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Abstract

In the present work design modification and development of microwave sintering unit
has been carried, to make it suitable for its usage at high vacuum, using traditional
methodology which is assisted by modern analytical tool. The present work
investigates the possibility of consolidating 75Cu-25Cr alloy through microwave
sintering technique. An attempt has been made to compare the results of microwave
sintered specimens with its conventional counterparts. This study also compares the
sintering behaviour of 75Cu-25Cr alloy powder made with mechanical milled Cr
powder in both conventional method as well as microwave method. The study also
aims to understand the effect of mechanical milling on the sinterability and on
different properties of same alloy developed in both conventional and microwave
furnace. The phase evolution and morphological changes of the milled samples were
carried out using X-ray diffraction (XRD) and scanning electron microscopy (SEM).
The consolidation of green compacts was carried out at 1050 °C with variation of
sintering as a function of three peak soaking periods i.e. 30 minutes, 60 minutes and
180 minutes, and also with variation of three relative green density values i.e. 57% ,
67% and 78% of theoretical density. The comparative analysis is based on the sintered
density, hardness, electrical conductivity and microstructures of samples. The results
show that microwave sintering requires about 75% less processing time as compared
to conventional sintering for this alloy. The microwave sintered specimens showed
superior mechanical properties compared to conventionally sintered counterparts due
to better densification. Also, microwave sintered specimens have showed good
enhancement in electrical conductivity. Microstructural study revealed that
microwave sintering produces well rounded and finer chromium particles which are
wellseparated from each other as opposed to the sharp, irregular and wedge shaped
chromium particles for the conventionally-sintered samples. Also, microwave

sintering resulted in significantly lower Cr grain coarsening.
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Chapter 1

Contact materials are two phase composite systems having 25 to 50% (wt. %) of
refractory metals such as tungsten, molybdenum, WC and chromium as one phase and
the balance is generally an electrically conducting material such as copper and silver.
Out of these combinations, Cu-Cr alloys have been widely accepted and adopted for
medium-voltage, high-current Vacuum Circuit Breakers (VCB).

A typical solid phase sintered microstructure of these alloys contains chromium
(b.c.c) grains interspersed in ductile copper (f.c.c) matrix. The Cu-Cr alloys offer a
unique combination of properties such as better current interrupting behaviour on load
and overload conditions, low erosion losses on a high number of switching operations,
low chopping currents, and good current carrying capacity. These properties make
them potential candidate for electrical contact materials. The Cr plays an important
role both in strengthening and in restricting grains coarsening of Cu matrix [1].
Because of refractoriness of chromium (T»=1907°C) and negligible inter solubility
between chromium and copper, Cu-Cr alloys are processed by powder metallurgical
(P/M) route. The liquid phase sintered or infiltrated Cu-Cr alloys have more than half
share of VCB market [2].

Microwave energy has emerged as the most versatile form of energy applicable in
numerous diverse fields. Since its first use for radar in WWII, it is now being applied
in communication, chemistry, rubber vulcanisation, drying, food processing, medical
treatment and diagnosis and variety of materials processing fields, etc. The application
of microwave energy to process various kinds of materials in an efficient, economic
and effective manner is emerging as an innovative technology with great commercial
potential and many advantages. Microwave processing is well recognised for many
advantages over the conventional methods such as substantial enhancements in the
reaction and diffusion Kkinetics, relatively much shorter cycle time, finer
microstructures better quality products, and eco friendly etc.

In the areas of processing of ceramics and metals, it has been kind of sintering and
synthesis revolution in terms of material diffusions and reaction kinetics. Until 2000,
microwave processing of materials mostly was confined to ceramics, semimetals,

inorganic and polymeric materials.



In 1999 Roy and co-workers [3] reported that a porous, powder metal compact could
be heated and sintered in a microwave field. This was at that time considered
surprising because the electrically conducting materials were supposed to reflect
microwave radiation. Later on other researchers also demonstrates that all powder
metals at room temperature absorb microwaves and only bulk metals reflect the
microwaves allowing only surface penetration.

In the last few years many new developments in microwave processing of materials at
high temperature have taken place in many countries worldwide. These developments
include melting of metals and casting, steel making using microwave assisted
technology, direct steel making using pure microwave technology and used tire
reprocessing.

In this present investigation, attempts have been made to synthesize Cu-Cr alloy using
as-received and milled Cr powder produced by planetary ball mill.

The structural and morphological changes of the milled samples are to be analyzed by
various techniques, namely, XRD and SEM. Subsequently, powder mixture of Cu-Cr
alloy separately using received Cr and as well as milled Cr powder were consolidated
using uniaxial pressing to get three varying green density compacts.

Sintering was carried out using conventional method and microwave sintering
technique at 1050 °C for three different soaking periods. For microwave sintering, the
design of unit was modified and developed to attain high vacuum pressure inside the
chamber.

Microstructural analysis of the sintered specimens was also carried using SEM to
compare the properties to that of the milled specimens. Measurement of physical
properties like relative density, mechanical properties like Vickers hardness, and
electrical properties like conductivity of all the sintered samples were investigated and

compared with their conventional counter parts.

1.1 Aim and Objectives
With the above discussed background, the objectives of the present work are
envisaged as:

e Design modification of microwave sintering unit to make it suitable for its

usage at high vacuum.



Reduction of size Cr particles by mechanical milling in WC grinding media by
using planetary ball mill in order to get fine distribution of Cr in Cu matrix.
Characterization of the ball-milled powder by XRD and SEM analysis.
Consolidation and sintering of the green compacts using as-received and
prepared milled powder by suitable techniques, namely, conventional sintering
and microwave sintering.

Characterization of microstructural features of the sintered compacts by SEM
and Optical Microscope.

Measurement of physical properties like density of the sintered specimens by
Archimedes principle.

Evaluation of mechanical properties and analysis of the sintered compacts.
Evaluation of electrical conductivity of the sintered pellets.

Analysis of the results and establishment of suitable composition for the best

combination of mechanical and electrical properties for practical applications.



Chapter 2 Literature Review

2.1 Vacuum Interrupters

In general, power distribution networks employ circuit breakers with different kind of
protection devices in the main and sub feeders. These protection devices generally
require vacuum interrupters (VIs) to control and protect the electrical distribution
system. Vs are widely used for current interrupting in the low- and medium-voltage
range (predominantly at 36 kV) based on their principle known since almost a century
[4]. They have passed through many years of development and found worldwide
acceptance due to their simple and compact structure as well as being maintenance-
free for lifetime. Its basic function is to detect a fault condition and, by interrupting
continuity, to immediately discontinue electrical flow. The internal components of a

typical vacuum interrupter are shown in Figure 2.1

Bellows Electrical contacts Insulating envelope
Moving Fixed
terminal terminal
Bushing End
plate
End shield to Bellows Metal vapor
protect the shield condensation
triple point shield

Fig. 2.1: The cross section of a vacuum interrupter [5].

Electrical contacts are one of the most important factors to determine the performance
of Vls. Extremely pure and gas free contacts are housed in a vacuum chamber made
up of a high alumina ceramic material. The contacts are closed by a mechanism

connected to the moving terminal. The moving terminal is connected to the vacuum




(~ 10° mbar) chamber by a stainless steel bellows that permits the contacts to open
and close while maintaining the vacuum. The vacuum offers some definite advantages

to the designer of CMs as there is no gas to contaminate the contact surfaces.

2.1.1 Working principle for Vs

In its natural state, when the contacts touch each other the vacuum interrupter is said
to be in the closed condition. Once a fault is detected, the contacts open by
withdrawing the contact attached to the moving terminal from the contact attached to
the fixed terminal and consequently a metal vapor arc is established within the
interrupter. This arc, which consists exclusively of the vaporizing contact material, is
sustained by the external supply of energy up until the next time the current passes
through zero. At current zero, contact vapor production ceases, arc is finally
extinguished and the vacuum interrupter regains its insulating capability which is to

withstand the transient recovery voltage.

2.1.2 Problems associated with Vs

a) Arc Erosion: Within a few microseconds of arc initiation the temperature at the foot
of the arc reaches extremely high values causing the metal at cathode to vaporize and
transforming the metal to ion jets [6]. Therefore while interrupting high currents
excess heat is generated and is to be dissipated by vapourization of material. To assure
successful extinguishing at current zero any time, the contacts must be avoided to be

strongly exposed to erosion by the vacuum arc during the high current phase.

b) Gas Evolution: The main problem with the vacuum interrupter is the evolution of
gases from the contacts during arcing [7]. This gas evolution causes loss of vacuum
with consequent degradation of breakdown and recovery characteristics of the

interrupter.

¢) Contact Welding: The arc so generated melt a small portion of contacts and thus

under high mechanical forces, the contacts can get welded.

d) Current Chopping: During vacuum switching, under certain conditions, the current
is cut off abruptly instead of coming to its natural zero along the normal sinusoidal
path. This is known as current chopping and it arises because of the extremely good
recovery characteristics of a vacuum gap. Depending on the circuit parameters the

current chopping may constitute a direct overvoltage problem endangering the system



insulation. The chopping current of vacuum contact materials, which in turn depends

on the composition, should not be too high.

2.2 Contact Materials for Vacuum Interrupters

The current interrupting capability of a vacuum interrupter depends on the contact

material and its design. Microstructures of materials are the strategic link between

materials processing and materials behaviour. Microstructure control is therefore

essential for any process activity [8].

2.2.1 Property Requirements of Contact Materials

The following are some of the important requirements of contact materials used in

vacuum interrupters:

Low gas content and impurity degrees, to keep the vacuum during the whole
service life.

Good electrical conductivity to pass normal load currents without overheating
and for reduction of permanent power losses.

Good thermal conductivity for good heat removal during continuous load and
for fast electrode cooling after current zero.

Low and uniform erosion to give a long operating life.

Sufficiently low vapour pressure to reduce the amount of metal vapour in the
chamber

High density

Low chopping level

Sufficient mechanical strength to resist any permanent deformations.

Good interruption capability

High electrical breakdown strength

Good antiwelding properties

Most of the conventional materials could not meet all these requirements

simultaneously [9]. For example tungsten has good vacuum dielectric and

antiwelding properties. Its ability to interrupt high currents is however, rather

disappointing. Copper, on the other hand, is quite good in interrupting high



currents and has also reasonably good vacuum dielectric strength. However it fails

to meet the anti-welding requirements. The commonly used mixtures of silver-

cadmium oxide are not acceptable for vacuum applications because of the

presence of constituents with excessively high vapour pressure. Also, pure

refractory metals show poor conductivity and cause heavy current chopping due to

high heats of vapourization.

2.2.2 Vacuum Interrupter Materials

The commercial type materials that are made and used for vacuum interrupters

can be divided into three groups [10]:

a)

b)

Copper-Chromium Contacts (a good conductor plus semi-refractory material).
This type of material is currently the dominant material for circuit breaker.
The composition ranges from 25 to 75% chromium. According to phase
diagram of copper and chromium (Figure 2.2), both components are
completely soluble into each other in liquid phase. However chromium
separates from oversaturated copper under cooling to ambient temperatures.
The mixing ratio of copper and chromium can be adjusted within wide range
due to good wettability of chromium caused by the low solubility of chromium
in the copper phase. Both form an eutectic at 1076 °C with 1.56 atom %
chromium.

Tungsten-copper or tungsten carbide-silver (refractory material plus a good
conductor). The mixture of W and Cu has long been used for switching low
currents in high-voltage circuits. More recently, the WC-Ag contact, with its
low surge capability, has found wide use in low-voltage contactors. As a result
of interruption limitation this class of material is usually limited to lower-
current vacuum interrupter designs

Copper-bismuth alloy. Copper with a small amount of bismuth was popular
material for vacuum interrupters in the late 1960s. The small amount of
bismuth gave the material gave good dynamic weld resistance properties. In

general this material has been replaced by chromium copper.
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Fig. 2.2: Phase diagram of copper and chromium [11].

2.2.3 Development of Copper-Chromium Contact Material

In power delivery engineering, Cu-Cr have been accepted and adopted for VCB by
the early 1990s, and up to now they are still dominant materials for VCB worldwide
because of unique combination of properties of two constituents. It combines good
electrical properties with outstanding circuit interruption ability and excellent arc

erosion and welding resistance.

Four manufacturing techniques are used to produce Cu-Cr contact materials: arc-
melting, vacuum casting, infiltration and sintering techniques [2]. Cu-Cr sintering
contact material was first proposed and adopted for VI by A. A. Robinson and his
colleagues in English Electric Corporation, UK in1970 [12]. About fifteen years later
Horst Kippeenberg et al. [13] developed vacuum infiltration Cu-Cr contact materials
and successfully used it for VCB. Soon afterwards, the arc-melting Cu-Cr alloy
contact materials were developed by R. Muller in 1988 [14]. Schellekens et al [15]
reported the experimental results of the plasma sprayed Cu-Cr alloys and gave some
comparisons with the conventional Cu-Cr alloys. Vacuum Induction Melting and
Rapid Solidification Cu-Cr alloy contact materials were developed by Baihe Miao in
1998 [2]. Adopting what sort manufacturing technique to produce contact materials
will determine strongly their quality and microstructure, properties and performance

level.

In 1989 Rieder et al. [16] experimentally proved that fine Cr particles tend to decrease

the maximum chopping currents and the breakdown voltage is significantly higher for

8



contacts incorporating the finer Cr particle sizes. In 1999 Wang et al. [17]
experimentally showed that the high voltage withstandability of the nanocrystalline
Cu-Cr materials in vacuum is much higher than those of microcrystalline materials
prepared by the same procedures. Yongxing [18] suggested the cryogenic process is
effective in improving the properties of the Cu-Cr contact materials. Fink et al. [19]
established a new contact material based on multilayer system to improve various
properties. It turned out that the higher thermal and electrical conductivity as well as
mechanical properties of the multilayer contact material improved interruption ability
of the V1. Lahiri [20] performed explosive compaction of mechanically alloyed Cu-Cr
powder followed by solid-state sintering which showed best combination of properties

such as excellent density and exceptionally high electrical conductivity.

2.3 Mechanical Milling

Mechanical Milling (MM) is the most widely used method of powder production for
hard metals and oxide powders. It is a process of comminution of uniform (often
stoichiometric) composition powders, such as pure metals, intermetallics, or
prealloyed powders to a small size by using high-energy ball-milling, where material
transfer is not required for homogenization [21-23]. It involves repeated deformation,
cold-welding, fracturing, and dynamic recrystallization to achieve an extremely fine
grain size. Besides particle size reduction, it associates with particle size growth,
particle shape change, agglomeration, solid-state alloying (mechanical alloying) and
solid-state blending. MM is most extensively used for non-equilibrium processing of
metastable phases such as amorphous alloys, extended solid solution, and to

synthesize nanostructured materials. [24-27].
2.3.1 Principle of Milling

During milling, four types of forces act on particulate material: impact, attrition,
shear, and compression. Impact is the instantaneous striking of one object by another.
Attrition is the production of wear debris or particles created by the rubbing action
between two bodies. This type of milling force is preferred for those materials which
can be easily broken up and exhibits minimal abrasiveness. Shear consists of cutting
or cleaving of particles and usually is combined with other types of force. Shear



contributes to fracturing by breaking particles into individual pieces with a minimum
of fines. Compression is the crushing or squeezing of particulate material and also the

breaking of large agglomerates of hard, non-ductile material. [28]

Whenever two steel balls collide, some amount of powder is trapped in between them
(Figure 2.3). During high-energy milling the powder particles are repeatedly flattened,
cold welded, fractured and rewelded. The force of the impact plastically deforms the
powder particles leading to work hardening and fracture. The new surfaces created
enable the particles to weld together and this leads to an increase in particle size. Since
in the early stages of milling, the particles are soft (ductile), their tendency to weld
together and form large particles is high. With continued deformation, the particles get
work hardened and fracture by a fatigue failure mechanism and/or by the fragmentation
of fragile flakes. Fragments generated by this mechanism may continue to reduce in size
in the absence of strong agglomerating forces. At this stage, the tendency to fracture
predominates over cold welding. Due to the continued impact of grinding balls, the
structure of the particles is steadily refined, but the particle size continues to be the
same. After milling for a certain length of time, steady-state equilibrium is attained
when a balance is achieved between the rate of welding, which tends to increase the
average particle size, and the rate of fracturing, which tends to decrease the average
particle size. Thus it is important to determine the time required for a process to reach
equilibrium particle size and the milling process should be terminated at that point.

Fig. 2.3: Ball-powder-ball collision of powder during mechanical milling.
2.3.2 Process Variables

Mechanical Milling involves optimization of a number of variables to achieve the
desired results. Some of the important parameters that have an effect on the final
constitution of the powder are:

e Type of mill

e Milling container

10



e Milling speed

e Milling time

e Type, size, and size distribution of the grinding medium
e Ball-to-powder weight ratio

e Extent of filling the vial

e Milling atmosphere

e Process control agent

All these process variables are not completely independent. For example, the optimum
milling time depends on the type of mill, size of the grinding medium, temperature of

milling, ball-to-powder ratio, etc.
Type of mill

During milling, the motion of milling medium and charge varies between types of
mills, with respect to movement and trajectories of individual balls, movement of the
mass of balls, and the degree of energy applied to impact, shear, attrition, and
compression forces acting on powder particles. They also differ in their capacity,
efficiency of milling and additional arrangements for cooling, heating, etc. There are a
number of different types of mills for conducting MM, for example shaker mills,

Planetary ball mills, Attritor mills etc.

But the most popular mill for conducting MM is the planetary ball mill in which a few
hundred grams of the powder can be milled at a time. The planetary ball mill owes its
name to the planet-like movement of its vials. These are arranged on a rotating
support disk and a special drive mechanism causes them to rotate around their own
axes. The centrifugal force produced by the vials rotating around their own axes and
that produced by the rotating support disk both act on the vial contents, consisting of
material to be ground and the grinding balls. Since the vials and the supporting disk
rotate in opposite directions, the centrifugal forces alternately act in like and opposite
directions. This causes the grinding balls to run down the inside wall of the vial - the
friction effect, followed by the material being ground and grinding balls lifting off and
travelling freely through the inner chamber of the vial and colliding against the

opposing inside wall - the impact effect.
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Fig. 2.4: Schematic drawing of a planetary ball mill.
Milling Container

Due to impact of the grinding medium on the inner walls of the container, some
material will be dislodged and get incorporated into the powder. If the material of the
grinding vessel is different from that of the powder, then the powder may be
contaminated with the grinding vessel material. On the other hand, if the two
materials are the same, then the chemistry may be altered unless proper precautions
are taken to compensate for the additional amount of the element incorporated into the
powder. Hardened steel, tool steel, hardened chromium steel, tempered steel, stainless

steel, WC-Co, WC- lined steel and bearing steel are used for the grinding vessels.
Milling Speed

The efficiency of milling increases with increase in speed. But it shouldn’t exceed
critical speed of the mill. Above a critical speed, the balls will be pinned to the inner
walls of the vial and do not fall down to exert any impact force. Therefore, the
maximum speed should be just below this critical value. Another limitation to the

maximum speed is the temperature rise during milling.
Milling Time

The time of milling is the most important parameter. Normally the time is so chosen
as to achieve a steady state between the fracturing and cold welding of the powder
particles. The times required vary depending on the type of mill used, the intensity of
milling, the ball-to-powder ratio, and the temperature of milling. The level of

contamination increases with milling time and some undesirable phases form.
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Therefore, it is desirable that the powder is milled just for the required duration and

not any longer.
Grinding Medium

Hardened steel, tool steel, hardened chromium steel, tempered steel, stainless steel,
WC-Co, and bearing steel are the most common types of materials used for the
grinding medium. The density of the grinding medium should be high enough so that
the balls create enough impact force on the powder. It is always desirable to have the
grinding vessel and the grinding medium made of the same material as the powder

being milled to avoid cross contamination.

The size of the grinding medium also has an influence on the milling efficiency. It has
been reported that a combination of large and small size balls during milling
minimizes the amount of cold welding and the amount of powder coated onto the
surface of the balls.

Ball-to-powder weight ratio (BPR)

The ratio of the weight of the balls to the powder (BPR), sometimes referred to as
charge ratio, is an important variable in the milling process. The minimum BPR
ranges from as low as 1:1 to as high as 220:1. The BPR has a significant effect on the
time required to achieve a size of powder being milled. The higher the BPR, the
shorter is the time required. In general ratio of 10:1 is most commonly used while

milling the powder.
Extent of filling the vial

Since comminution of the powder particles occurs due to the impact forces exerted on
them, it is necessary that there is enough space for the balls and the powder particles
to move around freely in the milling container. Thus, care has to be taken not to
overfill the vial; generally about 50% of the vial space is left empty.

Milling Atmosphere

Different atmospheres have been used during milling for specific purposes. A
nitrogen atmosphere is used to produce nitrides. Similarly, hydrogen atmosphere is

used to produce hydrides. The presence of air in the vial has been shown to produce
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oxides and nitrides in the powder, especially if the powders are reactive in nature.
High- purity argon is the most common ambient to prevent oxidation and/or

contamination of the powder.
Process Control Agent

A process control agent (PCA) is added to the powder mixture during milling to
reduce the effect of cold welding. The nature and quantity of the PCA used and the
type of powder milled would determine the final size, shape, and purity of the powder
particles. Use of a larger quantity of the PCA normally reduces the particle size by 2-3
orders of magnitude [29]. The amount of the PCA is dependent upon the (a) cold
welding characteristics of the powder particles, (b) chemical and thermal stability of
the PCA, and (c) amount of the powder and grinding medium used. The most

important of the PCAs include stearic acid, hexane, toluene, methanol, and ethanol.

2.4 Microwave Sintering

Microwave Sintering has emerged in recent years as a hew method for sintering a
variety of materials. It has shown significant advantages against conventional
sintering procedures. The use of microwaves to materials processing was studied
intensively in the 1970s and 1980s, and initial success in microwave heating and
sintering was confined mainly to oxide and some non-oxide ceramics. The most
recent development in microwave applications is in sintering of metal powders, a
surprising application because metallic materials reflect microwaves. However, in
1999, Agrawal et al. [3] first reported that microwave enhance the sintering of
metallic materials to full density. Furthermore, Cheng et al. [30] demonstrated that
metals are heated well in the magnetic field of microwave. Now, it has been found
that the microwave sintering can also be applied as efficiently and effectively to
powdered metals as to many ceramics. Metal in the form of powder will absorb
microwaves at room temperature and will be heated very effectively and rapidly. This

technology can be used to sinter various powder metal components.

Microwave energy is a form of electromagnetic energy with the frequency range of

300MHz to 300 GHz. The basic perspective of using microwave energy is to generate
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heat directly in the object itself and possibly create a uniform temperature distribution.
In Microwave Heating, material interacts with microwaves, absorb the
electromagnetic energy volumetrically, and transform into heat. This is different from
conventional methods where heat is transferred between objects by the mechanisms of
conduction, radiation and convection. In conventional heating, the material’s surface
is first heated followed by the heat moving inward. This means that there is a
temperature gradient from the surface to the inside. However, microwave heating
generates heat within the material first and then heats the entire volume [31]. This
heating mechanism offers many advantages, that have not been observed in
conventional heating, in terms of enhanced diffusion processes, reduced energy
consumption, very rapid heating rates and considerably reduced processing times,
decreased sintering temperatures, improved physical and mechanical properties,
simplicity, unique properties, and lower environmental hazards [32]. However, due to
the complexity of microwave interactions with materials, microwave processing has
not always been as successful as enthusiasts of the technology had hoped. The
successful application of microwave processing places a heavier demand on the user
to understand the technique than does conventional heating. Materials processors are
becoming more sophisticated at tailoring the material to the manufacturing process in

order to make full use of the capabilities of microwaves

2.4.1 Theoretical Aspect of Microwave Sintering

Microwave energy is a form of electromagnetic energy with the frequency range of
300MHz (3x10® cycles/s) to 300GHz (3x10™ cycles/s) and the corresponding
wavelengths are between 1mm and 1m. The frequency and wavelength range of
microwaves are shown in Figure 2.5. Microwaves have longer wavelengths and lower
available energy quanta than other forms of electromagnetic energy such as visible,

ultraviolet or infrared light.

Typical frequencies for material processing are 915 MHz, 2.45 GHz, 5.8 GHz, and
24.124 GHz. These frequencies are chosen for the microwave heating based on two
reasons. The first is that they are in one of the industrial, scientific and medical (ISM)
radio bands set aside for non-communication purposes. The second is that the
penetration depth of the microwaves is greater for these low frequencies [33]. Also,
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Microwaves are coherent and polarized and can be transmitted, absorbed, or reflected

depending on the material type [34].
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Fig. 2.5: Electromagnetic spectrum and frequencies used in microwave processing.

Microwave propagation in air or in materials depends on the dielectric and the
magnetic properties of the medium. The electromagnetic properties of a medium are

characterized by complex permittivity (€) and complex permeability (i), where:
e=e-ig (2.1)
W=p—ip (2.2)

The complex permittivity is a measure of the ability of a dielectric to absorb and to

store electrical potential energy. The real component of complex permittivity, ¢, is

commonly referred to as the dielectric constant; not constant but can vary

significantly with frequency and temperature, it is simply known referred as

permittivity. The imaginary components of complex permittivity, € , is the dielectric
loss factor. Similarly, the real and imaginary components of the complex

permeability, o and p, are permeability and magnetic loss factor, respectively. The
quantity tan o is the loss tangent, the most important parameter in microwave
processing, which indicate the ability of the material to be polarized and heated. It can

be expressed as Equation 2.3.
€
tan 6 =— (2.3)
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The loss factor measures the ability of the material to transfer microwave energy into
heat and the dielectric constant measures the ability of the material to be polarized

[34]. A material with high tan & and ¢ heats more effectively than a material with low
tan & and £ . For optimum coupling, a balanced combination of moderate ¢ to permit

adequate penetration and high loss (maximum ¢ and tan &) are required.

Absorbed power (P) and penetration depth (D) are two important parameters which
will determine the uniformity of heating throughout the material. The average
absorbed power, P, which is volumetric absorption of microwave energy (W/m?) in

material, is expressed as Equation 2.4 [33].
P=2nfee, tand E? (2.4)

The penetration depth D determines the depth of penetration at which the incident
power is reduced by one half exhibiting the uniformity of heating throughout the
material. Higher the values of tan & and ¢, smaller is the depth of penetration for a
specific wavelength. High frequencies and large values of the dielectric properties
will result in surface heating, while low frequencies and small values of dielectric

properties will result in more volumetric heating [34].

For a conductive metallic material, an incident wave is mainly reflected, and the rest
cannot pass through the superficial layer of the metal itself. The penetration depth of
the microwaves at a given frequency depends on the electrical and magnetic
properties of the material and is a very important parameter, because it constitutes an
upper limit to the thickness of the material which can be heated directly by
microwaves. The skin depth “d” (m) is defined as the depth into the conductor from
the surface at which the current density is 1/e (36.8%) of its value at the surface [35],

given by equation 2.5.

1 %
d= 2.5
( nfcua) (25)
Materials with high conductivity and permeability present a lower penetration depth,
for a given frequency, but there is also implicit temperature dependence due to the
changes of o and p,. Most metals generally have a skin depth of the micrometer order,

so the direct heating tends to remain superficial, but using powders with particle size
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of the skin depth order, it is possible to heat them directly and use microwave in the

sintering process [36].

As seen from the above equations, the dielectric properties (o, € and tan 8) act as an
important role in the extent of power absorbed by a material.

2.4.2 Microwave Sintering Versus Conventional Sintering

Microwave sintering is fundamentally different from conventional sintering. In
conventional methods, sintering of materials is done by mixing of material powder
with or without additives and pressing into green (metals or ceramics) parts followed
by sintering with indirect heating of green pellets at about 0.6-0.8 Ty, in a refractory
type electrical resistance or induction furnace whereas Microwave Sintering provide

direct heating of the green part.

In terms of heating mechanism, in conventional sintering heat transfer takes place to
the surface of the material by radiation or convection heating that is transferred to the
bulk of material via conduction. It is rather a slow process and takes considerable time
to achieve thermal equilibrium and material consolidation. It is independent of the
nature of the material. On the other hand, Microwave Sintering is the transfer of
electromagnetic energy to thermal energy and is energy conversion rather than heat
transfer. During the microwave sintering procedure, materials themselves absorbs
microwaves such that electromagnetic energy of the microwaves is converted to
thermal energy and heat can be generated throughout the volume of the material
resulting in volumetric heating. Microwave heating is instantaneous and rapid, and
depends on a variety of factors such as size, geometry, mass and dielectric property of

the sample.

The thermal gradient in the microwave-processed material is the reverse of that in the
material processed by conventional heating. In a conventional heating, the direction of
heating is from outside to inside of the powder compact resulting in higher
temperature of the sample surface than core while for microwaves, the direction of
microwave heating is from inside to outside of the powder compact resulting in higher
temperature of the sample core than the surface. The temperature profile for both

methods is shown in Figure 2.6. The former mode of heating results in poor
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microstructural characteristics of the core of the powder compact while the latter

results in poor microstructural characteristics of the surface [31].

surface
core

Temperature

conventlondl heating microwave heating

Fig. 2.6: Temperature profile within the sample in conventional heating and
microwave heating [32].

A remarkable energy and time saving can be obtained with microwave sintering.
Furnaces for conventional sintering use a large number of expensive heating elements,
fuel and refractory materials to achieve and maintain the high temperature for a long
time; therefore it consumes much electrical energy and much fuel. As microwaves
facilitates the direct transfer of energy into the materials, it eliminates wasting of
energy by simultaneous heating of furnace and heat carriers and also offers the
potential of applying high heat-up rates.

In conventional heating, slow heating rates are selected to prevent thermal gradient at
high sintering temperatures which otherwise lead to compact distortion and
inhomogeneous microstructure. Consequently, to reduce steep thermal gradient by a
slower heating rates, which increases the process time, it contributes to
microstructural coarsening [37]. Despite restricting microstructural coarsening,
microwave processing reduces typical sintering times by a factor of 10 or more in

many cases [38].

Microwave sintering technique can effectively promote the forward diffusion of ions
and thus accelerate the sintering process, resulting in the grain growth and the
densification of matrix [32]. Because it is a non-contact technique and the heat is
transferred to the product via electromagnetic waves, large amount of heat can be
transferred to material’s interior minimizing the effects of differential sintering [39].

In many cases, the microwave sintering has shown to produce samples with more
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uniform grain size distribution, much finer average grain size and higher density;
result in enhanced mechanical properties with respect to conventional treated ones
[40].

2.4.3 Interactions between Microwaves and Materials

When an electric field interacts with a material, various responses may take place.
Based on the microwave matter interaction, most materials can be divided into three
categories as shown in Figure 2.7: (a) transparent, which are low dielectric loss
materials where microwaves pass through without any losses: (b) opaque (bulk
metals), where microwaves are reflected and cannot penetrate; and (c) absorbing,
which are high-loss materials where microwaves are absorbed depending on the value
of the dielectric loss factor. However, metals in powder form are very good absorbers
of microwaves and get heated very effectively. Further, bulk metals, if pre-heated to
moderate temperatures (~500°c), also become good microwave absorbers. Most other
materials are either transparent or absorb microwaves to varying degrees at ambient
temperature depending upon their inherent electrical and magnetic properties. The
degree of microwave absorption and consequent heating profile changes dramatically
with the rise in temperature. Microwave heating is material dependent; therefore only
those materials that couple in the microwave field will get heated and the rate of
heating will depend upon their degree of absorption, which is a function of various
factors including the dielectric loss (insulators), magnetic properties (metals), grain
size, porosity, frequency, electrical conductivity, etc [41]. There can be also a fourth
type of interaction which is observed in composite or multi-phase materials where one

of the phases is a high-loss material while the other is a low-loss material [32].
2.4.4 Application of Microwave Sintering in Engineering Materials

Microwave energy has been in use for variety of applications for over 50 years. These
applications include communication, food processing, wood drying, rubber
vulcanization, medical therapy, polymers, etc. Microwave processing of materials was
mostly limited until 2000 to ceramics, semiconductors, inorganic and polymeric
materials. However, now it has been shown that the microwave energy can be used to
sinter virtually all powdered metals as efficiently and effectively as in the ceramic
systems. This has opened up an entirely new research area to investigate the

advantages of microwaves for metallic materials to meet the challenging and growing
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needs in many metallurgical applications. The following demonstrates microwave
sintering advantages against conventional sintering for some important engineering

materials.

ﬁ Output microwave

Fig. 2.7: Three kinds of materials according to the interaction with microwaves:
(a) transparent, (b) opaque (conductor) and (c) absorber [32].

The following demonstrates microwave sintering advantages against conventional
sintering for some important engineering materials.

a) Ceramics

Many traditional and advanced ceramics have been processed by microwave with
reported enhancements in reaction, and diffusion kinetics exhibiting better properties

than the conventionally processed material.
1) Alumina (Al,O3)

Alumina is the most common ceramic and because of its highly refractory nature it is
difficult to sinter it to full densification unless suitable sintering aids or some special
processing techniques are adopted. Cheng at al. successfully sintered transparent
alumina samples by microwaves [42]. In the conventional sintering processes,
extremely high sintering temperatures (up to 1900 °C) and long soaking times (several
hours) under high vacuum or pure hydrogen atmosphere are applied in the fabrication
of transparent alumina products to achieve the highest density and minimum porosity.
Figure 2.8 shows the microstructure of the sample microwave sintered at 1750 -C
with dwelling time of 45min. As can be seen from figure, the sample exhibits very

neat grain boundary structure and uniform grain growth with no porosity. Microwave-
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sintered samples with dwelling time of 15-45 min had the same density of 3.97 g/cm®

(~100% of theoretical density).

—
s

-~

N

-

3 \

—

\/

/\ 2
e

|§> .Y
u-\\ |

[ 20 pm

) '

Fig. 2.8: Microstructures of the Al,O3; sample microwave sintered at 1750° C for 45
minutes [42].

2) Zirconia

Zirconia being a refractory oxide ceramic often requires high sintering temperatures
and soaking time to obtain high degree of densification. In microwave fine grained
zirconia ceramics were sintered at 1360 °C/2 min in a multimode, 2.45 GHz system.
The sintered density was ~97.8% and average grain size was 0.25 mm. Binner et al.
[43] reported the fabrication of transparent zirconia ceramics using nanopowder and
microwave hybrid heating at 1600C. Figure 2.9 displays the SEM photograph of a
typical transparent zirconia sample prepared by microwave hybrid heating. The use of
microwave hybrid heating had resulted in a much finer average grain size at all

densities.

200 nm -
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.

Fig. 2.9: Microstructure of nano yttria stabilized zirconia sintered using hybrid microwave
sintering [43].
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3) ZnO based ceramic varistor

Zinc oxide varistors are electronic ceramic devices possessing highly non-linear
current voltage characteristics, which enable them to be used as voltage surge
suppressors. Various types of zinc oxide varistors under different processing
conditions were sintered using microwave heating [44]. Microwave sintering of ZnO
varistor samples indicates significant reduction in the cycle time and substantial
improvements in the electrical properties. They exhibited better densities, finer grain
size, and more uniform microstructure relative to conventional process (Figure 2.10).
Electrical characterizations of the microwave sintered samples showed higher volts

and better clamping properties as compared to the conventional sintering.

Fig. 2.10: Microstructures of a) conventional and b) microwave sintered ZnO based
varistor samples [44].

b) Metals

Now it has been found that the microwave sintering can also be applied as efficiently
and effectively to powdered metals as to many ceramics, many commercial powder-
metal components of various alloy compositions including iron and steel, copper,
aluminum, nickel, Mo, Co, Ti, W, Sn, etc., and their alloys have been sintered in

microwaves producing better properties than their conventional counterparts.
1) Austenitic (316L) and ferritic (434L) stainless steel

Panda et al. compared the effect of heating mode on the sintering time, densification,
microstructure, strength and hardness of 316L (austenitic) and 434L (ferritic) stainless
steel [37]. About a 90% reduction in the process time was shown for the sintering of
stainless compacts in a microwave furnace. For both types of stainless steel,
microwave sintering restricts microstructural coarsening. For both stainless steels,

microwave sintering results in a smaller and narrower pore size distribution.
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2) Tungsten Powder

Conventional sintering of the highest melting point metal, tungsten powder, requires
high sintering temperatures (T > 2773 K) and relatively long soaking times to achieve
densities above 90% of theoretical density. Microwave sintering of as-received
tungsten powder of 99.95% purity and average particle size of 5-7 um and activated
tungsten powder by reducing its particle size in a high-energy planetary mill with
milling time of 5 hour and plate and bowl speed of 240 and 670rpm is carried out in a
3 kW, 2.45GHz microwave furnace. Both the powder compacts are sintered under
identical conditions. Maximum sintering temperature was 2073 K. While the as-
received powder got densified to 85% of theoretical density (TD), the density of the
compact made from activated powder is calculated to be 93% of TD. Vickers
Hardness measurements showed higher hardness of 303 VHN for activated tungsten
against 265 VHN for as-received tungsten. The maximum power consumption for the
whole process was 20kW and the processing time was well within 6—7 hour [45].

3) Copper Powder

Mondal et al. [46] describes how the thermal profile of electrically conductive powder
metal like copper changes with particle size and also with porosity content when the
material is exposed to 2.45 GHz microwave radiation in a multimode microwave
furnace. Pure copper powders with varying mean sizes (6 to 383 um) and having a
range of initial porosity (24 to 44%) effectively coupled with microwaves and heated
to high temperatures. The smaller the powder size, the higher the heating rate. At the
same power level, compacts having higher porosity heat at faster rates.
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Chapter 3 Experimental Procedure

This chapter deals with the details of the experimental procedures carried out in this
investigation. To ensure the validity of the reported measurements, all
equipments were calibrated for precision and accuracy. The measurements were

performed according to standardized protocols to ensure repeatability.

3.1 Powders

For the present study, Copper-Chromium alloy of composition Cu-75% and Cr-25%
(by weight) was selected. Powders used in the experiments were electrolyzed Cu and
electrolyzed Cr. The as-received powders were characterized for their size, size
distribution and morphology. Table 3.1 summarizes the characteristics of the

elemental Cu & Cr powders used for this study.

Table 3.1: Powder characteristics of as-received condition.

Powder
Cu Cr
Supplier Pometon, Italy JMC, Japan
Fabrication Method Electrolytic Electrolytic
Purity 99.65 % 99.0%
Size -325 mesh -325 mesh
Theoretical Density, g/cc 8.9 7.1
Melting Point °C 1083 1907

3.2 Mechanical Milling of Chromium Powder

In the present investigation, mechanical milling of chromium was carried out to
reduce the powder particle size. Elemental chromium powder was milled for 9 and 18
hours in an in-house built planetary ball mill (Figure 3.1), using hardened steel vial.
Balls used were made of tungsten carbide (WC) with 10 mm diameter. The ball to
powder weight ratio and milling speed were 10:1 and 120 rpm, respectively. Toluene
was used as the process control agent. The milling was carried out under protective
atmosphere of purified argon (99.995 %) to prevent oxidation. The characterization
techniques used for the present investigation have been described in the following

section.
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Fig. 3.1: Planetary Ball Mill used for Mechanical Milling

3.3 Characterization of Milled Powder
3.3.1 Particle Size and Shape

The measurement of particle size was carried out using a laser-scattering size
analyzer (model: Mastersizer 2000, supplier: Malvern, UK). The technique is based
around the principle that particles passing through a laser beam will scatter light at an
angle that is directly related to their size. As the particle size decreases, the observed
scattering angle increases logarithmically. The observed scattering intensity is also
dependent on particle sizes and diminishes, to a good approximation, in relation to the
particle’s cross-sectional area. Large particles therefore scatter light at narrow angles
with high intensity, whereas small particles scatter at wider angles but with low
intensity. A low-angle Fraunhofer light scattering using monochromatic (laser) light
was used in the present case. The technique requires dispersed particles, thus, a
suspension was made adding about 3 g of powder in a 10 wt. % solution of sodium
pyrophosphate. The particles are passed through the laser beam in a circulating water

stream.
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A scanning electron microscope (model: Quanta 200, supplier: FEI, USA) was used
for the morphology, particle size and microstructural characterization of different
hours milled powder. Micrographs are taken at suitable accelerating voltages for the

best possible resolution using the Large Field Detector (LFD) imaging mode.

3.3.2 BET Surface Area

Surface area of as-received and milled Cr powder were calculated using a Smart Sorb
92/93 surface area analyzer (Figure 3.2). The instrument Smart Sorb 92/93, a surface
area analyser, is based on the theory first proposed by Brunaur, Emmet and Teller
known as BET theory. The instrument measures the surface area of solid particle
samples over a wide range by non destructive method. The basic principle of
instrument is that a gas mixture of 70% He & 30% N, is passed over the sample
where N in this mixture gets adsorbed over the surface of sample when it is dipped in
liquid nitrogen. This adsorbed N is allowed to desorb by bringing the sample to room

temperature which is proportional to the surface area.
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Fig. 3.2: Smart Sorb 92/93 surface area analyzer
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3.3.3 Apparent Density

The apparent density of the powder gives a measure of the degree of packing of the
powder in loose form. It is generally expressed as a fraction of the theoretical density.
Apparent density measurements of the powders were carried out using an Hall flow
meter according to the MPIF specification 4. The technique involves filling the
powder in a brass bushing (inner diameter: 2.5 mm). The bushing is slid across a
steelblock having a cylindrical cavity with 25 cm® volume. The weight of the powder
in the cavity divided by the cavity volume gives the apparent density. Apparent
density provides an estimate of the total volume occupied by a loose (non-vibrated)

powder mass.

3.3.4 XRD analysis

The phase evolution at different stages of mechanical milling were studied by XRD
analysis using the Cr Ka (A= 2.2896) in a Philips X-pert MPD X-ray diffractometer.
XRay diffraction patterns were recorded from 20° to 120° with an accelerating
voltage of 40 kV. Data were collected with a counting rate of 2°/min. The average
crystallite size of as-received and milled Cr powder was determined from the
broadening of Cr reflection. For the overlapping peaks, the full-width at half intensity
maximum and the true Bragg angle (26) were determined by an appropriate

deconvolution exercise.

3.4 Powder Mixing

Elemental powders were weighed to 0.001 g accuracy using an electronic balance
(model: AE 200, supplier: Mettler, Switzerland). The balance was calibrated using a
series of standard weights. The alloy composition as mentioned before of copper
comprising 75% by weight and Chromium of 25% by weight were prepared by
mixing the required proportions of each powder in a V-cone blender for 15 min.
Mixing ensures complete homogeneity in the powder mixture. To prevent
segregation, due care was taken to make sure that the mixed powders were not shaken
after mixing. Three blended mixtures were prepared comprising Copper and Cr
powder as received, Copper and 9 hours milled Cr Powder and Copper and 18 hours

milled.
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3.5 Compaction

Three blended mixtures were compacted using a uniaxial semi-automatic hydraulic
press (model UTM 60, supplier FIE, India) in to a cylindriczal pellet (29.5 mm
diameter and 8 mm average height). Samples were compacted under variable loads
(25 MPa to 300 MPa) to achieve three different values of green density which were
57%, 67% and 78% of theoretical density, respectively in order to attain similar level
of densification for both milled and as-received powder mixtures. To facilitate
compaction and subsequent removal of the compacted samples, zinc-stearate powder
was applied as die-wall lubricant.

Fig. 3.3: UTM 60 uniaxial semi-automatic hydraulic press

3.6 Design Modification of Microwave Furnace

The objective of design modification was to achieve ultra high vacuum (UHV) up to
10 mbar in the chamber, and thus to do sintering in non-oxidizing conditions. So the
designs of parts were carried out using traditional methodology which was assisted by
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modern analytical tools. An inexpensive modification brought the unit to use it in for

what we aimed for.

The design of existing microwave furnace was initially based on its application at
atmospheric pressure only. The inner chamber of furnace is made of 30x30x30 cm?®
stainless steel. The heaters, which are an assembly of rectangular-shaped waveguides
and magnetrons (Figure 3.4), are clamped outside to it against two rectangular
hollow-sections or windows on both sides of the furnace from where the
electromagnetic waves enter into the chamber. Also, on top there’s a circular hollow

section on which IR pyrometer is suppose to be mounted for precision temperature

measurement. A gas inlet is provided for application involving the use of an inert gas.

Fig. 3.5: Rectangular hollow sections on side (left) and circular hollow section on top
(right) of microwave furnace
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3.6.1 Design of Side Windows

For sealing rectangular windows present on the both sides of furnace chamber, design
of two plates, namely seat plate and backing plate, were prepared using Solidworks
2007 (Figure 3.6). Both, seat plate and backing plate have two rectangular hollow
section of exactly same size as that of windows on the furnace wall. The aim of
having rectangular section on both the plates was to enable entrance of microwave
energy into the chamber without any interference. Material chosen for both the plates
was stainless steel. The seat plate has two O-ring grooves surrounding the hollow
sections of it. Silicone rubber was chosen as O-ring material because of its
exceptional heat and compression set resistance. Actual sealing was suppose to be
done by an infrared grade fused-quartz glass plate, placed inside the seat-plate onto
the O-rings and pressure is applied by backing plate which is joined to seat-plate by
suitable screws. The selection of quartz plate was based on the fact that ait has low
coefficient of thermal expansion, good strength and allows good transmission of
microwaves with negligible reflection loss. The whole assembly (Figure 3.7) was
welded on to the wall against the hollow section of the chamber such that backing

plate, quartz glass and O-rings can removed whenever required.

Fig. 3.6: SolidWorks part drawings for Seat Plate (left) and Backing Plate (right).
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Fig. 3.7: Solidworks assembly drawings, isometric view (left) and sectioned side view
(right), of Seat Plate and Backing Plate for side window.

3.6.2 Design of Top Window

For sealing top circular window, design of a disc and shaft were prepared using
Solidworks 2007. The disc has a circular hollow section (Figure 3.8) matching with
the hole on the top of furnace chamber such that application of infrared pyrometer
could be possible and O-ring groove is provided around it. Also, disc has a seat on
which glass is suppose to be sit which will provide compression to O-ring and thus
sealing. Silicone rubber was chosen as o-ring material in this case also. Calcium
Fluoride crystal was chosen as glass material because it has best transmission value
(around 93%) for infrared waves such that accurate temperature measurements can be
taken. The disc was made up of stainless steel and was welded to furnace top whose
hollow section come about with that of furnace.

The shaft was so designed such that pyrometer could be mounted on to it vertically.
The shaft has internal threads matching with external threads of pyrometer. The
bottom end of the stainless steel shaft has flange of same size as that of disc and they
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can fastened with screws such that glass and O-ring can be easily removed whenever

required.

Fig. 3.8: Solidworks part drawing of disc (left) and shaft (right) for top window of
microwave furnace.

Fig. 3.9: Side Window assembly (left) and Top Window assembly (right) after
modification of microwave furnace.
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3.7 Sintering Procedure

The compacts were sintered by two consolidation techniques, microwave sintering
and conventional sintering. The sintering of all compacts was carried out at 1050 'C
for three soaking periods, i.e. 30 minutes, 60 minutes and 3 hours, under a flowing
argon atmosphere. Table 3.2 shows variables chosen for the present study.

3.7.1 Microwave Sintering

Microwave sintering of green compacts was carried out using singlemode cavity 2.45
GHz, 1kW customized-built microwave furnace (Manufacturer: VB Ceramics,
Chennai). It is equipped with high vacuum capability, as well as complete control for

gas atmospheres.

A multi-layered insulation package was used to provide sufficient insulation to obtain
high and uniform temperatures throughout the sample. The casket which was made by
arrangement of zirca blocks from all sides, leaving a rectangular-shaped cavity, was

covered by an outer layer of thick ceramic fiber wool.

Table 3.2: Summary of the experimental variables chosen for the present study.
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Inside the cavity, samples were placed over a thin plate of Cumilag 26 insulation brick
and were surrounded by SiC plates used as susceptors from all four sides. The
susceptors usually couple very well with the microwaves and are used for initially

raising the temperature of the compact (Figure 3.11).

The sintering temperature selected for solid-phase sintering (SPS) was 1050 C at a
heating rate of 50 ‘C/min in an inert atmosphere of flowing argon gas. Three soaking
times i.e. 30 min, 60 min and 180 min were provided at 1050 ‘C. The temperature of
the sample was monitored using an infrared pyrometer (Model: Raytek XRG5SF;
manufacturer: Raytek Co., Santa Cruz, CA, USA). The pyrometer is emissivity based
and usually emissivity varies with temperature. Temperature measurements for all
compacts were done by using emissivity value of 0.95. This value was chosen based
on sample color and composition. To verify the accuracy of selected value of
emissivity changing with temperature, measurements were done for the same
composition in a conventional furnace equipped with thermocouple simultaneously

using infrared pyrometer.

Fig 3.10: Microwave furnace used for sintering Cu-Cr alloy
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Problem of Arcing

During trial runs, arcing was observed inside the chamber immediately when the
furnace was turned on. It was found that inside the chamber there was presence of
sharp corners and edges especially at areas where microwave energy coming from
waveguides enters inside the chamber. So, the rough surfaces and corners were

grounded and smoothen well using suitable files.

Again after switching the furnace on, instead of occurring inside the chamber, arc was
observed between two metal plates of side-window on both sides of the chamber. To
restrain arc there, a solventless epoxy resin called Bisphenol A diglycidyl ether
(BADGE) mixed with diethyle triamine (DETA) used as hardner in a ratio of 8.5:1
was applied on the meeting surface of metal plates. Fortunately afterwards, there was
no sign of arc between metal plates. The compound we used has good dielectric

strength, act as a capacitor, which prevented arcing between the plates.

—

Fig 3.11: Loading of green compact in a insulation package used for microwave
furnace

But while on running experiment with no susceptors used, arcing was observed inside
the cavity of casket around the samples and consequently furnace was turned off. This
may have occurred because extremely high field must have existed in the cavity of the
casket. So when the fours susceptors were placed inside the cavity around the sample,
the arcing didn’t occur because it absorbs majority of incident power and convert it to
heat. SiC susceptor plates used, being high lossy material, have thickness equal to 1.1
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cm which is more than the penetration depth which is equal to 0.8 cm at 2.45 GHz
which eventually reduces the field strength inside the chamber. As a result, arcing got

eliminated and from that point onwards experimentation got started.

3.7.2 Conventional Sintering

The conventional sintering of green compacts was carried out in a high temperature
graphite furnace (Manufacturer: Therelek Engineers, Bangalore) at a constant heating
rate of 10 ‘C/min. Final temperature and soaking times for conventional sintering are
same as that of microwave sintering. Samples were loaded in a graphite crucible
(Figure 3.12) and heating was also done in an inert atmosphere of flowing argon.

Fig. 3.12: Conventional high temperature graphite furnace
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Fig. 3.13: Loading of green compacts in graphite crucible used for conventional
furnace.

3.8 Characterization and Testing of Sintered Specimens

3.8.1 Microstructural Investigation

The sintered samples were mounted with the help of epoxy and wet polished in a
manual polisher (model: Lunn Major, supplier: Struers, Denmark) using a series of
SiC papers, followed cloth polishing using a suspension of 1 um, 0.3 um, and 0.05 pm
alumina. An optical microscope with digital image acquisition capability (model:
Olympus BX series) was used to obtain the micrographs of sintered samples. The

photographs of representative regions were taken at appropriate magnifications.

A scanning electron microscope (model: Quanta 200, supplier: FEI, USA) was used
for the morphology, particle size and microstructural characterization of different
sintered specimens. Micrographs are taken at suitable accelerating voltages for the

best possible resolution using the secondary electron imaging.
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3.8.2 Sintered Density

Densities of the sintered cylindrical pellets were calculated from the mass and
physical dimension measurements on the sample. The density was also reconfirmed

by Archimedes water displacement method.

3.8.3 Microhardness

Microhardness tester (model: LM 300 AT, supplier: Leco, USA) was used to
determine Vickers hardness values of all the sintered specimens using 0.5 kg load for

a dwell time of 10 s. Five readings were taken for each specimen.

Fig. 3.14: Leco LM 300 AT hardness tester
3.8.4 Electrical Conductivity

The electrical conductivity of all the sintered samples was investigated by 4-probe
method in SIGMATEST D 2.068, FOERSTER instrument. The conductivity was as
per the International Annealed Copper Standard (IACS) (100%).
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Chapter 4 Results and Discussion

4.1 Characterization of Milled Powder
4.1.1 Particle Size and Surface Area Analysis

The particle size and size distribution analysis of milled and as-received
powders are summarized in Table 4.1. It is clear from the table 4.1 that as-received
powder is distributed over wide range than both 9 hour-milled and 18 hour-milled
powder. Also, there is not much difference in size distribution of 9 hour-milled and 18
hour-milled powder. Due to mechanical milling of powder, the Sauter Mean Diameter
(SMD) has considerably reduced to 87 % by 9 hours of milling and 86 % by 18 hours
of milling. The reduction in particle size has been observed maximum in 9 hours
milled powder. Particle size for 18 hours milled powder is almost same as that of 9
hours. It seems at this stage the rate of fracturing might be equal to rate of welding
where no change in particle size takes place. Fig. 4.1 shows the particle size
distribution curve for as-received, 9 hour-milled and 18 hour-milled chromium
powder. As seen from the figures there is lot of difference in the distribution curve for
as-received and milled powder where curve for 9 hours-milled and 18-hours milled is

similar.

Table 4.1: Size and surface area of as-received and milled chromium powders

Property As-received | 9 hr milled | 18 hr milled

D1g 9.58 1.10 1.23

Particle size (um) Dsg 26.44 3.85 4.09
Dgg 51.25 8.67 8.91

SMD (3,2) (um) 17.81 2.17 2.4

BET Surface Area (m“/g) 0.62 1.32 0.96

Specific Surface Area (m*/m°) 336.71 2757.23 2498.45

Apparent Density (g/cm®) 2.48 1.92 2.08

Also, referring to Table 4.1, adsorption surface area of 9 hour-milled powder has
maximum value in comparison to as-received and 18 hour-milled chromium powder.
The adsorption surface area of 9 hour-milled powder is almost half of that of powder
in as-received condition. The reason for increase in value of surface area could be that
powder has irregular shaped with high degree of roughness or it could be that powder

has finer particle size. The as-received powder has flaky-shaped structure and a
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coarser particle size and wider particle size distribution which make it having low

surface area. The milled powder should have round morphology with finer particle
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Fig. 4.1: Particle size distribution curve for as-received, 9 hour-milled and 18
hour-milled chromium powder, respectively.
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size and narrow particle size distribution in comparison to as-received powder which
might accounts for its high surface area.

The value of apparent density is least in case of 9 hour-milled powder. Particle size
and shape, surface area and its distribution are characteristics which have direct
bearing on apparent density. As the surface area has increased for milled powder it
indicates the increase in particle-particle friction, known as internal friction, and
friction between particle and wall of container, known as external friction. But due to
milling particles have become fine which should have opposite effect. Also, particle
size distribution of 9 hour-milled powder is narrow as compared to as-received
powder which concludes that 9-hours milled will not have good arrangement and thus
less apparent density.

To understand the effect of mechanical milling, structural characterization of the

mechanically milled powder samples were carried out by SEM and XRD.

4.1.2 SEM Analysis

The micrographs of powder samples were taken using (FEI Quanta 200) scanning
electron microscope in a Large Field Detector (LFD) mode. SEM micrographs in Fig.
4.2(a-c) show refinement of ball milled chromium powder. As- received powder has
irregular and fluffy type of structure which when undergoes mechanical milling the
morphology of powder has been changed to round. Spherical particles of milled
powder also appear to be smooth. It is clearly distinguishable from SEM micrographs
that particle size of 9 hour-milled powder is somewhat less than that of 18 hour milled
powder. However, there is no difference in morphology between 9 hour-milled and 18
hour-milled powder. But in case of 18 hour-milled powder, the sub-micron sized
particles seemed to be agglomerated more as compared to 9 hour-milled.

To know the contamination level in powder samples EDS analysis was carried out.
EDS analysis revealed that with the increase in milling time contamination of iron in
powder is increasing. EDS analysis curve for as-received, 9 hours-milled and 18
hours-milled are shown in the Figure 4.3 and 4.5, respectively. Presence of iron
contaminants was probably due to impact of grinding medium on inner wall of
hardened steel container used for our study. EDS analysis results are summarized in
Table 4.2.
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Fig. 4.2: SEM micrographs of (a) as-received, (b) 9 hour-milled and (c) 18 hour-
milled chromium powder.
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Fig. 4.3: EDS analysis of as-received chromium powder
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Fig. 4.5: EDS analysis of 18 hour milled chromium powder
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Table 4.2: Results of EDS Analysis

Powder Element- Wt %
CrK FeK
As-received 100 0.0
9 Hour Milled 99.44 0.56
18 Hour Milled 98.67 1.33

4.1.3 XRD Analysis

Figure 4.6 shows XRD patterns of as-received and milled powder sample milled in
WC grinding media. From the phase analysis it has been found that peak intensity
much reduced from initial, without milled powder and peak broadening occur. A few
small peaks corresponding to Fe, C and Fe3C phases were detectable from the 18
hour-milled. The carbon contamination was occurred possibly due to from toluene,
which was used as a process control agent during milling. In case of 9 hour-milled
powder, a few small peaks corresponds to Fe are visible along with the peaks of C.

The peaks corresponding to Fe are due to the contamination from milling container.
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Fig. 4.6: XRD Analysis peaks for as-received, 9 hour milled and 18 hour milled
chromium powder.
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From XRD analysis, Cr peaks are visible from initial stage to 18 hours of milling. The
broadening of peak and decrease in peak intensity are maximum for 18 hour-milled
powder.

The crystallite size of powders was calculated from the half-height width of the
diffraction peak of XRD pattern using the Debye-Scherrer equation. Analysis of the
XRD data revealed that average crystallite size decreases from 34 nm of as-received
powder to 23 nm of the milled powder where no change in crystallite size took place
from 9 hours to 18 hours of milling.

4.2 Characterization of Sintered Samples

4.2.1 Heating Response

Fig. 4.7 shows the typical temperature-time profile of both microwave and
conventional sintering at 1050° C for 30 min as peak-soaking period. It is evident from
the figure that Cu-Cr alloy couple with microwaves and undergo rapid heating. In
case of conventional furnace, in order to ensure uniform heating, the compacts heating
rate was restricted to 10° C/ min and isothermal hold were provided at 650° C for 5
min in both the cases. In contrast, the overall heating rate in microwave furnace was
up to 50° C/ min, much higher than that of conventional sintering. Getting rid of
cooling periods in both sintering, there is about 75 % reduction in process time during
microwave sintering.

4.2.2 Microstructural Investigation of Sintered Samples

The microstructural features of conventional and microwave sintered specimens were
characterized by Optical Microscope and SEM. Figures 4.8 and 4.9 show the
microstructures of solid phase sintered Cu-Cr alloys where compacted at different
pressure; consolidated by conventional as well as microwave technique at 1050° C for
180 minutes soaking period. Figure 4.8 represents microstructures of compacts with
as-received chromium powder whereas figure 4.9 represents microstructures of
compacts with 9 hour-milled chromium powder. It is evident from both figures that
there is a lot of difference in microstructures obtained from conventional and

microwave conditions.
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FigT.?:Representative heating prof-iles of Cu-Cr compacts during both microwave
and conventional sintering.

One significant difference between microwave and conventionally sintered samples is
that in the former there is hardly any Cr grain growth, which is observed in the
conventionally sintered Cu-Cr samples. Clearly, microwave sintering results in
significantly lower Cr grain coarsening. Also, the distribution of chromium is finer in
the microwave-sintered sample suggesting better mechanical properties. The most
striking difference observed is that microwave sintering produces well rounded and
finer chromium particles well separated from each other as opposed to the sharp,
irregular and wedge shaped chromium particles for the conventionally-sintered
samples. As particle shape becomes irregular, the number of contacts between
particles increases which in turn decreases separation between the particles. However,
the total porosity levels in both the cases appear to be more or less equivalent.

As seen from the figures, a lot of difference in microstructures is observed between
compacts made out of as-received chromium powder and those of milled chromium
powder consolidated by both conventional and microwave technique. Cr phase is
more rounded and finer in case of microwave consolidated compacts with milled
chromium powder as compared with the non-separated irregular shaped Cr particles

observed for conventionally sintered sample with milled chromium powder.
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Fig. 4.8: Microstructure of Cu-25Cr alloy with as-received Cr compacted at (a) 57%

(b) 67% and (c) 78% green density value and sintered by Conventional (left)
and microwave (right) technique for 180 minutes.

48



(b)

Fig. 4.9: Microstructure of Cu-25Cr alloy with 9-hour milled Cr compacted at
(@) 57% (b) 67% and (c) 78% green density value and sintered by
conventional (left) and microwave (right) technique for 180 minutes.
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SEM analysis of sintered samples

The microstructures of polished sintered samples were taken using (FEI Quanta 200)
scanning electron microscope in black scattered image mode. Figure 4.10 (a-d)
compare the microstructures of Cu-75Cr alloy sintered at 1050° C for 180 minutes by
conventional and microwave techniques. Clearly, microwave sintered samples
showed more roundness of Cr particles and significantly lower grain coarsening than
that of conventionally sintered specimens. Better grain distribution and uniform grain
size with less porosity in microwave sintered specimen is expected to provide better

combination of mechanical property like hardness and electrical conductivity.

Fig. 4.10: SEM micrographs of conventionally sintered ((a),(b)) and microwave
sintered ((c),(d)) with as-re(.:ceived (left) and 9-hour milled powder (right)
chromium powder at 1050 C for 180 minutes.
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It is evident from the figure 4.10 ((b) and (d)) with combined effect of mechanical
milling and microwave grains have become more uniform and rounded morphology
as compared to conventional sintered specimen with milled powder having irregular
morphology. It is clear from the figure that connectivity and contiguity of Cr particles
is lowest for microwave sintered specimen with milled Cr particle than its
conventional counterpart where the segregation of chromium in copper phase appears

to be more.

4.2.3 Evaluation of Density

Density values determined using Archimedes principle are tabulated in Table 4.3. The
maximum densification in conventionally sintered compacts is around 85% of
theoretical density whereas sintered compacts by microwave technique shows
significantly higher densification, about 92% of theoretical density. It is clear from the
table that, compacts with higher green density resulted in higher percentage
densification. The overall enhancement in sintered density by microwave technique is

about 6.3% more than conventionally sintered compacts.

Table 4.3: Relative sintered densities of Cu-Cr compacts with green density values as
57%, 67% and 78% of TD, conventionally and microwave sintered at
1050 C and each soaked for 30 minutes, 60 minutes and 180 minutes.

Green Density Value =57 % of TD

Peak Soaking Conventional Microwave
Time (mins) A§- 9_Hr 18_ Hr A§- 9_Hr 18_Hr
received | Milled Milled received | Milled Milled
30 66.1 67.8 66.0 72.5 63.9 81.0
60 67.4 68.8 68.0 83.5 77.3 67.8
180 66.9 69.2 68.4 70.8 67.5 73.4
Green Density Value = 67 % of TD
Peak Soaking Conventional Microwave
Time (mins) A_s- 9_Hr 18_ Hr A;- 9_Hr 18_ Hr
received Milled Milled received Milled Milled
30 75.8 76.7 76.3 84.9 82.6 79.6
60 79.2 76.9 75.7 86.7 84.3 82.9
180 77.7 75.3 76.0 80.6 82.2 81.4
Green Density Value =78 % of TD
Peak Soaking Conventional Microwave
Time (mins) As- 9 Hr 18 Hr As- 9 Hr 18 Hr
received | Milled Milled received | Milled Milled
30 84.2 84.8 82.9 84.7 85.3 90.9
60 85.3 85.4 84.2 89.4 92.1 90.8
180 84.6 85.5 85.1 87.7 85.0 89.7
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In some cases, only for microwave sintered compacts with lowest relative green
density compacts, Cu melt exudation took place. Cu exudation is an undesirable
problem and badly deteriorates the composition retention and microstructural
homogeneity [47,48]. With the exception such few cases, microwave sintering results
in better densification. Since factors that contribute to enhanced diffusivity are known

to enhance densification during sintering, it can be inferred that the atomic transport is

higher in case of microwave sintering [49].
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Fig. 4.11: Variation of relative sintered density with green density for compacts
soaked at 1050° C for 30 mins in conventional and microwave furnace.
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Fig. 4.13: Variation of reloative sintered density with green density for compacts
soaked at 1050 C for 180 mins in conventional and microwave furnace.

It is clearly evident from the figure 4.11 to 4.13 all compacts show improvement in
sintered density with increasing relative green density. When the powder is
compacted to higher pressure, the number of contacts it makes with neighboring
particles is more. This increases the interfacial area between the particles, which
hastens diffusion kinetics.

Longer soaking time is beneficial to the densification because the solid-phase
sintering of the skeleton is a diffusion-controlled process [50]. Therefore, the sintered
density of Cu-25Cr should increase with soaking time. However, from figure 4.14 to

4.16 we note that higher soaking time didn’t result in the expected increase.

—&— 0 Hr Milled
100 4 100 - ® 9 Hr Milled
93% 98 —4&— 18 Hr Milled
_ 9% 96
:_? g.:_j‘ 94
2 g2 92 ]
& 904 90
= 84 88
2 86 86 ]
® g4d 84 J -
S 1 - ) 2
g 824 &2
£ s o] 4
2 784 78 4 h "
= 764 76 3 3
= =244 4
Z 7...11 74 4 N 2 L ok
g 724 23 " g R
o 703 70 ] \ B SRR L
3 ad e ’! 69 A .
3 665 w7 66 -
£ 64 6] @
@ 62 Conventional 62 Microwave
60 - . v - . - - - — 60 - v T - - - - v
T T T T T T T T T 1 T T T T T T T T T 1
20 40 80 80 100 120 140 16C 180 200 20 40 ®80 80 100 120 140 160 180 200
Peak Soaking Time (Minutes)

Fig. 4.14: Variation of relative sintered density with soaking time for compacts with
green density 57 % of TD sintered in conventional and microwave furnace.
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Fig. 4.15: Variation of relative sintered density with soaking time for compacts with
green density % of TD sintered in conventional and microwave furnace.
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Fig. 4.16: Variation of relative sintered density with soaking time for compacts with
green density 78 % of TD sintered in conventional and microwave furnace.

It is important to note from the above figures that the density values of compacts

made from both as-received and milled powder for conventionally-sintered parts are

very close to each other. Whereas the variation density values for microwave sintered

compacts made from as-received and milled chromium powder is more. Probably

there is some difference in the solid phase sintering stage between two heating mode.
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4.2.3 Hardness of Sintered Specimens

Hardness values of sintered pellets were measured using a Leco LM 300
Microindentation hardness tester and it is shown in Table 4.4. The reported hardness
values are an average of five readings. It is remarkable to note that the hardness achieved
by microwave sintering is far superior to those of conventional sintering. Higher hardness
values in the range of 41-98 Hv were obtained for specimens of all conditions sintered by
microwave sintering method as compared to range of 22-74 Hv were observed in
conventionally sintered specimen. It is worth noting that for all conditions, microwave
sintering results in up to 37 % improvement in hardness. This can be attributed to the
higher densification and a more refined microstructure in case of microwave sintered
specimen.

Table 4.4: Microhardness values (HV 0.5) of compacts with green density values as
57%,067% and 78% of TD, conventionally and microwave sintered at
1050 C and each soaked for 30 minutes, 60 minutes and 180 minutes.

Green Density Value =57 % of TD

Peak Soaking Conventional Microwave
Time (mins) As- 9 Hr 18 Hr As- 9 Hr 18 Hr
received | milled Milled received | milled Milled
30 27 26 30 54 42 43
60 22 28 29 57 56 47
180 22 31 29 59 44 41
Green Density Value = 67 % of TD
Peak Soaking Conventional Microwave
Time (mins) ASs dHr | 18 Hr As- 9Hr | 18Hr
received | milled Milled received | milled Milled
30 29 35 33 67 63 54
60 36 46 43 66 61 67
180 40 41 53 75 65 65
Green Density Value =78 % of TD
Peak Soaking Conventional Microwave
Time (mins) A_s- 9_Hr 18_ Hr A_s- 9_Hr 18_ Hr
received milled Milled received milled Milled
30 53 55 65 75 98 86
60 51 66 69 68 85 93
180 55 63 74 76 87 97

As seen from Table 4.3 microwave sintered samples contains comparatively less pores
and voids and also less grain growth occurred than conventional specimen. The
elimination of pores by coarsening of grains is the main mechanism of sintering by
conventional sintering technique whereas in microwave sintering densification of

compacts occurs by different mechanism. It is known that microwave interact readily with
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high dielectric constant [51]. Thus this leads to elimination of pores without

coarsening of the grains.
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Fig. 4.17: Variation of hardness with green density for compacts soaked at 1050 C for
30 mins in conventional and microwave furnace.
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Fig. 4.18: Variation of hardness with green density for compacts soaked at 1050 C for
60 mins in conventional and microwave furnace.

Therefore it can be concluded that increase in hardness is a function of presence of Cr and

density of sintered specimen. It is clearly evident from the figures 4.17 to 4.19 that

hardness increases with the increase in the green density because at higher compaction

pressure, more number of interparticle contacts takes place which results in formation of

more contiguous structure which further leads to improvement in hardness values.
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Fig. 4.19: Variation of hardness with green density for compacts soaked at 1050 C for

180 mins in conventional and microwave furnace.

Figures 4.20 to 4.22 compare the hardness of conventionally and microwave sintered

specimens with three peak soaking times. It seems soaking time exerts limited influence

on the hardness value especially for microwave- sintered specimens. With soaking

duration increasing from 30 to 180 minutes, hardness values of microwave sintered

specimen heighted by 4.4% and 13.3% in case of conventionally sintered specimens.
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Fig. 4.20: Variation of hardness with soaking time for compacts with green density
57% of TD sintered in conventional and microwave furnace.
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Fig. 4.21: Variation of hardness with soaking time for compacts with green density
67% of TD sintered in conventional and microwave furnace.
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Fig. 4.22: Variation of hardness with soaking time for compacts with green density
78% of TD sintered in conventional and microwave furnace.

However, the effect of mechanical milling of Cr powder on hardness of sintered

samples is not very distinct especially for microwave sintered specimens.

4.2.4 Electrical Conductivity of Sintered Specimens

Electrical conductivity of the sintered specimens of all the conditions sintered by

conventional sintering and microwave sintering were measured and compared with

the conductivity as per the International Annealed Copper Standard (IACS) (100%)

and listed in the Table 4.5 below. The conductivity was measured using 4-probe
method in SIGMATEST D 2.068, FOERSTER instrument.
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It can be noted from Table 4.5 that electrical conductivity gradually increases when
sintering method was changed from conventional to microwave sintering. The overall
enhancement in electrical conductivity by using microwave technique is
approximately 30 %. It should be mentioned here that improvement in conductivity
was calculated by considering the average values of both the technique.

Table 4.5: Electrical Conductivity values (% IACS) of compacts with green density
values as 57%, 67% and 78% of TD, conventionally and microwave
sintered at 1050 C and each soaked for 30, 60 and 180 minutes.

Green Density Value =57 % of TD

Peak Soaking Conventional Microwave
Time (mins) A§- 9_Hr 18_ Hr Ag- 9_Hr 18_ Hr
received milled Milled received milled Milled
30 15 9 7 28 13 20
60 14 10 9 18 19 7
180 14 8 7 17 18 11
Green Density Value = 67 % of TD
Peak Soaking Conventional Microwave
Time (mins) A§- 9_Hr 18_ Hr Ag- 9_Hr 18_ Hr
received milled Milled received milled Milled
30 23 13 12 35 25 25
60 25 16 13 31 24 25
180 26 14 12 30 27 27
Green Density Value =78 % of TD
Peak Soaking Conventional Microwave
Time (mins) A§- 9_Hr 18_ Hr A§- 9_Hr 18_ Hr
received milled Milled received milled Milled
30 32 25 23 36 34 30
60 34 26 21 34 24 30
180 32 26 22 35 38 31

From the above table, electrical conductivity of the compacts was found to be stronger
function green density values and a weaker function of soaking time. When green
density was increase i.e. from 57 % to 78 % of TD in case of microwave sintering
electrical conductivity found to be higher. This is because for higher green density
compacts, a little higher densification was observed by elimination of porosity (Table
4.3) which helps in improving bonding among particles. This make easier to flow
electron and achieve higher conductivity [52].

However, with up to 18 hours milling of Cr powder the electrical conductivity values
are decreasing significantly for compacts in both the methods. This is expected as
because with mechanical milling the contamination of powder, with elements like Fe
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and C, has increased where conductivity of such elements is much lower than that of
Cu.

Also, after mechanical milling the particle size reduced to finer size. It is know that
smaller size particles/crystallite size contributes less electrical conductivity because
grain boundaries acts as a centre of electron scattering [53]. This might be significant
factor in reduction of electrical conductivity.

The influence of gas content is also considerable. It is certainly that the content of gas
and its distribution have an influence on the conductivity [54]. During mechanical
milling oxidation of chromium must have increased to a considerable level such that
during consolidation gas content increases which results in reduction of electrical

conductivity.

4.3 Analysis of Parts Designed for Microwave Furnace

The static analysis of two designed assemblies for microwave furnace was performed
in order to determine maximum stress and deformation occurring on quartz and
calcium fluoride glass under high vacuum i.e. 10° mbar and other operating
conditions. The solid models developed using Solidworks were exported to Ansys
11.0 software for further analysis. Figure 4.23 shows the FE model of side window

and top window for sintering furnace.

Pressure of | atmosphere

Constrained in
all DOFs

Fig. 4.23: FE models of side window glass (left) and top window glass (right).
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The analysis was carried out in two stages. In first stage, Thermal analysis was carried
out and for second stage nodal solution was used for Structural analysis. Only glass
and O-ring were considered for the analysis purpose.

For Thermal Analysis meshing of solid model was done using Solid 87 element. The
ambient conditions were assumed to be at 25 'C and the convective coefficient for
interface between quartz glass and atmosphere considered was 10 W/m2K.
Temperature of 120 °C was applied on the glass surface which is exposed to inside of
furnace and pressure of 1 atmosphere (101325 Pa) was applied on the other surface.

It was also assumed that both the glasses were not constrained in any of the direction
because there was a clearance of 1 mm in all directions whereas O-rings were made
constrained in all directions.

After completion of Thermal analysis, the nodal solution was imported to Structural
analysis. For loading condition, 10° mbar pressure was considered for inside of
furnace and 1 atmospheric pressure for outside of furnace.

Under the application of thermal and vacuum loads, maximum deformation in quartz

glass was observed to be 0.15 mm as shown in Figure 4.24
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Fig. 4.24: Deformation plot on quartz window glass.

Also, maximum stress for quartz glass was observed to be 9.6 MPa which is well
within the limit of allowable stress i.e. 48 MPa (Tensile Strenght) as shown in Figure
4.25
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Fig. 4.25: Equivalent stress plot on quartz window.

In case of calcium fluoride glass, maximum deformation was observed to be 0.13 as
shown in Figure 4.26 and maximum stress was observed to be 0.7 MPa which is very

less, shown in Figure 4.27
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Fig. 4.26: Deformation plot on calcium fluoride window glass.
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From the above analysis it is clear that both the glasses can be successfully used for

microwave furnace under high vacuum condition.
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Fig. 4.27: Equivalent stress plot on calcium fluoride glass.
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Chapter 5 Conclusion and Future Scope of Study

5.1 Conclusion

a)

b)

d)

9)

h)

In the present investigation attempts have been made to synthesize Cu-75Cr
contact material with as-received Cr powder and milled Cr powder developed
by mechanical milling (milled for maximum 18 hours) followed by
conventional sintering and microwave sintering methods.

XRD, Particle size and BET surface area revealed that maximum
crystallite/particle size reduction took place for 9 hour milled powder instead
of 18 hour milled powder. Crystallite size and average particle size came out
to be 34 nm and ~3um, respectively.

In comparison to conventional sintering method, there is about 75 % reduction
in process time during microwave sintering.

SEM analysis revealed that microwave sintering produces well rounded and
finer chromium particles well separated from each other as opposed to the
sharp, irregular and wedge shaped chromium particles for the conventionally-
sintered samples. Also, microwave sintering resulted in significantly lower Cr
grain coarsening.

The maximum densification in conventionally sintered compacts is around
85% of theoretical density whereas sintered compacts by microwave technique
shows significantly higher densification, about 92% of theoretical density. The
overall enhancement in sintered density by microwave technique is about
6.3% more than conventionally sintered compacts.

Higher hardness values in the range of 41-98 Hv were obtained for specimens
of all conditions sintered by microwave sintering method as compared to
range of 22-74 Hv were observed in conventionally sintered specimen.
Microwave sintering results in up to 37 % improvement in hardness.

The microwave sintered compacts showed superior electrical conductivity
compared to the conventional sintered compacts.

Therefore, microwave sintering is found to be most effective in consolidation
of Cu-Cr alloy powder compared to the conventional method used in the
present investigation as suitable combination of mechanical and electrical

properties were obtained using this technique. Therefore the material
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developed in the present investigation could be successfully used as contact
material for vacuum interrupters.
1) After design modification and its analysis, microwave sintering furnace can be

successfully used for its application at 10 mbar pressure.

5.2 Future Scope of Study

a) Cu-Cr nanocomposite could be developed by the process of mechanical
alloying with varying amount of Cr (5% to 50%) in more intensive grinding
media at larger speed.

b) Consolidation could be carried out under high vacuum using both microwave
furnace and conventional furnace at varying temperatures e.g. 900 °C to 1200
°C to achieve nearest to theoretical density retaining nano-features in the bulk
specimens, as increase in the density would improve mechanical as well as
electrical conductivity.

c) Detail study of effect of mechanical milling on properties is to be carried out

all sintered specimens.
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