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Recycling of Ti-6Al-4V Alloy Chip and Its Potential

Uses in Polymer Composites

Abstract

The increasing world population leads to an increase in the need for raw materials.
Therefore, the transition from a linear economy with a disposable culture to a
circular economy where waste plastics are efficiently reused is imperative. Circular
economy, which is an economic and industrial system, aims to eliminate waste

through restorative use of resources.

The aim of this thesis is based on the mechanical pulverization of Ti-6Al-4V chip,
the investigation of recycled Ti-6Al-4V powders as reinforcement materials, and the

development of mechanical properties of epoxy and polyester composite.

This thesis focuses on the recovery of Ti-6Al-4V chip collected from the medical
implant industry into micronized powder using the milling process. The effect of
milling parameters on the particle size and morphology of Ti-6Al-4V powder
produced using vibratory disc milling was investigated. To accomplish this, Ti6AlI4V
chip were milled at various milling duration, milling speed and atmosphere in a
vibratory disc mill. The effects of two different milling atmospheres, argon and air,
were investigated. The particle filled polymer composites are developed using
recycled Ti6Al4V powder. Mechanical properties, thermal properties, and

microstructure of the polymer composites were investigated.

Keywords: Titanium chip, recycling, metal powder, epoxy, polyester



Ti-6Al-4V Talaslarin Geri Doniisiimii ve Polimer

Kompozitlerde Potansiyel Kullanimi

Oz

Artan diinya niifusu beraberinde hammadde ihtiyacinin artmasina sebep olmaktadir.
Bu nedenle, kullan-at kiiltiirine sahip dogrusal bir ekonomiden, atik plastiklerin
verimli bir sekilde yeniden kullanildigi dongiisel bir ekonomiye gecis zorunludur.
Dongiisel ekonomi kaynaklarin onarict kullanimi yoluyla israfi ortadan kaldirmayi

amaclamaktadir.

Bu tezin amaci, Ti-6Al-4V atiklarinin mekanik 6giitme yontemiyle toz haline
doniistiiriilmesi, geri dontistiiriilmiis Ti-6Al-4V tozlarmin takviye malzemesi olarak
arastiritlmasi, epoksi ve polyester kompozit Ozelliklerinin  gelistirilmesine
dayanmaktadir. Bu tez, tibbi implant endiistrisinden toplanan titanyum atik talaglarin
mekanik 6giitme yontemi kullanilarak micron boyutlarinda toz haline getirilmesine
odaklanmaktadir. Ogiitme parametrelerinin, titresimli diskli 6giitme kullanilarak
iiretilen Ti6A14V tozunun pargacik boyutu ve morfolojisi tizerindeki etkisi arastirildi.
Ti6AI4V talaglar, titresimli bir diskli 6giitme sisteminde ¢esitli 6giitme siirelerinde,
hizlarinda ve atmosferlerinde 6giitiildii. Argon ve hava olmak tizere iki farkli 6glitme
atmosferinin etkisi incelenmistir. Partikiil dolgulu polimer kompozitler, geri
dontstiiriilmiis Ti6Al4V tozu kullanmilarak gelistirilmistir. Polimer kompozitlerin
¢ekme dayanimi, egilme dayanimi ve mikroyapist gibi mekanik 6zellikleri

incelenmistir.

Anahtar Kelimeler: Titanyum talas, geri doniisiim, metal tozu, epoksi, polyester
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Chapter 1

Introduction

The need for composite materials is growing and new materials for the composite
world are needed. The use of light-weight materials is one of the top priority topics
in many applications and the class of composites is a good solution to this issue. In
this chapter, a brief introduction to composite materials is presented. Detailed
investigations of different class of composites are explained in detail.

1.1 Polymer Composite Materials

Composite materials having two components as reinforcement and matrix phase are
defined as a combination of at least two different materials. The most important
advantages of composite materials are their mechanical properties such as their high
strength and stiffness, low density and providing for a weight reduction in the
finished part, when compared with bulk materials [1]. The matrix phase may be
metal, ceramic or polymer material. Polymer matrix composite (PMC) is the material
containing a resin matrix combined with a reinforcing dispersed phase [2].
Thermosets and thermoplastics are two main kinds of polymers. Thermoplastic
polymers that can be used more than once are melt easily and often solvent soluble.
Thermoset polymers that cannot be used more than once are heavily cross linked,
infusible and also insoluble in solvents [3].



MATRIX

Polymer Matrix Metal Matrix Ceramic Matrix
Composites Composites Composites
Thermosets Thermoplastics

Figure 1.1: Classification of composites based on matrix type

A fiber or a particulate is usually used the reinforcement. Fibers or particles
reinforced in the matrix of another material would be the best example of modern
day composite materials. Large-particle and dispersion-strengthened composites are
the two sub-classifications of particle reinforced composites. The distinction between
these is based on the reinforcement or strengthening mechanism. For most of these
composites, the particulate phase is harder and stiffer than the matrix. For dispersion-
strengthened composites, particles are much smaller (10 to 100 nm) whereas for
large-particle reinforced composites the particles are micro-sized [4].

Composites

Particle reinforced Fiber reinforced Structural Nano

Figure 1.2: Classification of composites based on reinforced type
1.1.1 Particle Reinforced Polymer Composites

As a result of modern technology, there are need new materials that have a
lightweight, high modulus, toughness and stable against the environment in instead
of using metals and alloys in different industries in the world. With the advent of

new technologies, there is a great need for materials with advanced properties [5].



Nowadays, due to the increasing interest in lightweight and high performance
materials, important researches are being made in the area of composite materials. A
new focus area is both to achieve low density and to develop multifunctional
composites that have more than one property tailored as per the design requirements.
Automotive, aerospace and wind energy sectors are considered as the main users of
composite materials [6]. Various polymer matrix composites are reinforced with

metal particles. Particulate fillers are preferred to change the physical and

mechanical properties of polymers in many ways [7].

Figure 1.3: Particle reinforced composite

Reinforced materials like talc, mica, wood dust, sand, silica, alumina, metal flakes,
and metal powder are normally used to modify the creep, impact, thermal, electrical
and magnetic properties in polymer composites [8]. The particle shape, size and
surface area of such added particles affect mechanical properties of the composites
[7]. The reinforcements are typically hard, stiff materials usually of glass, ceramics
or metals whereas the matrix materials are generally ductile and tough like polymers

but brittle matrices are also used [5].

1.1.2 The Characteristics of Particles

Particulates of various shapes and sizes are used as reinforcing particles. Various
physical parameters such as particle size, shape and chemical composition are used
to characterize powder however these parameters also affect its flowability.
Mechanical properties of the materials are affected by not only chemical composition
but also the particle shape, size and surface area of such added particles [9]. Particle
size distribution of powders plays a significant role in determining the critical
chemical and physical properties of the particulate systems [10]. When the particle
size decreases, the surface area increases and the reaction time is shortened. The
surface area is increased as the particle size becomes small and also increased if the
particle has pores [11]. Particles have complex geometric features such as dendritic,

3



rounded, spherical, angular, platy, acicular, cylindrical, cubic [12]. The relations
between measured sizes and particle volume or surface area are called shape
coefficients [13].

In Fig. 1.4, lists properties that can be used to create various functionalities in the
PMC. The improving of lightweight polymer composites with functional properties
and high performance is not so easy and studies are continuing in this area. The
improving of functioning capabilities in the base material can reduce the
requirements for additional systems on the application platform and can help in
reducing the weight. As an example, an engine block is required to have high
dimensional stability at high-low temperatures, fatigue life, wear resistance and also
low weight. Such complex requirements reveal the development of multifunctional

materials, which is a significant focus area of research [6].

Magnetic Properties

Electrical Properties
Polymer

Composites

Mechanical Properties

Physical Properties

Figure 1.4: Various functionalities in polymer matrix composite

Some metals have special properties such as electrical, thermal and magnetic
properties. Metal particles have a significant effect on improving the electrical,
mechanical, magnetic and thermal properties of composites [14, 15]. Copper
particles, brass particles, steel particles, zinc particles, aluminum particles, bronze
particles are the most commonly used materials as fillers. The reinforcing of a
polymer with metallic particles results in an increase in both electrical and thermal
conductivity of the composites. As an example, due to aluminum has high electrical
and thermal conductivity it can be used to impart electrical conductivity to the

polymer composite and to improve thermal conductivity of the composite.



Polymer composites are playing a growing role as a wide range of applications
including construction materials. In addition, they are becoming an important
alternative for metals in applications related to the aerospace, automotive, marine,
sporting goods and electronics industries. Their light weight and superior mechanical

and electrical are particularly suitable for some of these applications [16].

1.1.3 Metal Reinforcements in Polymer Composites

Metal reinforcements are used to improve the mechanical, electrical, magnetic,
physical and several other properties of both thermoset (epoxy, phenolic, polyester,
silicone, bismaleimide, polyimide, polybenzimidazole, etc.) and thermoplastic
(polyethelene, polystyrene, polyamides, nylon, polycarbonates, polysulfaones, etc.)

materials.

Tekge et al. [17] investigated thermal properties of copper-reinforced polyamide
composites in the range of filler content 0-30% by volume for particle shape of short
fibers and 0-60% by volume for particle shapes of plates and spheres. Different
particle shapes (plates, fibers, spherical) of copper powders were used as conductive
fillers. According to this, the composite’s thermal conductivity is increased by the
addition of copper fillers. According to study of Tekge, copper fiber is the most

effective agent on the thermal conductivity of the composite.

The electrical conductivity of plastics can be improved by metal filler particles. Two
methods are available for provide electrical conductivity to plastics: (i) metal coating
of the surface, (ii) adding conductive fillers into the polymer matrix. Amoabeng and
Velankar [18] studied the electrical conductivity of polystyrene by simultaneously
adding copper particles (30-80 micron), and a lead/tin solder alloy (15-25 micron). In
Bigg’s study [19], the electrical resistivity, thermal conductivity, and tensile strength
of aluminum fiber filled polypropylene were investigated. Electrical and thermal
conductivity increased while tensile strength decreased. Mohammed [5] studied
mechanical behavior of copper powder reinforced epoxy. Found that increasing the
weight ratio of copper powder to epoxy for different particle sizes achieves to an
increase in elasticity, rigidity, tensile yield stress and ultimate tensile strength. In

addition, the compression vyield stress, fracture energy, and the impact strength



decreased due to increasing weight ratio of copper powder to epoxy with different
particle size.

1.2 Ti6Al4V Alloy

The allotropic transformation of titanium from HCP a-Ti phase to BCC B-Ti phase at
temperatures of 882 + 2 °C and above provides an opportunity for the formation of a,
B or a+p microstructures in addition to the formation of compounds with some
alloying. The realization of this crystallographic diversity with the addition of
alloying elements and subjecting them to thermomechanical processes are effective
in the development of a wide variety of alloys and properties. Titanium alloys, which
are especially preferred in aerospace applications, have tensile strength; creep and
fatigue strength; fracture toughness; It contains a and P stabilizing elements to obtain
the necessary mechanical properties such as fatigue cracking, stress-abrasion
cracking and resistance to oxidation [20-22]. Titanium, which is one of the transition
metals due to its electronic structure, provides an opportunity for many alloying
possibilities by forming solid solutions with its elements due to its atomic size factor.
In addition, Ti reacts strongly with interstitial elements such as nitrogen, oxygen and
hydrogen at temperatures below its melting point. Titanium can form metallic,
covalent or ionic bonded compounds or solid solutions with other elements [23, 24].

‘y‘;{gzl/ o5

éﬁ{/_
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Figure 1.5: a+f lamellar microstructure of Ti64 alloy [24]

The choice of alloying elements is determined by the element's ability to stabilize the

a or P phases. Accordingly, alloying elements are divided into 3 classes: a-



stabilizers, B-stabilizers and neutral alloying elements. Elements classified as a-
stabilizers pull the transformation temperature to higher temperatures and stabilize
the a-phase over a wider range, while p-stabilizer elements lower the transformation
temperature. When eutectoid transformation occurs, these stabilizers are added to the
[-eutectoid stabilizer; otherwise it is called a B-isomorph stabilizer. Neutral alloying
elements, on the other hand, have a negligible low effect on the B transformation

temperature [23-25].



Chapter 2

Effect of Milling Parameters on
Recycled Ti6Al4V Powder Properties
from Machining Chip Using Vibratory
Disc Milling

2.1 Introduction

The recent increases in the consumption of natural raw material resources as a result
of overproduction and the emergence of environmental problems due to industrial
wastes generated during production processes have increased the importance of
metal waste recovery. Metallic titanium production is limited in volume due to the
high production cost of the current Ti-metal melting process. Also, titanium is known
as a rare metal. The production volume of Titanium (global industry in 2015 roughly
0.18 Mt) is considerably lower than aluminum, iron, and copper. The Kroll process,
the first large-scale industrial titanium production method, was developed in the
1940s; however, the manufacturing technology is still in the early stages of
development. Therefore, the search for technological innovation continues to
increase the production volume of titanium. In addition, titanium can partly replace
stainless steel with the cost of production drops, causing a significant increase in its
demand. For this reason, if the amount of production can be increased by technical
innovations and recycling, titanium is considered a material of the future, making it a
widespread metal [22, 26, 27].



It is critical from both an economic and environmental standpoint that the waste chip
generated during the machining of titanium alloys, which are widely utilized in
aviation and biomedical applications, can be recovered in powder form without
melting by the grinding method. Recycling Ti-alloy scraps or chip into metallic
powder benefits the environment by reducing energy use, waste volume, and
emissions. Powder metallurgy (PM) is a conventional manufacturing method whose
technology utilizes metal powders. The majority of metal particles used in PM have a
diameter of between 5 and 200 um. The powder characteristics are determined by the
method by which it is manufactured. The flowability, surface area, particle shape,
and size distribution of the powder are all dependent on their production method.
There are three main methods of powder production: Mechanical, chemical, and
atomization [28-31]. These methods comprise grinding (for brittle material),
machining, atomization of liquid metal using water, gas (nitrogen, argon, or a
mixture of these), and reduction of metal oxides using carbon or hydrogen. Each of
these methods provides different particle morphology and characteristics. To ensure
repeatable production of metal parts, metal powders must exhibit compatible powder
properties. The main characteristics of powders used in additive manufacturing are
the size (granulometry) and shape (morphology) of the particle. In addition, other
characteristics contain density, elemental composition, flowability, surface area, and
compressibility [32-34]. The mechanical method is the least expensive of the powder
production methods. The milling method, which is a type of mechanical method and
is very efficient for reducing the particle size of materials in the form of chip,
involves the use of mechanical forces like compression force, shear or impact.
During grinding, impact, abrasion, shear, and compression forces act on the particles.
The particles are divided into fine particles by the pressing effect of the compression
force type [29, 30]. Titanium and titanium alloys are extensively employed in a
diversity of industries, containing marine, aerospace, medical, military and
automotive, due to their good mechanical, physical, and chemical qualities [35-37].
The primary advantages of utilizing titanium and its alloys are their high strength-to-
weight ratio, lightweight, and oxidation resistance. The tensile and flexural strengths
of titanium are comparable to steel, although its density is only about 60% of that of
steel [37, 38]. The most commonly used titanium alloy is Ti6Al4V (commonly used
as Ti64), an a+f alloy with high toughness and operating temperature, low density,

excellent corrosion resistance, and biocompatibility [39, 40]. Titanium-based
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products are commonly subjected to CNC machining because they mostly require a
smooth surface finish. During the machining of bar-type titanium raw materials,
titanium scrap is generated in the form of solid pieces or chip. These waste chip
typically contain a combination of cutting lubricants and oil or grease generated
during the machining process [41]. In the milling processes, the removal of lubricant
impurities from these metal scraps is an important stage in the surface cleaning
process. These pretreatments directly affect the characteristics of the materials to be
produced during the recycling process. Therefore, scrap surface cleaning operations,
which can be costly and difficult, are important. Some researchers have successfully
implemented mechanical milling to produce Ti-based powders. This method consists
of several stages including high-energy milling, cold welding, deformation
hardening, and fracturing. Controlling the powder size is one of the most significant
advantages of this method [42]. Wang et al. [43] examined the use of high-energy
ball milling for milling pure Ti powder. The particle size of Ti64 powder decreases
as the milling duration increases due to the mechanical forces generated during ball
milling. Dikici and Siitgli [44] studied mechanical disc milling for the production of
Ti64 powder from a machining chip and concluded that the milling duration and
speed had a remarkable impact on the particle size and morphology of Ti64 powders.
Soufiani et al. [45] fabricated Ti64 powder from machining scraps by ball milling. In
their study, mechanical milling was stated to be an efficient and economically viable
method of recycling Ti64 scrap. They reported that with increasing milling duration,
the particles turn into spherical shape as a result of repetitive cold welding, fracture,
and plastic deformation. Titanium metal, on the other hand, is highly explosive in
fine powder form. Therefore, it is critical to avoid milling with the jar cover open. As
a result, it is necessary to form an inert atmosphere to prevent the accumulation of
sparks. Argon gas is consumed to prevent the reaction of titanium with oxygen [46].
In this study, Ti64 powder was produced from chip through vibratory disc milling.
The effects of milling speed, duration, and atmosphere (argon or air) on powder
properties were investigated. This study also aids in predicting the potential usage of
these powders in powder metallurgy, coatings, and additive manufacturing by
characterizing the properties of recycled Ti64 powder.
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2.2 Materials and Method

In this study, Ti64 alloy scraps were utilized as the basic materials, which were
obtained in the chip form following CNC machining. The machining chip were
supplied by Metrosan Company in Manisa, Turkey. In this study, mechanical milling
was used to ground the chip to powder. The disc milling process operates on the idea
of impact and friction induced by centrifugal force. Particle size is reduced as a result
of the impact and friction forces occurring on the sample. To remove coolant oil
from the titanium chip prior to disc milling operations, they were cleaned with
detergent, hot water, and ethyl alcohol (96% purity). The Ti64 alloy chip given in
Fig. 2.1(a) were pre-milled to a micron-scale size using a vibratory disc mill at 1000
rpm for 1 min to ensure that each parameter had the same size. It is seen in Fig.
2.1(b) that the chip exhibited a leafy form. Afterward, pre-milled chip were cleaned
in an ultrasonic bath with ethyl alcohol for 1 hour at room temperature. Following

this cleaning process, the chip were dried in a vacuum furnace at 140 °C for 2 hours.

Figure 2.1: Type of machining Ti64 scrap generated (a) as-received chip, (b) pre-
milled chip

The experimental method for milling the Ti64 chip was performed the usage of
Retsch RS200 vibratory disc mill. The diameter of the grinding jar was 125 mm, the
outer diameter of the middle ring was 105 mm, and the innermost grinding disc’s

diameter was 55 mm, as seen in Fig. 2.2.
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Figure 2.2: Schematic illustration of the grinding jar for vibratory disc milling

A grinding jar set made of DIN 2080 tool steel was used. 100 g of Ti64 chip were
milled for each tested parameter. The quantity of powder was selected to complete
half of the volume of the milling jar. The experimental conditions selected for the
milling procedure were as follows; the milling speed - duration, and the atmosphere
in which milling was performed. The effects of two different milling atmospheres,
argon, and air, were investigated. The grinding jar was adapted to accommodate the
inert gas supply. The gas inlet and outlet were connected to the grinding jar as given
in Fig. 2.3. It was detected that the temperature of the grinding jar increased during
the continuous milling process. When the temperature of the grinding jar increased,
the powders began to cold weld. Therefore, the grinding jar was operated for 3

minutes and then allowed to cool.

Needle Valve Gas Inlet Gas Outlet
i“ -
a I:=“=§>

Argon Grinding Jar

Figure 2.3: Schematic view of the grinding jar with argon gas: the gas inlet-outlet
was placed top of the grinding jar connected to a needle valve

Prior to the beginning the milling process, the grinding jar was purged with argon gas

for 2 minutes to eliminate any impurities. The needle valve ensured that the amount
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of argon gas supplied in each parameter remained constant. It was observed during
the milling process that as the amount of argon increased, the particle agglomeration
increased. Consequently, a flow rate of 100 cc/min of argon gas was chosen for the
grinding jar. In both atmospheres, milling durations of 30, 45, and 60 mins were
selected and milling speeds of 1300 and 1500 rpm were used. The parameters for
milling the chip are summarized in Table 2.1.

Table 2.1: Summary of disc milling parameters

DAT1330 Air
DAR1330 Argon 30 1300
DAT1345 Air
DAR1345 Argon 45 1300
DAT1360 Air
DAR1360 Argon 60 1300
DAT1530 Air
DAR1530 Argon 30 1500
DAT1545 Air
DAR1545 Argon 45 1500
DAT1560 Air
DAR1560 Argon 00 1500

2.3 Characterization Techniques

2.3.1 Particle Size Analysis

Particle size analysis of the milled powders that spread in a range of dry units were

measured using Malvern Mastersizer 3000 instrument.

2.3.2 X-Ray Diffraction Analysis

The crystal structure of both chip and powders was performed with the use of Bruker
D2 Phaser equipped with a CuKa radiation Nickel filter (A: 1.5404). 30 kV and 10
mA X-ray diffraction were applied to obtain the required patterns. In addition to that,

13



the crystallite size of milled powders was determined from the x-ray diffraction using
the Debye-Scherrer equation:

D=KM Bcos© 1)

where K (0,9) is the numerical factor frequently called the crystallite-shape factor, D
Is the mean size of crystallite size, A is X-rays wavelength, B is full width at half
maximum intensity (FWHM) of the peak in radians, and © is the diffraction angle in

radians.

2.3.3 Scanning Electron Microscopy Analysis

Morphological and elemental investigations of the powders and chip were carried out

using a Carl Zeiss 300VP scanning electron microscope (SEM).

2.3.4 Powder Flow Rate and Bulk Density Analysis

The Hall test was used to measure the flow rate of the metal powders. In the Hall
method, time is measured using a stopwatch as 50 g of metal-powder flows through
the funnel. Prior to the flow rate analysis, the powders were dehumidified in a
vacuum oven at 80°C for 1 hour. Three separate batches of 50 g samples are poured
into the funnel to provide an average total time that is necessary to calculate a valid
flow rate. If the powder fails to flow through the funnel orifice, no time is recorded,
implying that the powder is defective or non-flowing. In addition, the bulk density of

the powders was measured by using a glass density bottle pycnometer.

2.3.5 X-ray photoelectron spectroscopy (XPS) Analysis

The XPS surface characterization of Ti64 chip was determined using a Thermo
Scientific Ka spectrometer and a monochromatic aluminium X-ray source (1486.68

eV) with a 300 um X-ray spot size.
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2.4 Results and Discussion

2.4.1 The XPS Analysis of Ti64 Chip

The X-ray photoelectron spectroscopy was used to determine chemical composition
of the titanium chip. The images of the X-ray spot sizes on the chip surface are given
in figure 2.4. The XPS measurement was performed on both surfaces of the Ti64
chip. High resolution survey spectrums of the chip were acquired at a pass energy of
50 eV.

600.0pm 600.0pm

Figure 2.4: The X-ray spots of Ti64 chip: upper surface (a), bottom surface (b)

Figure 2.5 show the high resolution surface spectrum of Ti2p, Cls and O1s. The
peaks observed in the Ti2p core level spectra shows two components Ti2py, and
Ti2p1, which shows binding energy at 458.4 eV and 464.4 eV, respectively (Fig.
2.5a). These peaks of Ti2p are corresponding to valance state of Ti*" cation [47-49].
The Ti2ps, and Ti2py, peaks shows the 6 eV energy separations, confirmed the
strong bonding between Ti and O atoms [50]. The peaks of C1s (Fig. 2.5b) at 284.8,
286.6 and 288.4 eV are attributed to C — C, C - O and O = C — O, respectively. The
O1s peak can be separated into two peaks (Fig. 2.5c). the peaks at 530.2 eV and
531.8 eV are attributed to Ti — O and C = O bonds [48, 51].
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Figure 2.5: The XPS high resolution spectra of Ti2p (a), C1s (b) and O1s (c)

2.4.2 Particle Size Distribution Results

The particle size distributions of the milled powders are shown in Table 2.2.
Additionally, Fig. 2.6 and 2.7 give the influence of milling speed and duration on
average particle size of the powder achieved after grinding the chip. However, the
vibratory disc mill demonstrated efficacy in reducing the size of Ti64 powder to a
level suitable for commercialization in powder metallurgy. The particle size of Ti64
powders was detected to decrease as the milling speed and duration of the disc mill

were increased.
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Table 2.2: Particle size analysis with distribution size (d10, d50 and d90) of milled
powders at variable milling speed, milling duration and atmosphere

Sample d10 d50 doo Specific
(um) (um) (um) Surface Area

(m?/kg)
DAT1330 46.4 142 269 16.73
DAT1345 25.2 106 227 30.56
DAT1360 18.2 90.2 202 39.13
DAT1530 31.8 113 234 22.86
DAT1545 19.8 97.6 209 36.46
DAT1560 8.68 70.6 175 70.59
DAR1330 52.7 142 272 14.25
DAR1345 48 132 251 16.07
DAR1360 49.1 127 236 15.90
DAR1530 50.2 130 245 15.19
DAR1545 38.6 113 225 18.74
DAR1560 35.7 105 207 20.79

A minimum mean particle size of 70.6 um was obtained for powders that were
milled at 1500 rpm speed for a 60 min milling duration in air atmosphere. When
compared to the DAR-coded samples, the mean particle size distribution of the DAT-
coded samples is lower. It is known that oxygen has a negative effect on the ductility,
fatigue strength, and stress corrosion of titanium alloys. Titanium alloys lose ductility
with increasing oxygen content [52]. The absorption of impact energies by the Ti64
chip decreased with increasing oxygen content, as the oxygen in the air reacted with
titanium, causing it to be more brittle and easily milled. Fine titanium powder is
highly reactive overall and may easily react with oxygen and nitrogen in the
atmosphere [53, 54]. The Ti64 powder containing high levels of O or N is brittle,
resulting in reduced particle size as a result of milling. Argon gas was used to

prevent titanium from reacting with oxygen and nitrogen.
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Figure 2.6: Mean particle size - milling duration graph of the Ti64 powders:
Variation of d50 values with milling duration for different milling speeds
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Figure 2.7: Mean particle size - milling speed graph of the Ti64 powders: Variation
of d50 values with milling speed for different milling durations

2.4.3 The Crystal Structure Results

The XRD pattern of the Ti64 chip is given in Fig. 2.8. The XRD patterns for all
samples revealed peaks of the phases o (hexagonal compact) and B (body centered

cubic), which differed mainly in terms of the phases’ peak intensity and number, as
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confirmed by the micrographs [55]. Between 38° and 41°, the peaks can occur as a
hexagonal structure for the planes a(002) and a(101) and form a cubic structure for
the plane B(110). The hcp structure is also textured on the (100) and (102) planes
[56]. It was observed peak intensity rose at the plane a(100). After milling, the
intensity of X-ray beam and broadening of o(002) are reduced in comparison to
a(101).
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Figure 2.8: The XRD pattern of starting Ti64 chip

The XRD patterns of DAT-coded powders after milling in an air atmosphere are
given in Fig. 2.9. The milling process decreases the intensity of the peaks of DAT-
coded powders compared to the chip. As illustrated in Fig. 2.9, the intensity of
diffracted peaks is affected by an increase in milling duration and speed.
Deformation rate increases with an increase in milling duration and speed. This
phenomenon is assumed to be a manifestation of crystal habit, and some intriguing
correlations between morphology (crystal shape, particle size, and aspect ratio) and
XRD peak intensity may occur [57]. After milling process, some new peaks appeared
at 20 values of 37 and 43°. Peaks at 37° and 43° indicate the presence of oxygen [58,
59]. As the milling speed and duration increase, the peak intensity at 37° and 43°
increases. In the milling process, as the particle size decreases, the total surface area

will increase, so the oxygen ratio in the powders increases. This also increases the
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intensity of the oxygen-containing peak. The milling duration is an important
parameter that determines the oxygen ratio of the powders. Although the peak
intensities at 37° and 43° in DATI1330 and DAT1530 samples are similar, it is

observed that the peak intensities increase as the milling duration increases.
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Figure 2.9: The X-ray pattern of DAT-coded Ti64 powders

Fig. 2.10 illustrates the XRD patterns of DAR-coded powders ground in an argon
atmosphere. Despite the similarity between the patterns of the DAR-coded samples
and the chip, a clear divergence has been observed within the stated range of 20. The
XRD patterns of the chip and DAR-coded samples exhibit similar diffraction
patterns. However, the peak intensities of DAR-coded samples are slightly higher
than those of the chip and DAT-coded samples. It can be noticed in Fig. 2.9 and 2.10
that an increase in the deformation rate influences the x-ray intensity of the
diffraction peaks [44]. Apart from the characteristic peaks, two different peaks are
observed at 34° and 36°. Even if the milling process took place in an argon
atmosphere, the presence of oxygen is observed. No significant change was observed
in the intensity of these peaks with the milling duration and speed. The presence of
oxygen in the Ti64 chip, which is the starting material, is also indicated in the XPS
analysis.
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Figure 2.10: The X-ray pattern of DAR-coded Ti64 powders

Fig. 2.11 depicts the change in average crystallite size according to the milling
duration and speed. Calculations of the average crystallite sizes of DAT- and DAR-
coded samples were performed individually for dominant peaks. The curves indicate
that the average crystallite size decreases as the milling speed and duration increase
for all powder samples. The milling speed has a significant impact on powder size
reduction. Compression and impact cause the particles to be stressed, resulting in
size reduction. The impact energy on the particles increases as the milling speed
increases. As the milling duration and speed increase, the increasing kinetic energy

of the particles causes a decrease in the crystallite size [44].
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Figure 2.11: Differences in the average crystallite size of the Ti64 powders depend
on the milling speed and duration

Tables 2.3 and 2.4 characterize the crystallite sizes of the DAT-coded and DAR-
coded powders on the diffraction peaks of the a-Ti (101) phase. As previously stated,
as the milling duration and speed are increased, the impact energy applied to the
material increases and the mean particle size decreases. The results demonstrated that
as the average particle size decreases, the powder crystal size decreases due to the
large surface area of the powder. The difference in crystallite sizes between the
DAT-coded and DAR-coded powders on the diffraction peaks of a-Ti is evaluated as
the result of the difference in mean particle size. Another parameter to consider is
temperature. Increasing the temperature of the grinding jar causes the powders to
cold weld. The fact that the crystallite size of the powder decreases with increasing
milling duration indicates that there is no cold welding. Cold welding of the powder

particles is prevented by maintaining a constant temperature in the milling jar [39].

Table 2.3: The crystallite sizes of the DAT-coded powder on the diffraction peaks of
a-Ti (101)

Sample DAT1330 | DAT1345 | DAT1360 | DAT1530 | DAT1545 | DAT1560
Crystallite 10.65 9.95 9.86 10.29 9.80 9.47

size (nm)
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Table 2.4: The crystallite sizes of the DAR-coded powder on the diffraction peaks of
a-Ti (101)

Sample | DAR1330 A DAR1345 DAR1360 A DAR1530 A DAR1545 | DAR1560

Crystallite 11.31 11.27 10.72 11.17 10.63 10.30

size (nm)
2.4.4 Morphology of the Powders

Fig. 2.12 displays the morphology of the DAT-coded powders at 500X and 1000X
magnification. The influence of milling duration and speed on powder morphology is
seen in Fig. 2.12. SEM images illustrate agglomeration and the forging effect. The
powder is shown to have irregular and inhomogeneous particle morphologies. The
powder particles were rubbed against the pot walls and discs in the vibratory disc
mill. The powder size decreases with increasing milling duration and speed. The
SEM results, on the other hand, demonstrate that the particles are agglomerated. As
in Fig. 2.13, powder defects such as micro-cracks and nanoparticles (groups of small

particles attached to the surface of larger particles) are observed [60].
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Figure 2.12: SEM micrographs of DAT-coded powders at 500x (1) and 1000x (2)
magnification: DAT1330 (al-a2), DAT1345 (b1-b2), DAT1360 (c1- c2), DAT1530
(d1-d2), DAT1545 (el-e2), DAT1560 (f1-f2)
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Figure 2.13: Powder defects; micro-cracks (a) and nanoparticles attached to the
surface of larger particle (b)

SEM images of the DAR-coded powders are given in Fig. 2.14. It appears from the
micrographs that the morphology of the powders is affected by the milling
atmosphere. The powder morphology of the DAR-coded powders is more rounded
than that of the DAT-coded powders. Unlike the DAT-coded powders, nanoparticles
were not observed on the DAR-coded powders’ surfaces. As milling duration and
speed increase, the particle deviates from the leafy shape. The powder morphology
changed from leafy to angular as milling duration and speed increased as given in
Fig. 2.14 (f1-f2). Particle morphology includes a significant effect on powder flow
rate. The flow rate analysis corroborated this conclusion as well.
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Figure 2.14: SEM images of DAR-coded powders at 500x (1), 1000x (2)
magnification: DAR1330 (al-a2), DAR1345 (b1-b2), DAR1360 (c1-c2), DAR1530
(d1-d2), DAR1545 (el-e2), DAR1560 (f1-f2)
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The Energy Dispersive X-ray (EDX) analysis was performed to determine the
surface composition of the DAT-coded and DAR-coded powders. The related results
are displayed in Table 2.5. It demonstrates that the contents of nitrogen (N) and
oxygen (O) increased with increasing milling duration and rotation speed. The
increase in oxygen content is due to the milling atmosphere and the increased particle
surface area (particle size is decreased). The increase in nitrogen content, however, is
attributable to surface contamination of the starting chip and the jar’s temperature.
The temperature of the jar increases as the rotation speed increases. Impurities were
purged from the milling jar during the milling process using argon gas. When EDX
results from the DAR-coded samples are compared to those from the DAT-coded
samples a decrease in carbon and nitrogen levels is observed. No significant
variations in oxygen levels have been detected in the DAR-coded samples.
Accordingly, the optimal results were obtained with samples coded DAR1330 and
DAR1560. Titanium is characterized by its tendency for oxygen and nitrogen
absorption. The results conform to the literature findings [61, 62] that vibratory disc
milling of Ti64 in an air atmosphere resulted in a significant O and N uptake.
Although the milling was carried out in an argon atmosphere, the high oxygen

content was observed.

Table 2.5: Surface composition with EDX analysis of the DAR-coded and DAT-
coded powders

1330 1345 1360 1530 1545 1560

DAT | DAR | DAT | DAR | DAT | DAR | DAT | DAR | DAT | DAR | DAT | DAR
C 1.95 1.08 | 3.44 187 | 2.58 151 | 2.36 1.78 3.19 1.67 1.7 1.47

O | 1035 | 6.08 | 512 | 1212 | 1399 | 11.65 | 10.84 | 11.36 | 9.34 | 11.35 | 12.21 | 8.28
Al | 549 | 4.06 192 | 563 | 594 | 494 | 537 | 6.08 | 3.72 | 514 | 502 | 539
Ti | 76.23 | 85.10 | 85.06 | 77.72 | 76.04 A 78.86 A 70.38 @ 77.65 | 74.93 | 79.05 | 70.42 | 81.88
V | 443 | 3115 | 401 | 240 4 293 | 398 | 310 | 4.02 | 250 | 402 | 288

0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 ' 593 | 000 | 3.34 | 0.00 | 547 | 0.00

2.4.5 Flow Characteristics and Bulk Density

The results of the ground powder flow rate test are given in Table 2.6. The flow rate
of powders is attached to several physical properties (particle size distribution, alloy

density, particle shape, surface morphology, and humidity) of the powder [63, 64].
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Particle size has a significant effect on powder flowability. As particle size
decreases, the surface area per unit mass of powder increases, leading to reduced
flowability [65]. More contact surface area is available for cohesive forces in
particular, as well as frictional forces that cause resistance to flow. Particle shape
(aspect ratio) also has an effect on powder flowability. It influences the surface
interactions between particles [66]. 50 grams of powder was used to experiment in
the powder flow rate analysis. However, the DAT1345-DAT1360-DAT1545-
DAT1560-coded powders had no flow rate because of the larger surface areas in
contact with each powder. It has been reported in previous studies that a decrease in
particle size causes a decrease in powder flow rate. Smaller particles have a high
number of contact points with neighboring particles while large particles have fewer.
Moreover, higher interparticle forces or mechanical interlocking enhance particles’
cohesion between each other, resulting in reduced flowability [67, 68]. In the DAR-
coded powders, although the particle size decreases, the powder flow rate increases
due to their rounded corners and homogeneous morphological structure, as illustrated
in Fig. 2.10. The flow rate of the DAR1330-coded sample was higher compared to
that of the DAT1330-coded sample despite having the same mean particle size (d50).
Similarly, when the DAR1560 (d50: 105 pm) and DAT1345 (d50: 106 pm) samples
were compared, the former had 42.1 s/50g while the latter had no flow. This is most
likely due to the presence of fine agglomerates and nanoparticles attached to the
surface of larger particle within the powder, which increase inter-particle friction and
reduce the powder’s flow rate. This can be attributed to the irregular shape and

interlocking of the particles, as well as the roughness of their surfaces [69].

Table 2.6: Flow rate and bulk density of the DAT-coded and DAR-coded powders

Flow rate (s/509) Bulk density (g/cm®)

Sample codes DAT DAR DAT DAR
1330 55.80 49.19 1.92 2.06
1345 No flow 48.33 2.08 2.18
1360 No flow 45.62 2.11 2.21
1530 59.68 45,17 2.15 2.18
1545 No flow 45.28 2.18 2.25
1560 No flow 42.10 1.97 231

Table 2.6 also displays the bulk densities of the powders. The bulk density of the
powder is also referred to as its bulk density. Bulk density is defined as the weight of
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a unit volume of powder and includes both the volume of its solid particles and the
pores between them [70]. The bulk density of powders is determined by a variety of
factors such as particle size, shape, surface roughness and particle size distribution.
The bulk density analysis results indicate that all parameters have an effect on the
bulk density of ground powders. When the same milling duration and speed
parameters are used, the bulk density of DAT-coded powders was lower than that of
the DAR-coded powders. This can be attributed to the lower average particle size
distribution and more irregular particle shape of the DAT-coded powders. In general,
the bulk density of a metal powder decreases with decreasing particle size [71, 72].
With the exception of DAT1560, the bulk density of the DAT- and DAR-coded
powders increased as the particle size decreased. This can be because as the milling
duration and speed increase, particle morphology becomes more regular and the
surface roughness decreases. The lowest bulk density is found in the DAT1560
powder may be the result of finer particles, more irregular particle morphology, and
heavily agglomerated and increased surface roughness. These results are consistent
with the SEM analysis.

2.5 Conclusions

In this chapter, the particle size of Ti64powders was significantly decreased after
performing a suitable vibratory milling process. The increase in milling speed and
duration parameters resulted in a decrease in particle size. Additionally, the milling
atmosphere (argon or air) has a direct effect on the particle size and morphology.
When compared to the DAR-coded samples, the mean particle size distribution of the
DAT-coded samples was lower. These differences can be explained by the impact
energies produced when oxygen reacts with titanium. The impact energies absorbed
by the Ti64 chip increased in the DAR-coded samples and decreased in the DAT-
coded samples. Oxygen reacts with titanium, causing the samples to become more
brittle and easily milled. Agglomeration and small particles attached to the surface of
larger particles are observed during the milling process in an air atmosphere. In
addition, the particle morphologies of the DAR powders were more rounded as a
result of the milling process taking place in an argon atmosphere. As the milling
duration and speed increased, the crystallite size of the powders decreased in

proportion to the mean particle size. The difference in the crystallite sizes between
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the DAT and DAR powders is evaluated as a result of the difference in mean particle
size. Although the particle size of the DAR-coded powders decreased, their flow rate
increased due to their rounded corners. Due to their more irregular shape, the
presence of nanoparticles on large particles, and the interlocking of the particles, the
DAT-coded samples exhibited poor flow rate or no flow at all. The particles’
morphology and size distribution have a significant effect on the bulk density. The
bulk density of DAT-coded powders is lower than that of the DAR-coded powders
because of the DAT-coded powders’ more irregular particle morphology and lower

average particle size characteristics.
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Chapter 3

The Use of Titanium Chip for Epoxy
Composites via Circular Economy

Approach

3.1 Introduction

A composite is a result of combining at least two distinct components to manufacture
a novel engineering material with enhanced qualities. The matrix and reinforcements
are the two fundamental constituents of composite materials. It can be categorized in
polymer, metal, and ceramic according to the matrix type. The primary advantages of
composite materials over metal and ceramic materials are their high strength and
stiffness, combined with low density compared with bulk materials, allowing for a
weight reduction in the finished part [1, 73, 74].

The two most prevalent types of polymers are thermosets and thermoplastics.
Thermoplastic polymers have little to no reticulation, are often solvent soluble, and
melt readily. Thermosetting polymers or thermosets are heavily cross-linked,
solvent-insoluble, and infusible. Today, polypropylene (PP), polyvinyl chloride
(PVC), polylactic acid (PLA), polystyrene (PS) and polyethylene (PE) can be
counted as the most widely used thermoplastics. Epoxy, polyester and elastomer
(natural rubber) are typical examples of thermosets [75, 76]. In polymer matrix
composites, thermoset polymers have been of significant importance [77]. Epoxy is a
commonly used polymer in multiple applications ranging from coatings, corrosion
protectants, flooring, electrical and electronic instruments, sports equipment, and

many more. In automotive applications, epoxy-based coatings prevent rust and
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corrosion. The major advantage of polymer composites over metallic materials is
their ease of processing, productivity, cost reduction, high strength, modulus-weight

ratio, etc.

Typically, the reinforcement consists of a fiber or a particulate. The two sub-
categories of particle-reinforced composites are large-particle and dispersion-
strengthened composites. The distinction between these is determined by the
reinforcement or strengthening mechanism. The particulate component of the
majority of these composites is tougher and stiffer than the matrix [4, 5]. Numerous
metallic powders and particles have been used as reinforcement materials for
polymeric composites. Metals as fillers for polymer composites have attracted the
interest of industry and the research community primarily because such a composite
enables the extraction of the best properties from two materials with diametrically
opposite functionality [78]. Particulate fillers are utilized to modify the physical and
mechanical properties of polymers in various ways. To adjust the creep, impact,
thermal, electrical, and magnetic properties of polymer composites, reinforcements
such as metal flakes, and metal powder are typically utilized. The mechanical
properties of the composites have been affected by the particle shape, size, and
surface area of such additional particles [8, 9, 79].

In the power industry, inorganic fillers (such as aluminum nitride (AIN), boron
nitride (BN), silica (SiO,), alumina (Al,Og), titanium oxide (TiO,), silicon carbide
(SiC) and zinc oxide (Zn0O), etc.) are generally added into polymers to attain certain
electrical, mechanical, and thermal properties [80]. Epoxy-based composites have
historically been utilized extensively in the power and microelectronics industries
thanks to their superior mechanical, electrical, and thermal properties in conjunction
with their economical and appropriate processability. Epoxy resin is known to be a
widely used material for stator floor wall insulation systems in the energy industry.
Epoxy resins containing micro-size inorganic reinforcements are especially applied
for dry distribution transformers, voltage and current transformers [81]. Besides the
thermal conductivity, and electrical properties, mechanical strength of polymer
composites has a crucial role in specific applications. Epoxy composites with high
mechanical strength are also used in the insulation systems of big electrical

machines. For several applications in automotive, aircraft, and maritime industries, it
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is preferred to use lightweight materials with increased mechanical strength [82].
Yamamoto et al. [83] examined that the structure and shape of silica particles had
important influences on mechanical properties, including fatigue resistance, and
tensile and fracture strength of the epoxy composite. Nakamura et al. [84] noted the
consequences of the size and shape of silica particles on the strength and fracture
toughness based on particle-matrix bonding and also reported an improvement in the
flexural and tensile strength as the specific surface area of particles grew [85]. Moses
et al. investigated the mechanical properties of epoxy resin reinforced with metal
powders. According to their work, the tensile strength of epoxy filled with metal
particles is shown to increase when compared to unfilled epoxy. The filling of a
polymer with electrical conductive metallic particles increases both the electrical and
thermal conductivity of the composites obtained, which seems to be the focus of the
majority of research where metallic particles are used as reinforcements in polymer
composites [16]. Tekge et al. [86] pointed out the shape factor of fillers has a strong
influence on the thermal conductivity of the composite. Reinforcements with a lower
aspect ratio can develope certain mechanical properties [87]. Hussian et al. [88]
stated that utilizing ceramic filler in epoxy composites results in enhanced physical,
rheological, and thermal properties. Additionally, Young’s modulus and flexural
strength can be enhanced. Goyanes et al. [89] discussed for aluminum-epoxy
composites that density increases with increasing filler content, again following the
rule of mixture. A relation between Young’s modulus and its density for filled epoxy

composites was also proven by Tilbrook et al. [90].

In this study, recycled Ti64 powder and epoxy resin are used to generate particle-
filled polymer composites. Mechanical properties, such as tensile strength, flexural
strength, and microstructure of the specimens have been investigated. This research
assessed the thermal stability of Ti64 powder reinforced epoxy with varying filler
contents and particle size. The thermal measurement was performed via TGA in an
inert environment (nitrogen gas). The influence of Ti64 powder content on the mass
loss rate, degradation temperature, and residual mass were taken into account. The
thermal conductivity of Ti64 powder-filled epoxy resin at various filler loadings was
investigated. The thermal conductivities were measured and the effect of filler

dispersion on thermal conductivity was examined.
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3.2 Materials and Method

Ti64 alloy powder, obtained after mechanical milling, planned to be utilized as a
reinforcement material in epoxy composites. Irregularly shaped Ti64 powder was

utilized in this study.

The average particle size of the powders, with dispersion by a range of dry units, was
obtained via a laser diffraction particle size analyzer (Malvern Mastersizer 3000).
Two kinds of recycled Ti64 powder fillers with average particle sizes d(50) of 15.4

um and 34.6 um were used.

A commercially available epoxy Brv Sc 330 was used as the matrix material. The
epoxy resin was used together with the slow hardener; both were acquired from Brv

Epoksi (Izmir, Turkey), given in Table 3.1.

Table 3.1: Typical properties of the epoxy resin

Appearance Transparent
Color Clear
Density 1,10 g/cm?
Flash point >25 °C
Mix ratio (weight) 5/3
Usable life 30 min / 25°C
Cure time 12 hour / 25°C

The epoxy was combined with the hardener in a ratio of 5:3 in accordance with the
datasheet provided by the supplier. Four formulations ranging from 0, 3, 5 to 10 wt%
Ti64 powder in epoxy were developed as summarized in Table 3.2. Ti64 particles
with two different particle sizes were used to investigate the effect of particle size on

final the properties of the polymer composites.

34



Table 3.2: Four formulations ranging from wt% Ti64 powder in epoxy were
developed as summarized

Sample code Mean particle size Epoxy Ti64 powder
(nm) (Wt %) (wt %)

Neat unfilled 100 0

A3 154 97

A5 15.4 95 5
Al10 154 90 10

B3 34.6 97 3

B5 34.6 95

B10 34.6 90 10

A specially designed and fabricated silicon mold is used for this purpose to avoid

stick during curing, as shown in Fig. 3.1.

Figure 3.1: A specially designed and fabricated silicon mould

Ti64 powder was oven-dried for 24 h at 80 °C. Ti64 powder was mechanically mixed
with epoxy at a low speed stirred to avoid bubbles and hardener was mixed into the
mixture of Ti64 powder/epoxy. Fig. 3.2 illustrates the production process of epoxy
composites. In the case of particulate reinforced composites, Ti64 powder is added to
the epoxy resin first and mixed well using a continuous stirring process before the
hardener is added along with the Ti64/epoxy mixture. The duration of the mixture's
stirring is determined by the exothermic reaction. The neat epoxy resin samples were
likewise prepared under similar processing conditions, but without Ti64 powder.
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Figure 3.2: Production process of the epoxy composites

The three-point bending test was executed with a constant loading speed of 1.0
mm/min at room temperature, and a span length of 102.4 mm in accordance with
ASTM D790 using a Shimadzu universal testing machine. The dimensions of the
specimens are 125 mm x 12.7 mm x 3.2 mm with a span of 102.4 mm length as
given in Fig. 3.3. The tests were conducted in the three point bend configuration in at
a span to depth ratio of 32. The flexural modulus values were determined from the
slope of a stress-strain curve produced by three-point bending test using a Shimadzu

testing device.

125 mm ,

12,7 mm,

| J

OO

Figure 3.3: Dimensions of three point bending test specimen (ASTM D790)

3.2mm

Using the universal tensile strength testing machine Shimadzu (AG-IC 100kN),
laboratory tests was conducted at a deformation rate of 1 mm/min at room
temperature. Fig. 3.4 shows the dimensions of a tensile test specimen according to
American Society for Testing and Materials (ASTM) D638-03 Type |. Based on the
results from the Shimadzu (AG-IC 100kN) machine, the calculation of ultimate
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tensile stress and Young’s modulus of the composites were obtained from the

following equations:

E=2 (2)
o=t ©)
g== (@)

Where E is the Young's modulus, F is the maximum force, A is the actual cross-
sectional area of the specimen, AL is the amount by which the length of the object
changes, Ly is the original length of the object, o the applied tensile stress and ¢ the

longitudinal elastic deformation of the specimen.
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Figure 3.4: Dimensions of tensile test specimen (ASTM D638-03)

As shown in Fig. 3.5, thermal conductivity measurements were conducted using a C-
Therm TCI test machine in accordance with ASTM D 5470. The cylindrical testing
samples had a diameter of 20 mm and a height of 3 mm. The thermal conductivity of

various proportions of Ti64 filled epoxy resin composites are determined.
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Figure 3.5: C-Therm TCI test machine according to ASTM D 5470

To investigate the degradation behavior of the films in the presence of high
temperatures, a thermogravimetric analysis was performed. A Netzsch STA 449 F3
Jupiter Thermal Analyzer was used to perform the measurements (Selb, Germany).
All samples were heated at a rate of 10 °C/min from 20 to 900 °C. Initial degradation
temperatures were calculated using extrapolated onset temperatures in accordance
with 1ISO 11358-1.

3.3 Results and Discussion

3.3.1 Characterization of the Recycled Ti6Al4V Powder

Three specimens of each type were tested. The results of the three tests were
averaged. Neat and Ti64 powder-reinforced epoxy composites produced at variable
filler content by weight were observed to have no visible defects or other issues. The
average particle size data of the powders were obtained from 50 g powder. Particle
size and size distribution data can be expressed either tabularly or graphically. Table
3.3 summarizes the particle size data extracted from the laser diffraction particle size
measurement. The specific surface area values given by the particle size measuring
device was also added to the table. In addition, the amount of oxygen and nitrogen
contained in the powders is given in Table 3.3. It is observed that the concentration
of oxygen increases as the particle size decreases. It is stated in the literature that the

concentration of oxygen in the chemical composition of the powder determines the
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characteristic of the matrix-particle interface. LECO TC400 instrument was used to
determine oxygen in powders A and B with different size distribution. The LECO
TC400-Series instrument identifies nitrogen/oxygen in metals, refractories and

inorganic materials using the basis of inert gas fusion.

Table 3.3: Summarizes the recycled Ti6Al4V powder characterization

Ti64 Powder d(10) d(50) d(90) Specific Surface Oxygen
Area
pm pm pm (%)
(m*/kg)
A 4.40 15.4 35.7 686.8 3.48
B 14.4 34.6 60.7 271.3 2.09

Based on the particle size data presented in Table 3.3, particle size distribution was
plotted. Fig. 3.6 and Fig. 3.7 show number frequency histograms of two kinds of

recycled Ti64 powder particle size data in linear scale, respectively.
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Figure 3.6: Histogram of recycled A powder particle size distribution
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Figure 3.7: Histogram of recycled B powder particle size distribution

Figure 3.8 illustrates SEM images of the Ti64 powders: (A) - (B) powders and
displays the morphology of the powders at 2.5 kX magnification. SEM images

illustrate agglomeration and the forging effect. The powder is observed to have

irregular and inhomogeneous particle morphologies with an elongated shape. As in

Fig. 3.8, powder defects such as micro-cracks and nanoparticles (groups of small

particles attached to the surface of larger particles) are observed.

(A)

Figure 3.8: SEM images of the Ti64 powders: (A) and (B) powders
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3.3.2 Tensile Strength Test of the Ti64 Powder Reinforced

Epoxy Composites

All fractured regions of the composites are given in Fig. 3.9.

Figure 3.9: Fractured region of the epoxy composite samples after the tensile analysis

\

Tensile strength of the epoxy composites was found to increase with a decrease in
particle size but with increased particle contents, as shown in Table 3.4 and Fig. 3.10.
It was observed that there is considerable progress in tensile strength with increased
filler ratio. This can be explained by the surface contact area effect. As stated in the
literature, the surface contact area has a considerable impact on the mechanical

properties of the polymer composites.

Table 3.4: Tensile strength results of the epoxy composites

Sample Tensile Strength (N/mm?) Young’s Modulus (MPa)

Neat 33.96 +£2.32 860.98

A3 36.42 +4.04 1184.96

A5 40.86 £3.23 1381.18
Al10 44.57 £3.27 1461.62

B3 35.09 £+4.29 897.07

B5 38.14 £3.62 1196.96

B10 41.74 £3.12 1381.77

Due to the increasing content of Ti64 powder fillers in the polymer structure, the
total surface contact area of powder increases. Therefore, the tensile strengths of the
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fabricated samples are increased significantly after incorporating of Ti64 reinforcing
powder in the epoxy. However, it is stated in the powder characterization section that
the surface contact area of powder A is higher than powder B. Therefore, when A
and B reinforced epoxy composites are compared, the tensile strength of A
composites is higher. In resin, the homogeneous dispersion of filler is crucial: the
rise in surface area increases the tendency for the particles to agglomerate and such
agglomerations can be arduous to separate. Marghalani [91] demonstrated in their
investigations that the irregular form of the particles provided a good correlation

between the polymer matrix and the reinforcement.
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Figure 3.10: Tensile strength results of the epoxy composites

Wetting the filler with the matrix is crucial when incorporating the filler into the
resin [92]. The results of the experiments confirmed that there was a fine increase in
the adhesive bonding strength of the composites with the addition of the Ti64
microparticles. Thus, the hypothesis regarding the wetting of the filler with the
matrix and the positive influence of the Ti64 powder filler on the tensile strength was
confirmed. The research results confirmed a satisfactory wettability between the
epoxy resin and the Ti64 powder filler.

Figure 3.11 shows the tensile stress -strain curves for neat epoxy and Ti64 powder
reinforced epoxy composites. It can be noticed that the strain values decreases when
added B powder to the epoxy resin. The elongation values was increased for A5-A10
samples but decreased for A3 sample. Particle size and particle-matrix interface
bonding affected tensile properties of the composites[93, 94].
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Figure 3.11: The stress-strain curves obtained in the tensile test of the epoxy
composites

The findings of the tensile test indicate that there is a powerful interaction between
the Ti64 powder as filler and the epoxy as matrix. The significant decrease in
fracture strength of the composite with increasing filler volume fraction exhibits poor
particle-matrix adhesion. However, the fact that the fracture strength remains
approximately constant or increases with increasing volume fraction means that the

particles are firmly bonded within the matrix [95].

However, the particle-matrix interfacial bonding has a significant effect on the
strengthening mechanism. The particle-matrix adhesion also impacts the attitude of
the composite. This situation can be explained by the distinction in the stress state
around well or weakly bonded particles. Moreover, the stress transfer between the
particles and the matrix largely determines the strength mechanism. For particles that
strongly bonded to the matrix, the maximum stress can be effectually transferred
from the matrix to the particles, which obviously increases the strength. The applied
stress can be found above and below the poles of the particles. However, for weakly
bonded particles, adding particles to the matrix results in a decrease in strength. A

weakly bonded microparticle will act like a gap in the matrix [95-99].
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3.3.3 Three Point Bending Test of the Ti64 Powder

Reinforced Epoxy Composites

The measured flexural strength of the epoxy composites were performed using three-
point bending analysis, in Fig. 3.12. The flexural strength tests were executed in the
three-point bend arrangement in conformity with ASTM D790-07 at a span-to-depth
ratio of 32.

Figure 3.12: The three point bending testing machine

The microstructure of the composite and the interfacial bond between the
reinforcement and the matrix determine the flexural strength and modulus of the
composites [100]. Factors such as the amount of particle filler particle-matrix bond
strength, and particle size determine the flexural strength of a particle-reinforced
PMC [101]. As shown in Table 3.5 and Fig. 3.13, notable distinctions in flexural

results were followed among composites with distinct filler sizes.

Table 3.5: Three point bending test results of the epoxy composites

Sample Flexural Strength (N/mm?) Flexural Modulus (GPa)
Neat 63.71 £2.51 1.223
A3 78.49 +4.18 1.833
A5 80.22 +£3.10 1.944
A10 86.58 £3.26 2.408
B3 71.96 +4.45 1.522
B5 78.13 £3.41 1.667
B10 84.37 +3.55 1.773
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The results revealed that the flexural strength increases with the larger filler loading.
Additionally, the flexural strength of sample A is greater than that of sample B. This
can be explained as follows: Smaller particles have higher-quality dispersion and a
greater surface contact area within the matrix [98]. Consequently, the smallest Ti64
particle size provides superior flexural strength. Some important characteristics of
composites should to be considered in order to explain this phenomenon. The quality
of the interface in composites, i.e., the static adhesion strength and interfacial
stiffness, usually play a crucial role in the ability of the materials to transfer stresses

and elastic deformation from the matrix to the fillers [85].

100

|Epoxy Composites

A5 A10 B3 B5 B10

Neat A3

80

60

40

Flexural Strength (N/mmz)

20

o
|

Sample Designation

Figure 3.13: Three point bending test graph

3.3.4 Thermal Conductivity Test of the Ti64 Powder

Reinforced Epoxy Composites

The experimental consequences of the thermal conductivity measurements of Ti64
powder reinforced epoxy composites are given in Table 3.6. Most of the used
polymers are thermally insulating and have a thermal conductivity ranging from 0.1
to 0.5 W/mK [102]. In the literature, several studies have taken on experimentally
determining the thermal conductivity of bulk Ti-6Al-4V. Researchers found it to be
between 6.20 and 7.66 W/mK [103-105]. The thermal conductivity of a composite
consisting of one type of filler added to a polymer matrix depends on the thermal

45



conductivity of the components, the morphology, size, and concentration of the
fillers, their dispersion within the polymer, and the thermal interfacial resistance [8].

Table 3.6: The thermal conductivity results of the Ti64 powder-reinforced epoxy

composites
Sample Thermal conductivity (W/mK)
Neat 0.2438 +0.08
A3 0.2614 £0.15
A5 0.2869 +0.23
A10 0.2974 £0.20
B3 0.3083 £0.11
B5 0.3681 +0.28
B10 0.4792 +0.19

The adding of the fillers to the epoxy matrix significantly raised the thermal
conductivity of all the epoxy composites. The addition of Ti64 powder to the epoxy
resin considerably increased the thermal conductivity of the composite compared to
that of the neat epoxy. The Ti64 powder content significantly influenced the thermal
conductivity increase. Specifically, both powder samples A and B provided an
improvement in the thermal conductivity of the resulting composites. The composites
containing B fillers also exhibited a little better thermal conductivity compared to the
containing A fillers. The particle size has a significant impact on thermal
conductivity, thus the disparity is most likely attributable to the dissimilar particle
sizes between the two types of fillers. The result indicates that the usage of bigger
particles leads to improved thermal conductivity of the composites by creating wider
conductive paths, decreasing the interfacial phonon scattering between matrix and
fillers. Improving the interface by increasing the Ti64 powder filler content would
result in increased thermal conductivity by reducing phonon scattering at the
interface, but increasing the filler ratio in matrix was not as effective as the use of

larger particles [106].
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3.3.5 TG Analysis of the Ti64 Powder Reinforced Epoxy

Composites

Thermogravimetric (TG) curves in Fig. 3.14 were obtained in a thermobalance,
Netzsch model TGA-50, using Al,O3 crucibles under conditions of dynamic nitrogen
atmosphere (50 ml/min), sample mass of approximately 5 mg, and a heating rate of
10° C/min in the temperature range of 30 to 900 °C. TGA experiments were
conducted to determine the degradation temperatures of the Ti64 reinforced epoxy
composite materials. The results of thermal degradation (Tdeg) values for the epoxy
composites are shown in Table 3.7. The temperature corresponding to the peak in the
first derivative of weight percent with temperature, reported as degradation
temperature (Td), indicates the temperature corresponding to the highest rate of
weight loss.

Table 3.7: Initial degradation temperatures of neat epoxy and Ti64 reinforced epoxy

composites
Sample Td (°C)
Neat 323.75+£0.02
A3 324.47+0.03
A5 325.48 £ 0.07
A10 327.92 £ 0.06
B3 325.30 + 0.02
B5 327.83 +£0.09
B10 329.20 + 0.08

The results show that the samples with higher amount of Ti64 powder have higher
temperature of thermal degradation and lower degradation rate in regard to the neat
epoxy resin. These results confirmed that the thermal stability of the composites
increased as the Ti64 powder loading increased. However, the difference in the sizes
of the powder does affect the pattern of the thermal degradation profiles of both
types of composites. As shown in Fig. 3.14, the mass loss step for the neat epoxy
ended at approximately 600 °C. The mass loss step of the Ti64 powder reinforced
epoxy composites ends above 650 °C due to the Ti64 powder have a higher thermal
stability. After the mass loss step, the ash content for Ti64 powder reinforced epoxy

composites is seen to be higher compared to the epoxy resin.

47



120

Neat
— A3
— A5
— A10
B3
B5
-B10 |

Weight (%)

b T A4 T = T ¥ T
0 200 400 600 800
Temperature (°C)

Figure 3.14: TGA graph of the neat epoxy and Ti64 reinforced epoxy composites

3.3.6 SEM Analysis of the Ti64 Powder Reinforced Epoxy

Composites

Morphological analysis of the powders and specimens were characterized using a
Carl Zeiss 300VP scanning electron microscope (SEM). SEM micrographs of the
tensile fracture surfaces of neat epoxy resin and Ti64 powder reinforced epoxy
composites are shown in Fig. 3.15 at 1kX magnification. The fractured surface of the
neat resin was marked by stress lines. This shows that plastic deformation had
occurred in the resin. The fractured surface reveals a smooth matrix surface, typical
of a brittle fracture surface of the composite. The SEM test was conducted to
examine the fractured region of tensile test specimens with Ti64 powder contents of
3-5-10%. In order to determine the homogeneity of Ti64 powder dispersion within
polymeric matrices, fracture surfaces were prepared and examined via SEM. Ti64
powders, which are used as a reinforcing agent, were not homogeneously dispersed
in the structure, and aggregation occurred. The tensile fracture surfaces of the Ti64
powder reinforced epoxy composites indicated that the majority of the Ti64 particles
were embedded in the epoxy matrix, and that the Ti64 particles were dispersed in an
inhomogeneous manner throughout the matrix. Particle traces formed during the
tensile test can be seen as voids on the fracture surface. This indicates a strong

interaction between the matrix and the particles.
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Figure 3.15: SEM micrographs of the tensile fracture surfaces of the epoxy
composites
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3.3.7 Effect of the Powder Oxygen Concentration in the

Epoxy Composites

The oxygen concentrations of A and B Ti64 powders used as reinforcement in the
epoxy composites are given in Table 3.3. Powder A with a low average particle size
has a higher oxygen concentration than powder B. The oxidation level of the
particles used as filler also affects the tensile and flexural properties of the
composites [107]. The tensile and flexural strength of powder A filled epoxy
composites increased when compared to powder B filled epoxy composites.
However, one of the important parameter is the wettability between particle and resin
interfaces. Chemical composition and surface chemistry (including surface
oxidation) are some of the influencing factors, all strongly affecting the wettability.
Strong interfacial bonding between reinforcements and resin may significantly
improve the mechanical properties. High oxidation may be cause to achieving good
particle-resin wettability [108-111].

Thermal conductivity results showed that oxygen concentration is one of the
important factors. The thermal conductivity values of B3-B5-B10 composites with
low oxygen content are higher than A3-A5-A10 composites. The presence of oxygen
acts as vacancies in the composite. Vacancies are strong phonon scatterers. The
thermal conductivity reduction can be attributed due to high oxygen content [112,
113].

3.4 Conclusions

The recycled Ti64 powder was used as reinforcement in epoxy composites for the
first time. In this chapter, experimental studies were executed to evaluate the
mechanical and microstructure properties of the epoxy composites filled within the
range of 3-5-10wt % proportion of the recycled Ti64 powder.

e The tensile strength of the recycled Ti64 powder filled epoxy composites
increased with increasing Ti64 proportion. The flexural strength of sample A
is higher than that of sample B because the smaller particles have better

dispersion, a larger surface area with the matrix.

50



The filler content affected the thermal conductivity of the epoxy composite.
The addition of Ti64 powder as reinforcement material to the polymer matrix
significantly increases the thermal conductivity of the composite compared to
that of the neat polymer.

In addition to the physical properties of the powders such as particle shape
and particle size, elemental composition of the powder also affects the
mechanical and thermal properties of the composites.

It is observed that the oxygen concentration of the powder has a decisive
effect on the mechanical and thermal properties of the composites.

TGA results show that Ti64 powder-reinforced composites have higher
thermal degradation temperature and lower degradation rate compared to neat

epoxy resin.
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Chapter 4

Effects of TiI6AIl4V Powder Properties
on the Behaviors of Particle
Reinforced Polyester Matrix

Composites

4.1 Introduction

Composite materials, which first appeared in the middle of the 20th century, are
currently one of the hottest areas of study in contemporary technology. They are
ideal for several applications in the industrial sectors of aerospace, automotive,
construction, sports, and bio-medicine, among many others, because to their

promising properties.

Modern technologies frequently call for materials with very complex property
combinations that are not possible with more traditional metal alloys, ceramics, and
polymeric materials. This is particularly true of materials used in transportation,
undersea, and aircraft applications. For instance, structural materials with low
density, strength, stiffness, resistance to abrasion and impact, and resistance to
corrosion are increasingly sought after by aircraft engineers. The combination of
these qualities is quite strong. Strong materials are frequently relatively thick and
increasing strength or stiffness typically causes a reduction in impact strength. [4].
These materials have exceptional mechanical and structural qualities, including a

high strength-to-weight ratio, resistance to fire, chemicals, corrosion, and wear, as
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well as being inexpensive to produce [114, 115]. Composites are classified based on
the morphology of reinforcement (fiber, particulate reinforced and laminate
composites) or the matrix material (metal, ceramic, polymer matrix composite). In a
polymer composite material, a matrix is a resin and the reinforcement is in the form
of dispersed particles which acts as the second phase. A wide range of
microstructures can be obtained with combinations of matrix material and
reinforcement. The relation between the properties and the structure of two-phase
materials has been studied in the past decades by many authors. In commercial
production, low-cost particulate fillers are added to plastics primary reason being
economic and improvements in molding characteristics. It is not only the material
properties of the two components or the volume fraction of the filler which governs
the deformation behavior but the shape, size, orientation and the state of adhesion

between the filler and the matrix also govern it [116].

Polyester resins and other thermosetting plastics are frequently utilized as matrix
materials because they evenly distribute stresses in all directions and can withstand
shocks and vibration. The most used resin system is polyester resin, notably in the
marine industry. The liquid mixtures of low molar mass reactants, such as
monomers, that are used to make thermosetting plastics polymerize to form strongly
cross-linked network polymers [117-119]. The qualities of the particle filler
dispersed in composite are enhanced. They have been able to find significant uses as
high-strength, low-weight materials thanks to polymer composites created in this
way. Polymer matrix composites can be reinforced with fibers (synthetic or natural),
whiskers, and particulate materials. Natural fillers include minerals such as calcium
carbonate, mica, talc, and some agricultural by products while synthetic fillers
include processed mineral products such as carbon black, fumed silica, and
aluminum hydroxide [120, 121]. The sizes of particulate fillers range from 0.1um to
about 2 mm. It is shown from the literature that the research on Ti64 powder-

reinforced polymer composites is quite limited.

In recent years nonmetals are used as reinforcement in a polymer composite, and
metal particles are prospective reinforcing material for various composites.

Composites are possible to develop with minimal overall production cost by

53



embedding waste metal particles from other manufacturing processes or recycled

materials in a polymer.

This study is concerned with the evaluation of mechanical properties such as tensile
and flexural strength for different weight ratios of Ti64 particulate and polyester
composite. Titanium alloys, which are especially preferred in aerospace applications,
have tensile strength; creep and fatigue strength; fracture toughness; It contains a and
[ stabilizing elements to obtain the necessary mechanical properties such as fatigue

cracking, stress-abrasion cracking, and oxidation resistance.

In this chapter, the flexural properties of Ti64 particle-reinforced polyester
composites are studied through a three-point bend test, in which a loading nose
deflects a specimen at a set span and loading rate until fracture. Three weight

fractions of Ti64 particles 0%, 5%, and 10% were chosen to be studied.

4.2 Materials and Method

Ti64 alloy powder was utilized as reinforcement which was recycling powder
obtained after mechanical milling. Ti64 powder of irregular shape was used in this
study. The characteristics of recycled Ti64 powder used as reinforcement are given
in detail in chapter 3. Two kinds of recycled Ti64 powder fillers with mean particle
sizes of 15.4 um and 34.6 um were used. The average particle size distribution of
the recycled Ti64 powder are given in Table 3.3. Commercial Ti64 powder of 15-45
pum was also used for comparison in the same parameters. Commercial Ti64 powder
was obtained from Nanokar Company (Istanbul, Turkey). Table 4.1 shows the
oxygen concentration in the recycled A and B powders and the commercial Ti64
powder. The oxygen ratios in the powders used in the study were measured using the
LECO TC400 instrument.

Table 4.1: The oxygen concentration in the recycled A and B powders and the
commercial Ti64 powder

Powder Oxygen (ppm)
A 34840
B 20966
Commercial 2565
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SEM images of the commercial and recycled Ti64 powders are given in Fig. 4.1. The
morphology of the recycled powders is rounded and there are satellite nanoparticles
on the particles. The commercial Ti64 particles shape is angular and has a smoother
morphology than recycled Ti64 particles. We mentioned in the previous section that
the morphology of the particles has an effect on the mechanical and thermal
properties.

Figure 4.1: Particle morphology of the commercial powder (a), powder A (b),
powder B (c)

A commercially available KP casting type polyester resin was used as the matrix
material. It is a thermoset type of polymer matrix material. KP casting type polyester
resin is an orthophthalic unsaturated polyester resin developed for general-purpose
standard casting applications. The polyester resin was KP50 with added cobalt
accelerator, which was used together with the hardener; both were purchased from
Yiicel Kompozit (Izmir, Turkey), given in Table 4.2. Methyl Ethyl Ketone Peroxide
KP50 is used for curing general-purpose unsaturated polyesters at room temperature.
It is generally added into the resin at a rate of 1-2% (by weight).
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Table 4.2: Utilized the unsaturated polyester specifications

Appearance Transparent
Colour Clear
Density 1,11 g/cm?
Flash point 32°C
MEK-P hardener KP50 % 1-2
Usable life 30 min / 25°C
Cure time 12 hour / 25°C

The polyester and hardener (%1-2) were mixed according to the datasheet provided
by the supplier. Four formulations ranging from 0, 5 to 10 wt% Ti64 powder in
polyester were developed as summarized in Table 4.3. The mean particle sizes of the
powders which are dispersed by a range of dry units were determined using a laser

diffraction particle size measurement instrument (Malvern Mastersizer 3000).

Table 4.3: The composition ratio of Ti6Al4V powder in the polyester composite

Sample code Mean particle size  Polyester Ti64 Powder
(nm) (Wt%) powder type
(Wt%)

Neat unfilled 100 0 -
PA5 154 95 5 Recycled
PA10 15.4 90 10 Recycled
PB5 34.6 95 5 Recycled
PB10 34.6 90 10 Recycled
PC5 15-45 95 5 Commercial
PC10 15-45 90 10 Commercial

A specially designed and fabricated silicon mould is used for this purpose to avoid

stick during curing, as given in Fig. 3.1.

Ti64 powder was oven-dried for 24 h at 80 °C. Ti64 powder was mixed with
polyester using a low speed stirred mechanically to avoid bubbles and hardener was
mixed into the mixture of Ti64 powder/polyester resin. In synthesizing the reinforced
polyester composites, the mass of the polyester was varied with that of the
reinforcement to give a total of 40 g (as given in Fig. 4.2).
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In case of particulate reinforced composites, Ti64 powder is added to the polyester
resin first and mixed well in continuous stirring process until a uniform mixture was
observed then the hardener is added with the Ti64/polyester mixture. Stirring of the
mixture continues for a certain duration based on the exothermic reaction. The neat
polyester resin samples were also prepared under similar processing conditions, but
without Ti64 powder.

Figure 4.2: Synthesizing the Ti64 powder reinforced polyester composites

The three-point bending test was performed with a constant loading speed of 1
mm/min at room temperature, and a span length of 102,4 mm as per ASTM D790
using a Shimadzu universal testing machine. The dimensions of the specimens are
125 mm x12.7 mm X 3.2 mm with a span of 102.4 mm length (Fig. 3.3). A fixed

span-to-depth ratio of 32 was used.

Laboratory tests were performed using the universal tensile strength testing machine
Shimadzu (AG-IC 100kN) loading speed of the deformation corresponded to 1
mm/min at room temperature. Tensile test specimen dimension according to
American Society for Testing and Materials (ASTM) D638-03 Type 1 is given in Fig.
3.4.
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4.3 Results and Discussion

Five specimens of each type were tested. The results were averaged from five tests.
All of the samples of types neat and PA-PB-PC for all cases of filler weight fractions
and sample dimensions were successfully produced with no visible defects or other
problems. Standard deviation values of tensile and bending test results are high as

each sample is produced by hand.

4.3.1 Tensile Test Results

After the tensile strength analysis, the fracture regions are given in the Fig. 4.3.
Moreover, Fig. 4.5 and Table 4.4 show the effect of adding different wt% and

particle size of Ti64 powder on the tensile strength of polyester composites.

—L!\ '
‘j\ ‘ ‘ ‘

Figure 4.3: Tensile strength testing of the polyester composites with the fracture
regions

The mechanical properties of particulate—polymer composites depend on the particle
loading, particle size, and particle-matrix interface adhesion [122]. From Fig. 4.5 can
be noticed that the tensile strength of the Ti64 powder-reinforced polyester
composites, except for the PC5 composite, increases when compared to the neat
polyester composite. It is clear that tensile strength is powerfully dependent on
particle proportion. Based on the results from the Shimadzu (AG-IC 100kN)

machine, the values of Young’s modulus of the composites were given in Table 4.4.
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Table 4.4: Tensile strength of polyester reinforced with different wt% of Ti6Al4V

powder
Sample Tensile Strength (N/mm?)  Young’s Modulus (GPa)
Neat 44.83 +2.46 1.21
PA5 47.42 +4.20 1.17
PA10 62.17 £3.16 1.92
PB5 49.35 +4.02 1.35
PB10 55.38 +£3.34 1.39
PC5 43.58 +2.22 0.99
PC10 52.67+2.71 1.48

In Fig. 4.4, the polyester composites show decreasing strain (ductility) as Ti64
concentration increases. The lowest strain values were obtained PA10 sample. The
proportion of the particles filled in PMC is important to the general mechanical
behavior of the composite. On the other hand, extreme particle adding is easy to
cause agglomeration of the fillers and therefore introduces defects to the matrix
[123]. The tensile strength increases slightly when 5% by weight of the particles is
added, while the tensile strength increases significantly when 10% by weight of the
particles is added polyester resin. If there is an improvement in tensile strength as the
particle proportion increases, there is strong interfacial bonding between the particle
and the matrix. The particle size is also a parameter that affects the mechanical

properties of the filled matrix [124].

Polyester Composites

Sfress (N/mm?)

PC5
PB5

Neat
PAS

PC10

4

0 1
Strain (%)

Figure 4.4: Tensile stress-strain curves of the polyester composites
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Figure 4.5: Tensile strength test graph of the polyester composites

The tensile strength also increased given the same weight fraction of the fillers as the
particle size decreased due to the increased interfacial area between the particle
surface and polymer matrix. The commercial Ti64 powder as reinforcement was
used in PC5 and PC10 composites produced with the same parameters. The tensile
strength of the commercial Ti64 powder-reinforced composites is lower than the
recycled Ti64 powder-reinforced polyester composites. It is known that the particle
shape affects the mechanical behavior in PMC [124]. The commercial Ti64 powder
has a more regular morphology than the recycled Ti64 powder. The irregularly

shaped reinforcement connects with the matrix in an interlocking manner [125].

4.3.2 Three Point Bending Test Results

The flexural strength of particle-reinforced polymer matrix composite is affected by
factors such as the bonding strength between the particles and the matrix, particle
size, and particle loading. The bending test is a simple supports test method that
involves a three-point bending test, in which is loading pin is lowered from above at
a constant rate. The specimen is placed on two supporting pins a set distance a part
specimen, that fixture on a universal testing machine at a cross head speed and
applied load which was gradually loaded until the breakage of the specimen occur
(Fig. 4.6).
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Figure 4.6: The universal three point bending testing machine

Details of the test preparation, conditioning, and load rate affect the test results. An
average of five specimens was taken. Table 4.5 and Fig. 4.7 show the effect of
adding Ti64 powder with different weight fractions on the flexural strength and
flexural modulus of polyester composites.

Table 4.5: Flexural strength of the polyester composites

Sample Flexural Strength (N/mm?) Flexural Modulus (MPa)
Neat 106.61 £2.44 2.280
PA5 103.92 +4.58 2.525
PA10 118.33 +3.71 2.945
PB5 101.78 +4.40 1.973
PB10 135.85+3.03 3.098
PC5 93.54 +£3.82 1.956
PC10 104.09 +2.87 2.774

The results indicated that the flexural strength decreased at the particle incorporating
5 wt% and then followed an increasing with further particle content of 10 wt%. For
the composites PA5-PB5-PC5 with a reinforcement ratio of 5 wt%, the decreased
flexural strength led to a reduction in bending stress. This may be a result of poor
bonding of the particles with the matrix and the inhomogeneous filling of
reinforcement in matrices (poor particle distribution) that diminished the support to

bending stress. The particles debond easily when the composite is subjected to load,
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which could lead to the formation of large voids [126]. The flexural strength values
of the PA10-PB10-PC10 composites were significantly enhanced compared with the
unfilled polyester composite due to good particle dispersion and strong polymer/filler
interface adhesion for effective stress transfer [127, 128]. These results imply that the
particle proportion has great effect on composite strength. For the particulate
composites, the flexural strength depends on the transferring stress between the
matrix and particles [129]. The highest improvement of flexural strength was
obtained at 10 wt% content of PB10. The lowest flexural strength of the composites

with 10% particle proportion was obtained in the PC10 composite.
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Figure 4.7: Flexural strength results of the polyester composites
4.3.3 Thermal Conductivity Test Results

The experimental results of the thermal conductivity are presented in Table 4.6. The
effective thermal conductivity of a composite material composed of one type of filler
introduced into a polymer matrix depends on the thermal conductivity of the
components, the filler's shape, size, and concentration, their dispersion into the

polymer, and the thermal interfacial resistance [85].

The addition of the recycled Ti64 powder to the polyester matrix slightly reduced the
thermal conductivity of the composite over that of the neat polymer. However, the
incorporation of the commercial Ti64 powder filler in the polyester matrix

considerably increased the thermal conductivity of PC5-PC10 composites. In the
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previous sections, the properties of Ti64 powders used as fillers were mentioned. The
morphology of the commercial Ti64 powder is regular than the recycled Ti64
powder. Thus, the Ti64 filler particle shape and the distribution of filler particles are
the critical factors controlling the thermal properties of metal-filled composites. The
result is most likely due to the different particle shape between the commercial and
recycled types of filler since the particle shape have a substantial effect on thermal
conductivity [130].

Table 4.6: The experimental results of the thermal conductivity measurements

Sample Thermal conductivity (W/mK)
Neat 0.2502 +0.001
PA5 0.2271 £0.003
PA10 0.2317 +0.003
PB5 0.2121 +0.001
PB10 0.2344 +£0.003
PC5 0.6079 +£0.020
PC10 0.6319+0.010

4.3.4 Morphology of the Composites

The fracture surfaces of neat polyester and the Ti64 particle reinforced composite
samples were investigated various fracture features under scanning electron
microscope. According to Fig. 4.8, the results of the experiment also show the
irregular stratification of filler microparticles in the matrix. According to this
observation, the quality of powder-matrix mixing process was not sufficient and
better mixing might improve the powder dispersion in matrix. Brittle type fracture
mode was observed in all polyester composite samples. However, micron-sized voids
formed by the particles were observed on the fracture surfaces. When applying the
particles to the matrix, the wetting of the particles with the matrix is very important.
The presence of particle traces on the fracture surfaces indicates that the particles are

held by the matrix material.
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Figure 4.8: Morphology of the polyester composite specimens at different
magnifications
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4.3.5 Effect of the Powder Oxygen Concentration

We focused oxygen effects on the mechanical properties in the polyester composites.
The measured oxygen concentrations in the A, B and commercial Ti64 powder were
34840 ppm, 20966 ppm, and 2565 ppm, respectively. The results show that the
powder oxygen concentration has a significant effect on the mechanical properties of
the Ti64 powder-reinforced polyester composites. The tensile and flexural strength of
PC samples decrease compared to PA-PB samples with high oxygen concentrations.
High oxidation may be cause to achieving the strong particle-matrix adhesive
bonding. In general, high oxide concentrations can provide strong particle-matrix
interfacial bonding [131, 132].

The oxidation level of the particles used as filler also affects the thermal properties of
the composites. Although high oxygen content improves mechanical properties, it
has a negative effect on thermal conductivity. Thermal conductivity decreases in PA
and PB composites due to the high oxygen content. However, a significant increase
in thermal conductivity is observed in PC samples with low oxygen content.
Specifically, the thermal conductivity increases with decreasing the oxidation level.
The presence of high oxygen causes with a reduced thermal conductivity because of
the reduced of phonon scattering. Phonon scattering from grain boundaries and
internal defects is an important factor affecting thermal conductivity. The presence of
high oxygen causes with a reduced thermal conductivity because of the reduced of
phonon scattering. As a result, the thermal conductivity determined at high oxidation

levels is lower than at low oxidation levels [133-135].

4.4 Conclusion

In this section, the effect of particle size, shape and filler content on the mechanical
behavior of polymer matrix composites reinforced with the recycled and commercial
Ti64 powder is investigated. The composites loaded at different filler weight
fractions were manufactured, mechanically characterized. The main conclusions can

be summarized as follows:

+«» With the filler loading, an increase in the tensile strength was achieved.
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A small decrease in bending strength with filler weight fraction 5% was
observed. However, an increase in flexural strength was observed with 10%
filler weight fraction.

The addition of the recycled Ti64 powder to the polyester matrix slightly
reduced the thermal conductivity of the composite over that of the neat
polymer. However, the incorporation of the commercial Ti64 powder fillers
in the polyester matrix considerably increased the thermal conductivity of the
composites.

The effects of the oxygen content of the powders used as reinforcement on
the mechanical and thermal properties of the composite were investigated.
Since the powder oxygen content forms a strong particle matrix bond, it has
an improving effect on the mechanical properties. However, it is observed
that the increase in the oxygen ratio decreases the thermal conductivity of the
composites.
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Chapter 5

General Conclusion

This thesis aims to manufacture the Ti64 alloy chip that emerged after the machining
process into powder form by using the mechanical milling method and the use of the

recycled Ti64 powder as reinforcement in polymer composites was investigated.

» In the first chapter of the thesis, the properties of polymer composites and the
characteristics of the particles used as fillers are summarized.

» In the second chapter, the particle size distribution, phase analysis,
morphology, and elemental contents of the recycled Ti64 powders produced
in various milling parameters such as the milling atmosphere, milling speed,
and milling duration were characterized. As the milling speed and duration
increased, the particle size decreased. Milling speed and duration affect the
particle morphology. It is observed that as the milling speed and duration
increase, the particle shape becomes more rounded. The particle
morphologies of DAR powders are more rounded than DAT powders as a
result of the milling process in argon atmosphere. In addition, agglomeration
and small particles attached to the surface of larger particles are observed in
DAT powders. As the milling duration and speed increased, the crystallite
size of the powders decreased in proportion to the mean particle size. The
bulk density of DAT-coded powders is lower than that of the DAR-coded
powders because of the DAT-coded powders’ more irregular particle
morphology and lower average particle size characteristics.

» In the third chapter, the recycled Ti64 powder was used as reinforcement
material in the epoxy composites. The mechanical properties and
microstructure of the Ti64 powder-reinforced epoxy composites produced
with different particle sizes and ratios by weight fraction were investigated.
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Powder shape and size, powder content in matrix affect the mechanical and
thermal properties of the epoxy composite. The oxygen concentration in the
powders also affects the mechanical and thermal properties. The tensile
strength of the recycled Ti64 powder filled epoxy composites increased with
increasing the Ti64 powder proportion. The flexural strength of A samples is
higher than that of B samples because the smaller particles have better
dispersion, a larger surface area with the matrix. The addition of the Ti64
powder as reinforcement material to the polymer matrix significantly
increases the thermal conductivity of the composite compared to that of the
neat polymer. High oxygen content of the powder improves the mechanical
properties of the epoxy composites but decreases the thermal conductivity.

» In the fourth part of the thesis, the recycled and commercial Ti64 powder was
added to polyester composites at different filling ratios by weight fraction. By
examining the mechanical and microstructural properties of polyester
composites, the effects of the Ti64 powder proportion by weight fraction and
particle size parameters were investigated. With the filler loading, an increase
in the tensile strength of the composites was achieved. A small decrease in
flexural strength with filler weight fraction 5% was observed. The addition of
the recycled Ti64 powder to the polyester matrix slightly reduced the thermal
conductivity of the composite over that of the neat polymer. However, the
incorporation of the commercial Ti64 powder fillers in the polyester matrix
considerably increased the thermal conductivity of the composites. The
presence of high oxygen in the powder causes with a reduced thermal

conductivity of the composites because of the reduced of phonon scattering.

The recycling of Ti64 chip is likely to provide both ecological and economic
benefits. In this thesis, the Ti64 chip, which are converted into powder form, are
included in the production processes in the context of circular economy. It was
concluded that the recycled Ti64 powder are suitable for use as fillers in polymer
composites. In addition, the characteristic results of the recycled powder show that it

can be used in powder metallurgy.
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