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LIQUID PHASE SINTERING CHARACTERISTICS OF
TUNGSTEN POWDER OBTAINED BY ELECTROCHEMICAL
REDUCTION TECHNIQUE

ABSTRACT

A remarkable alternative extraction process has recently been announced for tungsten
powder production, which is simpler and safer than the conventional fabrication
method. Even though the process has a promising commercializing potential, sintering

behavior of the produced tungsten powder has not been investigated up to now.

In this study, sintering behavior of the electrochemically produced tungsten powder
was investigated and compared with a commercially available tungsten powder.
Unalloyed and alloyed specimens, containing at least ninety weight percent
commercial or produced tungsten powder, were sintered with different sintering
conditions. The alloys had single additives W/X (X:Ni, Co, Fe) or different Ni/Fe,
Co/Fe an Ni/Co/Fe ratios.

A series of characterization techniques were performed to investigate the micro and
macro scale property variations in prepared pellets. The sintered densities of the
specimens were measured by Archimedes method. Microstructure investigations were
conducted by optical microscope (OM) and scanning electron microscope (SEM). In
addition, x-ray diffractometry (XRD), x-ray fluorescence (XRF) and energy dispersive
spectroscope (EDS) analyses were applied to determine the formed intermetallics,
solid solution phases as well as impurities and their ratios. The mechanical properties

of the selected specimens were measured using micro and macro hardness tests.

It was found that electrochemically produced tungsten powder employed heavy alloys
could not densify up to expected relative density values, whereas the unalloyed ones
demonstrated higher densification tendency than commercial tungsten pellets. This
behavior was attributed to impurity content of the electrochemically produced

tungsten.

Keywords: Tungsten, electrodeoxidation, calcium, solubility effect on densification,

tungsten heavy alloys, solid state sintering, liquid phase sintering.
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ELEKTROKIMYASAL INDIRGEME TEKNIGI iLE ELDE
EDILMIS TUNGSTEN TOZUNUN SIVI FAZ SINTERLEME
KARAKTERISTIGI

(074
Geleneksel tungsten tozu iliretim methodundan daha basit ve daha giivenli dikkate
deger bir alternatif ekstrasyon prosesi yakin zamanda duyurulmustur. Umut vaad eden
bir ticarilesme potansiyeline sahip olmasina ragmen, lretilmis tozun sinterleme

davranig1 bugiine kadar incelenmemistir.

Bu caligmada, elektrokimyasal olarak {iretilmis tungsten tozunun sinterleme davranisi
arastirllmis ve ticari olarak ulasilabilir bir tungsten tozu ile karsilastiriimistir.
Alasimsiz ve en az agirlik¢a yiizde doksan ticari ya da iiretilmis tungsten tozu igceren
alasimli numuneler farkli sinterleme kosullarinda sinterlenmistir. Alasimlar tek
ilaveler W/X (X:Ni, Co, Fe) ve farkli Ni/Co, Ni/Fe, Co/Fe ve Ni/Co/Fe oranlarina
sahiptir.

Mikro ve makro 6lgekte 6zellik degisimlerini incelemek i¢in hazirlanan peletlere bir
dizi karakterizasyon yontemleri uygulanmistir. Arsimet metodu ile numunelerin
sinterlenmis yogunluklar1 6l¢tilmiistiir. Mikroyap1 incelemeleri 151k mikroskobu (OM)
ve tarama elektron mikroskobuyla (SEM) yapilmistir. Ayrica, olusan intermetalikleri,
kat1 ¢ozelti fazlarimin yani sira safsizliklar ve bunlarin oranlarini belirlemek i¢in X-
1511 kirinim cihazi (XRD), x-1511 florigimast (XRF) ve enerji dagilimli spektroskopi
(EDS) analizleri uygulanmistir. Secili numunelerin mekanik 6zellikleri mikro ve

makro tip sertlik testleri kullanilarak 6l¢iilmiistiir.

Uretilmis tungsten tozunun kullanildig1 agir alasimlar beklenen goriiniir yogunluk
degerlerine yogunlasamadig tespit edilmistir, oysa alasimsiz peletleri ticari tungsten
peletlerine gore daha yiiksek yogunlagsma egilimi gostermistir. Bu davranis,

elektrokimyasal olarak iiretilmis tungsten tozunun empiirite i¢erigine dayandirilmistir.

Anahtar Kelimeler: Tungsten, -elektodeoksidasyon, kalsiyum, c¢oziliniirliigiin

yogunlasmaya etkisi, tungsten agir alagimlari, kat1 hal sinterleme, s1v1 faz sinterleme.
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CHAPTER 1

INTRODUCTION

Production of metal powder by employing molten salt processes can be preferred
where pyrometallurgical reduction and hydrometallurgical methods are impossible or
not feasible. Although metal production in molten salts is an old process, its
significance has increased in recent years due to development of a novel process, Fray-
Farthing-Chen Cambridge process (FFCCP) [1]. The process enables direct reduction
of metal oxides, sulphides, carbides and nitrides to elemental metal powders or alloys
of desired composition [2-3]. Due to its high oxygen dissolving capacity, molten
calcium chloride is usually used as the electrolyte [1]. The process has a great
importance especially for refractory metal powder production, because it offers lower

processing steps and temperatures compared to conventional fabrication methods.

In addition, Erdogan and Karakaya recently reported that elemental tungsten (W)
powder can be obtained by modified FFCCP. In the process CaWOys is used as the
starting material and reduced directly to metallic tungsten at 600 °C. Molten calcium
chloride (CaCl,) and sodium chloride (NaCl) mixture at eutectic composition is used

as the electrolyte [4—6].

In this chapter, firstly brief explanations about W sources, applications and fabrication
methods will be given. Secondly, application areas of tungsten heavy alloys and their
sintering behaviors will be indicated together with a literature review of related works.
Then, details of conducted experiments and characterization techniques will be given
in Chapter 2. The results of experiments and investigated properties such as sintered
mechanical, physical and microstructural characteristics will be presented and
discussed in Chapter 3. Finally, the conclusions and future implications about the study
will be given in Chapter 4. Additionally, all the other results about conducted

experiments which were not given in Chapter 3, can be found in Appendices.



1.1 The Elemental Tungsten

Tungsten (W) is a well-known and valuable refractory metal. Owing to its excellent
properties, it is added the strategic metal group. It is a good candidate for many specific
engineering systems where high density and high strength at high temperatures are

desired. Some of the general properties of tungsten are given in Table 1.1.

Table 1.1 Some of the crucial properties of tungsten [7].

Properties Value
Atomic number 74
Atomic weight 183.84
Electron configuration {Xe} 4f1% 5d* 65>
Crystal structure Body-centered cubic (BCC) A2
Density 19.25 g/em®
Melting point 3422+15 °C
Boiling point 5700+200 °C
Coefficient of thermal expansion 4.32-4.68x10° K" (298 K)
Electrical resistivity 5.28 uQ.cm
Thermal conductivity coefficient 1.75.W.cm™ K! (298 K)
Modulus of elasticity 390-410 GPa (298 K)
Hardness 300-650 HV30

Tungsten products are manufactured by powder metallurgy (PM) process due to
fabrication difficulties with conventional production methods. They are typically
originated from high melting temperature and brittle characteristics of metallic
tungsten. However, even when PM is used, it is still a challenging task to sinter
elemental tungsten because of the high temperature and reducing atmosphere
requirements. The sintering temperatures can be lowered by mixing tungsten with
transition metals like Ni, Co, Fe and Cu. By this way, sintering temperatures can be
lowered and ductility of the end product can be increased while significant properties
such as low thermal expansion, good electrical and thermal conductivity and high wear

and corrosion resistance are preserved to some extent.
1.1.1 Sources, Prices and Application Areas [8]

The requirement of tungsten can be supplied from primary and secondary sources. The
ore concentrates must contain at least 0.3 and 1 % WOs3 to obtain economic profit
depending on impurity types and contents. There are lots of tungsten minerals in the

earth’s crust, but only four types are employed for elemental tungsten production. They



are scheelite (CaWOQs), ferberite (FeWOs), hiibnerite (MnWQO4) and wolframite
((Fe,Mn)WO4). Although last three minerals are widely used in extraction processes,
scheelite is the most important raw mineral due to possessing highest WO3 content,

80.6, and being the most common tungsten mineral in all over the world.

China has approximately 60 wt.% tungsten reserve of all the world, whereas the other
major tungsten mineral suppliers such as Canada, Russia and USA have totally 22

wt.% tungsten reserve [9].

Tiirkiye has approximately 1.5% of total tungsten ore reserves. Nearly the all reserve
of Tiirkiye is located in Uludag/Bursa, which has higher than 0.4 wt.% WO3 containing
scheelite deposit. The estimated tungsten reserve of Uludag is nearly 14 million tons

of ore, in other words, 50 thousand tons of elemental W [10].

When it comes to secondary sources, they are as important as the commercial tungsten
minerals due to containing high amount of tungsten. They are supplied from WC hard
cements, tungsten heavy alloys (WHASs) containing between 90 wt.% and 98 wt.% W,
and pure form applications. When the total tungsten reserve, 1-1.5 ppm, in the earth’s
crust is considered, it is thought that the amount of recycled tungsten from its scrap

will be increased day by day.

Recent price fluctuations of tungsten is illustrated in Figure 1.1. As can be seen in the
figure, the prices of ammonium paratungstate (APT), given in per mtu, demonstrated
sharp increases and approximately reached 460 $/per mtu in 2011 due to limited
tungsten exportation from Republic of China. Per metric ton unit (“MTU” - one
hundredth of a metric ton of 1.000 kilograms) represents the 10 kilograms of tungsten
trioxide (WOs3) and/or 7.93 kilograms of pure tungsten. The prices has shown slight

alternation between 200 and 250 $ recently.

Currently, the biggest tungsten supplier and consumer is Republic of China and it is
predicted that China will maintain dominating the global tungsten price and market in

near future.
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Figure 1.1 Ammonium paratungstate (APT) price fluctuations over the past
decade [11].

Owing to its unique properties such as high melting point and density, tungsten and its
compounds are widely used in many technological applications. These properties are
mainly attributed to its half-filled 5d electron shells. The major usage areas of tungsten

are given in

Figure 1.2. They can be collected under four main application areas: hard metals,
alloying elements in steel and/or base metal in tungsten heavy alloys, mill products,

chemicals and other special applications.

I Hard metals 27%
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I Mill products
[ Others

13%
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54%

Figure 1.2 Tungsten application areas [12].



1.1.2 Industrial Tungsten Production

Industrial production of elemental tungsten powder generally begins with producing
an intermediate product, ammonium paratungstate (APT, (NH4)10(H2W12042).4H>0),

but a series of hydrometallurgical treatments is required to obtain APT.

First of all, the expected 60-75 wt.% WO;3 concentration must be obtained from
commercially valuable tungsten minerals. Both scheelite and wolframite ores can be
enriched by flotation. Wolframite ores are sometimes enriched by magnetic separators
thanks to its weakly magnetic structure. However, most of time, grinding and gravity

separation are sufficient to provide the desired enrichment [13].

The prepared concentrates are then subjected to a leaching treatment to obtain APT.
Sodium hydroxide (NaOH) solutions are used for (Fe,Mn)WOQOs, whereas sodium
carbonate (Na2CO3) is used for CaWOg4 [14].

Finally, APT is reduced to tungsten oxides at 400-900 °C in air or slightly reducing

atmosphere which is provided by hydrogen or hydrogen and nitrogen gas mixture [8].

The second reduction process is performed under streaming hydrogen atmosphere
between 600 and 1100 °C to obtain elemental tungsten powder [8]. The production
steps of metallic tungsten powder from APT are given in Figure 1.3. Furthermore, the
reduction reaction of tungsten trioxide is given in Eq. 1.1. The produced tungsten
powder can be used in various forms such as, WC, WHAs, alloying elements for steel

and other suitable materials, etc.
WOs3s)+ 3Hog) = Ws) + 3H2O(g) (1.1)

The current tungsten production method has some disadvantages that results from the

following conditions:

a. Necessity of continuous external heat supply.

b. Difficulties of working with hydrogen atmosphere.

c. Relatively low driving forces at reduction, since W-WOs line is slightly above
the H2-H>O line in the corresponding Ellingham diagram, which is provided in

Figure 1.4 [15].
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Figure 1.3 Elemental tungsten powder production from APT.

1.1.3 Electrochemical Reduction of Tungsten Compounds

Production of low melting point metals by molten salt electrolysis has been employed
for more than ten decades. The molten metals are typically collected from the bottom
of the reactors in liquid state or from the top as in the case of magnesium. However,

high melting point metals could not be easily produced via this method due to

production limitations.
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Figure 1.4 Ellingham diagram for W-WO,/ W-WO3 and H»-H,O systems
(Reproduced from [16]).



Although they can be reduced in solid state, but the process causes dendritic shape
formation. Dendrites can cause short-circuiting of the electrodes and they also have
high tendency to oxidation. Furthermore, the reduced materials should be scraped off

from the cathode surface [17].

An alternative production method, electrodeoxidation, was announced recently which
provides metal oxide reduction in molten salt solutions [1]. The process is based on
the removal of oxygen from the metal oxide using a certain potential which is lower
than the decomposition potentials of the salts compromising the electrolyte. The
graphite rod is used as the anode, whereas metal oxide pellet is used as the cathode.
The reactions take place in molten salt media, containing CaCl. The cathodic and

anodic reaction are given in Eq. 1.2 and Eq. 1.3, respectively.
MOy + 2 ye" = xM + yO? (Cathodic) (1.2)

yO* + yC = yCO + 2ye™ (Anodic) (1.3)

Many metals including Ti [18] and Cr [19] were produced in laboratory scale
experiments by the electrodeoxidation process. However, the process is not suitable
for WO3 deoxidation due to formation of tungsten oxychloride (WO2Clz) which is a
gaseous species at the reaction temperature, thus, W losses are inevitable [3,17].
Erdogan and Karakaya announced a modified FFCCP to produce W powder using
CaWO4q instead of WOs3 as the initial material [4-6,17]. The powder obtained by this

process is named as “electrochemically produced tungsten” in this thesis.

The schematic appearance of experimental set up is given in Figure 1.5. By this setup,
scheelite (CaWO4) was reduced to elemental W powder in eutectic CaCly-NaCl
electrolyte [17, 20]. The treatment was performed at 600 °C under Ar gas flow and a
direct current (DC) supplier was used to provide potential differences higher than 2.5
V [17]. The produced tungsten powder was cleaned with dilute HCI solution to remove
the Ca containing byproducts [17]. Furthermore, using pulse current in elemental W
powder production has been studied recently [21]. In this thesis, the powder obtained
from the study [21] was used for designed sintering experiments and the results will

be discussed in Chapter 3.
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Figure 1.5 The experimental setup of electrochemical reduction process [22].

1.2 Processing of W Based Heavy Alloys

Pure W applications are not widely used due to production limitations and brittle
nature of tungsten. Although heavy alloys form of tungsten can be produced using
several methods such as electron beam melting, arc casting, hot extrusion, etc., powder

metallurgy process (PM) is mostly preferred method.
1.2.1 Powder Metallurgy

Powder metallurgy (PM) is a heat treatment method, which consist of shaping and
consolidation stages and applied to obtain near net shape products. It is mostly used
for complex and small size parts. Furthermore, it is also used in cases where

conventional fabrication methods are not feasible.

PM process involves three main investigation and/or fabrication steps; initial powder
characteristics, processing variables and final product properties. The details of these

steps are given in Figure 1.6.
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Figure 1.6 Powder metallurgy flow chart [23].

Powder mixing, powder compaction and sintering are the steps of PM process, which
are applied to obtain the densified final products. The details and aim of these steps

are given in the following titles.
1.2.2 Powder Blending and Mixing

The powder mixing step plays a crucial role to obtain homogenously mixed powders.
Insufficiently mixed powders lead to wide compositional differences in prepared
products. This has negative influences on the mechanical properties of final products

[24].

During mixing and blending, lubricant addition and/or, mechanically alloying with

high-energy ball milling can be applied where needed for specific PM processes.

Initial powder characteristics and mixing variables should be well-characterized and
calculated. The variables such as mixer type, determination of critical mixing speed to
obtain optimum milling performance, amount of powders and employed median,
container size and shape, mixing time are as important as like employed powders to
achieve homogeneous mixing [24]. Turbula mixer, attritor mill, ball mill, etc. can be

used for powder mixing and/or mechanical alloying processes.
1.2.3 Powder Compaction

Before the sintering treatment, powder mixture should be compressed to obtain desired
shape and denser structure. The shaping procedure is generally conducted using die

compaction or cold isostatic pressing.
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Furthermore, compression and sintering treatment can be performed at the same time

by employing hot isostatic pressing.

The amount of porosity, porosity distribution, density variation and relative density of
green compact are crucial parameters for sintering treatments. Therefore, the applied

compression method, pressure and time should be investigated thoroughly.

Owing to suitable compression method and pressure, desired packing homogeneity
and compacted powders are obtained. The relative green density and porosity
distribution are important parameters for grain growth retardation and pore motion
during sintering. Heterogeneously distributed pores may cause entrapped big pores
formation in product which results in insufficiently densified structures and decreased
mechanical properties. Densities and powder characteristics of compacted specimens
demonstrate a great variation with applied compaction pressure. The relation is

illustrated in Figure 1.7.

localized
deformation

o

bulk
homogeneous compression
deformation

Density

rearrangement

apparent
density

Compaction pressure

Figure 1.7 Density and compression process relation [23].

As can be seen in Figure 1.7, as the applied pressure increased, the density values of
the pure and/or mixed powders also increase up to densification limit where entrapped
pores may not be further compressed and thrown out. Relatively ductile powders such
as metal powders can be deformed and considerably densified during compression,

whereas brittle powders like alumina (Al20O3) cannot be easily compressed and mostly
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fragmented during compression procedure. The hard and brittle powders are generally
covered with a binder additive to enhance compression behavior and strength of green

specimens.

Sintering is a diffusion controlled process; thus, the distance between the powders is
an important parameter during sintering. Higher than 60 % relative density of green
compact is typically sufficient to reach fully densified structure or at least higher than
95 % relative density. However, excessive relative density of compressed specimens
sometimes negatively affects densification behavior of compact during sintering.
Some of the suitable cold isostatic pressure ranges for selected materials are given in

Table 1.2.

Table 1.2 Suitable pressure ranges for cold isostatic pressing [25].

Powder material Pressure range (MPa)
Iron 311-414
Copper 138-276

Aluminum 55-138

Stainless steel 311-414
Lead 138-207
Titanium 310-415
Tungsten 240-415
Tungsten carbide 138-207

1.2.4 Sintering and Post Sintering Treatment

Sintering is an important forming processes, which provides interconnected solid
particles and hence increases the strength of compressed green compacts by means of
a sufficient sintering temperature. The solid skeleton occurs above homologous
temperatures of about 0.5-0.75 T (melting temperature) by an atomic level mass
transportation. Directions and rates of diffusional processes of mass transfer can be
controlled by the system characteristics such as thermodynamic driving forces and
kinetic parameters. The first mainly determines the way of process, while the second
includes a series of interior and exterior complex parameters like magnitudes of kinetic
coefficients, diffusion coefficient and realization of different mass transfer

mechanisms.
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Brittle nature of some materials, which causes difficulties during shaping via
traditional production methods, inevitably causes employment of sintering processes.
The consolidation method is generally divided two; pressureless and pressure assisted
sintering. The pressureless sintering processes like solid state sintering (SSS),
activated sintering (AS) and liquid phase sintering (LPS) will be explained here due to

having wide application areas [24].

Solid state sintering is a thermal consolidation method which leads to formation of
solid bonding between the small solid particles. The process is mostly used for ceramic
powders sintering to control the sintered grain size. The applied sintering temperatures
are between 0.5 and 0.7 of absolute melting point. During treatment, total energy of
compacted specimens is decreased by two main mechanisms; elimination of free
surface areas and formation of bigger particles/grains. The mechanisms generate
driving forces for specimens to form denser structures by decreasing total system

energy [24].

SSS is consisted of three main stages; initial stage, intermediate stage and final stage.

The changes that take place during these stages are briefly given in Table 1.3.

Table 1.3 Solid state sintering stages for monosize spheres [24].

Variables Initial stage Intermediate stage Final stage

Neck size ratio, X/D <0.33 0.33t00.5 >0.5
Coordination, N¢ <7 8to 12 12to 14

Density, % 60 to 66 66 to 92 >92
Shrinkage, AL/Lo % <3 3to 13 >13
Surface area, S/So % 100 to 50 50to 10 <10
Grain size ratio, G/D ~1 >1 >> ]
Pore size ratio, d/G <0.2 Near constant Shrinking

Where X is the neck diameter, D is the particle diameter, Nc is the coordination

number, G is the grain size, Go is the initial grain size and d is the pore diameter.

During the initial stage, necking between the particles forms and begins to grow. The
formed neck causes approximately 50 % loss of surface area but the increase in relative

density is slight.
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At the intermediate stage, the pores the between the particles become rounded and
elongated shape. Total open pores nearly disappear. Density of specimen may reach
higher than 90 % relative density. On the other hand, coarsening tendency of grains

and pores start at the later phases of this intermediate stage.

During the final stage, further surface area reductions are relatively negligible and the
densification rate is slower. The closed pore formation and grain growth rate are faster
than intermediate stage due to elimination of open pores which are more efficient in

grain growth retardation [24].

The microstructure and relative density variation of sintered specimens are illustrated

in Figure 1.8 and Figure 1.9, respectively.

Loose powder Initial stage

3 ”

Intermediate stage Final stage

Figure 1.8 Schematic representation of particles to grains transformation during

solid state sintering [24].

Mass transport mechanism in sintering is the main reason for densification, but all
transport mechanisms do not provide densification. Bulk transport mechanism leads
to densification, whereas surface transport mechanism does not result in densification

due to surface to surface mass transport.
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Figure 1.9 Sintering stages vs. relative density [26].

However, interior to surface mass transport occurs during the first mechanism. The
mechanism types, mass source-sink places and related parameters are given in Table

1.4.

Table 1.4 Material transport mechanisms during solid state sintering [26].

Material tr:‘insport Material source Material sink Related parameter
mechanism
Lattice diffusion Grain boundary Neck Lattice diffusivity, D;
Grain boundary . Grain boundary
diffusion Grain boundary Neck diffusivity, D;
Viscous flow Bulk grain Neck Viscosity, 1
Surface diffusion Grain surface Neck Surface (lijlfquIVlty,
Lattice diffusion Grain surface Neck Lattice diffusivity, D,
Gas phase transport
—Evaporathn / Grain surface Neck Vgpor pressure
Condensation Grai p Neck difference, 4,
-Gas diffusion ram suriace e Gas diffusivity, D,

The schematic appearance of material transport mechanisms is given in Figure 1.10.
Surface transport mechanism is generally dominant during initial and intermediate

stages of sintering, whereas bulk transport mechanism is the determinative transport
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Figure 1.10 Material transport mechanisms [26].

type during final stage. The transport mechanism, which occurs from interior to
surface, brings about the densification and shrinkage during sintering as mentioned

earlier [26].

On the other hand, two different phenomena also play a crucial role in solid state
sintering. The first phenomenon is the mass transport from convex surface under
compression stress, to concave surface under tension stress. Filled mass from convex
to concave provides a flattened surface, which has relatively low surface energy owing
to decreased free surfaces. The schematic appearance of surface flattening mechanism

is demonstrated in Figure 1.11.

The second phenomenon is preferentially mass transport from small particles to
relatively big particles. The smaller particles have higher curvature than bigger
particles. When the relation between the sintering stress (c) and surface energy (Y) is

considered, the sintering stress of the system increases as the particle radius decreases.
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Figure 1.11 Surface flattening mechanism at concave and convex surfaces [27].

On the other hand, time, temperature, shape and size of particles are also important
variables during solid state sintering. Temperature and particle size have a great
influence on sintering rate. The related Arrhenius equation is given in Eq. 1.4.

D = Dye®r (1.4)
Where D is the diffusion coefficient, Do is the pre-exponential factor, Q is the

activation energy, R is the gas constant, T is the absolute temperature.

For example, suitable solid state sintering temperature for a W product is
approximately reach 2200 °C when the 0.5-0.7 (Tm) of absolute melting point is
considered. The sintering temperatures can be provided by special sintering furnaces
under controlled atmosphere, but the production costs are much higher. The
temperature can be decreased via relatively small particle size (at nanoscale) and a
long dwell time. By this way, the sintering temperature of pure tungsten compact may

be decreased down to 1800 °C [27].

Adding small amounts of transition metals can decrease the temperature required for
solid state sintering of tungsten. They enhance the densification rate and contribute
obtaining a denser structure at a relatively lower sintering temperature and time
compared to SSS processes. In this sintering method, which is called as activated

sintering, liquid phase is not formed and the temperature should be adjusted carefully.



17

The additives have high diffusion coefficients at activated sintering temperatures for
tungsten. High melting point metals should be dissolved in additive metals to obtain
enhanced mass transport between base particles. Related phase diagram of high
melting point material and activator metal or metals should have the properties which

is illustrated in Figure 1.12.

A: Additive 5 _
. ecreasing
T B: Base Liquidus
____________ &
Solid
Large oeus
Melting
Difference
High L Liquid Phase
Solubility
|
a
" B Low
Solubility
Activated
a+p
A B

Figure 1.12 Suitable phase diagram for activated sintering [28].

On the other hand, the solubility of high melting point material in activator metals is a
crucial parameter. Shrinkage performance of various transition metals added tungsten

is demonstrated in Figure 1.13.

As illustrated in Figure 1.13, the amount of dissolved tungsten in activator elements
affects the shrinkage behavior of mixed compact. Valence of additive metals play a
crucial role in activated sintering. Cu cannot dissolve W in its structure, so W-Cu
mixture indicate nearly the same shrinkage behavior as elemental tungsten. On the
other hand, Pd, Pt and Ni, which are in the same group of the periodic table, cause a
significant change on shrinkage behavior of tungsten specimens. make a significant

contribution on shrinkage behavior of additive added tungsten specimens.
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Figure 1.13 Transition metals effects on W compact shrinkage with altered

sintering temperature [24].

The effects of first transition metal series (from Cr to Zn) on shrinkage and activation

energy are illustrated in Figure 1.14.
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Figure 1.14 The effect of first transition metal series on shrinkage and activation

energy [28].



19

As can be seen in Figure 1.14, as the required activation energy decreases, the
densification behavior of the compact increases. Ni is most effective transition metal

in this studied group.

Liquid phase sintering (LPS) is a widely used consolidation method for refractory
metals and ceramic powders sintering. Formation of liquid path between the particles
enhances the densification rate via providing more effective transportation region.

Therefore, densification rate of SSS and AS is relatively lower than LPS.

Wetting ability and solubility relations between base material and additive(s) are
important parameters to prepare suitable mixed compacts. Additives should have high
solubility and good wetting ability for the base material, whereas the base material
should have very low or no solubility for the additives in its structure to obtain more
densified mixed compacts. LPS process consists of four stages; which are solid state
sintering, rearrangement, solution-reprecipitation stage and solid phase sintering

stages. Region of each steps and the effects on density are demonstrated in Figure 1.15.

100 T 1

w© sollld ph.ase

= sintering

° solution-reprecipitation

©

O
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@ liquid flow

[

2 and rearrangement

+——— solid-state sintering
| |
0 10 100 1000

Sintering time, min

Figure 1.15 Stages of liquid phase sintering process [29].

As can be seen in Figure 1.15, the rate of densification is higher at early stages owing
to chemical gradients between the mixed base material and additive(s). When the

liquid phase forms, the solid particles rearranged which leads to more dense and
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regular particle distribution. Relatively smaller particles, which have higher energies
than coarse particles, are preferentially dissolved in liquid to decrease the total system
energy. The dissolved atoms move and reprecipitate on the relatively coarser particle

surfaces. The mechanism is called as Ostwald ripening theory.

Amount of additive(s) is an important parameter for LPS process. Densification value
and shape of sintered grains are considerably controlled via amount of the liquid

volume and distance between the grains [24].

Low liquid volume fraction leads to rather flat surface between the grains. This leads

to better annihilation of pores between the grains, which relies on the grain packing
[24].

Moderate liquid volume fraction results in formation of rounded grains. As the liquid

volume increased, the shape of grains becomes more spheroidal [24].

High liquid volume fraction causes large distances between the particles (grains) and
formation of solid-solid contact between neighboring grains at the same time. As the

liquid volume increased, the shape of grains may transform to prismatic grain structure
[24].

The density variation with volume of liquid phase is illustrated in Figure 1.16.

final intermediate
stage stage
100
solid
state solution o
reprecipitation initial
stage
o rearrangement
=
>
o=
g
2 initial solid heating
state sintering stage
green density
0

Volume of liquid

Figure 1.16 Volume of liquid and densification relation [29].
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As can be seen in Figure 1.16, the volume of liquid phases has a great influence on
LPS stages. As the amount of employed additive(s) increased, the fully densified
structure can be obtained in initial stage of LPS process. In addition, densification
rate, grains shape and coarsening behavior are also controlled via volume fraction of
binder phase. On the other hand, as the volume of liquid decreased, the densification
process is needs solution and reprecipitation mechanism and solid state sintering to

reach fully densified structure [29].

W-Cu alloys can be given as an example for densification and volume of additive
relation. Elemental Cu addition to W powder does not provide a remarkable
enhancement in densification of tungsten as mentioned earlier. However, when Cu
has a higher volume fraction (i.e. liquid phase), W compact can be densified at
relatively lower sintering temperatures by means of rearrangement mechanism. The
melted Cu rearranges the W particles, and hence more homogeneous and densely
packed distribution can be obtained. Densification behavior of 32 wt.% Cu contained
W-Cu alloys is illustrated in Figure 1.17.

Densification
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Sintering time, min

Figure 1.17 The effect of sintering temperature on W-32Cu densification [24].
As 1illustrated in Figure 1.17, even though Cu cannot dissolve W in its structure,

rearrangement of W particles in liquid phase is sufficient to obtain fully densified

structure.
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During LPS process, the sharp corners of base materials are preferentially dissolved
by liquid phase, thus flat surfaces between the grains are obtained. Furthermore,
solution and reprecipitation mechanism takes place between small and big particles.
Both mechanisms decrease the total energy of the compacted powders. The schematic
representations of contact flattening and Ostwald ripening procedure are illustrated in

Figure 1.18.

Figure 1.18 (a) Contact flattening and (b) Ostwald ripening mechanism during
LPS process [27].

Accommodated grains start to coarsen in late of intermediate and final stages of LPS
which enhances the density of compacted specimens. Vacuumed or low weight gas
atmosphere should be employed to decrease the amounts of entrapped pores at solid

state sintering stage of LPS.
The final grain sizes of sintered specimens are predicted via using in Eq. 1.5.

G" = GI' + Kt (1.5)
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Where Go is the initial grain size, G is the fired grain size after LPS, K is the growth
rate constant, t is the dwell time of sintering, n is a kinetic factor which varies between

2 to 4 and mostly taken as 3 for diffusion controlled coarsening processes.

LPS process provides many advantages for sintering of high melting point materials
such as low sintering temperature and more densified structure after sintering.
However, it has some disadvantages including uncontrolled and unpredictable
interactions between base and additive metals, and excessive grain coarsening. They
are generally resulted from accelerated mass transport rate in liquid. However, most
of the hard materials are inevitably fabricated via LPS to obtain rapid densification

and eliminate the shaping difficulties.

Contact angle (wetting angle) and dihedral angle are two crucial parameters for
sintering applications. The contact angle is measured where solid, liquid and gas
phases are present at the same time. Dihedral angle determines the grain boundary
structure of fired specimens and measured via grain boundary energy intersecting a
liquid phase for LPS processes or vapor phase for SSS processes. The schematic

representations of both parameters are given in Figure 1.19.
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Figure 1.19 Schematic representations of contact angle and dihedral angle [27].

LPS need low dihedral and contact angles to obtain densified structures, whereas SSS

application requires to high dihedral angle for neck formation between the particles.
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The desired properties of contact angle and dihedral angle for LPS and SSS are given
in Table 1.5.

Table 1.5 Desired contact angle and dihedral angle characteristics [30].

Contact angle Dihedral angle
SSS - high
LPS low low

Although SSS treatments are more controllable and predictable, LPS processes are
mostly preferred in industry due to necessity of lower temperatures and shorter
durations to obtain sintered products [31]. Lots of sintering variables have been
investigated to control phenomena, which take place in the LPS process, but the

complexity of the process could not have been understood properly yet.

1.3 Review of Related Works

There are lots of W-based heavy alloys in service and used in investigations. However,
the studies on Ni-Cu, Ni-Fe and Ni-Co added alloys will be focused and discussed

more comprehensively due to possessing wide applications in industry.

According to ASTM B 777-99, the prepared heavy alloys should meet the expected

density and hardness properties which are given in Table 1.6.

Table 1.6 The wt.% W content, density and hardness values of WHAs in ASTM B 777-99.

Class wt.% W content Density /g/cm3) hax::;:l(lltlrrlllC)
1 90 16.85-17.25 32
2 92.5 17.15-17.85 33
3 95 17.75-18.38 34
4 97 18.25-18.85 35

Kiran et al. [32] investigated the effect of cobalt (Co) and rhenium (Re) addition on
mechanical and microstructural parameters of 93W-4.9Ni-2.1Fe (wt.%) heavy alloy
composition. They found that addition of thenium could retard the grain growth of the
Re-free alloy. Furthermore, Co led to a relatively high matrix volume fraction
formation and higher dissolved W in binder phase. Co addition also improved the

impact strength and elongation and hence, it increased the ductility of the alloy. It was
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attributed to low contiguity of W-W grains, which decreased the brittleness of the
alloys. On the other hand, rhenium added alloys had the highest tensile strength which

might have resulted from the finer tungsten grains.

Molybdenum (Mo) addition was studied to obtain finer tungsten grains and hence
improve the mechanical properties of tungsten heavy alloys [33-35]. Addition of Mo
decreased dissolved W in binder phase, which decelerated the Ostwald-ripening
mechanism during sintering [33-35]. Therefore, dissolved Mo in binder might have

led to formation of relatively low average W grain size.

Wensheng et al. [36] reported the effects of minor Cr addition on the mechanical
properties of 93W-4.9Ni-2.1Fe alloys. The study demonstrated that addition of minor
elemental Crup to 1 wt.% had a negative influence on sintered relative density, tensile
strength and elongation. The tensile strength of Cr-free alloy decreased from 997.2
MPa to 844.4 MPa by elemental Cr addition. This was resulted from interfacial
cohesion of Cr added alloys which took place at the interphases between chromium,

oxygen and the additives.

Dinger [37] investigated the effect of Ni/Co ratio on microstructural properties and
sintering behavior of various W-Ni-Co alloys. He found that as the Ni/Co ratio
decreased, densification characteristics of prepared alloys decreased due to solid state

binder phase formation at studied sintering temperatures.

The effects of heating method were investigated by microwave and spark plasma
sintering. Mondal et al. [38] investigated the effect of microwave sintering method on
the densification behavior. In this study, the heating rate of microwave sintering
method was 121 °C per min. The rate could not be obtained by conventional sintering
methods which generally involves heating rates between 5 and 10 °C/min. They found
that employment of microwave sintering method decreased the required time of
sintering process when the dwell time of conventional sintering method is considered.
By the application of microwave sintering higher densities and smaller W grains were

obtained at the same temperature when compared to conventional methods [38].
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For spark plasma sintering (SPS) applications, Li et al. [39] investigated the utilization
of spark plasma for sintering of 93W-5.6Ni-1.4Fe alloys. They found that SPS
employed specimens had finer spherical W grains after sintering compared to ones
sintered with conventional methods. Therefore, the binding strength of the sintered

alloys could be improved up to 1580 MPa.

German and Bose [40] studied the effects of sintering atmosphere on density and
mechanical properties. Utilization of vacuum led to enhanced densification due to
accelerated densification rate and formation of entrapped gas free pores. In addition,
when pure H» gas is employed through the sintering process, a secondary treatment is
required to eliminate the embedded H> embrittlement. Fully densified structures could
be obtained when vacuum and/or H, gas atmosphere are employed, whereas
employment of only argon inhibited complete densification due to entrapped gas in

pores.

Kiran et al. [41] investigated the effect of swaging and post heat treatment on
mechanical properties of 90W-6Ni-2Fe-2-Co. Various swaging ratios and aging
treatments were performed to better understand the observed results. They found that
as the applied swaging ratio increased, the contiguity of W grains decreased and
hardness values typically increased. They also found that, the strength of the specimens

could reach higher than 1600 MPa by increasing swaging ratio.

When it comes to the fabrication concerns, two main problems are frequently
encountered during heavy alloys fabrication; shape distortion and solid segregation.
Actually, both of them are mostly based on the same fabrication variables. Suitable
additive(s) selection and solid volume fraction-dihedral angle relation are given in

Table 1.7 and Table 1.8, respectively.

Table 1.7 Guide for suitable additive element selection [29].

Solid solubility in liquid
Low High
L. . Low Limited densification, Extensive densification
Liquid solubility rearrangement
in solid . Swelling, Mixed effect swelling &
High . . . .
transient liquid densification
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Table 1.8 Shape distortion and densification behavior of LPS depending on solid
volume fraction and dihedral angle [29-30].

Low dihedral angle High dihedral angle
Low solid fraction -Rapid depsiﬁcgtion —Slqw den'siﬁce'ltion
-Large distortion -Little distortion
High solid fraction —IntermediaFe den'siﬁce.ltion -Slow de.nsiﬁc':ation
-Intermediate distortion -No distortion

When the Table 1.7 and Table 1.8 are considered, the desired densification behavior
and little or no shape distortion can be obtained theoretically. However, they are not
always achieved in practice due to the PM process variables and specimen
characteristics. Not only the variables, but also the suitable additive selection should

be investigated and performed carefully.

As can be seen in Table 1.7, desired high densified alloys can be obtained when the

solid solubility in liquid is high and liquid solubility in solid is low.

W-Cu alloys can be given as an example for low liquid solubility in solid and low solid
solubility in liquid condition, the densification parameter of Cu added WHAs is lower
than Ni added WHAs. As already demonstrated in Figure 1.13, the slight increases in
density of W-Cu alloys can be explained by the rearrangement step of LPS process.
These alloys are called as Cu embedded W-Cu alloys. The alloys are generally
employed when high strength, via W, and high electrical conductivity, by Cu matrix,
are desired at the same time [24]. On the other hand, W-Ni alloys are suitable examples
for extensive densification behavior where high solid solubility in liquid and low liquid

solubility in solid are expected to obtain considerable shrinkage.

Selection of suitable additive elements are as important as other sintering parameters
including applied temperature, time and atmosphere. Binary and ternary phase

diagrams of selected additive(s) and base element should be investigated firstly.

As can be seen in Table 1.8, desired liquid phase sintering behavior, rapid densification
and no shape distortion cannot be obtained at the same time. Actually, high solid
fraction and low dihedral angle conditions generally occur during tungsten heavy
alloys sintering. Lower sintering temperatures and longer dwell times can be used to

obtain less deformed final products.
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The wide density differences, up to 10 g/cm?, between the liquid and solid W grains
cause solid segregation in the compacted specimen. A segregation instance is

illustrated in Figure 1.20.
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Figure 1.20 Segregation of W grains in liquid (a:78W top, b:78W bottom,
c:93W top, d:93W bottom) [42].

As can be seen in Figure 1.20, the place of investigation method has a great influence
on determined properties. Top of specimens demonstrates additive-rich behavior,
while the bottom indicates W-rich properties. Therefore, a regional examination does
not represent the general properties of studied alloys. Xu et. al. [42] investigated the
mentioned production concerns. They indicated that the green porosity and tungsten

content played a crucial role in sintered properties of fabricated specimens.

Shape distortion problem takes place when there is excessive liquid phase content and
high sintering temperatures which both lead to low liquid viscosity. Moreover,
contiguity of the grains is also a crucial parameter for shape distortion. The variations

of dominant parameters are illustrated in Figure 1.21.
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Figure 1.21 The variation of shape distortion parameters during sintering [43].

As can be seen in Figure 1.21, the initial shape of compact can be prevented in poor
densification and low liquid volume fraction conditions, because it has higher than
critical contiguity values. The contiguity variation is mainly relied on solid volume
fraction and dihedral angle. As the dihedral angle increases, necessity of solid volume

fraction decreases.

The neck formation in other words contiguity, takes place before the liquid melts.

Controlled neck ratio can protect the rigidity of compact when additives melt.

The effect of gravitational force on shape distortion has been investigated in lots of
studies. German et al. [44] investigated the effects of microgravity on sintered average
grain size. They found that as the fraction of normal gravity decreased, the sintered
specimens had relatively smaller average grain size. It was attributed to microstructural

stresses, which led to formation of coarser grains.

German [45] also studied the effect of coordination number (CN) of studied compacts
on shrinkage. The study demonstrated that value of CN has a great influence on
densification tendency. Too low and high CN values have a negative effect on
shrinkage ratio and/or rate, but medium distributions like from 5 to 8 are more effective
for densification during solid state sintering treatments. Low CN leads to formation of
coarsened pores which causes mass transport from pore surface to grain interior and

vacancy transport from particle interior to pore surface.
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Bollina and German [46] also investigated that the effects of heating rate on
microstructure. They studied various heating rates from 1 °C/min to 15 °C/min. They
found that heating rate had mostly similar effects on shape distortion and normalized
grain size. However, the changes in shape distortion and normalized grain size were
much more dominated by the sintering temperature. Normalized grain size can be
measured via dividing actual grain size (G) by median grain size (Gwm). In addition, as
the applied heating rate increased, temperature of fastest shrinkage rate (%/min) also

increases from 1460 to 1480 °C.

1.4 Aim of the Study

The study is aimed to investigate the sintering behavior of tungsten powder produced
by electrochemical deoxidation method. The current tungsten powder production
method has some production difficulties such as working with H> gas, necessity of
external heat supply, long and complicated extraction steps, whereas novel approach
for tungsten powder production by molten salt electrolysis process is simpler and safer.
Owing to its benefits, it has a high commercializing potential, yet the sintering

behavior of the produced powder has not been investigated up to now.

This thesis aimed to fill the gap mentioned above. For this aim, a series of sintering
studies were performed by employing commercially available tungsten powder to

obtain comparison data for electrochemically produced tungsten applications.

Furthermore, the effects of sintering variables such as sintering temperature, duration,
atmosphere, powder composition, wt. % W content on densification behavior of both

unalloyed and alloyed compacts were investigated.
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CHAPTER 2

EXPERIMENTAL PROCEDURE

A series of sintering studies were performed with commercially available tungsten and
electrochemically produced powders to investigate and compare the sintering
behaviors. Electrochemically produced tungsten powder will be referred as W* and
the commercial tungsten powder will be referred as W powder from this point on this
thesis. The conducted studies can be divided into two main parts as solid state sintering
(SSS) and liquid phase sintering (LPS) applications. The SSS experiments were
conducted to investigate the unalloyed form densification behavior, whereas LPS
experiments were employed to compare the densification behavior of both powders in
liquid phase by adding transition metals Ni, Co and Fe as binder phase. The prepared
alloys contained at least 90 wt.% W and/or W* powder and appropriate binder matrix
phases, which were formed from various Ni/Co, Ni/Fe, Co/Fe and Ni/Co/Fe ratios.
Conventional powder metallurgy (P/M) specimen preparation procedures were

employed to obtain the desired alloys.
2.1 Alloy Preparation

2.1.1 Raw Materials

W#* powder and commercially available elemental powders of W (Alfa Aesar, 10400),
Ni, Co, Fe were employed to prepare various type WHAs and W*HAs through
forming binary, ternary and quaternary alloys. Initial morphologies of used powders
are illustrated in Figure 2.1. The main properties, including particle size range, particle

shape, purity, fabrication method and source of powders are given in Table 2.1.
2.1.2 Selected Alloy Compositions and Process Parameters

The commercial W powder and its various heavy alloy combinations were prepared to
investigate the influences of sintering variables on densification behavior and
microstructural properties. These alloys were also used as a control group due to

relatively easier estimation of sintering performance under altered variables.
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10 pm

Figure 2.1 Initial morphologies of as-received and produced powders obtained

by SEM. (a-W, b-W*, c-Ni, d-Co, e-Fe)

Table 2.1 General properties of as-received and produced elemental powders.

. ] Purity .
Particle Size Fabrication
Element Range (um) Shape (ov/v; Method Source
(1)
W 1-5 Polygonal | 99.9 Hydrogen Alfa Aesar 10400
reduction
W <1 Polygonal | 98< | Clectrochemical Obtained [4-6]
reduction
. William Rowland
Ni 3-7 Polygonal | 99.9 Carbonyl Vale 123
Co 1.6 Polygonal | 99.8 - Alfa Aesar 10455
Fe <10 Spherical | 99.9+ Carbonyl Alfa Aesar 00170

2 wt.% is mainly consisted from, Ca and its compounds, and stainless steel spoon (Fe, Cr, Ni, Mo)
The schematic explanation of prepared alloy codes in given Figure 2.2.

In addition, sintering behavior of W* powder was investigated for the same parameters
and compared to that of W powder. In some of the experiments, W* powder was
directly used after electrochemical reduction while in some others it was further
subjected to purification and homogenization processes before sintering experiments.
The untreated powder (W**) studies were practiced with unalloyed and OW**4/1NC
W**HAs sintered at 1500 and 1550 °C for 1 h.
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Ratio of balance
additives N:Ni, C:Co, F:Fe

b

OW7/1.5/1.5NCF
W content
90 or 95wt.% e S5W*4/1NC

0

single * symbolizes the produced
tungsten or coarse additive(s)
*:treated W

**.untreated W

Figure 2.2 Schematic explanation of alloy codes.

Moreover, treated powder (W*) sintering studies were conducted with various type
heavy alloy combinations. The treatments included calcium evaporation process
(CEP) and ultrasonic homogenization process (UHP), which were performed to
enhance the sintering behavior of electrochemically produced tungsten powder. CEP,
is a pre-sintering treatment, performed to evaporate Ca dissolved in W as a result of
the electrochemical reduction process. It included a heat treatment at temperatures up
to 1200 °C under a vacuum of 1x10°® atm. CEP performed heavy alloys, having a

composition of OW*4/INC, were sintered at 1500 and 1550 °C for 1 h.

The second applied enhancement method was ultrasonic homogenization process
(UHP), This process was conducted to improve the green density values of the W*
powder under compression. The UHP study was performed with a ultrasonic processor
(MSK USP 12 MTI Corporation) under 30 % maximum power of device for 5 min.
The UHP applied powders were sintered at 1500 and 1550 °C for 1 h with unalloyed
and different heavy alloy combinations, OW*7/3NC, OW*7/3NF, OW*4/1NC,
OW*8/INC and SW*4/1NC.

The studied alloys can be divided into three parts according to alloying types. The
effects of single additives on densification were studied with 10 wt.% Ni, Co or Fe.
These WHAs were sintered at three different temperatures from 1450 to 1550 °C.

Furthermore, Ni contained WHAs and W*HAs were investigated to compare the
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sintering behavior and microstructural properties of the studied alloys. 90 and 95 wt.%
W contained alloys were constituted with various Ni-Co, Ni-Fe and Ni-Co-Fe ratios.
Finally Ni-free WHASs were also examined to better understand the effect of solubility
on sintering behavior. Therefore, various combinations of Co-Fe added WHAs were
sintered at different temperatures and durations. Schematic representations of the

prepared WHAs and W*HAs are given in Figure 2.3 and Figure 2.4, respectively.

Figure 2.3 The triangle phase diagram of the W-rich Ni/Co, Ni/Fe and Ni/Co/Fe
alloys studied.

Figure 2.4 The triangle phase diagram of the studied W-rich W-Co-Fe alloys.
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The alloys having a Ni/Co ratio of 8/1, 4/1, 7/3, 1/1 and 1/4 alloys were investigated
with 90 and 95 wt.% W powder. The Ni/Fe ratio 8/1 and 7/3 alloys were also sintered
to investigate the effect of secondary additive alternation on densification behavior and

microstructural properties.

In addition, Ni-free WHASs with 90 wt.% W content and various Co-Fe ratios including
1/4, 1/1 and 4/1 were also prepared. Apart from these alloys, a quaternary alloy was
investigated which had 0W7/1.5/1.5 NCF composition.

On the other hand, various combinations of W*HAs were prepared by CEP and UHP
applied W* powder. 90 wt.% W* powder contained 7/3NC, 7/3NF, 4/INC and 8/INC
alloys and 95 wt.% W* powder contained 4/1NC alloy were sintered in an atmosphere

controlled high temperature furnace.

The studied specimens are listed in Table 2.2, together with the alloy code, mass ratios

of investigated alloys and their theoretical densities.
2.1.3 Powder Blending and Compaction Procedures

The weight measurements of targeted WHAs and W*HAs compositions were
performed by a precision balance (Mettler Toledo MS-304S) which has 0.1 mg
accuracy. 5 g and 20 g of desired compositions were put into a polypropylene (PP)
container. The mixing process was carried out by a laboratory-sized speed mixer
instrument (DAC 150.1 FVZ) at 500 rpm for 30 min. The mixing process was

performed with 5 minutes periods to decrease the generated heat from powder friction.

2 g and 3 g mixed powders were weighted and then pressed under 350 MPa for 2 min
by a hand press (MSE LP_M2S10). In addition, 300 MPa and 400 MPa compression
pressure for 2 minutes were also carried out to find out the influences of initial green
density on densification behavior of selected alloys. On the other hand, 400 MPa for 5
min, 500 MPa for 2 min were also performed for W* powder employed W*HAs to

enhance the initial relative density of green compacts.
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Table 2.2 Composition and theoretical density of studied tungsten powders and their alloys.

Alloy code W/W=* Ni Co Fe Others Ma.s S Theore.tical
ratio density
W 100 - - - - - 19.3
W 98< trace - <1 <1 - 19.32
OWION 90 10 - - - - 17.28
owl1oC 90 - 10 - - - 17.29
OW10F 90 - - 10 - - 16.85
0W1/4NC 90 2 8 - - 1/4 17.29
OWI1/INC 90 5 5 - - 11 17.29
0W7/3NC 90 7 3 - - 7/3 17.29
0W7/1.5/1.5NCF 90 7 1.5 1.5 - 7/1.5/1.5 17.22
OW7/3NF 90 7 - 3 - 7/3 17.15
0W4/INC 90 8 2 - - 4/1 17.28
OWS8/INC 90 8.89 1.11 - - 8/1 17.28
OWS8/INF 90 8.89 - 1.11 - 8/1 17.23
OW*7/3NC 90° 7 3 - - 7/3 17.282
OW*7/3NF 90° 7 - 3 - 7/3 17.15%
0OW*4/INC 90? 8 2 - - 4/1 17.28*
OW**4/INC 90° 8 2 - - 4/1 17.28*
OW*8/INC 90° 8.89 1.11 - - 8/1 17.282
0W4/1CF 90 - 8 2 - 4/1 17.20
0W1/1CF 90 - 5 5 - 1/1 17.06
0W1/4CF 90 - 2 8 - 1/4 16.93
SW1/4NC 95 1 4 - - 1/4 18.24
SWI1/INC 95 2.5 2.5 - - /1 18.24
5W7/3NC 95 3.5 1.5 - - 7/3 18.24
SW4/1INC 95 4 1 - - 4/1 18.24
SWS8/INC 95 4.44 0.56 - - 8/1 18.24
SW*4/INC 95° 4 1 - - 4/1 18.24*

(a: Amount of impurity contents ignored)

2.1.4 Sintering Process

The prepared alloys were sintered at different sintering temperatures to investigate the
effect of applied temperature on sintering behavior of studied alloys. Unalloyed W and
W#* powders were sintered at 1500 and 1550 °C for 1 hour under pure H> gas flow.
Moreover, various types liquid phase sintering (LPS) treatments were studied using

prepared WHAs and W*HAs.

Co-rich WHAs and Ni-free Co-Fe added WHAs were also sintered at 1550 °C for 90
and 120 minutes to increase relative density values. The heating-cooling profile of

atmosphere controlled high temperature furnace is given in Figure 2.5.
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Figure 2.5 The performed heating-cooling profile of sintering experiments [37].

This profile was taken from a previous study [37] directly to obtain comparative data

for the different parameters used in the present study.

The horizontal tube furnace used in the sintering experiments had a £12 °C
temperature uniformity and approximately 150 mm hot zone which was measured by
an S type thermocouple. Before each sintering experiment, the furnace was vacuumed
down to less than 1x10° atm by a PFEIFFER Hi-CUBE vacuum pump. Thereafter, the
vacuumed furnace was filled quickly by Ar gas with 2 1/min gas flow to prevent
penetration of oxygen through the chamber which was in a negative pressure. Pure H
gas at a flow rate of 0.2 I/min, or 50%Ar-50%H; mixture at a flow rate of 0.4 I/min
were used during sintering experiments. The furnace was purged with the required
atmosphere for half an hour before heating was started. The gas flow was maintained

during the whole sintering process and cooling stage.
2.2 Experimental Setup

A self-designed atmosphere controlled sintering furnace was used in the experiments.
The furnace was consisted of four parts: furnace and its controller, water cooling
system, gas cylinders and mass flow controllers and vacuum pump system. Schematic

representation of the furnace and its apparatus are illustrated in Figure 2.6.
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The determined gas flow rate and composition were adjusted by the gas controller unit
which had both automatic and manual solenoid valves to stop the gas flow in case of
hydrogen leakage. In order to determine any leakage, a hydrogen sensor (Macurco

HD-11) was used.

Water cooling was employed for continuous cooling of Al,Os3 tube edges to protect the

sealing materials from high temperature.

The vacuum system was used to provide an oxygen free atmosphere for the sintering
experiments. It was also used in the calcium evaporation process mentioned in section

2.1.2.
2.3 Characterization Techniques

Characterization methods can be collected under four main titles: microstructural
examinations, compositional analyses, densification and micro/macro scale hardness

measurements.
2.3.1 Microstructural Examination
Microstructural tests were performed to investigate the following objectives:

to find out and identify the phases and intermetallics formed,

b. to observe the effect of additive amounts on densification, grain morphology
and average grain size (AGS),

c. to investigate the effect of sintering variables on grain size distribution

d. to observe shape distortion tendency and segregation of W particles in WHAs
and W*HAs.

The conventional metallographic sample preparation method was employed for the
sintered WHAs and W*HAs. Some of the selected alloys were sectioned by a low
speed diamond saw (MTI SYJ-150) to investigate the vertical microstructural changes
and possible W segregation due to gravitational force and wide density differences

between the solid and liquid phases. The selected alloys were separately mounted into
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bakelite using two different hot mounting presses, ATM Opal 460 and Pressi

Mecapress 3.

Grinding procedure of the mounted specimens was performed by means of SiC papers
from 320 to 1200 grit, using a metallographic sample preparation machine (Pressi
Minitech 263). And then, they were polished with 6, 3 and 1 um diamond particles
suspended on a suitable cloth. In addition, final polishing step of specimens were done
via 0.25 um diamond particles contained suspension for approximately 20 minutes on
an appropriate flocked polishing cloth. The polishing procedure of mounted alloys was

conducted via metallographic sample preparation machine (Metkon Forcipol 2V).

The polished samples were etched with Murakami’s solution which was prepared by
mixing 2.5 g potassium ferricyanide (K3Fe(CN)g), 2.5 g NaOH and 25 ml distilled
water (H20). The etching procedure of the prepared alloys was carried out by swabbing
into the prepared etching solution from 5 to 20 seconds to obtain appropriate surface
for microstructural examination. And then, the specimens were cleaned with water and

alcohol, respectively. The wet surfaces of the samples were dried by applying hot air.

The microstructures of the sintered specimens were examined by optical microscope
(NIKON Eclipse MA 100 inverted OM) and scanning electron microscopes (SEM).
Secondary electron images (SEI) mode was employed to obtain topographical images
from sintered alloys by a Nova NanoSEM 430, while backscattered electron imaging
(BEI) mode was used to obtain compositional contrast by a Jeol 6400 JSM SEM.
Furthermore, energy dispersive spectroscopy (EDS) analyses were performed to
identify the binder phase composition of the selected alloys by EDAX TEAM EDS
analysis system attached to FEI Nova NanoSEM 430. Line EDS measurements were
conducted using EDAX TEAM EDS system with a secondary electron mode via FEI
Nova NanoSEM 430.

The OM investigations of the sintered specimens were conducted with different
magnifications ranging from 50 to 1000x. Microstructural images of each studied
specimens are illustrated in Appendix B. Clemex camera and its software was
employed to take microstructure images and determine the AGS, GSD of selected

alloys.
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Average grain size (AGS) measurements of the selected alloys were carried out by
Jefferies (Planimetric) method according to ASTM E112 standard. In order to calculate
the AGS of selected alloys, two equations were employed, which are given in Eq. 2.1

and 2.2, respectively.

Nintercept) (2.1)

Na = f(Ninside + 2

_ 1 .

A 2.2)
Where Na is the number of total grains per square millimeter (mm) counted at 1x
magnification, Ninsige 1S counted complete grains in circle, Ningercept 1S the number of
grains intercepted by circle, fis Jefferies multiplier (8.0 for 200x) and A is the average
grain area for each alloy. At least three AGS measurements were obtained for each

alloy by drawing a circle, which has a 5000 mm? area.

GSD measurements were conducted by OM at 200x magnification. Randomly selected
100 grains were used to determine the grain size distribution of selected alloys. The
effects of sintering variables on GSD; including temperature, W content and variation

of Co and Fe with constant Ni ratio, were also investigated.

Binder phase area measurements of the selected alloys were done by ImageJ software.
The contrast diversity between W grains and binder phase was employed during the

measurements.
2.3.2 X-ray Diffraction and X-ray Fluorescence Analyses

X-ray fluorescence (XRF) analyses (Fisherscope X-ray XDV-SDD Optiplex 3020)
were applied to determine possible impurities and their amount in W* powder obtained
from scheelite (CaWO4) by electrodeoxidation process. It was also used to investigate

the compositional homogeneity of the alloys after compression and sintering.

X-ray diffraction (XRD) analyses were carried out to determine the phases formed
between tungsten powders and their additives during sintering process. Cu Ka X-ray

beam source at 40 kV was employed during examinations. The analyses were
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performed at 2°/min scan rate between 10° to 90° 20 angles by an X-ray diffractometer
(Rigaku Miniflex 600). The phase identifications of the selected alloys were performed
using a diffraction analysis program (PDXL).

2.3.3 Density Measurements

Firstly, the theoretical densities of studied specimens were calculated by the rule of

mixtures as given in Eq. 2.3.

1 W,, Ni Co Fe (2.3)
_ Wf+ Wf+ Wf+ wf

Ptheo Pw Pni Pco Pre

Initial green densities of the unalloyed and alloyed pellets were measured by
dimensional methods, whereas sintered densities were measured using Archimedes’
principle. A precision balance (Mettler Toledo MS-304S) which has 0.1 mg precision
and a density calculation kit were used during this procedure. Firstly, dry weights of
the samples were measured. And then the samples were boiled in distilled water for 2
h. The boiled specimens were measured for two different conditions; saturated mass
and immersed weight using the density kit. These measurements were repeated three
times and the calculated average dry weight, saturated mass and immersed weight of
specimens were employed during green density measurements. The sintered densities
of each specimens were also measured using these steps, but the samples were lightly

ground before the measurement procedure to eliminate surface contaminants.

The green and sintered densities of the studied alloys were determined with the help

of Eq. 2.4. given below:

m .
aa xpwater (2.4)

p =
(mliquid—air - mliquid)

Where p is the calculated density (g/cm?®), mg;, is the dry weight, Myiquid—air 18 the

saturated mass, Myjqy;q i the wet weight and py,q¢er is the density of distilled water.
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Green and sintered relative densities can be obtained by dividing the calculated density
of green compact and/or sintered body to the theoretical density which was determined

by Eq. 2.3.

Densification parameter (¥), can be calculated using fractional initial and sintered

densities of the specimens. The formula is given in Eq. 2.5.

f =1 2.5)

Where W is the densification parameter, f is the fractional sintered density and f; is

the fractional initial density.

Moreover, the shape distortion behaviors of some selected alloys were investigated to
compare dimensional changes of fired alloys by normalized height and/or normalized

radius formula which is given in Eq. 2.6.

sintered height or radius (2.6)

Normalized height(or radius) = iitial height or radius

2.3.4 Micro and Macro Hardness Tests

The hardness measurements were performed by two different hardness testing
methods. The microhardness tests were practiced with Vickers diamond indenter by
SHIMADZU HMV-G micro Vickers hardness tester. Microscale general hardness
results of studied specimens were measured under 9.807 N load for 6 seconds holding
time, whereas the binder phase hardness values were measured under 0.049 N load for
6 seconds. At least five measurements were taken from each specimen. On the other
hand, macro scale hardness values of selected heavy alloys were performed by
spheroconical diamond. Rockwell A hardness (HRA) results of sintered alloys were

measured using Qness Q750 macrohardness tester.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 Comparison of Sintering Behaviors of W and W* Powders
3.1.1 Densification Parameters and Relative Densities

The measured % relative density results of the W and W* powders and their alloys are

compared in Table 3.1.

Table 3.1 Relative densities (%RD) of the sintered WHAs, W*HAs and W**HAs.

Relative density (%)
Alloy code Sintering temperature and dwell time (°C/min)
1450/60 1500/60 1550/60 1550/90 1550/120
w - 66.4 70.7 - -
W - 83.7 85.3 - -
W - 76.3 772 - -
OW10N 95.1 97.3 98.7 99.0 -
ow10C 68.1 70.9 82.2 83.9 -
OWI10F 67.5 713 80.8 82.3 -
OW1/4NC 80.0 86.8 92.5 93.7 94.3
OWI1/INC 98.4 99.3 99.9 - -
0W7/3NC 97.2 98.7 99.6 - -
0W7/1.5/1.5NCF 97.4 98.8 99.8 - -
OW7/3NF 97.0 98.6 99.7 - -
0W4/1INC 97.5 98.9 99.7 - -
OW8/INC 973 99.2 99.9 - -
OWS/INF 97.9 98.7 99.4 - -
OW*7/3NC - 86.4 90.5 - -
OW*7/3NF - 85.2 - - -
OW*4/INC - 78.2/80.8 85.6/87.5 - -
OW**4/INC - 63.2 66.0 - -
OW*8/INC - 90.3 - - -
OW1/4CF - 80.1 86.1 86.4 87.1
OW1/1CF - 81.6 823 86.6 87.5
O0W4/1CF - 78.5 83.3 84.6 85.8
SWI1/4NC 80.8 86.8 92.9 94.2 94.6
SWI1/INC 94.2 99.2 99.6 - -
SW7/3NC 95.6 98.8 99.3 - -
S5W4/INC 96.0 98.7 99.4 - -
SW8/INC 95.5 98.3 99.6 - -
SW*4/INC - - 922 - -
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The measured green densities, relative green densities and sintered densities are also
given in Appendix A, which are necessary for densification parameters (DP(V))
determinations. DP(W) results of the W, untreated (W**) and treated (W*) powders
are given in Figure 3.1 with single additive WHAs.
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Figure 3.1 DP(W) results of the pure W, W*, W** powders and single additive
WHA:s.

As can be seen in Figure 3.1, as the sintering temperature increased, the densification
tendency of the studied specimens also increased. The temperature variation has a
slight effect on DP(W) values of the W, W*, W** and Ni added WHAs, whereas Co
and Fe added WHAs exhibited relatively high densification parameter variations with
altered temperature. It may be attributed to relatively lower DP(W) values of the Co
and Fe added WHAs, especially at 1500 °C, when compared to Ni added WHAs.

As for DP(W) values of the unalloyed compacts, W* and W** powders have relative
higher DP(W¥) values than W powder. It can be resulted from their impurity content.
The contaminations might have enhanced the densification tendency of W* and W**
powders by providing activated sintering conditions and/or a trace amount of liquid
phase formation between the grains. The microstructure image of W** powder,

sintered at 1550 °C for 1 h, is given in Figure 3.2.
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Figure 3.2 Microstructure of the sintered W** powder (1550 °C for 1 h, 500x).

Formed liquid phase can be seen in Figure 3.2 between the grains. This phenomenon
was not observed through the whole structure. It was limited to some specific locations
where the impurity content may reach to sufficient concentrations for liquid phase
formation with low melting point elements. Microstructures of the other studied alloys

are provided in Appendix B.

The applied sintering temperature, W content and alloying elements and their weight
concentrations are also important factors for DP(¥) values of prepared the WHAs.
Calculated DP(Y¥) values for the 90 wt.% W and 95 wt.% W contained alloys are
illustrated in Figure 3.3 and Figure 3.4, respectively.
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Figure 3.3 DP(W) results of the 90 wt.% W contained WHAs, sintered for 1 h.
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Figure 3.4 DP(?) results of the 95 wt.% W contained WHA, sintered for 1 h.

As can be seen in Figure 3.3 and Figure 3.4, except from Co-rich alloys, all studied
alloys had a considerable amount densification tendency. In addition, as the sintering
temperature increased, DP(WV) values of studied alloys also increased due to
accelerated atomic motion. However, Co-rich heavy alloys indicated relatively lower
densification behavior than Ni-rich WHAs. It is predicted that Co may cause relatively
lower liquid path formation between the tungsten grains by forming solid intermetallic

phases [47].

It was seen that the DP(W) values of the WHAS also increased slightly for the Co-rich
WHASs as the W content increased. The effects of Ni/Co ratio, W content and sintering
temperature on densification behavior of 90 and 95 wt.% W containing alloys are

illustrated in Figure 3.5 and Figure 3.6, respectively.

As can be seen in Figure 3.5 and Figure 3.6, except from Co-rich heavy alloys and
95 wt.% W contained alloys sintered at 1450 °C for 1 hour, all specimens indicated

considerable densification tendency.

Co-rich heavy alloys, which were insufficiently densified at 1450 °C, were also
sintered at 1550 °C for 90 and 120 min. The effect of W content and dwell time on

Co-rich heavy alloys’ densification are illustrated in Figure 3.7.
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Figure 3.5 Relative density variation of the 90 wt.% W contained heavy alloys,

sintered for 1 h.
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Figure 3.6 Relative density variation of the 95 wt.% W contained heavy alloys,

sintered for 1 h.

As can be seen in Figure 3.7, the relative densities of the sintered Co-rich heavy alloys
are strongly influenced by sintering variables. Increased sintering temperature caused
considerably higher densification, whereas, the effect of W content was less

significant.
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Figure 3.7 The effect of W content and sintering temperature on relative

densities of the Co-rich heavy alloys.

Since the 90 wt.% W contained WHASs have relatively higher amounts of binder phase
volume, the distances between W grains increased and hence, this binder phase

decreases densification values of the prepared WHAs [37].
3.1.2 Microstructural Examinations

Optical microscope images of the all unalloyed and alloyed specimens are given
Appendix B. Moreover, secondary (SEI) and back scattered (BEI) electron images

were taken to observe the variations of final microstructure with sintering variables.

The microstructures of Ni-rich heavy alloys had almost spherical and pure W grains
and uniform binder phase. The microstructures of 90 wt.% W contained heavy alloys

are illustrated in Figure 3.8.

As can be seen in Figure 3.8, Co-rich and 1/1 Ni/Co ratio added heavy alloys had a
considerably different microstructure when compared to other sintered alloys.
Furthermore, the microstructures were not affected much from altered W content,
which is demonstrated in Figure 3.9. Except from sintering at 1450 °C, spherical W
grain shape and two binder phase contained microstructure could be observed at 1/1

ratio Ni and Co added alloys.
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Figure 3.8 Typical, SEI mode, micrographs of the 90 wt.% W contained WHAs,
sintered at 1550 °C (a:0W1/4NC, b:0OW1/INC, c:0W7/3NC, d:0W4/1NC,
e:0W8/INC).

Co-rich WHAs could not reach adequate relative density ratios as already
demonstrated in Figure 3.5 and Figure 3.6. Therefore, they are not suitable for WHAs
applications due to high porosity amount which decreases the mechanical properties,
in particular tensile strength and toughness values [24]. When Co-W phase diagram
[47] given in Appendix C is considered, the expected liquid phase formation could not
be observed in applied sintered conditions. As mentioned phase diagram, which is
given in Appendix C, demonstrates that the sintering temperature should be increased
approximately 1690 °C to obtain liquid phase, but 2-3 wt.% Ni addition decreases the
temperature between 1500-1550 °C. Therefore, it can be suggested that the selected

Ni/Co ratio should be equal or higher than 3/7 ratio.

W* or W** powder employed heavy alloys had quite different microstructures as
illustrated in Figure 3.10. As can be seen in Figure 3.10, densification ability of W*
powders are quite sufficient. When the sintered grain structures are considered, they
have similar microstructures with fully densified WHAs prepared via commercial W
powder. Formation of spherical grains is attributed to sintering conditions and the

properties of W* powder, which were suitable to obtain desired densification.
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Figure 3.9 Microstructures of the sintered OW1/INC (a, b, ¢) and SW1/INC (d)
heavy alloys, (a:1450 °C, b:1500 °C, ¢ and d 1550 °C for 1 h., 200x).

Scheelite
particles

200 pm PAVONT) R | 200 pm

Figure 3.10 Microstructures of the W* or W** employed heavy alloys
(a:0W*41/NC, b:0W**4/INC, sintered at 1500 °C, c:0W**4/1NC, sintered at
1550 °C).

However, larger and smaller size scheelite (CaWQ4) particles were observed in the
microstructures, as can be seen in Figure 3.10. They were located in the liquid phase
and coarsened under Ostwald-ripening mechanism during sintering treatment to

decrease surface free energy.
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Microstructure images of 95 wt.% commercially available W contained heavy alloys
are illustrated in Figure 3.11 and Figure 3.12, which were taken by back-scattered

electron image (BEI) and secondary electron image (SEI) mode, respectively.

Figure 3.11 Microstructures of the 95 wt.% W contained WHAs (a:5W7/3NC,
b:5W4/INC, c:5W8/1NC), sintered at 1550 °C for 1 h., taken by BEI mode.

100 pm 100 um

Figure 3.12 Microstructures of the 95 wt.% contained WHAs, (a:5W1/INC,
b:5SW7/3NC, ¢:5W4/INC), sintered at 1550 °C for 1 h., taken by SEI mode.

Formed microstructures are controlled by lots of parameters, including sintering
temperatures, prepared mixture composition, and tungsten content [24]. Especially,
sintering temperature and W content are two important factors. The effects of sintering
temperature and W content on the final microstructures are illustrated in Figure 3.13.
As can be seen in Figure 3.13, as the sintering temperature increased, the liquid can
dissolve more W atoms, and hence the atomic motion was enhanced. Therefore,
spheroidal final shape could be obtained. The phenomenon takes place to decrease the
total system energy by the coalescence of smaller particles to form bigger particles. In
addition, increased wt.% of W led to formation of contact flattened grain surface at
SW4/INC heavy alloys. The transportation path might assist the tendency to achieve

flattened grain surfaces from concave and/or convex particle curves.
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Figure 3.13 The effect of sintering temperature and W content on the
microstructures (a and b from OW4/1NC, ¢ and d from 5W4/1NC).

3.1.3 Micro and Macro Hardness Tests

Two different hardness measurement methods were employed during mechanical
property investigations. Micro scale hardness tests were performed to determine the
hardness of binder phase and low densified alloys, whereas macro hardness tests were
conducted to observe macro scale hardness variations. The measured hardness results

of selected alloys are given Appendix D.

The effects of sintering temperature, W content, W type, alloying elements and their
ratios on hardness were studied with various sintered compositions. The relation of the
altered Ni/Co ratio and hardness is illustrated in Figure 3.14. As can be seen in Figure
3.14, Co-rich heavy alloys had the highest hardness values. As the Ni ratio increased,
the hardness of 95 wt.% W contained alloys decreased, except from 8/1 Ni/Co added
alloy. Although the other Ni/Co ratio employed alloys had relatively homogeneous
hardness distribution, 1/1 and 7/3 Ni/Co added alloys demonstrated instabilities during
measurements. It can be explained with reference to Ni-rich and Co-rich regional

composition changes.
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Figure 3.14 Hardness variations of the 95 wt.% W contained WHAs.

The eftect of Ni/Co ratio on dissolved W wt.% in binder phase and microhardness

values are illustrated in Figure 3.15.
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Figure 3.15 The effect of the Ni wt.% on W solubility and microhardness

variation of 95 wt.% W contained heavy alloys, sintered at 1550 °C for 1 h.

As can be seen Figure 3.15, the average microhardness value of binder phases

decreased with increasing wt.% of Ni. They demonstrate similar changes with W
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solubility in binder, except from OWS8/INC alloy. However, regular W solubility
variation could not be observed in altered Ni content due to several interior and exterior
factors, including especially sintering temperature, compositional variation, green

density gradients [24].

Two-binder phase contained OW1/1INC and SW1/INC alloys had wide composition
and hardness differences. HV (0.005) microhardness test method applied
microstructure image of SW1/INC is illustrated in Figure 3.16.

-

."

L-binder
phase

Figure 3.16 Regional hardness variations of the SW1/1NC alloy, sintered at
1550 °C for 1 h.

Size of indentation may assist to compare the hardness variation in both binder phases
and W grains. The light region seen in Figure 3.16 has approximately 75 wt.%
dissolved W in binder phase and its hardness values change between 1200 and 2500
HV(0.005), whereas the dark region has nearly 40 wt.% dissolved W and its hardness
results change between 444 and 672 HV(0.005) hardness variation. Minimum,
maximum and average hardness results of selected alloys can be seen in Appendix D.

Point EDS results of these binder phases are given in Figure 3.17.

In addition, the effects of W content and sintering temperature on hardness alternation

of OW1/INC and SW1/INC alloys are demonstrated in Figure 3.18.
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Figure 3.17 Point EDS results of the SW1/INC heavy alloy, sintered at 1550 °C
for 1 h.

2000

—%—1500 °C

A —8— 1550 °C|

}
IVARA
AR WA

T T T T T T
D-binder L-binder W-grain D-binder L-binder W-grain
90 wt% W 95 wt% W

1500

Average microhardness values HV(0.005)

Figure 3.18 The effect of sintering temperature and W content on the hardness

alternation of two-binder phase contained heavy alloys.

As can be seen in Figure 3.18, variation of W content and applied sintering temperature
slightly influence the hardness of 1/1 Ni/Co added alloys. The variations are most
probably resulted from dissolved W differences and W-Ni and/or W-Co intermetallic
phase formation [24,37].

On the other hand, employment of the Ni and different suitable additive have great
influence on sintered hardness values. In this context, the effects of Co and Fe
alternation and W content on hardness values were investigated and the results are

demonstrated in Figure 3.19.
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Figure 3.19 The effects of the Co and Fe alternation and W content on hardness.

As illustrated in Figure 3.19, employment of Fe powder instead of Co causes a
decrease in hardness. In addition, increased W content influenced the sintered
hardness. The differences are attributed to decrease in dissolved W in binder phase and
relatively lower intermetallic phase formation in SW7/3NC, compared to 90 wt.%

WHA:s.

The effects of employed tungsten powder type and sintering temperature on hardness
are illustrated in Figure 3.20. As can be seen in Figure 3.20, except from 7/3 Ni/Co
which was sintered at 1550 °C, both heavy alloy types demonstrated similar hardness
variation with altered composition. In addition, WHAs had higher hardness than
W#*HAs at 1500 °C treatment, whereas W* powder employed heavy alloys had higher
hardness values than WHAs at 1550 °C treatment. This can be explained with
reference to insufficiently densified W*HAs. As the temperature increased, they could
obtain more densified structures and their mechanical properties were improved. In
addition, the impurities present in W* powder resulted from the production procedure

might have caused the increment.

The effects of various Ni/Co ratios and Fe powder employment instead of Co on
hardness variation were investigated via macro scale hardness measurements. The

HRA results of 90 wt.% commercial W contained WHAs are illustrated in Figure 3.21.
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Figure 3.21 The effect of Ni/Co and Ni/Fe ratio on the hardness variations.

As can be seen in Figure 3.21, increased temperature and Ni/Co ratio did not have
stable influence on hardness values. Co-rich and 1/1 Ni/Co added alloys have higher
hardness values. The lowest hardness value of Co-rich alloy might have resulted from
inadequately densified structure. As the sintering temperature increased, the alloy

could reach the highest hardness value of all heavy alloys which is indicated in Figure
3.21.
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Even though they could not demonstrate considerable densification behavior, Co-rich
heavy alloys have relatively higher hardness values than Ni-rich alloys. In addition,
they can sustain their hardness values at macro scale hardness measurement despite

possessing high amount of porosity.

This is attributed to dissolved wt.% of W in binder phase. Point EDS composition

results of each distinguishable binder phases are given Appendix E.

As the sintering temperature increased, the size of W grains increased. The increased
grain size leads to spherical tungsten grain formation in binder phase and decrease in
contiguity between the W grains [48] . The effect of diminished contiguity could not
be distinguished in micro scale investigation. However, the macro scale hardness
method can help to identify this phenomenon. Tungsten grains which had a decreased
contiguity could not resist the applied loading and moved to the loading direction.

Therefore, lower hardness values were observed during macro scale hardness tests.

The hardness values of studied alloys are mainly relied on formed phases between
W/W#* and added transition metals. XRD analyses were performed to understand the
reason why Co-rich and 1/1 Ni/Co ratio heavy alloys have relatively higher hardness

values than Ni-rich heavy alloys. The results are demonstrated in Figure 3.22.

w W: Tungsten OW1/4NC
X: RHL Co W, OW1/1NC
XZ: HCP C07W6 0W4/1NC
Y: (Ni,Co,W)
5 X,
Py w
g w
g |
®
= X, X w
2 X, IX X 2
§ 1 1 Y Y 1 X2 X‘1 X1
£
And P A A JL
A WMo J A J A L
T T T T T T
20 30 40 50 60 70 80 90

Diffraction angle / 2-theta (degrees)

Figure 3.22 XRD analysis results of the 90 wt.% W contained WHAs, sintered
at 1550 °C, for 1 h.
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As can be seen in Figure 3.22, in Co-rich heavy alloys high amount of Co7Ws
intermetallic phase was formed, which might be the reason for the increased hardness
values. The phase had two different crystal structures, namely metastable hexagonal

close-packed (HCP) and rhombohedral lattice (RHL) [49].

Even though 1/4 Ni/Co ratio contained heavy alloys possessed approximately 15-20%
porosity, they could reach higher hardness values than WHAs, which are produced and

employed in industrial, ordnance applications.
3.1.4 Average Grain Size and Grain Size Distribution Measurement Studies

Planimetric method was employed during average grain size (AGS) measurements.
The calculated results for selected alloys are given in Appendix F. The effects of wt.%

Ni content with altered sintering temperature are demonstrated in Figure 3.23.
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Figure 3.23 The effect of Ni amount on the average grain size of the 90 wt.% W

contained alloys at different sintering temperatures.

As can be seen in Figure 3.23, as the sintering temperature increased, AGS of the
studied alloys typically increased due to having more mobile atoms which also
enhanced the mass transport in liquid. Moreover, as the amount of Ni increased, the
average grain size of 90 wt.% W contained alloys mostly had a tendency to increase

at both sintering temperatures. However, Co-free Ni added alloys had a relatively
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lower AGS. This can be explained with density and AGS relation. 10 wt.% Ni added
alloys had relatively lower AGSs and they also had low densified structures as given
already in Table 3.1. Since densification is a mass transport mechanism which takes
place from the interior of the particle to surface, grain growth phenomenon occurs

inevitably [50].

Decreasing in total system energy and formation of more densified structures are
strongly relied on this coarsening mechanism. The density and AGS relation can be

seen clearly in Figure 3.24.
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Figure 3.24 Grain size and relative density relation of the 95 wt.% W contained

heavy alloys, sintered at 1550 °C for 1 h.

As illustrated in Figure 3.24, relative density and AGS of studied alloys generally
increased with increased Ni amount except from 1/1 Ni/Co mass ratio, which had two
binder matrix phases. Formation of relatively bigger AGSs and more densified sintered
samples can be explained with the two binder matrix phases which had different W

dissolving capacity.

The AGS variations of both W and W* powders with composition are demonstrated
in Figure 3.25. As illustrated in Figure 3.25, W* powder employed heavy alloys had
relative small AGSs with different Ni/Co and Ni/Fe ratios. It is attributed to following

situations.
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Figure 3.25 The effect of employed tungsten type on the average grain size of
the heavy alloys, sintered at 1500 °C for 1 h.

Firstly, the initial grain size of W* powder was relatively lower than commercial W
powder. Secondly, the grain boundary motion was believed to be prevented by CaWO4
grains which were found in W* powder as a result of the processing procedure. The
Ostwald ripening mechanism was observed not only for W* but also for CaWO4
particles. Undissolved CaWO4 was pushed through the grain growth direction and
gathered in the liquid phase. Furthermore, the dissolved and/or precipitated
contamination could have retarded the dissolved W atom motion in liquid leading to

relatively smaller AGS formation.

Grain size distributions of the selected alloys were measured to determine the effects
of sintering temperature, employed tungsten type, additive type and additive ratio on
GSD. The homogeneity of the structure has a significant influence on mechanical

properties.

The effect of sintering temperature was investigated with single additive heavy alloys.
Grain size range vs. number of W grains graph is illustrated in Figure 3.26. As can be
seen in Figure 3.26, increased sintering temperature typically augmented the grain
growth tendency of the studied alloy. It is attributed to enhanced solid solubility and

atomic motion.
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Figure 3.26 Grain size distribution of the Ni added OW 10N heavy alloys.

Therefore, more effective Ostwald-ripening mechanism took place during sintering.
Although the mean grain size of OW 10N alloy, sintered at 1500 °C for 1 h, was 25.1
um, 50 °C temperature increase lead to approximately 10 % growth of mean grain size

and hence, it could reach up to 29.3 um average diameter.

The effect of the Co and Fe alternation were also investigated to observe the grain size

distribution. The measured grain size intervals are illustrated in Figure 3.27.

As can be seen in Figure 3.27, Co employed heavy alloys lead to coarser grain
formation. OW7/3NC alloy possessed coarser W grains which could reach up to 60-65
um diameter. It was attributed to improved solid solubility in liquid [51] and decreased
liquid volume. The last parameter decreases the distance between W grains, which

facilitated the mass transport mechanisms [24].

The effects of tungsten content and employed tungsten powder type on grain size

distribution are demonstrated in Figure 3.28 and Figure 3.29, respectively.

As can be seen in Figure 3.28, 95 wt.% W contained heavy alloy has higher grain
growth tendency than OW7/3NC. It can be explained with decreased distance between
W grains.
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Figure 3.27 The effect of Co-Fe shifting on grain size distribution, sintered at
1550 °C for 1h.
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Figure 3.28 The effect of W content on grain size distribution, sintered

at 1550 °C for 1 h.

As for Figure 3.29, W powder employed heavy alloy indicated relatively homogeneous
grain size distribution. In addition, its average grain size was relatively coarser than

5W*4/INC alloy.
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Figure 3.29 Employed tungsten powder type and grain size distribution relation

of the SW4/INC and 5SW*4/1NC alloys, sintered at 1550 °C for 1h.

Both situations can be explained with high amount of liquid phase formation in
5*W4/INC alloy. The high liquid volume decelerated the grain growth rate by
increasing the distance between solution and precipitation regions. Furthermore, the
GSD variation can be resulted from initial particle size differences. W* powder had a

smaller initial particle size than W powder.

3.1.5 Dissolved W or W* Powder in Binder Phase

Compositions of selected binder phases were determined with point EDS analyses.
The investigations are aimed to set a correlation between solubility and densification
as well as micro and macro hardness results. Performed EDS analyses are given in
Appendix E. Furthermore, line EDS analyses were also applied to investigate the
composition variation between two W grains. One of the line analysis and

corresponding composition are demonstrated in Figure 3.30.

As can be seen in Figure 3.30 , two-phase binder matrix contained OW1/INC alloy
indicated wide dissolved W variation between its binder phases. The dark region had
approximately the same dissolved W in binder like Ni-rich heavy alloys; whereas, the
light region could dissolve about 75 wt.% W in binder like Co-rich and Co-Fe added
heavy alloys.
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Figure 3.30 Line EDS measurement of the SW1/1NC, sintered at 1550 °C for 1
h (W:W grain, D:Dark region, L:W-rich light region).

The compositional variations of these three different phases are schematically
indicated by ternary phase diagram of W-Ni-Co alloy which is given in Figure 3.31.
As can be seen in Figure 3.31, sintered SW1/INC alloy consisted of three different
regions: pure W grains, light and dark color regions. As the sintering temperature
increased, the dissolved W in both phases also increased. The EDS results of three
regions are given in Table 3.2. This two-phase binder matrix was observed in both
OWI1/INC and SW1/1NC heavy alloys which sintered at 1500 °C and 1550 °C for 1 h.
Compositional contrast image of OW1/INC alloy is given in Figure 3.32. Density
differences, in other words, dissolved W distribution and W grains can be

distinguished clearly.
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Table 3.2 EDS analysis results of the OW1/1INC and SW1/1NC at different sintering temperature.

Temperature (°C)

1500 1550
Composition | Phase w Ni Co W . Co
P Wt%) | (Wt.%) | (Wt.%) | (Wt.%) | (Wt.%) | (Wt.%)
Dark | 4138 | 3446 | 24.16 | 4364 | 3271 | 23.65
0W1/INC :
Light | 73.16 | 1121 | 1563 | 7408 | 1073 | 15.19
Dark | 42.67 | 3442 | 2291 | 4469 | 2932 | 25.99
SW1/INC :
Light | 73,52 | 1075 | 1573 | 7427 | 1043 | 1530

10 pm

Figure 3.32 Microstructure of the two-binder phase contained OW1/INC heavy

alloys sintered at 1550 °C for 1 h, taken by BEI mode.
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As can be seen in Table 3.2, light binder phase consisted of mainly rhombohedral
Co7Ws intermetallic phase [47]. In addition, the phase contained approximately 10
wt.% Ni. It was probably the result of substitutional diffusion between Ni and Co. On
the other hand, the dark phase was composed y solid solution which had face-centered

cubic Ni-Co-W phase [47].

Another line EDS measurement was performed to investigate the compositional
homogeneity of the sintered sample. Since pre-sintering parameters have a great
influence on the sintering behavior, single binder matrix phase contained SW4/1NC
alloy was also examined with line EDS analysis method. The analysis line and its
constituents are illustrated in Figure 3.33. As can be seen in Figure 3.33, the
compositional variation of SW4/1 alloy was considerable uniform. Therefore, it can
be concluded that mixing procedure was highly effective to obtain targeted

compositions.

When Appendix E and two-binder phase results are considered, the amount of solid
solubility in liquid phase is slightly influenced with altered sintering temperature and
time. However, the employed additive elements and their ratios had a great effect on

solubility, and hence, densification behavior.

In this context, various Ni/X ratio (X:Co, Fe) were studied. The effect of Co and Fe
variation, increased Ni ratio, W content and sintering temperature on W solubility in
liquid are demonstrated in Figure 3.34. As can be seen in Figure 3.34, employment of
Co instead of elemental Fe increased the W solubility in the formed liquid phase. It
can be explained with electron concentration concept [52]. Transition metals,
possessing d electron subshells, demonstrate more effective W solubility. Co is closer
to mentioned subshell groups (Ni, Pd and Pt) than Fe. In addition, when the binder
phase composition of the OW7/3NF and OWS8/INF heavy alloys compared, the

increased Ni ratio also augmented the amount of dissolved W in matrix phase.

On the other hand, increased W content and sintering temperature did not indicate a
regular correlation with W solubility. Since using high sintering temperature causes

grain coarsening, it should not be preferred at sintering treatments.
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Figure 3.33 Compositional variation of the SW4/1NC heavy alloy, sintered at
1550 °C for 1 h.

The effects of employed tungsten types on dissolved tungsten in binder phase were
also studied. The impurities of W* powder were ignored to obtain more appropriate
data for comparison. The Ca, Cr, Mo Fe for Ni/Co alloys were intentionally removed
from the result lists if they were detected in trace amounts during the point EDS
analysis. The effects of powder fabrication method and initial powder characteristics
such as particle shape, particle size and purity, on solubility are demonstrated in Figure
3.35 with various Ni/Co and Ni/ Fe ratios. As can be seen in Figure 3.35, except from
7/3NF, W powder employed heavy alloys demonstrated relatively higher dissolved W
in their binder phase. This is attributed to particle shape and particle size distribution

of W* powder.
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Figure 3.34 The effect of altered parameters on dissolved wt.% of W, sintered
for 1 h.

The size distribution of the W* powder was relatively homogeneous than commercial
powder which has 1-5 pm size variation. As the size differences increase, the solubility

tendency of small W powder also increases due to enhanced higher energy.
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Figure 3.35 Dissolved wt.% of W and W* in binder matrix phase, sintered at
1500 °C for 1 h.
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Therefore, more dissolved W could be observed in binder phase of the investigated
WHAs. The impurity contents of the W* powder was also an important parameter for
the decreasing. The impurities might have decreased the dissolving capacity of the
liquid phase by forming compounds with Ni, Co and/or Fe. Especially when the
amount of free Ni decreased in formed liquid phase, expected tungsten solubility,

transportation and precipitation may not be provided during sintering treatments.

In brief, the binary and ternary interactions of studied alloys and W solubility in
employed additives play a crucial role in determining the amount of dissolved W wt.%
in binder matrix phase. The variation of dissolved W amount and other constituents,

which are not demonstrated here, can be seen in Appendix E.
3.1.6 Binder Phase Area Measurements

Binder phase area (%) of studied alloys is a crucial parameter to understand the
underlying causes of sintered density, final grain shape and size as well as shape

distortion phenomenon.

Suitable BEI, SEI and OM images were employed during measurements. At least
seven measurements were taken from each selected specimen; two from the top, and
three from the interior and two from the bottom. Binder phase area of selected alloys
were measured via ImagelJ software. The microstructure images were uploaded to the
software and the color threshold adjusted to obtained two different colored regions,
and hence binder phase areas could be calculated. Measured minimum, maximum and

average values are given Appendix F.

Images from % binder phase and % CaWO4 area calculation are given in Figure 3.36

and Figure 3.37, respectively.

Binder phase area percent of selected WHAs are illustrated in Figure 3.38. As the
sintering temperature increased from 1500 to 1550 °C, binder phase area also typically
increased due to enhanced solubility and higher diffusion rate. Both of them enhance
the solution and re-precipitation mechanism during sintering. Therefore, relatively

coarser W grains formed in binder phase matrix.
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Figure 3.36 An image from % binder phase area calculation procedure (ImageJ).

Figure 3.37 An image from % CaWQ, area measurement procedure (Imagel).

Employment of Fe instead of Co, lead to higher binder area formation. It can be

explained via theoretical density differences between the powders.

Effect of Ni amount on binder phase area variation is illustrated in Figure 3.39. As can
be seen in Figure 3.39, binder phase area of investigated alloys increased with an
increase in Ni amount. It can be explained with reference to high tungsten solubility

tendency in Ni-rich binder phase.

The % binder phase area variation of selected WHAs and W*HAs are demonstrated

in Figure 3.40.
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Figure 3.38 Variation of binder phase area of the WHAs with W content,

different alloying elements and sintering temperatures.
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Figure 3.39 The effect of the Ni amount at different W contents and sintering

temperatures on binder phase area.

As can be seen in Figure 3.40, W* powder employed heavy alloys had higher binder
phase area than WHAs. The phenomenon is attributed the impurity content of W*

powder.
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Figure 3.40 % Binder phase area variation of the WHAs and W*HAs.

Since tungsten can only dissolve negligible amounts of, the studied elements in its
structure, the impurities merged into formed liquid phase, so the volume of the liquid

phase increased [24].

In addition, CaWOg4 particles present in W* powder was important for the binder phase
area measurements, which demonstrated wide CaW Qg area variation in cross direction
of diameter. They could reach up to 6 % of total measured area at top of the specimens.
However, as the measured region decreased from top to bottom, % CaWQ4 area of
W*HAs also decreased due to its density, 5.9-6.1 g/cm® [8]. The phenomenon can be
explained with density differences between the scheelite particles and binder phase
which has approximately 9-10 g/cm® density [53]. Therefore, scheelite particles

typically were floating in liquid phase at sintering conditions.

When the wt.% Ni and wt.% W content were employed as variables, the effects of
measurement region on binder phase area are illustrated in Figure 3.41. As can be seen
in Figure 3.41, solid segregation was observed in studied alloys. Top of the specimens
had approximately 87-88 wt.% W containing microstructure; whereas, bottom of the
specimens had nearly 91-92 wt.% W included sintered microstructure for 90 wt.% W

contained WHA:s.
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Figure 3.41 The effects of the wt.% Ni and wt.% W content on regional binder

area variation.

Even though the difference was relatively lower, similar behavior was also observed
in 95 wt.% W contained alloys. An OM image, taken from OW7/1.5/1.5NCF heavy

alloy, showing the segregation is illustrated in Figure 3.42.

Figure 3.42 Solid segregation of W grains in 0W7/1.5/1.5NCF heavy alloy,
sintered at 1550 °C for 1 h (a:top, b:bottom).

W*HAs had higher binder phase content as mentioned above. The binder phase
volume is an important parameter for final microstructure and shape distortion. In

addition, possible unexpected phase formation in W*HAs should be investigated.
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Within this framework, XRD analyses were performed to demonstrate phases and

compare their binder phase content. The XRD analysis results of OW7/3NC and

OW*7/3NC are indicated in Figure 3.43.
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Figure 3.43 XRD analysis results of 90 wt.% W and W* powder contained

heavy alloys, sintered at 1500 °C for 1 hour.

90

As can be seen in Figure 3.43, when the length of main tungsten peaks are considered,

binder matrix phase ratio in W*HAs is higher than WHAs. Therefore, mentioned lower

AGS and higher binder phase area were inevitably occurred in sintered W*HAs.

Measured binder phase percentage results of each studied composition is given

Appendix G.

3.1.7 Shape Distortion Investigation Studies

Various WHAs and W*HAs were investigated to understand the shape distortion

behavior of selected alloys. Both tungsten powders, W content, Ni/X (Co,Fe) variation

and sintering temperature were used as variables. Green and sintered dimensions of

alloys were measured by a hook model digital caliper (= 0.001 mm precision). And

then, normalized height (h/h,) and radius (r/r,) were calculated according to Eq. 2.6.

The images of various sintered WHAs and W*HAs are illustrated in Figure 3.44.
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Figure 3.44 Images of the sintered WHAs and W*HAs (a:0W*7/3NC,
b:0W*7/3NF, ¢:0W7/3NC, d:0W7/3NF 1500 °C / 60 min, e:5W7/3NC 1550 °C
/ 60 min).

As can be seen in Figure 3.44, samples a and b, which were prepared by W* powders
could not be prevented their initial green compact shape due to higher liquid content
than W powder employed WHAs. The data can be seen in Appendix F. Although
some shape deformation (OW7/3NC) was observed in sample c, sample d (OW7/3NF)
could preserve its initial shape at the same sintering conditions (seen in Figure 3.44).
This was attributed to enhanced tungsten solubility in liquid phase by the addition of
Co instead of Fe [32]. The strength of W-W solid skeleton, formed at initial stage of
LPS, decreased lower than critical W-W contiguity value (Css<0.38) [43]. Therefore,
O0W7/3NC alloy could not protect its prepared shape. However, 95 wt.% W contained
SW7/3NC alloys could preserve their initial shape even at 1550 °C. The calculated

normalized height and radius variation of selected alloys are illustrated in Figure 3.45.

As can be seen in Figure 3.45, W powder employed WHASs had approximately 0.8 as
the normalized height and radius, which also demonstrated about 20 % shrinkage.
However, OW7/3NC and OW*7/3NC alloys indicated shrinkage and swelling behavior
at the same time. It was referred to employment of H> gas in sintering treatments which

sometimes may cause swelling at vertical direction [54].
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Figure 3.45 The effects of the W content, additive type on shape distortion.

3.2 Further Studies with W Powders

The studies are aimed to obtain further data to better understand the sintering behavior
of commercial tungsten powder. The conducted studies can be collected under three
main titles which are single additive employed WHAs, Ni-free Co-Fe heavy alloys and
studied other sintering variables such as applied compression pressure, sintering

atmosphere, etc. The results of conducted studies are represented in following titles.
3.2.1 Single Additive Employed Heavy Alloys Studies

Transition metals such as Ni, Co, Fe and other are mostly used activated sintering
treatments [55], but single form of this powder have not been widely used in LPS. The
conducted single additive studies were aimed to investigate the effects of Ni, Co and

Fe addition on densification behavior and hardness.

Densification parameters of studied 90 wt.% W contained alloys were already
illustrated in Figure 3.1. As can be seen the figure, Ni is most effective additive in all
treatments. Ni added compacts could reach higher than 90 % relative density (RD) at
1450 °C sintering treatment, whereas Co or Fe added compacts could not reach higher

than 90 % RD even at 1550 °C for 90 min. It is attributed to solid solubility properties
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of these elements and binary phase diagram of W and additive metal. The phase
diagrams of W-Ni, W-Co and W-Fe are given Appendix C.

The effects of employed additive on relative density and hardness are demonstrated in

Figure 3.46.
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Figure 3.46 Relative density and hardness variation of the WHAs dependent on
altered additives, sintered at 1550 °C for 1 h.

As can be seen in Figure 3.46, employment of Ni not only leads to high densified
specimens, but also provides the harder sintered pellet. The densification differences

can be explained with wt.% W in binder phase.

Elemental Ni can dissolve approximately 40 wt.% W 1in its structure, but Co and Fe
can dissolve 35 wt.% and 33 wt.%, respectively [56]. The dissolved wt.% W in Co and
Fe indicates sharp reduction with decreased sintering temperature, but Ni-W phase

diagram has relatively low decreasing in solubility with descending temperature.

On the other hand, Co and Fe added alloys formed an intermetallic phase, which has
Co7Ws and Fe7Ws formula. The point EDS results, given in Appendix E, demonstrate
that the formed intermetallic phases contain approximately 73-75 wt.% W in their
structure. Although they have higher dissolved W, they could not densify like Ni added

alloys due to formed solid phase during sintering temperature. When the binary phase
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diagram of Co-W and Fe-W are considered, 10 wt.% Co added Co-W alloys should be
sintered higher than 1680 °C to obtain enhanced transportation path between tungsten
grains [57]. In addition, 10 wt.% Fe contained Fe-W alloys should be sintered at least
1750 °C to form liquid phase [58].

As for Ni-W alloys, the mixed Ni-W compacts could demonstrate higher densification
tendency than Co and Fe added alloys. It can be explained with binary phase diagram
of Ni-W which can be seen Appendix C. Owing to its high W solubility, it could
provide more effective activated sintering behavior during sintering processes which
performed at 1450 °C, whereas the alloys, which sintered at 1500 and 1550 °C, formed
liquid phase. Therefore, elemental Ni powder could enhance the densification rate of
compacts with accelerated transportation condition. As can be seen the mentioned
binary phase diagram, 1495 °C is sufficient to form liquid phase in theory [57], but

the process is generally performed at 10-30 °C above the melting temperature.
3.2.2 Ni-free Co-Fe Added Heavy Alloys Studies

Various Co/Fe ratio added heavy alloys were prepared to investigate the effect of
solubility and altered powder metallurgy parameters such as compression pressure,
sintering temperature and dwell time on densification behavior and hardness variation.
Measured relative density and hardness values of prepared heavy alloys are given in

Table 3.3 and Figure 3.47, respectively.

Table 3.3 The effect of the Co/Fe ratio variation on % relative densities.

Temperature (°C) / Time (min)
1500/60 1550/60 1550/90 | 1550/120
Alloy
code 300 350 400 300 350 400 350 350
MPa MPa MPa MPa MPa MPa MPa MPa
% Relative density
OW1/4CF 78.8 80.1 82.3 83.7 86.1 86.6 86.4 87.1
OW1/1CF 79.7 81.6 83.7 81.6 82.3 82.9 86.6 87.5
0W4/1CF 77.8 78.5 80.9 82.5 83.3 84.1 84.6 85.8
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Figure 3.47 Sintering temperature and dwell time effect on HV (1) results.

As can be seen in Table 3.3 and Figure 3.47, the relative density and hardness values
of fired alloys are demonstrated low correlation with altered sintering temperature and

time.

The densification values of studied Co-Fe alloys are relatively more vulnerable to the
sintering temperature and applied pressure changes, but dwell time, especially in Co-
rich and Fe-rich heavy alloy combinations. Hardness values of studied alloys are
demonstrated relatively more closer results at 1500 °C, but the increased sintering
temperature caused to sharp hardness variation depend on Co-Fe ratio. Co-rich alloys
have high hardness according to Fe-rich alloys after 1550 °C sintering process. In order
to understand the reason of this variation, XRD analyses of selected alloys were
conducted. The XRD analysis results are illustrated in Figure 3.48 and Figure 3.49,

consecutively.

Rhombohedral Co7Ws (Fe,Co)7Ws phase formation was observed in XRD results of
Co-Fe added heavy alloys which sintered at 1500 °C as well as 1550 °C [49]. As the
temperature increased, weight ratio of formed total Co7Ws and Fe;We phase also

increased.
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Figure 3.48 X-ray diffraction patterns of the Co-Fe added alloys (at 1500 °C).
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Figure 3.49 X-ray diffraction patterns of the Co-Fe added alloys (at 1550 °C).

Furthermore, irregular and coarse Widmansttaten platelets of binder microstructure
caused to high hardness increment in spite of insufficiently densified structure of

studied alloys [57].

On the other hand, as mentioned earlier in single additive added WHAs studies, Co
and Fe employment in WHA applications demonstrated some disadvantages such as

solid state sintering behavior [47], high wt.% W contained intermetallic phase
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formation [49], sharp W solubility changes with decreased temperature [57]. In
addition, their corrosion resistance is fairly lower than Ni-employed WHAs. It is
attributed to formation of elemental Fe and (Fe-Co-W) solid solution which also

decreases the oxidation resistance of studied heavy alloys.
3.2.3 Effects of Sintering Variables

Altered compression pressure, sintering atmosphere and additive particle size were
studied in various combination of WHAs. 300, 350 and 400 MPa pressure were applied
to investigate the variation of compact density with altered compression pressure.
Therefore, a correlation between initial green density and sintered density was also
presented in selected heavy alloys. In addition, insoluble and reductant gas mixture
was also used in sintering treatment to demonstrate the influences of sintering
atmosphere on sintering behavior. In this context, 50 % Ar added Ar-H, gas mixture
was employed which had 0.4 //min flow rate. Furthermore, coarse nickel (Ni*) powder
was also employed to investigate the effect of additive particle size on densification
tendency. It has 20-45 pm particle size range, 99% purity and its supplier code is GTV
mbH 80.56.1. The initial particle size of Ni* powder is ten times bigger than W
powder. Size difference between employed coarse Ni* powder and W powder is
demonstrated in Figure 3.50. The sintering treatments of prepared pellets were

performed at three different sintering temperatures from 1450 to 1550 °C for 1 h.

Figure 3.50 SEM images of the relatively fine W powder and coarse Ni*
powder.

The effect of altered nickel particle size and applied compression pressure on green

and/or sintered densities are given in Table 3.4.
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Table 3.4 Effect of the altered nickel particle size and compression pressure on green density and/or sintered density.

Applied compression pressure (MPa) Practiced sintering temperature (°C)

Alloy code 300 350 400 ::1?1/1 500 1450 1500 1550

123231 ]2]3 300 | 350 | 400 | 300 | 350 | 400 | 300 | 350 | 400

Green densities (%) Relative densities (%)

OW4/INC | 60.7 | 61.1 | 61.3 | 62.5 | 64.2 | 63.1 | 62.7 | 64.2 | 63.7 - - 96.6 | 97.5 1 97.2 | 98.4 | 98.9 | 98.8 | 99.4 | 99.7 | 99.6
OW4/IN*C | 60.8 | 61.4 | 61.5 | 61.7 | 62.5 | 62.3 | 63.4 | 64.6 | 62.9 - - 90.5190.9|90.1 | 944 | 945 | 939 | 957 | 96.8 | 96.3
OWS/INC | 59.9 | 60.2 | 60.7 | 63.1 | 62.5 | 62.5 | 62.9 | 63.7 | 63.3 - - 96.1 | 97.3 1974 | 98.8 | 99.2 | 99.0 | 99.6 | 99.9 | 99.3
OWS8/IN*C | 60.3 | 60.7 | 59.9 | 609 | 62.5 | 61.4 | 64.1 | 62.7 | 63.6 - - 9311925922 | 948 | 953 | 94.8 | 96.4 | 97.3 | 95.7
OWS/INF | 60.3 | 61.4 | 60.8 | 60.3 | 58.6 | 59.7 | 63.2 | 64.2 | 63.5 - - 96.6 | 97.9 | 97.1 | 98.1 | 98.7 | 98.3 | 99.4 | 99.4 | 99.5
OWS8/IN*F | 60.8 | 60.2 | 61.8 | 61.4 | 60.3 | 62.2 | 62.8 | 63.0 | 63.4 - - 91.7 1921|1922 | 951 | 955 ] 95.6 | 97.3 | 96.6 | 97.1
OW*4/INC | - - - - | 428 - - | 43.6 47.9 51.2 - - - | 653% 632 | 71.1°| - 66.0 -

N*: coarse nickel powder, a: W* powder compressed under 400 MPa for 5 min and sintered at 1500 °C, b: W* powder compressed under 500 MPa for 2 min sintered at

1500 °C. 1-1450 °C, 2-1500 °C and 3-1550 °C.
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As can be seen in Table 3.4, except from W* powder employed heavy alloys, altered
additive particle size was demonstrated great influence on densification tendency. It
might be resulted from poor compositional homogeneity and taken place insufficient
rearrangement phenomenon during earlier stage of liquid phase sintering. It is
attributed to SSS and LPS regions took place at the same time, which is demonstrated

in Figure 3.51.

10 um

Figure 3.51 SSS and LPS regions in OW4/1N*C alloy microstructure, sintered at
1450 °C for 1 h. (a: SSS taken by SEM, b: SSS and LPS taken by OM).

In addition, as can be seen from the densification results, coarse nickel powder added
heavy alloys have lower density values than fine nickel powder added alloys. On the
other hand, there were not direct correlation observed between green density and
sintered density of studied alloys. It might be resulted from approximate initial green
densities. In addition, some of interior and exterior parameters such as mixing
homogeneity, uniform density variation of green compact, accuracy of weight

measurements.

Microstructures of relatively fine and coarse nickel powder added OW8/INC and
OWS8/IN*C alloys are indicated in Figure 3.52. As can be seen in Figure 3.52, Ni-rich
binder phase distribution demonstrate wide variation in both alloys. The distribution
caused limited and regional mass transportation via formed liquid phase. Therefore,

insufficient densification behavior in coarse additive employed alloys are inevitable.



Figure 3.52 OM images of the OW8/INC and OW8/1N*C, sintered at 1450 °C
for 1 h, (a:0W8/INC, b:0W8/IN*C).

As for altered sintering atmosphere condition, OW4/1NC, OWS8/INC and 5SW4/1NC
heavy alloys were sintered under two different sintering atmosphere conditions. The

results are demonstrated in Figure 3.53.
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Figure 3.53 Effect of the insoluble gas employment on densification behavior

(a:Ar and H> mixed sintering atmosphere condition), sintered for 1 h.

As can be seen in Figure 3.53, Ar-contained sintering atmosphere demonstrates
relatively slight influences on densification. However, as the sintering temperature
decreased, the density differences between both sintering atmospheres increase. It can

be explained via applied sintering temperature which was insufficient to obtain liquid
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phase during sintering at 1450 °C. As mentioned earlier, activated sintering conditions
took place at this sintering temperature, whereas enhanced mass transport paths were
obtained at 1500 and 1550 °C applications. The formed liquid phase accelerated the
pore elimination via relatively better pore motion from interior to surface and high
pore filling tendency. The both parameters are mainly resulted from capillary force of
melted additives. However the filled pores could not be annihilated during late
sintering stages because of little but effective entrapped gas formation [40]. In
addition, as can be seen in the figure, low sintering temperature caused to
approximately 1% decreasing in relative density, while the sintering temperature

increased the decreasing indicated variation about 0.5 %.

3.3 Further Studies with W* Powders

The conducted studies are aimed to enhance the sintering behavior of W* powder via
designed pre-sintering treatments. In addition, when the sintered microstructures are
considered, % relative density accuracy of W*HAs should be calculated again to

obtain more suitable density data.
3.3.1 Phase and Impurity Analyses and Enhancement Studies

Since W** powder employed OW**4/INC alloys could not reach expected
densification values, the underlying reasons of low densification tendency were
investigated via a series of examination procedure such as XRD, XRF, EDS analyses
and macro and micro structural investigation. The specimen was sectioned via low
speed diamond saw (MTI SYJ-150). Macrostructure investigations were performed by
using a digital microscope (Nikon Shuttle PixE). Image of the sectioned OW**4/1NC
specimen is illustrated in Figure 3.54. As can be seen in Figure 3.54, lots of pores
and/or gaps were observed at the sectioned surface. The bigger pores might be resulted
from the factors including relatively hard agglomerated powders, low coordination
number of particles and elemental Ca evaporation from the pellet. The hard
agglomerated powder characteristic was observed not only produced form but also
mixed form with suitable additive(s). The hard agglomerated powder showed low
densification tendency under compression pressure due to difficult to break the formed

physical bonds.
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Figure 3.54 Image of the sectioned W**HAs prepared from W** powder,
sintered at 1500 °C for 1 h.

In addition, insufficiently compressed pellets had considerably low coordination
number (CN). The number is crucial parameter for densification, as the CN decreases,
the green compact demonstrates coarsening tendency [45]. It can be explained with
the mass transport mechanism. The mass moves from pore surface to grain interior,
whereas the vacancy moves from interior to surface. On the contrary, the mass should
migrate from interior to surface to obtain densified pellet [26]. The applied
compression pressure was increased up to 500 MPa for 2 min to eliminate the both

issues.

On the other hand, a pre-sintering treatment was designed to evaporate the elemental
Ca, which contained in W** powder. The temperature and atmosphere pressure
variations were investigated by using Equilib-Web (FactWeb) which is a web based
thermochemical software and compound databases program. The conducted treatment

parameters are illustrated in Figure 3.55.

Although the W** powder had dark color, its color transform to light grey color just
like W powder. The altered powder color is demonstrated in Figure 3.56. Furthermore,
compositional variation of each powder was examined with XRF, for elemental
analysis, and XRD, for phase analysis. The XRD results of W** powder, W* powder
and W powder are indicated in Figure 3.57.
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Figure 3.55 Temperature-time profile of calcium evaporation process (CEP).

Figure 3.56 Colors of the employed tungsten powders (a:W** powder, b:W*
powder, c:W powder).

As can be seen in Figure 3.57, the untreated tungsten powder indicates a slight
diffraction peak which shows similarity with scheelite and/or calcium bearing
compounds theta angle, but the peak decreased in treated tungsten powder
measurement. It is attributed to present of elemental Ca. In addition, scheelite is also
present at produced tungsten. The presence of elemental Ca was also demonstrated via

altered wt.% Ca in results which obtained from point EDS and XRF.

When it comes to impurity type and ratio, as mentioned earlier, produced tungsten
powders had some impurities, but they were ignored during density measurements

because of hard to obtain net composition and impurity content.
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Figure 3.57 XRD analysis results of the employed tungsten powders.

Elemental Ca impurities most probably resulted from poor cleaning procedure with
dilute HCIl solution, whereas Ca compounds, scheelite, are derived from the
incompletely took place molten salt electrolysis process.Moreover, Fe, Cr, trace
amount Ni and Mo were detected during XRF and EDS analysis which resulted from
dissolved stainless steel spoon. At least ten XRF measurements were taken from each

produced tungsten powders.

The improved density results of studied W*HAs should have been determined to better
understand the sintering behavior of W* powder. Chemical composition examination
of W** and W* powders were conducted via EDAX TEAM EDS analysis system and
Fisherscope X-ray XDV-SDD OptiPlex 3020 XRF device. Compositional variation of

both produced tungsten powders are given in Table 3.5.

Table 3.5 XRF analysis results of the W* and W** powders.

Initial W composition (wt.%) Theoretical
Tungsten type . Density
W Ca Fe Cr Ni/Mo Others (g/em®)
Wk Balance 1100; <12 <05 | <0.2/<0.5 - 8.51-16.81
W Balance | <0.6 <0.6 <03 | <0.1/<0.3 - 17.76-19.3
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% Relative density results of W*¥HAs are considerably lower than WHAs. However,
when the microstructures of W*HAs are considered, they have almost completely
densified structural appearances. Furthermore, the hardness values of W* powder
employed W*HAs have roughly the same hardness results like WHAs. The

improved % relative densities are given in Table 3.6.

Table 3.6 Improved relative densities of the W*HAs.

Relative density (%) Relative density (%)

Alloy code Alloy code
1500°C/1h | 1550°C/1h 1500°C/1h | 1550°C/1h

OW*7/3NC 86.4 90.5 OW*7/3NC 95.3 98.8
OW*7/3NF 85.2 - OW*7/3NF 93.9 -
OW*4/INC 78.2/80.8 85.6/87.5 OW*4/INC 86.2/89.1 94.4/96.5
OW**4/INC 63.2 66.0 OW**4/INC 79.7 81.6
OW*8/INC 90.3 - OW*8/INC 98.2 -
SW*4/INC - 92.2 SW*4/INC - 99.2

All in all, it is thought that insufficiently densified green compacts are seemed main
reason for low densification tendency. The insufficiently densified structures are
seemed as the most important reason to insufficient densification. In addition, the low
densified green compact has low CN. The CN value plays an important role in

determining of pore shrinkage and swelling tendency [59].



92

CHAPTER 4

CONCLUSIONS AND FUTURE WORKS

4.1 Conclusions

Sintering behavior of synthesized W* powder, obtained from electrodeoxidation of
CaWO4, was studied and compared with a W powder in terms of density,
microstructural and mechanical properties for several selected alloys. From the
evaluated properties including densification behavior, grain size measurements,

hardness values, etc. major conclusions drawn are as follows:

Measured relative densities of the W*HAs could not reach to expected values
compared to WHAs. Even though they indicated wide relative density variation
between 60 % and 95 %, the properties such as microstructure, hardness and dissolved
W in binder phase, had similar characteristics with fully densified WHAs. When the
impurity level of W* powder was considered in the theoretical density calculations,

most of the W*HAs could easily reach to higher than 98 % relative density.

Due to formation of high amount of liquid phase during sintering of W*HAs, shape
distortion took place. The phenomenon was resulted from demolished solid skeleton,
in other words, tungsten contiguity between W* grains. Moreover, it was observed in
sintering studies of 90 wt.% W contained WHAs at 1550 °C for 1 h. However, the
remarkable shape distortion could not be observed in Co-rich and Ni-free heavy alloys
even at 1550 °C for 2 h sintering treatment. It can be said that densification value of
specimens, volume of liquid phase, additive type and ratio, W content and applied

sintering process are closely related with the shape distortion phenomenon.

The solubility capacity changes with decreased temperature is important parameter to
obtain fully densified WHAs. Ni added alloys could easily reach close to theoretical
density values at 1500 °C for 1 h, whereas Co-Fe added alloys could not be fully
densified despite being sintered at 1550 °C for 2 h. On the other hand, oxidation and

corrosion resistance of these alloys were lower than Ni added alloys due to formation
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of free Fe and Co in addition to Fe;Wes and Co7Ws intermetallic phases. The free Fe

most probably caused to decrease in oxidation resistance of W based heavy alloys.

Dissolved W content in binder phase and matrix hardness variation generally
demonstrated direct correlation. As the dissolved W ratio in binder increased, hardness

value of the binder phase also increased.

Two binder phase included heavy alloys not only had high dissolved W variation
between each binder phase but also indicated sharp hardness variation. Relatively
darker region had approximately 500 HV(0.005) average hardness value, whereas
lighter region, Co-rich and about 75 wt.% W contained, had higher hardness values
changing between 1350 and 2400 HV(0.005).

W#* powder exhibited better densification behavior than W powder. It was attributed
to insufficiently purified W* powder which had impurities derived from the production
process. The impurities lead to formation of activated and/or liquid phase sintering

condition during sintering treatment.

EDS and XRD analyses demonstrated that Co and Fe had high W dissolving ability,
approximately 75 wt. % W by forming Co7Ws and Fe;We. However, densification
behavior of Co-Fe added alloys were relatively lower than Ni added alloys due to lack
of liquid transportation path between the W particles/grains.

The mixed and pure H> atmosphere employed sintering studies indicated that Ar
included atmosphere had a slightly negative effect on densification performance of
studied alloys due to entrapped gas formation in pores. This gas could not be dissolved

and thrown out by melted binder phase.

Average grain size (AGS) measurement results showed that increased temperature and
time lead to tendency of higher grain size formation, whereas the increased liquid
phase ratio had a negative influence on formation bigger grains as well as densification
behavior. Therefore, high liquid contained W*HAs had lower AGS compared to
WHASs which were sintered at the same sintering conditions. It might have been also

resulted from the smaller particle size of W* powder.
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Dissolved W amount in binder phase was affected from most of sintering variables.
But a regular correlation between dissolved W in binder phase and the studied
variables; like sintering temperature, employed additives and their ratios, was not

observed.

Although Co-Fe added alloys had relatively low densification values, they had
considerably high hardness values when compared to Ni-added heavy alloys. The
hardness values were similar to Ni-added heavy alloy after 1500 °C for 1 h sintering

treatment, but the hardness results sharply increased up to 520 HV (1).

4.2 Future Works

The electrochemical extraction process should be reconsidered to eliminate the
contamination of W* powder. The electrochemical reduction process should be
prolonged to ensure complete reduction and some post-purification methods can be

applied to obtain a purer product.

The amounts of impurities of W* powder can be extensively characterized and taken
into account in the preparation of heavy alloy compositions. By this way, excess liquid

phase formation during W* powder sintering can be eliminated.

Performed research for Co-Fe alloys demonstrated that these alloys would be good
candidates for not only high density but also high wear resistance. Increasing the
sintering temperature and dwell time may be performed to obtain fully densified Co-

Fe added alloys to better understand their properties.
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Appendix A — Measured Density Results of Studied Alloys

Table A.1 Green density results of compressed compacts.
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Calculated densities of green compacts (g/cm?)
Alloy code Temperature / Time (°C/min)
1450/60 1500/60 1550/60 1550/90 1550/120
W - 11.9 11.7 - -
W - 10.8 11.1 - -
W - 9.8 9.6 - -
OWION 10.6 10.7 10.6 10.7 -
ow1ocC 10.7 10.8 10.7 10.8 -
OW10F 10.4 10.5 10.4 10.6 -
0W1/4NC 10.6 10.7 10.5 10.7 10.6
OWI1/INC 10.5 10.7 10.4 - -
O0W7/3NC 10.6 10.8 10.7 - -
0W7/1.5/1.5NCF 10.5 10.7 10.6 - -
OW7/3NF 10.7 10.5 10.1 - -
0W4/1INC 10.8 11.1 10.9 - -
OWS8/INC 10.9 10.8 10.8 - -
OWS8/INF 10.4 10.1 10.3 - -
OW*7/3NC - 9.2 9.5 - -
OW*7/3NF - 9.1 - - -
0OW*4/INC - 9.2/9.2 9.5/9.4 - -
OW**4/INC - 7.4 7.6 - -
OW*8/INC - 9.9 - - -
0W1/4CF - 10.7 10.9 10.7 10.5
OW1/1CF - 10.8 11.0 10.7 10.6
0W4/1CF - 11.1 10.7 10.9 11.0
SW1/4NC 11.3 11.6 11.4 11.2 11.6
SWI1/INC 11.2 11.4 11.6 - -
SW7/3NC 11.4 11.6 11.5 - -
5W4/INC 11.2 11.7 11.6 - -
SWS8/INC 11.0 11.3 11.5 - -
SW*4/INC - - 10.1 - -
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Table A.2 Relative density (%RD) results of compressed green compacts.

% Relative densities of green compacts (g/cm®)
Alloy code Temperature / Time (°C/min)
1450/60 1500/60 1550/60 1550/90 1550/120
Y - 61.6 60.6 - -
W - 56.0 57.5 - -
WH* - 50.8 49.7 - -
OWI10N 61.3 61.9 61.3 61.9 -
ow1oC 61.9 62.5 61.9 62.5 -
OW10F 61.7 62.3 61.7 62.9 -
0W1/4NC 61.3 61.9 60.7 61.9 61.3
OW1/INC 60.7 61.9 60.1 - -
0W7/3NC 61.3 62.5 61.9 - -
0W7/1.5/1.5NCF 61.0 62.1 61.5 e -
O0W7/3NF 62.4 61.2 58.9 . -
0W4/INC 62.5 64.2 63.1 - -
OWS8/INC 63.1 62.5 62.5 - -
OWS8/INF 60.3 58.6 59.7 - -
0OW*7/3NC - 53.2 55.0 - -
OW*7/3NF - 53.1 - - -
0W*4/INC - 53.2/53.2 55.0/54.4 - -
OW**4/INC - 42.8 44.0 - -
OW*8/INC - 57.3 - - -
0W1/4CF - 63.2 64.4 63.2 62.0
0W1/1CF - 63.3 64.5 62.7 62.1
0W4/1CF - 64.6 62.2 63.4 64.0
SW1/4ANC 61.9 63.6 62.5 61.4 63.6
SWI1/INC 61.4 62.5 63.6 - -
SW7/3NC 62.5 63.6 63.0 - -
SW4/INC 61.4 64.1 63.6 - -
SW8/INC 60.3 61.9 63.0 - -
SW*4/1INC - - 55.4 - -




Table A.3 Densities of sintered specimens.
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Sintered densities (g/cm®)

Alloy code Temperature / Time (°C/min)
1450/60 1500/60 1550/60 1550/90 1550/120
w - 12.82 13.64 - -
W - 16.15 16.46 - -
Wk - 14.73 14.91 - -
OWI10N 16.43 16.81 17.05 17.11 -
ow10C 11.77 12.26 14.21 14.51 -
OW10F 11.37 12.01 13.62 13.87 -
OW1/4NC 13.81 15.0 16.0 16.2 16.3
0OW1/INC 17.00 17.16 17.26 - -
0W7/3NC 16.80 17.05 17.22 - -
0W7/1.5/1.5NCF 16.77 17.01 17.18 - -
OW7/3NF 16.64 16.92 17.10 - -
0W4/INC 16.85 17.09 17.23 - -
OWS8/INC 16.81 17.14 17.26 - -
OWS8/INF 16.88 17.02 17.14 - -
OW*7/3NC - 14.93 15.64 - -
OW*7/3NF = 14.61 - - -
OW*4/1INC - 13.51/13.96 | 14.80/15.12 - -
OW**4/INC - 10.92 11.41 - -
OW*8/INC - 15.6 - - -
OW1/4CF - 13.56 14.58 14.63 14.75
OW1/1CF - 13.92 14.04 14.77 14.93
0W4/1CF - 13.49 14.32 14.54 14.75
SW1/4NC 14.74 15.84 16.95 17.19 17.25
SW1/INC 17.18 18.09 18.17 - -
SW7/3NC 17.44 18.02 18.11 - -
5W4/INC 17.51 18.00 18.13 - -
SW8/INC 17.42 17.93 18.17 - -
SW*4/INC - - 16.82 - -




Table A.4 Densification parameters (V) results of investigated specimens.
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Sintered densities (g/cm®)

Alloy code Temperature / Time (°C/min)
1450/60 1500/60 1550/60 1550/90 1550/120
W - 0.124 0.25 - -
W - 0.63 0.65 - -
W - 0.52 0.55 - -
OWI10N 0.87 0.93 0.96 0.97 -
owl1oC 0.16 0.22 0.53 0.57 -
OW10F 0.15 0.24 0.50 0.52 -
0W1/4NC 0.48 0.65 0.81 0.84 0.85
OW1/INC 0.96 0.98 0.997 - -
0W7/3NC 0.93 0.96 0.991 - -
0W7/1.5/1.5NCF 0.933 0.968 0.994 - -
OW7/3NF 0.92 0.965 0.993 - -
0W4/INC 0.934 0.969 0.992 - -
O0WS8/INC 0.926 0.978 0.997 - -
OWS/INF 0.947 0.969 0.985 - -
OW*7/3NC - 0.709 0.789 - -
OW*7/3NF = 0.684 - - -
0W*4/INC - 0.533/0.589 0.68/0.726 - -
OW**4/INC - 0.356 0.39 - -
OW*8/INC - 0.772 - - -
0W1/4CF - 0.459 0.61 0.631 0.661
0W1/1CF - 0.498 0.502 0.64 0.67
0W4/1CF - 0.392 0.558 0.579 0.606
5W1/4NC 0.496 0.638 0.811 0.85 0.851
SWI1/INC 0.849 0.978 0.989 - -
SW7/3NC 0.883 0.967 0.981 - -
5W4/INC 0.896 0.963 0.983 - -
S5WS8/INC .8867 0.955 0.989 - -
SW*4/1INC - - 0.825 - -
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Appendix B — Optical Microscope Images of Studied Alloys

Figure B.1 Microstructure images of the OW 10N alloys obtained by (OM)
(a:1450 °C, b:1500 °C, c:1550 °C d:1550 °C/90 min, 500x).

Figure B.2 Microstructure images of the OW10C alloys obtained by (OM)
(a:1450 °C, b:1500 °C, c:1550 °C d:1550 °C/90 min, 500x).



Figure B.3 Microstructure images of the OW 10F alloys obtained by (OM)
(a:1450 °C, b:1500 °C, ¢:1550 °C d:1550 °C/90 min, 500x).

Figure B.4 Microstructure images of the OW1/4CF alloys obtained by (OM)
(a:1500 °C, b:1550 °C, c:1550 °C/90 min d:1550 °C/120 min, 500x).



Figure B.5 Microstructure images of the OW1/1CF alloys obtained by (OM)
(a:1500 °C, b:1550 °C, ¢:1550 °C/90 min d:1550 °C/120 min, 500x).

Figure B.6 Microstructure images of the 0OW4/1CF alloys obtained by (OM)
(a:1500 °C, b:1550 °C, c:1550 °C/90 min d:1550 °C/120 min, 500x).



Figure B.7 Microstructure images of the OW1/4NC alloys obtained by (OM)
(a:1450 °C, b:1500 °C, c:1550 °C, d:1550 °C/90 min, e:1550 °C/120 min, 200x).

Figure B.8 Microstructure images of the OW 1/1NC alloys obtained by (OM)
(a:1450 °C, b:1500 °C, c:1550 °C, 200x).

Figure B.9 Microstructure images of the OW7/3NC alloys obtained by (OM)
(a:1450 °C, b:1500 °C, c:1550 °C, 200x).



Figure B.10 Microstructure images of the 0W7/1.5/1.5NC alloys obtained by
(OM) (a:1450 °C, b:1500 °C, ¢:1550 °C, 200x).

Figure B.11 Microstructure images of the OW7/3NF alloys obtained by (OM)
(a:1450 °C, b:1500 °C, c:1550 °C, 200x).

Figure B.12 Microstructure images of the 0W4/1NC alloys obtained by (OM)
(a:1450 °C, b:1500 °C, c:1550 °C, 200x).
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Figure B.13 Microstructure images of the OW8/1NC alloys obtained by (OM)
(a:1450 °C, b:1500 °C, c:1550 °C, 200x).

Figure B.14 Microstructure images of the OW8/INF alloys obtained by (OM)
(a:1450 °C, b:1500 °C, c:1550 °C, 200x).

Figure B.15 Microstructure images of the SW1/4NC alloys obtained by (OM)
(a:1450 °C, b:1500 °C, c:1550 °C, d:1550 °C/90 min, e:1550 °C/120 min, 200x).



Figure B.16 Microstructure images of the SW1/1NC alloys obtained by (OM)
(a:1450 °C, b:1500 °C, c:1550 °C, 200x).

Figure B.17 Microstructure images of the SW7/3NC alloys obtained by (OM)
(a:1450 °C, b:1500 °C, c:1550 °C, 200x).

Figure B.18 Microstructure images of the SW4/1NC alloys obtained by (OM)
(a:1450 °C, b:1500 °C, c:1550 °C, 200x).

Figure B.19 Microstructure images of the SW8/1NC alloys obtained by (OM)
(a:1450 °C, b:1500 °C, c:1550 °C, 200x).



Figure B.20 Microstructure images of the 0OW*7/3NF and OW*7/3NC alloys
obtained by (OM) (a:0W*7/3NF at 1500 °C, b:0W*7/3NC at 1500 °C,
c:0W*7/3NC at 1550 °C, 200x).

Figure B.21 Microstructure images of the 0OW**4/INC (a-b) and OW*4/INC (c-
d) alloys obtained by (OM) (a:1500 °C, b:1550 °C, c:CEP at1500 °C, d:CEP at
1550 °C, e:UHP at1500 °C, f:UHP at1550 °C, 200x).

Figure B.22 Microstructure images of the OW*8/1NC (a-b) and SW*4/INC (c)
alloys obtained by (OM) (a:1500 °C, b:1550 °C, ¢:1550 °C, 200x).



Appendix C — Related Phase Diagrams
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Figure C.1 Ni-W binary phase diagram [57].

As can be seen Figure C.1, solid state Ni can dissolve up to 39.9 wt.% W in its

structure. Formed intermetallic phases such as Ni4W, NiW and NiW> contained 44

wt.%, 78.8 wt.% and 86.3 wt.% W, respectively. Trace amount of Ni can be dissolved

in W grains.
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Figure C.2 Co-W binary phase diagram [57].

As can be seen Figure C.2, a-Co can dissolve up to 39.8 wt.% W in its structure,
whereas €Co cannot dissolve the W. Formed intermetallic phases such as CosW and
Co7Ws contained 48.1-51.4 wt.% and 70.3-74.6 wt.% W, respectively. Trace amount

of Co can be dissolved in W.
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Figure C.5 Binary phase diagram of 10 wt.% (Co+Ni) added tungsten heavy
alloys (1992 Nik) [47].

Reactions:

Table C.1 The reactions take place during solidification of W-rich Ni and Co added alloys [47].

Co-W Co-Ni-W Ni-W
P; L+o=p (1689 °C) E: L=a+y (1497 °C)
E, L=p+y (1471 °C) X L=04+5+p (T1)
P y+u=¢ (1094 °C) Lyt otpty
P3 y+¢=¢ (1050 °C) Ui oty =0+u (T2)
y+Ho+p  atdtu P4 a+y=5 (1047 °C)
U, a4+d = p+r (T3) Ps a+6=n (1025 °C)
otm+p o+t Ps y+6=n (992 °5C)

Where L is liquid phase, P is the peritectic reaction, E is the eutectic reaction, T is
temperature, o is W terminal solid solution phase, pu is the Co7Ws intermetallic phase,
v is a FFC solid solution of Co and Ni, ¢ is CosW intermetallic phase, € is a transformed

solid solution of Co, 6 is NiW intermetallic phase 7 is NiW; intermetallic phase.
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(W) + (yFeNi)

(yFeNi)

T e TR s S s
Fe 10 20 30 40 50 60 70 [ %0 Ni Fe 10 20 30 40 50 60 70 80 90 Ni
Weight Percent Nickel Weight Percent Nickel
Ni-Fe-W isothermal section at 1400 °C (2550 °F) Ni-Fe-W isothermal section at 1455 °C (2650 °F)

NIRRT A F . TR r SRS T, S
Fe 10 20 kL 40 50 &0 70 80 90 Ni Fe 10 20 30 40 50 60 70 (] 20 Ni
Weight Percent Nickel Weight Percenl Nickel
Ni-Fe-W isothermal section at 1465 °C (2670 °F) Ni-Fe-W isothermal section at 1500 °C (2730 °F)

Figure C.6 Ternary phase diagram of W-Ni-Fe [57].

(aCe.yFe)
—X A Fat Sy s T ~ Qpmmtee
Fe 10 20 30 0 50 60 70 a0 90 Co

Weight Percent Cobalt

Co-Fe-W isothermal section at 1200 °C (2190 °F)

Figure C.7 Ternary phase diagram of W-Co-Fe[57].
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Appendix D — Micro and Macro Scale Hardness Measurements

Table D.1 Hardness results of selected alloys obtained from HV(1).

Applied sintering process
Alloy code 1450 °C/60min 1500 °C/60min 1550 °C/60min 1550 °C/90-120min
Min | Avg | Max | Min | Avg | Max | Min | Avg | Max | Min | Avg | Max
w - - - 165 | 210 | 221 | 177 | 226 | 232 - -
W - - - 380 | 385 | 388 | 408 | 420 | 424 - - -
WH* - - - 362 | 368 | 376 | 380 | 384 | 392 - - -
OWION 355 | 357 | 365 | 418 | 428 | 435 | 391 | 398 | 446 | 359/- | 363/- | 384/-
0wW10C 157 | 168 | 182 | 194 | 200 | 209 | 278 | 280 | 286 | 337/- | 387/- | 403/-
OWI10F 139 | 168 | 177 | 207 | 223 | 236 | 301 | 320 | 325 | 288/- | 301/- | 345/-
OW1/4NC 290 | 301 | 305 | 312 | 404 | 568 | 591 | 595 | 606 | 542/- | 557/- | 574/-
OW1/INC 414 | 431 | 504 | 412 | 442 | 479 | 458 | 488 | 497 - - -
OW7/3NC 335 | 344 | 350 | 379 | 384 | 397 | 332 | 368 | 385 - - -
OW7/1.5/1.5NCF | 288 | 322 | 360 | 354 | 376 | 384 | 321 | 342 | 365 - - -
OW7/3NF 319 | 337 | 350 | 338 | 343 | 354 | 305 | 317 | 327 - - -
O0W4/INC 307 | 318 | 344 | 350 | 363 | 379 | 327 | 333 | 348 - - -
OWS8/INC 379 | 404 | 431 | 365 | 379 | 395 | 397 | 399 | 407 - - -
OWB8/INF 321 | 346 | 381 | 330 | 351 | 372 | 348 | 368 | 376 - - -
OW*7/3NC - - - 345 | 354 | 362 | 390 | 397 | 423 - - -
OW*7/3NF - - - 313 | 318 | 331 - - - - - -
OW*4/INC - - - 328 | 343 | 360 | 353 | 363 | 368 - - -
OW**4/INC - - - 307 | 319 | 325 | 314 | 327 | 335 - - -
OW*8/INC - - - 343 | 356 | 370 - - - - - -
OW1/4CF - - - 346 | 378 | 383 | 383 | 392 | 403 | 393/- | 425/- | 472/-
OW1/1CF - - - 374 | 384 | 391 | 416 | 436 | 441 | 446/- | 450/- | 458/-
0W4/1CF - - - 348 | 361 | 365 | 481 | 517 | 534 | 484/- | 487/- | 520/-
SW1/4NC 261 | 271 | 273 | 340 | 345 | 364 | 424 | 457 | 471 | 431/- | 436/- | 457/-
SWI1/INC 406 | 433 | 449 | 417 | 467 | 487 | 382 | 397 | 433 - - -
SW7/3NC 346 | 359 | 369 | 362 | 385 | 392 | 319 | 346 | 363 - - -
SW4/INC 280 | 284 | 311 | 366 | 373 | 395 | 332 | 339 | 352 - - -
SW8/INC 334 | 356 | 364 | 342 | 347 | 379 | 311 | 327 | 361 - - -
SW*4/INC - - - - - - 363 | 371 | 373 - - -




Table D.2 Hardness results of selected binder phases HV(0.005).
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Applied sintering process

Alloy code 1450 °C/60min 1500 °C/60min 1550 °C/60min ISf 3 Oorgi/r?o-
Min | Avg | Max | Min | Avg | Max | Min | Avg | Max | Min | Avg | Max
w - - - - - - - - - - - -
W - - - - - - - - - - - -
Wk _ _ _ _ _ _ _ _ _ _ _ -
OWI10N - - - 365 | 393 | 433 | 383 | 415 | 438 - - -
0wW10C - - - - - - - - - - - -
OWI10F - - - - - - - - - - - -
OW1/4NC - - - - - - - - - - - -
OW1/INC-D - - - 444 | 483 | 526 | 465 | 505 | 579 - - -
OW1/INC-L 1362 | 1754 | 2318 | 1215 | 1856 | 2358
OW7/3NC - - - 338 | 393 | 528 | 463 | 505 | 672 - - -
0W7/1.5/1.5NCF - - - 409 | 463 | 528 | 386 | 427 | 456 - - -
OW7/3NF - - - 426 | 463 | 483 | 393 | 444 | 483 - - -
0W4/INC = - - 386 | 444 | 505 | 364 | 469 | 553 - - -
OWS8/INC - - - 409 | 444 | 483 | 429 | 442 | 549 - - -
OWS/INF - - - 483 | 505 | 528 | 469 | 515 | 532 - - -
OW*7/3NC = - - 345 | 356 | 378 | 356 | 383 | 411 - - -
OW*7/3NF - - - 383 | 408 | 432 = - - - - -
OW*4/INC - - - 356 | 376 | 393 | 364 | 376 | 403 - - -
OW**4/INC = - - 384 | 432 | 463 | 393 | 415 | 428 - - -
OW*8/INC - - - 426 | 483 | 528 | 428 - - - - -
0W4/1CF - - - - - - - - - - - -
OW1/1CF - - - - - - - - - - - -
OW1/4CF - - - - - - - - - - - -
SW1/4NC - - - - - - - - - - - -
SW1/INC-D - - - 505 | 608 | 672 | 505 | 579 | 639 - - -
SW1/INC-L 1512 | 1932 | 2555 | 1215 | 1775 | 2112
SW7/3NC - - - 364 | 436 | 483 | 505 | 528 | 579 - - -
5W4/INC - - - 393 | 463 | 528 | 378 | 444 | 483 - - -
SW8/INC - - - 436 | 528 | 553 | 315 | 409 | 505 - - -
SW*4/INC - - - - - - 463 | 505 | 553 - - -

D and L imply the dark and light region at 1/1 Ni/Co ratio alloys, respectively.



Table D.3 Hardness results of selected alloys obtained from HRA.
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Applied sintering process
Alloy code 1450 °C/60min 1500 °C/60min 1550 °C/60min | 1550 °C/90-120min
Min | Avg | Max | Min | Avg | Max | Min | Avg | Max | Min | Avg | Max
W - - - - - - - - - - - -
W* - - - - - - - - - - - -
W** _ _ _ _ _ _ _ _ _ _ _ _
OW10N 622 | 62.6 | 634 | 639 | 641 | 647 | 598 | 603 | 60.8 | 589 | 60.7 | 61.3
ow10C 448 | 453 | 468 | 49.6 | 503 | 524 | 557 | 562 | 575 | 544 | 55.0 | 56.5
OW10F 46.1 | 46.6 | 476 | 502 | 51.1 | 532 | 563 | 569 | 582 | 588 | 60.8 | 61.3
OW1/4NC 56.4 | 56.7 | 572 | 64.1 | 645 | 66.1 | 69.8 | 70.9 | 72.1 | 69.6/ | 69.7/ | 70.3/
OWI1/INC 66.2 | 66.8 | 68.1 | 672 | 67.8 | 682 | 656 | 668 | 68.7 - - -
O0W7/3NC 61.7 | 629 | 642 | 636 | 639 | 650 | 60.5 | 612 | 624 - - -
OW7/1.5/1.5NCF | 619 | 624 | 63.0 | 62.6 | 629 | 63.5 | 586 | 609 | 61.3 - - -
OW7/3NF 61.8 | 62.5 | 633 | 61.5 | 62.0 | 62.8 | 584 | 58.7 | 60.4 - - -
O0W4/INC 634 | 639 | 643 | 58.6 | 60.8 | 61.7 | 60.5 | 61.6 | 623 - - -
OW8/INC 62.6 | 632 | 64.1 | 63.1 | 63.5 | 646 | 60.7 | 612 | 62.2 - - -
OWS/INF 624 | 632 | 638 | 61.1 | 61.7 | 622 | 59.7 | 604 | 60.7 - - -
OW*7/3NC - - - 59.6 | 60.8 | 61.7 | 60.8 | 614 | 62.1 - - -
OW*7/3NF 3 - - 562 | 584 | 593 - - - - - -
OW*4/INC - - - /60.8 | /61.2 | /62.3 | /59.4 | /59.7 | /60.4 - - -
OW**4/INC - i - - - - - - - - - -
OW*8/INC - - - 52.6 | 535 | 548 - - - - - -
O0W4/1CF - - - 58.6 | 59.0 | 59.6 | 64.1 | 64.8 | 653 | 63.8 | 64.1 | 647
OWI1/ICF - - - 60.1 | 60.5 | 614 | 632 | 641 | 654 | 63.1 | 63.7 | 63.9
OW1/4CF - - - 572 | 575 | 584 | 664 | 67.1 | 68.6 | 62.1 | 63.0 | 634
SWI1/4ANC 556 | 559 | 564 | 614 | 61.8 | 62.3 | 64.1 | 643 | 65.2 - - -
SWI/INC 624 | 62.8 | 63.1 | 65.6 | 658 | 664 | 59.8 | 61.8 | 634 - - -
SW7/3NC 62.8 | 63.1 | 63.8 | 593 | 59.6 | 603 | 58.6 | 593 | 60.9 - - -
SW4/INC 61.1 | 614 | 62.6 | 62.6 | 632 | 63.7 | 586 | 595 | 61.7 - - -
SWS8/INC 614 | 62.1 | 62.7 | 616 | 624 | 63.1 | 579 | 58.6 | 62.1 - - -
SW*4/INC - - - - - - 54.0 | 54.7 | 55.1 - - -




Appendix E — Dissolved wt.% W in Binder Matrix Phase

Table E.1 EDS results of binder matrix phases obtained from WHAs.
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Applied sintering process

Alloy code 1500 °C/60min 1550 °C/60min 1550 °C/90min 1550 °C/120min
w Ni Co Fe w Ni Co Fe w Ni Co Fe w Ni Co Fe
OWION 40.07 | 59.93 - - 40.46 | 59.54 - - 4238 | 57.62 - - - - - -
ow10C 76.13 - 23.87 - 77.14 - 22.86 - 76.84 - 23.16 - - - - -
OW10F 74.28 - - 25.72 | 74.09 - - 2591 | 75.06 - - 24.94 - - - -
OW1/4NC 75.79 | 5.57 18.65 - 75.83 5.96 18.22 - 76.42 5.14 18.44 - 76.85 | 4.58 | 18.57 -
OWI1/INC 41.38 | 3446 | 24.16 - 43.64 | 32.71 | 23.65 - - - - - - - - -
0W7/3NC 4246 | 40.70 | 16.84 - 44.80 | 39.17 | 16.04 - - - - - - - - -
OW7/1.5/1.5NCF | 32.96 | 46.26 | 10.11 | 10.66 | 35.24 | 45.12 | 9.99 9.64 - - - - - - - -
OW7/3NF 26.26 | 51.84 - 2190 | 26.77 | 51.94 - 21.29 - - - - - - - -
0W4/1INC 4237 | 44.58 | 13.05 - 4441 | 44.07 | 11.52 - - - - - - - - -
OWS8/INC 42.15 | 51.32 | 6.53 - 42.78 | 50.68 | 6.54 - - - - - - - - -
OWS8/INF 33.67 | 58.57 - 7.76 | 38.73 | 54.43 - 6.84 - - - - - - - -
O0W1/4CF 75.51 - 5.21 19.28 | 75.71 - 5.67 18.62 | 74.80 - 6.08 19.12 | 77.38 - 4.89 17.73
OW1/1CF 74.82 - 12.59 | 12.59 | 74.30 - 11.76 | 13.93 | 74.85 - 12.62 | 12.53 | 75.52 - 12.27 | 12.31
0W4/1CF 75.36 - 19.83 | 4.81 77.10 - 17.64 | 5.26 75.81 - 19.09 | 5.10 77.61 - 1747 | 4.92
SW1/4NC 75.24 | 4.73 | 20.03 - 75.82 | 4.88 19.30 - 76.18 5.03 19.79 - 77.43 | 472 | 17.85 -
SWI1/INC 42.67 | 3442 | 2291 - 44.69 | 29.32 | 25.99 - - - - - - - - -
SW7/3NC 3529 | 4741 | 17.29 - 4339 | 39.53 | 17.08 - - - - - - - - -
SW4/1INC 35.18 | 52.12 | 12.70 - 38.53 | 49.55 | 11.92 - - - - - - - - -
SW8/INC 3446 | 58.00 | 7.54 - 4476 | 49.41 5.83 - - - - - - - - -




Table E.2 EDS results of binder matrix phases obtained from W*HAs.
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Applied sintering process
Alloy code 1500 °C/60min 1550 °C/60min
WR Ni Co Fe WR Ni Co Fe

OW*7/3NC 35.25 45.22 19.53 - 42.13 38.52 19.35 -
OW*7/3NF 34.42 44.71 - 20.87 - - - -
OW*4/INC 38.89 49.69 11.42 - 41.18 47.59 11.23 -
OW**4/INC | 39.70 48.40 11.90 - 4251 46.82 10.67 -
OW*8/INC | 40.27 52.55 - 7.18 - - - -
SW*4/INC - - - 41.54 46.93 11.53 -

R implies produced tungsten.
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Appendix F — Average Grain Size Measurements

Table F.1 Average grain size results of selected alloys.

Applied sintering process (°C/min)

Alloy code 1500/60 1550/60 1550/90-120
Measured AGS Measured AGS Measured AGS
Min. | Avg. | Max. | Min. | Avg. | Max. | Min. | Avg. | Max.

\Y - - - - - - - - -
W - - - - - - - - -
W** _ _ _ - _ - - - -
OWION 246 | 25.1 26.3 28.7 293 30.2 - - -
owi1ocC - - - - - - - - -
OW10F - - - - - - - - -
0W1/4NC - - - - - - - - -
OWI1/INC 25.6 | 263 26.8 30.7 322 31.3 - - -
0W7/3NC 26.2 26.5 28.4 29.4 30.0 31.5 - - -
OW7/1.5/1.5NCF | 26.5 27.0 27.4 28.9 29.2 29.7 - - -
OW7/3NF 26.7 27.1 28.2 29.8 30.7 30.9 - - -
0W4/1INC 27.1 27.4 28.2 29.6 30.5 30.7 - - -
OWS8/INC 27.2 27.6 27.9 313 31.9 32.7 - - -
OWS8/INF 27.3 27.9 28.3 31.9 322 33.2 - - -

OW*7/3NC 24.7 252 | 263 27.6 | 279 | 285 - - -
OW*7/3NF 24.6 | 247 | 26.1 - - - - - -
0OW*4/INC 26.2 26.8 28.3 27.9 28.3 29.1 - - -
OW**4/INC 24.1 244 | 247 26.3 267 | 272 - - -
OW*8/INC 26.7 27.2 | 28.1 - - - - - -

0W4/1CF - - - - - - - - -
OW1/1CF - - - - - - - - -
OW 1/4CF - - - - - - - - -
SW1/4NC - - - - - - - - -
SW1/INC 273 | 27.8 | 28.0 | 324 | 332 | 335 | 344 | 348 | 357
5W7/3NC 264 | 279 | 284 | 307 | 315 | 317 - - -
SW4/INC 272 | 28.1 | 287 | 307 | 313 | 32.0 - - -
5W8/INC 279 | 288 | 292 | 309 | 314 | 323 - - -

SW*4/INC - - - 28.2 28.5 29.1 - - -
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Appendix G — % Binder Phase Area Measurements

Table G.1 Binder phase measurements for selected WHAs and W*HAs.

Applied sintering process (°C/min)

Alloy code 1500/60 1550/60 1550/90-120

Measured AGS Measured AGS Measured AGS
Min. | Max. | Avg. | Min. | Max. | Avg. | Min. | Max. | Avg.

\\Y - - - - - - - - -
W - - - - - - - - -
Wk* _ _ _ _ - _ _ _ -
OWION 19.7 | 23.8 | 209 | 20.7 | 273 | 23.6 - - -
owl1oC - - - - - - - - -
OW10F - - - - - - - - -
OW1/4NC - - - - - - - - -
OW1/INC - - - - - - - - -
OW7/3NC 17.8 | 22.1 | 19.3 | 158 | 23.5 | 20.7 - - -
OW7/1.5/1.5NCF | 18.6 | 21.8 | 20.1 | 17.9 | 247 | 224 - - -
OW7/3NF 20.8 | 234 | 228 | 19.6 | 258 | 23.8 - - -
0W4/INC 174 | 246 | 21.1 | 17.6 | 249 | 214 - - -
OWS8/INC 179 | 255 | 21.5 | 184 | 26.1 | 22.7 - - -
OWS8/INF 183 | 26.7 | 22.1 | 19.6 | 293 | 244 - - -

0W*7/3NC 206 | 25.7 | 24.1 | 21.7 | 26.7 | 250 | - . -
0W*7/3NF 218 | 285 | 247 | - - - - - -
OW*4/INC 209 | 26.7 | 238 | 21.8 | 29.1 | 249 | - - -
OW**4/INC - - - 1203 | 257 | 238 | - - -
OW*8/INC 19.1 | 262 | 239 | - - - - - -
0W 1/4CF - ] - - - - - - -
OW1/1CF - - - - - - - - -
0W4/1CF - ] - - - - - - -
SW1/4NC - - - - - - - - -
SW1/INC ] ] ] ] ] ] ] ] ]
SW7/3NC 119 | 13.9 | 13.1 | 109 | 141 | 134 | - - -
5W4/INC 107 | 13.7 | 13.0 | 112 | 143 | 138 | - - -
SWS/INC 12.1 | 146 | 134 | 115 | 148 | 141 | - - -
SW*4/INC - - - | 143|192 | 173 ] - - -
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