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BOR KARBÜR İLAVESİNİN VOLFRAM MATRİSLİ KOMPOZİTLERE 
YAPISAL VE MEKANİKSEL ETKİLERİ 

ÖZET 

 
Bu tezin amacı, mekanik alaşımlama yöntemiyle W-C ve W-B4C-C kompozitlerini 
sentezlemek ve geliştirmektir. Mekanik alaşımlama ile ağırlıkça %2 bor karbür (B4C) 
fazının nanoyapılı volfram (W) matris içerisine dispersoidler olarak dağılması sonucu 
nanokompozit elde edilmiştir. 

W-B4C-C (ağ. %1) nanoyapılı kompozitin mekanik alaşımlama işlemleri, 10, 20 ve 30 
saat boyunca kuru ve sıvı ortam olmak üzere iki farklı koşulda Spex öğütücü 
kullanılarak gerçekleştirilmiştir. Bor karbürün etkisini incelemek amacıyla aynı şartlar 
altında karbür ilavesi kullanılmadan volfram matrisli W-C (ağ. %1) nanokompozitleri 
de üretilmiştir. 

Mekanik alaşımlanmış volfram esaslı nanoyapılı nanokompozit tozlar, Lazer 
difraksiyon tane boyut analizi cihazı, Taramalı elektron mikroskobu (SEM) ve X-
ışınları difraktometresi (XRD)  ile karakterize edilmiştir.  

Sıvı ortamda; etil alkol içinde mekanik alaşımlanmış tozlar preslenmeden önce ağ. %3 
Polyetilen Glikol (PEG) ile homojen olarak karıştırılmıştır. Kuru ortamda alaşımlanan 
tozlar için PEG kullanılmamıştır. Tüm tozlar oda sıcaklığında tek eksenli pres 
yardımıyla 500 MPa basınç altında preslenmiştir. Soğuk preslenen numunelerin yaş 
yoğunluk değerleri boyutsal analiz yöntemiyle belirlenmiştir. Numuneler 1680˚C’de 
Anter™ Dilatometre kullanılarak hidrojen atmosferi altında sinterlenmiştir. Aynı 
özellikteki diğer numuneler ise 1770°C’de Linn™ fırınında hidrojen altında 
sinterlenmiştir. Son aşamada ise nanokompozitlerin karakterizasyon incelemeleri 
yapılmıştır ve kompozitlerin yapısal ve mekaniksel özellikleri belirlenmiştir. Bu 
incelemeler XRD, optik mikroskop, SEM ve Vickers mikrosertlik cihazları 
kullanılarak gerçekleştirilmiştir. Sinterlenen numunelerin yoğunluğu Arşimet 
prensibine ve boyutsal analiz yöntemine göre hesaplanmıştır. Yapılan karakterizasyon 
çalışmaları sonucunda volfram matrisindeki bor karbür ilavesinin etkileri analiz 
edilmiştir. 
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THE EFFECT OF BORON CARBIDE ADDITION ON THE STRUCTURAL 
AND MECHANICAL PROPERTIES OF TUNGSTEN MATRIX 
COMPOSITES 

SUMMARY 

The aim of this dissertation work is to synthesize and develop W-C and W-B4C-C 
composites using mechanical alloying. By using mechanical alloying technique, wt 
%2 boron carbide phase is distributed homogeneously into tungsten matrix and 
nanocomposite is obtained. 

Mechanical and mechanochemical synthesis of W-B4C-C (wt %1) nanocomposite was 
fabricated by using Spex mixer high energy mill for 10, 20, 30 hours. Mechanical 
alloying (MA) process was done in two different conditions, such as wet MA in ethyl 
alcohol and MA in dry condition. To examine the effect of the boron carbide addition, 
in the same conditions, W-C (wt %1) tungsten matrix composites were produced 
without using boron carbide. 

Characterization investigations of the mechanically alloyed nanostructured and 
nanocomposite tungsten based powders were carried out using Laser Diffraction 
Particle Size Analyzer, Scanning Electron Microscope (SEM) and X-Ray 
Diffractometer (XRD). 

Powders which were mechanical alloyed in wet conditions were mixed 
homogeneously with Polyethylene Glycol (PEG). Mechanical alloyed powders in dry 
condition were not needed mixing with PEG to increase cold pressing ability. Powders 
were cold pressed in the uniaxial hand press machine under 500 MPa pressure at room 
temperature. Green densities were calculated by dimensional analyses. Bulk samples 
were solid phase sintered at 1680°C in Anter™ Dilatometer under H2 atmosphere and 
the similar bulk samples were solid phase sintered at 1770°C in Linn™ furnace under 
H2 atmosphere. Finally, microstructural and mechanical characterization investigations 
were applied to the composites. These investigations were carried out by using XRD, 
optical microscope, SEM and Vickers microhardness machine. Densities of the 
sintered composites were calculated by using Archimedes principle and dimensional 
analyses. As a result, the effects of boron carbide addition in the tungsten matrix 
composites were analyzed.  
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1. INTRODUCTION 

Not only tungsten has high density value of 19.25 g/cm3, but it is also one of the 

heaviest metals in the world. Its melting point varies between 3387°C and 3422°C 

which is extremely high among the elements except carbon. Tungsten (W) is a 

transition element which belongs to group VI in the periodic table. In addition to 

high modulus of compression and elasticity, tungsten has also very high thermal 

creep resistance, high thermal and electrical conductivity and a very high coefficient 

of electron emission. Furthermore, tungsten has superior mechanical properties like 

good high temperature strength, good corrosion resistance and low coefficient of 

thermal expansion. Due to these properties, tungsten is an attractive material for 

many important structural applications at high temperatures [1]. 

High temperature strength of tungsten is enhanced with fine dispersed particles. As 

dispersion strengtheners, refractory carbide, nitride and oxide phases have been used 

primarily to develop the mechanical properties of tungsten and its alloys [5]. The 

carbides and nitrides can be dispersed along the grain boundaries, and cause 

strengthening of the grain boundary and hinder the migration of the grain boundary 

at high temperature. 

Tungsten and tungsten alloys dominate the market in applications for which a high-

density material is required, such as kinetic energy penetrators, counterweights and 

flywheels [36]. The high melting point of tungsten makes it an attractive choice for 

structural applications exposed to very high temperatures. In addition, tungsten is 

used at lower temperatures for applications that can use its high elastic modulus, 

density, or shielding characteristics to advantage [36]. 

Boron carbide (B4C) is a non-ceramic material which has strong covalent bond. The 

basic application area of B4C is determined due to its excellent wear resistance and 

high strength [16]. It has a low density but a high elastic modulus and high 

compressive strength, which leads to its use as a ballistic material. Consequently, 

B4C is characterized by its extreme hardness, low sintering ability without using any 

sintering aid, good chemical resistance, good nuclear properties and low density [16]. 
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Powder particle sizes of Tungsten (W) and boron carbide (B4C) can be reduced via 

mechanical alloying before compaction. Mechanical alloying (MA) is a significant 

technology that has received worldwide attention as a means of producing 

metastable, non equilibrium alloy phases and is has a large potential for producing 

amorphous alloys, nanocrystalline materials and oxide dispersed strengthened (ODS) 

superalloys, as well as for metal nitrides and hydrides [46]. In the mechanical 

alloying process, powders are subjected to highly energy impact forces by ball 

milling, therefore the powder particles are periodically trapped between colliding 

balls and are plastically deformed, generating a wide of dislocations as well as other 

lattice defects [37]. A major concern in the processing of metal powders by 

mechanical alloying is amount of impurities that get into the powder and contaminate 

it [43]. 

Nanocrystalline materials which are obtained with mechanical milling, have 

increased strength, high hardness, and extremely high diffusion rates and 

consequently reduced sintering times for powder compaction. 

The ordered nature of intermetallics formed by mechanical alloying process has 

attractive elevated temperature properties such as high strength, increased stiffness 

and excellent corrosion (oxidation) resistance [13]. These behaviours are the 

consequence of the reduced dislocation motion and low diffusivities, since pairs of 

dislocations need to move together to preserve the ordered nature of dislocations. 

Diminish in dislocation motion causes low ductility and low fracture toughness, 

therefore large scale of industrial applications of intermetallics is restricted.  

Mechanical alloyed powders are characterized for their size, shape, surface area, 

phase constitution and microstructure properties. Scanning electron microscope 

(SEM), X-ray diffractometer (XRD) and laser particle size analyser (PSA) is mostly 

used for powder characterization.  

After characterization and consolidation of the milled powders, sintering is 

performed in order to provide the compacts with the necessary physical and 

mechanical properties and obtain higher density. During sintering, the powder 

particles bond into a coherent body at elevated sintering temperatures, in the 

presence of a suitably controlled atmosphere. Sintering temperature is below the 
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melting point of the single metal powder or the solidus temperature of the 

homogeneous alloy powder. 

The sintering of tungsten and tungsten composites are influenced by several factors 

such as sintering time, temperature, particle size, atmosphere, purity of powders and 

compacts, compacted density, thermal gradients, heating rate, cooling rate, particle 

size distribution, compact weight, gravity and friction and additives for instance, 

dispersed oxides and sintering activators [47]. Sintered composites which are 

obtained for example from the fine dispersion of B4C phases in the nanostructured W 

matrix are characterized to determine the enhanced microstructural and mechanical 

features by Archimedes method, SEM, XRD, PSA, optical microscope and 

microhardness machine. According to the characterization results, due to the 

properties of developed or created sintered products, the application areas are 

widened and new application opportunities are achieved. 

 

 

 

 

 3



2. COMPOSITE MATERIALS 

2.1. Composites 

Composite materials are produced by combining two dissimilar materials into a new 

material that may be better suited for a particular application than either of the 

original materials alone. The necessity of inventing composite materials is to obtain 

both high specific strength and high specific elastic modulus properties joined in one 

material. Composite materials generally have many superior mechanical properties 

such as high strength, high rigidity, high fatigue strength, excellent wear resistance, 

high thermal capacity, good corrosion resistance, good thermal and thermal 

conductivity, and low weight [13].  

Selection of the optimum suitable matrix and reinforcement affects the mechanical 

and physical properties of the composite. In spite of its production being so difficult 

and the product is not recyclable and expensive, its improved mechanical properties 

made composite materials challenging. These composites are designed to obtain 

unexpected mechanical properties rather than improving strength of the input 

materials. Metals, ceramics, glasses, polymers and cement can be combined in 

composite materials to produce unique characteristics such as stiffness, toughness 

and high temperature strength.   

Classification of composite materials consists of three main divisions such as particle 

reinforcement, fiber reinforcement and structural composites. The dispersed phase 

for particle reinforced composites is equiaxed. Large particle and dispersion 

strengthened composites are the two sub-classifications of particle reinforced 

composites. The distinction between these is based upon reinforcement or 

strengthening mechanism. 

2.1.1. Particulate Composites 

Many composite materials are composed of just two phases; one is termed the 

matrix, which is continuous and surrounds the other phase, often called the dispersed 

phase.  
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Particulate composites have additive constituent which is essentially one or two 

dimensional and macroscopic. Only on the microscopic scale of the particles become 

dimensional, thus the concept of the composites must come down to the microscopic 

level if it is to encompass all the composites of interest to engineers. Particulate 

composites differ from the fiber and flake types in that distribution of the additive 

constituent is usually random rather than controlled. Load is carried by both the 

reinforcement and the matrix. Particulate composites are therefore usually isotropic 

[8]. 

2.1.2. Dispersion Strength Composites 

Dispersion hardened alloys generally consist of a hard particle constituent in a softer 

metal matrix. Homogeneously dispersed particles have a diameter range varying 

between 0.01 – 0.1 µm and the volume amounts change between %1-15. These fine 

particles block the motion of the dislocations and the matrix carries the loads as a 

result strength of the composite increases.  

Strength of a dispersion hardened composite is directly proportional to the hardness 

of the dispersed particle since the particle must resist the stresses caused by 

dislocation pileups against it. Coherency strains between particle phase and matrix 

also affect strength. Low energy at the particle matrix interface implies good 

coupling, which is necessary if the particles are to act as barriers to dislocation flow. 

High interfacial energy, on the other hand, is equivalent to a hole surrounding a 

particle. This would not only be a poor barrier to dislocation motion but would also 

act as a microcrack in the structure [8].  

As the particle size of the particles increases, the strength of the composite reduces. 

Since the size of the particle sizes determine the space between particles, if the size 

of the particle becomes smaller at the same volume ratio, the durability of the 

composite increases due to the particle’s more influential control over the dislocation 

movements [13]. Finer particle spacing improves ductility and thermal and electrical 

conductivity. Spacing of 0.2 to 0.3 µm provides the best of these properties. The 

same interparticle spacing can be developed with a wide range of particle diameters 

[8].  

Because of the wide range of particle variables, particles combined in a matrix can 

produce composites with many unusual properties. Dispersions in metals can greatly 
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expand the temperature range of use, as well as to strengthen the matrix. In this 

regard, cermets are mixtures of ceramics and metals which offer the engineer an 

opportunity to combine the properties and take advantage of the inherent 

characteristics of both [8]. For example, ceramics do not degrade at high temperature 

but lack ductility. Combining ceramic particles in a metal matrix result in a 

composite that has better ductility than the ceramics alone along with good high 

temperature resistance. 

Metal-plastic composites are among the most widely used groups of the particulate 

composites and have many interesting characteristics [8]. Transparent plastics 

heavily filled with metal powder, for example, take on the colour of the powder. 

Plastic-metal combinations can also reduce electrical resistivity of the plastics. 

Resistance and capacitors can be tailored to yield an infinite range of resistivity 

through combinations of metal powders and conductive carbon blocks [8].   

2.1.2.1. Metal Matrix Particle Reinforcement 

Metal matrix reinforcements can be generally divided into five major categories such 

as: continuous fibers, discontinuous fibers, whiskers, wires and particulates. 

Reinforcements are generally ceramics, except wires which are metals. Typically 

these ceramics are oxides, carbides and nitrides which are used because of their 

excellent combinations of specific strength and stiffness as both ambient and 

elevated temperatures. Particle reinforcements can be obtained with varying levels of 

purity and size distribution.  

The strength of particle reinforced metal matrices depends on the diameter of the 

reinforcing particle, the interparticle spacing, the volume fraction of the 

reinforcement and the condition at the matrix reinforcement interface. The 

importance of the interface in composites is recognized in all fields of technology. 

Therefore some bonding must exist between the ceramic reinforcement and the 

matrix for load transfer from matrix to reinforcement to occur. Neglecting any direct 

loading of the reinforcement, the applied load is transferred via a well bonded 

interface. Powder metallurgy technique can attain a more uniform distribution of 

particulates in the metal matrix without or with less excessive reactions between the 

matrix and reinforcement [6, 10]. 
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In recent studies, much attention has been paid to the powder metallurgy (P/M) 

processing which has the advantages of controlling microstructure, improving 

property, and obtaining near-net-shape products. It consumes less material, and 

eliminates the machining process. Powder metallurgy is a cheaper production 

process. It is now possible to produce sintered parts with properties equal to and even 

superior to those of parts made by more traditional routes [16, 11]. The conventional 

powder metallurgy route for making MMCs includes; mixing and blending, 

consolidation, e.g. hot pressing and secondary process e.g. extrusion, rolling. 

Theoretically, when secondary processing with a large enough deformation is 

introduced, homogeneous distribution of reinforcements could be achieved 

regardless of the size difference between matrix powder and reinforcement particle. 

Unfortunately, the final size should ideally be net product, or near-net product, thus 

the reduction ratio in secondary deformation is limited. Another limitation is that the 

size difference between the matrix powder and reinforcement particle should be 

small for a uniform distribution, which is often not the case. This is exacerbated for 

large vol% of reinforcements in the matrix [11]. Lack of formability is another 

problem. Metals with ceramic reinforcements are difficult to consolidate during both 

hot pressing and extrusion, even in the presence of lubricants and optimal die 

designs. Fir-tree cracks are frequently found on the surfaces of extrudates and are 

often attributed to high extrusion temperature, high extrusion speed or high friction. 

These cracks are intergranular and result in poor mechanical properties and waste 

materials. When the reduction ratio is increased, this phenomenon is more apparent. 

Overcoming this difficulty in extrusion will improve the quality of extrudates and 

increase the extrusion yield [11]. 

Ceramic – metal interfaces are generally formed at high temperatures. Diffusion and 

chemical reaction kinetics are faster at elevated temperatures. In general, ceramic 

reinforcements have a thermal conductivity smaller than that of most metallic 

matrices. Therefore, if a composite is subjected to a temperature change, thermal 

stresses are generated in both components [6].  

There has been growing interest in the last decade in the development of metal 

matrix composites (MMCs) for the aerospace industry because of their attractive 

physical and mechanical properties and enhanced elevated temperature capabilities 

[9]. The application areas of the metal matrix composites include not only aerospace 
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but also automotive industry. Applications in which the dynamic response of particle 

reinforced MMCs is important include aerospace structures subjected to missile and 

bird impacts, personnel armour and vehicle armour in defence applications, and some 

high speed manufacturing process [9]. Nowadays metal and ceramic based 

composites are applied on the jet engine motors and structural frame of airplanes in 

stead of traditional materials. Since metal matrix composites have better mechanic 

damping ability, they are considered to be more effective even for aerospace craft 

constructions [13]. 
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3. MATERIALS SELECTION 

3.1.  Tungsten  

3.1.1. History 

The history of tungsten goes back to the 17th century. The miners in the Erz 

Mountains of Saxony noticed that certain ores disturbed the reduction of cassiterite 

(a tin mineral) and induced slagging. "They tear away the tin and devour it like a 

wolf devours a sheep", a contemporary wrote in the symbolic language of those 

times. The miners gave these annoying ore German nicknames like "wolfert" and 

"wolfrahm" (which means wolf froth) [16]. In 1758, the Swedish chemist and 

mineralogist, Axel Fredrik Cronstedt, discovered and described an unusually heavy 

mineral that he called "tung-sten", which is Swedish for heavy stone. He was 

convinced that this mineral contained a new and, as yet undiscovered, element [16]. 

It was not until 1781 that a fellow Swede, Carl Wilhelm Scheele, who worked as a 

pharmacist and private tutor in Uppsala and Köping, succeeded in isolating the oxide 

(WO3) [16]. 

Independent of Scheele, two Spanish chemists, the brothers Elhuyar de Suvisa, first 

reduced the mineral wolframite to tungsten metal in 1783. 

Jöns Jacob Berzelius in 1816 and later also Friedrich Wöhler in 1824 described the 

oxides and bronzes of tungsten and gave the new metal the name "wolfram". While 

this established itself in Germany and Scandinavia, the Anglo-Saxon countries 

preferred Cronstedt’s "tungsten". 

In 1821, K.C. von Leonhard proposed the name "Scheelite" for the mineral CaWO4.  

The first attempts to produce tungsten steel were made in 1855, but industrial use 

was not possible because of the high price of tungsten metal [16]. 

The first industrial application of tungsten was the alloying and hardening of steels 

late in the 19th century. Rapid growth and widespread application followed the 

invention, and the launch of high speed steels by Bethlehem Steel took place in 1900 

at the Paris World Exhibition. 
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The second important breakthrough in tungsten applications was made by W. D. 

Coolidge in 1903. Coolidge succeeded in preparing a ductile tungsten wire by doping 

tungsten oxide before reduction [16]. The resulting metal powder was pressed, 

sintered and forged to thin rods. Very thin wire was then drawn from these rods. This 

was the beginning of tungsten powder metallurgy, which was instrumental in the 

rapid development of the lamp industry [16]. 

The year 1923 is the next important milestone in the chronology of tungsten. It marks 

the invention of hard metal (combining WC and Cobalt by liquid phase sintering) by 

K. Schröter and the corresponding application for a patent which was granted to 

Osram Studiengesellschaft in Berlin and licensed to Krupp in Essen in 1926. 

Nowadays, hard metal (cemented carbide) is the main application for tungsten [16]. 

3.1.2. Mining and Processing 

Tungsten is usually mined underground. Scheelite (CaWO4) and wolframite ((Fe, 

Mn)WO4) are frequently located in rather narrow veins which are slightly inclined 

and often widen with the depth. Open pit mines exist but are rare. Most tungsten ores 

contain less than 1.5% WO3 and ore dressing plants are always in close proximity to 

the mine. The ore is first crushed and milled to liberate the tungsten mineral crystals 

[16]. 

Scheelite ore can be concentrated by gravimetric methods, often combined with froth 

flotation, whilst wolframite ore can be concentrated by gravity, sometimes in 

combination with magnetic separation. 

Most tungsten concentrates are processed chemically to ammonium paratungstate 

(APT). Secondary raw materials like (oxidized) scrap and residues are another 

important feed for chemical tungsten processing. APT [(NH4)10W12O41.5 H2O] is the 

main intermediate and also the main tungsten raw material traded in the market. APT 

is usually calcined to yellow or blue oxide (WO3 or W20O58). 

Yellow or blue oxide is reduced to tungsten metal powder by hydrogen. The 

reduction is carried out in pusher furnaces, in which the powder passes through the 

furnace in boats, or in a rotary furnace, at 700-1000°C [16]. 
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3.1.3. Properties 

Tungsten, also known as Wolfram, lapis ponderosus or Heavy Stone, has the highest 

melting point (vary between 3387°C and 3422°C) of all elements except carbon. It 

also has excellent high temperature mechanical properties and the lowest expansion 

coefficient of all metals. A temperature of about 5700°C is needed to bring tungsten 

to boil which corresponds approximately to the temperature of the sun’s surface. 

With a density of 19.25 g/cm3, tungsten is also among the heaviest metals. Its 

electrical conductivity at 0°C is about 28% of that of silver which itself has the 

highest conductivity of all metals. Tungsten has the chemical symbol W and is the 

element 74 of the periodic table. 

Besides amorphous tungsten, three modifications such as α-tungsten, β-tungsten, γ-

tungsten are defined. α-tungsten is the only stable modification. It has a body-

centered cubic lattice [1]. β-tungsten is a metastable phase and converts to α-tungsten 

when heated above 600 to 700 °C. β-tungsten forms at least partially during low 

temperature hydrogen reduction of tungsten oxides. γ-tungsten is also formed by the 

modification of α-tungsten when heated above 700 °C [1].  

Pure tungsten is a shiny white metal and, in its purest form, is quite elastic and can 

easily be processed. Usually, however, it contains small amounts of carbon and 

oxygen, which give tungsten metal its considerable hardness and brittleness [16]. 

Most of these unusual properties are due to the half-filled 5d electron shell with a 

very high binding energy of the tungsten metal lattice. Based on these properties, 

tungsten, tungsten alloys and some tungsten compounds cannot be substituted in 

many important applications in different fields of modern technology [16]. 

The mechanical and physical properties of tungsten are given in Table 3.1. 

 

 

 

 

 

 

 

 11



Table 3.1: Physical properties of Tungsten [17, 18, 32] 

Density (g.cm-3) 19.3 

Molecular Weight (g/mol) 183.84 

Melting point (˚C) 3370 

Vickers Microhardness (GPa) 3.43 

Tensile Strength, Ultimate (MPa) 980 

Tensile Strength, Yield (MPa) 750 

Electrical Resistivity (µΩ.cm) 5.65 

Magnetic Susceptibility 3.3e-7 

Specific Heat Capacity (J/q-˚C) 0.134 

Thermal Conductivity (W/m-K) 163.3 

Thermal Expansion Coeff. x10-6 (°C) 4.5 

Bravais Lattice Body Centered Cubic

 

3.1.3.1.  Density 

The density of tungsten, equal to that of gold, is among the highest of all metals. 

Measured densities of sintered materials may vary significantly, since full density is 

only achieved after heavy working. The outstanding mechanical properties of 

polycrystalline tungsten are the high strength and yield point at elevated temperature 

and the high creep resistance. 

3.1.3.2. Elasticity   

In regard to elasticity, at least below room temperature, tungsten behaves nearly 

isotropically. The elastic constant of polycrystalline tungsten is shown in Table 3.2. 

Table 3.2: The elastic constants for polycrystalline tungsten at 20 °C [1] 

Young’s modulus, E 390   -   410  GPa 

Shear modulus, G 156   -   177  GPa 

Bulk modulus, K 305   -   310  GPa 

Poisson’s ratio, ν 0,28  -   0,30 GPa 
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Tungsten features the lowest vapour pressure of all metals, very high moduli of 

compression and elasticity, very high thermal creep resistance, high thermal and 

electrical conductivity and a very high coefficient of electron emission [25]. Superior 

mechanical properties like high melting point, good high temperature strength, good 

corrosion resistance and low coefficient of thermal expansion make tungsten an 

attractive material for many important structural applications at high temperatures 

[5]. Tungsten has the highest ductile – brittle transition temperature among group 

VIA metals. In addition, high purity and smaller grain sizes lower the DBTT. 

Tungsten’s strength decreases greatly with increasing temperature. However, it can 

even be improved by alloying tungsten with certain metal oxides or carbides. Most 

studies to improve high temperature strength of tungsten enhanced with fine 

dispersed particles [25, 5, 50 and 16]. 

Tungsten has received attention with a view of improving the high temperature 

mechanical properties. As dispersion strengtheners, refractory carbide, nitride and 

oxide phases, such as TiC, ZrC, HfC, TiN, La2O3, Sm2O3, ThO2, ZrO2, etc. have 

been mainly used to improve the mechanical properties of tungsten and its alloys [5]. 

The carbides and nitrides dispersed along the grain boundaries, and cause 

strengthening of the grain boundary and hinder the migration of the grain boundary 

at high temperature [5]. The oxide phases, when dispersed finely enough, are used 

primarily to control the growth of recrystallized grains in annealed tungsten, and to 

produce interlocked grain structures similar to those doped tungsten [5]. However, 

their content in tungsten is usually less than vol %3. Due to the low content of these 

reinforcements, the strength drastically drops at high temperatures [5]. 

Metallic tungsten and tungsten alloy mill products account for about 16% of the 

world’s total consumption. Tungsten and tungsten alloys dominate the market in 

applications for which a high-density material is required, such as kinetic energy 

penetrators, counterweights and flywheel. Other applications include radiation 

shields and x-ray targets. In wire form, tungsten is used extensively for lighting, 

electronic devices, and thermocouples. The high melting point of tungsten makes it 

an obvious choice for structural applications exposed to very high temperatures. 

Tungsten is used at lower temperatures for applications in which high elastic 

modulus, density, or shielding characteristics can be utilized to advantage. Tungsten 
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and tungsten alloys can be pressed and sintered into bars and subsequently fabricated 

into wrought bar, sheet, or wire. Many tungsten products are intricate and require 

machining or molding and sintering to near-net shape and cannot be fabricated from 

standard mill products [36].  

3.1.4. Mechanical Alloying of Tungsten Based Alloys 

Mechanical alloying is a powder metallurgy technique that involves the mechanical 

milling of reactants to form product phases. Some carbide that form during 

mechanical alloying (MA) does so by combustion and other by continues reaction. 

Le Caёr et al. [41] demonstrated that many carbides and silicates could be 

synthesised by the MA of elemental powders, producing both stable and metastable 

compounds with a high defect density. Moreover, Conttrell suggested that the 

possible crystallographic locations of carbon atoms in the unit cell determine if 

carbide can form and that the crystal structure of the carbide depends on the nearest 

neighbours of the carbon atoms are in octahedral or trigonal configurations. This has 

been used to explain the formation of many transition metal carbides [41].  The 

reaction conditions and products that tungsten metal does with boron and carbon are 

mentioned in Table 3.3. 

Table 3.3: Reactions of Tungsten Metal with Non-metals [1] 

Element Reaction Conditions Remarks Products 

Boron 

W + B (amorphous) powder 
mixture compacts 

500°C in H2/1 hour 

800-1200°C in Ar/2 hours 

Individual boride formation 
depends on  

W/B ratio 
W2B,WB, W2B5, WB4

Carbon 

Reaction between  

800-1900 ˚C 

800˚C 
 

1050˚C 
 

1550˚C 
 

1900˚C 

Depending on reactant form 
and atmosphere 

• CVD carbon layer on W 
foil 

 
• Fine powder mixture 
 
• Polycyst. Wire in C 

powder 
 
• Monocryst. W wire in C 

powder 

W2C, WC 
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3.1.4.1.  Reaction with Boron Carbide 

In the contact zone between the two components, tungsten boride layers can be 

detected after heat treatment between 1100 and 1600˚C. Depending on the reaction 

conditions, α- WB or W2B is formed [1]. These phases can be observed by tungsten 

and boron binary phase diagram which is given in Figure 3.1. 

Boron carbide based materials (B4C-MexIV-VIBy) were obtained by pressureless 

sintering at 2150-2250˚C in the presence of transition metal (IV-VI group) carbides 

(Me: Ti, V, Cr, W). The prevailing covalent character of the bonds in the crystal 

lattice of boron carbide determines both its valuable properties and its low sinter 

ability. This is why the method of hot pressing is the most used method for obtaining 

high-density boron carbide bodies under industrial conditions [22]. The formation of 

borides occurs in the reaction below: 

B4C + MexIV-VICy = MexIV-VIBy + C  

 

Figure 3.1: Binary phase diagram of tungsten and boron [19] 

Transition metal borides have numerous useful physical and chemical characteristics 

that make them important material to study. Prominent characteristics include heat 

resistance, great hardness, wear resistance and high temperature electrical resistance. 

Tungsten borides are resistant to thermal shock information and are good thermal 

conductors. They are used in high temperature applications such as crucibles and 

ingot molds for precision metallurgy [33]. Physical properties of tungsten borides are 

tabulated in Table 3.4. 
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Table 3.4: Physical properties of Tungsten Borides [1, 17] 

 W2B WB W2B5

Density (g.cm-3) 16 15.2 11 

Molecular Weight (g/mol) 378.49 194.65 421.74 

Melting point (˚C) 2670 2665 2365 

Bravais Lattice  

tetragonal 

β-WB 

orthorhombic

α-WB 

tetragonal 

 

hexagonal 

 

3.1.4.2. Reaction with Carbon 

Tungsten powder is reacted with carbon at temperatures between 1300˚C and 1700˚C 

in a hydrogen atmosphere. α-tungsten powder can be carburized to tungsten carbide 

[37]. Tungsten carbide which is a ceramic has a covalent bond between tungsten and 

carbide. The average particle size and size distribution of the starting tungsten 

powder determine the particle size and size distribution of the WC. Only a slight 

increase in size occurs due to the change in density from 19.3 g.cm-3 tungsten to 15.7 

g.cm-3 tungsten carbide. Temperature change in carburization depends on the average 

particle size of the powder. The smaller the particle size, the lower can the 

temperature is maintained. Lower carburization temperature leads to a higher degree 

of lattice defects, and consequently to a higher reactivity during sintering, which is 

undesirable especially for submicron grades. On the other hand, very fine powders 

tend to grow already during carburization at high temperature [1].   

Once W2C forms, its further conversion to WC is very difficult. Low temperature 

carburization of α-tungsten powder, however, can produce extremely fine WC 

powder but the reaction can not be completed within a reasonable time.  The stable 

WC is more likely to form than the metastable W2C [37]. These phases can be 

observed from the tungsten and carbon binary phase diagram which is given in 

Figure 3.2. 
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Figure 3.2: Binary phase diagram of tungsten and carbide [19] 

Reaction of tungsten and carbon results in three different phase morphology. W2C 

has hexagonal cubic structure; β-WC is stable above 2525˚C and has cubic structure. 

α-WC has simple hexagonal structure. At room temperature, increasing of carbon 

content from stable α-WC phase causes decrease in hardness.  

From the W-C phase diagram it is obvious that there is a fairly narrow stoichiometry 

range for WC. When the exact carbon content is not achieved, either free carbon or 

di-tungsten carbide is formed. The mechanical and physical properties of W2C are 

given in Table 3.5. According to Exner (1983), when W2C is present, the toughness 

of the sintered component is reduced in two ways. W2C is a more brittle phase than 

WC and it often reacts with and partially depletes the cobalt binder to form mixed 

(W, Co) carbides. Bolton and Keeley determines that the presence of the weaker eta 

phase W6Co6C have a dramatic impact on fracture toughness. W2C reacts with cobalt 

W6Co6C phase decreases the toughness [31].   

Table 3.5: Physical properties of W2C [17, 32] 

Density (g.cm-3) 17.2 

Melting point (˚C) 2785 

Elastic Modulus (GPa) 420 

Bravais Lattice Hexagonal 
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An important feature is that the hardness increase simultaneously with the refining of 

WC by ball milling. Gomes in 1988 implies that hardness and compressive strength 

increase as the average grain size decreases and/or as the binder level decreases. 

According to Gurland in 1970, these variables have the opposite effect of the fracture 

toughness. The toughest hard metals have high binder levels and larger grains [31]. 

Yang et al. found that high energy ball milling can partially change hexagonal WC 

into an orthorhombic phase by induced stacking fault. Moreover, Zhang et al. found 

that fcc-Co transforms into hcp-Co due to mechanical induced transformation in the 

ball milling [27, 28].  

3.1.5. Tungsten Heavy Alloys 

Tungsten and tungsten-based heavy alloys (WHAs) are well known for their superior 

mechanical properties at elevated temperatures which typically contain 90 to 98 wt% 

W. The bulk of WHA production falls into the 90 to 95% W range. Most commercial 

WHAs are two-phase structures, the principal phase being nearly pure tungsten in 

association with a binder phase containing the transition metals plus dissolved 

tungsten. Unalloyed tungsten is difficult to consolidate owing to its very high melting 

temperature (3683 K). The additions of small amounts of low-melting elements such 

as iron, nickel, cobalt and copper, facilitate the powder processing of dense heavy 

alloys at moderate temperatures. Huang et al. suggest that tungsten heavy alloys are 

two phase metal matrix composites having unique combinations of strength, ductility 

and density [39]. As a consequence, WHAs derive their fundamental properties from 

those of the principal tungsten phase, which provides for both high density and high 

elastic stiffness [15, 36].  

Tungsten metal exhibits outstanding thermal properties, which makes it attractive for 

a broad range of applications. However, for certain applications, its electrical and 

thermal conductivity, sensitivity toward oxidation and poor workability are 

satisfactory. These limitations have led to the development of two phase alloys, in 

which the useful properties of tungsten are combined with additives. Ni, Fe and Cu 

are used wherever high density, excellent mechanical properties and good 

workability are required. High density structural alloys used for kinetic energy 

penetrators, counter weights, radiation shields and electrical contacts [23]. W-Cu and 
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W-Ag alloys in which the high electrical and thermal conductivity of Cu and/or Ag is 

combined with the high hardness and wear resistance of tungsten [1].  

3.2. Covalent Carbides 

The refractory carbides include two structurally different types. First one is the 

interstitial carbides of the transition metals of Group IV, V and VI. The other is two 

covalent carbides such as boron carbide and silicon carbide.  

Interstitial carbides formed by the metals of Group VI include; chromium, 

molybdenum, and tungsten. They have two major crystalline structures hexagonal 

and orthorhombic. The metal to metal bonds are strong and the metal to carbon 

bonds is weak. They have the ability to deform plastically above the ductile to brittle 

transition temperature. Below that temperature, the carbides fail in a brittle manner 

while above transition temperature; carbides show ductile behaviour and undergo 

plastic deformation.     

The atomic and crystalline structures of covalent carbides are less complex than 

transition carbides. Bonding is essentially covalent where the carbon atoms bonds to 

the boron atoms by sharing a pair of electrons and like all covalent bonds, these 

atoms form definite bond angles [32]. 

3.2.1. Tungsten Carbide 

Transition metal carbides such as tungsten carbide have excellent high temperature 

strength and good corrosion resistance, being chemically and thermally stable even at 

high temperatures. They are extremely hard materials and posses high values of 

Young’s modulus. In addition, they are typically metallic in their electrical and 

optical properties. Unlike the carbides of Groups IV and V, the carbides of Group VI 

have melting points that are lower than those of their respective host metals but are 

relatively close to those of the borides [32]. Furthermore, the specific heat of the 

Group VI carbides increases essentially linearly with increasing temperature.  

Among the hard alloys and refractory carbides, WC is the earliest of the non-oxide 

ceramic materials which find wide range of industrial applications such as tips for 

cutting and drilling tools, wear resistant parts in wire drawing, extrusion and pressing 

dies and wear resistant surfaces in many types of machines [24, 29 and 31]. Tungsten 
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carbide is one of the hardest, stiffest and most refractory materials known. Although 

it has essential properties for cutting tools, pure can not be used in industrial 

applications due to its poor ductility and shock resistance and its low value of 

fracture toughness [24]. WC has the highest thermal conductivity of any of the 

transition metal carbides and can be considered as an excellent thermal conductor 

however it has low thermal expansion. WC has the lowest electrical resistivity of any 

of the interstitial carbides. Mechanical and physical properties of WC are indicated in 

Table 3.6. Carbides of Group VI are not as hard as the carbides of Groups IV and V 

due to lower strength of their M-C bonds [32]. 

Metallic cobalt is usually used as a binder material to improve several mechanical 

properties of WC. Conventional cemented carbides are composed mainly of WC and 

of metallic binder phase, basically Co. Cobalt has the ability to sufficiently wet the 

surface of WC particles to ensure good binding; therefore its mechanical properties 

such as ductility, shock resistance and fracture toughness are developed [24]. It is not 

easy to manufacture WC fully consolidated bodies even by pressure sintering [34]. 

Consequently, WC is the most widely used hard material in manufacturing cemented 

carbides for components employed in various wear application, essentially in cases 

where hardness and thermal shock resistance are required [35]. These properties 

account for the principal applications: structures resistant to chemical reaction, uses 

in which wear resistance is of major importance, and high-temperature radiant-

energy sources [36]. 
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Table 3.6: Physical properties of Tungsten Carbide (WC) [17, 32] 

 

 

Density (g.cm-3) 15.7 

Molecular Weight (g/mol) 195.85 

Melting point (˚C) 2800-2870

Vickers Microhardness (GPa) 22 (0001)

Tensile Strength, Ultimate (MPa) 344 

Compressive Yield Strength (MPa) 2683 

Elastic Modulus (GPa) 669 - 696 

Electrical Resistivity (µΩ.cm) 22 

Magnetic Susceptibility 1e-5 

Thermal Expansion Coeff. x10-6 (°C) a 5.2 c 7.3

Bravais Lattice Hexagonal

3.2.2. Boron Carbide 

Although boron Carbide (B4C) was originally discovered in the mid 19th century as a 

by-product in the production of metal borides, it has only been investigated in detail 

since 1930 [16]. B4C powder is mainly produced by reacting carbon with B2O3 in an 

electric arc furnace, through carbothermal reduction or by gas phase reactions [16].  

For commercial use, B4C powders usually need to be milled and purified to remove 

metallic impurities. Boron concentration in B4C changes between % 78.25 and % 85. 

Boron carbide phases with different boron or carbon compositions can be observed 

from the boron and carbon binary phase diagram which is given in Figure 3.4. 

The composition of a boron carbide material is not fixed as localized phases, it has 

different compositions such as (B11C)CBC with one carbon atom in icosahedra 

(equivalent to B4C), (B12)CBC with no carbon atom in the icosahedra (equivalent to 

B13C2) and higher boron compositions by boron atom substitution within the chain or 

interstitially. Atomic structure of B4C is given in Figure 3.3. Boron carbide is a non-

ceramic material which has strong covalent bond. The bonds between the carbon 

atoms and boron atoms as well as between the boron atoms themselves in the 

icosahedra are essentially covalent. But like silicon carbide, the bonding of boron 

carbide is also partially ionic. [16, 30 and 32] 
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Figure 3.3: Atomic structure of B4C [22] 

After Diamond, Cubic Boron Nitride and Boron Oxide, Hot pressed Boron Carbide 

has the highest hardness known. Its main applications make use of its excellent wear 

resistance and high strength. It has a low density but a high elastic modulus and high 

compressive strength, which leads to its use as a ballistic material. The basic boron 

structural element is the icosahedron. 20% of natural boron is the 10B isotope, giving 

Boron Carbide a high neutron capture cross section. It is therefore used in neutron-

absorbing applications, such as shielding. Boron carbide has good resistance to acids 

but not to alkali hydroxide melts. Consequently, boron carbide is characterized by its 

extreme hardness, low sintering ability without using any sintering aid, good 

chemical resistance, good nuclear properties and low density [16]. Important 

mechanical and thermal properties of boron carbide are shown in Table 3.7. 
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Table 3.7: Physical properties of Boron Carbide [16, 17, 21] 

Density (g.cm-3) 2.52 

Molecular Weight (g/mol) 55.255  

Melting point (˚C) 2445 

Vickers Microhardness (GPa) 31.5 

Fracture Toughness (MPa.m-½) 2.9 - 3.7 

Young’s Modulus (GPa) 450 - 470 

Shear Modulus (GPa) 186.5 

Tensile Strength (MPa) 155 (at 980 °C)

Compression Strength (MPa) 2855 

Poisson Ratio 0.17 

Electrical Conductivity (at 25°C) (S) 140 

Thermal Conductivity (at 25°C) (W/m.K) 30 - 42 

Thermal Expansion Coeff. x10-6 (°C) 5 

Thermal neutron capture cross section (barn) 600 

Bravais Lattice Rhombohedral

 
In common with other non-oxide materials boron carbide is difficult to sinter to full 

density, with hot pressing or sinter HIP being required to achieve greater than 95% of 

theoretical density. Even using these techniques, in order to achieve sintering at 

realistic temperatures between 1900 - 2200°C, small quantities of dopants such as 

fine carbon, or silicon carbide are usually required [21, 16]. For pressureless 

sintering, adding small amount of carbon to the ball milled fine boron carbide 

particles improves sintering. Schwetz and Vogt (1980) have sintered B4C with 0.1 to 

8.0 wt% of free carbon in the form of graphite [31]. Excessive carbon addition minor 

the mechanical properties [30]. 
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Figure 3.4: Binary phase diagram of boron and carbide [19] 

Due to its high hardness, boron carbide powder is used as an abrasive in polishing 

and lapping applications, and also as a loose abrasive in cutting applications such as 

water jet cutting [16]. It can also be used for dressing diamond tools. Boron carbide, 

in conjunction with other materials also finds use as ballistic armour where the 

combination of high hardness, high elastic modulus, and low density give the 

material an exceptionally high specific stopping power to defeat high velocity 

projectiles [16]. Ballistic armour which is produced with boron carbide is tested with 

a missile and photographed in Figure 3.5. Boron carbide is characterized by a 

relatively wide gab in its forbidden band, a high thermal conductivity, and a high 

thermoelectric power. These properties make boron carbide a useful material for high 

temperature thermoelectric energy conversion [32, 42]. At high temperatures, boron 

carbide reacts with most of the metals, therefore it is not used for mold material in 

wire drawing process [21]. 

 

Figure 3.5: Ballistic armour testing with a missile [22] 
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4. MECHANICAL ALLOYING 

In the last three decades, mechanical alloying has received worldwide attention as a 

means of producing metastable, non equilibrium alloy phases and is has a large 

potential for producing amorphous alloys, nanocrystalline materials and oxide 

dispersed strengthened (ODS) superalloys, as well as for metal nitrides and hydrides 

[46, 7, 4, 23, 40 and 43]. Commercially useful and scientifically interesting materials 

are obtained by this process. The mechanical alloying process was originally 

developed by Benjamin of the Internationla Nickel Company for the production of 

ODS superalloys [46]. 

In the mechanical alloying process, powders is subjected to highly energy impact 

forces by ball milling, so the powder particles are periodically trapped between 

colliding balls and are plastically deformed, generating a wide of dislocations as well 

as other lattice defects [39]. Furthermore, the ball collisions cause fracturing and cold 

welding of elementary particles. Fracture of the particles creates atomically clean 

surfaces. Particle welding can occur when such clean surfaces are impacted during 

subsequent collisions. By means of milling, nanocrystalline composite powders are 

produced and the distribution of the component elements are homogeneously 

distributed due to repeated fracturing and cold welding and fast diffusion between 

the powders. The powder characteristics are changed greatly. These changes include 

the improvement of the particle size distribution, the reduction of the specific surface 

area and pores size and number. The reduction in specific surface area and pores 

suggest that a very hard agglomeration of alloyed powders, in which many smaller 

particles are strongly bound together and hardly separated from each other [39]. 

After milling, powder compressibility decrease due to the particle cold working, the 

obtaining of a finer microstructure increases mechanical properties. Moreover, some 

reactions and interdiffusion processes can proceed across these new interfaces. 

Hence, the chemical composition of the powder particles can change during milling 

[37, 38].  
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The mechanical alloying technique has been proved to be a promising method for 

alloy formation [40]. Mechanical alloying of elemental metal mixtures can generate 

equilibrium and non-equilibrum structures, including supersaturated solid solution, 

nanostructures, nanotube, metastable crystalline and mostly amorphous alloys [40]. 

Crystalline solid solutions can be supersaturated considerably compared to the 

thermodynamic equilibrium by MA processing. Even with mixtures not disposed to 

form solid solutions, extended solubility is reached after mechanical alloying [40]. 

The large amount of distortion and nanograin boundaries increase free energy, the 

atomic cavity and the number of atoms distributed on the nanograin boundaries. 

Therefore diffusion processes greatly enhance. In addition, after milling the mixture 

become uniform at the atomic level. All of these shorten diffusion distances between 

the atoms and improve the sintering process substantially. Nanocrystalline powder 

made by mechanical alloying can be used to refine the microstructure, to enhance the 

consolidation and to reduce the sintering temperature. Thus, full densification can be 

obtained in solid state sintering processes [39]. 

Solid state amorphisation at temperatures in the vicinity of the room temperature can 

take place as a result of mechanical milling. However, this amorphisation is as an 

extreme case of metastable phase formation since the diffusion processes are 

accelerated by the excess point of and lattice defects generated during milling, 

leading to new ordered phases formation [37]. Amorphization during mechanical 

alloying has been investigated both experimentally and theoretically since the first 

discovery of amorphization of elemental powders blends in the Ni-Nb binary system 

by MA in 1983 [40, 43]. Zhang et al. [40] adds that the studies of amorphization by 

MA have concentrated on transition metal binary alloy systems with large negative 

heats of formation. In such systems, easy formation of amorphous phase is obtained 

as a thermodynamic driving force for amorphization and favourable kinetics with 

large interdiffusion coefficients exist [40].  

The mechanical alloying process is a new process to develop tungsten heavy alloys 

with improved adiabatic shear deformation [23]. Huang et al. [39] adds that with 

increase of the milling time, the viscosity of the feedstock and the sensitivity of 

viscosity to shear strain rate decrease. Therefore, the fluidity and formalization of 

powder feedstock under conditions of longer time milling become better [39].   
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4.1. Mechanism of Mechanical Alloying 

Different types of high energy milling equipment such as SpexTM shaker mills, 

planetary ball mills and attritor mills are used to produce mechanically alloyed 

powders. Shaker mills such as SPEX mills which mill about 10-20 gram of the 

powder at a time, are most commonly used for laboratory investigations and for alloy 

screening purposes. The common variety of the mill has one vial, containing the 

sample and grinding balls, secured in the clamp and swung energetically back and 

forth several times [43]. 

During high energy milling in SPEX, the powder particles are repeatedly flattened, 

cold welded, fractured and rewelded. Whenever two tungsten carbide balls collide, 

some amount of powder is trapped in between them which are shown in Figure 4.1. 

 

Figure 4.1: Ball – powder – ball collision of powder mixture during mechanical 
alloying [43] 

During mechanical alloying processes, impact forces deform the powder particles 

leading to work hardening and fracture [43]. The new surfaces created enable the 

particles leading to weld together which leads to increase in particle size. In the early 

stages of milling, the particles are soft which tend to weld together and form large 

particles. With continued deformation, the particles work hardened and fracture by a 

fatigue failure mechanism and by the fragmentation of fragile flakes. This 

mechanism reduces the size of the fragments in the absence of strong agglomerating 

forces. The tendency to fracture of the particles predominates over cold welding. Due 

to continued impact of grinding balls, the structure of the particles is steadily refined; 

however the particle size continues to be the same. Consequently, the inter layer 

spacing decreases and the number of layers in a particle increase [43]. 
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After milling for a certain length of time, steady state equilibrium is reached when a 

balance is achieved between the rate of welding, which tends to increase the average 

particle size and afterwards, the rate of fracturing, which tends to decrease the 

average composite particle size [43]. These stages are given in the Figure 4.2.  

 

Figure 4.2: Narrow particle size distribution caused by tendency of small particles to 
weld together and large particles to fracture under steady state 
conditions [43] 

Overall, during MA, heavy deformation is introduces into the particles. This 

mechanism is obvious by the presence of a variety of crystal defects such as 

dislocations, vacancies, stacking faults and increase number of grain boundaries. 

Defect structure enhances the diffusivity of solute elements into the matrix. 

Moreover, the refined microstructure features decrease the diffusion distances [43]. 

Temperature rise during mechanical alloying also facilitates the diffusion behaviour.  

The temperature of the powders during milling can be high due to two important 

reasons such as gaining kinetic energy of the grinding medium and exothermic 

processes occurring during the milling process [43]. If the temperature of the system 

is high, the diffusivity of the atoms leads to processes resulting in recovery and 

recystallization. In this case, a stable phase, for instance an intermetallic would form 

[43]. On the contrary, if the temperature is low, defect recovery would be less and an 

amorphous phase would form. Koch CC. et al. [44] measured that when the 

experiment was conducted with 13 balls in the Spex mill, the temperature rise was 

noted to be only 50˚C. 
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4.2. The Process of Mechanical Alloying  

Mechanical alloying (MA) is a complex process which involves optimization of a 

number of variables to achieve the desired product phase or microstructure. The 

parameters that effect the final constitution of the powder are; type of mill, milling 

container, milling speed, milling time, type, size and size distribution of the grinding 

medium, ball to powder weight ratio, extent of filling the vial, milling atmosphere, 

process control agent and temperature of milling. Suryanarayana [43] implies that all 

of these process variables are completely independent.    

In MA, the milling time is the most important parameter. The time is chosen as to 

achieve a steady state between fracturing and cold welding of the powder particles. 

The time required varies depending on the type of mill used, the intensity of milling, 

the ball to powder ratio and the temperature of milling [43]. The ball to powder 

weight has a significant effect on the time required to achieve a particular phase in 

the powder being milled. The higher the ratio, the shorter the time required. A ratio 

of 10:1 the weight of the balls to powder is the most commonly used while milling 

the powder in a small capacity mill such as SPEX mill. The major effect of the 

milling atmosphere is on the contamination of the powder [43]. Therefore, the 

powders are milled in containers that have been either evacuated or filled with an 

inert gas such as argon. High purity argon is the most common ambient to prevent 

oxidation and contamination of powder. The loading and unloading of the powders 

into the vial is carried out inside atmosphere controlled glove boxes. The temperature 

of milling is another important parameter in deciding the constitution of the milled 

powder. Since diffusion processes are involved in the formation of alloy phases 

irrespective of whether the final product phase is a solid solution, intermetallic, 

nanostructure or an amorphous phase [43].  

4.2.1. Nanostructured Materials 

Nanomaterials are experiencing a rapid development in recent years due to their 

existing and potential applications in a wide variety of technological areas such as 

electronics, catalysis, ceramics, magnetic data storage and structural components 

[46]. In order to meet the technological demands in these areas, the size of the 

materials should be reduced to nanometer scale. Nanomaterials can be classified into 

nanocrystalline materials and nanoparticles [46]. 
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Nanostructured materials are single or multiphase materials, the crystal size of which 

is of the order of a typically 1-100 nanometers in at least one dimension. Because of 

the extremely small size of the grains, a large fraction of the atoms in these materials 

is located in the grain boundary given in Figure 4.3.   

 

Figure 4.3: Schematic arrangement of atoms in an equiaxed nonacrystalline metal   
[43] 

A nanostructured material exhibit enhanced combinations of physical, mechanical 

and magnetic properties when it is compared with a material with a more 

conventional grain size more than 1 µm. Nanocrystalline materials have increased 

strength, high hardness, and extremely high diffusion rates and consequently reduced 

sintering times for powder compaction [43]. The unique properties of nanocrystalline 

materials are derived from their large number of grain boundaries compared to 

coarse grained polycrystalline counterparts [43]. In nanocrystalline solids, a large 

fraction of atoms up to 49% are boundary atoms. Thus the interface structure plays 

an important role in determining the physical and mechanical properties of 

nanocrystalline materials.  

Nanocrystalline materials can be synthesized from vapour phase, such as inert gas 

condensation or liquid phase such as electrodeposition, rapid solidification or solid 

phase with mechanical attrition. Suryanarayana [43] adds that the advantage of using 

mechanical alloying lies in its ability to produce bulk quantities of material in solid 

state using simple equipment and at room temperature. Grain sizes with nanometer 

dimensions observed in almost all mechanically alloyed pure metals, intermetallics 

and alloys [43, 46]. 
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4.2.2. Synthesis of Intermetallics   

The ordered nature of intermetallics leads to attractive elevated temperature 

properties such as high strength, increased stiffness and excellent corrosion 

(oxidation) resistance. These manners are resulted from the reduced dislocation 

motion and low diffusivities. Since pairs of dislocations need to move together to 

retain their order. Reducing in dislocation motion causes low ductility and low 

fracture toughness, therefore large scale of industrial applications of intermetallics is 

precluded. To improve the room temperature ductility of intermetallics, there are 

three common routes adopted, such as reducing grain size, disordering the lattice to 

improve the dislocation motion and modifying the crystal structure of the phase into 

a more symmetric one for example a cubic one [43].  

4.2.3. Ductile - Brittle Components 

In the initial stages of milling, the ductile metal powder particles get flattened by the 

ball – powder – ball collision while the brittle intermetallic particles get fragmented 

[43]. These brittle particles tend to become occluded by the ductile constituents and 

trapped in the ductile particles. The brittle constituent is closely spaced along the 

interlamellar spacing. With further milling, the ductile powder particles get work 

hardened, the lamellae get convoluted and refined. Continuously, the lamellae get 

further refined, the interlamellar spacing decreases and the brittle particles get 

uniformly dispersed.  

4.2.4. Solid Solubility Extensions 

Not only synthesizing stable solid solutions, but also synthesizing metastable 

supersaturated solid solutions has been possible by mechanical alloying starting from 

blended elemental powders in several binary and higher order systems [43]. During 

mechanically alloying blended elemental powder mixtures, interdiffusion between 

the components occur and solid solutions form. Solid solubility limit is expected to 

increase with milling time as diffusion processes and reach a (super)saturated level, 

beyond which no further extension of solid solubility occurs. A solid solubility 

change with milling time is simulated in the graphics Figure 4.4 and Figure 4.5. 
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Figure 4.4: Schematic diagram showing the variation of solid solubility with time 
during mechanical alloying of metal powder mixtures [43] 

Once steady state conditions are established, the two lattice parameters merge and a 

homogeneous solid solution with the expected lattice parameter is formed. 

       

Figure 4.5: Schematic variation of the solid solubility of the individual component 
phases with milling time in a binary alloy system [43] 

Solid solubility levels have generally determined from changes in the lattice 

parameter values calculated from shifts in the peak positions in the X-ray diffraction 

patterns. Therefore, the absence of the second phase reflections in the X-ray 

diffraction patterns has been inferred as the absence of a second phase and hence the 

formation of a homogeneous solid solution [43]. 

Thermodynamic theory for solutions begins with the mixing of component atoms. In 

mechanical alloying, however, the solution is prepared by first mixing together 

lumps of the components, each of which might contain many millions of identical 

atoms. The pure components, which are represented as A and B with molar free 

energies µ˚A and µ˚B , are initially in the form of powders then the average free 

energy of such a mixture of powders is simply described below equation where “x” 

is symbolized as the mole fraction of B. 

G {mixture} = (1 − x) µ˚A + x µ˚B 
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Bhadeshia [45] explained that the powder particles are so large that the A and B 

atoms do not feel each other’s presence via interatomic forces between unlike atoms. 

It is also assumed that the number of ways in which the mixture of powder particles 

can be arranged is not sufficiently different from unity to give a significant 

contribution to a configurationally entropy of mixing. Thus, a blend of powders 

which obeys this equation is called a mechanical mixture. It has a free energy that is 

simply a weighted mean of the components, for a mean composition x [45].

 
a b 

Figure 4.6: The free energy of a mechanical mixture, where the mean free energy is 
simply the weighted mean of the components (a). The free energy of an 
ideal atomic solution is always lower than that of a mechanical mixture 
due to configurationally entropy (b) [45] 

In contrast to a mechanical mixture, a solution is conventionally taken to describe a 

mixture of atoms or molecules. There will in general be an enthalpy change 

associated with the change in near neighbour bonds. Because the total number of 

ways in which the particles can arrange is now very large, there will always be a 

significant contribution from the entropy of mixing, even when the enthalpy of 

mixing is zero. The free energy of the solution is therefore different from that of the 
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mechanical mixture, as illustrated in Figure 4.6. The difference in the free energy 

between these two states of the components is the free energy of mixing ∆GM, the 

essential term in all thermodynamic models for solutions [45]. 

4.3. Characterization of Powders 

Mechanical alloyed powders can be characterized for their size, shape, surface area, 

phase constitution and microstructural features. Moreover, the formation behaviour 

of the mechanically alloyed powders on annealing or other treatments can also be 

characterized [43]. The measurement of crystalline size and lattice strain in the 

mechanically alloyed powders is very important since the phase constitution and 

transportation characteristics appear to be critically dependent on them [43].  

The size and shape of the mechanical alloyed powder particles can be determined 

using either scanning electron microscopy (SEM) for relatively coarse powders or 

transmission electron microscopy (TEM) for fine powders. Powder particles are 

usually agglomerated and therefore the determination of accurate particle size of 

powers by SEM should be done carefully. A powder particle may consist of several 

individual particles. Further, an individual powder particle may contain a number of 

crystallites defined as coherently diffracting domains. Microscopic observation 

normally yields information about the particles size whereas diffraction techniques 

such as X-ray yield information regarding the crystalline size [43]. 

The crystallite size and lattice strain in the powder particles can be determined by 

using the X-ray peak broadening techniques [43]. X-ray diffraction peaks are 

broadened due to instrumental effects, small particle size and lattice strain in the 

material. Most commonly the crystallite size is determined by measuring the Bragg 

peak width at half the maximum intensity and using the Scherrer formula [43]: 

θ
λ

cos
9.0

B
d =                                          (4.1) 

d represents the crystalline size, λ is the wavelength of the X radiation used, B is the 

peak width at half of the maximum intensity and θ is the Bragg angle. 

While the X-ray peak broadening due to small crystallite size is inversely 

proportional to cos θ that lattice strain is proportional to tan θ. In conclusion, the total 

broadening equation is obtained where η is strain. 
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θ
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+=
d

B                                                                                               (4.2) 

After rearrangement of cos θ, the equation is transformed into:  

θηλθ sin9.0cos +=
d

B                                                                                           (4.3) 

Suryanarayana [43] stated that the crystallite sizes obtained by the indirect X-ray 

peak broadening method and the direct electron microscopic techniques may not 

always match exactly. Electron microscopic techniques can be used to determine 

almost any crystallite size, X-ray peak broadening method is most appropriate for 

crystallite sizes in the range of 10-100 nm [43]. 

4.4. Powder Contamination  

A major concern in the processing of metal powders by mechanical alloying is 

amount of impurities that get into the powder and contaminate it. The small size of 

the powder particles, availability of large surface area and formation of new fresh 

surfaces during milling all contribute to the contamination of the powder [43].  

In the early stages of dry mechanical alloying, the powder coats the surface of the 

grinding medium and the inner walls of the container [43]. Therefore the friction of 

the balls with balls and the vial is prevented. The abrasion of the balls and vial is 

minimized. However when the milling experiment is carried out in wet conditions, 

for instance, in ethyl alcohol, the balls are not covered with powder and all the 

kinetic energy is spent for the friction between ball with ball, vial and ball with 

powder [43]. The broken particles contaminate the starting powder system.  

The problem of milling atmosphere found to be the other cause of contamination in 

many cases [43]. If the container is not properly sealed, the atmosphere surrounding 

the container which is usually air that containing essentially nitrogen and oxygen, 

leaks into the container and contaminates the powder [43]. During mechanical 

alloying new surfaces form by repeated fracturing of particles. Thus reactive metals 

are contaminated with nitrogen and oxygen. In most cases, the nitrogen pick up has 

been found to be much more than that of oxygen [43]. To prevent contamination, the 

loading and unloading of the powders into the vial is carried out in glove box which 
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is filled with argon gas. Use of vacuum or an inert gas is desirable to prevent or 

minimize the powder contamination [43]. 
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5. CONSOLIDATION AND SINTERING ROUTES 

5.1. Lubrication 

5.1.1. Pegging and Silicon Spray 

There are two means of lubricating for pressing, lubricating the die wall and powder 

lubrication. Usually, lubricants are added to the metal powder in powder form. 

Lubricants reduce friction between the powder and the side wall, as well as between 

individual powder particles [49]. They are also applied as a thin coating to the walls 

of rigid dies. Lubrication affects density and stress distribution when metal powders 

are pressed in rigid dies [47]. Due to the friction between the die wall and the 

powder, compacts subjected to uniaxial pressing show variation in density along the 

pressing direction. More uniform density and stress distribution is achieved with 

better lubrication [47]. As the powder hardness or possible die abrasion increases 

such as with tungsten powders, the required amount of lubricant increases [49].  

5.2. Green Compacts 

Apparent density usually decreases with decreasing particle size, because an increase 

in surface area causes interparticle friction [47]. Apparent density also decreases as 

particle roughness increases and the particles become less spherical [47]. Mixtures of 

powders of the same composition, but different sizes often result in a higher green 

density. With increasing applied pressure, the density of the powder mass increases 

or porosity decreases. When a powder mass is subjected to increasing pressure, the 

total amount of porosity in the mass decreases, however, the size and size 

distribution of the pores changes as well. A high apparent is desirable due to the 

density yields a low compression ratio [47, 49].  

Due to friction between the powder and the die wall and the nature of the load 

distribution inside the die, the pressing density is not same all over the compact [47]. 

The ratio of the area of the compact to which pressure is applied to the area of 

contact between the powder and the side walls of the die affects density. The smaller 
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the ratio, the lower the density of the compact pressed at a given pressure [47]. Large 

parts and large heights can lead to crack formation or distortion of the pressed 

compact during sintering [1].  

In general, green strength increases with increasing intrinsic softness or plasticity of 

the powder. Furthermore, green strength increases with increasing particle porosity, 

specific surface area of the powder and with decreasing particle pore size, particle 

size. The addition of graphite and most lubricants reduces green strength to a much 

greater extent than indicated by rule of mixtures [47].  

Tungsten powder is consolidated into a compact by two main routes, which are 

pressing in rigid dies (uniaxial pressing) and isostatic pressing in flexible molds 

which means compaction under hydrostatic pressure [1]. Tungsten powder is not 

easy to compact due to its relatively high hardness and difficult deformation [1]. 

Nevertheless, in most cases compaction is performed without lubricant to avoid any 

contamination by the additive [1]. The resulting compacts are generally sufficiently 

strong so that they can be handled without breaking. Pressing of powders in rigid 

dies are carried out either in a mechanical or in a hydraulic press. The pressure is 

applied from the top, or from the top and bottom. Die punches are made of high 

speed tool steel or hard metal. Mechanical presses up to 1 MN are used for small 

parts and high production rates. The size and the shape of the compact are limited by 

the capacity of the press and also by the geometry of the part. The green density for 

tungsten is in the range of 55-65% of the theoretical density which depends upon the 

applied pressure, particle size, size distribution, particle shape and size of the 

compact [1].  
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6. SINTERING 

Basically, sintering processes can be classified to solid state sintering and liquid 

phase sintering. Solid state sintering occurs when the powder compact is became 

wholly dense in a solid state at the sintering temperature, liquid phase sintering 

occurs when a liquid phase exists in the powder compact during sintering. Other 

types of sintering processes are simulated with a phase diagram in Figure 6.1 

according to their formation temperature ranges [26].   

 

Figure 6.1: Illustration of various types of sintering [26] 

In transient liquid phase sintering, the liquid is totally soluble in the solid at the 

sintering temperature and disappears over time by dissolving into the solid form an 

alloy [49]. 

6.1. Solid State Sintering 

Sintering is a processing technique used to produce density controlled materials and 

components from metal and ceramic powders by applying thermal energy [1]. In 

order to increase the strength of the green compacts, they are subjected to heat 

treatment. The main aim of sintering is densification in order to provide the metal 

with the necessary physical and mechanical properties and a density which is suited 

for subsequent thermomechanical processing [1]. 
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The major variables which determine sinterability and the sintered microstructure of 

a powder compact can be divided into two factors, which are material and process 

variables. The variables related to raw materials include chemical composition of 

powder compact, powder size, powder shape, powder size distribution, degree of 

powder agglomeration [26]. For compacts containing more than two kinds of 

powders, the homogeneity of the powder mixture is significant. To improve the 

homogeneity, mechanical milling is generally utilized. Other variables involved in 

sintering are mostly thermodynamic factors such as temperature, time, atmosphere, 

pressure, heating and cooling rate [26].  

During sintering, the powder particles, as compacts or as loose powder aggregates, 

bond into a coherent body at elevated sintering temperatures, in the presence of a 

suitably controlled atmosphere [1]. Sintering temperature is below the melting point 

of the single metal powder or the solidus temperature of the homogeneous alloy 

powder [1, 47]. 

The driving force of sintering is the reduction of the total interfacial energy. The 

main driving force for sintering is the lowering of free energy, which takes place 

when individual particles grow together, pores shrink and the high surface area of the 

compact decreases [26]. The change in the interfacial energy is due to densification 

and the change in the interfacial area is due to grain coarsening [26]. The decrease in 

the surface area is resulted by the diffusion flow of matter into the pore volume under 

the action of surface tension (capillary) forces. Besides shrinkage, recovery via 

changing of subgrain structures and the strain relief, recrystallization via formation 

of strain free crystals which are low in dislocation density and grain growth occur 

during sintering also contributing to the minimization of free energy [1].  

In fact, the critical driving force can be increased by finely dispersed second phase 

particles [26]. If dislocations at a grain boundary are pinned by second phase 

particles, excess energy is needed for atom movement from the boundary. Therefore, 

the presence of finely distributed second phases considerably diminishes the 

sintering kinetics [26].  

In the initial stages of sintering, necks are formed between individual particles and 

grow by diffusion, increasing the interparticle contact area [1]. Neck formation 

between two particles during solid state sintering is simulated in Figure 6.3 (b). The 
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powder aggregate shrinks, involving center to center approach of the particles. In this 

stage, the degree of densification is still low and the pore structure is open and fully 

connected [1]. The densification mechanism dominates and density increases 

sharply. However, a point is reached where the density begins to decrease, indicating 

that the formation Kirkendall porosity (expansion) has begun to dominate [47].  

One of the important occurrences in the early stages of sintering is the increase in the 

contact area between particles. This may occur without significant changes in the 

overall density of the compact [47]. Another change within the green compact that 

does not necessarily involve large density change is the rounding and spheroidization 

of the pore structure [47]. The three stages of solid state sintering process are 

simulated in Figure 6.2. 

 

Figure 6.2: Stages of sintering [51] 

In the intermediate stage with increasing neck formation, the necks become blunted 

and loose their identity. The pores are assumed to be cylindrical. Their radii vary 

along their lengths and with increasing shrinkage, the pore channels break up into 

small, still partly intercorrected segments. During this stage, densification occurs 

obviously and grain growth realizes concurrent with shrinkage [1].  

Finally, in this last stage, the pore segments further break up into chains of discrete, 

isolated pores of more or less spherical symmetry [1].  

The three stages of solid state sintering are schematically configured in Figure 6.3 (a) 

via two sphere model. During these three solid state sintering stages, the % relative 

density change according to sintering time is mentioned in Figure 6.4. 
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                     a              b 

Figure 6.3: Schematic configuration of solid state sintering via two sphere model (a), 
neck formation between particles during solid state sintering (b) [51] 

 

Figure 6.4: Schema of the densification curve of a powder compact and the three 
sintering stages [26] 

During compaction, powder particles are subjected to strain hardening that increases 

with higher pressure. Sintering causes annealing, during which strain hardening is 

relieved, primarily through crystallization. A small portion of the geometrical 

changes that occur in compacts during sintering results from recrystallization [47]. 

However, the fact that a well developed sintered microstructure is formed only at 

temperatures above the recrystallization temperature range. 
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When atoms flow from grain boundary to the neck, vacancies flow in the opposite 

direction and they are thus eliminated at the grain boundaries [47]. The rates of the 

diffusion mechanisms such as volume diffusion, surface diffusion and grain 

boundary diffusion vary significantly and the geometries that govern transport also 

vary and are quite complex even for simple model systems [47]. The diffusion 

mechanisms during sintering are mentioned in Table 6.1 according to diffusion paths 

between two particles which are shown in Figure 6.5.  

Table 6.1: Material transport mechanism during sintering [26] 

Material Transport 

Mechanism 

Material 

source 

Material 

Sink 
Related Parameter 

1. Lattice diffusion Grain 

Boundary 

Neck Lattice diffusivity, Dl

2.Grain boundary 

diffusion 

Grain 

Boundary 

Neck Grain boundary diffusivity, Db

3. Viscous flow Bulk grain Neck Viscosity, η 

4. Surface diffusion Grain surface Neck Surface diffusivity, Ds

5. Lattice diffusion Grain surface Neck Lattice diffusivity, Dl

6. Gas phase transport 

     6.a. Condensation Grain surface Neck Vapour pressure difference, Dp

     6.b. Gas diffusion Grain surface Neck Gas diffusivity, Dg

 

Figure 6.5: Material transport paths during sintering [26] 
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6.1.1. Change in the Dimensions and Density 

Changes in density during sintering are primarily due to changes in volume [37]. 

However, changes in mass are caused by the loss of lubricant added during 

compacting. When metal powder compacts are sintered, they usually shrink and 

density increases [37]. There are many factors affecting shrinkage. First of all, as the 

higher sintering temperature, shrinkage occurs greatly [37]. Shrinkage also increases 

with increasing sintering time. Accordingly, high sintered densities can be obtained 

more readily by increasing temperature than by increasing sintering time. Another 

factor affecting shrinkage is the particle size of the powder [47]. Fine particles 

shorten processing times and increase the densification rates due to particles 

significantly large surface area [47]. Therefore, as the particle size decreases, the 

shrinkage enhances. A final factor is compacting pressure. The higher the 

compacting pressure, the smaller the sintering shrinkage [37, 47]. The effect of 

temperature, pressure and particle size to relative density is point out in one diagram 

in Figure 6.6. 

 

Figure 6.6: Effect of sintering parameters on densi

In powder metallurgy applications, large amount o

sintered densities near those of the solid metal. 

To sum up, the higher the sintering temperature,

finer the particle size of the powder from which 

lower the green density of the compacts, the greate

6.1.1.1. Dilatation Properties 

Shrinkage and dimensional change of a material d
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and then cooled to room temperature. During sin
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values of the sample can be recorded via a computer. At the end of sintering, the 

expansion values are drawn in a diagram according to temperature. A model of the 

diagram is given below in Figure 6.7. 

 

Figure 6.7: Example of an expansion curve as a function of sintering temperature 
[47] 

At the end of sintering, the expansion values are drawn in a diagram with respect to 

temperature. An expansion diagram displays increase in temperature and in 

shrinkage thus the contraction of the compact. During cooling, contraction initially is 

faster than normal thermal contraction, because the compact is still sintering. 

Eventually, however, the dilatometer curve slope follows normal contraction. This 

type of experiment is particularly well suited for studies of the rate of densification 

as a function of temperature [47].  

6.1.1.2. Microstructural Changes 

When the microstructure of green metal powder compacts is observed, powder 

particles and pores are visible in the microstructure having narrow and wide size 

distributions [47]. Particles are flattened and distorted, depending on the nature of the 

powder and the compacting pressure. 

The transition in microstructure from that of a green compact to that of a well 

sintered compact is a function of sintering temperature and time [47]. During 

annealing of cold worked wrought material, a recrystallization temperature is 

reached, where nuclei of strain free grains are formed that grows into the 

recrystallized structure occurs. Subsequently, grain growth of the recrystallized 

structure occurs. 
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Development of the typical well sintered structure of a metal powder compact 

requires that grain growth occur across prior particle boundaries. The grain growth is 

restricted until material transport that occurs during sintering has progressed to a 

point where a substantial increase in the contact area between particles has taken 

place.  Higher compacting pressure on grain growth during sintering is to facilitate 

extensive contact between particles [47].   

At high sintering temperatures, compacts shrink and hardness increases due to their 

higher density.  

6.1.2. Sintering Atmospheres 

Significant differences between heat treating and sintering require careful selection 

of furnace atmospheres for sintering. Primarily, the powder metallurgy compacts are 

porous and a much greater surface area is exposed to the furnace atmosphere than 

with solid parts. The combination of greater exposed surface area and higher 

temperatures enhances chemical reactivity between the surface and atmosphere 

during sintering. 

Sintering atmosphere must reduce surface oxides on the powder particles; provide 

controlled oxidation during cooling in special applications and remove heat 

efficiently and uniformly [47]. Basic function of sintering atmosphere is to protect 

metal parts from the effects of contact with air [47]. 

In the preheat zone, the atmosphere must reduce surface oxides on the metal particles 

to ensure a clean, metallic surface on the particles because clean particle surfaces 

further improve bonding. Thus, the greater the oxide reducing affects of the 

atmosphere, the stronger the sintered bond. Furthermore, porosity between the 

particles becomes rounded; therefore the structural integrity and toughness of the part 

are improved [47]. 

6.1.3. Sintering of Tungsten 

Several factors such as sintering time, temperature, particle size, atmosphere, purity 

of powders and compacts, compacted density, thermal gradients, heating rate, 

cooling rate, particle size distribution, compact weight, gravity and friction and 

additives for instance, dispersed oxides and sintering activators influence the 

sintering of tungsten [47].  
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Mass transport by diffusion is very slow for refractory metals at most conventional 

sintering temperatures that are economically or technically feasible [47]. Therefore, 

the effects of time, temperature and particle size are more significant for tungsten 

where temperature up to and exceeding its melting point is readily attained [47].  

Sintering of tungsten is commonly carried out in a temperature range of 2000 ˚C up 

to 3050 ˚C under flowing hydrogen either by direct sintering or indirect sintering. 

The density thereby obtained should be a minimum of 90% of the theoretical density, 

but is commonly in the range between 92 to 98% [1].  

Investigations have shown that the densification is controlled by grain boundary 

diffusion over most of the densification range, unless at very high densities it 

becomes controlled by lattice diffusion. In addition to temperature and time, several 

other parameters influence densification, such as powder particles size, green 

density, sintering atmosphere, powder purity, compact size and weight, heating rate, 

thermal gradients and the presence of insoluble phases such as oxides like ThO2, 

La2O3, CeO2, ZrO2 or metallic potassium [1].   

Temperature is the most important parameter affecting densification. Higher 

sintering densities can be obtained much more rapidly by increasing the sintering 

temperature than by prolonging the sintering time. For tungsten, below 1900 ˚C little 

densification occurs, unless very long sintering time are applied [1]. If the starting 

tungsten powder is fine, more rapid densification at a given temperature is obtained 

[1]. 

The oxide dispersoids are stable at the high sintering temperatures and do not 

dissolve in the tungsten matrix. Tungsten is resistant to oxide ceramics such as 

alumina, magnesia, zirconia and thoria up to 1900 ˚C. They pin the grain boundaries 

during the later stages of sintering, and in that way they significantly restrict grain 

coarsening [1, 50].  

Tungsten is sintered in hydrogen atmosphere which removes the oxygen coating of 

the powder particle surfaces [1]. High purity dry hydrogen is commonly used. 

Vacuum sintering is generally unsuccessful. Under vacuum or inert gas, sintering is 

retained by residual oxygen, and the desired density will not be achieved. Tungsten is 

highly reactive with carbon and oxygen at almost all sintering temperatures [1, 47]. 
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7. EXPERIMENTAL PROCEDURE AND RESULTS 

The aim of this dissertation work is to synthesize and develop W-C and W-B4C-C 

composites using mechanical alloying. To carry out this idea, B4C intermetallic 

phase was chosen as carbide phase. In fact, there is lack of article which is based on 

W-B4C-C particle reinforced nanocomposites. That is the main reason to prefer this 

interesting composition for this project.  

Moreover, to compare the microstructural and mechanical properties of W-B4C-C 

particle reinforced nanocomposite, W-C nanocomposite was prepared with the same 

conditions. Therefore, the effect of B4C content in the nanocomposite would be 

observed obviously. 

Mechanical and mechanochemical synthesis of W/B4C nanocomposite was 

fabricated by using Spex mixer high energy mill for 10, 20, 30 hours. Mechanical 

alloying (MA) process was carried out in two different conditions: wet MA in ethyl 

alcohol and MA in dry condition. Characterization investigations of the mechanically 

alloyed nanostructured and nanocomposite W - based powders were conducted using 

Laser Diffraction Particle Size Analyzer, Scanning Electron Microscope (SEM) and 

X-Ray Diffractometer (XRD). 

Following mechanical alloying in wet conditions, powders were mixed 

homogeneously with Polyethylene Glycol (PEG). There was no need for such a 

lubricant for the powders which were mechanically alloyed in dry condition. 

Powders were compacted at room temperature and under air with a uniaxial pressing 

in rigid dies with a pressure of 500 MPa. Bulk samples were solid phase sintered at 

1680 °C in Anter ™ Dilatometer under H2 atmosphere and the similar bulk samples 

were solid phase sintered at 1770 °C in Linn™ furnace under H2 atmosphere. 

Finally, microstructural characterization investigations and some physical properties 

of the bulk sintered samples were determined. These investigations were carried out 

by using XRD, optical microscope, SEM and Vickers microhardness machine. 

Densities of the sintered composites were calculated by using Archimedes principle 

and dimensional analyses. As a result, the effects of boron carbide addition in the 
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tungsten matrix composites were analyzed. As seen in the Figure 7.1, the dissertation 

work was summarised by the process flow chart. 

 

Figure 7.1:  Flow chart of the dissertation work 

7.1. Staring Powders 

Commercial tungsten powder, graphite powder and boron carbide powder were used 

in the experiments. Tungsten powder which was produced by oxide reduction 

method has a particle size approximately 28 µm. The particle size and the particle 
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size distribution of the powders were observed by Laser Diffraction Particle Size 

Analyzer which can measure powders particle size in wet or in dry condition. The 

powders particle dimension should be between 20 nm – 2 mm for this instrument 

which was photographed in Figure 7.2.  

 

Figure 7.2: Laser Diffraction Particle Size Analyzer (Malvern™) 

Raw materials which were used for this project did not dissolve in water, therefore 

measurements were applied in wet conditions using distilled water. To prevent 

agglomeration, powders were dispersed and deagglomerated in an ultrasonic bath for 

15 min. before analyzing the particle sizes.  The particle size distribution curves of 

the starting powders were given in Figure 7.3. 

 

               Tungsten (28,491 µm)    Graphite (21,346 µm) 

 

              Boron Carbide (2,187 µm) 

 size distribution of the starting powders  Figure 7.3: Particle size and particle
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7.2. Mechanical Alloying Experiments 

Mechanical alloying (MA) and mechanochemical synthesis processes were carried 

out using SpexTM 8000 Dual Mixer/mill. The picture of the SpexTM and the vial 

 

Figure 7.4: SPEX 8000 mixer/mill in the assembled condition (a). Tungsten carbide 
vial set consisting of the vial, lid, gasket and balls. Courtesy of SPEX 

The powder 

B C (wt %2) – C (wt %1) and W (wt %99) – C (wt %1). First of all, MA 

rature, many of the mechanical alloying experiments are carried out in wet 

conditions. Therefore in the previous tests, ethyl alcohol was added into the milling 

 milled to 

avoid cross contamination. A ball to powder weight ratio of 10:1 and a 400 rpm 

system was given in Figure 7.4. 

a b 

CretiPrep, Mentunchen, NJ (b) [43] 

compositions of the two composites were determined as; W (wt %97) - 

4

experiments were carried out in SpexTM using wet conditions. Milling system for the 

wet MA process was composed of WC-Co balls, WC vial, powders and ethyl 

alcohol. 

In the lite

system. But after 30 hour milling, contamination values coming from milling media 

was enormous. Volume of WC contamination after ball milling in wet condition for 

several hours was shown in table 7.1. Therefore, it was decided to do the entire 

experiments one more without using ethyl alcohol. In this manner, powders are 

covered the balls and vial surface completely, so the balls should not wear. 

The vial and the balls are made of the similar material as the powder being

speed were adopted. Totally 200 gram ball was used. The loading and unloading of 

the powders into and from the vial were always done in argon filled glove box which 

was photographed in Figure 7.5.  
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Figure 7.5: The Glove Box 

The starting powders were blended (0 hour mechanical alloyed) and were mechanical 

urs. Wet mechanical alloyed powders were dehumidified 

r dry milling 

 W (wt%99) - C(wt%1)  W (wt%97) - B4C(wt%2) -  C(wt%1) 

alloyed for 10, 20 and 30 ho

in drying oven at 85 °C. After mechanical alloying; powders, balls and vial were 

weighted. Contamination values of the powders at the end of wet mechanical 

alloying were obtained from the weight loss of the WC-Co balls. The effect of WC 

contamination to the volume of the composites was given in Table 7.1.  

However during dry mechanical alloying, powders were covered the balls and vial 

surface completely and balls did not wear. Therefore, contamination afte

was minimized.      

Table 7.1: Contamination values after ball milling in wet condition for several hours 

 0 h 10 h 20 h 30 h  0 h 10 h 20 h 30 h 

 vol %  vol % 

W W 92 59 30 35 80 52 34 24 

C 8 5 3 3 C 7 5 2 3 

WC 0 36 67 62 WC 0 35 58 70 

 B  4C 13 8 5 4 

7.3. Investigation of Wet Mechanical Alloyed Powders 

7.3.1. Powder Characterization of Wet Mechanical Alloyed Powders 

Investigations of wet mechanical alloyed W (wt %97) - B4C (wt %2) – C (wt %1) 

tion Particle 

Figure 7.7. 

and W (wt %99) – C (wt %1) nanocomposites was done by Laser Diffrac

Size Analyzer, Scanning Electron Microscope (SEM) and X-Ray Diffractometer 

(XRD) with CuKα radiation. The photographs of SEM and XRD were given in 
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Particle size and particle size distribution of wet mechanical alloyed W (wt %99) – C 

(wt %1) powders after blending and 10, 20, 30 hour milling was obtained from Laser 

Diffraction Particle Size Analyzer which was given in Figure 7.6. 

 

             Blended (29,048 µm)    10 hour (0,712 µm) 

 

                20 hour (0,179 µm)    30 hour (0,180 µm) 

Figure 7.6: The average particle size and particle size distribution of wet MA W (wt 
%99) – C (wt %1) powders

 analyzer results ar  indic f the 

powder blen rees. After 20 and 30 hour milling time, 

 

Laser diffraction particle size e ated that, the size o

particles was started to reduce during milling. An average particle size of 29 µm 

ds was lowered to nm deg

average particle size was similar and approximately 180 nm.  

 

 

Figure 7.7: Scanning electron microscope (SEM) (Jeol™) (a), XRD (b) 

a b  
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Figure 7.8 are a series of SEM micrographs showing the morphologies of the W-C 

 and d) 30h. 

 

Figure 7.8: Morphology of the blended (0 h) W – C (wt %1) powder (a), wet milled 
for 10 h (b), 20 h (c), and 30 h (d) 

Flattening of powder particles were taken place during initial stages of mechanical 

of lamellar particles. Afterwards the particles became more equiaxed. Finally steady 

 was given in Figure 7.9. 

powders, a) in the as-received condition, and after MA for b) 10h, c) 20h

The tungsten particle size which could be obviously distinguished in Figure 7.8 (a) 

was nearly 10 µm. During milling powders were mixed and fractured. Tungsten 

particles were not spherical anymore. After 30 hour MA, finally all the powders were 

mixed completely and had equiaxed morphology. As a result, powders were 

successfully entirely mechanical alloyed at the last stage. 

a b 

c d 

C 

W 

alloying. This was followed by particle welding resulting in increase of the number 

stage was reached.  

Last step of the characterization of W-C composite powders was carried out by using 

XRD analyses which
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Figure 7.9: XRD analyses of wet mechanical alloyed W – C (wt %1) powders 

In the Figure 7.9, for blended W-C powders, only tungsten peaks were observed. The 

At the 

 was in rapid 

graphite content in the composite was few, therefore graphite is undetectable. 

end of 10 hour milling, WC peaks were formed. These WC phase was mostly 

occurred because of the contamination by the WC – Co milling system. Avettand et 

al. [7] get the same result when they mechanical alloyed W – 1%Y powders for 30 

hour. Their chemical analyses are showed that cobalt contents continuously increase 

with milling time and XRD observations depicts a marked increase of the volume 

fraction of WC in the same powder for longer than 4 h milling times.   

As seen in Figure 7.9, after MA for 20 and 30 hours, peaks were broadened. The 

intensity of the tungsten peak was decreased as milling process and

decline after 10 hour milling. Moreover, the volume of WC became more than 10 

hour milling. Also, Co3C phase was formed during 20 hour milling. Therefore WC 

and Co3C phase were nearly taken place of W phase. The reason why Co3C phase 

formed was, WC – 6%wt Co were the constituents of the milling system. Balls were 

wearied during milling and WC, Co were contaminated the powder structure.  
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Although the size distribution of the particles was remained constant after 20 and 30 

hour wet MA which was observed from particle size analyses in Figure 7.6, MA 

 

process was refined inner microstructure. Peaks were broadened because of the 

particle size reduction and lattice strain during milling process. The particle size after 

milling can be also determined from XRD analyses by using Scherrer formula [43].  

For comparing the additional effect of B4C dispersion phase similar characterization 

work was carried out for the W-B4C-C composite. Particle size analyses results of

the W-B4C-C powders were given in Figure 7.10. 

 

              Blended (23,983 µm)            10 hour (0,663 µm) 

 

                 20 hour (0,179 µm)            30 hour (0,175 µm) 

Figure 7.10: The average particle size and particle size distribution of wet 
wders 

distribution be  

5 nm after 30 hour milling time. Therefore, via mechanical alloying and 

mechanical alloyed W (wt %97) – B4C (wt %2) - C (wt %1) po

W (wt %97) - B4C (wt %2) - C (wt %1) powders had the same particle size 

haviour with W (wt %99) – C (wt %1) powders during wet mechanical

alloying. 

As seen in Figure 7.10, the blended powders particle size was decreased from 23.9 

µm to 17

mechanochemical techniques, fine dispersion of boron carbide phase in the 

nanostructured W matrix can be obtained.  
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Figure 7.11 are a series of SEM micrographs of the W (wt %97) – B4C (wt %2) - C 

(wt %1) powders, a) in the as-received condition, and after MA for b) 10h, c) 20h 

indicating th  powders. 

is phase was formed by 

the decomposition of B4C. The longer the milling time, the more WC phase was 

added to the powder composition.  

and 30h. 

a b 

c d 

C 

W 

B4C 

Figure 7.11: Morphology of the blended (0 h) W (wt %97) - B4C (wt %2) - C(wt 
%1) powder (a), wet milled for 10 h (b), 20 h(c), and 30 h (d) 

Figure 7.11 (a) shows blended W (wt %97) - B4C (wt %2) – C (wt %1) powders and 

at small B4C particles were adhered on the W and graphite

Ball milling had significantly changed the shape of the powder particles. After 30 

hour milling, finally all the powders were mixed completely and had equiaxed 

morphology. The reduction in the particle size can also be seen by SEM 

observations. On the basis of Figure 7.11, it can be stated that the powders were 

completely mechanically alloyed between 20 and 30 hours.  

According to the XRD results of mechanical alloyed W-B4C-C powder system in 

Figure 7.12, after 20 hour MA, W2B phase was formed. Th
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Figure 7.12: XRD analyses of the wet mechanical alloyed W (wt %97) - B4C (wt % 
2) - C (wt %1) powders for 10, 20 and 30 hours 

As seen in Figure 7.12, peaks were broadened because of the decrease in the 

crystalline size and increase in the lattice strain. Lattice strain can be calculated by 

peaks were b

 both composite systems. Moreover, 

graphite was reduced the adherence of the powders to the milling media. Instead of 

 W-B4C-C powders and 

temperature approximately 30 ˚C, PEG was entirely in the liquid form. Powder 

using Deby – Scherrer Equation [43]. In the same way with the W-C composite, W 

roadened with the milling period.  

7.4. Cold Pressing of Wet Mechanical Alloyed Powders 

The compactability of the tungsten powders is not very good. Therefore wt %1 

graphite powder was added to the W powder in

using graphite, the blended (not mechanical alloyed) W-C,

wet mechanical alloyed powders did not form a compact without adding any polymer 

binder. As a result, polyethylene glycol (PEG) was mixed with all of the wet MA 

powder samples.  

PEG is in the solid form at room temperature. PEG was not dissolved in ethyl 

alcohol at room temperature but when the ethyl alcohol was heated up to the 
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samples were mixed with this liquid ethyl alcohol + PEG mixture by using a liquid 

mixer machine for one hour. Then powders were dried in drying oven at nearly 30 ˚C 

because the flashing point of PEG is 182 ˚C [2]. About wt %3 PEG was mixed with 

powder samples because the more PEG results with the more porosity. Porosity 

decreases the mechanical properties of the sintered samples.  

Due to the fact that the dried powders were agglomerated, so they were pounded in 

the mortar. Powders were pressed by uniaxial hand press in the steel mold at room 

temperature. 500 MPa pressure was applied. Hand press was photographed in Figure 

7.13. 

 

Figure 7.13: Cold Press 

To prevent powder – mold friction, silicone was sprayed on the surface of the mold. 

Green density values were obtained by measuring the height and diameter of the 

compacts using compass. Measurements were carried out four times and average 

values were calculated. Samples weight was measured by a 0.0001 gram sensitive 

meter analyses were done for the same samples but the weighing device. Pycno

results were unsuited, therefore the pycnometer values were ignored for green 

compacts. Theoretical density of particulate composites was computed via the rule of 

mixtures. Theoretical densities were calculated considering the WC contamination 

values. Green and % relative density values of the wet MA samples were shown in 

the Table 7.2. The density of WC (d = 15.7) is less than W (d = 19.3), inferring that 

the theoretical density decreases with the milling time.   
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Table 7.2: Green and % relative density values of the wet mechanical alloyed 
compacts 

 

The decrease of the green density with the milling time can be due to many factors. 

The green density depends on the morphology, the size distribution and the ductility 

of the powder particles [47]. Also degree of contamination is another factor. As the 

milling time increases, green densities reduce due to plastic deformation of the 

particles during milling. Kinetic energy of the particles augments by mechanical 

alloying, for this reason powders resist to be compacted [43].  

Before solid state sintering of the wet mechanical alloyed powders, PEG was 

removed by using debinding furnace from the compacts. The furnace was heated up 

to 300 °C with several steps considering the flashing point of the lubricant in order to 

prevent the compact from cracking. The applied debinding regime and the 

photograph of the debinding furnace were given in Figure 7.14 (a) and (b). After 

debinding, the weight variation was measured and the weight loss was attributed to 

the evaporation of the PEG.  

 

  W (wt % 99) - C (wt %1)  
W (wt %97) - B4C (wt %2) –  

C (wt %1) 

  0 h 10 h 20 h 30 h  0 h 10 h 20 h 30 h 

Theoretical 
Density 

wet MA 
samples 

17.95 17.11 16.43 16.54  15.96 15.86 15.8 15.76 

Samples 
prepared for 
sintering in 
Dilatometer 

11.6 7.56 7.37 7.48  9.1 7.63 7.49 7.47 

Green 
Density Samples 

prepared for 
sintering in 

Linn 

11.69 7.96 7.55 7.61  9.53 7.79 7.72 7.39 

Samples 
prepared for 
sintering in 
Dilatometer 

64.62 44.18 44.85 41.67  57.01 48.11 47.41 47.4 

% Relative 
Density Samples 

prepared for 
sintering in 

Linn 

65.01 46.51 46.01 45.99  59.72 49.13 48.88 46.89 
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Figure 7.14: fu  re  (a), Debinding furnace (Protherm™) (b) 

7.5. Solid State Sintering of Wet Mechanical Alloyed Powders 

xp ere firstly carried out at 1680 °C in Anter™ Dilatometer 

(Figure 7.15 (b)) under H2 atmosphere. Shrinkage and dimensional change of a 

material dep n em ur n te in s m w

dilatometer. Tungsten particles can be 100% sintered only in reducing H2 

tmosphere. However, H is an expensive gas; therefore experiments were carried out 

 similar samples were 

sintered at 1770 °C in Linn™ furnace under the same temperature range with H  

a b 

Debinding rnace gime

Sintering e eriments w

ending upo the t perat e duri g sin r g wa  deter ined ith a 

a 2 

both in Argon and H2 environment. According to dilatometer curves, the optimum 

temperature range for H2 atmosphere of the sample was obtained.  

After sintering up to 1680 °C, density measurements were carried out by using 

Archimedes method. Composites could not be sintered 100% after dilatometer 

experiments. For this reason, in addition to the dilatometer,

2

atmosphere (Figure 7.15 (a)).  
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                          a                                                     b 

Figure 7.15: Linn™ furnace (a), Anter™ Dilatometer (b) 

.5.1. Sintering of Wet Mechanical Alloyed Powders in Dilatometer 

 to 

1680˚C temperature under H atmosphere in Anter™ dilatometer with determined 

 and th

7

Wet mechanical alloyed W-C and W-B4C-C powder compacts were heated up

2 

rates en cooled to room temperature. The applied regime is given in Figure 

7.16. 

H2 

 

Figure 7.16: Anter™ Dilatometer regime 

During sintering and cooling, the expansion values of the composites were computer 

corded and calculated. Two samples could be placed in dilatometers case for each 

sintering process. At the end of sintering of wet MA composites, the expansion 

values were acquired by expansion % – temperature diagrams in Figure 7.17. 

The dilatometry scans of 10 hour wet mechanical alloyed W-C and W-B4C-C 

composite samples were given in Figure 7.17 (a, d) were drawn differently from 

re
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others because of the problem in the thermocouple. But sintering process was carried 

out without any problems. 

 

 

  

 

 

 

 

 

 

 

 

 

 

0h (g) 
4

expansion values were negative as determined in the dilatometer curves in Figure 

c d 

b 
 

 

 

 

 

 

 

 

Figure 7.17: Dilatometer curves of the blended W-C (a), 10h (c), 20h (e), 3
wet mechanical alloyed W-C composites and blended W-B C-C (b), 

a 

e f 

g h 

10h (d), 20h (f), 30h (h) wet mechanical alloyed W-B4C-C composites 

The wet mechanical alloyed powder compacts shrank at the end of sintering since 
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7.17. Nearly between 600-1100˚C, the composite shrank linearly because at this 

range H2 gas was given to the furnace. In hydrogen atmosphere, the formed tungsten 

ese composites were only completed the first stage of sintering [1]. The 

d due to the formation of Kirkendall porosity which results with a 

ubsequent reduction in density of the compact [47]. The sintering temperature was 

pacts for densification.  

 by increasing temperature rather than 

sintering time. Furthermore, fine particles shorten processing times and increase the 

densification rates due to particles large surface area [37, 47]. The density values of 

the com

Table 7.3: Relative density values of the wet mechanical alloyed sintered compacts 
in dilatometer 

 W (wt % 99) - C (wt %1)  W (wt %97) - B4C (wt %2) – 
 C (wt %1) 

oxide layers were reduced and clean tungsten surfaces were sintered easily and 

quickly. However, the blended powder compacts did not shrink; they were expanded 

because th

particles expan

s

not enough for the blended powder com

High sintered densities can be obtained

posites were given in Table 7.3. 

 0 h 10 h 20 h 30 h  0 h 10 h 20 h 30 h 
Theoretical 

Density 17.95 17.11 16.43 16.54  15.96 15.86 15.8 15.76 

          

Sintered Density 13.09 15.6 14.64 15.57  10.65 14.55 15.21 15.38 
% lative 

Density 72.9 91.19 89.12 94.15  66.69 91.76 96.28 97.58 Re

 

As seen in Table 7.3, the 30 hour wet mechanically alloyed W-B4C-C composite had 

the highest relative density which was nearly %98. At the end of 30 hour milling, the 

size of the particles was reduced to 0,175 µm. Therefore even in low sintering 

temperatures rapid densification could be obtained.  

In spite of the fact that sintering temperature of tungsten is higher than 1900 ˚C, the 

presence of finely distributed second phase is reduced the sintering kinetics [1, 26]. 

owever, the appli  sintering temperature for this wet mechanical alloyed B4C 

shortening o

The relative density – milling time diagram of the wet MA composites were given in 

H ed

dispersed sample was 1680 ˚C. As a result, fine particles were contributed to the 

f sintering time and enhance densification rate. 

Figure 7.18. 

 64



 

Figure 7.18: ity change with milling time of the wet MA composites 
after sinter

For further characterization, XRD analyses were carried out for wet MA pos

afte t 16  in m e  analyses of -C po

were given in Figure 7.19. 

 

 Relative dens
ing in dilatometer 

 com ites 

r sintering a 80 ˚C  dilato eter. Th  XRD  the W  com sites 
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Figure 7.19: XRD analyses of 10, 20, 30 hour wet mechanical alloyed W-C 
composite after sintering at 1680 °C in Anter™ dilatometer under H2 
atmosphere 

As seen in Figure 7.19, 10 hour wet mechanical alloyed W-C composite had only 

2C and tungsten peaks. The effect of contamination was not observed. Further 

milling means more contamination. The effect of contamination was obvious in 20 

and 30 hour milled composites. According to the XRD analyses in Figure 7.19, three 

phases were present in these composites. Weimer [31] mentioned that W2C is a more 

brittle phase than WC and it often reacts with and partially depletes the cobalt binder 

to form mixed (W, Co) carbides. Co3W3C is an example for these carbides. 

Formation of W2C intermetallic phase could be attributed to reaction of tungsten 

with free graphite or reaction of graphite with tungsten carbide which was wearied 

from the balls. 

By milling process, tungsten peaks were broadened and free graphite phase were 

increased in the compact. The excess graphite was formed as a result of 

contamination after 20 and 30 hour milling. At 1680˚C it was not reacted with 

tungsten. 

W
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XRD characterization was carried out for the wet mechanical alloyed W-B4C-C 

composite shown in Figure 7.20. 

 

Figure 7.20: XRD analyses of 10, 20, 30 hour wet mechanical alloyed W-B4C-C 
composite after sintering at 1680 °C in Anter™ dilatometer under H2 
atmosphere 

At the end of 20 hour milling, W2B intermetallic phase was formed in the W-B4C-C 

composite. During mechanical alloying, boron carbide phase was dissolved and 

boron was made a reaction with tungsten.    

7.5.2. Sintering of Wet Mechanical Alloyed Powders in Linn Furnace  

The similar wet mechanical alloyed W-C and W-B4C-C compacted composite 

samples were heated at 1770˚C under H2 atmosphere with determined rates for the 

Linn furnace. These samples were prepared by the same wet mechanical alloyed 

ides and improved bonding. Temperature range for the H2 atmosphere was 

powders which were used for the dilatometer compacts.  

Linn furnace rates were given schematically in Figure 7.21. H2 atmosphere was used 

in the same temperature range with dilatometer. H2 atmosphere was reduced the 

surface ox
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determined by the dilatometer curves. Because of being a very expensive gas, argon 

atmosphere was used for the rest of the temperature ranges. 

 

 

 

Figure 7.21: Linn™ furnace regime 

All the sintered samples had nearly the same surface area before sintering, but after 

alloyed com arly visible in the picture of the sintered composites in 

sintering at 1770 °C, dimensional difference between blended and mechanical 

posites is cle

Figure 7.22. Both of the blended samples almost did not shrink. 

a b c                    d                     ea b c                    d                     e  

Figure 7.22: Sintered samples at 1770 °C in Linn™ furnace under H2 atmosphere, 
W-C: blended (0h) (a), W-C: wet MA for 10h (b), W-C: wet MA for 

H2 

Ar

Ar

Vacuum
Vacuum

20h (c), W-B4C-C: blended (0h) (d), W- B4C -C: wet MA for 10h (e) 
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7.6. Bulk Characterization of Wet Mechanical Alloyed Powder Compacts 

Sintered in Linn Furnace 

7.6.1. XRD Analyzes 

XRD characterization was applied to the wet MA W-C (%wt 1) composites after 

sintering in Linn™ furnace under H2 atmosphere at 1770 ˚C. XRD results were 

indicated in Figure 7.23. 

 

Figure 7.23: XRD analyses of blended (0h), 10, 20 hour wet mechanical alloyed W-
C composite after sintering at 1770 °C in Linn™ furnace under H2 
atmosphere 

Blended tungsten and graphite powders were not mechanical alloyed, therefore there 

was no contamination coming from the milling media. In these samples graphite 

particles were reacted with tungsten and metastable W2C intermetallic phase w s 

the 10 hour 

composites Co3W3C intermetallic phase was determined. Co3W3C intermetallic 

phase was formed due to adhesive wear of WC - Co (wt %6) ball and vial system. It 

was found by Saez et al. [12] that after sintering of WC-Co in the presence of 

titanium diboride (TiB2), super hard complex phases of WCoB and W2CoB2 can be 

a

started to form. By the XRD analyses, the contamination effects were observed for 

and 20 hour wet MA W-C nanocomposites in Figure 7.23. In these 
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achieved if the boron content is above wt %20. In spite of the intensity of tungsten 

peaks was reduced, the intensity of W2C peaks was increased. This means that, 

tungsten was reacted with wt %1 free graphite and with WC coming from balls. A 

ng time was promoted the fracture of tungsten particles, and 

ith the reaction of excess carbon and tungsten. Sintering 

temperature of Linn furnace was 90 ˚C more than sintering temperature of 

dilatometer. Increase in temperature was resulted formation of WC phase. The XRD 

analyses of blended (0h) and 10 h mechanical alloyed W-B4C-C composite at the end 

of sintering up to 1770 °C in Linn furnace was given in Figure 7.24. 

prolongation of the milli

increased the contamination by cobalt and tungsten carbide. Besides W2C, W and 

Co3W3C intermetallic phases, 20 hour mechanical alloyed samples had WC phase 

also. WC was formed w

 

Figure 7.24: XRD analyses of blended (0h) and 10 h mechanical alloyed W-B4C-C 
composite after sintering at 1770 °C in Linn™ furnace under H2 
atmosphere 

Blended and sintered W-B4C-C nanocomposites only had tungsten peaks. However, 

10 hour mechanical alloyed sample had peaks different than tungsten. Also, the 

intensity of tungsten peak reflected from [110] direction was lower than the blended 

nanocomposite due to the reduction of the tungsten crystalline size during milling. 
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The fracture of the tungsten particles could be explained by an enhancement of their 

plastic deformation and therefore of their work hardening that entails their fracture. 

Plastic deformation would then be favoured by the stress concentration due to hard 

particles of B4C and of tungsten carbide. 

According to the XRD analyses of 10 hour wet mechanical alloyed W-B4C-C 

nanocomposite which was sintered at 1770 °C in Linn™ furnace, two interesting 

results come to light. Firstly, new formation of W2B was conspicuous. This was an 

expected phase due to the decomposition of B4C after sintering. The decomposition 

temperature of B4C was not definite because besides thermodynamic data, kinetic 

energy plays an important role during mechanical alloying. Moreover, the XRD 

results of  mechanical alloyed W-B4C-C composite after sintering at 1770 °C in 

Linn™ furnace was different than sintering at 1680 ˚C in dilatometer. W2C phase 

was observed in difference. This formation was a consequence of 90 ˚C increase in 

sintering temperature. The other interesting conclusion was that Co3W3C 

intermetallic phase did not observed by XRD analyses.  

Mechanical alloying is a rapid process; therefore it can not be expressed by 

thermodynamic rules. Even so thermodynamic could give information concerning 

the intermetallic phases formed in the sintering regime applied. In Figure 7.25, the 

ternary phase diagram (a) and alkamet lines (b) of the W-B-C system were given. 

 

 

 

 

 

 

 

 

 

Figure 7.25: Ternary phase diagram of W-B-C system [3] (a), (b) 

a b 

x 
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The composition of W-B4C-C composite which was marked in Figure (b) is in the 

region of E1 in the ternary phase diagram of W-B-C.  

   [3] 

In this region up to 2355 °C, W B, W C and W phases are present in Figure 7.25 (a). 2 2

Figure 7.25 (b) is showed the alkamet lines of the phase diagram.  

XRD results were thermodynamically proved by ternary phase diagrams. Also 

standard free energy values of the phases support this proof in the Table 7.4. 

Table 7.4: Thermodynamic data calculated using HSC 4 Thermochemical Analyze 
Computer Program 

14W + B4C + C +  WC = W + 4W2B + 3W2C 

             T ∆H ∆S ∆G 

°C kcal cal/K kcal 

1680 -26.59 23.214 -71.931 

1770 -25.515 23.752 -74.045 
 

The standard free energy of the equation was negative. As a result, the reaction was 

gone to products direction. In other words, W, W2B and W2C phases were formed 

both at 1680 °C and 1770 °C.  

7.6.2. Densities of the Wet Mechanical Alloyed Sintered Composites 

fter sintering the wet MA W-C and W-B4C-C nanocomposites in Linn furnace, the 

densities were measured via Archimedes water immersion method at room 

mperature. Ethyl alcohol was used in stead of water. Because, the boiling point of 

thyl alcohol is lower than water. The samples were dried in drying oven in few 

inutes at the end of the experiment. The experiment mechanism was photographed 

in Figure 7.26. 

A

te

e

m
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Figure 7.26: Archimedes principle 

The density of ethyl alcohol was taken as 0.79 g/cc. The sintered and % relative 

density values of the co ven in Table 7.5.  

Table 7.5: e density  of the wet M ocomposites wh e sintered 
ace 

W (w  C (wt %1  (wt %97) - B  
C (wt 

mposites were calculated and results were gi

 Relativ  value A nan ich ar
in Linn furn

 t % 99) - )  W 4C (wt %2) -
%1) 

 0 h 10 h 20 h  0 h 10 h 
Theoretical 

Density 17.95 17.11 16.43  15.96 15.86 
    

Sintered Density 15.94 16.39 14.56  13.39 14.8 
% Relative 

D nsity 88.8 95.5 88.66  83.95 93e .32 

 

The formation of finer and finer nanostructures with increasing milling time usually 

improves the densification [7]. However, the contamination by tungsten carbide and 

cobalt milling system was decreased the composites sintered densities. Tungsten 

carbide is usually liquid phase sintered with %10-20wt Co to obtain a dense structure 

[49]. Therefore, sintering tungsten carbide without a sufficient amount of liquid 

phase is so difficult. Increasing binder volume improves the ductility and toughness 

[5]. It is difficult to obtain a fully dense tungsten material even by hot pressing at 

2000 ˚C without any sintering aids or sintering activators such as Pt, Ni, Pd, etc [5, 

8]. As seen in Table 7.5 and Figure 7.27, especially after 10 hour mechanical 

alloying, the relative density of W-C composite was became %95.5 although the 

composite was sintered in relatively low temperature, at 1770 ˚C.  
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Figure 7.27: nge with milling time of the wet MA composites 
after sin

7.6.3. Optical Microscope View of Polished Wet Mechanical Alloyed 

Co r S g 

To observe the distribution of porosities on the surface of entire sintered composite 

s pe es ca ied o r optica oscope 

cha , sam ere y ta o akeli polished everal 

emery papers. Machines used for this characterization process was photographed in 

 

e (b) and optical 
microscope (c) 

 % Relative density cha
tering in Linn Furnace 

mposites afte interin

amples, optical microsco analys were rr ut. Fo l micr

racterization ples w  firstl ken int b te than  with s

Figure 7.28. 

                a                                          b                                                 c 

Figure 7.28: Bakelite machine (Struers™) (a), polishing machin
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Figure 7.29 shows the porosity distribution of the polished mechanical alloyed W-C 

composites after sintering at 1770 ˚C in Linn furnace.  

 

Figure 7.29: Optical microscope images of polished W-C composites after sintering. 
W-C: blended (0h) (a), W-C: wet MA for 10h (b), W-C: wet MA for 
20h (c) 

In the images, black parts are the pores and white parts are the tungsten particles. In 

Figure 7.29 (a), which is belong to blended W-C composite, the dimension of the 

the end of 10 hour mechanical alloying, pores were approximately 2 µm and nearly 

ion of the pores were smaller than 1 µm and they were 

4

 too. Tungsten particles could be seen 

obviously in Figure 7.30 (a).   

Figure 7.30: Optical microscope images of polished W-B C-C composites after 

100 X100 X

porosities was bigger than 15 µm and they were heterogeneously settled. However at 

homogeneous. The pore distribution of 20 hour mechanical alloyed composite was 

different than others. Dimens

located homogeneously in groups. There were also pores located separately from the 

groups. In difference, the grain boundaries of the 20 hour mechanical alloyed 

composite could be seen after polishing in Figure 7.29.  

Blended W-B C-C composite had the same pore morphology as blended W-C 

composite. The pores size was nearly 15 µm

 

500Xa b c 

        a b 500 X 100 X 

4
sintering at 1770 ˚C. W-B4C-C blended (0h) (a), W-B4C-C: wet MA for 
10h (b) 



The pore distribution of 10 hour wet MA W-B4C-C composite was dissimilar from 

other four samples. Besides locating homogeneously, the number of the pores was 

much more than the 10 hour wet MA W-C composite.   

7.6.4. Optical Microscope Pictures and SEM Micrographs of Etched Wet 

Mechanical Alloyed Composites after Sintering 

Composites were etched with hydroxyl peroxide while looking to the sample from 

optical microscope at the same time. Therefore, every stage of the etching process 

could be followed. This application was pre ted s from excessive etch

Etching time was different in every composite. Figure 7.31 represents the optical 

at 1770 ˚C in Linn furnace. 

 

formation be

4000 X    d    c 1600 X 

ven sample ing. 

microscope view of etched W-C blended (0h MA) composite at the end of sintering 

200 X 400 Xa b 

    Figure 7.31: Optical microscope pictures of etched W-C blended (0h MA)  
osite tering at 1770 ˚C after sincomp

 

The blended W-C composite had lots of large pores and there was not any neck 

tween the particles. As a result, sintering temperature was not high 
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enough for blended W-C powders. At higher temperatures from 1770 ˚C, necks 

would be started to form and pores size would be reduced. 

Sintering occurs in three stages [1]. Firstly, at low sintering temperatures bigger 

es, solid phase sintering occurs. 

Neck formation starts between particles and pores are getting closed. At the end of 

crograph (a) and Backscatter (BSE) imag b) of etc -C 
blended (0h MA) composite after sintering at 1770 

In the Figure 7.32, the white phases were tungsten particles and the black coloured 

flake like morphology was graphite. The particle size of tungsten was nearly 18 µm 

according to SEM analyze and there were also smaller tungsten particles. The initial 

particle size of tungsten that was observed with SEM in Figure 7.8 was nearly 10 

µm. This indicates grain growth of tungsten particles after sintering at 1770 ˚C.  

Consequently, blended W-C composite was sintered until at the end of the first stage 

of sintering. The tungsten particles were tended to grow. The expansion values were 

measured by using dilatometer curves which were mentioned ction 7.5

duction and neck formation were the striking results which are obviously seen in 

particles shallow the smaller ones and they attempt to grow. In this stage the bulk 

composite expands. But when the temperature ris

sintering the composite shrink [1]. 

The insufficient sintering of blended W-C composite was also observed from SEM 

images in Figure 7.32. 

 

Figure 7.32: SEM 

a b 

mi e (
˚C 

hed W

in se .1. 

According to the optical microscope images of 10 hour MA W-C composite, the pore 

re

Figure 7.33. 
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The relative  principle which 

 

 

 1600 X  4000 X 

  1000 X  500 X 
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 Figure 7.33: Optical microscope pictures of etched 10 hour wet mechanical 
alloyed W posite after sintering at 1770 ˚C -C com

density of this sample was measured via Archimedes

was %95.5. The particles had round morphology. Ball milling was changed the shape 

of the powder particles which was became more equiaxed. The size of the grains was 

smaller than 5 µm. 

The same composite was characterized with SEM and BSE to get more information 

about sintering. The neck formation between particles is obviously observed in 

Figure 7.34. 
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 a   b 

c   d

Figure 7.34: SEM micrograph (a, c, d) and Backscatter (BSE) image (b) of etched
10 hour wet mechanical alloyed W-C composite a

34: SEM micrograph (a, c, d) and Backscatter (BSE) image (b) of etched
10 hour wet mechanical alloyed W-C composite a
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In spite of having completely flat surface after polishing and etching stage, SEM 

pictures were indicated that this sample were not fully sintered due to sample’s 

topography. It had several fine pores which were distributed homogeneously. 

Optical microscope im

In spite of having completely flat surface after polishing and etching stage, SEM 

pictures were indicated that this sample were not fully sintered due to sample’s 

topography. It had several fine pores which were distributed homogeneously. 

Optical microscope im

7.35. 

 

7.35. 

 

 79



 

Figure 7.35:    
posite after sintering at 1770 ˚C 

of this 

       500 X   1000 X        a b 

4000 X         c 

 

 Optical microscope pictures of etched 20 hour wet mechanical alloyed  
W-C com

The morphology of 20 hour mechanical alloyed W-C composite was very different 

from the 10 hour mechanical alloyed W-C composite. Grains had sharp edged shape 

and two different colours were realized after etching. For characterization 

morphology, EDS analyzes were done by using BSE in Figure 7.36. 
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 a  b 

 

 SEM micrograph (a, b, c) and Backscatte

 c  d 

Figure 7.36: r (BSE) image (d) of etched 

ite phase which 

is marked by 1, has a composition of wt%2 C, wt%6 Co and  wt%92 W. The grey 

position of wt%7 C, wt%10 Co, and wt%83 

.  Only grey phase seems to have sharp edge morphology in stead of white phase 

ue to BSE analyses in Figure 7.36 (d). In the grey phase, the amount of not only 

EM studies must be carried out to determine the 

morphology. 

The optical microscope images of the blended W-B4C-C composite were given in 

igure 7.37. 

 

20 hour wet mechanical alloyed W-C composite after sintering at 1770 
˚C 

This sharp edged morphology is clearly seen via SEM images in Figure 7.36. 

According to the EDS analyzes taken from BSE Figure 7.36 (d), wh

phase which is signed by 2, has a com

W

d

graphite but also cobalt increases. T

F
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As seen in Figure 7.37, the blended W-B4C-C composite had large pores as blended 

 

b 

  4000 X        1600 X 

  1000 X          500 X             a 

      c d 

Figure 7.37: Optical microscope pictures of etched W-B4C-C blended (0h MA) 
composite after sintering at 1770 ˚C 

W-C composite. But the pore sizes were smaller than W-C composite. There was not 

any neck formation between the tungsten particles. Therefore, sintering temperature 

was not sufficient for blended W-B4C-C powders too. To get more data about 

sintering behaviour of W-B4C-C composite, SEM and BSE observations were carried 

out in Figure 7.38. 
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Figure 7.38: SEM micrograph (a) and Backscatter (BSE) image (b) of etched W-
B4C-C blended (0h MA) composite after sintering at 1770 ˚C 

After etching the composite with hydroxyl peroxide, the grain boundaries of the 

particles were clearly distinguished. Particles had nearly 16 µm grain size which was 

observed with SEM analyses in Figure 7.38 (a).  

Particle size of the tungsten powders were observed by SEM analyzes before 

sintering was approximately 10 µm. A remarkable increase of the grain size was 

observed after sintering, theref osite expands. This r lt also in

that, 1770 ˚C was not an enough temperature for complete sintering. As mentioned 

Dilatometer re 1 also support this approach. 

 a   b 

ore the comp esu dicates 

before, sintering has three stages and this sample was completed only the first stage. 

sults which were given in Section 7.5.

The effect of mechanical alloying to sintering behaviour of the composites was 

obviously determined in figures 7.39 and 7.40 which were belong to 10 hour MA W-

B4C-C composites. 
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 final stage of sintering. The size of the grains was smaller than 

 µm. The particles had round morphology. After mechanical alloying (ball milling) 

re became equiaxed. To observe the reason of the colour 

difference in some 10 hour wet MA W- B4C-C composite’s grains, SEM, EDS and 

SE analyzes were carried out in Figure 7.39. 

      500 X  1000 X         a b 

X   1600 X 4000           c d 

Figure 7.39: Optical microscope pictures of etched 10 hour wet mechanical alloyed 
W-B4C-C composite after sintering at 1770 ˚C 

Due to the optical microscope views in Figure 7.39, the pore reduction is obvious 

when 10 hour mechanical alloyed sample is compared with blended W-B4C-C 

composite. The relative density of this sample was %93.3. Therefore this sample was 

nearly completed the

3

the shape of the particles we

B

 

 

 

 

 84



 

Figure 7.40: SEM micrograph (a, b, d) and Backscatter (BSE) image (c) of etched 

analyzes. Therefore, the reason of the 

olour difference which was observed by optical microscopy could be due to 

xcessive etching or boron phase in or around the tungsten grains.  

  d c 

 a   b 

  

10 hour wet mechanical alloyed W-B4C-C composite after sintering at 
1770 ˚C 

Neck formation between the grains can be easily observed Figure 7.40 (a). By the 

EDS analyzes taken from BSE pictures in Figure 7.40 (c), the reason of the colour 

difference could be determined. However EDS results were surprising.  

The dark grey phase which is signed with 1, has a composition of wt%3 C, wt%2 Co 

and wt%95 W. The white phase which is marked as number 2, has a composition of 

wt%4 C, wt%1 Co, and wt%95 W. And the light grey phase signed with 3, has a 

composition of wt%4 C, wt%2 Co and wt%94 W. All of these composition values 

are almost the same.  

Boron phase can not be detected by EDS 

c

e
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Furthermore, colour difference of the BSE samples could be attributed to the 

topography of the composite. The relative density of 10 hour wet MA W- B4C-C 

composite was %93.3. Topography could be occurred because of the insufficient 

sintering temperature and/or sintering time.  

7.6.5. Microhardness of the Wet Mechanical Alloyed Composites 

Vickers microhardness tests were carried out using Shimadzu microhardness 

machine for all of the W-C and W-B4C-C nanocomposites which were sintered at 

1770 ˚C in Linn furnace.  The microhardness machine was photographed in Figure 

7.41. 

 

Figure 7.41:

500 gram load was applied to the samples for 15 s. On an average, 20 times hardness 

C composite 

 Shimadzu microhardness machine 

test were put into practice for one composite. In every test, different part of the each 

sample was measured. In Figure 7.42, the Vickers microhardness test trace on 

blended W-B4C-C composite and 10 hour wet mechanical alloyed W-

was given. The trace of blended W-B4C-C composite was much larger than 10 hour 

wet mechanical alloyed W-C composite. Consequently, the mechanical alloyed 

composite was harder than blended composite. Microhardness results and standard 

deviation values were calculated and put into the graph in Figure 7.43.  
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Figur

 a  b 

e 7.42: Vickers microhardness test trace on blended (0 h) W-B4C-C composite 
(a), 10 hour wet mechanical alloyed W-C composite (b) 
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Figure 7.43: Vickers microhardness values of the wet MA composites according to 
milling time 

Due to the microhardness results, it is obvious that as the milling time increases, the 

hardness increases. It can be attributed into two reasons. Firstly, mechanical alloying 

in wet conditions was contaminated the powder system. WC and Co were added to 

the W-C and W-B4C-C composition. The more milling time means the more 

ontamination.  

ungsten carbide was played a dominant role on the mechanical behaviour of the 

posite according to its high volume fracture in the long time wet mechanical 

alloying process. The Vickers microhardness of WC is 22 GPa which is bigger than 

the Vickers microhardness of tungsten (Hv (W) = 3.43 GPa).  

c

T

com
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The other factor for enhancement of microhardness is the grain size reduction. 

During mechanical alloying, powder particles were fractured and the size of the 

powder particles and its grains were reduced. Ball milling generates many defects in 

the powder particles. Moreover, particles were exposed to plastic deformation. 

Plastic deformation was favoured by the hard particles of boron carbide and tungsten 

carbide. Strain hardening augments the hardness of the particles and the composites.  

After 10 hour ball milling, the microhardness of W-B4C-C composite was more than 

W-C composite. The microhardness value of W-B4C-C composite was nearly 16 

GPa. Boron carbide is harder than tungsten and tungsten carbide. Vickers 

phase distribution of B4C after ball milling process was enhanced the microhardness 

and reduced the standard deviation of the W-B4C-C composites.  

At the end of 20 hour ball milling of W-C composite, the microhardness was 

increased to 20 GPa which is close to microhardness of pure tungsten carbide. 

Standard deviation for every wet MA composite was small; as a result, the particles 

were homogeneously distributed in these composites.  

The Vickers microhardness test was applied on the homogeneous grouped of pores 

on the 20 hour mechanical alloyed W-C composite to determine the pores effect. The 

test trace was given in Figure 7.44.

microhardness of boron carbide is 31.5 GPa. Consequently, homogeneous and finer 

 

Figure 7.44: Vickers microhardness test trace on 20 hour wet mechanical alloyed W-
C composite 

Microhardness was declined significantly when microhardness test was carried out 

on the pores. On the smooth surfaces, the microhardness was nearly 20 GPa whereas 

on the pores the microhardness was diminished to 13 GPa.  
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7.7. Investigation of Dry Mechanical Alloyed Powders 

7.7.1. Powder Characterization of Dry Mechanical Alloyed Powders 

Dry mechanical alloyed W (wt %97) - B4C (wt %2) – C (wt %1) and W (wt %99) – 

C (wt %1) powders were characterized by Laser Diffraction Particle Size Analyzer, 

Scanning Electron Microscope (SEM) and X-Ray Diffractometer (XRD) using CuKα 

radiation. 

Particle size distribution of dry mechanical alloyed W (wt %99) – C (wt %1) 

powders after blending and 10, 20, 30 hour milling were determined by Laser 

Diffraction Particle Size Analyzer which were given in Figure 7.45. 

    

Blended (29,048 µm)             10 hour (12,245 µm) 

 

                   20 hour (7,128 µm)              30 hour (13,414 µm) 

Figure 7.45: The average particle size and particle size distribution of dry 
mechanical alloyed W (wt %99) – C (wt %1) powders 

During mechanical alloying in Spex, the powder particles were repeatedly flattened, 

powders wer astically and fractured. The new surfaces were enabled the 

cold welded, fractured and rewelded [43]. Balls were collided with powders and 

e deformed pl

particles to weld together which was resulted increase in particle size.  
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In the 10 and 20 hour mechanical alloying stages of W-C powders, fracture 

mechanism was dominant however during 30 hour milling powders were rewelded 

cles were 13,414 µm, but less than the half were smaller particle sizes. 

ling time.  

Flattening, fracturing and welding mechanism

Figure 7.46. 

therefore particle size were increased.  

There are several pikes in the particle size graphics in Figure 7.45 because besides 

large particles, there were also fine particles in each milled powder system. For 

instance, in 30 hour mechanical alloying, more than the half of the volume, the size 

of the parti

In fact, the grain size of the dry mechanical alloyed powders was continuously 

decreased with increasing milling time. This idea was proved with XRD results in 

Figure 7.47, because tungsten peaks were broadening with rising mil

 is obviously seen in SEM analyses in 

a b 

C 

W 

 

Figure 7.46: Morphology of the blended (0 h) W – C (wt %1) powder (a), dry milled 
for 10 h (b), 20 h (c), and 30 h (d) 

c d 
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In the SEM images of blended tungsten and graphite powders, particles were 

distinguished easily. After dry milling, graphite phase was dispersed homogeneously 

in the powder system. The main purpose of the dry mechanical alloying process is 

of 

not only getting fine particles but also having homogeneous structure. 

Minimization of contamination was determined also with XRD analyses in Figure 

7.47. Intensity of the WC pikes was smaller than wet mechanical alloyed powders. In 

dry mechanical alloying, WC phase was probably formed with the reaction 

tungsten and graphite.  

 

Figure 7.47: XRD analyses of dry mechanical alloyed W – C (wt %1) powders 

As seen in Figure 7.47, after 30 hour dry milling of W – C powders, Co3C phase was 

formed as 30 hour wet milled W-C powders. However the intensity was lower than 

wet milling result because the amount of cobalt phase coming from the balls during 

milling was smaller. This is another approach for minimization of contamination.  

To compare boron carbide effect in tungsten matrix composite, the same powder 

characterization techniques were applied to W (wt %97) – B4C (wt %2) - C (wt %1) 

dry mechanical alloyed samples.  
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The same particle size distribution behaviour was observed during dry mechanical 

alloying of W (wt %97) – B4C (wt %2) - C (wt %1) powders. However fracturing 

and cold welding mechanism was occurred in different milling period which was 

determined by laser particle size analyses in Figure 7.48. 

 

Blended (23,983 µm)             10 hour (1,529 µm) 

                   
                    20 hour (2,899 µm)              30 hour (0,185 µm) 

Figure 7.48: The average particle size and particle size distribution of dry 
mechanical alloyed W (wt %97) - B4C (wt %2) - C (wt %1) powders 

After mechanical alloying of blended W (wt %97) – B4C (wt %2) - C (wt %1) 

powders, particle size was reduced because fracture mechanism was dominant. 

hour 

rs 

lloying.  

However cold welding dominates and particle size increases at the end of 20 

milling. Prolongation of milling was significantly diminished particle size and after 

30 hour, particle size of the powders was nearly 185 nm which was determined by 

Figure 7.48.   

This result was different than particle size distribution behaviour of W-C powde

because boron carbide was promoted fracturing mechanism. However graphite was 

facilitated cold welding mechanism. Therefore, W-C powder system had bigger 

particles at the end of mechanical a
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The effect of the flattening, fracturing and cold welding mechanisms is clearly 

observed in SEM images in Figure 7.49. 

b 

C 

W 

B4C 

a 

 c d 

Figure 7.49: Morphology of the en 0  (wt %97) - B bl ded ( h) W  C(wt 
%1) powder (a), dry milled for 10 h (b), 20 h(c), and 30 h (d) 

At the begin ral 

4C (wt %2) -

ning of milling, particles were flattened and fractured. After seve

fracturing and cold welding mechanisms, particles were became mixed completely 

and had equiaxed morphology. 

When XRD analyses of dry milled W (wt %97) – B4C (wt %2) - C (wt %1) powders 

were examined, lattice deformation and particle size reduction of tungsten particles 

are clearly determined in Figure 7.50. 
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Figure 7.50: XRD analyses of the dry mechanical alloyed W (wt %97) - B4C (wt 
%2) - C (wt %1) powders for 10, 20 and 30 hours 

The reason of the shifting of the tungsten pikes with prolongation of milling could be 

attributed to synthesizing metastable supersaturated solid solutions. During

mechanical alloying of blended powder mixtures, interdiffusion between the 

lattice parameter values calculated from 

shifts in the peak positions in the X-Ray diffraction patterns [43].   

d W (wt %97) - B4C (wt %2) - C (wt %1) 

powders. Pikes were overlapped in dry mechanical alloying process. 

 

 

 

 

components realize and solid solutions form. During milling the temperature of the 

system can rise to 150 ˚C which facilitates diffusion consequently solid solubility 

limit is expected to increase with milling time [43]. Solid solubility levels are 

generally determined from changes in the 

XRD results of dry MA W (wt %97) - B4C (wt %2) - C (wt %1) powders was 

different than wet mechanical alloye
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7.8. Cold Pressing of Dry Mechanical Alloyed Powders 

Dry mechanical alloyed powders were cold pressed in the same uniaxial hand press 

machine under 500 MPa pressure at room temperature. PEG was not needed for 

these powders because plastic deformation of the powders was less than wet 

mechanical alloyed powders. Silicon spray was only used to prevent powder – mold 

friction.  

Theoretical densities of the dry milled powders were the same for each composition 

which is given in Table 7.6. Powders were covered the surface of the balls and the 

vial at the initial stages of milling therefore balls were not wearied during milling. 

WC phase coming from the balls was prevented by dry milling which was applied 

without using ethyl alcohol. Therefore % relative densities of dry milled powders 

were higher than wet milled powders.  

Table 7.6: Green and % relative density values of the dry mechanical alloyed 
compacts 

 W (wt % 99) - C (wt %1) W (wt %97) - B4C (wt %2) – 
C (wt %1) 

 20 h 30 h 10 h 20 h 30 h 10 h 

Theoretical Density 17.95 17.95 17.95 15.96 15.96 15.96 

Green Density 9.58 9.32 9.43 8.9 8.47 8.3 

% Relative Density 53.37 51.92 52.53 55.76 53.07 52 

 

Green densities were calculated by using height and diameter of the samples which 

were measured with compass. Samples were weighed with 0.0001 gram sensitive 

weight.  

7.9. Solid State Sintering of Dry Mechanical Alloyed Powders in Dilatometer 

g regime was 

rawn in Figure 7.16.  

uring sintering and cooling, the expansion values of the composites were computer 

recorded and calculated. The % expansion – temperature dilatometry curves for the 

Dry mechanical alloyed W-C and W-B4C-C powder compacts were sintered with 

dilatometer at 1680 ˚C under H2 atmosphere. The heating and coolin

d

D

dry MA compacts were given in the Figure 7.51. 
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All of the dry mechanical alloyed powder compacts shrank after sintering in 

he 

height difference with increasing temperature. Due to dilatometer curves, compacts 

a 

f 

d c 

e 

b 

Figure 7.51: Dilatometer curves of the 10h (a), 20h (b), 30h (c) dry mechanical 
alloyed W-C composites and 10h (d), 20h (e), 30h (f) dry mechanical 
alloyed W-B C-C composites 

dilatometer. Dilatometer curves were drawn by computer program measuring t

were sintered quickly under H2 atmosphere because around 600 – 1100˚C shrinkage 

occurs linearly. In the rest of the temperature ranges, argon gas was given to the 

system.  

W-C powder compacts shrank approximately %17, however W-B4C-C powder 

compacts shrank nearly %13. The reason why shrinkage decreases was the presence 

of boron carbide phase.  
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If dislocations at a grain boundary are pinned by second phase particles, excess 

eenergy is needed for atom movement from the boundary. Therefore, presence of 

finely dispersed second phases considerably reduces the sintering kinetics [26]. 

.10. Bulk Characterization of Dry Mechanical Alloyed Powder Compacts 

intered in Dilatometer 

.10.1. XRD Analyzes 

RD characterizations were applied to the dry mechanical alloyed W-C (wt %1) 

omposites after sintering in Anter™ dilatometer at 1680 ˚C under H2 atmosphere. 

The results of the XRD analyses were given in Figure 7.52. 

dislocations at a grain boundary are pinned by second phase particles, excess 

nergy is needed for atom movement from the boundary. Therefore, presence of 

finely dispersed second phases considerably reduces the sintering kinetics [26]. 

.10. Bulk Characterization of Dry Mechanical Alloyed Powder Compacts 

intered in Dilatometer 

.10.1. XRD Analyzes 

RD characterizations were applied to the dry mechanical alloyed W-C (wt %1) 

omposites after sintering in Anter™ dilatometer at 1680 ˚C under H2 atmosphere. 

The results of the XRD analyses were given in Figure 7.52. 
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Figure 7.52: XRD analyses of 10, 20, 30 hour dry mechanical alloyed W-C (wt %1) 
composite after sintering at 1680 ˚C in Anter™ dilatometer under H2 
atmosphere 

Contamination was prevented with dry mechanical alloying technique. In wet MA 

 composites, this phase was not determined after sintering. 

composites, Co3W3C phase was present in the system because W2C phase was 

reacted with Co which was coming from the milling media. However, in the dry 

mechanical alloyed W-C
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Only tungsten and W2C phases were observed. Metastable W2C phase was formed 

with the reaction of tungsten and graphite. 

The XRD analyses of 10, 20, 30 hour dry mechanical alloyed W-B4C-C composites 

which were applied at the end of sintering in dilatometer were given in Figure 7.53. 

 

Figure 7.53: XRD analyses of 10, 20, 30 hour dry mechanical alloyed W-B4C-C (wt 
%1) composite after sintering at 1680 ˚C in Anter™ dilatometer under 
H2 atmosphere 

As seen in Figure 7.53, after sintering of the dry mechanical alloyed W-B4C-C (wt 

%1) composites at 1680 ˚C, only tungsten pikes were observed. However, for the wet 

MA composites which were sintered in dilatometer, beside tungsten, W2B phase was 

determined. During wet milling kinetic energy was higher than dry milling because 

ball-ball coll

balls were not covered with powder and all the energy was spent to ball-powder and 

ision. Alloying occurs easily during deformation because the size of the 

particles was decreased quickly and the surface area of the powders was increased. 

Diffusion was generated new phase formations such as W2B intermetallic phase.  

The amount of boron carbide was wt %2 in the composite which was very few to 

determine by XRD analyses.  
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7.10.2. Densities of the Dry Mechanical Alloyed Sintered Composites 

After sintering the dry mechanical alloyed composites in dilatometer, the densities 

e 

density results were too high for the composites because especially for the W-B4C-C 

composites there were several pores on their surface. Formation of the pores can be 

attributed to the segregation of boron carbide due to the thermal expansion difference 

of tungsten. Moreover the sintering temperature and sintering time applied was not 

enough for tungsten matrix composites. 99.95% relative densities could not be 

obtained after sintering in dilatometer at 1680 ˚C for one hour. Mechanical alloying 

process was accelerated diffusion phenomenon because of the increase in the surface 

area of the particles, however; completely sintering was not expected for these 

composites.   

Therefore densities were calculated dimensionally for this time. Height and diameter 

of the samples were measured four times by compass and mean values obtained. 

Samples were weighed with 0.0001 gram sensitive weight. Dimensional densities of 

the composites were realistic in compare to Archimedes densities. The calculated and 

% relative densities of the sintered dry MA compacts were given in Table 7.7. 

As seen in the photograph of the sintered dry mechanical alloyed composites in 

c), W-B4C-C: dry MA for 10h (d), W-B4C-C: dry MA 
for 20h (e), W- B4C-C: dry MA for 30h (f) 

were measured via Archimedes method at room temperature. Ethyl alcohol was used 

in stead of water. However the results were not similar as conjecture values. Th

Figure 7.54, pores are frankly visible. 

 a 

fe d 

c b 

 

Figure 7.54: Sintered composites at 1680 °C in Anter™ Dilatometer under H2 
atmosphere, W-C: dry MA for 10h (a), W-C: dry MA for 20h (b), W-C: 
dry MA for 30h (
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Table 7.7: Relative density values of the dry mechanical alloyed composites which 
are sintered in dilatometer 

 W (wt % 99) - C (wt %1) W (wt %97) - B4C (wt %2) – 
 C (wt %1) 

 10 h 20 h 30 h 10 h 20 h 30 h 

Theoretical Density 17.95 17.95 17.95 15.96 15.96 15.96 

Sintered Density 
(Archimed) 17.17 17.46 16.87 15.95 15.9 14.51 

% Relative Density 95.68 97.24 93.96 99.95 99.6 90.94 

Sintered Density 
(Dimensional) 15.58 15.99 15.53 12.82 12.25 12.37 

% Relative Density 90.74 91.58 86.52 80.33 76.75 77.51 

 

% Archimedes relative densities for the W-B C-C composites were more than % 99 

however; % dim
4

ensional relative densities were nearly %80. Theoretical densities 

were same for each composition because contamination was minimised.  

Green and sintered relative densities of the dry mechanical alloyed W-C and W-B4C-

C composites were drawn in one graphic in Figure 7.55. 

 

Figure 7.55: % Relative density change with milling time for the dry MA sintered 
composites in dilatometer 

 100



7.10.3. Optical Microscope View of Polished Dry Mechanical Alloyed 

after Sintering Composites 

Distribution of the porosi posites surface erved by 

optical mi roscope anal For o l mic pe cha izatio mples were 

f elit poli ith l steps ery paper. 

In poro strib of th shed m ical ed W  

99) – C (wt% 1) composites after sintering at 1680 ˚C in dilatometer are seen.  

 

There were a lot of pore on the dry mechanical alloyed W-C composites surface. 

Pores were distributed homogeneously. Moreover, the number of pores was 

decreased with prolongation of milling. Pores were smaller on the 30 hour 

mechanical alloyed W-C composite.  

The porosity distribution of polished W (wt% 97) - B4C (wt% 2) - C (wt% 1) 

composite after sintering at 1680 ˚C in dilatometer was shown in Figure 7.57. 

 

Figure 7.57: Optical microscope images of polished W-B C-C composites after 

 30h (c) 

ties on the dry MA com s were obs

c yses. ptica rosco racter n, sa

irstly taken into bak e than shed w severa  by em

Figure 7.56, the sity di ution e poli echan  alloy  (wt%

100X 100X100Xa b c 

Figure 7.56: Optical microscope images of polished W-C composites after sintering. 
W-C: dry MA for 10h (a), W-C: dry MA for 20h (b), W-C: dry MA for 
30h (c) 

100X 100X100Xa b c 

4
sintering. W-B4C-C: dry MA for 10h (a), W-B4C-C: dry MA for 20h 
(b), W-B4C-C: dry MA for
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Dry mechanical alloyed W-B4C-C composites had significantly more pores than W-

C composites. Therefore the relative densities of the sintered W-B4C-C composites 

r MA 

W (wt% 99) – C (wt% 1) composite at the end of sintering at 1680 ˚C in dilatometer. 

 
  

Figure 7.58: Optical microscope pictures of etched 10 hour dry mechanical alloyed 
W-C composite after sintering at 1680 ˚C 

According to e opti icroscope images of 10 hour MA W-C co osite,

easily with 

nearly % 91.

were lower than W-C composites.  

7.10.4. Optical Microscope Pictures and SEM Micrographs of Etched Dry 

Mechanical Alloyed Composites after Sintering 

Dry mechanical alloyed composite samples were etched with hydroxyl peroxide after 

polishing. Figure 7.58 represents the optical microscope view of etched 10 hou

       500 X   1000 X         a b 

        c 4000 X1600 X        d 

 th cal m mp  the 

particles had round morphology. Pores which had black colour could be identified 

1000X magnified image. The relative density of this composite was 
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The same sample was characterized with SEM and BSE to get more information 

about sintering. The neck formation between particles was obviously observed in 

Figure 7.59. 

 

Figure 7.59: SEM micrograph (a, c, d) and Backscatter (BSE) image (b) of etched 
10 hour dry mechanical alloyed W-C composite after sintering at 1680 
˚C 

Tungsten particles were nearly 2 µm and necks were formed. In Figure 7.59 (d), two 

different morphologies are seen. One had smooth surface, the other had sprinkled 

surface. EDS analyses were applied to these morphologies which were also 

 

 

        a b 

        c       d 

determined on the 30 hour dry mechanical alloyed W-C composite in Figure 7.63. 

 

 

 103



 

Figure 7.60: Optical microscope pictures of etched 20 hour dry mechanical alloyed 
W-C composite after sintering at 1680 ˚C 

As is seen in the Figure 7.60 (d), the number of grain boundaries was decreased. 

Neck formation was occurred. Pores were minimized and the amount of the pores 

shape of the particles were became equiaxed. The relative density of this sample 

       500 X   1000 X        a b 

       c 4000 X1600 X        d 

was diminished. The morphology of the particles was round. After ball milling the 

which was nearly %92 had maximum density value through the dry MA W-C 

composites after sintering in dilatometer.  

SEM and BSE analyses were applied to investigate the sintering behaviour of 20 

hour dry mechanical alloyed W-C composite in Figure 7.61. 
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Figure 7.61: SEM micrograph (a, c, d) and Backscatter (BSE) i ) of e
20 hour dry mechanical alloyed W-C composite after sintering at

As seen in F lyses were mentioned. In the 

 

       a b 

        c        d 

mage (b tched 
 1680 

˚C 

igure 7.61 (a), the locations of the EDS ana

point which is marked as “A”, wt %9 C and wt %91 W were present. In the point 

“B”, wt %1 C and wt %99 W was determined. Cobalt phase was not observed.  

In Figure 7.62, the optical microscope photographs of etched 30 hour mechanical 

alloyed W-C composites were given.   
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According to optical microscope images in Figure 7.62, different phase formations 

 

       500 X   1000 X         a b 

        c 4000 X1600 X        d 

Figure 7.62: Optical microscope pictures of etched 30 hour dry mechanical alloyed 
W-C composite after sintering at 1680 ˚C 

were expected because the grains colours were not same with each other. Different 

compositions of 30 hour MA W-C composite were observed by the BSE analyses 

which were given in Figure7.63.  
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       a b 

               d c  

Figure 7.63: SEM micrograph (a, c, d) and Backscatter (BSE) image (b) of etched 
30 hour dry mechanical alloyed W-C composite after sintering at 1680 

e sample, BSE analyses were carried out and EDS 

nalyses were applied. The three points that EDS examination applied were marked 

in Figure 7.63 (b). These points had different colours.  

he darkest point was indicated as “A”. The composition distribution at this point is 

t% 9 C, wt% 2 Co and wt% 89 W. The sprinkled morphology was indicated as “B”.  

The same morphology was observed on the 10 and 20 hour mechanical alloyed W-C 

omposites too. The composition of “B” is wt% 10 C, wt% 5 Co and wt% 85 W 

hich had the most amount of cobalt phase.  

Cobalt was probably mixed to the composition of the composite from the milling 

edia during long time milling. Because in 10 and 20 hour milled composites cobalt 

˚C 

Pore reduction and neck formation were the remarkable impressions obtained from 

the 15kX magnified SEM images shown in Figure 7.63 (d). To observe the reason of 

the dissimilar morphologies on th

a

T

w

c

w

m
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phase was not detected. Dry milling only minimizes contamination, however in long 

time milling systems balls were not prevented from abrasion. On the other hand, in 

wet milling system contamination was much more than dry milling system.  

The whitest area was marked as “C”. The composition of this morphology is wt%6 

C, wt%1 Co and wt%93 W. This structure which had the most amount of tungsten 

phase was seen many times in the EDS analyses of mechanical alloyed composites.   

To discuss the effect of boron carbide addition to the tungsten matrix composites, the 

same SEM, BSE and EDS characterizations were applied to the dry mechanical 

alloyed W (wt% 97) – B4C (wt % 2) – C (wt% 1) composites. The optical 

microscope images of etched 10 hour mechanical alloyed W-B4C-C composite were 

displayed in Figure 7.64. 

 

etched 10 hour dry mechanical alloyed 
W-B4C-C composite after sintering at 1680 ˚C 

This sample had the highest relative density than the other dry mechanical alloyed 

       500 X   1000 X         a b 

        c 4000 X1600 X        d 

Figure 7.64: Optical microscope pictures of 

In the optical microscope images, the pores are observable. They were nearly 3 µm. 
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W-B4C-C composites which was nearly %80. To get more information about the 

morphology EDS analyses were carried out on the BSE image. The images were 

shown in Figure 7.65. 

 

        a b 

        c        d  

Figure 7.65: SEM micrograph (a, c, d) and Backscatter (BSE) image (b) of etched 
10 hour dry mechanical alloyed W-B4C-C composite after sintering at 
1680 ˚C 

As seen in the BSE image in Figure 7.65 (b), three different coloured areas were 

determined. To analyse these different phases EDS observations were examined. The 

light grey phase is marked as “A”. The composition of this phase is wt%6 C, wt%94 

W. The black point is marked as “B”. If this point was a pore than EDS analyses 

could not be applied. However there were also pores which had black colour. At 

point “B” the morph ogy is wt%5 . The area wh  was indic

this area is w

ol  C and wt%95 W ich ated 

as “C” was mostly observed phase in the dry MA composites. The composition of 

t%6 C and wt% 94 W.  

Results were surprising because the points had nearly the same composition. Boron 

could not be detected by EDS analyses. Therefore the difference in the colour should 
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be because of the boron phase. Only wt %2 B4C powder was dispersed in tungsten 

therefore small amount of boron were reacted with tungsten to form W2B 

intermetallic phase. W2B phase was probably distributed homogeneously in the 

grains or around the grains. Fine dispersed W2B second phase was reduced the 

sintering kinetics of the composite, so shrinkage was diminished. TEM observations 

must be carried out to determine the W2B intermetallic phase position. 

In Figure 7.66, optical microscope images of 20 hour mechanical alloyed W-B4C-C 

composite were given. 

 

e carried out by SEM and BSE analyses which 

were given in Figure 7.67.  

       500 X   1000 X        a b 

       c 4000 X1600 X        d 

Figure 7.66: Optical microscope pictures of etched 20 hour dry mechanical alloyed 
W-B4C-C composite after sintering at 1680 ˚C 

The size and the amount of the pores were more than 10 hour dry MA W-B4C-C 

composite. The relative density of 20 hour dry MA W-B4C-C composite was nearly 

% 77. Morphology observations wer
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        a b 

        c        d 

Figure 7.67: SEM micrograph (a, c, d) and Backscatter (BSE) image (b) of etched 
20 hour dry mechanical alloyed W-B4C-C composite after sintering at 
1680 ˚C 

In the BSE image, three different coloured areas were determined. Therefore EDS 

analyses were carried out on the BSE image in Figure 7.67 (b). The dark grey phase 

which is indicated as “A” has a composition of wt%2 C, wt%98 W. The light grey 

area is marked as “B”. The morphology of “B” is wt%1 C and wt%99 W. The area 

which was shown as “C”, had a composition similar to point “A” and “B”. At point 

“C”, wt%3 C and wt%97 W was p Cobalt was not detected in these W-B

The optical m  W-B4C-C 

4C-C resent. 

mechanical alloyed composites.   

icroscope images of etched 30 hour mechanical alloyed

composite were displayed in Figure 7.68. 
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There were lots of pores on the materials surface of etched 30 hour dry MA W-B C-

 

       500 X   1000 X        a b 

       c 4000 X1600 X        d 

Figure 7.68: Optical microscope pictures of etched 30 hour dry mechanical alloyed 
W-B4C-C composite after sintering at 1680 ˚C 

4

C composite therefore the composite was seem to be etched excessively. The relative 

density of the composite was approximately %78. In Figure 7.69, SEM images of 

this composite were given. 
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        a b 

        c        d 

Figure 7.69: SEM micrograph (a, c, d) and Backscatter (BSE) image (b) of etched 
30 hour dry mechanical alloyed W-B4C-C composite after sintering at 
1680 ˚C 

surface. 

es of dry MA W-B4C-C composites had nearly the same 

sults. In every EDS analyses taken from different parts of the composites, more 

an %94 tungsten phase was determined. XRD analyses of dry MA sintered W-B4C-

C composites were similar with EDS results. In XRD observations, only tungsten 

hase was determined.  

s it was mentioned before, tungsten boride phase was probably distributed 

homogeneously in the grains or around the grains. Therefore it was not detected by 

EM or BSE analyses. TEM analyses must be carried out to determine the 

formations.  

The same morphologies as the other dry MA W-B4C-C composite were observed in 

SEM images of 30 hour dry mechanical alloyed W-B4C-C composite at the end of 

sintering in dilatometer.  Different sizes of pores were distributed on the composites 

All of the EDS analys

re

th

p

A

S
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7.10.5. Microhardness of the Dry Mechanical Alloyed Composites 

Vickers microhardness tests were carried out using Shimadzu microhardness 

machine for all of the dry mechanical alloyed W-C and W-B4C-C composites which 

were sintered at 1680 ˚C in dilatometer. 500 gram load were applied to the samples 

for 15 s.  

Standard deviation values were calculated by using 20 times applied microhardness 

test results. Every microhardness test was applied to the different parts of the 

samples surfaces. Hardness results and their standard deviation values were drawn in 

one diagram which was given in Figure 7.70. 
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Figure 7.70: Vickers microhardness values of the dry MA composites according to 
milling time 

The microhardness distribution was not the same with the wet mechanical alloyed 

composites. In wet mechanical alloyed composites microhardness was increased with 

C was not confused with the powders. The microhardness of 

WC is 22 GPa and W is 3.43 GPa. As a result, microhardness of the dry mechanical 

ity during sintering and 

milling time. However in dry mechanical alloyed composites, after 20 hour milling, 

microhardness decreased both in W-C and W-B4C-C composites.  

Contamination was minimized in dry mechanical milling process therefore balls 

were not wearied and W

alloyed composites was not high as wet mechanical alloyed composites.  

The microhardness of 30 hour milled W-C composite was reached to 9 GPa. 

Microhardness increased because of the increase in dens
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decrease in particle size during milling. On the other hand, microhardness of the W-

 finer B4C phase is expected to enhance the microhardness of the W-B4C-

l alloyed composites was higher than 

wet mechanical alloyed composites. Increase in standard deviation is mostly related 

with the distribution of the pores on the composite’s surfaces.  The Vickers 

microhardness test trace on dry mechanical alloyed W-C and W-B4C-C composites 

were determined with optical microscope pictures in Figure 7.71 and Figure 7.72. 

 

Figure 7.71: Vickers microhardness test traces on dry mechanical alloyed W-C 

The reason of the decline in the microhardness of 20 hour dry MA W-C composite is 

 

B4C-C composites was very low even for the 30 hour milled composite. The 10 hour 

mechanical alloyed composite had the highest microhardness which is nearly 5 GPa.  

Vickers microhardness of B4C is 31.5 GPa. Consequently, homogeneously 

distributed

C composites and to reduce the standard deviation like as wet MA composites. The 

reduction in the microhardness of W-B4C-C composite was related with the pores on 

the composite’s surfaces. Pores were decreased the hardness significantly. 

Standard deviation for all the dry mechanica

composites; 10h MA (a), 20h MA (b), 30h MA (c) 

obviously seen in Figure 7.71 (b). Composite had larger pores than 10 hour and 

especially 30 hour dry MA W-C composite, therefore hardness was diminished. 

a b c 200X 200X 200X 

a b 200X 200X 200X c 

Figure 7.72: Vickers microhardness test traces on dry mechanical alloyed W-B4C-C 
composites; 10h MA (a), 20h MA (b), 30h MA (c) 
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As it was observed by the optical microscope images of dry mechanical alloyed W-

B4C-C composites in Figure 7.71, the amount and the size of the pores were higher 

than dry mechanical alloyed W-C composites. Therefore microhardness of the W-

B4C-C composites was low in spite of microhardness was expected to enhance with 

B4C addition.     
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8. CONCLUDING REMARKS 

1. Mechanical alloying in wet condition was caused significant contamination. A 

prolongation of the milling time was promoted the fracture of tungsten 

particles, and increased the contamination by cobalt and tungsten carbide.  

2. Ball milling was changed the shape of the powder particles which were became 

more equiaxed. Also the particle size of the powders was reduced from µm 

degrees to nm degrees. 

3. After ball milling of W-C composite for 20 hours, Co3C phase was formed. 

WC and Co3C phases were nearly taken the place of W phase. The reason why 

Co3C phase formed was, WC – 6%wt Co were the constituents of the milling 

system. Balls were wearied during milling and WC, Co were contaminated the 

powder structure.   

4. According to the XRD results of wet mechanical alloyed W-B4C-C powder 

system, after 20 hour MA, W2B phase was formed. This phase was formed by 

the decomposition of B4C. The longer the milling time, the more WC phase 

was added to the powder composition. 

5. The green densities of the compacts were decreased with milling time. Because 

mechanical alloying was increased the plastic deformation and the kinetic 

energy therefore powders were resisted to be compacted. 

6. According to the dilatometer curves, the wet mechanical alloyed powder 

compacts shrank at the end of sintering since expansion values were negative. 

Nearly between 600-1100˚C, the composite shrank linearly because at this 

range H2 gas was given to the furnace. In hydrogen atmosphere, the formed 

tungsten oxide layers were reduced and clean tungsten surfaces were tend to 

sinter easily and quickly.  

7. The 30 hour wet mechanically alloyed W-B4C-C composite after sintering in 

dilatometer at 1680 ˚C had the highest relative density which was nearly %98. 

At the end of 30 hour milling, the size of the particles were reduced to 0,175 

µm therefore even in low sintering temperatures rapid densification could be 

obtained. 
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8. Contamination of the tungsten carbide and cobalt milling system by wet MA 

were decreased the sintered composites densities. Therefore, none of the 

sintered samples were fully compacted. The density of the 10 hour mechanical 

sintering at 1770 ˚C in Linn furnace was %95.5. 

9. The blended W-C and W-B4C-C composites had lots of large pores and there 

sites 

10.

anocomposites after sintering in Linn furnace. In these 

ess carbon and tungsten. Sintering temperature of Linn 

11.

at 1770 °C in Linn™ furnace, two 

not definite because 

eresting conclusion was that Co3W3C intermetallic 

12.

alloyed W-C composite after 

was no neck formation between the particles. During sintering composite 

expand. As a result, sintering temperature was not high enough for blended W-

C and W-B4C-C composites. However wet mechanical alloyed compo

were shrinkage after sintering. 

 By XRD analyses, the contamination effects were observed for the 10 hour and 

20 hour wet MA W-C n

composites, Co3W3C intermetallic phase was determined. Co3W3C 

intermetallic phase was formed due to the adhesive wear of WC-Co (wt %6) 

ball and vial system. Besides W2C, W and Co3W3C intermetallic phases, 20 

hour mechanical alloyed composites had WC phase also. WC was formed with 

the reaction of exc

furnace was 90 ˚C more than dilatometer. This temperature difference was 

resulted formation of WC phase.  

 According to the XRD analyses of 10 hour wet mechanical alloyed W-B4C-C 

nanocomposite which was sintered 

interesting results come to light. Firstly, new formation of W2B was 

conspicuous. This was an expected phase due to the decomposition of B4C after 

sintering. The decomposition temperature of B4C was 

besides thermodynamic data, kinetic energy plays an important role during 

mechanical alloying. Moreover, the XRD results of  mechanical alloyed W-

B4C-C composite after sintering at 1770 °C in Linn™ furnace was different 

than sintering at 1680 ˚C in dilatometer. W2C phase was observed in Linn 

samples too. This formation was a consequence of 90 ˚C increase in sintering 

temperature. The other int

phase did not observed by XRD analyses. 

 Due to optical microscope and SEM images of 10 hour and 20 hour wet MA 

W-C and W-B4C-C composites, after sintering at 1770 ˚C, the pore reduction 

and neck formation was obvious. The composites shrank at the end of the 

sintering.  
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13. The morphology of the 20 hour wet MA W-C composite was very different 

from the 10 hour wet MA W-C composite. Grains had sharp edged shape and 

two different colours were realized after etching. According to the EDS 

analyzes of BSE images, only grey phase was seemed to have sharp edge 

14.

 mechanical alloying, powder 

15.

rbide. 

17.

18.

wt %97) - B4C (wt %2) - C (wt %1) 

 

 

morphology in stead of white phase. Gray phase, which had a composition of 

wt%7 C, wt%10 Co, and wt%83 W, had more cobalt and graphite than white 

phase. TEM studies must be carried out to identify the structure.  

 Increase in milling time was promoted microhardness. As the milling time 

increases, the hardness increases because, during

particles fracture and the size of the powder particles and its grains were 

reduced. Particles were exposed to plastic deformation. Consequently, strain 

hardening augments the hardness of the composites. 

 Homogeneous and finer phase distribution of B4C after ball milling process 

was enhanced the microhardness and reduced the standard deviation. After 10 

hour wet MA, the microhardness of W-B4C-C composite was more than W-C 

composite which was nearly 16 GPa. At the end of 20 hour ball milling of W-C 

composite, the hardness value was increased to 20 GPa which was close to 

microhardness of pure tungsten ca

16. In dry MA process contamination was minimized. Powders were covered the 

surface of the balls and the vial at the initial stages of milling therefore balls 

were not wearied during milling. XRD and SEM results of the dry MA 

composites support this approach. Therefore theoretical densities of the dry 

MA composites were the same for each composition.  

 Graphite is a soft phase than tungsten. Therefore, in dry mechanical alloying 

process graphite was caused welding. However B4C is a hard phase which was 

enhanced fracturing mechanism. The main purpose of the dry mechanical 

alloying process was not only getting fine particles but also having 

homogeneous structure. 

 XRD results of dry MA W (wt %97) - B4C (wt %2) - C (wt %1) powders were 

different than wet mechanical alloyed W (

powders. Pikes were overlapped in dry mechanical alloying process. 
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19. Compaction ability of the dry MA powders was higher than wet MA compacts 

because balls were not wearied and WC was not confused with the powders.  

Balls were covered with powders in the initial stages of milling thus balls were 

prevented from abrasion. Therefore a polymer binder such as PEG was not 

needed for compaction. Moreover the deformation was low in dry milling 

therefore the green densities were higher than wet MA powders. 

 Theoretical densities of the dry milled powders were the sa20. me for each 

21.

rly % 13 after sintering in 

22. as present in the system because W2C 

23. C (wt %1) composites at 

ll collision. Alloying was occurred easily during 

rbide was 

wt %2 in the composite which was very few to determine by XRD analyses. 

 

composition. WC phase coming from the balls was prevented by dry milling 

which was applied without using ethyl alcohol. Therefore % relative densities 

of dry milled powders were higher than wet milled powders.  

 The dry mechanical alloyed W-C powder compacts shrank approximately % 

17, however W-B4C-C powder compacts shrank nea

dilatometer at 1680 ˚C. Shrinkage was decreased because of the presence of 

boron carbide phase. If dislocations at a grain boundary are pinned by second 

phase particles, excess energy is needed for atom movement from the 

boundary. Consequently finely dispersed boron carbide phase reduces the 

sintering kinetics. 

 In wet MA composites, Co3W3C phase w

phase was reacted with Co which was coming from the milling media. 

However, in the dry mechanical alloyed W-C composites, this phase was not 

determined after sintering. Only tungsten and W2C phases were observed. 

Metastable W2C phase was formed with the reaction of tungsten and graphite. 

 After sintering of the dry mechanical alloyed W-B4C-

1680 ˚C, only tungsten pikes were observed. However, for the wet MA 

composites which were sintered in dilatometer, beside tungsten, W2B phase 

was determined. During wet milling kinetic energy was higher than dry milling 

because balls were not covered with powder and all the energy was spent to 

ball-powder and ball-ba

deformation because the size of the particles was decreased quickly and the 

surface area of the powders was increased. Diffusion was generated new phase 

formations such as W2B intermetallic phase. The amount of boron ca
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24. Archimedes densities of the dry MA composites after sintering in dilatometer 

were too high because especially for the W-B4C-C composites there were 

several pores on their surface. Formation of the pores could be attributed to the 

segregation of boron carbide due to the thermal expansion difference of 

tungsten. Therefore densities were calculated dimensionally. 

 EDS analyses taken from the BSE images of the dry mechanic25. al alloyed W-

was dispersed in 

26.

mal expansion difference of tungsten and B4C. Therefore the 

e 

27.

 

 

   

B4C-C composites had similar composition values. In every EDS analyses 

taken from different parts of the composites, more than %94 tungsten phase 

was determined. XRD analyses of dry MA sintered W-B4C-C composites were 

similar with EDS results. Because only wt %2 B4C powder 

tungsten therefore small amount of boron react with tungsten and form W2B 

intermetallic phase. W2B phase was probably distributed homogeneously in the 

grains or around the grains. Therefore it was not detected by SEM or BSE 

analyses. TEM observations must be carried out to determine position of the 

intermetallic phase.  

 Segregation was occured extremely in dry MA sintered W-B4C-C composites 

because of the ther

size and amount of the pores on the W-B4C-C composites surfaces were more 

than W-C composites. After 30 hour milling of W-C composite, the 

microhardness value was reached to 9 GPa however 30 hour milled W-B4C-C 

composites microhardness was 3 GPa. However, the microhardness of the W-

B4C-C composites was low in spite of microhardness is expected to enhanc

with B4C addition. 

 Standard deviation for all the dry mechanical alloyed composites was higher 

than wet mechanical alloyed composites. Increase in standard deviation was 

mostly related with the pores distribution on the composites surfaces.   
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