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Abstract
Press and sinter powder metallurgy (PM) steels are cost-effective solutions for structural applications.
There is a constant drive for the improvement in the density of these PM steels which helps in expanding
their usage in applications demanding higher performance than what they deliver today. In press and
sinter PM, consolidation is primarily achieved by compaction and sintering helps in bonding the powder
particles metallurgically. One of the promising ways to achieve improved densification during sintering
is through the addition of sintering activators to the conventional micrometer sized metal powder.
Nanopowder particles are associated with excess surface energy due to very high ‘surface-to-volume’
ratio. Therefore, there is an enhanced reactivity in this category of materials. Another consequence of
the excess surface energy is the lowering of sintering temperature. For instance, powder blends
containing micro and nano powders are known to yield high densities when processed through other
manufacturing routes such as metal injection molding. In this thesis the possibility of achieving
improved densification by means of nanopowder addition as a sintering aid is explored for the case of
water atomized iron powder processed through the press and sinter route.
In this study, the influence of nanopowder addition on sintering of water atomised iron powder has been
investigated. Before venturing into the sintering aspects, surface and thermal characteristics of
nanopowder were investigated. X-Ray photoelectron spectroscopy (XPS) was used to evaluate the
surface oxide thickness and composition of both iron and steel nanopowder. Different models were used
for this purpose and the results were complemented by those obtained from thermogravimetric analysis.
A methodology to measure the thickness of surface oxide on the nanopowder was thus proposed.
Further, surface oxide reduction and possibility of melt point depression for the nanopowder was
evaluated using thermal analysis.
For the sintering studies, various powder blends were prepared based on two different nano powder
compositions, varying amounts of nanopowder content and with graphite addition to understand the
influence of the individual constituents on the densification behaviour. Further, the blends were
subjected to uniaxial compaction at varying pressures after which sintering was performed on the green
compacts at varying heating rates. The presence and an increase in the amount of nanopowder decreased
the compressibility of the blends. However, there was a clear influence of the nanopowder addition on
the sintering behavior in the temperature regime as low as 500 to 700 °C when compared to compacts
containing only micro-powder. To understand it further, sintering at intermittent temperatures and
subsequent fractography were undertaken. It was found that the nanopowder sintering is activated at
temperatures below 700 °C which contributed to the difference in sinter curve behaviour. Sinter response
depended on the composition of the powder blend; however heating rate did not show much influence.
An increase in the amount of nanopowder improved the density of the sintered compacts proportionally.
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This thesis consists of an introductory part with an emphasis on aspects related to sintering of
PM steels and a summary of the work performed which is included in the following appended
papers. The results section and the appended papers for the ease of understanding are divided
into two categories- those with focus on powder characterization and the rest on sintering.
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Introduction
Background

Powder metallurgy (PM) is a manufacturing process in which powder is processed to produce
components of various shapes. It can also be defined as a technology which involves converting
starting material to powder, processing the powder to the required shape and making it useful
for the application. The fluid like behaviour of powder helps in a variety of shaping processes.
This is beneficial for forming many objects ranging from rocket parts to automotive parts and
to pottery which can be produced through the PM route. After the shaping operation, the part is
heated so that the metal particles bond to one another, which will impart strength. Though the
shaping process transforms powder lot to net-shape, it is the sintering during which the particles
bond and impart the desirable properties. Thus, the interest in studying sintering and
understanding the underlying mechanism becomes crucial. Particles sinter-bond at relatively
high temperatures. This means that sintering is carried out at temperatures above 0.5 Tm, where
Tm refers to the melting temperature. The metal particles involved are usually in sizes less than
1 mm and have different shapes depending on the powder manufacturing process.
It is known that the particles of small sizes are associated with high surface energy-volume
ratio, which means that the surface energy is relatively large. During sintering, reduction in the
surface area with the formation sinter bonds between the particles reduces the excess surface
energy. It is a solid-state process for most of the metals. Volumetric shrinkage during the
sintering is accompanied with an increased density of the part. Properties like tensile strength,
ductility, impact strength and fatigue strength are directly dependent on the density of the
component, see Figure 1.

Figure 1: Representative graph showing the influence of relative density on the mechanical properties of the part [1].

For structural applications, components manufactured through PM route, improving the
mechanical performance is of foremost importance as to ensure the growth and improve
competitiveness with other manufacturing methods. From Figure 1, it is clear that the
mechanical properties are a function of density therefore it is essential to improve the density
of PM parts. For the PM steel components made through conventional press and sinter route,
typical density obtained is in the range of 7.0 to 7.4 g/cm3 which is less than 95% of the
theoretical density. If this value is improved, then this will allow PM manufacturing to enter
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new arenas of applications. Improvement of density can be either in the core or on the surface
depending on the application. Overall improvement in the density opens up areas of application
like high performance transmission gears in the automotive industry.
Predominant market for press and sinter structural PM components is in the automotive sector.
On an average, around 80% of all the PM components for structural applications are used for
automotive applications; of which the majority are used for transmission purposes [2]. The most
common metal powder grades used comprise iron, steel, stainless steel of which iron powder is
the most produced and consumed of the global powder metallurgy market [3]. Iron powder is
produced mainly by reduction of iron oxide (providing so called sponge iron) and by means of
water atomization. Water atomized and sponge iron powder are hence most commonly used
powder for structural PM components.
Research Objective
The intention behind improving the density of PM parts is clear from the previous section.
Broadly, the objective of the present study is to improve the density of water atomized iron
powder components. There are different ways in which the density can be improved. Some of
them are (a) employing high sintering temperature, (b) longer holding time at sintering
temperature, and (c) using an aid to improve densification. Addition of a sintering aid is a
known way to improve the density as seen in liquid phase sintering where an aid is added which
melts and improves the density of the part. One of the possible ways to achieve improved
densification during sintering is through the addition of nanopowder to the conventional
micrometer sized metal powder. The objective of the present study is to clarify the role of
nanopowder addition as sintering aid in the sintering of water atomized iron powder.
Nanopowder is associated with enhanced surface energy which is expected to aid the sintering
process. In this regard, the author intends to study the accelerated sintering process in the
presence of nanopowder and a sintering study was hence formalized/formulated. Nanopowder
is explored as an additive to conventional iron powder and the powder blend would be subjected
to traditional PM route involving compaction and sintering. Prior to venturing into studying the
influence of the nanopowder addition on sintering, a comprehensive study of the characteristics
of nanopowder critical for sintering was considered essential. The questions can be formulated
as
a.
b.
c.
d.

What is the surface chemistry of the nanopowder and how can it be determined?
What are the physical and chemical changes that can occur in the nanopowder when
subjected to temperatures relevant for sintering?
How does the addition of nanopowder influence the uniaxial compaction behavior
nanopowder?
What is the influence of nanopowder on the subsequent sintering process after compaction?

2
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Powder Metallurgy

Powder is collection of particles which are generally bigger than an atom and smaller than 1
mm in size. If only powder is poured in to a container, it occupies the space in not a very
efficient way. Only spherical metal particles with adapted particle size distribution can have a
packing density of up to 64%. So, for efficient packing of powder, the shape and size of powder
is crucial. In conventional press and sinter route, the powder is processed/converted in to
required shape by application of pressure. This stage is called compaction and the resulting
green compact has the shape but no strength to perform the intended application therefore
necessitating a high temperature operation called sintering.
Before powder metallurgy (PM) turned into a mass production technology in 20th century, it is
believed to have beginnings in 3000 B.C. The process of sintering has been known for
thousands of years [4]. It was used to impart strength to bricks which is used till date for number
of ceramics including porcelain, refractories, and bricks. Carburizing of iron and quenching
technique was known to ancient Egyptians during 1200 to 700 B.C. Daggers with gold powder
were found in Egypt during the 14th century B.C. Delhi iron pillar in India which weighs 6.5
tonnes approximately dates back to 300 A. D. This pillar was likely processed by hammering
or forging reduced iron from iron ore. The PM principles were applied for processing platinum
as well due to its high melting point. The modern renaissance of powder metallurgy can be
traced to Coolidge, who used tungsten powder for lamp filaments to be used in electric lamp
by Edison. Considerable development happened during the late 19th and early 20th century.
Cemented carbides and porous bearings were developed. By 1940s nuclear fuel elements and
many refractories were also manufactured using PM. Present day, PM is used in a wide of
variety of applications ranging from dental implants to rocket nozzles and semiconductor
substrates. The modern day applications depend mostly on manufacturing economy, improved
properties and novel compositions. PM is useful for tailoring the composition in order to
produce a variety of alloy systems to meet specific requirements [5]. It is worth pointing out
that PM manufacturing is known to be sustainable owing to the very low material waste and
high energy efficiency (Figure 2).

Figure 2: Economic considerations showing how powder metallurgical processing is a sustainable
manufacturing technique. Redrawn from [2].
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Different ways to achieve densification
The importance of density has been discussed in chapter 1. There are different ways to achieve
densification. This means that the maximum densification is obtained during compaction or
sintering. In conventional press and sinter process, maximum densification is obtained during
compaction. The use of lubricant is a necessity in compaction and hence prior to sintering, socalled debinding is done. The following sintering imparts metallurgical bonds between the
particles, adding strength to the part. In metal injection molding (MIM), metal powder is mixed
with a binder and is injection molded. Green part is then subjected to significant binder removal
and further to sintering. There is a considerable amount of shrinkage during this step owing to
much finer powder size used. Therefore, the densification is from the sintering step in MIM.
There are hybrid techniques like hot isostatic pressing where both pressure and temperature act
at the same time and contribute to densification. Usually, the powder is filled into a metal
container, which is evacuated and sealed prior to the hot isostatic pressing (HIP) process. The
HIP cannot be considered as true sintering process since the densification is mostly carried by
creep processes and only small amount of sintering in the last stage of densification.
In the above context, the current thesis attempts to study the possibility of incorporating a
sintering based densification in an otherwise compaction based densification press and sinter
through the utilization of sintering aid in the form of metallic nanopowder.
Process chart of powder metallurgy
There are different stages involved in the PM processing route. A typical press and sinter route,
which is the focus of this thesis, is presented in the flow chart below, see Figure 3. The general
sequence of events is: metal powder is blended with lubricant/additives and compacted to the
required shape using cold or warm compaction. Warm compaction is when the compaction tool
and powder are heated to a moderate elevated temperature at maximum 150°C [6]. The so called
green compact is thereafter subjected to high temperature to impart necessary strength through
sintering operation. After sintering, the component is subjected to secondary or finishing
operations depending on the requirement. Each of these stages is explained below in detail.

Figure 3: Process chart for powder metallurgy.

2.2.1

Production of metal powder

Metal powder, which is the raw material for the PM process can be manufactured through
different ways. A material has to be supplied with energy in order to create new surfaces. For
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the case of metal powder, therefore, the energy needed to create new surface is high and the
process to create them should be efficient. For structural PM parts, the choice of powder
manufacturing technology largely depends on the economic aspects and the required
characteristics and desired application. Powder production technology can be broadly divided
into 4 different types: mechanical, physical-mechanical, chemical and physical-chemical [7]
[8].
Grinding, milling and mechanical alloying are considered to be mechanical processes for
powder manufacturing. They are based on the principle of mechanical disintegration where the
mechanical motion energy is used to create new surfaces. This is a solid state process where a
fracture is initiated and propagated creating new surfaces. Mechanical disintegration can occur
by different mechanisms like impact, shear, wear and pressure. In these processes, the smaller
the particle, the more difficult it is to apply shear stress for further disintegration and also there
is a probability for re-bonding as the energy associated with small particles is high. Generally,
jaw crusher is used for grinding and ball mill is used for milling. Mechanical alloying is carried
out in an attrition mill where generally a second phase is uniformly distributed in a metallic
matrix. This means that the alloying is a result of repeated fracture and cold welding during
which the second phase is dispersed.
Physical-mechanical methods include all atomization of melts. The principle is disintegration
of molten melt stream by application of a gas or fluid jet [9]. Disintegrated drops of melt solidify
rapidly during the flight due to rapid cooling-down. Various shapes of particles are obtained
depending on factors like the melt temperature and viscosity and the cooling conditions. To
obtain fine particles the viscosity of melt is generally decreased. Alloy powder can also be
produced through this process; as rapid cooling is involved, it allows homogenous distribution
of components of an alloy in particles. There are different types of atomization processes
depending on the type of disintegrating medium used. Water atomization is when water jet is
used to disrupt the melt stream [10]. Particles obtained through this route are irregular in shape
and are high in oxygen content. The powder hence is usually subjected to a subsequent
reduction annealing step. Water atomization is economical and has very high productivity. Gas
atomization is when the melt stream is disintegrated by air, He, Ar or nitrogen which flow from
the nozzles at a certain pressure. This method is recommended for highly alloyed materials like
superalloys and stainless steels. The characteristic of gas-atomized powder is its spherical shape
and homogeneity in chemical composition. Another form of atomization is centrifugal
atomization (rotating electrode method) where an arc is struck between the alloy electrode
which acts as an anode and water cooled tungsten electrode which is the cathode. So, it is a
two-step process which involves melting of the alloy or metal and the centrifugal forces which
disintegrate the molten metal or alloy [5].
Chemical production methods involve reduction of metal compounds like reduction of iron
oxides to produce iron sponge powder, reduction of WO3 to form tungsten powder, etc.
Reduction process is significant as more than half of iron powder production for PM
applications is through the reduction of iron oxide. Solid or gaseous reducing agents are used
for the process and high temperature is employed. Depending on the reducing agent there can
be either direct or indirect reduction reaction. Electrochemical production methods can be used
for good number metals, where electrolysis is carried out to obtain metal powder from metals
like Ni, Cu. Molten salts or water solutions are used as an electrolyte.
In this thesis study, iron or steel powder produced through the water atomization process is used
as the base powder. The steel nano powder utilized in the study is produced through a
proprietary process.
5

2.2.2

Powder Shaping and Compaction

Shaping of the powder into required shape can be achieved through pressure assisted
compaction process. Powder mixed with additives is poured into the die cavity and is subjected
to mechanical loading. The applied compaction pressure leads to the compaction of powder.
There is friction between the metal particles and also between the metal particles and die walls.
Additives in the form of lubricant are added to reduce the friction and improve the die life.
When the compacting pressure is applied on the powder, first there is rearrangement which
takes places by filling the cavities. As the pressure applied increases, the surface contact area
increases and the particles are plastically deformed [11]. Depending on the shape of the
particles, mechanical interlocking is also possible. Upon further increase in pressure, there is
further increase in the contact area. The metal particles are deformed which makes it difficult
to further increase the contact area as they are hardened. Density obtained depends on various
factors like the size, shape and distribution of metal particles, their composition and the oxide
layer on the powder surfaces.
Apart from die pressing, powder shaping can be done by extrusion, forging, rolling or hot/cold
isostatic pressing. There are also methods like explosive compaction where powder is
compacted by explosive detonation. This is a dynamic and high energy process where the
mechanical properties of the components are enhanced. Another important shaping technique
is powder injection molding (PIM), often referred to as metal injection molding (MIM) in case
of metal powder. The MIM process offers a unique advantage over conventional press and
sinter by producing products with precise dimensional tolerances. Secondary processing is
generally not required for MIM components. The MIM is also considered as a high-volume
manufacturing technology. Apart from the pressure assisted methods, there are also a few
pressure-less shaping methods generally used for ceramics also applicable to metal powder. A
slurry is made and methods like slip casting or freeze casting are used [9].
The powder mixes studied in this thesis have been subjected to uniaxial compaction before
sintering (unless otherwise specified).
2.2.3

Sintering

Sintering is the next step after powder shaping. It is a process during which strength is imparted
into the part by heating it to around 60 to 75 percent of the melting point temperature (in Kelvin
degrees). It can be carried in a single step or as a multi-step process depending on the
requirement. For press and sinter components, before sintering, the lubricant added should be
removed for which a de-lubrication operation is carried out.
Sintering is discussed in chapter 3 in detail.

Advantages associated with press and sinter powder metallurgy
There must be a good reason for choosing this manufacturing process over the conventional
wrought manufacturing processes. There are in fact several reasons as to why powder
metallurgy is a preferred route over other manufacturing routes. While there is a broad
classification, the most important ones are cost effectiveness and uniqueness of the process.
Therefore the material costs are drastically decreased which indicates the outstanding cost
effectiveness of the process. Below are a few advantages [12], [13], [14], [15].
6

• It is considered as a mass production technology with very high production rates where there
is a huge potential for cost savings as the price per unit produced is low. Even complex parts
can be processed in large volume
• PM is a near net shape forming process and the process produces very little scrap with high
material utilization
• High dimensional accuracy helps in minimizing or avoiding the finishing operations in some
cases, as closer dimensional control is achieved with very good surface finish
• Unparalleled flexibility in producing different shapes and compositions which are otherwise
not possible with good repeatability. The powder can be suspended in a liquid and can be
used for casting to give them a shape
• A wide variety of metals and non-metals can be processed. High melting point hard metals
or refractory materials are popularly used for PM with less difficulty and less cost. Certain
products like sintered carbides, porous bearings can be made only through this processing
route
• Tailored properties can be obtained by using a variety of compositions. Desired mechanical
and physical properties like density, hardness toughness, stiffness, damping, and specific
electrical or magnetic properties along with application versatility. Consistent isotropic
properties and dimensions are obtained along with good chemical homogeneity
• Economical process as the raw materials can be readily available. Skilled machinists are not
required which lowers the labor cost
• PM components with controlled inter-connected porosity can be infiltrated with lubricants
and used as self-lubricating bearings for special applications. Magnetic components can also
be produced using PM technology
Limitations
In spite of the many advantages with PM, there are a few disadvantages ([14], [15], [16], [17])
•
•
•
•

High cost of metal powder in comparison to that of raw material used for melting
Storage of metal powder may be difficult in some cases as they tend to deteriorate
Cost of tooling and equipment may be high if the production volume is low
Restriction on the part size, as large shaped parts are difficult to process through PM
process
• Low strength, ductility and fracture toughness in comparison with their wrought counter
parts
• Health hazard due to fine powder being processed. It may cause potential workforce health
problems as the atmosphere can be contaminated with fine metal powder
• Metal like Al, Mg, Ti and Zr in fine powder state are prone to explosion and fire hazard
Design Considerations for press and sinter PM Parts
PM route can be used to process numerous components but a few design considerations should
be kept in mind while designing the components through PM. A few of them are mentioned
below [18].
First and foremost is the ejection of the part from the die. The design should be in such a way
that the part can be easily ejected from the die. Thin walls, sharp corners or narrow edges are
to be eliminated as the powder flow into such spaces is difficult. Varying wall thickness can be
advantageous. Holes at right angles to pressing are not advisable whereas holes in the direction
of pressing are recommended. Undercuts are not advisable as ejection of the part can be
difficult.
7
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3

Sintering

As mentioned earlier, sintering is a thermal process during which the particles bond and strength
is imparted to the part. A better understanding of the sintering process is expected to provide
an insight into improving the product quality. Density is used as a measure for degree of
sintering and is expressed as g/cm3 or kg/m3. Theoretical density of a material is when it is porefree in nature.
Definitions of sintering
There are different ways in which sintering can be been defined. Sintering can be as (a) a
thermal treatment to bond particles which ultimately improves the strength or (b) a thermal
treatment for bonding particles into a coherent solid structure via mass transport events that
often occur on the atomic scale [19]. In physical terms, as mentioned earlier, sintering can be
defined as a thermal treatment for the particles to bond into a coherent, solid structure via mass
transport events which occur on atomic scale. In mechanical terms, sintering is a thermally
activated transition of powder or a porous system to a thermodynamically more stable state
through decreasing the surface free energy. Sintering is an operation during which powder
particles in a pre-shaped body obtain required physical-mechanical properties by changing the
structure. Sintering can also be defined as a process by which the powder compact is
transformed to a strongly bonded monolithic mass. It can also be expressed as a complex
process during which particles undergo changes in shape and size when heated to sufficiently
high temperature. During sintering, hence, there is a volumetric shrinkage which leads to
densification, as the pore volume and size are reduced. For this shrinkage to occur there need
to be either fine enough powder size or the aid of e.g. liquid phase, see further below. There is
consequently a significant enhancement in the mechanical strength of the material. If unchecked
or uncontrolled there will be grain coarsening up on further heating.
Types of sintering
There are different ways in which sintering is carried out. It can broadly be divided into solid
state and liquid state sintering. Solid state sintering is when there is a direct contact between the
particles and the overall contact area increases during the process. In liquid phase sintering, the
presence of a liquid ensures adherence of the solid particles together. There are two forms of
liquid phase sintering: persistent and transient. In persistent, at sintering temperature the solid
is partly soluble in the liquid and the liquid formed solidifies on cooling down. In transient
liquid phase sintering, a low melting point phase reacts with other materials and forms a new
phase with no remaining liquid, therefore the name transient [20]. There are a few more types
of sintering like high pressure sintering, reactive sintering, microwave sintering and spark
plasma sintering.
The key parameters for sintering are temperature, vapor pressure, initial particle size, particle
size distribution, heating rate, holding time, presence of agglomerates, green density,
uniformity of initial microstructure, atmosphere, sintering aids along with the material as it
determines the surface energy, atomic size, activation energy for diffusion and crystal structure.
Theory of sintering
This section presents an overview of the principles and mechanisms associated with sintering
of powders. This section is summarized based on the work presented in the following references
[21], [22], [23], [24], [25], [26], [27], [28], [29], [30], [31].
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The important question is why do materials sinter or why do the pores reduce in size?
There must be some phenomenon happening at high temperature or a driving force present to
‘steer’ the metal particles to sinter. This driving force can be seen in two different ways. One is
on a macroscopic scale, where the driving force for sintering is lowering the excess energy
associated with the free surfaces of the metal particles. Powder is associated with high specific
surface area, i.e., surface area per unit weight is larger in the case of powder when compared to
a solid material. All the surfaces are associated with certain amount of surface energy.
Therefore, the metal particles having a very high surface area are associated with excess surface
energy. Given an opportunity, the system then tries to lower the surface energy and therefore,
the macroscopic driving force for sintering is lowering of excess energy associated with the
powder. This reduction in the excess surface energy can occur in two different ways:
I.

II.

Reducing the total surface area by increasing the average size of the particles
(coarsening of the particles). Coalescence of fine particles results in reduction of total
surface area but no strong bonds are formed during this process. Generally, this is
observed in loose powder sintering. Mechanical strength thus obtained is also very low.
High energy solid-vapor interface is replaced by a low energy solid-solid interface
(grain boundary formation). Strong bond is formed between the particles and the solidvapor interface is replaced by a solid-solid interface by the formation of a grain
boundary between them. There is an inter-particulate transfer of certain atoms resulting
in a chemical bond.

Both may occur simultaneously or one can precede the other.
This can be explained using a simple model as shown in Figure 4.

Figure 4: Schematic of particle coarsening and densification.

It can be seen from the figure above that in the initial condition when the particles are loosely
bonded, the amount of solid-solid interface is much lesser in comparison to that of solid-vapor
interface. There are three possibilities as to what can happen when the system is heated. One is
the simple particle coarsening which was described above. Some of the particles grow at the
expense of the others as the mass remains constant but the contact area does not change much
as there is no chemical bonding. Therefore, there is a change in the surface area term. Overall
energy of the system decreases as the surface energy term reduces but there is no strength
imparted to the material. The other way is densification, particles change the configuration to
form a strongly bonded structure by formation of the contacts and denser material is obtained.
Strength is also imparted in this case. Surface energy term changes as the nature of surface is
changed from solid-vapor to solid-solid contact. Both coarsening and densification can proceed
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simultaneously, forming bonds and particles coarsening. A special case can exist when
densification is followed by grain growth when sufficient energy is supplied. A relationship
between pore size, grain size and theoretical density can be obtained from the above mentioned
phenomena. Avoiding coarsening before sintering should be the objective.
An important condition for sintering to proceed from surface energy point of view is that the
grain boundary energy or solid-solid interface energy should be less than twice the solid-vapor
interface energy (Figure 5). When two surfaces are in contact with each other, there is a dihedral
angle (Φ) which forms between the tangents drawn from the solid-solid interface. This angle
should be less than 180° for sintering to take place. During the sintering process, a part of the
surface is exposed to vapor phase and slowly this is eliminated by the development of a solidsolid interface. Tangents are drawn to the radius of curvature along which the solid-vapor
surface acts. Normally, in metal powder the dihedral angle is around 120 °.

Figure 5: Schematic of how the dihedral angle is defined in terms of surface energies as the grain
boundary emerges at the free surface (Redrawn from [32]).

For equilibrium conditions
𝜸𝜸𝒈𝒈𝒈𝒈 = 𝟐𝟐𝜸𝜸𝒔𝒔𝒔𝒔 𝒄𝒄𝒄𝒄𝒄𝒄

∅
𝟐𝟐

Equation 1

In the case of liquid phase sintering, the same expression can be used but the solid-vapor
interface is changed with solid-liquid interface.
What happens during sintering?
Sintering is the result of mass transport at atomic level; or in other words, the movement of
atomic species from one site to another. There are different ways in which mass transport
occurs, of which, solid state diffusion is the important one along with the vapor phase transport
which is evaporation and condensation and occurs under certain conditions during sintering.
It has been stated earlier that the global driving force for sintering relates to the reduction in
excess surface energy. There must be a local driving force as well for the mass transport to
occur at the local level. It is known that the driving force for diffusion is the concentration
gradient whereas the gradient of vapor pressure for vapor phase transport. It is essential to
understand what sets up these gradients at the local level. In this context, the curvature of the
particle plays a crucial role in realizing these gradients.
Point defects such as vacancies also play a pivotal role in diffusion mechanisms for mass
transport which means that diffusion in a solid primarily occurs by point defects of which
vacancies are the most important. Diffusion takes place when there is a concentration gradient
and takes place through vacancy movement. Vacancies are introduced either by increasing the
11

temperature or by doping. Vacancy concentration changes as there is change in the radius of
curvature. It is important to know how the vacancy concentration and vapor pressure vary as a
function of curvature of the solid.
The potential difference between curved and flat surfaces leads to (a) difference between vapor
pressure over these surfaces and (b) vacancy concentration difference just below these surfaces.
To understand the influence, it essential to formulate equation which speak about relationship
between the curved surface and flat surface partial pressure over curved and flat surfaces.
Curvature dependent vapor pressure can be expressed as
𝑷𝑷𝒄𝒄 = 𝑷𝑷𝒇𝒇 (𝟏𝟏 + 𝒓𝒓𝒄𝒄

𝑽𝑽𝜸𝜸𝒔𝒔𝒔𝒔
)
𝒌𝒌𝒌𝒌

Equation 2

Where 𝑃𝑃𝑐𝑐 and 𝑃𝑃𝑓𝑓 are the partial pressures over the curved and flat surface respectively, k is the
Boltzmann constant, 𝑉𝑉 is the volume and 𝑟𝑟𝑐𝑐 is the radius of curvature of the solid surface. In
the case of a sphere, 𝑟𝑟𝑐𝑐 = 2/𝑟𝑟𝑜𝑜 and T is the temperature. This is a relationship between the
partial pressures of curved and flat surfaces.
For a flat surface, 𝑟𝑟𝑐𝑐 = 0 then 𝑃𝑃𝑐𝑐 = 𝑃𝑃𝑓𝑓

For a concave surface, 𝑟𝑟𝑐𝑐 is negative then 𝑃𝑃𝑐𝑐 < 𝑃𝑃𝑓𝑓

For a convex surface, 𝑟𝑟𝑐𝑐 is positive then 𝑃𝑃𝑐𝑐 > 𝑃𝑃𝑓𝑓

The above statements mean that a convex surface has a higher vapor pressure than that of a flat
surface while a concave surface has a lower vapor pressure in comparison to the flat surface.
For a spherical surface, vapor pressure is the same everywhere but in an agglomerate they have
different surfaces at different points i.e., at a few locations it can be positive and at a few it can
be negative and this difference contributes to the local driving force.
Activation energy is required for any defect formation. Energy required at flat and curved
surfaces are different. Therefore the enthalpy associated in creating vacancies at flat and curved
surfaces is also going to be different. Energy at different surfaces is different and the vacancy
concentration just beneath it is different. Therefore, the concentration just below the surface
will be different. An expression can be derived for a relationship between vacancy
concentration for a curved and the flat surface energy and it is given by
𝑪𝑪𝒗𝒗(𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄) = 𝑪𝑪𝒐𝒐 (𝟏𝟏 −

𝒓𝒓𝒄𝒄 𝑽𝑽𝜸𝜸𝒔𝒔𝒔𝒔
)
𝒌𝒌𝒌𝒌

Equation 3

Where 𝐶𝐶𝑣𝑣(𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) is the vacancy concentration for a curved surface.

For flat surface, it is known that 𝑟𝑟𝑐𝑐 = 0, then 𝐶𝐶𝑣𝑣 ~𝐶𝐶𝑜𝑜 which is for flat surface.

For a convex surface, 𝑟𝑟𝑐𝑐 is positive, 𝐶𝐶𝑣𝑣(𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) <𝐶𝐶𝑣𝑣(𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓)

For a concave surface, 𝑟𝑟𝑐𝑐 is negative, 𝐶𝐶𝑣𝑣(𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) >𝐶𝐶𝑣𝑣(𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓)

Curvature dependent properties
•
•

Vapour pressure : 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 > 𝑃𝑃𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 >𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
Vacancy concentration: 𝐶𝐶𝑣𝑣(𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) >𝐶𝐶𝑣𝑣(𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓) >𝐶𝐶𝑣𝑣(𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)

Therefore, Eq. 2 and 3 describe the relation between the curvature of the particle and material
movement.
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Stages of sintering
Sintering is a temperature and time dependent phenomenon and densification is a result of it.
Sintering kinetics are different during different stages of sintering and different atomic
mechanisms of mass transport are active at different stages of sintering. This process can be
categorized into three different stages based on pore shape and size.
Initial stage: contact area between the particles increases by neck growth.
Intermediate stage: Longest stage of sintering during which the relative density increases. Pores
are continuous in nature.
Final stage: Continuous pores become isolated pores.
Mechanisms of mass transport during solid state sintering are as follows: evaporation and
condensation, diffusion by vacancy mechanism and viscous flow (creep). Below, each of these
is shortly described.
Evaporation and Condensation
The driving force is the difference in vapor pressure between the convex and concave surfaces.
This can be explained by means of Figure 6. The two spherical particles uniform in size are in
contact when a conglomeration of particles are compacted. Therefore, there are 2 surfaces
created, that is, at the point contact there is a small concave surface and away from the contact
there is convex surface. Therefore, a difference in vapor pressure between the surfaces creates
a vapor pressure gradient. More vapor pressure is present on the convex surface in comparison
to concave, so more material is evaporated from the convex surface and is transported to the
concave surface and the material is condensed. This is because of the curvature but not owing
to temperature gradient. As more and more material evaporates and condenses in concave area,
neck area increases and the concave region becomes flatter. During this process, the distance
between the centers of the neighboring particles does not change which means the overall
dimension will not change or no shrinkage/densification is observed. Rate equation can be
written for the evaporation and condensation mechanism which helps in predicting the rate of
neck growth which is initially very high and then slows down (time dependency). The neck
growth decreases with an increasing particle size (size dependency) and increases with an
increase in vapor pressure of the solid.

Figure 6: Schematic of different sintering mechanisms (redrawn from [33]).
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Vacancy mechanisms of solid state sintering
As it is already known that the vacancy movement is driven from the concave surface to convex
surface. As seen from Figure 6, vacancy moves from concave to convex surface so the material
flow is in the opposite direction as the void will be filled up. Mass transport is the opposite in
the case of vacancy mechanism in comparison to vapor transport mechanism. The movement
of vacancies can take place in three different ways or three different paths are used.
Lattice/volume diffusion: the vacancies which are generated in the concave surface are moved
to convex surface through the lattice or bulk of the material.
Surface diffusion: When the vacancies move along the surface or close to the surface.
Grain boundary diffusion: Vacancies move from concave to convex surfaces and also to flat
surface which is the grain boundary between the adjacent particles.
The rate at which the above mentioned diffusion takes place is different for the different
mechanisms. As a result of vacancy mechanism, unlike evaporation and condensation, there is
shrinkage or change in dimension except in the case of surface diffusion.
Activation energy for surface diffusion is the lowest among the three diffusion paths, grain
boundary is intermediate and lattice diffusion is the highest. Accordingly, surface diffusion is
dominant at lower temperature while lattice diffusion at higher temperature. In smaller particle
sizes, surface and grain boundary diffusion are preferred paths of diffusion. Lattice diffusion
dominates for larger particle size, at longer times and at high temperatures.
The assumption that there is always a driving force to shrink the size of the pore throughout the
course of sintering is not always true, as under certain conditions, the pores become
thermodynamically stable. Pores get entrapped within the grains and thereby it is difficult to
achieve theoretical density within a finite time. During the final stage of sintering, grain
coarsening occurs along with pore elimination as the average grain size increases with time.
Larger grains grow at the expense of the smaller ones. Hence, in practice, the shrinkage during
solid sintering requires fine enough powder size, which is one main reason why normal wateratomized or sponge iron powder, having median size in the range of 50-100 µm, will show
very small shrinkage if any during sintering.

Nanopowder sintering
To improve the density of water atomized iron powder in order to expand the application
spectrum, nanopowder can be used as a sintering additive. During the sintering of the mixed
powder, nanopowder could either show liquid-like sintering behavior [34] or sinter at low
temperatures and contribute to densification in this respect [35].
Nanoscale materials are of interest owing to their modified solid-state properties compared to
conventional solids [34]. One of the most interesting aspect concerning nanopowder is the
dependence of melting point on the particle size [36]. Early thermodynamic model was
developed in 1909 to predict a melting point depression of nanomaterials and it was found that
the melting point temperature varied linearly with an inverse particle size [37]. Subsequently,
research has been carried out to study the variation in melting temperature depending on the
particle size on metals like gold, silver, tin, indium, lead and aluminum [38]. Techniques like
scanning electron diffraction, transmission electron microscopy, X-ray diffraction and
calorimetry have been used to investigate the depression in melting point [39]. This dependency
is more prominent in the lower end of the size regime in comparison to large size regime [40].
Ultrafine particles like nanopowder with a diameter in the order of 10’s of nanometers has been
of interest for research for quite some time now. This interest could be attributed to the unique
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physical and chemical properties associated with nanopowder in their ultra-dispersed state [41].
Sintering is a promising way of preparing bulk materials using nanopowder. There is a
metastable nature associated with nanopowder. This comes under the category of
morphological metastability according to the Turnbull classification of metastability. The other
ones being compositional, associated with extended solution ranges and structural or
topological associated with crystal structure or phases [42]. Nanopowder exhibits isotropic
shrinkage and possess low activation energy for sintering, therefore decreasing the sintering
temperature is a representative advantage of nanopowder [43] [44]. Some additional challenges
that accompany nanopowder in comparison with those of regular micrometer sized powder are
particle agglomeration, inherent contamination, enhanced chemical reactivity and loss of the
nano characteristics. Sintering mechanism for nanopowder may or may not be the same in
comparison with the regular powder. There could be a new phenomenon in play. Nanopowder
sintering presents additional challenges in the form of particle agglomeration, high reactivity,
grain coarsening and ultimate loss of nano features [42]. Also, other drawbacks with the
nanopowder are their high cost and low formability. An effective solution thus is to use a
combination of nanometer and micrometer sized powder. One significant advantage of addition
in such case of nanopowder is activated sintering [45].
Sintering micro-nanopowder mixture has previously been studied in the case of metal injection
molding (MIM). The MIM is an attractive cost effective mass production technology utilized
to manufacture net-shaped complex components [46]. It is a combination of injection moulding
process and powder metallurgy. In the aforementioned study, densification of the micronanopowder mixture was observed to start below 800 °C and decreased with increasing fraction
of nanopowder in the mixture [45] which is due to the low sintering activation energy attributed
to the excess surface energy of the nanopowder [44] . It was observed that the relative sintered
density of the micro-nanopowder compact was higher than that of the micro-powder compact
alone [45]. There is a significant difference between the relative sintered density of micronanopowder compact and micro-powder compact in the relatively low temperature range (1000
°C) (because of denser grain boundary caused from sintered nanoparticles around the micropowder which provide high diffusion paths) and after which the effect of nanopowder is
dwindled and the micro-powder compact density is increased [35]. Joon et.al., observed that
the relative sintered density increased from 73 to 90 % between the temperature range of 800
to 900 °C in micro-nano-powder MIM compact [35]. Similar behavior was observed in press
and sintered 316 SS steel micro-nanopowder compacts [47].
3.4.1

Mixing of powder

Mixing of powder is of utmost importance in powder metallurgy industry as to ensure the
repeatability of properties. The main problem is mixing and simultaneous deagglomeration of
fine particles as they naturally tend to agglomerate. However, the high chemical reactivity and
attraction due to the surface energy makes them attractive to use [48]. High energy and forces
are applied to break down the agglomerates and to mix them. Ball milling is performed to grind
fine powder and balls are chosen according to the material supposed to be ground [49].
Deagglomeration and mixing being the prime motive of the present study ball milling was not
performed. It was seen in alumina and zirconia systems that bimodal ball size distribution helps
in deagglomeration and mixing simultaneously [49].
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4

Materials and Methods

The main objective of this thesis study has been to better understand the influence of
nanopowder addition on the sintering behavior of micrometer-sized powder; for which water
atomized iron powder served as a base powder. To the base powder, nanopowder was added
and mixed, whereafter the mixture was compacted and sintered. For better understanding of the
influence of nanopowder on the sintering, surface characterization of nanopowder was
performed by means of X-ray photoelectron spectroscopy before proceeding with sintering
studies, which in turn were performed utilizing a dilatometer. In addition, thermal analysis and
electron microscopy were also performed.
Materials
Water atomization is a widely used process for the commercial production of metal powder in
large tonnage. A falling stream of liquid metal is impinged by jets of water, which disintegrates
the liquid stream into droplets. These are frozen immediately and form granules or powder.
With high pressure water atomization it is viable to achieve fine particle size distribution. In
principle, this technology could be used for all the metals that can be melted but is commercially
available only for iron, copper, steels, aluminum, tin, lead. Examples of commercial products
manufactured from water-atomized powder are iron powder for conventional press and sinter
components, fine powder for metal injection molding and copper powder for bronze bearings.
This process comes along with the challenge of oxidation, especially, for alloys which contain
elements with high oxygen affinity [50]. Oxidation is also observed on the surface of the powder
particles in the form of surface oxides. Elements like silicon, manganese and chromium in the
liquid metal are sensitive and form oxides. Researchers analyzing stainless steel found that the
surface oxides were rich in Fe, Cr, Mn and Si [51]. Generally, annealing is carried out to reduce
the oxides content on the particle surfaces for iron and steel powder. The shape of the powder
through water atomization is generally irregular unlike the spherically shaped particles through
gas atomization (gas is used as a medium to disintegrate the liquid stream). For press and sinter
parts, shape of the particle is of importance as the green strength of irregular shaped particles
is higher than that of the spherical ones due to the mechanical interlocking between the particles.
For the base material in the present study, water-atomized iron powder was used. It is a
commercially available powder grade with a trade name ASC, produced by Höganäs AB,
Sweden. The powder sieved to <45 µm was used. The particle size distribution is shown in
Figure 7 and the composition is given in Table 1.
Table 1: Composition of ASC 300(-45 µm) iron powder
Elements

C

O

Mn

Si

Cr

S

Sn

Fe

wt %.

0.0048

0.114

0.087

0.004

0.056

0.0093

0.003

Rest

The oxygen present in the powder is bound in the form of oxides on the surface or in internal
inclusions in the matrix of the particle. A very small amount of oxygen is present in the
elemental form in the iron matrix as it is well known that the solubility of oxygen is low in iron
matrix. The morphology of the particles was irregular, characteristic of water-atomized powder
and a few fine particulate oxides were observed on the surface (Figure 8), while the dominant
part of water-atomized iron powder like the ASC grade is covered by thin (<7 nm) Fe-oxide
layer [11].
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Figure 7: Particle size distribution of ASC 300 (-45 µm) water atomized iron powder.

4.1.1

Nanopowder

Steel nanopowder was used as an aid for the sintering process. An in-house technology,
developed at Department of Microtechnology and Nanoscience by Prof. J. Liu and co-workers,
was used to produce nanopowder used for the study. Steel nanopowder of the composition given
in Table 2 was produced and supplied for the thesis study. The size of the steel nanopowder
ranged from submicron to a few nanometers. During the processing of nanopowder, they come
in contact with water after which they are dried. This leads to formation of thicker oxide scale
on the nanopowder than found naturally on iron/steel surface, see Paper I. This steel
nanopowder was used for the surface chemical characterization as well as an aid for the
sintering.
Table 2: Composition of the steel rod used for producing the nanopowder
Elements

C

Mn

Si

S

P

Fe

wt %.

0.16-0.24

1.30-1.60

0.10-0.40

0.06 max

0.06 max

Rest

To serve as a reference, pure iron nanopowder was procured from Sigma-Aldricht Inc. Three
different size fractions, namely 35-45, 40-60 and 60-80 nm, were purchased. These were
supplied in sealed bottles by the manufacturer in dry state. Morphology of the iron nanopowder
was spherical and the size was less than 100 nm on an average (Figure 8). Storing and handling
of the powder was performed in a nitrogen filled glove box. Preparation of the samples for
different characterization techniques was also carried out in the glove box under nitrogen
atmosphere (99% purity). Transfer of the sample from the glove box to different equipment was
done with utmost care. There was no explosive oxidation occurrence when the nanopowder or
the steel nanopowder were exposed to the atmosphere.
a

b

Figure 8: SEM micrographs showing morphology of (a) ASC 300 (-45 µm) iron powder [11] and (b)
nanopowder mixed with ASC 300 (-45 µm) iron powder
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4.1.2

Mixing of the powder

The nano and micrometer-sized powder were mixed using a tumbler placed in the glove box
first and then with the lubricant before the compaction procedure. ASC (-45 µm) and pure iron
nanopowder were mixed in different proportions whereas ASC (-45µm) and steel nanopowder
were mixed only in a ratio of 95 wt.% and 5 wt.%, respectively. Carbon in the form of graphite
powder was also added to some of the powder blends to study the influence of carbon on
sintering. A second set of powder blends were made with varying nanopowder content. Details
of different mixes used for compaction are listed in Table 3.
Table 3: Different powder blends
Powder blend composition (different composition)

Powder blend composition (Varying amount of nanopowder)

ASC 300 (-45 µm) + 5 wt. % Fe nanopowder

ASC 300 (-45 µm) + 5 wt. % Fe nanopowder

ASC 300 (-45 µm) + 5 wt. % Fe nanopowder + 0.4 wt. % C

ASC 300 (-45 µm) + 10 wt. % Fe nanopowder

ASC 300 (-45 µm) + 5 wt. % Steel nanopowder

ASC 300 (-45 µm) + 15 wt. % Fe nanopowder

ASC 300 (-45 µm) + 5 wt. % Steel nanopowder + 0.4 wt. % C

ASC 300 (-45 µm) + 20 wt. % Fe nanopowder

4.1.3

Compaction

Powder blends with different composition was compacted at Höganäs AB and were mixed with
0.6 wt.% LubE for lubrication. The powder blends were compacted using a compaction press
under uniaxial loading conditions. Compaction pressures of 400, 600 and 800 MPa were
employed. Cylindrical samples of 13.5 to 14.5 mm height and 11.5 mm in diameter were
compacted from the powder blends. In-house compaction at Department of Industrial and
Materials Science was carried out on the powder blends with varying amounts of nanopowder,
which yielded in samples of the size of 10 mm diameter and 3.5 to 4.5 mm height. No lubricant
was used for in-house compaction and compaction pressure used was approx. 550 MPa.
Analytical Techniques
4.2.1 Thermogravimetry
Thermogravimetry (TG) is a technique in which mass of a sample is monitored in a specified
atmosphere against temperature and time [52]. The TG is also referred to as thermogravimetric
analysis (TGA). During TGA, the sample is heated according to the specified temperature
profile and the changes are recorded as the sample mass changes. It could be either mass gain
or loss as the temperature is increased in a specified atmosphere. The mass of the sample is
measured before the analysis and the relative mass change is recorded during TGA. Therefore,
the equipment consists of sample holder, furnace, high resolution balance, vacuum system and
thermocouple. The derivative of thermogravimetric curve is the rate of mass change with
respect to time, Δm/dt (Figure 9).
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Figure 9: Thermogravimetry of iron nanopowder showing the mass loss and also the rate of mass loss for
iron nanopowder.

The equipment used in the present study is STA449 F1 Jupiter (NETZSCH Thermal Analysis
GmbH, Germany). It is a top loading system with an ultra-nano balance with a resolution of 25
ng. A W/Re thermocouple was used for the measurement of temperature. Alumina crucible was
used as a sample carrier. Before starting the experiment, after loading the sample, the system
was evacuated and purged with argon three times to ensure the atmosphere is good enough for
the experiment. The furnace was evacuated and filled with argon for three times to ensure that
the atmosphere is clean for the usage of hydrogen.
All the TGA experiments were carried out in a pure hydrogen atmosphere. Commercial iron
nanopowder was evaluated using TGA. The samples were heated to 1350 °C at different heating
rates like 5, 10 and 30 °C/min in pure hydrogen environment to ensure complete reduction of
the surface oxide on the nanopowder. Though utmost care was taken in handling the
nanopowder during the sample preparation and transfer there is a chance of reaction with the
atmosphere oxygen. Sample storage and preparation were carried out in the glovebox for both
DSC and TG analysis. The amount of iron in the nanopowder was calculated by considering
the mass loss, total mass of the sample and the molecular weight of Fe2O3 and atomic weight
of Fe. Flow rate of 100 ml/min was maintained throughout the process.
4.2.2

Differential Scanning Calorimetry

A calorimeter is used to measure the heat in or heat released or absorbed by a sample during
controlled temperature program. Differential scanning calorimetry (DSC) is used for measuring
the amount of energy absorbed or released by the sample when it is heated or cooled, where a
sample and reference are used. It provides the data on the endothermic (heat absorption) and
exothermic (heat evolution) processes. The DSC is used to measure melting temperature, heat
of fusion, reaction energy and temperature, glass transition temperature, phase transition
temperature, specific heat or heat capacity, etc. Heat is supplied to the sample and reference
and the corresponding change in temperature is recorded depending on the radiated or absorbed
heat by the sample. In a simple setup, energy is introduced into sample and the reference whose
temperature is raised identically over the time. The sample absorbs or releases energy
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depending on the endothermic or exothermic process respectively. Variety of pans as e.g. Al,
Cu, Pt, alumina, etc., are used and depending on the material and temperature of analysis the
crucibles are chosen. Sample is placed in the crucible and the reference crucible is left empty.
Different gases like nitrogen, air, oxygen, argon can be used as process atmosphere for the
analysis. Based on the mechanism of operation, DSCs are of two types: heat flux DSC and
power compensated DSC. In a heat flux DSC, the sample pan and reference pan are placed
inside a furnace which is heated at a preset heating rate and the heat is transferred to the pans
through a thermoelectric desk. In a power compensated DSC, the sample and reference are
placed in separate furnaces heated by separate heaters. The sample and reference are maintained
at the same temperature and the difference in thermal energy required maintaining them at the
same temperature is measured (Figure 10).

Figure 10: Ray diagram of DSC.

In the present study, a simultaneous thermal analyzer STA449 Jupiter F9 (NETZSCH Thermal
Analysis GmbH, Germany) with a combined TG/DSC sensor with the S-type thermocouple
was used to measure the phase transitions and melting temperatures of different nanopowder.
It is a top-loading system with enthalpy accuracy of ±2%. Alumina crucible and argon
atmosphere were used for all the analysis. The DSC experiments were carried out at 1450 °C at
a heating rate of 10 °C/min.
4.2.3

Dilatometry

Dilatometry is a technique used for characterizing dimensional changes in a material as a
function of temperature by means of measuring axial shrinkage or expansion as a function of
temperature and time. The data generated is in the form of curves of dimension against time
and temperature [53], see Figure 11. It can be used to perform rate-controlled sintering studies
in powder metallurgy apart from studying the thermal expansion in materials. The push-rod
dilatometer is used for the above mentioned purpose. For performing the analysis, the sample
is placed in the sample holder region and the push rod is positioned directly on to the specimen.
This pushrod helps in transmitting the dimensional change during the temperature program.
This pushrod is a frictionless sensing rod in the center of a furnace tube. The temperature
program is controlled by a thermocouple placed close to the sample. Linear variable
displacement transducer is used as a sensing element for the length change.
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Figure 11: Dilatometry curve showing the sintering behavior of a powder blend compact.

A horizontal pushrod dilatometer DIL402C (NETZSCH Thermal Analysis GmbH, Germany)
equipped with a vacuum furnace was used. All the dilatometry experiments were carried out in
pure hydrogen (6N purity) atmosphere. The furnace was evacuated and purged with argon 3
times before the commencement of the sintering experiment to ensure the atmosphere is
contaminant free. The details of the experiments are given in Table 4. Holding time of 30 min
at the sintering temperature and a cooling rate of 30 °C/min were employed for all the sintering
experiments.
Table 4: Sintering cycle
Powder blend composition

Sintering parameters

Different composition

Sintering temperature (° C)

Heating rate (°C/min)

ASC 300 (-45 µm) + 5 wt. % Fe nanopowder

1350

5, 10, 30

ASC 300 (-45 µm) + 5 wt. % Fe nanopowder + 0.4 Wt. % C

1350

5, 10, 30

ASC 300 (-45 µm) + 5 wt. % Steel nanopowder

1350

5, 10, 30

ASC 300 (-45 µm) + 5 wt. % Steel nanopowder + 0.4 Wt. % C

1350

5, 10, 30

Sintering temperature (° C)

Heating rate (°C/min)

ASC 300 (-45 µm) + 5 wt. % Fe nanopowder

500, 700, 900, 1100, 1350

10

ASC 300 (-45 µm) + 10 wt. % Fe nanopowder

500, 700, 1350

10

ASC 300 (-45 µm) + 15 wt. % Fe nanopowder

500, 700, 1350

10

ASC 300 (-45 µm) + 20 wt. % Fe nanopowder

1350

10

Varying amounts of nanopowder
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4.2.4

X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for chemical
analysis (ESCA) is the most widely used technique for surface analysis which provides both
quantitative and chemical state information and can be applied to a broad range of materials.
The sample surface is excited using e.g. mono-energetic AlKα radiation causing photoelectrons
to be emitted due to the photoelectric effect. Such soft X-rays are used for the analysis and the
analysis is carried out in an ultra-high vacuum setup [54]. The kinetic energy of the emitted
photoelectrons is analysed by means of a hemispherical analyzer. The binding energy (𝐵𝐵𝐵𝐵)
based on the kinetic energy (𝐾𝐾𝐾𝐾) and photon energy (ℎ𝜗𝜗) equation is calculated as follows:
𝑩𝑩𝑩𝑩 = 𝒉𝒉𝒉𝒉 − 𝑲𝑲𝑲𝑲 − φ

Equation 4

The term φ refers to the work-function for specific instrument and material. The BE is unique
for each electron level of each element. The binding energy and intensity of a photoelectron
peak gives information about the elemental identity, chemical state and quantity of the element.
The electrons originating from a few atomic layers below the surface contribute to the analysis,
hence making it a surface sensitive technique. Typical analysis depth is around 3 to 10 nm.
Depending on the amount of elements present, photo cross-section and electron attenuation
length, numbers of electrons are proportionally detected.
In the present study, XPS was carried out on nanopowder using a PHI 5500 instrument (Physical
Electronics, Chanhassen, Minnesota, USA) for surface chemical analysis. This instrument is
equipped with a monochromatic AlKα (1486.6 eV, photon energy) X-ray source. Ultra-high
vacuum conditions of 10-9 mbar were maintained during the powder analysis. The X-ray source
and the spectrometer form an angle of 90° with one another making an angle of 45° with the
sample surface normal. For survey scan, 93.9 eV pass energy and 0.4 eV/step were used and
high resolution XPS was performed for elements of interest by using 23.5 eV pass energy and
0.1 eV/step. High resolution XPS (HR XPS) provides oxide and metal intensities which could
be used to evaluate the shell oxide thickness. Before the measurements, energy calibration was
carried out using pure elemental standards of Au, Ag and Cu. The etching was performed using
argon gas with an accelerating voltage of 4 kV. A raster scan by Ar+ beam over 4 x 5 mm2 to 2
x 3 mm2 area gave an etch rate of 3 to 5 nm min-1. The etch rate was calibrated on a flat Ta2O5
foil of known thickness (100 nm), thus the oxide thickness refers to Ta2O5 units, which is
expected to be of the same order of magnitude as that of Fe-oxide [55]. Samples for XPS
analysis were prepared inside the glove box. Loose powder was mounted on a double sided
adhesive conductive carbon tape. In the present study, iterated Shirley type background
correction was applied as it is essential to remove the peaks from an inelastic scattering
background and asymmetric components were assigned for area integration.
4.2.5

Electron Microscopy

Scanning electron microscope (SEM) uses a focused beam of electrons, which impinge on a
sample surface and generate a variety of signals. Information on the topography, atomic number
contrast, chemical composition, crystal orientation can be derived from the signals generated
due to the interaction of the electrons with the sample. In SEM, an electron source (can be
W/LaB6 filament or field emission gun) emits high energy electrons that are directed on to the
specimen. These electrons carry significant amounts of kinetic energy and when they hit the
sample, this energy is dissipated as a variety of signals during the interaction. The interaction
depth varies between 1 to 5 µm. The different signals are secondary electrons, backscattered
electrons, diffracted backscattered electrons and photons. Secondary electrons are used for
topographic imaging, while the backscattered electrons are used for illustrating contrast in
composition for multiphase samples [56]. X-ray generation due to the inelastic collisions
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between the incident and sample electrons can be used to analyze the chemical composition of
the sample using energy dispersive spectroscopy (EDS). The energy of the electron beam
typically ranges from 1 to 40 kV. A typical SEM consists of an electron source, electron lenses
to focus the electron beam on to specimen, sample stage, detectors for the signals of interest,
output devices and vacuum systems. The SEM is considered to be one of the most versatile
techniques in the study of solid materials.
In the present study, SEM was used to compliment the results from XPS, analyze the mixing
homogeneity and fractography of sinter compacts. A high resolution scanning electron
microscope (HRSEM), LEO Gemini 1550 (CARL ZEISS – LEO electron microscope, GmbH,
Germany) equipped with field emission gun was used to perform the microscopy analysis. The
imaging was performed using an in-lens detector as it provides high resolution and improved
topological contrast at low beam voltages. This is for imaging the features which are in the
order of a few hundred nanometers.
4.2.6

Optical Microscopy and Density Measurement

Optical microscopy (OM) is a technique which uses light in the visible spectrum to image the
topography or phase composition/feature contrast of a sample. It is mostly useful for features
of sizes down to the micron range. For the metals, the sample surface has to be reflective in
nature for the OM. For the same purpose, the samples of interest were mounted in a conducting
resin (Ployfast by Struers) using a hot mounting machine (Citopress-20, Struers). Grinding and
polishing was carried out to prepare the sample surface to mirror like surface. After specimen
preparation, OM was carried out using an optical microscope (Leitz DMRX, Leica).
Density measurements were carried out on green and sintered compacts to see the difference in
density due to the sintering process. For the green compacts, the density was evaluated by
measuring the mass and volume of the sample using a simple balance of 0.0001 g accuracy and
conventional measuring tools, respectively. The Archimedes’ principle based density
determination kit from OHAUS was used to measure density of sintered samples.
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5

Summary of the appended papers

For easier understanding, the results have been divided into two parts: Powder characterization
and sintering studies.
Powder characterization
Surface characteristics of the micro-powder ASC 300 (-45 µm) was studied in detail by Wendel
et al. [57]. Small oxide particulates enriched in Mn, Cr and Si in the order of less than 100 nm
were observed on the surface. The XPS study revealed that the surface iron oxide was around
6 to 7 nm in thickness and there was minor presence of Mn, Cr and Si in oxide state on the
powder surface. Auger electron spectroscopy (AES) confirmed that the scarce particulate
oxides were rich in Mn and Cr. When sintered at 1350 °C, the surface was devoid of any such
particulate oxides. Therefore, it could be said that the sintering temperature and atmosphere
were sufficient for the removal of all kinds of oxides. Thermogravimetry (TGA) results revealed
that the oxide reduction occurred in steps. At first, around 400 °C, the iron oxide layer was
reduced. After this there was a continuous mass loss related to reduction of surface oxide
particulates and also internal oxides.
The following subsections details about the surface characteristics and thermal behavior of
nanopowder, respectively.
5.1.1 Surface Characterization (Paper 1)

X-ray photoelectron spectroscopy (XPS) was used for surface characterization of nanopowder.
Nanopowder was expected to have a core-shell structure which means that metal core is covered
by an oxide shell. The aim was to calculate the thickness of this oxide shell. Both iron and steel
nanopowder were subjected to XPS for the same purpose. The TG was used to complement and
validate the results obtained from XPS. Below is the summary of the findings from XPS and
TG.
XPS
Survey scan from 0 to 1100 eV binding energy (BE) was carried out on the prepared sample
surface and it revealed the presence of elements in the near surface region of the powder (Figure
12). Peaks at 711, 640 and 530 eV were observed which represents the presence of iron,
manganese and oxygen respectively. The iron peak represents both metallic and oxides of iron.
Therefore, HR XPS was carried out to differentiate the content of different states. In the case
of iron nanopowder, metallic signal was observed on the surface. This was absent in the case
of steel nanopowder. Different models were used to fit the data from XPS in order to calculate
the oxide thickness.

Figure 12: (a) survey scan on the surface of iron nanopowder, (b) HR XPS peaks of Fe2p3 for iron and
steel nanopowder.
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The first approach uses relationship between average escape depth factor and ratio between
oxide thickness and electron mean free path [58].
𝑰𝑰𝒐𝒐𝒐𝒐 𝑰𝑰𝒎𝒎

𝒕𝒕𝒐𝒐𝒐𝒐 /𝝀𝝀𝒐𝒐𝒐𝒐 = (𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄)𝒔𝒔 𝒍𝒍𝒍𝒍[𝟏𝟏 + 𝑰𝑰𝒐𝒐𝒐𝒐 𝑰𝑰∞
𝒎𝒎 ]
∞

Equation 5

Where tox is oxide thickness, λox is electron mean free path in the oxide, (𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)𝑠𝑠 is average
𝑚𝑚
𝑜𝑜𝑜𝑜
escape depth factor, Im and Iox are intensities of metal and oxide respectively, and 𝐼𝐼∞
and 𝐼𝐼∞
are intensities of infinitely thick metal and oxide, respectively. Intensities obtained from the
surface are used as an input. Therefore, this was used only for iron nanopowder but not for steel
nanopowder. Using this approach, Eq. 5, values of 3.15, 3.45 and 3.45 nm were obtained for
35-45, 40-60 and 60-80 nm iron nanopowder, respectively.
The second approach uses depth profile technique and integration of the region under the curve
for the metallic and oxide peaks. This is repeated at every depth and a plot is done showing Fe
metal intensity vs. etch depth. Thickness of the oxide is estimated to be the depth at which 0.65
metallic intensity is achieved [58], based on model taking into account powder shape, predicted
range of oxide thickness, etch rate and electron attenuation length. Through this method,
thickness of the oxide was estimated to be 8.5, 8.5 and 6.1 nm for 35-45, 40-60 and 60-80 nm
iron nanopowder, respectively. This approach was also used for steel nanopowder and the
thickness was calculated to be around 15 nm. This approach clearly overestimates the thickness
of the oxide scale due to the fact that the appearance of metallic signal on the surface indicating
otherwise, showing that XPS depth profiling is not a consistent method for core-shell structures
of nanopowder.
The third approach is a planar surface approach [59] where geometric correction was done for
spherical shape using XPS Multiquant software [60] [61].
𝒅𝒅 =Ï cosα ln (
ox

𝑵𝑵

Ï
𝑰𝑰
𝒎𝒎𝒎𝒎 𝒎𝒎𝒎𝒎 𝒐𝒐𝒐𝒐
𝑵𝑵 Ï 𝑰𝑰
𝒐𝒐𝒐𝒐 𝒐𝒐𝒐𝒐 𝒎𝒎𝒎𝒎

+ 1)

Equation 6

where Ime is the photoelectron intensity of the metal and Iox the photoelectron intensity of the
oxide, while Nme and Nox are the number of atoms per unit volume in the metal and oxide,
respectively and Ï is the attenuation length. Photoelectron intensity of metal and oxide measured
from the HR XPS scan on the surface of the powder was used for Ime and Iox, respectively. Using
Eq. 6, the thickness of the oxide is measured to be 4.0, 4.1 and 4.1 nm for 35-45, 40-60 and 6080 nm iron nanopowder, respectively, on the assumption that the surface can be viewed as flat
projection. As the nanopowder particles have curved topography, the above values have to be
corrected [62]. This correction was done using XPS Multiquant software and the thickness was
found to be 2.7, 3.0 and 2.9 nm for 35-45, 40-60 and 60-80 nm iron nanopowder, respectively.
This approach was only used for iron but not steel nanopowder because of the absence of
metallic signal from the original surface of the powder.
Last approach using XPS data was the one proposed by A.G. Shard which is a simple and a
straightforward method to determine the thickness of oxide by taking into account the metallic
and oxide intensity from the surface [63].
𝑻𝑻𝑵𝑵𝑵𝑵 =

𝑻𝑻𝑹𝑹~𝟏𝟏 + 𝜷𝜷𝑻𝑻𝟎𝟎
𝟏𝟏+𝜷𝜷

Equation 7

Where 𝑇𝑇𝑅𝑅~1 is given by using the radius of the particle, overlay thickness on a planar sample
and multiplying with a geometrical correction term or topofactor [64]. The factor 𝛽𝛽 is a function
of photoelectron intensity, photoelectron kinetic energy, attenuation lengths and the effective
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atomic number of the components involved and 𝑇𝑇0 represents the thickness calculation for
infinitesimally small particles. Using Eq. 7, the oxide thickness was calculated to be
approximately 2.9, 2.8 and 2.8 nm for 35-45, 40-60 and 60-80 nm metal particles, respectively.
Even this approach was not suitable for steel nanopowder due to the absence of metallic signal
from the original surface.
TG and surface area correlation
TG analysis was carried out on iron nanopowder and a mass loss of 6.9, 6.8 and 4.6 % was
observed in 35-45, 40-60 and 60-80 nm iron nanopowder, respectively. These values along with
surface area values were used in Eq. 8 to calculate the oxide thickness:
𝒕𝒕𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 =

∆𝒎𝒎
𝑩𝑩𝑩𝑩𝑩𝑩 𝑿𝑿 𝝆𝝆𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 𝑿𝑿 𝟎𝟎.𝟑𝟑

Equation 8

where tscale is the thickness of oxide scale (cm), Δm is the percentage mass loss from TG, BET
is the surface area (cm2/g) of nanopowder and ρ is the density (g/cm3) of the scale. A factor of
0.3 is used to account for the oxygen mass fraction in the iron oxide. The calculated thickness
was 2.5, 3.0 and 3.0 nm for 35-45, 40-60 and 60-80 nm iron nanopowder respectively.

Figure 13: Thickness of oxide scale calculated using different models.

It can be said from the above results that except for the depth profile approach all the other
approaches were in agreement with one another and an oxide thickness value of around 3 nm
was calculated on the iron nanopowder (Figure 13). The passive layer measured on iron when
exposed to air at room temperature is also 3 nm in thickness. The oxide scale on steel
nanopowder through depth profile approach was measured to 15 nm but this method is not
suitable for measuring the oxide thickness of nanopowder, although it can be assumed that this
powder has greater oxide thickness than 3 nm since no metal iron peak is shown when analyzing
the original powder surface.
5.1.2 Thermal behavior of iron nanopowder

To explain the melt point depression for nano particles, a classical thermodynamics approach
was adopted by the use of Gibbs-Thomson equation [38]
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𝟐𝟐𝑻𝑻 (∞)𝝈𝝈

𝑻𝑻𝒎𝒎 (𝒓𝒓) = 𝑻𝑻𝒎𝒎 (∞) − ∆𝑯𝑯𝒎𝒎(∞)𝝆𝝆 𝒔𝒔𝒔𝒔𝒓𝒓
𝒇𝒇

Equation 9

𝒔𝒔

where 𝑇𝑇𝑚𝑚 (∞) is the melting temperature of the bulk material, ∆𝐻𝐻𝑓𝑓 (∞) is the latent heat of
fusion of the bulk material, 𝜌𝜌𝑠𝑠 is the density of the material in solid state, 𝑟𝑟 is the radius of the
particle, 𝑇𝑇𝑚𝑚 (𝑟𝑟) is the melting temperature of a particle with radius 𝑟𝑟 and 𝜎𝜎𝑠𝑠𝑠𝑠 is the solid-liquid
interfacial energy. The shape of the particle is assumed to be spherical in shape. This equation
is a simple way of predicting a relationship between the melting point temperature and
decreasing particle size. It could be said that this was used to describe the behavior of low
melting materials like low molecular weight organic liquids, cadmium or polymer lamella
crystals [38]. A modified version of Gibbs-Thomson equation for size-dependent melt point
depression is given by the following:

Where 𝐶𝐶 = 𝑇𝑇𝑚𝑚 ((𝜌𝜌

𝜌𝜌𝑠𝑠

𝑻𝑻𝒎𝒎 (𝒓𝒓) 𝑪𝑪
�
𝑻𝑻𝒎𝒎 (∞)

�

= 𝟏𝟏 − 𝑪𝑪

𝟐𝟐𝝈𝝈𝒔𝒔𝒔𝒔
∆𝑯𝑯𝒇𝒇 (∞)𝝆𝝆𝒔𝒔 𝒓𝒓

Equation 10

)(𝛼𝛼𝑙𝑙𝑙𝑙 − 𝛼𝛼𝑠𝑠 ), 𝜌𝜌𝑙𝑙 is the density in liquid state and 𝛼𝛼𝑙𝑙𝑙𝑙 & 𝛼𝛼𝑠𝑠 are the co-

𝑠𝑠− 𝜌𝜌𝑙𝑙 )

efficients of thermal expansion in both the phases. This form of the equation is valid for shallow
depressions or for values of C not very high. A C-value of 1.04 was reported for Al. There are
other models to predict the melting point dependence on the particle size [38]. One other model
used for the prediction is based on the liquid film which forms on the particle surface. The
equation is modified for liquid-skin model, where a thin liquid skin surrounds the solid particle
[65]. Though this model is not suitable for metals particles like aluminum and iron as they are
coated with an oxide passivation layer.

Figure 14: Different melting hypotheses for nanoparticles (Redrawn from [36]).

There are different melting processes as shown in Figure 14. The first one, homogenous melting
is that the entire solid is in equilibrium with the melted particles. There is no surface melting
involved in this case [39]. The Tm in the above figure represents the melting point of the
nanoparticles.
The melting point through this mechanism can be calculated using the following equation:
𝑻𝑻𝒎𝒎
𝑻𝑻𝑴𝑴

= 𝟏𝟏 −

𝟒𝟒𝟒𝟒
�𝜸𝜸𝒔𝒔𝒔𝒔
∆𝑯𝑯𝒇𝒇 𝑫𝑫

𝝆𝝆

𝟐𝟐
𝟑𝟑

− 𝜸𝜸𝒍𝒍𝒍𝒍 � 𝝆𝝆𝒔𝒔 � �
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𝒍𝒍

Equation 11

where 𝛾𝛾𝑠𝑠𝑠𝑠 is the surface energy of solid-vapour interface, 𝛾𝛾𝑙𝑙𝑙𝑙 is the surface energy of liquidvapour interface, 𝑇𝑇𝑀𝑀 is the bulk melting temperature, ∆𝐻𝐻𝑓𝑓 is the bulk heat of fusion, 𝐷𝐷 is the
diameter of the nanoparticles, 𝜌𝜌𝑠𝑠 is the density of the solid and 𝜌𝜌𝑙𝑙 is the density of the liquid.

When the liquid layer nucleates at the surface and grows with temperature in to the solid core
to eventually become complete liquid, such a mechanism is called liquid nucleation and growth
and the equation changes to [66]:
𝑻𝑻𝒎𝒎
𝑻𝑻𝑴𝑴

𝟔𝟔𝟔𝟔
�𝜸𝜸𝒔𝒔𝒔𝒔
∆𝑯𝑯𝒇𝒇 𝑫𝑫

= 𝟏𝟏 −

𝑻𝑻𝒎𝒎
𝑻𝑻𝑴𝑴

= 𝟏𝟏 − ∆𝑯𝑯

−

𝟏𝟏

𝝆𝝆 𝟐𝟐
𝜸𝜸𝒍𝒍𝒍𝒍 � 𝝆𝝆𝒔𝒔 � �
𝒍𝒍

Equation 12

The last of the three is liquid skin melting model where a liquid layer is formed over the solid
core at temperature lower than the melting temperature and remain unchanged till the particles
transforms completely to liquid at the melting temperature [67]. The melting temperature is
given by:
𝟒𝟒𝟒𝟒𝜸𝜸𝒔𝒔𝒔𝒔
𝒇𝒇 (𝑫𝑫−𝟐𝟐𝟐𝟐)

Equation 13

The Eqs. 11 and 12, which represent the homogenous melting and liquid nucleation and growth
model follow a linear variation between melting temperature and the inverse particle size. The
decrease in the melting temperature does not depend linearly with the inverse particle size in
the case of liquid skin melting model.
In the present work, Gibbs-Thomson equation was used to calculate the melting point of the
iron nanopowder used for the study. The nanopowder of interest had a size range from 35 to 80
nm. The calculation yielded values close to the bulk melting point temperature. Therefore, the
size of nanopowder in the present research is expected to be too large for the melt point
depression to happen.
The melting behavior of the iron nanopowder was evaluated using differential scanning
calorimeter (DSC) STA449 (NETZSCH Thermal Analysis GmbH, Germany). All the
experiments were performed in argon atmosphere and a flow rate of 50 ml/min was used. Final
target temperature of 1450 °C was employed with a heating rate of 10 °C/min. Alumina pans
with lid were used for measurement. A mass of around 100 to 120 mg was used and a heating
rate of 10 °C/min was employed.

Figure 15: DSC curves of iron nanopowder in all three size fractions.
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The endothermic peaks observed around 900 and 1400 °C correspond to the allotropic
transformations of BCC Fe to FCC Fe (α to γ) and FCC Fe to BCC Fe (γ to δ) respectively. An
additional endothermic peak at was observed at 1365 °C (Figure 15). The energy absorbed for
this transformation was higher than the energy absorbed for the allotropic transformations. In
agreement with the Gibbs-Thomson calculations which predicted that the melt point
temperature of the powder in the interested size range is equal to the bulk melting temperature,
it cannot hence be concluded that the peak at 1365°C is related to the melt formation. The
additional peak observed at around 1365°C disappeared in the DSC curves of powder blends.
It is not clear what this endothermic peak corresponds to as it was observed only in the
nanopowder samples.
There is a possibility for the nanopowder to not melt but to sinter and form a sinter mass. The
reason can be that the size of the nanoparticles may be bigger than the one required for melt
point depression to occur. Therefore the melting point of such powder is same as that of the
bulk melting point. Therefore, from sintering perspective, it is important to study the surface
oxide reduction as it influences the extent of sintering.
This section of the present study aims at understanding the reaction kinetics of spherical iron
nanopowder with an oxide shell during hydrogen reduction.
Evaluation of the reduction kinetics of iron nanopowder in hydrogen atmosphere
One of the most important parameter to evaluate the reduction of the surface oxide is by
evaluating the apparent activation energy [68]. This depends largely on factors like raw
material, reducing agent, temperature range, impurities, and physical shape [69]. There are
different methods used to evaluate the apparent activation energy, using model fitting and isoconversional methods [70], [71]. To use iso-conversional methods, experiments at different
heating rates are carried out. In this method, conversion fraction of the reaction is expressed as
following
𝜶𝜶 =

𝝎𝝎𝒊𝒊 −𝝎𝝎
𝝎𝝎𝒊𝒊 −𝝎𝝎𝒇𝒇

Equation 14

where 𝜔𝜔𝑖𝑖 , 𝜔𝜔 and 𝜔𝜔𝑓𝑓 are the initial, actual and final weight of the sample, respectively. The rate
of the reaction from fraction of the reaction is described as:
𝒅𝒅𝒅𝒅
𝒅𝒅𝒅𝒅

= 𝜷𝜷

𝒅𝒅𝒅𝒅
𝒅𝒅𝒅𝒅

−𝑬𝑬
� 𝒇𝒇(𝜶𝜶)
𝑹𝑹𝑹𝑹

= 𝒌𝒌(𝑻𝑻)𝒇𝒇(𝜶𝜶) = 𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨 �

Equation 15

where 𝛼𝛼 is the conversion fraction of the reaction, 𝛽𝛽 is the heating rate employed, 𝑘𝑘(𝑇𝑇) is the
rate constant for temperature T and 𝑓𝑓(𝛼𝛼) is a function of 𝛼𝛼. The 𝐴𝐴 and 𝐸𝐸 are the pre-exponential
and activation energy, respectively, and 𝑅𝑅 is the universal gas constant.

There are different methods like Friedman (FR) method [72], Nonlinear Vyazovkin (NLV)
method [73] and Kissinger-Akahira-Sunose (KAS) method [74], [75], generally used for the
interpretation of 𝐸𝐸 in iso-conversional evaluation of apparent activation energy. Out of the three
methods, the KAS method is the mostly commonly or widely used as it is more accurate than
the FR method and the values obtained are comparable to those of the NLV method. The FR
method is considered to be less accurate for low and high values of 𝛼𝛼 as it is very sensitive to
experimental noise and numerically unstable [68]. The NLV method is considered to be a
complex process owing to the complex computations as part of the method. In KAS method the
above equation changes to:
𝜷𝜷
𝑻𝑻

𝒍𝒍𝒍𝒍 � 𝟐𝟐� = −

𝑬𝑬
+
𝑹𝑹𝑹𝑹

𝑨𝑨𝑨𝑨
�
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Equation 16

𝐴𝐴𝐴𝐴

where T is the temperature at transformation, 𝑔𝑔(𝛼𝛼) is the integral from Eq. 16 and 𝑙𝑙𝑙𝑙 �𝑔𝑔(𝛼𝛼)𝑅𝑅�

is a parameter independent of transformation temperature and heating rate. This equation
represent y=mx+c expression as when 𝛼𝛼 is constant, that is considering the conversion fraction
𝛽𝛽
1
is constant, the plot between 𝑙𝑙𝑙𝑙 �𝑇𝑇 2 � versus 𝑇𝑇 yields a straight line and whose slope is used to
arrive at the activation energy (𝐸𝐸). This expression has been used in the present study to
calculate the apparent activation energy.

To investigate the surface oxide reduction, thermogravimetric analysis was performed using a
simultaneous thermal analyzer STA449 (NETZSCH Thermal Analysis GmbH, Germany). A
small alumina crucible was used as a vessel for the sample to be analyzed. Crucible along with
the sample was placed in the middle of the vertical furnace on top a thermocouple pole. A
sample size of around 200±5 mg was used and hydrogen atmosphere was used for the reduction
process. Before the commencement of the experiment, the furnace tube was evacuated and
purged with argon gas for three times. All the samples were heated to 1350°C with a heating
rate of 10, 30 and 50 °C/min. A constant flow of hydrogen gas at 100 ml/min was maintained
throughout the experiment.
Figure 16 shows the result of TG measurements heated to 1350°C in hydrogen atmosphere at
different heating rates. The total mass loss was observed to be 7.2 to 7.8, 6.5 to 6.8 and 4.5 to
5 % for 35-45, 40-60 and 60-80 nm iron nanopowder. This mass corresponds to the value of
iron oxide present on the nanopowder. A thickness of 3 nm of oxide scale has been found on
the nanopowder [76] and is safe to say that it has been completely reduced at the end of the
experiment. The thickness is same on all the size fractions, the difference is from the difference
in the surface area between the different size fractions. With an increase in heating rate the
complete reduction process shifts to higher temperature. It was not very clear from the TG
curves if the reduction was one step or multiple steps. Therefore, the TG data was differentiated
against temperature and plotted in differential thermogravimetric curves (DTG). It can be seen
from Figure 16 that 2 different peaks were observed in the case of nanopowder of 60-80 nm
size fraction and these curves shifted depending on the heating rate. Different peaks, one at
T<200 °C and the other at T<650 °C were observed at higher heating rates like 30 and 50
°C/min. For the one with 10 °C/min, the peak at higher temperature was only clear at T<600
°C. Similar phenomenon was observed in the other size fractions, except that the temperature
was on the lower side compared to that for the 60-80 nm size fraction. The first peak varied
from 150 to 175 °C, whereas the second one occurred at between 400 to 600 °C. The first peak
corresponds to the loss of passive layer over the nanopowder which helps in minimizing the
agglomeration and may also partly be due to the moisture loss. The second peak corresponds to
the oxide reduction and also accounts for almost all of the mass loss. Higher heating rate not
only shifted the peaks to higher temperature but also broadened the peaks by increasing the
total time taken for the reaction to complete.
To understand the reduction behavior of surface iron oxide in nanopowder, apparent activation
energy calculations were carried out using KAS method. Using Eq. 16 iso-conversional plot of
𝛽𝛽
1
𝑙𝑙𝑙𝑙 �𝑇𝑇 2 � versus 𝑇𝑇 was plotted for all the three size fractions (Figure 17). Linear fit was made and
the slope was used to calculate apparent activation energy by multiplying with universal gas
constant (-R). Plot showing the activation energy is Figure 17. The activation energy for the
surface oxide reduction was found to be in the range of 40 to 80 kJ/mol with an increasing
activation energy value for increasing size. It is known from literature that the activation energy
required for the conversion of oxide to Fe is in the range of 15-172 kJ/mol [68]. During the
reduction of iron oxide using hydrogen, it was found that the activation energy values associated
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with the two-step reduction process of Fe2O3 to Fe3O4 and then subsequently to metallic Fe had
values of 90 and 70 kJ/mol [77] while using Arrhenius plot.

Figure 16: TG and DTG curves for 60-80 nm iron nanopowder.

Figure 17 Activation energy estimations for the reduction of surface oxide in iron nanopowder.
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Results from compaction and sintering (Papers 2 & 3)
5.2.1 Compaction

Different powder blends were compacted and the compatibility curves are shown in Figure 18.
It is apparent that increase in compaction pressure increases the green density. Compacts with
addition of iron nanopowder showed good compressibility. Presence of graphite decreased the
green density at higher compaction pressures. At low compaction pressure, it acts as lubricant
and helps to achieve high green density. Compacts with steel nanopowder have lower green
density in comparison with that of compacts with iron nanopowder. Presence of nanopowder
influences the compressibility of the powder and was found to decrease the green density [43].
For the compacts containing only micro-powder, the green density was approximately 7.35
g/cm3 when compacted at 800 MPa [11]. When 5 wt% nanopowder content was employed the
green density got reduced to 7.3 g/cm3. The compressibility decreased with an overall
increasing nanopowder content in the powder blend (Figure 18). It was shown from the study
using SEM and electron backscatter diffraction (EBSD) that compacts produced at higher
compaction pressures (like 800 MPa) exhibited severely deformed structure near the particle
edges for the ASC 300 (-45 µm) particles [11]. In the present case, this deformed region can be
spread across the nanosized particles because of their size and can influence the sintering.

Figure 18: Compressibility curves of (a) varying composition and compaction pressure (Paper 2) and (b)
varying amounts of iron nanopowder.

5.2.2 Sintering
5.2.2.1 Addition of nanopowder

On sintering the green compacts with iron nanopowder at 1350 °C, shrinkage was increased
from 1 to 1.5 % when the compaction pressure increased from 400 to 800 MPa (Figure 19).
Presence of carbon along with nanopowder increased the shrinkage from 1.6 to 2.2 % when the
compaction pressure increased (Figure 19). When steel nanopowder was used shrinkage was
more or less the same at 1.5 % for all the compaction pressures but when carbon was added it
changed from 1.5 to 2.2 % when the pressure increased (Figure 20). Different heating rates
were employed for sintering and the influence on the overall shrinkage was negligible. There
was a shift in the on-set of the α to γ transformation temperature with an increasing heating rate
(Figure 21).
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Figure 19: Sintering curves showing powder blend compacts with 5 wt. % of (a) iron nanopowder and (b)

iron nanopowder with graphite (Paper 2).

Figure 20: Sintering curves showing powder blend compacts mixed with 5 wt. % of (a) steel nanopowder
and (b) steel nanopowder with graphite (Paper 2).

Figure 21: Influence of heating rate on the on-set of the ferrite to austenite transition (Paper 2).

To understand the influence of nanopowder addition, the sinter behavior of nanopowder blend
compact was compared to the compact with only micrometer sized powder (Figure 22). A clear
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difference was observed between the two sinter curves though the nature of the curves was
same. The compact with nanopowder underwent densification in the lower temperature range.

Figure 22: Sinter curves showing the influence of nanopowder addition (paper 2)

To analyse this difference, compacts with iron nanopowder were subjected to intermittent
sintering at temperatures like 500, 700, 900 and 1100 °C (Figure 23).
a

b

c

d

Figure 23: Sinter curves at intermittent sintering temperatures (a) 500, (b) 700, (c) 900 and (d) 1100 °C.

The sintered compacts were subjected to fractography to evaluate the difference in sintering
behavior (Figure 24). It is clear that the nanopowder was sintered at between 500-700 °C from
the fractographs; at 500 °C nanopowder retains its shape and size, while at 700 °C clear
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sintering of nanopowder was observed. This could be related to the reduction of nanopowder
surface oxide between 500-700°C obtained from thermogravimetric data. Also, it was observed
that the surface oxide scale is reduced at 400 °C for the micropowder [57]. At 900 °C, no
nanopowder was observed (Figure 24). The nanopowder during sintering not only sintered to
itself but also to the neighboring micrometer sized powder particle. This helps in increasing the
contact area between the particles which in turn helps in densification. Hence, any individual
effect of nanopowder providing melt depression (if any) at higher temperature should have been
lost. Similar phenomenon was observed by Lee et al. for MIM system [35].

Figure 24: SEM Micrographs showing the fracture surface of sintered compact at temperature at (a) 500,
(b) 700, (c) 900 and (d) 1100 °C.

Increasing the nanopowder content
Different amounts of iron nanopowder was added and its influence on sintering was studied.
(From 5 to 20 wt.% nanopowder content). The shrinkage increased from 1.5 to 3.0 % when the
nanopowder content was increased from 5 to 20%. The slope of the sintering curve turns steeper
with an increasing nanopowder content. The behavior of the curves with different content
changes above 500 °C (Figure 25). Activation with respect to nanopowder is triggered only
above this temperature.
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Figure 25: Sintering curves showing the influence of nanopowder content in the powder blend compact.

Sinter density and densification parameter
Sinter density increased with an increasing compaction pressure and the amount of nanopowder
also influences the sinter density as depicted in Figure 26. Densification parameter was used to
see the extent of densification and was calculated using the formula [78]:
𝝆𝝆 −𝝆𝝆

𝜳𝜳 = 𝝆𝝆𝒔𝒔−𝝆𝝆𝒈𝒈
𝒕𝒕

𝒈𝒈

Equation 17

where 𝜌𝜌𝑠𝑠 is the sinter density, 𝜌𝜌𝑔𝑔 is the green density and 𝜌𝜌𝑡𝑡 is the theoretical density.

Figure 26: Graph showing (a) the influence of compaction pressure on the sinter density (b) Varying
amount of nanopowder in the powder blend sintered at 1350°C for 0.5 h.
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Figure 27: Densification parameter for sintered compacts (a) pressed at different compaction pressures
and (b) varying amounts of nanopowder in the powder blend for 0.5 h at 1350 °C.

Figure 27 shows that densification parameter values. The results are complex with effects of
compaction pressure on densification parameter values (Figure 27) indicatively being different
for different kind of blends; still there is tendency that increased compaction pressure may
depress the densification during sintering. Clear is, however, that densification parameter
increases with an increase in nanopowder content (Figure 27).
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6

Conclusions
The findings of the present thesis study shed light on following issues.
1. Surface oxide thickness measurement of iron nanopowder
 Different models were used to evaluate the XPS data and a methodology to
measure the thickness of surface oxide on nanopowder was established.
 All the models except the depth profiling technique yielded an oxide thickness
of approximately 3 nm for the size fractions of iron nanopowder.
 The XPS results were in agreement with the calculations made through TGAsurface area correlation.
 For the case of steel nanopowder, thicker oxide scale well above 3 nm over the
surface is expected owing to the manufacturing process; the lack of metal signal
from the surface making it difficult for evaluation using available core-shell
models and only XPS depth profiling is possible, but not recommended as it
provides lack of precision for nanopowder
2. Activation energy calculations for surface oxide reduction of nanopowder
 The activation energies for oxide scale reduction in iron nanopowder were
calculated using Kissinger equation.
 The DSC curves revealed only phase transition peaks but no clear melting peaks
for iron nanopowder.
 Gibbs Thompson calculations corresponding to the melt-point depression for
iron nanopowder suggested the lack of occurrence of melting below that for bulk
metal even for the size range below 10 nm.
3. Influence of the powder blend constituents on the compressibility
 The presence and increase in nano powder content decreased the compressibility
of the blends proportionally to the content
 At lower compaction pressures, graphite improved the green density but
decreased the green density when higher pressures were applied.
4. Influence of nano powder on the sintering behavior
 The presence of nanopowder imparted shrinkage in the compacts observable
significantly already at temperatures of 500 to 700 °C.
 An increase in the content of nanopowder increased the sintered density of the
compacts proportionally with the nanopowder content.
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7 Future work
The present study has addressed the use of iron nanopowder as the model powder to evaluate
the influence of such addition on the sintering of water-atomized iron powder. This knowledge
serves as a basis to try experimenting with different alloy nanopowder in next stage. The surface
characterization methodology developed in the present study can be used for the evaluation of
surface oxide of different alloy nanopowder which would be helpful in developing the sintering
of different powder blends. Different alloy systems can be explored in order to have a low
melting point temperature and use such systems to promote liquid phase sintering in addition
to the observed low temperature sintering enhancement. The integration of carbon source is
expected to be an important means also for further studies.
Extensive DSC, XRD and advanced characterization techniques like XPS, TEM are to be used
to study next stage design of nanopowder addition. A more in-depth analysis to study the
diffusion behaviour of tailored nanopowder and to see how this helps in achieving liquid phase
like sintering when added to water atomised iron powder should be considered.
To study sintering by using nanopowder agglomerates instead of nanopowder can also be
explored.
On the application front, gear blank manufactured out of powder blend is close to realisation.
The intention is to use the powder blend, compact through cold isostatic compaction (CIP) and
high temperature sintering to reach closed porosity compacts, with and without nanopowder
additions.
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