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ABSTRACT
One main reason for the use of Fe-Cu-C system in PM industry is the presence of liquid phase
(copper) at the start of sintering (1120oC). The diffusion of liquid copper into iron causes
swelling in the structure. This in turn can cause high dimensional change and, if not
controlled properly, may cause distortion. So it is of paramount importance to control the
copper diffusion. Carbon, added as graphite, reduces the swelling of copper by changing the
dihedral angle. The affect of graphite on copper diffusion depends on the graphite type,
particle size of graphite and heating rate. The aim of this work was to find the influence of
graphite type and particle size of graphite on copper diffusion. Water Atomized iron
(ASC100.29) produced in Höganäs AB was taken as the base powder. Two types of graphite
were used each with two different particle sizes. Two different graphite quantities (0.2% &
0.8%) for each type was taken. Natural fine graphite (UF4), Natural coarse graphite (PG44),
Synthetic fine graphite (F10) and Synthetic coarse graphite (KS44) were the graphites used
in this work. Powders were compacted at 600 Mpa and the sintering was done at 1120 oC for
30 minutes in 90/10 N2/H2. Dilatometry and metallographic investigation of the samples
sintered in the production furnace were used to understand the graphite influence.

The investigation showed that at low graphite levels (0.2%), the affect of graphite type or
graphite size was not significant on copper diffusion. At high graphite levels (0.8%),
synthetic graphites were more effective in reducing the swelling of copper. Influence of
particle size of synthetic graphites on Cu diffusion was not significant compared to the
influence of particle size of natural graphite. There was also a considerable affect of heating
rate on graphite dissolution and copper swelling.

Keywords: graphite dissolution, copper diffusion, compact swelling, dimensional change in
Fe – Cu –C alloys
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1. INTRODUCTION
Powder Metallurgy (PM) is a processing technique that involves the production
of metal powders and conversion of these powders into useful engineered structures. It is a
continually and rapidly evolving technology embracing most metallic elements. It is now a
highly developed method for making ferrous and non ferrous parts with good reliability. A
typical PM product is produced by mixing the powders and compacting them in a die. The
compacted products are sintered (heated) in the furnace under controlled conditions. This
sintered product has many benefits – it holds the shape imparted by the compaction die and
builds up strength during sintering. The component can be further subjected to subsequent
heat treatments, if necessary, to get
better properties. The production of
metallic components by compaction and
sintering in PM is a large industry. It
comprises of many companies, each
with
specialization
in
alloys,
applications and production techniques.
Today, ferrous alloys constitute the
dominant powders and structural
automotive components constitute the
dominant applications. Apart from the
structural components, iron and steel
powders are also used in other products
such as kitchen appliances and power
tools. The reasons for the growth of PM
market with time can be attributed to the
cost effective solutions and distinct
technical advantages offered by PM.
High material use and minimized
machining, good micro structural
control, product homogeneity and mass productions are some of them. The adjacent figure
shows how powder technology fares with other manufacturing technologies. Maximum
material utilization and minimum energy requirement per kg of the finished part is possible in
powder metallurgy. In some cases conversion of a cast or wrought component into powder
metal could provide a savings of 40% or higher. There are also some offsetting factors, as it is
at a disadvantage with respect to raw material cost, tool cost and processing complexity. This
makes PM technology justifiable only in cases where the production quantities are very high
[few thousand to few million per day] and where strength and other mechanical properties
require metallic materials. The main difficulty arises from the residual porosity which affects
the properties. Thus, the need is to push the materials for high density structures with higher
levels of complexity and good dimensional control. The present work is to investigate the
dimensional change in one of the most common alloy systems used in PM, iron – copper –
carbon. [5] [4] [17]
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2. THEORY OF POWDER METALLURGY
2.1 PRODUCTION OF IRON AND STEEL POWDERS
Metal powders can be produced in four different ways as given below.
1.
2.
3.
4.

Reduction process
Atomization process
Carbonyl process
Electrolysis process

Of these methods, reduction and atomization processes are the widely used methods for iron
powder production. The reduction processes are based on the conventional processes used in
extractive metallurgy. An important iron reduction plant is in Höganäs, Sweden. Atomization
process includes both water and gas atomization. Water atomization process which is of
primary interest for the present work is discussed below.
2.1.1 WATER ATOMIZATION
Water atomization process is the widely
used process for producing iron powders.
Molten metal after leaving the crucible is
disintegrated by high pressure water jets
from the sides. Pressure of water, angle of
jets and nozzle diameter affect the size of
the atomized powder. The atomized units
are usually vertical and the powders
obtained have an irregular shape with high
compressibility and green strength. For the
present work, a water atomized powder
produced by Höganäs AB (ASC100.29) has
been used. [6]

Figure 1. Water Atomizing Unit
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2.2 BASIC DEFINITIONS
Here some basic definitions in powder metallurgy are given for the better understanding of
the report.
Activation energy: The energy required to move an atom to a new site or to evaporate an
atom.
Admixed powder: A small discrete powder mixed with another powder for lubrication,
bonding or alloying.
Austenite: The face-centered cubic crystal structure of iron, also known as gamma iron. It has
a high solubility for carbon (2%).
Cementite: The carbide of iron where there are three iron atoms for every carbon atom (Fe3C).
It is a hard and brittle phase.
Compact: An object produced by the compression of metal powders.
Dihedral angle: The angle formed by a grain boundary with a pore or liquid during sintering.
It is a measure of relative interfacial energies.
Distortion: Non uniform dimensional change measured versus the average dimensions,
measured by the standard deviation in dimensions point to point over the component exterior
as referenced to mean dimensions.
Ferrite: The body centered cubic phase of iron stable at room temperature, also known as
alpha iron. It is a soft and ductile phase. It has a low solubility for carbon.
Grain boundary: The interface between two crystals where atomic bonding is disrupted along
the surface layer. Grain boundaries are common sites for impurities and are active in
sintering.
Green strength: The strength of the as-pressed powder compact.
Liquid phase sintering: Sintering at a temperature where a liquid and solid coexist as a result
of chemical reactions, partial melting or eutectic liquid formation.
Lubricant: An organic additive mixed with the powders to reduce die wear and ejection force.
Neck: The bond between contacting particles during sintering.
Particle size: The controlling linear dimension of an individual particle, as determined by
analysis with screens or other instruments.
Pearlite: A mixture of ferrite and cementite in a lamellar structure, consisting of alternating
layers of alpha iron and iron carbide.
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Porosity: The amount of void space in a powder compact.
Spring back: The elastic relaxation of a pressed powder on removal of the compaction
pressure or ejection from the die set. [9]

2.3 ALLOYING OF POWDERS
Normally, the iron powders are not used in their pure form because of inferior mechanical
properties. So the powders are admixed with other elements which aid in increasing the
properties of the final component. There are many alloying elements which can be added to
iron. In view of the present work, only carbon and copper are discussed.
2.3.1 CARBON
Carbon, added in the form of graphite, is the most basic and commonly used alloying element
to increase the strength and hardness of the sintered component. Graphite also decreases the
friction coefficient by solid state lubrication. The quantity of graphite mixed in iron powder
varies from 0.2% to 1%. The reactivity of graphite with iron is one of the most important
properties for the sintering process. The graphite dissolution affects the homogeneity of the
carbon concentration and therefore also the consistency of the dimensional change and shape
stability. Graphite powders tend to meet different requirements depending on their
applications. In the cases of hard metals, a high purity graphite is a requirement and for the
cases of structural components dimensional stability, compactability and lubricity are also key
factors. Good diffusibility of carbon and reactivity of graphite with iron are necessary for
improved mechanical strength especially for the production of copper steels. There are two
types of graphites available in the market today, natural graphite and synthetic graphite. There
are four fundamental parameters that define graphite’s properties. [11] [16] [12]
1.
2.
3.
4.

Crystal structure
Texture
Particle size and shape
Purity

A wide range of synthetic and natural graphites with different grades can be produced by
combining these four parameters. For this work, natural and synthetic graphites produced in
TIMCAL GRAPHITE & CARBON and Kropmfuhl have been used.
The main difference between natural and synthetic graphite is the purity. It is defined by the
carbon content, humidity and chemical composition of ash. Synthetic graphites are purer than
natural graphites and more expensive. The impurities in natural graphites form stable oxides
and are expected to remain at the iron particle surfaces when the graphite dissolves. This
inhibits the dissolution process of a natural graphite. Synthetic graphites, which are pure, tend
to dissolve faster in iron giving high hardness. There is also difference in the crystallographic
arrangements of natural and synthetic graphites on a gross crystallographic level [at
microscopic level they are more or less the same]. The crystal parameters Lc and La used to
characterize the graphite properties are very different for natural and synthetic graphites. A
volume element of graphite with smaller Lc and La values has more phase boundaries and
associated defects. This will affect the surface energy and other properties that affect the
diffusion and solubility characteristics. Synthetic graphites in general have smaller Lc and La
8

values and also the basal planes of synthetic graphites are more developed than natural
graphites. This leads to more prismatic structures at the edge. Since the reactivity of a graphite
depends on the edge carbon atoms, graphite with more prismatic atoms would tend to react
fast chemically. More information on this can be found in [20][21]. Some properties and
applications of the graphites are given below in table 1.

GRAPHITE TYPE
Natural Fine
UF4
Synthetic fine
F10
Synthetic coarse
KS44
Natural Coarse
PG44

Ash
(%)
0.1 –
6

Crystalline
height

< 0.6

>90

0.09

<
0.06

>100

0.10

<4

>200

0.23

-

Scott
density
-

Applications
Mechanical pencil leads, Lubricants, powder
metallurgy, plastics
Fe – sintered engineering parts, Fe-self
lubricating engineering parts
Special alloys (Al, Mg, Ti), Hard metals (WC,
TiC)
Fe-sintered engineering parts, Fe – friction
parts, copper/ bronze bearings

Table 1. Properties of different graphite types and their applications
2.3.2 COPPER
Copper is one of the widely used elements in powder metallurgy. Addition of copper
increases the strength and hardness. Usual amounts of copper admixed are 1.5% to 4%.
Copper when admixed with iron causes swelling, known as copper induced swelling, because
of its low dihedral angle. Copper swelling is discussed in more detail in the next section.
2.3.3 LUBRICANT
Lubricants are a necessary part in the formation of PM parts. The function of a proper
lubricant is to reduce the ejection forces and minimize the die wear during pressing. In
addition to this, some lubricants also act as binders to enhance the green strength of the
compact. Important requirement of a lubricant is that it should wet the metal surface
completely and have low value of shear coefficient of friction. The mechanism of how a
lubricant works is simple. When pressure is applied on the powder with lubricant, the
compressive forces increase the pressure on the lubricant. This causes pressure melting, i.e.
the reduction in viscosity of the lubricant so that it can flow smoothly along the particle
boundaries. Each lubricating particle can travel only a limited distance when the pressure is
exerted. Hence, it is important that the lubricant is mixed sufficiently so that it can flow
homogeneously throughout the compact. The lubricating particles after flowing through the
particle boundaries reach the walls and reduce the friction between the die and the powder.
There are many kinds of lubricants available in the market. A proper selection of lubricant
involves good balance between the cost, mixing time, burn off temperature and amount of
decompositional bi-products left in the furnace after it burns off. For the present work,
lubricant developed by Hoganas AB, Lube – E, was used. [18]
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2.4ADDITION OF ALLOYING ELEMENTS
Addition of alloying elements can be done in one of the following ways.
1. Water atomization of the alloyed melt is known as pre alloying. The alloying elements
are distributed in the powder particles homogeneously. The problems of segregation
can be minimized. But prealloying reduces compressibility, because of solution
hardening. Powders made from this method, at Höganäs AB, are known as Astaloy
powders. [6]

2. Mechanically blending the alloying elements with iron powder. The advantages are
that the composition can be controlled and the powder mixes have high
compressibility. The disadvantage is that the elements tend to segregate and yield less
homogeneous parts.
3. There is a third method to add the alloying elements. The alloying particles are
diffusion bonded to the iron powder. In this method, alloying elements do not diffuse
completely so that compressibility is not affected but the diffusion is only partial to
reduce the segregation problems. These powders are known as Distaloy Powders.

2.5 DIFFUSION
Diffusion is the spread of particles from one region to another region driven by concentration
gradient. Diffusion is an important phenomenon in powder metallurgy. Diffusion of alloying
elements into iron powders causes significant change in its properties.
Diffusion can be of two types in solids, Interstitial diffusion and substitutional diffusion.
Interstitial diffusion takes place when the diffusing atoms are very small compared to iron
atoms. This kind of diffusion takes place with carbon, oxygen and nitrogen. Substitutional
diffusion takes place when the diffusing atoms have the similar size to that of iron atoms, like
copper. Generally interstitial diffusion is many orders of magnitude faster than substitutional
diffusion. The mechanism of diffusion can be explained by the use of ficks law.
2.5.1 FICKS LAW
Ficks first law states that the flux goes from region of high concentration to the region of low
concentration, with the magnitude proportional to the concentration difference. It is given as
J = -D ∂ᴓ/∂x
Where J = Diffusion flux [per area per unit time]
D = Diffusion coefficient
ᴓ= concentration in dimensions [mole/m3] and x = Distance
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Ficks second law describes the change in concentration with time. If D can be approximated
as constant then it is given as
∂ᴓ/∂t = D ∂ᴓ2/ ∂x2
Diffusion coefficient depends upon the temperature and the activation energy.
D = D0exp (- Q/ RT)
Where Do is the characteristic property of the material, R is the universal gas constant, T is the
absolute temperature and Q is the activation energy.

In the present work, interstitial diffusion of carbon into iron and substitutional diffusion of
copper into iron are considered. Diffusion of iron in copper is always lesser than copper in
iron and hence it is neglected.
2.6 IRON – COPPER – CARBON
Fe – Cu – C alloys are widely used for the production of medium to high density parts.
Components like clutche hubs, camshaft pulleys, connecting rods, synchronizer hubs are
made from these alloys. The system is represented as FCXXYY, where XX represents the
percentage of copper and YY represents the percentage of carbon in multiples of 100. For
example FC0208 has 2 wt.-% of copper and 0.8 wt.-% of carbon. These alloys have high
hardness and tensile strength. Mixtures of iron and copper powder have two fold benefit.
1. Copper melts at 1083oC, i.e. below the conventional sintering temperature (1120oC),
and rapidly infiltrates the pore system of compact where it diffuses relatively easily
into iron powder. The presence of liquid phase during sintering promotes efficient
bonding and is desirable.
2. The solubility of copper in γ – iron ( austenite) is up to 9 wt.-%, but in α – iron
(ferrite) it is only 0.4 wt.-% at room temperature. Hence, iron – copper alloys can be
precipitation hardened by low temperature annealing after sintering.

One attribute of this particular system is the swelling, known as copper swelling, which
causes high dimensional change. The reason for this is the low contact angle of copper which
enables it to wet the iron particle surface completely. Carbon, added in the form of graphite,
increases the contact angle and consequently wetting is reduced. Also when carbon is added,
the surface energy of the system is increased and hence more work is required to cleave the
sample thereby creating two surfaces. Further, graphite addition helps in boosting the overall
strength of the compact. The effect of graphite on copper swelling was suggested to depend
on the type of graphite, particle size of graphite, particle size of iron and the heating rate. [19]

Iron – copper systems have been studied for many years and many models have been
presented. One particular model is briefly discussed here which could be the future scope of
11

this work. The model was proposed by Zongyin Zhange et al. [2]. They stated that, the
swelling that increases with increasing copper content reaches a maximum value and then
decreases with further increase of copper content. The critical concentration of copper was
found to be around 8 wt.-%. This nearly corresponds to the solubility limit of copper in FCC
iron. At low copper contents, solid state sintering mechanism was dominant and the entire
copper was assumed to contribute to the swelling.

At lower copper contents (< 8 wt.-%), the relationship between volume swelling (∆V) and
copper content (∆V Cu) was found to be
∆V = 1.08 ∆VCu
An equation was derived based on the conditions that iron and copper had same particle size,
and they undergo uniform deformation during compaction and amount of volume growth of
compacts is equal to the volume of liquid copper penetrating into iron interparticle
boundaries. Skipping the derivation of the equation, the equation is
d2 = A ∫ D dt = (ADo/ Hr) ∫ eQm/RT dT
where d is the diffusion layer thickness, A = 0.45 Constant, t is the time, D is the diffusion
coefficient, Hr is the heating rate, Qm is the activation energy and T is the temperature.
fvdiff = 3d/r
where r is the particle radius of copper and f is the fraction of copper diffused into iron per
unit volume.
The diffusion layer thickness can be found from SEM analysis experimentally. The values of
activation energy can be obtained from the available literature. The only unknown term is the
diffusion constant of copper in iron in the presence of a particular graphite type and it can be
calculated from the equation above.
2.6 SINTERING
Sintering is the key step in transforming the green compact to high strength compact. It
involves heating of the compact to a temperature where the particles weld to each other. The
driving force for sintering comes from the decrease in the surface area of the particles forming
necks. At sintering some particles move relative to each other causing change in dimensions.
These dimensional shifts have to be properly controlled to avoid distortion in the final
structure. Sintering always increases the strength of the green compact. So measuring the
mechanical properties is a good way to find the degree of sintering. Sintering is governed by
the following parameters.
1. Sintering time and temperature
2. Atmosphere
3. Chemical composition of the mix
12

4. Geometrical shape of the powder particles
1. Sintering time and temperature
Time and temperature are very important to achieve good sintering. The higher the
temperature, the lesser is the sintering time to get desired degree of bonding. Sintering
temperatures of 1120oC -1150oC and time of 30 minutes are used in industries.
2. Atmosphere
Sintering atmosphere plays a vital role in controlling the final properties of the product. The
atmosphere has to fulfill several functions. The choice of sintering atmosphere varies with the
chemical composition of the mix. Often reducing atmosphere in the furnace is required. Pure
hydrogen is by far the best reducing atmosphere available. Due to economic reasons,
generally a mixture of 75/25 N2/H2 or 90/10 N2/H2 or 95/5 N2/H2 is used.

3. Chemical composition of the mix
Presence of alloying elements influences the sintering to a great extent. As sintering is mainly
aimed at homogenization, the diffusion rates of alloying elements in iron particles control the
sintering. If the powder mix contains a component that is in liquid phase during sintering,
degree of bonding is increased significantly.
4. Geometrical structures:
Powders having smaller particle size sinter fast because of their high surface area when
compared to the powders having coarser particles. Sintering time varies accordingly.

We now briefly discuss sintering in presence of a transient liquid phase which is of interest to
the present work. Compact of iron – copper – carbon alloy is considered. Copper in the
mixture melts at 1083oC, the arising liquid phase is first pulled by capillary forces into narrow
gaps between the particles of the solid component, creating the largest possible contact area
between liquid and solid phase. The micro graphs shown below show dissolution and
diffusion of a Cu particle in Fe. Also a possible disintegration mechanism of iron grain
boundaries by copper is shown [figure 2d]

Figure 2a

Figure 2b
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Figure 2c

Figure 2a, 2b, 2c show the different stages in sintering of a compact. Left figure has a solid
copper particle and the right figure shows the pore caused by diffusion of liquid copper into
iron. In the similar way when copper diffuses into iron containing graphite, partial
disintegration of iron grain boundaries with carbon diffused in it takes place. The latter
process requires more work and this can explain the reason of reduced swelling with the
addition of graphite.

Figure 2d. Possible cleavage mechanism of Fe boundary by Cu

2.8 MECHANICAL TESTING OF MATERIALS
Generally, a sintered product is tested for sintered density, hardness, impact strength and
tensile strength. Of these, sintered density, hardness, tensile strength are discussed below.
Good mechanical properties indicate successful sintering.

1. Sintered Density
Sintered density refers to the density of the sintered compact. It should be less than the
theoretical density because of evaporation of lubricant. The sintered compact is put in asphalt
for 20 minutes to cover the pores and then the density is measured in the following way.
Sintered Density of the compact = Weight of the part in air/(wt of the part in air – wt of the
part in water)*density of water.
Often, high sintered density is desirable except in the case of bearings and filters. Mechanical
properties of the compact increase with its density.
2. Hardness
Hardness is defined as the resistance to wear and indentation. It is measured by impressing an
indenter test tip into the surface of the sample. Several hardness scales exist, Rockwell
hardness with scales HRB, HRC and Vickers hardness with scale HV10 are popularly used.
Rockwell hardness is a destructive test as the impression remains on the surface after testing.
Vickers on the other hand is used for testing micro hardness and can be considered as a non
destructive test. The measurement is performed using a small indentation measured in a micro
scope. For the present work, vickers hardness has been used. A high hardness value indicates
greater resistance to scratch and wear. Hardness is directly proportional to the strength.
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3. Tensile strength
Tensile strength measurement involves pulling a sintered material, from both sides, to failure.
This destructive test measures the force and strain during testing. Stress is then, load divided
by the cross sectional area. There are two values of tensile strength that are often reported.
Yield strength and Ultimate tensile strength. Yield strength indicates the stress value at which
the component starts to deform plastically and ultimate tensile strength is the maximum value
of the stress before the component fractures. Apparently, high tensile strength values are
desirable. There are standard equipments available for tensile testing of the specimens. Most
of them are synchronized with computers to give the graph of stress versus strain.
2.9 DILATOMETER
Dilatometry is a useful means for following dimensional change during sintering. These
dilation meters continuously measure the size of a component in the furnace during sintering.
The measurement is performed by contacting the compact with an external measuring
transducer that uses electric, magnetic or optical signals to determine the instantaneous
dimensions. Accordingly there are various types of dilatometers available. Horizontal push
rod dilatometer which was used in the experiments is discussed below.

Push rod dilatometer
The sample to be measured is put in the furnace. As the sample length changes, a connecting
rod transfers the thermal expansion to the strain gauge. As the connecting rod ( measuring
system) and the sample are exposed to the same temperature, they expand likewise. The
values obtained have to be corrected accordingly to get the absolute expansion of the sample.
Heating rates up to 50oC/min can be achieved in this kind of dilatometers. A disadvantage
with the dilatometer used in the present study was with the cooling rates, as the maximum
cooling rates that could be achieved was4oC-5oC/min. Neverthless, this dilatometer provides
accurate information about the dimensional change during heating. The absolute values of
dimensional change obtained from these dilatometers do not match with the values obtained
in production furnaces. This is because there is always certain pressure applied on the
compacts in dilatometer which is not the case in production furnaces. Figure below shows
outside and inside view of the push rod dilatometer used.

Figure 3. Outside and Inside view of a push rod dilatometer
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2.10 CHEMICAL ANALYSIS
Chemical analysis is a very important tool to describe the properties of the sintered
component. Amount of alloying elements present in the final sintered components are
measured. The properties of the sintered components directly correspond to the amount of
alloying elements. Normally, chemical analysis is done for carbon, oxygen, nitrogen, sulphur,
copper, chromium, manganese, phosphorous. The quantity of sample needed for chemical
analysis varies from element to element. For C, N, O, S the amount needed is 1g. For other
elements the amount needed is 50g. Here, a brief discription of the analyzing procedure has
been given.
2.10.1 ANALYSIS OF CARBON
1g of the substance is taken either in powder form or in small piece from the sample. They are
heated in normal atmosphere and the weight loss of the substance due to the reaction with
oxygen is used to find the amount of carbon in the sample.

2.10.2 ANALYSIS OF Mn, Cu, Cr
50g of the substance is taken and heated in a container till it melts. Then the molten metal is
poured into a metal mould and allowed to solidify. The metal is taken from the mould and
machined to get an even surface. Then the metal surface is subjected to Rhodium X – rays in a
sequential spectrometer. The results are plotted in a special pattern from which the elements
present in the sample can be identified. Individual peak densities are measured to determine
the concentrations of individual elements.
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3. EXPERIMENTAL SET UP

3.1 STARTING MATERIALS
1. Iron powder: ASC100.29 [Water Atomized iron powder]
Particle size distribution of iron powder
PARTICLE SIZE
-45 µm
45 µm – 75 µm
75 µm – 106 µm
150 µm – 180 µm
180 µm – 212 µm

PERCENTAGE
22.9
29.9
19.8
5.5
0.8

Mean particle size: 77.8 µm Std Deviation: 33.1
2. Copper: Cu – 100
3. Lubricant: Lube E
4. Graphite : 1. UF4 [ Natural Fine graphite]
2. F10 [ Synthetic fine graphite]
3. KS44 [ Synthetic coarse graphite]
4. PG44 [ Natural coarse graphite ]

All these graphites differ in their particle sizes. The particle size and density distribution of
these graphites is given below.
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Figure 4. density and size distribution curve for UF4
From the size distribution curve
X10 = 1.70 µm
X50 = 5.00 µm

X90 = 11.14 µm

SMD = 3.49 µm
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Figure 5. density and size distribution curve for F10
From the particle size distribution curve
X10 = 2.28 µm
X50 = 5.81 µm

X90 = 11.56 µm
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SMD = 4.31 µm
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2. F10

3. KS44
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Figure 6. density and size distribution curve for KS44
From the particle size distribuion curve
X10 = 4.01 µm
X50 = 15.08 µm

X90 = 38.72 µm

SMD = 8.85 µm

4. PG44
1.4

90

1.2

80
70

1.0

60

0.8

50
0.6

40
30

0.4

20
0.2

10
0
0.4

0.6 0.8 1.0

2

4

6
8 10
particle size / µm

20

40

60

80 100

Figure 7. density and size distirbution curve for PG44
From the size distribution curve curve
X10 = 4.74 µm
X50 = 14.48 µm

X90 = 33.71 µm
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3.2 EXPERIMENTAL CONDITIONS

Powder compaction
Compaction pressure : 600 MPa
Green density : 7.05 – 7.2 g/cc
TS bar specifications: Length: 90.00 mm Width: 5.667 mm Height: 5.12 mm
Dilatometer specimens: Height : 6.00 mm Diameter : 3.00 mm
Sintering conditions
Time and Temperature: 30 min at 1120oC
Atmosphere
: 90/10 N2/ H2
Furnace
: Continuous belt furnace and batch furnace. Batch furnace was used
for interrupted sinterings.

Mechanical Testing
Hardness: Vickers hardness with scale HV10
Tensile strength : Zwick tensile testing machine
Dilatometer : NETZSCH DIL 402C
Conditions in dilatometer: Heating rate : 10oC/min Cooling rate : 5oC/min

Metallographic investigation
Etchant : 1% Nital
Microscope : Light Optic Microscope (LOM)
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3.3 EXPERIMENTAL PROCEDURE
The experiments were conducted in the following way.

1. Powders of iron, copper, graphite, lubricant were mixed mechanically in the following
compositions
Series no

Base
powder

Cu100

Lubricant
Lube E

Natural
UF4

1(FC0202,UF4) ASC100.29
2
0.6
0.2
2(FC0202,F10)
ASC100.29
2
0.6
3(FC0202,Ks44) ASC100.29
2
0.6
4(FC0202,PG44) ASC100.29
2
0.6
5(FC0208,UF4) ASC100.29
2
0.6
0.8
6(FC0208,F10)
ASC100.29
2
0.6
7(FC0208,Ks44) ASC100.29
2
0.6
8(FC0208,PG44) ASC100.29
2
0.6
9(Fe02,UF4)
ASC100.29
0
0.6
0.2
10(Fe02,F10)
ASC100.29
0
0.6
11(Fe02,Ks44)
ASC100.29
0
0.6
12(Fe02,PG44)
ASC100.29
0
0.6
13(Fe08,UF49
ASC100.29
0
0.6
0.8
14(Fe08,F10)
ASC100.29
0
0.6
15(Fe08,ks44)
ASC100.29
0
0.6
16(Fe08,PG44)
ASC100.29
0
0.6
Note: Fe02 represents iron with 0.2% carbon without copper
Table 2. Mixing of powders

Synthetic
F10

Coarse
syn
Ks44

Coarse
natural
PG44

0.2
0.2
0.2
0.8
0.8
0.8
0.2
0.2
0.2
0.8
0.8
0.8

Powders were compacted to TS bars and dilatometer specimens.
3. The compacted TS bars were measured for their dimensions in a standard measuring
equipment.
4. Sintering at 1120oC for 30 minutes in 90/10 N2/H2
5. Sintered TS bars were measured again for their dimensions to find out the dimensional
change
6. Mechanical testing of the sintered products
7. Dilatometer curves for all the compositions were obtained.
8. Investigation of graphite dissolution and copper diffusion
9. Interrupted sinterings
10. Chemical analysis and Metallographic investigations
The results are presented in the next section.
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4. RESULTS
4.1 DIMENSIONAL CHANGE
Dimensional change of TS bars before and after sintering.
Composition
DC d-s %
STD. DEV d-s%
DC g-s%
1.FC0202, UF4
0.562
0.0076
0.436
2.FC0202, F10
0.568
0.0027
0.442
3.FC0202, Ks44
0.584
0.0036
0.453
4.FC0208,PG44
0.554
0.0275
0.354
5.FC0208, UF4
0.306
0.0036
0.134
6.FC0208,F10
0.341
0.0041
0.156
7.FC0208, Ks44
0.417
0.0026
0.223
8.FC0208, PG44
0.321
0.0024
0.144
9. Fe02, UF4
0.044
0.0032
-0.085
10. Fe02, F10
0.056
0.0022
-0.070
11. Fe02, Ks44
0.065
0.0048
-0.073
12. Fe02, PG44
0.033
0.0112
-0.119
13. Fe08, UF4
0.155
0.0104
-0.019
14. Fe08, F10
0.238
0.0068
0.051
15. Fe08, Ks44
0.255
0.0058
0.047
16. Fe08, PG44
0.131
0.0308
-0.061
Note: number of parts investigated: 7
Table 3. Dimensional change before and after sintering

STD.DEV g-s%
0.0079
0.0027
0.0056
0.0027
0.0046
0.0043
0.0041
0.0029
0.0044
0.0027
0.0034
0.0010
0.0131
0.0078
0.0081
0.0024

d- s % is the dimensional change from die to sintered. It is always higher than g-s %. After
ejection from the die, the cylindrical compact expands elastically. This is known as spring
back. In this report only the dimensional change from g-s % is considered neglecting the
spring back. For better visualization, these values were plotted in a bar chart given below.

0.5

FC0202
FC0208
Fe02
Fe08

dimensional change, %

0.4
0.3
0.2
0.1
0
-0.1

.

UF4

F10

KS44

PG44

-0.2

Figure 8. dimensional change for diferent graphite types
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From table 3, it was clear that low carbon samples had higher dimensional change during
sintering. Also in the low carbon samples the dimensional change was nearly the same
regardless of the graphite type. In high carbon samples, there was a difference in the
dimensional change with the graphite type. These values were used as reference in the later
part of the report.
4.2 MECHANICAL PROPERTIES
The samples were tested for their sintered densities and mechanical properties.
SINTERED
TENSILE
VICKERS
STD DEV
DENSITY
STRENGTH
HARDNESS HARDNESS
(g/cc)
(Mpa)
FC0202, UF4
7.11
108
6.20
376
FC0202, F10
7.15
107
5.70
382
FC0202, Ks44
7.12
102
7.73
377
FCO202, PG44
7.06
97
6.15
359
FC0208, UF4
7.12
172
6.96
642
FC0208, F10
7.10
185
11.13
647
FC0208, Ks44
7.11
185
13.74
636
FC0208, PG44
7.05
161
4.66
595
Fe02, UF4
7.18
76
2.76
297
Fe02, F10
7.2
77
3.22
296
Fe02, Ks44
7.18
77
3.68
293
Fe02, PG44
7.15
73
2.71
276
Fe08. UF4
7.16
119
2.80
436
Fe08, F10
7.15
129
5.34
468
Fe08, Ks44
7.15
126
5.61
450
Fe08, PG44
7.08
116
5.50
400
Note:number of parts investigated: 7
Table 4. Mechanical properties of each composition
COMPOSITION

STD DEV
TENSILE
STRENGTH
5.5
5.3
3.2
2.6
9.6
7.9
9.6
6.7
1.7
2.3
3.1
2.8
13.5
5.0
8.8
6.0

From table 4, it was clear that synthetic graphites lead to high hardness in general, and they
showed higher values of tensile strength compared to natural graphites.
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4.3DILATOMETER CURVES

Dilatometric investigation was done on the samples. The result from the dilatometer was a
graph between dimensional change ( %) and time or temperature. One such curve is analyzed
in detail and the rest of the curves are presented in the appendix.

Figure 9. Dilatometer curve for FC0208, F10
Figure 9 is a dilatometer curve and the graph is between dimensional change(dl/Lo) and
temperature (0C). The green line represents the heating part (heating rate: 10oC/min) and the
blue line the cooling part (cooling rate: 5oC/min). The change in dimensions was linear up to
730oC. This change in dimensions was in accordance with the thermal expansion of ferrite.
There was a decrease in dimension from 730oC to nearly 860oC. This decrease was because of
the phase transformation of iron from BCC (ferrite) to FCC (austenite). Then a steep increase
in the slope of the curve was observed. It was because of carbon diffusion [920oC to 1000oC].
After that it was almost linear till 1080oC and it corresponded to the expansion of austenite.
From 1080oC there was a significant change in dimensions to 1120oC. This was because of
the diffusion of liquid copper which caused swelling in the structure. At 1120oC, the sample
was held for 30 minutes and then cooled. During cooling, the dimensional change was almost
linear till 720oC. At this temperature, transformation of austenite to ferrite takes place i.e.
FCC to BCC and iron carbides were precipitated. So, there was an increase in the dimensions
at this point. Then the dimensional change was linear till room temperature. The regions of
carbon and copper diffusion were taken separately and shown in magnified scale in the later
part of the report.
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Figure 10. 0.2% C dilatometer curves
Figure 10 shows the dilatometer curves for samples with different types of graphite and
having a carbon content of 0.2%. The curves behave in the same way up to 750oC [ the
expansion was same for all the samples irrespective of the graphite type]. Above 850 oC, the
effect of graphite on dimensional change was seen, starting with the phase transformation.
There was a linear increase from 950oC to 1090oC. Due to the low carbon content of 0.2% and
diffusion of carbon being a much faster process, we did not find steep increase in the
dimensions at this temperature due to carbon diffusion. A steep increase in dimensions was
observed from 1090oC till 1120oC due copper induced swelling.
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Figure 11. 0.8%C dilatometer curves
Figure 11 shows the dilatometer curves for samples with different graphite types and having
carbon content of 0.8%. Up to 700oC, all the samples behaved similarly. The phase
transformation temperature of iron was lower for synthetic graphites than for natural
graphites. The difference in the start of transformation temperatures was around 40 oC. The
shrinkage due to phase transformation was less and same for natural fine and synthetic fine
graphites. The reason for that could be the small particle size of fine graphites, which had
increased its rate of dissolution. With the combined effect of high dissolution rate at lower
temperature and decrease in dimensions due to phase transformation, the overall shrinkage
associated with finer graphites was lesser than that of coarser graphites. Also in the region
where carbon diffused, we found a steep increase in dimensions for synthetic graphites (F10 +
Ks44). Above 1080oC, the copper started to melt and diffuse into iron. The region of copper
diffusion is presented separately in the later part of this report.
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Regions of carbon diffusion

Figure 12. Region of carbon diffusion for samples with UF4

Figure 13. Region of carbon diffusion for samples with F10
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Figure 14. Region of carbon diffusion in samples with KS44

Figure 15. Region of carbon diffusion in samples with PG44
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Figures 12,13,14 and 15 show part of the curves from the dilatometer. The curves were taken
in the range 700oC to 1040oC. In this interval, phase transformation of iron from bcc to fcc
takes place. The phase transformation was accompanied with shrinkage. After the end of
phase transformation graphite starts dissolving into iron and carbon atoms start diffusing. The
green lines represent the samples with 0.2% carbon and pink lines represent the samples with
0.8% carbon. The dashed lines were obtained by plotting the derivative of dimensional change
with respect to time for all the values of temperature and time. So these dashed lines, or
derivative curves, indicate the slope of the curves. The slope of the curve indicates how the
change in length varies with respect to time at a particular temperature. This slope curve is,
therefore, a measure of diffusion [diffusion is the change in area per unit time per unit
temperature. The dilatometer is capable of measuring only the change in length, the
volumetric expansion was approximated as three times the linear expansion. The linear
expansion was used as a measure of diffusion]. The derivative curves have been used many
times in this report to explain the rates of diffusion of carbon and copper. From the above
figures it can be observed that the increase of carbon content decreases the start of phase
transformation temperature. Dissolution process was more even and uniform in synthetic
graphites. The shrinkage during phase transformation was lesser for fine graphites (UF4 and
F10) at low carbon levels compared to coarser graphites. For 0.2% carbon samples, we found
that the derivative was almost constant after phase transformation. The reasons could be very
fast dissolution due to low carbon content and due to decarburization. The 0.8% carbon
samples had well pronounced carbon diffusion regions and were studied for further analysis.
Regions of copper diffusion

Figure 16. Region of copper diffusion in samples with UF4
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Figure 17. Region of copper diffusion in samples with F10

Figure 18. Region of copper diffusion in samples with KS44
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Figure 19. Region of copper diffusion in samples with PG44
Figures 16, 17, 18 and 19 shows part of dilatometer curves in the range of 1080oC to 1120oC.
In this temperature range the copper melts and starts diffusing. With the background of
derivative curves from the pervious section, green lines represent the samples with 0.2%
carbon and pink lines represent the samples with 0.8% carbon. Green and pink dashed lines
represent the derivatives of low and high carbon samples. Refering to the derivative curves,
0.2% C samples had higher values than the 0.8% C samples at almost all temperatures. The
rate of diffusion of copper in samples with 0.2% C was always higher than samples with 0.8%
C. The 0.2%C samples in all the above graphs looked the same. This indicated that the
influence of graphite type on copper diffusion was not significant in samples with low carbon
content. The 0.8%C samples for synthetic graphites [ F10 + Ks44 ] look the same indicating
that the effect of particle size of a synthetic graphite on copper diffusion was not significant.
In the case of natural graphites, the particle size of graphite had effect on copper diffusion.
Also, it could be observed that increase in the carbon content reduced the amount of diffused
copper in the structure. The general trend for the decrease in the solubility of copper with
increasing carbon content can be obtained from the thermocalc. The figure below shows the
above mentioned trend.
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Figure 20. Solubility of copper with increasing carbon content
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Regions of graphite dissolution in high carbon samples

Figure 21. Region of graphite dissolution

The above graph shows the dilatometer curves [ 0.8% carbon samples] in the temperature
range 850oC to 1050oC. Graphite dissolution was faster in F10 compared to other graphite
types. This could be inferred from the temperature range of carbon diffusion. The start of
diffusion temperature for F10 was around 850oC, while the Natural coarse graphite [PG44]
started to diffuse at 890oC and the complete diffusion took place at approximately 1045oC.
Also, synthetic graphites diffused at a higher rate compared to natural graphites. The point of
interest for further metallographic investigation was 890oC, where the diffusion of carbon was
half way through and both free and diffused carbon were present in the structure.
Now, a curve showing the weight percent of carbon in iron as a function of temperature was
obtained using thermocalc. The curve represented the case for ideal graphite with the finest
particle size possible. The graph is shown in the figure below.
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Figure 22. Carbon content in iron as a function of temperature
This graph represents the curve for ideal graphite with the finest particle size possible Till
740oC, there was not much carbon diffused into iron as observed from the graph above. The
phase transformation also looks instantaneous which is never the case with iron powders due
to the presence of defects in the crystals.The entire carbon diffused in the temperature interval
of 40oC. This was very less compared to 80oC and 110oC for synthetic and natural graphites.
There was a significant affect of impurities and particle size on the diffusion characteristics of
a graphite.

34

Region of copper diffusion in high carbon samples

Figure 23. Region of copper diffusion
Figure 23 shows the dilatometer curves in the range of 1080oC to 1120oC (i.e), the region
where copper begins to melt and starts diffusing. The dashed lines, slope lines or derivatives,
represent the rate of change in length with respect to time. Normally, if the change was due to
the thermal expansion, then this change in length with time should be constant. Due to the
diffusion of copper, the rate [ dl/dt] changes. It was observed that the peak of diffusion was
around 1105oC for UF4 and PG44 and around 1110oC for F10 and Ks44. The difference in the
diffusion of copper for a natural fine and natural coarse graphite was higher than for a
synthetic fine and synthetic coarse graphite. For temperatures above 1105oC, it was found that
the rate of increase in length w.r.t time decreased further increase in temperature. The reason
was that the amount of undiffused liquid copper was very less and also the liquid copper had
to travel more distance to be able to diffuse into the grain boundaries. At around 1120 oC
almost all of the copper had been diffused into iron and the slope of the curve remained
constant. The point of investigation in the present work was around 1090 oC -1100OC, where
both free and diffused copper particles were present.
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4.4 INTERRUPTED SINTERINGS
From the dilatometer curves, six different temperatures were selected for interrupted
sinterings to know more about the micro structural changes and also the dimensional change
at each step. The temperatures were
1. 890oC
2. 1000oC
3. 1080oC
4. 1094oC
5. 1120oC
6. 1120oC after sintering
The powders were compacted as TS bars and the compacted bars were measured for their
dimensions. For the first five temperatures, the samples were heated and immediately cooled
without any holding. For the last temperature, the sintering was done in the usual way with
the atmosphere mentioned in the first part of the report. Small batch furnace was used for
these trials. Heating rate of nearly 10oC/min was maintained till 1000oC and thereafter the
heating rate of only 5oC-6oC/min could be achieved. Cooling rate was around 7oC/min, very
close to the cooling rate in the dilatometer. The samples after being cooled down to the room
temperature were measured for their dimensions and metallographic investigation was done
on the samples.
1. Interrupted sintering at 890oC
The samples were heated and cooled in the way mentioned above and the dimensions of the
samples were measured after reaching the room temperature. The dimensional change along
with the micro structures are given below.
Type Dimensional change after cooling from 890oC
UF4
-0.071
F10
-0.024
KS44
-0.022
PG44
-0.087
Table 5. DC of samples after cooling from 890oC
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Figure 24. Microstructures at 890oC, clockwise from top left: UF4, F10, KS44, PG44

There was a difference in the micro structures. The dark green areas represent the pearlite.
Orange spots are the free copper particles. The remaining area represents the ferrite.The
amount of pearlite formation was higher in F10 and UF4 [ Natural fine and Synthetic fine
graphites] compared to coarse graphites. High pearlite content in UF4 and F10 could be
explained with their smaller particle sizes. The small size of these graphites made them
dissolve easily in the iron matrix. The amount of pearlite was found by analysing the
percentage of free graphite and then subtracting it from the total carbon content. The results
are given below. The dimensional change in all the samples was very low as more than half of
the graphite content was still in its free form.
TYPE TOTAL CARBON
UF4
F10
KS44
PG44

0.786
0.824
0.823
0.771

FREE
DIFFUSED
CARBON CARBON
0.56
0.226
0.54
0.284
0.61
0.213
0.63
0.141

Table 6. Free graphite analysis
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2. Interrupted sinterings at 1000oC
The samples were heated at the rate of 10oC/min and cooled in the furnace to room
temperature. The dimensional change and the micro structures are given below.

Type Dimensional change after cooling from 10000C
UF4
0.107
F10
0.152
Ks44
0.142
PG44
0.051
Table 8. DC of samples after cooling from 1000oC
The micro structures were similar to the structures observed at 890 oC. Amount of pearlite
content in decreasing order was F10*, KS44, UF4, PG44*. The amount of graphite dissolved
was found in the same way by analysing the amount of free graphite. The results are given
below.
Type Total carbon Free graphite Diffused carbon
UF4
0.767
0.31
0.457
F10
0.794
0.1
0.694
Ks44
0.82
0.18
0.64
PG44
0.758
0.38
0.378
Table 9. Free graphite analysis
Looking at the amount of diffused carbon at 890oC we found that the amount of diffused
carbon was higher for natural and synthetic fine graphites. But at 1000oC, it was observed that
the amount of diffused carbon was higher for F10 and KS44. More than 80% of the graphite
had dissolved in synthetic graphites where as less than 50% of the natural graphites dissolved
in the same time. It was inferred that from these data, the rate of dissolution of synthetic
graphites was higher than for the natural graphites. This was in agreement with the
dilatometer data obtained [refer figure 21].
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Figure 25. Interrupted sinterings at 1000oC, clockwise from top left: UF4, F10, KS44, PG44

3. Interrupted sinterings at 1080oC
The measured dimensional changes along with the micro structures are given below.
Type Dimensional change after cooling from 1080 oC
UF4
0.131
F10
0.149
Ks44
0.162
PG44
0.130
Table 10. DC of samples after cooling from 1080oC
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Figure 26. Interrupted sinterings at 1080oC, clockwise from top left UF4, F10, Ks44, PG44
The above pictures were selected in a way that they represent the average of all the
parameters. By looking at the whole structure, it was inferred that the solid state diffusion of
copper was highest in PG44 and lowest in F10. The rate of copper diffusion was inversely
proportional to the dissolution rate of graphite in the sample. The difference in the dimensions
for synthetic and natural graphites directly corresponded to the difference in their dissolution
rates. Also above 1080oC high copper diffusivity directly corresponded to high dimensional
change. In order to have better understanding of copper diffusion in terms of dimensional
change, the samples were interrupted at 1094oC and 1120oC before sintering.
4. Interrupted sintering at 1094oC
At 1094oC, the dimensional change was

Type
UF4
F10
Ks44
PG44

Dimensional change
at 1080oC
0.131
0.149
0.162
0.130

Dimensional change
at 1094oC
0.212
0.191
0.199
0.231

Increase in dimensional change
between these temperatures
61.8%
28.2%
22.8%
77.6%

Table 11. Increase in DC from 1080oC to 1094oC
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We could see a clear difference in the increase in dimensional change for natural and
synthetic graphites. Around 65% increase was observed for natural and 25% for synthetic
graphites. This difference was clearly because of the amount of copper diffused into iron. The
microstructures at this temperature are given below. The orange spots represent the free
copper particle and the dark brown areas represent the diffused copper. Clearly, the amount of
diffused copper washigher in PG44 and UF4. F10 and KS44 had relatively larger number of
free copper particles which indicated the slow copper diffusion for these graphites.

Figure 27. Interrupted sinterings at 1094oC, clockwise from top left UF4, F10, Ks44, PG44

5. Interrupted sinterings at 1120oC before sintering
The dimensional change for this trial is given below
Type

UF4
F10
Ks44
PG44

Dimensional
change after
cooling from
1080oC
0.118
0.134
0.146
0.130

Dimensional
change after
cooling from
1094oC
0.191
0.172
0.179
0.231

Dimensional
change after
cooling 1120oC
0.222
0.207
0.225
0.247

Table 12. Increase in DC from 1094oC to 1120oC
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Increase in
dimensional change
from 1094oC to
1120oC
16.2%
20.3%
25.6%
6.9%

It was apparent from the above table that the increase in dimensions from 1094oC to 1120oC
was higher for synthetic graphites than natural graphites. The increase in dimensions for the
samples with synthetic graphites, from 1080oC to 1094oC and from 1094oC to 1120oC, was
almost the same indicating uniform and slow copper diffusion. For the samples with natural
graphites, increase in dimensional change from 1094oC to 1120oC was only 11% (average dc
of UF4 and PG44) compared to 65% in the previous trial. The diffusion of copper in samples
with natural graphites increased rapidly from 1080oC and reduced in the same way after
certain temperature. The micro structures at this temperature are given below. There was no
noticeable difference in the micro structures.

Figure 28. Interrupted sinterings at 1120oC, clockwise from top left UF4, F10, Ks44, PG44
6. Sintering at 1120oC
The samples were sintered normally at 1120oC with the same conditions. The dimensional
change at the end of sintering was given below. During sintering shrinkage took place due to
reduction in porosity. The shrinkage values for the samples were near to each other. So, there
was no significant effect of graphite type on the shrinkage during sintering. The micro
structures at the end of sintering contained a mixture of pearlite, ferrite and diffused copper
with small traces of secondary copper particles.
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Type
UF4
F10
Ks44
PG44

Dimensional change after
cooling from 1120oC
0.222
0.207
0.225
0.247

Dimensional change after cooling
from 1120oC(after sintering)
0.159
0.133
0.153
0.167

Shrinkage during
sintering
28.3%
35.7%
32%
32.3%

Table 13. DC during sintering

Figure 29. Sintering at 1120oC, clockwise from top left: UF4, F10 , Ks44, PG44
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After this sintering a new set of samples were heated and held at 1000 oC for 30 minutes, to
given sufficient time for dissolution of graphites, and heated to 1094oC and then cooled
immediately. The dimensions were measured at room temperature and the dimensional
change were given below. Decrease in DC could be observed by holding the sample.
Type

UF4
F10
KS44
PG44

DC after cooling from 1094oC ( with
holding at 1000oC during heating for 30
minutes)
0.194
0.177
0.193
0.221

DC after cooling from 1094oC without
holding (interrupted sintering 3)
0.212
0.191
0.199
0.231

Table 14. Difference in DC with and without holding at 1000oC
It was interesting to observe the reduction in the solubility of copper, in iron, with increasing
amount of diffused carbon into the structure. In other words, as the activity of carbon
increased, the solubility of copper reduced accordingly. A relation between these was
obtained at 1100oC using thermo calc and is given in the figure below. The graph was
obtained for Fe – Cu – C alloy with 2% Cu and 0.8% C. This possibly explains the increase in
dimensional change values at various temperatures.
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Figure 30. Mass percent of Cu wrt activity of carbon

From figure 30, the maximum of copper that could be souble is around 7.6% [in agreement
with the earlier literature surverys]. As the entire carbon is diffused, the maximum amount of
copper soluble reduced to only 4.5%. This could be the reason why the amount of copper
added is always less than 4% in PM in order to avoid the presence of free copper.
4.5 MIXING OF GRAPHITES
From the above results, it could be said that Synthetic fine graphite (F10) was the best
graphite to control copper swelling and Natural coarse graphite was least effective. As F10
was more expensive than other graphites, graphite effect similar to F10 had been tried by
mixing natural and synthetic graphites. Experiments were done by mixing different graphite
types in equal proportions. For these experiments, 0.8% graphite samples were taken and
graphites were mixed in the following combinations.
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1. UF4 (0.4%) + F10 (0.4%)
2. UF4 (0.4%) + KS44 (0.4%)
3. PG44 (0.4%) + F10 (0.4%)
4. PG44 (0.4%) + KS44 (0.4%)
Copper content in all the samples was 2% and the same lubricant Lube – E was used. Then
the powders were compacted as dilatometer specimens and only the results obtained by
mixing F10 and PG44 were presented below as they showed largest effects on copper
diffusion.

Figure 31. Region of copper diffusion, F10, PG44 and F10 + PG44
From figure 31, adding PG44 nd F10 in equal proportions reduced the rate of carbon diffusion
by nearly 45%. This could be used as an alternative when the use of only F10 cannot be
economically justified. Combination of single graphites and graphite mixes on copper
diffusion are presented below.
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Figure 32. Relative rates of copper diffusion in different graphites

In the figure above, thin lines represent the single graphite and thick lines represent the
graphite mixes. It was desirable to have graphite which reduced the rate of copper diffusion,
which in turn reduced copper swelling. The mixes which gave low rates of copper diffusion
were to be used to reduce the copper swelling. F10, KS44, UF4 + F10, UF4 + KS44 were
good combinations to achieve reduced copper swelling and thereby better dimensional
precision.
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4.6 INFLUENCE OF HEATING RATE ON COPPER DIFFUSION
In all the above cases, heating rate of 10oC/min was used. What happens when the heating
rate is increased? Will the effect of graphite be the same or much higher? In order to have
more information on this, dilatometric investigation on the samples with 0.8% has been done
with the heating rate of 20oC/min. The part of the curve in the region 1080oC to 1120oC,
showing the copper diffusion, has been presented below.

Figure 33. Region of copper diffussion, samples with 20oC/min heating rate

From the figure above, maximum diffusion of copper took place in the range of 1115oC. The
maximum values of dL/dt were more than the values obtained for heating rate of 10oC/min.
There was also difference in the rates of copper diffusion for the samples with synthetic fine
and synthetic coarse graphites. Since the dimensional change at this temperature was only
because of the diffusion of copper, we compared the samples with two different heating rates
i.e., 10oC/min and 20oC/min. Comparing each and every point of the curve would make it
cumbersome, we compared only the maximum values of rate of dimensional change w.r.t
time for the two cases in the form of a bar chart. It has to be kept in mind that the values in the
Y-axis represent the relative ease of copper diffusion but not the absolute values.
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Figure 34.Relative rates of copper diffusion for different heating rates and graphite types

Summary
Fe – Cu – C alloy was investigated for graphite influence on copper diffusion. The base
material was water atomized iron (ASC100.29). Four different types of graphites (UF4, F10,
KS44, PG44) were used each with two different compositions (0.2% & 0.8%). Compaction of
the powders were done at 600 Mpa and sintering at 1120oC for 30 minutes in 90/10 N2/H2.
The sintered densities were in the range of 7.1 – 7.2 g/cc. Samples with synthetic graphites
showed high values of hardness and tensile strength compared to natural graphites. Fine
graphites lead to better mechanical properties than coarse graphites.
Dilatometric investigation was done on the samples to study the dimensional behaviour, in
particular the influence of graphite type on copper swelling. Addition of graphite reduced the
copper swelling. FC0202 samples showed higher dimensional changes than FC0208 samples.
The effect of graphite type was significant only in FC0208. In high carbon samples, use of
synthetic graphites lead to reduction in phase transformation temperature of iron by roughly
40oC. The shrinkage during phase transformation, FC0202, observed in samples with fine
graphites was lesser than coarse graphites.In FC0208, synthetic graphites were more effective
in reducing the swelling of copper than natural graphites. Effect of particle size of synthetic
graphites in reducing copper diffusion was not that significant. This was not the case with
natural graphites where the effect of particle size of graphite was clearly seen. The amount of
diffused copper reduced with increasing carbon content. A relation between this was also
plotted for various carbon levels.
Interrupted sinterings ( in FC0208) were done at various temperatures to study in detail, the
dissolution and diffusion behavior of carbon and copper. UF4 and F10 started dissolving in
iron at lower temperatures than KS44 and PG44. For samples with PG44, the start of graphite
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dissolution temperature was the highest among all the graphites. The temperature interval in
which graphite dissolved completely was much less for Synthetic graphites. This indicated
their high rates of dissolution. The amount of carbon diffused for a particular temperature was
found by analyzing the amount of free graphite. Above 1080oC, the high dimensional change
was caused due to copper swelling. The dimensional change was directly correlated to the rate
of copper diffusion. It was found that the ease of copper diffusion was inversely proportional
to the rate at which graphite dissolves in the sample. Accordingly, PG44 had the highest rate
of copper diffusion and thereby high dimensional change. F10 had the lowest rate of copper
diffusion and low dimensional change. Samples with graphite types F10 and PG44 showed
largest effects on copper swelling. The rate of copper diffusion with F10 was found to be slow
and uniform which finally lead to consistant dimensional change. Copper diffusion in samples
with PG44 was very high from 1080oC till 1094oC and then reduced drastically with further
increase in temperature. There was some shrinkage observed during sintering time of 30
minutes. The shrinkage was independent of the graphite type. A trial was done by holding the
samples at 1000oC for 30 minutes and heating to 1094oC. The dimensional change observed
for this trial was less for all graphite types compared to the DC without holding at 1000 oC.
This suggested that when sufficient time was given for graphites then their influence on
copper diffusion and the dimensional change reduced accordingly. Relation between the
solubility of copper as a function of activity of carbon was obtained from thermocalc for the
same composition (FC0208). The graph showed reduction in the solubility of copper wrt
increasing carbon activity and possible explanation for the increase in dimensional changes at
various temperatures. It was observed from all the trials that, loss of carbon is always more in
natural graphites compared to synthetic graphites.
Four graphites were mixed (taking two at a time) in equal proportions and rate of copper
diffusion was observed. By mixing F10 with PG44 in equal proportions, the ease of copper
diffusion reduced by nearly 45%. This can be done when the use of only F10 cannot be
economically justified.
The samples were heated with a heating rate of 20oC/min [ previous trial it was 10oC/min].
The time available for the graphites to dissolve reduced by half and hence the rates of copper
diffusion increased accordingly. It was interesting to find that for a higher heating rate, rate at
which copper diffused was more higher than for a lower heating rate. It meant that the
influence of graphite type on copper diffusion increases with increasing heating rate.
One thumb rule for making decisions is that the graphite type or graphite mix should be so
selected that it has high dissolution rate and low diffusion rate of copper. Low diffusion rate
of copper causes less swelling, consistent dimensional change and thereby less standard
deviation between different parts so that the lot to lot variation can be minimzed and
reproducibility can be increased.Finally, based on the requrired heating rate for the product
and economical considerations a judicious choice of graphite type has to be made.
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5. CONCLUSIONS













The difference in the start of phase transformation temperatures of iron in samples
with synthetic and natural graphite was around 40oC. [figure 11]
Samples with synthetic graphite had better mechanical properties (Hardness, Tensile
strength) compared to natural graphite. [table 4]
The effect of particle size of synthetic graphite was not significant on copper diffusion
whereas in natural graphite, particle size of graphite had significant effect. [figure 23
& 33]
When two natural graphite’s having different particle sizes were compared [UF4,
PG44], the graphite with smaller particle size [UF4] was more effective in reducing
copper swelling. [figure 23]
Synthetic fine graphite [F10] was most effective and Natural coarse graphite [PG44]
was the least effective in reducing copper swelling. The effectiveness of UF4 was
comparable to KS44. [table 11&12]
As the activity of carbon is increased, the amount of diffused copper into iron reduced
accordingly. [figure 30]
Shrinkage during sintering was independent of the graphite type. [table 13]
When sufficient time was given for the graphite to dissolve completely, then the effect
of graphite type on copper diffusion would be reduced accordingly. [table 14]
If the heating rate was increased, the influence of graphite type became more
significant. [figure 34]
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7. APPENDIX
Dilatometer curve for each composition is given below.

Figure 1a. Dilatometer curve for FC0202, UF4

Figure 1b. Dilatometer curve for FC0202, F10
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Figure 1c. Dilatometer curve for FC0202, KS44

Figure 1d. Dilatometer curve for FC0202, PG44
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Figure 1e. Dilatometer curve for FC0208, UF4

Figure 1f. Dilatometer curve for FC0208, F10
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Figure 1g. Dilatometer curve for FC0208, KS44

Figure 1h. Dilatometer curve for FC0208, PG44
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