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SUMMARY

Metal matrix composites are attractive engineering
materials. They have good properties like; high strength,
low weight, higher service temperature and higher elastic
modulus. There are several methods for the preparation of
these composites. Infiltration is one of the most
economical process. Infiltartion can be done by two ways;
by pressure and by wetting assisted. Wetting assisted
infiltartion becomes important when near net shape
composites are needed. Many metals have been considered as
a possible matrix material. Copper, titanium, magnesium and
aluminum. Aluminum matrix composites are more widely used
at present.

In this study, AIN - B,C ceramic preforms were
infiltrated with aluminum metal. To understand the effect
of B,C to infiltration, preforms contains different
percentage of B,C (1, 2, 4 and 10 wt%) were prepared. The
mixtures first dry pressed then cold isostatically pressed
at 25000 psi. Then sintered at 1400-1600°C for 1 hour under
nitrogen flow in an induction furnace. 99.99% pure aluminum
metal was used for infiltration. Infiltration experiments
were carried out in the same furnace by placing the
aluminum metal into the reservoir of cup shaped sintered
preforms. Heating was conducted under vacuum to
900°Cc.Infiltration experiments were done under different
atmosphere ( 50 torr, 400 torr and vacuum). The
infiltration temperature was 1250°C.

Each sample was weighed before and after every sintering
experiment to determine weight change. Infiltrated samples
were cut through the middle, mounted and polished for
optical microscopy. Pore distribution of the sintered
preforms were analyzed by mercury porosimetry and surface
area measurements were done by 3 point BET method. Hardness
of the composites were measured with macro Vickers.

Weight change measurements showed that, for a
succesful infiltration for this system samples must weight
gain which indicates the reduction of Al,0; on AlN surface.
Pore analy51s indicated that, pore size decreases with
increasing B,C content. Higher hardness values are obtained
from the samples which have higher ceramic content.
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AIN-B,c RoMPoziTLERININ URETIMI
OZET

Sermet olarak isimlendirilen seramik- metal
kompozitleri, her iki malzemenin iyi fiziksel ve mekanik
6zelliklerini biraraya getirdigi i¢in bir miihendislik
malzemesi olarak ¢ok ®nemlidir. Ozellikler, bilegenlerin
kompozit igindeki miktarlarini dedistirerek modifiye
edilebilir.

Metal matrixli kompozit malzemeler konusundaki
arastirmalar 20 yildan daha uzun bir zamandir devam
etmektedir. Bu arastirmalar yeni malzemelerin
gelistirilmesi zorunluludundan dodmustur. Yeni malzeme
gelistirilmesinde birbiriyle c¢eligkili gibi gdriinen iki
6nemli parametre g6z oniinde bulundurulur, bunlar yliksek
performans ve dligslik maliyettir. Bu iki faktdér, farkla
malzemelerin biraraya getirildigi kompozit malzemelerin
geligtirilmesine yol agmistir. Metal matrixli kompozit
malzemeler yliksek mukavemet, hafif agirlik, yliksek asinma
direnci, elastik modlil gibi 6nemli 6zelliklere sahiptirler.

Seramik-metal kompozitlerin liretimi konusunda
literatiirde gegitli yo6ntemler Snerilmektedir. Bu metotlar
baslica 5 kisma ayrilabilir: Diflizyon baglanmasi, On
karaigtirailmig sulu karisimlarain basigli veya basingsiz
katilagtirma ddkiimii, bir sivi fazin preform igerisine
- basing yardimiyla veya islatma yardimiyla infiltrasyonu ve
6n karistirilmis seramik-metal tozlarinin islatma kosullari
saglanarak sinterlenmesi. Tabakali kompozit yapilari ig¢in
en uygun teknik diflizyon baglanmasi ydntemidir. Bu
yontemde, matrix ve fiber tabakalari istenen gekilde list
iiste dizilir daha sonra matrix malzemesinin ergime
sicaklidinin altindaki bir sicaklikta sinterlenir. Bu
ySntemle liretilen kompozitlerde &zellikler anisotropiktir.
Metal-seramik partikiil kompozitlerinin katilagtirma d8kiimi
ile liretiminde, se¢ilmis erimig haldeki bir matrix
malzemesi ig¢ine seramik partikiiller katilarak dispersiyon
saglanir. Daha sonra bu karisim, uygun dagilimi
saflayabilecek uygun kosullar altinda katilastirilir. Bu
yontem yaygin olmasina ragdmen, matrix fazinda segregasyon,
kalici porozite ve gekilme gibi problemler gdriiliir. Ayraica,
katilasma sirasinda olusan mikrosegregasyonlar, Kompozitin
mekanik 6zelliklerini olumsuz olarak etkiler.



Infiltrasyon bu ydntemler ic¢inde en ekonomik ve gok
yo6nlii uygulama alani bulan bir ydntemdir. Infiltrasyon
sirasinda ergimis metal seramik malzemedeki g®zenekleri
doldurarak bir kompozit malzeme olusturulur. Sivi faz
sintetlemsine benzemekle birlikte infiltrasyonda sivi
haldeki metal ile gbzenekli seramik distan temastadirlar ve
si1vl gbzenekleri kapiler kuvvetle doldurur. Bu y&ntemle, ek
bazi igslemlere ( extriizyon, sicak presleme v.b.) yliksek
yodunluklu malzemeler {liretilebilir. Ayrica karmagik sekilli
veya biiylik boyutlu lirlinler istenen nihai sekle c¢ok yakin
olarak {iretilebilir. Islatma olayinda oldudu gibi,
infiltrasyon igcinde ®nemli bir kosul sivi metal ile
seramik faz arasindaki temas ag¢isinin dlislik olmasidair.
Bunun diginda basarili bir infiltrasyon i¢in asagidaki
kogullar da Snemlidir:

* Cegitli ydntemlerle gekillendirilmis seramik toz,
kapiler kuvvetle infiltrasyonu saglayacak sekilde por
boyutu ve dagilimina sahip olmalidair.

* Metal fazin ergime sicakligi, seramik malzemenin
ergime sicakligindan diigiik olmali ve sivi halde akiskanligi
yliksek olamlidir. Metalin 1s1l genlesme &zellikleri,
infiltre olmus numunenin nihai mukavemetini ®nemli 6lgiide
etkiler. EJer katilasma sirasinda sivi haldeki metal
genlesirse kompozitin mukavemeti azalir.

* Sivi metal faz ile seramikfaz arasindaki reaksiyon
az olmalidir. Cilinkli eer infiltrasyon sirasinda olugan
reaksiyon {lirlinlerinin hacmi, baglangig¢taki seramik ve sivi
metalin hacimlerine egsit veya daha bliylik olursa, sivi metal
gbzenekleri tamamen dolduramaz ve infiltrasyon
tamamlanamaz.

* Searmik fazin metal i¢indeki ¢ozlinlirligli az
olmalidir, aksi durumda infiltrasyon hizi azalir.

* Infiltrayon sistemine vakum uygulanmasi, kapiler
infiltrasyonu arttirabilir.

* B,C/ Al ve SiC/ Al gibi infiltrasyon sirasinda
kuvvetli kimyasal reaksiyonlarin meydana geldigi
sistemlerde infiltrasyon basin¢ uygulanarak
gerceklegtirilebilir. Basing uygulamasi ile infiltrasyon
sicakligi dislirlilerek sivi metal ile searmik fazlari
arasindaki reaksiyonlar azaltilir. Ayrica sivi metalin
seramik fazi islatmasinin az olduju veya por boyutu ve
dagilimi uygun olmayan sistemlerde de yeterli basing
uygulamasi ile liretilebilecek pargalarin boyutlara
sinirlidir ve iglem sirasinda seramik fiberlerin zarar
gdrmesi s6z konusudur. Basing¢li infiltrasyonun en 6nemli

V1



dezavantaji, ergimis metalin {izerine basing uygulayabilmek
igin alet ve donatimin gerekli olmasidir.

Infiltrasyon ydnteminin gelistirilmesi sirasinda
¢esitli metotlar denenmistir. Kismen daldirarak yapilan
infiltrasyonda, seramik parcg¢a ergimis metal banyosu ig¢ine
kismen daldrilir, kapiler kuvvetin etkisiyle siva .
gdzenekleri doldurur. Tam doldurmali infiltrasyonda seramik
parca ergimis metal igine tamamen daldirailir ve sivi her
ydnden gbzenekleri doldurur. DiJer bir metotda baslangicta
seramik ve metal birbirleriyle temas edecek gekilde
yerlegtirilir ve yliksek sicakliklara ¢ikildiginda metal
ergiyerek seramik malzemedeki gbzenekleri doldurur.

Bu c¢alismada aliiminyum metali ile infiltre edilmek
izere A1N ve B,C iceren seramik preformlar hazirlanmistir.
Altiminyum nitrﬁr kovalent baga sahip ve Snemli Szellikleri
olan bir nitrlir seramiktir. En dikkat c¢ekici 6zelligi
yliksek 1s1l iletkenligidir. A1N tek kristalin oda
sicakligindaki 1s1l iletkenligi 320 W/mK dir.
Polikristalin A1N iin ise liretim sartlari ve saflifa badla
olarak 10~-260 W/mK arasinda dedisir. ALN iin igerdigi
empliriteler 6zellikle oksijen atomlari A1N kafes iginde
¢ozlinerek 1s1l iletkenligi dlisliriir. VYiiksek 1sil
iletkenlidinin yani sira dlisiik 1s1]1 genlesme katsayisina
sahiptir ayrica iyi bir yalitkandir. Karbon monoksitli
ortamda 1800°C ye, hidrojenli ortamda 1400°C ye, vakum
altinda 1500°C ye ve azot atmosferinde 2700°C ye kadar
kararlidir. Oksitleyici ortamlara karsgi oldukg¢a hassastir,
1000°C nin iizerindeki sicakliklarda AlN iin Al203 e
oksidasyonu oldukg¢a hizlidir bu nedenle yliksek
sicakliklarda oksitleyici atmosferde uygulama alani
kisitlaidar.

Saf alliminyum nitriirii klasik ydntemlerle sinterlemk
miimkiin de§ildir. Her ne kadar, ticari AIN #i 2000°C de sicak
presleme ile sinterleyerek teorik yogunlugun % 97-99 una
sahip malzemeler liretmek miimkiinse de bu ydntemle sadece
basit gekilli parcalarin iiretilebilmesi ve pahali olmasi
arastirmacilari basingsiz sinterleme konusuna y®neltmistir.
Yapilan galismalar periyodik tablonun ikinci ve liglincii grup
elemntlerinin oxitlerinin sinterlemeye olumlu katkilarinin
oldugunu ortaya koymustur.

Bu calismada AlIN ile birlikte kullanilan ikinci
seramik malzeme B,C diir. Diliglik yoJunluk ( 2.52 gr/ cc),
yiksek sertlik ( Mohs skalasinda 9.5 ) gibi 6zelliklere
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sahip olmasi dolaylslyla asinma direnci ve darbe direnci
gerektiren uygulamalar i¢in uygun bir malzemedir. Gevrek
kirilganlidi en Snemli dezavantajidir. AlIN gibi B,C de
sinterlemek zordur. Yiiksek sicakliklarda ( 2100°c) sicak
presleyerek yliksek yodunluklar elde edilebilir. Bor karbiiri
metalik bir malzeme ile kompozit yaparak mekanik
6zellikleri geligtirilebilir. Halverson ve arkadaglar:i
kolay bulunabilmesi, toksik olmamasi, silinek olmasi ve
nispeten ucuz olmasi sebebiyle aliiminyum metalini
kullanmislardair.

Iinfiltrasyon ig¢in i1slatma olayi ®nemli bir parametre
oldugu icin kullanilacak malzemelerin metal matrix ile ( bu
¢alismada alliminyum) islanabilirligi konusunu bilmek
Snemlidir. Al1N, aliliminyum ile sliblimasyon sicakligi olan
2800°C ye kadar reaksiyona girmez. Bu nedenle A1N/Al
kompoziti termodinamik olarak kararlidir ve zararli
olabilecek reaksiyon lriinleri meydana gelmez. Rhee'nin
cesitli seramik malzemelerin alliminyum ile islanmalari
konusundaki g¢alismalarina gdre, A1N/Al sistemi en az
1slanma gbsteren sistemdir. Bununla birlikte, 1000°C nin
uzerlnde vakum altinda alliminyum B,C {i 1slatmaya baglar ve
B,C ile aliiminyum arasindaki klmyasal reaksiyonlar sonucu
birgcok ikili ve ligld bilesik olusur. Bu reaksiyonlar
sistemin ylizey enerjisinin slirekli dejismesine neden olur
bu da serbest enerjinin azalmasina ve bunun sonucu olarak
aliiminyumun B,C {izerinde yayilmasina sebep olur.

Bu ¢alismada alumlnyum ile etkilesimi farkli olan iki
seramik malzeme g¢esitli oranlarda karistirilarak, aliiminyum
metali ile infiltrasyonu denenmigtir. Bor karbiiriin seramik
preformdaki miktarina badli olarak infiltrasyonu nasil
etkiledidi incelenmigtir.

Ticari AIN ( Hermann Starck , ortalama partikiil boyutu
13.6u) ve B,C ( ESK, ortalama partikiil boyutu 5u) tozlara
kullan11m1$t1r. Tozlar, AlN iin suya karsi reaktif olamsi
dolayisiyla isopropanol alkol ig¢inde, karigimdaki B,C in
agirlikga ylizdesi sirayla 1,2,4 ve 10 olacak gekilde
hazirlanmistir. Karistirma islemleri &nce mekanik daha
sonra ultrasonik karistgrici kullanilarak yapilmigtir.
Ultrasonik karistirma sirasinda karigima agirlikca %4
baglayici (Carbowax 8000, polietilen glikol) katilarak
numunelere mukavemet kazandirilmigstir. Hazirlanan tozlar,
¢elik bir kaliba belirli miktarda doldurularak,kuru
presleyici ile eseksenli olarak 1800 kg lik yilik altinda
sekillendirilmigtir. Daha sonra soduk isostatik pres ile
172 MPa basing ile her y®dnden sikistirilmistir. Baglayica
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ugurma islemi 200°C de 1 saat tutularak yapilmistair.
Hazirlanan seramik preformlar 1400-1600°C de azot altinda
1 saat sinterlenmistir. Sinterleme firini olarak bir
indliksiyon firani kullanilmistir. Infiltrasyon islemleri de
ayni firin da gergeklegtirilmistir. % 99.99 saflikta
alliminyum numuneleri sinterlenen kap sekilli numuneler
lizerine yerlestirilerek 1250°C-de yapilmigtir. Iinfiltrasyon
iglemi vakum, 50 torr ve 400 torr Ar gibi gesitli
ortamlarda gercgeklestirilmistir. Kullanilan argon gazi
sisteme bakir ve titanyum dan geg¢irilip temiz bir sekilde
verilmistir.

Infiltrasyon sonrasi numuneler, elmas kesici ile
kesilmigs ve gegitli tane biiyliklligline sahip SiC asindirici
kagitlar ve aliimina soliisyonu kullanilarak guha {izerinde
parlatilmigtir.

Genellikle nitriirler bir miktar oksijen igerirler, AIN
deki bu oksijen Al,0; formundadir. Bilindigi gibi aluminyum
oksit 1nf11trasyonu onledlgl i¢in uzaklastlrllma51
gereklidir. Kar1$1mdak1 B,C un tiim Alég u, AIN ve BN e
donlistlirebilmesi igin Bﬁ:yuzde51n1n %2 nin izerinde olmasi
gerektigi hesaplanmistir. Agirlik kazaniml meydana gelen
numunelerde bu donilisiim olusmakta ve bu nedenle de
infiltrasyon gergeklesmektedlr.

Civa porozimetresi analizleri, sinterleme sicakliginin
artisi ile por boyutunda art1$ gdzlenmistir, bu muhtemelen
tanelerin sinterlenerek blylmesi sohucu olusmaktadir.

infiltre olan numunelerin X-isinlari ile analizlerinde
tam infiltre olmus numunelerde yari infiltre olmusg
olanlara gore daha siddetli Al piklerine rastlanmistair.

Kompozitlerin sertlik o6lg¢limleri, makro Vickers cihazi
ile 50 kg lik yiik kullanilarak yapilmistir. B,C ylzdesinin
artigsi ile sertlikte artis oldugu bulunmu$tur ayrica 50
torr ve 400 torr da yapilan deneyler sonucu elde edilen
kompozitlerin sertligi vakumda liretilenlere gdre daha diisiik
¢ikmaktadir. Bunun sebebi olarak, ergimig metalin vakum
altinda daha kolay hareket etme51 ve ayrica argon basinci
altinda, preformdaki gbzenekler gaz ile dolu olacagindan
ergimis metalin gdzenekleri doldurmasina imkan vermeyecegi
distinilmiistir.
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CHAPTER 1. INTRODUCTION

Metal~ ceramic composites are one of the most
attractive engineering materials. There have been an
intense research on these materials for more than twenty
years [1]. There are two important requirements for
developing new materials; these are improved performance
and a reduction in material cost. For example, in
aerospace applications, the dominant requirement is the
reduction in stuructural weight [2]. Metal - ceramic
composites have good properties like high strength, low
weight, higher service temperature, high elastic modulus

[3].

There are four reinforcement phases for metal -
matrix composites; these are particles, whiskers,
discontinuous and continuous fibers [4]. Many particle
reinforced composites have been used in industry for many
years. Particles strengthen and stiffen the matrix metal
by preventing movement of dislocations in the metal's
crystal lattice. Particle reinforced composites include
cermets used in the electronics industry for the tracks
of precision variable resistors and tungsten carbide in
cobalt for high speed tool tips. SiC particulate
reinforced aluminum is also being investigated in '
automotive industry for such applications as brakes,
pistons and valves. And also this material has desirable
properties such as lightweight, good thermal conductivity
and tailorable coefficient of thermal expansion (CTE)
[5]. Particulate reinforced aluminum alloys have spesific
stiffnesses and substituting the landing skids of a
helicopter by particulate reinforced aluminum have been
evaluated and significant weight savings with no loss in

performance were achieved and also wear resistance was



increased [2]. Particulate reinforced aluminum tennis
rackets and golf club heads were also produced.

Whiskers are single crystals with high length to
diameter ratio. The major whisker material is Sic [4].
Currently, aluminum parts reinforced with SiC whiskers
are being fabricated and tested for several automotive
applications. These parts are referred to as
discontinuously reinforced aluminum (DRA) and they are a
subclass of metal matrix composites. DRAs are a
combination of high strength aluminum alloys reinforced
with either SiC whiskers, fibers or particles. Whisker
reinforced parts have some advantages, they are easier to
fabricate, their cost is less than fiber reinforced parts
and they provide isotropic property improvements [6].

The most common discontinuous fibers are alumina and
alumina - silica. These fibers are usually woven together
" like blankets of insulation. They may be compacted into a
preform to be used for local reinforcement. Boron,
silicon carbide and graphite fibers give their high
tensile strength, high stiffness and low coefficient of
thermal expansion to the matrix metal [4]. SiC is the
most common fiber at the present time and it must be
coated because the reactivity with oxidizing environments
[5]. Metal matrix composites attracted commercial
attention in 1983 when Toyota Motor Corp. started using
composite pistons in diesel engines. Art Metals Co. of
Japan are currently manufacturing over 100000 reinforced
pistons per month for Toyota car diesel engines. This
application has resulted in no additional cost. Honda
have produced a stainless steel wire reinforced aluminum
conrod for one of its cars, a 30% weight saving was
achieved with improvements in engine power and fuel
econony. The first application of metal matrix composites
was for the space shuttle. Struts made of boron fibre



reinforced aluminum composites are lightweight and have
high stiffness struts made of boron fibre reinforced
aluminum composite. Use of this composite allowed smaller
tube diameters and since the composite has low thermal
conductivity, the amount of insulation required between
the equipment and the skin was reduced. High modulus
composites are being investigated for space satellite
applications where high spesific stiffness and strength
is required in combination with high dimensional
stability. Other interesting application area of metal -
matrix composites is sporting goods. Bicycle frames made
of boron reinforced aluminum composites have been used at
the Los Angeles olympic games [2].

In Table 1.1, potential metal matrix composites
applications for the automotive industry are listed [6].
And in Table 1.2, the representative properties of metal
- matrix composites are listed [4].

There are several methods for the preparation of
ceramic - metal composites. These are; diffusion bonding,
solidification casting of premix slurries with or without
pressure, pressure assisted infiltration, wetting
assisted infiltration and sintering of premix ceramic and
metal powders under wetting conditions. Diffusion bonding
is a common technique for laminated composites. In this
method, several layers of matrix and fibers are laid up
then sintered below the melting temperature of matrix
material. In solidification casting, dispersoids are
dispersed in a selected melt matrix material then this
mixture is solidified. But there are several problems
with this method, like residual porosity and shrinkage.
Furthermore, microsegregation during the solidification
process affect the mechanical properties of the composite
adversely [7].



TABLE: 1l.1.

Metal - matrix composite applications for
the automotive industry

[6].

System Component MMC Properties
Engine Piston crown High temperature,
fatigue, creep,
wear resistance
Valve High temperature,
fatigue,
Creep,wear
Connecting rod
Increased
stiffness, weight
reduction
Suspensions Struts Damping,
increased
stiffness
Driveline shift forks Wear resistance,
weight reduction
Gears Wear resistance,
weight reduction
Wheels Weight reduction
Brakes Disk rotors Wear resistance,
weight reduction
Calipers Wear resistance,
weight reduction




TABLE: 1.2. Representative properties of metal matrix
composites [4].

Modulus(loépsi)
Matrix | Reinforcement Rel?fggiege?t Longi Trans
° tudinal verse
Al None 0 10 10
Epoxy | High strength 60 21 15
graphite
fibers
Al Alumina 50 29 22
fibers
Al Boron fibers 50 29 18
Al Ultrahigh
modulus 45 50 5
graphite
fibers
Al Silicon 40 21 21
carbide
particles
Ti Silicon
carbide 35 31 24
monofilament
fibers

Infiltration is one of the most economical process
for the production of composites having a matrix of low
( or medium) melting point metals such as aluminum,
maghesium or copper [8]. Pressure assisted infiltration
is good for incompatible composites such as B,C-Al and
SiCc-Al where strong chemical reactions exist during
infiltration. The application of pressure permits
lowering the infiltration temperatures to reduce chemical
reactions between the matrix and ceramic. But this method
limits the sizes and shapes that can be produced. Wetting
assisted infiltration does not require external pressure



and also reduces the residual porosity. This method
becomes important when near net shape cermet productions
are needed. There are several requirements for a
succesful pressureless infiltration; the presence of open
porosity throughout the microstructure, good wetting of
the ceramic by molten metal, chemical interactions
between the constituents during infiltration [7].

Many metals have been considered as a possible
matrix material; aluminum, copper, titanium, magnesium,
zinc, nickel etc.

* Copper: Although copper is heavier than aluminum
and titanium, it is an excellent conductor for both heat
and electricity and also its shear strength is higher
than aluminum at temperatures above 400°C. Copper is
relatively inert to reinforcing materials and therefore
it has fewer manufacturing problems than titanium [4].

* Titanium: Another lightweight metal and it is
getting much attention in composites research. But it has
some disadventages like the cost is higher, applications
are more specialized [4].

* Magnesium: It is lighter than aluminum and
especially suitable as a composite matrix because of its
natural tendency to wet the filler [4].

* Aluminum: It is lightweight, nontoxic, relatively
inexpensive, easy to obtain and it has low density, low
electrical resistivity, high thermal conductivity making
it an attractive matrix material for metal matrix
composites. Aluminum - matrix composites are the most
widely used at present [4,6,9].



In this study, aluminum is used as a matrix
material. The purpose of this study is to investigate the
processing parameters of AIN - B,C / Al composites. And
also to understand the effect of B,C and different
atmospheres to infiltration.



CHAPTER 2. BACKGROUND INFORMATION

The most important requirement for the fabrication of
metal -~ matrix composites ( especially by processes
involving liquid metals ) is wetting of the ceramic phase
by molten metals [10]. Good wetting is a requirement for
satisfactory bonding'between solid ceramic phase and liquid
metal matrix phase [11]. Therefore, understanding of
wetting becomes an important subject to study.

2.1. Interface energy and interface tension

The atoms or molecules at or near the surface are
attracted inwards and sideways due to presence of neighbor
atoms in those directions. Compared to atoms located within
bulk part of material, forces on an atom located on the
surface are not balanced. This means that work has to be
done in order to bring a molecule from the bulk to the
surface. Bringing an interior atom to the surface requires
work to be done which results in an increase in free energy
Surface energy is then defined as the increase in free
energy per unit area of new surface formed ( J/ nF). The
total free energy of a material under constant temperature
and pressure can be expressed as shown below;

G =G, + YA (2.1.)

where
v: Excess free energy per unit area
A: Surface area
G,: Bulk free energy of the system

Since bulk free energy is constant, change in the
system free energy under fixed pressure and temperature is



due to the presence of surface.
dG = ydA + Ady (2.2)

If one considers a classical example of a soap film
being pulled along a wire frame under applied force F, work
performed will be equal to FdA where dA is the increase in
area. According to definition of surface free energy, this
work should be equal to the amount of free energy change.

dG = FdA = ydA + Ady (2.3)
dy

F=y + A2 (2.4.)
da

In the case of liquids, the molecules are mobile
enough as to be able to the imbalance of forces acting on
them in the surface layer so it can keep a constant surface
structure, and dy / dA is equal to zero. Therefore;

F=y (2.5.)

Equation 2.5 for a liquid implies that surface
tension is equivalent to surface free energy. For solids,
it is not possible to say that dy / dA is equal to zero,
because atoms can not rearrange themselves as easily as
liquid atoms [1,7].

Various techniques have been introduced for
determining the surface energy and wettability of
liquids. Measurements of surface free energies of liquids
are relatively easy compared to measurement of solid
surface energies. For liquids, the most common methods
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are the sessile drop, the pendant drop, maximum bubble
pressure method and capillary rise methods. For solids,
the only technique is the zero - creep method where a
polycrystalline material is elongated at high temperature
and the garin boundaries intersecting solid - vapor
interface sustain equilibrium by the movement of atoms
at the grain boundaries [7]. Sessile drop method is
often used for measurement of surface energies of
liquids. This method is advantageous, because it permits
the determination of the contact angle of the liquid and
surface energy at the same time ([12]. Even though the
wettability experiments are simple, the contact angle
values reported in the literature for the same system
shows a quite variation. This may be due to the
sensitivity of contact angle and surface energy to the
presence of impurities in the substrate and/or in the
working atmosphere and to surface roughness of the
substrate [13].

In Table 2.1. measured surface energy values of
ligquid aluminum is shown [7,14]. As it can be seen from
this table, measured surface energy values of molten
aluminum shows a wide variation. One possible reason of
variation is due to the presence of oxide skin on the
molten aluminum surface. Effects of alloying elements on
surface energy of liquid aluminum is shown in Figure 2.1.
some alloying elements can decrease, increase or some of

them have no influence on the measured surface energy

[7].

Absorption and/or reactions between solid, liquid
and gas phases can result to some changes in solid,
liquid and solid - liquid surface free energies. Since
the measurement of solid and solid - liquid surface
energies is difficult, it is desirable to develop
theoretical techniques for approximate estimations.
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Surface energy is the work to expand the surface area,

therefore it is related to atomic bonding and parameters

such as melting temperature, elastic modulus, hardness.

These parameters can provide a rough estimate of surface

energy. Some of the estimated and measured results for

several ceramic materials are summarized in Table 2.2.

[71.

TABLE: 2.1l. Surface energy of pure molten aluminum
(77.

Yiv dy /4T Temp. Atmo
Temperature 2 Range sphere
(°K) (mJ/m”) (°K)
Al
(oxidized
surface)
933 760 0.202 980-1090 | 107/
933 865 0.14 973-1473 10%
933 870 0.195 933-1293 | 10
973 869 0.20 1073-1173 | Ar+100ppm
O,
Al
(unoxidized
surface )
973 1122 —-——- ——- Ar
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FIGURE: 2.1. Effect of alloying elements on the
surface tension of 99.99 % Al at 700
to 740°C in argon [7].

TABLE: 2.2. Surface energies of some solid ceramics

[71.
Material Temperature (°K) Yo (mJ / m%
Al,0; 2143 925
A]‘ZOS 2123 905
Mgo 1870 1100
MgoO 0 1090
Tio, 2100 380
sic 1703 1850
ZrcC 1373 800+/- 250
Tic 1373 1190+/~- 350
We 1423 2820+/- 30
AlN 1703 2470
SisN, 1703 1150
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2.2. Wetting Phenomena

The wettability of a solid by a liquid is indicated
by the contact angle ( 6 ) between the two phases. Figure
2.2 shows a liquid drop resting on a solid substrate,
surrounded by a vapor phase.

LIQUID

¥stL
—_—

SOLID

FIGURE: 2.2. Schematic diagram of a liquid drop
: resting on a solid surface [10]

For ideal wetting, the liquid drop must spread
completely over the solid surface, in this case the
contact angle becomes zero. Non- wettability is defined
by the contact angle of 180°. However, a contact angle
less than 90° cause effective wetting and a contact angle
greater than 90° cause non - wetting [10]. In Figure
2.3, a liguid drop on the solid surface showing the
wetting angle for wetting and non - wetting systems.

Wetting system Non-wetting  system

[ Y

sl

Figure: 2.3. Schematic diagram showing wetting and
non- wetting systems [11].
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The relationship between interface tensions and
wetting angle is described by Young's equation [15].

Yoo = Yst T Yy Cos O (2.6.)
or
Yoo = Y
Cos 8 = i - (2.7.)
ylv
where

Y, = Interface tension between solid - vapor
Y, = Interface tension between solid- liquid
¥,y = Interface tension between liquid- vapor

0 = The angle between the liquid and
substrate ( contact angle or
wetting angle)

A liquid wets the solid surface when y,, - vy, is
positive ( Cos 6 > 0 ) [1]. The contact angle in Young's
equation ( equation 2.6) is defined for chemically
homogeneous and perfectly smooth solid surfaces. Real
solid surfaces never fulfill these conditions, therefore
measured contact angles may deviate from Young's angle
[13]. To increase the interaction between metal and
ceramic phases, the surfaces have to be brought into
excited states. Therefore, temperature and atmosphere are
as important as the properties and structure of the
surfaces. Work of adhesion (W,) describes the physical
interaction between a metal and a ceramic. The work of
adhesion (W,) is defined by Dupre's equation [12,16].

Wa =Yoo T Yiv — Ysu (2.8.)

W, also shows the strength of the binding between
the two phases. It has dimensions of an energy per unit

surface area [1].
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Combining equations (2.6) and (2.8), the work of adhesion
can be written as follows,

W,=v, (1+ Cos 0 ) (2.9.)

When the surface energy of the liquid phase is (y,)
known, W, can be determined from the measurement of
contact angle [1].

The surface energies of ceramics ( solids ) are
usually lower than that of pure metals ( ligquids). And
this results in low values of ( y,, - Y, ) which is the
driving force for wetting. According to equation 2.7, the
contact angle between a liquid drop and solid can be
decreased by:

* Increasing the surface energy of the solid ( Yo )

* Decreasing the interfacial energy between the
solid and the liquid ( yg )

* Decreasing the surface tension of the liquid (y,)

2.3. Mechanism of Wetting

Although the mechanism of wetting is not fully
understood there are several theories about it. The main
mechanisms for wetting between ceramic and ligquid metal
are; electronic charge transfer, dissolution, adsorption
and chemical reactions [11].

* Electronic Interaction : It has been suggested
that the interaction force between liquid metal phase and
solid compound is determined by the electronic
configuration of these two phases. Samsanov et al.,
studied the wetting of carbides with liquid metals. They
explained the wetting behavior on the basis of
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elements have strong affinity to oxygen. Therefore,
adsortion of vaporized species on the solid phase is not
believed as an active wetting mechanism for
ceramic/Al-alloy system [11].

* Interfacial Reaction : Many researchers have
suggested that interfacial reactions such as chemical
reaction, dissolution and adsorption can make
solid:liquid system wettable. In each case, the driving
force is a reduction of total free energy of system.
However, excessive reactions can cause degradation of
solid phase or unwanted phase formation at the
interfacial region [11].

Most solid ceramic:liquid metal systems are
chemically inert, therefore the interfacial reaction may
not be the major wetting mechanism. In this case, the
first mechanism may be either electronic interaction or
simply physical contact [11].

The stability of ceramic phases in ceramic:liquid
metal systems permit only very low mutual solubilities
between the two phases. However, small amounts of
dissolution can decrease solid:liquid interfacial energy
significantly [11].

2.4. Infiltration

There has been a considerable interest in the
synthesis of metal - matrix composites using liquid metal
infiltration techniques recently. However, the practice
of infiltrating porous materials with molten metals is
very old. It has been used since 1920's to strengthen
powder metallurgy products made of iron and steel by
infiltrating them with copper. It is the standart method
of producing electrical contacts of tungsten and
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molybdenum by infiltrating them with silver or copper.
The method is not restricted with metals, for example;
wood has been infiltrated with babbitt metal and bronzes
have been infiltrated with oil [17,18].

During infiltration, a liquid metal moves through
the pore system of a solid powder compact. Although it is
similar to liquid phase sintering, in infiltration liquid
externally contacts the porous solid and capillary forces
draw it inward. Infiltration has some advantages over
other techniques, these are as follows [19].

a) Full density can be obtained without application
of high pressures or subsequent forging, rolling or
extrusion or hot pressing.

b) Complex shapes and large sizes can be produced
with a near net shape.

¢) Surface characteristics that permit joining and
coating can be obtained.

d) Phase distribution that may result in a uniform
or a purposely graded microstructure can be obtained.

e) Good mechanical properties can be obtained.
Strength can be increased through subsequent effective
heat treatment.

For a succesful infiltration of a porous solid with

a liquid phase, the total surface free energy of the
system after infiltration must be lower than the total
surface free energy before infiltration. Here the total
means the surface free energies of the solid and the
liquid phases as well as the interfacial energy between
the solid and the liquid . This relationship is another
form of equation 2.6 and is given below.

Yoo = Yoy — Y, Cos O (2.10)
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Infiltration rate is related to Poisseuille's law
which defines the rate of flow or rise of a liquid in a
glass capillary. This model is based on the assumption
that all capillaries are straight but in real powder
compacts there may be twisted channels. Furthermore, in
many syStems after penetration, pore filling liquid
reacts with the solid which is thought to be the second
infiltration stage. Similar to wetting, low contact angle
is also important for infiltration. Many conditions other
than low contact angle must be fulfilled for a succesfull
infiltration [19].

Powder compact: The compacted powder should contain
interconnected pores and channels, and the size range of
the pores must allow capillary force action. The type of
the furnace must permit control of time and temperature
for both stages of infiltration ( penetration of the
liquid through the pore system and reaction of the ligquid
with the powder compact after filling the pores ). The
particle size distribution of the powder and the
compacting pressure must be adjusted so that to produce
many interlocking pores free paths between them for to
receive and pass the liquid metal [19].

Infiltrant: It must have a melting temperature below
the melting point of ceramic solid. High fluidity in the
liquid state is desirable, because it helps the driving
force of the surface tension. Thermal expansion
characteristics of the infiltrant affect final strength
of the infiltrated sample. If the infiltrant, expands
during rapid solidification, the strength of the
composite may be decreased [19].

System Compatibility: As it was mentioned above, the
wetting angle between the liquid infiltrant and the
compacted powder should be low ( O < 90° ). And the
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reaction between these phases must be minimum. Because if
the volume of the reaction products formed during
infiltration is equal or greater than the initial volumes
of the solid and the infiltrant liquid; penetration is
stopped before completion [19].

Solubility: The effects of solubility generally
helpful, when solid solution formation between components
is minimum at low temperatures and when equilibrium
conditions at the infiltration temperature produce
minimum dissolution of the powder compact in the liquid
infiltrant. If the powder dissolves in the liquid
infiltrant in large amounts, the infiltration rate may be
lowered and longer times requires for complete
infiltration. Presaturation of the infiltrant with the
compacted powder or alloying with a solubility -

inhibiting element eliminates this problem [19].

vacuum: When the system is subjected to a vacuum,
capillary infiltration may be enhanced. Under vacuum,
volatile impurities are easily removed from the melted
infiltrant [19].

Pressure Gradient: By applying pressure, the
infiltration becomes less dependant on capillary action
and good wetting. The compacted powder with a less
controlled pore structure can be infiltrated by applying
pressure gradient with the aid of an external force
acting on the liquid. And also systems in which the
liquid forms high contact angles with the compacted
powder can be infiltrated if the pressure is sufficient
[19].

Many methods have been employed during the
development of infiltration technique. Some of these
techniques are reviewed below.
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Capillary - Dip Infiltration: The solid body is
partly immersed into a molten metal bath in a crucible as
shown in Figure 2.4.a. Liquid is drawn in by capillary
forces, removes the gas in the pores and rises [19].

Full - Dip Infiltration: The compacted powder is
completely immersed in the molten metal as shown in
Figure 2.4.b. Penetration occurs from all sides toward
the inside. To avoid gas entrapment, immersion of the
compacted powder must be slowly. Application of a vacuum
helps degassing [19].

Contact Infiltration: The infiltrant is initially
placed in contact with the solid, after melting, the
liguid penetrates the solid. If the infiltrant is placed
on top of the solid ( as shown in Figure 2.4.c) surface
tension may spread the liquid over all faces of the
compacted powder before penetration. Gas displacement
from the pores is aided by placing the infiltrant under
the compacted powder or by applying vacuum [19].

Porous body Solid metal

Porous body

o

[o]
0 LSSISENSNENNNNSY
f

‘Q

Meta! bath Metal bath

Heat treating furnace

(a) (b) (c)

FIGURE: 2.4. Infiltration methods a) Capillary dip
infiltration b) Full dip
infiltration c¢) Contact infiltration
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Vacuum Infiltration: Two methods can be employed to
create a vacuum in metal infiltration. In the first
method; by applying suction to the liquid phase, a
pressure gradient is created and this allows atmospheric
pressure on the molten metal infiltrant to be the driving
force. For this method, a closed mold system which
contains the molten infiltrant and the compacted powder
is required. Then vacuum is applied to the end of
compacted powder. The second method is simply placement
of the entire infiltration system in a vacuum furnace.
This method is useful for systems with strong outgassing
components, but may cause difficulties in controlling the
infiltration period and infiltrant temperatures [19].

2.5. General Properties of AIN and B,C

AIN is covalently bonded material, it has wurtzite -
like hexagonal lattice which is somewhat different from
the ideal structure ([20,21]. It has been regarded as a
useful nitride ceramic because of its excellent
properties. It has attracted much attention as a high-
thermal conductivity ceramic substrate. The theoretical
thermal conductivity of single crystalline AIN at room
temperature is about 320 W / m.K. This value is 90% of
BeO and 7 times that of Al,0;. However, this high value
can be obtained only in pure single crystals [22,23,24].
Thermal conductivity of A1N depends on the amount of
impurities especially oxygen and carbon. Oxygen atoms are
dissolved in the lattice and reduce the thermal
conductivity. The thermal conductivity of A1N decreases
as the oxygen content increases and therefore the
quantitative determination of the oxygen content in AIN
is very important 1[21,22,25]. For polycrystalline AlN,
thermal conductivity changes between 10 and 260 W / m.K
depending on processing conditions and purity. Lower
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values than theoretical thermal conductivities in
crystalline solids are due to microstructural factors for
example grain boundaries, porosity, lattice impurities or
defects [23]. Only beryllia, copper and aluminum exceed
AlIN. But beryllia is an expensive and highly toxic
material. Copper and aluminum are both soft and low
melting point materials. Therefore, for areas where good
mechanical properties at high temperatures with high
thermal conductivity is required, A1N is the most
appropriate material [26].

AlIN sublimates at 2450°C without liquefying under
non- oxidising conditions [27]. Since AlN is not
dissolved or eroded by molten Al and unaffected by molten
ferrous alloys, it has potential applications in various
smelting operations [28]. It is stable in carbon
monoxide up to 1800°C, in hydrogen to 1400°C, in vacuum
to 1500°C and in nitrogen to 2700°C. As a non-oxide
ceramic, this material may suffer attack from oxidizing
environment. As a non-oxide ceramic, this material may
suffer attack from oxidizing. The oxidation rate of AIN
to Al,0; occurs at a significant rate above about 1000°C
and this reaction limits its continuos application at
high temperatures in oxidizing atmosphere [29,30].

Other than its high thermal conductivity, AIN has a
low thermal expansion coefficient ( & = 4.3%10°° /K at
room temperature, near that of Si), it is an electrical
insulator ( electrical resistivity, r > 1013 Q.cm at room
temperature ), a low dielectric constant ( K'= 8.9 at 1
MHz at room temperature ). These properties make AIN an
important ceramic material in electronics industry. It is
a candidate as a substrate for power circuits and as a
packaging material for integrated circuits. Other
application areas of AlN are; heat siﬂks, laser diode
heat spreaders and fillers for polymer and glass
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in comparison with other ceramics [26,29].

TABLE: 2.3. Properties of AIN in comparison with

other ceramics

Densitg Thermal Thermat Elastic Hardness Bending
(gr/cm™) Conductivity Expgnswn Modulus (Mohs) Strength
(W/mK) 10 °7 °C (GPa) (N/mm"™)
ALN 3.26 185 4.6 343 8 280-350
Al203 3.96 29 7 378 9 240-250
Be0 3 240 7.6 378 8-9 170-230
SicC 3.21 100 4.6 460 9 500
BN 2.25 14 12.2 82 2
SizN, 3.3 10-40 3.1 8-9 600-700

Since AlN is a covalent compound, limited atomic
[32]. By
hot pressing commercially available aluminum nitride

mobility prevents densification of pure AIN

powders at 2000°C, 97-99% of theoretical densities can be
obtained. However, hot pressed aluminum nitride materials
have anisotropic microstructure so their properties
depend on direction. Since by hot pressing only simple
shaped bodies can be produced, pressureless sintering
processes have been developed. But pressureless sintering
of aluminum nitride require sintering aids. Many
compounds have been tested for promoting sintefing
especially oxides of elements from the second and third
group of the periodic system were found to be effective.
CaO, BaO, SrO form a liquid phase at high temperature and
it is advantageous for densification of AIN. Onthe other
hand, AlN is very sensitive to oxygen and oxygen
dissolves in AIN powder to form a solid solution. It
exists not only on the surface of the powder but also
inner part of it. Moreover, oxygen may be in the form of
Al,0; during the preparation of AIN. While sintering at
high temperatures, surface oxygen diffuses into the AlN
grains and remains in the state of a solid solution or is
converted to a compound having spinel type structure
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defined by the formula (AlN), (A1,0;), and resulting in
impairing the excellent properties such as high thermal
conductivity. When the concentration of oxygen exceeds
5%, it is difficult to remove all oxygen. In this case,
carbon or a compound which can be converted into carbon
by sintering is useful. It reduces and eliminates oxygen
in the AlN starting material and also contributes to
inhibit the formation of a compound having spinel type
structure [33,34,35].

AlN can be manufactured commercially by either
direct nitridation of aluminum powder at low temperatures
or carbothermic reaction of alumina with carbon under
nitriding conditions. Other effective method is a plasma
process. In this process, Al metal is vaporized at
temperatures close to 10000°K. The vaporized Al is then
reacted with nitrogen gas, NH; or hydrogen gas and to
form ultrafine AlN particles having a particle size <0.1lu
and surface areas nearly 30m° /ar [26,29,36].

The phase diagram of Al-AlN shown in Figure 2.5.,
indicates that there is no interaction between aluminum
and aluminum nitride to the melting point of AIN at
2800°C. Thus a composite of aluminum and aluminum nitride
would be thermodynamically stable and does not suffer
destructive interfacial reactions and reaction products
[7,26].

The wettability of several ceramics by liquid
aluminum has been studied by Rhee [37] using sessile drop
technique under vacuum conditions. According to his
results, contact angle decreases linearly with increasing
temperature in all ceramic/Al systems. He also found that
Al/A1N system exhibits the least wetting.
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FIGURE: 2.5. Al/AlN phase diagram [7].

The other raw material used in this study is boron
carbide (B,C). It is a very hard material ( 2.5 in Mohs

scale), low spesific gravity (2.52 gr/cnf) covalently

bonded ceramic material. It is an advantageous material

for applications involving neutron absorption, wear and

impact resistance. But B,C is extremely sensitive to

brittle fracture and producing fully dense B,C is

difficult. By using certain additives ( for example

graphite), sintered products with a high density

(approximately 98.2% of the theoretical density) can be

produced at temperatures above 2000°C. Hot pressing at

about 2100°C is another technique to obtain high density
products [38]. But since hot pressing is an expensive
method , alternative methods are required. However, the
studies on pressureless sintering of boron carbide have
Mechanical properties can be

not been achieved yet.
If the application is limited

improved with B,C cermets.
to low temperatures, a low melting point metal ( for

example aluminum) can be introduced to obtain lower
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densification temperatures ( < 1200°C) and to increase
fracture toughness. And also if the metal has a low
spesific gravity, then the cermet can have improved
mechanical properties with low weight. Halverson et al.
studied processing of B,C-Al composites above 1000°C to
promote wetting. As it was mentioned in Part 2.4.,
wetting is necessary to achieve strong interfacial
bonding and to allow liquid rearrangement during
sintering [38]. Figure 2.6. shows contact angle of
aluminum on B,C as a function of temperature and time

Aluminum starts to wetting B,C above 1000°C under
vacuum conditions. But under flowing argon, the contact
angles are higher due to the oxidation of melted
aluminum. In both cases, the contact angles decreases
with increasing temperature and time. And also, by
increasing the temperature, low contact angles are
obtained in shorter times. However, since the vapor
pressure of aluminum also increases with increasing
temperature, to keep the vaporization of aluminum
minimum, an upper processing temperature limit is
necessary [38].

180}_‘ ¥ ITI "1' ‘I‘Alll 'l T III T T M
. Open points : 1075 to 108 torr vacuum

160 }—Closad points: atm Ar, tlow > 140 cc/min ,J
900 °C

140

Contact angle (degrees)

" Time {(min.)

FIGURE: 2.6. Contact angle of aluminum on B,C as a
function of time and temperature [38].
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Figure 2.7. shows, the relative amounts of phases
which can occur during B,C-Al cermet processing at
temperatures between 800 and 1400°C. According to this
figure, the amount of Al,C; increase with increasing
processing temperature. Al,C; is undesirable, because of
its hygroscopic nature and poor mechanical properties.
And it is not stable at room temperature, therefore it is
important to control the amount of this phase. An
unidentified phase (called X), forms at all temperatures,
B,C and aluminum react to form this phase. Sarikaya et al
achieved to characterize the crystal structure and
composition of phase X by transmission electron
microscopy techniques. According to their results, the
crystal structure of phase X is hexagonal close packed
and the composition is A1,BC. Under equilibrium between
800° and 9200°C, the major reaction products are AlB, and
Phase X. Under these conditions, phase X is stable, it
decomposes after all of the free aluminum is depleted.
Above 1100°C, the amount of phase X is less because
aluminum is depleted through the formation of other
stable phases. AlB, forms up to 1000°C,above this
temperature it is not present in the microstructure.
AlB,,C, is thermodynamically favored over AlB, between 900
and 1000°C. The amount of Al,C; increases with a decrease
of the phase X and AlB,,C, becomes a major phase above
1200°C. Al,C; begins to crystallize in the shape of
short whiskers. At temperatures above 1300°C, after all
aluminum and phase X are completely depleted from the
system, overall equilibrium occurs. Then Al,Cy
decomposes and graphite, B,C and AlB,C, remain as stable
phases [9,38].
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FIGURE: 2.7. Reaction series for B-C-Al systems [38].



CHAPTER 3. EXPERIMENTAL PROCEDURE
3.1. Preparation of Ceramic Preforms

AIN ( Hermann Starck, Berlin, grade KT ) and B,C
( ESK Co, average particle size is 5u ) powders were used
as raw materials. Manufacturer's spesification for
chemical composition and average particle size of Al1N is
shown in Table 3.1.

TABLE: 3.1. Characteristics of A1lN powder

CHEMICAL
COMPOSITION (%)
N 33
Cc ’ 0.05
0] 0.7
Fe 0.010
Other metallic < 0.05
impurities
Medium particle 13.6
size (u)

In Figure 3.1., the processing flow diagram for
A1IN-B,C / Al composites is shown. Since AlN has low
reactivity with isopropanol alcohol, batches containing
different amount of B,C ( 1,2,4 and 10 wt% ) were mixed
in alcohol. AlN and B,C powders were mixed by magnetic
stirrer, then binder ( carbowax 8000, polyethylene
glycol, 4wt% ) was added during ultrasonic agitation.
The suspension became uniformly dark after ultrasonic
mixing due to the fine B,C powder. The mixed suspension
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then heated to about 60°C to evaporate alcohol, the dried
mixture was sieved through an ASTM No: 20 grit sieve.

About 5 grams of mixture uniaxially pressed under
about 1800kg ( 40001b ) in a steel die to form cup shaped
samples. To eliminate density inhomogenities and for
handling purposes, the samples were subsequently cold
isostatic pressed (National Forge Company) at about 172
MPa (= 25000 psi) Simultaneously, some spare samples
also pressed for each composition for characterization of
the sintered preform microstructure by mercury
porosimetry.

Binder was partially burned out before firing.
Prepared samples were heated to 200°C and held at this
temperature for 1 hour. According to weight changes,
about 3.7 wt% of added binder was decomposed during this
process. The strength of the residual binder makes the
measuring and holding processes possible. Most of the
residual binder was decomposed during the following
sintering process under nitrogen atmosphere.

The samples were loaded into a graphite crucible and
put on ALN powder which is used as a bedding powder.
Sintering experiments were carried out in an induction
heating system shown in Figure 3.2. Regular grade
nitrogen was pre-purified by passing through drierite and
copper turnings at about 350°C at a rate of approximately
85 liter / h. The furnace which is shown in Figure 3.3.
was connected by a water cooled copper tube coil to a
15KW Induction Power Track System ( VIP 15-96 Power Track
Induction Furnace, Inductotherm Corporation, Rancocas
N.J. ). The crucible with specimens was set on graphite
felt on top of the susceptor. Temperatures were measured
by Pyro Micro-Optical pyrometer through the silica glass
on top of the furnace, sighting through the holes into
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the crucible. Mo plates attached to the system and they
were used for héat shielding in front of the silica
glass. Water cooling copper were soldered on the top of
the chamber and an active water cooling jacket was around
the outside of the chamber. A mechanical pump attached
to the furnace was used to eliminate the residual oxygen
and water vapor before the chamber was back filled with
purified nitrogen. The furnace was evacuated with a
mechanical pump after the crucible was loaded into the
furnace. Nitrogen gas was purged through the system for
about an hour before starting to heat. Several sintering
temperatures were tried ( 1460 to 1600°C), heating rate
was 12°C /min and the holding time at these temperatures
was 1 hour. 1 atmosphere nitrogen pressure was
continuously maintained within the chamber. At the end
of the soaking period, the system was cooled down to room
temperature.

3.2. Molten Metal Infiltration

The same induction furnace was used for the wetting
infiltration of liquid aluminum into the preform. The
infiltration was accomplished by placing a known amount
of aluminum ( 99.99 % pure ) on top of the sample. The
shape of the preform was shaped like a small reservoir to
hold the molten aluminum in place at high temperatures.
Amount of aluminum used varied from 2.5 to 3.5 grams
which is more than required to f£ill the open porosities.
Similar to sintering experiments, sintered ceramic
preforms with aluminum metal were placed inside the
crucible on AlN powder.

Several infiltration atmospheres were investigated.
Tha chamber was evacuated with a mechanical pump. 50 torr
and 400 torr Ar chamber pressures were provided with a
second mechanical pump attached to the system. Ar gas
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purified by passing through drierite and copper turnings
at about 350°C and titanium furnace about 780°C. The
furnace was heated to 900°C under vacuum to avoid Al,0,
formation on molten aluminum surface, then Ar gas was
entered and heating continued to about 1250°C. The
heating rate was 12°C/min and infiltration time was 20
minutes. The process can be observed from the glass
window on the top of the furnace. After each holding
time at the infiltration temperature, the furnace turned
off and the system was left to cool down to room
temperature. Ar gas was continued to give to furnace to
avoid the oxidation of aluminum until the temperature
decreases to below 600°C.

3.3. Characterization of Powders and Preforms

The chemical composition and particle size of AIN
was given by the manufacturer and is given in Table 3.1.
The spesific surface areas of AIN, B,C and sintered
products were measured by 3- point BET method with a
Quantachrome Autosorb 1 instrument.

Mercury porosimetry was used to characterize the
microstructures of sintered preforms with a Micromeritics
Autosorb IT 9220 instrument. It is a recognized method
for determination of pore size distribution. Mercury
porosimetry is conducted by first preparing a sample of a
size dependant on the material porosity and with pore
volume measurable by the equipment. The sample is placed
in a holder called penetrometer, evacuated and then
immersed in mercury at a low pressure. Increasing
pressures are applied on the mercury and the
corresponding volumes of intruded mercury determined
[39].
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Before and after sintering, each sample was
carefully weighed to determine weight change. Sintered-
products were examined by JEOL -JSM T-330 scanning
electron microscopy.

3.4. Characterization of Infiltrated Samples

The infiltrated samples were cut through the middle
with a diamond saw. Half of the samples were mounted and
polished to 1200 grit SiC paper then polished on a cloth
with Al,0; dispersed distilled water. The microstructures
were examined by optical microscope and SEM. Since there
is a high contrast between light reflecting aluminum and
grey aluminum nitride, no etching was used. Infiltrated
samples also were analyzed with X ray diffraction
(Rigaku-RINT XRD, CuK, radiation). Hardness of the
composites were measured with a Macro Vickers Hardness
equipment with 50 kg load.
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FIGURE: 3.1. Processing flow diagram
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FIGURE: 3.2. Schematic diagram of experimental set-up
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(h) furnace (i) vacuum gauges control
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FIGURE: 3.3. The schematic picture of the furnace
(a) silica sight glass (b) Mo radiation
shield (c) water jacket (d) bronze chamber
case (e) copper tube and induction coil (f)
graphite felt (g) graphite susceptor (h)
graphite crucible (i) graphite step (3)
honeycomb cordierite insulator (k) SiC plate
(1) steel plate (m) steel rods



CHAPTER 4. RESULTS AND DISCUSSION

The cold isostatic pressed ceramic preforms were
weighed before and after sintering to determine weight
change. Results have indicated that the preforms which have
higher B,C content weight gained. Although the samples
containing 10 wt% B,C weight gained at all sintering
temperatures, the samples containing 1 wt% B,C weight lost.
The percentage of weight change has increased with
increasing sintering temperature.

Nitrides are generally contain some oxygen. According
to manufacturer's spesification the AIN we used in this
study contains 0.7% oxygen. For A1lN, the oxygen is usually
in the form of Aig& on powder surfaces. Since Al,0; prevents
infiltration, the amount of oxide must be reduced. Numerous
studies have been reported in the literature about the
contact angle of aluminum on aluminum oxide. The contact
angle exceeds 90° at temperatures below 950°C to 1000°C. It
was reported that, a thin film of oxide on AIN surface acts
as a non-wetting barrier.

Toy at al [7]. had mixed AIN powder with a known
amount of carbon and fired under nitrogen at 1700°C for to
convert aluminum oxide to aluminum nitride according to
reaction 4.1.

A1,0; + 3C + N, —=> 2AIN + 3CO (4.1.)

In our experiments B,C was used and it is assumed that
aluminum oxide reacts with B,C and yields to AIN and BN as
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shown in reaction 4.2.
Al,0; + 3B,C + 7N, ———= 2A1N + 12BN + 3CO (4.2.)

The standart free energy of this recation indicates
that it is possible to convert Al,0; to AIN and BN. The
free energy change has been calculated as - 839 kJ/mole at
1900°K ( 1627°C). According to reaction 4.2. for a complete
reaction the weight gain is 41.8 %. Therefore the weight
gain while sintering indicates the conversion. And since
Al,0; is detrimental to infiltration the higher the weight
gain must result in better infiltration. This result is
exactly in consistent with our observations as shown in
Table 4.1.

TABLE: 4.1. The relationship between weight change and

infiltration
Mixture Temperature | Observed Infiltration
(°C) weight
change (%)
AlN+10%B,C 1400 weight gain
1500 at all Infiltrated
1600 temperatures
AIN+4%B,C 1400 weight loss | Partially inf.
1500 weight gain | Infiltrated
1600 weight gain | Infiltrated
AIN+2%B,C 1400 weight loss | No inf.
1500 weight loss | No inf.
1600 weight gain | Infiltrated
AIN+1%B,C 1400 weight loss
1500 at all No infiltration
1600 temperatures
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If it is assumed that, the oxygen in the AIN powder
(0.7%) is all in the form of Al,0;, it is calculated from
stoichiometry that the amount of Al,0; initially present was
1.48% . The theoretical amount of B,C required to fully
react with the Al,0; is about 1.62 times higher than the
amount of Al,0;. The ratio of B,C/Al,0; for each mixture was
calculated in terms of reaction 4.2. and results are shown
in Table 4.2.

TABLE: 4.2. The theoretical B,C/Al,0; weight ratio

Samples B,C/Al,04
“AIN + 1%B,C 0.684
AIN + 2%B,C 1.38
AIN + 4%B,C 2.81
AIN + 10%B,C 7.52

o

The results show that, for samples containing 4 and 10 %
B,C, aluminum oxide can be consumed because their B,C/Al,0;
ratio is higher than the theoretical amount, 1.62.
Therefore, it is thought that, weight loss observed in 1
and 2% B,C samples is due to insufficient conversion of
Al,0; i.e. Al,0; could not be reduced. It is necessary to
mention here that, the samples weight lost during sintering
did not infiltrate possibly due to the oxide layer on the
powder surface.

The infiltration was observed through the quartz
window on top of the furnace. at about 900°C, the surface
of melted aluminum became dark which is due to the
oxidation of aluminum. In all infiltration experiments, the
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heating was done under vacuum to 200°C to  avoid this
oxidation. But it is well known that aluminum is easily
oxidized. The oxide film formed on the surface of aluminum

prevents the decreasing of contact angle.
4A1 + 30, —— > 2A1,04 (4.3.)

Fujii et al. [40], calculated the oxygen partial
pressure in equilibrium (Py ), assuming the activity of
aluminum and aluminum oxide are one due to the fact that
the solubility of oxygen in aluminum is very low. According
to their results the oxygen partial pressure is about 10°¥
Pa at 1373°K which is actually cannot be obtained.

Figure 4.1. shows the contact angle between A1IN/Al
compared with the contact angle between BN/Al at 1373°K. It
can be seen that, BN/Al system have lower contact angle.
Therefore, the production of BN in our system may cause
better wetting and as a result of this better infiltration.

8

- Caontact angle / deg

8 8 8

o

FIGURE: 4.1. Contact angle curves of AIN/Al and BN/Al at
1373°K [40].
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4.1. X- Ray Diffraction Studies

The infiltrated samples were cut through the middle
and sections were polished. In order to analyzethe aluminum

content in the samples, X-ray diffraction analysis was
used. In Figure 4.2., the XRD patterns of fully and
partially infiltrated samples were shown.

a

FIGURE: 4.2. The XRD pattern of partially and fully
infiltrated AIN + 4% B,C samples
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Both of the samples have 4% B,C and infiltrated under
the same conditions, however the sample which has been
sintered at 1600°C is fully infiltrated. We observed a
weight loss at 1300°C but weight gain at 1600°C. In XRD
patterns fully infiltration reveals itself much intense
aluminum peaks as shown in Figure 4.2.

4.2. Mercury Porosimetry and Surface Area Studies

As it was mentioned in Chapter 2, for a succesful
infiltration, the compacted powder should have
interconnected pores and the size range of the powders
should allow capillary force. Pore diameter in the preform
is believed to control the flow rate of aluminum.
Therefore, mercury pore intrusion was used to characterize
the preform microstructure.

A small piece of preform (® 0.8 gr) was weighed and
placed in a glass penetrometer, evacuated and then immersed
in mercury at a low pressure. Increasing pressures are
applied on the mercury and the corresponding volumes of
intruded mercury determined. The relationship between pore
diameter and pressure is given by the Washburn equation.

-4 y CosO
d = (4.4.)
P

where:

d= The diameter of a pore (u)

y= Surface tension of mercury (0.485 N/M)

P= The pressure required to force mercury into a pore
6= The contact angle between mercury and solid (140°)
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Since the surface tension and contact angle are
constant, the pore diameter is inversely proportional with
the pressure [39]. The equipment used in this study was
capable of pressures to 60.000 psi. The conventional method
for pore size distribution is to plot pressure vs
cunmulative volume intruded with mercury. But a plot of pore
diameter vs cumulative pore volume is advantageous because
any fraction of pore volume in a pore size range can be
quickly estimated. The equipment is capable of estimate the
average pore diameter, pore area and plot cumulative volume

vs diameter and differential intrusion vs diameter.

The penetration of a fluid into a porous solid has
been modeled by Washburn [39,41].

Y.+ D. t. Cos@
X = (4.5.)

7

where:

x= Infiltration depth

t= Infiltration time

h= Viscosity

0= Wetting angle

y= Surface tension

D= Diameter

According to this equation, the infiltration distance
is directly proportional to the square root of time, pore
radius, surface tension and inversely proportional to the
square root of viscosity. Therefore, mercury porosimetry
was used to characterize the preform microstructure.

X

The results for 1,4 and 10 wt % B,C sintered at 1400°C
and 1600°C were shown in Figures 4.3 - 4.8. According to
results, the pore diameter increases with increasing
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sintering temperature due to grain growth at high
temperatures. And pore diameter decreases with increasing
B,C amount. Since the average particle size of B,C (5u) is
smaller than the size of AIN (13.6u), the B,C particles are
locating between AL1N particles and this results in smaller
pore diameters in the preforms.
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FIGURE: 4.3. Pore size distribution of AIN + 1% B,C
sintered at 1400°C
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The average pore diameters of the sintered products
were measured and in Figure 4.9., the relationship between
pore diameter and %B,C content is shown.

1.2
+ » 1400+ 1600
g 1
b
:
8 0.8
=
® +
£ o8 +
4
g
Z 04
0.2
| 3
[ ]
0 i 1 1 I 1 1
0 2 4 8 8 10 12 14

B,C Content (%)
FIGURE: 4.9. Pore diameter - % B,C relationship

Although the samples sintered at 1400°C have nearly
the same average pore diameters regardless of the B,C
content, there is a gradual decrease in the samples
sintered at 1600°C. It was mentioned previously that the
infiltration distance is directly proportional to the pore
radius, however it was observed that the samples containing
larger amounts of B,C ( smaller pore size) fully
infiltrated. This indicates that, pore size effects the
rate of infiltration but it is not the only requirement.

Spesific surface areas of the sintered products were
measured with 3 point BET method in order to investigate
the effect of sintering temperature on particle size. The
surface areas of raw materials, AlN and B,C were measured
as 0.7383 and 15.47 nf/gr respectively which are in
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consistent with the particle sizes. The results are given
in Table 4.3.

TABLE: 4.3. Spesific surface areas of the sintered products
as a function of temperature and B,C content

Samples
1400 1500 1600
AlN + 1% B,C 0.7809 0.7028 0.6042
4A1N + 2% B,C 0.8055 0.7834 0.6156
AlN + 4% B,C 0.9519 0.9068 0.7913
AIN + 10% Béc 1.472 1.454 1.383

As it can be seen from the table that, the surface
area is slightly decreasing with increasing sintering
temperature and decreasing B,C content. Since B,C has
smaller particle size, it is expectable an increase in the
surface area while the content of B,C increasing.

4.3. SEM Studies

JEOL - JSM ( T330) scanning electron microscopy was
used to observe sintered and infiltrated samples. The SEM
studies showed that the sintering started newly at 1600°C.
As we already mentioned that, pressureless sintering both
AIN and B,C requires sintering aids or they are sintered
with the help of some other methods like hot pressing.
Therefore, sintering temperatures of 1600°C provides
somewhat continuous microstructure which is desirable for
infiltration. Figure 4.10 shows this difference between
10 % B,C sintered at 1400 and 1600°C. Figure 4.11 shows, 1%
B,C and 4% B,C both sintered at 1400°cC.
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FIGURE: 4.10. AlN + 10% B,C a) sintered at 1400°C
b) sintered at 1600°C
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FIGURE: 4.11. a) AIN + 1% B4C b) AlIN + 4% B,’C
both sintered at 1400°C
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The sections of the infiltrated samples are shown in
Figure 4.12. Both of the samples have 4% B,C and
1nf11trated under the same condltlons.

FIGURE: 4.12. AIN + 4% B4C a) sintered at 1300°C
b) sintered at 1600°C
Tnfiltration conditions: 1250°C, under 50torr
Ar, 20 minutes
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4.4. Optical Microscopy Studies

Mounted and polished samples were examined with
optical microscope. Since there is a high contrast between
aluminum and grey AlN, no etching was used.The
microstructures are shown in Figures 4.13 -~ 4.15.

jﬁg@ﬁé” Tl p ¥ o
4.13., ALN + 4% B,C sintered at 1600°C
Infiltration conditions: 1250°C, 50torr Ar,
20 min
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FIGURE: 4.15. AIN + 10% B4C sintered at 1600°C
Infiltration conditions: 1250°C, 400 torr

20 min
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4.5. Mechanical Properties

Some rectangular bars have also been prepared for to
measure 4- point bending strengths. Specimens were 4.8 mm
thick, 6 mm wide and 50 mm long. The lower span was 38 mm
and upper span was 20 mm. Tests were conducted with an
Instron Universal Testing Instrument model 4505. Cross head
speed was 0.1 mm/min. The highest strength was 195 MPa of
the sample containing AIN + 50 wt% B,C sintered at 1600°C
and infiltrated under 50 Torr Ar, because of higher B,C
content. The strength of 4 %B,C sintered at 1500°C was 53
MPa and 3 %B,C sintered at the same temperature was 30 MPa.
Since these results were obtained from one sample, the
strength values may not represent the real behaviour. At

least 10 samples necessary for a conclusion.

Macrohardness of the composites were determined with a
Vickers indenter under 50 kg of load. The sample containing
50 wt% B,C had an average hardness of 511 VH which is again
the highest value. 5 measurements were done with each
sample and average values are given in Table 4.4. As it is
clear that, the hardness is decreasing with increasing
argon pressure. Although the gas was purified before
entering the system, it might have some impurities which
causes oxidation of melted aluminum which prevents
effective infiltration and also entrapment of argon gas
in the pores of the ceramic preform may inhibit the
intrusion of aluminum into pores which can also be the
reason of lower hardness. The higher hardness of 10 % B,C
is possibly due to the higher content of B.C.
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TABLE: 4.4. Vickers macro hardness test results

AlIN + 4% B4C AlIN + 10% B4C
Infiltration | sintered at 1400°C sintered at 1600°C
Atmosphere infiltrated at 1250°C | infiltrated at
20 minutes 1250°C, 20 minutes
Vacuum 151.2 381
50 torr Ar 147.3 365
400 torr Ar 135.5 315




CONCLUSION

Wetting is an important factor for producing ceramic-
metal composites by infiltration. In this study, B,C was used
to reduce the aluminum oxide film on AlN samples because
aluminum oxide inhibits wetting of aluminum nitride with
molted aluminum. B,C reacts with aluminum oxide and yields to
AIN and BN. For a full conversion the B,C/Al,0; ratio ws
calculated to be 1.62. Therefore, for 1 and 2 % B,C samples
could not infiltrated because of the insufficient reduction.

Pore size and distribution effects the rate of
infiltration. From porosimetry results, it was found that
pore diameter decreases with increasing B,C amount and
increases with increasing sintering temperature. Since the
particle size of B,C is lower than that of AIN, B,C particles
are placing among AlN particles which might be the result of
lower pore size.

Spesific areas of sintered products were measured, it
was found that surface area 1is slightly decreasing with
increasing sintering temperatures possibly due to sintering
of particles.

The X ray analysis of infiltrated samples showed that
intense Al peaks in the samples which have been fully
infiltrated.

SEM studies of sintered powders, showed initialization
of sintering at 1600°C. Therefore, sintering temperature of
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1600°C provides somewhat continuous microstructure which is
necessary for infiltration.

Hardness tests indicated that, as the content of B,C
increases, the hardness also increases. For vacuum
infiltrations, aluminum metal intrude more freely into the
pores. But under argon atmosphere, the pores are filled with
gas which prevents aluminum intrusion. Therefore the hardness
is decreasing with increasing gas pressure.

For further studies, sintering experiments can be done
under argon atmospher in order to observe any weight change
and how it affects infiltration. Investigation higher
sintering temperatures can be recommended. And studies on
BN / Al system may be helpful to understand the wetting
behaviour of BN
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