and 
strong acid salts, and silica salts are various chemical solutions used as 
alkali activators (Robayo-Salazar and de Gutiérrez, 2018). Because less 
calcium-based raw materials are used in these binders, the environmen-
tal impact is lower. In addition, they are more energy-efficient due to the 
absence of a calcination stage in the production process, the lower pro-
duction temperature, and the need for less fuel (Bondar et al., 2011). CO2 
emissions from geopolymer production are approximately 60-80% low-
er than those from conventional cement production (Zhang et al., 2014).

The reaction mechanism of geopolymers is an exothermic process 
and consists of successive dissolution, oligomerization, and polycon-
densation reactions. The first reaction begins with the dissolution of 
covalently bonded Si–O–Si and Al–O–Si compounds from the alumi-
nosilicate source by means of an alkali solution, and silicate and alu-
minate monomers are formed. These silicate and aluminate monomers 
form an oligomer during the oligomerization stage. Then, the oligomers 
condense and cross-linking occurs between various polymeric chains to 
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form a three-dimensional geopolymer network (NASH gel) (Ferone et 
al., 2011).

Geopolymer binders have the following advantages, depending on 
the properties of the aluminosilicate source, the alkali activator type, 
the mixing ratio, and the production and curing conditions (Davidovits, 
2011; Provis and Bernal, 2014; RILEM TC 224-AAM, 2014):

•	 High compressive strength (compressive strength that can increase up 
to 90 MPa for 28 days)

•	 Rapid hardening, reaching 70% of its ultimate compressive strength 
within 4 hours (Comrie et al., 1989). This value is approximately 24 
hours for Portland cement.

•	 Thermal stability up to 1200 °C (Zheng et al., 2009; Abdul Aleem and 
Arumairaj, 2012)

•	 Exhibiting excellent adhesion with other materials,
•	 Reduced permeability and dimensional stability (low shrinkage),
•	 Durability against acid and chemical effects.
Despite the advantages mentioned above, geopolymers’ low tensile 

strength, brittle behavior, and low resistance to cracks can negatively 
affect their use in many applications. There are two approaches applied 
in order to improve the mechanical properties of the material (such as its 
tensile, flexural, and impact strengths), and to suppress brittle behavior 
and to provide ductility. In the first approach, the geopolymer matrix is 
reinforced with nanoparticles, and in the second approach, the matrix 
is reinforced with either short or continuous fibers. Considering factors 
such as practicality and production cost during production, reinforce-
ment of the geopolymer matrix with short fibers is more preferred in 
civil engineering applications (Abbas et al., 2022).

In the literature, there are studies on the reinforcement of geo-
polymers with steel, inorganic, synthetic, and natural fibers. However, 
recently, the trend towards producing ecologically friendly and ener-
gy-saving materials has brought about the preference of natural fibers 
over other fibers in the reinforcement of geopolymers (Silva et al., 2020). 
However, it is relatively insufficient in comparison to the number of the 
works focuses on the reinforcement with inorganic and synthetic fibers.
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Natural fibers are classified into three groups: mineral-based, an-
imal-based, and plant-based fibers. The use of mineral-based fibers in 
geopolymers leads to high environmental impact because their produc-
tion requires melting and spinning the mineral at high temperatures, 
and several processing steps are required before usage (Alzeer and 
MacKenzie, 2021). In addition, some mineral-based fibers, such as as-
bestos, are carcinogenic materials. On the other hand, animal-based fi-
bers are not convenient for producing a large-scale geopolymers due to 
the difficulty in collecting them from animals (Silva et al., 2020). Since 
plant-based fibers are more cost-effective and easier to apply, they are 
the most suitable natural fiber type in terms of being used in the produc-
tion of geopolymer materials. 

The aim of the current chapter is to synthesize the latest research 
findings regarding the influence of plant-based fiber reinforcement on 
the improvement of the physical and mechanical properties of geopoly-
mer composites. Recently published articles on plant-based fiber-rein-
forced geopolymer composites in the Scopus and SCI databases are re-
viewed. Only the effectiveness of “randomly oriented short fibers” on 
the properties is included in the study because they don’t need special-
ized production methods and conventional production techniques can 
be used (Silva et al., 2020). The effectiveness of continuous fibers (fabrics) 
is excluded. The characteristics of plant-based fibers, mixture ratios, pro-
duction process, and curing conditions of plant-based fiber-reinforced 
geopolymer composites are also within the scope of the current section.

THE COMPONENTS of PLANT-BASED FIBER-REINFORCED 
GEOPOLYMER COMPOSITES

A geopolymer composite reinforced with plant-based fiber consists 
of three basic components: (i) an aluminosilicate source, (ii) an alkali ac-
tivator, and (iii) plant-based fiber (Figure 1). The aluminosilicate sources 
are various natural or artificial raw materials having high silica and alu-
mina contents. The widely used alkali activators are sodium silicate (SS), 
sodium hydroxide (NaOH), and potassium hydroxide (KOH), and their 
combinations in various proportions (NaOH +SS and KOH+SS), which 
react with the aluminosilicate source to form geopolymer binders. In the 
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literature, geopolymer binders and mortars are reinforced with differ-
ent types of plant-based fibers, such as sisal, jute, coir, cotton, hemp, 
lignin, raffia, pineapple, bamboo, musa basjoo, sorghum, and sugarcane 
bagasse, as shown in Figure 1.

Figure 1. The Components of Plant-Based Fiber-Reinforced Geopolymer 
Composites

Chemical Structure of Plant-Based Fibers 
Wood and non-wood fibers are the two subcategories of plant-based 

fibers. These latter materials are known as lignocellulose fibers, and they 
can be further separated into stem or bast fibers (such as hemp, jute, and 
flax), seed fibers (such as cotton), leaf fibers (such as banana, pineapple, 
and sisal), coir fibers (such as coconut), grass fibers (such as bamboo), 
and straw fibers (such as rice) (Alzeer and MacKenzie, 2021).

Cellulose, hemicellulose, and lignin are the main components of all 
plant-based fibers. Their chemical composition differs according to the 
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type of plant, location, climate, technique of harvesting, and plant ma-
turity (Santana et al., 2021). Table 1 presents the chemical compositions 
of plant-based fibers frequently preferred as reinforcements in geopoly-
mer matrices. Cellulose is a hydrophilic glucan polymer made from a 
straight chain of glucose compounds connected by β(1→4) bonding. The 
mechanical strength of the plant-based fibers is influenced by the ori-
entation of the cellulose microfibrils (Alzeer and MacKenzie, 2021) and 
by the degree of cellulose polymerization, which varies according to the 
type of plant (Silva et al., 2020). Therefore, plant-based fibers with a high 
cellulose content (such as cotton, hemp, flax, and pineapple) are the most 
preferred ones to be used as a reinforcement in geopolymer matrices.

Table 1. Chemical Compositions of Plant-Based Fibers

Chemical composition (wt %)

Reference Fiber type Cellulose 
(%)

Hemicellulose 
(%)

Lignin 
(%)

Others 
(%)

(Pacheco-Torgal and 
Jalali, 2011)

Coir 31 19.2 29.7 20.1

(Jawaid and Abdul 
Khalil, 2011)

Flax 64.1 16.7 12 7.2

(Silva et al., 2020) Jute 58–63 58–63 12– 15 -

Sisal 43–56 21–24 7–9 -

(Mishra et al., 2004) Pineapple 70-82 - 5-12 6-25

(Gassan and Bledzki, 
1996)

Cotton 82.7 5.7 - 11.6

(Yan et al., 2016) Bamboo 34.5 20.5 26 19

Abaca 62.5 21 12 4.5

(Poletanovic et al., 
2020)

Hemp 74.4 17.9 3.7 1.7

(Pacheco-Torgal and 
Jalali, 2011)

Banana 31.5 15.0 15.0 38.5

Hemicellulose is an amorphous, cross-linked polymer consisting of 
complex saccharide monomers (Alzeer and MacKenzie, 2021). Hemicel-
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luloses connect and stabilize the cellulosic micro-fibers to increase the 
stability of the fibers rather than acting as load-bearing components. In 
contrast to the crystalline structure of cellulose, the structure of hemi-
cellulose is entirely amorphous, which makes it more susceptible to an 
alkaline environment (Santana et al., 2021).

Lignin is an amorphous, complex aromatic hydrocarbon polymer 
and gives plants their structural support (Alzeer and MacKenzie, 2021). 
Lignin works as an adhesive, keeping the cellulosic units connected to 
one another. However, as with hemicellulose, the amorphous structure 
of lignin makes it vulnerable to deterioration (Santana et al., 2021). Pec-
tin, a heteropolysaccharide that gives plants flexibility, is frequently 
present in the fibers of bast and fruits (Alzeer and MacKenzie, 2021).

Physical and Mechanical Properties of Plant-Based Fibers
Plant fibers provide a number of desirable benefits over synthetic fi-

bers, including low cost, low weight, wide availability, biodegradability, 
recyclable resources, the desired aspect ratio, and strong tensile strength 
(Silva et al., 2020). The density of plant-based fibers varies between 1.2 
and 1.5 g/cm3, their tensile strength is between 120 and 900 MPa, their 
modulus of elasticity is between 4.8 and 90 GPa, and their ultimate elon-
gation is between 0.59 and 25%, depending on the fiber type, length, 
chemical structure, and maturity level. They absorb moisture and water 
easily, and they are weakly dimensionally stable. When these fibers are 
incorporated in mortars, the hydrophobic and hydrophilic properties of 
the fibers and their interactions with the matrix can have an impact on 
how well they adhere to the matrix. The lower mechanical properties of 
the material can be caused by the existence of pendant hydroxyl and po-
lar groups, which can result in significant moisture absorption and poor 
fiber-matrix adhesion (Yan et al., 2016).

According to the literature (Biagiotti et al., 2004), there are nearly 
2.5 billion hydrogen bonds in cellulosic fibers. Even though hydrogen 
bonds only have about 1/10 the strength of covalent bonds, the high 
tensile strength of these fibers is due to the predominance of 2.5 billion 
hydrogen bonds. So, compared with synthetic fibers, plant-based fibers 
exhibit similar specific mechanical properties (Santana et al., 2021). The 
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tensile strength of cellulose fibers declines as fiber length increases be-
cause long fibers may have more imperfections and break rapidly com-
pared to short fibers (Silva et al., 2020).

Plant-Based Fiber Content in Geopolymer Composites

Fiber content is often represented as a weight percentage (wt%) or 
volume fraction (vol%), as shown by Table 2. Some researchers selected 
to describe the inclusion of fiber in terms of the weight/volume of the 
aluminosilicate source (0.2-10%), whereas other researchers selected to 
describe the addition of fiber in terms of the weight/volume of the total 
of the raw materials (1-5%). A fiber with a smaller shape generates more 
fibers compared to a fiber with a larger shape for the same volume frac-
tion.

MANUFACTURING PROCESS, CURING CONDITIONS and 
APPLIED TESTS of PLANT-BASED FIBER-REINFORCED 
GEOPOLYMER COMPOSITES

Throughout time, many methods, including extrusion, 3D printing, 
cold and hot pressing, have been used to mix and place geopolymer 
composites. However, the order in which the fibers are added must be 
carefully considered because it has a significant impact on the dispersion 
of the fibers and the uniformity of the matrix. Fiber surface deposition, 
fiber balling, and agglomeration should be avoided (Farhan et al., 2021) 
during mixture process.

Generally, the randomly oriented short fibers are blended with the 
aluminosilicate source in dry conditions for a short period of time. After-
wards, an alkali activator is gradually added, and the mixture process is 
continued until homogeneity is achieved (Alomayri et al., 2013). How-
ever, in some investigations, the fibers are finally incorporated into the 
geopolymer matrix after the mortar completely prepared (Ribeiro et al., 
2016). The mixing period is extended for longer fibers with a high aspect 
ratio until uniform distribution is attained.

The curing conditions (curing temperature, duration, and humidi-
ty) have such an influence on how the geopolymer structure develops 
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as well as the final product’s properties that it is essential to select the 
most effective curing conditions. The performance of the produced ma-
terial may be deteriorated by improper curing, which can increase po-
rosity and permeability and decrease mechanical properties. The curing 
temperature is the most important factor. Although heat curing takes 
more energy, it is frequently applied because the aluminosilicate pre-
cursor needs energy to start the geopolymerization reactions (Athira et 
al., 2021). Because the beginning of setting is delayed and the rate of the 
chemical reaction is incredibly slow, geopolymers cannot be successful-
ly cured at temperatures below room temperature (7–20 °C) (Jiang et 
al., 2022; Nath and Sarker, 2015; Wang et al., 2004; Hardjito et al., 2004; 
Heah et al., 2011). The increase in curing temperature to 90 °C enhances 
the dissolution of an aluminosilicate source (Heah et al., 2011), increases 
cross-linking in an amorphous structure (Ferone et al., 2011), and finally 
increases the compressive strength of the material (Wang et al., 2004; 
Chindaprasirt et al., 2007).

Curing conditions for plant-based fiber-reinforced geopolymer 
composites are presented in Table 2. Depending on the type of alumino-
silicate source, a variety of thermal curing conditions are used, ranging 
from ambient temperature to 90◦C for 1 to 24 hours. Some studies have 
increased the curing temperature and period to over 90◦C (Alomayri 
and Low, 2013) and 24 hours (Silva et al., 2020; Wongsa et al., 2020).

According to the Table 2, the physical properties of plant-based fi-
ber-reinforced geopolymer composites are investigated in terms of work-
ability, density, porosity, water absorption ratio, thermal conductivity, 
and ultrasound pulse velocity (UPV), while the mechanical properties 
are investigated in terms of flexural strength, compressive strength, im-
pact strength, and hardness. In addition, the effects of fiber addition on 
the toughness of the unreinforced geopolymers are also determined in 
the experimental studies.
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Table 2. Aluminosilicate, Activator and Fiber Types, Fiber Contents, Curing 
Conditions, and Applied Tests of Plant-Based Fiber-Reinforced Geopolymer 

Composites

Re
f

A
lu

m
in

os
ili

ca
te

 p
re

-
cu

rs
or

A
ct

iv
at

or
 ty

pe

Fi
be

r t
yp

e

Fi
be

r l
en

gt
h 

(m
m

)

Fi
be

r C
on

te
nt

(w
t%

 o
f p

re
cu

rs
or

)

C
ur

in
g

W
or

ka
bi

lit
y

D
en

si
ty

Po
ro

si
ty

W
at

er
 a

bs
.

Th
er

m
al

 c
on

d.

U
PV

Fl
ex

ur
al

 s
tr

en
gt

h

C
om

pr
es

si
ve

 S
tr

en
gt

h

Im
pa

ct
 s

tr
en

gt
h

H
ar

dn
es

(Wongsa et 
al., 2020)

High 
calcium 
fly ash

10 M 
NaOH+ 
SS*

Sisal 35–40 0 60 ◦ C 
for 48 h

• • • • • • • •

0.5** • • • • • • • •

0.75** • • • • • • • •

1** • • • • • • • •

Coir 35–40 0 • • • • • • • •

0.5** • • • • • • • •

0.75** • • • • • • • •

1** • • • • • • • •

(Su et al., 
2019)

Fly ash 
(70%) + 
slag (30%)

10 M 
NaOH+ 
SS

Lig-
nin

- 0* 60 ◦ C 
for 24 h

• • •

0.25* • • •

0.5* • • •

0.75* • • •

1* • • •

1.25* • • •

(Silva et al., 
2020)

Fired 
clay brick 
powder 

8 M 
NaOH+ 
SS

Sisal 10 0 65 ◦ C 
for 72 h

• • • •

0.5 • • • •

1 • • • •

1.5 • • • •

2 • • • •

2.5 • • • •

3 • • • •

Jute 10 0 • • • •

0.5 • • • •

1 • • • •

1.5 • • • •

0 • • • •
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(Reddy et 
al., 2022)

Fly ash 6, 8, 10, 
and 12 M 
NaOH

Musa 
basjoo

20 0 - • • • •

0.25 • • • •

0.5 • • • •

0.75 • • • •

1 • • • •

1.25 • • • •

1.5 • • • •

(Alomayri 
and Low, 
2013)

Fly ash 8 M 
NaOH+ 
SS

Cot-
ton

10 0 105 C 
for 3 h

• • • • • •

0.3 • • • • • •

0.5 • • • • • •

0.7 • • • • • •

1.0 • • • • • •

(Yanou et 
al., 2021)

Calcined 
laterite

10 M 
NaOH+ 
SS

Su-
gar-
cane 
ba-
gasse

- 0 at room 
tem-
pera-
ture for 
28 days

• • • •

1.5 • • • •

3 • • • •

4.5 • • • •

6 • • • •

7.5 • • • •

(Nkwaju et 
al., 2019)

Calcined 
laterite

10 M 
NaOH+ 
SS

sugar-
cane 
ba-
gasse

20 0 at room 
tem-
pera-
ture for 
28 days

• •

1.5 • •

3 • •

4.5 • •

6 • •

7.5 • •

(Poletano-
vic et al., 
2020)

fly ash 
and fly 
ash/slag

SS Hemp 10 0** 20C, 
60C, 
and 
80C for 
24 h

• • • •

0.5** • • • •

1** • • • •

SS=Sodium Silicate
*= the addition of fiber in terms of the mass of total dry materials
**= the addition of fiber in terms of the volume of total dry materials

PHYSICAL PROPERTIES of PLANT-BASED FIBER-
REINFORCED GEOPOLYMER COMPOSITES

Workability
The higher qualities during the fresh condition are crucial to obtain 

higher mechanical properties after hardening (Abbas et al., 2022). The 
influence of fiber content on the workability of geopolymer composites 
is given in Figure 2.
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Figure 2. Influence of Plant-Based Fiber Content on the Workability of Ge-
opolymer Composites, Adopted from Refs. (Silva et al., 2020; Wongsa et al., 

2020; Su et al., 2019; Reddy et al., 2022)

The flow value of geopolymer matrices without fiber is in the range 
of about 130-135%. The workability of geopolymers containing various 
types of fibers was lower than that of the unreinforced geopolymer ma-
trix, and this effect is independent of the type of fiber used. This is a 
result of the hydrophilic plant-based fiber’s high moisture absorption. A 
significant shear force in between the matrix and fibers, which hinders 
fluidity and leads to a less workable matrix, is another factor contribut-
ing to this behavior (de Azevedo et al., 2021).

The content of fibers present in the geopolymer matrix affects the 
degree of workability reduction. With the inclusion of more fiber, the 
flow of all geopolymer mortars decrease. As seen in Figure 2, the flow 
fluctuates between 40 and 125% depending on the fiber ratio. Low fiber 
dispersion is observed at higher fiber contents (Su et al., 2019). The pos-
sibility of adding more water to compensate for this loss of workability 
should not be taken into account because it will reduce the mechanical 
properties of the material (Silva et al., 2020). Therefore, the fiber con-
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tent should have a saturation limit in order to prevent challenges during 
molding and vibration of the fresh mixture (Silva et al., 2020). The maxi-
mum contents of coir, jute, sisal, musa basjoo, and lignin fibers are 1, 2, 3, 
1.5, and 1.25, respectively. Since the casting process becomes incredibly 
difficult, a higher fiber content is not feasible. 

The level of workability reduction in geopolymers is influenced by 
the aspect ratio of the fibers. As seen in Figure 2, for the same fiber con-
tent (for instance, 2 wt%), geopolymer composites reinforced with sisal 
fibers demonstrates a flow capacity that is 50% higher than that of jute fi-
bers. This is explained by the lower aspect ratio that sisal fibers provide. 
As the aspect ratio increases, fiber-reinforced geopolymers become less 
workable (Silva et al., 2020).

Porosity and Density
Porosity is a key factor that greatly impacts the other mechanical 

and physical properties of geopolymer materials. The influence of fiber 
content on the porosity of geopolymer composites is given in Figure 3.

Figure 3. Influence of Plant-Based Fiber Content on the Porosity of Geopol-
ymer Composites, Adopted from Refs. (Wongsa et al., 2020; Alomayri and 

Low, 2013; Yanou et al., 2021)
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Generally, with the inclusion of plant-based fibers, the porosity of 
composites increases. While the porosity of the unreinforced geopoly-
mer matrix is 27%, when the matrix is reinforced with 0.5, 0.75, and 1% 
sisal fiber, the porosity increases by 1.02, 1.10, and 1.15 times, respec-
tively. When the same matrix is reinforced with the same proportion of 
coir fiber, the porosity increases 1.03, 1.05, and 1.09 times, respectively. 
The porosity of the geopolymer matrix is also increased by 1.05, 1.15, 
1.22, and 1.30 times, respectively, by the incorporation of cotton fiber at 
concentrations of 0.3, 0.5, 0.7, and 1.0%. Higher contents of sugarcane 
bagasse fibers (1.5, 3.0, 4.5, 6.0, and 7.5%) increase the porosity of the 
matrix (10%), which is lower in the first case compared to other studies 
by 1.05, 1.09, 1.22, 1.34, and 1.40 times, respectively. The fact that fibers 
absorb water because of their porous structure may also help to explain 
why porosity increases as fiber concentration increases (Alomayri et 
al., 2013). A higher water ratio is necessary to lower the viscosity of fi-
ber-reinforced geopolymers, and this leads to an increase in porosity. 
The higher amounts of water incorporation leads to more free water that 
is trapped inside inter-granular space and large pores after geopolymer-
ization. During curing, this water evaporates, leaving a large number 
of inter-granular pores in the microstructure. In order to have a homo-
geneous microstructure, fiber clumping, which may be increased by a 
higher fiber content, is undesirable (Alomayri et al., 2013).

The influence of fiber content on the density of geopolymer is given 
in Figure 4.
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Figure 4. Influence of Plant-Based Fiber Content on the Density of Geopol-
ymer Composites, Adopted from Refs. (Silva et al., 2020; Poletanovic et al., 

2020; Wongsa et al., 2020; Alomayri and Low, 2013; Yanou et al., 2021)

Sisal fibers (up to 1% by weight) reduce the density of the refer-
ence geopolymer mortar by 0.97 times, while coir fibers decrease by 0.92 
times. Incorporating cotton fibers (0.30, 0.50, 0.70, and 1.00 %) gradually 
decrease the density of the mortar by 0.96, 0.95, 0.93, and 0.91 times, re-
spectively. Hemp fibers added at the content of 0.50% and 1.00% provide 
0.96 and 0.95 times decrease in the density of the geopolymer composite, 
respectively. In addition, the density of sugarcane bagasse fiber-based 
geopolymer composites with higher contents (from 0% to 1.5%, 3%, 4.5, 
6, and 7.5) decrease 0.98, 0.97, 0.96, 0.95, and 0.94 times, respectively. 
Generally, the decrease in density of fiber-reinforced mortars is the re-
sult of their higher porosity. In addition, regardless of the type of com-
posite, density decreases as fiber content increases. Due to an increase in 
fiber content, the fibers clustered during mixing (Alomayri et al., 2013), 
and an uneven dispersion of fibers inside the matrix encourages the for-
mation of fiber coalescence and voids confined between them. These 
spaces are filled with water when the matrix is in a fresh state, but as it 
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hardens, the evaporation of the water causes the composite to become 
porous and less dense (de Azevedo et al., 2021). Additionally, the final 
density of the composites is lower due to the reduced density of plant-
based fibers themselves (Poletanovic et al., 2020). Contrary to other stud-
ies, the bulk density is maximized at a specific fiber content (1% for both 
sisal and jute fiber-reinforced geopolymers). The increase in density in 
comparison to the unreinforced matrix is explained by the greater com-
paction energy used throughout production because of workability loss 
and the increased viscosity due to fiber addition. However, when the 
fiber content is higher than 1%, the density decreases. Even though more 
compaction energy is used during production (at 1% fiber content), this 
loss in bulk density may be due to fiber agglomeration during mixing at 
high fiber content (Silva et al., 2020).

Water Absorption Ratio

Macropores and wider capillary pores, both of which are larger than 
1 µm, are able to permit water to penetrate (Poletanovic et al., 2020). The 
influence of fiber content on the water absorption ratio of geopolymer 
composites is given in Figure 5. Plant-based fiber-reinforced geopoly-
mer composites absorb more water as their porosity and density in-
crease. While the water absorption ratio of the unreinforced geopolymer 
matrix is 5%, the water absorption values increase approximately 1.20, 
1.22, and 1.26 times when the material is reinforced with 0.5, 0.75, and 
1% sisal fiber, respectively. When the same matrix is reinforced with the 
same amount of coir fiber, the effect of fiber content on water absorption 
is not significant. The addition of 1.5, 3.0, 4.5, 6, and 7.5% sugarcane ba-
gasse fibers leads to an increase in the water absorption ratio of the un-
reinforced matrix (18%) by approximately 1.06, 1.11, 1.17, 1.22, and 1.33 
times, respectively. In comparison to the unreinforced specimen, the in-
creasing level of the water absorption ratio of hemp fiber-reinforced geo-
polymers (with 0.5 and 1% fiber content) is the highest, approximately 
1.48 and 1.57 times, respectively.
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Figure 5. Influence of Plant-Based Fiber Content on the Water Absorption 
Ratio of Geopolymer Composites, Adopted from Refs. (Poletanovic et al., 

2020; Wongsa et al., 2020; Reddy et al., 2022; Yanou et al., 2021)

The hydrophilic characteristics of natural fibers and the inclusion 
of air voids into the geopolymers as a result of the fiber’s addition are 
considered to be responsible for the increase in water absorption ratio 
(Yanou et al., 2021). Water molecules enter a natural fiber-reinforced 
composite in a moist environment via microcracks and the hydrophil-
ic properties of the fiber allow the fiber to absorb this water (Alomayri 
et al., 2014). Water molecules absorbed onto the hydrophilic groups on 
plant fibers form a significant number of hydrogen bonds, which form a 
physical barrier between the matrix and the fiber and result in decreas-
ing the adhesion at the interface (Camargo et al., 2020). As a result, the 
fibers swell, which may cause microcracks in the material and lead to 
debonding between the matrix and the fiber. Furthermore, the high cel-
lulose content of plant-based fibers absorbs additional water that enters 
the interface through these microcracks, causing swelling pressures that 
induce composite failure (Alomayri et al., 2014). However, unlike other 
studies, the addition of musa basjoo fibers leads to a decrease in water 
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absorption ratio from 12.67% to 5.1%. This may be a result of fiber addi-
tion creating a dense microstructure (Reddy et al., 2022).

Ultrasonic Pulse Velocity (UPV)

The sound vibrations that can be heard are between 16 and 16,000 
Hz. Sound waves with a frequency above 16,000 Hz are called “ultra-
sound,” and these waves are not audible to the human ear. In order for 
these waves to propagate, the object must be in a solid, liquid, or gas-
eous state. Otherwise, ultrasound waves cannot propagate through a 
vacuum. If there is a gap in their orbit, sound waves cannot pass this 
gap and go around it. This leads to a prolongation of the sound transi-
tion time in the material and, thus, a decrease in the sound transmission 
velocity (Postacıoğlu, 1981).

The porosity-UPV relationship of geopolymer composites is shown 
in Figure 6. 

Figure 6. The Porosity-UPV Relationship of Geopolymer Composites Rein-
forced with Plant-Based Fibers, Adopted from Ref. (Wongsa et al., 2020)

The sisal and coir fiber incorporation increases the porosity com-
pared to the reference sample, and accordingly, the UPV decreases. The 
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increase in porosity due to the higher fiber contents in sisal fiber samples 
causes a decrease in UPV until 2.55, 2.27, and 2.00 km/s, respectively. In 
addition, reinforcing the same geopolymer mortar with the same con-
tents of coir fiber causes the UPV to decrease until 2.90, 2.70, and 2.40 
km/h, respectively. As a result, the matrix’s porosity really does have a 
significant impact on the UPV, and air void discontinuities in the matrix 
can restrict and impede the UPV (Muñoz-Sánchez et al., 2016; Moham-
med and Rahman, 2016).

Thermal Conductivity

The thermal conductivity of a material (λ); It is the sum of (i) con-
duction by solid (λ conduction, solid) and air (λ conduction, air), (ii) con-
vection by air (λ convection), and (iii) radiation between adjacent faces 
of pores perpendicular to the direction of heat flow (λ radiation) (Ghazi 
Wakili et al., 2015):

λ = λconduction,solid + λconduction,air + λconvection + λradiation
Heat conduction is the primary form of heat energy transfer in solid 

bodies. Energy spreads by being transferred from one molecule to an-
other as a result of the vibration of the molecules. For a porous material, 
conduction is the main type of heat transfer (Prud’homme et al., 2015) 
and λconduction,solid  is responsible for the majority of the heat conduc-
tion at ambient temperature (Ghazi Wakili et al., 2015). Hence, the ther-
mal conductivity of materials is a function of the ratio between the solid 
and air amounts of the material (i.e., the total porosity) (Dhasindrakrish-
na et al., 2021). Generally, porous materials with high porosity or low 
density have a lower λ value (Liu et al., 2014; Huang et al., 2018; Cui et 
al., 2018; Bai et al., 2019). Because the thermal conductivity of inert air 
(0.026 W/mK) is lower than that of the surrounding solid geopolymer 
matrix (usually 1.0-1.2 W/mK) and the higher porosity of the material 
means it has more voids that can serve as thermal insulation (Prud’hom-
me et al., 2015). Since low thermal conductivity is equivalent to high 
insulation capacity (Azimi et al., 2016), the resistance to heat transfer in-
creases as the thermal conductivity coefficient of the material decreases 
(Davraz et al., 2020).
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The influence of plant-based fiber content on the thermal conduc-
tivity of geopolymer composites is shown in Figure 7. The thermal con-
ductivity of sugarcane bagasse fiber-reinforced geopolymer (with 7.5 
wt% fiber content) decreases to 0.55 W/mK compared to that of the un-
reinforced matrix (0.77 W/mK) (Nkwaju et al., 2019). The low thermal 
conductivity of bagasse fibers (0.08 W/mK.), the existence of pores in 
the geopolymer matrix, which reduce the heat transmission rate due to 
the lowest thermal conductivity of the air contained in these pores, and 
the existence of further pores at the fiber-matrix interface all contribute 
to decreasing thermal conductivity. (Nkwaju et al., 2019). The thermal 
conductivity of sisal (0.984–1.025 W/mK) and coir (0.949–0.976 W/mK) 
fiber-reinforced mortars also decreases with increasing fiber contents 
(Wongsa et al., 2020). The decreasing trend of thermal conductivity of 
all specimens is also consistent with the increasing trend of porosity and 
density, as shown in Figures 3 and 4.

Figure 7. Influence of Plant-Based Fiber Content on the Thermal Conduc-
tivity of Geopolymer Composites Adopted from Refs. (Wongsa et al., 2020; 

Nkwaju et al., 2019)
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MECHANICAL PROPERTIES of PLANT-BASED FIBER-
REINFORCED GEOPOLYMER COMPOSITES

Flexural Strength
The flexural test is an indirect tensile test that evaluates the geo-

polymer’s resistance to failure under bending. Usually, three- and four-
point loading is applied during flexural tests (Abbas et al., 2022). The 
mechanical resistance of a geopolymer matrix to bending loads and the 
energy absorption capacity are generally improved by the incorporation 
of fibers (de Azevedo et al., 2021). For the development of the flexural 
strength, the fibers’ capacity to act as bridges between the cracks and 
restrict the growth of those cracks is very crucial. Once a crack occurs, 
the strength of the composite decreases, and the fibers receive bending 
stresses from the matrix. When a crack contacts a fiber, a specific quantity 
of energy is required in order to separate the fiber from the matrix, over-
come adhesion, and cause crack propagation throughout the matrix. The 
fiber may be destroyed or separated (pulled) from the matrix during this 
procedure. Because of the further energy required to break the friction 
between the fiber and the matrix, the maximum improvement in flexural 
strength happens only when fiber is pulled from the matrix (de Azevedo 
et al., 2021). The “bridge effect” distributes the stress to different parts 
of the composite, preventing it from breaking suddenly. New cracks de-
velop when the material’s capacity has been again surpassed by stresses 
in other regions, and the process repeated. Despite the presence of many 
additional secondary cracks, there is an active crack that continues to 
grow and leads the sample to fracture (de Azevedo et al., 2021).

The influence of plant-based fiber content on the flexural strength of 
geopolymer composites is shown in Figure 8. 
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Figure 8. Influence of Plant-Based Fiber Content on the Flexural Strength of 
Geopolymer Composites, Adopted from Refs. (Silva et al., 2020; Poletanovic 
et al., 2020; Wongsa et al., 2020; Su et al., 2019; Reddy et al., 2022; Alomayri 

and Low, 2013; Nkwaju et al., 2019)

The flexural strength of fly ash and slag-based unreinforced geo-
polymer mortar (0.5 MPa) increases with increasing lignin fiber content 
(from 0% to 0.25, 0.50, 0.75, and 1.0 %) up to 1.0 MPa (Su et al., 2019). In 
a different study, the flexural strengths of the unreinforced specimens 
(5.55 MPa) and those reinforced with the addition of (1 wt%) of coir (5.25 
MPa), cotton (5.85 MPa), or sisal fibers (5.90 MPa) are essentially compa-
rable. However, due to the absence of cohesion between the raffia fibers 
and the matrix, the addition of the raffia fibers results in a 0.55 times 
lower flexural strength than that of the unreinforced geopolymer (Korn-
iejenko et al., 2016). 

In comparison to the unreinforced specimen, geopolymers rein-
forced with jute and sisal fibers demonstrate better flexural strength. 
With 2% of jute fibers as the fiber content, the greatest flexural strength 
of 3.3 MPa is attained; this is an increase of 4.1 times over the unrein-
forced geopolymer matrix. On the other hand, the geopolymer matrix’s 
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flexural strength increases by 4.3 times with the inclusion of 3% sisal 
fibers, reaching 3.5 MPa (Silva et al., 2020). In a different investigation, 
the increasing of fiber content increases the flexural strength of the Musa 
basjoo fiber-reinforced ash-based geopolymers. The samples with 1.25% 
fiber content provide a maximum flexural strength of 14.39 MPa. When 
the plant-based fibers sustain additional stress, they are good at resist-
ing both initial cracks and their development. Over 1.25% fiber content, 
a 0.95-times reduction in flexural strength is detected. When there are 
too many fibers in the matrix, the gap between the fibers narrows and 
agglomerates are formed. As a result of the production of agglomerates, 
the bond between the fiber and the matrix becomes weaker. This could 
be the cause of the reduced flexural strength in the specimens with fiber 
contents greater than 1.25% (Reddy et al., 2022). A similar result is ob-
tained in another study. The flexural strength of cotton fiber-reinforced 
geopolymer first increases until the fiber content reaches 0.5 %. The ef-
ficient distribution of the fibers inside the matrix, which promotes in-
creased adhesion at the matrix-fiber interface, may be responsible for 
the improvement in flexural strength. As a result, the stress transmis-
sion from the matrix to the fibers may function at its optimum, which 
enhances the strength. However, when cotton fiber concentration ex-
ceeds 0.5 wt%, the homogeneity of the composite is prevented, causing 
agglomerations that weaken the interfacial adhesion between the fiber 
and the matrix. As a result, the flexural strength decreases (Alomayri et 
al., 2013). In another research, the incorporation of sisal and coir fibers 
(0.5%, 0.75%, and 1.0%) into high-calcium fly ash-based geopolymers 
results in increased flexural strength. This is caused by the fiber’s high 
tensile strength and elasticity modulus, as well as the fact that the fiber’s 
interaction with the matrix allowed for the transfer of stress from the 
matrix to the fiber. The maximum fiber content is set at 1% volume frac-
tion because fiber contents higher than that have poor workability and 
made mixtures difficult to cast and compress (Wongsa et al., 2020). Only 
one study’s results differ from those of the others. Flexural strength in 
laterite-based geopolymers does not appear to be significantly correlat-
ed with sugarcane bagasse fiber contents (1.5%, 3%, 4.5%, 6%, and 7.5% 
wt). The fibers’ irregular orientation is probably the reason. According 
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to research, fibers with a particular orientation (horizontal or vertical) 
may absorb and evenly distribute the stress all across the matrix (Nkwa-
ju et al., 2019).

Compressive Strength

Compressive loads lead to inelastic volumetric dilatancy in the brit-
tle materials and cause the development of axially splitting microcracks 
that run parallel to the direction of the applied load. The formation of 
transversal tensile stress at the crack tips of these microcracks aids in its 
propagation in the load direction, causing local cracks. Around “weak 
areas,” such as large voids or pores, these local fracture points occur 
significantly more readily. The compressive stress response of brittle 
materials is controlled by their density, pore structure, brittleness, and 
microcrack distribution (Farhan et al., 2021).

Conflicting findings on the compressive strength of fiber-reinforced 
geopolymer composites have been reported in the literature. Studies 
show that fibers do not always result in a reduction in the compressive 
strength and frequently enhance the compressive strength of geopoly-
mers, despite the fact that using fibers is intended to induce an incre-
ment in ductility and prevent crack propagation instead of improving 
the compressive strength (de Azevedo et al., 2021). 

The influence of plant-based fiber content on the compressive 
strength of geopolymer composites is shown in Figure 9.
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Figure 9. Influence of Plant-Based Fiber Content on the Compressive Stren-
gth of Geopolymer Composites, Adopted from Refs. (Silva et al., 2020; Po-
letanovic et al., 2020; Wongsa et al., 2020; Su et al., 2019; Reddy et al., 2022; 

Alomayri and Low, 2013; Yanou et al., 2021)

Fly ash and slag-based unreinforced geopolymer mortar’s compres-
sive strength (2.4 MPa) improves with higher lignin fiber content (from 
0% to 0.25, 0.50, 0.75, and 1.0%), up to a maximum of 3.5 MPa (Su et al., 
2019). The results of the compressive strength tests reveal that adding 
cotton, sisal, and coir fibers (1 wt%) increase the compressive strength of 
the unreinforced fly ash-based geopolymer by 1.15, 1.05, and 1.26 times, 
respectively. The absence of adhesion between the raffia fibers and the 
matrix, however, results in the reinforced matrix’s compressive strength 
being 0.55 times lower than that of the unreinforced matrix (Korniejen-
ko et al., 2016). When compared to the unreinforced geopolymer, spec-
imens reinforced with jute and sisal fibers show improved compressive 
strength. When the fiber content in jute fiber is 1.5% by weight, the maxi-
mum compressive strength is 20.6 MPa, which is an increase of 1.75 times 
above the reference specimen. When the fiber content is 2.5% by weight, 
sisal fiber-reinforced geopolymers achieve a maximum compressive 
strength of 22.1 MPa, an increase of 1.84 times over the reference spec-
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imen. Higher fiber contents cause a decrease in compressive strength 
for both types of fiber-reinforced specimens (Silva et al., 2020). Similar 
results are also obtained in another study. The compressive strength of 
the Musa basjoo fiber-reinforced ash-based geopolymer increases with 
the higher fiber content. Because fibers increase the cohesive force and 
strengthen the interlocking between aggregates, respectively. Hence, 
providing a stronger bridging effect and preventing crack development 
may subsequently result in increased strength (Reddy et al., 2022).

The compressive strength, however, decreases by 0.93 times over 
1.25% fiber content. When there are too many fibers, the distance be-
tween each fiber decreases, and the bond between the fibers and matrix 
weakens. Additionally, too many fibers cause the balling effect, which 
reduces the fiber bridging action (Reddy et al., 2022). The trend in the 
results is consistent with another study. Following the introduction of 
0.5 wt% cotton fibers, the geopolymer’s compressive strength improves 
from 19.1 to 46.0 MPa. This is explained by the probability that more 
loads are transmitted from the matrix to the fibers, increasing the load 
carried by the fibers. Good fiber dispersion inside the matrix, which en-
hances the bonding strength between the fiber and the matrix, may also 
be a factor in this positive behavior. The compressive strength, however, 
decreases with the higher contents of cotton fibers (0.7 and 1.0 wt%). 
The loss in compressive strength may be caused by a greater tendency 
for these fibers to ball up and form pores in the matrix (Alomayri and 
Low, 2013). Sisal and coir fibers result in an increment in the compres-
sive strength until 0.5% fiber content in high calcium fly ash geopolymer 
mortars. However, as the fiber concentration is increased beyond 0.5%, 
the composite’s density decreases, lowering its compressive strength. 
High fiber content makes the matrix difficult to pack and causes the 
sample’s porosities to increase, which reduces its compressive strength 
(Wongsa et al., 2020). On the other hand, in some studies where geo-
polymer mortars are reinforced with various plant-based fibers, the 
compressive strength may tend to decrease. For instance, it is examined 
how the inclusion of fibers from alkali-treated sweet sorghum affected 
the mechanical performance of geopolymers made from fly ash. When 
the fiber contents are 1, 2, and 3%, the compressive strength decline by 
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9, 17, and 26%, respectively (Chen et al., 2014). In the other research, the 
addition of sugarcane bagasse fibers decreases the compressive strength 
of the laterite-based geopolymers. When the geopolymers are reinforced 
with 1.5, 3, 4.5, 6, and 7.5% fiber contents, respectively, the compressive 
strength decreases by 18.3, 31.8, 431, 65.9, and 71.8% in comparison to 
the unreinforced geopolymer. Higher void content in the composites, 
which results in weaker zones within the matrix, is responsible for de-
creasing compressive strength (Yanou et al., 2021). The loss in strength 
may also be brought on by the orientation of the fibers. Because the fi-
bers are distributed randomly, this may lead to low-stress transmission 
in the matrix, which will reduce its strength (Nkwaju et al., 2019).

Impact Strength

Impact strength is the quantity of energy that a material may endure 
when the load is abruptly applied on the material. It can also be de-
scribed as the amount of force per unit area that must be applied before 
a material fracture. The bonds at the matrix and fiber interface and the 
characteristics of the matrix and the fibers control the impact strength of 
a fiber-reinforced material. As the composites experience an abrupt load, 
the combination of fiber pull-out, fiber rupture, and matrix deformation 
dissipates the impact energy (Wambua et al., 2003). Whereas there are a 
lot of findings on the compressive and flexural strengths of plant-based 
fiber-reinforced geopolymers, there are comparatively few findings re-
garding this material’s impact behavior.

Figure 10 illustrates how cotton fiber content affects the geopolymer 
matrix’s ability to withstand impact loads. The impact strength of the 
geopolymer paste is increased after 0.5 weight percent cotton fibers are 
added. The uniform distribution of the fibers within the matrix, which 
increases adhesion at the matrix-fiber interface, may be responsible for 
the improvement in impact strength. The impact strength tends to in-
crease with increasing fiber content due to increased fiber pullout and 
fiber breakage. Better stress transfer from the matrix to the fibers is made 
possible by this, and consequently the strength increases. Conversely, 
as the fiber content increases beyond 0.5 wt%, the impact strength de-
creases. This decrease at higher fiber content is brought about by the 
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production of voids and fiber coalescence owing to the higher viscosity, 
which in turn decreases the adhesion of the fiber and matrix (Alomayri 
and Low, 2013).

Figure 10. Influence of Plant-Based Fiber Content on the Impact Strength 
and Hardness of Geopolymer Composites, Adopted from Ref. (Alomayri 

and Low, 2013)

Hardness
The hardness test is one of the most general mechanical tests per-

formed on the material because it is simple to apply and does not dam-
age the material. In addition, there is a parallel relationship between the 
hardness of a material and its other mechanical properties, so that an 
idea can be obtained about the strength values of that material. Hard-
ness is a relative measure and is defined as the resistance of materials to 
friction, cutting, scratching, and plastic deformation. In scientific terms, 
it is defined as the resistance of materials to dislocation motion.2

Figure 10 shows the impact of cotton fiber content on the hardness of 
geopolymer composites. The geopolymer with 0.5 wt.% fiber incorpora-

2	  Bursa Teknı̇k Ünı̇versı̇tesı̇ Mühendı̇slı̇k ve Doğa Bı̇lı̇mlerı̇ Fakültesı̇ Makı̇ne Mühendı̇slı̇ğı̇ Bölümü, 
Makı̇ne Mühendı̇slı̇ğı̇ Laboratuvarı Sertlı̇k Ölçme Deneyı̇ Deney Föyü
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tion increases the Rockwell hardness from 70 to 93 in comparison to the 
unreinforced geopolymer. The considerable increase in hardness is the 
result of the test load being distributed over the fibers, which decreas-
es the test ball’s capacity to penetrate the composite material’s surface. 
However, as the fiber content increases, the hardness decreases because 
the fibers are poorly dispersed. The incorporation of 0.7 and 1.0 wt.% 
fibers lead to a decrease in the consistency of the matrix and a low wetta-
bility between the fibers and the matrix, so the fibers are easily separated 
from the matrix. A higher water content in the geopolymer mixture is 
required to make up for this. In order to solve that problem, increasing 
water content may result in low hardness (Alomayri and Low, 2013).

Toughness

The amount of energy that a material absorbs during plastic defor-
mation is expressed by its toughness (de Azevedo et al., 2021). Almost 
all studies on plant-based fiber-reinforced geopolymer composites (Sil-
va et al., 2020; Poletanovic et al., 2020; Alomayri et al., 2013; Ribeiro et 
al., 2016) show that unreinforced materials with low toughness exhib-
it abrupt and fragile fracture. However, geopolymers reinforced with 
plant fiber do not deteriorate after the formation of just a single crack. 
Usually, fibers carry all of the tensile force in the area where a crack first 
forms. When the load is increased without rupturing or pulling out the 
fibers near the existing crack, new cracks will form and the force will be 
transferred to the fibers at this location. Multiple cracks form as a result 
of this process, which persists until the fibers break or pull out of the 
matrix. This mechanism is termed “deflection hardening behavior” and 
is identified in the load–deflection curve by the strength increases over 
deflection when the first cracking load is greater compared to the peak 
load. After the initial crack formation, the composites that show deflec-
tion hardening behavior have an increased load-carrying capability and 
also a higher energy absorption capacity (toughness) (Abbas et al., 2022). 
Contrary to unreinforced matrix, composites with a higher toughness 
ensure prolonged ruptures that exhibit signs of emergence, trying to 
alert to the collapse of the material (de Azevedo et al., 2021). In addition, 
the higher the plant-based fiber content, the higher the energy absorp-
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tion capacity of the plant-based fiber-reinforced geopolymer composites 
(Poletanovic et al., 2020).

CONCLUSION

This study focuses on a review of the published articles on plant-
based fiber-reinforced geopolymer composites. The physical and me-
chanical properties of randomly oriented short fibers included in geo-
polymer composites are thoroughly discussed. The conclusions that can 
be reached are as follows:

•	 Various types of plant-based fibers, such as sisal, coir, jute, cotton, 
hemp, lignin, raffia, pineapple, bamboo, musa basjoo, sorghum, and sug-
arcane bagasse, can be effectively used as a reinforcement in geopolymer 
binders, mortars, and concrete. However, the effectiveness of more fiber 
types, such as banana and palm fibers, on geopolymer composites should 
also be investigated.

•	 The physical and mechanical properties of geopolymer composites con-
sisting of either artificial (such as fly ash, boiler ash, slag, calcined clay, 
and fired clay brick powder) or natural (such as natural earth, volcanic 
earth, and volcanic ash) aluminosilicate sources are significantly im-
pacted by these plant-based fibers.

•	 The type, chemical structure, and properties of the fibers, their content 
(as a weight percentage (wt%) or volume fraction (vol%)), the manufac-
turing process, and the curing conditions are important key parameters 
in order to produce plant-based fiber-reinforced geopolymer composites 
with higher physical and mechanical properties.

•	 It is crucial to maintain homogeneous dispersion of the fibers and the 
matrix throughout production since balling and fiber coalescence reduce 
the required properties.

•	 Plant-based fiber-reinforced geopolymer composites are usually pro-
duced with thermal curing between ambient temperature and 90◦C for 
1 to 24 hours. The optimum curing conditions (curing temperature, du-
ration, and humidity) should be applied, depending on the properties of 
both the fiber and the aluminosilicate source.
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•	 No matter what kind of fiber is used, the workability of fiber-reinforced 
geopolymers is less than that of the unreinforced geopolymer matrix. 
The workability of the matrix imposes a limit on the fiber content in 
order to prevent negative casting conditions brought on by difficulties 
in molding, vibration, and compacting.

•	 To reduce the viscosity of the geopolymer, more water is added to the 
matrix. This free water evaporates during temperature curing, leaving a 
large number of pores in the microstructure. Thus, with the inclusion of 
fibers, the porosity and the water absorption ratio of composites increase, 
whereas the density and the ultrasound pulse velocity (UPV) decrease. 
The porosity has a significant impact on the density and UPV results.

•	 The thermal conductivity of the unreinforced geopolymer matrix de-
creases after fiber inclusion because of the higher porosity of the com-
posite, the presence of additional pores at the fiber-matrix interface, and 
also because of the lower thermal conductivity of the plant-based fibers. 
Therefore, it may be stated that incorporating plant-based fibers may 
enhance a material’s insulating properties.

•	 In general, the flexural, compressive, and impact strengths of unre-
inforced geopolymers increase with increasing fiber content up to the 
optimum level. At the optimum fiber content, the fibers are uniformly 
distributed in the matrix, adhesion at the matrix-fiber interface is good, 
stress is transmitted from the matrix to the fibers, the fibers can resist 
both initial cracks and their development, and consequently the mechan-
ical properties improve. However, more fiber incorporation beyond the 
optimum content causes balling and coalescence of the fibers and creates 
voids in the matrix that weaken the interfacial adhesion between the 
fiber and the matrix and, finally, reduce the mechanical properties.

•	 Contrary to unreinforced matrix, plant-based reinforced geopolymer 
composites have a higher energy absorption capacity which ensure pro-
longed ruptures that exhibit signs of emergence, trying to alert to the 
collapse of the material.
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Institut Géopolymère.
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INDUSTRIAL VIEW TO FRICTION DRILLING 
TECHNOLOGY

Mustafa ER1, Bahattin YILMAZ2, Abdulkadir GÜLLÜ3

Abstract: Screws, pins, rivets, etc. are used in the assembly process 
with mechanical fastening. machine elements are used. In the screw 
mounting of thin-walled materials, it is a problem that a sufficient 
length of screw thread cannot be created. For the solution of this prob-
lem, alternative methods such as welding the elements like nut etc. to 
the hole output have been developed. However, these methods have 
brought additional operational costs, long processing times and new 
problems such as axial misalignment. Friction drilling method has 
been developed to generate the screw connection of thin-walled ma-
terials. In this method, with the help of the high heat released as a 
result of the contact of the tool and the workpiece, the workpiece is 
drilled and a bushing is formed at the hole exit in the form of a natu-
ral extension of the material. This bushing makes it possible to open 
the connection needed for the screw connection. This process, which 
is carried out by plastering the part without removing chips, allows 
lower costs and faster assembly processes. In this study, drilling with 
friction is introduced. Academic studies conducted with the friction 
drilling process have been compiled and the output information about 
the operation is presented in the conclusion section. It has been ob-
served that the friction drilling process reduces the operation times, 
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creates a screw connection with high strength, and provides a more 
environmentally friendly process.
Keywords: Friction Drilling, Drilling Process, Screwing, Assembly 
Process

INTRODUCTION

The process of producing a product consists of two stages name-
ly the manufacturing processes of the parts that make up the product 
and the assembly processes of these parts (Sözügüzel, 2007). Producing 
a product with high efficiency is possible by performing these two stages 
at low costs and with high quality. It is of great importance in terms of 
efficiency that the manufacturing processes are carried out with low en-
ergy costs and tool consumption. Again, in the manufacturing process, 
the production of the products within the appropriate tolerance ranges 
helps both the high quality of the product and the easier assembly phase. 
A quick and easy assembly process is required for a successful manufac-
turing process.

The assembly process is carried out with three different methods: 
mechanical joining, welded joining and bonding (Brinksmeier, 1990). The 
most preferred of these methods is the mechanical joining process. Stan-
dard machine elements are utilized in this process. The most important 
element of assembly processes is possible with the use of right machine 
elements (Cantero, et al., 2005). Machine elements like screws, rivets, 
pins, etc. are often used in assembly lines. The effective use of these parts 
is possible by drilling holes with high accuracy. This has led to the wide-
spread use of hole drilling. Drilling with a drill constitutes 40% of all 
machining operations (Brinksmeier, 1990). In addition to drilling with 
helical drills within the scope of machining, secondary hole operations 
such as hole enlargement, reaming, tapping etc. are also frequently uti-
lized (Yılmaz et al., 2020). In addition to machining operations, drilling 
operations are also carried out by using cutting molds and laser cutting, 
especially in thin-walled parts. In the drilling process with a drill, the 
evacuation of the sawdust by contacting the tool and the workpiece, and 
the frictions disrupt the hole surface and distort the hole dimensions. 
Furthermore, thermal and mechanical loads that occur during drilling 
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cause stresses on the part (Cantero, et al., 2005). In addition, secondary 
operations are required to obtain adequate thread lengths for threaded 
connections in thin-walled materials with conventional drilling meth-
ods. Such adverse situations necessitated the development of alternative 
methods to hole drilling.

a) b) c)
Figure 1. Different Drilling Methods 

a) with a helical drill b) with a cutting template c) drilling with a laser cut

Lightening of products is one of the most important R&D studies 
in many of the industries that have a large share in the development of 
today’s technology such as the automotive industry, aerospace and avi-
ation industry. Developing material technology has enabled the produc-
tion of materials with high strength at low wall thicknesses. This has also 
contributed greatly to the production of lighter products. Thin-walled 
materials are widely used in many fields such as automotive, plumbing, 
steel construction, medical, aerospace and aviation (Chow et al., 2008). 
These materials are mounted as welded, screwed, pinned or riveted ac-
cording to part function. In order to use the screw connection, it is nec-
essary to thread the thin-walled material. However, the low part thick-
ness causes the necessary thread height for the screw to not be formed, 
and thus the assembly process cannot be performed. Particularly in bolts 
with a high pitch, the thickness of the piece does not allow even a single 
screw thread to occur. For the solution of this problem, nut welding is 
performed at the hole outlet1 (Hang-Ming et al., 2007). This additional 
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operation increases processing times and costs. Moreover, concentricity 
problems may occur between the hole and the nut. As a result of the 
welding process, there may be changes in the mechanical structure of 
the workpiece due to heating and cooling. Boiling the nut also creates a 
disadvantage in terms of product weights (Kumar and Jesudoss Hynes, 
2019).

Figure 2. Nut Welding Application to the Hole Outlet  
(Özkan and Ünlü 2016)

These mentioned problems have led to the development of a differ-
ent perspective to the drilling operation. In this newly developed drill-
ing process, it is aimed to accumulate/stack the material thrown as saw-
dust in the traditional drilling method to the hole exit as a bushing. This 
new drilling strategy is defined as friction drilling operation (Shalamov 
et al., 2016, Özler, 2019). In this process, a conical tool makes rotational 
motion and contacts to the workpiece. Due to the friction that occurs 
as a result of the contact and the high heat released due to this friction, 
the strength of the material decreases. This facilitates the shaping of the 
workpiece. Tool drilling process is performed the with the contribution 
of the plastic deformation caused by the progress movement of the tool. 
During the drilling process, excess material accumulates at the hole exit 
and forms a bushing. No sawdust formation is observed in this process. 
The material discarded as sawdust in traditional methods accumulates 
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as a bushing at the exit of the hole in this method. The bushing height 
can be several times the material thickness and provides the necessary 
height for threading (Raju and Swamy, 2012).

The simultaneous creation of the hole and the bushing with the same 
tool ensures concentricity. It prevents additional processing costs such 
as welding the nut. Drilling and threading can be performed if used with 
the right tools and operating parameters. Friction drilling provides sig-
nificant time savings compared to conventional drilling methods. Fric-
tion drilling is also known by different names such as thermal drilling, 
flow drilling, and form drilling (Miller et al., 2006).

Figure 3. Friction Drilling Process

FRICTION DRILLING STRATEGY
Friction drilling was first introduced in 1923 by the French Jean 

Claude de Valiere as an alternative to the traditional drilling operation. 
However, the lack of suitable tool material and the inability to develop 
the required tool geometry in the early years hindered the development 
of friction drilling. By the end of the 20th century, arrangements made in 
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developing material technology and tool geometries increased the use of 
friction drilling operation (France, 1990).

The friction drilling process starts with the contact of the formed 
special cutting tool to the workpiece. As a result of this contact and cut-
ting motion (rotational motion), friction and high heat due to friction 
are generated between the tool and the workpiece. This heat increases 
the tool’s forming ability by decreasing the workpiece strength. With 
the tool moving into the workpiece, the drilling and bushing process is 
completed. With this process, a bushing height that is 2-3 times of the 
wall thickness is created so that the required thread height for the screw 
is provided (Rao et al., 2017, Miller et al., 2007). Friction drilling is a 
method that is performed without removing chips and unconventional 
(Demir, 2013).

Figure 4. Friction Drilling Application to Welded Square (Doğru, 2010)

The friction drilling process is carried out using different process-
ing steps. The formation of the bushing shape depends on the operating 
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conditions, drill diameter, drill geometry (conical length, tip angle, etc.) 
(Dekkers, 1993). The drilling process takes place in three stages (Doğru, 
2010).

Initial Phase 

Friction with drilling process requires high deformation energies. 
High frictional energies are needed for the formation of high heat. For 
this reason, high cutting and feed rates of the tool are required. Due to 
the high feed rate, high feed forces occur with tool and workpiece con-
tact. At the initial stage, the advance forces are at their highest. With the 
high temperature caused by friction, the strength of the material and the 
feed forces decrease. At this stage, the shaping of the material becomes 
easier with the decreasing strength (Doğru, 2010).

Figure 5. Initiation Phase of Friction Drilling and Force Generation  
(Wu et al., 2016)

Flow Phase
With the effect of high temperature, the workpiece whose yield 

strength decreases, begins to take shape. As the tool starts to sink into 
the workpiece, the material starts to pile up towards the hole entrance. 
As the tool advances into the part, the stacking moves towards the hole 
exit and taper begins to form. With the increase in temperature and the 
onset of deformation, the feed forces tend to decrease (Dekkers, 1993).
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Figure 6. Flow Phase and Force Generation in Friction Drilling Process  
(Wu et al., 2016)

Shaping Phase
In the last stage, the conical and cylindrical area of the tool drills the 

workpiece and a taper is formed at the hole exit. The wide cylindrical 
part of the tool forms by applying pressure to the material piled up at the 
hole entrance and creates a sealing washer at the hole entrance. With the 
completion of the drilling process and the formation of the bushing at 
the hole exit, the feed forces decrease to zero. After the end of the drilling 
process, the tool is withdrawn and the operation is completed (Dekkers, 
1993, Doğru, 2010).



INDUSTRIAL VIEW TO FRICTION DRILLING TECHNOLOGY

54

Figure 7. Shaping Phase in Friction Drilling and Force Generation (Wu et al., 
2016)

TOOLS USED in FRICTION DRILLING OPERATIONS
The tools utilized in friction drilling operations are required to be 

resistant to heat. These tools should be able to work comfortably at high 
temperatures at least 0.7 times higher than the melting temperature of 
the workpiece. It is desired that the tapered tip, which is the first area 
of the tool to come into contact with the workpiece, has the necessary 
mechanical and thermal strength. In this framework, tungsten carbide 
(WC) and high speed steel (HSS) are used as tool materials in drilling 
applications with friction. TiAlN and AlCrN coatings are frequently uti-
lized with these tools to increase adhesion and thermal resistance. The 
tools used in the drilling process with friction consist of five parts: the 
conical tip, the conical part, the cylindrical part, the neck, and the clamp-
ing handle (Sara et al., 2018, Demir, 2016).
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Figure 8. Tool Sections of Drilling with Friction (Doğru, 2010)

Conical tip (h1): This is the tool area that first comes into contact 
with the workpiece in friction drilling operation. This area guides the 
entire drilling process. It is the area that is exposed the most to ther-
mal and mechanical loads. The tip angle (β) ensures penetration into the 
workpiece and determines the magnitude of the feed forces that occur 
during the process (Tunalıoğlu, 2019, Bal, 2020).

Conical part (h2): The second region of the tool is the conical area, 
this region gradually enlarges the hole. The conical part angle (α) is 
smaller (α<β) than the tip angle (β). As the taper angle changes, the tool 
and workpiece contact surface changes. This contact provides friction 
and heat generation due to friction. This region generates the forma-
tion of the bushing by proceeding the inner region of the workpiece 
(Tunalıoğlu, 2019, Honey, 2020).

Cylindrical part (h3): This region of the tool is the region that al-
lows the desired hole to be formed in the workpiece, the final hole size 
is created with this region. The diameter of the cylindrical region must 
be the same as the hole diameter. The length of this area must be longer 
than the sum of the workpiece thickness and the bushing height. For 
this reason, the length of the cylindrical region should be chosen as 3-4 
times the material thickness. Otherwise, the drilled hole will be conical. 
This situation negatively affects the threading process to be made after 
drilling (Tunalıoğlu, 2019, Bal, 2020).
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Neck (h4): During the friction drilling process, some of the material 
is piled up at the hole entrance. This material accumulated at the hole 
entrance is pressed with the neck of the tool, forming a washer for seal-
ing at the hole entrance. The neck region diameter is the region with 
the largest diameter in the tool. The thickness of this region is selected 
according to the strength that can meet the loads during the formation of 
flakes at the hole entrance (Tunalıoğlu, 2019, Bal, 2020).

Binding handle (h5): This is the area required for the tool to be at-
tached to the workbench. The diameter of this area is determined ac-
cording to the binding method. The length of this zone should be de-
signed to create the necessary bonding strength.

The tools used in friction drilling operations vary depending on the 
desired hole characteristics and workpiece thicknesses. Different tool 
types were created by adding a cutter to the neck of the tool, depending 
on the demand for flake formation at the hole entrance. Also, tapping 
and friction drilling tools are combined to perform all operations at once. 
According to the desired properties, friction drilling tools are evaluated 
in four different types (Wu et al., 2016).

• Long Type Friction Drilling Tools

• Short Type Friction Drilling Tools

• Cutter Neck Friction Drilling Tools

• Cutting Edge Friction Drilling Tools.

Tool Life in Friction Drilling Process

There are many variables that affect tool performance in friction 
drilling. Different principles of operation cause this situation.

During the shaping of hard metals in friction drilling, high feed rates 
can cause tool deformation. The high moments that occur when the tool 
sinks into the workpiece also cause breakage at the tool tip. Exposure of 
the tool to high temperatures during the operation and the sudden dis-
charge of the tool at the end of the operation cause thermal and mechan-
ical loads on the tool. Furthermore, rapid temperature changes can cause 
dimensional changes and deformation in the tool (Sözügüzel, 2007).
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Considering all these situations, the tool material should be selected 
from materials that have high impact resistance, can maintain its hard-
ness at high temperatures, and are resistant to thermal and mechanical 
fatigue.

The feed rate and cutting speeds should be chosen carefully by tak-
ing into account the operating conditions. Axial misalignment, gaps in 
the machine spindle and vibration during the bonding of the tool cause 
errors. Moreover, removing the impurities on the tool is of great impor-
tance in terms of the efficiency of the operation (Doğru, 2010).

FRICTION DRILLING AREA of USAGE AND its 
ADVANTAGES

The friction drilling operation has made a significant contribution 
to the production process by allowing effective threading of thin-walled 
materials. This is the biggest advantage of friction drilling process. Fric-
tion drilling is widely preferred in the industry due to this and many 
other advantages (Doğru, 2010). The advantages of friction drilling can 
be listed as follows;

• 	 Thanks to the bushing formation, no additional processing is re-
quired like nut welding to the hole exit, centering etc., thus re-
ducing production costs,

• 	 The current process provides safety and tightness in installation 
applications, and also allows for mass production (Brinksmeier, 
1990, Cantero, et al., 2005),

• 	 It allows automation and tool performance is higher than tradi-
tional drilling methods (Sözügüzel, 2007),

• 	 Friction drilling provides an important alternative in operations 
that are difficult to perform with traditional drilling methods. Re-
ducing the strength of the workpiece with the effect of high heat 
is effective in this.

• 	 Not using coolants in this drilling method both reduces cooling 
costs and causes a more environmentally friendly and healthy 
manufacturing process.



INDUSTRIAL VIEW TO FRICTION DRILLING TECHNOLOGY

58

Friction drilling is preferred in all applications where thin-walled 
materials are used. It is a processing method that can be used in all ma-
terials with the use of correct operating parameters. It can be applied to 
many materials, especially structural steel, stainless steel, brass, copper, 
aluminum and special alloys. Friction drilling processes are preferred in 
many industries (Bal, 2020). These usage areas;

• 	 Space and aerospace industry
• 	 Automotive industry
• 	 At the connection points of steel construction furniture
• 	 In pressure tanks and liquid tanks where sealing is required
• 	 In the installation of pipes and profiles in the assembly of plumb-

ing systems
• 	 Connecting bearings and plain bearings to thin-walled systems
• 	 In the production of mechanisms with low wall thickness
• 	 In medical applications
• In screw connections of materials with low wall thickness with 

high peel strength

 
Figure 9. Friction Drilling Application Regions in Different Industry Areas4

4	  https://flowdrill.com/blogs/sectors/hvac
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STUDIES on FRICTION DRILLING
In the study conducted by Gemalmayan and Tunalıoğlu, the results 

of the drilling of St37-2, CM22NBK and S460MC materials with friction 
drilling were evaluated. The researchers threaded the test specimens af-
ter drilling and tested the specimens for cracks. Then, the hardness of the 
samples was examined and all test samples were evaluated in terms of 
strength values by performing a tensile test. In the experiments, it was 
determined that the materials did not undergo any cracking after the 
friction drilling process. It was understood that the hardness values of 
the materials increased with the effect of friction and heat generated as 
a result of drilling. This situation showed that there was an increase in 
strength in the materials as a result of thread cutting operations by fric-
tion drilling and cold forming. In addition, it has been determined that 
the the breaking forces are at acceptable values according to the place of 
use of the materials (Gemalmayan and Tunalıoğlu 2009).

Özek and Demir investigated the most appropriate rotational speed 
and feed rate parameters according to criteria such as surface rough-
ness, bushing height, bushing shape, and shell wall thickness by drilling 
the St37 sheet material with a tungsten carbide tool by friction drilling 
method. As the amount of material that provides the bushing formation 
increases with the ratio of the material thickness to the hole diameter 
(t/d) increases, it has been stated that this ratio is an important parame-
ter in terms of the bushing shape and bushing height formed as a result 
of the process. Also, it was observed that increasing the feed rate and 
rotational speed increased the deformation in the bushing formation, the 
bushing height decreased due to the spreading of the flowing material 
around the hole in the radial direction, and the bushing wall thickness 
increased (Özek and Demir 2012).

Miller et al. examined the advantages of friction drilling in thin-
walled materials. In their study, they investigated the friction drilling 
process (Figure 10) and tool wear (Figure 11) using AISI 1015 carbon 
steel with a wall thickness of 1.5 mm. It took an average of 2 to 3 sec-
onds for each hole to be drilled in the study, and a 10-second wait was 
made between drilling operations in order for the tool to cool. During 
the study, thrust force, torque, tool weight were examined and a total 
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of 11,000 holes were drilled, and it was seen that the tool still performs 
without problems (Miller et al., 2007).

Figure 10. Friction Drilling Process View (Miller et al., 2007)

Figure 11. Tool Views by Number of Drills:  
(a) 2 holes; (b) 1000 holes; (c) 5000 holes; (d) 11,000 holes (Miller et al., 2007)

Kaya et al., investigated the effects of the material on the surface 
temperature, thrust force, and torque value in friction drilling of St12 
sheet material on process parameters such as tool friction angle, friction 
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contact area ratio (FCAR), feedrate, and rotational speed. According to 
the results of the study, it was observed that the thrust force and torque 
values ​​increased gradually with the increase of friction angle, feed rate, 
and FCAR values, on the other hand, the thrust force and torque values ​​
decreased with increasing drilling speed value. It has been observed that 
the surface temperature of the workpiece increases in direct proportion 
with the increase of drilling speed. It has been determined that the fric-
tion angle and FCAR have no effect on the surface temperature of work-
piece (Kaya et al., 2014).

Figure 12. Appearances of Tools with Different FCARs

(a) FCAR 100% and (b) FCAR 50% (Kaya et al., 2014)

Pantawane et al. applied friction drilling to thin-walled AISI 1015 
box section workpiece material. The material thickness was chosen as 1 
mm. Input parameters such as speed and feed of the process were exam-
ined, and ideal drilling conditions were found with the multiple response 
method using an objective function called the attractiveness function of 
the results of the machining conditions (Pantawane and Ahuja 2015).

Figure 13. AISI 1015 Section Drilled with Friction Tool  
Perspective View b) Sectional View (Pantawane and Ahuja 2015)
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In the study of Özler and Doğru, a 2 mm thick AISI 1010 box section 
was drilled with tungsten carbide in different diameters and the effects 
of machining parameters on force and temperature were investigated. 
In addition, bushing height, geometry, and leaf geometry formed at the 
bushing mouth were also investigated in terms of drilling conditions 
such as friction cone angle, feed rate, and drilling speed. As a result of the 
study, it was determined that the temperature increased with increasing 
drilling speed and decreasing feed rate (Figure 14). Additionally, it has 
been observed that high feed rate causes defects in the geometry of the 
bushing (Özler and Doğru 2013).

Figure 14. Effects of Different Drilling Speeds on Bushing Geometries at 
α=30° Tip Angle and f=225 mm/min Feed Speed (Özler and Doğru 2013)
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Lee et al. drilled 2 mm thick AISI 304 sheet material with three differ-
ent friction drilling tools including uncoated, TiAlN, and AlCrN coated 
at different speeds. Axial forces, tool surface temperature, and tool wear 
were investigated in this study. As a result of the experiments, it was ob-
served that the tool surface temperatures increased in direct proportion 
with the increase in the rotation speed. The highest surface temperature 
was measured in the AlCrN coated drill. It has been determined that 
AISI 304 stainless steel material increases the tool surface roughness by 
sticking to the tool during drilling, which increases the tool friction co-
efficient in subsequent drillings. It has been observed that the tools that 
have drilled at a constant speed and the same number of drills and the 
coated tools wear less than the uncoated tool and the least tool wear 
occurs in the AlCrN coated tool. While TiAIN and AlCrN coated tools 
caused less change in axial thrust force and tool surface temperature, it 
was observed that AlCrN coated tool showed the least change (Lee et 
al., 2009).

Figure 15. Friction Drilling Application in AISI 304 Sheet Material  
a) General View b) Section View (Lee et al., 2009)

In their study, Özek and Demir (2013) drilled a hole in A7075-T651 
aluminum alloy with friction drilling method. In the research, the bush-
ing height was examined depending on the material thickness and hole 
diameter. The workpiece with material thicknesses of 2, 4, 6, 8, and 10 
mm and tools with tool taper angles of 24°, 36°, and 48° were used. The 
number of rotation was determined as 2400, 3600, and 4800 rev/min and 
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the feed rate is 50, 75, and 100 mm/min. In the experiments, 8, 10 mm di-
ameter holes were drilled on the material using a high speed steel (HSS) 
tool. According to the results of the study, it has been reported that the 
bushing length is inversely proportional to the tool taper angle and ro-
tational speed. It has been observed that the bushing length increases 
with the increase of the workpiece thickness, hole diameter, and feed 
rate (Özek and Demir 2013).

Figure 16. Types of Measuring Bushing Height (a, b, and c) Micrometer of 
Depth Measuring (d) and Petal Shaped Bushings (e, f, and g) (Özek and De-

mir 2013)

In the study of Özek and Bak, the effects of material thickness and 
tool diameter on bushing height, bushing outer diameter, and bushing 
shapes, and changes in microhardness were investigated. In the experi-
mental study, tungsten carbide (WC) tools with a taper angle of 36° and 
diameters of 5, 10, 15, and 20 mm were used. As the workpiece material, 
St37 steel with thicknesses of 2, 4, 6, 8, and 10 mm was chosen. The ex-
perimental parameters were determined as constant cutting speed (1120 
rev/min) and feed rate (25 mm/min). As a result of the research, it was 
observed that the bushing wall thickness and bushing height increased 
as the material thickness and tool diameter increased. It has been deter-
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mined that the microhardness decreases as the distance increased from 
the hole center towards the periphery (Özek and Bak 2020).

Figure 17. Obtained Bushing Pictures Based on Material Thickness and Tool 
Diameter (Özek and Bak 2020)

In their study, Bilgin, Gök and Gök statistically and experimentally 
investigated the friction perforation of AISI 1020 carbon steel material 
with a thickness of 2.7 mm. The temperature, torque, and axial force re-
sults obtained from the experimental and statistical analysis were com-
pared. A tungsten carbide tool with a diameter of 5.4 mm was used as 
the cutting tool. As the experimental parameters, the cutting speed was 
determined as 2400-4800 rev/min, the feed rate as 150 mm/min. They 
used deform-3D software based on the finite element method (FEM) for 
the statistical data. They observed that the temperature value in the cen-
ter of the workpiece increased while the moment and axial force values 
decreased with the increase in cutting speed (Bilgin et al., 2015).
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Figure 18. Stages of Friction Drilling Method (Bilgin et al., 2015)

Figure 19. Friction Drilling Process Prepared with Deform 3D Software  
(Bilgin et al., 2015)

Friction drilling directly affected the bushing formation in brittle 
materials. Since petals and cracks were formed in the bushing forma-
tion, the bushing length was negatively affected. (Demirel and Karaağaç 
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2017). In a different study, this problem was addressed. In the friction 
drilling of AA7075-T651 aluminum alloy, which is known as a brittle ma-
terial, the effects on bushing shape, deformation, and frictional heat of 
the front hole depth and diameter were investigated. The results showed 
that the pre-hole effect was dependent on the geometric dimensions of 
the tool tip. In cases where the diameter of the front hole is close to the 
tip diameter of the tool and the depth of the front hole is greater than 
the length of the tool, the initial deformation is reduced, the friction heat 
is regulated, and fewer cracks and petals are formed in the cylindrical 
shape of the bushing (Demir, 2016).

Lee et al. investigated the nickel-based super alloy IN-713LC, which 
is frequently used in the defense industry, automotive, nuclear, and 
other engineering fields, by drilling with friction drilling method. Ex-
periments were carried out under different rotations and feed rates. In 
their study, they examined hardness, roundness tolerance, and surface 
roughness. It has been observed that the hardness value is higher near 
the hole wall and decreases as it moves away from the hole edge. Sur-
face roughness and roundness tolerance were found to be better at high 
speed and feed (Lee et al., 2007).

Figure 20. Front Drilling Depths and Diameters for Friction Drilled Holes of 
a) 8 mm Diameter and b) 10 mm Diameter (Demir, 2016)
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Miller et al. performed friction drilling on cast metals, which are fre-
quently used in the automotive industry. They investigated cracks that 
cause bushing failure in cast metals. In their work, 4 mm thick alumi-
num-silicon-copper alloy A1380 and magnesium-aluminum-zinc alloy 
MgAZ91D work piece were used. Before drilling, both preheating and 
friction drilling were performed and compared. The bushing views as a 
result of the experiments are given in Figure 21.

Figure 21. Friction Drilling Holes Applications a) A1382 b) AISI 1020  
(Miller et al., 2006)

As a result of the study, they proved that preheating the workpiece 
and high spindle speed reduce the thrust force, torque, energy and pow-
er values required for friction drilling in brittle cast metals. They ob-
served that the bushing geometry of the Al380 workpiece, which was 
preheated at 100°C, 200°C, and 300°C, was smoother. Besides, it was de-
termined that less cracks and petals were formed on the bushings (Miller 
et al., 2006).

Sobotava et al. drilled AlMgSi, aluminum alloy, copper, and S2356JR 
workpieces by friction drilling method and tapped the drilled holes. In 
their study, they examined the geometry of the bushing and the strength 
of the extracted threads. It has been observed that the bushing geometry 
of the copper material is not very smooth, but the strength values of the 
threads are acceptable (Sobotova et al., 2011).
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In their research, Boopathi et al. applied friction drilling to brass, alu-
minum, and stainless steel used in manufacturing. In the experiments, 
tungsten tools were preferred. After the procedure, micro-images of the 
tool were examined. As a result of the research, it was observed that the 
brass material adhered to the tool less than the aluminum material. A 
smoother process was observed in drilling stainless steel in respect to 
drilling aluminum and brass materials. Comparing the measured thrust 
forces, a low thrust of 1512 N was sufficient for aluminum, while a thrust 
of 1798 N was required for brass material. It has been observed that a 
thrust force of 2745 N is required to drill stainless steel with friction 
(Boopathi et al., 2013).

RESULTS

In the industry, screw connection of thin sheet materials with fric-
tion drilling process is frequently used since it has advantages in terms 
of cost and time. In this study, the development of the friction drilling 
process, used tools, applied materials, and the studies in this field were 
examined. The advantages of friction drilling are briefly outlined below.

• 	 Thanks to the bushing formation, no additional processing like 
nut welding to the hole exit and centering etc. is required, thus 
production costs reduces.

• 	 It is suitable for mass production and the tool is not easily de-
formed.

• 	 It does not pollute the environment during the process as it is 
produced without chips.

• 	 The process can be performed successfully on aluminum, steel, 
copper, brass, magnesium alloys, stainless steel, and many mate-
rials.

• 	 It is carried out with drills and CNC benches, without requiring 
any other machine equipment.

• 	 Friction drilling provides an important alternative for the opera-
tions that are difficult to perform with traditional drilling meth-
ods. Reducing the strength of the workpiece with the effect of 
high heat is effective in this.
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Friction drilling method has some disadvantages as well as its ad-
vantages. The disadvantages of the method are also given below.

• 	 In brittle materials, the bushing geometry is formed in the form of 
petals due to crack formation.

• 	 In soft materials, it has been observed that the material is plas-
tered on the tool.
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AN EVALUATION ON THE PRINCIPLES OF 
TRIBOLOGY AND USAGE IN WEAR APPLICATIONS

Ezgi DOĞAN1, Senai YALÇINKAYA2, Memduh KURTULMUŞ3

Abstract: Energy, raw material and environmental problems are in-
creasing gradually due to technological developments in the indus-
try, increase in production capacities and mechanization; humanity is 
getting closer to energy, raw material, and environmental crises every 
day. Therefore, developments in the field of tribology, whose main 
goals are to control friction on surfaces, reduce wear and improve lu-
brication systems, are even more important today. In fact, with the 
technological developments in the industry, depending on the in-
crease in production methods and diversity, the target scope of tribol-
ogy studies has expanded over time. With new materials and coating 
technologies,
- Saving energy and materials,
- Efficient use of energy,
- Reducing harmful emissions and waste,
-Development of biological and nature-friendly lubrication systems,
- Providing shock absorption
It has diversified in subjects such as reducing environmental/noise 
pollution and has led to the emergence of many new branches of tri-
bology. Tribology is the science and engineering field that studies the 
principles of friction, wear and lubrication of interacting surfaces in 
relative motion. Complex and microscopic interactions between sur-
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faces that are in mechanical contact and slide relative to each other 
cause wear by friction. These interactions depend on the geometry 
of the material, the surface topography and the loading condition to 
which the material is exposed, the environment in which it is locat-
ed, the temperature, and the type of contact. All mechanical, physical, 
chemical and geometric aspects of surface contact and the surround-
ing atmosphere affect the surface interactions and thus the tribological 
properties of the system. Tribology studies the phenomena of friction, 
wear and lubrication and their interaction with each other. Tribology 
provides economic, ecological and functional optimization of surfaces 
that are in relative motion relative to each other. Friction is defined 
as the resistance to sliding between surfaces in contact. There are two 
types of friction, static and dynamic. Static friction is necessary to ini-
tiate motion between two contacting surfaces or to break the bonds 
formed between two surfaces. Dynamic friction, on the other hand, 
is associated with the sliding, rolling, or turning of one surface over 
another. The friction that occurs on the moving surfaces that come into 
contact with each other in the machines is a major obstacle to the ef-
fective use of global energy resources. So much so that about a third of 
the global energy resources are spent on overcoming the friction force 
between surfaces. Again, the abrasions that occur on these surfaces are 
shown as the main cause of material waste and loss of mechanical per-
formance. Therefore, developments and technological applications in 
the field of tribology are of great importance in terms of sustainability 
as well as energy and material savings. Recently, the components of 
machines operating at high speeds are exposed to excessive friction, 
high wear, and stress. As a result, energy consumption increases, the 
service life of these components is shortened, the maintenance of pro-
duction standards and production reliability decrease. For this reason, 
it is necessary to minimize the negative effects of friction and wear in 
areas where high technologies are used. 
Keywords: Technological Applications, Friction, Tribology, Wear, Lu-
brication, Production

INTRODUCTION

Extensive research on tribology is based on Leonardo da Vinci’s 
work on the laws of friction. However, the term was first used in 1966 
by British mechanical engineer Prof. It was put forward in a report pre-
pared by H. Peter Jost for the UK Department of Education and Science. 
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Jost, who is known as the founder of the discipline of tribology, clearly 
revealed the damages of friction, wear and oxidation to the UK economy 
with this report. Since then, many interdisciplinary research have been 
carried out in the field of tribology, whose technological and economic 
importance is thus better understood. 

Tribology is a constantly changing and evolving field throughout 
history. Although the emergence of the concept is based on Jost’s report 
in 1966, it is known that some principles of tribology were used even in 
ancient times. According to some scientists, making a fire by rubbing 
pieces of wood together in prehistoric times can be considered the first 
applications of tribology. The period of early civilization shows that be-
tween 3500 and 900 BC, lubrication with animal fat and bitumen was 
used to reduce friction when moving heavy objects and monuments, as 
well as using cylindrical wooden pieces. It is possible to say that there 
was a stagnation in the field of tribology during the Middle Ages. Nev-
ertheless, metallic bearings developed in China are considered the most 
important development of the period.

With the industrial revolutions, the importance of tribology has 
increased continuously. In the process until today, significant devel-
opments have been achieved in the fields of industry and tribology, in 
harmony with each other. A better understanding of the processes of 
friction, wear and lubrication is needed to better understand tribology. 
We can define friction as the resistance to relative motion between two 
surfaces in contact. There is friction between two functional surfaces that 
are in contact with each other and perform relative sliding or rolling 
motion. The magnitude of the friction force depends on the material, 
geometry, and surface properties of the objects in contact, as well as the 
ambient conditions. It is often desirable to minimize friction to maximize 
energy and material efficiency. Frictional force generally increases with 
load and surface roughness and can be reduced by using a lubricant. 
Wear is the loss of material, usually caused by the sliding action of sur-
faces over each other. In general, wear on system components is undesir-
able as it will lead to increased friction and machine component failure. 
Therefore, by using a lubricant, it is aimed to minimize wear as well as 
friction. In the first of the two most common wear patterns, a harder 
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material causes the softer material to wear, while in the other, material is 
transferred from one of the two surfaces in contact to the other. 

The dramatic change and transformation that took place in the world 
during the First Industrial Revolution.

• Mechanization
• Hydro-power
• Steam power
• Steam engine
• The first mechanical weaving loom,
After the use of these technologies, with the finding of technological 

and industrial use in areas such as studies on friction, technical develop-
ment of machine elements such as gears and bearings, studies on min-
eral oils, development of lubricant formulations can be seen as the first 
step in the development of tribology. 

With the Second Industrial Revolution
• Mass production
• Electricity
• With the spread of the first production lines,
Understanding the importance of the relationships between friction, 

wear, and lubrication, starting studies on the development of hydrody-
namic pressure, developing slip bearings, researching and using addi-
tives to transform or improve the desired properties in oils, and devel-
opment of Reynolds lubrication theory is the second important step in 
the historical development of the field of tribology. 

During the Third Industrial Revolution Period,
• 	 Development of computer and automation systems,
• 	 Studies focusing on electronics science,
• 	 After the use of the first programmable logic controllers in commercial 

production,
The term tribology was officially introduced to the literature, studies 

were started on elasto-hydrodynamic lubrication, studies were carried 
out in the field of computational and experimental tribology, there were 
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no developments on adhesion and wear theories, industrial applica-
tions were concentrated on contact mechanics and surface tribology, ad-
vanced science sub-fields such as micro and nanotribology were intro-
duced. The development of low friction bearings, the focus on studies on 
new materials and coatings, the emergence of the fields of rheology and 
bio-tribology have allowed many topics with different depths to find 
their place in both the literature and industrial applications.

In the latest innovations today, where we live the Fourth Industrial 
Revolution,

• Development of cyber physical systems,
• The spread of augmented reality applications,
•Deepening of internet and cloud technologies
and so on, further development has been achieved in all the afore-

mentioned areas exponentially. 
If these are
• Green tribology
• Space tribology
• Super lubrication
• Tribotronics
led to the emergence of complex fields of science.

Essentials of Tribology Science

A better understanding of the processes of friction, wear and lubri-
cation is needed to better understand tribology. We can define friction as 
the resistance to relative motion between two surfaces in contact. There 
is friction between two functional surfaces that are in contact with each 
other and perform relative sliding or rolling motion. The magnitude of 
the friction force depends on the material, geometry, and surface prop-
erties of the objects in contact, as well as the ambient conditions. 
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Figure 1. Schematic Representation of a Metal Surface

Depending on external factors such as surface treatment, tempera-
ture and oxide formation, the metal can appear clean and shiny despite 
the presence of different micro-layers that form on the surface. These 
factors cause disorder deep in the metal, where the physical and me-
chanical properties of the surface and the crystal structure and thou-
sands of molecular layers are affected.

Depending on the manufacturing process involving material pro-
duction, the work-hardened zone of the material will form the basis 
of these additional layers. The upper part of this processed layer is an 
amorphous or microcrystalline structure called the “Beilby” layer, which 
is formed as a result of surface flow and melting during the processing 
of molecular layers. This is the melting of the roughness that causes the 
formation of the so-called amorphous layer (Beilby layer) on the sur-
faces, and a change in the surface roughness as a result of oxidation or 
corrosion on the surface and the effect of wear, as well as a change in the 
chemical structure of the surfaces due to running-in or possible damage.
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Figure 2. Schematic of Selected Surface Deflection types in Relation to an 
Ideal Hard Surface

The shape or geometric shape (topology) of the surface used in shap-
ing depends on the formation process; these processes are molding, cast-
ing, cutting, sharpening and are often seen microscopically as series of 
roughness’s rather than the flat surface seen macroscopically. Geometric 
texture can be characterized by the profile of the surface.

The geometric texture of ordinary surfaces is controlled by the char-
acteristic features of the machining process in which they are produced. 
Close examination of the surfaces, even after very careful processing, 
shows that they are still rough on a microscopic scale.

•	 Macro deviations are errors due to irregular surface deviations in the 
section design, which are often caused by the precision and lack of rigid-
ity of the machine system.

•	 The waviness is periodic deviations from the geometric surface that are 
in sinusoidal form and are frequently determined by low-level oscilla-
tions of the machine-tool-workpiece system during machining. Typical-
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ly, the wavelength range is between 1-10 mm and the wave height can 
be up to several hundred micrometers.

•	 Roughness is the deviation of the wavy surface itself, caused by the ge-
ometry of the cutting tool and its wear, machining conditions, micro-
structure of the workpiece, vibrations in the system, and similar factors. 
As a surface undergoes wear, its roughness changes but can be leveled 
out later.

•	 Micro roughness is fine roughness combined with surface roughness. It 
can expand at a near-atomic scale and may result from internal defects 
in the material, corrosion and oxidation that occurs as individual grains 
on the surface are exposed or exposed to environmental influences.

It is often desirable to minimize friction to maximize energy and ma-
terial efficiency. Frictional force generally increases with load and sur-
face roughness and can be reduced by using a lubricant. Wear is the loss 
of material, usually caused by the sliding action of surfaces over each 
other. In general, wear on system components is undesirable as it will 
lead to increased friction and machine component failure. Therefore, by 
using a lubricant, it is aimed to minimize wear as well as friction. 

In the first of the two most common wear patterns, a harder ma-
terial causes the softer material to wear, while in the other, material is 
transferred from one of the two surfaces in contact to the other. Another 
common type of wear in mechanical components is surface fatigue. This 
type of wear causes cracks in the material with subsurface tensions and 
these cracks grow towards the surface over time. 

As a result, cavities form on the surface and the material wears out. 
Depending on the different components and conditions in the systems, 
chemical wear and electric arc wear can be seen as well as impact and 
erosional wear.
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Figure 3. Essentials of Tribology Science

Lubrication attempts to control and minimize friction and wear by 
forming a film layer that reduces friction between moving surfaces in 
contact. There are applications where the lubricant film is solid, liquid or 
even gas. Besides reducing friction and preventing wear, lubricants can 
perform other important functions such as removing heat and contami-
nants from the interface and protecting equipment from corrosion. Less 
friction on lubricated surfaces.

However, it is still possible to talk about the existence of friction. The 
magnitude of this friction depends on the viscosity of the fluid used, that 
is, its resistance to flowing and operating conditions. 

The friction phenomenon has a more complex structure with the 
presence of lubricant. One of the most convenient ways to reduce the 
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friction coefficient is to form an oil film. The main factors affecting the 
friction in the lubrication condition in Internal Combustion Engines can 
be listed as follows:

- Load or pressure,

- Way of movement (Sliding, rolling, turning),

- The form of contact,

- Surface temperature,

- Heat flow conditions,

- Material type and heat treatments,

- Tolerance gaps,

- Surface condition or topography,

- Environmental condition (dusty, corrosive environment),

- The tribological characteristics of the lubricant,

- The lubricant is new or used.

There are different types of lubrication. It is necessary to look at the 
Stribeck curve that best explains this.

Stribeck curve as seen in the Figure 4; can be used to explain the 
effects of relative velocity, load, and viscosity on friction. This curve in-
cludes boundary, mixed, and hydrodynamic lubrication zones. At low 
speed, low viscosity or heavy loads, the fluid cannot support the load 
and direct surface-to-surface contact occurs. Although friction reduction 
is observed in this region called boundary lubrication, there is still a high 
friction force. 

At high speed, high viscosity or light load, the fluid separates the 
two surfaces completely and this is called the full film or hydrodynamic 
lubrication zone. In this region, friction increases due to both the increase 
in speed and viscosity and the decrease in load. Between the boundary 
and full film lubrication, parts of the interface are completely separated 
by liquid, while other areas have a mixed lubrication zone that is not ful-
ly separated. Various machine components can operate in one or more 
lubrication regimes during operation.
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Figure 4. The Stribeck Curve

Tribological data are generally represented by the Stribeck curve, in 
which the coefficient of friction is shown as a function of sliding speed. 
This curve basically consists of three regions.

• 	 In the boundary lubrication zone, the lubricating film is not formed, and 
the solid/solid contact is dominant. Friction coefficients are high.

• 	 In the mixed lubrication zone, a lubricating film begins to form between 
two surfaces with average sliding speed and the coefficient of friction 
begins to decrease.

• 	 Two surfaces with high shear rate in the hydrodynamic lubrication zone 
are completely separated from each other by the lubricating film. There 
is no more solid/solid interaction. The friction coefficient increases with 
the sliding speed.

Lubricants can be developed for a wide variety of applications. Gen-
erally, one or more mineral or synthetic based oils are used in the devel-
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oped formulations. These base oils can be of vegetable or animal origin 
as well as fossil fuels such as crude oil and natural gas. The performance 
of these oils is then enhanced by using chemical additives. Additives 
used to minimize boundary friction, increase chemical stability, and 
reduce contamination under various operating conditions are usually 
added at 0.1% to 30% of the total oil volume.

Liquid lubricants are widely used because they are extremely effec-
tive. However, in some cases where the use of liquid lubricants is not 
appropriate and the loads are light, lubrication can be performed using 
gases. For example, in air bearings, a thin film layer formed with com-
pressed air can provide a low friction interface. Solid lubricants, another 
type of lubricant, can be preferred due to their layered structure. When 
choosing the appropriate lubricant, the tribological system must first be 
fully defined. It is extremely important to analyze a wide variety of pa-
rameters such as the type of movement, physical and chemical struc-
tures of the surfaces, operating speed, operating temperature, load and 
operating conditions, and heat or contamination that may occur in the 
system during the working process, in the development of the most suit-
able lubricant for the system.

Abrasion is surface damage, or the shearing of material from one or 
both of two solid surfaces that slide, roll, and bump in relation to each 
other. In most cases, wear occurs in interactions at the rough edges along 
the surface. During movement, the material that first comes into contact 
with the surface can be displaced; thus, the properties of the solid body 
change at least at or near the surface, but there is little or no material 
loss. The material may then be lifted from a surface and result in transfer 
between mating surfaces or may separate as a wear particle. The net vol-
ume net mass loss at the interface is zero in the case of transfer from one 
surface to the other despite abrasion from one of the surfaces (with net 
mass or net loss of volume). Wear damage is preceded by material loss 
and can also occur independently. The definition of wear is often based 
on material loss. However, it should be emphasized that the damage oc-
curs due to the displacement of material in a given body without change 
in weight or net volume, and also generates wear.
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It defines wear types or forms as certain combinations of wear mech-
anisms with a well-defined canonical process of removing material cor-
responding to a particular set of contact conditions. 

Basic Wear Mechanisms

- adhesive,
- abrasive,
- corrosive,
- fatigue

In Addition to the Basic Wear Mechanisms, the Most Well-
Known Wear Mechanisms are

•	 fretting - spalling
•	 pitting - scoring
•	 scuffing
•	 gouging - cavitation
•	 electrical wear
•	 solution wear
•	 melt wear
•	 impact wear
•	 diffusive wear
•	 light wear
•	 severe wear
Tribology: It is an interdisciplinary branch of science in which 

knowledge from many fields such as physics, chemistry, mechanical en-
gineering, material sciences, lubrication technologies, business econom-
ics, business management and industrial methods is used. Tribology, 
which is of great importance in all branches of industry; It finds a wide 
variety of applications in many industries such as engineering, medi-
cine, textile, optics, and microelectronics, especially in the aerospace and 
automotive industries. Looking at the historical development of tribol-
ogy; It is generally seen to be applied to components that roll or slide, 
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such as bearings, gears, shafts, brakes, and seals. Successes from initia-
tives focused on increasing the efficiency and extending the lifespan of 
all these components used in a wide variety of machines, together with 
new research in the process, pave the way for the development of better 
tribological applications. 

Tribological applications can range from macro scale to nano scale. 
It has been revealed that tribology studies focusing on the transportation 
and manufacturing sectors in the traditional sense have a critical impor-
tance in different fields recently.

Classical tribology: It focuses on the friction and wear processes and 
lubrication methods of machine parts such as gears, bearings, plain bear-
ings, clutches, brakes, and wheels, along with other production stages to 
ensure energy, material and production efficiency.

Figure 5. Multidisciplinary Fields Working with Tribology Science

In order to demonstrate the importance of tribology in biological 
systems, the term bio-tribology was first used in 1970. In general terms, 
bio-tribology is the field of study that reveals the relationship of tribolo-
gy with biological systems in various aspects. When the bearing surfaces 
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of bone and cartilage structures in humans are not sufficiently lubricat-
ed, they wear out over time and cause various disorders. The way to 
prevent these ailments and to apply the necessary treatments is through 
developments in bio-tribology. Tribology studies in human systems are 
divided into areas such as oral, ocular, artificial joint applications and 
cardiovascular tribology.

Components of offshore machinery; exposed to extreme loads, 
harsh weather conditions and vibration, as well as salty air and water. 
This branch of tribology also covers the study of friction, wear and lubri-
cation in the marine and ocean environment. Failures in machine com-
ponents are more common in such environments than in others. The 
corrosive nature of sea and ocean waters causes roughness on the sur-
faces of the mechanical parts of the machines. In addition, the effect of 
lubrication decreases over time, which increases friction and thus ener-
gy consumption. On the other hand, due to the corrosive nature of sea 
water, harmful substances are released to the nature and the ecological 
balance is adversely affected. For this reason, various tribological stud-
ies are being conducted on polymers, metals, alloys and their different 
combinations for use in ocean and seawater environments. Thanks to 
these studies, materials that are subject to less friction and wear can be 
developed even under difficult conditions. Thus, it is aimed to protect 
machine components and reduce energy consumption. 

The field of production tribology, which includes studies on metal-
working fluids used in production processes; It focuses on fluids used 
for cooling and lubrication in operations such as turning, milling, grind-
ing, and drilling. Most metalworking fluids used are mineral oils with 
good cooling and lubricating properties. The biggest disadvantage of 
these oils, which increase the efficiency of the production system, is 
that they are not biodegradable and recyclable. Considering that ap-
proximately 320,000 tons of mineral oil is used annually and most of it 
becomes waste, it becomes necessary to develop more environmental-
ly friendly and effective alternatives instead of mineral oils. Although 
vegetable oils seem to be a good alternative, their tendency to oxidize 
at high temperatures limits their use. With a better understanding of 
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friction and wear mechanisms, research continues to develop lubricants 
that will perform cooling and lubrication functions with minimal use. 

In order to use resources efficiently and to control harmful chemical 
emissions, governments are enforcing various laws and regulations one 
after another. These new regulations are forcing the auto industry to de-
velop environmentally friendly vehicles that save energy. For this pur-
pose, researches are continuously carried out to develop motor oils that 
reduce friction and wear in automobiles. Statistics show that savings to 
be made by reducing friction and wear in the United States automotive 
industry can reach $20 billion a year. Tribological parts in automobiles; 
includes the engine, transmission, traction drive, driveline, and auxilia-
ry. These parts may vary according to different car types. 

Tribological studies on auto parts allow the use of more suitable 
components. In addition, thanks to the development of better-perform-
ing and environmentally friendly lubricants, it is possible to reduce fric-
tion and wear, as well as save energy and materials. Electric vehicles 
powered by batteries, fuel cells or hybrid systems are seen as a viable al-
ternative to internal combustion engines in order to reduce greenhouse 
gas emissions and provide a clean and healthy environment. The tech-
nology used not only in passenger cars but also in heavy-duty vehicles 
offers very important advantages. Although electric vehicles are highly 
efficient in terms of energy consumption, it is possible to increase this 
efficiency further. However, there are some difficulties that need to be 
overcome in order to achieve this. One of these challenges is friction, 
which causes energy loss. 

Hard-facing is the stacking or coating of a type of alloy on the base 
material to protect a part from corrosion. Hard-facing welding is a low-
cost method of creating a wear-resistant surface on metal parts to in-
crease their life. It has advantages such as less replacement of parts, re-
duced maintenance time, the ability of the main part to be made from 
cheap materials, and a reduction in overall cost. Many hard-facing welds 
are performed as part of maintenance or repair operations, but the most 
effective results cannot be achieved by simply producing a weld metal 
that takes hardness into account. Hard-facing can be used to prolong 
and protect the life of new parts that are subject to high wear in service 
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conditions including metal-to-metal friction, abrasion, impact and im-
pact and wear. Hard-facing can be made with many different types of 
alloy. Selecting the optimum alloy to resist the combination of wear fac-
tors encountered is an easy matter, but for this the behavior and proper-
ties of each alloy that determine its contribution to wear resistance must 
be considered. 

The microstructure of the alloy, determined by chemical composi-
tion and thermo-mechanical history, is the property that makes the most 
important and significant contribution to wear resistance. Low stress 
(force on the abrasive part is not sufficient to break and grind the part), 
high stress (force on the abrasive part crushes the parts), dry wear, wet 
wear, high speed part sliding (wet or dry), metal-to-metal wear, (adhe-
sion), impact, etc. There are many types of wear in species. Therefore, 
when grading hard-facing alloys, it is also necessary to specify the type 
of wear that it will resist. For this purpose, ASTM standard test methods 
have been developed to test different types of wear. These are ASTM 
G65 (low stress wear), ASTM G 99 (high stress wear), ASTM G 105 (wet 
low stress wear), ASTM G 75 (mixture wear), ASTM G 76 (fluid impinge-
ment).

According to a study, about 57% of the energy supplied to the elec-
tric vehicle is used to overcome the energy losses due to friction. 1% of 
these losses occur in the electric motor, 3% in the gearbox, 41% in the 
rolling resistance, and 12% in the brakes. In electric vehicles, the crit-
ical tribological components studied are basically comfort and safety 
devices (such as air conditioning system, wipers), steering system, elec-
tric motor, gearbox, constant velocity joint, suspensions, wheels, wheel 
bearings, micro-electro-mechanical system (MEMS). and kinematic en-
ergy recovery system. Different tribological components in each system 
lose a significant amount of energy due to friction. Tribology studies on 
electric vehicles are of great importance in order to make these vehicles 
more efficient and environmentally friendly. 

Cutting-edge technologies in tribology have an important place both 
during the design phase and during the operation (monitoring, correc-
tive actions based on friction-wear lubrication problems) of industrial 
components or systems. The efficiency, performance and lifetime of ma-
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chine elements can be significantly increased with the right tribological 
design. The transmission of tribological data in various industrial areas 
takes place through information and communication technologies such 
as the internet and wireless connections. 

It may be thought that both wear and friction are always disadvan-
tageous, but this is not the case. In many engineering applications, we 
can use friction to perform the required functions. Thus, despite the ste-
reotype that screw and nut can only work as a result of friction between 
the two, brakes, clutches, train and car wheels all work in the presence 
of friction. Likewise, the wear of machines is sometimes advantageous. 
While component wear provides a strong motivation to replace aging 
machines, the initial friction that results in better component contact is 
clearly desirable. In its most extreme form, this leads to “planned obso-
lescence,” in which designers attempt to use the phenomenon of friction 
to provide machines with a specified lifetime.

Today, the industry’s core technologies and tribology also have dif-
ferent interactions. The interaction of tribology with electronics (sensors, 
smart machines) and informatics (computers, internet, internet of things, 
wireless data transmission) fields is very strong with today’s technolo-
gies. With the help of sensors, reliable information about both the wear 
status of the machines and the lubricants can be easily accessed. This 
strong connection of tribology with electronic components is also ex-
pressed by the term “tribo-tronics”. 

Detecting problems as soon as possible while a machine is running 
is very important in terms of reducing downtime and costs. Intelligent 
tribological systems used today can monitor many data such as wear, 
friction, lubrication status, vibration, and temperature; According to this 
data, it can make the necessary changes and adjustments to improve 
system performance. Thus, the mechanisms for controlling, evaluating, 
and taking action and making the necessary adjustments operate in a 
healthy way. 

Tribology has an important role in the efficient use of energy and 
material resources, among which productivity increase, improved reli-
ability and reduced maintenance costs, by leading the production in-
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crease in engineering facility and machinery. Before discussing the prev-
alence and types of tribological problems in industry, we must look at 
the issue from a universal perspective. We are mainly concerned with 
the interaction of two hard surfaces within a given environment result-
ing from two external factors.

1) There is a loss of energy, which is resistance to movement, and this is 
shown by the coefficient of friction. This loss of energy causes a heat dissipation 
and a small but sometimes significant amount of noise during contact. It should 
be emphasized that; Since the two hard surfaces are constantly related to each 
other, parameters such as the coefficient of friction must correlate well with the 
two interacting material pairs. It is scientifically wrong and erroneous to talk 
about the coefficient of friction without mentioning the solids contact. It should 
also be noted that the idea of frictionless surfaces is scientifically improbable, 
and the frequently used implication that low friction is associated with smooth-
ness of the surface is fundamentally wrong.

2) During the sliding process, all surfaces undergo a larger or smaller di-
mensional change in their essential character. They may become softer or hard-
er, have physical properties such as deteriorated hardness, and some substances 
may be lost in this case, which is called wear processes. Such surface changes are 
sometimes beneficial, “for example, the surfaces get used to their ideal operating 
condition”, sometimes it is very harmful, “situations where surface defects oc-
cur, and components need to be replaced

Based on the foregoing, it may be thought that both wear and fric-
tion are always disadvantageous, but this is not the case. In many engi-
neering applications, we can use friction to perform the required func-
tions. Thus, despite the stereotype that screw and nut can only work as a 
result of friction between the two, brakes, clutches, train and car wheels 
all work in the presence of friction. Likewise, the wear of machines is 
sometimes advantageous. While component wear provides a strong mo-
tivation to replace aging machines, the initial friction that results in bet-
ter component contact is clearly desirable. In its most extreme form, this 
leads to “planned obsolescence,” in which designers attempt to use the 
phenomenon of friction to provide machines with a specified lifetime.
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Table 1. Friction Coefficient and Wear Rate of Pin on Ring Test

No Materials Coefficient of 
friciton

Wear rate cm3/
cm x 10-12

1 Mild steel on mild steel 0,62 157000

2 60/40 leaded brass 0,24 24000

3 Polytetrafluoroethylene 0,18 2000

4 Stellite 0,60 320

5 Ferritic stainless steel 0,53 270

6 Polyethylene 0,65 30

7 Tungsten carbide on itseld 0,35 2

An entirely common misconception that friction and wear are some-
how related, on the ground that the surfaces are interacting, exists with 
the high friction high wear simple coupling. As Table 1 clearly shows, 
the lowest friction was not associated with the lowest wear. The results 
on this issue also show quite large wear rates of materials whose coeffi-
cients of friction vary quite reasonably. The complexity of the relation-
ship between friction and wear has also been demonstrated by distinc-
tive results; The reduction in friction that can occur as a result of the 
impression process, sometimes using the same materials, is associated 
with an increase in wear rate. In almost all industrial situations, more 
emphasis is placed on the effects of wear than losses due to friction, 
as they have greater economic consequences. High friction can often 
be tolerated, with partly higher operating costs, provided the machine 
provides the harmonious savings associated with increased wear time. 
Some of the industrial situations where friction and wear are important 
are illustrated by the next categories.

CONCLUSION

In developed societies, a wide variety of industrial activities need to 
be made sustainable as energy efficient and environmentally friendly. 
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Friction and wear; important factors that increase energy consumption, 
costs and greenhouse gas emissions in sectors such as transportation, 
manufacturing, power generation and housing. According to the data 
obtained in the latest research, approximately 23% of the world’s total 
energy consumption, i.e. 119 exajoules (1 exajoule = 1x1018 J), is due to 
tribological contacts. 87% of this energy is used to overcome friction, and 
13% is used to regenerate worn parts and spare equipment. It is predict-
ed that energy losses can be reduced by 18% in 8 years and 40% in 15 
years with the surface, material and lubrication technologies developed 
to reduce friction and prevent wear in vehicles, machinery and other 
equipment used throughout the world. 

The largest energy savings are foreseen in the transportation sector, 
followed by the energy production, manufacturing and housing sectors, 
respectively. The global application of advanced tribology technologies 
is also expected to lead to significant reductions in greenhouse gas emis-
sions. It is predicted that carbon dioxide gas emissions can be reduced 
by 1.5 million tons per year in the short term and 3 million tons in the 
long term. With all this, it means that the savings to be made in the long 
term will reach approximately 970 billion Euros. The problem-free, reli-
able and long-lasting of all components in advanced and complex ma-
chines and production technologies, where many moving and contact-
ing surfaces come together, depends on how well the friction and wear 
on the contact surfaces are controlled. For this reason, tribology research 
is of great importance for the development of environmentally friendly 
materials and technologies and the efficient use of energy and raw ma-
terial resources. As a result, new technologies developed in the field of 
tribology and their integration into industry continue to be important 
for energy efficiency and a sustainable society.
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REACHING THE HIGHEST INFORMATION 
TRANSFER RATE VALUE IN EMOTIV EPOC-BASED 

BRAIN-COMPUTER INTERFACE SYSTEMS

Mesut MELEK1, Negin MELEK2, Temel KAYIKÇIOĞLU3

Abstract: The brain-computer interface (BCI) is considered as an im-
portant link between the brain and device. Since it is non-invasive and 
easily recorded, electroencephalography (EEG) signals are generally 
used in these systems. These signals appear as a result of the neural 
functioning of the brain. Consequent to the processing of EEG signals, 
thanks to the cooperation of BCI technology and EEG, great conve-
nience is provided. The great advantages of EEG-based BCI applica-
tions include communication speed, small signal-to-noise ratio, and 
user-friendliness. The type of headset used in the proposed study, the 
Emotiv Epoc, plays an important role in the comfort of the individual 
under test. Minimizing the problems of recording models commonly 
used in BCI technology was the main goal of our previous study. In 
this way, users’ EEG signals were successfully classified during look-
ing at four vanes rotating in different directions and speeds. In this 
study, the probability of the user choice was increased to five by add-
ing one more fixed vane to four previous rotating vanes. The number 
of the probability of the user choice was inverse to the accuracy rate of 
the classification and directly proportional to the information transfer 
rate (ITR). These two metrics were the most common metrics used to 
compare BCI systems. With the introduction of a new paradigm, the 
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highest ITR was achieved with the Emotiv Epoc device. In addition, 
fewer electrodes were utilized to provide more comfort for the user 
in the user-friendly Emotiv Epoc device. When 5, 10, and all channels 
were used, ~29, 32, and 34 bits/min were calculated for ITR, respec-
tively. The results were compared in detail with the literature and the 
ITR of the present study appeared to be higher than that of the other 
studies.
Keywords: Brain-Computer Interface, Emotiv Epoc, Classification, In-
formation Transfer Rate, EEG

INTRODUCTION

Neurological disorders are the types of diseases caused by the brain 
and nervous system, neuromuscular functions, and even the muscles. 
Individuals with such diseases may experience some serious problems 
in terms of interaction. BCI systems are the computer systems based on 
the physical interaction between such patients with disabilities and the 
people and electronic devices around them (Lang, 2012a). These systems 
simultaneously record neuronal activities with electroencephalograms 
and perform the desired control in the outside world by enabling the 
processing of signals on the computer.

BCI systems consist of three main components:

• 	 The first stage is the signal recording section. 
• 	 In the second stage, the recorded signals are preprocessed to per-

form the effective feature extraction.
• 	 An action stage generates signals to control any equipment or 

application and explains the situation by giving feedback to the 
user.

BCIs have two categories as invasive and non-invasive. The non-in-
vasive type attracts great attention because it requires no surgery. 
Among the non-invasive methods, the BCI systems by using EEG are 
more popular. Although EEG-based BCI applications are numerous and 
harmless, they have been limited to research laboratories as they require 
large and expensive EEG systems and qualified human resources (Lang, 
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2012b). In addition, the use of EEG devices requires a long preparation 
time. For quality recording, the subjects are asked to pay attention to the 
cleanliness of their scalps. Moreover, EEG gel is used to obtain an accept-
able impedance between the scalp and the electrodes placed on the skin. 
In addition, the participants should wear an electrode cap, which may 
make them feel uncomfortable.

On the other hand, with the advancement in technology, much 
smaller and more affordable equipment and tools have been introduced, 
such as the Emotiv Epoc, which was originally intended for the gaming 
market. Due to its easy use, it has been adopted by many researchers in 
various applications, even if it does not fall into the category of medical 
tools such as simple puzzle game, recording the state of the eyes, de-
tecting mental activity, robot control, robot navigation, wheelchair nav-
igation, and auditory event-related potential capturing. Emotiv Epoc is 
a low-priced ground-breaking wireless EEG device and its preparation 
time is short. This EEG cap provides great convenience for users because 
it is not sensitive in cleaning the skin before and is easy to clean after the 
experiment. 

Another advantage is that the working logic of the cap is easily 
solved. Emotiv Epoc, which has high flexibility and uses wireless tech-
nology, has the total of 14 sensors adjusted according to the internation-
al 10-10 electrode placement system. Emotiv Epoc is more inexpensive 
than professional EEG devices and can capture true EEG, although not 
as well as professional or clinical EEG systems (Research Use of Emotiv 
EPOC, n.d.). Signals are sampled at the frequency of 128 Hz.

Comparing the working principle of the Emotiv Epoc headset with 
other devices is the main target of many works. A p300-based BCI system 
was investigated by researchers to examine the working principle of the 
Emotiv Epoc headset (X. Liu et al., 2018). As the result of the examina-
tions made in this study, which consisted of 6 subjects, it was observed 
that P300 was successfully detected from brain signals. In (Martinez-Le-
on et al., 2016), the evaluation of Emotiv Epoc in motor imagery-based 
BCI systems was presented. A different BCI base was created using a 
professional EEG headset to establish a benchmarking base. 
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Looking at the results, it has been shown that the performance of the 
headset is good and comparable to that of the professional devices. In 
another study (Tello et al., 2014a), a detailed review and comparison of 
BrainNet36 and Emotiv Epoc was made in BCI system modeling based 
on steady-state visual evoked potential (SSVEP). The results indicated 
that the Emotiv Epoc had acceptable performance for SSVEP-based BCI 
systems. Based on the research on Emotiv Epoc headsets in BCI systems 
modeling in the age of technology, an increase in the number of uses of 
these headsets was observed (Masood & Farooq, 2017).

The important aims of the current study are to increase the quality of 
life of individuals with physical disabilities and to provide easy interac-
tion with the environment. Different paradigms are defined in research 
on BCI technology. These paradigms generally have some disadvantag-
es which can be classified as follows: In the P300 and SSVEP studies, it 
may lead to some negativities such as eye discomfort due to the point 
that individuals look at the blinking light page uninterruptedly. 

Individuals participating in the motor imagery paradigm need to 
constantly think about limb movements by developing their imagina-
tions. In order to eliminate these disadvantages, in our previous study, a 
wired and gel-based BBA system based on rotating hands was modeled 
(Maleki et al., 2018). Also, in (Melek et al., 2020b), for the convenience of 
the users, this paradigm was tested by using Emotiv Epoch. In the pres-
ent study, by adding a fixed vane to the system, the user’s choice chances 
became five. In addition, steps were taken to use less electrodes in the 
Emotiv Epoc device, which was user-friendly, easy-to-use, inexpensive, 
but recorded a lower quality signal.

EXPERIMENTAL SETUP

Dataset 
Gelecekte The interface designed with Matlab 2014a is displayed in 

Figure 1. In the designed model, the “A” alphabet written with five cap-
ital letters is placed on a black background. 
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The Working Principle of These Vanes is Described Below

• 	 The vane located at the top left is known as vane 1 and rotates 
counter-clockwise once every five seconds.

• 	 The vane located at the top right is known as vane 2 and rotates 
counter-clockwise once every second. 

• 	 Vane 3 (center) is fixed with no rotation.
• 	 The vane located at the bottom left is known as vane 4 and rotates 

clockwise once every five seconds. 
• 	 The vane located at the bottom right is known as vane 5 and ro-

tates clockwise once every second. 
Vane speed and direction, which are considered as important factors 

in the study, can be controlled by the written Matlab code. In addition, 
in previous studies, an investigation has been carried out to determine 
these factors. As a result, were clarified as mentioned above by using the 
trial-and-error method. 

Five participants aging between 27 and 32 years participated in this 
experimental set consisting of 4 men and 1 woman. The experiments were 
carried out according to the rules with registration number 24237859-640 
in Ethics Committee, Faculty of Medicine, Karadeniz Technical Univer-
sity. Before starting the recording, vision problems, headaches, and a 
family history of epilepsy were discussed with the participants. All the 
participants reported that they had no problems with these issues. The 
5-vane model was presented to the participant sitting on a chair at the 
distance of approximately 1 m on a 32-inch screen. In this experiment, 
the start and end of which were determined by a beep, it was deemed 
appropriate for the participants 125 seconds for each vane. After the 
second beep sound, after about 1 minute of resting, the other vane was 
followed. In this direction, a data set was prepared as a result of EEG sig-
nals from 5 participants. The obtained and processed EEG signals were 
separated into 2 and 3 second (2 and 3-sec) epochs. As a result of this 
epoch segmentation, 50% and 75% overlaps were applied for 2-sec and 
3-sec fragmentation, respectively, thereby obtaining 120 epochs for both 
time windows.
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(a)

(b)

Figure. 1. (a) Four Rotating Vanes and a Fixed Vane Designed by Matlab 

2014a (b) Emotiv Headset
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SIGNAL PROCESSING 
Normalization which is considered the first step of EEG signal pro-

cessing can directly affect classification performance. The normaliza-
tion process plays a major role in minimizing the effect of amplitudes 
of EEG signals. In the proposed study, the normalization process was 
performed by applying the Z-score method to each epoch. During signal 
recording, very sensitive EEG signals can be easily affected by different 
types of noise. Therefore, the filtering step is indispensable in the signal 
processing stage. A 4th order Butterworth filter was selected for each 
epoch with the passband of 0.1-45 Hz.

In the EEG Signal pre-analysis stage, the Welch method was applied 
to obtain information about the power distribution and to calculate the 
power spectral density (PSD) (Welch, 1967). The Welch method is de-
fined as a windowed fast Fourier transform (FFT). In this method, for the 
periodogram calculation, each epoch divided into appropriate lengths 
with certain overlaps is multiplied by a determined window and the 
density is calculated by taking the average of the periodograms. As a 
result of the calculated spectrum estimates, scaling is performed for the 
PSD analysis. To obtain the features from the scaled PSD, the PSD was 
divided into the band ranges given in Table 1 and the area formed by 
each band interval with the x-axis was calculated with Matlab’s trapz 
command. In this way, 11 features were obtained from each epoch. 

To perform the classification process, classification learner app was 
used. This Matlab application contains various classifiers (Melek et al., 
2020a). All classifiers were tested with their default parameters and the 
best four classifiers were selected based on the accuracy rate. These are 
the support vector machine (linear, quadratic, cubic) and ensemble sub-
space discriminant.

Table 1. Frequency Bands Used in the Feature Extraction Process

Bands frequency (Hz)

Delta band 0-4

Teta band 4-8
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Alfa band 8-12

Beta band 1 12-16

Beta band 2 16-20

Beta band 3 20-24

Beta band 4 24-28

Beta band 5 28-32

Gamma band 1 32-36

Gamma band 2 36-40

Gamma band 3 40-44

RESULTS

EEG signals obtained from 14 channels of Emotiv Epoc headphones 
were analyzed separately. 2-sec epochs for each channel were includ-
ed in the analysis with 50% overlap. After normalization and filtering 
processes were performed over epochs, the PSD of each epoch was cal-
culated by the Welch method and, in total, 11 features were obtained. It 
is envisaged that one of the important goals of this study, user comfort, 
would be realized with an effort to reduce the number of channels. To 
determine the effective channels, the classification accuracy rate in each 
channel was taken into account. The accuracy (ACC) rate, which is one 
of the important factors in the performance evaluation of the classifica-
tion method, has been used in many studies. Different combinations of 
training and testing sets were considered to demonstrate the stability 
of the designed model. Then, the total accuracy of the model was cal-
culated as taking the mean of all steps. Considering this issue, 75% and 
25% were found suitable for training and testing, respectively, in this 
study. Against unlucky splitting, the training and data sets were mixed 
10 times, and average rate of accuracy was calculated. The average accu-
racy rate of each channel for five participants is given in Table 2.
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Table 2. The Results of Five Participants for Each Channel and Ranking of 
the Best Channels for Each Classifier; Common Channels are Bold-Face

Chan-
nel
No.

Channel
Name

Linear 
SVM

Quadratic 
SVM

Cubic 
SVM

Ensemble Subspa-
ce Discriminant

Ch. 1 AF3 0.3287 0.3043 0.2850 0.3240

Ch. 2 F7 0.3767 0.3527 0.3330 0.3623

Ch. 3 F3 0.3310 0.3067 0.2870 0.3303

Ch. 4 FC5 0.3837 0.3487 0.3163 0.3777

Ch. 5 T7 0.4733 0.4577 0.4357 0.4317

Ch. 6 P7 0.3613 0.3217 0.3267 0.3490

Ch. 7 O1 0.3443 0.3330 0.3027 0.3403

Ch. 8 O2 0.3980 0.3687 0.3290 0.3760

Ch. 9 P8 0.3740 0.3470 0.3230 0.3610

Ch. 10 T8 0.4423 0.4143 0.3823 0.4197

Ch. 11 FC6 0.4457 0.4243 0.4010 0.4303

Ch. 12 F4 0.4053 0.3743 0.3380 0.3940

Ch. 13 F8 0.3670 0.3357 0.3290 0.3643

Ch. 14 AF4 0.3430 0.3200 0.3100 0.3317

Top five channels 
according to ACC

8, 12, 10, 
11, 5

2, 12, 10, 
11, 5

8, 12, 10, 
11, 5

4, 12, 10, 11, 5

Next five channels 6, 13, 9, 2, 4 4, 9, 6, 8, 
13

7, 13, 9, 
4, 2

6, 9, 2, 13, 8

The last four chan-
nels

1, 3, 14, 7 1, 3, 7, 14 1, 3, 14, 6 1, 3, 14, 7

Evidently, T7, T8, FC6, and F4 (channels 12, 10, 11, and 5) were 
among the top five channels in all the four classifiers. Except for these 
four channels, the O2 channel (Channel 8) entered the top five in two 
classifiers. For this, the five best channels of the system were T7, T8, FC6, 
F4, and O2. By looking at the last four channels, it was found that AF3, 
F3, and AF4 (channels 1, 3, 14) appeared in all the classifiers. Except for 
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these three channels, channel 7 (O1) appeared in the last four of the three 
classifiers. In this way, F7, FC5, P7, P8, and F8 were added to the top five 
channels, and the top 10 channels were detected.

After the effective channels were determined, the classification was 
performed using the top five channels. In order to achieve an efficient 
feature extraction process, 55 features from the total of five channels 
were prepared for each epoch and presented to the classifiers. In this 
step, again, 75% of the dataset for the training set and 25% for the test-
ing set was used; the process was repeated 10 times against unlucky 
splitting. The information transfer rate (ITR) provides information about 
three important parameters that it contains, known as the accuracy rate, 
recognition time of a selection, and number of tasks for each selection. 
ITR is mathematically expressed by the following equation (Wolpaw et 
al., 1998):

                                                                       (1)

In this formula, T determines the time spent in selection recognition, 
K determines the number of selections, and p determines the accuracy of 
the model. The results are given in Table 3. 

It is clear that the quadratic SVM performed better than other classi-
fiers. In addition, although the ITR of the system looked good, the accu-
racy rate of the system for five people was limited to 0.6916. In the next 
step, the same procedure was followed by using the top 10 channels 
determined and, finally, all the channels were included in the classifi-
cation procedure. The results obtained by using 10 channels and all the 
channels were presented in Table 4 and Table 5.
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Table 3. The Results of 2-Sec Epochs by Using Five Channels

Clas-
sifier/ 
subjects

Linear SVM Quadratic SVM Cubic SVM Ensemble Subspace 
Discriminant

Accuracy ITR Accuracy ITR Accuracy ITR Accuracy ITR

S1 0.6413 19.8907 0.6660 22.0490 0.6693 22.3497 0.6193 18.0625

S2 0.6693 22.3497 0.6527 20.8679 0.6533 20.9262 0.6380 19.6079

S3 0.7053 25.7376 0.7333 28.5586 0.7173 26.9261 0.7220 27.3965

S4 0.7080 25.9991 0.7240 27.5995 0.6993 25.1547 0.7080 25.9991

S5 0.6927 24.5157 0.6820 23.5120 0.6800 23.3264 0.6453 20.2328

AVG. 0.6833 23.6986 0.6916 24.5174 0.6838 23.7366 0.6665 22.2598

Table 4. The Results of 2-Sec Epochs by Using 10 Channels

Clas-
sifier/ 
subje-
cts

Linear SVM Quadratic SVM Cubic SVM Ensemble Subspace 
Discriminant

Accuracy ITR Accuracy ITR Accuracy ITR Accuracy ITR

S1 0.7293 28.1453 0.7627 31.7042 0.7600 31.4066 0.7167 26.8593

S2 0.6967 24.8980 0.6727 22.6525 0.6793 23.2647 0.6760 22.9575

S3 0.7947 35.3638 0.8060 36.7249 0.8100 37.2137 0.8180 38.2049

S4 0.7567 31.0417 0.7853 34.2686 0.7687 32.3680 0.7847 34.1912

S5 0.6840 23.6985 0.7033 25.5425 0.7027 25.4776 0.6820 23.5120

AVG. 0.7322 28.6294 0.7460 30.1785 0.7441 29.9461 0.7354 29.1450

Table 5. The Results of 2-Sec Epochs by Using All Channels

Clas-
sifier/ 
subjects

Linear SVM Quadratic SVM Cubic SVM Ensemble Subspace 
Discriminant

Accuracy ITR Accuracy ITR Accuracy ITR Accuracy ITR

S1 0.7347 28.6972 0.7587 31.2603 0.7593 31.3334 0.7300 28.2139

S2 0.6587 21.3952 0.6593 21.4542 0.6913 24.3890 0.6507 20.6937

S3 0.7740 32.9687 0.7933 35.2060 0.7933 35.2060 0.7920 35.0486
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S4 0.7667 32.1445 0.7707 32.5924 0.7753 33.1199 0.7953 35.4429

S5 0.6440 20.1185 0.7007 25.2836 0.7227 27.4641 0.7067 25.8682

AVG. 0.7156 27.0648 0.7365 29.1593 0.7484 30.3025 0.7349 29.0535

Table 6. The Results of 3-Sec Epochs by Using Five Channels

Clas-
sifier/ 
subje-
cts

Linear SVM Quadratic SVM Cubic SVM Ensemble Subspace 
Discriminant

Accuracy ITR Accuracy ITR Accuracy ITR Accuracy ITR

S1 0.7693 21.6285 0.8253 26.0865 0.8567 28.8472 0.6993 16.7698

S2 0.7780 22.2825 0.7667 21.4297 0.7913 23.3134 0.7027 16.9851

S3 0.8707 30.1531 0.8987 32.9211 0.9060 33.6849 0.8400 27.3524

S4 0.8473 28.0024 0.8840 31.4435 0.8800 31.0513 0.8120 24.9732

S5 0.7540 20.5010 0.7400 19.5036 0.8107 24.8637 0.6867 15.9656

AVG. 0.8038 24.5135 0.8229 26.2769 0.8489 28.3521 0.7481 20.4092

Table 7. The Results of 3-Sec Epochs by Using 10 Channels

Clas-
sifier/ 
subje-
cts

Linear SVM Quadratic SVM Cubic SVM Ensemble Subspa-
ce Discriminant

A
cc
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ac

y

IT
R

A
cc

ur
ac

y

IT
R

A
cc

ur
ac

y

IT
R

A
cc

ur
ac

y

IT
R

S1 0.8467 27.9428 0.8807 31.1164 0.8907 32.1072 0.8073 24.5916

S2 0.8160 25.3036 0.7987 23.8935 0.8133 25.0830 0.7553 20.5976

S3 0.9393 37.4102 0.9453 38.1339 0.9413 37.6493 0.9227 35.4910

S4 0.9407 37.5694 0.9573 39.6441 0.9553 39.3860 0.9253 35.7899

S5 0.7933 23.4706 0.7920 23.3657 0.8440 27.7055 0.7453 19.8801

AVG. 0.8672 30.3393 0.8748 31.2307 0.8890 32.3862 0.8312 27.2700
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Table 8. The Results of 3-Sec Epochs by Using All Channels

Clas-
sifier/ 
subje-
cts

Linear SVM Quadratic SVM Cubic SVM Ensemble Subspa-
ce Discriminant
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R
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cc
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S1 0.8305 26.5274 0.8848 31.5225 0.9067 33.7588 0.8457 27.8566

S2 0.8029 24.2328 0.8105 24.8501 0.8495 28.1968 0.8048 24.3861

S3 0.9410 37.6093 0.9648 40.6339 0.9657 40.7562 0.9533 39.1264

S4 0.9029 33.3599 0.9495 38.6482 0.9543 39.2537 0.9162 34.7780

S5 0.7457 19.9061 0.8048 24.3861 0.8505 28.2868 0.7914 23.3186

AVG. 0.8446 28.3271 0.8829 32.0081 0.9053 34.0505 0.8623 29.8931

Based on the results of the 3-sec epochs, there was a large increase in 
the accuracy rate compared to the results of the 2-sec epochs. By using 
all the channels, the accuracy rate increased to 0.9053 from 0.7484 for the 
average of 5 subjects.

As stated earlier, one of the aims of this study was to use fewer elec-
trodes in the Emotiv Epoc device. The best result appeared to be in the 
cubic SVM classifier using all channels, albeit with very little difference. 
The accuracy rate obtained by using all the channels with the cubic SVM 
classifier in 3-sec epochs appeared to be above the accuracy rate obtained 
with 10 channels, i.e., ~2%. This was reflected in the ITR of the system, 
causing the system to run faster at 2 bits/min. Therefore, it seemed more 
beneficial to use all channels in our study based on the Emotiv Epoc 
headset. In summary, considering ITR as an important metric in BCI sys-
tems, it was observed that the highest ITR value was obtained in 3-sec 
epochs using all channels in the cubic SVM classifier.

To demonstrate the sensitivity of the proposed system to classes, 
in 3-sec epochs, confusion matrices obtained using the leave-one-out 
(LOO-CV) strategy were calculated. In LOO-CV strategy, the samples 
in the dataset were utilized as testing sets one by one and the remain-
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ing samples each time constituted the training set. The classifier used 
in this stage was performed with cubic SVM, which showed the best 
performance in 3-sec epochs. The confusion matrices for five people are 
depicted in Figure 2. Classes were defined as V1, V2, V3, V4, and V5. It 
turned out that the system had no extreme insensitivity or sensitivity for 
any class.

Figure 2. Confusion Matrices Obtained by the Cubic SVM Classifier Based 
on the LOO-CV Strategy in 3-Sec Epochs

DISCUSSIONS
As a result of the literature review, many studies conducted with 

the cooperation of BCI technology and Emotiv have not focused on sys-
tem accuracy and ITR calculation (Alrajhi et al., 2017). For this, In this 
study, a comprehensive review was performed using the IEEEXplore 
digital library and the Web of Science (WOS) database to compare the 
proposed system with the existing ones. These systems were examined 
in six aspects that are important in BCI systems, and the methods used in 
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signal processing procedures were taken into account, as summarized in 
Table 9. Based on Table 9, the highest ITR was achieved by Pedram et al. 
in 2018 (Soroush & Shamsollahi, 2019b). ITR was not calculated in bits/
min, but since the duration of each trial was determined as 3-sec, the ITR 
of this system can be calculated as 33 bits/min. Another comprehensive 
study in this area was conducted in 2012. In this successful study based 
on the SSVEP paradigm, the accuracy rate and ITR were determined as 
82.99% and 28.06 bits/min, in offline mode. This study, tested on four 
participants, provided 16 options for the users (Y. Liu et al., 2012a). 

Here, we put forward a comprehensive study aimed at designing a 
comfortable, suitable for long time use, inexpensive and fast BCI system. 
By considering the design result quantity, we computed the accuracy 
rate of the system by about 90.53% with the proposed machine learning 
techniques and raised the speed of the BCI system to 34.05 bits/min. As 
seen in Table 9, the values reported in the other studies were below our 
values. When the similar paradigm and the proposed study were com-
pared, the system’s ease of use and eye-catching ITR drew attention. As 
seen in Table 9, the values reported in the other studies were below our 
values. 

Table 9. Summary of Emotiv Epoc-Based BCI Systems in the Literature

Studies Para-
digm

Classes ITR Subje-
cts

Acc.

(Zhang et al., 
2019)

Motor 
imagery

thinking of 
moving

---- 7 93.6

(Brennan et al., 
2015)

SSVEP 4 directions 
(up, down, 
right, left)

15.23 6 79.2

(Soroush & 
Shamsollahi, 
2019b)

SSVEP 4 cases 1.5 
bits/
trial

10 94.85
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(Mijani et al., 
2019)

P300 single, dual 
and triple 
rapid serial 
visual presen-
tation

 3.65
 7.72
 11.5

3 78
63
64

(Li et al., 2019) SSVEP two directions 
(right left)

8 5 90

(Melek et al., 
2020c)

Gazing 4 rotating 
vanes

26 5 77

(Tong et al., 
2015)

P300 4× 3     dialling 
system

7.17 20 88.75

(Y. Liu et al., 
2012b)

SSVEP Numbers 1 
to 16

28.06 4 82.99

(Chiuzbaian et 
al., 2019)

SSVEP four directions 10.06 10 92.5

(Tello et al., 
2014b)

SSVEP Two squares 8.07 5 66

Proposed
method

Gazing 5 rotating  
vanes

    
34.05

5 0.9053

CONCLUSIONS

The inconvenience for the user (i.e., cap, gel, etc.) to use BCI sys-
tems and the low interaction speed caused these systems to remain in 
research laboratories. To fill this gap, the Emotiv Epoc headset offers 
facilities to alleviate the problems of EEG-based BCI technology. This 
device minimizes user discomfort thanks to its moist electrodes. In ad-
dition, this low-cost headset has a short preparation process because it 
is wireless. Also, steps were taken to use fewer channels, but the results 
were observed to be better when using all the channels. In general, when 
looking at the results of this study, two important points appeared; BCI 
systems based on rotating vanes had sufficient potential to overcome 
the problems of systems operating with the existing paradigms. The sec-
ond point was that more cost-effective devices can be used, instead of 
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expensive EEG devices, in real applications. This offline work can be de-
veloped online by considering other feature extraction and classification 
techniques. In addition, with EEGLAB, analysis can be made in a more 
flexible environment by transferring brain information to a graphical in-
terface.
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INVESTIGATION OF THE EFFECTS OF COATED 
AND UNCOATED DRILLS ON HOLE QUALITY IN 

DRILLING OF STEEL USED IN MOLDING

Senai YALÇINKAYA1, Alper ÖNER2, Buğra BAŞIHOŞ3

Absract: In the operations of machining drilling has a considerable 
status. Nowadays the necessity of working with much narrower tol-
erances and precision has further increased the importance of drilling 
processes.  Changing cutting forces, temperature values, and runout 
deflection that may occur in the drill during the drilling process sig-
nificantly have affects the hole quality and measurement accuracy.  In 
this study, surface quality, change in hole diameter and deviation from 
circularity, which have an important place in the drilling operation 
of DIN 2738 steel, which is used in manufacturing and especially in 
molding, were investigated experimentally. Nine types of HSS drills 
as uncoated, TiN and TiAlN coated with a diameter of 10, 12 and 14 
mm has been used. The experiments were carried out at 10, 15 and 20 
m/min cutting speeds in a CNC vertical machining center under dry 
drilling conditions as holes with a depth of 20 mm. The results were 
obtained by measuring the three parameters for each drilled holes: a) 
Surface roughness b) Deviation from diameter c) Deviation from circu-
larity and interpreted by comparing them separately for each feature.
As a result of the experiments, coated drills compared to uncoated 
drills; have shown positive results for all evaluation criteria.  
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INTRODUCTION and THEORETICAL FRAMEWORK
Drilling, which is one of the machining methods, is used to ob-

tain many industrial products. Drilling with drills is common and well 
known metal removal operations, accounting for nearly one-third of all 
metal machining.  In Figure 1, the ratios of the processes according to the 
number of processes in the machining processes are given as percentag-
es (Tonshoff et al., 1994).

Figure 1. The Percentages of the Processes in the Machining According to 
the Number of Processes

When viewed in terms of consumed time in machining operations 
with metal removal, as shown in Figure 2, drilling constitutes a quarter 
of these operations (Tonshoff et al., 1994).
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Figure 2. The Percentages of the Processes in the Machining According to 
the Time Spent

Drilling is carried out by removing chips from a workpiece in con-
ventional drill benches and advanced CNC machines with the appropri-
ate drill. Cutting tool and workpiece costs are the most important cost 
items in machining. Therefore, it is necessary to consider these factors in 
order to reduce production costs and make the product cheaper. For this 
reason, improvements made in drilling, which is a part of machining, 
are important in terms of reducing manufacturing costs and creating a 
competitive opportunity (Arafat, 2009). As in the research on all types 
of machining, in the research on the parts drilled with a drill, facts such 
as material properties, type and material properties of the cutting tool, 
coating properties of the cutting tool, depth of cut, feed rate, number of 
revolutions have been of great importance (Karasoy, 2009). The target of 
hole drilling production is to perform the processing task with the least 
technical and economic cost and the highest safety for the worker (Seker, 
2006). In hole drilling applications in the manufacturing sector, there are 
some problems such as changes in cutting forces, tool wear, temperature 
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changes, deviation from circularity, axial misalignment and deteriora-
tion of surface quality. Such problems in machining high-quality holes 
require secondary operations such as reaming. Ensuring that the hole 
quality and dimensional accuracy remain within the desired tolerance 
limits without the need for secondary operations helps to reduce the ma-
chining cost by preventing time and production loss. Various types of 
research have been carried out in literature in order to prevent such neg-
ativities encountered in hole drilling operations, to produce solutions 
and to provide better processing conditions.  

Using AI 7075 and AISI 1050 steal materials and inclination angles 
60 and 80, have been analysed the heat-affected zones during machining 
in vertical machining at different cutting and table feed speeds by infra-
red imaging methods. It has been observed that ascending cutting speed 
and feed rate caused to the increasing of temperature at the tool and chip 
interfaces. However it has been determined, the relationship with the 
tool tilt angle is not distinctive (Dinç et al, 2008).

Testing of coating performance of DLC (Diamond-like carbon) coat-
ed on aluminium, brass and 7% Si included drills in the drilling oper-
ations were performed on by using uncoated and DLC coated drills. 
Shear forces of drills have been determined by using the dynamometer. 
It has been seen the mean of the axial forces of the coated one was 2.5 
times lower on mean than the uncoated one (Zaquini, 2006).

On three different composite materials (CYCOM 7701, CYCOM 7714 
and ISOVAL11), with 5 mm, 10 mm and 15 mm diameters, uncoated 
HSS, TiN and Carbide coated drills at three different cutting speeds (125, 
250, 315 rpm), feeds values as 0.056, 0.112 and 0.16 (mm / rev) experi-
ments were carried out. Scanning Electron Microscope has been used 
to determine the surface roughness. Surface roughness of the machined 
surface ascended when increasing rotation and feed rate. 

Better outcomes were obtained in terms of surface roughness in 
small diameter drills, it was determined that the surface roughness as-
cended in HSS drills, but descended in TiN coated and carbide drills. 
Better machined surface was obtained when carbide drills were used 
(Canpolat, 2008).
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The drillability of Inconel 718 was investigated in dry cutting con-
ditions with three different feeds (0.05, 0.075 and 0.1 mm/dev.), four 
cutting speeds (10, 12.5, 15 and 17.5 m/min) by using three types of 5 
mm diameters carbide drills (Uncoated, TiN coated and TiAlN coated). 
Drilling quality data have been collected and in the light of these mea-
sured data, the best performance was obtained from uncoated carbide 
drills, while TiAlN coated carbide drills were the worst one. It has been 
found out the hole quality and performance of drills decrease at high 
cutting speed and feed combinations (Kıvak, 2007).

Hole enlargement was performed using uncoated and TiN coated 
HSS drills on C45 steel material using bench speed (550 rpm), cutting 
speed (22.4 m / min) and tool feed (0.13 mm / rev). The macro structures 
of the wear in the drill cutting edges were examined by taking photo-
graphs with the help of SEM. It was observed that the wear of TiN-coat-
ed drills is less than that of uncoated drills (Inçal, 2007).

HSS, TiN-coated HSS and solid carbide drills with a diameter of 
5 mm and three different tip angles (900, 1180, 1300) were used in the 
drilling of a 17% SiC particle-reinforced Al 2124 alloy plate. Drilling 
processes were carried out with 0.08 and 0.16 mm/rev feed rates ( and 
two different revolutions (260, 1330 rpm) to the alloy plate.  As a result 
of the experiments, as the tip angles of HSS and TiN-coated HSS drills 
increased, the subsurface damage area also increased. However, as the 
tip angle of the solid carbide drill increases, the damaged area decreases 
(Tosun and Muratoğlu, 2004).

In High Speed Steel tools, cutting egde effect on tool wear and tool 
life were investigated by using Böhler mold steel material (M236). For 
the moment and resultant force measurement, Kistler 9124A dynamom-
eter was connected to CNC vertical machining center and measurements 
were made. Experimental processes were carried out using 1200 rpm 
and different feed rates (120, 140, 150, 160, 170, 180 mm/min). Observa-
tions from SEM and poly-meters have shown that it can produce various 
size radius of cutting-edge for coated High Speed Steel drills. As a result 
of the experiments, the best drills life obtained by using between 24 and 
27 µm edge radius for the cutting conditions (Cheung et al, 2008).
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Coating of drill bits makes them harder, lubricated, sharp and high 
temperature resistant than uncoated drill bits. The drill bits after coating 
have become long-lasting, the higher quality cutting ability, and more 
durable.

The life of the coated and uncoated drill bits is theoretically calculat-
ed using the Taylor tool life equation and compared with the experimen-
tal work, given in figure 3 (Puneeth and  Smitha, 2017). 

             
Figure 3. Comparison Between Practical and Theoretical Tool Life in  

Minutes

By machining uncoated HSS and Titanium Nitride, Titanium Alu-
minum Nitride coated HSS drill bits EN8 material under dry machining 
conditions, parameters such as tool life and cutting forces were found 
experimentally. The number of holes drilled by Uncoated, TiN-coated 
and TiAlN-coated drill bits is given in figure 4 (Puneeth and  Smitha, 
2017).
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    Figure 4. Tool Life for Uncoated and Coated HSS drills in  

Number of Holes

The deviations from the diameter and surface qualities of the holes 
produced by the application of the drills made of three types of coated 
and uncoated HSS materials, TiN, AlCrN, TiAlN, on the plate made of 
AA5052 material under dry drilling conditions were investigated. Field 
Emission Scanning Electron Microscopy (FESEM) and Energy Disper-
sive Spectroscopy (EDS) were used for this work.

As a result of the evaluation of the data obtained from these devices, 
the TiAlN coated HSS drill showed less tool wear and excellent surface 
quality on the workpiece. The TiN coated HSS drill ranked second and 
also showed worse surface quality characteristics than the TiAlN coat-
ing. AlCrN coatings ranked third after TiAlN and TiN coatings.

For diameter deviation (cylindricality), experiments were carried 
out using three different diameter drills and uncoated and TiN, TiAlN 
and AlCrN coated drills under three different feed rates. Errors accord-
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ing to the holes were handled and it was observed that the best drill with 
less cylindrical error was the TiAlN coated drill.

As a result, it has been determined that the use of TiAlN coating 
is more suitable for machining AA5052 material than other drills used 
in the experiments, since it creates good surface quality and shows less 
wear (Haja Syeddu Masooth and Jayakumar, 2020).

Drilling operations were carried out using 11 different revolutions 
and feed rates with high-wear resistance and toughness AISI D2 (DIN 
2379) steel material by using three different drill bits with Ø8 mm di-
ameter as HSS, TiN and TiAlN coating drill bits on the CNC vertical 
machining machine. The effects on drill bit wear have determined by 
increasing the rotation and feed rate regularly during drilling and at the 
same time feed rate, rotation and cutting speed were recorded. The wear 
results of the tooltips have been also examined with an optical micro-
scope and compared. The surface roughness of the holes have been mea-
sured using a surface measuring device. It has been observed that the 
TiAlN coating drill bits are more durable than the HSS and TiN-coated 
drill bits and much smoother surface roughness is obtained. It has been 
proven that the most wear-resistant bit is the HSS drill bit (Kocabıçak 
and Yalçınkaya, 2020).

MATERIAL, TOOLS and METHOD
This study, it is aimed to find the optimum drilling conditions re-

quired for the drilling of the plate which made DIN 2738 material by 
using un-coated, TiN-coated and TiAlN-coated HSS drills depending on 
different cutting parameters and to improve the hole quality. Materials, 
equipment, machining parameters, machine tools, etc. used in the exper-
iments have een discussed below.

Materials Used in the Experiment

Steel Plate: The chemical composition of DIN 2738 steel material, 
which is the material of the steel plate used in the experiment, is shown 
in Table 1
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Table 1. DIN 2738 Steel Material Contents

Element C Mn Cr Ni Mo

% 0.42 1.5 1.95 1.1 0.2

Drills: Coated and uncoated HSS (DIN 338) drills have used which 
made by Makina Takım Endüstri A.Ş. The coatings were made with PVD 
(Physical Evaporation Method) on DIN 338 HSS RN 118° had grinded 
drills using TiAlN and TiN materials. The DIN 338 HSS RN 118° had 
grinded drill have chosen as it was produced by grinding completely, 
providing completeness to the extent thanks to its geometric balances 
and precision tip sharpening. One of the drill used in experiment shown 
in figure 5.

      
      Figure 5. Makina Takım Endüstri A.Ş. DIN 338 HSS RN 118° Grinded 

Drill

Experimental plan
Due to experienced rule which was hole diameter is three times or 

less than three times from drilling length of hole, drilling length has de-
fined as 20mm. (Michael et al, 1989). 27 experiments have conducted 
using a separate drill in every experiment. 9 of these experiments were 
done with ø10, ø12 and ø14 uncoated drills, 9 with ø10, ø12 and ø14 Tin 
coated drills and 9 with ø10, ø12 and ø14 TiAlN coated drills. All these 
hole position and plan have shown in Figure 6.  
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Figure 6. Plan of Hole Positions on Steel Plate for Experiment

Machine, Tool Used in the Experiment
Tool properties and cutting parameters used in operations are 

shown in Table 2

Table 2. Tool Properties and Cutting Parameters used in Drilling Operations

Drill Type HSS high-speed steel, N, tip angle 118°, diameter 
tolerance h8, right-hand cutting

Standard DIN 338

Drill Geometry Ø10-12-14 mm, tip angle 118°, helix angle 30

Cutting Speeds 20, 30, 40 m/min

Feed Rate 0.1 mm/rev

For the determination of the drilling parameters, the values recom-
mended in the drilling tool catalogue were taken into consideration as a 
result of the preliminary experiments. 
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The JOHNFORD VMC–550 CNC milling machine available at Mar-
mara University, Faculty of Technology, and CNC Workshop was used 
in experiment. 

CNC machine; It is a Vertical Machining Center with a program-
mable FANUC control unit capable of linear and circular interpolation 
in three axes. The technical specifications of this machine are shown in 
Table 3

Table 3. Johnford VMC–550 CNC Vertical Machining Center Features

Bench Power 5 KW

Maximum Speed 8000 rpm/min

Dimensions ( x, y, z axes) 600,500,600 mm

Measure precision 0.001 mm

Operation System Fanuc

Machine Used in Measurement
Today, in parallel with the developing technology, high precision 

expectations from production have increased. The same high precision 
expectations are in question for elements containing holes on a product 
to be produced. The most important features that determine the hole 
quality are;

• Measurement accuracy,
• Circularity,
• Deviation from the axis (cylindricality) and
• Drilled surface quality.
It is common for holes to be “reamed” as a secondary operation to 

achieve these properties. However, today, with modern machine tools 
and modern drilling tools, it is possible to obtain the desired hole quality 
without an additional process and this application, which brings a sig-
nificant cost. Correctly selected cutting parameters are majority factors 
in obtaining the desired hole quality.

Determination of appropriate parameters are important for hole 
quality. For this purpose, 

• 	 Hole diameter measurements
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• 	 Deviation from circularity (ovality and cylindricality) measure-
ments and

• 	 Average surface roughness (Ra) measurements of the machined 
surfaces were made.

If larger or smaller diameter holes are produced than the required 
diameter, it is usually because the drill is off-centre. Other reasons; the 
machine spindle is not suitable, the feed rate is too high or the clamping 
rigidity is insufficient. If the hole is not symmetrical, the source of the 
problem is often insufficient rigidity in the machine or clamping. It is 
also possible that the cutting values are incorrect for the material being 
machined. Poor surface quality is often the result of vibrations due to 
poor rigidity in the clamping of the machine. The drill may be too long, 
attached to a poor quality tool holder, or have poor tool position. Cut-
ting values may not be correct for the application or initial input may be 
made on poor quality surfaces. The coolant supply may be insufficient or 
chip control may not be good enough when chip evacuation is irregular.

A coordinate measuring device (CMM) was used to measure the 
hole diameter and deviation from circularity in the holes obtained after 
the experiments to be carried out by taking measures to eliminate all 
these negativities.

For determination of surface quality, the Mahr Perthometer M1 de-
vice was used to measure the average surface roughness (Ra). The tech-
nical specifications of Mahr Perthometer M1 device this are shown in 
Table 4.

Table 4. Technical Specifications of the Mahr Perthometer M1 Surface 
Roughness Meter

Model M1

Scan Speed 0.5 m/sn

Scan 0.75mN

Needle tip half 2µm

Measurement 100-150 µm

Profile 12mm
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Filter Gaussian

Sampling 0.25 – 0.8 – 2.5 mm

Measuring 1.75 – 5.6 – 17.5 mm

Measurable Ra, Rz ,Rmax

The data obtained in the experimental studies will be presented and 
discussed in the findings and discussion section.

FINDINGS and DISCUSSION

Data Obtained from Experiments 
Twenty-seven experiments were carried out according to the pa-

rameters and experiment plan specified in the previous sections. As an 
“output” as a result of experimental studies in which drill type, diam-
eter and cutting parameters were evaluated as “input”; To determine 
the hole quality, the completeness of the hole size (deviation from the 
diameter), the circularity of the resulting hole (ovality or deviation from 
circularity) and the surface quality of the drilled hole (average surface 
roughness, Ra) have evaluated. All these data and the results obtained 
are shown in Table 4.

Table 5. Results from Drilling Experiments with Various Drills

Test 
No

Cutting Tool Feed 
(mm/
rev)

Cutting 
Speed (m/

min)

Average Sur-
face Rough-
ness Ra(µm)

Deviati-
on from 

Diameter 
(mm/m)

Deviation 
from Cir-
cularity 
(mm))

1 Uncoated
 Ø 10

0,1 10 2,307 0,122 0,052

2 Uncoated
 Ø 10

0,1 15 2,262 0,126 0,071

3 Uncoated
 Ø 10

0,1 20 2,227 0,131 0,086

4 TiN Coated
 Ø 10

0,1 10 2,148 0,063 0,061
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5 TiN Coated
 Ø 10

0,1 15 2,093 0,074 0,079

6 TiN Coated
 Ø 10

0,1 20 2,013 0,078 0,095

7 TiAlN Co-
ated
Ø 10

0,1 10 2,062 0,049 0,069

8 TiAlN Co-
ated
Ø 10

0,1 15 2,024 0,051 0,082

9 TiAlN Co-
ated
Ø 10

0,1 20 1,938 0,084 0,113

10 Uncoated
 Ø 12

0,1 10 2,503 0,125 0,067

11 Uncoated
 Ø 12

0,1 15 2,445 0,151 0,084

12 Uncoated
 Ø 12

0,1 20 2,355 0,191 0,106

13 TiN Coated
 Ø 12

0,1 10 2,214 0,063 0,059

14 TiN Coated
 Ø 12

0,1 15 2,188 0,077 0,078

15 TiN Coated
 Ø 12

0,1 20 2,055 0,092 0,099

16 TiAlN Co-
ated
Ø 12

0,1 10 2,124 0,058 0,056

17 TiAlN Co-
ated
Ø 12

0,1 15 2,072 0,063 0,073

18 TiAlN Co-
ated
Ø 12

0,1 20 2,026 0,087 0,098
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19 Uncoated
 Ø 14

0,1 10 2,624 0,118 0,082

20 Uncoated
 Ø 14

0,1 15 2,531 0,158 0,091

21 Uncoated
 Ø 14

0,1 20 2,404 0,181 0,118

22 TiN Coated
 Ø 14

0,1 10 2,475 0,074 0,074

23 TiN Coated
 Ø 14

0,1 15 2,351 0,086 0,089

24 TiN Coated
 Ø 14

0,1 20 2,227 0,095 0,098

25 TiAlN Co-
ated
Ø 14

0,1 10 2,418 0,061 0,062

26 TiAlN Co-
ated
Ø 14

0,1 15 2,356 0,077 0,092

27 TiAlN Co-
ated
Ø 14

0,1 20 2,163 0,085 0,114

Surface Quality

Experimental data have been used to obtain graphs with parame-
ters for cutting speed vs. average surface roughness values (Ra) for 3 
different drills. First graph is for uncoated drills, the second graph is for 
TiN-coated drills and the last graph is for TiAlN-coated drills. 

The first surface roughness graph is given in graph 1 for uncoated 
drills. When the graph 1 is examined, Surface roughness decreases de-
pending on the increasing cutting speed. As the diameters increased, the 
surface roughness also increased.
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Graph 1. Surface Roughness Graph (Ra) for Uncoated Drills

The second surface roughness graph is given in graph 2 for TiN coat-
ed drills. When the graph 2 is examined, surface roughness decreases 
depending on the increasing cutting speed. As the diameters increased, 
the surface roughness also increased.

Graph 2. Surface Roughness Graph (Ra) for TiN Coated Drills
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The third surface roughness graph is given in graph 3 for TiAlN coat-
ed drills. When the graph 3 is examined, surface roughness decreases 
depending on the increasing cutting speed. As the diameters increased, 
the surface roughness also increased.

Graph 3. Surface Roughness Graph (Ra) for TiAlN Coated Drills

From graphs 1, 2 and 3, a higher surface roughness was seen in 
uncoated Ø 14 (2.624 µm), and a lower surface roughness was seen in 
TiAlN coated Ø 10 (1.938 µm).

The most important result that can be said for coated tools is that 
better surface qualities are obtained when compared to uncoated tools. 
This shows that the coating material not only contributes to the wear 
resistance of the tool, but also improves the surface quality. This is be-
cause the coating material also facilitates the flow of chips, as it has a low 
coefficient of friction.

It has been determined experimentally that the surface roughness 
values that can be obtained in drilling with a drill should be between 1.6 
(N7) and 3.2 (N8). The surface roughness values of 1.938 µm and 2.624 
µm, which were determined in 27 experiments with three types of drills, 
remained within the limits given above and also confirmed experimen-
tal studies.
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Deviation from Diameter

The main objective is to obtain a hole of the desired diameter within 
certain tolerances in drilling operations with a drill. The diameter ob-
tained in drilled holes often occurs larger than nominal diameter. The 
resulting difference must be within the tolerance limits. In the drilling 
process; the type of application in which the drill is rotating, workpiece 
is fixed or vice versa, the stability of the clamping tools used, the rigidity 
of the machine tool, the correct tool geometry of the cutting edges of the 
drill affect the accuracy of the hole to be obtained. Moreover; it is also 
important that parameters are selected correctly. In this study, it was in-
vestigated how the parameters such as feed, presence of coating, cutting 
speed and drill diameter impact the exactness of measurement of the 
holes acquired since the experiments were carried out on the condition 
that the first external factors remained the same in all experiments. De-
pending on these parameters, the changes in the diameters of the holes 
obtained from the experimental studies are shown in graphs in 4, 5 and 
6. Deviation from diameter for uncoated drills is shown in graph 4.

Graph 4. Deviation from Diameter (mm) for Uncoated Drills
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When the graph 4 is examined, achieved bore diameter is greater 
than the nominal diameter in all states. In addition, as the drill diame-
ter increases or the cutting speed increases, the hole diameter increases 
more than the nominal diameter. In the holes obtained under the same 
conditions, the deviations from the diameter in the holes drilled with 
coated drills are less than the holes drilled with uncoated drills. 

Second deviations from the diameter’s graph is TiN coated drills 
graph and shown in graph 5. 

Graph 5. Deviation from Diameter (mm) for TiN Coated Drills

Hole diameter is obtained in graph 5 greater than the nominal diam-
eter in all conditions. As the drill diameter increases or the cutting speed 
increases, the hole diameter increases more than the nominal diameter. 
In the holes obtained under the same conditions, the deviations from the 
diameter in the holes drilled with coated drills are less than the holes 
drilled with uncoated drills. 

Third deviations from the diameter’s graph is TiAlN coated drill 
graph and shown in graph 6. 
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Graph 6. Deviation from Diameter (mm) for TiAlN Coated Drills

Hole diameter is obtained in graph 6 greater than the nominal diam-
eter in all conditions. As the drill diameter increases or the cutting speed 
increases, the hole diameter increases more than the nominal diameter. 
In the holes obtained under the same conditions, the deviations from the 
diameter in the holes drilled with coated drills are less than the holes 
drilled with uncoated drills. 

Deviation from Circularity (Ovality)

In order to determine the parameters that affect the deviation of 
the drilled holes from circularity (ovality), graph 7 shows the change of 
ovality as drill diameter and cutting speed in the light of ovality mea-
surements made in the holes obtained from uncoated drills.
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Graph 7. Deviation from Circularity (mm) for Uncoated Drills

The second deviation from circularity graph is given in graph 8 for 
TiN coated drills. When the graph 2 is examined, deviation from circu-
larity increases depending on the increasing cutting speed. As the diam-
eters increased, the deviation from circularity also increased.

Graph 8. Deviation from Circularity (mm) for TiN Coated Drills
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The third deviation from circularity graph is given in graph 9 for 
TiAlN coated drills. When the graph 2 is examined, deviation from cir-
cularity increases depending on the increasing cutting speed. As the di-
ameters increased, the deviation from circularity also increased

Graph 9. Deviation from Circularity (mm) for TiAlN Coated Drills

When the 7, 8 and 9 graphs are examined, it is observed that the ef-
fectiveness of cutting speed is more active on the ovality than the   diam-
eter and coating. The ovality values vary between 0.052 mm and 0.118 
mm were obtained. In terms of uncoated, TiN coated and TiAlN coat-
ings, the ovality values were close to each other for each diameter. In 
all three, it was observed that deviation from circularity increased only 
with cutting speed. Therefore, it may be recommended to choose lower 
values of cutting speed within the recommended range of cutting speed.

RESULT and RECOMMENDATION

The conclusions reached by the evaluation of the findings obtained 
as a result of the experiments;
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• 	 Due to increasing cutting speed the average surface roughness 
values obtained decreased within also three diameters.

• 	 In terms of surface quality, TiAlN and TiN coated drills gave bet-
ter results than uncoated drills. If the aim is to obtain a good sur-
face quality, a coated drill should be used.

• 	 As the drill diameters increase, the surface roughness increases.
• 	 Considering the deviation values from the dimension, achieved 

bore diameter is greater than the nominal diameter in all states 
and the deviation from the nominal diameter is generally; It is 
seen that it increases as the drill diameter increases and the cut-
ting speed increases, and vice versa, with the application of coat-
ing, it decreases compared to the holes obtained under the same 
conditions with uncoated tools.

• 	 It has been observed that the amount of deviation from the di-
ameter obtained with the coated tools is lower than the amount 
of deviation from the diameter obtained from the uncoated tools, 
and the TiAlN coating gives a lower diameter deviation than the 
TiN coating.

• 	 As the drill diameters increased, diameter deviation also in-
creased.

• 	 Increasing cutting speed negatively affected the diameter devia-
tion. Also for all other parameters the amount of deviation from 
the diameter increased

• 	 It is recommended to use lower cutting speeds and coated tool-
ing, within the recommended limits, for dimensional accuracy 
depending on the nominal diameter in the resulting hole diame-
ters.

• 	 It has been determined that increasing speeds of cutting param-
eters have increased the deviation from circularity (ovality) and 
they are more effective on ovality than diameter and coating.

• 	 The cutting speed is more effective on the geometric integrity of 
the drilled holes than the coating application and diameter. For 
this reason, it is suggested to select the cutting speed from low 
value within the recommended range in applications where cir-
cularity is important.
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Prospective recommendations based on the results of this study;
• 	 A study can be performed using different workpiece materials 

under the same conditions for the verification of this study.
• 	 Since it is observed that the coating has a positive effect on the 

outputs, the effects of different coating applications can be inves-
tigated comparatively. The work can be enriched by increasing 
the number of selected drill diameters.

• 	 Studies including temperature measurement can be done to mea-
sure the temperature generated during drilling and to determine 
its effect on the outputs.

• 	 In the above-mentioned styles, similar studies can be investigat-
ed comparatively in terms of performance between unused (new) 
drills and sharpened drills (taking into account the number and 
quality of sharpening).
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THE REVIEW OF LASER CLADDING METHOD AND 
PARAMETERS

İbrahim KARAAĞAÇ1, Mehmet Okan KABAKÇI2, Mehmet Yasin DEMİREL3

Abstract: Nowadays, significant improvements have been made in the 
field of engineering with laser technology, and innovative processes 
have begun to be used and are still be develop and apply in diffe-
rent fields. Manufacturing methods such as cutting and marking using 
laser technology are widely used in various industrial areas such as 
defense, space, aviation, and automotive. One of these manufactu-
ring methods is laser cladding. The laser cladding method, which is 
an additive manufacturing method; is becoming increasingly common 
in industrial applications because it provides significant benefits such 
as complex geometries and difficult and time-consuming parts to be 
produced in a short time, rapid production of prototype products, and 
repair of features that have lost volume due to damage. In this study, 
laser technology, laser cladding method, process parameters, applica-
tion types of the process, problems encountered during the applicati-
on, and solution suggestions were compiled.
Keywords: Laser Cladding, Laser, Additive Manufacturing

INTRODUCTION

The laser cladding method; is an interdisciplinary technology that 
uses laser technology, powder metallurgy, computer-aided design and 
manufacturing (CAD/CAM), robotics technology, sensors, and control 
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engineering. L The laser cladding process is a surface improvement pro-
cess in which a laser beam is used as a heat source and a metal layer is 
formed on the surface of a fixed or moving part. The process is generally; 
used to create a protective coating layer to increase the functionality of 
the product or part, as well as to repair damaged or worn surfaces. The 
mechanical properties of the parts such as corrosion resistance, wear re-
sistance, and impact resistance can be increased using the laser cladding 
method. In addition to producing geometries that are difficult to obtain 
with traditional methods, it also provides the opportunity to continue 
using by repairing parts that are damaged during operation (Brandt, 
2016; Cavaliere, 2021; Dindar et al., 2021; Mahamood, 2018; Majumdar & 
Manna, 2015; Song et al., 2016; Toyserkani et al., 2005).

Figure 1. Schematic Illustration of Laser Cladding Process 4

4	 Total materia “ Laser Cladding Technology” https://www.totalmateria.com/page.
aspx?ID=CheckArticle&site=ktn&NM=377 (E.T. 11.11.2022)
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Figure 2. Laser Cladding Process on the Cylindrical Part 5

In the laser cladding method, the material on which the process is 
applied is called “base metal” or “substrate”. The laser cladding process is 
applied on the substrate; it consists of the stages of sending the powder 
material used as the clad onto the substrate, producing a melt by the 
laser beam acting on the substrate and the powder, and creating a clad 
layer by solidifying the melt.

Laser Technology

The invention of laser technology in the early 1960s revolutionized 
engineering practices, making many things unachievable with traditio-

5	 Metalmecanica “Ehla: fast and environmentally friendly coating” https://www.metalmecanica.
com/es/noticias/ehla-recubrimiento-rapido-y-amigable-con-el-medio-ambiente (E.T. 
11.11.2022)



İbrahim KARAAĞAÇ, Mehmet Okan KABAKÇI, Mehmet Yasin DEMİREL

143

nal manufacturing methods in the past possible. The word “laser” stan-
ds for Light Amplification by the Stimulated Emission of Radiation. (Ko-
vacs, 2018). Laser technology is a light-based processing method. The 
laser beam is produced from the amplified light source, similar to how a 
microphone is used to amplify sound.

The laser beam is characterized by a single wavelength, monoch-
romaticity, the same phase position known as coherence, and low di-
vergence and beam propagating in parallel lines. All these features of 
the laser concentrate the intensity of the produced laser beam so that a 
high-intensity laser beam can be produced. With these unique features, 
laser technology finds wide application in industrial applications and 
many different fields. In addition, one of the most important reasons 
why laser technology is preferred is that the laser beam can only be di-
rected to the desired point and can be used in small processing areas 
(Mahamood, 2018; Toyserkani et al., 2005).

Laser types can be classified according to the physical properties 
and operating parameters used in laser beam production. The most 
common way is to classify according to the physical state of the active 
material while there are several ways to classify laser types. According 
to this criterion, lasers that can be used in laser cladding processes can 
be classified as follows;

•	 Solid-State Lasers: Solid-state lasers are the general nomencla-
ture given to the laser generation method in which the active medium 
consists of a solid rather than a liquid or gas.6 These solid materials usu-
ally consist of glasses or crystals doped with rare earth elements such as 
Neodymium (neodymium), Erbium (erbium), or Ytterbium (ytterbium). 
Solid state lasers operating in continuous wave (CW) mode can perform 
operations in many different application areas, from cell research to me-
chanical production, because of their wide range of wavelengths from 
ultraviolet (UV) wavelengths to far infrared (far IR) wavelengths. To-
day’s, Ruby, Nd-YAG, Tm-YAG, Yb-YAG, Nd: glass, sapphire, titani-

6	  İnnova-teknoloji “CW Solid State Lazerler” http://www.innova-teknoloji.com/lazer/cw-
solid-state-lazerler (E.T. 11.11.2022)
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um-sapphire, fiber, and many more different types of solid-state lasers 
are in use.

•	 Gas Lasers: Gas lasers can be created by passing electricity th-
rough the environment where the active media is gas as a discharge7. For 
the first time, continuous laser light could be produced with gas lasers. 
They are also the first lasers in which power can be obtained by conver-
ting electrical energy into a laser beam. In the method, stimulated emis-
sion is produced from low-energy transitions between the vibrational 
and rotational states of the molecular bonds of gases. The most impor-
tant advantage of gas lasers is that they are relatively cheaper than other 
types of lasers. Also, gas lasers can be produced from vaporized metal 
ions such as helium-silver (HeAg) and neon-copper (NeCu) to create 
deep ultraviolet wavelengths. Various gas lasers such as CO2, CO, nit-
rogen, argon, xenon, and krypton can be used for different applications.

•	 Chemical Lasers: In chemical lasers, laser beams are produced 
by chemical reactions that allow the rapid release of large amounts of 
energy in the laser environment. Chemical lasers can produce powers 
reaching megawatt levels8. It has very important functionality in indust-
rial applications and military activities. There are chemical laser types 
such as oxygen-iodine laser, all gas-phase iodine laser, hydrogen fluori-
de (HF) and deuterium fluoride (DF) lasers.

•	 Semiconductor Lasers: It is a type of laser in which the laser me-
dium consists of semiconductor materials. These types of lasers are ge-
nerally excited by electrical pumping of the laser medium and interband 
transition under conditions of a high carrier density in the conduction 
band. Semiconductor lasers are also known as diode lasers in industri-
al applications. The lasers that have low to medium power are used in 
laser pointers, laser printers, and CD/DVD players are all made from 
semiconductor lasers. In addition, it is possible to make industrial semi-
conductor lasers with high power output as large as desired.

7	 Physics-and-radio-electronics “Gas laser” https://www.physics-and-radio-electronics.com/
physics/laser/differenttypesoflasers.html (E.T. 11.11.2022)

8	 Wikipedia “Chemical laser” https://en.wikipedia.org/wiki/Chemical_laser (E.T. 11.11.2022)
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LASER CLADDING METHODS	

Laser Cladding with Pre-placed Powder
A thin coating layer is prepared in powder form by laying on the 

base material to be subjected to a surface improvement process. Af-
terward, the laser beam is programmed in the direction of the desired 
geometry, and movement is provided. Depending on the feed rate of the 
laser beam on the coating material, heating, melting, mixing and solidi-
fication processes take place. The laser cladding process is completed by 
melting the powder material with the base metal and then solidifying 
it (Toyserkani et al., 2005). This method is an effective option for laser 
cladding of planar geometries. The schematic representation of a laser 
cladding process made by the pre-placed powder method is given in 
Figure 3. 

Figure 3. A Laser Coating Process with a Pre-Placed Powder Method  
(Dindar et al., 2021)

Laser Cladding with Wire Feeding Method

In the laser cladding method, when it is necessary to process non-pla-
nar geometries, the pre-placed powder method loses its functionality. In 
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such cases, the feeding process is carried out on the base metal with the 
use of wires containing powder materials. The feedstock wire used in 
the method; it is obtained by mixing the powder particles with a binder, 
passing the mixture through extrusion molds, cooling the extrudate, gi-
ving strength, and packaging as a product. In the laser cladding process, 
the wire feeding process is carried out by means of a nozzle. The wire 
material entering the focal point of the laser beam begins to melt with 
heat. The melt spreads on the base metal, cools, and solidifies, forming 
the clad layer. In this process, two important parameters are the wire 
feed rate and the speed of the laser on the tool path. The wire feed rate 
and the laser beam feed rate should be supporting the process simul-
taneously. If the wire feed rate is not sufficient, a porous structure is 
formed on the cladding and a sufficient quality cladding process cannot 
be performed. If the wire feeding rate is higher than required, then the 
melting of the wire becomes difficult, and an irregular cladding surface 
occurs. At the same time, if the feed rate of the laser beam is higher than 
it should be, the metallurgical bonding takes place at a low rate because 
sufficient heat cannot be provided, and this may cause the cladding to 
be of low strength (Toyserkani et al., 2005). Laser cladding with the wire 
feeding method is schematically illustrated in Figure 4. 

Figure 4. Laser cladding with wire feeding method (Dindar et al., 2021)
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Laser Cladding with Powder Feeding Method

In some laser cladding applications, the pre-placed powder clad-
ding method may not show sufficient performance. However, in order 
for the process to continue, the substrate surface to be treated with the 
laser cladding method must be brought together with the powder mate-
rial using a different method. In such cases, powder particles are sent to 
the substrate surface using a nozzle. The laser cladding process is per-
formed by the powder particles coming out of the nozzle entering the 
focus of the laser beam on the substrate surface, melting, and cooling. 
The powder materials used in the method are generally preferred in a 
spherical form in order to make the powder flow more ease. In addition, 
the size of powder particles should be considered an important para-
meter for the process. Because if the powder particles are lower than a 
certain size, all the particles start to move at the same time. Due to this 
situation, the nozzle tip may be clogged, and the process may result in 
failure before the cladding process begins. In addition, the contact of 
some materials with air during the spraying of powder particles on the 
substrate through a nozzle creates a negative effect and defect for the 
cladding process. Applications, where inert gases such as helium (He) 
and argon (Ar) are used as carrier gases, are commonly encountered in 
laser cladding processes where contact with air is not desired (Toyser-
kani et al., 2005). The laser cladding process with the powder feeding 
method is divided into two groups as lateral powder feeding and coaxial 
powder feeding according to powder feeding type.

Lateral Feeding

In the laser cladding process, the powder delivery process applied 
to the substrate surface is carried out with the help of a nozzle. The nozz-
le, which allows powder particles to be sprayed with a certain carrier gas 
and sent onto the substrate, also ensures that the powder particles are 
transmitted to the laser beam focus in the most efficient way possible. 
It is important for the quality of the cladding that the blasted powder 
particles enter the laser beam focus, and the melt material settles and 
solidifies efficiently on the substrate. For this reason, the spraying posi-
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tion of the powder particles is important for the process when applying 
the lateral powder feeding process (Toyserkani et al., 2005). In addition 
to this difficulty of adjustment in the process, the application of lateral 
powder feeding on parts with complex geometries and variable angles, 
where the laser cladding process is difficult to perform, simplifies the 
process. The schematic representation of the lateral powder feeding met-
hod in the laser cladding process is given in Figure 5.

Figure 5. Lateral powder feeding method (Dindar et al., 2021)

Coaxial Feeding

In some applications of the laser cladding process, powder sending 
to the substrate surface can be performed coaxially with the laser beam. 
In this method, as in the lateral powder feeding method, the powder 
particles sent on the substrate are sprayed with the help of a nozzle. The 
spraying process here is carried out from several powder exit points sur-
rounding the laser beam at equal angular intervals to the focal point of 
the laser beam. The spraying process can be carried out with the help of 
air used as the carrier gas, or it can be sprayed with the help of inert ga-
ses. By using inert gases as a carrier gas in the spraying process, it is pos-
sible to form a protective layer that will cut off the contact of the molten 
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material with the air. The effect area of shielding gases used in the co-
axial powder feeding method is wider than other methods. In addition, 
this method can be used effectively in the creation of three-dimensional 
geometries. The schematic representation of the coaxial powder feeding 
method is given in Figure 6.

Figure 6. Coaxial powder feeding method (Dindar et al., 2021)

Advantages of Laser Cladding
It is possible to work on complex geometries without being affected 

by the limitations of traditional production technologies owing to the 
additive method-based design of the laser coating process. In addition, 
the use of a laser beam as a heat source during processing in the laser 
cladding method brings many advantages compared to arc welding or 
thermal spray methods. The advantages of the laser cladding method 
are given below.

•	 Low Heat Affected Zone (HAZ): In the laser cladding method, 
the laser beam is used as a heat source. Due to the nature of the laser 
beam processing, the temperature is constantly under control (Y. Du et 
al., 2022). Rapid heating and cooling occur in the process with the cre-
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ation of the heat source using the laser beam. In this way, the material 
properties of the substrate are only slightly affected (Y. Liu et al., 2016; 
Norhafzan et al., 2021). A controlled heat-affected zone (HAZ) can be ob-
tained on the substrate surface by preventing high heat input and slow 
cooling thanks to these benefits of lasers. Moreover, with the innovative 
systems reached, the heat-affected zone can be monitored and optimi-
zed during the process and the quality of the process can be improved 
significantly. The schematic representation of the heat-affected zone in 
the laser cladding process is given in Figure 7.

Figure 7. Laser cladding method and heat affected zone 9

•	 Low Distortion: Since the laser beam is used as the heat source in 
the laser cladding process, a very low amount of heat input occurs on the 
substrate surface. For this reason, a very low amount of thermal defor-

9	  Zikin, A. (2020, 18 Mayıs) Article 1: Introduction to Laser Cladding Technology https://www.
linkedin.com/pulse/article-1-introduction-laser-cladding-technology-arkadi-zikin/ (E.T. 
11.11.2022)
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mation occurs on the substrate surface10 and a negligible microstructure 
change is observed on the base material surface.

•	 Low Dilution: In the laser cladding method, which is a derivati-
ve of the processing mechanism welding process, the feedstock sent to 
the substrate surface with the heat generated by the laser beam is rapid-
ly melted and cooled to form a coating surface in layers. As a result of 
this heat input, some molten zone is formed on the substrate surface 
together with the powder particles. As a result of the mixing of two dif-
ferent molten materials formed on the surface of the part, a small diluti-
on zone is formed between the substrate and the cladding layer. There-
fore, the composition of the cladding formed on the substrate differs. 
However, low dilution is required for laser cladding to take place in or-
der to achieve good metallurgical bonding. In the literature, it has been 
observed that keeping the dilution rate of 5~8% is beneficial for the pro-
cess’s health since the mixing elements from the substrate adversely af-
fect the cladding quality. In addition, it has been observed that in proces-
ses with a high dilution rate, losses in cladding properties occur and 
sufficient surface improvement cannot be achieved (Norhafzan et al., 
2021; Song et al., 2016; Zanzarin et al., 2016; Zhang et al., 2020; Zhu et al., 
2020)”author”:[{“dropping-particle”:””,”family”:”Song”,”given”:”-
B.”,”non-dropping-particle”:””,”parse-names”:false,”suffix”:””},{“d-
ropping-particle”:””,”family”:”Hussain”,”given”:”T.”,”non-drop-
ping-particle”:””,”parse-names”:false,”suffix”:””},{“dropping-partic-
l e ” : ” ” , ” f a m i l y ” : ” V o i s e y ” , ” g i v e n ” : ” K . 
T.”,”non-dropping-particle”:””,”parse-names”:false,”suffix”:””}],”con-
tainer-title”:”Physics Procedia”,”id”:”ITEM-1”,”issued”:{“date-part-
s”:[[“2016”]]},”page”:”706-715”,”title”:”Laser cladding of Ni50Cr: A pa-
rametric and dilution 
study”,”type”:”article-journal”,”volume”:”83”},”uris”:[“http://www.
mendeley.com/documents/?uuid=ec9a6459-b400-4d52-9140-243a68e-
7abd2”]},{“id”:”ITEM-2”,”itemData”:{“DOI”:”10.1088/1757-899x/1078
/1/012037”,”ISSN”:”1757-8981”,”abstract”:”Laser cladding is one of the 
advance processes in laser surface treatments. The process involved a 

10	  Nittanylasertech “Laser Claddıng Advantages” https://www.nittanylasertech.com/about-
laser-cladding/page.aspx?id=1099 (E.T. 11.11.2022)
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laser beam to combines another material that has different metallurgical 
properties on a substrate, whereby a very thin layer of the substrate has 
to be melted for it to achieve metallurgical bonding with minimal diluti-
on of added material and substrate. The resulted properties were chara-
cterized by surface topography, subsurface microstructure, hardness, 
and residual stresses. The objective of this paper is to review the factors 
that affected of cladding process to get the best cladding, suitable to en-
hance hot press forming die surface and subsurface. The parameter cont-
rol, metallurgical bonding between coating and substrate, and effect of 
powder size were discussed.”,”author”:[{“dropping-particle”:””,”famil-
y”:”Norhafzan”,”given”:”B”,”non-dropping-particle”:””,”parse-na-
mes”:false,”suffix”:””},{“dropping-particle”:””,”family”:”Khairil”,”gi-
ven”:”CM”,”non-dropping-particle”:””,”parse-names”:false,”suf-
fix”:””},{“dropping-particle”:””,”family”:”Aqida”,”given”:”S 
N”,”non-dropping-particle”:””,”parse-names”:false,”suffix”:””}],”con-
tainer-title”:”IOP Conference Series: Materials Science and Engineerin-
g ” , ” i d ” : ” I T E M - 2 ” , ” i s s u e ” : ” 1 ” , ” i s s u e d ” : { “ d a t e - p a r t -
s”:[[“2021”,”2”,”1”]]},”page”:”012037”,”publisher”:”IOP Publishing”,”-
title”:”Laser cladding process to enhanced surface properties of hot 
press forming die: A review”,”type”:”article-journal”,”volu-
me”:”1078”},”uris”:[“http://www.mendeley.com/documents/?uui-
d = 9 f 7 6 f a 8 8 - 0 c 4 e - 4 0 c 8 - b 4 d f - d b 6 b f 4 e a 1 c 5 b ” ] } , { “ i d ” : ” I -
TEM-3”,”itemData”:{“DOI”:”10.1080/00325899.2015.1118842”,
”ISSN”:”17432901”,”abstract”:”High power diode laser with coaxial 
powder injection was used to deposit single tracks of cobalt alloy on to a 
carbon steel plate in order to study dilution. Two different methods to 
evaluate dilution are proposed and validated: dilution results to be pro-
portional to the average percent or iron present in the clad. To study the 
correlations between dilution and processing parameters, clads were 
produced in different processing conditions. Dilution is correlated with 
the specific energy, and equation to estimate the average iron contami-
nation of the clads was found. ‘Trial and error’ method was applied to 
improve this estimation. A statistically better prediction of the iron con-
tamination is obtained when the combined parameter P2.5/F4 is used. 
Dilution influences clad microstructure and thus hardness of the final 
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coating, which decreases on increasing dilution. Phase distribution is 
also affected by dilution, Fe and C contamination stabilises α-fcc pha-
se.”,”author”:[{“dropping-particle”:””,”family”:”Zanzarin”,”gi-
ven”:”S.”,”non-dropping-particle”:””,”parse-names”:false,”suf-
fix”:””},{“dropping-particle”:””,”family”:”Bengtsson”,”given”:”S.”,”-
non-dropping-particle”:””,”parse-names”:false,”suffix”:””},{“drop-
ping-particle”:””,”family”:”Molinari”,”given”:”A.”,”non-drop-
ping-particle”:””,”parse-names”:false,”suffix”:””}],”container-tit-
l e ” : ” P o w d e r 
Metallurgy”,”id”:”ITEM-3”,”issue”:”1”,”issued”:{“date-part -
s”:[[“2016”]]},”page”: ”85-94”,”publisher”:”Taylor & Francis”,”title”:”S-
tudy of dilution in laser cladding of a carbon steel substrate with Co al-
loy powders”,”type”:”article-journal”,”volume”:”59”},”uris”:[“http://
w w w . m e n d e l e y . c o m / d o c u m e n t s / ? u u i d = -
2d6585a6-1503-4d5f-b950-60b013bc0d3e”]},{“id”:”ITEM-4”,”itemDa-
ta”:{“DOI”:”10.1007/s12206-020-0315-0”,”ISSN”:”19763824”,”abstra-
ct”:”The change of angle θ between laser cladding powder plane and 
substrate plane will lead to changes in cladding layer’s geometric morp-
hology. Therefore, we established a quantitative numerical prediction 
model for cladding layer geometry. In this model, we consider the vari-
ation of θ, the laser energy attenuation rate and the temperature rise of 
the powder particles. At the same time, the simulation results were veri-
fied by experiments. The results show that when θ is in the range of 
50°~90°, the initial temperature is 298 K, the scanning speed is 3.75 
mm/s, and the laser spot diameter is 4.5 mm, the Fe#1 powder cladding 
can achieve better forming effect on Q235. In general, with the decrease 
of θ, the height of the cladding layer decreases and the width of the layer 
increases. However, when θ is less than 50°, the quality of the formed 
morphology significantly deteriorated. The experimental results are in 
good agreement with the simulation results, which verifies the validity 
and reliability of the model. This work provides a theoretical reference 
for further understanding the relationship between the laser cladding 
morphology and the incident angle.”,”author”:[{“dropping-partic-
le”:””,”family”:”Zhang”,”given”:”Guan”,”non-dropping-particle”:””,”-
parse-names”:false,”suffix”:””},{“dropping-particle”:””,”family”:”-
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Sun”,”given”:”Wenlei”,”non-dropping-particle”:””,”parse-names”:fal-
se,”suffix”:””},{“dropping-particle”:””,”family”:”Zhao”,”given”:”-
Dongmei”,”non-dropping-particle”:””,”parse-names”:false,”suf-
fix”:””},{“dropping-particle”:””,”family”:”Fan”,”given”:”Pengfei”,”-
non-dropping-particle”:””,”parse-names”:false,”suffix”:””},{“drop-
ping-particle”:””,”family”:”Guo”,”given”:”Feng”,”non-dropping-par-
ticle”:””,”parse-names”:false,”suffix”:””},{“dropping-particle”:””,”fa-
mily”:”Huang”,”given”:”Yong”,”non-dropping-particle”:””,”parse-na-
mes”:false,”suffix”:””},{“dropping-particle”:””,”family”:”Li”,”given”:”-
Pengfei”,”non-dropping-particle”:””,”parse-names”:false,”suf-
fix”:””}],”container-title”:”Journal of Mechanical Science and 
Technology”,”id”:”ITEM-4”,”issue”:”4”,”issued”:{“date-part-
s”:[[“2020”]]},”page”:”1531-1537”,”title”:”Effect of laser beam incidence 
angle on cladding morphology in laser cladding process”,”type”:”artic-
le-journal”,”volume”:”34”},”uris”:[“http://www.mendeley.com/docu-
ments/?uuid=1c30a5d0-b896-4de0-93ed-72fc0ed0d150”]},{“i-
d ” : ” I T E M - 5 ” , ” i t e m D a t a ” : { “ D O I ” : ” 1 0 . 1 0 0 7 /
s00170-020-05969-5”,”ISSN”:”14333015”,”abstract”:”During the laser 
cladding repair, the heat accumulation effect is produced due to the con-
tinuous input of energy, which leads to the increase of dilution rate un-
der the same process parameters. In order to get the appropriate dilution 
rate, an accurate finite element model was established based on the ex-
periment, and the variation of dilution rates under different power fun-
ctions was analyzed. According to the results of finite element analysis, 
different power functions and dilution rates at different times were col-
lected, and the dilution rate was optimized through deep learning, and 
the ideal power function was obtained. The results show that the diluti-
on rate of the whole cladding layer fluctuates around the ideal value all 
the time by adjusting the laser power in real time, and the results are 
satisfactory. The maximum error of dilution rate is 21.75%, the mini-
mum error is 0, and the average error is 5.79%.”,”author”:[{“drop-
ping-particle”:””,”family”:”Zhu”,”given”:”Shichao”,”non-drop-
ping-particle”:””,”parse-names”:false,”suffix”:””},{“dropping-partic-
le”:””,”family”:”Chen”,”given”:”Wenliang”,”non-dropping-partic-
le”:””,”parse-names”:false,”suffix”:””},{“dropping-particle”:””,”famil-
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y”:”Zhan”,”given”:”Xiaohong”,”non-dropping-particle”:””,”parse-na-
mes”:false,”suffix”:””},{“dropping-particle”:””,”family”:”Ding”,”gi-
ven”:”Liping”,”non-dropping-particle”:””,”parse-names”:false,”suf-
fix”:””},{“dropping-particle”:””,”family”:”Wang”,”given”:”Erhua”,”-
non-dropping-particle”:””,”parse-names”:false,”suffix”:””}],”contai-
ner-title”:”International Journal of Advanced Manufacturing 
Technology”,”id”:”ITEM-5”,”issue”:”5-6”,”issued”:{“date-part-
s”:[[“2020”]]},”page”:”1471-1484”,”publisher”:”The International Jour-
nal of Advanced Manufacturing Technology”,”title”:”Optimization of 
dilution rate of laser cladding repair based on deep learning”,”type”:”ar-
ticle-journal”,”volume”:”110”},”uris”:[“http://www.mendeley.com/
documents/?uuid=3e7d16c1-866b-4f38-834f-5b839d2d6cb5”]}],”-
mendeley”:{“formattedCitation”:”(Norhafzan et al., 2021; Song et al., 
2016; Zanzarin et al., 2016; Zhang et al., 2020; Zhu et al., 2020.

•	 Low Porosity: In the laser cladding method, in addition to the 
heating and cooling processes, the feeding of the feedstock to the subst-
rate is carried out in a controlled and adjustable method. Almost all of 
the powder particles sent on the substrate can be melted, as the method 
offers high control. In this way, it can be ensured that the obtained coa-
ting layer is at full density or has a negligible porosity (>99.9% density) 
and cracks are prevented.

•	 Production of Functionally Graded Parts: It is very challenging 
and in some cases impossible to manufacture a part with a layered stru-
cture and consisting of different materials using traditional manufactu-
ring methods. However, functionally graded components can be pro-
duced quite easily as the laser cladding process is suitable for additive 
manufacturing and can be used with various material pairs. It also enab-
les the production of desired alloys by mixing different powder particles 
during the process (Li et al., 2020).

•	 Reducing Prototyping Time: It takes a long time to develop in-
novative products in industrial applications. One of the important rea-
sons for this situation is that traditional manufacturing methods cause 
slow production of prototype products. However, with the laser clad-
ding method’s fast and flexible structure of layered production, protot-
ype products can be produced more quickly. In addition, with the laser 
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cladding method, monolithic “intelligent structures” in which compo-
nents such as sensors and magnets, etc. are embedded can be created. 
With these intelligent structures, the occurrence of malfunctions and 
damages caused by environmental conditions in electronic equipment 
can be reduced. On the other hand, it is possible to use biocompatible 
ceramic powder particles as well as products using metal powder par-
ticles by laser cladding method (Ahmed, 2019)especially those involving 
the use of laser as a source of energy, are being widely used to fabricate 
net-shaped parts required for various application sectors including au-
tomotive, aerospace and biomedical industries. Such widely used tech-
niques include selective laser sintering (SLS.

•	 Parts Repair: In general, all products, components, and parts 
that are produced and put into use have a certain working life. When 
this period is completed, it is inevitable that malfunctions and deterio-
rations will occur. However, it can take a very long time to produce and 
assemble a new one instead of each defective part or component. In ad-
dition, situations such as production errors or design changes can cause 
processes to slow down further and waste extra time. In such cases, re-
pairing the defective or damaged part and putting it back into use is the 
shortest solution that does not disrupt the work. Welding methods are 
widely used in such short-term repair processes, but since the welding 
method has a very high heat input, it negatively affects the functionality 
of the part.

It has been ensured that the damaged parts can be reused with the 
use of the laser cladding method in such repair processes. The cladding 
layers filled on the damaged surfaces provide machinable and grindable 
surfaces because of their high-density structure. In this way, the desired 
dimensional accuracy in the part geometries can be easily obtained and 
the loss of functionality of the part can be prevented. Such applications 
are frequently applied to the wearing surfaces of parts such as piston-cy-
linder pairs where sealing is important. In addition, it is possible to re-
turn the geometries that have lost a large volume to their full dimensions 
with the laser cladding method. The repair of a turbine blade with a 
large volume loss and a damaged blisk structure by the laser cladding 
method is given in Figures 13 – 14. In addition, the representation of the 



İbrahim KARAAĞAÇ, Mehmet Okan KABAKÇI, Mehmet Yasin DEMİREL

157

laser cladding process and the process steps of remanufacturing are gi-
ven in Figure 15 (Mahamood, 2018; Wilson et al., 2014).

Figure 13. Turbine blade repaired by laser coating method; (a) damaged bla-
de, (b) original blade geometry, (c) repaired turbine blade  

(S. Liu & Shin, 2019)

Figure 14. Repair of damaged blisk structure by laser cladding method (S. 
Liu & Shin, 2019)



THE REVIEW OF LASER CLADDING METHOD AND PARAMETERS

158

Figure 15. Comparison of Laser Cladding Method and New Production (Wil-
son et al., 2014)

•	 Automation: The laser cladding method consists of important 
parameters that directly affect the process, such as laser beam control, 
feedstock control, and progress control. The control of these challenging 
parameters can be programmed with sensitive computer-controlled de-
vices (CNC-controlled) to provide a reliable and repeatable process.

Although the laser cladding method has very important advanta-
ges, it also has some processing difficulties and limitations. The disad-
vantages of the method are also given below;

•	 The machinery and equipment costs required for the initial setup 
of the laser cladding system are high.

•	 The operating and maintenance costs of the system are high.

•	 The system is not portable due to its large dimensions. For this 
reason, moving the products to be applied to the location of the 
system may cause problems in some cases.
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•	 The optimization of the method depends on the knowledge ba-
sed on various experimental studies.

•	 When there is no knowledge about the material pair consisting of 
powder and substrate to be laser clad, metallurgical and experi-
mental studies can be a waste of time.

•	 It is difficult to find qualified operators who can operate the sys-
tem and informed personnel to provide management.

Although it is widely used today, it is a new technology. Therefore, 
its applicability and capabilities are limited.

FACTORS AFFECTING the LASER CLADDING PROCESS

Laser Power
In laser cladding processes, laser power directly affects the process 

as an important parameter and requires some experience. Because in-
sufficient laser power causes insufficient melting of the coating material, 
while excessive application of laser power causes excessive melting of 
the substrate and an increase in dilution rate. In both cases, the cladding 
quality is adversely affected and cannot give a sufficient performance. 
Continuous wave is used to increase the coverage area of the laser beam 
focus as much as possible. However, pulsed laser beam application can 
also be used in some applications to minimize substrate degradation by 
reducing the energy input.

Beam Distribution

In laser cladding processes, some of the powder particles that reach 
very high temperatures make splashes. It may cause the process to stop or 
the device to malfunction if these splashing particles come into contact with 
the lens transmitting the laser beam. For this reason, it is observed that it is 
preferred to use mirrors instead of lenses in laser beam transmission.

Heating

The most suitable heating method to obtain homogeneous thickness 
and wide cladding surfaces is the use of a large heat source with a uni-
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form energy distribution. The laser beam can be sent perpendicular or 
parallel to the direction of the tool path, with a frequency of around 1 – 3 
kHz to achieve a good quality cladding surface. The cladding surface 
roughness can be reduced by re-melting a small upper portion of the 
cladding using a second laser beam pass (Ion, 2005).

Traverse Rate

The traverse rate used in laser cladding processes is chosen higher 
than required for melting the substrate surface. Because powder materi-
als can be melted more easily than a solid substrate surface. The traverse 
rate can be determined by the power effect at which the powders can 
be sufficiently melted, and minimum melting occurs on the substrate 
surface. The traverse rate directly affects the obtained coating thickness. 
There is an inverse relationship between the traverse rate and the clad-
ding thickness, and a decrease in the cladding thickness occurs with the 
increase in the speed (Emamian et al., 2010; Ion, 2005).

Laser Cladding Process Parameters

In laser cladding processes, there are various parameters that affect 
the cladding quality. 

Pre-Heating

The pre-heating process is used in the laser cladding process to pre-
vent cracking by reducing the cooling rate in the clad layer and increa-
sing the dilution rate to regulate the composition of the cladding layer 
by balancing the insufficient laser power at high deposition rates. The 
metallurgical bonding of the cladding can be increased significantly by 
pre-heating (Norhafzan et al., 2021).

Post Heat Treatment

In laser cladding processes where high energy input occurs, such as 
the creation of thick coating layers or the coating of large areas, the for-
mation of residual stresses can be triggered due to the increased thermal 
effect. As a result of the formation of residual stresses, deterioration of 
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the part may occur. For this reason, applying a heat treatment after the 
cladding process in order to relieve stress is beneficial for the health of 
the process.

Mechanical Post-Processing 

The coated surfaces can be machined or ground to obtain dimensi-
onal tolerances and surface quality after the laser cladding process. In 
addition, it is observed that shot peening is used in some applications to 
remove residual stresses that increase mechanical fatigue.

Process Errors Encountered in Laser Cladding 

Various process errors may occur in laser cladding processes depen-
ding on the processing parameters. Common errors encountered during 
the process and solutions that can be applied to prevent these errors are 
given in this section.

Lack of Adhesion

Sufficient adhesion may not be achieved at the ends of the cladding 
geometry if the aspect ratio (thickness/width) of the coating is high. In 
this case, it is necessary to increase the heat input applied in the process 
or to use the heat effect more effectively. Therefore, it may be advisable 
to reduce the powder feed rate or reduce the traverse rate to achieve 
better adhesion  (Lee, 2008).

Cracking

The formation of cracks in the coating layer is a common process 
error in the laser cladding process. Different thermal expansion of the 
substrate and the clad surface leads to crack formation. In addition, hard 
particles used as cladding material also increase residual stresses on 
the substrate, causing cracks to occur. Therefore, it may be advisable to 
pre-heat the substrate.
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Distortion

Residual stresses occur on the substrate during the laser cladding 
process. These stresses cause substrate degradation, pass over the di-
mensional tolerances, and various problems that increase the amount of 
post-processing required. Distortions occur when there is a high energy 
input to the process and can be reduced by lowering the energy input. 
Therefore, it can be reduced or avoided by reducing the power of the 
continuous beam or using a pulsed laser beam. If there is a very high dis-
tortion formation, the substrate can be bent in the opposite direction of 
distortion to compensate for the distortion introduced during cladding.

Porosity

One of the important factors that determine the cladding quality cre-
ated on the substrate surface in laser cladding processes is the number of 
porous structures (Lu et al., 2021). The number of porous structures af-
fects the cladding density and reduces the desired surface improvement 
performance. Porous structures arise as a result of the rapid cooling of 
the outer wall of the coating layer and the slow cooling of the partic-
les remaining in the interior. In addition, insufficient cleanliness of the 
substrate surface can affect the composition of the cladding and cause 
the formation of a porous structure. Therefore, thorough cleaning of the 
substrate surface prior to processing and exposing it to vibration while 
the cladding layer cools and solidifies may be beneficial to reduce the 
formation of porosity.

Dilution

The heat source used in laser cladding processes melts the entire 
coating material sent on the substrate and a part of the substrate sur-
face. Two different melted materials mix into each other and form me-
tallurgical bonding. This situation has to occur at a certain rate (4~8%) 
for the cladding to adhere well to the surface and is called dilution in 
the process. This situation can be regulated by feed rate and control-
led melting (Zanzarin et al., 2016)clads were produced in different pro-
cessing conditions. Dilution is correlated with the specific energy, and 
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equation to estimate the average iron contamination of the clads was 
found. ‘Trial and error’ method was applied to improve this estimati-
on. A statistically better prediction of the iron contamination is obtai-
ned when the combined parameter P2.5/F4 is used. Dilution influen-
ces clad microstructure and thus hardness of the final coating, which 
decreases on increasing dilution. Phase distribution is also affected by 
dilution, Fe and C contamination stabilises α-fcc phase.”,”author”:[{“d-
ropping-particle”:””,”family”:”Zanzarin”,”given”:”S.”,”non-drop-
ping-particle”:””,”parse-names”:false,”suffix”:””},{“dropping-par-
ticle”:””,”family”:”Bengtsson”,”given”:”S.”,”non-dropping-par-
ticle”:””,”parse-names”:false,”suffix”:””},{“dropping-partic-
le”:””,”family”:”Molinari”,”given”:”A.”,”non-dropping-partic-
le”:””,”parse-names”:false,”suffix”:””}],”container-title”:”Powder 
Metallurgy”,”id”:”ITEM-1”,”issue”:”1”,”issued”:{“date-part -
s”:[[“2016”]]},”page”:”85-94”,”publisher”:”Taylor & Francis”,”title”:”S-
tudy of dilution in laser cladding of a carbon steel substrate with Co alloy pow-
ders”,”type”:”article-journal”,”volume”:”59”},”uris”:[“http://www.
mendeley.com/documents/?uuid=2d6585a6-1503-4d5f-b950-60b013bc-
0d3e”]}],”mendeley”:{“formattedCitation”:”(Zanzarin et al., 2016.

RESULTS

Parts with complex geometries that are difficult to produce have be-
come more accessible with the rapid development of laser technology 
and additive manufacturing methods. The laser cladding process is 
frequently used in industrial applications as an effective manufacturing 
method that combines the advantages of laser technology and additive 
manufacturing. The advantages of the laser cladding method developed 
in the face of the difficulties experienced in the field of manufacturing 
are briefly given below.

	Parts with complex geometries, which are difficult and time-con-
suming to produce, can be produced in a short time with the laser 
cladding process.
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	Prototype products, which are in the initial design stage, can be 
obtained with additive manufacturing methods faster and with 
lower costs compared to traditional manufacturing methods.

	In some cases where it may require a long process, such as rema-
nufacturing and putting into use parts that have lost volume due 
to damage, the part can be repaired and reused by using laser 
cladding methods.

	A low amount of heat-affected zone (HAZ) occurred on the laser 
cladding applied material. Very little thermal deformation occurs 
on the material because of a low amount of thermal input affects 
the process. In this way, the mechanical properties are affected 
very little due to no general change observed in the microstruc-
ture of the material.

	In the laser cladding process, where laser beam and powder me-
tals are used together, strong metallurgical bonds can be obtai-
ned, and high-strength coatings can be obtained.

	A cladding with full density or negligible porosity (>99.9% den-
sity) can be achieved by carrying out the process in a controlled 
system.

	The fact that the laser cladding process, which has an additive 
manufacturing method-based, can be used with various material 
pairs, allows the production of functionally graded components 
quite easily.

	Parameters such as laser beam, feedstock, and feed can be prog-
rammed with computer-controlled machines (CNC-controlled) 
to ensure a reliable and repeatable process.

The laser cladding method has some disadvantages as well as very 
important advantages. The disadvantages of the method are also given 
below.

•	 The machinery and equipment costs required for the initial setup 
of the laser cladding system are high. In addition, the operating 
and maintenance costs of the system are high.
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•	 The system is not portable due to its large dimensions. For this 
reason, moving the products to be applied to the location of the 
system may cause problems in some cases.

•	 Optimization of the method depended on knowledge based on 
various experimental studies.

•	 Metallurgical and experimental studies can be a waste of time 
when there is no knowledge about the material pair consisting of 
powder and substrate to be laser cladding.
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EVALUATION OF FLAME RETARDANTS FOR 
VARIOUS ENGINEERING MATERIALS

Zafer KAHRAMAN1

Abstract: Efforts to improve the strength properties specific to the 
place of use of materials are constantly increasing. Studies on the ef-
fects of flame retardant materials on various engineering materials in 
different usage areas have gained importance. Flame retardant addi-
tives, especially wood, textile, polymer, cable, etc. products and areas 
with critical importance (hospital, security facility, data processing, 
etc.), in case of possible fire, both to prevent negative situations for 
living things (reducing the risks of suffocation and death due to toxic 
gases caused by combustion in indoor environments, etc.). It provides 
the opportunity to reduce possible material losses by protection or re-
moval. In addition, flame retardants also contribute to the fire teams in 
terms of saving time to respond effectively to the fire. In determining 
the flame retardant additives according to the conditions of ambient, 
the material structure (polymer, wood, metal, textile, etc.), surface 
properties (surface geometry, cleanliness, etc.), usage conditions (in-
door or outdoor environment, living condition, temperature, time etc.) 
stand out as the main factors. After determining the place of use of 
flame retardant materials in accordance with their properties, it should 
be evaluated according to other flame retardant materials at the appli-
cation stage and its relationship with various flame retardants (mixing 
ratio, application amount, application method, etc.) should be known 
very well. Otherwise, the expected positive effects will not be achieved 
with the flame retardant to be chosen, and moreover, the probability 
of encountering negative results may increase. The effective use of en-
vironmentally friendly flame retardants (especially halogen-free flame 

1	 Öztiryakiler Madeni Eşya San. ve Tic. A.Ş, R&D Center, İstanbul / Türkiye, e-mail: zkahraman@
oztiryakiler.com.tr, Orcid No: 0000-0002-2008-0533
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retardants) in wider areas has become widespread. Scientific studies 
on the changes in the properties of the material with which flame retar-
dants in different compositions are added or coated in various propor-
tions continue to increase. In this study, the evolution process of flame 
retardant additives, the tests related to the combustion performance of 
the materials, the effects of different flame retardants used in various 
fields and evaluations were made.
Keywords: Flame Retardants, Restrict the Spread of Flame, Effects of 
Flame Retardants on Polymer Materials

INTRODUCTION

Flame retardant materials, depending on their structural properties, 
are used in household products (furniture, television frame, etc.) (Rod-
gers at el., 2021), transportation (vehicle seats, cables, etc.) to resist the 
spread of flame (Flambard et al., 2005) , textile (curtains, carpets, cloth-
ing, etc.) (Tokumura et al., 2019), electronic equipment (control cards, 
etc.) (Brandsma et al., 2014) and the building industry (wood products, 
insulation materials, cables, etc .) (Huang et al., 2022), their use is in-
creasing in many areas today.

Flame retardants can have very different effects on materials de-
pending on their content and additive ratios. 

The historical development of flame retardants is shown in Figure 1 
(Wahabi et al., 2021a).
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Figure 1. Historical Development of Flame Retardants (Vahabi et al., 2021a)

The application processes of flame retardant is given in Figure 2 (Va-
habi et al., 2021a).
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Figure 2. Development of Application Processes of Flame Retardants (Vaha-
bi et al., 2021a)

Wahhabi and his working group reported that flame retardant ma-
terials are developing rapidly, especially in polymer materials, with 
many uses, and that they will appear in various applications in the field 
of high-tech. A schematic representation of potential application areas 
of flame retardant materials is given in Figure 3 (Wahabi et al., 2021b).
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Figure 3. Schematic Representation of Potential Application Areas of Flame 
Retardant Materials (Vahabi et al., 2021b)

In recent years, ultraviolet curing technology, plasma technology, 
physical and chemical vapor depositions (PVD and CVD), sol–gel pro-
cess, layer-by-layer assembly approach have come to the fore among 
flame retardant application technologies (Liang et al, 2013).

Explanations on the comparison of surface treatment methods in the 
application processes of flame retardants are given in Table 1 (Wen at 
el., 2023).
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Table 1. Comparison of Various Surface Finishing Methods  
(Wen at el., 2023)

Ahmed and his working group divided the mechanisms of flame 
retardant materials under two main headings are given in Figure 4 
(Ahmed et al., 2018).
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Figure 4. Mechanism of Flame Retardant Additives (Ahmed et al., 2018)

The mechanisms of action of flame retardant materials in two dif-
ferent phases (gas and condensed) are given in Figure 5 (Wahabi et al., 
2021a).

Figure 5. Demonstration of Potential Mechanisms of Action of Flame Retar-
dant Materials in Two Different Phases (Gas and Condensed) (Vahabi et al., 

2021a)

The combustion mechanism of polymers is given in Figure 6. (Malu-
celli et al., 2014).
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Figure 6. The Combustion Mechanism of Polymers (Malucelli et al., 2014)

The combustion process of materials containing flame retardants is 
given in Figure 7. (Mensah et al., 2022).
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Figure 7. Demonstration of the Combustion Process of the Material Contai-
ning Flame Retardant (Mensah et al., 2022)

Ahmed and his working group evaluated the initiation and devel-
opment process of combustion (char layer formation and non-formation 
on the surface) in polymer materials. 

The situation regarding the absence of a char layer on the surface is 
shown in Figure 8 (a). Figure 8 (b) shows schematically that it functions 
as a protective layer by slowing down the oxygen transfer and the rate of 
heat release required for the continuation of the combustion in the lower 
layer with the formation of a carbonization layer on the surface (Ahmed 
et al., 2018).
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Figure 8. The Degradation of Polymer Materials by Heat Source (a) Non-C-
harring, (b) with Char Layer (Ahmed et al., 2018)

Evaluations for the improvement of flame retardancy in polymer 
composite materials are shown in Figure 9 (Bar et al., 2015).
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Figure 9. The Process of Improving Flame Retardancy in Polymer Composite 
Materials (Bar et al., 2015)

Research and development activities on flame retardant materials 
increased after the Second World War. In the 1960s, while cheap poly-
mer products became widespread, serious fire risks emerged and de-
mands for reducing flammability in polymer materials increased. As of 
the 1970s, the demands for reducing the smoke generated in the com-
bustion process have increased. 

The development of halogen-free flame retardants against halo-
gen-containing flame retardants in the 2000s, the demands for sustain-
able flame retardants have increased in the 2010s, along with climatic 
changes and environmental concerns (Table 2).
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Table 2. R&D Studies on Flame Retardant Additives by Years (Zope, 2018)

Tests for Evaluation of Combustion Performance of Flame 
Retardants

Test methods and test setups for the combustion process of flame 
retardant additives in various materials are grouped under three main 
headings: small, medium and large. The illustration of the test method 
and test setups is given in Figure 10 (Vahabi et al., 2021a).
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Figure 10. Various Test Methods and Setups Associated with Flame Retar-
dants in Polymer Materials (Vahabi et al., 2021a)

Flammability (UL-94), Limit Oxygen Index (LOI) and Cone Calo-
rimetry tests are used to evaluate the effectiveness of flame retardants 
against various materials with international standards (McCoy, C.G. 
and Stoliarov, 2021).
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Flammability Test (UL-94)

The setup of this test method is small in scale and provides easy 
applicability with the use of small samples in practice. Therefore, the 
UL-94 test is widely used. Underwriters’ Laboratory (UL-94) test appli-
cations are carried out under two headings, horizontal and vertical. The 
UL-94 Vertical Flammability Test setup is shown in Figure 11 (Wang and 
Zhang, 2013).

Figure 11. The Test Setup Used for UL-94 Vertical Flammability (Wang and 
Zhang, 2013)

Classifications within the scope of UL-94 Vertical Flammability Test 
are given in Table 3 (Laoutid et al., 2009).
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Table 3. Classification of UL-94 Vertical Flammability Test  
(Laoutid et al., 2009)

Limit Oxygen Index Test (LOI) 
Limit Oxygen Index (LOI) test applications are generally evaluated 

according to ASTM D 2863 (Liu et., 2022) and ISO 4589-2 (Filippi et al., 
2020) standards. The Limit Oxygen Index test value is briefly stated as 
“the higher the LOI value, the higher the inflammability”. LOI test setup 
is given in Figure 12 (Laoutid et al., 2009).
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Figure 12. Experimental Setup for  Limit Oxygen Index (LOI)  
(Laoutid et al., 2009)

Cone Calorimeter Test
Cone Calorimeter test is at the mid-range test level compared to the 

low scale UL-94 and Limit Oxygen Index (LOI) tests. Cone calorimeter 
tests can be performed with ISO 5660-1 and ASTM E 1354 standards 
(Laoutid et al., 2009). Cone Calorimeter test, evaluations are made re-
garding the data specified in Table 4. (Chen et al, 2022; Shahari et al., 
2021);
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Table 4. Data Evaluated by Cone Calorimetry Test

The placement locations of thermocouples for temperature mea-
surements on the samples used in the Cone Calorimetry test are given in 
Figure 13 (Tsai, 2009).

Figure 13. The Placement of Thermocouples on Samples Used in Cone Calo-
rimetry Testing (Tsai, 2009)

The distribution of heat transfers according to horizontal and verti-
cal sample placement positions in the Cone Calorimetry test is shown in 
Figure 14 (Tsai, 2009).
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Figure 14. Heat Transfer in Cone Calorimetry Test According to Different 
Sample Placement Positions (Tsai, 2009)

Cone Calorimeter test setup is given in Figure 15 (Laoutid et al., 
2009).
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Figure 15. Cone Calorimeter Test Setup (Laoutid et al., 2009)

The illustration of the Cone Calorimeter test setup under a protec-
tive atmosphere is also given in Figure 16 (Hermouet et al., 2021).
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Figure 16. Conical Calorimeter Test Setup with Controlled Atmosphere 
Application (O2/N2 Mixture) (Hermouet et al., 2021)

The biggest disadvantage of halogen-containing flame retardant 
materials is that they create toxic fumes and pose a great danger to living 
things, especially in indoor applications. For this reason, halogen-free 
flame retardant materials do not have adverse effects on human health 
in terms of use. Therefore, the usage areas of these flame retardants 
are expanding as environmentally friendly. The general properties of 
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flame retardant materials (halogen and halogen-free) are given in Table 
5 (Jeong et al., 2022).

Table 5. Properties of Halogen and Non-halogen Flame Retardant Materials 
(Jeong et al., 2022)

Bio-based flame retardant materials are grouped under two main 
groups as biomass and animal origin (Figure 17) (Taib et al., 2022).

Figure 17. Source of Bio-based Flame Retardants (a. Biomass and b. Animal 
Origin) (Taib et al., 2022)
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The process for gaining flame retardant properties as a composite of 
Polypropylene (PP), which is widely used among polymer materials, is 
given in Figure 18 (Chen, et.al., 2023).

Figure 18. Demonstration of Various Properties of Flame Retardant Polymer 
Based Composites (Chen, et.al., 2023)

The development process of bio-based flame retardant materials has 
increasingly continued. Classification of bio-based flame retardant ma-
terials is given schematically in Figure 19. (Jeong et al., 2022).
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Figure 19. Clasification of Bio-based Flame Retardants (Jeonh et al., 2022)

Various usage areas of rigid polyurethane foam materials contain-
ing flame retardant are given in Figure 20. (Zhu et al., 2022).
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Figure 20. Various Application Areas of Flame Retardant Rigid Polyuretha-
ne Foam (RPUF) (Zhu et at., 2022)

The addition of flame retardants to polycarbonate materials and 
their evaluation in terms of fire safety are given schematically in Figure 
21 (Mu et al., 2022).
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Figure 21. Safety Assessment for Flame Retardant Polycarbonate (PC) Mate-
rials (Mu et at., 2022)

The general evaluation of flame retardant materials has been con-
veyed in the various studies cited above. The differentiation of the usage 
areas of flame retardants and the increase in the amount of use, scientif-
ic researches on the evaluation of various flame retardants in different 
materials at different rates and by forming mixtures with different flame 
retardant types in various proportions are also increasing.

UL-94, LOI and cone calorimeter test setups and international stan-
dards related to these tests are also prominent in studies conducted at 
the research laboratory scale. In obtaining technological application 
methods of flame retardant materials, nanocomposite and intumescent 
flame retardant mechanisms have come to the fore among the subjects 
studied in recent years.

CONCLUSION 

Flame retardants have positive effects when applied with appropri-
ate parameters to improve the restrict flame spread properties of various 
materials (polymer, textile, wood, etc.) to which they are coated or add-
ed to their compositions. The conditions of use (indoor and outdoor en-
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vironment, etc.) and the targeted strength properties of the materials to 
which the flame retardants will be applied must be accurately known. In 
case of not choosing the appropriate flame retardant composition during 
the use of the materials and not applying it with an effective method, it 
may be possible to encounter negativities in a possible fire. Therefore, in 
the selection process of flame retardants before use, their chemical struc-
tures and technical properties should be well known.

Restrictions have been made in the use of halogen-containing flame 
retardants due to the negative risks such as suffocation and death on 
living things, especially in closed areas, resulting from the contact of 
toxic gases with the heat source. The widespread use of environmentally 
friendly halogen-free flame retardants (halogen elements such as fluo-
rine, chlorine, bromine and iodine are not found in the structure) and 
the use of chemical compounds, the obstacles to the preference of these 
flame retardant materials have been removed. Thus, the importance of 
flame retardants in the development of restrict flame spread to materials 
is constantly increasing in line with their intended use.

In addition to improving the restrict flame spread properties of ma-
terials with flame retardant additives, it is desired that the mechanical 
properties of the materials are not adversely affected. However, while 
some flame retardants provide positive effects in terms of restrict flame 
spread, they can cause negative effects in terms of the mechanical prop-
erties of the material (tensile strength, elongation at break, etc.). The ne-
cessity of determining the flame retardant in accordance with the in-
tended use of the material gains importance in this regard.

The widespread use of flame retardant additives in increasing the 
restrict flame spread properties on various material surfaces (furniture, 
automobile seat, carpet, etc.), scientific studies on halogen-free flame re-
tardants are increasing in order to prevent environmental problems. The 
use of suitable flame retardant additives in the development processes 
of restrict flame spread materials will provide significant advantages 
for users along with technological developments. While flame retardant 
materials are especially encountered in the fields of electronics, auto-
motive, construction, textiles etc., they have a strategic importance in 
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increasing the restrict flame spread properties of many critical parts and 
hardware for the defense and aerospace sectors.

Evaluations can be made effectively in accordance with internation-
al standards with UL-94, LOI and cone calorimeter tests in order to de-
termine the flame spread properties of additives with new ingredients 
obtained by mixing flame retardants in different proportions. In addi-
tion to these test setups, the properties for flame spread are evaluated 
with test setups specific to various products (cable, furniture, etc.). With 
large-sized room corner and furniture calorimeter test setups, effective 
product-specific examinations are carried out.

The technological developments, the usage areas of flame retardant 
additives are increasing. In many engineering fields (metallurgy and 
materials, machinery, chemistry, polymer engineering, etc.), gains are 
achieved in the direction of obtaining flame retardant additives accord-
ing to different surface properties through interdisciplinary studies. It is 
anticipated that R&D activities and studies on flame retardant materials 
will increasingly continue.
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ENERGETIC INVESTIGATION OF A REFRIGERATOR 
WORK WITH DIFFUSION ABSORPTION 

REFRIGERATION CYCLE  

Mustafa ELEGELMEZ1, Anıl BASARAN2

Abstract: Today, as energy becomes more valuable, cooling systems 
attract attention due to their energy consumption. The energy efficien-
cy of cooling systems becomes important in terms of contributing to 
the sustainability goals of the United Nations and reducing the carbon 
footprint. In this context, several regulatory regulations are put into 
effect by international authorities. At the beginning of these regula-
tions is the new energy regulation published by the European Union 
(EU) in 2021. EU’s new energy regulation encourages manufacturers 
to make improvements in terms of energy efficiency and forces them 
to produce efficient and ecological devices. Refrigerators working 
with an absorption refrigeration cycle ( also called absorbe refrigera-
tors) are preferred devices due to their advantages. The main advan-
tages of absorption refrigerators are that the number of moving parts 
is less compared to products with compressors so they work silently 
and operate with environmentally friendly fluids. In addition to being 
environmentally friendly systems, the use of different sources such as 
renewable energy brings absorption cooling systems to the fore. On 
the other hand, the energy consumption of absorption refrigerators 
is not low. This situation necessitates energy analysis of absorption 
refrigerators in terms of increasing energy efficiency and efficiency. 
In this context, methods of thermodynamic analysis of a single-stage 
diffusion-absorption minibar refrigerator are presented. The determi-
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nation of energy efficiency with energy analysis is shown in this study. 
For a better understanding of the subject, a sample situation analysis is 
included. In the case analysis, a refrigerator with diffusion absorption 
is considered. In the refrigerator under consideration, ammonia was 
used as the refrigerant, water as the absorbent fluid, helium gas as the 
pressure stabilizer, and electrical resistance as the power source. In 
the study, the refrigerator was arranged as an experimental setup for 
thermodynamic analysis, and temperature measurements were made 
from different points of the refrigerator. Experimental measurements 
were carried out both in the cooling cabinet of the refrigerator and in 
the absorption refrigeration cycle. The obtained data were used to cal-
culate the Coefficient of Performance (COP) of the system. As a result, 
the evaporator heat gain of 7,764 W was calculated by considering the 
0,375 ammonia concentration ratio in the absorption system operating 
with 62 W resistance power. Accordingly, the COP value of the system 
was found to be 0,1252.

Keywords: Absorption Cooling System, Energy Efficiency, Efficien-
cy Effectiveness Coefficient (COP), Energy Analysis

INTRODUCTION 

Cooling devices are among the indispensable devices of daily and 
industrial life. The high energy consumption of these widely used devic-
es is one of the issues that need to be taken care of today, where energy 
is precious. 6% of the world’s total energy consumption takes place in 
refrigerators and freezers (Basaran, 2022; Dizaji et al., 2015). To reduce 
this high rate, it is necessary to design refrigeration cycles with low en-
ergy consumption, in other words, with high energy efficiency (Basaran, 
2020). 

Considering today’s conditions, it is thought to leave it to absorption 
cooling systems (ACS), which are seen as an alternative to vapor com-
pression cooling systems with compressors and high operating costs. 
However, absorption systems, which were first produced in America 
and Japan in the 1950s, started to lose their former popularity with the 
decrease in the initial investment cost of vapor compression systems. 
Although the heat energy required in ACSs is high, the mechanical ener-
gy required for the cycle to work is very low. For this reason, providing 
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the heat energy needed in this type of cooling system from cheap en-
ergy sources such as geothermal or solar energy reduces the operating 
costs of the system (Yagcıoglu, 2018). Absorption refrigerators, which 
are defined as refrigerators working with ACS, provide an advantage 
with their silent operation, although their energy efficiency is not very 
high compared to other cooling systems. The compressor, which should 
be found in vapor compression cooling systems, is not found in absorp-
tion refrigerators. The absence of noisy components such as compressors 
makes absorption refrigerators quiet and vibration-free. This feature of-
fers absorption refrigerators in various applications. For example, in ho-
tel rooms and in-car applications, absorption refrigerators are one step 
ahead. The rapidly changing environmental factors in the world and the 
diversity of energy needs have led human beings to new quests. The 
working fluids used in ACS are natural refrigerants and therefore are 
important in terms of protecting the ozone layer and the environment. 
Many working fluids can be used when designing a cooling system or 
cycle. In one cycle; working fluids that carry heat from one environment 
to another are called refrigerants (also called secondary or working flu-
ids). The refrigerant takes the heat from the low-temperature region and 
carries it to the high-temperature region, and this process is usually ac-
complished with the help of condensation-evaporation phase change. 
Choosing the right refrigerant varies by application and is of great im-
portance. The design of the equipment of a system is largely determined 
by the characteristics of the selected refrigerant. In addition, the initial 
investment and operating costs of the system are highly dependent on 
the characteristics of the refrigerant (Basaran, 2013; Radermacher, et al., 
2005). Looking at the historical development of refrigerants, it is seen 
that chemical refrigerants have been developed and used in refrigerators 
in addition to natural fluids. Later, it was determined that these refrig-
erants have negative effects on the environment. The ozone crisis and 
climate change on top of these environmental issues have caused rip-
ples in the refrigeration and air conditioning and refrigeration industry 
and have led to a scrutiny of refrigerants (Cengel and Bole, 1996). Af-
ter these environmental problems, many international negotiations and 
agreements have been made to reduce and terminate the production and 
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use of environmentally harmful refrigerants (Bolaji and Huan, 2013). 
The Montreal Protocol is the most important protocol signed to protect 
the ozone layer, and the Kyoto Protocol is the most important protocol 
to prevent global warming and climate change. The environmental ef-
fects of refrigerants, which are used in almost every area of modern life, 
have become important for human beings to lead a better quality and 
healthy life. Refrigerants are, after all, chemicals. Like most chemicals, it 
is inevitable to examine nature positively or negatively in refrigerants. 
When a refrigerant is desired to be used, it is important to consider the 
environmental impact of the refrigerant as well as its thermodynamic 
performance. The working fluids used in ACS are natural refrigerants 
and do not harm global warming and the ozone layer. In this context, 
refrigerators with ACS can be qualified as ecological devices.

On the other hand, coolers such as absorption refrigerators indi-
rectly cause greenhouse gas emissions due to their energy consumption 
(Basaran, 2022; Xue et al., 2017). For this reason, the energy efficiency of 
absorption refrigerators is one of the issues that should be emphasized 
in terms of both energy resources and global warming. Globally, refrig-
eration has become a highly regulated industry, after refrigerators were 
identified as products with the potential to reduce energy consumption. 
Through legislation, governing bodies set minimum energy performance 
standards so that new products introduced to the market increasingly 
offer green certification. While these standards vary between countries 
and regions, they share common goals such as energy efficiency and re-
ducing indirect carbon footprints3. At the beginning of these regulations 
is the European Union Energy Label Regulations. The Energy Labelling 
Regulation is a European Union (EU) legislation that establishes a frame-
work for the labeling and labeling of energy-related products in the EU. 
The regulation aims to provide consumers with information about the 
energy efficiency of products, so they can make informed choices when 
purchasing household appliances, lighting, and other products that use 
energy. It also aims to reduce energy consumption and greenhouse gas 

3	  https://truerefrigeration.eu/be-ready/
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emissions by encouraging the use of energy-efficient products4. In addi-
tion to all these, the use of different energy sources such as renewable 
energy makes ACSs the reason for preference.

It requires thermodynamic analysis to describe the efficiency of 
systems involving heat transfer steps such as heating-cooling. In other 
words, thermal systems are generally evaluated using energy analysis 
(Basaran et. al., 2020; Basaran and Ozgener, 2013). The basic approach is 
to apply the first law of thermodynamics to evaluate the conversion of 
energy [JLP publication]. The first law of thermodynamics is also known 
as the conservation of energy. The first law considers the quantity of en-
ergy. According to the first law, the sum of the amount of energy enter-
ing, leaving, stored, and produced in a system in a steady state should be 
zero. In other words, according to the first law, during the interaction of 
the system with the environment, the energy gained by the system must 
be equal to the energy lost by the environment (Olcayer, 2005). Energy 
efficiency is used in the analysis of thermal systems to better examine 
and understand the system and to evaluate it correctly and effectively. In 
a common approach, efficiency is defined as the desired ratio of output 
and input for an engineering system. Energy efficiency only considers 
the amount of input and output energy forms in the system (Basaran et. 
al., 2020) The most reliable way to compare the efficiencies of thermody-
namic systems is to determine the maximum amount of useful output. 
Therefore, energy efficiency is used to determine the performance of the 
system under consideration.  

Previous studies on the energy efficiency of ACSs.

One of the basic parameters in cooling systems is the efficient use 
of energy. In recent years, interest in studies on improving the perfor-
mance of absorption cooling systems has increased and scientific studies 
have focused on performance evaluation with a focus on efficiency. 

It is aimed to increase the system performance by detecting the heat 
losses on the absorber system. Especially in the studies on minibars, am-

4	 https://commission.europa.eu/energy-climate-change-environment/standards-tools-and-
labels/products-labelling-rules-and-requirements/energy-label-and-ecodesign/rules-and-
requirements_en
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monia was used as a refrigerant, water as an absorbent fluid, and helium 
to balance the pressure. The thermal values found by the first law of 
thermodynamics were evaluated with the help of a computer program 
and the performance effects on the system were discussed (Arslan and 
Egrican, 2004).

The airflow conditions in the freezer section placed on top of the 
domestic refrigerator were examined. Velocity investigations of parti-
cle images due to the effect of different temperature conditions were 
applied with Particle Imaging and Velocity Measurement System (PIV). 
The places where the flow rate was maximum were observed in the low-
er sections. It has been observed that the temperature values in the sys-
tem have a significant effect. The stopping and running effects of the 
compressor are indicated (Lacerda et. al., 2005).

Air flows with natural convection were investigated in a domestic 
refrigerator. The effects of cold wall surface area and temperature values 
were investigated. The situations where the interior volume is full and 
empty were evaluated and it was found that the filled volume reduces 
the air flow rate. The highest air velocity was seen at the bottom of the 
cold surface and was found to be 0.2 m/s. Particle image examinations 
were observed experimentally with the PIV system (Laguerre et. al., 
2008).

Ammonia water was used in the system and helium gas was pre-
ferred as the diffuser. After the investigations on LPG and solar energy 
for the heat source, theoretical calculations were made. The contribution 
of the use of ejectors to the system performance has been investigated. 
In LPG experiments, the most efficient results were obtained in terms of 
both cooling time and cooling. (Ozbas, 2009).

The effects of He gas at different pressures on the NH3-H2O fluid 
double absorber system were investigated. Experiments were carried 
out at pressures of 5 bar, 10 bar, and 15 bar, keeping 25% and 410 grams 
constant. As a result, it has been observed that the most efficient pres-
sure value is 15 bar. In addition, the first law analyzes of thermodynam-
ics were made for system components (Ucar, 2009).
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Thermodynamic analyzes were carried out on a single-effect absorb-
er system using the H20-LiBr mixture. Exergy calculations were made 
using the first and second law analyzes of thermodynamics. The effects 
of the heat exchanger on the system efficiency were investigated. It has 
been observed that the molten heat exchanger contributes more to the 
system. The entropies obtained on the components of the system were 
compared and as a result, the highest production was observed in the 
boiler (Saka, 2010).

Exergy analysis and finite time thermodynamics methods are aimed 
to be applied to a single-effect absorber system. Investigations were 
made for H2O-LiBr and NH3-H2O fluids and the results were discussed. 
With the help of the Engineering Equation Solver and Mathematica pro-
gram, the irreversibilities in the system were calculated and the effects 
of the components on the overall performance were discussed (Kaya, 
2011).

Diffuse absorption systems with and without precooling have been 
studied in large volumes. These systems were compared with vapor 
compression systems. Ammonia was used as the refrigerant, water as 
the absorbent, and helium for pressure balancing. The thermal loads 
were calculated by taking measurements from certain points of the sys-
tem (Memisoglu, 2013). 

Analyzed the system performance of different types of absorbent 
fluids in mini-absorption refrigerators. Basically, NH3-H2O and H2O-Li-
Br fluids are emphasized. Different ratios of absorbent fluids were used 
and it was aimed to determine the optimum values. The results are in-
dicated by increasing 5%, 7%, and 9% for both fluids. It was concluded 
that LiBr’s compatibility with the refrigerant is more efficient than H2O 
(Oztas, 2015).

The effects of different generator powers on system performance for 
ammonia-water absorption refrigerators are discussed. Generators with 
46,56 and 67 W power were used in the tests. The most efficient generator 
was obtained in the 46 W system, which corresponds to a temperature 
of 167 °C and a Coefficient of Performance (COP) value of 0.159. System 
analyzes were calculated numerically with the Aspen-Plus program and 



Mustafa ELEGELMEZ, Anıl BASARAN

205

compared with the measured experimental values. A 1% difference was 
observed between the program and the experimental values (Mansouri 
et. al., 2017).

Investigations have been made for different fluid types in absorber 
systems. Exergy analyzes were performed on different components for 
LiBr-H2O, NH3-H2O, NH3-LiNO3, and NH3-NaSCN fluid couples, and 
the results were observed. Flow analyzes were made with the MAT-
LAB program. It has been determined that the performance values of 
the LiBr-H2O couple are more efficient than the other couples. NaSCN 
observed that the cooling effect coefficient was higher (Yağcıoğlu, 2018).

The working status of renewable energy sources on absorber sys-
tems has been examined. Solar energy was used as a source and it was 
aimed to reduce the damage to nature and the ozone layer. Irreversibil-
ity in the system is solved over NH3-H2O, LiBr-H2O, and LiCl-H2O fluid 
pairs. COP values are calculated for different fluids. Calculations were 
made on the first and second laws of thermodynamics. Month-based so-
lar energy values for Antalya and Kocaeli were calculated and compari-
sons were made (Gunduz, 2020).

Absorption Cooling Cycle

Ammonia is a substance that dissolves very quickly in water. Also, 
when the mixture of water and ammonia is heated to 140 oC, ammonia 
is completely separated from the water. By taking advantage of these 
properties of ammonia, absorption cooling systems have been made5.  
The schematic representation of the ammonia-water mixed absorption 
refrigeration cycle is given in Figure 1. It can be used as a heat pump or 
resistance energy source. After the ammonia-water couple mixed in a 
certain chamber receives sufficient heat with the energy source, water 
and ammonia are separated from each other. The ammonia-rich melt 
passes through the absorber to the condenser, and the poor melt returns 
to the climbing pipe. Ammonia, which comes out as liquid by condens-
ing in the condenser, passes to the evaporator, absorbs heat from the 
environment, and performs cooling. The system is pressed with ammo-

5	  https://sogutmasistemi.com/mesleki-bilgi/absorbsiyonlu-sogutma-calisma-prensibi.html
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nia and water and helium. Using the pressure difference of helium and 
liquid ammonia, the system passes from the evaporator to the absorber, 
where it combines with the weak melt that initially went to the climb 
pipe and returns to the mixing chamber, and the cycle is repeated.

Figure 1. Ammonia-Water Mixed Absorption Cooling Cycle6

6	  https://www.daviddarling.info/encyclopedia/A/AE_absorption_cooling.html
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The main differences between the absorption refrigeration cycle 
and the mechanical vapor compression refrigeration system can be 
listed as follows:

•	 Due to the high number of stationary parts in ACS, they can work 
without noise.

•	 ACS is advantageous at low evaporator temperatures. The rea-
son for this is that there are power losses due to friction in the 
compressor in the vapor compression system and overheating 
problems are not in question in these systems.

•	 Controls of ACS can be done easily and can be used for a long 
time.

•	 ACS can provide cooling loads ranging from 0-100%.
•	 When there is a decrease in evaporator pressure and temperature 

in ACS, the loss in cooling capacity is less.
•	 A rapid cooling load is provided in ACS.
•	 2-9% of the electrical energy used in vapor compression systems 

is used in ACS.
•	 Despite the high initial investment costs in ACS, the fact that it 

does not require maintenance and that it has fewer malfunctions 
makes the system advantageous.

•	 While a single fluid is used in the vapor compression mechanical 
cooling system, there must be a refrigerant and an absorber fluid 
in the ACS.

•	 While there is a possibility of crystallization in ACS, there is no 
such possibility in a vapor compression mechanical cooling sys-
tem (Memisoglu, 2013;  Oztas, 2015).

European Union New Energy Label Regulation

The regulations determined by the European Union have created a 
new era in our lives as of March 2021. Energy regulation has been im-
plemented to increase energy efficiency. In this context, if the standards 
set as of March 2021 are not complied with, product sales to Europe are 
not possible.
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Under the New Energy Label Regulation, energy-related products 
must be labeled with a standard label that provides information about 
the energy efficiency of the product. The label includes a scale from 
A+++ (most efficient) to G (least efficient) and a host of other informa-
tion such as the product’s energy consumption, annual energy costs, and 
other technical specifications. The label must be prominently displayed 
on the product and in any advertising material.

Energy Label Regulation, household appliances such as refriger-
ators, washing machines, and dishwashers; lighting products such as 
light bulbs and LED lamps; and office equipment such as computers and 
printers. It is also valid for products used in the construction and build-
ing industry such as boilers, windows, and insulation materials.

The Energy Labeling Regulation is part of the EU’s broader efforts to 
improve energy efficiency and reduce energy consumption and green-
house gas emissions. It is designed to help consumers make informed 
choices about the products they buy and to encourage the use of more 
energy-efficient products. The maximum EEI values of the cooling de-
vices for 2021 are given in Table 1 as a percentage.

Table 1. Maximum EEI Values of Cooling Devices (%) 2021

EEI

Dedicated low-noise refrigerating appliances with fresh food 
compartment(s)

375

Low-noise refrigerating appliances with transparent doors 380

Other low-noise refrigerating appliances, except for low-noise 
combi appliances with a frozen compartment

300

Wine storage appliances with transparent doors 190

Other wine storage appliances 155

All other refrigerating appliances, except for low-noise combi 
appliances with a frozen compartment

125

After 2021, the 2024 energy regulation has been published by going 
one step further. In this context, it has become more difficult to catch an-
nual consumption amounts. Due to the potential to limit product sales, 



Mustafa ELEGELMEZ, Anıl BASARAN

209

manufacturers have a very serious sensitivity in this regard. The max-
imum EEI values of the cooling devices for the year 2024 are given in 
Table 2 as a percentage. 

Table 2. Maximum EEI for Refrigerating Appliances, Expressed in %

EEI

Dedicated low-noise refrigerating appliances with fresh food 
compartment(s)

312

Low-noise refrigerating appliances with transparent doors 300

Other low-noise refrigerating appliances, except for low-noise 
combi appliances with a frozen compartment

250

Wine storage appliances with transparent doors 172

Other wine storage appliances 140

All other refrigerating appliances, except for low-noise combi 
appliances with a frozen compartment

100

Energy analysis of diffusion absorption cooling system (ACS) 

As stated earlier, energy analysis is a rational way to evaluate per-
formance. In this section, the energy analysis of the diffusion absorption 
refrigeration system based on the first law of thermodynamics is shown. 
The energy interactions of the system and the Coefficient of Performance 
(COP) calculation methods are given.

For the thermodynamic analysis of the diffusion absorption cooling 
system, firstly, the control volumes approach is applied. Each compo-
nent of the system was determined as the control volume and the control 
volumes were analyzed separately as a system. Mass and energy balance 
equations were applied to the systems created with the control volume 
approach. The heat transfer rates between the system and the environ-
ment and the energy transfers between the mass and the system were 
determined. The analyzed systems and energy interactions are shown 
in Figure 2:
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Figure 2. Schematic View of Diffusion Absorption Cooling System  
(Yıldız, 2013)

Conservation equations of mass and energy have been applied for 
the thermodynamic analysis of this system, which is presented in Figure 
2. The following assumptions were made during the analysis:

•	 Pressure drops along the pipes are negligible;
•	 Hydrostatic pressures are negligible;
•	 Liquid solution (case 2c) and vapor bubbles (case 3) exit the cap-

illary, leaving the generator at the same temperature (T2c = T3);
•	 The generator is thermally insulated, so heat losses to the envi-

ronment are negligible;
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•	 The mixture of refrigerant and inert gas at the inlet of the evapo-
rator is assumed to be adiabatic;

•	 No flow occurs at point 5’a; 
The subscripts in the mass and energy balance equations given be-

low are given in Figure 3.1. Accordingly, from the principle of conserva-
tion of mass;

							       (1)

From the principle of conservation of energy;

						      (2)

In the applied solutions, the mass flow rate of the working substance 
is ṁ (kgs-1), h is the specific enthalpy (kJ kg-1), Q is the heat loss and boiler 
values (W), and X is the mass ratio of the NH3-H2O mixture.

Generator and Bubble Pump
The rich solution ( ) enters the generator-bubble pump. Ammo-

nia vapor is separated from the rich solution by being heated by electri-
cal resistance (Qj̇eneratör). The ammonia vapor 

() rising by the bubble pump and then reaching the purifier. The 
weak solution (), at the outlet of the bubble pump, returns to the solution 
heat exchanger via the generator. According to this cycle, the mass and 
energy equations for the generator-bubble pump are given below;

 							       (3)
						     (4)

+ Q̇jeneratör = 				    (5)

Separator

After the steam leaves the boiler, it is not pure refrigerant. This means 
that there is still a small amount of absorbent. Because it is important to 
send ammonia to the condenser as much as possible separated from the 
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water after the boiler, in terms of increasing the efficiency of the system. 
As a result of the relationship between ammonia and water, which have 
different boiling points, water vapor accumulates by condensation and 
returns to the boiler with the effect of gravity. As a result of this process, 
near-purity ammonia vapor is obtained at the condenser inlet. Accord-
ing to this cycle, the mass and energy equations for the separator are 
given below;

							       (6)

						      (7)

 = + Q̇ayırıcı					     (8)

Solution Heat Exchanger
In the solution heat exchanger, the weak solution (4) exiting the gen-

erator energizes the rich solution coming from the absorber at a lower 
temperature. According to this cycle, the mass and energy equations for 
the solution heat exchanger are given below;

=  								        (9)

= 							                    (10)

						                  (11)

				                 (12)

= 				                 (13)

= + Q̇ısı değiştirici		              (14)

Condenser

Condensation of ammonia vapor is provided in the condenser. 
Thanks to the operating pressure, the refrigerant vapor reaches the con-
denser, in which the liquid condenses, with the same high pressure. Ac-
cording to this cycle, the mass and energy equations for the condenser 
are given below;

= 							                    (15)

= + Q̇kondenser					                  (16)
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Evaporator

Leaving the condenser at operating pressure, the liquid refrigerant 
reaches the evaporator inlet. Here it mixes with the inert gas from the 
absorber in the gas heat exchanger. As a result, the partial pressure of 
the liquid refrigerant drops and evaporation occurs at low temperatures. 

According to this cycle, the mass and energy equations for the evap-
orator are given below;

= 						                  (17)

 + Q̇evaporatör = 			                (18)

Absorber

Water absorbs ammonia vapor, forming a melt. As the temperature 
drops, the ability of water to absorb ammonia increases. However, it 
cannot go below the freezing point of the water. The formation of solidi-
fication is not the desired situation. With this in mind, 0°C is the absolute 
value. In the system, the refrigerant vapor is absorbed by the weak solu-
tion returning from the generator and the rich solution flows into the 
solution tank. Helium and ammonia waste flow toward the evaporator. 
According to this cycle, the mass and energy equations for the absorber 
are given below;

					                  (19)

 + Q̇soğurucu=  	                            (20)

Coefficient of Performance (COP)
The COP is defined as the ratio of the heat gained by the evaporator 

to the heat given off by the resistor in the bubble pump;

COP =  							     
	              (21)
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Case Study: Experimental energy analysis of a refrigerator with a 
diffusion absorption cooling system (absorption refrigerator)

The experimental method in research is a method that helps to ob-
tain information most objectively. There are many parameters (argu-
ments) that affect a result. The most reliable way to reveal the effect of 
these parameters on the desired result (dependent variable) is through 
experimental studies. With experimental studies, variable parameters 
can be controlled, cause-effect relationships can be easily observed and 
reliable results can be obtained.

A minibar refrigerator working with a single-stage diffusion-ab-
sorption cooling system was arranged as an experimental setup and its 
thermodynamic analysis was carried out. The experiments were carried 
out at the ISM Minibar factory in Manisa. The fluids used in the system 
as the working fluid are important. In the system, ammonia (NH3) is 
used as a refrigerant, water (H2O) as an absorber, and helium (He) as a 
pressure stabilizer. The measurements obtained from the experimental 
setup are included in the energy analysis carried out in the light of the 
1st law of thermodynamics. Temperature measurements were made on 
the absorber minibar used as a test setup. After the measurements were 
taken on the components of the absorption cooling system, they were 
used for energy analysis.

Experimental Setup

Electrical resistance was used in the considered ACS and the ab-
sorption device was mounted. Heat input is provided in the generator 
with the help of the resistance using electrical energy. Figure 3 shows 
the temperature measurement points and manometer connection of the 
diffusion absorption cooling device. 
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Figure 3. Temperature Measurement Points and Manometer Connection of 
the Absorption Cooling Device

The temperature measurements were made with the measurement 
points indicated in Figure 2 and Figure 3. After the temperature mea-
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surement points were prepared, an electrical resistance was connected 
to the generator part of the device, and the insulation of the area was 
ensured. Figure 4 shows the installation of the ACS system in the refrig-
erator, the insulation of the generator area, and the measurement points.

Figure 4. Isolation of the Generator Zone of the Absorption Cooling Device

After the device is prepared, it is connected to the polyurethane 
body. Temperature measurement points are determined in the connect-
ed body. Figure 5 shows the temperature measurement points of the 
polyurethane body.
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Figure 5. Temperature Measurement Points of the Polyurethane Body

RESULTS and DISCUSSION
In the case study, the thermodynamic analysis of a single-stage dif-

fusion absorption refrigerator was experimentally carried out. Analyzes 
were made according to the first law of thermodynamics based on ex-
perimental measurements. Experimental measurement data are present-
ed in Table 3. These data were used in the energy analysis.
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Table 3. Experimental Measurement Data

Parameter Value

Generator heat input (W)

System pressure (bar)

Ammonia-water concentrati-
on (%)

Generator temperature (°C)

Heat exchanger temperature 
(°C)

Separator temperature (°C)

Condenser temperature (°C)

Evaporator temperature (°C)

Absorber temperature (°C)

Ambient temperature (°C)

Mass flow rate, mass concentration values, and enthalpies calculat-
ed for each point according to the values in Table 3 are given in Table 4. 
Measurement points are named as shown in Figure 2. As seen in Table 
4, the fluid concentration leaving the separator was determined as 0.992. 
This indicates that almost only ammonia is delivered to the condenser.  

Table 4. Experimentally Calculated Mass Flow Rates, Mass Concentration 
Ratios, and Enthalpy Values

Point X (%) ) h ()

1a

1b

2c

2d

3

4

5



Mustafa ELEGELMEZ, Anıl BASARAN

219

6a

7b

8b

9

10

11

The heat transfer rates calculated by Equation (1-19) are given in 
Graph 1. The heat input of 62W in the generator is provided by an electric 
heater. This heat input is the required input to run the cycle. Apart from 
the evaporator and generator, heat is transferred from the system to the 
environment in other components. In the evaporator, heat is transferred 
from the cooled environment (minibar interior) to the system. Accord-
ingly, the highest heat transfer rate from the system to the environment 
occurs in the separator with 27.2 W (Graph 1). The separator is followed 
by the heat exchanger with 24.5 W and the absorber with 10.4 W, respec-
tively. As can be seen in Figure 2, the lowest heat transfer rate from the 
system to the environment with 6.6 W occurred in the condenser. On the 
other hand, 7.8 W of heat was drawn from the environment cooled in 
the evaporator. In this case, the efficiency impact coefficient (COP) of the 
system was determined as 0.125.

Graph 1. Heat Transfer Rates of Control Volumes



ENERGETIC INVESTIGATION OF A REFRIGERATOR WORK WITH DIFFUSION ABSORP-
TION REFRIGERATION CYCLE

220

CONCLUSION

In this study, the performance of ACS using fluid NH3-H2O-He was 
experimentally examined and thermodynamic analysis was made.

The results of the study are given below: 

•	 The average energy consumption of the electrical resistance used 
is 62 W.

•	 It has been determined that the highest heat transfer rate from the 
system to the environment occurs in the separator and the lowest 
heat transfer rate in the condenser.

•	 System pressure was measured at 22 bar with a manometer.

•	 Due to the high rate of heat transfer in the heat exchanger, it can 
be aimed to increase the COP by increasing the insulation length 
of the region.

ABBREVIATIONS

EU: European Union

COP: Performance Efficiency Coefficient

ACS: Absorption Cooling System

CFC: Chlorofluorocarbon

W: Watt

EEI: Energy Efficiency Index.
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AN OVERVIEW OF PALM FIBER REINFORCED 
COMPOSITES

Yalçın BOZTOPRAK1, Belma GJERGJJZI2

Abstract: With the increasing awareness of the importance of renew-
able green resources around the world, efforts to develop environmen-
tally friendly and biodegradable materials are gaining momentum. 
Natural fiber reinforced composites stand out with their properties 
such as biodegradability, low weight, low cost and good strength. Its 
use in various sectors such as automotive, construction and energy 
is increasing day by day in order to reduce polluting greenhouse gas 
emissions, carbon footprint and dependence on fossil fuels. Despite its 
environmentally friendly features, it has disadvantages such as mois-
ture absorption and low adhesion with the matrix, but methods are be-
ing applied to strengthen the interfacial bond with surface treatments 
and to reduce moisture absorption. Natural fiber reinforced compos-
ites are composites in which various plant, animal or mineral origin 
fibers are used as reinforcement material. Plant-based fibers are the 
most commonly used. The most popular ones are linen, hemp, sisal 
and jute. Their chemical contents consist of cellulose, hemicellulose, 
lignin. The mechanical properties of these fibers vary according to 
their different chemical contents. Mechanical properties also depend 
on fiber length, distribution, and ratio. Matrix materials can be from 
biopolymers, as well as synthetic thermosets or thermoplastics. In this 
study, a research was conducted on the properties of palm fibers, the 
surface treatments applied to these fibers, palm fiber reinforced com-
posites and their areas of use.
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INTRODUCTION

The popularity of natural fiber research is fueled by the demand for 
environmentally friendly goods. Natural fibers made from plants are 
meant to lessen reliance on non-renewable resources. All elements of 
the palm tree, including the sap, trunk, fruits, and leaves, are useful, 
making it a tree with many uses. Fiber is yet another crucial component 
of the palm tree. The palm tree’s fibers can be found in a variety of tree 
sections, including the black palm fibers (ijuk), palm frond, palm bunch, 
and palm trunk. Previous research on palm fibers found that they are 
excellent as reinforcing agents for composite materials and have good 
tensile qualities (Bachtiar et al. 2009).

Polymer composite materials are one of the materials that offer ease 
of processing, increased productivity and lower costs. Due of their abun-
dance, accessibility and affordability, natural fibers have many benefits 
over synthetic fibers. To make the composites lighter, natural fibers are 
used in place of synthetic fibers. Natural fibers have a density between 1.2 
and 1.6 g/cm3, which is lower than glass fiber’s density (2.4 g/cm3) and 
allows for the creation of lightweight composites (Thyavihalli et al. 2019).

Most natural fiber composites offer a healthier working environ-
ment in contrast to glass fiber composites. Humans are exposed to dust 
from the trimming, cutting and mounting of glass fiber components, 
which might irritate their skin and lead to respiratory ailments. In ad-
dition, natural fibers have a lower abrasive character than glass fibers. 
This provides a nicer processing environment since tool wear may be 
greatly decreased. Additionally, natural fibers are readily recyclable and 
biodegradable, and they have outstanding thermal and insulating char-
acteristics (Misri et al. 2010).

Palm Leaf Fibers

Because they are mostly consisting of waxy substances, as well as 
lignin, cellulose, hemicellulose and pectin, plant fibers are known as lig-
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nocellulosic fibers. Cellulose is regarded as the primary structural com-
ponent (Kabir et al. 2012). 

A family of perennial flowering plants known as Arecaceae. These 
plants referred to as palms, can grow as climbers, shrubs, tree-like plants 
or stemless plants. The date palm tree and its fibers that encircle the 
stems are depicted (Figure 1). Due to its sustainability, environmental 
friendliness, biodegradability and cost-effectiveness as a filler, palm fi-
ber has gained popularity. In the production of natural fiber composites, 
extracts from the sugar palm-Arenga pinnata, date palm-Phoenix, oil 
palm-Elaeis and peach palm-Bactris gasipaes have been used (Alhijazi 
et al. 2020).

(a) (b)
Figure 1. (a) Tree Of Date Palm and (b) Fibers From The Date Palm Tree 

That Around The Stems

Palm Fiber’s Chemical Composition
Cellulose, hemicellulose and lignin are many natural fibers’ most 

crucial structural elements. (Al-Oqla et al. 2014). The structure of natural 
fiber is shown in Figure 2.
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(a) (b)

Figure 2. Structure of Bio-Fiber (a) Fiber Cell and Lumen (Ernestina et al., 
2013);  b) Natural Fiber Structure (John and Thomas, 2008)

Plant cellulose is arranged into micro fibrils, which serve as the 
primary structural support for plants. Cellulose is durable to oxidizing 
agents, hydrolysis and strong alkalis, but it can degrade to some amount 
when subjected to chemical modifications (Azwa et al. 2013). The hemi-
cellulose-cellulose linkage, which contributes to the primary structural 
element of the fiber cells, is made up of hydrogen-bonded hemicellulose 
molecules that act as a cementing matrix between each cellulose micro-
fibril. An sophisticated hydrocarbon polymer, lignin, typically offers ri-
gidity to plants and aids water movement (Huzaifah et al. 2017). Because 
of its hydrophobic nature, lignin is completely soluble in most solvents. 
Hemicellulose is very hydrophilic, quickly hydrolyzed in acids, and sol-
uble in alkalis. (John and Thomas, 2008). Table 1 refers to the chemical 
composition of plant fibers.

Table 1. Palm Fiber’s Chemical Composition

Fibers Cellulose 
(%)

Hemicellulose 
(%)

Lignin 
(%)

References

Oil palm 
fibers

49.8 83.5 20.5 Khalil et al. (2006)

Oil palm 
trunk

46.58 72.1 23.0 Ahmad Z et al. 
(2010)
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Sugar palm 
bunch

61.8 71.8 23.5 Sahari J et al. (2012)

Sugar palm 
fibers

66.5 81.2 18.9 Sahari J et al. (2012)

Sugar palm 
trunk

40.6 61.1 46.4 Sahari J et al. (2012)

Date palm 
fibers

46 18 20 Alhijazi M et al. 
(2020)

Surface Treatments
The natural fiber composition depends on fiber and matrix constit-

uents and their interfacial bonding (Ghori et al. 2017). Interfacial shear 
strength between the polymer matrix and reinforcing natural fibers has 
a significant impact on the composite’s final mechanical properties. (Al-
hijazi et al. 2020). Natural fibers are hydrophilic chemicals and polar, 
whereas the majority of thermoplastic polymers are hydrophobic sub-
stances and nonpolar. Because of this distinction, natural fiber compos-
ites are typically incompatible and exhibit poor interfacial adhesion. 
(AL-Oqla et al. 2014).

Belgacem and Gandini (2005) reported on many methods of improv-
ing the qualities of cellulosic fibers, including physical, physicochemical, 
chemical grafting, etc. In their study of recent advances in the chemical 
characterization and modification of natural polymeric-fiber compos-
ites, John and Anandjiwala (2008) came to the conclusion that sodium 
hydroxide (alkaline) has been used as a chemical treatment for all types 
of palms most frequently.

Oil Palm Fiber Treatment

The choice of the matrix is based on the intended final attributes of 
the composites because the matrix properties have a significant impact 
on composite properties.

Oil palm fiber has been used in a variety of matrices; in merceriza-
tion, natural rubber and alkali treatment on the fibers lowered the water 
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uptake by oil palm fiber-natural rubber composites. (Jacob et al., 2005). 
Additionally, the treatment with NaOH solution encourages activation 
of the cellulose’s hydroxyl groups by rupturing hydrogen bonds. Treat-
ment with vinyl silane and flurosilane showed the most water uptake 
among the three treatments (amino silane, fluro silane and vinyl silane) 
with silane applied to the fibers (Sreekala and Thomas, 2003).

Hexamethylene diisocyanate (HMDI) and toluene diisocyanate 
(TDI) treatments enhanced the tensile strength of composites oil palm 
fiber with polyvinyl chloride (Rozman et al. 2007). Tensile strengths of 
26 MPa, 30 MPa, and 28 MPa, respectively, were shown by untreated 
fiber composites, TDI-treated fiber composites, and HMDI-treated fiber 
composites with a fiber loading of 40% and an NCO/OH ratio of 1.1. 
OPF and PU matrix interaction has improved with the addition of isocy-
anates from TDI or HMDI.

Date Palm Fiber Treatment

In order to alter the fiber surface, several alkali treatments with con-
centrations ranging from 0.5 to 5% were utilized as well as acid treat-
ments with concentrations of 0.3, 0.9, and 1.6 N that were carried out at 
100 °C for one hour (Alawar et al. 2009). The tensile strength of the fibers 
exposed to NaOH increased and the surface morphology improved sig-
nificantly. Because hydrochloric acid treatment has a detrimental effect 
on tensile strength and surface morphology, it has been determined to 
be adverse for fibers.

When hydrogen bonds are broken by liquid ammonia, it can enter 
the inside of cellulose fibers and produce a complex molecule. The liq-
uid ammonia treatment has the ability to transform cellulose X’s initial 
crystal structure into cellulose Y’s. Then, after being treated with hot 
water, cellulose Y turns back into cellulose X (Pickering 2008, Rachini 
et al. 2012). The natural fibers’ surface is smoothed after this kind of 
treatment. The fiber cross-section also changes to a round shape, and the 
lumens get smaller (Kozlowski and Przybylak 2004, Rowell et al. 1997).
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Figure 3. Scanning Electron Microscope (SEM) Image of (a) Date Palm Fiber 
Not Treated, (b) Treated Date Palm Fiber with 1.5 % NaOH (Alawar et al. 

2009)

Sugar Palm Fiber Treatment
Owing to the fact that the impurities and waxy materials were 

eliminated, the treatment with alkaline had the effect of removing the 
hemicellulose and lignin content from the sugar palm fiber, giving it a 
rougher surface than the not treated sugar palm fiber. This improved 
the interface quality and increased mechanical interlocking (Bachtiar et 
al. 2008).

Three distinct soaking periods and two different sodium hydrox-
ide (NaOH) solution concentrations (0.25 and 0.5 M) were used for the 
alkaline treatment (one, four and eight hours). Tensile strength data 
demonstrates the various reactions at various NaOH concentrations. 
The tensile strength at 0.5 M NaOH concentration improved significant-
ly before declining after 1 hour of soaking. After soaking in 0.25 M of 
NaOH for an hour, the tensile strength rises to 49.88 MPa; however, after 
four hours, the tensile strength considerably decreased. The researcher 
anticipates that increasing the alkali concentration will have a positive 
impact on the composites’ tensile strength. However, tensile strength 
is not increased by utilizing the 0.5 M alkali concentration for an hour 
compared to the untreated and 0.25 M NaOH samples. Furthermore, 
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because it might damage the fiber and lower its tensile strength, high 
concentrations of alkaline solution will have a detrimental impact on the 
treatment of sugar palm fibre and epoxy (Bachtiar et al. 2008).

Scheme 1. Shchematic Presentation on Treatment Methods of Fibers

Table 2.  Chemical Modifications Made on Palm Fibers

Chemical met-
hods

Oil palm fiber Date palm fiber Sugar palm fiber

Alkaline treat-
ment

Shinoj S et al. 
(2011)

Alawar A et al. 
(2009)

Bachtiar et al. 
(2008)

Silane treatment Sreekala, M S 
& Thomas, S 
(2003)

AL-Oqla F M et 
al. (2014)

Huzaifah M R M 
et al. (2017)

Hydrochloric 
acid

- Ghori W et al. 
(2017)

-

Acetylation 
treatment

Khalil H P S A 
et al. (2000)

- -

Peroxide treat-
ment

Shinoj S et al. 
(2011)

- -



AN OVERVIEW OF PALM FIBER REINFORCED COMPOSITES

232

Acrylation treat-
ment

Shinoj S et al. 
(2011)

Ghori W et al. 
(2017)

-

Maleated coup-
ling enzyme 
treatment

- Ghori W et al. 
(2017)

-

Liquid ammonia 
treatment

- AL-Oqla F M et 
al. (2014)

-

Graft coopoli-
merizaation

- AL-Oqla F M et 
al. (2014)

-

Mechanical Properties of Different Palm Fiber Composites
The mechanical characteristics of composite materials play a ma-

jor role in determining how they will be used. By measuring the ten-
sile strength of the material, the Young’s modulus may be calculated 
to pinpoint the point at which the material starts to deform plastically. 
Young’s modulus is a gauge of a material’s stiffness (Mohammed et al 
2018).

The majority of the time, date palm fiber composites with various 
matrices, fiber treatments, and fiber contents have been used to deter-
mine tensile strength. Epoxy composites had the highest tensile testing 
value, 41 MPa (Bachtiar et al. 2008), while the lowest is obtained in poly-
ester composites, 14.34 MPa (Misri et al. 2010). 

The polyester/oil palm fiber composites had the least strength, 21.88 
MPa, according to a fewer group of scientists who assessed the tensile 
strength of oil palm fiber composites (Anggawan AD et al. 2020) while 
HDPE matrix/clay/oil palm fiber composite material showed the value 
28.7 MPa and the highest value was obtained from epoxy/oil palm fiber 
composites, 64.7 MPa (Hanan et al. 2020).

In order to evaluate tensile tests, Essabir et al. reported the manu-
facture of five specimens from oil palm fiber/clay HDPE composites in 
accordance with ISO 527-1:2012. Therefore, it was evident that adding 
more filler had a propensity to make the composite stiffer. All hybrid 
composites with 25% weight of fibers have Young’s moduli that are in-
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flated than pure HDPE (650 MPa), whereas composites supported with 
25% weights of palm oil have Young’s moduli of respectively, 910 MPa 
and 885 MPa. This is a common result that were disclosed by Jawaid et 
al. (2011), Kakou et al. (2015), and Parparita et al. (2014). Since inorganic 
particles typically have more rigidity than organic fibers or polymers, 
these authors studied if adding hard fillers like clay particles to a poly-
mer could increase the rigidity of composite materials. Qaiss et al. (2015) 
released that as polymer chain mobility decreases in the presence of fill-
ers, composites become more rigid.

Peak strength for sugar palm fiber composites was also attained us-
ing a 50 MPa epoxy matrix and a NaOH chemical treatment. In PP com-
posites, polyester resin was taken into consideration, and the strengths 
that were obtained ranged from 28 to 44.88 MPa.

Additionally, the enhanced moisten of alkali treated fiber with the 
matrix is responsible for the increase in tensile modulus in alkali treated 
fiber composites (with 1 h soaking period for 0.25 M alkali concentra-
tion). The tensile strength of composite should increase with increasing 
alkali concentration, but this experiment shows that the alkali concentra-
tion of 0.5 M for 1 h does not produce any excess value compared to the 
untreated and 0.25 M alkali concentration’s samples. A very concentrat-
ed alkali solution, as claimed by Mwaikambo and Ansell, will undoubt-
edly damage the fiber and thus lower the tensile strength of fiber and 
their compositions.
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Figure 4. Sugar Palm Fiber Reinforced Epoxy Composite’s Aver-
age Tensile Modulus in Relation to Soaking Time

Figure 4. demonstrates that for the various soaking times, alkali con-
centrations of 0.25 M yielded the highest tensile modulus. The analysis 
has shown that alkali treatment of the palm fiber significantly increased 
the tensile modulus of composites made of sugar palm fiber.

Table 3. Mechanical Properties of Different Palm Fibers and Resins Used

Palm fi-
ber type

Mechani-
cal pro-
perties

Resin Result Testing stan-
dard

References

Oil palm 
fiber

Tensile Epoxy 64.7 MPa ASTM D3039 Hanan F et al. 
(2020)

Polyes-
ter

21.88 MPa ASTM D638 Anggawan AD 
et al. (2020)

HDPE 15 MPa ISO 527–1 Essabir H et al. 
(2016)
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Young’s 
modulus

Epoxy 3640 MPa ASTM D3039 Hanan F et al. 
(2020)

Polyes-
ter

3.95 GPa ASTM D638 Anggawan AD 
et al. (2020)

HDPE 885 MPa ISO 527–1 Essabir H et al. 
(2016)

Date 
palm 
fiber

Tensile Epoxy 41 MPa D. Bachtiar et al. 
(2008)

Polyes-
ter

14.34 MPa Misri S et al. 
(2010)

HDPE 20 MPa ISO 527–1 Abdal-hay A et 
al. (2012)

Young’s 
modulus

Epoxy 2.5 GPa D. Bachtiar et al. 
(2008)

HDPE 1.5 GPa ISO 527–1 Mohammed AA 
et al. (2018)

Sugar 
palm 
fiber

Tensile Epoxy 50 MPa Abdal-hay A et 
al. (2012)

Polyes-
ter

43 MPa ASTM 
D5083-10

Sadik T et al. 
(2017)

Polyu-
rethane

18.42 MPa ASTM D638 Mahdavi S et al. 
(2010)

Young’s 
modulus

Epoxy 3.89 GPa Abdal-hay A et 
al. (2012)

Polyes-
ter

1.841 GPa ASTM 
D5083-10

Sadik T et al. 
(2017)

Polyu-
rethane

1.3 GPa ASTM D638 Mahdavi S et al. 
(2010)

Resins-Matrices Used for Palm Leaf Fibers

Because of their improved mechanical, thermal, and electrical qual-
ities, modified resins are currently widely employed in the creation of 
natural fiber supported composites and in the production of its various 
industrial products (Saba et al. 2015).



AN OVERVIEW OF PALM FIBER REINFORCED COMPOSITES

236

In the evaluation of numerous thermoplastic, thermosetting, natural, 
and ceramic matrices, a variety of characteristics were discovered. The 
ultimate properties of the composite are based on how well the selected 
matrix performs and how it interacts with the fibers. Numerous poly-
meric matrices, including high density polyethylene (HDPE), polyester, 
epoxy, polypropylene (PP), and others, have been used to study palm 
fibers. Epoxy was frequently chosen as the matrix for OPF, SPF, and DPF 
as shown in Table, and its strong performance led to high characteristics. 
Mustapha et al. (2020) considered Polyester Composite in blended palm 
oil fibers. While Momoh & Osofero (2020) et al. focused on the applica-
tion of oil palm fibers in cement composites. To assess mechanical and 
thermal qualities, several studies have suggested date palm seed/vinyl 
ester composites. Finally, sugar palm starch (SPS) has been the subject 
of recent research as a polymer. According to Sahari et al. (2013), when 
a plasticizer is present and the temperature is high, starch can behave 
as a thermoplastic. The physical characteristics of plasticized syndiotac-
tic polystyrene (SPS), such as water absorption, density, thickness and 
moisture content decreased with increasing glycerol content, according 
to research by Sahari et al. (2012) on SPS with the use of glycerol as a 
plasticizer.

Table 4. Types Of Resins Used for Palm Fiber Composites

Oil Palm Fiber Date Palm Fiber Sugar Palm 
Fiber

Polyester Mustapha N H et 
al. (2020)

Raghavendra & 
Lokesh ( 2019)

Leman Z et al. 
(2008)

Epoxy Jawaid M et al. 
(2013)

- Atiqah A et al. 
(2018)

Cement Momoh & Osofe-
ro (2020)

Lahouioui M et al. 
(2020)

-

Vinyl ester - Nagaprasad N et 
al. (2020)

Alhijazi M et al. 
(2020)

Bitumen - - -
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Glycerol - Ibrahim A et al. 
(2011)

Alhijazi M et al. 
(2020)

HDPE Essabir H et al. 
(2016)

- -

Polypropylene Suradi SS et al. 
(2010)

- -

Polyurethane - Oushabi A et al. 
(2017)

Alhijazi M et al. 
(2020)

Polyvinyl 
alcohol

- - -

Poly lactic acid - Kharrat F et al. 
(2020)

-

Recent Applications on Palm Fiber Composites

Date palm fibers are among other natural fibers the cheapest, the 
most widely distributed in tropical areas, and the easiest to separate 
from the leaves. The fundamental benefit of this fiber is that it gives stur-
dy compositions with various polymer matrices and meets the necessary 
cost-to-young’s-modulus requirements.

Additionally, date palm fibers have prompted the automotive in-
dustry to use them in order to solve and manage an environmental 
waste problem as well as for their mechanical performance, environ-
mental friendliness, cost effectiveness, and societal side. Date palm fi-
bers are generally recognized in the textile industry and are already em-
ployed in items for our daily lives. (Ghori et al. 2018). Many scientists 
in most developing nations work to reduce environmental pollution by 
using waste materials and renewable resources. Concrete was created in 
the building industry by Wahyuni and Elhusna (2016) by mixing sugar 
palm fibers. This study aims to increase the tensile strength and mechan-
ical characteristics of concrete. As a result, tensile strength for concrete 
with 10% sugar palm fiber addition was up to 24% greater than for unal-
tered concrete (2.15 MPa). 

A small boat was created by Misri et al. (2010) utilizing the hand-lay-
up approach and a composite made of sugar palm fiber and fiber glass 
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supported unsaturated polyester. With a tensile modulus of 1840.6 MPa 
and an impact strength of 2.471 kJ/m2, it demonstrates that mechani-
cal characteristics greatly improved. Sanyang et al. (2016) demonstrated 
that sugar palm fiber had a lower density than commercial E-glass fiber. 
The densities of the two fibers were 2.55 kg/m3 for commercial E-glass 
fiber and 1.22-1.26 kg/m3 for sugar palm fiber. As a result, the weight 
of a boat made from a hybrid of a sugar palm and a fiber-glass compos-
ite has been lowered by 50%. Figure 5 illustrates the boat’s production 
process.

Figure 5.  Boat construction process (Misri et al., 2010)

Imran (2015) redesigned a zinc roof using sugar palm fiber to reduce 
vibration and insulate sound derived from the heating, ventilation, and 
air conditioning system. The samples were tested on straight and bend 
ducting in accordance with ASTM E477.
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According to the findings, all materials exhibited the same perfor-
mance trends: at frequencies below 500 Hz, insertion loss was substan-
tial and constant until 6,300 Hz, and it remained there until 10,000 Hz at 
a level of about 6–40 dB.

Sajid et al. explore three novel nonwoven composites that have been 
needle-punched in 2020 by combining raw palm fiber in a 70:30 weight 
ratio with cotton, wool, and polyester fibers. SEM images supported a 
weak adhesion between palm fiber and polyester fibers, cotton, wool, and 
polyester fibers. The great diameter of the palm fibers caused the nonwo-
ven materials to have a high porosity. The thermal resistance is improved 
as a result. In comparison to other nonwovens, nonwoven Palm/Wool 
(89.51%) exhibits the highest level of porosity. Then, at 25 °C, the least 
the heat conductivity is noted (36.84 mW/mK). Nonwoven Palm/Poly-
ester had the best tensile strength (162.30 N) and the maximum thermal 
conductivity (38.76 mW/mK at 25 °C). After the climatic ageing test, the 
tensile modulus of nonwovens did not considerably alter.

Figure 6. Prepared Fillings for Sandwiches: (a) Palm and Wool; (b) Palm and 
Cotton and (c) Palm and Polyester
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In 2020, editors Midani et al. published the findings of experimen-
tal studies on the mechanical and thermal characterisation of date palm 
reinforced adobe clay bricks with sand dunes. It is common practice in 
brick manufacture to incorporate additional sand dunes to reduce brick 
fluidity, improve mechanical characteristics, and reduce shrinkage. 
Dune sand’s weight percentage ranged from 0 to 40%, while MDPSF’s 
ranged from 0 to 3%.

In addition, they discussed the findings of tests performed on sam-
ples of gypsum and cement mortar, highlighting the significant differ-
ences between their physical characteristics, particularly in the area of 
thermal conductivity, when compared to gypsum, cement mortar has 
a heat conductivity that is three times greater, which is estimated to be 
0.58 W/m°C. Additionally, it was discovered from the experiments’ 
findings that employing multi-layer networks made of palm fibers and 
gypsum reduced the material’s thermal conductivity more effectively 
than using separated fibers in a mixture, where the ratio for gypsum 
samples plus cut fibers (PF) was concerned. 13.33% is the estimated re-
duction. The proportion reached 23.33% in the samples of gypsum plus 
multi-layer fibers (PFM). As the fiber networks divide the gypsum lay-
ers from one another, thermal bridges inside the samples are reduced, 
which accounts for this.

         
Figure 7. Date Palm Supported Adobe Bricks Failing Flexurally and 

Demoulding
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(a) With lone-paired fibers              (b) Fiber with multi-layer mesh

Figure 8. Reinforced Gypsum Date Palm Fibers

Table 5. Gypsum That Has Been Reinforced with Date Palm Fiber Mixture 
Portions

Using date palm fiber biomass, a research team led by the Univer-
sity of Portsmouth in the UK has created a biocomposite material that 
may utilized in nonstructural components, such as automobile bumpers 
and door linings. Unlike synthetic composites bonded with glass and 
carbon fibers, the date palm fibre polycaprolactone (PCL) biocomposite 
is 100 percent biodegradable, renewable, sustainable, and recyclable. In-
vestigations have been done into how processing variables, for instance, 
screw rotation speed, affect the features of tensile and low-velocity im-
pact damage. With a 28 wt % of supported of date palm fibers, the ten-
sile strength of pure PCL rose from 19 MPa to 25 MPa. Similar to this, 
after reinforcement, the tensile modulus of neat PCL rose from 140 - 282 
MPa. The morphologies of palm fibers and the tensile properties of the 
biocomposites were both slightly and moderately affected by the screw 
rotation speed. Specimens with incident energies of 25 J or less demon-
strated greater impact resistance than those of 50 J. Scanning electron mi-
croscopy (SEM) analysis of the impact damage to biocomposites on the 
cracked surfaces revealed several damage modes (Dhakal et al., 2018). 
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Figure 9.  Composite Made of Leaf Sheath Date Palm Fiber Waste and Poly-
caprolactone

The possibilities and difficulties of using oil palm biomasses from 
agro resources, such as the palm reinforced fiber biocomposites, empty 
fruit bunch, trunk and frond for furniture applications are also taken into 
account by Suhaily et al. in 2012. A recent multi-layered biocomposite 
product comprised of wood veneer and bamboo strips and bound with 
palm fiber resin is also an valuable issue. Combining bamboo particles 
and strips, wood veneer creates a symmetrical structure with a smooth 
and flat surface that is utilized as a novel material for concrete form-
work and truck side boards. To generate high-performance composites, 
for instance, bamboo rod was stacked with OPF fibers as illustrated in 
Figure 10, giving versatility in design and applications. In addition to 
this, the parquet boards that were made using three palm midrib boards 
(mats) with dimensions of 700 x 60 mm and a thickness of 8 mm for each 
piece. The parquet pieces were delivered to a facility for finishing and 
assembling the groove and tongue after being removed from the press. 
In the laboratories of the Egyptian Organization for Standardization and 
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Quality (ESO), parquet samples were tested to determine how dimen-
sions changed as a result of changes in temperature ranged from 30-35 
°C and humidity 55, 60, and 80%. The findings show that longitudinal 
dimensions alter with temperature and relative humidity levels.

Figure 10. Hybrid Biocomposite Sheet; Used Palm Fiber Laminated with 
Bamboo Stick

RESULTS
Natural fiber reinforced composite materials stand out with their 

environmental friendliness, strength and lightness. Although there is a 
decrease in strength due to moisture sorption and low adhesion with the 
matrix, this situation can be improved by improving the interfacial bond 
and the studies on this subject are increasing day by day. The use of 
natural fiber reinforced composites in the commercial field is increasing 
day by day with the understanding of the importance of turning to envi-
ronmentally friendly and biodegradable solutions. They show potential 
to replace many petroleum-based synthetic materials in the future.

Date fibers are the cheapest among other natural fibers. They are the 
fibers that grow most widely in the tropics and are the easiest to separate 
from the leaves. The main feature of this fiber is its ability to combine 
with various polymer matrices.

Date fibers are generally recognized in the textile industry and are 
already used in products used in our daily lives. Concrete composite 
works by mixing sugar palm fibers are also made for the construction 
sector.

Scientists in many countries around the world are working to re-
duce environmental pollution by using waste materials and renewable 
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resources. In the automotive industry, it is important to reduce carbon 
emissions, solve the environmental waste problem, use recycled ma-
terials, and produce parts using materials that reduce weight and fuel 
consumption. Fabrics and composites produced from palm fibers can 
be used in the automotive industry due to their contribution to these 
properties.
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THE IMPORTANCE OF HYDRAULIC SYSTEMS IN THE 
MACHINERY MANUFACTURING INDUSTRY
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Abstract: Modern technological machines have in their design hy-
draulic systems used to control operation. Hydraulic systems are com-
plex systems consisting of many subsystems and separately operating 
elements. An analysis of the causes that lead to the failure of hydraulic 
systems shows that their reliability often depends on a large number 
of interconnected factors. These factors include external influence of 
the environment, properties of materials and working hydraulic fluid, 
wear processes, magnitude of loads, operating time, as well as regu-
lations for the maintenance of the hydraulic system as a whole and its 
individual elements. Evaluation of modern technical methods of oper-
ation made it possible to determine a priority condition that would al-
low the transition from diagnostic to predictive assessment of the state 
of the elements of the hydraulic systems of technological machines. 
Almost all mechanical applications in industry today are based on hy-
draulic technologies. This has led hydraulic services and products to 
reach new heights. These heavy-duty machines help our economy stay 
productive. Critical industries such as mining, large machinery trans-
portation and other heavy-duty industries including oil refineries all 
depend on hydraulic services to keep their doors open.
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INTRODUCTION

Fluid power is as old as our civilization itself. For centuries, water 
has been used to generate power via waterwheels, and air has been used 
to turn windmills and move ships. The Chinese used wooden valves 
to control the flow of water through bamboo pipes in 4000 BC. The an-
cient Egyptians built a masonry dam along the Nile, 14 miles south of 
Cairo, to control irrigation water with canals, sluices, brick pipes, and 
ceramic pipes. During the Roman Empire, extensive water systems were 
built using aqueducts, reservoirs, and valves to transport water to the 
cities. However, these early uses of fluid power required the movement 
of large quantities of fluid due to the relatively low pressures nature 
provided. Fluid power technology actually started with the discovery of 
Pascal’s law in 1650. Simply put, this law explains that the pressure in 
a stationary fluid is transmitted equally in all directions within a finite 
mass of fluid. But for Pascal’s law to be valid for practical use, a piston 
had to be made to fit exactly. But more than 100 years later this has been 
achieved. The hydraulic press developed by Joseph Brahmah in 1795 
consisted of a submersible pump and ram attached to a large cylinder. 
This new hydraulic press has found wide use in the UK, providing in-
dustrial applications with a more efficient and economical means of ap-
plying large force (Parr, 2006; Childs, 2019). 

The first use of a large hydraulic press was made by Whitworth in 
1860. Over the next 20 years, many attempts were made to reduce the 
waste and excessive maintenance costs of original type hydraulic accu-
mulator. Until these years, electrical energy was not developed to power 
industrial machinery. Instead, cranes, presses, shearing machines, etc. 
Fluid power is used to operate hydraulic equipment such as Emerging 
dominantly in the 19th century, electricity was found to be superior to 
fluid power for transmitting power over long distances. 

The modern era in fluid power began at the turn of the century. In 
1906, liquid applications were made to facilities such as the main weap-
on system. Since then, the shipping industry has applied fluid power to 
cargo handling systems, controllable pitch controllers, submarine con-
trol system, aircraft lifts, aircraft and missile launch system, and radar/
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sonar guided systems. With a variety of applications, hydraulic systems 
are used in all types of large and small industrial environments, as well 
as in buildings, construction equipment and vehicles. Paper mills, wood 
cutting, manufacturing, robotics and steel processing are prominent 
users of hydraulic equipment. The purpose of a particular hydraulic 
system may vary, but all hydraulic systems operate on the same basic 
concept. Simply defined, hydraulic systems operate and perform tasks 
using a pressurized fluid (Ergür, 2017).

The power of the fluid is important in hydraulics and as a result 
hydraulic regulation is widely used in heavy equipment. In a hydrau-
lic system, the pressure applied to the fluid at any point is transmitted 
unabated. This pressurized fluid acts on every part of the section of a 
containing vessel, creating force or force. Depending on how this force 
is used and how it is applied, operators can lift heavy loads and precise 
repetitive work can be done with ease. Hydraulic systems use fluid to 
build pressure. Liquid particles are close together, meaning the liquid 
is almost incompressible. Since the pressure in the liquid is transferred 
equally in all directions, the force applied to the liquid at any point pass-
es to the other points of the liquid. In hydraulic systems, a small force 
over a small cross-sectional area transmits pressure and generates a 
large force over a larger cross-sectional area (Rabie, 2009).

Fluid power solutions have made the greatest contribution to the 
modern industrial revolution. It is worth noting that there is a wide vari-
ety of applications for fluid power systems. Most heavy-duty equipment 
operating in industrial sectors depends on the hydraulic or pneumatic 
principle, where the main power source in these systems comes from 
oil in hydraulic systems and air in pneumatic solutions. Early control 
principles were based on the use of mechanical techniques as the main 
source of power to add force and motion to the required application. To-
day, most liquid power systems are controlled by electrical and digital 
control techniques that facilitate their use and application and provide 
higher performance to power systems (Abu Hanieh, 2021). 

Today, due to rising fuel costs and new regulations regarding inter-
nal combustion engine emissions, the energy efficiency of hydraulically 
driven machines has become one of the most important issues in system 
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design. Components and systems have been developed over the years to 
meet the increasing requirements for higher efficiency and better func-
tionality. Vehicles, forklifts, manipulators, etc. For cyclically operating 
machines, energy consumption can be significantly reduced by using 
special valve concepts or hydrostatic machine control in conjunction 
with hydraulic accumulators as energy storage devices. 

The best example of the hydraulic system that every user uses every 
day without thinking is the brake system in his vehicle. Other examples 
include lifting equipment such as hydraulic jacks and wheelchair lifts, 
lift and digging arms on backhoes and other heavy equipment, hydrau-
lic presses that produce metal components, and some parts of aircraft 
and boats, including wing blades and rudders. Every hydraulic system 
uses the same basic principle (Chapple, 2003). Three methods are used 
in industry to transmit power from one point to another. These are Me-
chanical, Electrical and Fluid power transfer, respectively. Mechanical 
transmission shafts, gears, chains, belts etc. through. Electricity trans-
mission wires, transformers etc. through. Fluid power is in a confined 
space through liquids or gas.

THEORETICAL FRAMEWORK

Fluid Power and Extent
The diverse application and usage versatility of fluid power equip-

ment results in multiple modes of operation. These various operating 
modes make it difficult to standardize testing as well as to compare and 
measure the performance of fluid power systems, components, and flu-
ids. The consensus in the industry is that the low volumes of specific 
equipment type available and the great diversity are proving too costly 
to allocate resources to characterize entire duty cycles. In addition to the 
high volumes of variable duty cycles, instrumentation of a fluid pow-
er system downstream of the engine requires further development, as 
most of the parameters that require monitoring are within the operating 
components (e.g., fluid properties inside the cylinder). While many com-
ponent and subsystem level design and testing standards exist, there 
are currently no widely accepted standardized test methods for evalu-
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ating equipment level efficiency over a duty cycle. Understanding the 
statistical significance of the measured differences is also an area of need 
for performance validation as there is not enough data collected to date 
to determine their significance. This key issue is often encountered in 
industry where the overall system is still inefficient despite using opti-
mized components. An example of this is the field of mobile hydraulics. 
The peak efficiency of a typical diesel engine can reach around 40% and 
that of the hydraulic system up to 80%. The typical total system effi-
ciency of such machines is approximately ten percent, meaning only ten 
percent of the chemical energy stored in the fuel is converted into useful 
mechanical power. As shown in Figure 1, this is partly due to the ineffi-
cient operating point of the internal combustion engine, averagely 25% 
of efficiency, losses in hydraulic pumps, and increased throttling losses 
in proportional valves, averagely 40% of hydraulic efficiency (Vukovic 
& Hubertus, 2015).

Figure 1. Schematic Representation of the Mobile Hydraulic System  
(Vukovic & Hubertus, 2015)

Fluid power is technology that deals with the generation, control 
and transmission and movement of forces of a mechanical element or 
system using pressurized fluids in a confined system. Both liquids and 
gases are considered liquids. The fluid power system includes a hydrau-
lic system. Oil hydraulics uses pressurized liquid petroleum oils and 
synthetic oils, while pneumatics uses compressed air that is released 
into the atmosphere after completing the work. The term fluid refers to 
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air or oil because water has been shown to have certain drawbacks in 
transmitting hydraulic power in machine operation and control. Com-
mercially pure water contains various chemicals as well as impurities 
and is difficult to keep valves and working surfaces in satisfactory con-
dition unless special precautions are taken when used (Walters, 2001). A 
hydraulic system is a system of liquids, gases and solids used to transfer, 
store and distribute energy. There are four main benefits of using a hy-
draulic system in manufacturing: (a) Hydraulic systems are more effi-
cient than pneumatic systems as they use less energy and emit less heat. 
(b) Hydraulic systems are more flexible, which is useful during design 
revisions and for optimizing production lines. (c) The hydraulic system 
provides more effective control over machine settings, which can help 
reduce wasted time and errors in production processes. (d) In hydrau-
lic systems, which can be adjusted according to the minimum working 
requirement, new products are easily and seamlessly integrated into ex-
isting production lines.

In fluid power engineering, hydraulics is used for power generation, 
control, and transmission through the use of pressurized fluids. Fluid 
mechanics provides the theoretical basis for hydraulics. Hydraulics top-
ics range between some fields of science and most engineering modules 
and cover concepts such as pipe flow, fluids, fluid power motion con-
trol, pumps, valves, actuators, turbines, hydropower, computational 
fluid dynamics, and flow measurement. The role of the human in the 
professional environment changes from being deeply integrated into the 
production process to higher planning and guiding tasks due to smarter 
production and personalized assistance systems. Technicians who spe-
cialize in a single field can become systems engineers, as rapidly chang-
ing environments and systems require high flexibility and a readiness for 
continuous learning. While current developments differ in many ways, 
they are all matched by significantly increased internal system complex-
ity. Tasks of smart manufacturing systems will be to address complexity 
and make basic functions much easier to use for operators, customers 
and everyone who interacts with the systems (George & Victor, 2012).

In addition to power transmission, the common use of hydraulic flu-
id when the hydraulic system is off provides the benefits of non-water 
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lubrication as well as increased life and efficiency of packing and valves. 
In some special cases, soluble oil diluted with water may be used for 
safety reasons. The application of fluid power is limited only by the cre-
ativity of the designer, production engineer or plant engineer. If the ap-
plication is concerned with lifting, pushing, pulling, clamping, bending, 
forcing, pressing, or any other linear and multi-rotational movement, 
it is possible that the power will meet the requirement (Mitchell & Pip-
penger, 1997). Fluid power applications can be classified into two main 
parts such as fixed hydraulic systems and mobile hydraulic systems.

SCOPE and METHODS

Fixed and Mobile Hydraulic Systems
Fixed hydraulic systems can stay firmly fixed in one position. The 

characteristic feature of stationary hydraulics is the use of solenoid and/
or manually controlled valves. There are many application circuits in the 
Machine manufacturing industry. One of the most effective strategies 
for increasing circuit efficiency is secondary control. The pressure in the 
control system in these systems is kept at a “semi-constant” level by a 
pressure compensated pump (Fig.2). The main feature of the pressure 
compensated pump is that it can give the system the demanded flow 
rate by changing the pump pressure within a small area adjusted by 
the pressure compensator, slightly increase the pump flow rate until the 
pump fails completely. On the other hand, to reduce the pump pres-
sure, the pump can slightly increase the flow rate until the pump is fully 
stroked. The accumulator is used on the high pressure side to recover 
energy when lowering or slowing a load. Flow, throttling loss. 

The rotational speed of the hydraulic motor in a secondary control 
system can be controlled by adjusting the motor displacement.
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Figure 2. Hydraulic Pump Controlled Double Acting Cylinder (Ergür, 2017)

The basically hydraulic pump controlled clamping circuit in Fig. 3 
can be shown as an example of a stationary hydraulic circuit. In addition 
to leak completion and power saving, when the clamp jaws shown in the 
figure are in the clamping position, the accumulator added to the circuit 
will keep the system pressure constant, so the pump outlet pressure will 
also decrease.

Figure 3. Hydraulic Pump Controlled Clamping Circuit  
(Pancar & Ergür, 2010) 



Hayriye Sevil ERGÜR

257

When the squeezing pressure drops below the load reduction 
set pressure, the valve will close and the pump’s accumulator will be 
charged. Examples of places where stationary hydraulic circuits are 
used are Machine tools and transfer lines, plastic processing machinery 
such as lifting and conveying devices, metal forming presses, injection 
molding machines, rolling machines, elevators, food processing machin-
ery, automated handling equipment and robots may be shown. 

In Figure 4 (a), the weight is lifted with the sequencing valve in the 
system, since the fluid coming from the pump will return directly to the 
tank in the open position of the closing valve, the lifting process will be 
terminated or it will be possible to hold the load at the desired level. 

        
(a)	                                                                 (b)

Figures 4. (a) Hydraulic Circuit Designed for Package and  
(b) Oven Door Lifting 

As an example to the fixed hydraulic circuit, another circuit could 
be the system to be designed for opening and closing the oven door. A 
double acting cylinder can be used to control the movements of the oven 



THE IMPORTANCE OF HYDRAULIC SYSTEMS IN THE
MACHINERY MANUFACTURING INDUSTRY

258

door. The cylinder will be activated by a spring return 4/2 way valve. 
This will ensure that the gate will only open as long as the valve is op-
erated. The door closes again when the valve operating lever is released 
(Konami & Nishiumi, 2016). In Figure 4 (b), the circuit to be used for the 
furnace and its door to be controlled is shown. As an example to a fixed 
hydraulic circuit, another circuit can be shown, in which a one-way hy-
draulic motor controlled by a constant flow hydraulic pump is used

Figures 5. Circuit of a Vehicle Using a Hydraulic Pump-Motor Coupled with 
a Diesel Engine (Esposito, 2004)

Fig. 6. An Accumulator in the form of a Hydraulic Spring in Vehicle Balan-
cing (Konami & Nishiumi, 2016)
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Examples of mobile circuits can be given for many different uses. 
Figure 5 shows the circuit of a vehicle using a hydraulic pump and a 
hydraulic motor coupled with a diesel engine. Figure 6 is an example of 
a mobile circuit application in vehicles. It is possible to use the hydraulic 
accumulator to dampen the vibration. Mobile hydraulic systems work 
in many different locations or on the go, by acting on wheels or tracks, 
such as a tower crane or excavator. A characteristic feature of mobile 
hydraulics is the frequent manual actuation of valves. Mobile hydraulic 
applications can be summarized as in Table 1.

Table 1. Fluid Power Sample Applications (Mitchell & Pippenger, 1997)

Agriculture Tractors, mowers, plows, threshing machines

Automation Automated lines, robots

Automobiles Steering, braking system, Hydraulic transmis-
sion

Aircraft Industry Landing wheels, helicopters, trunk loading/
unloading system

Defense Missile launchers, navigation controls

Amusement Amusement park

Manufacturing industry Grinders, drills, riveting machines, nut run-
ners

Food and Beverage Food manufacturing products, packaging and 
bottling

Casting Molding machines, furnaces, casting machine

Glass industry Vacuum caps for conveying

Molds Part holding units, vices

Machine Tools Automatic Machine tools, forklifts, transport 
system

Medicine Breathing devices, heart devices, dental devi-
ces, etc.

Mining Drilling and digging equipment, mine carriers, 
loaders
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Newspaper Edge trimming unit, stapling, printing, packa-
ging

Paper and packaging Product control systems, roller and packaging 
system

Pharmaceutical Product control systems, bottling and packa-
ging.

Plastics industry Injection machines, raw material feeding

FLUID POWER SYSTEMS

The hydraulic system is one of the best ways to generate a lot of 
power, as they can provide high pressure with a small amount of hy-
draulic fluid. A hydraulic system is a system of liquids, gases and solids 
used to transfer, store and distribute energy at one point. It consists of 
fluid moving through a closed pipe or tube that can be controlled by 
valves that allow pressure to be applied or released to the fluid. The hy-
draulic fluid is then transferred to another location where it can be used 
for power generation or cooling. These systems are useful because they 
are simple and very efficient. They generate usable power by using the 
force created by the liquid flowing through the pipes. 

There are four main benefits to using a hydraulic system in produc-
tion: (a) Hydraulic systems are more efficient than pneumatic systems as 
they use less energy and emit less heat (b) Hydraulic systems are more 
flexible and this can be useful during design revisions as well as for 
optimizing production lines (c) The hydraulic system provides greater 
control over machine settings, which can help reduce wasted time and 
errors in production processes (d) Hydraulic system allows for seamless 
integration of new products into existing production lines as it can be 
easily adjusted with minimal effort.

The general classification of hydraulic systems can be made as Fluid 
transport systems and fluid power systems. In fluid transport systems, 
the sole purpose is to transfer fluid from one location to another in order 
to achieve some useful purpose. Examples include pumping stations for 
pumping water into homes, interurban gas lines, etc. Fluid power sys-
tems are designed to do work. In fluid power systems, work is achieved 
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by pressurized fluid acting directly on a fluid cylinder or fluid motor. 
A cylinder produces a force that results in linear motion, while a fluid 
motor produces a moment that results in rotational motion. Fluid power 
systems can also be classified by Open/Closed loop system and Control 
type based on Control system.

Open and Closed Loop System Based on Control System

There is no feedback in the open system and performance depends 
on the characteristics of the individual components of the system. Open 
loop system is not accurate and error can be reduced with proper cali-
bration and control. Closed loop system uses feedback. The output of the 
system is fed back to a comparator by a measuring element. The com-
parator compares the actual output with the desired output and signals 
an error to the control element. The error is used to change the actual 
output and bring it closer to the desired value. A simple closed-loop sys-
tem uses servo valves and an advanced system uses digital electronics 
(Konami & Nishiumi, 2016).

Fluid Logic Control and Electrical Control

This type of system is controlled by hydraulic oil or air. The system 
can be AND, NAND, OR, NOR etc. It uses fluid logic devices. There are 
two types of fluid logic systems such as (a) Moving Part Logic (HPM) 
devices are miniature fluid elements that use moving parts such as dia-
phragms, disks, and poppets to implement various logic gates, and (b) 
Fluid devices have no moving parts and depend only on interacting fluid 
jets to implement various logic gates.

Electrical type of system is controlled by electrical devices. Four ba-
sic electrical devices are used to control fluid power systems, these are 
switches, relays, timers and solenoids. These devices help control start-
ing, stopping, sequencing, speeds, positioning, timing and reversing of 
drive rollers and fluid motors. Where remote control is required, electri-
cal control and fluid power are successful together (Bunger, 2013). Each 
type of power transmission and control system has specific application 
areas. However, we can make some general comparisons between them. 
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Fluid power and electricity are good at transmitting power over long 
distances and can also be better controlled compared to mechanical de-
vices. In terms of cost, electrical appliances are the least expensive, while 
hydraulic systems have a better power-to-weight ratio. Table 2 gives a 
relative comparison of hydraulic (H), pneumatic (P) and mechanical/
electromechanical (M) and Electric (E) systems.

Table 2. Relative Comparison of Systems (Sastry, 2011)

Specification Best Good Fair

Moment/inertia H P M

Power/Weight H,P - M

Rigidity H M P

Vulnerability to Dirt E,M - H,P

Response velocity E H M,P

Compactness E H M,P

Working, unfavorable condition - P,M,H E

Relative cost M,E H,P -

The hydraulic system is an efficient transmission for many reasons. 
First, simple levers and buttons make it easy to start, stop, accelerate and 
decelerate. This also ensures control accuracy. In addition, as it is a very 
fluid system without gears, pulleys or levers, a constant force can be 
maintained regardless of changes in speed while operating easily. Hy-
draulic systems are often simple, safe, and economical because they use 
fewer moving parts and are easier to maintain than mechanical and elec-
trical systems. Hydraulic systems can be used safely in chemical plants 
and mining operations because they do not generate sparks (Pancar & 
Ergür, 2010).

	Fluid power systems are simple, easy to operate and can be accurately 
controlled: Fluid power provides flexibility to equipment without 
the need for complex mechanisms. Using fluid power, we can 
start, stop, accelerate, decelerate, reverse or position large forces/
components with great accuracy using simple levers and push 
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buttons. For example, on earthmoving equipment, the bucket 
payload can be lifted or lowered by an operator using a lever.

	Multiplication and variation of forces: Linear or rotary force can 
range from one kilogram to several hundred tons.

	Multifunctional control: A single hydraulic pump can provide 
power and control for multiple machines using valve manifolds 
and distribution systems. Fluid power controls can be placed at 
the central station so the operator can always have full control of 
the entire production line for the multi-process machine or group 
machine.

	Low Speed Torque: Unlike electric motors, hydraulic motors can 
produce a large amount of torque when operating at low speeds. 
Some hydraulic motors can also maintain torque at very slow 
speeds without overheating.

	Constant force or moment: Fluid power systems can provide con-
stant torque or force regardless of velocity changes.

	Economic: Not only the reduction in required manpower, but also 
the production or elimination of operator fatigue as a factor of 
production is an important element in the use of fluid power.

	Low weight/power ratio: The hydraulic system has a lower weight/
power ratio compared to the electromechanical systems.

	Fluid power systems can be used where safety is vital: Safety is vital 
in air and space travel, the manufacture and operation of motor 
vehicles, mining and the manufacture of precision products.

RESULTS and DISCUSSION

Disadvantages of Hydraulic Systems
Hydraulic systems also have some drawbacks. Handling hydraulic 

fluids is complex and completely eliminating leaks in the hydraulic sys-
tem can be difficult. If hydraulic fluid leaks in hot areas, it can catch fire. 
If hydraulic lines burst, they can cause serious injury. Care should be 
taken when using hydraulic fluids because too much contact can cause 
health problems. Hydraulic fluids are corrosive, but some types are less 
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corrosive than others. To keep the hydraulic system in good condition, 
hydraulic systems should be periodically checked for leaks, lubricated, 
and filters and gaskets replaced.

The field of fluid power control can be expanded to a wider multi-
disciplinary range, which can include efficiency, component design and 
optimization, integration and compactness, environmental impact, and 
user-friendly and energy-efficient applications. It is believed that there 
is still a very promising future, as the actuators have distinctive and im-
portant advantages such as high power/weight ratio, system sensitivity, 
etc., (Johnston & Plummer, 2008).

Challenges and Suggestions

There are still many challenges in the fields of fluid power and mo-
tion control. Major challenges include its efficiency, compactness and 
environmental impact. Overcoming these problems will significantly in-
crease the acceptability of fluid power and lead to its more widespread 
use.

Energy efficiency, which is a very important topic in fluid power 
systems, has attracted the attention of many researchers and engineers. 
High efficiency fluid power machines or devices can be achieved by 
using components with less energy loss, intelligent system design ap-
proaches and intelligent control. New fluid power control methods are 
also needed to increase its efficiency. Compactness and integration of 
fluid power machines or devices, fluid power affect the development 
of systems. Portable and lightweight human-scale fluid power devices 
such as personal service robots, lightweight fluid power components are 
sought after by customers. Modern fluid power-based compact power 
and drive systems will provide greater energy and user convenience. 
The integration and compactness of the systems, which will further 
increase the acceptability of fluid power, facilitates future work. Fluid 
strength can be plagued by a number of factors that hinder its wider ac-
ceptance. Users always demand a clean, quiet, safe and easy to use fluid 
power device. Effectively interfacing fluid power machines or devices 
with human, low noise and leakage is required. The future requirement 
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is to have leaks so quiet that they do not disturb the operator, and so rare 
that their aesthetic and environmental impact is negligible (Mays, 2000).

For many years, due importance was not given to fluid power train-
ing. But about 15 years ago education and training activities related to 
this branch have been started in a few universities in our country. In 
some countries the teaching of Hydraulics as a special branch of Tech-
nology dates back to the early 1950s of the last century. Most countries in 
the world are still very heavily involved in transforming their education 
systems and learning content. Different views and experiences can serve 
as an incentive for the general public to start intensifying their educa-
tion, finding appropriate methods and ways to train professionals who 
can meet today’s challenges, including the digitization of industry and 
society, as well as countries with more and better potential for engineer-
ing and technical personnel in the future. It will clearly be helpful. The 
transition from industry to post-industrial society is a global phenom-
enon reflecting the Information age, which includes virtualization and 
Virtual Reality.

In some countries the teaching of hydraulics as a special branch of 
Technology dates back to the early 1950s of the last century. Most coun-
tries in the world are still very heavily involved in transforming their 
education systems and learning content. Much more progress will be 
made in the future in countries with large and good potential for engi-
neering and technical personnel, as differing views and experiences will 
encourage users to start intensifying their education (Raymond, 2004). 
While the anticipated benefits are very promising, it is necessary to pay 
close attention to the changing conditions in the Fluid Power space that 
are driving new requirements for future products and enabling new po-
tential digital business models. Recent research shows that especially 
small and medium-sized enterprises do not follow any implementation 
strategy or take part in the development and implementation of their 
technologies. In high investments there may be other difficulties in tack-
ling the lack of technical expertise and infrastructure on the one hand, 
and measuring the resulting benefits on the other. Besides the concerns 
about Cyber Security, another challenge in classical informatics is un-
derstanding the correlation between digital business models discussed 
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abstractly in the machine manufacturing industry and the required de-
sign changes in machines (Gramatikov, 2011; Khayal, 2017) 

The Future of the Fluid Power Industry in Turkey

It is estimated that the automation market in Turkey is 1/20 of Chi-
na. If Turkey has to be one of the world’s leading economies based on 
production, it has to reach higher technological standards and a high-
er level of automation in production. In the last 30 years, fluid power 
technology has risen as an important industry. Fluid power technology 
should continue to expand in Turkey, with an increasing emphasis on 
automation, quality control, safety and more efficient and green ener-
gy systems. Fluid power industry is gaining a lot of importance in our 
country’s industry. In Turkey, the growth rate of this industry is typical-
ly about twice that of the economy.

The reasons for this can be summarized as follows; (1) As the econ-
omy grows, this sector also grows, (2) There is a lot of automation and 
conversion to complex methods that increase speed. (3) The interesting 
things that has happened in this industry is that in Turkey, some prod-
ucts are produced and exported become an attractive destination for re-
source use. These reasons create a situation where the growth of the in-
dustry is twice the GDP (gross national product) in Turkey. Fluid power 
industry in Turkey, Festo, Rexroth, Vickers, Eaton, Parker Hannifin, 
Norgen, Donfos, Siemens and etc. Its advances consist of partnerships 
with many global fluid power technology leaders and many advanced 
Turkish industries. One of the most important segments of the hydraulic 
industry in India is mobile hydraulics. Due to the large programs in road 
construction, there is also a large expansion in the construction machin-
ery industry. In addition, we are witnessing a trend towards the use of 
more sophisticated hydraulics in tractors and agricultural equipment.

The manufacturing industry in Turkey strives for higher automation 
and output quality. As the Turkish industry moves towards moderniza-
tion to meet productivity and compete in the global market, excellent 
potential is also expected for the pneumatic application. Another area 
of interest for the fluid power industry will be opportunities in the de-
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fense industry. Defense is an important market segment in the Turkish 
fluid power industry. There is also a shift towards products that include 
miniature pneumatics, process valves, servo drives, hydraulic power 
steering with new controls, and advanced PLC, microprocessor controls. 
However, the basic input required for the effective use of fluid power is 
the education and training of users. Therefore, there is a great need for 
education and training in the design, application and maintenance of 
fluid power systems. Some external sources have opened many compe-
tence centers to train manpower and raise awareness about the use of 
fluid power in our country’s industry.

CONCLUSIONS

Hydraulic systems are a popular choice in manufacturing. They 
help reduce costs by allowing materials to be processed without the 
need for additional power sources. These systems have assumed a wide 
variety of applications in manufacturing, including the food and bev-
erage, petrochemical, automotive and aerospace industries. They help 
increase productivity and production rates by reducing the number of 
parts required for each task. Hydraulic systems have many benefits and 
uses in different production processes, and as new inventions are made, 
new and better ways of making things with the help of hydraulic power 
will be developed.

It has proven to be much more durable than its electrical and me-
chanical counterparts. They work better, longer, and are less likely to 
break down or fail due to their much simpler and more robust design. 
Having fewer moving parts than other systems means they are less like-
ly to cause problems anyway, but there is also the fact that the moving 
parts they do have are much more durable. They tend to be more eco-
nomical than electrical or mechanical systems because they use fewer 
parts and are therefore much easier to maintain. Thus, it becomes eas-
ier to find the problems that the system will have, and faster and more 
practical solutions are provided in case of failure. In addition, hydraulic 
systems also require much less maintenance. It is possible to understand 
that these systems work smoothly with simple control elements such as 
backup filters and liquid samples.
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In simple terms, hydraulic systems produce repetitive motion using 
pressurized fluid (usually oil or water). They are known for their effi-
ciency, cost effectiveness and adaptability. They can be used in several 
applications. Hydraulic systems are widely used in large industrial ap-
plications, including construction, logging, manufacturing, and robot-
ics. As a result, hydraulic systems have many benefits and uses in dif-
ferent manufacturing processes, and as new inventions are made, new 
and better ways of making things with the help of hydraulic power will 
certainly continue to be seen.
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