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ABSTRACT

SINTER-HARDENING STUDIES DISTALOY DH POWDERS WITH VARYING
CARBON CONTENTS

Kilig, Giilten

M.Sc., Department of Metallurgical and Materials Engineering
Supervisor  : Prof. Dr. Bilgehan Ogel
Co-Supervisor : Assoc. Prof. Dr. Nuri Durlu

July 2013, 59 pages

In this study, the effect of sinter-hardening on the mechanical properties of Distaloy DH
(Fe-2Cu-1.5Mo) powder with 0.4%, 0.6%, and 0,8% graphite additions, was investigated.
Powder samples were pressed under 600 MPa, and sintered at 1120°C under endogas from
methane for 20 minutes in an industrial sintering furnace. After sintering the samples were
cooled with three different cooling rates (0.5°C/sec,1.5°C/sec, and 3°C/sec).
Microstructural characterization of samples were done with optical and electron
microscopy. Selective etching was utilized in determining the amount of pearlite in samples.
The study showed that after sintering, a cooling rate of 0.5°C/s led to decreasing amounts
of pearlite in all the Distaloy DH samples with increasing amount of carbon. With increase
in the cooling rates to 3°C/s, Distaloy DH-0.4%C sample containis small amount of pearlite,
whereas the alloys Distaloy DH-0.6%C and Distaloy DH-0.8%C led to bainitic and
martensitic microstructures.

Keywords: Powder metallurgy, sinter-hardening, mechanical properties, microstructure
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CESITLI KARBON ICERIGINE SAHIP DISTALOY DH TOZLARININ
SINTERLEME iLE SERTLESTIRME CALISMALARI

Kilig, Giilten

Yiiksek Lisans, Metalurji ve Malzeme Miihendisligi
Tez Yoneticisi : Prof. Dr. Bilgehan Ogel
Ortak Tez Yoneticisi : Dog. Dr. Nuri Durlu

Temmuz 2013, 59 sayfa

Bu ¢alismada, sinterleme ile sertlestirmenin 0.4%, 0.6% ve 0.8% grafit igeren Distaloy DH
(Fe-2Cu-1.5Mo) tozlarmin mekanik 6zelliklerine olan etkisi arastirilmistir. Toz numuneleri
600 MPa basing altinda preslenmis ve 1120°C’de endiistriyel bir firinda endotermik gaz
ortaminda 20 dakika sinterlenmislerdir. Numuneler sinterleme isleminden sonra ti¢ farkl
sogutma hizi ile (0.5°C/sn,1.5°C/sn, and 3°C/sn) sogutulmuslardir. Numunelerin i¢ yapi
karakterizasyonlar1 optik ve taramali elektron mikroskoplar1 ile yapilmistir. Secmeli
daglama yontemi numunelerdeki porlit miktar1 kullanilarak belirlenmistir. Bu calisma,
sinterlenen ve 0.5°C/sn ile sogutulan numunelerin karbon miktarlarindaki artisin, perlit
miktarini azaltici bir etkisi oldugunu gdstermistir. Sogutma hizimin 3°C/sn’e yiikselmesi,
0.4% grafit iceren numunelerde az miktarda perlitik i¢yapiya neden olurken, 0.6% ve 0.8%
grafit iceren numunelerde beynitik ve martensitik igyapilar goriilmesine neden olmustur.

Anahtar Kelimeler: Toz metalurjisi, sinterleme ile sertlestirme, mekanik 6zellikler, igyap1
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CHAPTER 1

INTRODUCTION

Nowadays, powder metallurgy has been the common methods to manufacture the complex
parts required to close tolerances. Powder metallurgy is a production technique of
materials from powders. Generally, these materials are metallic materials. However,
ceramics, polymers, and composite materials may be also produced using powder
metallurgy process [1]. This process generally consists of five steps: 1) powder production,
2) mixing of powders, 3) pressing (or compaction to obtain the desired shape), 4) sintering
(bonding between powder particles) and 5) secondary operations.

Powder metallurgy has been preferred to other metal working processes such as machining,
casting, deformation processes [2]. There are many reasons why powder metallurgy is so
popular. The most important reason is that powder metallurgy is a lower cost method. In
powder metallurgy process, generally machining operations are not needed. [1]. In addition
to this, produced/used ratio for materials is nearly 1. These reduces the cost. Another reason
is that complex-shaped parts maybe produced with low energy consumption [3]. More
important, some materials such as tungsten carbide, tungsten filament may be only
produced with this technique. With this advantages, powder metallurgy has been preferable
especially in the automotive industry.

The main disadvantage of powder metallurgy is secondary operations. Heat treatment is one
of the secondary operations. Generally, sintered components are quenched in oil or water to
obtain a martensitic microstructure. During quenching, oil penetrates into pores and this
leads to contamination of sintered components. Moreover, with water quenching there is
the possibility of crack formation. [4].

Sinter-hardening is an innovative single step processing method which eliminates heat
treatment as a secondary operation. In this method, after sintering cooling occurs with
accelerated gases in the industrial sintering furnace. With accelerated cooling, a significant
portion of the sintered component may be transformed to martensite. In this way, water or
oil quenching step as well as their negative effects is eliminated. With sinter-hardening,
good mechanical properties (strength, toughness, and hardness) of powder metallurgy
components can be achieved. Hence, this method is a low cost process which eliminates
secondary heat treatment.[5].

In literature, there are several studies related with sinter-hardening of Distaloy DH powders.
Distaloy DH is a prealloyed water atomized ferrous powder (Fe-1.5Mo), which is diffusion
bonded with 2%Cu. Powder mixes were prepared with adding various amounts of graphite



(Graphite UF4) to Distaloy DH powder. In these experiments, the investigation of
microstructural development upon sinter-hardening is very limited.

This study is focused on microstructural examinations of sinter-hardened Distaloy DH
powders. In this experiment, two main parameters are investigated: Cooling rate and carbon
content. In this study, sinter hardening behavior of Distaloy DH powder was examined. The
aim of this research is to investigate the effects of sintering and sinter-hardening with
various carbon contents and cooling rates on the microstructural and mechanical properties.

The following chapters include theory and literature review, experimental procedure,
results, and discussion, respectively. In the first part, important points about sintering and
sinter-hardening will be mentioned. In the second part, the experimental methods of sinter-
hardening of Distaloy DH powders will be explained. In the third part, microstructural and
mechanical results will be investigated together. In the final part, the results will be
discussed and compared with the literature.



CHAPTER 2

THEORY & LITERATURE REVIEW

By using powder metallurgy method, both ferrous and nonferrous powders are produced.
This thesis study focuses on the ferrous powders. The applications of powder metallurgy
can be seen in Figure 1 [2].

B Automotive
4% 2% 2% 5%
6%

M Recreation, Hand Tools
and Hobby

M Household Appliances

B Industrial Motors
/Controls Hydraulics

M Hardware

Figure.1 Applications of powder metallurgy.

As can be seen in Figure.l, largest powder metallurgy application belongs to structural
parts. Generally, ferrous powders are used in structural parts especially in automotive
industry. Several structural parts can be produced by sinter-hardening. These products and
their related industries may be seen in Table.1 [13].

In the preparation of these powders, some new alloying methods have been developed to
eliminate the heat treatment. In this part, firstly, these alloying methods in the preparation
of ferrous powders will be explained. After that, sintering and sinter-hardening conditions
for these powder compacts will be mentioned. Finally, the effects of alloying elements in
these powders will be examined.

2.1. Alloying Methods in the Preparation of Ferrous Powders

In powder metallurgy steels, alloying and alloying methods are important. Each alloying
element has a different contribution to sintering and mechanical properties. Microstructural
distribution of alloys may be homogeneous or heterogeneous [6]. The different powder



mixtures are obtained with different methods of alloying. Generally, these alloying methods
divide into four groups: prealloyed, admixed, hybrid, and partially alloyed (or diffusion
alloyed). These methods may be seen in Figure.2.

Table.1 The possible applications of sinter-hardening [13].

Industry System Part/component family
Engine Timing sprockejcs, valve
seats, gearing
Gearing, transfer case
Transmission gearing and sprockets,
Automotive clutch components
Steering components,
Chassis structural components, seat
guides
Auxiliary motors Gearing, brackets
Transaxle gears Spur, bevel
Lawn and garden
Lever brackets, blade
Structural .
adapters, bushings
Other Various Ge_arlng, stru_ctural, valve
guides, bushings, wear
plates

2.1.1. Prealloyed Ferrous Powders

In this method, alloying elements are mixed and melted. Then the liquid steel is atomized to
obtain the powder. This method provides that the alloying elements are homogeneously
distributed within each powder particle. This prevents segregation and homogenization
problems. Obtained dense particles have regular shape. For these alloys, homogenization
during sintering is not required. After compaction and sintering, desired homogeneous
distribution is observed. In the prealloyed powders, prealloy content is a very important
parameter. However, the higher the prealloy content, the lower is the compressibility
compared to admixed and partially alloyed powders. This may prevents to reach higher
density levels [7,8].
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Figure.2 Several alloying methods in the preparation of ferrous powders,
(a) hybrid, (b) prealloyed, (c) partially prealloyed, (d) admixed.

2.1.2. Admixed Ferrous Powders

In admixed powders, elemental or ferroalloy powders are mixed. Generally, alloying
elements C, Cu, Ni, Mo are used as admixed. These elements are blended with the iron
based powder alloys. This method only includes mixing step. Due to this reason, it is an
easy method to prepare an alloy and provides powder mixes with high compressibility [7].
However, producing a uniform mixture is difficult. Diffusion between these particles is
limited during sintering. This limited diffusion prevents homogeneous distribution of
particles and heterogeneous microstructure is obtained. In addition to this, segregation may
be an important problem. To prevent segregation is very difficult due to admixed powders

[8].
2.1.3. Hybrid Ferrous Powders

These powders are based on a highly compressible prealloyed powder which includes
alloying additions to improve strength and hardenability. In hybrid powders, elemental or
ferroalloy particles are added to a base metal powder. Chrome-manganese P/M steels are
based on additions of high carbon ferrochromium and ferromanganese powders (less than
20 um particle size) to a prealloyed steel (including Mo) [8].



2.1.4. Partially-Prealloyed (Diffusion Alloyed) Ferrous Powders

This alloying method forms a heterogeneous microstructure. This heterogeneous
microstructure behaves like a composite and forms high strength sintered materials. For
heterogeneous microstructures, sintering temperature, cooling rate, and carbon
concentration are the main effects of change in heterogeneous microstructure [6].

Diffusion alloyed powders are produced with co-annealing. This heat treatment step
enhances to mix high purity iron powder ( or high compressible prealloyed powder) and
alloying elements in a reducing atmosphere. During this treatment; the alloying elements
partially diffuse into the surface of iron powders ( or prealloyed powders). A metallurgical
bonding forms between the surface of iron powders and alloying element. This enables to
obtain desired mechanical performance [9].

James and Otbrien [7] carried out a research on compaction and sintering of elementally
admixed, prealloyed, and partially prealloyed (1.8 wt. % Ni, 1.6 wt. % Cu, and 0.55 wt. %
Mo) powders. They have found that prealloyed powder has higher compressibility than
elementally admixed and partially prealloyed powders which have similar compressibility.
In prealloyed powder alloys, they observed a homogeneous structure. The microstructure
consists pearlite. In the elementally admixed and partially prealloyed alloys, microstructure
is more complex, heterogeneous, and includes a number of different phases.

Another study by Engstrom et. al. [10] showed that prealloyed powders have lower
compressibility than partially prealloyed and admixed powders. Compressibility curves for
each alloying methods are shown in Figure.3.
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Figure.3. Compressibility curves for fully prealloyed, partially alloyed, and
admixed powders (1.8 wt. % Ni, 1.6 wt. % Cu, and 0.55 wt. % Mo) [10].



According to Engstrom et. al. [10], the main reason of this difference in compressibility is
the solid solution strengthening of the alloying elements.

2.2. Sintering of Ferrous Powders

Sintering is the bonding together of particles at high temperatures. Sintering of ferrous parts
divides into three groups: solid state sintering, transient liquid state sintering, and activated
sintering. In this part, these sintering methods and sintering parameters which are
temperature, time, and atmosphere will be explained in details.

2.2.1.Solid State Sintering

2.2.1.1. Solid State Sintering of Homogeneous Powder Mixtures

In homogeneous powder mixtures, generally, solid state sintering involves two steps. The
first step includes a local bonding between particles. In this stage, obtained pores have
rounded and softer shape. The second stage includes pore shrinkage. In this stage, pores
contract and their shape is sharper than the pores in the first step.

In the solid state sintering, there is no liquid phase. Rather, there are five possible transport
mechanisms which are volume diffusion, grain boundary diffusion, surface diffusion,
viscous or plastic flow, and evaporation or condensation of atoms on surfaces. This
possible transport mechanisms depend on the structure of the particles. In the first stage, for
metal particles, volume diffusion is the dominant transport mechanism. When particles are
glass, this dominant transport mechanism is viscous flow. In the second stage, there is also
volume diffusion mechanism. Volume diffusion means migration of vacancies. At this
stage, vacancies migrate from sharp corners to flatter parts of the pore surface. There is
another transport mechanism named as condensation of atoms on surfaces. Vacancies
condense from the surface of a pore to the surface of larger pores or annihilate at grain
boundaries.

2.2.1.2. Solid State Sintering of Heterogeneous Powder Mixtures

In heterogeneous powder mixtures, there is a mixture consisting of two different metals.
This two different metals may form an alloy. In the sintering, two different mechanisms
should be considered. The first one is the diffusion rates of these pure metals. The second
one is the growth rate of the alloy.

In powder mixes, generally, the size of the iron particles are approximately 100 um, the
size of alloying additions is approximately 20 um. Because the alloying particles are finer,
these particles may diffuse from the surface to the center of the iron particles during
sintering. Diffusion rates of these alloying additions change depending on whether they are
interstitial or substitutional elements. Interstitial ones like graphite diffuse more rapidly
than substitutional ones like molybdenum, copper, and nickel.



2.2.2. Transient Liquid Phase Sintering

In the liquid phase sintering, there is a mixture of two different metals. One of these metals
melt at the sintering temperature. When one of the constituents melts, it spreads between
the narrow gaps of other particles. This liquid metal leaves a large pore upon melting.
Created large pores cause swelling in the bulk volume. If the initial proportion of the liquid
metal is smaller than its solubility in the solid metal, it generally disappears. This liquid
metal also spreads to grain boundaries because the interface between liquid metal and solid
metal will have lower energy stored than grain boundaries.

Yousetti et. al. [11] made a comparison between solid state and liquid state diffusion. They
concluded that liquid state sintering has more homogeneous structure. The formation of the
liquid phase enhances better homogenization and diffusion. This results in stronger matrix.

There are several requirement of liquid state sintering which are;

e There should be a liquid at the sintering temperature.

e Solubility of one element or phase is greater than the other.

e The melting temperature of the main phase is much higher than the other.
e Liquid wets the surface of solid phase [2].

The most common example may be powder mixtures including iron powders and admixed
copper powders. During sintering, admixed copper melts and becomes to liquid phase. It
spreads through the gaps and grain boundaries.

Narasimhan [2] has summarized the effects of the liquid phase sintering on the
microstructure with the Fe-Cu-C alloy system. Admixed Cu melts at the sintering
temperature (1120°C) and is formed liquid. During sintering, liquid copper diffuses into the
iron through the grain boundaries. Small grains disappear and large grains grow. When
copper diffuses, pores are left behind.

2.2.3. Activated Sintering

Actually, activated sintering is a kind of transient liquid phase sintering. There is also a
mixture containing two different metals. A metal is admixed to the base metal. These
metals do not melt at the sintering temperature. However, the most important point for
activated sintering is that these two metals forms a low melting eutectic at the sintering
temperature. In sintering, the particles of the admixed metal diffuses into the particles of the
base metal. At that time, low melting eutectic forms and liquid phase become a part of the
diffusion. This liquid phase provides a deeper diffusion into the particles.

Generally, activated sintering may be seen in heavy metals. The examples of these mixtures
may be tungsten powder with admixed nickel powder, iron powder with admixed ferro-
phosphorus.



2.2.4 . Sintering Atmosphere

In sintering, powder compacts should be protected from any oxide formation and
decarburization. To prevent these, sintering atmosphere is very important. There are three
different types of sintering atmosphere. The first type is reducing-decarburizing type
including hydrogen (H;) and cracked ammonia ( 75% H,, 25% N,). The second one is
reducing-carburizing type mainly named as endogas including 32% H,, 23% CO, 0-0.2%
CO,, 0-0.5% CHy, balance N,. The third one is neutral type including cryogenic nitrogen
(N2) and a little amount of H,, CH,, or C3Hs. H, provides to prevent residual oxides. CH,4
and C3Hg provides to restore the carbon losses.

2.2.5. Sintering Temperature and Time

Sintering time and temperature are correlated parameters. Sintering the powder compacts at
optimum parameters is very important. When the sintering temperature increases, the
sintering time decreases. Increase in the sintering temperature enhance the formation of a
homogeneous microstructure. The main reason of this homogenization is that alloying
elements may become liquid at higher sintering temperature. One of the most important
alloying elements is molybdenum. At higher sintering temperature, liquid molybdenum
diffuses into matrix. This results in harder matrix [11]. The sintering process takes place at
the shorter time. Generally, optimum sintering temperature is 1120-1150°C and optimum
sintering time is 15-60 minutes.

2.3. Sinter-Hardening

Sinter-hardening is the synthesis of sintering and heat treatment processes. In a belt furnace,
materials are sintered and then cooled with accelerated cooling gases to obtain a significant
amount of martensite. In this way, high strength materials can be obtained in a single step
[12]. This transformation may be illustrated with a schematic continuous cooling diagram
(Figure.4) [12].

The aim in the sinter-hardening process is to obtain a high amount of martensite in the
microstructure. This microstructure varies depending on several parameters like sintering
temperature, sintering time, cooling atmosphere, and alloying elements [14].

2.3.1.Sintering Temperature

Generally, in sintering, sintering temperature is between 1120-1250°C. This was explained
at 2.2.5. Optimum sintering temperature is approximately 1120°C. Increase in the sintering
temperature may affect the each powder mixture differently. A prealloyed steel mixed with
carbon powder is not affected in terms of microstructure when sintering temperature
increases. However, an admixed material including admixed with copper and nickel to the
base iron is affected by increasing the sintering temperature. An increase in temperature
results in a better distribution of alloying elements and so hardenability increase [14].



In the study of Yousetti et. al. [11], prealloyed powders were used to observe the effect of
sintering temperatures. These powders include prealloyed molybdenum. Low sintering
temperature prevents the homogenization and diffusion of molybdenum. This lowers the
hardening effect. They summarized that hardness increases with increasing sintering
temperature.
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Figure.4. Schematic view of a continuous cooling diagram [12].

2.3.2. Sintering Time

Generally, sintering time is between 15-60 minutes. This was explained at 2.2.5. Optimum
sintering temperature is approximately 20 minutes. In the study of McLelland et. al. [15],
the effects of sintering time on mechanical properties were investigated for Distaloy DH
powders having 0.8% C. Increase in the sintering time forms better sintering necks and
copper diffusion. This results in higher TRS values. According to McLelland et. al. [15],
sintering time has its biggest effect on strength. Even at lower cooling rate, hardness and
martensite amount decreases. However, TRS values still increase if sintering time is
increasing. The changes in hardness and TRS at different sintering times with increasing
cooling rate are shown in Figure.5a and 5b.
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Figure.5 The changes in hardness and TRS at different sintering
times with increasing cooling rate.

This decrease in hardness with higher sintering time was discussed for Distaloy-DH
powders having 0.75% C by Nyberg et. al. [16]. They concluded that this reduction is as a
result of surface decarburization. This surface decarburization increases due to the lack of
control of the sintering atmosphere. This decrease in hardness may be seen in Figure.6.
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Figure.6 The change in hardness with sintering time and temperature

2.3.3. Controlled Atmosphere

In sinter-hardening, the sintered materials are cooled in the sintering belt furnace to obtain
the sinter-hardened materials. This cooling process occur with different gas mixtures. These
gas mixtures were mentioned in 2.2.4. Generally, cooling rate has a positive effect on the
materials’ microstructure and mechanical properties. Increase in the cooling rate also
increase the amount of martensite in the material’s microstructure and so hardness.

Studies of Engstrom [17], Yousetti et. al. [11], McLelland et. al. [15] have shown that an
increase in cooling rate in sinter-hardening causes an increase in hardness values.
According to Engstrom [17], the reason of this increase is due to formation of higher
percentage of martensite. The effect of cooling rate on the martensite amount for Distaloy
DH-1 can be seen in Figure.7 clearly.

2.4. Effect of Alloying Elements

Alloying elements affect a steel in terms of microstructural and so mechanical properties.
This effect may be observed with isothermal transformation diagrams. In a steel, a change
in composition affects the I-T diagrams. The transformation kinetics of austenite to pearlite
changes.
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Figure.8 The effect of molybdenum addition in the isothermal transformation diagram
of a steel. (a) no molybdenum addition, (b) 0.24% molybdenum addition.

As seen in Figure.8, the presence of molybdenum causes a change in the shape of the I-T
diagram. At the left diagram in Figure.8 there is no Mo. Addition of, 0.24% Mo shifts the
nose of the I-T diagram to the right (right diagram). This means that martensite can form
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even at slower cooling rates. This result in an increase in the hardenability of this steel.
Nickel and copper as an alloying element behave like molybdenum. However, carbon
behaves different. The carbon addition shifts the nose of the material to the right but to a
lower extend. In Figure.9, the effect of carbon can be seen. An increase in carbon content
from 0.47% C to 0.68% C does not affect the I-T too much[5].

3§ o
g
4
|
i

TEMPERATURE

Ll

=

1

T

T ~\}
/ 27
'l

TEMPERATUNRE

;

wc_ﬂr"‘—'—.:u._. T __P\\\:__‘_-'_-i—_-'“ ek
A 1 Hst+H

T e .. | 2000 400} o |

[+ =T DIAGRAM | LE I-T DIAGRAM

TR o —— —— o w:?--—- " -— —p—

| , | | A | L Y ms At | R
- !- Y ne { !-";_ hﬂf‘:“ o Al ! 1 I | IS
0E1 2 50 Kt K L [ ot 0812 80 0t 0 0t ") ;0
TIME = SEGONDS TIME - SECONDS
(@) (b)

Figure.9 The effect of carbon addition in an isothermal transformation diagram of a
steel. (a) 0.47% carbon addition, (b) 0.68% carbon addition[5].

In powder metallurgy products, alloying elements are used for similar purposes. The effect
of alloying elements on hardenability can be seen in Figure.10 [18].

Generally, it is very important and critical to balance the hardenability and compressibility.
When the alloying elements are in solid solution, they increase the hardenability. However,
this affects the compressibility in a negative manner [4].

2.4.1. Addition of Molybdenum

Moybdenum is the one of the most popular alloying elements used in sinter-hardening. This
popularity has caused to increase its price. Generally, it is used as prealloyed. When
moybdenum is prealloyed to the base powder, a homogeneous distribution in the
microstructure is observed. However, prealloyed molybdenum decreases the
compressibility. This compressibility effect may be negligible because its effect of solid
solution hardening on the iron is very low [19]. Molybdenum increases the mechanical
properties of the materials, but especially its hardenability. Increase in hardenability means
that the amount of martensite increases in the material [20]. Causton [19] made several
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experiments and concluded that an increase in the prealloyed molybdenum content
increases the hardenability of the materials in sinter-hardening.

Molybdenum can also be admixed to the base powder. Generally, this method is not

preferred because diffusion of molybdenum to the base powder takes place very slowly. As
a result, the microstructure may have a heterogeneous distribution [21].
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Figure.10 Hardenability multiplying factor of important alloying elements
for a sintered steel [18]

2.4.2. Addition of Copper

Copper may be added to the base powder with different methods. The melting temperature
of copper is below of the sintering temperature. Due to this, alloying method of copper is so
important.

The first method is admixing. Carbon is always added to the powders as admixed. Both
admixed copper and carbon increases the hardenability. In these mixtures, firstly, carbon
may diffuse into the base powder and then copper may become liquid during sintering [22].
In the presence of high carbon content (>0.75% C), diffusion of copper (generally 2% Cu)is
prevented. The amount of the prevented copper is high due to diffusion of high carbon
content. The copper diffusion takes place into the particle and grain boundaries. When this
high amount of copper diffuses locally, increase in hardenability and decrease in the final
martensite temperature may be seen locally. This local changes causes that there is retained
austenite formation along the grain boundaries. The formation of the retained austenite may
be prevented with slower cooling rates. These slow cooling rates enhance to form the
intermediate phases like ferrite and carbide instead of the retained austenite [23].

15



The second method is the prealloying method. This method prevents the liquid phase
sintering of copper. In prealloying, the copper is prealloyed with the liquid molten steel
during water atomization. During sintering, copper shows the solid state sintering. There is
not any liquid copper diffusion to grain boundaries. This affects the material’s
compressibility positively.

2.4.3. Addition of Carbon

Carbon plays a very important role in the process of sinter-hardening. Generally, in sinter-
hardening applications, carbon is admixed to the powder as graphite. Increased carbon
content increases the hardness [11, 24, 25]. The amount of graphite is very important.
Green density decreases as the amount of graphite increases. With increasing the the
amount of graphite, TRS values increase up to 0.8% C [11, 26]. This increase is a result of
martensitic transformation. The increase in the amount of martensite can be seen in
Figure.11 for a prealloyed powder [27].

100 100

80 80 A

60 4

60 4

40 4 40 4

Phase Amount (%)
Phase Amount (%)

20 + = Martensite 20 4
—— Bainite

Martensite
Bainite

y T T T T T T
0,2 0,5 1.3 3 4 0,15 06 0,9 3

Cooling Rate (°C/sec) Cooling Rate (°C/sec)

(@) (b)

Figure.11 Phase variation vs. cooling rate for (a) Astaloy CrM + 0.4%C
and (b) for Astaloy CrM + 0.5%C [27].

They summarized that in the sinter-hardening studies, a small variation of the carbon
content may cause a significant change for prealloyed powder [27]. After 0.8% C, TRS
decreases due to brittleness caused by presence of grain boundary carbides[11, 26]. Another
reason of this decrease in TRS values is lower Ms temperatures by increasing graphite
content. The change of TRS with carbon content is seen in Figure.12.

Also, the effect of copper on mechanical properties was proposed by Baran [26]. He
concluded that copper increases mechanical properties when added 1%. After this amount,
increase in copper content caused little change.
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CHAPTER 3

EXPERIMENTAL PROCEDURE

3.1. Powders Used

In the present study, Distaloy-DH powder was used. Distaloy-DH is a trademark of
prealloyed powders developed by Hoeganaes. This is a prealloyed powder (Astaloy Mo)
which is diffusion bonded with 2% Cu.steel and its chemical composition is given in
Table.2. The size of the powder particles is between 20 and 180 um where the average
particle sizes 50 to 60 um. In this study, three different Distaloy-DH blends were prepared
with adding graphite (Graphite UF4) used in terms of varying carbon content, namely
0.4%C, 0.6%C and 0.8%C. The composition of powder alloys utilize in this study in
Table.2. The micrographs of the powders can be seen in Figure.13a, 13b, and 13c.

Table.2 The chemical composition of powder mixes.

Base Powder Cu (%) Mo (%) Graphite (%) Fe (%)
Distaloy DH 2 1.5 0.4 Bal.
Distaloy DH 2 1.5 0.6 Bal.
Distaloy DH 2 15 0.8 Bal.

These powders are produced by Hoeganaes with water atomizing processand are suitable

for all common heat treatment processes including sinter-hardening.

3.2. Experimental Technique

In sinter-hardening, there are three steps which are cold compaction, sintering and gas
guenching.
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Figure.13 SEM micrographs of Distaloy-DH powders with varying
carbon contents.(a) 0.4% C, (b) 0.6% C, (c) 0.8 % C.
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3.2.1. Cold Compaction

Distaloy-DH powders were compacted at 600 MPa using Instron tension-compression
testing machine. The compaction was performed unidirectional. The rectangular compacts
with 6 mm height, 12,8 mm width, and 31,8 mm length was cold compacted. These
compacts were prepared according to TS 4222 EN 1SO 3325 standards. The weight of them
were approximately 17 gr. The densities of the compacts after compaction were measured
approximately 7,05 gr/cm®. One of the compacts can be seen in Figure.14.

Figure.14 An example to the compacted transverse rupture strength specimen

3.2.2. Sintering

Sinter-hardening studies were conducted at Tozmetal Ticaret ve Sanayi A.S. Samples were
sintered and sinter-hardened in an industrial belt furnace. A schematic view of this furnace
may be seen in Figure.15.

First of all, samples are put on the belt. The first zone is the preheating zone. In the
preheating zone, binder and lubricants were removed at 700°C. Then, the samples were
heated to 1000°C, 1050°C, and 1120°C gradually and sintering was carried out. During
sintering, methane gas was used as the sintering environment. The duration of this sintering
process was 20 minutes at 1120°C. After sintering, the specimens were cooled with
compressed air. Three different cooling rates were applied: 0.5C/sec for slow cooling
(conventional sintering condition), 1.5C/sec for medium cooling, and 3C/sec for fast
cooling. The rate of the cooling was achieved by monitoring the amount of gas flow. The
belt velocity of this furnace is 200 mm/min. The duration of each sinter-hardening process
is 1 hour and 20 minutes.
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3.3. Characterization Studies
3.3.1. Optical Microscopy Studies

Optical microscopy studies were conducted to examine the microstructures, phases present
and phase morphologies. Olympus PMEU-F200, Japan is used as an optical microscope.
Firstly, each sample was cut from the middle part into two equal parts along the horizontal
direction with Buehler Isomet 5000 Linear Precision Saw, USA. These samples were
mounted during the metallographic preparation. The metallographic preparation includes
grinding (Metkon Gripo 2V Grinder, Turkey), polishing (Metaserv Universal Polisher,
England for 3 um and Mecapol P230 Polisher, France for 6 pm), and etching (2% Nital).
Specimens with excessive amount of porosity were ultrasonically cleaned to prevent
staining. Otherwise, the absorbed liquid (alcohol or polishing lubricant oil) could come out
of the porosity and give harm to the microstructure. Even after this process, several
specimens had staining around the pores due to lubricants of polishing. To prevent the
staining completely, these samples were kept in acetone for 48 hours.
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Figure.15 The schematic view of industrial belt furnace at Tozmetal Ticaret ve Sanayi A.S.

3.3.2. Scanning Electron Microscopy Studies

SEM studies were conducted to investigate the morphologies of the powders, phases
present, phase morphologies. Jeol (JSM 6400, Jeol LTD, Tokyo, Japan) and SEM (Nova
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Nano SEM 430, FEI LTD, Oregon, USA) equipped with EDX analyzer system are used for
examination. Powders were investigated by directly sticking them on carbon tape.

3.3.3. Density and Porosity Measurements

The amount of porosity in the samples were measured with quantitative metallography.
Clemex Vision Professional Edition. Image analysis system version 3.5.020 was used for
guantitative metallography. Density of the compacted samples was calculated by measuring
the dimensions and weighting the samples.

3.3.4. Mechanical Characterization

3.3.4.1. Transverse Rupture Strength Tests

Instron testing machine (5 tons capacity) was used to measure the transverse rupture
strengths (TRS). The specimens were broken in the three point bending mechanism under
transverse force and these tests were done according to TS 4222 EN ISO 3325 standarts.
The velocity of the compression was 1 mm/min. and the dimensions of the compacts were
31,8x12,8x6 mm. After measurements, the values of transverse rupture strength were
calculated using the equation (3.1).

o = 3XPXL
b = oxtZxw

(3.1)

3.3.4.2. Microhardness Tests

Microhardness measurements were conducted to determine the microhardness of
martensitic ,bainitic and pearlitic regions. The microhardness measurements were taken on
Vickers scale with a Buehler microhardness indenter. Vickers microhardness measurement
were done under 100g load.

3.3.4.3. Macrohardness Tests

Macrohardness measurements were conducted to determine the hardness of whole structure
including porosities. Macrohardness measurements were taken on Brinell scale using a
Wilson-Wolpert hardness machine. Brinell microhardness measurement were done under
187.5 kg load and the used ball size diameter is 2.5 mm.

3.3.5. Heat Treatment Studies

Samples which had been sinter-hardened were used for quenching. This experiment was
conducted in two different furnace: muffle furnace and vertical furnace. In the vertical
furnace, there is argon gas controlled atmosphere. The photographs of these furnaces can be
seen in Figure.16. The cooling rate was selected as 1.5°C/sec. These samples were
austenitized at 960°C for 25minutes. Then the specimens were quenched in water.
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Figure.16 The photographs of (a) muffle furnace and (b) vertical furnace.
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CHAPTER 4

RESULTS

4.1. Green Density Measurement

Distaloy-DH powders were compacted under 600 MPa pressure by using tension-
compression testing machine with a unidirectional die to attain rectangular shape. After this
compaction process, the green densities of these compacts were calculated from the
specimen dimensions. Densities of the specimens having different carbon content are about
7g/ cm?®. These densities have 86-89% theoretical density (TD).

4.2. Porosity Measurement

These compacts were sintered in the industrial sintering furnace and the porosity contents
were examined under optical microscope by Image Analyzer Clemex Software. The
specimens were in as-polished condition. In analysis, the pores are colored as blue as seen
in Figure.17. In evaluation of the pores, the ratio of the blue areas to total area is calculated.

The % porosity of the samples using image analysis is given in Table.3. It can be stated that
the attained theoretical densities are in the range TD 89-90%. When these values are
compared with green density values, it seems that amount of porosity increases after
sintering.

Table.3 The amount of porosity with respect to carbon

Carbon content (%) % porosity
0,4 10.9+0.4
0.6 9.6+0.8
0.8 9.9+0.5

4.3. Microstructural Examination with Optical Microscopy

In all specimens, pearlite, bainite microstructures, and/or martensite phase (and mixtures)
were obtained depending on the cooling rate and composition. In Figure.18, the optical
micrographs are given which belong to the specimen containing 0.4%C, which is cooled at
a rate of 0.5°C/sec. The microstructure is mainly pearlitic, with some amount of martensite.
The light appearing phase is martensite, whereas the darker regions are pearlite.
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Figure.17 Optical micrographs of sintered Distaloy-DH with varying carbon contents.
(a) Distaloy DH+0.4% C, (b) Distaloy DH+0.6% C , and (c) Distaloy DH+0.8% C
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Figure.18 Optical micrograh of sintered Distaloy-DH with 0.4% C at 0.5°C/sec
cooling rate with 200X magnification.

At slow cooling (0.5°C/sec), with increasing carbon content (0,6%C), the amount of
pearlite decreases and the amount of martensite increases (Figure.19). Bainite cannot

be resolved under optical microscope very clearly. For this reason SEM become an
important tool.

Figure.19 Optical micrograph of sintered Distaloy-DH with 0.6% C at 0.5°C/sec
cooling rate with 200X magnification.
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For Distaloy DH having 0.8% C at 0.5°C/sec (Figure.20), matrix is martensite. The
martensite phase and pearlite microstructure could be differentiated, bainite could not be
resolved under optical microscope In Figure.21, Figure.22, and Figure.23, the optical
micrographs belong to the specimens containing 0.4%C, 0.6%C, and 0.8%C which is
cooled at a rate of 1.5°C/sec. In these microstructures, matrix is martensite. With increasing
the cooling rate, the amount of martensite phase increases. Several islands of a second
phase was detected in the microstructures. These nodular transformation products appear to
be bainite microstructure and pearlite microstructure.

Figure.20 Optical micrograph of sintered Distaloy-DH with 0.8% C at 0.5°C/sec
cooling rate with 100X magnification.

Figure.21 Optical micrograph of sintered Distaloy-DH with 0.4% C at 1.5°C/sec
cooling rate with 100X magnification.
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Figure.22 Optical micrograph of sintered Distaloy-DH with 0.6% C at 1.5°C/sec
cooling rate with 100X magnification.

Figure.23 Optical micrograph of sintered Distaloy-DH with 0.8% C at 1.5°C/sec
cooling rate with 100X magnification.

As can be seen at the below microstructures (Figure.24, Figure.25, and Figure.26), matrix is
martensite. In comparison to specimens cooled at a rate of 0.5°C/sec and 1.5°C/sec, the
amount of bainite nodules are very low.
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Figure.24 Optical micrograph of sintered Distaloy-DH with 0.4% C at 3°C/sec
cooling rate with 100X magnification.

Figure.25 Optical micrograph of sintered Distaloy-DH with 0.6% C at 3°C/sec
cooling rate with 100X magnification.
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Figure.26 Optical micrograph of sintered Distaloy-DH with 0.8% C at 3°C/sec
cooling rate with 100X magnification.

In summary, pearlite, bainite microstructures, and martensite phase were observed with
optical microscopy. Increase in the cooling rate increases the amount of martensite. When
the carbon content increases, pearlite microstructure and bainite microstructure decreases,
martensite phase increases.

4.4. Microstructural Examination under Scanning Electron Microscope (SEM)

In the optical microscope, for medium cooling rates, both bainite and martensite phases
were observed. Bainite microstructures are in needle like morphology with increasing
carcon content. When cooling rate increases, the amount of bainite decreases and the
amount of martensite increases. The bainite morphology (lower bainite, upper bainite)
could not be determined with optical microscopy because the resolution of the optical
microscope is not enough. In addition to this, distribution of pearlite and bainite
microstructures could not explained in detail. Therefore, it is better to observe the
microstructural details under SEM.

As seen in Figure.27a, Distaloy DH having 0.4% C at 0.5°C/sec cooling rate has mainly
pearlitic microstructure. The pearlite is seen in the form of light contrasted islands. The
matrix phase is martensite. In Figure.27b, pearlite islands are seen at a higher magnification.
The white appearing particles are cementite. At definite points, the lamellar structure of
pearlite can be resolved. In several other parts, pearlite seems to have a degenerated
morphology.

31



METUL 2 aKku

(b)

Figure.27 Scanning electron micrograph of sintered Distaloy DH with 0.4% C
at 0.5°C/sec cooling rate

Distaloy DH having 0.4% C at 3°C/sec cooling rate exhibits martensite and bainite
(Figure.28). As seen in Figure.28, the amount of the martensite is more than Distaloy DH
having0.4% C at 0.5°C/sec.
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Figure.28 Scanning electron micrograph of sintered Distaloy DH having 0.4% C.
(a) and (b) 3°C/sec cooling rate

As seen in Figure.29, due to faster cooling rates, the pearlite is degenerated and the well-
known lamellar structure of ferrite and cementite has been changed. The white appearing

phase is cementite phase. The matrix is ferrite. This morphology is similar to bainite but it
is coarser than bainite morphology.
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Figure.29 Scanning electron micrograph of sintered Distaloy-DH with 0.4% C
at 0.5°C/sec cooling rate.(a) pearlite microstructure, (b) pearlite microstructure
with higher magnification.

As expected, the amount of pearlite decreased but percentage of martensite was increased
with an increase in cooling rate. Bainite microstrucutre was present in most of the
specimens. Either a mixture of pearlite-bainite or martensite-bainite could be seen. In
Figure.30, an example to the pearlite-lower bainite mixture is shown. The bainite is denoted
with B and pearlite with P arrows.

Increase in the cooling rate results in a microstructure containing lower bainite needles in a
martensitic matrix. . In Figure.31 and Figure.32, examples to the martensite-lower bainite
phase mixture are shown.
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Figure.30 Scanning electron micrograph of sintered Distaloy-DH with 0.6% C at
0.5°C/sec cooling rate. A mixture of bainite and pearlite in martensite, which are
shown with B and P arrows. (a) mixture of pearlite and lower bainite with
martensite, (b) mixture of pearlite and lower bainite, (c) pearlite.
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Figure.31 Scanning electron micrograph of sintered Distaloy DH with
0.6% C at 1.5°C/sec cooling rate
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Figure.32 Scanning electron micrographs of sintered Distaloy DH with
0.6% C at 3°C/sec cooling rate. (a) and (b) mixture of lower bainite
and martensite

When the amount of carbon increases, the continuous cooling curve moves to the right and
hence, the hardenability increases. This effect increases the possibility which the amount of
martensite increases. Distaloy DH alloy already contains 1.5% Mo and 2% Cu. The
molybdenum has a high potential for shifting the TTT diagrams. Copper also has the
capability to shift the TTT diagrams. The Distaloy DH having 0.8% C has lower bainite
needles in martensite when cooled at 0.5°C/sec. In addition to lower bainite microstructure
and martensite phase, there is trace amount of pearlite. On the other hand, the
microstructure of the Distaloy DH having 0.8% C consists of nearly 100% martensite when
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cooled at a rate of 3°C/sec. These microstructures can be seen in Figure.33 and Figure.34,
respectively. The different microstructures in these specimens can be attributed to the
different cooling rates, in which faster cooling rates enhance martensite formation.

(b)

Figure.33 Scanning electron micrographs of Distaloy DH with 0.8% C
at 0.5°C/sec cooling rate. (a) the bainite needle (B) in martensite and.
(b) the mixture of pearlite and lower bainite

37



Figure.34 Scanning electron micrograph of Distaloy DH with 0.8% C
at 3°C/sec cooling rate.

In summary, with scanning electron microscope, detailed microexamination was conducted.
The obtained microstructures are pearlite, mixture of lower bainite and pearlite, mixture of
lower bainite and martensite and martensite. Only lower bainite microstructure was
observed.

4.5 Volume Fraction of Pearlite

There are several methods to differentiate the pearlite, bainite microstructures and
martensite phase under optical microscope. One of these methods is selecting different
times for etching with 2% Nital. Short etching times develop the pearlite microstructure,
whereas longer etching times are necessary for martensite phase. Bainite has an etching rate
between martensite and pearlite.

Using this procedure, it was possible to detect the pearlite islands, and to find their volume
fraction. In Figure 35, the porosity content of the specimens are stained to black in image
analysis system. For the pearlite islands, a red scale is selected. When the micrographs in
Figure.35 are compared, it can stated that the amount of pearlite decreases, as cooling rate
increases. The same effect is seen when the carbon content increase. This is in agreement
with the dictation of the TTT diagram. For the specimen having 0.8%C, a fast cooling rate
(3°Clsec) is enough to obtain fully martensitic matrix (Figure.35i). However, for the low
carbon specimen (0.4%C), the pearlite islands can be seen even after a fast cooling rate
(Figure.35g). The change in percentage of pearlite is quantified and given in Figure.36.

The volume fraction of pearlite in the sintered and sinter-hardened specimens is
summarized in Figure.36.In specimen containing 0.6% C, no pearlite was observed after
cooling at a rate of 3°C/sec. For the specimen containing 0.8% C, a cooling rate of
1.5°C/sec is enough for suppression of the pearlite formation.
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Figure.35 Optical micrographs of sintered Distaloy DH with varying carbon contents. (a) 0.4% C, 0.5°C/sec, (b)
0.4% C, 1.5°C/sec, (c) 0.4% C, 3°C/sec, (d) 0.6% C, 0.5°C/sec, (e) 0.6% C, 1.5°C/sec, (f) 0.6% C, 3°C/sec,
(g) 0.8% C, 0.5°C/sec, (h) 0.8% C, 1.5°C/sec, (1) 0.8% C, 3°C/sec.
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Figure.36 The change in pearlite amount of sintered and sinter hardened Distaloy
DH powder alloys with cooling rate and carbon content

4.6. Hardness Measurements

Macrohardness measurements were obtained in the as sinter-hardened condition. An
increase in the cooling rate increases the hardness values (Figure.37). Similarly, an increase
in carbon content causes an increase in hardness. This is reflected that the amount of
martensite increases with an increase in carbon content and cooling rate.

Microhardness measurement is another tool for characterizing the phases. It is found that
specimens cooled at 0.5°C/sec have a mixture of pearlitic, bainitic, and martensitic
microstructures. When cooling rate increases, the amount of bainite and pearlite decreases
and the amount of martensite increases. Such a microstructural development is again in
agreement with the TTT diagram. Carbon is also an alloying element and shift the TTT
diagram to the right. This effect increases the possibility which the amount of martensite
increases.

Phase identification is conducted with microhardness measurement. However, martensite-
bainite and/or pearlite microstructures are present as a mixture. It is very difficult to find an
isolated bainite island. For this reason, a range of hardness is determined for each
microstructure and given in Table.4.
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Table.4 Microhardness values of pearlite, bainite and martensite in sintered and sinter-
hardened Distaloy DH powder alloys with 0.4%C, 0.6%C and 0.8%C.

Microstructures Hardness Range (HV0.1)
Pearlite 302-345
Lower bainite+pearlite mixture 355-434
Martensite 763-1004

The lower bainite has a needle like structure in these specimens. This needle structure
makes it difficult to measure a microhardness. For this reason, the indentations most
probably show the hardness of lower bainite and martensite together, which causes
hardness values in the range 763-1000HV.

In Figure.38 and Figure.39, the microhardness indentations and phase mixtures can be seen

together. As expected, when carbon content increases, the hardness value of martensite
increases (Table.5).
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Figure.38 Optical micrographs of sintered Distaloy DH with 0.4% C. (a) 0.5°C/sec cooling
rate and (b) 3°C/sec cooling rate.

Table.5 Microhardness values of martensitic microstructures in sintered and
sinter-hardened Distaloy DH powder alloys

Sample Hardness (HVO0.1)
Distaloy DH+0.4%C ~838

0.6% C ~888

0.8% C <1004

(@) (b)

Figure.39 : Optical micrographs of sintered Distaloy-DH with varying carbon contents.
(@) 0.4% C, (b) 0.6% C.
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4.7. Transverse Rupture Strength Measurements

Transverse Rupture Strength (TRS) values were obtained in the as sinter-hardened
condition. Increase in the cooling rates after sintering led to reduction in the TRS values of
the samples. It has been shown that the amount of martensite increases with an increase
in %C. This trend is reflected with a decrease in the amount of pearlite phase. Especially in
as-quenched condition, it is a well known fact that martensite is a brittle phase. Therefore it
is possible that the brittleness of the martensite can cause a decrease in TRS values at
higher carbon percentages (Figure.40). In conrast to cooling rate, the effect of cooling rate
is more complex. The specimen seems to yield the highest strength values after cooling at a
rate of 1,5C/min.
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Figure.40 : TRS values of Distaloy DH with varying carbon content and
cooling rate.

4.8. Heat Treatment Studies

4.8.1. Heat Treatment in Muffle Furnace

Samples which had been sinter-hardened were used for gquenching. In this experiment,
Distaloy DH’s having 0.4% C, 0.6% C, 0.8% C were used. The cooling rate was selected as

1.5°C/sec. These samples were austenitized at 960C for 20 minutes and quenched in water.
Obtained microstructures can be seen at in Figure.41.
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Figure.41 Optical micrographs of sintered and heat treated Distaloy-DH
with varying carbon contents in muffle furnace. (a) 0.4% C, (b) 0.6% C, and (c) 0.8% C.

As can be seen, the microstructure is 100% martensitic. However, during austenitizing,
decarburization was occurred as seen in Figure.42. In these microstructures, ferrite regions
can be seen clearly.

Microhardness measurements are made for these three samples. (Table.6). these hardness
values are so variable due to decarburization. There are few types of martensite which have
different amount of carbon. This differences in carbon contents makes it not reliable these
microhardness measurements.
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Figure.42 Optical micrographs of sintered and heat treated Distaloy-DH with varying
carbon contents showing decarburized regions. (a) 0.4% C, (b) 0.6% C, and (c) 0.8% C.

Table.6 Microhardness values in sintered and
sinter-hardened Distaloy DH powder alloys

Powder HV1
Distaloy DH-0.4% C 378,8
Distaloy DH-0.6% C 679
Distaloy DH-0.8% C 4255

45



4.8.2. Heat Treatment in Vertical Tube Furnace

Heat treatment in a muffle furnace caused to decarburization. The vertical tube furnace was
used to prevent decarburization by protective gas atmosphere. Samples which had been
sinter-hardened were used for quenching. In this experiment, Distaloy DH’s which include
0.4% C, 0.6% C, 0.8% C were used. These samples were austenitized at 960 °C for 25
minutes in an argon atmosphere. Then the bottom part of the furnace is opened and
specimens are drop quenched. Obtained microstructures can be in Figure.43.

(©

Figure.43 Optical micrographs of sintered and heat treated Distaloy-DH with varying
carbon contents in vertical furnace. (a) 0.4% C, (b) 0.6% C, and (c) 0.8% C.

As can be seen in the micrographs, 100% martensitic structure was obtained. During
austenitizing, the mount of decarburization was low. These decarburized regions can be
seen as light-colored.

Microhardness measurements are made for these three samples (Table.7). The hardness
values indicate that the decarburization is not very effective in these samples.
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Table.7 Microhardness values in sintered and
sinter-hardened Distaloy DH powder alloys

Powder HV1
Distaloy DH-0.4% C 754,8
Distaloy DH-0.6% C 805,6
Distaloy DH-0.8% C 943,2
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CHAPTER 5

DISCUSSION

In this study, the effect of sinter-hardening on the microstructural propertiesof prealloyed
powders Distaloy DH (Fe-2Cu-1.5Mo0) powder with 0.4%, 0.6%, and 0,8% graphite
additions was investigated. In this part, results will be discussed. There are mainly two
important parameters: carbon content cooling rate These parameters affect the obtained
microstructural and mechanical properties of the Distaloy DH alloys. In the microstructural
analysis, pearlite, lower bainite microstructures, and martensite phase were obtained by
varying cooling rate and carbon content. In Table.8 all the observed microstructures are
summarized:

Table.8 Microstructural features of sintered and sinter-hardened Distaloy DH
powder alloys with varying carbon contents

Base Powder Cooling Rate Obtained Phases
0.5C/s Pearlite islands with some amount of martensite

Distaloy DH-0.4% C 1.5C/s A mixture of pearlite and lower bainite, martensite

3C/s A mixture of pearlite and lower bainite, martensite

0.5C/s A mixture of pearlite and lower bainite, martensite

Distaloy DH-0.6% C 1.5C/s A mixture of lower bainite needles and martensite

3C/s A mixture of lower bainite needles and martensite

0.5C/s A mixture of lower bainite needles and martensite

Distaloy DH-0.8% C 1.5C/s A mixture of lower bainite needles and martensite

3Cls Martensite
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Carbon is soluble in iron interstitialy. Hence, the diffusivity of carbon is very high at the
sintering temperature and this contributes to the homogeneous distribution of carbon in
ferrous matrix. [28].

TTT diagram of the steel may be useful to observe the effect of the carbon. When the
amount of carbon increases, the TTT curve moves to the right. Such a shift in the TTT
curve increases the formation of martensite. This increase in martensite amount leads to
higher hardness values [11, 24, 25 ]. In Table.6 in section 4.6, this increase may be seen
clearly. For 0.4% C, hardness value of martensite is 838, for 0.6% C is 888, and for 0.8% C
is 1004.

The upper bainite phase was not observed. There is only lower bainite phase in these
materials. An example of lower bainite phase is given in Figure.44. This obseravtion is in
agreement with Bhadeshia's observations[29].
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Figure.44 Scanning electron micrograph of sintered Distaloy DH with 0.6% C
at 1.5°C/sec cooling rate

Bhadeshia explained that only lower bainite is expected in steels with carbon
concentrations exceeding 0.4 %. Figure 45 shows the calculated lower bainite
transformation start temperatures for plain carbon steels as a function of transformation
temperature. Bocchini [4] investigated the microstructural characterization of sinter-
hardening alloys. He found that Distaloy DH alloys have lower bainite phase.

The obtained microstructure also depends on the other variable parameters. First one is
hardenability. The alloying compositions of powders are important for hardenability.
Generally, Ni, Mo, Cu elements have a positive effect on hardenability [4]. The powders
used in this study were commercial powders, available in the market. The powder used in
this study (Distaloy DH) contains Mo & Cu elements because both of these elements
increase the hardenability. When these elements are in the solid solution, they have a
positive effect on hardenability [4].
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Figure.45 Calculated lower bainite transformation start temperatures
for plain carbon steels as a function of transformation temperature

Molybdenum is an important element for powder metallurgy materials. The reasons for
using molybdenum;

Has little effect on compressibility.

Its oxide may not be a problem for atomizing and sintering.
Increases the hardenability ( the ability to form the martensite).
Increases the mechanical properties of the steel.

Molybdenum has a substitution solution strengthening effect in ferrite and this has a
negligible effect on compressibility [8]. However, the price of Mo is increasing year by
year. Due to these advantages, the amount of molybdenum in the powder mixes become
important. Firstly, Fe-Mo-C system was used to determine the efeect of molybdenum
amount. With increasing the amount of Mo, the mechanical properties increased. However,
with this system, martensite formation was not observed. Then, Fe-Mo-Cu-C system was
used and 2% Cu was added. The combination of Mo and Cu increase the hardenability with
increasing cooling rates. Also, mechanical properties were increased with increasing
molybdenum content. The best results were obtained for 1.5% Mo. For these reasons, the
combination of 2% Cu and 1.5% Mo can be used for sinter-hardening applications. With
sinter-hardening, hardened steel microstructures are obtained [20].

It is a well-known fact that the compaction pressure, sintering temperature and amount of
alloying elements can have an effect on sintered densities. However, if there is no residual
liquid, it can be assumed that cooling rate has no effect on % porosity.

When the amount of carbon increases, the continuous cooling curve moves to the right and
hence, the hardenability increase. This effect increases the possibility which the amount of
martensite increases. Distaloy DH including 0.8% C at 3°C/sec cooling rate cooling rate
contains nearly 100% martensite. This microstructure is seen in Figure.46.
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Figure.46 Scanning electron micrograph of sintered Distaloy DH with
0.8% C at 3°C/sec cooling rate

It is found that when sintered specimens were cooled at cooling rate of 0.5°C/s, the
microstructure consists of pearlite, bainite, and martensite (Figure.47). When cooling rate
after sintering increases to 3°C/s, the amount of pearlite and bainite decreases and the
amount of martensite increases.

Phase identification was also conducted with microhardness measurements. However, since
martensite-bainite and/or pearlite microstructures were present as a mixture, it was very
difficult to find an isolated bainite island . The lower bainite has a plate structure in these
specimens. This plate structure makes difficult to measure the hardness range of lower
bainite.

Transverse rupture strength (TRS) values are affected by porosities. In a system, if there is
any porosity, this value increases with increasing carbon content. In this study, alloys are
porous and microstructure is in as-quenched condition. TRS values increase because
hardness of martensite increases with increasing carbon content. However, higher carbon
contents cause to decrease in TRS values although hardness of martensite increases. The
main reason of this decrease may be due to the amount of porosities. These porosities act as
crack initiation sites. Also, martensite is untempered and behave in a brittle manner. With
these two reasons, alloys fracture before yielding in a brittle manner [30, 31]. This effect
can be due to the phase mixtures present in the specimen. A combination of pearlite and
bainite microstructures may yield a higher strength values. If the martensite is tempered,
these TRS values increase with varying carbon content and martensite does not cause a
brittle behavior [30].
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Figure.47 Scanning electron micrograph of sintered Distaloy DH with
0.6% C at 0.5°C/sec cooling rate

It is interesting to note that there is a correlation between TRS values and amount of
phases The Figure.36 in section 4.5 and Figure.40 in section 4.7 show % pearlite and TRS
values respectively. This trend of TRS values is reflected with a decrease in the amount of
pearlite microstructure. This relation is re-drawn in Figure 48, which indicates a relation
between the change in % amount of volume percent and TRS values.
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CHAPTER 6

CONCLUSION

In this study, the effect of sinter-hardening on the microstructural properties of prealloyed
powders Distaloy DH (Fe-2Cu-1.5Mo0) powder with 0.4%, 0.6%, and 0,8% graphite
additions was investigated. The alloys were sintered at 1120°C for 20 minutes in an
industrial sintering furnace and sinter-hardened with cooling rates of 1.5°C/sec and 3°C/sec.
the conclusions of this study are:

1)

2)

3)

4)

With sinter-hardening, pearlite, lower bainite microstructures, and martensite phase
were observed. Increase in the carbon content caused a decrease in the volume
percent of pearlite and an increase in the amount of lower bainite and martensite.

After sintering a cooling rate of 0.5°C/s led to decreasing amounts of pearlite in all
the Distaloy DH samples. With increase in the cooling rates to 3°C/s, Distaloy DH-
0.4%C sample contains small amount of pearlite, whereas the alloy Distaloy DH-
0.6%C led to bainitic and martensitic microstructures. In Distaloy DH with 0.8% C
at 3°C/sec cooling rate, 100% martensite was obtained.

When carbon content increases, the hardness value of martensite increases.
Increase in the cooling rates led to reduction in the TRS values of the samples
because porosities act as crack initiation sites.

In order to determine martensite morphology, a secondary heat treatment processes
was done. Sintered and sinter-hardened specimens were austenitized at 960°C for
25 minutes under argon gas atmosphere and then, water quenched. Obtained
martensite has similar morphology with sinter-hardened samples.
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