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ABSTRACT

DEVELOPMENT OF FUNCT IONALLY GRADED ALUMI NUM MATRIX
COMPOSITE MATERIALS FOR DEFENSE INDUSTRY APPLICATIONS

Y é | nfaha
Master of ScienceMetallurgical and Materials Engineering
SupervisorProf. Dr.A | i Kal kanl é
September 201922 pages

Functionally graded materials (FGMs) are advdndass of composite materials that
have agradual change in composition and structure over the entire material and many
different properties can be obtained by altering the structure. Thereforehahey
many different application areas. This study aimsdevelop functionally graded
aluminum matrix composite materials for defense applications. Firstly, porous
ceramic pellets and preforms, made of alumina@4l and olivine ((Mg,Fe)Si@),

were produed with conventional pressing and sintering processdsdntal layer of

FGM. Effect of differentsintering temperatures, different particle size fractions (for
olivine) and different amount of metal powder addition (for alumina) on relative
densities of pellets were measured. Secondly, porous ceramic pmsefowvere
infiltrated with high strength aluminum alloy AA7075 ¢Zh-Cu-Mg) by using metal
infiltration method. Thirdly, metal matrix composites (Mg)@vere produced by melt
stirring and squeeze castingethods for backing layer 66GMsusing AA7075 (A}
Zn-Cu-Mg) as matrix material and olivine 55-10 wt. % as reinforcement material.
Some of MMCs were T6 heat treated to observe the effect of heat treatment on
mechanical propertiedll samples were chacterized mechanically, physically and
microstructuraly. Density measurements pelletsshowed that from 38 % to 87 %

relative densities were achieved with different sintering temperatures, particle



fractions and metal alloy additio6 heat treatmentsicreased both hardness and

flexure strength propertiesf MMCs. Maximum hardness was measured from 10

wt.% olivine reinforced MMC as 183 HB and maximum flexure strength was

measured as 636 MPa from 5 wt.% olivine reinforced MMC. In melt infiltrated

prefoms maximum hardness was measured as 458 HB from rhkgtatad alumina

preforms sintered at 1400 AC and maxi mum f |

MPa from melt infiltrated olivine preforms s

Olivine as a reinforcement material inM\C and as a preform in melt infiltration
process was &slsuccessfullywith this thesis study for the first time in the literature

By changing process and material parameters preforms with different densities were
produced for FGM layers.

Keywords: Functionally Graded Materials, Ballistic Armors, AA7075Iuminum
Alloy, Olivine
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¥Z

SAVUNMA SANAYKK UYGULAMALARI K¢KN FONKSK
AL! MKNYUM MATRKKSLK KOMP GEKTK kMALRMEME

Y él pTaha
Y¢ ksek,Meitsad nusr j i ve Mal zeme M¢ihend
Tez DanRd Bradn & Kal kanl e

Ey Il ¢ I1,1229ayfa9

Fonksiyoné der ecel i mal zemel er (FDM) t¢m mal
kompozi syon dej i Ki mi ne sahiop ol an il eri
deji ktiril mesi il e bir-ok farkl é °czel I
uygul ama sahiamteinmaleema Bav ummha sanayi uy
fonksiyonel derecel al ¢minyum matri ksl i

ama-| amaktader . kOzkve aivinden@Mg,Fe)SxA) g tnz @ a e K IAIl

seramik pellet ve preformlar geleneksel presleme vekidkeme pr osesl er i i |

°n tabakaseé i -1in creti Il mi ktir. Far kIl é S
oranlarénén (olivin i-in) ve fpeetleriné met a
g°rece yojunl ukl ar @&na eg®zesniekoIli- ¢plrnegfkotreml
dayan-1¢é& -EnACuM@)Henmetalinf i | trasyon y°ntemi ku
edi |l mi ktir. b-¢nce ol arak, eriyikle kar ek
FDMO6nin ar ka pl akZm€&Mg) mairike malzériieSilarak, e A |

olivin5-7510 aj . % takviye malmetal mariksli kompoatr a k k
mal zemel er ( MMK) ¢reti |l miktir. Bazée MMK©6GI
i -1 n |1 TG ké éni yapeéel mékteéer. Tém numunel er
ol ar ak karakterize edilmiktinde RBelndtelreérei
sécakl ekl aré, farkleé tane boyut oranl are
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yojunl wWlel agdidélmi ktir . MMKO& Il ar a uygul anan T6
dayanbBmimnde sertlik ©°zellikleriniéeseéeylil exktir:
i Kl em g°rm¢gk aj. %10 olivin i-eren MMKoédan e
e] me dayanémé agsél%ws wllaeamign®rimewr eMMKodan el d
MPa). Metal infiltee i | mi Kk pref ormlardan maksi mum sert]l.
al ¢nmprneaf or mdan 458 HB ol arak °I-¢1 mgk ve mal

Acode sinterlenmik ol i WVilneg |prixfterrmdan 487 MP

Bu -aléxkxma ile olivin i |lvi&prfoezinfiltbhagayorar €1 & bir
-al ekxmal ar éndp@a, kfuddlain@l mekumwll ukl arda g°zenek
deji kKken proses Ve mal z e me parametrel er.i [

e rieltmi Kkt ir .

Anahtar Kelimeler: Fonksiyonel Dereceli Malzemeler, Balt i Kk Zér h, AA 707

Al ¢minyum Al akémé, Ol ivin
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CHAPTER 1

INTRODUCTION

In today, defense industry is one of the most important industry bfanchuntries.
Countries makes many investments for their defense expenses. In defense industry,
there are may different systems are being studied like weapons (rifles, missiles,
rockets, guns, grenades, et cetera), avionics, cameras, electronicslsnateuctural
elements for aircrafts, ships and ground vehicles et cetera. Among all these systems,
ballistic armor protection systems and materaksimportant featureand they have

been a topic for many researches, since they are designed to peoiglet, vehicles,
systems, buildings.

Preliminary personal protective armors were made of various animalakihheavy

metal shields and to protect cities, city walls and ditches had been built. However,
with developing battle technologies and weaposteays, these materials have been
insufficient to protect the things mentioned above high enough. And, heaay me
shields and clothes were too heavy to carry. They were adding more than 20 kilograms
on armies. Later, rolled homogenous steels were devel®peg have been used and

still being used by systems due to its weldability, high hardness and relatively goo
ductility properties. But it still puts on much weight on systems. In 1970s high strength
ballistic fibers were started to use. Ceramic faceerfbacked armor plates are still in
use. But ceramic materials do not have rrhilticapacity. A novel mataal called
functionally graded material has been studied. This material has variable properties in
one or more than one direction thanks to its positional or structural difference in

its structure. In ballistic armor applications starting with a higaroér content frontal

layer and ending with high metal layer by changing the composition of layers could
be a good solution. And this can be pr@ddy functionally graded materials.



In this thesis study, functionally graded metal matrix composite migtesiare
produced. Layers were produced and characterized separately. For matrix material AA
7075 (AFZn-Cu-Mg) aluminum alloy was chosen fdts superior mechanical
properties which make it suitable for an armor system. For reinforcement material,
olivine (a natural occurring mineral composed of iron and magnesium silicates), and
alumina (AbO3) were used. Firt, ceramic preforms were producé get a high
ceramic percent frontal layer using conventional pressing and sintering processes and
preforms werénfiltrated using squeeze casting method. For intermediate anohack
layers, reinforcements were added into liquid metal and they weegldth be wet by

liquid metal. Amd they were squeeze casted-7.5 and 10 weight percent
reinforcements used. Ahé¢ same time, various compositions ceramic pellets were
produced and sintered at different temperatures to examine optimum processing
paramegrs for these materials. After the production step all specimens were
mechanically, physically and microstructuyadixamined using mechanical testers (3
poi nt bending machine, hardness measur ement
measurement, and Scannimdectron microscopy and optical microscope. It is
proposed from this study that, functionally graded metal matimposite materials

can be a new solution to new ballistic protection systems.



CHAPTER 2

LITERATURE REVIEW

2.1.Ballistic Arm ors

Ballistic armors are equipment that are developed and used to protect ordnance, people
and buildings from various size and shapél stagments and bullst Humankind has

always been studied to protect themselves from threats that are coming from outside
and consequentfyballistic science has been developed throughout the history. The
ballistics is a science that examines the bainaracteristics and ambient conditions

of abullet from the barrel until it hits the target, as well as the behavior of energy
discharge and deformation after impact. Ballistic science is divided into three with
respect to its work item. These are intefatlistics, exterior ballistic and terminal
ballistic. In interior and exterior ballistics, movement of a projectile in barrel and
during flight is studied and in terminal ballistic, deformations on target material and

projectile is studied after collisiooccurs 1].
Ballistic armors are separatado three groups for their area of utilizatidng]:

1. Personnel Armors (bullgiroof vests and helmets, egkasses)
2. Light Armors (armors used in helicopters and aero planes)
3. Heavy Armors (armors used in velgsland tanks)

Personnel protection armorseacomposed of soft and hard layers. Soft layers are
generally made from fibers (for example ulligh molecular weight polyethylene
(UHMWPE)) and hard layers are made from ceramic materials. For weapon ahd smal
arms only fibers can be enough. However, fifle attacks, ceramic materials are

needed as additional matera].



Both light and heavy armors are used in vehicle protection. Nevertheless, the
distinction in between two is the platfosiiat they areised.Sea, ground and air are
threeclass of the platforms. Ground vehicles, ships, and airplanes. In every platform,
meeting different mission requirements is an issue. While in a severe war
environment, heavy and hard armors are needed especially imdgrehicles, in air
vehicles and bds, light armor materials and system should be used to keep weight at

minimum and increase the payload volume [2].

Figure 2.1. shows an example for armor design process. When there is a new threat,
conceptual design ofraor system is done. Here, the getnypeand design
requirements are determined. After that, a materials research team selects the
appropriate materials that can meet design requirements and ballistic test or modelling
simulations are done. If the modellmallistic shoot pass the test, itnche said that

new armor can be used in the field [4].

¥
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Figure2.1. New armor design steps [4]



There are various international ballistic test standards to medserbalistic
protection level of armorsThe mostly used ballistic test standards are National
Institute of Justice (NIJ) for personnel armors and Standardization Agreement
(STANAG-4569) for Logistic and Light Armored Vehicles [2, 4, 17].

2.1.1.Ballistic Performance and Armor System Testing

Ballistic performance of an armor material is affected by several factors. Material
itself is a big factor in determining the ballistic performance. However, external

factors are also efficient in performance determination4l,2,

The weight of the material directly affects the total mass of the system. It is aimed to
have the same ballistic performance with lighter materials. Nevertheless, light
materials for vehicle protection might be very heavy for personnel protectioa. So,
tee m call ed Aareal densityo is used to ad
Areal density is the weight per unit area of the armor required to provide protection
against a specific ammunition and can be simply expressed as a multiplication the
depthof penetration of a specific projectile with the density of the armor material. To
understand whether the armor system is lighter in weight or not, a comparison of areal
densities of armor materials with the areal density of rolled homogenous aemlor st
(RHA) is done When the ratio is found to be two, it means new armor material has
the same ballistic protection level at the half weight of the RHA [4, 13].

(0]
O O 1
wZ C Szt
(6]
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Other materiadependent ballistic performance determination factors are hardness,
fracture toughness, modulus of elasticity, tensile and bending strength, antyporos
The hardness of armor material must be higher than the projectile. A material with

high hardness isaforable since hard material can deform projectile nose when it hits



the armor material. Furthermore, when the armor material is broken upon irhpact, t
projectile will further be abraded by armor material while it passes through it. The
armor material musbe durable and withstand the tensile stresses when collision of
projectile occurs. Fracture toughness is another important material parameter on
protecting the system against threats. The higher the fracture toughness, the better the
ballistic performane. Modulus of elasticity of the material also has a great effect on
ballistic properties. A high modulus of elasticity materials will have a smafkns

for a given stress compared to a material that have relatively lower modulus of
elasticity and thidrings into a faster increase in stresses of projectile and the material.
Sonic velocity in materials are direct proportional with the square raabdtilus of
elasticity. The higher the modulus of elasticity, the higher the sonic speed and thus the

loadcan be spread over the wider region in armor materials [4, 13, 18].

Projectile geometry and velocity are two significant factors in ballistic effigier

armor materials. In projectile geometry, diameter, mass and tip geometry of a specific
projectile ae three main factors. In a study conducted by Naik and Doshi [19], ballistic
limit increased with increasing projectile diameter at constant weigtht nese
geometry of projectile. And ballistic limit decreased with increasing projectile weight
at constantliameter and geometry of the projectile [1, 19]. The projectile velocity is
also very important. The reaction of ballistic armors to threats igeliffeccording

to the velocity of that threat. At relatively low velocities (<700 niAg) penetration
regstance of a material is governed by the dynamic deformation mechanisms within
the projectile and targeAt very high velocities (>5000 m/s) the nraéexhibit liquid
behavior. At middle level velocities which is the range of most military weapons work,
(7005000 m/s), hydrodynamic effects dominate and the penetration response
becomes controlled by only the density of the impacted materigletermne

efficiency [12].

As it can be seen, not only inherent properties of materials affect the ballistic
pefformance, but also projectile geometry, velocity, material and weight have critical

effects in ballistic performance. It can be concluded from thgnmation that there



Is not only one armor material solution for all ballistic protection. Because of this
reason, there are various material types used in the armors to meet different mission

requirements.

Standardization of tests and processes is veppitant. It is true in ballistic armors

as well. There are several standard test methods for ballisticgteAmong all
ballistic test standards, two widely used test standards are NIJ 0101.06 and STANAG
4569. Test methods are shown in Table 2.1 andeTaBl [4, 17].

Table2.1. NIJ 0101.06 Ballistic test stdard [4]

Protection Level Projectile Weight (g) Velocity _
Type IIA 9 mm (FMJ RN) 8 373 N
40 S&W 11.7 352 N
Type I 9 mm FMJ RN 8 398 N
.357 Magnum 10.2 436 N
JPS
Type lIA .357 SIG FMJ 8.1 448 N
FN
44 Magnum 15.6 4 3 69.1N
SJHP
Type Ill (Rifles) | 7.62 mm FMJ 9.6 847 N
M80
Type IV (AP Rifle)| .30 caliber AP 10.8 878 N
bullet (M2 AP)

Figure 22 shows ammunitions thare used in ballistic test of armor materials. As it
can be seen, various size and shape ammunitions are used to determine ballistic

protection levels of armor materials.



Balistik Test Miihimmatlan
Ballistic Test Ammunition

Figure2.2. Ballistic test ammurions [19]

STANAG 4569 /AEP 55 Volume 1 defines kinetic energy threats and fragments that
are generated from detonation of an artillery shell or fragmentmgovised
explosive devicesTable 2.2. shows kinetic energy threats aridfleny threats with

their level of ballistic protection. As mentioned earlier, there is no ongarmor
material which can protect systems or people from all threats coming from outside.
Thus, different armor materials are being studied for differesat af utilization.



Table2.2 STANAG 4569 / AEP 55 Volume 1 Ballistic Test Standard [17]

L
\e/ Kinetic EnergyThreat Artillery Threat (FPS 20 mm
e
I
Ammunitions | Velocity | Azimuth | Elev. | Velocity | Azimuth | Elev.
(m/s) (m/s)
7.62 mmx 51 833 0360080 520 0360|018
NATO Ball
5.56 mm x 45 900 0360080 520 0-360|018
1|_NATO SS109 )
5.56 mm x 45 937 0360|080 520 0360|018
M193
5 7.62 mm x 39 695 0360|0480 630 0-360|022
API BZ
7.62 mm x 854 0360|0480 770 0360|030
3| 54R B2 API
7.62 mm x 51 930 0360|0480 770 0360|030
AP (WC core)
4/ 145 mmx 114 911 0360| 0A 960 0-360[090
API/B32
5 25mmx 137 | 1258 N 30 O0A| 960 0360090
APDST.
PMBO073

2.1.2.Ballistic Impact Mechanism of Materials

As it was mentioned in previous title, there is agpecific material which can meet
the required protection level. Thus, there are various kinds of ballistic applications
with very different kinds of materials. These armor materi@la be a rolled
homogeneous armor steel and they can be very high engihadvanced material
with respect to their application areas and usage aims. Therefore, understaading

ballistic impact mechanism of armor materials is very significant.

When a prgectile hits on armor material perforation occurs in three steps. Hnese
impact, penetration and exit as can be seen in Figuré&Vhén impact velocity isery

low than ballistic limit, the projectile forms a crater on the surface of armor material



and stay there. This is the mostly preferred situation in armor applicatiorthe
second scenario, if velocity of impacted projectile is just smaller than the ballistic
limit, penetration starts. If projectile velocity is higher than the ballistic limthat
armor materialpecause of the shear force of projeqtileggingoccursand projectile
completely perforate the material and ¢Rit

Perforation(%) - impact velocity grapls an important grapfor ballistic materials.
In the safe case, ballistlimit should be smaller than the half of impact velo¥gy.
After the point ofVgo, fully penetrationstartsand it can cause some vigiroblems

for ballistic armor [3].
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Figure2.3. Steps in ballist impact and impact velocitly perforation % grapkB]
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2.1.2.1.Ballistic Impact Mechanism of Metals

Metals are commonly used materials in ballistic applications. They have some
significant properties that make them suitable for ballistic armor materials. Téey a
cheaper than other materials and metals can be joint with ether by welding,

brazing and some other processes. Secondary and post processing can be done to
metals like heat treatment to make their mechanical properties better. Metals can be
used moe than one timethey have multihit capacity, a projectile caih dn metals

more than one timeOne disadvantage of mostly used matamaterials is their

relatively higher density compared to fibers and ceramic matg3ials

According to Yungwirth andhis ceoworkers, ductility is a significant parameter for
ballistic metals. As it can be seen in Figurd.2the ductility of metal should be
balanced If metal has low ductility, it shosvbrittle fracturebehaviors like ceramic
materials On the otherside, if metallic material has high ductility, projectile
penetratesvhole material anexits Therefore, moderate ductile metals should be
choser{30].

Low Ductility High Ductility
(a) * (d) ‘
_
Spall fracture Petaling (frontal)
(b) * (e)
Plugging Petaling (rearward)

Radial fracture Ductile hole enlargement

Figure2.4. Ballistic impact mechanism of met48j
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2.1.2.2 Ballistic Impact Mechanism of Ceramics

Ceramic materials have some good properties which makes them useful in armor
applications. Ceramic materials have low density and correspondingly have low
weight. Ceramics are hard and have high elastic modulus v&laoesover, they have

high compressive strengtRigure 2.5. shows ballistic impact mechanism of ceramic
materials. When arojectile hiton the surface of a ceramic material, many cracks
formsand the kinetic energy of the projectile is transferred to mahterthe form of
cracks. This is the main impact mechanism of ceramic matehials, these cracks

that are fractured from ceramic material will deform the projectile since they are very

hard and have high compressive strerjgi8l]

Ceramic materials dve mainly two disadvantages. One disadvantage is that the
stressstrain values are only in elastic region which means taeyotbe deformed
plastically. The other disadvantage is that they do not have a multihit capacity.
However, this drawback can logercomel by statistics because of the fact thas
really hard to hit a material from the same point in a battle$igltistically [3,35]

@) . Hard projectile
\d

Ceramic

Support plate

Deformed / fragmented projectile

(b)

Projectile debris

(C) NaX o /

Hinge propagation

Figure2.5. Ballistic impact mechanism of cerarmaterialq4]

12



2.1.2.3.Ballistic Impact Mechanism of Fibers

Fibers are another mostly preferred form of materials in ballistic armor applications.
Fibers from carbon, aramid and glass are used usually with polymer matrix materials.
These fibers can also be usedhwihetal maix materials. Fibers have many
advantages that make useful them in armbingy have very low densities compared

to metals and ceramicbloreover, they have high elastic modulus so that they can
absorb energyWhen a projectile hit on it, thekeill be ahigh stres®n the tip of the
projectile and this stress will be spread over the fiber to a wideaarkthis energy

will be completely absorbedhis is the main impact mechanism of fibggse Figure
2.6.)[3,32.

(b)

Secondary
filaments

Transverse
deflection

Figure2.6. Ballistic impact mechanism of fibef3]

One drawback of fibers and fibeeinforced composite materials is their high

production cost.
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2.2.Functionally Graded Materials

In most engineering applications, expectations fronenads areyenerally conflicted.

An application might necessitate the usage of a material that is both hard and ductile.

Any material in its pure statis available to meet this need. Thus, combining a metal

with another metal in molten state call@dc onvenbiyomaglo a&lah serve |t
requirements. However, because of thermodynamic equilibrium limits, there is a limit

in solubility of metals in between each other. In addition to this, when combination of

two different material that have very highfdilencein melting point conventional

all oying 1is not a suitable method. Anot her
Metal l urgyo is a method that materials in p
pressing and sintering processes. Parts that are produdegowder metalligy

techniques have great properties like improved wear characteristics and having near

net shape, wide composition range, et cetera. Despite the great properties of powder

metallurgy parts, there are some deficiencies. Complex shape qzem®t be

producel easily, and fully dense structure achievement is hard. Consequently,

mechanical properties decrease [8].

An advanced <class of mat erials called fAcomp
materials that have exceptional properties. Com@aonsaterials are ade of two or

more materials with distinct physical and chemical properties. Thus, producing a
material with similar or better properties and lighter in weight is possible. Like all
materials have some deficiency, composite materials de Bame inadequgc
Composite materials fail under extreme service conditions. In a high temperature and
temperature cycling conditions when two materials with dissimilar thermal
expansions is used, they will fail due to different thermal expansion valubese
materias. To eliminate this problem, in 1980s in a hypersonic space vehicle project,
researchers in japan encountered with a problem requiring a thermal barrier where
outside temperature was 2000K and inner temperature 1000K and this gradient was

10 mm thick naterial. And they came up with Functionally Graded Materials (FGM)
[8].
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Figure2.7. Modern material evolution as for FGM [7]

FGMs is a novel material that have different properties throwigits structure
Having varying property is provided by its gradual change in chemical composition,
porosity level, phase distribution and microstructure. Thus, mechanical, electrical,
thermal and magnetic properties differ in particular regions ofntlaiterials so that
these materials can be used in many different arefs 20]. Figure B. shows
different forms of FGMs. This gradual change can be in the fraction level of one of
the constituents through one direction of the material, orientationetonstituent

may change through one direction or orientation can change and different size of
constituent can be used in different regions. Thus, there will be a property change in

one direction thanks to this structure change in this direction [21].
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Figure 2.8. Different gradient types in FGM (a) fraction, (b) shape, (c) orientation (d) size [21]

The change in thstructurecan be either continuous or stepwise (Bigire 29.). In
continuous structure change, there isgedual change in composition and
microstructure in one direction. In stepwise graded structure, this change occurs
sharply, and the structure is composédaltilayers with interfaces in between each

separate layer. Each type of graded structures seéiffeent purposes [22].

Material gradation
Material gradation

Figure2.9. (a) ntinuous structure change, (epPwise structure chand@?]
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The significant characteristics of the FGM made them to be favorable material in

almost every areaf @application

In the aerospace industmocket engine components, heat exchange panels, turbine

wheels, turbine blade coatings, nose caps and spatiesare produced

In automobile industry, it is still limited because of its relatively high cost of
production, engine cylinder liners for diesel engine pistons, for leaf springs, spark

plugs, combustion chambers, flywheels, racing car brakes.

In biomedical, human body has natural FGMs which are bones and teeth. When these
parts are damaged, they canréplaced with artificial FGMs. Implants with porosity
graded structures are produced.

In defense industry, FGMs offer great advantage to inhibikquempagation when a

projectile hit on it.

In energy industrythey are used imner wall of nuclear redors, thermeelectric
converter for energy conversion, solar panel and solar cells, tubes and pressure vessels,

turbine blade coatings and for therrbalrier coatings.

In electrical and electronics industriéisey are useth thermaishielding elementsi

the micreelectronics, in semiconductors, for insulators, and to produce sensors.

In marine implementationsFGMs are used in the propeller shaft, sonar domes,
composite piping system and the diving cylinders.

In opto-eledronics,they are used iapticd fiber materials, the lens, and grinsh lasers,

solar cells, magnetic storage media and in the production of semiconductors.
In sport equipment used tennis rackets, golf clubs and skis. [6,7]

As it can be seen from usageeasd ue t o F G MsyGange ofreperdes,r i et

they find many application areas)da it is indispensable that their usage will
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continually increase with developing technology and decreasing in production cost.

Figure 2.10shows areas of application

FGM

3

Compositional || Nicrostructural | | Porosity gradient
gradient FGM | gradient FGM FGM
l [ l L)e!'ence ArmouJI"y
Automobile Aerospace Defence Ens;r Dental Autopedic  Filter

Figure2.10. Application areas of FGMs {8]

2.2.1.Production Methods of Functionally Graded Materials

FGMsare mainly grouped into two categories in accordance with their thickness [6].

These are:

1. Bulk FGMs
2. Thin FGMs

Thin FGMs are genetgl thin sections and coatings. They are produced by vapor
deposition techniques (Physical Vapor Deposition (PVD) @imical Vapor
Deposition (CVD)), Plasma Spraying, Splopagating High Temperature Synthesis
(SHS) [20].
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Bulk FGMs are relatively thickalyers and materials that can be produced by several
producing techniques. Producing techniques for bulk FGMs carmbpeayd into liquid
state processes and sedithte processes. Since in this study bulk FGM layers from
ceramics and aluminum matrix compesmaterials were producedth liquid state
processesbulk FGMsliquid production techniques related to productiminthis

material type will be explained in the following section.
2.2.1.1.Squeeze Casting

Squeeze casting is a casting method in which solidifioatf metal or metal matrix
composite parts occurs under applied pressure in a metal die. It can be said that it is a
combination of die forging and permanent mold casting. Figure 8hows steps in
squeeze casting. The cast parts that are producedsguteze casting can be used
readily in service or only minor post processing may require. Thus, this process is

regaded as near or near net shape processing technique [5, 11].

punch

s punch

Ejector plate

punch

Figure2.11. Process stepa squeeze castirfg]
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The squeeze casting process occurs in four steps. These steps are:

1. A predetermined amount oiguid metal is poured onto the lower die.

2. Upper punch squeezes the liquid metal until solidification of the metal takes
place.

3. When the comlete solidification occurs, the upper punch is drawn to the its

initial level.

4. Finally, casted part is ejected hgeion pins [11]

The squeeze casting process is mainly grouped into two with respect to application of
pressure. The pressure can be a&gpleither directly onto metal that are being
solidified or exerted through a feeding metal. These methods are daketl and
indirect squeeze casting. if pressure is directly applied on solidifying metal, the
process is called direct squeeze castingragsure is applied on a feed metal then the
process is called as indirect squeeze casting. Schematic view ofviloescesses

can be seen in Figurel2.

Press Ram
Punch
Punch Feeding System
Die Cast Product

Direct Indirect

Figure2.12. Direct and indirect squeeze castiprocesses]

Further classification with respect to squeeze casting equipment can be done. Direct
squeeze casting machines are grouped into according to metal movement in the die.

However, indirect squeeze casting machines are grouped into four czdedbese
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are: \ertical die closing and injection, horizontal die closing and injection, horizontal
die closing and vertical injection, vertical die closing and horizontal injection. These
machines are produced either designed and produced either bghesear machine

tool companies [5, 11].

= E

Figure2.13 Various squeeze casting meth§sls

In squeeze casting, there are various process parameters that can directly affect the
microstructure and mechanicptoperties of the casted parts. These are casting
material, squeeze pressure, die temperature, casting temperature, die coat, time

interval over which the pressure is applied [11].

The alloy being casted has a direct effect in squeeze casting processellihg
temperature of alloy affects die life. At the same time, thermal conductivity of the
alloy together with heat transfer coefficient and soldering onto die material. The higher
the melting temperature of the alloy, the shorter die life. Thus, irgie@uminum

and magnesium alloys are being used. And the composition of the alloy determines

the freezing range and hence it affects the quality of the finished products [11]
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Pressure is another important process parameter that can affect phase mgaifons
alloys being casted. This effect can be expressed with Cla@&apgyron equation:
YY o ®
il Y—0=
Yo YO

In the equation, flis the equilibrium freezing temperature,avid \s specific volumes
of liquid and solid, resmtively, and H is the latent heat of fusion. When
thermodynamic equation for volume (the liquid metal is taken as ideal gas in the
calculations) is substituted in the equation, the effect of pressure on freezing

temperature can be estimated as followiggation:

YT

Y'Y
Po, Hr and R are constants. Thus,niust increase with increasing pressure. This
theoretical calculation has been proved with experiment. In Figudedven below,
application of approximately 150 MPa squeezprgssure increased the liqus
temperature about 9 AC and eutectic point
region in an aluminum silicon binary alloy. This phenomenon improves mechanical

properties and microstructures of squeeze casted parts [11]

ressure = [ kifobar,

Temperature, T

S —

Figure2.14. Effect of rapid cooling and pressure application on th&idinary phase diagraff]
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Pressure application also improves wettability of reinforcement particles in metal
matrix composite mat&ls. And application of gssure reduces air gap in between
metal and die and thus helps heat dissipation from part to die and consequently rapid
solidification occurs [5]. The pressure in squeeze casting process is usually kept in
between 50 and 150 MP

The casting and die temmagure are another important parameter in squeeze casting.
in the theory, the melt undercooling can occur in a most efficiently when the squeezing
pressure is applied onto casting while the metal temperature is below its liquidus
temperature [5] and thealtemperature is generally keptatZ50 0 A C [ 11]

The general advantages of the squeeze casting process can be summarized in below:

1. Since the solidification occurs under applied pressure, the cast part has
minimum or no gas posity and shrinkage poragi

2. Parts that are produced with this technique are near net or net in shape. This
eliminates the material wastage. (no runners, gates, feeders and shrinkage
compensating units are required).

3. Since solidification occurs under digal pressure, the castabyjlof the alloy

is little or no concern. Both wrought and casting alloys can be casted using this

process.

Parts have exceptional surface finish with fine grained structure.

Superior mechanical properties can be obtained.

Partshave almost no porosity aisdgregation.

Non-equilibrium phases can be obtained thanks to applied pressure.

Both metal and metal matrix composites can be produced.

© © N o 0 b

Preform infiltration process can be done. This provides having composite

materials with higlteramic content in the sicture [5, 11]

The disadvantages of this technique are cost and die wear due to high temperature and
pressure. However, in mass production and Hoghlity product needs, these

disadvantages can be eliminated [5,11].
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2.2.1.2 Melt Infilt ration Technique

Melt infiltration technique is a liquid state processing in which metal matrix
composites can be produced. In this technique, a preformed ceramic material is
infiltrated by liquid metal. If ceramic preforms are produced in a graded fodm an
infiltrated with liquid metal, FGMs can be successfully produced. The production of
functionally graded aluminum matrix composite materials with using this process can
be done in two steps. The first step is the production of ceramic preforms. And the
second step is infiltration fothat ceramic preforms with liquid metal. Ceramic
preforms can be produced with various techniques. The simplest and easiest way is
sintering of coarse ceramic powders or incomplete sintering of fine ceramic powders.
Another wayto produce ceramic prefosns foam replication method. In this process

a ceramic slurry is coated onto a porous polymeric material with open cell structure
and firing out of polymeric material leaves a porous ceramic preform. Addition of
pore forming agets into ceramic powder enother way to produce a porous ceramic
preforms. Pore forming agent materials can be wax, starch, carbon fiber, et cetera. The
porosity in ceramic preform structure can be altered by changing the amount of pore
forming agentsAfter ceramic preform is pduced, the second step in melt infiltration

process is infiltration of liquid phase into ceramic preform [22].

Due to nonwetting nature of most liquid metals on ceramic materials, it is generally
not possible to infiltrate theeramic materials with ligd metals without application

of an external pressure. The pressure can be applied using an inert gas (gas
infiltration), a direct contact with a squeezing ram or vacuum application so that

infiltration process takes place [22].
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Figure2.15. Pressure increase during squeeze casting for two melt velocities [22]

Figure 2.5. shows infiltration time and pressure in infiltration process with two
different infiltration speeds where i higherthan \. As it can be seen in figure there
are three distinctive region in a metal infiltration process. In the first region starting of
infiltration process occurs until capillary thereshold pressure is reached. In the
beginning a thereshold mssure shdd be reached to start the infiltration. This

pressure can be calculated using capillary law:
0 ——wéi —

G is theliquid vaporsurface tension of the metfjs the contact angle angldrauiicis

the hydraulic radius. Whethresholdpressure is reached, the liquid metal infiltrates
into capillaries of the preform. After the complete penetration, a small increase in
pressure occurs due to filling of micropores in the structure [22]. FiguBeshdws

a omplete infiltration process of ceramic preforms using gas pressure infiltration

process [7].
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Figure2.16 Gas infiltration process

2.2.1.3.Stir Casting

In stir casting process, reinforcement particlesadednto liquid metal and stirred
with a stirrer screw. The process is very useful for metal matrix production and it is a
costeffective production method for composite production since the system does not
use advanced equipment. Figure72.8hows aschematicview of the stir casting

process [7].

The reinforcement particles can be added into liquid metal with several methods.

These methods are:

1. Reinforcement particles can be incorporated into matrix alloy through a
feeding system using an inert gas

The partites can be added during pouring the liquid metal into die

A piston can push the particles in liquid metal

The particles can be sprayed with liquid metal onto a substrate

o bk 0N

The particles can be distributed in the matrix with vortex [7, 23, 24]

The stirring speed, casting temperature, stirring time, and stirrer geometry have effect
on the efficiency of the process. And distribution of reinforcement phase should be
homogeneous throughout the structure to have better mechanical properties in finished

products
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Figure2.17. Melt stirring process

2.3.Armor Studies
2.3.1.Related Studies in the Literature

In the literature, there are many armor studies with many different materials and
processing routes. Ceramics, metalsl omposite materials are widely used in
ballistic armor production. Among all materials, studies that were conducted only on
metal matix composite materials will be presented here.

Kal emt ak eballistec broperses af boroe chrbide B) infiltrated with an

aluminum alloy without pressure. They used two different particle size;©fe3

coarse and fine and they examined tffect of heat treatment on the properties of
infiltrated ceramic preformd’hey observed an increase in hardness and compression
strength valuesvith heat treatmentn ballistic tests conforming to MHSTD-6621,

infiltrated composites which were subjected 48 hour s heat treatH
11.5mm thick composite material with 10 mm thiclkgass composite backing layer

provided level 4 ballistic protectidB7].
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Senthilvelan et al. produced metal matrix composites (MMCs) by stir casting process
followed hot rollingusing AA7075 as matrix matetiand BC, AlO3 and SiC as
reinforcement materials. They were compared mechapicgderties of 10 wt. %
reinforced composites with each other and with no reinforced added matrix alloy.
Microhardness (HV 0)results were obtained as 96, 120.5, 112.31&&dfor O wt.%
reinforced, 10 wt. % SiC reinforced, 10 wt %®% and 10 wt.% BC composites,
respectively.Tensile strengths were measured as 125 MPa, 182 MPa, 235 MPa and
304 MPa for 0 wt.% reinforced, 10tv#o SiC reinforced, 10 wt % ADz and 10 wt.%

B4C composites, respectively. And finally, elongation % were measured as 6.86, 3.2,
3.33, 4.33 for 0 wt.% reinforced, 10 wt. % SiC reinforced, 10 wt 994Adnd 10 wt.%

B4C composites, respectivey8].

Yélzmaand Kal kanl & synt heaanforzesl dA Tbdnatixh ar act er i
composite materialsith 10-15-20-25-30 wt. % reinforcement level of SiC. They used

stir casting followed by squeeze casting methods and they did T6 heat treatment to

some samplesntsee the effect of heat treatment on the mechbproperties of

samples. They observed a homogeneous distribution of reinforcement phase in matrix

alloy. The maximunaveragdlexure strengttand tensile strength weobserved from

T6 heat treated0 wt% reinforced MMCs a§80 MPa and 340 MPa, respieely.

Effect of different aging heat treatment durations on hardness values showed that 24

hours aginga t 1 @ides Mak&imum hardness valuend hardness increased with

increasing amount of the reinforcement parti¢8&y.

Ubeyli et al. investigatethe ballistic performance ofsB reinforced AA7075 based
FGMs. They were produced FGMs with hot pressing. Two group of FGMs were
produced with repect to amount of reinforcement particles in middle and top layers.
In both FGM AA7075 was used without anynfercement as backing layer. In the
first FGM 10 wt.% and 20 wt.%4& was used in middle and top layers, respectively.
In the second FGM 20 wt.%nd 40 wt. % BC was used in middle and top layers,
respectively.They measured hardness values of differapeds for different aging

hours (in heat treatment). They also did ballistic test using 7.62 mm AP. And they
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reported that ballistic tests of tpeoduced samples were failed. And they concluded
that more than 25 mm thickness of this armor material iseteecharder material
with increasing ceramic content in the structure is needed to have better ballistic

protection against given projectii&Q].

I n a study conducted by Kalkanl é et al
ceramic materials were ed to produce ceramic preforms which they were then
infiltrated with AA7075 alloy They used both pressure and pressureless melt
infiltration proceses to produce melt infiltrated preforms. They achieved 85%
ceramic phase containing compositédhey also studied effect of solutionizing
temperature on hardness of AA7075 materials and maximum hardness values were
obtained from 47 &mpaghAad us el utiitonni Z2h g AC.e 2
temperature and time, respectivelihey achieced the maximum average hardness
value from melt infiltrated alumina pref
[41].

Demir et al. investigated the ballistic performsa of some aluminum alloys: AA
7075, AA 5083 and AISI 4140 steel against 7.62 mm AP projectile. And they did
some heat treatments to AA7075 and AISI 4140 to see the effect of hardness and
strength on their ballistic performance. The best ballistic pegonobtained from
AA7075-T651 with areal density of > 85 kgfmThey also reported that 25 %
reduction in the weight of armor is provided with AA70¥651 compared to RHA

of 380 HB [42].

2.3.2.Aim / Motivation of the Study

Defense industry needs advanced malesolutions for better ballistic protection
against various threats and expectations from armor materials are: having a multihit
capacity having a low weight to keep the overall mass minimbigh penetration

resistance to different threats and beirigtrneely cost effective.

This study aims to develop aluminum matrix composite materials ballistic layers for

functionally graded materials using squeeze casting for vehicle protection.

29



As it can be seen in the literature review, alumina, boron carbidsilasah carbide

were used in the production of ballistic protective ceramic and metal matrix composite
(MMC) material armorsin this study, olivine, a naturally occurring silicate mineral,

will be used first time in the literature to produce MMQdivine is widely used in

casting mold It has high deposit in the earth crust and its production does not
necessitate advanced engineering processes and equipment like used in the production
of advanced engineering ceramittshas relatively high hardness (6/5mo h sadd)

very cheap material more than 10 times cheaper than alumina cerAihitese
properties of olivine makasan interesting raw material to be used in ballistic armor

studies.

Most of literature studies use powder metallurgy processes to grddytc ceramic
content MMCs. However, in this study, melt infiltration process will be used in

infiltration proces®f ceramic preforms to produce high ceramic content MMCs.

AA7075 aluminum alloy has been used by many researchers to produce high strength
components. Thus, it is aimed to have superior mechanical properties with using

AA7075 as a matrix material in compi@sproduction.
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CHAPTER 3

EXPERIMENTAL PROCEDU RE

In this chapter, experimental procedures used during this study were showed and
explained wih details. During experiments, various methods were used in order to
comprehensively ureistand and characterize the properties of materials. Raw
materials of ceramics (olivine and alumina) andtrix alloy (AA7075 aluminum
alloy) which were usedh the eyerimentsare explained. Productiotechniqueof
ceramic materials and metal matrix carsjte materialsare given. Also,
characterization methods and equipments used in experiraentiven in this
chapter. Figure 3.1. shows steps of experimental proegahich were employed in
this study. Experiments, testing and characterizatfaompsiteswere done mainly

at 3 different facilites While ceramic pellet preparation (mixing, drying, and
pressing), composite sample preparation (metallograpbgjicd microscopy,
scanning electron microscopy examinations, density measurements ansl sterdie
done at Materials Development Laboratory, ASELSAN Inc., preform production
(mixing, drying, pressing, sintering) and sintering of pellets, melting and melt
infiltration by squeeze casting of composites, composite backing production from
aluminum m&ix composite material, heat treatmentsre done aFoundry, Metal,
Processing and Automotive Materials LaborathtTU, X-Ray Diffractiors were
done atX-Ray Diffradion LaboratoryMETU and UNAMBIlkent, mechanical
testing of samplesvere done atMechanical Testing Laboratory METU, and
radiographic examinationsere done atWelding Technology and NeBDestructive
Testing Center) at Metallurgical and Materials Engimeg METU.
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Figure3.1. Experimental Methodology
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3.1. Materials

In this study, as it can be seen in Figure 3.1. two main processingswere
employed. Olivine and amina were used for ceramic pellet production and for
ceramic preform production. Olivine wadso used in the reinforcement of metal

matrix composite mterial.High strength aluminum alloy AA7075 was used as matrix

all oy for met al m adevelopgd incttoswprkc s i t e ( MMCO s )

3.1.1.0livine and Alumina

In the experiments olivine and alumina materials were faygaellet production and
for reinforce mestdedfiguees3. slmoivs olWikECatids alumina

samples which were used in the experiments.

Figure3.2. Fine olivine (left), coarse olivine (midell and alumina (right)

Olivine was procured from Eryas Olivine Mining Corporation. Two different average
particle size olivine was taken. It was aintethave bimodal size in pellet and preform
mixtures. These particles were called as coarse and fitiee Bxperiments, effect of
particle size on sintering process and porosity gradient were investigatéduia

3.2. coarse and fine olivine materiaten be seernlTheir average patrticle size was
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measured using Malveiastersizer 200@evice Coarse olline has a average

particle size o437 mm and fine olivine has an average particle siz&@fm. Some

of its physical and chemical propertiase given in Table 3.1. and Tabla.2.,

respectively
Table3.1. Properties of olivine sample

Property Value
Appearance Grayishgreen Particles
Grain Shape Angular
Melting Temperature 1750 AC
Specific Gravity 3.2 g/lcm?
Bulk Density 1.9 g/cn?
Solubility in Water Negligible
pH 8-8.5
Hardness (Mohs) 6.5-7

Moisture

Less than A%

Table3.2. Chemical composition of olivine

MgO SiIO; FeOs Al203 NaeO | CrO3 NiO
46-49 41-43 7-9.5 >0.35 >0.05 |>0.29 >0.2
Alumina wasprovidedfrom EtiAl ¢ mi nyum | nc. Macr o

scal e

be seen in Figure 3.2. Its mean particle siz&0iam. It has more than 8% alpha

alumina having 99.68% purity. Chemical analysis of alima which was used in

experiments can be seen in Table 3.3.

Table3.3. Chemical composition of alumina

Alo,O3 | FeOs

SiO,

N&eO | CaO |TiO2

V205

Zn0O

Ga0Os3

99.68 | 0.007

0.011

0.21 0.005 | 0.0007

0.0007

0.0037

0.009
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3.1.2.AA7075 Aluminum Alloy

High strength aluminum wrought alloy AA7075 was used as matrix material for
composite production and as an infiltrate melading infiltration processAA7075
aluminum alloymaterialsve r e pur c has e dd. (feeim figuRB.R.llsk Co .
superior pecific properties make it very attractive matrix material for metal matrix
composite productionlt has alloying elements zinc, copper and magnesium.
Magnesium has a positive effect wetting of reinforcement material§able 34.

shows a range of chenalccomposition of AA7075 aluminum alloy.

Table3.4. Chemical composition of AA7075 aluminum alloy

Zn Mg Cu Cr Si Ti Fe Al
51-6.1 |21-29 |12-2 |0.180.28 |0-04 |0-0.2 0-0.5 | Balance

Figure3.3. AA7075 samples
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3.2.Production of Ceramic Pellets and Preforms

As it was mentioned earlielumina and olivine materials were used in the production

of pellets and preforms. In the production of ceramecspens conventional ceramic
processing route was used. Firstly, slurries were prepared. The slurries were composed
of ceramic particles, an organic binder (PVA), a mixing media ethyl alcohol and
glucose solutioras a binder. The ingredients were mixedlwelil a homogenous
mixture was obtained. After complete mixture was obtained, the slurries lefieto

its water and alcohol content to have good mechanical properties just after pressure
applicaton. When compositions had low moisture content, theyevpeessed with
hydraulic pressAfter pressing, green ceramic pellets and preforms were acquired. As
a final step for production of ceramic pellets and preforms, sintering process was done.
In the fdlowing titles, a detailed information of ceramic proagegwill be given.

3.2.1.Pellet Preparation

In pellet production, different composition of slurries was prepared. For olivine
samplestwo different size olivine particles were mixed wittb wt. % PVA ard 30

vol. % ethyl alcohol. Olivine mixture was prepared by 10 wt. % change in between
coarse and fine particles. In addition to different particle size olivine mixtures, these
mixtures were sintered five different sintering temperature starting from@20AC t o
140 AC by 50 AC t e mpadlivinakbimodakparticle size gaiand A |

sintering temperaturasn be seen inable 3.5.

Table3.5. Sintering temperature ariimodalparticle sizeratio

SinteringT e mper at Particle Size Distribution (Coar8é/ Fine %)
1200 100/0 90/10 | 80/20 | 70/30 | 60/40
1250 100/0 90/10 | 80/20 | 70/30 | 60/40
1300 100/0 90/10 | 80/20 | 70/30 | 60/40
1350 100/0 90/10 | 80/20 | 70/30 | 60/40
1400 100/0 90/10 | 80/20 | 70/30 | 60/40
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In the production of alumina pellets, similar slurry preparation procedures were used.
In alumina samples, garious amount of aluminum alloy powder was added
improve green strengtht wasalsoaimed to decrease the sintering temperature of
alumina pdets by adding metal powders in it. Powders were added 2, 4 and 6 wt. %
of alumina particles. Like olivine samples, they were sintered at different

temperatures. dble 3.6. shows mixtures and sintering temperatures of alumina

samples.
Table3.6. Sintering temperature amaixing
Sintering Ten wt. % Metal Powder
1200 0 2 4 6
1250 0 2 4 6
1300 0 2 4 6
1350 0 2 4 6
1400 0 2 4 6

After slurries were prepared, they were dried in a drying oveneNFN400 dying

oven having a maximum working temperatur

When all ceramic mixtures were dried, they were prepared for pressing. Before
making pressing nocess, dried ceramic particles were humidified with water and
glucose(sugaj solution. 15 vol. % watecrystal sugar solution was added (100 ml
distilled water + 21 grams crystal sugar). The aim of this addition was both to increase

green ceramic strergafter pressing and to humidify the powders prior to pressing.

In pressing process, a cylindrical die which has an inner diameter of 13 mm was used
(see Figure &. a.)). when die was filled with humidified ceramic particulates, 1500
kg load was appliedsing PIKE Technologies Crush IR 10 tons load capacity hand

press.The equipment can be seen in Figuee B.)
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Figure3.4. a.) Pressing mold used in pellet production, b.) hand press equipment

At the end 6 pressing, pellets were grouped and prepared for sintering gstoce

Sintering process was done in two stages, these are binder removal step and sintering

step. During in these steps temperature was
was selected. 60AC was chosen f osintebng tempenature veasno v a | and
kept at1200125013001350 andL 4 0 Ofor dach of pellet groupd duration time

at sintering temperature was selected as 75 minutes. Figursh®ws a graph of

different time and sintering temperature regimes thate used in the sintering

processes.
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Figure3.5. Time and temperature graph for different sintering temperatures
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In sintering process, Protherm PLF 150/5 shuttle type kiln was Tikednner volume
of the kiln is 5 liters and maximumconimo us wor ki ng temperatur e
sintering process, ceramic pellets were taken out of the kiln and they were prepared

for density measurements and characterizagamered pellets can be seen in Figure

36. and 37.

Figure3.6. Sintered tivine pellets

Figure3.7. Sinteeed dumina pellets
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3.2.2.Preform Preparation

Like pellet production, preform&ere mixed with binders and mixing medium and
they weredried, andglucosesolution was added prior to pressing. Since preforms
were used for metal infiltration and infiltrated prefar were characterized biyree
point bendtesting, pressing was done timeepoint bend sample mold of squeeze
casting machinghreeD design of the representative mold can be seen in Figdire 3.
The mold was made from-#H3 hot work tool steel and heat treated to have good

mechanical properties and dimensional stability at high temperature operations.

Figure3.8. Metal die used in preform pressi

In alumina preforms 8.wt. %cu addedzinc stearateand 05 wt. % duminum alloy
powder were added artdey were mixed well until having a homogeneous mixture.
The preformsvere pressd and sintered at 1300 AC,
samples 8@0 (coarseffine) mixtusaweres i nt er ed at 1250 AC,
and it was aimed to investigate sintering temperature on preform structures
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90/10, 80/20, 70/30, 60/40, 50/50 (ceefine)olivine mixtures were sinteredt a
constant temperatufé 3 0 Q to idv@stigate the effect of particle size distribution on
preform structures after sintering and infiltration. Figu@ and Figure 3.0. shows

sintered olivine and alumina goems, respectively.

i Moo olwn) tyme Mo 150 22 Olwn Chpe Rl \

e D Gl 2 MRS

Figure3.9. Sintered olivine preform®r pressure infiltration casting and three point bend testing

Figure3.10. Sintered alumina m@formsin resistance furnace

41



3.3.Induction Furnace Melting and Composite Prepaation

AA 7075 aluminum alloys were melted in induction furnace at Foundry, Metal
Processing and Automotive Materials laboratory, Metallurgical and Materials
Engineering DepartmenMETU. The induction furnace equipment was produced by
Ajax Magnethermic Corp. (sdgégure3.11.). In this induction furnace, the heating by
induction method occurs when an electrically conductive material is placed in varying
magnetic field. It is a ragiform of heating in which current is induced directly into
the part being heated. Resistance to electrical cutoanbf material causes heat and

this heateadsto meling of the materialThis technique is good for aluminum alloy

and metal matrix congsite production because the magnetic figldned in the
sydem causes directional forces and it is desirable to circulate the alloy so that a

homogenous mixture can be obtained.

Figure3.11. Induction méing furnaceused for alloy preparation and melting
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AA7075 duminum alloys were weighed and their chemical compositions were
determined using optical emission spectrometer. In induction furnaels were
melted and their temperature were measured uskatype nickelchromium

thermocouple with regular intervalsiihg casting process.

In composite production, olivine was used as reinforcement mateiid-H wt. %
olivine was added. Olivine was dried at
by liquid metal. In every different reinforcement amount, a nieyvid metal was

prepared When liquid metal temperature reached to a level just over the liquidus
temperature of the alloy (>635 AC), ol i v
temperaturef the liquid metal was decreased to a level of partialdiguid partial

solid state which is so called semi solid state (a temperature range in between liquidus

and solidus temperature). In this state, olivves fed into matrix by melt stirring

method FHgure 3.12. showscomposite production using melt stirring process with

graphiterods

Figure3.12. Melt stirring with graphiteods during alloy preparation
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After olivine was added into liquid metahagnesium as AZ91 (magsium alloy
which has aluminum and zinc as main alloying elements) alloy was added into liquid
metal to increase wettability of olivine particles by liquid metal. The amount of total
AZ91 addition was about3 - 2 wt. % of total ligsid metal weight. Magesium was
added in two stage. First addition was done 5 minutes later of olivine addition at 615
A C An improvement in wettabilitywas achieved after magnesium addition.
Temperature of melt was risen above liquidus temperature oféheThroughout all

the process the melt was continuously stirred mechanically with graptgdt was
expected to further improvement in wettability by adding additional magnesium. So,
the liquid metal temperatur e addgdAgood decr eased
mixture was obtainedafter addition ofmore magnesium. The overall process took
about 30 minutes to completely wet the olivine particles. When composite material
was ready to cast, it was transferred to squeeze casting machine. The psocess
presented in the fldwing title.

3.4.Squeeze Casting and Melt Infiltration

For experiments, vertical squeeze casting machine having 100 tons pressing capacity

was usedKigure3.13.).

Figure3.13. Squeeze asting machine
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Die asembly of the machine was specially designed tfoeepoint flexural test
samples It was made of H.3 hot work tool steelFigure3.14.a and Figure 3.14.b.
shows th&D design of mold and punch asseméhdthree point flexural tessample
respectively The sample has 120 mm length, 40 mm width and approximately 10 mm
thickness. Thehicknessof sample can be changed thanks to adjustable lower punch

level in z direction.

a.)

Figure3.14. a.) 3D design of squeeze casting mold punch assemBteg point flexural sample

Aluminum matrix olivine reinforced composites were squeeze cdsteal squeeze
caster(Figure 3.13). During melt infiltration, 50 tonspressure was applied onto
prehated hot prefornsamples. A photo of composite samples can be sdeigune

3.15. From each different reinforcement composites, 3 samples were taken for T6 heat
treatment to investigate effect of heat treatment on hardmes8eaural strength

propertiesof samples.
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Figure3.15 Metal matrixcomposite samplesfter squeeze casting

Similarly, metal infiltration topreheatedceramic preforms which were pressed and
sintered at various sintering temperatuvess dondy squeeze casting. Process steps

can be summarized as following:

1. AA7075 aluminum alloys were melted in induction furnace.
2. When the metal was melted, 1 wt. % megium (AZ91 alloy) was added to
improve wettability at semi solid temperature range
3. The liquid metal was stabilized at 700 AC
4. Ceramic preforms were heated to 1000 AC
furnace and kept at this temperature for approxilpdtéour.
5. The mold was preheated to about 150 AC
temperature was measured using a optical pyrometer.
6. Ceramic preforms with alumina based thermal papers (thermal paper was used
to prevent excessive temperature decrease) wace@in lower die half.
7. The liquid metal was poured and die punch squeezed umtplete infiltration
and solidification took place.

8. Finally, infiltrated parts were ejected, taken out of the die and cooled down.

In Figure 316. given belowmelt infiltration processing ste@segiven one by one.
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Figure3.16. Seps inpressuramelt infiltration technjuea.) Mold preheating, b.) Preformr e heat i ng c¢. ) 10(
preheated preforms in muffle furnace d.) Placement preheated prefotoriswer die of squeeze casting
equipmente.) Preheated preform in the lower,dfg liquid AA7075 pouring onto preform, g.) squeezing by
upper mold, h.Ejedion of infiltrated composite from die
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Figure3.17. Optical pyrometeused to read die temperature

Figure3.18. Melt infiltrated samplesafter casting

After squeeze ding of olivine reinforced &.5-10 wt.% composites and melt
infiltrated prefam composites were produced in accordance with given procedures,
some of olivine reinforced composite materials were T6 heat treated to compare

hardness and 3 point flexuisttengthproperties of as cast and héatated conditions.
3.5.T6 Heat Treatment

T6 heat treatment was applied to some of olivine reinforced composite materials.
Other samples were left in as cast condition. T6 heat treatment is a process of treating
materials with different temperatures. The general process can be dividdéoréeto

steps These steps are solution heat treatment, quenching and artificial aging. Firstly,

the composite materials were put into an electrical resistance muffle furnace,
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previously used in the preform preheating (d&gure 3.20.a) and heated to

solutionizirg temperature. After solutionizing, samples were quenahedhater.

Figure3.19. MMC samples in muffle furnace f@olutionizingheat treatment

And they were taken to another furnace to do artificial@geatment. In Figure 3R

b. aging furnace can be seen.

-

Figure3.20. T6 heat treatment furnaces a.uffle b) Electrical resistance furnaces
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Solutionizingand artificial aging temperatures and times wererdehed from ASM
Met al s Heat Treatments Handbook and

Dur mazds [3]st umhixdsmum hardness val ues

Dur maz¥s

wer e 0
solutionizing temperature and 90miit es dur ation and 120 AC ¢

C
temperatte and 24 hours duration. I n this study

solutionizing temperature and 24 hours dur at
was determined according to ASM Metal Handb[8# for the thickness of materials

that were usedithis study. Figure 312 shows solutionizing, quenching and artificial

aging steps with relevant temperature and time scale.

500 Solutionizing

)
=Y
o
o
1

uenchin
300 Q 9

Temperature (°C

Artificial Aging

100 - \
1T T T T T
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Time (Hours)

Figure3.21. Time and terperature for solutionizing and aging
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3.6.Mechanical Testing

After experiments, samples were mechanically tested to investigate their mechanical
properties. Hardness testing dhckepointbendtest were done. It is aimed to observe
hardness values sincarkdness is an essential performance merit in balpstitection

and threepoint bendtest is significant to examine material undbalistic impact

conditions. Even thougthreepoint bendtest has a quastatic loading mode while

in ballistic impact, mt eri al 6s deformati on meshani st
proposed that a bettéireepoint flexure strength gives better ballistic protection

under bullet impact.
3.6.1.3-Point Flexure Testing

In flexure tests, squeeze casted AA7075 matrix olivine reinforced composites, olivine
and alumina ceramic preform infétied AA7075 matrix composites were tested. For
threepoint bendtesting, 2 different testing machines were used. These are Instron
5582 electromechanical testing machine that can apply 100 KN force and Mares
hydraulic tensile testing machine that can afgfl9 KN force were used wititree

point bendtesting apparatus.

In testing apparatus, 2 supporting pins and 1 loading pin were usedligiance in
between 2 supporting pins were kept 100 mm (span length) Total length of samples
were 120 mm and width glamples were 40 mm. 1 mm/min strain rate was applied
during testing. Flexure strengdnd flexure strairwere calculated using followig

formuleas:;
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Where,, and e are flexure strength and flexstrain, respectively, L, B, T, S

are maximum load applied by the machine at fracture, span length, width, thickness
and deflection, respectively.

Figure3.22. Threepoint bending sample

3.6.2.Hardness Testing

Universal Emco M4kD25 hardness testing machingas used in hardness
measurement tests. Hardness testing was done per ASTM@E. (Standard Test
Method for Brinell Hardness of Metallic Materia[8/4]. A tungsten carbide indenter
ball having a baldiamder of 25 mm was used and &2kgs load was appliefibr
composite materials and 187kgs load was applied for infiltrated prefornir

alumina preforms sintered at 1300 AC and 135
3.7.Characterization Technigues

Various daracterization techniques were used in order to investigate the
microstructure, chemical compositions, phases, and some physical properties like
density and patrticle siz&or this reason, optical emission spectroscopy was used to
determine chemicalompasition of used AA7075 alloys. Btallography was done to

prepare samples for optical and scanniiegteon microscope examinatiors.optical
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microscope size and distribution of reinforcement particlesmaicrostructure were
observed andiith SEM claracteization chemical composition was determined using
Energy Dispersive Spectrometry (EDS) detector and miginforcement interface
morphology was investigate-Ray Diffraction analysis was used to determine
phases in materials and radiographicnexeation was used to see distribution of
reinforcement particles in composite samples. Density measurements of pellets were
done to investigate the effect of sintering temperature and initial ceramic ingredients
on sintering behavior and porosity of theusture. All these techniques, samples and

usedequipmentvill be presented in this section.
3.7.1.0ptical Emission Spectrometer Analysis

Optical emission spectrometer equipment is useful for chemical composition
determination ofmetallic materials.In an argonprotedive atmosphere, electrical
energy is appliedrdo sample through an electrodénis energy causes vaporization

of atoms on the sample surface. These vaporized atoms become in an energy state
call ed Adi scharge pl as ma ralemdSiancthis spectmme n t
energy emitted frormamplesurfaces detected by detectors and their type and amount

is calculatedy wt. % [29].

WAS Foundry Master optical emission spectrometer was used to determine the
chemical composition of AA7075 sampl@he measurements were taken before and

after casting and chemical composition of used alloys were determined.
3.7.2.Metallography

Olivine reinfoced AA7075 matrix composite materials and AA7075 infiltrated
olivine 7 alumina preforms were prepared for optiGhd scanning electron
microscopy examinations. Samples were taken #fteepoint bendtest and their
fracture surfaces and one flat surfagere cut using Metkon Metacut 251 Abrasive
Cutter
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After cutting operation completed, metal infiltrated samplesse grinded using
grinding papers with differenbumbersstarting from 320 to 1200 (320600- 800-
1200) For olivine reinforced AA7075 conagites after cutting with Metkon Metacut
251 Abrasive Cutter, Leica EM TXP sample preparation device was ugeddand

to polish the samples. In metallographic preparationcerimic and composite
materials, it is not possible to apply etching prodessause these materials have some
different properties. So, they were examined after grinding and polishingvatapsit

any etching operation.
3.7.3.0ptical Microscopy

Olivine reinforced composite materials were characterized under optical microscopy
examinaton. Nikon Eclipse MA200 which is an inverted materials microscope was
used in optical microscopy observatioh80X magnificationsvasused to see details

in microstructurelt was aimed to find out the distribution of reinforcement material

in metal matx. Both, heat treated and &sist specimens were examindtbreover,
ImageJ image analyzer software was usedatoutate vol.% of ceramic particles in

melt infiltrated preform composite materials.
3.7.4.Scanning Electron Microscopy

Scanning electron microscopyas used to get more detailed images from samples.
SEM analyses was done in all samples. AA7075 samples wdszethavith SEM

both in ascast and T6 heat treated conditions in order to see microstructural change,
phases in aluminum matrix and chemicahposition observations. Olivinalumina

and Aluminum alloy particles were examined using SEM to examine theticlpa

size and shape and their elemental composition. Olivine reinforced AA7075 matrix
composite materials were investigated botltast andlr'6 heat treated conditions to
see phases, chemical composition and reinforcement distribution in alloy matrix.
Ceramic pellets were examined to see microstructural chasgeresult of applying
different sintering temperature (for olivine and alumina)ng different particle size

(for olivine) and using different additive amount (for alumina). And finally, metal
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infiltrated ceramic preforms were examined to observe interface in between ceramic

preform and metal matrix, wettability and infiltration perfance.

Prior to SEM analysis of ceramic particles and ceramic pellets were coated with
carbon to have a condiet surface and thus to eliminate possibility of surface
charging. For this purpose, Safemati€CCU010 Carbon Coating Unit was used.

Samples wre coated with carbon to aboutri.

In SEM observations Phenom XL SEM equipment was .uskidmages were take
with Back Scattered Electron (BS@@tector Energy Dispersive JRay Spectroscopy
(EDS) was used in elemental analysis studies. Images akes twith various
magnifications $00, 100Q 200Q 4000%.

3.7.5.Radiographic Examination

Radiographic examination isren-destructive testing method which is widely used
in welding and casting industry. It is a very useful technique to observe any
discontinuity inside the material. Any discontinuity or irregularity within the material

like segregation, inclusions and pmities can be seen with the help of this technique.

In this study, it was aimed to observe olivine particle distribution inside the matrix
AA7075 alloy. Since it is possible to observe the material completely, a general
information about distribution gfarticles would be acquired. GEMF 42-200 KeV
X-Ray tube was used. 60 KV with 3mA current was applied for 45 seconds exposure

time.
3.7.6.X-Ray Diffraction

X-Ray Diffraction analysis of olivine reinforced composite materialsjnd and
aluminaparticlesand ceramic pellets were done to investigate phases in the materials.
D8 Advance Bruker having a 40 KV and 40 mA capacity equipment was used in the
experiments. CiKa radiation was used for diffraction. XR&f Composite materia

and alumina pelletaere tiken in the range #0-100 A and at a speed

(0]

olivine the rangavaskept in between 280 A and t he scanning spe

55



3.8. Density Measurement

Density is a critical physical property of materials. Since it aiaged to infiltrate
ceramic llets,openporosity is an essential parameter for this st@yamic pellets
were sintered at various temperature and various compositamia ceramics).
Thus, determination of density of these samples will give infoomadbout their
physical propries Massof samplesveredetermined using a precision balance with

four decimaldigits.

After sintering process took place, Archi med
density of sintered pelletthreedifferent weight measurements were done.tkifs
all, dry weight of the pelletsvas calculated. And then, suspended weight was
calculatel. Suspended weight was measured of pellets by immersing the pellet in
distilled water and the value is read just after the immersion. Finally, saturated weight
wascalculated. Pellets were immersed in water and put into vacuum ve$s@lketr.
All open porosities in samples were filled with distilled water thanks to applied
vacuum. The vacuum process took 2 hours. After vacuum application, sudiace
sampleswere wiped with a wet cloth and their weight was measunechediately
Weight measurements addr ¢ h i ntexlthigue dvas done with Precisa model XB
220A equipment (See in Figure23.) and vacuum was applied with the equipment
given in Figure 23. Bulk densty of pellets were calculated using given form{t]

wQi

0 : ‘
w w

Where,dbuikis the bulk density of sampleiqdld is the density of saturating/suspending
liquid, Wary is the dry weight, Wl is the suspended weight andMé the saturated
weight

After the bulk densities of samples were calculatelhtive density of ceramics were

calculated using the given formula beld@6]

YQ4a 0o &WO i QCQ'@(E)(DGQS—&)i &
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Figure3.23 Vacuumchamber setip

Figure3.24. Archimedes density measurement
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CHAPTER 4

RESULTS AND DISCUSSION

In this chapter, results of characterization and tests that were obtained from samples
during this studyare given. Resultsare divided into three groups with respect to
materials. Firstly, results of ceramic pellet productoagiven. Secondly, results of
metd matrix composite productioareshowedand finally results of melt infiltration

processarepresented
4.1.Ceramic PelletProduction

In ceramic pellet production, olivine and alumina were dsegelletpreparation It

is awell-known fact that initial magrial structure and properties directly affect the
final product properties. Thus, particles were characterized phygicahd
microstructurally In following titles, Particle size measuremehteramic powdets

density measuremer8EM examinatiomnd XRD resultsof ceramic pelletaregiven.
4.1.1.Particle Size Measurement

Particle size measurement of olivine (coarse and finel aluminavere done with
Malvern 2000 Mastesizer equipment. The mean particle sizg)(df alumina, coarse
olivine and fine olivhe was found to be 58m, 437nm and 16mm, respectively.

Figure 4.1. showparticle size distributiogiof alumina and lovine samples.
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Figure4.1. Particle size distribution of a.) fine olivine, b.) aluaiand c.) coarse olivine

4.1.2.SEM Examination

SEM examinationvas done for initial ceramic particlesalimina and olivingcoarse

and fine olivine) as received and ceramic pa&@hplesfter sintering process. It was
aimed tosee particle shapnd size wh SEM examination for particle materiasd

EDS analys was done to determine chemical compositioninitfal powders
Ceramic particles and pellets were coated with carbon to prevent occurrence of
electrostatic charge on sample surfagaluminapaticle sample only aluminum and
oxygen were determinedearlywh i ch match up with supplierds
In olivine particlesample magnesium, oxygen, iron, silicon was observed with EDS
analysis.Carbon peaks coming from coated surface was eéited in EDS graphs.
SEM images and EDS analysis resetis be seen in figures given beldtvcan be
clearly seen from SEM images that alumina partibl@gerelatively spherical and

olivine particleshaveangular shape.
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® Element | Atomic | Weight
Symbol |Conc. |Conc.
Al 37.92| 50.74
) 62.08| 49.26
EAJ j 2 3 4 5 7 9 10 un 12 13 14 15 16 17 18 19
Figure4.2. EDS graph of alumina sanepl
®
Element | Atomic | Weight
Symbol |Conc. |Conc.
® 0 61.95| 49.12
Mg 23.94| 28.83
Si 12.35( 17.19
Fe 1.76 4.87
0 : 2 3 4 5 @ 9 10 1un 12 13 14 15 16 17 18 19
Figure4.3. EDS graph of coarse olivine sample
@
Element | Atomic| Weight
Symbol |Conc. |Conc.
O 60.07| 45.95
® Mg 21.17| 24.61
Si 15.55| 20.88
Fe 3.21 8.56
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Figure4.4. EDS graph of fine olivine sample



Figure4.5. SEM images of ceramic particles a.) alumina, b.) fine olivine, c.) coarse olivine

SEM imaging was also done for alumina pellets which were sintered at1P300

13001350 and 1 4gire 46 GEM images slowed that there is no
shrinkage or sintering sign unt il 1400 AC.
temperature should be higher tldngemhanl 350 AC ar

75 minutes.

Since this study aimed to infilteporouseramics with liquid metal to produce high
ceramic content metal matrix composite materials, a controlled porous microstructure

is convenient to meet the given purpose.
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Figured6.SEM i mages of alumina pellets sintered at

e.) 1400 AcC
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Figure4.7. SEM images of 80/20 olivingamples

sintered at a.0Q, 1200 18®0 bAQ, 1d2.50 150 AC, e.) 1400
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SEM imaging of olivine pellets composed of 80/20 (coarse / fine) bimodal particle
size and sintered at 120@50130013501 400 AC was al sd@). done (
As itcan be seen clearly in Figuré&4sinteringpf pel |l et s started at

AC particles get much closer to each ot hi
4.1.3.Density Measurement

Density measurement of ceramic pellets were done to examine the density change with
sintering temperature,ifterent amount of metal addition (falumina pellets) and

having different particle sizgor olivine pellets)n the structure.

Relative to theoretical density.@F g/cn? for a-Al.Oz) density measurement results

for alumina pellets can be seen in Table 4.1. From given table, it can be observed that
there i s no clear change in density up tc
to ceramic particles decreased the pel&tsitydue to forming internal and external
cracks in the ceramic pellets. These crazks beclearly seen even with naked eyes
(See Figure 8.). The reason for crack formation in ceramic pellets caexb&ined

with having different thermal expansion metal phase and ceramic phagauring

heating and cooling, expansion and contraction of aluminum powder will cause
pressure on the ceramic and this results in crack formatioother reason for this
occurrence can bexplainedwithh e at i ng r ia)taga plodess pata@bten
Slower heating rate should be chosen to prevent crack formation in the ceramic

structure.

Figure4.8. Crack formation in ceramic pellets having high metal additive content
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Table4.1. Relative density values for alumina pellets sintered at various temperatures

1200AC

12

50 AC

0 wit.
%

2 wt.
%

4 wt.
%

6 wit.
%

0 wit.
%

2 Wt.
%

4 wit.
%

6 wt.
%

39.343

39.892

39.949| 39.848

39.405

39.525

40.190

41.579

39.746

40.005

39.513| 43.933

38.920

38.685

40.480

42.928

WIN|F

39.917

39.925

39.746 | 40.442

42934

38519

43.330

35.237

Avg.

39.668

39.941

39.736 | 41.408

40420

38.910

41.334

39.915

13

00

AC

13

50 AC

0 wt.
%

2 Wt.
%

4 wt,
%

6 wit.
%

0 wt.
%

2 wt.
%

4 wt,
%

6 wt.
%

40.556

38.067

40.442 | 39.846

40.527

39.960

39.206

35373

40.502

40431

37.704 | 40.867

40.160

40.405

38455

38273

WIN |-

39.562

40.445

37.770| 41.836

41113

40432

39.774

44.133

Avg.

40.207

39.648

38.639 | 40.849

40.600

40.266

39.145

39.260

14

00 AC

0 wit.
%

2 wt.
%

4 wit.
%

6 wWt.
%

46.243| 41.984

40.038

39.247

60.243 | 41.230

40.200

41.603

WIN|F

51116 | 42831

40.464

38.262

Avg.

52534 | 42.015

40.234

39.704

When Figure 4. is examined, the maximum relative density was obtaifrech

al umi

na

pell ets sintered

at

1400

AC with

and 2 wt. % metal addition, almost linearly increase in relative density was observed

while for 4 wt. % and @vt.% metal added ceramic pellets, there is not a linear behavior

in relative density. And, scattering in relative density is higher in 6 wt. % ceramic

pellet which originate in formation of cracks.
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Figure4.9. Relative density graphs for alumina pellets sintered at different temperatures with different amount of
metal addition

Relative to theoretical density.2g/cn? for olivine) measurements of olivine pellets
were also done. As it was mentioned befaievine pellet samples were produced
with bimodal particle size ranging from 100/0 (100% coarse and 0% fine) to 60/40
(60% coarse and 40% fin&)/ith density measureemt, effect of sintering temperature
and particle size distributioon the density oEeramic pellets was observed. Table

4.2. shows measured densities of pellets with their average values.
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Table4.2. Relative density values for olivine pellets sintered at various temperatures

1200 °C 1250 °C
100/0|90/10|80/20|70/30|60/40|100/0|90/10 |80/20|70/30| 60/40
69.53]70.11|67.79|71.66 |70.45|68.74 |69.09 |71.20 |69.89 | 70.95
69.76 |169.59 |68.72 |69.23 |69.29 |67.87 |68.96 |70.36|71.23 | 70.91
69.41|68.91|71.94 |71.02|71.47|68.90 |69.39|70.18 |72.09| 72.39
69.77169.07 |69.59 |68.76 |70.39 |68.37 |71.95 |72.66 |72.67 | 69.38
Avg.|69.62 |69.42 |69.51 |70.17|70.40 |68.47 |69.85 (71.10|71.47 | 70.91
1300 °C 1350 °C
100/0190/10|80/20|70/30|60/40|100/0|90/10 |80/20|70/30| 60/40
68.27]|70.16|69.79|73.99|71.73|72.67|71.99|73.23|75.25| 74.27
67.78170.32|69.93|70.98|73.00|70.53|71.69(73.39|73.67| 75.34
68.83169.00|67.95|70.70|72.89|70.27|71.44|71.83|74.75| 75.27
68.28|70.12|77.18|72.78|71.54|72.84|71.56|72.70|73.07| 75.16
.|168.29|69.90|71.21|72.11|72.29|71.58 | 71.67|72.79|74.17| 75.01
1400 °C
100/0]|90/10|80/20|70/30 |60/40
79.18|82.15|82.32|82.86|88.79
80.31|81.03|81.23|83.52|86.46

3 |82.33|80.92|82.87|83.25|86.26
Avg. | 80.6 |81.37|82.14|83.21|87.17

Ted | D | —

.

!
i
A e | b | =
=]

b | =

In Figure 412. graphs of relative densities of sintered olivine pellets with bimodal
particle size were given. In graphs, there is an increase in relative density with
increasing sintering temperature as expected since temperature is a driving force for
sintering praess. This increase in relative density is higher at temperatures above
1300 AC. Si nt er i nwasekpeessadvby éurlanioet al @F].i vi ne
According to them, hematite phase in olivine melts into liquid phase and its quantity
increags with temprature and this results in densification by liquid phase sintering.

Whenthe effect of particle size ratio is examined (see Figur®.).1t is seen that
pellets have higher relative density with increasing finer particles amount. Since finer
particles lave more surface area to catalyze sintering reactions, sintering process can
take place at lower temperature and in shorter time. Furthermore, finer particles can
fill the gaps in between coarse particles so packed green density increases when

bimodal sizeceramic particles are used in ceramic pellets [28].
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Figure4.10. Relative density graphs for olivine pellets sintered at different temperatures with different particle
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Figure4.11. Particle size effect on relative density values of olivine pellets sintered at different temperatures

4.1.4.X-Ray Diffraction

XRD examination of ceramic pellets were done to see phaseafarent sintering
processes. Firstly, alumina pellets without metal addition and sintered at different
temperatures were characterized with XRD. No phase change or shifting in peaks were
observed with changing sintering temperaturee reason for not obsving any
change m phase and shifting can be explained with the used alumim@aalumina

used in alumina pellets is alpha alumina with rhombohedral crystal structure. (PDF
(Powder Diffraction File} 01-0821467).Since alpha alumina is the most steblen

of alumina, nahange was observetipha aluminagives 2y peaks at 25 8 261 5 A ,

377 8483 63255375 A613 565 2@82 A. F l12gshowsXRBD graph for

alumina pellets without metal addition and sintered at different temperatures.
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Figure4.12. XRD graph of alumina pellets sintered at different temperatures

XRD analysis was also done for alumina pellets with different amount of metal
addition. In addition to alumina peaks, aluminumisean beseen (se€igure 413.).

aluminum gives peak at 3M47 6 88,31A. These peaks can be
addition ratio is 6 wt. %. However, peakgrereduced in intensity andisappeared

towards 0 wt. % metal addition.

« Alumina

v Aluminum
LM 0 wt. %

2 wt. %

1IN J L

Intensity (Counts)

6 wt. %

20 40 60 80 100
2Theta (°)

Figure4.13. XRD graph of alumina pellets (with different metal ratios) sinterdd2t0 0 A C
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Similarly, XRD analysis was done to olivine samples. Forsterited\@) (PDF00-
004-0769) mineral with orthorhombic cstal structure, enstatite (M&i-Oe)) (PDF
01-086-0430) mineral with orthorhombic crystal structure and hematit€dréPDF
01-077-9927) mineral with rhombohedral crystal structure was seen in XRD. Pellets
sintered at 1200 AC %4hA2886\8IL0 & & § AM4t5 A e
forsterite peaks at 13 4, 229 A255 A323 2 857 A365 3 A 0 AL7 6 B22 9 A
57.9 9 dnd 627 7. Mematitepeaks at 24 4, 231 3 266 3 34.0 3 é2.4 2 ALS5A

With increasing sintering temperature hematite phase was disappeared due to melting

of this phase which mentioned in density measurement title.

¢ Forsterite
v Enstatite
e Hematite

Intensity (Counts)

20 I 40
2Theta (°)

Figure4.14. XRD graph of olivine pellets (80/28)ntered at different temperatures

4.2. Metal Matrix Composite Production

In metal matrixxcompositgroduction as it was mentioned earli&A7075 aluminum
alloy is used as matrix material and olivine particles were used in the reinfoitceme

phase. Olivine waiadded .5 and 10 wt.% of total composite composition.
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In this section, firstly optical emsgon spectroscopy results of initial matrix allae
given. After that, heat treatment resudte presentedHardness measuremetiiree
pointbendtest, optial microscopy, SEM analyses, and XR@redone for both heat
treated and asast samples. Thdfect of heat treatment and different amount of

reinforcement particles on mechanical properties were compared.
4.2.1.0ptical Emission Spectroscopy

Optical emissiorspectroscopy of as received aluminum alloys were done to check
alloy composition.Threemeasurments were taken from sample and results can be
seen in Table 4.3. The chemical composition of as received alloy is in the range of

specifications for AA 7075 aminum alloys.

Table4.3. Spectral analysis @fs received AA7075 alloys

Spectral Analysis Resul$ (Element %)

#1 #2 #3 Avg.
Al 87.8 87.9 879 | 8787
Si 0.18 0.16 0.19 0.18
Fe 0.49 0.46 0.49 0.48
Cu 1.7 1.78 1.75 1.74

Mg 2.3 244 249 241
Mn 0.84 0.75 0.86 0.82
Zn 5.88 S5.77 5.78 581
Cr 0.05 0.05 0.05 0.05
Ni 0.23 0.23 0.28 0.25
Ti 0.05 0.05 0.05 0.05

4.2.2.Mechanical Test Results
4.2.2.1 Hardness Measurement

Hardness measurements of metal matgemposite materials were done.

measurements were taken before heat treatmerdagds and after heat treadnt
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process. Hardness measurements were taken from ten points for each sample. It was
seen a scattering in hardness values since the materiagiieniili heterogenowsgith
reinforcement phase and matrix phase.hdidnesvalues were given in Table 4.4
andTable4.5.

Table4.4. Hardness values of -@sst metal matrix composite materials

As-cast(HB 2.562.5)
AAT7075 5 wt. % AAT7075 7.5 wt. % AA7075 10 wt. %

Olivine Olivine Olivine
1 914 86.1 112
2 102 959 100
3 103 123 129
4 786 102 129
5 955 143 113
6 757 151 123
7 76.3 130 126
8 116 125 128
9 123 809 107
10 122 829 119
Avg. 98.35 11198 1186

Table4.5. Hardness values of T6 heat treateetal matrix composite materials

T6 Heat Treated(HB 2.5/62.5)
AAT7075 5 wt. % AAT7075 7.5 wt. % AA7075 10 wt. %

Olivine Olivine Olivine
1 136 147 169
2 147 174 161
3 111 179 157
4 108 156 158
5 144 109 155
6 146 169 147
7 152 161 145
8 163 130 183
9 165 135 152
10 151 152 161
Avg. 1423 1512 1588
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Figure4.15. Brinell hardness valuesomparisorgraph of ascast and T6 heat treated samples

Figure 4.5. showsall Brinell hardnesgball dameter of 2.5mm with applied load
62.5 kg)values of metal matrix composite materials. Asadih be seen clearly, there
is an increase in hardness with increasing olivine reinforcement for botstand
T6 heat treated samples. In addition to thisgdhass valuesf all compositions (5 wt.
% - 7.5 wt.% - 10 wt. %) increased with T6 heat theg@nt and hardness values were
reached up to 183 HB

4.2.2.2.3-Point Flexure Testing

After hardness testingjireepointbendtesting wasppliedto metal matrix compost

materials. Since fracture behaviors and flexure strength values are important for
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ballistic applicationsthis test was applied to observe mechanjgatformanceof

materiat developed.

The samples that were produced with squeating method were maaoked with

milling machine to have a flat and clean surface without scratches.

Figure 4.5. and Figure 4.1 shows flexure stress and flexure strain graphs foast
composite materials and Fteat treated composite materiaéspectively. According

to the testdata of samples, flexure strength decreases with increasing reinforcement
level in both ascast and T6 hedteatedcondition Thiscan be explained in two way.
Firstly, with increasing reinforcement level, homogenous tridigion of
reinforcemen particles in alloy matrix materials becomes difficult. Reinforcement
phase acts as a discontinuity in matrix phase and forms localized internal stress
regions. When agglomeration of this reinforcement phase occurs, internal stres
regions increases lotyaland ductility of matrix material cannot behe applied load

much and consequentlyfracture occurs. Another reason for decrement in flexure
strength can be explained with shape of reinforcement materials. As it can be seen in
Figure 45. olivine reinbrcement material has an angular shape. Edges and sharp tips
give notch effect to the material. As it is known from fracture mechanics that notched
regions, for example porosity, are stress raisers in materials and they lead to
degadation ofmechanical pperties of materialdeveloped

Maximum strength values were obtained from samples with 5 wt. % olivine reinforced
AA7075 aluminum alloy matrix composite materials in botitast and hedteated
conditions. An improvement indkure strength waschievedwith T6 heat treatment

. An improvement in flexure strength was achieved with T6 heat treatment. Average
strength value of as cast sample compared with of 5wt.% reinforced one increased

45% in T6 heat treated samples.

Four samps were tested for eackimforcement level in asast samples while three
samples were tested for each reinforcement level in A€at treated samples. See

Figure 4.16. and Figure 4.17., respectively.
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Figure4.16. Flexure stresslexure strain diagram comparison ofcast metal matrix composites
a.) 5wt. % b.) Bwt. % and c.) 10 wt. %
b.) c.)
600 |- 600 | 600 |
500 - 500 - 500
400 | 400 | 400 |-
300 | 300 |- 300 |-
200 200 200
i/ .
100 | / 100 100 |
U 1 1 D 1 1 D 1
0 1 2 0 1 2 0 1
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Figure4.17. Flexure stress-lexure strain diagram comparisonTd heat treatechetal méarix composites
a.) 5wt. % b.) Bwt. % and c.) 10 wt. %
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Toughness is another important material property for ballistic applica#ohggh
toughnesss required to absorénd to dissipate the residual energy of projectile after
impact.It can be sa from flexure stress flexure strain graphs that flexure strasn
somewhatl% for all samplesAs the flexure strength increases, the area under the
curve increases (at coast flexure strain value). Thusughness increases. From this
point of view,toughness is higher in 5 wt.% olivine added composite matehiadk.

T6 heat treatment haslittle positiveeffect onflexure strairvalues for these samples.

4.2.3.0ptical Microscopy

Optical microscopy examination of metal matrix compositgerialswere doneo
observe distribution of reinforcement particles in metal matnrages were taken

with 100x for T6 heat treated samples. In Figuds34100x images of T6 heat treated
and having 5 wt.%, 75 wt. % and 10 wt.% olivine reinforcement metal matrix
compode materials taken with optical microscope can be seen. It can be said that
relatively homogeneous distribution of reinforcement phase was obtained. However,
with increasing rmforcement level and even in 5 W% composite material,
agglomeration of pardles was observed possibly dueagglomerate formatioand
density diffeence in between matrix alloy &g/cn?) and olivine particles (2.
glent).
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Figure4.18. 100X Optical microsope ima@s of a.p wt. %, b.) 7.5 wt.% and c.pIwt.% olivine reinforced
composite materials
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4.2.4.SEM Analysis

SEM analysis of composite materials were done to see microstrirctie®il. Figure
4.19-4.21 shows SEM images of 6 75717 10 wt % olivine reinforced coposite
materials, respectively. In the figures, botkcast and T6 heat treated microstructures
were given. In agast structure dendritic solidification can be se&fter T6 heat

treatment, dendritic structudesappearedand relatively globular grairfermed.

Figure4.20. SEM images o7.5 wt.% olivine reinforced composite materials a-fast, b.) T6 heat treated
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Figure4.21. SEM images of 10 wt.% olivine reinforced composite materials &astsb.) T6 heat treated

Wettabilityis one of the most important property in composite material production. In
production step of olivine reinforced roposites, magnesium was added into liquid
metal to increase wettability. Figure 2.3hows olivine particles in the matrix. It can

be seerthat there is a good wettability of reinforcement since there is no sign of
discontinuity in the matrbreinforcemeninterface.

Figure4.22. Reinforcement particle Matrix alloy interface
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Phases in the mrax alloys was also examinedlsFe and AlIMgZnphases were
observed in the matrix alldigee Figure 4.23.).

Figure4.23. AlsFe and AIMgZn Phases in Matrix alloy

EDS analysis of AFe and AlMgZncan be sen in Figure 4.24. and Figure 4.25.,

respectively.
@
Element | Atomic| Weight
Symbol | Conc. |Conc.
Al 80.99| 67.60
Fe 13.98| 24.15
Cu 213 4.18
Zn 1.49 3.01
Mg 1.41] 1.06

Ye @@
3 7 [] 9 10

0 1 2 3 4 H
366,783 counts in 30 seconds.

11 12 13 14 15 16 17

Figure4.24. EDS analysis of AFe phase in aluminum matrix
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Element | Atomic | Weight

Symbol |Conc. |Conc.

Al 63.42| 49.76

Mg 15.80| 11.17

Zn 12.72| 24.19
g Cu 8.05 14.88
7)

" @@ ®

3 4 5 6 7 9 0 1 2 & 14 15 16 i)

&

o 1 2
352,100 counts in 30 seconds.

Figure4.25. EDS analysis of AIMg# phase iraluminum matrix

It was expected to increase mechanical properties with T6 heat treatment. As it is
known that the increase in mechanical properties occurs with formation of precipitates
in the alloy matrix. When both asmst and T6 heat treatsdmples wre examined,
precipitates were only observed in samples that were T6 heat treated, as expected.
Figure 4.5. shows a precipitate that formed during aging step in T6 heat treatment.
Precipitates are too finerderof nanometers thickthattheir chemicaktomposition

could not be detected by SEM. However, it is most probably IMigi&tipitates which

forms during T6 heat treatment of AA7075 alloys.

Figure4.26. SEM image of precipitate thatrfoed during agig step in T6 heat treatment
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4.2.5.X-Ray Diffraction

XRD examination was donfer ascast and T6 hedteated metal matrix composite

materials to observeresenfphases in materialin all XRD analysis graphs, mainly

pure aluminum peaks were obged. Aluminum PDF00-0040787) peaks were

takenaB 8. 47A, 44.74A, 65.13A, 7852BA,-I 82hd8HA, ¢
treated samples, it was expected to see M@ZDBF 00i 034-0457) peaks at 48.A i n

XRD diffractometer. However, in addition tMgZn,, the strature has olivine

reinforcement which its chemical formulation is (Mg, Fe)S#nd gives peak at

415 8 A . Their peaks are so close and very tin
Other peaks of olivine (PDB0-0021343)can beseen aB22 9 A 5 94k85.2 . .2 3 A

But their existance islearat 10 wt.% sample compared tdb it.% and 5 wt.%

samples. Figure 472 shows XRD graphs for heateated samples and Figure@l.

shows XRD graphs of as cast samples.

¥ Aluminum

+ Olivine
& MgZny

WJL j " 10 wt. %

A Jk I 75wt %

Intensity (Counts)

5wt. %
v v
I « ¥ B D S AN A 5
| N 1 s | N 1 N 1 s
20 40 60 80 100 120
2Theta (°)

Figure4.27. XRD graphs of T6 hedteated samples with changing reinforcement levels
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v Aluminum
¢ Olivine

10 wt. %

e ]
7.5 wt. %

JLJL JL L °

Intensity (Counts)

20 I 40 I 60 I 80 I 100 I 120
2Theta (°)

Figure4.28. XRD graphs of asast samples with changing reinforcement levels

4.2.6.Radiographic Examination

Two samples fsm each reinforcement level was taken and they exanit@dX -
Rays using radiographic natestructive testing methodhis technique is useful for
bulk materialstestingto see disontinuities inside thenaterial It was aimed to see
olivine reinforcementdistribution inside the matrix alloy. Figure 28. shows
radiographic image of samples with different reinforcement levels. As it is known that
x-rays pass through the sample and react with film thdaceg behind of the sample.
When there are differéndensity particles for example wihe (32 gr/cn?) and
porosity (0 gr/crd) inside the aluminum (2.gr/cn?) sample, they are posed on the
film differently. This occurs with contrast. Relatively denseagioas are whiter in
color compared to leskense rgions. From Figure 29. it can be said olivine particles
(relatively whiter regions) are almost evenly distributed in the matrix with minimum

or low content of porosity in the samples.

85



Figure4.29. Radigrraphic image of metal matrix composite samples.

5 wt.% (18 and 17), B.wt.% (33 and 310), 10 wt.% (27 and 29)

4.3. Melt Infiltration
4.3.1.Hardness Measurement

Hardness of metal infiltrated ceramic preforms weeasuredFirstly, it was aimed

to take all hardnessmeasurements with Brinell hardness method (HBL&7%55.

However, hardness values could not be read by this method from alumina preforms
whichweresit er ed at 1300 AnSufficiemtcsintdriBgpceds@nddue t o
thin samples (15 mm thick) cacked, when indenter tip stung to the surface because

of high load used in Brinell method (187/gs). It was also tried to decrease load to

62.5 kgs but this time no sign of indenter tip could been observed on the screen of
hardness tester. Thus, hargdseneasurements of alumina samples, sintered at 1300

AC and 1350 AC, were taken using microhardne
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Table 4.6. shows hardness values fatahinfiltrated alumina ceramics and matrix

alloy. All hardness measurements of metal parts and atumiiltrated preform

sintered at 1400 AC wer e /163.8.eMicroViskers g Br i |
hardness method (HV1) was used for infiltradetl u mi na sampl es sinte
and 1350 AC, their correspondigwmeg iNnBr i nel

parenthesis for compariso

Hardness values of melt infiltrated alumina preforms whose sintering temperature are

1300

AcC,

1 350 caAl® sen i able 464 0 0

AC

Figure 4.8. shows comparison of average hardness values for these cerafoims.

It was realized that hardness values are quite higher in infiltrated alumina ceramics
C 0 mp &B baddnessovalue vdse r s

S i

ntered

at

achievedor this sample.

1400

AC

Table4.6. Brinell and MicraVickershardness values of metal infiltrated alumina preforms

sintered at 1300 AcCc, 1350 AcC, and
Hardness

1300 AC( 1350 AC 1400 A

Metal Ceramic Metal Ceramic Metal | Ceramic

Region Region Region Region Region | Region
1 109 167 (156) 105 313 (300) 105 422
2 115 175 (166) 113 238 (225) 111 380
3 112 178 (170) 114 235 (223) 123 351
4 117 200 (190) 110 255(242) 123 458
5 116 180 (171) 113 243 (230) 125 371
6 105 186 (177) 108 240 (228) 119 376

Avg. | 112HB | 181HV1 110HB 254HV1 117HB | 393HB

(172HB) (241HB)
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460
440
420
400
380
0’ 360
) 340
T 320
@ 300
© 280
T 260
T 240
220
200
180
160
140

rT T 1" 17T71T 7771 TT

LI DL NN NI B L L

1300 1350 1400
Sintering Temperature (°C)

Figure4.30. Average hardness values for mieftltrated alumina preforms

sintered at 1300 AC, 1350 AC, and 1400

Hardness values of melt infiltrated 80/28livine preforms whose sintering
temperaturear e 1250 AC, 1300 AndnTadedtd. 1350 AC

Figure 4.3. shows comparison o¥arage hardness values for these ceramic preforms.

It can be seethat average hardness values for 80/20 olivieéopms whose sintering

Ac

can

temper at urwhichiss 1h30gthehk Q@ han that of sintered

This variationin hardness can be correlated with density measurement results. As it
was mentioned earlier, at quicphgse sintetingr e s
occurs in olivine samples. Thigassy phase is most probably the reasonléorease

in hardness. The maximum average hardness value found to be 337HB for olivine

samples sintered at 1300 AC.
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Table4.7. Brinell hardness values of melt itifiated 80/20 olivine preforms

Ac,

sintered at 1250 AC, 1300
Hardness(HB 2.5/167.5)
1250 A 1300 A 1350 A
Metal | Ceramic | Metal | Ceramic | Metal | Ceramic
Region| Region | Region| Region | Region| Region
1 128 279 119 305 118 244
2 125 305 124 379 134 249
3 123 308 113 316 125 226
4 334 348 239
Avg. 125 306 119 337 126 240
460
440 +
420 -
400 -
0 380 |
i 360 |
T
% 340
§ 320 T
300 - I
280 |
260
240 | "
220 : L L
1250 1300 1350
Sintering Temperature (°C)
Figure4.31. Average hardness values of melt infiltrated 80/2dra# preforms
sintered at 1350 AC, 1300 AcC,
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Hardness values of melt infiltrated olivine samples with various coarse and fine
particle ratios (90/10, 80/20, 70/30, 60/40, 50/50) whose sintering temperature is 1300

AC

gi ven

i n comgmtisbneofavkradge hardaessdvalue of these damp

were giva in Figure 4.2. Maximum average hardness value was obtained from

samples with 80/20 coarse/fine particle ratio (337HB).

Table4.8. Brinell hardneswalues of melt infiltrated olivine preformshese coarséfine particle levels are

1300

90/10, 80/20,70/36 0/ 40, 50/ 50 sintered at
Hardness(HB 2.5167.5
90/10 80/20 70/30
Metal | Ceramic| Metal | Ceramic| Metal | Ceramic
Region| Region | Region | Region | Region | Region
1 114 274 119 305 121 302
2 122 304 113 379 140 277
3 119 295 123 316 125 271
4 273 348 321
Avg. 118 287 118 337 129 293
Hardness(HB 2.5/167.5)
60/40 50/50
Metal | Ceramic| Metal | Ceramic
Region | Region | Region | Regimn
1 126 331 105 277
2 124 308 147 195
3 123 327 128 220
4 319 293
Avg. 124 321 127 246

Ac,

Figure 4.3. shows average hardness values of all melt infiltrated preforms whose

S i

nt er i

ng

temperatures

ar e

1 MbnY allAhese

1300

results, themaximum average hardness value was achieved from melt infiltrated
s i randehe eseatond highedt 4\@idige A C

alumina prefams

(393

HB)

hardness waseasured fomelt infiltrated 80/20 olivine preforms (337 HB).

90

AC,
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Figure4.32. Average hardness values of melt infiltrated 80/20 olivine preforms

sintered at 1250
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Figure4.33. Average hardness values of msftltrated alumina analivine preforms

sintered at 1250
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4.3.2.37 Point Flexure Testing

Threepoint bendtesting was done to all melt infiltrated ceramic preforms to observe
their flexure strengtiproperty Firstly, melt infiltrated alumina preforms were tested.
Their threepointbendtestgraphscanbe seen in Figure 43as it can be segeftfexure
strengh increasd with increasing sintering temperature and reached up to 386 MPa

for infiltrated alumina preforms sintered & D 0 A C.

a.) 500 ————— p) 500 ————— c.) 500
450 | 450 | 450 -
400 400 | 400
5 | - -
O 350 | 350 |- 350 |
s 7l [ |
@ 300 | 300 |- 300 -
= i ' 250
& 280F ) 2501 | _
0] i _ F
5 200} |/ 200 /[ 200 -
> / | i
) [/
o 150/ 150 150
100 |-/ 100 - 100 1
50 _. 50 | S0 fr
| P B o1t 1
ob—u . 1 0 0,00 0,02 0,04

0,00 0,02 0,04 0,00 0,02 0,04
Flexure Strain (%)

Figure4.34. Threepoint flexure stressflexure strain graphs of melt ififiated alumina preforms sintered at a.) )
1300 AC, b.) 1350 AC, and c.) 1400 AC

3-point flexure testing was also done telmnfiltrated 80/20 olivine preforms whose
sintering temperatures are 1250 AC, 1300
strength of alumina samples, the strength values of olivine samples decxgthsed
increasing sinteringtemperaturesThe reason imost probably because of formation

of liquid glassy phaseduringsintering process.
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As it can be seen in Figure 8.3he highest flexure strength (487MPa) waahkieved

from samples whossinteredal 250 AC.

a)) 500 —b.) 500 c.) 500 ——
450 450 |-
400 F | 400 | | 400 |
‘Ei‘ | B [ I
o | 350 L | 350 |-
= I L | |
@ 3001 | 300 F | 300 |
& 250 | | 250 | |
0_] | o L .l
S 200} | 200 |- | 200 | |
> L L
L] |
i 150 || 150 ||
| | B
100 |- | 100 | 100 |,
:' 50 | 50 H
0 ) . ok~ ol 1
0,00 0,02 0,00 0,02 0,00 0,02

Flexure Strain (%)

Figure4.35. Threepoint flexure stresdflexure strain graphs of melt infiltrated 80/20 olivine preforms sintered at
a.) 1250 ACc, b.) 1300 AcC, and c.) 1350

Finally, threepoint flexure test was done toeth infiltrated olivine samplesvhose

havec hanging coarse [/ fine paretFiguwd4B.).r ati o
The highest flexure strength value was obtained from sample whose coarse / fine
paticle ratio is 90/10 (426 MPa)d the flexure tsength value gradually decreased

from 90/10 to 50/50. This change in flexure strength is strongly depend on the success

of melt infiltration process. Preforms whose particle size ratio is 90/10 has much more
open and larger porosities compared to prefownitls 50/50 particle size ratid his

can be seen indensity measurementesults (see 4.1.3.)According to density
measurements, relative to theoretical density values decreased as the fraction of

coarser particles increastéa constant sintering tempeuaes Thus, melt infiltration
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was completd successfully with preform that have 90(&0arse/fine) particleatio.

It can also be seen in SEM images given in following subtitle.

It is known that as the particle size in ceramic matedasrease, mechanical
properties increase. However, sinoghis study melt infiltration into porous ceramic
structures are done, the higher particle size will make the infiltration process easier
and it will prevent more the formation of closed pores Wwlape not infiltrated with

metallic materialand mechanidgproperties will increase as can be seen in Figure

4.36.

a.) 500 b.) 500 c.) 500 d.) 500 e.) 500 ——
450 450 | 450 |
a0f | a0l ] 400 - 400 - 400 |
—_ | | [ I I
@ | | a0l | 350 - 380
= ,' | o | »
@ 300 J' 300 - | 300 | | 300 | 300 |
o} | - F |
= | i 250 |- | 250 |- | 250 |- |
a | | | |
S 200 200 || 200 | 200 - 200 |- |
| L] r |
e | L | 150 150 I 150 ||
r - | |
100 H 100 H 100 I 100 H 100 I
| | L | L
-J.'I ’ 50 7 50 | 50 ;L
| It
0‘00 0‘02 0‘00 0,02 0__0[] [],[]2 0,00 0,02 0.00 0,02

Flexure Strain (%)

Figure4.36. Threepoint flexure stressflexure strain graphs of melt infiltrated oli&rpreforms sintered at 1300
AC wi t h c¢ han gaticmag 9041, b.} 8D/20| ce 70430, d.)60/40 and e.)50/50

For all melt infiltrated preforms, the flexure strain was found to be somewhat 0.02%
which is very low strain value compared to metahtrix composite materials
previously given ground 1% flgure strai. Nonetheless, in final FGM structure,
starting with high ceramic content melt infiltrated ceramic material and ending with

high metal content metal matrix composite materzad meet te requirementor an

94



effective ballistic protection.A hard and relatively high strength melt infiltrated
ceramic will blunt the projectile nose and a high flexure strength with relatively high
toughness backing layer (MMC) will absorb atidsipatethe residual energy of that
projectile.

4.3.3.SEM Examination

SEM exanmation of melt infiltratecceramics was done in order to observe interface

in between sintered preform ceramic materials and metal matrix. In all alumina and
olivine ceramics (except alumisaa mp | e s i n €,Figueedt.3.aand alivtn® 0 A
sample wih 70/30 particle size ratio sinked a't 1300384ChereBiagur e
good interface without delamination in between matrix and preforms. This means
matrix alloy wet the preform thanke tapplied pressure in melt infiltration squeeze

casting process.

Figure 4.3. gives matrixi preform interface of alumina preforms sintered at 1300

AC, 1350 AC and 1400 AC. 1t can be said f
preform has more hormgenous interface structure than others. And consequently,

better mechanical propertiegere achievedqsee hardness andpdint flexure test

results.)

In both melt infiltrated ceramic prefornfalumina and olivine preformgnd metal
matrix composite matils (with olivine reinforced 5 7.57 10 wt. %) there hasot
observedany change in the chemical composition of the matrix alloy AA 70

shows that olivine and alumina can be used as reinforcement material in composite
production.This is one othe most critical expectation from reinforcement materials

to be used in the metal matrix composite materials as a reinforcement.

In all Figures 4.3#4.39. lefthand side of images show aluminum matrix phase
(brighter in color) and righhand sidepart of images show infiltrated ceramic

preforms (darker in color).
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Figure4.37. 500X SEM images of metakceramic preform interfaces of melt infiltrated alumina samples
sinteredat . ) 1300 AC, and1&8501400 AC

In Figure 438. metali ceramic interfaces of melt infiltrated olivine samples with
various particle size ratio and sintered at
from SEM images in Figure 43 melt infiltration rate increaxl with increasing

coarse olivine particle fraction in the preforfis led to have even metal infiltration

in ceramic preform and open porosities in between particles filled bElterefore

mechanical properties increased.
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Figure4.38. 500X SEM images of metakeramic preform interfaces of melt infiltrated different coarse/fine )
particle |l evel olivine sampl es si n6b/40regB0/5at 1300 AC
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