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OPTIMIZATION OF FRAGMENTATION BEHAVIOUR OF BRITTLE
PHASE IN A DUCTILE MATRIX DURING MECHANICAL ALLOYING
FOR THE PRODUCTION OF NANO COMPOSITE POWDERS AND FINAL
PRODUCTS

SUMMARY

Transition metals and their carbides display outstanding properties such as high
melting and elastic modulus with high mechanical properties such as extreme
hardness. They are used in the applications required very high temperature and
pressure owing to their high toughness and strength. In addition, they are also used in
applications such as coatings against radiation, electrical conductors and diffusion
barriers as a result of having optical, magnetic and electrical properties. These
transition carbides can mostly find an application area directly such as refractory
materials, corrosion and chemical resistive materials, nuclear materials, aircraft and
aerospace materials, super hard and high wear resistant materials, thin films or as a
reinforcement element to ductile matrix.

Based on the lack of solubility between the transition carbides and metals matrixes
such as Al, Cu, Fe, Ni etc. and powder metallurgy (PM) is generally viable method
for the production of these types of materials. However, these composites or
composite powders cannot be fabricated easily by using conventional methods such
as casting due to the high cost of processing, though. It is possible to produce metal
matrix composites or composite powders in the whole range of matrix reinforcement
compositions via powder metallurgy (PM) techniques by eliminating the segregation
phenomena, which is typical in the casting processes, and to minimize the brittle
reaction products and high residual stresses caused by solidification shrinkage. The
most important point of production of these fiber/particle reinforced composite
materials/powders is the homogeneity of reinforcement distribution. Therefore, the
critical step for homogeneous distribution is the mixture process. Within this scope,
high energy milling (HEM) and mechanical alloying (MA) as a forging, fracturing
and welding process in micro/nano scale were developed in the last century. It is now
well known that mechanical alloying can be an alternative solution to production of
non-equilibrium systems. The increase in solubility of systems which normally do
not have solubility between each other and obtaining fine and relatively
homogeneous distributed hard reinforcement element by mechanical alloying can be
set an example for this.

Nanocomposites lead to promising way for unique and new material designs with the
development and improvement of nanomaterials. Despite assembling dissimilar
materials and creating new and optimum properties from these materials are a hard
and challenging process, processing dissimilar materials in nanoscales provides new
material and properties far beyond the prediction of “mixture of rules”. The
nanostructured composite materials/powders or metal-ceramic nanocomposites that
are the nano fiber/particle reinforced metal matrix composite materials/powder can
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be fabricated by mechanical alloying. During mechanical alloying, each powder
particle is treated by numerous deformation, fracturing and cold welding processes in
order to obtain homogeneous nanostructure.

In this study, the effect of properties such as lattice type, elastic modulus, thermal
conductivity, density of ductile metal matrixes on the fragmentation behaviour of
carbides and carbide reinforced composite powders during mechanical alloying was
investigated. The high energy milling of sole carbide was previously examined and it
was observed that the particle size and the amorphization tendency were increased by
on-going milling after a certain time. Considering the theory of at least 15 wt.%
ductile phase existence for a better mechanical alloying, the reverse situation was
applied and reinforcing hard elements were added more than their amount and
submicron/fine/nano particles were tried to be synthesized in different ductile
matrixes.

One of the most significant aims of this study is to synthesize of nano particles in
ductile matrix and to produce nanostructured composite powders, finally. In this
scope, the constitution of solution between the systems having negligible solubility
or immiscibility at the crystal level is also aimed.

Within the scope of this work, the correlation between crystallite size and particle
size and the effects of strain rates on the final density properties of powders are also
studied. In this sense, the deduction for crystallite size — particle/grain size relation
was made by applying different X-ray diffraction (XRD) profile models/approaches.

Cu, Ni and Fe powders were mixed with 25 wt. % VC, TaC and WC powders in
order to obtain the composition of Cu-25 wt. % VC, Cu-25 wt. % TaC, Cu-25 wt. %
WC; Ni-25 wt. % VC, Ni-25 wt. % TaC, Ni-25 wt. % WC and Fe-25 wt. % VC,
Fe-25 wt. % TaC Fe-25 wt. % WC (hereafter called as Cu25VC, Cu25TaC,
Cu25WC; Ni25VC, Ni25TaC, Ni25WC and Fe25VC, Fe25TaC, Fe25WC). Mixed
powders were then mechanically alloyed (MA’ed) for 2, 4 and 8h using a Spex high-
energy ball mill. X-ray diffraction characterisation was performed for every step so
as to see phase changes and identifications. Apparent, true and green densities were
measured. The microstructural changes in morphology of particles during
mechanical alloying were performed via scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) techniques. Different approaches were
applied to calculate crystallite size and strain rates. The results of different
crystallographic approaches were compared and the deformation mechanisms of
particles during mechanical alloying were discussed after Williamson-Hall plot
analysis.

Particle size and distribution (PSD) of powders were measured against increasing
milling time. Particle size and distribution and zeta potential value of nano fractions
was also measured and the result were compared to high resolution scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) findings. Besides,
some of the metal matrixes were leached in order to obtain fine carbide particles and
particle sizes of these particles were measured for the verification.

For the production of final composite powders, annealing process was applied.
Annealing temperature for Cu, Ni and Fe based composite powders were chosen
400°C, 550°C and 600°C, respectively. Strain rates, compressibility and green
density of powders after annealing were calculated and compared to values before
annealing.
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X-ray diffraction results and the changes in two-theta positions, lattice parameters,
and peak broadenings were investigated in depth, comparatively. In this scope, the
crystallite size and strain rates were calculated by fundamental parameters approach
(FPA) and pseudo-Voigt Approach (pVA) and compared to Williamson-Hall plot
analysis. With the convergence of all approaches, particle size measurements and
transmission electron microscopy (TEM) findings, mechanical alloying mechanisms
and particle-crystallite size relation were discussed.

As a result, production of Fe, Ni and Cu based composite powders having different
types of carbides have been realized via MA for the direct or indirect utilization in
different engineering applications as final product.
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MEKANIK ALASIMLAMA SIRASINDA GEVREK FAZIN SUNEK MATRIS
ICERISINDEKI UFALANMA DAVRANISLARININ OPTiMiZE EDILMESI
VE NANO KOMPOZIT TOZU NiHAi URUN URETIMi

OZET

Gegis metalleri ve meydana getirdikleri karbiirler yiiksek ergime ve elastisite moduli
ile birlikte ve yuksek sertlik gibi mekanik Ozellikler 6zellikler sergilemektedirler.
Ozellikle yiiksek dayanim ve dayanikliliklar1 nedeniyle c¢ok yiiksek sicaklik ve
basing igeren kosullarda kullanilmaktadirlar. Bununla birlikte sahip olduklar1 1sinsal,
elektriksel ve manyetik kimi 6zelliklerinden Otiiri 1smnsal kaplamalarda, elektrik
kontaklarinda, difiizyon bariyerlerinde gibi bircok uygulamada kendilerine yer
bulmaktadirlar. Gegis metallerin meydana getirdikleri bu karbiir bilesikleri, refrakter
malzemeler, korozyona ve kimyasallara direngli malzemeler, niikleer malzemeler,
ucak ve uzay malzemeleri, siiper sert ve yiiksek asinma direngli malzemeler, kaplama
malzemeleri gibi birgok kategoride kendisine dogrudan veya siinek matris igerisine
takviye eleman olarak agirlik¢a katilarak uygulama alan1 bulmaktadir.

Bu tip malzemelerin {tretimi, Al, Cu, Fe, Ni gibi metallerle alasim
yapamadiklarindan dolayr kompozit toz haline gelebilmeleri ancak toz metalurjisi
(T/M) yontemi ile gergeklestirilmektedir. Toz metalurjik yontemler ile dokum
esnasinda olusan segregasyon problemi elemine edilerek genis capta takviye edilmis
matrisli kompozit tozu/malzemesi iiretilebilmektedir. Parcacik veya fiber takviye
edilmis kompozit malzemedeki en onemli nokta, takviye elemanmn homojen bir
sekilde dagitilmasidir. Takviye elemanm homojen dagitilmasi igin ise Kritik basamak
karistirma islemidir. Bu baglamda son yiizyil igerisinde yiiksek enerjili 6glitme ve
mikro/nano Slgekte bir dovme, kirma ve kaynaklama islemi olan mekanik alasimla
prosesleri  gelistirilmistir. Mekanik alagimlamanm, bircok sorundan dolay1
iretimlerinde sikinti olan sistemlere alternatif denge dis1 ¢oziimler sagladigi
bilinmektedir. Buna Ornek olarak, normal kosullarda birbiri igerisinde ¢Oziintirliik
gostermeyen sistemlerin ¢ozlniirliigliniin mekanik alagimlama yoluyla artirilmasi ve
takviye edilen sert takviye fazmin siinek matris i¢inde ince ve homojen dagilimimin
saglanmasi verilebilir.

Nano malzemeler gelistikge, nanokompozitler de 6zgiin ve yeni malzeme tasarimlari
icin umut verici pratik bir yol agmaktadirlar. Farkli malzeme tiplerini bir araya
getirebilmek ve bu birliktelikten en uygun 6zellikleri yaratabilmek her ne kadar zor
bir islem olsa da, nanometre 6lgeginde bircok malzemenin bir araya getirilebilmesi,
“karigimlar kuralmin” 0©ngordiigliniin ¢ok Otesinde islevselliklere sahip yeni
malzemelerin olugmasini olanakli kilmigtir. Nano yapili kompozit malzemeler veya
metal-seramik nanokompozitleri, nano metrik 6l¢iili seramik pargaciklarla takviye
edilmis metal esasli malzemeler olup mekanik alasimlama ile Uretilebilmektedirler.
Mekanik alasimlama esnasinda, her bir toz parcacigi sayisiz deformasyon, kirilma ve
soguk kaynaklanma isleminden gecerken homojen bir karisimla birlikte nanoyap1 da
elde edilebilmektedir.
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Bu calismada siinek matrislerin latis yapilari, elastisite modiilleri, 1s1l iletkenlikleri,
yogunluklar1 gibi 6zelliklerinin karbiirlerin ve karbiir takviyeli kompozit tozlarin
mekanik alasimlama sirasindaki ufalanma davranislaria etkisi incelenmistir. Daha
once yapilan 6n c¢aligmalar sonucu karbiirlerin tek baslarina yiiksek enerjili 6giitme
davraniglar1 incelenmis ve devam eden Ogiitme siirelerinde pargacik boyutunun
aglomera olarak tekrar arttig1 ve/veya amorf bir yapiya dogru ilerledigi
gozlemlenmistir. Iyi bir mekanik alasimlama igin en az % 15 siinek faz varhg
bulunmasi géz Oniine almarak takviye eleman malzemelerinin, genellikle agirlikca
katildig1 oranlarin {izerine ¢ikilmis ve farkli siinek matrisler i¢erisinde mikron alt1 ve
nano karbiir pargaciklari sentezlenmeye caligilmigtir.

Bu tez ¢aligmasini en 6nemli amaclarindan biri, siinek matris igeirisinden nano
parcacik sentezlenebildigi ve nihai olarak nano yapili kompozit toz iiretilebilecegini
gostermektir. Birbiriyle ¢oziiniirliigii olmayan veya ¢oziiniirliigii ihmal edilebilir olan
malzeme ciftleri arasinda kristalin seviyede bilesik olusturabilmek veya denge dis1
kabul edilen bu sistemlerden hareketle kompozit toz ciftleri elde edebilmek calisma
kapsaminda amaglanmaktadir.

Calisma kapsaminda irdelenen bir diger konu ise parcacik boyutu ve kristal boyutu
arasindaki iliski ve ortaya ¢ikan gerinim degerlerinin tozlarm yogunluklarina
etkisidir. Bu baglamda farkli X 1smi1 kirmnimi (XRD) profil modelleri uygulanarak
parcacik/tane boyutuna yonelik ¢ikarimlar yapilmak istenmistir.

Calisma kapsaminda Cu, Fe ve Ni tozlarmna agirlik¢a % 25 oraninda TaC, VC ve WC
tozlar1 ilave edilmistir. Hazwranan toz karsimlari1 Cu25WC, Fe25TaC, Ni25VC
seklinde isimlendirilmislerdir. Karistirilan tozlar 2, 4 ve 8 saat mekanik
alasimlanmistir (MA). X 1sinlar1 karakterizasyonu her kademede yapilarak farkli faz
olusumlar1 kontrol edilmistir. Goriiniir, ger¢ek ve ham yogunluklar Sl¢iilmiistiir.
Mekanik alagimlama siiresine bagli olarak tozlarin/pargaciklarin morfolojisindeki
degisim taramali elektron mikroskobu (SEM) ve gecirimli elektron mikroskobu
(TEM) kullanilarak incelenmistir. Farkli yaklasimlar tanimlanarak yazilim
yardimiyla kristal boyutlar1 ve gerinimleri hesaplanmis, Williamson — Hall analizi
yardimiyla hem mekanik alagimlama sirasindaki mekanizma irdelenmis hem de
farkli yaklasimlar ile ile elde edilen sonuglar karsilastirilmistir.

Mekanik alasimlama siiresine bagli olarak tozlarin pargacik boyut ve dagilimlar
(PSD) olgiilmiistiir. Kompozit tozlarinin nano fraksiyonlarmin boyut ve dagilimlari
da olgiilmiis ve ylksek c¢Ozundrlikli taramali elektron mikroskobu (SEM) ve
gecirimli elektron mikroskobu (TEM) bulgular1 ile karsilastirilmistir. Dogrulama
amactyla siinek matrisler lic islemine tabi tutulmus ve siiziilerek aliman kabiir
parcaciklarinin boyutlar1 6l¢tilmiistiir.

Nihai toz dretimi igin kompozit tozlarma gerilim giderme tavi uygulanmistir.
Tavlama islemi Cu esasli tozlar i¢in 400°C, Fe esasli tozlar i¢in 600°C ve Ni esasl
tozlar icin 550°C sec¢ilmistir. Tavlama sonrast gerinim degerleri Olgiilmiis,
preslenebilirlikleri ve ham yogunluklar1 hesaplanarak tavlama Oncesi degerlerle
karsilastirilmistir.

X 1sinlart sonuglar1 derinlemesine c¢alisilarak kaymalar, latis yerlesimleri, latis
parametresindeki degisiklikler karsilastirmali olarak incelenmistir. Bu kapsamda
TOPAS 4.2 yazilimi igerisinde Fundemental Parameters Approach ve pseudo-Voigt
Approach yaklagimlari ile hesaplama yapilmis ve ilgili degerler Williamson — Hall
Plot Analysis sonucu elde edilen degerlerle karsilastirilmistir. Yakinsaklik
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saglanmas1 sonrasi elde edilen degerler ile MA mekanizmalar1 ve pargacik boyutu
arasinda iligki irdelenmistir.

Calisma kapsaminda, Fe, Ni ve Cu esash farkl tiirde karbiir icerigine sahip dogrudan
veya dolayll miihendislik uygulamalarmda kullanim potansiyeli bulunan kompozit
tozlarin tiretimi MA yontemiyle gergeklestirilmistir.
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1. INTRODUCTION

In this PhD Dissertation, the fabrication of brittle phase reinforced ductile (Fe, Cu,
Ni, Al etc.) nanocomposites, which the compounds are non-soluble within each
other, is being aimed via different metallurgical routes. In this manner, the
mechanical alloying behaviour of brittle particles into ductile matrixes were
investigated. Ductile materials to be chosen due to their industrial usage and they are
to be compared among their crystal structures, Young’s modulus and thermal
conductivities. Besides mechanical alloying, hydrometallurgical techniques were
performed for the confirmation of different nano powder structures. In this scope, a
comparison between different production methods and final properties of the
resulting powders is tried to be made. In addition to this, X-ray crystallographic
simulations and validations are performed by using different models. The studies
focused on the effect of lattice parameters, Young’s modulus, thermal conductivities
on the mechanical alloying properties and the detailed characterization of final
composite powders produced via room-temperature synthesis method and

achievement of manufacturing different kind of composite powders.

It is possible to manufacture metal matrix composites within whole range of matrix
reinforcement compositions via powder metallurgy techniques by eliminating the
segregation phenomena, which is characteristic to the casting processes (Fogagnolo,
2003). Nevertheless, one of the obstacle points to this technique is to achieve a
homogeneous distribution of the hard phase in the metal matrix. It is essential to
distribute the reinforcing phase homogeneously throughout the metal matrix to
maintain compromising performance for a composite material (Boselli, 2001). So the
critical step for powder metallurgy is to mix the matrix and reinforcement in order to
overcome numerous problems during handling, processing, and manufacturing
caused by segregation when mixed powders are needed. (Ozkal, 2010; Boselli, 2001;
Jain, 1993). Therefore, high-energy ball milling (HEM) has first developed by
Benjamin (Benjamin 1974) and since then it has been used to develop particle

distribution in the matrix. It has already been mentioned by Suryanarayana that



minimum 15 wt. % of ductile has to take part for a better mechanical alloying

(Suryanarayana, 2001).

In Pagounis, Lou and Gassman’s studies, it was shown in past three decades that
composite materials with improved properties can be produced with the assistance of
ceramic reinforcements into metal matrixes. These matrix materials were chosen
from light metals such as Ti, Al, Mg etc. and reinforced by Al;Os, SiC, mostly
(Pagounis, 1998; Lou, 2003; Gassmann, 1992). Although various carbides such as
SIiC, TiC has been used as reinforcement material with different kind of metals,
especially, WC reinforced Fe, Ni, Cu and Sn metals has not been investigated by MA
in detail. Within this scope, carbides which are essential for steel microstructure,
particularly, Mo2C, VC, NbC, WC, Cr;Cz have not been studied in detail by MA
with other important most frequently used metals such as Ni, Cu, Sn (Mill, 1996;
Razavi, 2011; Surender, 2004; Sauer, 1998). In Dalfrad’s study, it was seen that this
kind of carbides could make good impact on the last properties of Ni and Fe
(Dalfard, 2012).

It is also possible to calculate crystallite size and strain rates by applying different
models such as Fundamental Parameters and pseudo-Voigt approaches by using
TOPAS software and Williamson — Hall plot analysis (Behrens, 2012; Prabhu, 2013;
Prabhu, 2014; Beyerlein, 2010; Mittemeijer, 2012; Kandemir, 2014; Kamrani, 2011).



2. THEORETICAL BACKGROUND

Literature review of this dissertation comprises the general properties and application
areas and production techniques of carbides and nanostructured composite powders,
general information about mechanical alloying and detailed description of ductile -
brittle systems which were used as ball-milling assisted solid state methods and their

elaborative crystallographic studies were performed in the scope of this dissertation.

2.1 Transition Carbides

Term carbide refers to those compounds formed by carbon and other elements of
lower or about equal electronegativity (Cotton, 1972). Particularly, transition
carbides means the compounds of carbon and the transition metals in Groups 4 — 6 of
periodic table. Transition metal carbides are composed of varied group of materials
with numerous industrial applications. In addition to being great interest of
technology and industry, they have a growing and promising future. Despite having
new properties, use of direct or as a reinforcing element, refractory carbides have
been used for the last decade (Pierson, 1996). Titanium and tungsten carbides were
properly recognised after their extraction from steel around nineteenth century
(Pierson, 1996). Since Henri Moissan discovered the production of tungsten carbide
and titanium carbide in his electric arc furnace and Huttig synthesized WC by the
reduction of WOz and silicon carbide was first produced commercially by E.G.
Acheson at the end of nineteenth century, the very first respectable study which was
later in 1933 published as a book reference in German by K. Becker, carbides,
specifically interstitial carbides, have been subjected to several research interests and
industrial applications (Pierson, 1996; Kieffer, 1993; Huttig, 1950).

It has been known for a long time that transition metal carbides from the Group 4 to
Group 6 of the Periodic Table display unique physical, chemical and mechanical
properties (Santhanam, 1996). However, their characteristics, structures and
application areas will be shown in the oncoming titles, Group 5 and 6 of transition
metal carbides have been mentioned in this dissertation.
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2.1.1 Production techniques of carbides

Because of their strong bonding, being chemically inert and a common tendency to
decompose upon melting points, production of carbides cannot be easily performed
by conventional metallurgical techniques such as casting or forging or sintering
without any sintering agents (Pierson, 1996; Ettmayer 1985). Various methods
developed and introduced consisting of detailed production or preparation of
carbides, covering the period prior to 1971 have been provided by many references
(Kieffer, 1953; Toth, 1971; Kosolapova, 1971; Santhanam, 1992; Storms, 1967;
Ettmayer, 1994; Benesovsky, 1981). Well-known and common techniques for
production of polycrystalline carbides are techniques from powder metallurgy in
which two main concepts were indetified as directly from elements, or from

compounds containing these elements (Gusev, 2001).

These carbides can be fabricated in powder and bulk shapes, as coating material,

fibers and whiskers, which is summarized in Table 2.1.

Table 2.1 : Fabrication process of carbides (Pierson, 1996).

Form Process

Chemical preparation

Vapor-based chemical reaction

RF-plasma torch

Sol-gel

Self-propagating high temperature synthesis

Powder

Powder forming
Reaction bonding
Bulk/monolithic Sintered reaction bonding
Hot pressing
Hot-isostatic pressing
Chemical vapor deposition
Sol-gel
Chemical vapor deposition (CVD)
Coatings Physical vapor deposition (PVD)
Thermal spray

Fiber/whisker

In addition to Pierson’s table, mechanical, thermomechanical and/or
mechanochemical methods have been developed over the last hundred years
(Lipatnikov, 1990). Despite being cheapest and most commonly used commercial
method for producing carbides are carbothermal reduction of transition metal oxides
(Tulhoff, 1985), the great necessity of final compound/product high extent to

homogeneity, high-energy ball milling techniques have been improved.
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However, among the great variety of production methods of carbides, preparation

process ways can be categorized into three groups:

A most used method for preparation of transition metal carbide powders is to
constitute the reaction between metal oxide and carbon between the temperatures
1500°C and 2400°C, subject to the metal type (Tulhoff, 1985) with the exception of
beta-SiC production by simple solid-state reaction in a microwave oven around
1000°C (Ramessh, 1994). Even though the carbide formation of elements were
shown thermodynamically more suitable at lower temperatures, high temperatures
were also engaged because of the solid-state diffusion confines (Oyama, 2008;
Kosolapova, 1971). In this method, metal oxides and gaseous carbon reactions
directly and the reaction of metal oxides in the presence of solid carbon can be
applied, which the last one has been very useful to synthesis stable nitride forms of
transition metals (Kosolapova, 1971). One of the other main mechanism in this group
is the preparation of carbides by solid combustion synthesis that is also called self-
propagating high-temperature synthesis, SHS (Merzhanov, 1973 and 1975; Munir,
1988 and 1990; Agrafiotis, 1991). This technique provides excellent
thermodynamically stability at high temperatures for carbides by exothermicity of

carbon dissolution in the metals.

In order to prepare carbide powders, particles, whiskers/fibers and supported foams,
there are several methods in the second group such as the reactions of metals or
compounds with gas-phase substances, reactions between metal oxide vapor and
solid carbon, decomposition of metal halide vapors or compounds, liquid-phase
methods and temperature-programed methods. Solid metals or oxides were directly
got into reaction with flowing gas-containing carbon. Metal chlorides or
oxychlorides can also be used to produce carbides. Gaseous hydrocarbons are added
to the system in order to react them with metal chlorides or oxychlorides, which
provides the purification of metals during process; therefore, it is one of the versatile
and convenient technology for synthesizing limited extent of pure carbides (Oyama,
2008). It is possible to obtain carbides by decomposing metal chlorides with
hydrogen, i.e. Mo,C and W-C can be obtained in the gas phase in case the
compounds are unstable (Hojo, 1978; Haggerty, 1981). Another method for this
group is to control the treating of precursor by giving it into reactive gas during the

increasing of temperature. In this method, oxide, sulphide, nitride, or carbide can be
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the precursor and the reactive gas can be composed of hydrocarbon and hydrogen
mixture (Oyama, 2008). Optimal balance can be arranged by this technique and new
compounds can be described (Marchand, 1991).

The third group of carbide preparation is for films and coatings. In this group, plasma
techniques have been developed for having better case uniformity of carburizing on
metal parts such as gears, shafts, bearings etc. which can be generated by two major
types of plasmas: glow discharge plasmas (nonequilibrium, low-temperature, or
plasmatron) and thermal plasmas (equilibrium, high-temperature, or plasma torch)
(Ho, 1989; Dressler, 1991; Pye, 1992). The most known and commercially applied
techniques are chemical vapor deposition (CVD) and physical vapor deposition
(PVD). Among them, CVD is applied at low pressures using inorganic metal species
like halides in general, while PVD distinguishes from CVD by the lack of surface
chemical reactions that leads to dispense ions to the composition of films (Reniers,
1996). It is possible to produce single crystal transition metal carbide by CVD
method as well (Reina, 2009). Several techniques have been developed under the
CVD or PVD methods (PalDey, 2003).

For a quick summary of fabrication process of carbides subjected to this dissertation,
TaC powder is produced via the by the chemical reaction between Ta,O3z with carbon
at 1700°C, while the reaction of vanadium oxide or ammonium vanadate with carbon
is used to fabricate VC powders approximately at same temperatures to TaC. Both
VC and TaC carbide coatings are deposited by two different CVD techniques:
sputtering and reactive evaporation. Direct carburization of tungsten metal with
carbon or graphite is used to produce WC powders between the temperatures 1400°C
and 2000°C, unlike TaC and VC powder production. Even the powders at submicron
particle sizes are now available to be fabricated by CVD and sol-gel methods. Other
initial materials such as tungsten oxide, tungstic acid etc. can also be used for WC
powder production. Nevertheless, WC coatings are deposited by thermal and plasma
CVD (Rohde, 1994; Dunbar, 1994; McKenna, 1968; Kieffer; 1965).

2.1.2 Interstitial carbides, structure, composition and physicochemical
properties

Transition metal carbides (with the exception of chromium) are often defined as

interstitial compounds and are refractory meanwhile exhibiting metallic properties
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(Greenwood, 1984). Even some of them display a range of stoichiometry that affects
the crystalline structure and therefore the final properties of the carbide as a
consequence of revealing of short and longer range ordering, where disordered
carbide structures by randomly filled interstices were believed to be intrinsic to non-
stoichiometric phases (de Novion, 1985). It can be then said that the crystalline
structure, composition and physicochemical properties are strongly related to
stoichiometry and the ordering of atoms.

It is known that excluding the second and third row’s elements of periodic table,
compounds may be constituted with the reaction of carbon with all transition metals.
The crystal structures of these compounds exhibit substantial variation. Toward the
left of the periodic table, structures are in the tendency of being simple, and very
commonly are similar to their transition metals themselves. On the other hand,
toward the right in the periodic table, the electropositive elements contained
compositions are inclined to be complicated regarding to radius ratio of metal and
non-metal atoms (Hagg, 1931; Oyama, 1996). Figure 2.1 shows an illustration of
carbide crystal structures that effects the designation of final properties.

Figure 2.1 : Crystal structures in Group 4-8 transition metal carbides a) Rock salt:
ScC, VC, NbC; b) hcp: B-Mo2C, B —W-C; c¢) CrsC and d) FesC (Oyama, 1996).
Hagg first systemized the non-metal occupation of interstitial sites. He showed that
electronic properties of metals, which are reflected in systematic crystal structure of
carbides, are reason to this phenomenon (Oyama, 1996). This phenomena has been
later theorized by Engel-Brewer which explains why the elements belong to left side
of the periodic table constitutes body-centered cubic (bcc), while the center prefers
hexagonal closed packed (hcp) structure and the right ones generate face-centered
cubic (fcc) (Engel, 1939; Brewer 1967). Afterwards, the consequences of the shifts
and occupations of valance electrons in mechanical properties have been studied
deeply. For instance, the comparison of melting points were illustrated in Figure 2.2

(Adams, 1981; Cotton, 1980).
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Figure 2.2 : Melting points of elements and compounds (Oyama, 1996).

By this graph, it was shown that M/X ratio is a factor in determining crystal type and
strongly effective on the properties such as melting point. It can be seen from the
graph that M/X ratio is maximum during the melting of metals for the Groups 5 and
6, while the maximum value shifts to Group 5 for carbides and to Group 4 for
nitrides (Evans, 1979; Oyama, 1996).

In this group, the host metal generally consists of close-packed arranged atoms and
the carbon atoms locate the interstitial sites that specified in the structure. The main
transition metals, which meet the size and size availability criterions, are given in
Table 2.2:

Table 2.2 : Transition elements fit the criteria (Hagg, 1931).

Group IV Group V Group VI
4™ Period Zirconium Tantalum Molybdenum
51 Period Titanium Vanadium Tungsten
6™ Period Hafnium Niobium Chromium

Carbides formed from transition metals in the Groups IV — VI share some properties
such as being refractory, having similar structure which allows to have a mixture of
metallic, covalent and ionic bonding properties, similar carbon ordering, having high
melting points, stability in terms of thermal and chemical, high hardness and strength
even at high temperatures (Storms 1967; Toth, 1971). They have various

compositions and structures, and major ones are given in Table 2.3.



Table 2.3 : Main compositions and structures of interstitial carbides (Pierson, 1996).

Group IV Group V Group VI
V>C (hep)
*
xﬂ'ga* CraCs (fCC)
TiCux (fcc) ViCr * CriCs *
1IC1x (TCC gL7
VC (fco) CrsC: (hex)
*unidentified
Nb.C (hcp)
NbsC, * Mo,C (hcp)
Nb4sC * MosC, *
ZrCux (fcc) NbC  (fcc) MoC (hex)

*unidentified

*unidentified

Ta,C (hcp)
T6.3C2 *
HICx (fcc) Ta,Cs * e ((;‘;E’))
TaC (fcc)

*unidentified

During the constitution of carbide from metal, the M-M spacing increases for each
transition metal carbide. This phenomenon influences strongly the hardness and
melting point (Kisly, 1986; Weast, 1981; Van Uitert, 1981; Moffat, 1986). This
switch of d-spacing in M-M atoms/planes from pure metal to carbide can also be
seen at densities. Table 2.4 compares the density of transitions metals and their

carbides:

Certain decrease in ratio of the melting points (carbide to metal) and the density
(metal to carbide) from Group IV to Group VI is one of the remarkable finding wthat
can be seen from the Table 2.4 (Kosolopova, 1971; Pierson, 1996).

Table 2.4 : Density of metals and their carbides (Pierson, 1996).

Carbide Density ~ Metal Density

i 0,
Carbide (glcm?) (glem?) Change (%)

TiC 491 4.54 +8.1

Group IV ZrC 6.59 6.51 +1.2
HfC 12.67 13.36 -5.1

VC 5.65 6.11 ] gg

Group V NbC 7.79 8.56 i 12' 5
TaC 14.5 16.6 '

CrsCs 6.68 7.20 -7.2

Group VI Mo.C 9.06 10.22 -11.3

WC 15.8 19.3 -18.1




Table 2.5 shows the reviewed in more detail with relation between bond energy,
Young Modulus, hardness and melting points of host metals and their carbides
(Pierson, 1996; Zhurakovskii, 1974; Campbell, 1967; Kisly, 1986; Weast, 1981; Van
Uitert, 1981; Moffat, 1986; Samsonov, 1964; Lide, 1967; Toth, 1971; Goldschmidt,
1967; McKenna, 1964; Oyama, 1992).

Table 2.5 : Reviewed physicochemical and mechanical properties of transition
metals and their carbides.

Bond Energy  Young Modulus  Vickers Microhardness Melting

(eV) (GPa) (kg.mm2) Point (°C)
Ti 1.461 (Ti-Ti) 120 55 1660
Zr - 88 83183 1850
v TiC  14.66 (Ti-C) 370 3200 3067
ZrC 15.75 (zr-C) 440 2550 3420
HfC 17.01 (Hf-C) 352 2260 - 3050 3928
\ 10.49 (V-V) 128 65 1890
Grou Nb - 105 88 - 135 2468
v P Ta - 186 870 - 1200 2996
VC 13.75 (V-C) 380 1500 - 1800 2830
NbC  16.32 (Nb-C) 452 2400 3600
TaC  16.98 (Ta-C) 285 1600 - 2000 3950
Cr 6.72 (Cr-Cr) 279 108 1865
Grou Mo - 329 140 - 270 2620
W - 411 370 - 470 3410
CrsCs - 373 - 386 2280 1810
Mo.C - 227 - 553 1950 2520
wcC - 530 - 700 2600 2870

Interstitial carbides can be also defined as defect structure due to the misorientations,
disorders and vacancies (Gusev, 2001; Moisy-Maurice, 1981). The interstitial
carbides are known to be stable at high temperatures in the wide range of
composition, however, structure of non-stoichiometric carbides in particular with
these defects and vacancies should also be considered among them. The self-
diffusion in carbides regulated by the amount of carbon vacancies is seldom defined
as "structural vacancy", and these vacancies may reach highest percentages
(Lorenzelli, 1969; Athanassiadis, 1987; Lipatnikov, 1997; Moisy-Maurice, 1982;
Kaufinann, 1983; Metzger, 1983). Transitions carbides are therefore considered as
defect structures that provide possibility to alter the properties and behaviour of these

materials. It is now well known that the relationship between structure and properties
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are intensely coupled with the atomic size, valances, bond energies and lengths,
stoichiometry, ordering and vacancies. However, general properties of these carbides
can be sorted as high hardness, high bond strength leading to high Young’s modulus,
very high melting points and refractories and high wear resistance.

2.2 Application of Transition Carbides

Application of metals in their pure state is very rare. They are generally applied in
their alloy forms to overcome the expected conditions by strengthen or exploit
desirable properties. In previous chapters, the physicochemical and mechanical
properties of transition metal carbides superior to their pure metals were mentioned.
The strength of interatomic bonding is very well known to be strongly effective on
these properties (Kisly, 1986). Several studies have been reported formerly and the
effects of bonding has been summarized previous chapters (Gubanov, 1994; Toth,
1971; Oyama, 1992; Lye, 1968). These carbides are therefore applied as direct to the
materials (i.e. as a coating material), as reinforcement to different matrixes (i.e.
composites) or as direct usage by addition of binder metal (i.e. WC — Co). Previously
mentioned, the refractory carbides can be applied as powders, bulk/monolithic
shapes, fibers, whiskers, and coatings (Pierson, 1996). They are subjected to various
mechanical, thermal or tribological cycles. For the very reason, such properties were
expected from them to exhibit such as hardness and chemical resistance (wear and
corrosion applications), strength (structural applications), high thermal conductivity
and electrical insulation (semiconductor applications) or high-temperature stability
and resistance to radiation (nuclear applications). The properties that they exhibit
make them so useful in industrial market. Several application areas of transition
carbides have entered in the market in the last century. In addition to this, they have
been gained significant importance in advanced applications over the last hundred
years. By the synthesis of high specific surface area and ultrafine transition metal
carbides, scientifically and technological interest in these areas stirred (Gleiter, 1992;
Gusev, 1998; Dalfard, 2012; Fang, 2009; Kurlov, 2014).

The highest melting points are measured for the carbides of Group 1V — VI transition
metals as mentioned earlier. They can be operated at elevated temperatures and they
can be applied in manufacturing industry where aggressive media under high loading

cycles existd (Kurlov, 2013). Carbides such as WC, TaCy, VCy, NbCy etc. can also
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be used a protective and hard coatings and can be added to the metal matrix in the
shape of fibers, particulates or whiskers for various industrial areas (Veprek, 2002;
Selte, 2015; Abe, 2014; Hasegawa, 1993). Therefore, it is more appropriate to
classify the transition carbides under industrial categories: tools and tool holding,
machinery and equipment, automotive and aerospace, defense, nuclear,

semiconductor and optical.

2.2.1 Tools and tool holding

This part covers some applications of carbides such as carbide blanks brazed to steel
holders, milling cutters, grinding materials, or carbide coatings for steels. Indexable
inserts, which are fully produced as carbide, are also in this group and have been
used more than half decade in the industry. Particularly, cutting and grinding tools
must have unique properties in terms of wear and corrosion resistivity. In case they
are applied as abrasive-coated surface, great opposition to chipping is expected. Main
failure mechanism in this area is wear that can be subgrouped as flank and abrasive
wear (Lee, 1979). Therefore, in order to have effective functionality, a cutting tool
must be harder than the substance or the material to machine. Like this, bulk WC
tools (so-called WC — Co cemented carbides) as insert or mining or drilling materials
have been developed. These inserts are now coated with other carbides (i.e. TiC),
nitrides (i.e. TiN) or carbo-nitrides (i.e. TICN) to prevent chipping and premature
failures and to raise hardness of tool material against wear (Oyama. 1996; Clavel,
1991). This coated tools has a great impact on the extension of tool life and

significant improve in productivity of metal cutting (Ekmar, 1974).

Figure 2.3 : Indexable inserts (Kennametal, Inc, Product Flyer A94-202, 1994).
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2.2.2 Machinery and equipment

Transition metal carbides find wide range of applications in machinery and
equipment such as metal and non-metallic forming, chemical processing,
transportation and construction, structural components, coatings for metals and
machine elements (Ashby, 1992). TiC for stamping and coining tools, deep drawing
dies, extrusion dies for ceramic molding, sandblasting nozzles, components for
abrasive processing and packing sleeves; WC for textile-processing, can-budy
punches, rolls and shafts, swaging hammers and mandrels, extrusion punches and
slitter knives; TaC for the protection of Ta metals, heat exchangers, or as
reinforcement in particle-dispersed steels; Cr;Cs for especially sequential drawing
dies and as corrosion resistant coating, NbC for the protection of Nb metals, or as
grain growth stabilizer in micro-alloyed steels; SiC for valve liners, thermocouple
wells, as heating elements, wear plates; VC laser cladded dies of new forming
materials can be given as examples for machinery and equipment industry (Kurlov,
2013; Santhanam, 1996, Leunda, 2011).

a)

Figure 2.4 : Carbides in machinery: a) Two-pronged carbide bit used in rotary
drilling, and b) rotating drum of a road planning machine (Santhanam, 1990).

2.2.3 Automotive and aerospace

In automotive and aircraft industry, cemented carbides are widely used materials for
being a structural part. They are used in the applications where the high temperature
and/or corrosion resistance are required. The bulk form of these carbides are usually
applied in these areas. For instance, due to its high temperature resistivity even
above 1700°C makes SiC as one of the most used material for rocket nozzle
application operating in a non-oxidizing atmosphere. In addition, TiC coated steel
balls have been replaced in standard high-performance steel grades by providing

enhanced properties such as higher hardness, a smoother surface with a lower
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coefficient of friction. Typical example for TiC usage in automotive and aerospace
industries is coated balls for bearings in space vehicles operating in vacuum and
spin-axis gyroscope with oil lubrication (Savan, 1993, Pierson, 1996). Metal —
ceramic composites such as carbide particle/fiber/whisker aluminum, copper, iron or
titanium exhibit considerable increase in mechanical properties and find themselves
application areas in aerospace as inner flaps, hypersonic fuselage skins, missile
guidance tins and rocket nozzles and in automotive industry as ceramic substrate and
coating material for honeycomb in gas turbine engine (Ho, 1992; Narula, 1996;
Prater, 2014).

Figure 2.5 : Various shapes of monoliths made from SiC for gas turbine engine
(Narula, 1996).

2.2.4 Transportation and construction

In this area, the usage of carbides are similar to machinery and equipment that
involve soil stabilization, asphalt reclamation, trenching, tunnel boring etc.

2.2.5 Electronic and optical applications

SiC is a very promising material for both electronic and optical applications. Having
high temperature potential, it has been used as semiconductor in the devices where
high-voltage power, microwave and millimeter-wave required (Davis, 1993;
Spearing. 2000). In addition, TaC can be an example for infrared to the near

ultraviolet by its optical properties (Modine, 1984).

2.2.6 Nuclear applications

HfC, TaC, NbC, and ZrC coatings were introduced as an effective coating material

for parts working at elevated temperatures between 2100 — 3200 K (Finseth, 1991).
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Significant results have been reported for TiC and VC as well (Aguzzoli, 2010;
Dahotre, 2001).

2.3 Composite Powders

Referring to ASM Metals Reference Book, composite material is described as a
combination of two or more materials (reinforcement elements, fillers, binders etc.),
diverging by shape of composition on a macro level (ASM Metals Reference Book,
1993). Phases or constituents do not dissolve or merge within each other and the
miscibility is negligible. Since the immiscibility has been known between iron and
copper, ball milling of iron and copper powders together constituted composite
powders, which exhibited significant hardness, high strength due to the bcc/fcc
interfaces between Cu and Fe after consolidating them to full density by sintering
(Nakagawa, 1958; He, 1996). Having new and improved properties by producing
composite powders has become well-known, and of course, optimizing the properties
and ease of combining different kind of materials that are challenging to manufacture
via conventional composite production, now is the main reason for production of
composite powders (Llorca-Isern, 2013). Due to different structures, compositions
and properties of constituents, they become multifunctional and correspond the
several requirements such as a dense composite, a composite coating or in
components where extremes of size are necessary, such as nanotechnology (Llorca-
Isern, 2013; Ajayan 2003).

2.3.1 Nanocomposites and nanocrystalline materials

In this field of nano/microscale science and nanostructured or nanocrystalline
materials, revolutional developments have been made for last decades which effected
the every spot of humanity including community, politics, economics in particular
with scientists and engineers from different disciplines such as chemistry, physics,
materials science, computer technologies (Ohno, 2008). The more the size or the
dimension decreases, the very new properties have become appear in bulk/powder
materials which is first pointed out by Kubo in 1962 (Kubo, 1962). However, the
idea of nanotechnology was first used by Richard Feynman in 1959 and the term

“nanotechnology” first appeared by Norio Taniguchi in 1974. After then several
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applications along with terminologies have been developed (Aliofkhazraei, 2011;
Pitkethly, 2008).

Progressively, numerous nano based researches have been studied and it was seen
that it is possible to obtain nanoparticle reinforced matrixes by forming impurities
during heat treatment in steels, introducing second phases in submicron/nano scales,
evaporating of metal particles onto substrates or dispersion of ceramic particles,
constituting precipitates in metals, or by using precursors (Strudel, 1983; Eckert,
2002; Ajayan, 2003). Since the effect of crystallite and particle, size may result in
great change in properties, production of nano-structured or -crystalline materials
have paid attention in the last couple of decades (Gleiter, 1992; Gusev, 2004). These
effects occurs when the grain size is at submicron scales or most evident below 100
nm. The common classification of these materials according to particle/grain size

was illustrated in Figure 2.6.
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Figure 2.6 : Classification of materials according to their particle/grain size (Gusev,
2004).

Repeated distances between different phases in nanometer scale constitutes the so-
called solid structure. These solid structures by combining of nano-dimensional
phases with clear differences in the properties, chemistry and structure can be named
as nanocomposite materials (Ajayan, 2003). Therefore, they can also classified as

zero-dimensional (embedded clusters), one-dimensional (1D, nanotubes), two-
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dimensional (2D, nanocoatings), and three-dimensional (3D, embedded networks)
which can be seen in Figure 2.7.
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Figure 2.7 : Nanocrystalline material types: 0D (zero-dimensional) clusters; 1D
(one-dimensional) nanotubes, filaments and rods; 2D (two-dimensional) films and
layers; 3D (three-dimensional) polycrystals (Gusev, 2004).

They all consist of atoms of elements or clusters that constitute larger scales formed
by nanoparticles or bulk nanostructures with nanosized crystallites (Shokuhfar,
2010). Despite the great influence of crystallite/particle/grain size on the final
properties of composite, the high surface to volume ratio (A/V) is significantly
effective to exhibit exceptional properties of nanostructured materials which is
regulated by the precipitation of finer fractions/particles among grain boundaries and
throughout the matrix in large quantities (Rezaie, 2013). One can say that the
nanocrystalline materials is a representation of special state of condensed matter. It is
now well known that these materials can be characterized by both specific factors of
particles/crystallites and by their composite behaviours. Today, there are many
wonders done by humans, just by relocating atoms and molecules, reducing their

sizes to obtain advanced materials with excellent properties.

2.3.2 Properties of nanocomposite powders and materials

The physical properties of nano particles, isolated nanocrystals, or clusters have been
investigated by several researchers and a large number of detailed reviews have been
simplified (Buhren, 1998; Henglein, 1993; Perenboom, 1981; Halperin, 1986; Buffat,
1976). Among them, several techniques have been developed in order to determine
the physical properties of fine particles, nanoparticles and particle beds (Hintz,
2009). Consequently, this chapter is limited to general properties of nanocomposite

powders and nanostructured composite materials.
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The field of nanocomposite have been an interest point of several researchers,
scientists and engineers for a last couple of decades. Bulk or powder nanocomposites
have been always under development and improvement in order to have promising
properties for engineering applications. Besides ceramic based, metal based, polymer
based, carbon nano tube (CNT) based composites, functional dimensional, particle
dispersed magnetic, particle dispersed optical, inorganic, encapsulated, thin-film and
various composite types were produced with the purpose of advanced technological
applications (Ajayan, 2003; Ohno, 2008).

Critical mechanical properties of ceramics such as creep, thermal shock, fatigue
resistivity and fracture toughness are improved by the dispersion and homogeneous
distribution of submicron/nanometer-size second phase particles into ceramic
matrixes (Ajayan, 2003). Considerable attention to these ceramic matrix composites
(CMC) has also been devoted to “thin-films or multi-layer films” for coating
technology. It has become possible to obtain better wear resistance, good stability at
elevated temperatures and high friction properties with their enhanced hardness and
Young modulus values (Veprek, 2005). Al,Os/W, Mo, Ni, Cu; ZrO2/Ni, Mo;
MgO/Fe, Co, Ni; SiC/SizNs; TIiC/TiCN nanocomposite powders can be cited for
CMCs (Choa, 2000; Yoshimura, 1999; Nakahira; 1999; Choa 1999). The effect of
nano SiC volume percentage on the strength and toughness of SiC/ ZrO,-toughened

mullite nanocomposite can be clearly seen from Figure 2.8.
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Figure 2.8 : Mechanical properties of a SiC/zirconia-toughened mullite nano-
composite as a function of nanosized SiC content (Jin, 2002).

Besides, advanced bulk ceramics and powders are used owing to withstand high
temperatures (>1500°C), oxidation-resistivity and hardness (Tsuchida, 2005; Rezaie,
2013). They also exhibit excellent magnetic, electrical and optical properties and
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superplasticity that are strongly related to particle/grain size of composite (Rezaie,

2013).

Metal matrix composites (MMCs), have been studied since the very beginning of
1960s and generally classified under two titles, e.g. a fibrous, whisker or particulate
reinforced composites that is illustrated in Figure 2.9 (Chawla and Chawla, 2006).

They are preferred as matrix materials owing to have:
e application allowance at elevated temperatures,
e generally high toughness,
e higher transverse stiffness and strength,
e advanced radiation resistances,
o excellent electric and thermal conductivities,

e higher strength-to-density, stiffness-to-density ratios, in addition to improved
fatigue resistances, lower coefficients of thermal expansion (CTE) and

superior wear resistances than with monolithic metals,

e possibility to be fabricated with conventional metal working equipment

(Akovali and Uyanik, 2001).
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Figure 2.9 : Schematic respresentations of three shapes of metal matrix composite
materials (Clyne and Withers, 1993).

Particle reinforced MMCs are paid attention mainly owing to their easier
machinability, isotropic behaviour and often-lower cost. It is now well-known that
particle size and distribution (PSD) is strongly correlated to the properties of particle
reinforced MMCs. Wide range of MMCs are produced including large number of
metals as matrix (Al, Cu, Fe, Ti, Ni etc) and reinforcing elements (carbides, borides,

nitrides or their mixture). They display outstanding mechanical properties by the
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formation of stable nanosized ceramic reinforcements (Ajayan, 2003). Goals of

reinforcing metal matrixes with ceramic particles can be summarized as below:

e While preserving the high conductivity, increasing strength of conducting

materials,
e Increase in creep resistance at low temperatures (reactionless materials),
e Development of burnout behaviour (electrical switch contacts),
e Development of wear resistance and behaviour (sliding contact),
e Longer operating times during spot welding by reduction of burnouts,
e Manufacture of layered composite materials for electronic parts,
e Manufacture of ductile composite superconductors,
e Manufacture of magnetic materials with special properties (Kainer, 2006).

MMCs family including particulate, fiber or whisker reinforced has drawn attention
as a result of convenience to low-cost producibility, the process development in
manufacture techniques in order to produce them with reproducible structure and
properties and the availability of conventional metal working processes given at

below:

e Combination of high strength and elasticity modulus (ceramic characteristics)

with better toughness and ductility (metallic characteristics),
e Improved thermal stability,
e High specific modulus,
e Higher service temperature capabilities,
e Superior strength to shear and compression,
e Good chemical compatibility,
e High wear and friction resistivity (Ajayan, 2003; Kainer, 1994).

The reinforcement size and volume regulates the properties of MMCs significantly,
as well as the type of interface between the matrix and reinforcement. Therefore, the

effect of crystal/particle or grain is influential, dramatically. Change in tensile
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strength of TiC reinforced — Al nanocomposites by volume fraction and diameter of
TiC particles are illustrated in Figure 2.10:
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Figure 2.10 : Increase in strength of TiC-reinforced Al nanocomposites with
increasing volume fractions or decreasing diameters of dispersed-phase (TiC)
particles (Tong, 1998).

Moreover, Tjong and co-workers added silicon nitride nanoparticles (10 nm) to
aluminium matrix and reported that the vyield stress of 1 vol. % SisN4/Al
nanostructured composite is considerably superior to the 15 vol. % SiC-reinforced

microstructured composite (Ma, 1996).

A large number of examples can be given for the nanocrystalline composite
properties such as Fe-85 vol. % FesC with the hardness value of 10.8 GPa, which is
quite high, nanostructured M50 steel with the 8.5 GPa hardness in comparison with
7.8 GPa for conventionally produced M50 steel, Ni-TaC nanocomposite powders
showing a high thermal stability, gaining ferromagnetism under 15 nm in radius etc.
(He, 1996; Goodwin, 1997; Gonsalves, 1997; Wilde, 2001; Song, 1995). For detailed
readings, Gusev’s, Ohno’s and Ajayan’s books should be considered (Ajayan, 2003;
Gusev, 2004; Ohno, 2008).

It is now well-known that we can engineer the prime of materials/devices/medicines

with improved quality that corresponds the requirements of its application field and
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responds the properties mentioned in this chapter by creating the “nanostructured

materials”.

2.3.3 Application of nanocomposites and nanocrystalline materials

Nanomaterials and nanocomposites application in the systems were first in their
powder form, without any consolidation or blending. Well-known example for this
situation is the usage of nano zinc oxide and titanium dioxide powders in cosmetics
for facial lotions and creams to protect from UV lights or nanoscale iron oxide
powder for rouge and lipstick (Rezaie, 2013). Various examples can be multiplied
for nano particle usage from defence industry to cutting tools through information
technology to engineering components and coatings (Koch, 2007). Many uses of
these particles have adapted to market and the usage of composite particles/powders
have paid attention for scientific and technical equipment in the last decades.
Nanocomposite particles/powders/materials are being developed including multiple
shell structures, template-based approaches, coated particles, MMCs, CMCs, PMCs,
coatings or self-assemble systems. Of several applications can be proposed for

nanocomposites, only CMCs, MMCs and coatings are discussed here.

2.3.3.1 Nanocomposites for structural, electrical, magnetic applications

Metal based nanocomposites or composite powders have been used among the
variety of applications. Particularly, light alloys find themselves a large number of
application areas in automotive and aerospace engineering, which is mostly in the
engine area. Construction units, pistons and piston pins, cylinder heads, crankshatft,
valve train, engine block can be examples for the successful aluminium composite
material applications within this range (Kainer, 2006). Al matrix composites, hard
oxide, carbide or metal reinforced Cu, Mg, Ni, Ti matrix composites are utilized
which is given in Table 2.6 as a compilation of potential and realized applications.
Owing to their lightweight and tailorable properties, aluminum and magnesium
alloys reinforced with carbon or boron fiber and aluminum reinforced with silicon
carbide continuously have been used for a long time. In addition, the excellent
incorporation between nanocomposites and nano particles makes them to exhibit
superior improvements in their physical, mechanical and tribological properties,
which was stated at previous chapter. For instance, reinforcing Cu with nano sized

carbide particles provides sufficient increase in wear resistance and strength during
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high temperature applications meanwhile Cu conducts electricity without any loses
(Koch, 2007). Cu based MgO, TiB2, MnO or Al>O3, WC, TiC composite powders are
also produced for the electronic applications such as solid oxide fuel cells,
microelectronics and semiconductors. Ti based composites are widely chose for the
applications in medical industry such as implants owing to their high chemical
stability and good biocompatibility. Pt-CeOyx powders are also good example of
nanostructured composite powders with improved properties by optimizing the
contact between the particle and diesel soot owing to the lower particle size, which
needs relatively lower filter regeneration temperature (Llorca-Isern, 2013).
Likewise, these reinforced metal matrix composite powders are a great candidate for
reinforced plastics that is now used by Toyota and GM cars (Koch, 2007). Currently,
metal matrix composites are widely applied in the defense, automotive and aerospace

industries and it seems to be continued in mid-term future.

MMCs are not only composites for structural applications, but also CMCs are
applied for load bearing applications. Al>Os/nanotube composites employed to
positions that requires high toughness where high-contact damages occur. Similar
results were obtained in Al.Oz/graphite composites as well. BN/SIC membranes are
another strong example to usage of CMCs. They are appropriate for gas separations,
at least air separations by exhibiting of better permeability and selectivity comparing
to than known polymers. Composite powders produced as encapsulated
nanocomposite powders such as CNT/LaC», YCa, TiC, V4Cs, HfC, NbC, TaC, ZrC
are a potential applications for magnetic recording media. Some of them (CNT/ TaC,
NbC, MoC) are invaluable CMCs because of their excellent superconducting
transitions at low temperatures regarding to their size (Bandow, 1993; Saito, 1994).
For a further readings studies of Ohno (2008), Koch (2007), Eckert (2002), Chawla
(2006) and Clyne (1993) and Ajayan (2003) should be noticed.
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Table 2.6 : Potential and realistic technical applications of metal matrix composites

(Kainer, 2006).

Application

Required properties

Material system

Automotive and heavy goods vehicle

Bracing systems, piston rods, frames,
piston, piston pins, valve spring cap,
brake discs, disc brake calliper, brake
pads, cardan shaft

Accumulator plate

High specific strength and stiffness,
temperature resistance, low thermal

expansion coefficient, wear resistance,

thermal conductivity

High stiffness, creep resistance

Al-SiC, Al-Al,O3, Mg-SiC, Mg-Al,Os,
discontinuous reinforcements

PbC, Pb-Al,05

Military and civil air travel

Axle tubes, reinforcements, blade and
gear box casing, fan and compressor
blades

Turbine blades

High specific strength and stiffness,
temperature resistance, impact
strength, fatigue resistance

High specific strength and stiffness,
temperature resistance, impact
strength, fatigue resistance

Al-B, Al-SiC, Al-C, Ti-SiC, Al-Al,03,
Mg-Al,O3, Mg-C continuous and
discontinuous reinforcements

W super alloys, z. B. NizAl, Ni-NizNb

Aerospace industry

Frames, reinforcements, aerials,
joining elements

High specific strength and stiffness,
temperature resistance, low thermal
expansion coefficient, thermal
conductivity

Al-SiC, Al-B, Mg-C, Al-C, Al-Al,Os,
continuous and discontinuous
reinforcements

Energy techniques (electrical
components and conducting materials)

Carbon brushes
Electrical contacts

Super conductor

High electrical and thermal
conductivity, wear resistance

High electrical conductivity,
temperature and corrosion resistance,
burn-up resistance

Superconducting, mechanical strength,

ductility

Cu-C

Cu-C, Ag-Al,03, Ag-C,Ag-Sn0,, Ag-
Ni

Cu-Nb, Cu-Nb;Sn, Cu-YBaCO

Other applications
Spot welding electrodes

Bearings

Burn-up resistance

Load carrying capacity, wear
resistance

Cu-W

Pb-C, Brass-Teflon

2.3.3.2 Nanocoatings

In recent years, surfaces of the components/parts exposed to severe damage failure
mechanisms are coated with nanocoatings in order to improve the mechanical
properties such as wear resistivity, corrosion, erosion etc. Layers, films under 100
nm thickness consist of nano particles/powders exhibit specific properties that they
do not display for bigger dimensions. Applications can be classified as scratch and
corrosion resistant coatings, medical, hygienic, optical applications, electric and
electronic applications and the others (Aliofkhazraei, 2011). The usage of these

nanocomposites varies from photovoltaic devices, biomedical equipment,
nanoelectronics, etc. to protective applications in order to expand the lifetime of the
parts, components or tools that are exposed to friction media for instance cutting
tools, bearings, drills, gears etc. In addition to advantageous of nanocomposites
improvements on mechanical properties, filling them with metallic nanoparticles (Ni,

Co, Cu, etc.) showed superparamagnetic or ferromagnetic properties depending on
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the cluster size (Martinez-Martinez, 2013). Application of nano Ag/TiO2 composite
powders in microbial and viral anti-pollution masks, coatings for prosthesis, coatings
in food packaging, protective coating against bacteria are great cases for
nanocomposite coatings in biomedical industry (Aliofkhazraei, 2011). Suzuki et al.
have reported that polymer — iron oxide composite powders are excellent MRI
contrast agent (Suzuki, 1996). Besides electronics, magnetics and biomedical
devices, the most application field for nanocomposites is hard coatings. Most widely
used coatings in this field are DLC, WC, TIAIN, TiC, TiN, TiBz, Al,O3, MoSz, CrN
etc. However, composite powders have been applied for better thermal stability,
lower friction, increased lifetime and toughness (Hauert, 2000). TiN/VN, TiN/SizNa,
TIAIN/CrN, WC/C nanocomposite coatings for tools, dies, bearings, rollers etc. were
prospered within this context (Ajayan, 2003). With all that, laser cladding technology
has been developed as a promising technique, recently. Substrate related metal
matrix composites are enhanced for this technology. Al, Ni, Co, Cu, Fe / transition
carbides or nitrides composite powders were used for tool, dies and moulds as laser-
cladding coating material (Van Acker, 2005; Zhong, 2007; Vaz, 2000; Patscheider,
2001). The most important thing for all these applications is the well-known
phenomena: size effect in nanostructured films owing to its unique and ultimate

improvements.

2.3.4 Synthesis of nanocomposite powders

Composite powders/materials are produced via different production techniques. They
cannot be fabricated easily by using conventional methods such as casting as a result
of the high cost of processing. Wide range of matrix reinforcement compositions can
be manufactured via powder metallurgy (PM) techniques by eliminating the
segregation phenomena, which is typical in the casting processes, in order to
minimize the brittle reaction products and high residual stresses caused by
solidification shrinkage. However, notwithstanding this, it should be pointed out that
favouring to use of the “bottom-up” approach in nanotechnology, while applying the
“top-up” approach in conventional technologies is the key difference between
nanotechnology and conventional technologies (Vollath, 2013). Powder production
route presents an explanation for the difference between two approaches. Generally,
chemical synthesis of powders exemplifies the “bottom-up” approach whilst the

“top-down” approach means the crushing, milling, and comminution. The media,
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which can be gas, liquid or solid, are always very effective on the formation of
macroparticles, microparticles and nanoparticles. Therefore, the most preferred and

important classification is focusing on media.
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Figure 2.11 : Nanoparticle synthesis methods (Lu, 2012).

Although the dominant approach in nanoparticle synthesis is liquid-phase, other
approaches are also widely used (Lu, 2012). Gas-phase approach covers the vapour
condensations; vapour reactions and aerosol (vapour or spray pyrolysis). This
method has the benefits of single-step production, involvement of solely inorganic
and easy-to-obtain precursors, and fabrication of high-purity nanoparticles, however,
because of random condensation, cluster collision by nature, particle size
distributions is relatively broad, and agglomeration is evident (Wegner, 2002; Perez-
Tijerina, 2008; Vollath, 2013). Liquid-phase consists of chemical precipitation and
coprecipitation, hydrothermal, solvothermal, sol-gel, microwave heating,
electrochemical processes (Llorca-Isern, 2013). The reason to liquid-phase approach
become dominant is the requirement of nanoparticles to have control in nucleation
and growth. This allows having more flexibility in controlling nanoparticle
formation. However, it requires more control to obtain desired particle size, and it
should be considered that different compounds may have different precipitation rates
that may cause deviation from homogeneous precipitation (Lu, 2012). On the other
hand, solid-phase synthesis consist of milling and reaction between solids. It contains
cryochemical processing, mechanochemical processing, mechanical milling, solid-
state synthesis and self-combustion methods. Sample material is grinded by given

Kinetic energy to reduce the particle size or to alloy or combine immiscible systems.
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The high-energy process that causes for nanostructured materials introduces the

severe plastic deformations.

Although there are various methods for synthesis of nano-structured powders, the
main methods classified under three groups: mechanosynthesis, sol-gel methods and
pyrolysis. Yet, only mechanosynthesis is the topic of interest concerning this

dissertation.

2.3.5 Mechanosynthesis

It is known that manufacturing metal matrix composites in the whole range of matrix
reinforcement compositions via powder metallurgy techniques is possible. It
provides eliminating the segregation phenomena, which is typical in the casting
processes (Fogagnolo, 2003). However, obtaining a homogeneous distribution of the
reinforcement throughout the metal matrix appears as one of most important obstacle
points. Hence, it is essential to provide the homogeneously distributed reinforcing
phase in the metal matrix to maintain compromising performance for a composite
material (Boselli, 2001). Therefore, the critical step for powder metallurgy is to mix
the matrix and reinforcement (Fogagnolo, 2003; Boselli, 2001; Jain, 1993).
Accordingly, high-energy ball milling was created by Benjamin in the 1960s
(Benjamin, 1988), but it took some time to reach its full commercial position up to
the 1980s (Fisher and Haeberle, 1988) and since then it has been used to obtain
homogeneous particle distribution throughout the matrix. Mechanical milling (MM),
mechanical alloying (MA) or mechanosynthesis (MS) and mechanochemical
synthesis (MCS) or reactive milling (RM) are assigned to processes introducing
mechanical energy generated in attritor mills, planetary ball mills, tumbling ball
mills, vibratory mills or Spex mills, which they have different capacities, milling
effects, cooling and heating units (Suryanarayana, 2001; Goff, 2003). The production
of nancomposite powders has drawn interest of numerous researchers, because of the
fact that the high-energy milling process substantially reduce the crystal or particle
size. In the last decade, the synthesis of nanocomposite or nanostructured composite
powders have been intensely subjected to many of the researches and studies. After
the discovery of the capability of MA technique to synthesis these composite

powders with the uniform distribution of nanoparticles, a great number of
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nanocomposite systems has been studied in the wide range of material components
(Llorca-1sern, 2013).

As a technique providing changes in mechanical, chemical and physical properties of
materials through chemical, conventional thermal, mechanical and thermomechanical
routes, mechanical alloying can be applied to improve the performance and
properties of materials (Suryanarayana, 2001). Consequently, the processability of
non-equilibrium systems and the ability to produce better and advanced materials,
MA has become an interest of many scientists, researchers and engineers. Structure
and property of advanced materials can be controlled much better under non-
equilibrium conditions. MA is a PM technique to produce composite powders by
repetitive cold welding, fracturing and re-welding of particles by obtaining controlled
fine structure (Ovegoglu, 1987; Benjamin, 1992; Suryanarayana, 2001). One of the
most important advantages of MA is to allow alloying immiscible systems, which
have normally not any miscibility or the miscibility is negligible. The reason for this
phenomenon is that MA is a solid phase process and therefore there is not any limits
related to phase diagrams (Benjamin, 1992).

2.3.5.1 Mechanism of mechanical alloying

During high-energy milling, the powder particles are repeatedly flattened, cold
welded, fractured and rewelded. Trapped particles between the balls after a while
starts to be plastically deformed by effect of the impact force that leads to work

hardening and fracture (Figure 2.12).

Figure 2.12 : Ball-powder-ball collision of powder mixture during mechanical
alloying (Suryanarayana, 2001).

By fracturing, new surfaces are created which enables them to weld together and
raises the particle size. At very beginning of the milling, the particles are soft, and so
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have great tendency to agglomeration. A wide range of particle sizes shows up that
bigger than the starting particles. While the deformation continues, the particles get
work hardened and fracture by a fatigue failure mechanism and/or by the
fragmentation of fragile fakes (Suryanarayana, 2001). Consequently, one can said
that MA provides oxide dispersion, carbide dispersion, solid-phase and
substructure/precipitation hardening (Ovegoglu, 1987). MA must be divided into
three stages for a better understanding. At the first stage, metallic particles are
crushed and lapped over. Meanwhile, clean surfaces contact each other and cold-
weld. Brittle constituents such as intermetallics and brittle additives clog between
these interfaces (Goff, 2003). Figure 2.13 shows this stage that forms layers.

100 pm

Figure 2.13 : First stage including layered structure consist of initial materials
(Ovegoglu, 1987).
The particles continue to get refined by repeated welding and fracturing of
exceptionally work-hardened metallic phases and brittle intermetallics and/or
dispersoids in the intermediate stage (Goff, 2003). At this stage, the fracture
tendency becomes dominant over cold welding (Suryanarayana, 2001). The particles
consist of convoluted lamellae. Areas of solute dissolution constitute throughout the
metal matrix by the aid of increased microstructural mixing, high temperature of the
powder constituents due to the adsorbed kinetic energy of milling balls and particle
size reduction (Ovecoglu, 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 (Ovecoglu, 1987; Goff, 2003). Consequently, the
inter-layer spacing decreases and the number of layers in a particle increase

(Suryanarayana, 2001). The reduction in particle size, dissolution of lamellae and

29



formation of new phases followed by the final stage of processing and consolidation
are schematized in Figure 2.14 and Figure 2.15.
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Extremely Deformed Stmcture.
Lamellae no longer Optically
Fesolrable. Metastable
Ztretare with Dispersoids

Fine gram size Equlibroum
Phases. Tniform Distribation
of Disparsoids

oo}
100 B 0.0 pm

Figure 2.15 : The final stage of processing and consolidation (Ovegoglu, 1987).

In the final stage, the balance between fracturing and cold-welding is reached. The
smaller and finer particles become resistant to high deformation rates without
fracturing. They gain high tendency for obtaining fine structures (Figure 2.15),
(Suryanarayana, 2001). At this stage, particle size and distribution tighten and

relatively homogeneous structure is produced.

2.3.5.2 Systems of mechanical alloying

Three different systems called ductile — ductile, brittle - brittle and ductile — brittle
can be achieved by MA. They can be investigated in detail, individually (Fecht,
2002). It is considered that at least 15 % of ductile presence is ideal for better MA.
This is a fact as a result of repeated cold-welding and particle fragmentation and it is
known that cold-welding cannot occur without any ductile existence (Suryanarayana,
2001).
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If this system contains two or more brittle constituents, it would be expected to
alloying improbable. Absence of ductile constituent avoids any welding to occur, and
without any welding, mechanical alloying is not expected to happen. However, some
brittle — brittle systems were reported that the alloying has occurred such as Mn - Bi
and Si - Ge (Davis, 1987; Davis, 1988). Yet at very small sizes, particles tend to
behave like ductile, therefore further reduction in size is not possible (Harris, 1967).
It was reported that harder component starts fragmentated and then becomes
embedded to the softer one (Suryanarayana, 2001). This transfer can be considered
as a result of possible mechanism happening during milling including (a) rise in
temperature locally, (b) deformation on the surface, (c) micro-deformation in defect-
free volumes, and/or (d) hydrostatic stress state in the powders (Davis, 1988).

At the beginning of ductile — brittle milling, brittle particles get fragmentated, while
the ductile particles become flattened by the ball - powder - ball collisions. These
comminuted particles are in tendency to become blocked by the ductile constituents
and trapped into ductile particles. Meanwhile, the brittle particles are carefully settled
between the gaps of lamellae and refined. With continued MA, ductile particles
continue to be hardened, lamellae becomes convoluted and then finally, finer. Brittle
particles disperse uniformly during lamellae gets closer by increasing milling (Figure
2.16). Particularly, insoluble brittle particles disperse in the ductile matrix in this way

(Suryanarayana, 2001).

Figure 2.16 : The Schematic illustration of microstructural changes during milling of
a brittle - ductile combination of powders (Suryanarayana, 2001).

2.3.5.3 The effect of grain size

As mentioned in previous chapters, the grain size can be reduced by milling until a
saturation level by establishing balance between the fracturing and cold welding.

One can said that the minimum grain size, dmin changes depending on material type,
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milling condition, and is strongly in correlation with crystallite size and particle size.
This is because smaller sizes constitute the larger structure that can be seen in Figure
2.17.

particle or grain size 2 crystal size 2 crystallite size 2 domain size

Figure 2.17 : The schematic definition of particle size, grain size, crystallite size and
domain size (TOPAS Users Manual, Bruker AXS).

It was reported that 5 — 50 nm minimum grain size was achieved, and it appears that
nanostructures by mechanosynthesis is possible for various kind of materials.
However, the explanation of why and how nanometer-sized grains are obtained are
lacking of comprehensive investigations. In addition to this, several studies have
shown that the value of dmin IS determined by plastic deformation via dislocation
motion, which is regulated by lattice type (Suryanarayana, 2013). For instance, the
minimum grain size can be obtained in nano scales for the most of the metals.
Nevertheless, metals with a body centered cubic (bcc) crystal structure can reach
much finer particle sizes comparing to metals with the other crystal structures. Eckert
et al., noted that mechanical and physical properties of the material are strongly
related to dmin, Which can reduce by increasing melting temperature (Eckert, 1992).
The correlation between grain size and the melting temperatures of some metals

regarding to their lattice type is presented in Figure 2.18.
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Figure 2.18 : Minimum grain size obtained by mechanical milling of different pure
metals with different crystal structures versus their melting temperature
(Suryanarayana, 2013).
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3. EXPERIMENTAL PROCEDURE

The experimental procedure of this dissertation comprises the identification of raw
materials, mechanical alloyed (MA’ed) powders, and their detailed crystallographic
characterization. Furthermore, hydrometallurgical techniques were used to obtain
nano fractions in order to confirm the manufacture of nano particles. Flow chart of

the experiments are illustrated in Figure 3.1.
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*Powder mixing *Particle Size and Distribution
*Mechanical Alloying *Density Measurements *| eaching Composite

*Stress Relieving *Phase Analysis Powders

* Microstructural Analysis

*Thermal Analysis
Figure 3.1 : Flow chart of experimental procedures.
3.1 Materials

Synthesis of finer brittle particles and optimization of fragmentation behaviour of
brittle particles in order to obtain nanostructured composite powders via MA
technique is one of the major purposes of this dissertation. Brittle compounds were
selected according to their density and elastic modulus values and the purity of them
was cared. Ductile matrixes were decided due to their elastic modulus and thermal
conductivity values considering their crystal type. Table 3.1 shows the characteristics

of the raw materials used in the experiments.

Insolubility or negligible solubility between these metal matrixes and carbides
constituted also basis for the selection process of these materials. However, some
ternary phase diagrams of these materials were reported as for Cu-V-C (Savitskii,
1961), Cu-W-C (Yasinskaya, 1966), Fe-V-C (Arnold, 1912; Vogel, 1931), Fe-W-C
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(Hultgren, 1920; Jellinghaus, 1968), Ni-W-C (Edwards, 1952; Whitehead, 1956), Ni-
V-C (Edwards, 1952; Holleck, 1984) and Ni-Ta-C (Edwards, 1952; Vasileva, 1975).
Partial liquidus surface projections in stable equilibria only for Fe-V-C, F-W-C and
Ni-W-C were illustrated by MSI Eureka in Figure 3.2. Rest of the material graphs are

lacking in literature.

Table 3.1 : Raw materials used in the experiments.

Cu Fe Ni TaC VC WC
. Alfa Alfa Alfa Alfa
Provided from Alfa Aesar Aesar Aesar Aesar ABCR Aesar
Purity (%) 99.9 99.2 99.9 99.9 99.9 99.9
Mean Particle Size -100 mesh  -20 mesh -100 ~325 3-5um ~325
mesh mesh mesh
Density (g/cm3) 8.96 7.874 8.908 ijgs 5.77 15.6
Elastic Vgdlus 110-130 ~211 ~ 200 ~285 =380  ~550
(GPa)
Thermal Conductivity
(W/m-K) 401 80.4 90.9 21 110
Melting Point (°C) 1084.62 1538 1455 3850 2810 2785
Hardness (Mohs) 3.0 4.0 4.0 8.5 9-95 ~9.0

s cunes 4 i sk f et
c s st o ot

Figure 3.2 : Partial liquidus surface projections in stable equilibria.
3.2 Powder Processing

TaC, VC and WC powders were added to Cu, Fe and Ni powders to constitute
75Cu/Fe/Ni-25TaC/VC/WC (wt. %) powder mixtures, which are hereafter called as
Cu25TaC, Cu25VC, Cu25WC; Fe25TaC, Fe25VC, Fe25WC and Ni25TaC,
Ni25VC, Ni25WC. The mixtures were mixed in laboratory scale turbula blender for
homogenization and then mixed powders were mechanically alloyed (MA’d) for 2, 4
and 8h using a Spex™ Duo Mixer/Mill 8000D with a speed of 1200 rpm in a
tungsten carbide (WC)-cobalt (Co) vial with WC—-Co balls having a diameter of 6.35
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mm (1 = 4 inches). The ball-to-powder weight ratio (BPR) was 10:1. The vials were
sealed inside a Plaslabs™ glove box under purified Ar gas (99.995% purity) to
prevent oxidation during MA (Figure 3.3).

Figure 3.3 : 8) WAB™ T2C Turbula blender, b) 8000D™ Spex mill, ¢) Pluslabs™
glove box.

Stress relieving treatment was applied for Cu based composite powders at 400°C, Fe
based composite powders at 600°C and Ni based composite powders at 550°C by
using Linn™ 1800 M Vac Graphite furnace. Holding time was 2 hours for all
powders according to ASM Handbook (ASM International, 1991).

Figure 3.4 : Linn™ 1800 M Vac Graphite furnace.
3.3 Powder Characterisation

All powders were dried at 100°C to remove moisture for measuring true densities
that were measured in Micromeritics™ AccuPyc Il 1340 Gas Pycnometer under He
atmosphere. Density result of each powder product includes the arithmetic mean of
ten successive measurements and standard deviations. Green densities were
calculated by pressing the powders at MSTEC™ BM-0805"" hydraulic press machine
at same pressure rate 200 MPa in the cylindrical dies with 12 mm radius. Powders

were stirred by using Bandelin™ Sonorex ultrasonic bath for 10 minutes and then
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powder particle size and distributions (PSD) were carried out in a Malvern™
Mastersizer Laser particle size analyser according to Mie’s theory. Powders before
and after leaching were stirred by using Bandelin™ electronic UW 2200
homogenizer for 30 seconds and finer particle fractions of MA’ed powders were

measured at Microtrac™ Nano-flex particle size analyser.

Figure 3.5 : a) Micromeritics™ AccuPyc II 1340 Gas Pycnometer b) Mictotrac™
Nano-flex particle size analyser ¢) Malvern™ Mastersizer Laser particle size
analyser.

The phases of all initial and MA’ed powders were identified using a BrukerTM D8
Advanced Series X-ray diffractometer (XRD) with CuKa (A=0.154 nm) radiation in
the 20 range of 10-100° with 0.02° steps at a rate of 5°/min (Figure 3.6).
International Centre for Diffraction Data (ICDD) powder diffraction files (PDF)

were utilized for the crystalline phase identification of the raw materials.

Figure 3.6 : Bruker™ X-Ray Diffractometer (XRD).
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The determination of crystallite sizes is derived the following equation relating the

width of a diffraction line to the crystallite size (Scherrer, 1918):

A
D cos 6@

B = 3.1)

where B is the full width half-maximum, D is the volume weighted domain size
(crystallite size) and 6 is the diffraction angle. This equation has been used for years
and is still used as modified in integral breadth methods to calculate the crystallite
size of a material (Ida, 2002; Suryanarayana, 1998). Afterwards, the crystallite size D

was first estimated by the Debye - Scherrer equation:

KA
- PcosO

(3.2)

where « is a constant which depends on the crystallite shape and is usually unknown,
but is often assumed to be 0.89, A is the x-ray wavelength, 3 is the integral breadth
(1B) or full width at half maximum (FWHM) of the diffraction angle. In this context,
IB of the diffraction line or FWHM intensity is usually employed for many cases.
Contributions regarding to the observed, broadened diffraction lines in terms of
parameters, which used in materials science such as dislocation densities, faulting
probabilities and crystallite size and strain rates are confrontation for scientists. In
order to extract microstructural parameters from profile parameters of a single line or
multiple/whole powder diffractions, development of advanced methods have been
increase, dramatically (Mittemeijer, 2012). Practically, fundamental parameters
approach (FPA) is applied for most cases as a result of being superior to other
empirical or phenomenological methods, which the crystallite size and strain rates of
the powders related to this dissertation were calculated by using TOPAS software
according to FPA (Wang, 2008). This approach can be employed either with
Gaussian or with Lorentzian or with convolution (Voigt) of both line profiles, which
all are strongly related to diffraction line shape. For microstrain broadenings
Gaussian distribution functions, for the emission profiles and intensity changes
Lorentzian (Cauchy) distribution functions, or weighted linear addition of a Gaussian
and Lorentzian functions for asymmetric shapes or considering shape parameters
Pearson VII functions are commonly applied. The ratio of the integral breadth, 3, and
the full width at half maximum (FWHM), 2w, is used to define The Voigt parameter,
¢ (Mittemeijer, 2012):
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P=" (3.3)

Original and extended Thompson-Cox-Hastings (TCH) pseudo-Voigt formulas were
applied for approximating the Voigt profile and calculate the crystallite size
(Thompson, 1987; Ida, 2002). For this purpose, in this dissertation, both profiles
were applied to FP approach to estimate crystallite size and strain rates, which the
strain broadening is calculated by following equation (3.4):

go = —L (3.4)

" 4cos0

On the other hand, based on the microstructural broadening assumptions, several
analysis methods were developed without referring to a specific microstructural
model that can be seen in Table 3.2.

Likewise, Williamson-Hall plot analysis was also applied to approximate
information respecting size D and microstrain € by the equation given below:

Pcosf = 0892 1 Aesing (3.5)
D

Table 3.2 : Summary of basic assumptions made in line-profile decomposition
methods and the type of size and strain data obtained (Lucks, 2004).

Method Assumptions Size Strain
Maximum strain, €
related to local mean-
squared strain g2 for

Lorentz-shaped peak Volume-

Williamson — Hall profiles for size -and  weighted

conventional plot

1949, 1953 strain _ggi dened clzlnurphn Gaussian strain
p 9 distributions
Gaussian strain Area- Mean-squared strain
Warren-Averbach distribution or small weighted (eL)? relgted to AP (L
1950, 1952 : column L) :
strains S)
length
Small strain aradients Area- No analytical relation
Alternative gra weighted between (g.)’ and the
and broad size . .
method 1994 s column strain Fourier
distribution .
length coefficients

AP (L, Si) is the strain (“‘distortion’’) Fourier coefficient of a line profile and L is the correlation distance
perpendicular to the diffracting planes.

Afterwards, Bcos8 versus 4sinf graph generated for selected diffraction patterns

in order to approximate strain and crystallite size. The slope of line(s) was obtained

for calculating strain by y = €.x + 1/D and to estimate crystallite size from the y-

2] in@ . .. .
Beost s % result in explicit crystallite

axis intercept; in other words the plot of

size and strain rates from the ordinate intersection and the slope of the linear fit of
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the experimental points (Prabhu, 2014; Gonzalez 2012). In addition, the Thompson-
Cox-Hastings pseudo-Voigt formula was applied for this end, 1B, FWHM values
were employed to Williamson-Hall plot analysis, and the relation between the
crystallite, and particle sizes regarding the different assumptions and methods were
tried to be established.

Microstructural characterisations of the powders were conducted using an FEI —
Quanta FEG 250 Scanning Electron Microscope (SEM) coupled with an energy-
dispersive X-ray spectrometer (EDX) - energy dispersive spectrometer (EDS) and
JEOL™ JCM-6000 Benchtop scanning electron microscope (SEM) (Figure 3.7). For
SEM analysis of the powders, the specimens of the powders were prepared by
following the procedure of dissolving the powders in the ethanol (Merck™, in purity
of 99.9 %), syringing them onto a base plate, drying them in air and coating their
surfaces with a thin layer of gold using a Polaron™ SC7620 Sputter Coater to
enhance their conductivities. Microstructural and crystallographical investigations
were also held at JEOL JEM-ARM200CFEG UHR transmission electron microscope
(TEM) as shown in Figure 3.8.

Figure 3.7 : a) FEI — Quanta FEG 250 and b) JEOL™ JCM-6000 Benchtop
scanning electron microscope (SEM).

Figure 3.8 : JEOL JEM-ARM200CFEG UHR transmission electron microscope
(TEM).
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3.4 Verification

The mechanical properties of the composites can be simulated by a two- or three-
dimensional periodic finite-element model considering the gradient in the matrix,
while the composite and interfaces are under damage on the uniaxial tensile elastic-
plastic behaviour of metal matrix composites (MMCs) consisting of either spherical
or cubic particles in random or identical distribution (Weng, 2015). Besides, deriving
the mechanical properties of MMCs is strongly correlated with fiber/particle shape
and arrangement. With the aim of that, several micromechanical approaches were
developed and employed to MMCs using cell models changing with cell model
shape (rectangular, square, ellipsoid etc.), particle/fiber shape (sphere, cubic,
random) and continuity or discontinuity (Schmauder, 2009). One can said that for all
models, the strengthening of a composite depends on reinforcing particle size,
particle shape, volume fractions, and interface relations between particle and matrix.
Therefore, considering as microscopic structure of materials, representative volume
element (RVE) model has become popular and the modeling technique of the
microstructural geometry and the size effect of RVE, have been extensively
investigated in many studies. Obtaining the distribution of reinforcement particles
and volume fractions in order to approximate the grain size and modelling of finite
size to reflect the overall material behaviour RVE should be exist in the strict sense
(Chen, 2015; Bohm, 2002; Segurado, 2002).

Besides the particle size, which was previously mentioned, grain size is highly
effective on the final property of material. However, studies show that the particle
dispersion, shape and volume are much related to grain size (Nishizawa, 1997;
Kamrani, 2011). This was first proposed by Zener-Smith with following equation
(Zener, 1948):

_ 4dady

d,, (3.6)

3vp

where dm is the grain size, o is the proportional constant which can be assumed as 1,
and Vp is the volume fraction of particle reinforcement. Because of this reason, it is
essential to determine the smallest particle size and fine fraction ratio in order to

make assumptions for the final material properties.
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MA’ed powders were leached to solve ductile matrix in order to verify nano-sized
carbide particles. To this respect, concentrated H.SO4 for Cu and Ni, concentrated
HCI for Fe were applied for dissolution of mentioned metals. The solutions were put
onto magnetic stirrer for 24 hours at the room temperature (24°C) under the oxygen
atmosphere according to stabilize following equations (Pierson, 1992; Lascelles,
2005; Ebbing, 1990):

2Cug) + 2H2SO04aq) + 02 + 8H20(q) — 2CuS04.5H20q (3.7)
2Fe(sy + 6HCliag) — 2FeCliq) + 3Haag
(3.8)
Ni(g) + H2S04(aq— NiSOucaqy + Hz (3.9)

Finally, the solutions were filtered through nano porous membrane and then,
nanostructured powders were dried in the Heraeus™ drying-oven (Figure3.9).
Apparent densities were measured by pycnometer machine. Zeta potentials and
particle size distribution (PSD) were measured in Nano Flex and Stabino machine.

Heraeus

Figure 3.9 : Heraeus™ drying oven.
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4. RESULTS AND DISCUSSION

4.1 Initial Powder Characterizations

Initial powder densities were measured as given in Table 4.1. The measured values

corresponds the literature density values

Table 4.1 : Theoretical and true densities of initial powders.

Sample Name Theoretical Density (g/cm®  True Density (g/cm®)
Cu 8.96 8.89
Fe 7.87 7.80
Ni 8.90 8.90
TaC 14.30 — 14.65 14.38
VC 5.77 5.75
wcC 15.60 15.63
Particle size and distribution of initial powders are illustrated in the Figure 4.1.
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Figure 4.1 : PSD of initial powders.

According to particle size measurements, D50 mean sizes were found for Cu, Fe, Ni,

TaC, VC and WC as 7.83 um, 8.39 um, 7.00 um, 5.24 pym, 3.41 pum and 3.56 pum,
respectively.

The X-ray diffraction patterns of initial powders were drawn as seen in Figure 4.2.
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Figure 4.2 : XRD graphs of initial powders.

All peaks fit for the characteristic positions of materials. The strongest peak, its d-
spacing, 26° position and lattice parameter of Cu (ICDD No: 065-9743), Fe (ICDD
No: 065-4899), Ni (ICDD No: 065-2865), TaC (ICDD No: 065-7114), VC (ICDD
No: 065-8074) and WC (ICDD No: 065-4539) powders are given in Table 4.2,

Table 4.2 : Crystallite size and strain rates of Cu25TaC, Cu25VC and Cu25WC
powders against MA time.

Cu Fe Ni TaC VC wC

Lattice type FCC BCC FCC FCC FCC  Hexagonal

a: a: a: a: a:

Lattice : X i ' a: 0.2900
parameters (nm) 0.3607 0.2867 0.3523 0.4449 0.4164 ¢ 0.2831

Strongest pea (111) (110) (111) (111) (200) (100)

Strongest peak
26°
d-spacing of
strongest peak
(nm)

43.459 44663 44.619 35.028 43.417 35.750

0.2083 0.2027 0.2034 0.2568  0.2082 0.2511

4.2 Fragmentation Behaviour of Brittle Phase in Cu Matrix

The X-ray patterns of Cu25TaC, Cu25VC and Cu25WC powders after 2, 4 and 8

hours MA time were illustrated in Figure 4.3.
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Figure 4.3 : XRD graphs of Cu25TaC, Cu25VC and Cu25WC against MA time.

There is not any contamination observed for three powder compositions. All peaks
were obtained as belong to Cu, TaC, VC and WC phases, separately. Also there was
not any compound constituted between two phases Cu - WC, Cu - VC and Cu — WC
according to XRD analysis. Considering the intensities of carbides in Cu matrix, it
was seen that VC peak intensities increased dramatically depending on MA time. On
the contrary to VC peaks behaviour, very few increase in WC peak intensity was
seen, where the peaks were broadened due to MA. Particularly, TaC peaks broadened
and the noise level seemed to be high comparing to VC and WC. This was concluded
as a consequence of crystal lattice distortion (micro-strain) due to dislocations,
structural faults or concentration gradients in non-stoichiometric compound. It is also
known that the smaller the particle the broad the diffraction peaks. In addition, the
reduction of the intensity and the increase of full width at half maximum (FWHM) of
the diffraction peaks with increasing milling time can be aspect to the increasing
lattice strain and grain size reduction. This can be considered as a common behaviour

to high-energy ball milled powders. Crystallite size and strain rates with the lattice
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parameter and d-spacings of strongest peaks of composite powders belong to Cu

phase are given in Table 4.3.

Table 4.3 : Crystallite size and strain rates of Cu25TaC, Cu25VC and Cu25WC
powders against MA time.

. FPA Williamson-Hall  Lattice parameter d-spacings

Sample  MA time (h) D.om  ©% D.nm &% (nm) (nm)

0

2 1587 0.61 12.89 0.56 0.3694 0.2076
Cu25TaC 4 15.15 0.69 9.20 0.98 0.3684 0.2079

8 2150 090 1282 0.78 0.3700 0.2080

annealed 65.1 0.60

0

2 1985 0.86 17.46 0.22 0.3700 0.2079
Cu25vC 4 2290 153 1011 0.36 0.3700 0.2077

8 10.10 121 1347 0.32 0.3623 0.2078

annealed 1009 0.58

0 141.3 0.14

2 29.63 050 2244 049 0.3502 0.2076
Cu25wC 4 29.43 094 20.13 0.90 0.3606 0.2075

8 16,99 139 1463 131 0.3699 0.2077

annealed 19.73 0.81

Among all composite powders, minimum crystallite size was found in those 8 h
MA'ed powders. FPA calculations and Williamson — Hall plot analysis show that the
crystallite size decrease by increasing milling time as the same situation happens to
particle size. However, strain rates inversely correlated to crystallite size as it was
expected. After annealing the strain due to lattice distortion relieved. Marques (2007)
reported that Cu crystallite size reaches a stable value below 30 nm with the presence
of 20 wt. % WC only after 32 h of milling in planetary ball mill that was operated at
a rotating speed of 400 rpm (Marques, 2007). The similar trend was observed for
Yusoft’s study (Yusoff, 2011), where Cu-W-C MA’ed in order to fabricate ex-situ
composite powder with the final composition Cu-30 vol. % WC (approx. 42.7 wt. %
WC), Cu crystallite size becomes under 30 nm barely after 60 h milling in a
planetary ball mill with 400 rpm rotary speed. On the other hand, with the addition of
5 vol. % TaC crystallite size was found around 50 nm for 10, 20, 30 hours milling at
500 rpm using an Attritor mill via in situ generation of tantalum carbide (TaC)

nanodispersoids in a Cu matrix (Manotas-Albor, 2014).

Lattice parameter of Cu changed significantly as seen in Table 4.3 for all powder
mixes. In particular with WC presence, it was considered that Cu crystal was under

tensile loadings extremely which can be seen as continuously increase in lattice
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parameter. However, both values d-spacings and lattice parameter of Cu25TaC
powders were also obtained as increasing and close to linear. Of these phenomena
can be supported by Williamson — Hall plot analysis by illustrating in Figure 4.4.
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Figure 4.4 : Williamson — Hall plot analysis of Cu based composite powders.

The change and distortion of crystal lattice of Cu by changing carbide type and MA
time can also be revealed by determining of Cu strongest peak position that is

presented in Figure 4.3 and Table 4.4.

As seen from the table, 2-theta position of Cu (111) shifted lower angles by the TaC
existence, where it shifted to higher angles in the presence of VC and WC. However,
2-theta position of VC and WC reinforced Cu (111) shifted alternately with
continuous milling. As also seen from the Figure 4.5 and considering the
determination of Cu (111) positions, it can be said that TaC affected Cu lattice to
shift on the same direction which can be clearly seen as decreasing slope at
Williamson — Hall plot analysis (Figure 4.4). On the contrary to TaC, WC and VC
presence between two loading types: compressive and tensile in which one was
thought to be more effective than the other one against MA time. On the other hand,

one can say that the effect of MA time on the intensity of Cu (111) plane is stronger
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than the other by the presence of VC. This can be related to the density of carbide

that causes to be high in volume percentage.

Table 4.4 : Change in position of Cu (111) due to carbide type against MA time.

Change in position, 26 (degree)

Plane MA time (h)
Cu25TaC Cu25VvC Cu25wWC
2 0.1956 0.0644 0.1864
Cu (111) 4 0.0345 0.1818 0.2807
8 -0.0069 0.1312 0.1427
Cu25TaC 2h
(111) Cu25TaC 4h
'6“"'”“\. Cu25TaC 8h
42 a 4 45
20 (degree)
Cu25VC 2h
- (111) Cu25VC 4h
] M Cu25VC 8h
£ ]
42 4 44 45
Degree(20)
Cu25WC 2h
R
42 43 44 45
26 (degrece)

Figure 4.5 : Peak shiftings of Cu (111) due to carbide type against MA time.

Particle size and distribution of Cu25TaC, Cu25VC and Cu25WC powders against
MA time is given in Figure 4.6.
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Figure 4.6 : PSD of MA’ed a) Cu25TaC, b) Cu25VC and ¢) Cu25WC powders.

As it is clearly seen from the cumulative particle size graphs of the powders, mean
particle size has dramatically shifted to the right, which indicates the decrease to the
submicron scales for Cu25TaC and Cu25WC. The size of the particles was decreased
with increasing milling time of TaC and WC within ductile Cu matrix. However,
Cu25VC particle size and distribution seem to be more homogeneous and less
changed due to MA time. Nano fractions of powders were also measured against
time. Minimum and average particle size of nano fractions were detected as given in

Table 4.5 with the zeta potential values.

The apparent densities of powders seem to be changed very slightly, which provides
information on the flowability of powders (Table 4.6). As it was expected decrease in
the particle size results in the increase in the apparent density. Within this context,
true densities decreased against MA time. It was thought that this occurred because

of high deformation rates. Similar true density values were obtained after annealing.
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These results prove that the suitable process was applied without oxidation or with

negligible contamination rates.

Table 4.5 : PSD of nano fractions and zeta potential values against MA time.

Minimum Zeta
Sample MA time (h) D50 (nm) Particle Potential
Size (nm) (mV)
2 369 109 -43.0
CuzsTaC 387 253 40,6
8 253.3 199.3 -43.2
2 1190 297.9 -66.2
Cuzsve 660 302.3 64.2
8 425 223 -66.1
2 934 515.2 -60.8
CIglC 9§ 876 199.1 -56.4
8 236.4 03.49 -53.3
Leached
Cu25WcC 8 158.3 52.73 -62.9

Table 4.6 : Density values of composite powders against MA time.

. Theoretical Apparent True Green
MA time . . . .
Sample ) density density density density
(g/cm?®) (g/cm?®) (g/lcmd) (g/cm®)
2 3.93 9.70 6.39
Cu25TaC 4 9.88 3.71 9.58 6.22
8 2.72 9.29 5.82
annealed - 9.32 6.28
2 1.55 6.85 4.63
Cu25vC 4 8.16 1.52 6.81 4.25
8 1.27 6.22 419
annealed - 6.20 4.80
2 4.80 9.79 6.67
Cu25WC 4 10.02 4.79 9.75 6.47
8 4.63 8.86 6.18
annealed - 8.86 6.22

The SEM micrographs of powders by increasing milling time were given in Figure
4.7.
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Figure 4.7 : SEM photos of a) Cu25TaC, b) Cu25VC and c¢) Cu25WC for 2, 4 and
8h MA time from left to right, respectively.

Particle behaviours during MA can be clearly observed from SEls. Fractures and
disintegrations occurred for three compositions. Brittle phase is quietly well
distributed in the ductile matrix. However, VC particles seemed to be dispersed in
everywhere as a consequence of low density that leads to high volume constitution
compared to TaC and WC. Large single ductile particles did not fracture, but
deformed and thus formed with little change. Those ductile particles seemed to be
deformed and changed into a flake shape after 8h MA time for Cu25TaC and
Cu25WC particularly (Figure 4.7a and c). Small, fine particles that instituted by
fracturing and ruptured from brittle particles were easily distinguished by BEI of
Cu25WC (Figure 4.8). Owing to density difference, BEI provided the
contrast/brightness distinction that allows distinguishing carbide particles. As seen
from the Figure 4.8, fine particles were obtained after 8h MA time and they observed

as embedded onto larger particles.
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At higher magnifications, the engagement of both phases were noticeably observed
in Figure 4.9. It was considered that small particles belong to WC have cold-welded

to Cu particles thereby composing hard-core solid solution.

Figure 4.9 : SEM photos of Cu25WC after 8h MA time at high magnifications a)
x10000 and b) x30000.

However, as seen from the Figure 4.9, the stage of on-going welding and fracturing
mechanism has continued even after 8 hours milling time. It was noted that the same
situation occurred in particular with Cu-TaC powder mixture in contradiction to Cu-
VC fragmentation behaviour (Figure 4.10). As seen from the figure, the same
phenomenon of WC is effectual to TaC. On the other hand, despite the on-going
fracture of Cu particles of Cu25VC composite powders, VC particles were in
agglomerated form, which was also accordance with particle size and distribution

measurements.
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Figure 4.10 : SEM photos of a) Cu25TaC and b) Cu25VC after 8h MA time at high
magnification x10000.

The EDS maps for three powder mixtures displayed homogeneous distribution of
each phases (Figure 4.11). Particularly, being lighter than TaC and WC, VC particles
were well-distributed than the others which is also promoted by PSD measurements.
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Figure 4.11 : EDS maps of 8h MA’ed a) Cu25TaC, b) Cu25VC and ¢) Cu25WC
powders.
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4.3 Fragmentation Behaviour of Brittle Phase in Fe Matrix

As stated in Table 4.7, true densities were measured lower than theoretical
calculations for all compositions. The true density values decreased by increasing
milling time, which was expected as the nature of imperfection regulated by MA.
Almost for all cases, green density values increased after heat treatment. The internal
stresses must be revealed by the heat treatment, which is compatible with strain
calculations of domains/crystallites of particles. The change in apparent densities
calculated for WC reinforced powders was obtained in higher rate than TaC and VC
reinforced ones. This was concluded because of high hardness and elastic modulus

that effects the fragmentation of particles.

Table 4.7 : Density values of composite powders against MA time.

Mechanical Theoretical Appa(ent True density Gregn

Sample o yjoving time (h)  density (g/cm?) density (glem?) density
ying y (g (glcmS) g (glcmB)

2 2.72 8.80 5.24

Fe25TaC 4 9.53 2.56 8.51 4.94
8 2.43 7.37 4.55

annealed 8.37 5.14

2 1.68 6.68 6.47

Fe25VC 4 7.34 1.40 6.46 6.18
8 1.27 6.29 6.67

annealed 6.36 6.72

2 3.37 9.42 5.08

Fe25WC 4 9.80 3.36 8.65 5.24
8 3.33 8.82 5.34

annealed 8.84 5.38

Density values of the powders were shown in Table 4.7. True densities were
expected to be obtained lower that theoretical density values after introducing the
deformation. The misorientations, fractures and ruptures for all three compositions
and MA durations, except Fe25WC 8h MA’ed powders, were in progress. However,
the same phenomena happened to Cu based composite powders without any
exception. It was also noted that Cu based composite powders’ apparent densities
inclined by increasing MA time, while Fe based ones’ were alternating. This was
thought to be a result of lattice type and Young’s modulus effect that creates
resistance to plastic deformation. Besides the thermal conductivity of Cu is higher
than Fe which is also operative on MA behaviour of particles. The phase analysis
was conducted by X-ray characterization technique and explained by graph as given
in Figure 4.12.
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Figure 4.12 : Diffraction patterns of Fe25TaC, Fe25VC and Fe25WC powders
against MA time.

All the peaks were found as belong to Fe, TaC, VC and WC phases. No any
contamination was observed. Peak intensities of TaC in Fe matrix decreased after 4h
MA which is compatible with true density measurements. Fe25TaC and Fe25WC
powders peaks were also broadened comparing to Fe25VC peaks for the same
milling duration as seen from the Figure 4.12. VC peak intensities increased by
increasing milling time that can be considered as the homogeneous mixture on the
contrary to TaC and WC peaks. They both broadened and their peak intensities
increased owing to continuous milling time. The crystallite sizes of composite
powders decreased by increasing milling time, and as it was expected all strain rates
increased that can be a proof of the peak broadening, which was assumed to be result
of microstresses, coherency strains and crystallite smallness that was also measured
and calculated as given in Table 4.8. However, the lattice parameter of Fe did not
alter by milling time but it has exhibited a fixed parameter even with increasing
milling time. This can be due to highest level of crystal deformation for this milling

time. D-spacings of Fe planes have also change a little.
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Table 4.8 : Crystallite size and strain rates of Fe25TaC, Fe25VC and Fe25WC
powders against MA time.

. - Lattice parameter d-spacings
Sample MA(\ht)lme FPA Williamson-Hall (nm) (nm)
D,nm ¢ % D,nm €, %
0
2 20.03 0.19 20.53 0.14 0.2860 0.2018
Fe25TaC 4 13.30 172 8.75 1.40 0.2860 0.2021
8 1490 158 955 1.29 0.2860 0.2015
annealed 63.6 0.33
0
2 20.03 0.81 14.66 0.17 0.2860 0.2016
Fe25vVC 4 1410 150 7.3 0.21 0.2860 0.2012
8 1590 127 9.23 0.38 0.2860 0.2016
annealed 405 0.23
0 108.2 0.12
2 13.35 048 13.22 0.26 0.2860 0.2019
Fe25WC 4 10.00 0.81 10.23 0.44 0.2860 0.2019
8 760 123 8.86 1.25 0.2860 0.2025
annealed 929 0.27

The Williamson — Hall analysis was also employed to calculate crystallite size and

provide information and peak profile analysis to support particle behaviour during
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Figure 4.13 : Williamson — Hall plot analysis of Fe based composite powders.
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Williamson — Hall crystallite sizes were determined in convolution with TOPAS
software results. The change in sizes was obtained very much similar in the trend of
the true density decreasing. Correlation between the crystallite size and the density
can be understood from results: the smaller the crystallite size, the lower the density.
The W — H graphs also revealed the mechanism of plastic deformation of crystals in
where negative slope indicates compressive loading that its strain broadening must
be very small and negative slope indicates tensile loadings that it has not reached
minimum contribution of strains. Slopes and changes in crystallite size were found
agreeable within each other. Kumar et al. reported that Fe crystallite size reaches
around 12 nm after 20 h of MA by the addition of Cr and Al with 250 rpm rotary
speed (Kumar, 2016). The interesting study of Tung and his colleagues was revealed
that Fe nanoparticles can be fabricated by high-energy ball milling with the speed of
450 rpm and crystallite size can be obtained 10 nm after 16 h (Tung, 2016). In the
presence of MnO, Fe crystallite size was obtained under 30 nm after 20h milling
(Pati, 2014). Kirino and his colleagues has showed that in-situ generated TaC
crystals can be obtained about 5 nm size prepared by sputtering (Kirino, 1996). On
the other hand, VC crystallite size was found in the range of 10-30 nm in the
Lomeava’s study which was focused the production of Fe—VVC—Fe3C nanocomposites

via mechanical synthesis at planetary mill (Lomeava, 2012).

Fe peak intensities seemed to be changed slightly and broadened by increasing
milling time. However, all peaks belong to Fe (110) plane shifted to the same
direction. The change in 260 positions were illustrated in Figure 4.14. Peak belonging
to (110) of Fe were shifted to the same direction comparing to initial places (Table
4.9). It was concluded that these attitudes appeared as a result of distortion and
misorientation in lattice of Fe and Ni owing to tensile and compressive loadings

occurred by mechanical alloying.

Table 4.9 : Change in position of Fe (110) due to carbide type against MA time.

Change in position, 26 (degree)

Plane MA time (h)
Fe25TaC Fe25VC Fe25WC
2 0.4791 0.5866 0.4344
Fe (110) 4 0.2821 0.7568 0.4030
8 0.6000 0.5642 0.0896
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Figure 4.14 : Peak shiftings of Fe (110) due to carbide type against MA time.

On the contrary to Cu matrix, 2-theta position of Fe (110) changed alternately
towards to higher angles by the presence of TaC and VC. With the existence of WC,
2-theta position of Fe (110) plane first increased, but with continuous milling, peak
belongs to Fe (110) decreased and approximately returned to initial position. The
Williamson-Hall plot analysis is in good agreement with the change of Cu (111)

thought to be nature of lattice type, which was related to slip systems, for Cu as FCC

and for Fe as BCC. Besides surface relaxation/compression can be one of the reason.

59

The situation of peak shifting was completely



This alternation of TaC reinforced powders can also be related to difference between

elastic modulus of carbides that provides resistivity to plastic deformation.

Particle size and distribution of Fe25TaC, Fe25VC and Fe25WC powders against
MA time are given in Figure 4.15. Nano particle size and zeta potential
measurements can be followed in Table 4.10.
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Figure 4.15 : PSD of Fe25TaC, Fe25VC and Fe25WC powders against MA time.

Change in D50 value of Fe based composite powders exhibit similar trend. However,
the particle size of Fe25TaC powders decreased by MA duration, while Fe25VC
powders demonstrate fluctuant behaviour. Particle sizes did not change by a wide
margin. In addition, the cumulative graphs indicated that the fine fractions came into

existence by on-going MA.
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Table 4.10 : PSD of nano fractions and zeta potential values against MA time.

Minimum Zeta Potential
Sample MA time (h) D50 (nm) Particle Size
(mV)
(nm)
2 394 1165 416
Fe25TaC 4 324 190.8 -42.0
8 212.8 145 412
2 934 376.2 -60.1
Fe25VC 4 876 153 -65.5
8 236.4 109.7 -62.0
2 489 1825 56.8
Fe25WC 4 391 183 -57.9
8 270.2 117 -50.5
Leached
Fe25WC 8 173.7 80.52 59.6

Figure 4.16 shows SEM images of Fe25TaC, Fe25VC and Fe25WC composite

powders after mechanical alloying for 2, 4 and 8 hours.

Figure 4.16 : SEM photos of a) Fe25TaC, b) Fe25VC and c) Fe25WC for 2, 4 and
8h MA time from left to right, respectively.
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Minimum particle size for Fe25TaC was determined powders as 90.21 nm (Table
4.10). D(50) values revealed that average particle size of fine fractions were obtained
lower for Fe25VC than the others. Fine particles were synthesised from Fe25TaC
powder composition that was also promoted by zeta potential rates. After leaching
Fe25WC and extracting Fe, submicron and nano sized WC particles were obtained
and measured. Similar tendency were observed for WC in Cu matrix concluded as a
result of WC lattice type.

After 8 h milling time, small particles with the size of 1 — 2 pm were observed
among larger ones with the size of 10 — 20 pum. This means that some amount of
initial powder particles was not refined at all. From Figure 4.16a, Fe25TaC particles
were observed as formed in irregular shape consist of pancake, flake particles that
having the least flowability, and tend to be retained between balls — powder surfaces
that cause increasing cohesion that leads into agglomeration with decreasing particle
size. The PSD results and detailed XRD characterizations including crystallite size
and peak shiftings were found compatible with SEM images, reasonably. For the
Fe25VC powders’ MA behaviour, it can be said that the agglomeration tendency
increased by continuing MA due to its lower density than TaC and WC. This
condition has also revealed itself in the more homogeneous distribution of VC
particles and higher visibility of VC presence shown in Figure 4.17. On the contrary
to them, Fe particles in Fe25WC powder were plastically deformed only after 4
hours MA which the initial Fe particles were observed even after 4h MA. This
situation was considered to be led the decrease and fluctuation in density and
crystallite measurements which were given in Table 4.7 to 4.8. In early stages of
milling, Fe particles kept their spherical shape and agglomerated which can be seen
from the Figure 4.16c. It can be clearly seen that the particles formed from irregular
particles that ease fatigue failures, fragmentation, fracture and then to agglomeration
by mechanical interlocking of coarse, rough surfaces occurred only after 8 MA.
However, the mean particle size of Fe25WC powders remained almost constant,
even though the nano fractions were obtained. The noticeable agglomeration was
observed for all powders that may be due to high rotation speed of Spex and as a
consequence, owing to the heating of the powder. In Figure 4.17, BEI of Fe25WC
composite powders can be seen. The smaller and finer particles mainly covering the

bigger Fe particles can be easily distinguished.
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Figure 4.17 : BEI of Fe25WC after 8h MA time (x3000).

The powders MA behaviours can be better understood at higher magnifications. The
morphology of the particles shows irregularity in shape especially for the powders
with TaC and WC reinforcements. It is seen that the process reaches a steady state
when fracturing and welding are almost in balance. The fine particles were observed
after 8 hours milling time among the larger ones. Each particle becomes a
composite/incorporating one synthesized by mechanical alloying, presenting a fine
and homogeneous distribution of the nanometric reinforcement throughout the whole
particle, as shown in Figure 4.18.

Figure 4.18 : SEM photos of a) Fe25TaC, b) Fe25VC and c) Fe25WC after 8h MA
time at magnification x10 000.
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A supportive EDS analysis was obtained that shows the relative homogeneous
composite powders (Figure 4.19). This was concluded as due to density of
reinforcing element that plays critical role to obtain more homogeneous distribution.
At same magnification, it is to be said that the balance was reached between
agglomeration tendency and on-going fragmentation, even though the production of
finer and nano sized particles within composite powder batch.
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Figure 4.19 : EDS maps of 8h MA’ed a) Fe25TaC, b) Fe25VC and c) Fe25WC
powders.

4.4 Fragmentation Behaviour of Brittle Phase in Ni Matrix

With increasing MA time, the true density of the powder mixture decreased as given
in the Table 4.11. The true densities of Ni25VC were noticeably lower than
theoretical density for all MA time. However, this occurred for Ni25TaC and
Ni25WC composite powders only after 8 hours. Both Ni25TaC and Ni25WC
powders true densities were changed dramatically after 8 hours milling time on
contrary to alteration and slight decline in density value of Ni25VC. Apparent
densities that can be evaluated and related to flowability of powders were also
calculated. From the Table 4.11, it can be clearly seen that the change of flowability

was strongly connected with by particle size change.

Figure 4.20 shows the XRD patterns of the 2-4-8 hours MA’ed Ni25TaC, Ni25VC
and Ni25WC powders. All the detected peaks are characteristic of Ni, TaC, VC and
WC, individually. As shown from the Figure 4.20, no secondary phase or
contamination has been observed. XRD patterns of MA’ed powders exhibited a

broadening of diffraction peaks and some decline in intensity.
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Table 4.11 : Density values of composite powders against MA time.

MA time Theore_tical Appar_ent Tru_e Gregn
Sample h) densﬂg}/ denS|t3y denS|t3y den5|t3y
(9/cm®) (g/cm?) (g/cm?) (g/cm?)
2 4.03 10.27 5.94
Ni25TaC 4 10.30 3.42 10.00 S5.77
8 3.02 9.80 6.10
annealed 9.78 6.22
2 1.63 7.78 4.50
Ni25VC 4 8.12 1.66 7.13 4.72
8 1.57 6.80 4.53
annealed 6.80 5.02
2 4.36 10.45 6.08
Ni25WC 4 10.58 4.12 10.11 5.87
8 3.63 10.01 5.94
annealed 10.21 6.09

The crystallite sizes of Ni based composite powders decreased by increasing milling
time, and as it was expected all strain rates increased that can be a proof of the peak
broadening which was assumed result of microstresses, coherency strains and
crystallite smallness that was also measured and calculated as given in Table 4.12.
However, the lattice parameter of Ni did not alter dramatically by milling time but it
gave close values even with increasing milling time. However, the lattice parameter
of Ni was increased by milling time. It can be said that the raise (average 4.9 %) in
the lattice parameter of Ni can be considered as hard-core solid solution. Increase in
lattice parameter also leads an increase in cell volume that gives rise to tensile strain
and reflects the effect of plastic deformation and initiation of distinct defects during
mechanical alloying process. This phenomenon can be seen from same table as the
strain rate changed in direct proportion to reduction in cell volume. Minor changes in

d-spacing of Ni (111) planes were observed.

66



+ O

|
:
ol
| Ul

D Ni
+ TaC

Ni2sTaC2h  _

Ni25TaC 4h

+ TaC

,..,w WUWM

T T T T
20 40 80 100

60
20 (degree)

o] O Ni
= Ve

1‘ |

Ww Wwwwm

2

u

P
20 mrurre)

8 100

oatny

Q Ni
® W(C

(010}

Ci
)
(220) ®(021)

|| \|
M\JW WVl

Ni25VC 2h

Ni25WC 2h

Intensity

2 4
2eu1 gree)

2 O Ni
‘ m Ve

|

|
Mwl w& 2 e

T
20

T T T
a0 60 80 100
20 {deerce)

3
9 Ni
® W(

el

—-Huh

— @1}

g
2 =3
' s Z3

;

|
M\JWW

0220 8021

Ni25VC 4h

= Ni2SWC4h ]

Intensity

T
80

| VO

.0l

—— Ni25WC 8h

Q Ni
® W(C

T ,
20 30 40 50 60 7U BD 920 100
26 (degree)

10

10 20 30 40 50 50 70 BD 90 1 00
26 (degree)

10 20 30

T T T T T T 1
40 50 60 70 80 90 100

26 (degree)

Figure 4.20 : Diffraction patterns of Ni25TaC, Ni25VC and Ni25WC powders
against MA time.

Decrease in crystallite size and increase in lattice strain can be contributed by the
reduction of the intensity and the increase of full width half at maximum (FWHM) as
can be seen in Table 4.12. This is a common behaviour to high-energy ball
milled/mechanical alloyed powders. Rane et al. achieved Ni crystallite size between
15-29 nm after 80 hours milling in planetary ball and below 10 nm after 30 hours
milling in shaker mill by the presence of 15 % W (Rane, 2013). Average crystallite
size of Ni was obtained 58 nm by milling in planetary ball by mechanical coating
method (Yazdani, 2015). Ni was also mechanical alloyed with Ti and its crystallite
size reached below 40 nm only after 50 hours of MA where the rotating speed is 300
rpm (Sharma, 2016).

synthesis of Ni-TaC by laser cladding in order to obtain 0.5 — 2 um grain sizes

In addition WC, Chao and his colleagues has studied in-situ
(Chao, 2008) and also Greer showed that nanocrystalline structures with crystallite

size even below 5 nm are possible by devitrification of sputter deposition (Greer,
2001). However, Ni-VC are lacking.
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Table 4.12 : Crystallite size and strain rates of Ni25TaC, Ni25VC and Ni25WC
powders against MA time.

Sample MA time FPA Wiliamson-Hall Lattice parameter d-spacings
P (h) Dom &% D,nm &% (nm) (nm)
0
2 1540 053 1583 0.25 0.3700 0.2026
Ni25TaC 4 12.43 1.23 10.48 0.40 0.3699 0.2026
8 15.87 0.86 12.89 0.29 0.3534 0.2040
annealed 22.6 0.68
0
2 22.90 0.84 23.61 0.23 0.3544 0.2029
Ni25vC 4 12.56 1.22 6.26 0.47 0.3565 0.2033
8 11.50 1.77 12.96 0.36 0.3517 0.2035
annealed 63.25 0.23
0 1456  0.07
2 a035 014 4647 010 450 0.2032
Ni25wC 4 23.80 055 1392 0.53 0.3698 0.2027
8 17.65 1.13 1286 0.66 0.3699 0.2035
annealed 43.15 0.27

The Williamson — Hall analysis was also employed to calculate crystallite size and

provide information and peak profile analysis to support particle behaviour during
MA (Figure 4.21). Shiftings of strongest peaks belong to Ni (111) due to carbide

type against MA time was shown in Figure 4.22.
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Figure 4.21 : Williamson — Hall plot analysis of Ni based composite powders.
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Figure 4.22 : Peak shiftings of Ni (111) due to carbide type against MA time.
Changes in position of Ni (111) due to carbide type against MA time was given in

Table 4.13.

Table 4.13 : Change in position of Ni (111) due to carbide type against MA time.

Change in position, 20 (degree)

Plane MA time (h) _ _ _
Ni25TaC Ni25VC Ni25WC
2 0.1546 0.0067 - 0.1883
Ni (111) 4 - 0.2084 -0.1995 0.1031
8 - 0.4057 -0.3496 -0.3339

Figure 4.23 shows the cumulative distribution of Ni25TaC, Ni25VC and Ni25WC

powders against MA time.
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Figure 4.23 : PSD of a) Ni25TaC, b) Ni25VC and c) Ni25WC powders against MA
time.

On the contrary, Cu and Fe, Ni based composite powder particle size and distribution
exhibited fluctuated aspect except VC reinforced ones. Comparing to Cu based
powders; the size and distribution were obtained in wide range that was considered
as a result of higher Young modulus despite having same lattice type. Although the
agglomeration tendency increased after 4 hours MA for Ni25TaC and Ni25WC
composite powders, mean particle size of them decreased below initial particle size,
finally. Only with VC reinforcing particles, the mean particle size decreased by
increasing milling time, disagreeably. This situation was thought to be a consequence
of effect of VC density, which resulted in high volume percentage. The ZPs and

minimum particle size of nano fractions can be easily followed in the Table 4.14.
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Table 4.14 : PSD of nano fractions and zeta potential values against MA time.

Minimum Zeta Potential
Sample MA time (h) D50 (nm) Particle Size
(nm) (mV)
2 697 218.7 -58.0
Ni25TaC 4 450 83.8 -47.3
8 204.4 32.8 -59.2
2 493 191.5 -59.1
Ni25VvC 4 440 186.2 -58.9
8 389 166.7 -51.2
. 2 443 227.8 -46.2
NiZ5WC 4 330 154.2 -49.3
8 298.9 107.3 -40.5
Leached
Ni25WC 8 260.2 28.1 -59.3

Zeta potentials were measured far below zero that indicates instability of particles
owing to its presence of nano fractions. The relation between ZPs and minimum
particle size of nano fractions can be easily noticed from the Table 4.14. Minimum
average particle size of nano fractions were measured for Ni25TaC powders, also the
minimum particle size was detected. Although, the particle size of nano fractions was
determined as increasing agglomeration tendency, 28.1 nm size was measured after
leaching 8 hours MA’ed Ni25WC powders.

Figure 4.24 shows the morphologies of the Ni reinforced composite particles with
wt. 25% TaC, VC and WC after 2, 4 and 8 h of milling. After 2 h of milling, very
large particles appeared. Although, there is a certain drop in the particle sizes with
increasing milling time. These agglomerates also contain very fine particles that are
cold-welded together due to the wvery hard plastic deformation. However,
agglomeration tendency was observed as increased after 4h MA for all powder
compositions. Fragmentation of particles continued and fine and nano scaled
particles were observed and detected after 8h. Fracture and fragmentation were
clearly seen for TaC and WC reinforced Ni powders comparing to VC ones.
Although nano fractions were measured, agglomerated particles occurred. Fine and
coarse particles can be observed for all powder batches and MA durations. The
MA’ed Ni25WC powders of low apparent densities show a laminar morphology after
8 h, while the ones with the high apparent density show equiaxial morphology. In a

later stage of the process, the morphology of the particles of Ni25WC changes again
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to an equiaxed one, with better powder packing and an increase in the apparent
density. Figure 4.25 is a back scattered SEM micrograph showing the presence of the
spherical like fine particles that clung onto the larger/agglomerated particles after 8
h. White nanoparticles homogeneously embedded into bigger particles can be seen in
this micrograph. These white nanoparticles are thought to be WC phase, which could

not be dissolved in Ni lattices during MA.

i S SEl“PCiatd

Figure 4.24 : SEM photos of a) Ni25TaC, b) Ni25VC and c) Ni25WC for 2, 4 and
8h MA time from left to right, respectively.
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Higher magnifications disclose the on-going fractures and presence of fine fractions

after 8 h MA for all powder compositions as shown in the Figure 4.26.

MEM-TEK

Figure 4.26 : SEM photos of a) Ni25TaC, b) Ni25VC and c) Ni25WC after 8h MA
time at magnification x10 000.

Fracture surface of Ni particle can be observed from Figure 4.26a. It should be
noticed that submicron particles are in existence among with coarse particles. Finer
fractions were thought to be produced by both fragmentation of Ni and TaC. VC
particles seemed to have more homogeneous distribution. The finer particles detected
as WC phase can be seen easier from Figure 4.26¢c as embedded onto bigger
particles. The distribution of these brittle phases was confirmed by EDS mapping as
given in Figure 4.27. VC was observed as to be well distributed than TaC and WC
which was also remarked in Cu and Fe matrixes. Some particles were in lack of C
(white regions) that indicates the lack of the compound of brittle phase TaC and VC.
The same observation was obtained for Cu and Fe matrixes; therefore this was
concluded as result of higher Young modulus and thermal conductivity of WC than
TaC and VVC which effects the MA.
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Figure 4.27 : EDS maps of 8h MA’ed a) Ni25TaC, b) Ni25VC and c¢) Ni25WC
powders.
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5. BROAD DISCUSSION

Crystallite, particle and grain sizes are frequently confusing (Figure 5.1). It is
commonly stated that the average size of crystallites is determined from XRD, the
distribution of crystallites is determined from TEM, while the average size of
particles is measured by SEM and particle sizers. It is also known that a crystallite is
a long-range order of atoms. However, a particle, though not necessarily, often has
more than one crystallite. Even though XRD gives the crystallite size but not the
particle size, we can sometimes find good agreement between particle sizes obtained
from TEM and XRD analysis, especially in nanoparticles. This may be the case when
the nanoparticles are single crystalline. However, a particle is composed of several
crystallites and can contain multiple domains. The grain and the domain sizes are
seldom the same in a polycrystalline aggregate but it is accepted that they can be the
same in a proper nano sized powder. Different crystallite size models and approaches
together with particle size, SEM, TEM techniques and leaching were applied for
correlation of crystallite and particle sizes. In view of what actually XRD tells us is
the coherent crystalline or domain size including grains, sub grains, twins and other
extended defects like stacking fault and anti-phase boundaries. Therefore, a good
agreement can be established between grain size and crystallite size from XRD and
TEM only when sample does not contain sub grains, twins and extended defects. In
our study, crystallite size and grain size can be used interchangeably. However, the
density values, the strain rates and the results of TEM studies revealed that our
system is full of deformation and consisting of poly-crystals which makes it difficult

to correlate of two (or even three) sizes.
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Figure 5.1 : Schematic illustration of particle, grain and crystallite size.

Table 5.1 : Comparison of crystallite size and strain rates of VC and WC reinforced
metal matrixes according to different approaches.

. FPA (nm) Williamson — Hall C.S. (nm)
MAGR ™M L Y, FWHM 1B

2 1985  15.64 17.46 22.57
Cu25vC 4 2290  18.04 10.11 12.83
8 1010  7.93 13.47 13.47
2 2290  19.65 22.90 30.97
. 4 1256 11.79 12.56 6.79
Ni2sVC 8 1150  10.80 11.50 20.30
2 2003 1871 13.22 15.89
Fe25VC 4 1410  13.24 10.23 7.25
8 1590  14.93 8.86 6.17
2 2063 2578 22.44 26.90
Cu25WC 4 2043 2017 20.13 21.97
8 1699  12.28 14.63 17.0
2 4035  28.8 46.46 35.80
Ni25WC 4 2380  22.2 13.92 17.02
8 1765 153 12.85 7.63
2 13.35  10.42 13.21 15.80
Fe25WC 4 1000  7.32 10.23 7.02
8 760 767 8.86 7.63

Table 5.1 discloses the correlation of different approaches and models to determine
the crystallite sizes of Cu, Fe and Ni during the presence of VC and WC. The results
are in good agreement with different approaches. These calculations were compared

to nano particle size measurements as given in Table 4.10 and 4.14 in previous
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chapters. The calculations with the pseudo-Voigt function resulted lower than
Lorentzian function. For most cases, the same phenomenon was observed by
application of FWHM during W-H plot analysis. One can say that the difference
between the approaches and functions is higher for WC reinforced powders than the
VC ones. It is known when both Gaussian and Lorentzian peak types are observed,
pseudo-Voigt function, as a result of its lattice type, Young modulus and density
value, is more effective in analysing a system which is suitable for WC. Besides, it
was seen that nano particle sizes obtained were approximately 100 nm. The
minimum particle size values are found close to crystallite size calculations.
Although fine particles were synthesized below 100 nm after leaching of metal
matrixes, 52.73 for Cu25WC, 80.5 nm for Fe25WC and 28.1 nm for Ni25WC given
in same tables, it cannot be said that there is a strong correlation between crystallite
size and particle size. However, TEM bright and dark field micrographs confirmed
that nano particles existed among the agglomerated and large particles as shown in
Figure 5.2. The lighter areas indicate, WC (the heavier element), but the top view of
image appears like agglomerated particle consisting of interpenetrated and
overlapped fine and coarse particles belong to both phases, metal matrixes (Cu, Fe
and Ni) and WC. Among them, WC particles were observed under 100 nm, even
below 10 nm in the same time as shown in same figure. Polygonal/spheroidal shaped
and equiaxed shaped particles in sizes varying between 20 nm to 200 nm are
displayed. The ring patterns considered to be polycrystalline part of particles that
exposed the metal matrix phases, were also illustrated (Figure 5.3). The ring patterns
showed the characteristic planes (111), (200) and (220) of Cu; (110), (200) and (211)
of Fe and (110), (200), (220) and (311) of Ni.

a) A.n  if

Figure 5.2 : Nano WC particles among 8h MA’ed a) Cu25WC, b) Fe25WC and c)
Ni25WC composite powders.
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Figure 5.3 : a) Cu25WC particle and Cu ring pattern, b) Fe25WC particle and Fe
ring pattern, c) Ni25WC particle and Ni ring pattern of composite powders after 8h
MA.

In addition to TEM, SEM micrographs provided high-resolution images of fine

particles at high magnification of samples (Figure 5.4).

Figure 5.4 : SEM images of 8 h MA’ed a) Fe25WC and Ni25WC composite
powders (x 240000).
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Nano particles can be seen in the figures clearly. However, it is not easy to
distinguish the particle’s phases. Therefore, EDS mapping at high magnification was
applied to specify which particle belong to which constituent and thus to comprehend
the homogeneity at nano scales (Figure 5.5). It was discovered from the images that
the homogeneity became quiet lower at those sizes. This was concluded as a result of
nano particle agglomeration and condensation between relatively larger particles
clogging the occurrence of more fracture and fragmentation. In order to see the
density effect and distribution of brittle phase in metal matrix, VC distribution was
observed in Cu and Ni matrixes by EDS mapping (Figure 5.6). Likewise, Cu matrix
was substituted Fe in case any influence of matrix type. Despite having relatively
more homogeneous distribution in Cu, the same situation was observed for all
powder compositions after 8 h MA time. As mentioned before, the balance between
fracture and cold welding seem to be established. This phenomenon was tried to be
exposed by SEM fracture surfaces and XRD peak shiftings of brittle phases as given
in Figure 5.7 and 5.8. The cleavage and slip planes and families of TaC, VC and WC
were determined from the literature as (111), {100} and {1100}, respectively
(Martin, 1980). Moreover, it was reported that the transition carbides fractured
commonly on the B1 system {110} <110> (Toth, 1971). Toth has also inclined that
these carbides (TaC and WC particularly) are a candidate to fracture without any
creep. From the figures in which cracks indicate the on-going fracture mechanism
during MA, cracks and fractures can be seen clearly. Hollows that can be observed
obviously in the images can be an evidence of rupture. Peak shiftings of carbides
revealed that hard-core solid solution is tried to be constituted and strongly related to

carbide Young modulus and metal matrix lattice type.
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b)

Figure 5.5 : EDS mapping of 8 h MA’ed a) Fe25WC and Ni25WC composite
powders (x 120000).

b)SEC.Cu

Figure 5.6 : EDS mapping of 8§ h MA’ed a) Cu25VC and Ni25VC composite
powders (x 120000).
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Figure 5.7 : Peak shiftings of brittle phase strongest peaks against MA time.

Figure 5.8 : Cracks, fracture, and rupture surfaces.

Figure 5.9 displays the SEM images of composite powders according to matrix type
after 8h MA time at x 240 000 magnification.
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Figure 5.9 : SEM images of composite powders from right to left Cu, Fe and Ni
matrixes; up to down TaC, VC and WC after 8h MA, respectively (x 240 000).

The SEM images and sizes are in accordance with nano and master particle sizer
results. One can say that thermal conductivity and lattice type are strongly effective
on MA. Having high number of slip planes, close packing planes, hexagonal and fcc
structures have a great influence on fine particle production. Therefore, Cu matrixes
are the most suitable for synthesizing WC particles, followed by Ni matrixes thanks
to their fcc lattice structure. Both Cu and Ni were more suitable than TaC, VC and
Fe. Microstructural photos of 8h MA’ed Cu25WC after leaching Cu, which reveals
the nano particle presence, were given in Figure 5.10. As seen in the figures, nano

particles are in existence among with larger particles.

Particularly, the fragmentation behaviour of WC in different matrixes was studied. It
was seen that nanocrystalline WC particles can be produced through these metal
matrixes. In this context, the initial and MA’ed crystallite size of WC phase was
determined and initial WC phase was found as 134.6 nm. The reduction in crystallite
size was observed with increasing MA durations. The smallest crystallite sizes were
obtained as 16.96 nm, 36.60 nm and 24.73 nm for 8h MA’ed Cu25WC, Ni25WC and
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Fe25WC, respectively. It was observed that the fragmentation of WC phase
continues by MA time, simultaneously. In Figure 5.11 calculated WC crystallite
sizes after MA in different metal matrixes and TEM micrograph of single WC
particle detected in 8 h MA’ed Cu25WC composite powder are given. The change in
crystallite size of WC phases can be seen in Figure 5.11a. In addition, nano sized
particles were verified with microscopic studies. TEM image of 8 hrs mechanically
alloyed WC particle in Cu matrix was given in Figure 5.11b as an example. As seen
in the figure, hexagonal shape of single WC particle measured as 17.22 nm can be
easily observed with distorted angles between lattice edges. The calculated crystallite
size of WC was found agreeable with TEM results. In Bonache’s study, the X-ray
diffraction profile analysis revealed a WC phase refined to a crystallite size of 19 nm
after 100 h milling at planetary ball mill (Bonache, 2011). Another research done by
Silva showed that the crystallite size of WC reaches below 40 nm after 10 h
cryogenic ball milling (Silva, 2010). Besides, Back and his colleagues reported that
Co addition decreases the crystallite size of WC particles under 30 nm in same
duration (Back, 2005). However, in this study, it was presented that WC crystallite
size can be obtained under 20 nm for shorter milling durations with the presence of
high rate of ductile matrix. Consequently, it can be said that XRD results confirm
that our milling process has the possibility of synthesizing fine structured particles in

shorter MA durations that can be considered as an advantage.

a) )

Figure 5.10 : SEM image of 8h MA’ed Cu25WC composite powder after leaching
in H2SO; at different magnifications a) x60 000 and b) x240 000.
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Figure 5.11 : a) Calculated WC crystallite sizes after mechanical alloying in
different metal matrixes and b) TEM micrograph of single WC particle detected in 8
h MA’ed Cu25WC composite powder.

XRD study (given in Figure 5.12) was also performed on leached Cu to be sure of
only WC production. Same phases were observed even after leaching. The
diffractogram of 8h MA’d Cu25WC powders before leaching represents stronger
broadening which can be a result of imperfections such as dislocations, vacancies,
interstitials, substitutional and similar defects are to generate a distribution in the d-
spacings of lattice planes. Furthermore, the XRD peaks of 8h MA’d Cu-WC
composite powders after leaching are smooth and the intensities are lower than the

powders before leaching.

Cu25WC 8h after leaching in H,SO,

® ® WC

M T M T M 1
20 40 60 80
20 (degree)

Intensity

Figure 5.12 : XRD graph of WC particles after leaching of Cu from 8 h MA’ed
Cu25WC composite powders.
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6. CONCLUSIONS

The production of brittle particles in submicron/nano sizes and synthesis
nanostructured composite powders within different ductile matrixes by mechanical
alloying was aimed in this thesis. Within this scope, the fragmentation behaviour of
carbide and metal powders were investigated. Different particle size and crystallite
size approaches were applied to understand the appropriate characterization
technique for further studies. The outputs of this dissertation can be listed as below:

v Production of nanostructured composite powders for different industries is
possible by reinforcing high amount of carbide. The base metal’s physical
properties such as Young modulus and thermal conductivity are strongly
effective on successful MA. Therefore, Cu was found to be most suitable
material for production of nano sized particles. However, Ni was also a great
candidate for production of nanostructured composite powder. Nano particles
even under 20 nm were achieved to be synthesized for all powder
compositions. The finer particles thought to be brittle phase were found as

embedded onto bigger particles.

v Crystallite and particle sizes can be equalized for single crystals, likely. In
addition, nano sizer measured the smallest sizes, which corresponds the
crystallite sizes of some powder compositions. Williamson — Hall plot analysis
was an effective way to ensure the crystallite size calculated by using software
programs and to understand the deformation behaviour/type. Pseudo — Voigt
profile analysis was found to determine anisotropic peak broadenings and peak
asymmetries by considering both profile shapes. However, one can say that all

results from various models are in converge.

v Although the relative homogenous composite powders were produced at least
for macro level, non-homogeneous particle distribution was detected for nano
levels at high magnifications. The density of carbide was strongly influential

on the distribution.
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v/ Not any new compounds were detected that constituted between carbide and
metal phases. However, hard-core solid solution was considered to be occurred
according to XRD peak shiftings and density changes.

v" MA time for VC was found more effective than TaC and WC for all matrixes.
It was observed that MA time was less effective for Fe matrix, which was
concluded as a result of lattice type considering with elastic modulus. The peak
intensities were similar against time. Almost the same phenomenon was seen
for Ni matrix except VC presence that was considered effect of VC density.
This was a remarkable effect of Young modulus according to results.

v As a result, production of Fe, Ni and Cu based composite powders having
different types of carbides have been realized via MA for the direct or indirect
utilization in different engineering applications as final product.
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