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DEVELOPMENT AND CHARACTERIZATION INVESTIGATIONS OF
MECHANICALLY ALLOYED AND ACTIVATED SINTERED W-1 WT %
Ni MATRIX COMPOSITES REINFORCED WITH TiB, AND La;03
PARTICLES

SUMMARY

Tungsten and its alloys are candidate materials for various elevated temperature
structural applications due to their excellent properties such as high melting point,
high modulus, high resistance of thermal shock, low coefficient of thermal expansion
(CTE) and good high temperature strength and stiffness. Recently, tungsten and its
alloys have received attention with a view of improving the high temperature
mechanical properties.

It is very difficult to fabricate tungsten because of its high melting point and low
ductility and even using powder metallurgy techniques, requires very high sintering
temperatures up to 2400 — 2800 °C to get near fully dense tungsten. However,
advanced sintering techniques such as hot isostatic pressing or activated sintering
offer fabrication of nearly fully dense W composites at lower temperatures
(~1400 °C).

Activated sintering that involves small additions of some transition metals such as
Pd, Pt, Ni, Co and Fe enables major reductions in the sintering temperature of W
even when the conventional techniques are used.

As dispersion strengtheners, refractory carbide andnitride phases, such as TiC, VC,
ZrC, HfC, TiN etc. have been mainly used to improve the mechanical properties of
tungsten and its alloys. In addition to these refractory carbide and nitride materials,
transition metal diborides are very promising candidates as reinforcements in W due
to their high melting point, high hardness, good electrical and thermal conductivities.

Tungsten has high ductile to brittle transition temperature and the strength of
tungsten decreases with increasing temperature. The rare-earth oxidesimprove the
low-temperature brittleness and decreases ductile to brittle transition temperature in
Mo and W materials.

In this study, pre-milled W-1 wt% Ni matrix composites reinforced with pre-milled
TiB, and/or La,Os; particles mechanically alloyed for different durations and
fabricated using the activated sintering method. Microstructural and phase
characterizations were carried out via PSA, SEM, TEM, OM and XRD analyses.
Density measurements, hardness measurements and wear characteristics of sintered
samples were also conducted.

According to to powder characterization analyses mean particle size of the powders
decrease with increasing MA durations. Submicron particles are observed in SEM
investigations of the powders. Crystallite sizes of the powders decrease with
increasing MA durations and vary between 6.1 nm and 16 nm. TEM investigations of
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the powders which contain TiB, reveal the presence of W,B powders which are
formed during MA process.

The sintered samples have relatively high Archimedes’density values which decrease
with increasing TiB;, content. The sintered samples of WI1Ni-2TiB;-1La,03-12h
MA’d powders have the highest relative Archimedes’ density values of 98.38%.

Vickers microhardness values increase with increased mechanical alloying durations
of the powders. The sintered WI1Ni-2TiB,-1La;03-12h MA’d samples have the
highest Vickers microhardness value of 5.72 GPa where the value is 4.08 GPa for the
sintered samples of W1Ni+12h MA powders.

The sintered W1Ni-2TiB2-12h MA’d sample has the highest wear resistance of all
samples. Although La,O3 addition contributes to the wear resistance itself for the
samples containing TiB; the wear resistance of the samples decreases with increasing
La,O3 addition.
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TiB; VE La;03; PARTIKULLERI iLE TAKVIYE EDILMIS W-%1 Ni
(AGIRLIKCA) MATRIKSLi KOMPOZITLERIN MEKANIK
ALASIMLAMA VE AKTIVE EDILMIS SINTERLEME
YONTEMLERIYLE URETILMESI VE KARAKTERIZASYONU

OZET

Toz Metalurjisi, sundugu cesitlilik agisindan tiim metal igsleme teknolojileri igerisinde
en kapsamli sekillendirme ve tiretim siirelerine sahip teknolojidir. Toz Metalurjisini
cekici kilan en 6nemli unsur, yiiksek kaliteye sahip karmasik sekillerdeki pargalarin
istenilen toleranslarda kayipsiz ya da c¢ok az kayipla ekonomik olarak imal
edilebilmesidir. Wollaston yontemi ile platin siinger tozundan kompakt platin iiretimi
modern Toz Metalurjisinin (T/M) baslangici olarak kabul edilmektedir. Bu gelismeyi
takiben T/M'nin ilk ticari uygulamalar1 karbon (C), osmiyum (Os), zirkonyum (Zr),
vanadyum (V), tantal (Ta) ve volframin (W) akkor lamba filamanlar1 ig¢in
kullanilmasiyla gergeklesmistir.

Mekanik Alasimlama yontemi ise, Toz Metalurjisinde onemli bir yer tutmaktadir.
Mekanik Alasimlama (MA) kiiclik kristal tanelere ve kontrollii mikroyapilara sahip
kompozit metal tozlar1 tiretmek amaciyla kullanilan kuru ve yiiksek enerjili ortamda
bir toz ogiitme islemidir. 80’li yillarin ortalarindan baslayarak MA yOntemi
malzemenin mikroyapisinda ¢ok cesitli kararli ve yari-kararh fazlarin, asir1 doymus
kat1 eriyiklerin, nanokristal ve yari-kristal ara fazlarin ve amorf alasimlarin
sentezlenmesinde kullanilmistir. Bu arastirmalara ek olarak, MA ile elementel toz
karisimlarmin mekanik olarak aktive edilerek kimyasal tepkimelere yol agabilecegi
yani oda sicakliklarinda mekanokimyasal sentezlemenin gerceklesebilecegi
bulunmustur. Bu sayede, ergime ve 1s1l iglem gibi yiiksek sicaklik siirecleri yerine
oda sicakliklarinda g¢esitli elementel tozlardan kompleks yapilar tiretilebilmektedir.

Volfram ve alagimlar1 yiiksek ergime sicakliklari, yiiksek elastik modiilleri, yiiksek
termal sok direngleri, diisiik termal genlesme katsayilar1 ve iyi yiiksek sicaklik
dayanimlar1 nedeniyle yiiksek calisma sicakliklarinda yiiksek dayanim gerektiren
uygulamalar igin potansiyel malzemelerdir. Volfram ve alasimlar1 kinetik enerji
penetratorleri, agirhik dengeleyiciler gibi yiiksek yogunluk gerektiren uygulamalarda
19.3 glcm® yogunlugu ile en nemli alternatif olarak 6ne ¢ikmaktadir. Volfram ve
alasimlar1 ayrica X-1sm1 hedefi ve radrasyon kalkani olarak kullanilmaktadir.
Volfram, yliksek ergime sicaklig1 nedeniyle yiiksek sicaklikta yapisal uygulamalarda
da kullanilabilmektedir.

Yiiksek ergime sicakligi ve diisiik toklugundan dolay1 volfram tiretmek ¢ok zordur.
Toz metalurjisi yontemi kullanilmasi durumunda bile yiiksek yogunluklarda volfram
iretmek icin 2400 — 2800 °C sicakliklara ihtiyag duyulmaktadir.Yiiksek sinterleme
sicakligt mekanik alagimlama islemniden sonra da ancak 1700-1800 °C’ye
diisebilmektedir. Volfram iiretimindeki bu en 6nemli sorunu asmak i¢in onerilen en
gegerli teknik aktive edilmis sinterleme (activated sintering) adi verilen yontemdir.
Genellikle toz bilesimine ya da nadiren sinterleme atmosferinde yapilan kiigiik
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oranlarda katkilar sonucu sinterlenebilme 6zelliginin gelistirilmesi islemine aktive
edilmis sinterleme adi verilmektedir. Aktive edilmis sinterlemenin olusabilmesi i¢in
yiikksek ergime sicakligmma sahip metalin diisiik ergime sicakligina sahip metal
icerisinde ¢oziinebilmesi gerekmektedir. Bu sayede sinterleme yolu kisalarak islem
kolaylastirilmaktadir. Aktive edilmis sinterleme yontemi sayesinde Pd, Pt, Ni, Co ve
Fe gibi bazi gecis metallerinin diisiik miktarlarda eklenmesinde dahi volframin
geleneksel  sinterleme yonteminde sinterleme sicakliginin  bliyllk oranda
diistiriilmesini saglamaktadir.

Volfram ve alagimlarinin mekanik 6zelliklerinin gelistirilmesi amaciyla TiC, ZrC,
HfC, TiN, Y;0s3, La;03, Sm;03, ThO,, ZrO, gibi gesitli refrakter karbiirler, nitriirler
ve oksit fazlar1 takviye elemani olarak kullanilmaktadir. Bu refrakter karakterli
karbiir ve nitriirlere ek olarak yiiksek ergime sicakligi, yiiksek sertlik degerleri ve iyi
termal iletkenlikleri g6z Oniinde bulundurularak gecis metali boriirleri de volfram
alasimlarinda katki malzeme olarak kullanilmaya adaydir. Ancak literatiire
bakildiginda gec¢is metali boriirleri ve volfram ile ilgili pek de fazla c¢alismaya
rastlanmamaktadir.

Volfram, siinek-gevrek gecis sicakligi yiiksek olan bir geg¢is metalidir ve sicaklik
arttikca mukavemeti diismektedir. Nadir toprak oksitleri ise volfram ve molibden
gibi malzemelerin yapilarma katilarak bu gecis sicakligini diisiirmekte ve bu
malzemelerin diisiik sicakliktaki gevrekliginden dogan sorunlar1 engellemektedir.
Yapilan ilk ¢aligmalarda ThO;’in volframin siinek-gevrek gecis sicakligini onemli
Olciide diisiirdiigli goriilmiistiir. Ancak bu malzemenin radyoaktif 6zellik gostermesi
ve kirlenmeye neden olmasindan dolay: gliniimiizde pek fazla tercih edilmemektedir.
ThO;’nin yerine LayO3 ve Y,03 gibi nadir toprak oksitlerinin daha ¢ok kullanildigi
gozlemlenebilr.

Bu ¢aligmada, oncelikle W-%1Ni (ag), TiB; ve LayOstozlar1 farkli ortamlarda 6n
ogiitiilmiistiir. Ardindanbu 6n  Ogiitiilmiis tozlar farkli kompozisyonlarda
karistirilarak farkli siirelerde mekanik alasimlanmis ve ardindan aktive edilmis
sinterleme yontemiyle sinterlenerek iiretilmistir.

Mekanik alasimlama sonucu elde edilen kompozit tozlardan segilen
numelerinpartikiil boyutlar1 laser partikiil boyutu cihazi ile Ol¢iilmiis, kompozit
tozlarmin ve sinterlenmis numunerelerin mikroyap1 ve faz analizleri taramali
elektron mikroskobu (SEM), gecirimli elektron mikroskobu (TEM) ve X-isinlari
kirmimi (XRD) teknikleri kullanilarak yapilmistir.

Sinterlenmis numunelerin  yogunluklar1 Arsimet teknigiyle hesaplanmis ve
mikrosertlik deneyleri Vickers mikrosertlik cihazinda gerceklestirilmistir.
Sinterlenen numunelerin faz analizi XRD yontemiyle yapilmistir. Elde edilen
numunelerden yiiksek yogunluga ve sertlie sahip olanlar igerisinden segilen
numulerin mikroyap1 analizleri SEM ile yapilmis ve elde edilen sonuglar
dogrultusunda 12 saat mekanik alasimlanmis numunelere aginma testi yapilmistir.

Partikiil boyut dagilimi analizi ve SEM ¢aligmalarinda yapilan toz karakterizasyon
deneyleri sonunda goriilmiistiir ki elde edilen kompozit tozlarinin boyutlar1 genelde 1
mikronun altindadir. TiB; iceren tozlardan yapilan TEM c¢aligmalar1 sonucunda
yapida W7B fazina rastlanmigtir.

Mekanik alasimlama ile elde edilen tozlarinsinterlenmesi ile olusan numunelerin
analizleri sonucunda mekanik alagimlama siiresinin artmasiyla dlgiilen bagil Arsimet
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yogunluk degerlerinin arttigi goriilmektedir. Ancak ilave edilen TiB; miktarmnin
artmastyla bu degerlerde diisiis yasanmaktadir.

Artan mekanik alagimlama siiresi ve katki elemanlarmmin yapidaki miktar1 arttik¢a
Vickers mikrosertlik degerlerinde artis gdzlenmektedir. Toplam 18 saat mekanik
alagimlanmis matriks i¢in mikrosertlik degeri 4.08 GPa iken agirlik¢a %2 TiB; ve
%1 Lay03 igeren numunede bu deger 5.72 GPa’a yiikselmektedir.

Asmma testleri gostermektedir ki ayr1 ayr1 gergeklestirilen TiB,ve LayOs ilavesi
malzemenin aginma direncinde artis olusturmaktadir. Ancak bu iki malzemenin ayni
anda ilavesi durumunda artan La,Os; miktar1 ile asinma direnci azalan bir egilim
gostermektedir.
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1. INTRODUCTION

Many of our modern technologies require materials with unusual combinations of
properties which cannot be met by conventional metal alloys, ceramics, and
polymeric materials. Since no single material could fulfill these rising requirements
in the last two decades, an increasing interest in developing new materials has been
aroused to serve the need for new materials having unique properties for special
applications (Song et al., 2003a; Tang et al., 2004).

A composite material which is made by combining two or more materials to givea
unique combination of properties can fulfill the requirements of the modern
technology have been, and are yet being, extended (Mazumdar, 2002). Composite
materials are those comprising, strong and stiff reinforcing fibers—continuous or
noncontinuous—surrounded by a weaker matrix material. The matrix serves to
distribute the reinforcements and also to transmit the load to the reinforcements.
(Gay et al., 2003).The reinforcements can be fibers, particulates, or whiskers, and the

matrix materials can be metals, plastics, or ceramics (Mazumdar, 2002).

One simple scheme for the classification of composites is to separate the matrix and
reinforcing phase constituents, and divide them into several groups. The first
classification is based on the type of the matrix constituent: Polymer-Matrix, Metal-
Matrix or Ceramic-Matrix Composites. Composites can also be classified based on
the type of reinforcement used: fiber reinforced (continuous or discontinuous) or
particulate reinforced (flakes, chopped fibers, shaped particles, and whiskers)
(Schwartz, 1984; Coskun et al., 2004). However, the best way to classify the
composites is to include both the reinforcement and matrix constituent, such as

particle-reinforced-metal-matrix composites (PRMMC).

A metal matrix composite (MMC) combines into a single material a metallic base
with a reinforcing constituent, which is usually non-metallic and is commonly a
ceramic. It is also possible to use other materials as reinforcements instead of

ceramics, for instance refractory metals or intermetallics (Clyne, 2001). There are



plenty of well-known reasons to add ceramic particles into a metal, such as to give
the metal high hardness and wear resistance (Miserez et al., 2004; Shen and Chawla,
2001; Cambronero et al., 2003). Furthermore, MMC’s combine metallic properties
such as ductility and toughness with the characteristics of ceramics, namely high
strength and modulus (Tjong and Ma, 2000). The mechanical properties of the
MMC’s highly depend on the volume fraction and the type of the reinforcement as
well as the type of the matrix (Stjernstoft, 2004). On the other hand, while
continuous fiber-reinforcement provides the most effective strengthening in a given
direction, particle-reinforcement provides cost-effectiveness and especially isotropic
properties to the composite. In addition, the latter one can be processed using similar
technology used for monolithic materials (Chawla and Shen, 2001.). Furthermore,
MMC’s with discontinuous reinforcements are also attractive for their processability
into various shapes (Chung, 2001). In overall, there exists a number of variables

which determine the characteristics of the composite materials.

Beside all the attention that the composites received for the last 20 years, there is
another group of materials which have found applications in various industries, such
as defense and aerospace in recent years, namely nanostructured materials or
nanomaterials (Cahn, 2001). These materials exhibit unique microstructures and
superior mechanical properties (Han et al., 2005). Nanotechnology is regarded
world-wide as one of the key technologies of the 21* Century, and nanotechnological
products and processes hold an enormous economic potential for the markets of the
future (Zweck and Luther, 2003). Thus, the combination of composite materials and
nanostructured materials, namely “nanocomposites” with the appropriate matrix and
reinforcing phase constituents would be candidate materials for industrial
applications, such as defense, aerospace and as cutting tools materials (Coskun,
2006).

In this last decade, as interesting and appropriate matrix materials with their high
melting point, high modulus, high resistance of thermal shock, low CTE and good
high temperature strength and stiffness, tungsten and its alloys have received
attention with a view of improving the high temperature mechanical properties (Song
et. al., 2002). Generally, the fabrication of tungsten is very difficult due to its high
melting point, low ductility. The processing requires very high sintering temperatures

up to 2400 — 2800 °C to get nearfully dense tungsten, even using powder metallurgy



techniques (Li and German, 1983). The addition of small quantities of some
transition metals such as Pd, Pt, Ni, Co, and Fe makes it possible to greatly reduce
the sintering temperature of W (Li and German, 1983; German and Munir, 1976;
Vajek, 1959; Hayden and Brophy, 1963).

As dispersion strengtheners, refractory carbide, nitride and oxide phases, such as
TiC, VC, ZrC, HfC, TiN, Y03, La;03, Smy03, ThO,, ZrO,, etc. have been mainly
used to improve the mechanical properties of tungsten and its alloys (Song et. al.,
2002; Song et. al., 2003b; Lee et. al., 2004). Hardly any reported literature exists on
the effects of TiB, or TiB, and oxide addition on W matrix composites. Keeping the
above concepts in mind, the aim of this study has been to develop and characterize
nanostructured TiB, and La,O3 particle-reinforced tungsten composite powders and
their consolidated and sintered counterparts. Ni was used as an activation agent to

investigate activated sintering of mechanically alloyed W-TiB,-La,0s.






2. LITERATURE REVIEW

2.1 Metal Matrix Composites

Metal matrix composites (MMC’s), as well as all composites, consist of at least two
chemically and physically distinct phases, suitably distributed to provide properties
not obtainable with either of the individual phases. Generally, there are two phases
for MMC’s, e.g., a fibrous or particulate phase, distributed in a metallic matrix
(Chawla and Chawla, 2006). Metals are chosen as the matrix material in MMC

structures. Because metals have;

higher application temperature ranges,
higher transverse stiffnesses and strengths,
generally high toughness values,

high radiation resistances,

high electric and thermal conductivities,

o gk~ w N F

higher strength-to-density, stiffness-to-density ratios, as well as better fatigue
resistances, lower coefficients of thermal expansion (CTE) and better wear
resistances than with monolithic metals,

7. can be fabricated with conventional metal working equipment (Akovali and
Uyanik, 2001).

In most cases, the reinforcing material is a ceramic, although there are exceptions to
this and MMC’s can be taken to encompass materials “reinforced” with relatively
soft and/or compliant phases, such as graphitic flakes, lead particles, or even gases. It
is also possible to use refractory metals, intermetallics, or semiconductors, rather
than true ceramics (Clyne, 2000). Generally, there are three types of MMC'’s: 1)
particle reinforced MMC'’s, ii) short fiber or whisker reinforced MMC’s, iii)
continuous fiber or sheet reinforced MMC’s (Chawla and Chawla, 2006). Figure 2.1
shows the schematic representations of these three major types of metal matrix

composites.
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Figure 2.1:Schematic respresentations of three shapes of metal matrix ~ composite
materials (Clyne and Withers, 1993).

2.1.1 Particulate reinforced metal matrix composites

Particulate reinforced metal matrix composites (PRMMC’s) are comprised of the
class of metals containing reinforcement phases having approximately equiaxed
geometries, typically referred to as particles or particulates. These differ from
composites containing higher aspect ratio reinforcements such as fibers or whiskers
in significant and important ways (Hunt, 2000). Recently, PRMMC’s are more
popular because of their relatively low costs, good formability and machinability as

well as characteristic isotropic properties (Ibrahim et al., 1991; Tjong and Ma, 2000;

Sun et al., 2003a).

Particle reinforced composite systems can be classified in two sub-classes: ‘large
particle’ and ‘dispersion’ strengthened composites, by basing on the reinforcement or

strengthening mechanisms.

2.1.1.1 Large particle composites

The term ‘large’ is used to denote that particle-matrix interactions can not be treated
on atomic or molecular level and ‘continuum mechanics’ should be used. For large
particle reinforced composites, the reinforcing material is usually harder and stiffer
than the matrix and they tend to restrain movement of the matrix. The matrix
transfers some of the applied stress to the particles. The efficiency of reinforcement
mostly depends on interaction at the particle-matrix interface (Akovali and Uyanik,
2001). These composites are generally used as cutting tools for hardened steels. The

hard carbide particles provide the cutting surface but, are not themselves capable of



withstanding the cutting stresses because of their brittleness. Toughness is increased
by their inclusion in the ductile metal matrix, which insulate the carbide particles
from one another and prevents particle-to-particle crack propagation. Both matrix
and particulate phases are quite refractory, to withstand the high temperatures
generated by the cutting action on materials that are extremely hard (Askeland, 1984;
Schwartz, 1984).

2.1.1.2 Dispersion strengthened composites

In dispersion-strengthened composites, the fine dispersions of oxide, carbide, or
boride particles cancel the motion of dislocations so that the matrix is strengthened
relatively to the effectiveness of the dispersions as a barrier to the motion of
dislocations (Ohring, 1995; Asthana et al., 2006). The applied stress must be
sufficiently enough to bend the dislocation line into a semicircular loop to make the
dislocation pass through a dispersoid. Calculations show that interparticle separation
for effective dispersion hardening should be between 0.01 and 0.3 pm (10 — 300 nm).
To achieve this range of spacing between the dispersoid, the particle diameters
should be less than 100 nm at volume fractions below 15% (Asthana et al., 2006). Of
many dispersion-hardened alloy systems, only a few have reached commercial
significance. Aluminum, nickel, and tungsten, copper and titanium, have showed
successful results in laboratory and developmental stages (Schwartz, 1984). The
development of oxide dispersion-strengthened (ODS) composites has led to
considerable improvements in the elevated-temperature strength and creep-resistance
of the matrix alloys (Krajnikov et al.,1997; Sakasegawa et al., 2008; Redsten et al.,
1995). The ODS composites contain small (< 15%) amounts of fine second-phase
particles, which prevent recrystallization and grain coarsening, and act as barriers to
the motion of dislocations. Small quantities of fine oxide ceramics improve the

strength without degrading the valuable matrix properties (Asthana et al., 2006).

2.2 Fabrication of PRMMC’s

MMCs can not be fabricated easily by using conventional methods such as casting
due to high cost of processing. There are several techniques to fabricate MMC’s
which can vary with the choice of the matrix and the reinforcement materials. There

are generally three different types of fabrication methods (Huda et al., 1995):



1. Solid phase fabrication methods: Diffusion bonding, hot rolling extrusion,

drawing, explosive welding PM route, pneumatic impaction etc (Huda et al.,
1995).
2. Liquid phase fabrication methods: Liquid metal infiltration, squeeze casting,

compocasting, pressure casting etc (Huda et al., 1995).

3. Two phase processes: Osprey deposition, rheocasting, variable co-deposition

of multi-phase materials (VCM) process (Ibrahim et al., 1991).

The selection of one particular process over the others depends on various factors
which are types of materials and their properties, final desired properties, size, shape
and complexity of the part, subsequent processing and overall cost of the process
(Lindroos et al., 2004).

Various processing techniques have been developed to optimize the structure and
properties of PRMMC’s (Ibrahim et al.,, 1991; Schwartz, 1997). Among these
techniques, there were some luxurious ones to enhance the wettability by, for
instance, introducing some kind of surface coating to the particles before fabrication.
However, this preprocessing of particles increases the cost of PRMMC’s further,
which in turn limits their commercial utilization. In addition, some recently
developed PRMMC'’s, using state-of-the-art high performance materials, such as
tungsten, molybdenum, niobium and tantalum as the matrix material, are difficult to
fabricate by using conventional liquid metallurgy process because these materials
have incredibly high melting temperatures (Liu et al., 1994). In these cases, powder
metallurgy seems more attractive and has become the most commonly used method
for the preparation of PRMMC’s (Nieh et al., 1984; Girot et al.,, 1987; Coskun,
2006).

2.2.1 Powder metallurgy

The powder metallurgy (PM) route is the most commonly used method for the
preparation of PRMMC’s (Liu et al., 1994; Huda et al., 1995). Blending of metallic
powders with ceramic particles is a versatile technique for the PRMMC production
(Clyne, 2001). In the basic process, mixed or prealloyed powders are fed into a die,
compacted a desired shape and then this pressed powder is sintered in a controlled
atmosphere furnace to convert the mechanical bonds to the metallurgical bonds that
link the powder particles (Newkirk and Kohser, 2004).



When higher strength discontinuous MMC'’s are required, PM processes are often
used because segregation, brittle reaction products, and high residual stresses from
solidification shrinkage can be minimized (Campbell, 2006). In addition, with the
advent of rapid solidification and mechanical alloying technology, the matrix alloy
can be produced as a prealloyed powder, rather than starting with elemental blends
(Campbell, 2006).

Powder metallurgy method is widely used to produce PRMMC’s based on its
advantages which of some are listed below:

1. PM method is more economical than many other techniques to produce
PRMMC’s, since no melting and casting is involved (Huda et al., 1995).

2. The process offers the possibility of using a wide range of reinforcement
volume fraction and size (Huda et al., 1995).

3. Production by PM a homogeneous distribution of reinforcements in the
matrix material (Huda et al., 1995).

4. PM offers superior mechanical properties as a result of high dislocation
density, small subgrain sizes and limited recrystallization during the process
(Das et. al., 2002).

2.2.1.1 Starting materials

Starting materials in powder metallurgy processes have very important roles for the
success of the process. In addition to the chemistry and the purity of the powders,
there are additional issues to concern, such as particle size, size distribution, particle
shape as well as the surface texture of the particles (Newkirk and Kohser, 2004).
Considering the PRMMC’s, mechanical behavior, chemical stability, thermal
mismatch and the cost are another factors which play a significant role in the success
of the end-product (Liu et al., 1994).

2.2.1.2 Mixing or blending

After selection of the materials, the next step is blending or mixing. Mixing or
blending step affects the final distribution of reinforcement particles and porosity in
green compacts, which strongly has an influence on the mechanical properties of the
PM end-products (Lindroos et al., 2004). After all, there are some problems, such as

segregation and clustering. The reasons of these problems include different flow



characteristics between metal powder and reinforcement particles and the tendency
of the agglomeration of particles to minimize their surface energy. The segregation
behavior of different sized particles is shown in Figure 2.2 (Liu et al., 1994).

Figure 2.2: Monte Carlo simulations of shaking of a ternary mixture of particles
according to number of cycles (Liu et al., 1994).

As seen in Figure 2.2, larger particles rise to top, because they are moved upwards as
smaller particles filled the voids beneath the larger particles. Furthermore, the effect
of different densities between particles and metal powders of similar size is very
important, too. The lighter particles tend to move upwards, while the heavier ones
segregate at the bottom (Lindroos et al., 2004). However, these segregation and
clustering problems can be overcome by a technique called “Mechanical Alloying
(MA)” (Liu et al., 1994). This technique will be discussed in detail in section 2.2.2.

2.2.1.3 Compaction

The next step after blending or mixing operation is the consolidation and pressing of
the powder mixture to form the green compacts (Liu et al., 1994). This step is the one
of the most critical steps in the PM process, because it sets the density of the powder
and the uniformity of the density throughout the product. Because final properties
strongly depend on density, uniform properties require uniform density (Newkirk and

Kohser, 2004). The compaction process has the following major functions:

1. To consolidate the powders into the desired shape,
2. To impart, as much as possible, the desired final dimensions considering any
dimensional changes resulting from sintering,
3. To give the desired level of porosity,
4. To provide sufficient strength for subsequent handling (Upadhyaya, 2000).
In the conventional compaction methods, the pressure is usually applied in one

direction resulting in a non-uniform distribution of consolidation and even
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insufficient densities (Liu et al., 1994). Mostly, mechanical and hydraulic presses and
rigid dies are used (Newkirk and Kohser, 2004).

Figure 2.3: Schematic vieew of conventional one-directional pres (Kohser, 2004).

To control the quality of green compacts better, isostatic pressing techniques were
developed, such as cold, warm and hot isostatic pressing (Liu et al., 1994).

2.2.1.4 Sintering

The next step after compaction is called sintering where the pressed-powder
compacts are heated in a controlled atmosphere environment to the temperature
below the melting point but high enough to permit solid-state diffusion, and held for
sufficent time to premit bonding of the particles (Degarmo et al., 2003).The sintering

process will be discussed in detail in section 2.2.3.
2.2.2 Mechanical alloying

2.2.2.1 History and definition of mechanical alloying

In order to improve the properties and performance of materials, significant
developments in mechanical, chemical, and physical properties have been achieved
through chemistry modifications and conventional thermal, mechanical, and thermo-
mechanical processing methods. (Suryanarayana, 2001). As a result, non-equilibrium
processing of materials has attracted the attention of a number of scientists and
engineers due to the possibility of producing better and improved materials than it is
possible by conventional methods (Suryanarayana et al., 2001; El-Eskandarany,
2001).

The structure and constitution of advanced materials can be better controlled by

processing them under non-equilibrium conditions and mechanical alloying (MA) is
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such a processing method that materials can be produced under non-equilibrium
conditions (Suryanarayana, 2001). MA can be defined as a powder metallurgy
process for producing composite metal powders with a controlled fine microstructure
by repeated cold welding, fracturing and rewelding of powder particles in a high—
energy ball mill (Ovecoglu, 1987; Benjamin, 1992; Suryanarayana et al., 2001). It
utilizes various types of milling machines in which a blend of different powders is
subjected to a highly energetic compressive force (Tang et. al., 2004).

The mechanical alloying (MA) process was first employed during the pioneering
work of Benjamin at the International Nickel Company’s Paul D. Merica Research
Laboratory in the late 1960’s. It started as an industrial necessity to produce oxide-
dispersion-strengthened nickel-based superalloys for gas turbine engine components
(Ovegoglu, 1987; Suryanarayana et al., 2001; Delogu et al., 2003). However, the
subsequent discovery of metastable phase formation by MA opened the door to
important applications in Materials Science (Delogu et al., 2003). In addition to the
metastable phases, equilibrium phases of commercially useful and scientifically

interesting materials can be also synthesized by MA (Suryanarayana et al., 2001).

MA is a simple and versatile technique, as well as an economically feasible process
with important technical advantages. One of the greatest advantages of MA is in the
synthesis of novel alloys, e.g., alloying of normally immiscible elements, which is
not possible by any other technique (La Caer et al., 2002). The reason for that is that
MA is a completely solid-state processing technique and therefore limitations
imposed by phase diagrams do not apply for this process (Suryanarayana et al.,
2001). Furthermore, MA holds an advantage over traditional ball milling processes
which is to produce a material whose internal homogenity is independent of the
initial starting particle size. It is not uncommon to obtain mechanically-alloyed
dispersions with less than 1 um interparticle spacing from initial powder sizes of 50-
100 um average diameters (Goff, 2003).

2.2.2.2 Types of mills

Different types of high-energy milling equipment are used to produce mechanically
alloyed powders. These equipment include Spex Mixer/mills, planetary ball mills,

attritor mills and commercial mills. They have different capacity, efficiency of
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milling and additional arrangements for cooling, heating, etc (Suryanarayana, 2001;
Goff, 2003).

Spex Mixer/mills are most commonly used for laboratory investigations and they
mill about 10 - 20 g powder at a time depending on the density of starting
constituents (Goff, 2003). The common variety of these mills has one vial,
containing the sample and grinding balls, secured in the clamp and shakes the milling
container in three-mutually perpendicular directions at about 1200 rpm resulting in
powder microstructural refinement with time (Suryanarayana, 2001; Goff, 2003).
Ball-ball and ball-container collisions continually trap and refine the powder
constituents with time ultimately leading to an overall homogeneously dispersed
microstructure (Goff, 2003). There are different vial materials available for the Spex
mixer/mills, which are hardened steel, alumina, tungsten carbide, zirconia, stainless
steel, silicon nitride, agate, plastic, and methacrylate (Suryanarayana, 2001). Typical

Spex mill and tungsten carbide vial set can be seen in Figure 2.4.

‘u

(b)

Figure 2.4: a) A typical Spex shaker mill b) Tungsten carbide vial set consisting of
the vial, lid, gasket, and balls (Suryanarayana, 2001).

Another popular mill for conducting MA experiments is the planetary ball mill in
which a few hundred grams of the powder can be milled at a time. It is called the
planetary ball because of its vial’s planet-like movement. The centrifugal force

produced by the vials rotating around their own axes act on the vial contents,
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consisting of material to be ground and the grinding balls. As a result, powders are
trapped between the rotating balls and the walls of the vial and refined. Even though
the linear velocity of the balls in this type of mill is higher than that in the Spex mills,
the frequency of impacts is much more in the Spex mills (Suryanarayana, 2001).

Therefore, compared to Spex mills, planetary ball mills can be considered lower
energy mills (Suryanarayana, 2001). In Figure 2.5, a schematic view of ball motion
in a planetary ball mill can be seen.

Horizontal Section «
Movement of the

supporting disc

Centrifugal
force

Rotation of the grinding bowl

Figure 2.5: A schematic view of ball motion in a planetary ball mill (EI-
Eskandarany, 2001).

Another type of mills is the attritor mills. In attritor mills, large quantities of powder
(from about 0.5 to 40 kg) can be milled at a time (Suryanarayana, 2001). It contains a
vertical shaft with a series of impellers that rotates in the tank of about 250 rpm
(Goff, 2003). As the shaft rotates, the balls drop on the metal powder that is being
ground. The impellers energize the ball charge, causing powder size reduction
because of impact between balls, between balls and container wall, and between
balls, agitator shaft, and impellers. The rate of grinding increases with the speed of
rotation. However, at high speeds the centrifugal force acting on the balls exceeds the
force of gravity, and the balls are pinned to the wall of the container. At this point the
grinding action stops (Suryanarayana, 2001). Schematic view of an attritor mill is

given in Figure 2.6.

Finally, commercial mills for MA are much larger in size than the mills described
above and can grind several hundred kilograms of powders at a time. Mechanical
alloying for commercial production is carried out in ball mills of up to about 1250 kg
capacity (Suryanarayana, 2001). A picture of commercial-size ball mills can be seen

in Figure 2.7.
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Shaft Impellers

Figure 2.6: A schematic view of an attritor mill (Goff, 2003).

Figure 2.7: Commercial production-size ball mills used for mechanical alloying
(Suryanarayana, 2001).

The milling time decreases with an increase in the energy of the mill. Roughly, it can
be estimated that a process that takes only a few minutes in the Spex mill may take

hours in an attritor and a few days in a commercial mill (Suryanarayana, 2001).

15



2.2.2.3 Proccess variables in milling

Mechanical alloying is a complex process involving optimization of a number of
process variables to achieve the desired product phase, microstructure, and/or
properties (El-Eskandarany, 2001). These will decide the nature of the phase formed
(solid solution,intermetallic, or amorphous phase, etc.) in the milled powder. For a
given composition of the powder, the type (material) of the milling container and the
milling medium, ball-to-powder ratio, milling atmosphere, milling time, use of a
process control agent (PCA), etc. can be listed as the important variables that have an
important effect on the final constitution of the milled powder (Suryanarayana,
2001).

The material used for the milling container (grinding vessel, vial) is important since
the impact of the grinding medium on the inner walls of the container will result in
tiny fractions of milling material that fracture off and disperse into the composite
powder(El-Eskandarany, 2001; Suryanarayana, 2001). These can contaminate the
powder or alter the chemistry of the powder. If the material of the grinding vessel is
different from that of the powder, then the powder may be contaminated with the
grinding vessel material (Suryanarayana, 2001; Goff, 2003). Regardless of the type
of MA process, the most appropriate type of container and milling media for the
given system should be chosen. Generally, milling media that is made of a similar
material as that of the material to be processed is used to reduce contamination
during processing (Goff, 2003). Additionally, the density of the grinding medium
should be high enough so that the balls create enough impact force on the powder

(Suryanarayana, 2001).

Another important issue is the ball-to-powder ratio (BPR). This has been varied by
different investigators from a value as low as 1:1 to as high as 220:1. Generally, a
ratio of 10:1 is most commonly used while milling the powder in a small capacity
mill such as a SPEX mill. The BPR has an important effect on the time required to
achieve a particular phase in the powder being milled. The higher the BPR, the

shorter is the time required (Suryanarayana, 2001).

Milling atmosphere is also an important variable for the MA process. The major
effect of the milling atmosphere is on the contamination of the powder

(El-Eskandarany, 2001). The powders are milled in containers that have been either
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vacuumed or filled with an inert gas such as argon or helium. However, high-purity
argon is the most common used gas to prevent oxidation and contamination of the
powder (Suryanarayana, 2001). The presence of air in the vial cause to produce
oxides and nitrides in the powder, especially if the powders are reactive in nature.
Thus, the loading and unloading of the powders into the vial has to be carried

outinside an atmosphere-controlled glove box (Suryanarayana, 2001; Fecht, 2002).

The time of milling is the most important parameter. In most of the cases, the rate of
refinement of the internal structure (particle size, crystallite size, lamellar spacing,
etc.) is roughly logarithmic with processing time (Figure 2.8) and therefore the size
of the starting particles is relatively unimportant (Suryanarayana, 2001). In a few
minutes to an hour, the lamellar spacing usually becomes small and the crystallite (or
grain) size is refined to nanometer dimensions. Normally, the time is so chosen to
achieve a steady state between the fracturing and cold welding of the powder
particles (Ovecoglu, 1987). Furthermore, the times required depend on the type of
mill used, the intensity of milling, the ball-to-powder ratio, and the temperature of
milling. These times have to be decided for each combination of the above
parameters and for the particular powder system. However, it should be realized that
the level of contamination increases and some undesirable phases form if the powder
is milled for times longer than required. Therefore, the powder has to be milled just

for the required duration and not any longer (Suryanarayana, 2001).

Decreasing
ball-to-powder
ratio

Particle size/grain size, nm

Milling time, h

Figure 2.8: Refinement of particle and grain sizes with milling time. Rate of
refinement increases with higher milling energy, ball-to powder ratio,
lower temperature, etc. (Suryanarayana, 2001).

The use of process control agents (PCA) are another concern in the MA process.
Generally, ductile powder particles get cold-welded to each other, due to the heavy

plastic deformation during milling. However, true alloying among powder particles
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can occur only when a balance is maintained between cold welding and fracturing of
particles (EI-Eskandarany, 2001). In order to provide, a process control agent (PCA)
is added to the powder mixture during milling to reduce the cold welding (Ovecoglu,
1987; Suryanarayana, 2001; Gilman and Benjamin, 1983). The PCA’s can be solids,
liquids, or gases. They are mostly organic compounds, which act as surface-active
agents by adsorbing on the surface of the powder particles and minimizing cold
welding between powder particles and thereby inhibiting the agglomeration
(Suryanarayana, 2001).

2.2.2.4 Mechanism of mechanical alloying

MA is an advanced fabrication process that can produce ultra-fine and homogenous
powders. Even, nanocrystalline materials (with a grain size of few nanometers,
usually<100 nm) are also produced by MA of powder mixtures (Ryu et al., 2000).
Additionally, it has been recognized that this technique can be used to induce
chemical (displacement) reactions in powder mixtures at room temperature or at
much lower temperatures than normally required to synthesize pure metals

(Suryanarayana et al., 2001).

In any MA process, starting powder constituents are first mixed or blended according
to the required stoichiometry for desired composite batches. Then, they are put in the
milling container with the appropriate ball charge and milled until a steady state of
homogeneous dispersion is achieved (Goff, 2003). The central event of MA is the
ball-powder collisions (Fecht, 2002). Microstructural refinement during the MA
process occurs due to the repeated cold-welding, fracturing, and cold-welding of the
dry powder constituents during their impact between ball-ball and/or ball-container
collisions. Figure 2.9 is a schematic representation of the collided balls. The force of
the impact plastically deforms the powder particles leading to work hardening and
fracture (Suryanarayana, 2001; Fecht, 2002).

In the early stages of milling, the particles are soft (either ductile-ductile or ductile-
brittle material combination), their tendency to weld together and form large particles
is high (Suryanarayana, 2001). A broad range of particle sizes develops, with some
as large as three times bigger than the starting particles (Suryanarayana, 2001; Goff,

2003). The composite particles at this stage have a characteristic layered structure
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consisting of various combinations of the starting constituents (Figure 2.10)

(Suryanarayana, 2001).

Figure 2.9: Schematic view of a ball-powder-ball collision (Suryanarayana, 2001).
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LJ | - —J -
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Typical Starting Powders After Single Collision

Figure 2.10: Deformation characteristics of starting powders used in a typical MA
process (Suryanarayana, 2001).

In order to get better understanding about the physical phenomena that occur during
MA processing, it is useful to divide the typical process into three or four stages

(Ovecoglu, 1987; Goff, 2003).

As the metallic phases are flattened and overlap during ball collisions, atomically
clean surfaces are placed in contact with one another and subsequently cold-weld
together, where brittle constituents (intermetallics and dispersoids) are occluded by

the ductile constituents thus becoming trapped along cold-weld interfaces
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(Goff, 2003). Figure 2.11 shows early stage of processing in which particles are

layered composites of starting constituents.

—

100 pm

Figure 2.11: Early stage of processing in which particles are layered composites of
starting constituents (Suryanarayana, 2001).

In the intermediate stage, the composite powder particles are further refined due to
continual welding and fracturing of excessively work-hardened metallic phases and
brittle intermetallics and/or dispersoids (Goff, 2003). At this stage, the tendency to
fracture predominates over cold welding (Suryanarayana, 2001). The particles
consist of convoluted lamellae. The reduction in particle size, increased
microstructural mixing, and elevated temperature of the powder constituents due to
the adsorbed Kinetic energy of milling balls all help to form areas of solute
dissolution throughout the metallic powder matrix (Ovegoglu, 1987). Thus, this
potentially may lead to areas where new phases develop which is mainly due to an
overall decrease in atomic diffusion distances between individual phases and
decreased activation energies for diffusion due to the increase in temperature
(Ovegoglu, 1987; Goff, 2003). Consequently, the inter-layer spacing decreases and
the number of layers in a particle increase (Suryanarayana, 2001). Figure 2.12 is a
schematic view of the reduced lamellae thickness, solute dissolution, and formation

of new phases in the intermediate stage of processing.

In the final stage (Figure 2.13), steady-state equilibrium is attained when a balance is
achieved between the rate of welding and the rate of fracturing. As a result, smaller
particles are able to withstand deformation without fracturing and tend to be welded
into larger pieces, with an overall tendency to drive both very fine and very large
particles towards an intermediate size (Suryanarayana, 2001). Furthermore,
individual particle compositions are equal to the starting powder blend composition;

the lamellae are no longer optically resolvable; and the dispersoid spacing is equal to
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the distance between weld interfaces (Ovegoglu, 1987). At this point, further
processing would not improve the dispersoid distribution or serve to enhance the
homogeneity of the composite microstructure (Ovegoglu, 1987; Goff, 2003). The
particle size distribution at this stage is narrow, because particles larger than average
are reduced in size at the same rate that fragments smaller than average grow through
agglomeration of smaller particles (Suryanarayana, 2001).
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ey Intermetallic
|':
| AT
[t
17 HI

'
e !

o« “:':‘-.°l! “"*. =e— Precipitate Phase
el amg

Dispersoids

Metal B

>

100 um 0.5 um

Figure 2.12: Intermediate stage of processing showing reduced lamellae thickness,
solute dissolution, and formation of new phases (Suryanarayana, 2001).
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Figure 2.13: The final stage of processing and consolidation (Suryanarayana, 2001).

In order to complete the MA process and obtain a useable bulk composite form, the
powders are heated to a temperature greater than half the melting temperature of the
composite powder and consolidated. This serves to further homogenize the
microstructure (Goff, 2003).

It is possible to conduct MA with three different combinations of metals and alloys,
namely ductile-ductile, ductile-brittle and brittle-brittle systems. Therefore, it is
convenient to discuss the mechanism of MA also under these categories (Fecht,
2002).
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Ductile-ductile combination is thought to be the ideal combination for MA process. It
IS suggested that it was necessary to have at least 15% of a ductile component for
achieving alloying. This was true because alloying occurs due to the repeated action
of cold welding and fracturing of powder particles; cold welding cannot occur if the
particles are not ductile. In the early stages of MA, the ductile components get
flattened to platelet/pancake shapes. A small quantity of the powder, usually one or
two particle thickness, also gets welded onto the ball surfaces. This coating of the
powder on the grinding medium is advantageous since it prevents excessive wear of
the grinding medium and thus preventing the contamination of the powder. However,
the thickness of the powder layer on the grinding medium must be kept to a
minimum to avoid forming a heterogeneous product (El-Eskandarany, 2001;
Suryanarayana, 2001). In the next stage, these flattened particles get cold welded
together and form a composite lamellar structure of the constituent metals
(Ovegoglu, 1987). An increase in particle size is also observed at this stage
(Suryanarayana, 2001). For instance, it has been found that during MA of a Fe-Cu
powder mixture, agglomerates of multilayers are formed leading to microstructures
very similar to those obtained by cold-rolling (Fecht, 2002). With increasing MA
time, the composite powder particles get work hardened, the hardness and
consequently the brittleness increases, and the particles get fragmented resulting in
particles with more equiaxed dimensions (Suryanarayana, 2001). With further
milling, the elemental lamellae of the welded layer and both the coarse and fine
powders become convoluted rather than being linear. Alloying begins to occur at this
stage due to the combination of decreased diffusion distances (interlamellar spacing),
increased lattice defect density, and any heating that may have occurred during the
milling operation (Ovegoglu, 1987). The hardness and particle size tend to reach a
saturation value at this stage, called the steady-state processing stage. With further
milling, true alloying occurs at the atomic level resulting in the formation of solid
solutions, intermetallics, or even amorphous phases. The layer spacing becomes so
fine or disappears at this stage that it is no longer visible under an optical microscope

(Ovecoglu, 1987; Suryanarayana, 2001).

Considering ductile-brittle combinations, in the initial stages of milling, the ductile
metal powder particles get again flattened by the ball-powder-ball collisions, while

the brittle oxide or intermetallic particles get fragmented. These fragmented brittle
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particles tend to become occluded by the ductile constituents and trapped in the
ductile particles. The brittle constituent is closely spaced along the interlamellar
spacings (Figure 2.14a). With further milling, the ductile powder particles get work
hardened, the lamellae get twisted, and refined (Figure 2.14b). With continued
milling, the lamellae get further refined, the interlamellar spacing decreases, and the
brittle particles get uniformly dispersed, if they are insoluble, in the ductile matrix
(Figure 2.14c) (Ovegoglu, 1987; Suryanarayana, 2001). On the other hand, if the
brittle phase is soluble, alloying occurs between the ductile and brittle components
also and chemical homogeneity is achieved (Suryanarayana, 2001).

N/’/ r\\‘
/

<

(a)

Figure 2.14: Schematics of microstructural evolution during milling of a ductile-
brittle combination of powders. This is typical for oxide dispersion
strengthened alloys (Suryanarayana, 2001).

If a brittle-brittle combination is the case, it would appear that it is unlikely that
alloying occurs in a system consisting of two or more brittle components. The reason
for that is that the absence of a ductile component prevents any welding from
occurring, and in its absence, alloying is not expected to occur (Coskun, 2006).
However, alloying has been reported to occur in brittle-brittle component systems
such as Si-Ge and Mn-Bi or Fe,03-Cr,03 and ZrO,-Y,03 (Suryanarayana, 2001;
Fecht, 2002). During milling, the brittle components get fragmented and their
particle size gets reduced continuously. However, at very small particle sizes the
powder particles behave in a ductile fashion, and further reduction in size is not
possible. This is termed the limit of comminution. Furthermore, during milling of
brittle-brittle component systems, it has been observed that the harder (more brittle)
component gets fragmented and gets embedded in the softer (less brittle) component

(Suryanarayana, 2001).

Nanostructured materials that are defined as materials with grain sizes less than 100

nm have received much attention as advanced engineering materials with improved
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physical and mechanical properties (El-Eskandarany, 2001). Because of the
extremely small size of the grains, a large fraction of the atoms in these materials is
located in the grain boundaries and as a result the material exhibits enhanced
combinations of physical, mechanical, and magnetic properties (compared to
material with a more conventional grain size, ie..>1 pm) (Fecht, 2002;
(Suryanarayana, 2001). Nanostructured materials have increased strength, high
hardness, extremely high diffusion rates, and consequently reduced sintering times
for powder compaction (Suryanarayana, 2001).

Recently, MA process has become a popular method to fabricate nanocrystalline
materials due to its simplicity and relatively inexpensive equipment (El-Eskandarany
et al., 2000; El-Eskandarany, 2001). The advantage of using MA for the synthesis of
nanocrystalline materials lies in its ability to produce bulk quantities of material in
the solid state using simple equipment and at room temperature (Suryanarayana,
2001). In this process, lattice defects are produced by pumping energy into powder
particles of typically 50 um particle diameter. This internal refining process with a
reduction of the average grain size by a factor of 10°-10* results from the creation
and self organization small-angle and high-angle grain boundaries within the powder
particles during the mechanical deformation process (Fecht, 2002). Grain sizes with
nanometer dimensions have been observed in almost all MA’d pure metals,
intermetallics, and alloys (Suryanarayana, 2001). The elemental processes leading to
formation of nanostructures include three basic stages. Firstly, the deformation is
localized in shear bands which contain a high dislocation density (Fecht, 2002).
Their typical width is approximately 0,5-1 um (Suryanarayana, 2001). At a certain
level of strain within the high strained regions, these dislocations annihilate and
recombine to small-angle grain boundaries separating the individual grains (Fecht,
2002). This results in a decrease of the lattice strain. With the continuing process,
deformation occurs in shear bands located in previously unstrained parts of the
material. The grain size decreases steadily and the shear bands unite. The small angle
boundaries are replaced by higher angle grain boundaries and, consequently,

dislocation-free nanostructured grains are formed (Suryanarayana, 2001).
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2.2.3 Sintering

Sintering is a processing technique used to produce density-controlled materials and
components from metal or/and ceramic powders by applying thermal energy (Kang,
2005). In sintering, particles bond with one another by atomic diffusion. There are
different variables which determine sinterability and the sintered microstructure of a
powder compact which given in Table 2.1 (Kang, 2005). All sintering equations
contain a number of parameters such as diffusion coefficient, surface tension, particle
size, initial pore volume, etc. One can divide these parameters into two classes:

a) intrinsic and b) extrinsic (Upadhyaya, 2001).

1. Intrinsic - these specify the intrinsic properties of the materials being sintered,
such as surface tension, diffusion coefficient, vapour pressure, viscosity, etc. These
properties change when the chemical composition, ambient atmosphere or
temperature changes (Upadhyaya, 2001).

2. Extrinsic - these depend on the geometrical or topological details of a system.
These include parameters, as average particle size, particle or pore or grain shape and
size distribution, etc (Upadhyaya, 2001).

The driving force for sintering is the minimization of the solid-vapor interface area
(i.e., the total area of the powders in contact with the surrounding vapor) and
elimination of the regions of sharp curvature at powder contacts. In the initial stages
of sintering, small necks form and grow between contacting particles by mass
transfer via atomic diffusion. Fine powders increase the driving force for sintering
because of a larger surface area per unit volume, which increases the total solid-

vapor interfacial energy (Asthana et al., 2006).

Basically, sintering processes can be divided into two types: solid state sintering and
liguid phase sintering. Solid state sintering occurs when the powder compact is
densified wholly in a solid state at the sintering temperature, while liquid phase
sintering occurs when a liquid phase is present in the powder compact during
sintering (Kang, 2005).
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Table 2.1: Variables affecting sinterability and microstructure (Kang, 2005).

Variables related to raw materials | Powder:

(material variables) Shape, size, size distribution, agglomeration, etc.
Chemistry:

Composition, impurity, homogeneity, etc.

Variables  related to  sintering | Temperature, time,  pressure,  atmosphere,
conditions (process variables) heatingand cooling rate, etc.

2.2.3.1 Solid state sintering

Solid-state sintering is carried out in protective atmosphere within a furnace at a
temperature below the melting point of the base metal. The process leads to a
decrease in the surface area, an increase in compact strength and mostly shrinkage in
the compact. Sintering for longer durations at high temperature decreases the number
of pores and makes the pore shape become smooth. Also, grain growth can be
expected (Upadhyaya, 2000).

Various stages and mass transport mechanisms have been proposed to contribute to
sintering. The transport mechanisms detail the paths by which mass moves; for solid-
state sintering the candidate processes include surface diffusion, volume diffusion,
grain boundary diffusion, viscous flow, plastic flow, and even vapor transport from

solid surfaces (German, 1996).

The three stages of sintering and and their schematic densification curve of a powder
compact can be seen in Figure 2.16 (Kang, 2005). In addition to these three stages, a
very first stage occurs when particles come into contact, since there is a weak
cohesive cohesive bond at the contacts (German, 1996). The initial sintering stage
usually occurs during heating and is characterized by rapid grain growth of the
interparticle neck. Although there is a considerable neck growth, the actual volume
of the neck is small, so, it takes a small mass to form a neck. In the intermediate
stage, the pore structure becomes smooth and develops an interconnected,
approximately cylindrical nature. The appearance of isolated pores indicates the final

stage of sintering and slow densification (German, 1996).
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1-Surface diffusion

2-Lattice diffusion (from the surface)
3-Vapour transport

4-Grainboundary diffusion

5-Lattice diffusion (from the grain boundary)
6-Plastic flow

Figure 2.15: Various sintering mechanisms (Uphadhyaya, 2000).

The three stages can be described with the highlights listed below:

Initial Stage: Particle surface smoothing and rounding of pores, grain boundaries

form, neck formation and growth, homogenization of segregated material by

diffusion, open pores and small porosity decreases <12%(Ring, 1996).

Intermediate Stage: Intersection of grain boundaries, shrinkage of open pores,

porosity decreases substantially, slow grain growth and differential pore shrinkage

and grain growth in heterogeneous material (Ring, 1996).

Final Stage: Closed pores--density >92 %, closed pores intersect grain boundaries,

pores shrink to a limiting size or disappear and pores larger than the grains shrink

very slowly (Ring, 1996).

Relative density, %

|

final stage (isolated pores)

intermediate stage
(interconnected pores)

~ green body

Sintering time

Figure 2.16: Schematic showing the densification curve of a powder compact and
the three sintering stages (Kang, 2005).
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2.2.3.2 Liquid phase sintering

Liquid phase sintering is a consolidation technique of powder compacts containing
more than one component at a temperature above the solidus of the components and
hence in the presence of a liquid. Unlike solid state sintering, the microstructure
change during liquid phase sintering is fast because of fast material transport through
the liquid (Kang, 2005). It is rare that sintering with liquid phase does not imply any
chemical reactions, but in the simple case where these reactions do not have a
marked influence, surface effects are predominant. The main parameters are
therefore: i) quantity of liquid phase, ii) its viscosity, iii) its wettability with respect
to the solid, and iv) the respective solubilities of the solid in the liquid and the liquid
in the solid (Boch and Leriche, 2001).

There are two kinds of liquid phase sintering namely heterogeneous systems and
homogeneous systems. In heterogeneous systems, solid material is heated to
sintering temperature and a liquid phase is formed which persists throughout
sintering and the liquid solidified during cooling. In case of homogeneous systems,
as the consalidated powders are heated to sintering temperatures, a liquid phase is
formed which gradually disappears as it is soluble in the matrix. Particle
rearrangement stage, dissolution-reprecipitation stage, liquid assimilation and solid
state grain growth stage are the four main stages of liquid phase sintering process
(Ring, 1996).

Modern liquid-phase sintering is traced to the developement of cemented carbides,
bronze bearings and magnetic alloys during 1920s. The developement of W heavy
alloys (W-Ni-Fe or W-Ni-Cu) provided an important theoretical basis fort he
process. Today, many products are processed by liquid-phase sintering, including
dental porcelains, cemented carbide cutting tools, automotive connection rods and

refractory ceramics (German, 1996).

2.2.3.3 Activated sintering

Activated sintering involves a small addition to the powder mix or, more rarely, to
the sintering atmosphere in order to promote sintering kinetics. The action of the
activator may be to remove the surface oxide from the powder particles or to
facilitate more rapid diffusion of the metal’s atoms (Upadhyaya, 2000). A high-

melting-temperature materials material requires a high sintering temperature to

28



induce significant diffusion. However, a lower-melting-temperature phase will have
inherently faster diffusion rates. Activated sintering occurs when the high-melting-
temperature material is soluble in the low-melting-temperature phase, resulting is a
short-circuit sintering path. Some of the most dramatic examples of activated
sintering occur with the refractory metals: molybdenum, tungsten, chromium,

rhenium, and tantalum (German, 1996).

Generally, it is very difficult to fabricate tungsten because of its high melting point,
low ductility. Even when the powder metallurgy techniques are used, processing of
tungsten requires very high sintering temperatures up to 2400 — 2800 °C to get near
fully dense structure (Li and German, 1983). The addition of small quantities of
some transition metals such as palladium (Pd), platinum(Pt), nickel(Ni), cobalt (Co),
and iron (Fe), provides a major reduce in the sintering temperature of W (Li and
German, 1983; German and Munir, 1976; Vacek, 1959; Hayden and Brophy, 1963).
This reduction of the sintering temperature is due the decrement of the activation
energy between W particles. Activation energy for volume self-diffusion of tungsten,
135 kcal/mol, becomes 68 kcal/mol in the case of Ni activated W (Hayden and
Brophy, 1963).

Hayden and Brophy interpreted the mechanism of the activated sintering in terms of
three main stage in their study (Hayden and Brophy, 1963). After the appearance on
the tungsten particle surface of a “supporting phase”, formed by activating agent, the
dissolution of tungsten at the points of contact between particles takes place and the
diffusion of tungsten atoms along the interface between the “supporting phase” and
the particle provides densification. On this basis, the distance between the centers of
adjacent particles decreases and consequently fuller shrinkage occurs (Hayden and
Brophy, 1963; Samsonov and Yakovlev, 1967). Figure 2.17 is the schematic
representation of sintering nickel-coated tungsten powder which Brophy et. al.,
indicated during their project prepared in U.S. Navy in M.I.T. laboratories (Brophy
et. al, 1963).

Another elucidation of the activated sintering mechanism was accomplished in (Toth
and Lockington, 1967) where dissolution of tungsten at the activator-tungsten
interface is followed by volume diffusion outwards through the activator layer and

subsequent surface diffusion. Diffusion through the activator layer to the contact
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point between adjacent particles results in the formation of sintering “necks” (Toth
and Lockington, 1967; Corti, 1986).

Nickel

Figure 2.17: Schematic representation of sintering nickel-coated tungsten powder
(Brophy et. al., 1963).
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Figure 2.18: Schematic representation of activated sintering of tungsten (Toth and
Lockington, 1967).

Samsonov and Yakovlev stated activated sintering in terms of the electron structure
of the activators and tungsten; an increase of the stable d-bonds in the system lowers
the free energy, activating the sintering process in which diffusion is accelerated by
the activators for which tungsten acts as an electron donor and this ease of electron
transfer gives rise to the high solubility in the activating element (Samsonov and

Yakovlev, 1969).
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German and Munir reported that the activator has a role in providing enhanced grain
boundary diffusion with the activator layer wetting the interparticle grain boundary.
The relative solubility criterion is a prerequisite for enhanced diffusion of the
refractory metal. Enhanced mass transport, and hence densification, results from the
lowering of the activation energy for the refractory metal in the activator (German
and Munir, 1982; Corti, 1986).
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Figure 2.19: Schematic representation of the activated sintering (German and Munir
1982).
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3. MATERIALS SELECTION

From the beginning, the selection of a proper combination of matrix and
reinforcement has been the main goal of design and production of PRMMC’s. The
motivation for using MMC materials in current research investigations is that these
materials provide a superior combination of different properties of metallic matrix
and hard reinforcement. However, these properties can only be obtained with proper
selection of the matrix material and the reinforcements (Lindroos et al., 2004).

The matrix of the composites has to be mainly designed for two major tasks, which is
firstly to bind and support the reinforcing phase and, secondly, to satisfy special
properties based on the requirements in service. Binding strength between the matrix,
whose main function is to transfer and distribute the load to the reinforcement, and
the reinforcement depend on the type of matrix and reinforcement (Huda et al., 1995;
Lindroos et al., 2004). The interface formed between the matrix and the
reinforcement is of interest since the characteristics of this region determine load
transfer and crack resistance of the composite during deformation. It is now widely
acknowledged that in order to maximize interfacial bond strength, it is necessary to
promote wetting (when a liquid phase process is present), control chemical
interactions and minimize oxide formation (lbrahim et al., 1991). On the other hand,
the hardness of the matrix is the key factor in supporting the reinforcing phase.
Furthermore, other considerations such as, cost, weight, fabricability and availability
of the matrix materials should also be made (Lindroos et al., 2004). Generally, Al,
Ti, Mg, Ni, Cu, Pb, Fe, Ag, Zn, Sn and Si are used as the matrix materials (Huda et
al., 1995). In addition to these, tungsten (W) has lately received some attention as a

matrix material (Song et al., 2002; Song et al., 2003a).

Reinforcing phase in the composites are mainly used to increase the strength,
stiffness, temperature resistance capacity and to lower the density. Generally,
ceramics are used as the reinforcement phase, which are typically oxides, carbides
and nitrides (Huda et al.,, 1995). The selection criteria for these ceramic

reinforcements include elastic modulus, tensile strength, density, melting
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temperature, thermal stability, coefficient of thermal expansion, size and shape,
compatibility with matrix material and cost (lbrahim et al., 1991). Typical
reinforcement materials are silicon carbide (SiC), aluminum oxide (Al.O3),silicon
dioxide (SiO,), titanium carbide (TiC), boron carbide(B,C) and silicon nitride
(SisN4) (Huda et al., 1995).

3.1 Tungsten

The refractory metals are conveniently described as metals that melt at temperatures
above 1850 °C, and for this consideration, twelve metals are in this group namely:
tungsten (W), rhenium (Re), osmium (Os), tantalum (Ta), molybdenum (Mo),
iridium (Ir), niobium (Nb), ruthenium (Ru), hafnium (Hf), rhodium (Rh), vanadium
(V), chromium (Cr). Among these, due to their high melting point, high modulus,
high resistance of thermal shock, low CTE and good high temperature strength and
stiffness properties, tungsten alloys are potential candidates for service conditions
which require high strength at elevated temperatures (Song et al., 2002). Properties
of tungsten are listed in Table 3.1 (Lassner and Schubert, 1999).

A large number of W alloys and composites were investigated in literature before,
whereas only some of them achieved technical importance. The aim of alloying W is
to improve its chemical, physical and mechanical properties at both ambient
conditions and at elevated temperatures. However, alloying of W has been relatively
less studied than of some of the other refractory metals. W is mainly used in
aerospace applications in the unalloyed form which is much easier and cheaper to
produce and fabricate. Also, it has been found that, particularly at temperatures
above 2200 °C, the strengthening effects of many alloying agents decrease

disproportionately (Lassner and Schubert, 1999).

W is mainly consumed in three forms, which are tungsten carbide (WC), alloying
additions and pure formWC accounts for about 65% of W consumption (Lassner and
Schubert, 1999). It is combined with cobalt as a binder to form the so-called
cemented carbides, which are used in cutting and wear applications because of their
high hardness, good wear resistance, good fracture resistance and high temperature
strength (Zhang et al., 2003) Cemented carbides such as WC-Co and WC-Co-TiC are
the most widely used material for metalworking. As a consequence, a considerable

amount of research effort has been spent to develop alternative cemented carbide
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systems in order to improve the microstructure and mechanical properties of these
materials (Acchar et al., 2004). Characteristically, most of the carbides used in
cermets have high hardness, good electrical and thermal conductivity, and high
stability. The brittleness of carbides, however, has prevented their use as single-
phase materials in highly stressed structural applications and has led to the
development of metal-bonded composites (cemented carbides or cermets) (Coskun,
2006).

Table 3.1: Properties of W (Lassner and Schubert, 1999).

Period 6

Atomic Number 74

Atomic Mass 183.85

Electronegativity 1.7

Space Group Im3m

Lattice Parameter | 3.16524 A

Density 19.3 g/cm®

Melting Point 3422 °C

Boiling Point 5663 °C

Specific Heat 0.0317 cal/gK

CTE 4.32-4.68x10-6 K-1 (25 °C)

Tensile Strength 172.4 MPa
Young’s Modulus | 390-410 GPa

Shear Modulus 156-177 GPa
Bulk Modulus 305-310 GPa
Poisson’ Ratio 0.28-0.30
Hardness 350-450 kg/mm?

Metallic W and W alloy mill products account for about 16% of consumption. W and
W alloys dominate the market in applications for which a high-density material
(19.3 g/lcm®) is required, such as kinetic energy penetrators, counterweights,
flywheels, and governors. Tungsten and its alloys are also used in radiation shields
and X-ray targets.Also in wire form, W is used extensively for lighting, electronic

devices, and thermocouples (Lassner and Schubert, 1999; Li and German, 1983).

35



The high melting point of W makes it an obvious choice for structural applications
exposed to very high temperatures. W is also used at lower temperatures for
applications that can use its high elastic modulus, density, or shielding characteristics
to advantage (Lassner and Schubert, 1999).

3.2 Ni-Activated Sintering and W-Ni System

Activated sintering mechanism is explanied in detail in Section 2.2.3.3, stating that
addition of small quantities of some transition metals such as Pd, Pt, Ni, Co, and Fe
enables major reductions in the sintering temperature of W. One of the activating
agents, Ni, dissolves up to 38 wt % W in its solid solution and the solubility of W
into Ni is only about 0.1 wt % which is negligible (Figure 3.1) (Massalski, 1990).
Moreover, the volume diffusion of W into Ni is rather more rapid than that of Ni into
W (Panichkina, 1967). Hayden and Brophy reported a value of 68 kcal/mole for the
activation energy for volume self-diffusion of W in the case of activated sintering
with Ni, a value much lower than 135 kcal/mole pertaining to pure W (Hayden and
Brophy, 1963).

Atomic Percent Tungsten
0 10 20 30 40 0
. . .. 3 . 2 2 5 ]6‘0 7'01 80 90 100
F 3422°C
/F
/
/
B ,’
3000 "
P
L E
, E
¥ 4 E
2500 L /,/ 3
r”’ :
&) -
) 50T
£ 2000 3
=) -
.
g r
1625°C b
& 15001 L2 5 1495°C 2
£ 1485°CT 7368 500F
5 £
i) C
7 VA o 3l O 7 5
1000 (Nl) 38.1 F JQ&QQ = 2:::==-:8:5:9:::::::q”
7 A3 970°C -! "
(] ]
!y 1 ]
1
e i ©
500 EERE T = B (W)—t
: - Cas By
355°C e _ Magn. i H H
...... Trens. | ! | " H
i e H b i H
0 T > T II T + x T T T A T a T -
0 10 20 30 40 50 60 70 80 90 100
Ni Weight Percent Tungsten W

Figure 3.1: Ni-W binary phase diagram (Massalski, 1990).
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Activated sintering of W with different transition metal additions have been
extensively investigated in the archival literature. German and Munir reported that
Pd is the best activator agent for W, and sequentially, Ni, Pt, Co, Fe, Cu addition
provides activation (German and Munir, 1976). Even though Pd has been reported as
the best activator for W, however its use is limited due to its very high price. Ni is
the proper activator agent which can be used instead of Pd, especially at temperature
ranges about 1400 °C (Figure 3.2) (German and Munir, 1976).
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Figure 3.2: Shrinkage dependence on activator type and temperature in activated
sintering of W (German and Munir, 1976).

3.3 The Addition of TiB, and La,O3

In order to improve properties of W, dispersion-strengthened and precipitation
hardened composites were developed (Lassner and Schubert, 1999). Investigations
regarding the activated sintering of W and W matrix composites reinforced with
different refractory carbide, nitride and oxide phases such as TiC, TiN, ZrC, HfC,
La;03, Y203, HfO,, Sm,03, and ThO, have been well documented in the literature
(Chen et al., 2009; Geng et al., 2010; Ishijima et al., 2005; Kim et al., 2006; Kurishita
et al., 2008; Song et al., 2003b). In addition to these refractory carbide, nitride and
oxide materials, transition metal diborides are very promising candidates as
reinforcements in W due to their high melting point, high hardness, good electrical
and thermal conductivities (Munro, 2000). An important advantage of diborides over
carbides and nitrides is that diborides are essentially stoichiometric (Castaing and

Costa, 1977). However, there exists no studies in the reported literature on the
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microstructural and mechanical properties of transition metal diborides reinforced W
matrix composites. Among the transition metal diborides, titanium diboride (TiB5)
comes into prominence with its excellent properties such as high melting point
(3225 °C), high hardness (25 GPa), good thermal conductivity, high electrical
conductivity and considerable chemical stability (Munro, 2000; Geng et al., 2010).

W has a high ductile to brittle transition temperature and its strength decreases with
increasing temperature.. For example, the strength of monoclinic W at 1000 °C
decreases almost 60% compared to its room temperature strength (Chen et al., 2008,
Song et al.,, 2002). A great deal of work has been done on improving the high
temperature strength of W. Most studies focused on W strengthened with many
finely dispersed particles of carbides, nitrides, oxides (Mabuchi et al., 1996; Mabuchi
et al., 1997; Song et al., 2003b; Ryu and Hong, 2003). The particles added can
restrict growth of W grain and dislocation motion, both of which lead to high
strength and low creep rates at high temperatures. But the volume content of carbide
results in low relative density, ductility and strength. However, the rare-earth oxides
have some special chemical characteristics. They improve the low-temperature
brittleness and decreases ductile to brittle transition temperature in Mo and W
materials. (Chen et al., 2008; Mabuchi et al., 1996; Song et al., 2003b). Especially,
high temperature oxides, such as ThO,, La,03, Y,03, and CeO, are added to W due
to their thermal stability at high temperatures (Kim et al., 2009). Among these
oxides, the most common oxide dispersion-strengthened material is the W-ThO,
alloy which contains a dispersed second phase of 1 wt % thorium. The thorium
dispersion enhances thermionic electron emission, which in turn improves the
starting characteristics of gas W arc welding electrodes (Mabuchi et al., 1997). It also
increases the efficiency of electron discharge tubes and imparts creep strength to
wire at temperatures above one-half the absolute melting point of W (Mabuchi et al.,
1997; Lassner and Schubert, 1999; Chen et al., 2000). However, it is desirable to
replace ThO, with non-radioactive activators because of the radioactive pollution of
thorium during fabrication, service or handling. In the last decade, considerable
efforts have been directed to develop new materials, especially to explore new
activators. It has been found that W electrodes activated with rare-earth metal oxides
(such as Lay0s3, Y203, Ce0,, etc.) exhibit superior arc characteristics compared to
pure W and W-ThO, electrodes (Chen et al.,, 2000). Particularly, W- La,O3
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composites with no radioactive potential exhibit good mechanical properties and

creep resistance (Mabuchi et al., 1997).

Above mentioned literature review presented the development of dispersion
strenghtened W matrix composites and activated sintering of W. However, there are
no detailed studies about the sintering behaviour and microstructural properties of
dispersion strengthened W-based composites sintered with the presence of both a
transition metal diboride and rare-earth oxide. This study aims to fulfill this gap by
focusing on sintering behaviour and mechanical properties of mechanically alloyed
and Ni activated sintered TiB, and La,O3; composites. Thus, the objective of the
present study is to report on the microstuctural characterization and physical
properties of mechanically alloyed and Ni activated W-TiB, and W-TiB;-La,03

composites prepared by mechanical alloying technique.
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4. EXPERIMENTAL PROCEDURE

The experimental part of this study was designed in order to provide useful
information about sintering, microstructural and mechanical properties of Ni
activated W-TiB, and W-TiB,-La,0O3 composites synthesized by mechanical alloying

technique.

The first group of experiments deals with the characterization of W - 1 wt. % Ni. The
second and the third group of experiments investigate the effect of TiB, and La,O3
addition to pre-milled W-Ni matrix. Finally, the fourth group of experiments deals
with the effects of TiB, and La;O; addition to the pre-milled W-Ni matrix.
Additionally, all groups of experiments investigate the effect of mechanical alloying

durations on determined composition.

Theexperimental procedure of the present study is summarized in the flow chart

shown in Figure 4.1.

4.1 Preparation of Samples

4.1.1 Mechanical alloying and characterization of powders

In this study W (%99.9 purity, 4-7 um average particle size) and Ni (%99.9 purity, 3-
7 um average particle size) powders were used as matrix materials. TiB, (%99.9
purity, 40-44 um average particle size) and La;03 (%99.99 purity, 25-34 um average
particle size) powders were used as reinforcement materials to avoid the grain
growth and improve mechanical properties. Mechanical alloying (MA) experiments
were carried out using a Spex™ Duo Mixer/Mill 8000D (Figure 4.2a) with a speed
of 1200 RPM in a WC vial with WC balls having a diameter of 6.35 mm (% inches).
BPR was7:1 in weight. W - 1wt% Ni powders (hereafter referred to as W1Ni) were
mixed and pre-milled for 6 hours while TiB, and La,O3 powders were pre-milled for
the same duration. These pre-milled powderswere selected as starting materials in
this study. W1Ni (6h MA’d), W1Ni - x wt% TiB; (x=2, 3, 4), WI1Ni - y wt% La,03
(y=0.5, 1) and W1Ni - 2 wt% TiB, - y wt% ( y=0.5, 1) powders (hereafter referred to
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be as W1Ni-xTiB2, W1Ni-yLa,03 and W1Ni-xTiB;-yLa,03) were mixed and alloyed
for 6 and 12 hours.

W (4-5 pm) TiB; (40-44 pm ) LayO; (25-34 pm)
1 wt.% Ni (3-7 pm)

Mechanical Milling (6h) Mechanical Milling (6h) Mechanical Milling (6h)
[ | |
|
|
WINi WINi- x wt% TiBa WINi- v wit% WINi- x wt% TiBa- v wt% LaxOs
(x=2.3.4) La)0s3 (y=0.5. 1) (x=2: y=0.5.1)

[ | ’—1

Mechanical Alloying (Oh. 6h and 12h)

SEM Powder L PsA

TEM Characterization

Compaction of the Powders
(400 MPa)

Sintering
(1400 °C. 1 )

Characterization of the
Sintered Samples

XRD Density oM Microhadness SEM Wear
Characterization

Figure 4.1: The flow chart of the experimental procedure

High-purity argon (Ar) gas was used as the milling atmosphere to prevent oxidation
and contamination of the powder in order to prevent the formation of oxides and
nitrides in the powder when exposed to air. This is required, especially if the
powders are reactive in nature. Thus, the loading and unloading of the powders into
the vial was carried out inside a “Pluslabs™” atmosphere-controlled glove box

(Figure 4.2b), operated under Ar atmosphere.

Powder particle size measurements were carried out in a Malvern™ Mastersizer
Laser particle size analyzer (Figure 4.3a). Microstructural characterization

investigations of as-blended and MA’d powders were conducted using a Jeol™-
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JSM-T330 (Figure 4.4a) scanning electron microscope (SEM), Jeol™-JEM-EX2000
(Figure 4.4b) transmission electron microscope (TEM) and a Bruker™ X-Ray
Diffractometer (Figure 4.3b) (XRD) using CuK, radiation. TOPAS 3 (Bruker AXS)
software (Kern and Coelho, 2006) was used to estimate crystallite sizes.

a)

Figure 4.3: a) Malvern'™ Mastersizer, b) Bruker™ X-Ray Diffractomete (XRD).
4.1.2 Compaction

The mechanically alloyed powders were compacted by cold pressing in a tool-steel
die at a pressure of 400 MPa into cylinder shaped green compacts with a diameter of
~6.36 mm for 1 minute by using a 10 tons “MSE” one-action hydraulic pres.
Figure 4.5 shows the picture of the MSE hyraulic pres. Liquid paraffin was applied

to the walls of the die to take the samples out of the die easily.
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Figure 4.4: a) Jeol™-JSM-T330 scanning electron microscope and b) JeoI™-JEM-
EX2000 transmission electron microscope.

Figure 4.5: MSE one-action hydraulic press.
4.1.3 Sintering

Sintering wasperformed at 1400 °C for 1 hour in a Linn™ 1800 M Vac Graphite
furnace. The furnace works under gas sintering conditions using vacuum and H,, Ar

and N, gases as sintering media. The sintering regime is shown in Figure 4.6.
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Figure 4.6: The sintering regime in the 1800 M Vac Graphite Linn™ furnace

4.2 Characterization of Sintered Samples

4.2.1 Microstructural and phase characterization

The microstructural and phase characterization investigations of the sintered samples
were carried out using optical microscope (OM), scanning electron microscope
(SEM) and X-ray diffraction (XRD) techniques. Prior to the characterization
investigations, the sintered samples were mounted in bakelite using the Struers™
Labopress-1 machine (Figure 4.7a). After that, samples were polished on the

Struers™ Tegrapol-15 automatic polishing machine (Figure 4.7b).

4.2.2 Density measurements

Sintered densities were measured by using the Archimedes method which depends
on the relationship between volume and mass. Density results are the arithmetic
mean of 5 measurements of the same sample. The Archimedes method mechanism is

shown in Figure 4.8.

4.2.3 Hardness measurements

Hardness measurements were carried out on a Shimadzu™ micro hardness tester
(Figure 4.9) with a Vickers indenter under a load of 100 g for 15 seconds. Results of

hardness tests were averaged out of 15 successive indentations.
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a) b)

Figure 4.7: a)Struers™ Labopress-1 machine and b) Struers™ Tegrapol-15
automatic polishing machine

Figure 4.8: Precisa™ XB220A weighing machine and the Archimedes method
mechanism

Figure 4.9: Shimadzu™ micro hardness tester.
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4.2.4 Wear characterizations

The sliding wear experiments were conducted on a Tribotech™ Oscillating
Tribotester (Figure 4.10a) to the sintered samples of 12h MA’d powders using 6 mm
alumina balls under an applied force of 4 N. The tests were conducted at room
temperature in a laboratory atmosphere with a sliding speed of 4 mm/s, a stroke
length of 2 mm and a sliding distance of 20 m. Abraded surfaces were characterized
using a Veeco™ Dektak 6 M Stylus Profiler (Figure 4.10b) and test results are
arithmetic mean of three different measurements for each sample which are

calculated by integrating the area of the each peak of the surface profile.

Figure 4.10: a)Tribotech™ Oscillating Tribotester b) Veeco™ Dektak 6 M Stylus
Profiler
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5. RESULTS AND DISCUSSIONS

As early mentioned in experimental procedure, the results of this study can be
divided into four groups:

1. W1Ni,

2. WINi—xwt % TiB; (x=2,3,4),

3. W1Ni -y wt % La,O3 (y=0.5, 1),

4. WINi—xwt % TiB,— y wt % La,03 (x=2; y=0.5, 1).

Each experimental group contains studies about the fabrication and characterization
of the mechanical alloyed and sintered samples. The first group of experiments deal
with the characterization of W - 1 wt. % Ni. The second and the third groups of
experiments investigate the effect of TiB, and La,O3 addition to the pre-milled W-Ni
matrix, respectively. Finally, the fourth group of experiments deals with the effect of
both TiB, and La,03 adittions to the pre-milled W-Ni matrix.

In Figure 5.1 andFigure 5.2, XRD patterns and particle size distributions of the

powders used in this study are given, respectively.

Figure 5.1a shows XRD patterns of the pre-milled W1Ni powders. As seen in this

figure, the peaks of W which has a b.c.c. Bravais lattice and Im 3m space group with
the lattice parameter of a=0.316 nm (ICDD No: 04-0806) can be identified. Figure
5.1b and c are the XRD patterns of 6 hours pre-milled TiB, (ICDD No: 35 - 0741, a
hexagonal Bravais lattice, with the lattice parameters ofa = b = 0.303 nm, ¢ = 0.323
nm) and La,O3; (ICDD No: 83 — 1344, a hexagonal Bravais lattice with the lattice

parameters of a =b =0.394 nm, ¢ = 0.614 nm) powders, respectively.

Figure 5.2a — ¢ show the particle size distributions of the pre-milled W1Ni, pre-
milled TiB, and pre-milled La,O3; powders, respectively. After pre-milling, mean
particle size of TiB;, reduced from 44 um to 1.20 um (Figure 5.2b) and that of La,O3;
from34 um to 1.79 um (Figure 5.2c), respectively. The mean particle size of W1Ni

matrix was measured as 1.16 um (Figure 5.2a).
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Figure 5.1: XRD patterns of the a) pre-milled (6h MA’d) W1Ni b) pre-milled TiB,
c) pre-milled La,Ospowders

5.1 Characterization Investigations of the W1Ni Samples

5.1.1 Characterization of the powders

Figure 5.3 shows the XRD patterns of the WINi powders MA’d for different
durations. All the peaks seen in the figure belong to W (ICDD No: 04-0806)
mentioned before. As seen in the figure peaks were brodened and the peak

intensities decreased with increasing MA’d durations.

Crystallite sizes and lattice deformations of the pre-milled W1Ni powders were
measured and the results are given in Table 5.1. These calculations reveal that
crystallite sizes about 14.7 nm decreased to 6.4 nm with increasing MA duration,

whereas lattice deformations increased up to 3.86%.
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milled La;O3 (Dmean=1.79um, Dsp=1.34um).
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Figure 5.3: XRD patterns of the pre-milled (6h MA’d) and additionally 6h MA’d,
12h MA’d W1Ni powders

Table 5.1: Crystallite sizes and lattice defomations of the MA’d W1Ni powders.

Sample Name Crystallite Lattice Deformation
Size (nm) (%)
W1Ni pre-alloy (6h MA’d) 14.7 1.75
WINi + 6h MA’d 8.1 3.16
WINi + 12h MA’d 6.4 3.86

Figure 5.4 shows the representative SEM micrographs taken from the WI1Ni pre-
milled powder and the W1Ni matrix powders MA’d for 12 h.SEM micrograph of the
pre-milled W1Ni powders is shown in Figure 5.4a, revealing that the MA'd powders
are mainly consist of submicron particulates, whereas some agglomerates having
sizes of about 2 um are present in the microstructure. SEM micrograph presented in
Figure 5.4b is taken from the W1Ni matrix powders MA'd for 12 h. The micrograph
shows the presence of submicron (generally a few hundreds of nanometers) sized
particles with spherical shapes and some micron sized (1 — 2 um) agglomerates. By
comparing Figure 5.4a and Figure 5.4b, it is possible to state that these powders has
almost the same particle sizes but the fraction of the agglomerates decrease with

increasing mechanical alloying durations.
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Figure 5.4: SEM micrographs of a) pre-milledW1Ni powders b)W1Ni matrix
powders MA’d for 12h (totaly MA’d for 18h)

5.1.2 Characterization of the sintered W1Ni samples

XRD patterns of the sintered WINi powders which were MA’d for different
durations are given in Figure 5.5. In this figure, only W phase (ICDD No: 04-0806)
is identified in pre-milled W1Ni powders and those MA’d for 6h and 12h.

The relative density measurements and corresponding theoretical density values of
the W1Ni samples are given in Table 5.2. The relative density values of W1Ni pre-
alloy, W1Ni+6h MA and W1Ni+12h MA samples vary between 97.86 % and 96.51
%. Increasing the mechanical alloying or milling durations results in the decrease of
the mean particle size and enables somewhat homogenous distribution of Ni particles
in W. After sintering of powders which were milled for longer durations, higher
density values were generally obtained. However, it should be mentioned here that

there is noremarkable change in the relative density values of the sintered W1Ni
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samples with increasing mechanical alloying durations. It is believed that increasing
the milling durations causes the contamination of powders by milling media (Chen
2008; Mabuchi 1996), WC, which has a density of 15.8 g/cm®. As a result of WC
contamination theoretical densities decreased, so the relative density remained
almost the same with increasing mechanical alloying durations. Thus, relatively high
density values (>95%) are reported in the present investigation,after conventionally
sintering at a temperature of 1400 °C, indicating the coupled effects of mechanical

alloying and Ni activated sintering on the enhanced sinterability of pure W.

Vickers microhardness results of sintered W1Ni samples are given in Table 5.2. The
sintered W1Ni-matrix sample MA’d for 6 h has the microhardness value of
4.08 + 0.28 GPa, which increased to 4.70 + 0.13 GPa after MA for 12 h. The increase
in the microhardness with increasing MA durations can be attributed to grain
refinement during MA.
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Figure 5.5: XRD patterns of the MA'd and sintered W1Ni samples

Table 5.2: Relative density and microhardness values of the sintered samples

Theoretical Relative Microhardness
Sample Name Density | Archimedes’ (GPa)
(gr/cm3) | Density (%0)
W1Ni pre-alloy (MA’d for 6h) 96.39 4.08+0.28
WI1Ni+ 6h MA 19.08 96.51 432+0.17
WI1Ni+ 12h MA 97.86 470 +0.13
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Figure 5.6 is an optical micrograph taken from the wear tracks of the sintered
WI1Ni+12h MA sample. The wear amount and friction coefficient weremeasured as
3.26 + 0.81 (mMm°N'm™) x10® and 0.42, respectively. As seen in Figure 5.6, the
worn surface of the sintered W1Ni+12h MA sample contains multiple valleys with
patches ruptured from the surface and/or the hardfacing alumina balls during sliding

wear experiments.

Figure 5.6: Optical micrographs of the wear tracks of the sintered W1Ni+12h MA
sample (Insetis a higher magnification image of the wear tracks).

Figure 5.7a and Figure 5.7b arethe back-scatteredelectron micrographs showing the
effect of milling of W1Ni matrix powder. Figure 5.7a is taken from W1Ni 6 hours
pre-milled and sintered powder where Ni rich areas are located (dark grey particles)
at grain boundaries. After miling for 12 hours W1Ni matrix (milled for 18 hours in
total), Ni particles are homogenously distributed in the microstructure and can not be
observed throughout the microstructure (Figure 5.7b). The average grain size value

remains almost the same where the value of 7.03 um slightly decreased to 6.85 pm.

a) b)

Figure 5.7: Back-scatteredSEM micrographs of sintered a) W1Ni pre-alloy
b) W1Ni+12h MA (totally 18h MA).
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5.2 Characterization Investigations of the MA’d and Sintered W1Ni — x wt%
TiB; (x=2,3,4) Composites

5.2.1 Characterization of the powders

Figure 5.8a-c are the XRD patterns of WI1Ni-2TiB, (Figure 5.8a),W1Ni-3TiB;
(Figure 5.8b), W1Ni-4TiB, (Figure 5.8c) powders which wereMA’d for different
durations. The peaks of W can be identified in all samples. However,in these patterns
TiB, peaks are not be observed, probably due to the low content in the blends and
peak broadening due to MA. All of the peaks diffracted from these phases belong to
the W phase (ICDD No: 04-0806), as mentioned before.
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Figure 5.8: XRD patterns of a) WI1NIi-2TiB, b) WI1Ni-3TiB,, ¢) W1Ni
4TiB,powders

Crystallite sizes and lattice deformations of MA’d powders of the WINi — X wt%
TiB, (x=2,3,4) system were measured and the results are given in Table 5.3. These
calculations reveal that TiB, addition has no remarkable effect on crystallite sizes

and lattice deformations within the selected amounts.

All of the as-blended powders (W1Ni-2TiB, as-blended, W1Ni-3TiB, as-blended,

WI1Ni-4TiB; as-blended) have nanosizes as a result of initial pre-milling step.W1Ni-
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2TiB,-12h MA’d powders have the crystallite size about 6.5 nm which is almost the
same value for the W1Ni+12h MA powders (about 6.4 nm). As seen in Table 5.3, it
is clear to state that crystallite sizes decrease with increasing MA duration, whereas

lattice deformations increase.

Table 5.3: Crystallite sizes and lattice defomations of the MA’d powders

Sample Name Crystallite Lattice
Size(nm) Deformation(%o)
WI1NIi-2TiB,as-blended 14.4 1.78
WINi-2TiB,-6h MA’d 9.3 2.83
WINI-2TiB,-12h MA’d 6.5 3.93
WI1NIi-3TiB,as-blended 15.0 1.71
W1Ni-3TiB,-6h MA’d 9.3 2.76
WI1Ni-3TiB,-12h MA’d 7.4 3.35
W1Ni-4TiB,as-blended 13.5 1.90
WI1Ni-4TiB,-6h MA’d 9.6 2.65
WI1Ni-4TiB,-12h MA’d 7.4 3.62

Figure 5.9 a — ¢ show the evolution of particle size distributions of W1Ni-2TiB,
powders during mechanical alloying. As seen in Figure 5.9, mean particle size
distributions decreased with increasing mechanical alloying durations, the mean
particle size of as-blended W1NIi-2TiB, powders is reduced from 1.27um (Figure
5.9a) to 1.08 um (Figure 5.9b) and to 0.94um (Figure 5.9c) after further MA for 6 h,
12 h, respectively.

SEM micrograph taken from the W1Ni-2TiB; powders MA’d for 12 h (Figure 5.10)
reveals that spherical like submicron particles exist throughout the microstructure
with some micron sized agglomerates. As seen in this figure,powders sizes are

consistent with the particle size distributions analysis given in Figure 5.9¢c
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Figure 5.9: Particle size distributions of a)W1Ni-2TiB,as-blended (Dmean= 1.27 pm,
Dso= 1.19 pm), b) WINi- 2TiB,- 6h MA’d (Dmean= 1.08 um, Dsp= 1.01
um), ¢) W1INi- 2TiB,- 12h MA’ (Dmean= 0.94 pm, Dsp= 0.80 pum).
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Figure 5.11a and Figure 5.11b are bright-field and-dark field TEM micrographs
taken from theW1Ni — 2TiB; powders MA’d for 12 h showing submicron particles
(Accelerating Voltage: 160 kV, L: 100cm). Corresponding electron diffraction
pattern taken from the particleslocated on the lower right (indicated with a red circle)
in Figure 5.11a is shown in Figure 5.11c indicating that these particles are W,B
phases having a base centered tetragonal Bravais lattice (a = b = 0.557 nm, ¢ =0.474
nm; ICDD No: 25-0990). As seen in Figure 5.11b, these W,B phases have nanosizes
and are distributed homogeneously throughout the microstructure.

Figure 5.10: SEM micrograph of W1Ni-2TiB; powder MA’d for 12h

Figure 5.12a and Figure 5.12b are bright-field and-dark field TEM micrographs
taken from the W1Ni — 4TiB, powders MA’d for 12 h showing sphereoidal shaped
particles up to ~60 nm in size (Accelerating Voltage: 160 kV, L: 100cm).
Corresponding electron diffraction pattern from the spheroidal particles is shown in
Figure 5.12c, suggesting that these particles are the W phase having a body centered
cubic Bravais lattice (a = 0.3122nm,ICDD No: 04-0806).

Figure 5.13a and Figure 5.13b are bright-field and-dark field TEM micrographs
taken from theW1Ni — 4TiB, powders MA’d for 12 h showing particles between 10
nm and 30 nm in size (Accelerating Voltage: 160 kV, L: 100cm). Corresponding
electron diffraction pattern from the spheroidal particles is shown in Figure 5.13c,
suggests that these particles are W,B phases having a base centered tetragonal lattice
with a lattice parameter; a = b = 0.557 nm, ¢ = 0.474 nm(ICDD No: 25-0990). W,B
phases are beleived to be formed as a result of decomposition of TiB, during

mechanical alloying.
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a)

Figure 5.11: a) Bright-field micrograph and b) dark-field electron micrograph
showing W-B particles in the W1Ni-2TiB; powders MA’d for 12 h c)
Corresponding selected-area diffraction pattern of W,B phase (b.c.t.,
ICDD No: 25-0990; a = b = 0.557 nm, ¢ =0.474 nm).

Figure 5.12: a)Bright-field micrograph and b) dark-field electron micrograph with
the objective aperture on (110) showing spheroidal-shaped particles in
the W1NI-4TiB, powders MA’d for 12 h ¢) Corresponding selected-
area diffraction pattern of W (b.c.c., ICDD No: 04-0806; a=0.316 nm).
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Figure 5.13: a) Bright-field micrograph and b) dark-field electron micrograph
showing W-Bparticles in the W1Ni-4TiB; powders MA’d for 12 h c)
Corresponding selected-area diffraction pattern of W,B phase (b.c.t.,
ICDD No: 25-0990; a = b = 0.557 nm, ¢ =0.474 nm).

5.2.2 Characterization of the sintered samples

Figure 5.14 shows the XRD patterns of the sintered W1Ni-xTiB, (x=2,3,4) powders
which were MA’d for 12h. As seen in Figure 5.14, there are 3 different phases are
identified, which of one is W (ICDD No: 04-0806) mentioned before and the others
are NiTi (ICDD No: 19-0850) and TiB, (ICDD No: 35-0741). NiTi phase has a
simple cubic Bravais lattice with a lattice parameter of a = 0.297 nm; and TiB; has a

hexagonal Bravais lattice with lattice parameters of a = b =0.303 nm, ¢ = 0.323 nm.

The relative density measurements and corresponding theoretical density values of
the samples of the W1INi — x wt% TiB, (x=2,3,4) system are given in Table 5.4. In
general, a decreasing tendency in the relative density values are observed with
increasing TiB, contents. W1Ni-2TiB,-12 h MA’d sample has a density of 94.88%
which is about 3% lower than that of the W1Ni-12 h MA’d sample which has a
relative density value of 97.86%. The relative density values of the W1Ni-3TiB,
samples MA'd for different durations vary between 90% to 93% and samples
containing 4 wt% TiB, have lower relative density values, which vary between 74%
and 90%. However, there is no correlation between these relative density values.
Wide disparities between relative density values make them unreliable and can be

attributed to the decomposition of TiB, during MA and sintering steps.

Vickers microhardness results of sintered WI1Ni-2TiB, samples are given in
Table 5.4. As seen in the table, the microhardness values increased slightly with

increasing MA durations as a result of increasing relative density and grain
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refinement during MA. The Vickers microhardness measurements were not be

carried out on the sintered WI1NI-3TiB, and WI1Ni-4TiB, samples since these

samples have inconsistent and unreliable relative density values. Furthermore, the

surfaces of these sintered samples could not be polished for subsequent

microhardness measurements.
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Figure 5.14: XRD patterns of the MA'd and sintered WI1Ni-2TiB,;, WI1Ni-
3TiB2,W1Ni-4TiB, samples

Table 5.4: Relative density and microhardness values of the sintered samples.

Theore_tical Rel_ative Microhardness
Sample Name Density Archl_ medes’ (GPa)
(gr/cm3) | Density (%)
WI1Ni-2TiBas-blended 91.21 4.11+0.29
W1Ni-2TiB,-6 h MA’d 17.92 93.62 4.46+0.21
W1Ni-2TiB,-12 h MA’d 94.88 4.58 £0.20
W1Ni-3TiB,as-blended 90.54 -
W1Ni-3TiB,-6 h MA’d 17.40 93.27 -
W1Ni-3TiB,-12 h MA’d 88.22 -
W1Ni-4TiB,as-blended 74.04 -
WI1Ni-4TiB,-6 h MA’d 16.90 86.16 -
WI1Ni-4TiB,-12 h MA’d 90.60 -

Figure 5.15a and Figure 5.15b were taken from the sintered the W1Ni-2TiB, and
WI1Ni-4TiB, MA’d for 12 h, respectively, showing the effect of increasing TiB;
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composition. It is clear from the Figure 5.15a that micron/submicron sized TiB;
particles are homogenously distributed in the microstructure which are mainly
located at the grain boundaries. Although the average grain size of the W1Ni matrix
decreases from W1Ni-2TiB, to W1Ni-4TiB, sample, the presence of larger (about
5 wm) TiB; particles is observed in the SEM micrograph of the sintered W1Ni-4TiB;
sample (Figure 5.15b) due to the agglomeration. As seen in Figure 5.15b, the
microstructure of the sintered W1Ni-4TiB, sample contains a considerable amount of
open pores, which is consistent with the reported relative density value of the 90.60
% (Table 5.4).

a)

Figure 5.15: Back-scattered SEM micrographs taken from sintered a) W1Ni-2TiB,
12h MA b)W1Ni-4TiB,-12h MA samples.

Optical micrographs presented in Figure 5.16 are taken from polished surfaces of the
sintered samples. As seen in these figures, the microstructures of the samples become
more porous and relatively rough surfaces as the TiB, content increases. The
microstructure of the sample containing 4 wt.% TiB, (Figure 5.16c) reveals the
presence of pores and cracks throughout the microstructures which is consistent with

the reported lower relative density values (Table 5.4).

Figure 5.17 shows a typical optical micrograph of the worn surface of the sintered
WI1Ni-2TiB,-12h MA’d sample revealing the characteristics of abrasive wear. The
wear test was conducted on the sintered sample containing 2 wt% TiB, sample
because of the porous surfaces of the sintered W1Ni-3TiB,-12h MA’d and WI1Ni-
4TiB,-12h MA’d samples. The wear amount decreased to1.81 + 0.62 (mm*N™*m™)
x10® with addition of 2 wt% TiB, from a value of 3.26 + 0.81 (mm*N*m™) x10* for
the W1Ni+12h MA sample. Also as seen in Figure 5.17, the width of the wear track

is narrower compared to Figure 5.6.
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Figure 5.16: Optical micrographs taken from MA’d for 12h and sintered a)W1Ni-
2TiB,, b) W1Ni-3TiB, c)W1Ni-4TiB, samples

Figure 5.17: Optical micrographs of the wear tracks of the sintered W1Ni-2TiB,-12h
MA’dsample (Inset is higher magnification image of the wear tracks).

5.3 Characterization Investigations of the MA’d and Sintered W1Ni —y wt%
La,0O3 (y=0.5, 1) Composites

5.3.1 Characterization of the powders

XRD patterns of W1Ni-0.5 La,O3 (Figure 5.18a) and W1Ni-1 La,O3 (Figure 5.18b)
powders MA’d for different durations are shown below. All of the peaks belong to W
phase (ICDD No: 04-0806).

Crystallite sizes and lattice deformations of MA’d powders were predicted by using
TOPAS 3 (Bruker AXS) and the results are given in Table 5.5. These calculations
reveal that La,O3; addition has no significant effect on crystallite sizes and lattice
deformations within the selected amounts. Crystallite sizes decreased with increasing
MA duration, whereas lattice deformations increased. As seen in Table 5.5, the pre-
milling of the powders decreases the crystallite size of the powders to the nanosizes

even for the as-blended ones
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Figure 5.18: XRD patterns of a) W1Ni-0.5 La,O3b) W1Ni-1 La,O3 powders

Table 5.5: Crystallite sizes and lattice defomations of the MA’d powders.

Sample Name Cl_'ystallite Lattice Deformation

Size (nm) (%)

W1Ni-0.5La,03as-blended 15.2 1.73
W1Ni-0.5La,03-6h MA’d 9.9 2.71
W1Ni-0.5La,03-12h MA’d 6.3 4.05
WI1Ni-1La,Osas-blended 16.0 1.32
W1Ni-1La,03-6h MA’d 9.5 2.69
W1Ni-1La,05-12h MA’d 6.7 4.08

Figure 5.19a and b show the particle size distributions of the W1Ni-0.5 La,03
(Figure 5.19a) and W1Ni-1 La,O3; (Figure 5.19b) powders MA'd for 12 hours in
order to investigate the effect of La,O3 addition on particle size distribution. As seen
in these figures, W1Ni-0.5 La,O3 and W1Ni-1 La,O3; powders has almost the same
mean particle sizes of about 1 um revealing that the addition of La,O3; powders has
no significant effect on particle size distributions. In addition, the smaller peak in the
Figure 5.19b reveals that W1Ni- 1La,0O3- 12h MA’d powders are agglomerated

during particle size testing.

The morphology of the W1Ni-1La,O3 powders MA'd for 12 h is can be seen in
Figure 5.20. Fraction of submicron sized particles seems to increase with the addition
of 1 wt.% La,O3 particles, probably due to the increased fracturing mechanism with
the addition of hard La,O3 particles during MA. However, some agglomerates about
2um in size are present in the microstructure of the W1Ni-1La,O3 powders MA’d for

12 h.
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Figure 5.19:Particle size distributions of a) W1Ni- 0.5La;03- 12h MA’d (Dmean= 1
},lm, D50=0.89 },lm), b) WlNi' 1L3.203- 12h MA’d (Dmean: 0.99 H.m,
D50=0.83 um).

Figure 5.20: SEM micrograph of the W1Ni-1La,0O3 powders MA’d for 12h
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5.3.2 Characterization of the sintered samples

Figure 5.21 shows the XRD patterns of the sintered W1Ni-0.5La,05-12h MA’d and
WI1Ni-1La;0s-12h MA’d samples. All the peaks seen in the figure belong to the
b.c.c. W (ICDD No: 04-0806) phases. La,O3 phases are not observed due to small

additions.
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Figure 5.21: XRD patterns of the sintered W1Ni-0.5La;03; and W1Ni-1La,03

Relative density values of the sintered W1Ni — y wt% La,O3 (y=0.5, 1) samples are
listed in Table 5.6. After sintering of the pre-milled W1Ni matrix, a relative density
of 96.39 % was obtained. The relative density value of the pre-milled W1Ni matrix
decreased to 94.84 % and 93.53 % with the addition of 0.5 wt % and 1 wt % La,Os,
respectively. However, sintered samples of the 12 h MA'd powders of these blends,
i.e. WINI-0.5La,03-12 h MA’d and W1Ni-1La;03-12 h MA’d, have higher relative
density values of 97.52 % and 98.09 %, respectively.

Vickers microhardness results of sintered samples are also given in Table 5.6. It is
clear to state that sintered samples of the 12h MA’d powders have the highest
microhardness values in both groups. The microhardness value of 4.70 GPa of
WI1Ni+12h MA samle increased to 5.22 GPa and 5.45 GPa with the addition of 0.5
wt% and 1 wt% La,Os, respectively. The increase in the microhardness with
increasing MA durations can be attributed to the homogenous distribution of La,O3

particles throughout the microstructure and successive grain refinement during MA.
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Table 5.6: Relative density and microhardness values of the sintered samples

Theore_tical Rel_ative Microhardness
Sample Name Density Archl_ medes' (GPa)
(gr/icm3) | Density (%)
W1Ni-0.5La;0sas-blended 94.84 4.57 £0.29
W1Ni-0.5 La;03-6 h MA’d 18.89 95.79 4.80+0.23
W1NIi-0.5 La,03-12 h MA’d 97.52 5.22+£0.19
WI1Ni-1 La,0Osas-blended 93.53 4,10+ 0.22
W1Ni-1 La;03-6 h MA’d 18.72 98.18 5.24 £0.35
W1Ni-1 La;03-12 h MA’d 98.09 5.45 £0.29

Figure 5.22a is a SEM micrograph taken from the sintered W1Ni-0.5La,03 sample,
showing the homogeneous distribution of micron/submicron sized La,O3 particles
throughout the microstructure. The presence of larger (about 2 um) and well-faceted
La,O3 particles was observed in the SEM micrograph of the sintered W1Ni-1La,03
sample (Figure 5.22b). As seen in Figure 5.22a andFigure 5.22b, size of La,O3
particles increased with increasing La,O; amount, where almost the same
homogeneous distribution is retrained. The La,O3 particles in the microstructure of
the sintered W1Ni-0.5La,03; sample are located both at grain boundaries and at grain
interiors (Figure 5.22a). The LayO3 particles in the microstructure of the sintered
W1Ni-1La,03 sample are mainly located at grain boundaries.

a) b)

Figure 5.22: Back-scattered SEM micrographs of sintereda)W1Ni-0.5La,03-12h
MA b) W1Ni-1La,;03-12h MA samples.

Sliding wear experiments were conducted in order to investigate the effects of La,Os

addition on the tribological behavior of the W1Ni matrix composites and the results

of the wear experiments are presented in Table 5.7. As seen in Table 5.7, the wear

resistance of the sintered W1Ni sample increases significantly with the addition of
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La,O5 particles. A significant decrease in the wear amount is obtained with the
addition of 0.5 wt% La,Os particles, however, the wear resistance of the sintered
WI1Ni-1La,05; sample is unexpectedly lower than that of the sintered WI1Ni-0.5
La,O3; sample.The higher wear resistance of the WI1Ni-0.5 La,O3; sample can be
explained with the presence of smaller La,Oz; particles which are more
homogeneously distributed in the microstructure than those in the microstructure of
the W1Ni-1La,O3sample (seen in Figure 5.22a).

Table 5.7: Wear amounts and the friction coefficients of the sintered samples

samplename | Westomeut | et
WINi+12h MA’d 3.26+0.81 0.42
W1Ni-0.5 La,03-12h MA’d 2.10+0.24 0.38
W1Ni-1La;03-12h MA’d 2.75 £0.89 0.42

Figure 5.23 shows the optical micrographs of worn surfaces of the sintered W1Ni-0.5
La;03-12h MA’d (Figure 5.23a) and WI1Ni-1La,03-12h MA’d (Figure 5.23Db)
samples. As seen in these figures, the width and the depth of the wear track increases
with the increase in La,O3 content. This observation correlates very well with the
wear amount values given in Table 5.7. It can be stated that the addition of La,O3
decreases the wear resistance of the sintered W1Ni samples.

Figure 5.23:Optical micrographs of the wear tracks of the sintered samplesa)W1Ni-
0.5 La;03-12h MA’d,b)W1Ni-1La,03-12h MA’d. Insets are higher
magnification images of the wear tracks.
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5.4 Characterization Investigations of the MA’d and Sintered W1Ni — 2 wt %
TiB,—y wt % La;03(y=0.5, 1) Composites

5.4.1 Characterization of the powders

XRD patterns of mechanically alloyed (MA’d) WINi-2TiB,-0.5La,03 and W1Ni-
2TiB,-1La,0; powders are shown inFigure 5.24a — b, in which only theb.c.c. W
phases are identified in all powder samples.lt is clear that with increasing MA, peaks
are broadened and peak heights are decreased, as a result of grain refinement and due

to internal strain buildupduring MA.
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Figure 5.24: XRD patterns of a) WINIi-2TiB,-0.5La,03b) WI1NI-2TiB,-1La,03
powders

Crystallite sizes and lattice deformations of MA’d powders were measuredand the
results are given in Table 5.8. These calculations reveal that crystallite sizes

decreased with increasing MA duration, whereas lattice deformations increased.

Average crystallite size of the as-blended powders (~15 nm) is reduced to ~7 nm
after MA for 12 h, where lattice deformation is nearly doubled. W1Ni-2TiB,-1La,03
as-blended powders with average crystallite size of 15 nm and 1.76% lattice
deformation have decreased crystallite size of 10.6 and 6.1 nm after 6 and 12 hours
of MA, respectively, whereas lattice deformation increases to 4.15 % after MA for
12h.

The effect of La,O3; and TiB, addition on particle sizes can be seen in Figure 5.25a
and Figure 5.25b for he MA’d WINi-2TiB,-0.5La;,0; and WI1Ni-2TiB,-1La,03
powders. It can be noted from Figure 5.25a and Figure 5.25b that the mean particle
size decreases slightly with increasing La,O3 addition. W1Ni- 2TiB,- 0.5La;03- 12h
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MA’d powders have a mean particle size of 1.13um where W1Ni- 2TiB;- 01La;0s-
12h MA’d powders have a mean particle size 0of 0.93 pm.
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Figure 5.25: Particle size distributions of a) WI1NIi-2TiB,-0.5La,03-12h MA’d
(Dmean=1.13 um, Dsp=1.03 pm), b) WINi-2TiB,-1La,03-12h MA’d
(Dmean:0.93pm, D50: 0.90 “.m).

Table 5.8: Crystallite sizes and lattice defomations of the MA’d powders.

Sample Name Crystallite Lattice Deformation

Size (nm) (%)

W1Ni-2TiB,-0.5La,Ozas-blended 14.2 1.81
W1Ni-2TiB,-0.5La,03-6h MA’d 8.6 2.98
WI1Ni-2TiB,-0.5La,03-12h MA’d 6.9 3.74
WI1NIi-2TiB,-1La,03as-blended 15.0 1.76
WI1NIi-2TiB2-1La;03-6h MA’d 10.6 2.32
WI1NIi-2TiB2-1La;03-12h MA’d 6.1 4.15
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Figure 5.26 is a representative SEM micrograph, taken from W1Ni-2TiB,-1La,03
powdersMA’d for 12h,revealing that the microstructure has spherical like submicron
particles with some micron sized agglomerates. Addition of 2 wt.% TiB; along with
the 1 wt.% La,Os3 particles resulted in more homogeneous particle size distribution at

submicron level.

Figure 5.26: SEM micrograph of the W1Ni-2TiB,-1La,03 powders MA’d for 12h.
5.4.2 Characterization of the sintered samples

Figure 5.27 shows the XRD patterns of the sinteredW1Ni-2TiB,-0.5La,03; and
W1Ni-2TiB,-1La;03, both MA’d for 12 h. As seen in Figure 5.27, W (ICDD No: 04-
0806), Ni (ICDD No: 65-2865) and TiB, (ICDD No: 35-0741) phases can be
identified. Although these samples contain La,O3, no peaks belonging to the La,O3

phase were detected due to small additions of La,Os.

The relative density measurements and corresponding theoretical density values of
the sintered samples of the W1Ni — 2 wt% TiB, — y wt% La,03; (y=0.5,1) system are
given in Table 5.9. Although a decreasing tendency in the relative density values is
observed in Table 5.4 with increasing TiB; contents, relative density values increased
with La,O3 additions. As seen in Table 5.9, relative density and microhardness
values increase with MA durations for the sintered samples, containing both 0.5 wt%
and 1 wt% LayO;. WINI-2TiB;-1La;03-12 h MA’d sample has the highest
microhardness value of 5.72 GPa which can be attributed to the highest relative
density value of 98.38 %.
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Figure 5.27: XRD patterns of the MA'd and sintered W1Ni-2TiB,-0.5La,0; and
WI1NIi-2TiB,-1La,03 samples

Table 5.9: Relative density and microhardness values of the sintered samples

Theore_tical Rel_ative Microhardness
Sample Name Density | Archimedes’
(gr/cm3) | Density (%0) (GPa)
WI1NI-2TiB,-0.5 La,O3as-blended 92.00 4.55+0.30
W1Ni-2TiB,-0.5 La,03-6 h MA’d 17.76 93.41 4.60 £ 0.44
W1Ni-2TiB,-0.5 La,03-12 h MA’d 95.90 5.09 £0.28
WI1NIi-2TiB,-1 LayOsas-blended 89.96 448 £0.11
W1Ni-2TiB,-1 La,03-6 h MA’d 17.60 98.10 5.34+0.18
W1Ni-2TiB,-1 La;,03-12 h MA’d 98.38 5.72+£0.19

SEM micrographs taken from the MA’d for 12 h and sintered W1Ni-2TiB,-0.5La,03
(Figure 5.28a) and WHI1NIi-2TiB,-1La,03 (Figure 5.28b) samples exhibit
homogeneously distributed micron scale black particles which consist of both TiB,
and La,O3; phases in the W1Ni matrix. As seen in Figure 5.28b, addition of both
2 wt.% TiB, and 1 wt.% La,O3 particles cause several agglomerations and/or

elongated particles throughout the microstructure.

Wear amounts and friction coefficients of the sintered W1Ni, W1Ni-2TiB,, W1Ni-
2TiB,-0.5La,03 and WI1NI-2TiB,-1La,Ozsamples all MA’d for 12 h are given in
Table 5.10. According to the results, as expected W1Ni+12h MA has the highest

wear amount.. These values decreased with addition of TiB, and La,Os, however, the
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sintered W1Ni-2TiB,-12h MA’d sample is still the most wear resistant sample of all.
The increasing La,O3 content decreases the wear resistance of the sintered samples
which can be explained with the elongated or agglomerated particles throughout the

microstructure.

b)

Figure 5.28: Back-scattered SEM micrographs of sintereda)W1Ni-2TiB,-0.5La,0s3-
12h MA b) W1Ni-2TiB,-1La;03-12h MA samples.

Table 5.10: Wear amounts and the friction coefficients of the sintered samples

sample Name Wgaltlarr_llount B Fric_ti_on
(mm°N~"m™) x10™ | coefficient
WINi+12h MA 3.26 £0.81 0.42
WI1NIi-2TiB,-12h MA’d 1.81 £0.62 0.37
WI1Ni-2TiB,-0.5La,03-12h MA’d 2.11+0.28 0.33
WI1NIi-2TiB,-1La,05- 12h MA’d 2.99+0.51 0.41
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Sliding wear experiments werecarried out for the sintered samples of W1Ni-2TiB,-
0.5La;03-12h MA’d and WI1NI-2TiB;-1La;05-12h MA’d powders in order to
investigate the effects of TiB, and La,O3 addition on the tribological behavior of the
WINi matrix composites. Optical micrographs presented in Figure 5.29 show that
the worn surfaces of the sintered samples contain multiple valleys with patches
ruptured from the surface and/or alumina balls during sliding wear experiments. As
seen in these figures, the sintered samples of the W1Ni-2TiB,-1La;,03 MA’d for 12h
have a wider surface area than that of sample containing 0.5 wt% La,Os.

Figure 5.29: Optical micrographs of the wear tracks of the sintered samples:
a)WI1Ni+2TiB,+0.5La,0; and b) WI1Ni+2TiB,+1La,05. Insets are
higher magnification images of the wear tracks.
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6. CONCLUSIONS

In this study, W — 1 wt% Ni, TiB;, La,O3; powders werepre-milled and these pre-

milled powders were selected as starting powders. W1Ni, W1INi - x wt% TiB, (x=2,
3,4), WINi -y wt% La,0O3 (y=0.5, 1) and WINi - 2 wt% TiB; - y wt% ( y=0.5, 1)
powders were MA’d for different durations (6h and 12h) and sintered at 1400 °C for

1h where the WI1Ni samples are chosen as a control group. XRD, particle size

distrubition, SEM, TEM experiments are done to characterize the powders. XRD,

Archimedes’ density, Vickers microhardness, SEM, sliding wear experiments are

conducted to investigate the characteristics of the sintered samples. On the basis of

the results of this disseration work, the following conclusions can be made :

1.

Mean particle size of the powders decrease with increasing MA durations.
Submicron particles and a few micron sized agglomerates are observed in
SEM investigations of the powders.

W phase (ICDD No: 04-0806) is identified in XRD analyses of all MA’d
powders. Crystallite sizes of the powders decrease with increasing MA
durations and vary between 6.1 nm and 16 nm.

TEM investigations of the powders which contain TiB; reveal the presence
of W,B powders which are formed during MA process.

W (ICDD No: 04-0806), TiB, (ICDD No: 35-0741) and NiTi (ICDD No: 19-
0850) phases are identified in XRD analyses of sintered samples which
contains TiBx.

Relative Archimedes’s density values generally increase with incresing MA
durations due to the grain refinement during MA process. Relative
Archimedes’density values vary between 91.21% and 98.38% which decrease
with increasing TiB;, content. The sintered samples of W1Ni-2TiB,-1La,0s-
12h MA’d powders have the highest relative Archimedes’ density values of
98.38%.

Vickers microhardness values increase with increased mechanical alloying
durations of the powders. The sintered W1Ni-1La,03 samples generally have

higher Vickers microhardness values than the sintered WI1Ni-0.5La,03
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samples. The sintered WI1Ni-2TiB;-1La;03-12h MA’d samples have the
highest Vickers microhardness value of 5.72 GPa where the value is 4.08
GPa for the sintered samples of W1Ni+12h MA powders.

. The sintered W1Ni-2TiB2-12h MA’d sample has the highest wear resistance
of all samples. Although La,O3 addition contributes to the wear resistance
itself for the samples containing TiB; the wear resistance of the samples
decreases with increasing La,O3 addition.
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