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Abstract
Powder Metallurgy (PM) is a cost efficient method suitable for sustainable production of
structural parts that have strict dimensional tolerances and complex geometries. It has
been a common practice to utilize Ni and Cu as alloying elements in PM steels, but the
high and fluctuating prices of Ni and the concerns around it associated with health
hazards as well as the difficulty in recycling Cu lead the PM industry to search for
effective alternatives such as Cr and Mn. However the use of Cr has been met with
scepticism due to its affinity to oxygen which can lead to the formation of stable oxides
on the powder surface. Such oxides can act as barriers for the development of sinter
necks and as a consequence they are of major importance for the production of
structural components through the press‐and‐sinter route. Thus particular attention is
required in order to control the surface chemistry of the powder which is the key factor
for the successful sintering and production of PM parts. The research work presented in
this thesis was aimed at acquiring fundamental knowledge concerning the surface
chemistry of metal powder and how it changes during the heating/sintering stage and
finally how and why different process parameters can affect the reduction/oxidation
mechanisms and thus the mechanical performance of the sintered part.
High‐resolution analytical techniques (scanning electron microscopy with X‐ray
microanalysis, X‐ray photoelectron spectroscopy and Auger nanoprobe analysis) were
used to investigate the powder surface characteristics with regard to composition,
morphology, size and distribution of surface oxides. It was revealed that the Cr‐alloyed
powder is predominantly covered by a homogeneous (~6 nm thick) Fe‐oxide layer up to
~94% whereas the rest is covered by fine particulate features with size below 500 nm
which were rich in strong oxide forming elements such as Cr, Mn and Si. Hence, most of
the contacts between the metal particles comprising the compacted powder will be
comprised of Fe‐oxide rather than the more stable oxides.
Sintering trials on water atomized steel powder grades pre‐alloyed with Cr using
varying process parameters showed that the most critical stage is during the heating
between 800‐1000ºC due to the risk of enclosure of surface oxide inside the developing
inter‐particle connections and further transformation of any residual Fe‐based oxides
into the more stable Cr‐Mn‐spinels which at elevated temperatures can coalesce into
larger agglomerates. The balance between the developed “microclimate” and the mass
transport phenomena is the decisive factor for the efficient reduction of the surface
oxide and is greatly affected by the existing conditions such as the atmosphere
composition and temperature as well as the different process parameters like the
heating rate and green density. Provided that proper pre‐cautions are taken in this
respect, good mechanical performance of the produced component can be achieved.
Keywords: PM steels, water atomized powder, surface oxides, XPS/AES, depth profiling,
surface coverage, HR SEM+EDX, sintering, sintering atmosphere, reduction/oxidation,
carbothermal reaction, CrMnspinel oxides
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Introduction

1 Introduction
The powder metallurgy (PM) process is an established method used today for the large‐
scale production of precision parts in a cost‐efficient manner. The constant demands for
improved mechanical properties of the produced structural parts are met with various
routes by the PM industry e.g. by carefully introducing alloying elements [1].
Traditionally PM steels were alloyed with Ni, Mo and Cu but the high prices especially of
the first two in combination with the health hazards associated with Ni and the
difficulties in recycling for Cu lead the PM industry to explore the possibilities of using
other alloying elements such as Cr, Mn, V, Si, etc. Especially chromium is considered a
very attractive choice since it increases hardenability, it is relatively inexpensive and
easily recyclable [2]. Probably the most critical aspect regarding the use of elements
such as Cr, Mn and Si today is their high sensitivity to oxygen and thus their ability to
form thermodynamically stable oxides.
Powder grades produced with the water atomization technique will be oxidized on the
surface due to the reaction with the water vapour. Even after subsequent annealing in an
appropriate reducing atmosphere, the surface will still be covered by some surface
oxide. Since now the attained mechanical properties depend on the bonding developed
between the adjacent metal particles during the sintering cycle. It is easily understood
that oxides on the powder surface can act as barriers and thus inhibit the formation of
decent inter‐particle necks and consequently compromise the desired mechanical
performance [3‐10].
From the above it is clear that in order to ensure efficient sintering of PM steels
containing oxidation sensitive elements it is essential to control the surface chemistry by
considering the interactions that will take place with the sintering atmosphere.
Therefore the choice and careful control of the sintering atmosphere in terms of
composition and purity is one of the main factors that will ensure proper sintering of the
oxidation sensitive PM steels [4‐6, 10‐17]. Furthermore the fundamental knowledge of
how and why different process parameters like the heating rate and the green density
could affect the reduction/oxidation processes during sintering is essential in order to
establish the necessary requirements and create a process map for an efficient sintering.
The understanding of the surface related phenomena is therefore of high importance
from a technological point as well as from a scientific perspective.

This research deals with the surface characteristics of water atomized steel powders pre
alloyed with chromium. Particular attention was put into investigating the effect of
different process parameters on the chemical reactions taking place on the powder surface
between the surface products and the sintering atmosphere.
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2 Powder Metallurgy
2.1 Brief History and Present Status
Powder Metallurgy (PM) has been one of the oldest established metal processing
techniques which dates back several thousands of years[18]. At 3000B.C the inability to
melt metals in the furnaces of that age was the driving force for the Egyptians to produce
sponge iron powder which in turn was hammered at elevated temperatures in order to
weld the powder particles together [18]. We had to reach the 19th century in order for
PM to be used in larger scales for the processing of platinum powder. The next big
development in the PM industry occurred at the beginning of the 20th century with the
use of tungsten powder for the fabrication of filaments used for electric light bulbs and
consists of one of the earliest modern applications of PM [19]. At that time several
important PM products were produced such as cemented carbides for cutting tools,
porous self‐lubricating bearings, etc.
The large‐scale production of iron powder and respectively of sintered parts started in
1935 and met intensive development in the following decade [20]. From that time and
until today the main PM products have been the structural steel components which are
used in applications from various fields. However the main field of application is today
the automotive industry in which ~70% of the total PM tonnage produced worldwide is
used (Fig. 1) [21].

PM Market
e1%
c5%

f1% g11%

d2%

a‐Automotive
b‐Industrial Motors/Controls

b9%

c‐Recreation & Tools

a71%

d‐Household Appliances
e‐Hardware
f‐Business Machines
g‐Other

Fig. 1. Areas of usage of PM structural parts (Source: MPIF).
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2.2 Reasons for using Powder Metallurgy
PM is an attractive choice for the production of metal parts for a number of reasons. It is
uniquely versatile process and offers unique capabilities in alloy compositions and
microstructural development that is extremely difficult (if not impossible) and costly to
obtain with any other traditional metal forming processes. For example in PM it is
possible to alloy the material in the solid state and therefore to process metals with very
high melting temperatures. Furthermore, the fabrication of metal powder bymeans of
atomization gives the possibility to alloy the material in the molten state (pre‐alloying)
prior to atomization as well as by mixing different kinds of powder. For this reasons PM
parts can be manufactured from fabricated powder at temperatures lower than the
melting temperature of the metal. This means that segregation or other defects which
are associated with casting can be avoided. Hence PM is a particularly suitable process
for the development of novel materials with tailored alloy compositions. General
examples of such materials are high speed steels, oxide dispersion strengthened (ODS)
alloys, hard metals (cemented carbides etc.), porous materials and soft magnetic
composites (SMC) [19, 21‐23].
One of the main advantages of the PM process route is the possibility to fabricate in a
cost‐efficient way components of complex geometries, with very good dimensional
tolerances at very high productivity rates (Fig. 2).

Fig. 2. Bar chart showing the relative cost for the production of a single component by different
processing techniques (Plotted with “CES EduPack 2009” software).

Since the final PM component after e.g. sintering has basically its final dimensions and
shape, further processing is often not required. Therefore the stages involved in the
manufacturing of the final component are fewer in comparison with other techniques.
As a consequence, the PM route means more efficient raw material utilization as well as
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lower energy consumption which in turn relate not only to cost efficiency but also to
environmental and sustainability concerns [21, 23]. In Fig. 3 different metal processing
techniques are compared in terms of raw material utilization and energy consumption
per kg of finished part [23].

a. Raw material utilization
Sintering
Casting
Extrusion
Forging
Machining
0

20

40

60

80

100

%

b. Energy requirement per kg of finished part
Sintering
Casting
Extrusion
Forging
Machining
0

20

40

60

80

100

MJ

Fig. 3. Comparison of different metal processing techniques in terms of a) raw material utilization
and b) energy requirements (Source: EPMA).

There are naturally some limitations as well for the PM in comparison with other
techniques. For instance there are practical issues for achieving full density parts with
the conventional die pressing and sintering. A limiting factor is also the size/weight of
the component due to the compaction process stage [1, 19].
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Because of the above mentioned aspects, PM research aims towards the improvement of
the properties of PM products is very active today with main focus on the minimization
of porosity, the optimization of the final microstructure and for the structural
applications towards the improved static and dynamic mechanical properties achieved
by providing developed and defect‐free inter‐particle necks.

2.3 The PM Process Route
During the past decades the improvement in quality of steel powder has been dramatic
and a large number of powder grades are available today. In the same time the
development of the compaction and sintering processes resulted in a more efficient
production of PM steel parts that are implemented in a large number of applications. In
the following section the stages that make the PM steel process route (Fig. 4) are briefly
described. Special attention is given to the topics of interest for the purposes of this
thesis.

Powder
Fabrication

Mixing

Compaction
and Shaping

Sintering

Fig. 4. Chart of the press & sinter PM process route (Author’s illustration).

2.3.1 Powder Fabrication
Several commercial routes exist today for the production of metal powders and it is
possible to divide them in three major categories:
1)

mechanical disintegration

2)

electrolytic/chemical fabrication techniques

3)

atomization techniques with water, oil or inert gas as cooling medium

For the production of steel powder though the dominant production method is the
water or gas atomization. During atomization, high pressure water or gas jets hit a
molten metal stream and disintegrate it into droplets that are in turn rapidly solidified
(Fig. 5) [1, 18‐20, 22]. Due to this integration into small droplets with high surface‐to‐
volume ratio high cooling rates are obtained. Additionally the pressure of the media
used affects the overall cooling rate of the droplets and the significantly higher cooling
capacity of water in comparison with gas also has a profound effect on the shape of the
produced powder. In general, in the case of water atomization the cooling rate is
approximately 104‐106 K·s‐1 and the metal particles have typically an irregular and
rough shape [1, 18‐20, 22, 24]. Due to the nature of the fabrication technique the
produced powder is oxidized. After drying, subsequent annealing in an appropriate
reducing atmosphere is therefore carried out in order to lower the oxygen content of the
powder.
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Fig. 5. Schematic representation of the water atomization process (Redrawn from [22]).

2.3.2 Alloying Elements and Alloying Methods
It has been a common practice in the metallurgy of steels to introduce alloying elements
in order to tailor their microstructure and change their properties [18, 25]. Particularly
the PM industry, due to its versatility as a metal part fabrication technique, has been
taking great advantage of the incorporation of alloying elements. The enhancement of
the properties of PM parts by optimization of the final microstructure is possible by
7
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designing new alloy systems or by tailoring the microstructure development of today’s
alloys. The introduction of alloying elements in PM parts during the production can be
performed in different ways [18‐20, 22, 23]:
i)

Alloying in the molten state before the water atomization (prealloying) (Fig.
5). The produced powders are homogeneously alloyed which in turn will
provide homogeneous composition of the sintered part

ii) Mixing of base powder with elemental powder or ferroalloys (admixing). The
actual alloying is taking place during the sintering through diffusion
processes. Admixing with graphite is the only way for introducing carbon
into ferrous powders
iii) Bonding of additions to an elemental or pre‐alloyed powder by metallurgical
means. As in mixing, the actual alloying takes place during the sintering stage
(diffusion alloying)
The choice of the appropriate alloying method depends on the desired final properties
as well as on the properties of incorporated alloying elements. For elements such as Cr
and Mn the most common technique today is pre‐alloying. The reason for this is that
these elements have high oxygen affinity and therefore they have a strong tendency
towards the formation of thermodynamically stable oxides during the powder
production. Thus if Cr and Mn are present in solid solution (as in pre‐alloying) their
activity is roughly lowered down to their content and the problem of the sensitivity to
oxidation can be dealt with up to a certain extend [4, 7, 11, 12, 14, 15, 17, 20, 26‐29]. A
disadvantage of pre‐alloying with Cr and Mn is the possible decrease in compressibility
which can be minimized by tailoring the properties of the base powder by introducing
small amounts of Cr [30].
This study was focused on water atomized pre‐alloyed powder grades. Below, the most
common elements encountered in such grades will be presented briefly:
Carbon: In general carbon is the cheapest and most effective alloying element and is of
course essential for the production of steel parts. It can be added only as admixed
graphite since if added in the pre‐alloyed state it increases significantly the hardness of
powder particles and thus reduces compressibility. In terms of the properties of the final
component, carbon increases the hardness and the strength of the compact. Additionally
carbon plays a vital role as a reducing agent in the reduction of the surface oxide during
the sintering stage.
Molybdenum: Increases hardenability without reducing the compressibility as
drastically as chromium. Molybdenum is suitable when surface hardening processes are
required because it promotes the pick‐up of some elements. Additionally Mo is a bainite
stabilizer since it slows down the reactions rates for transformation.
Silicon: Is also an effective alloying element but due to its high oxygen affinity it is
mainly used in small amounts as a de‐oxidizer.
Manganese: Is essentially present in all conventional steels. It increases the
hardenability of the steel as well as the hardness and strength due to solid solution
strengthening. Its effect though is not as pronounced as that of carbons. In combination
with chromium and molybdenum, manganese gives the possibility to acquire bainitic
structures without any further post sintering heat treatment. Its main drawback is the
8
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high oxygen affinity which as mentioned earlier may lead to the formation of
thermodynamically stable oxides.
Chromium: For the systems under investigation, chromium is the main alloying element.
Chromium increases the hardenability and at higher temperatures it contributes to
increased strength and is often introduced in conjunction with molybdenum. Today
chromium is used as a substitute for nickel in alloyed sintered steels due to the high
costs and the health concerns associated with the latter. Chromium is also a strong oxide
forming element but the oxides formed have lower stability in comparison with the
respective manganese oxides.
Chromium‐alloyed PM steels can be used when high performance, in terms of
mechanical properties, is required. Structural parts such as synchronization hubs and
gears are typical applications for the chromium pre‐alloyed powder grades [22, 27‐29,
31‐33].

2.3.3 Compaction and Shaping
In the case of iron or steel powder, a sufficient amount of graphite powder is added
during mixing, in order to acquire, after sintering, the desired composition. At this stage,
also other substances such as Cu and Ni can be added in powder form. Generally the
powder mixes that are ready to be used in the compaction contain additionally an
organic substance which is used for lower friction between the metal particles and most
of all to provide die‐wall lubrication during the compaction step [1, 19, 20, 22, 23].
The next stage in the conventional press‐and‐sinter route involves the densification of
the powder mix, with which an appropriate die is filled, with the help of a configuration
(2 or more) of compacting punches that exert high pressures (600‐1000 MPa). The
application of pressure leads to an inter‐locking of the irregularly shaped metal particles
along with a degree of cold welding that takes place. A “green compact” is then produced
with sufficient strength for further handling until the sintering step [1, 18‐20, 22, 23].

2.3.4 Sintering
Sintering is the stage during which metal powder compacts acquire the strength needed
to satisfy the requirements existing during their use as engineering components. The
strengthening of the compact during sintering occurs with the bonding of adjacent metal
particles by atomic diffusion and other mass transport mechanisms. From the above it is
clear that the sintering stage is the most important and challenging process from
technological point of view, in the production of PM components [1, 19, 20, 22, 23, 34].
The consolidation of the metal powder can take place either by performing a
pressureless heat treatment on powder compacts at temperatures below the melting
point of the base material (solid‐state sintering), by applying, simultaneously, pressure
and heat (hot pressing or pressure sintering) or by forming a limited amount of liquid
phase (liquid‐phase sintering ) at systems which involve mixed powders[1, 19, 20, 22,
23, 34]. This work was entirely focused on the phenomena that were taking place during
solid‐state sintering and thus from now on any reference to the sintering process will
regard the solid‐state.
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The bonding of metal particles occurs through the development of inter‐particle necks at
the particles contacts. From an energy point of view, a powder (or a porous body) has an
excess amount of energy due to the existence of more surface atoms which have
“unsatisfied” bonds in comparison with a fully dense and solid body of identical material
and mass. Therefore the driving force behind sintering is essentially the minimization of
the surface free energy. The mass transport that is required for the bonding of the metal
particles takes place through various basic mechanisms [19, 20, 22, 23, 34‐36]:






Surface diffusion
Evaporation/condensation
Volume diffusion
Grain‐boundary diffusion
Viscous or plastic flow

Surface diffusion and evaporation/condensation are naturally related to the mass
transport on the surface whereas the rest are associated with the mass transport in the
bulk. Surface diffusion is considered in general as a significantly faster process [19, 25,
34] and for ferrous powders it is considered the dominant mass transport mechanism
during the heating stage. With increasing temperature generally bulk transport
processes and especially volume diffusion are becoming more active [19, 20, 22, 23, 25,
34‐36].
During the whole sintering process the most prominent place acting as a material sink is
the neck region (Fig. 6) due to the large curvature difference between the regions of the
metal particle, which in turn leads into large difference in vacancy concentration (a
concave surface has higher vacancy concentration than the equilibrium whereas a
convex one has lower). That is why the convex part of the powder surface will act as a
material source (or vacancy sink) and a concave part such as the neck will act as a
material sink (or vacancy source) [19, 22, 23, 25, 34‐36].

Fig. 6. Mass transport processes in the neck region: EC) EvaporationCondensation, SD) Surface
Diffusion, VD) Volume Diffusion, GBD) Grain Boundary Diffusion (Author’s illustration).

With respect to time, the sintering process can be divided into three stages (Fig. 7). The
characteristic of the initial stage is the formation and growth of inter‐particle necks
during a non‐isothermal heating [19, 20, 22, 34]. During this stage surface diffusion is
more enhanced compared to the other transport mechanisms. As soon as the sintering
temperature is reached an isothermal dwelling at this temperature is carried out. The
intermediate stage is characterized by pore rounding, grain growth and sometimes
densification. Surface transport is still active during this stage and if densification takes
10

Powder Metallurgy
place, this is accomplished by volume and grain boundary diffusion [19, 20, 22, 34]. The
final stage consists of the pore isolation and spherodization by bulk diffusion. It should
also be noted that phenomena taking place during the intermediate and final stages can
only be active on local scale in the normal sintering of ferrous powder at the inter‐
particle contacts developed between the irregular water‐atomized metal particles.
Normally there is hardly any shrinkage and the porosity level is basically set by the
extent of prior powder compaction.

Fig. 7. Model of sintering of two spherical particles: I) after compaction, II) initial stages of
sintering with neck formation, III) intermediate and final stage (Author’s illustration).

Generally it is difficult to distinguish between the different stages, especially between
the intermediate and final stage. However it is essential to evaluate the efficiency of the
processes related to the neck formation and growth in correlation with the applied
conditions which will determine the final properties of the sintered body. The inter‐
particle neck formation and growth can be efficiently evaluated by examining the
fracture surfaces of processed and tested specimens [20, 37, 38]. Therefore in this study
great focus was given in performing fractographic investigations on samples processed
in different conditions (see also section 5.3).
Practical considerations and factors influencing the properties of sintered
components
A typical sintering operation taking place in a continuous sintering furnace can be
divided into three stages (Fig. 8):
i)

Heating stage: the compacts are reaching the desired sintering temperature
with an appropriate heating rate. During this stage the lubricant which was
added in the mixing burns off (de‐lubrication). Proper de‐lubrication is essential
for the production of good quality parts [39, 40]. After de‐lubrication, surface
oxides are reduced and inter‐particle necks are beginning to form. Graphite
dissolution is taking place during this stage as well.

ii)

Sintering stage: the parts are held at the constant temperature (isothermal
holding) for sufficient time in order for the bonding of the metal particles to
take place and consequently the desired mechanical properties to be obtained.

iii)

Cooling stage: the sintered parts are cooled down to room temperature with an
appropriate cooling rate which will determine the final microstructure of the
material.
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In Fig. 8 a typical continuous mesh belt furnace is shown. This type of furnace is
commonly used for the production of high volumes of structural parts at temperatures
of up to 1150ºC. Other types of furnaces exist that can operate at higher temperatures
but normally with lower production outputs.

Fig. 8. Characteristic sintering process for PM parts and correlation with a continuous mesh belt
sintering furnace (Redrawn from [41]).

It has been made clear until now that the sintering of PM parts is a very complicated and
challenging process which can be greatly affected by a number of factors. Below some of
these factors which are also related to this study will be briefly presented:
Sintering temperature and time
Since the bonding of metal particles in a compact is directly related to the mass
transport mechanisms that take place, it can be easily understood that increased
sintering temperature will increase the diffusion rates which in turn will enhance the
strength of the inter‐particle bonds with a direct effect on the mechanical properties of
the consolidated material [6, 8‐10, 12, 26, 27, 33, 42‐44]. Additionally larger sintering
temperatures can ensure, from thermodynamic point of view, the reduction of more
stable oxides which could obstruct neck formation and growth (see also Chapter 3).
Experimental data are plotted in Fig. 9 showing the dependence of sintering
temperature on the mechanical properties (in this case impact energy) of sintered
specimens. Naturally other mechanical properties will be also affected by the sintering
temperature as shown in the literature [9, 10, 12, 33, 45, 46].
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Fig. 9. Impact energy of AstCrM+0.5%C sintered for 30' at different temperatures and conditions
(Author’s experimental results).

Considering the diffusion processes that take place during sintering it is established that
the total amount of atoms that diffuses into the neck area at a given temperature will be
directly dependent on the time spent on that temperature. Therefore longer sintering
times will result in stronger inter‐particle connections and thus improved mechanical
properties (Fig. 10).

Fig. 10. Impact Energy as a function of the sintering time for samples of different prealloyed
grades sintered at 1120ºC in different conditions (Author’s experimental results).
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Sintering atmospheres
The presence of a suitable sintering atmosphere is of vital importance in the production
of PM components [1, 3‐7, 9‐17, 19, 20, 22, 31, 41‐43, 47‐57]. The specific functions of
the atmosphere during the sintering process are:


To protect the compact from oxidation



To assist in the reduction of the surface oxide in order for inter‐particle contacts
to be developed



To ensure that proper de‐lubrication takes place



To prevent carburization/decarburization of the compact

Especially in the case of oxidation sensitive PM steels the choice and careful control of
the sintering atmosphere in terms of composition and purity [4‐6, 10‐17] is of
paramount importance in order to control the surface chemistry. Hence it is crucial to
consider the interactions that will take place between the different gas species and the
component and their dependence of the applied temperature. The importance of the
above is particularly significant for the processing of PM steels i.e. in comparison with
the heat treatment of “bulk” steels since [17]:


the applied temperatures are significantly higher which in turn results in the
occurrence and evolution of chemical reactions on the surface



additionally high temperature results in increased chemical reaction speeds as
well as accelerated mass transport phenomena



the surface area in the case of PM steels is higher by 103‐104 times due to the
porosity of the parts which in turn will further enhance the reaction rates

In the overall process the flow must be adjusted accordingly to prevent air from entering
the furnace or to prevent the lubricant decomposition products to enter the sintering
zone.
Today there are different types of atmospheres used for the sintering process with the
material being the determining factor for the choice of the proper one [1, 4, 11, 17, 19,
20, 22, 41]. The main categories and gases used are:


Pure gases
o Hydrogen (H2) – is the most commonly used pure active gas due to its
reducing effect. The danger of explosion and its high cost are issues that
need to be considered with its use.
o Nitrogen (N2) – is basically an inert gas and can be used in sintering due to
its high purity and low price. More often though nitrogen is used for the
dilution of more expensive and reducing gases like H2 and CO. These
blends are suitable for steels containing elements sensitive to oxidation
such as chromium and manganese. Nitrogen is also used nowadays in
modern furnaces for rapid cooling.



Dissociated ammonia – contains high amounts of hydrogen (~75%) and thus
has high reducing activity. Important disadvantage with this gas is its high
content of water vapor, therefore if not dried it can be highly decarburizing.
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Other drawbacks with dissociated ammonia are connected to environmental
and safety issues.


Gases produced from burning of hydrocarbons – Careful attention must be given
in order to have the proper “carbon potential” and generally to have good
carbon control. Sintering of steels containing strong oxide forming elements is
impossible because the conditions when using such types of gases are highly
oxidizing.
o Endogas – endothermic burning of hydrocarbons – higher content of
reducing species (CO and H2)
o Exogas – exothermic burning of hydrocarbons – more oxidizing than
endogas due to higher amount of produced CO2 and water vapor



Vacuum – sintering in vacuum is performed when oxidation sensitive materials
are used and offers very good conditions in terms of protection from oxidation
and reduction of oxides (due to the very low oxygen partial pressure). The main
disadvantage is that it is a slow and therefore costly process although today
large vacuum furnaces with capabilities of production in high volume outputs
exist.

More details on thermodynamic issues and reactions occurring during the sintering
process which are associated with the sintering atmosphere will be given in Chapter 3.
Green density
A number of studies [26, 28, 42, 58, 59] has shown that increasing the compaction
pressure and consequently the green density results in improvement of mechanical
properties such as impact energy, tensile strength and hardness of the sintered part
(Fig. 11). Elongation as well as fatigue strength also benefit from increasing green
density up to a certain level but densities above that level will have a negative impact on
the afore mentioned properties. The increase in mechanical performance can be
attributed to the larger amount of initial contact points and consequently sinter necks
between the adjacent metal particles [42]. Furthermore increasing green density has a
direct effect on the porosity of the compacted and afterwards sintered part. With
increasing density the pore structure changes from open and interconnected to more
close and isolated. This in turn of course has a positive impact on the mechanical
performance of the material but in the same time it could create implications for the
interaction of the sintering atmosphere with the powder surface such as difficult
atmosphere penetration, insufficient removal of reduction products [42, 60].
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Fig. 11. Impact energy as a function of green density for AstCrM+0.5%C samples sintered at 1200°C
for 30’ in N2/3%H2 atmosphere with different heating rates (Author’s experimental results).
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3 Theoretical Considerations
From the description of the sintering process given in the previous section it becomes
clear that the surface of the powder is the key aspect for the efficient consolidation of
PM materials. Consequently it is of paramount importance to control the surface
chemistry of any features observed on the powder surface and their interaction with the
present sintering atmosphere in given conditions. In the next sections some theoretical
considerations that are relevant to the aspects of interest of this study will be presented
in a more detailed and analytical manner.

3.1 Surface Oxides on Metal Powder and Effect on the
Mechanical Properties of Sintered PM Steels
Due to the nature of the water atomization technique as a metal powder production
method, the interaction of molten metal droplets with water vapour or steam will lead
to the oxidation of the powder fabricated. Thus the initial surface oxide layer which is
formed (Fig. 12) must be reduced and thus the produced metal powder, after drying,
undergoes a subsequent annealing treatment in a reducing atmosphere. However since
the powder has very large specific surface area it is very reactive [61] and therefore a
thin surface oxide layer will be formed even during handling [54, 61‐71].
Studies by Karlsson et al. [54, 61] on water atomized chromium pre‐alloyed steel
powder showed that the surface of the powder was covered by a thin (6‐7nm) Fe‐oxide
layer and some particulate oxide features of larger size (>100nm) which were rich in
strong oxide forming elements such as Cr, Mn and Si. The proposed model as was
investigated and revised in this study is shown in Fig. 13 [54, 61‐63].

Fig. 12. Schematic representation of the origin of the surface oxides (Author’s illustration).
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Fig. 13. Schematic representation of the proposed model of the surface oxide covering the metal
particle (Author’s illustration).

The surface oxide on the powder particles will act as a barrier and hinder the mass
transport phenomena occurring during the sintering process which in turn will have a
retarding effect on the sinter neck development and thus play a role on achieving the
desired final properties of the component (Fig. 14) [4, 7, 9, 10, 13, 15, 19, 20, 36, 49, 52,
64, 72]. Therefore it is of paramount importance to reduce the surface oxide, at least
partially in the inter‐particle contact area, in order to enable the onset of sintering.

Fig. 14. The problem created from the presence of surface oxide layer on metal particles (Author’s
illustration).

From the above it was made clear that the presence of a surface oxide layer can create
significant implications in attaining the desired mechanical performance from a sintered
part. It will be demonstrated in the following chapters as well as in the results of this
research that the thin (~6 nm) surface Fe‐oxide can be easily reduced. On the other
hand more stable oxides such as the ones shown in Fig. 13 could be enclosed in the neck
region and have a serious effect especially on the ductility and fatigue properties of the
sintered component [73, 74]. This is also illustrated in Fig. 15 where the impact energy
of samples sintered at 1200ºC for 30’ is plotted versus their oxygen content. In Fig. 15
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the amount of observed inclusions is increasing with increasing oxygen content even
though the total oxygen content for each sample cannot be attributed entirely to oxide
inclusions. In the next paragraph a very brief introduction will be given on the effect of
the presence of secondary phases (such as the stable oxides mentioned above) on the
fracture of sintered steels.

Fig. 15. Impact energy versus the oxygen content of samples sintered at 1200ºC for 30' (Author’s
experimental results).

In general fracture will be induced by small particles of sub‐micron size when the
material is under continuous loading. These particles are not as easily deformed as the
surrounding matrix and thus they lose their coherence with the latter when intensive
plastic flow is occurring in their vicinity [38, 74, 75]. This results in the formation of tiny
voids which in turn will grow and coalesce until final separation takes place (Fig. 16).
The necking which takes place between the small particles is of the micro‐scale and thus
the resulting elongation remains small [38, 74, 75]. Consequently the number, the size,
the distance and distribution of second phase particles will affect significantly the
fracture toughness (KIc) and the elongation to fracture (εf) [74, 75].

Fig. 16. Effect of secondary phase particles and dimple formation during ductile crack propagation
(Redrawn from [74]).
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3.2 Thermodynamic Description and Stability of Oxides
As mentioned earlier the key factor of the process that essentially controls the surface
chemistry and its changes is the sintering atmosphere in terms of both composition and
purity.
The chemical reactions of interest, which will be described in the next section, generally
take place under constant temperature and pressure and thus for their thermodynamic
description, the Gibbs free energy (G) must be considered which by definition is:
(1)
Therefore at constant temperature and pressure the only reactions that can occur
spontaneously are the ones in which the change in Gibbs free energy (ΔG) is negative
(Eq. 2). Consequently the more negative is the change in the Gibbs free energy, the
stronger the tendency for a reaction to take place.
∆

∆

∆

(2)

The above is a general expression for the criteria of equilibrium condition in a system. It
is possible to derive the “standard1 Gibbs free energy change” ΔG0 [76] which can then
be used as a measure of the thermodynamic stability of certain compounds such as
metal oxides and consequently the potential for reduction/oxidation reactions to take
place under defined conditions during the sintering process [4, 11, 17, 76, 77].
In the absence of a reducing agent the oxide reduction is occurring through its
dissociation according to:
(3)
Where Me and MexOy denote the metal and its oxide respectively. Now since the
standard Gibbs free energy change is basically:
∆

∑

∑

(4)

Then if Eq. 3 is considered then the standard Gibbs free energy change becomes:
(5)

∆

A reaction is characterized by the equilibrium constant K which is related to the change
in standard Gibbs free energy:
∆

(6)

Where R is the gas constant (R=8.314J·mol‐1K‐1) and T is the temperature in Kelvin. In
the case of Eq. 3 the equilibrium constant is given by:
·

(7)

The standard state of the component of a system is chosen as being the pure component in its stable
state at the pressure and temperature of interest and is basically a reference state to which the component
in any other state is compared
1
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Where α are the activities of the substances which take part in the reaction. The activity
is defined as the ratio between the vapor pressure of a substance in a given condition
divided by the vapor pressure of the pure substance under the same conditions. For
pure solid or liquid substances the activity is unity whereas for ideal gases the activity is
equal to their partial pressures [11, 17]. From the above Eq. 7 becomes:
(8)
And by combining Eq. 6, 7 and 8 we get:
∆

∆

(9)

In essence Eq. 9 describes the temperature dependence of the equilibrium oxygen
partial pressure between metal/metal oxide and atmosphere. Fig. 17 illustrates the
above for some oxides of interest. The equilibrium data were calculated using
thermodynamic software (HSC Chemistry 7.1). Below each curve in Fig. 17 the oxide is
reduced to its respective metal whereas above the opposite reaction takes place – metal
oxidizes to its respective oxide. Therefore Fig. 17 can be read in two ways:
 By lowering the oxygen partial pressure accordingly it is possible to dissociate an
oxide at a chosen temperature
 By increasing the temperature it is possible to dissociate an oxide at lower
oxygen partial pressures

Fig. 17. Equilibrium oxygen partial pressure of some oxides (Plotted with HSC Chemistry 7.1).

These points of course are relevant to the thermodynamic stability of the oxide under
consideration. It is clear that more stable oxides require significantly lower oxygen
partial pressures and higher temperatures in order for their dissociation to occur. At
intermediate temperatures i.e. during the heating stage the existing conditions are not
sufficient for the reduction of those stable oxides. Considering the above, sintering in
vacuum in combination with other reducing mechanisms (see next section) could
provide reducing conditions even for stable oxides. On the other hand, vacuum sintering
is considered a costly option and is used basically for the production of expensive PM
parts i.e. hard metals and not for conventional PM steels nowadays [4, 11, 17, 76, 77].

21

Theoretical Considerations

3.3 Reduction/Oxidation Processes during Sintering
In the previous section the general reduction reaction through dissociation of an oxide
was described and the issues related with the usage of vacuum as a sintering
atmosphere condition were mentioned. Therefore the use of a suitable sintering
atmosphere, which will enable the reduction of stable oxides, is beneficial from both
economic and metallurgical points of view. Such sintering atmospheres contain reducing
agents like hydrogen and carbon monoxide, the latter being a product of the
carbothermal reaction taking place due to the presence of admixed graphite or a
component of the processing atmosphere. The reduction by hydrogen is given by [3‐7, 9,
11, 13‐16, 47, 48, 50‐52, 55, 76‐79]:
2

2

(10)

If now we work in the same way as for Eq. 3 the equilibrium constant for Eq. 10 will be:
·

(11)

·

Consequently the equilibrium between oxidation and reduction in hydrogen‐containing
atmospheres is given by:
∆

Where ∆
∆

(12)

is the Gibbs free energy change for the oxide reduction by hydrogen:
2

2

(13)

Considering Eq. 12 it is possible to plot the equilibrium partial pressure ratio of
hydrogen and water vapour content as a function of temperature (Fig. 18). In the
diagram of Fig. 18 above each curve the oxide is reduced whereas below each curve the
metal is oxidized.

Fig. 18. Equilibrium partial pressure ratio of hydrogen and water vapour for some metaloxides
systems (Plotted with HSC Chemistry 7.1).
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The powder mixes which are used in the production of PM steel parts contain carbon in
the form of admixed graphite. Carbon participates in the oxide reduction in essentially
two stages. The first involves the reduction of surface oxides which are in contact with
graphite during the heating stage. This reaction is the so called direct carbothermal
reduction (Re. 14). The produced carbon monoxide can further react with the existing
oxides towards the formation of carbon dioxide (Re. 15). This reaction in turn is called
indirect carbothermal reduction [3‐7, 9, 11, 13‐16, 47, 48, 50‐52, 55, 76‐79].
2

2

2

(14)
2

(15)

The direct carbothermal reduction commences in accordance with Re. 14 when the
temperature is high enough in order for the graphite to become more active. Above
~700°C the presence of CO is ensured due to the Boudouard (Re. 16) which favours the
formation of CO at high temperatures:
2

(16)

A large amount of studies has shown that the main reducing mechanism is the indirect
carbothermal reaction [3‐7, 9, 11, 13‐16, 47, 48, 50, 52, 55, 76‐79]. The equilibrium
constant for Re. 15 becomes:
·

(17)

·

And the equilibrium between oxidation and reduction in atmospheres containing carbon
monoxide is given by:
∆

(18)

Where ∆ is the standard Gibbs free energy change for the oxide reduction by carbon
monoxide:
∆

2

2

(19)

In a similar manner as before it is possible to plot the equilibrium between the metal,
oxide and the partial pressure ratio CO/CO2, see Fig. 19. Again above each curve the
oxide is reduced and below the metal is oxidized.
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Fig. 19. Partial pressure ratio of CO and CO2 in equilibrium with metal oxides (Plotted with HSC
Chemistry 7.1).

All the above review information is summarized in an Ellingham‐Richardson diagram
(Fig. 20) where the standard Gibbs free energy change (ΔG0) is plotted as a function of
temperature and the equilibrium conditions can be determined with respect to the
pressure balance of the existing gas species: p(O2), CO/CO2 and H2/H2O.

Fig. 20. EllinghamRichardson diagram for selected oxides (Redrawn from [22]).
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In order to calculate the critical oxygen partial pressure for a specific oxide (e.g. Cr2O3)
at a given temperature, a line (line 1‐red in Fig. 20) can be drawn from the point “O” to
the ΔG line of the oxide of interest at the relevant temperature and then by continuing
until reaching the p(O2) axis on the right hand side of the diagram. The intersection with
the p(O2) axis gives the critical pressure for the reduction of the oxide of interest. The
same procedure can be followed in order to estimate the critical partial pressure ratios
of H2/H2O (line 2‐blue) and CO/CO2 (line 3‐green) but in these cases the lines must be
drawn from points “H” and “C” respectively and then regard the intersections with the
relevant axes. [11, 15, 17, 22, 76, 77, 80].
As mentioned in the previous chapter, due to the high cost of using pure reducing
atmospheres, it is a common practice today to dilute the reducing gas constituents with
less expensive inert gases such as high purity nitrogen which has very low water vapor
content (<1ppm) that corresponds to a dew point2 of below ‐90°C. However the
improvement of the atmosphere, in terms of lowering the water vapor content due to
the dilution with nitrogen, does not correspond necessarily in improvement of the
reducing ability of the atmosphere [11, 15, 17, 22, 76, 77]. The reason for this is that one
has to consider the partial pressure ratio of hydrogen and water vapor and thus
consider the hydrogen content as well. Due to the dilution, the total hydrogen content
decreases as well and so does the partial pressure ratio which in turn is translated into
lower reducing ability of the atmosphere. Therefore it is necessary at this point to
emphasize that the proper evaluation of the quality of the sintering atmosphere can only
be done on the base of the partial pressure ratios of active gases p(H2)/p(H2O) or
p(CO)/p(CO2) [11, 15, 17, 22, 76, 77].
For the systems of interest all the gaseous species mentioned earlier (H2, H2O, CO and
CO2) exist and at elevated temperatures they interact with one another according to the
so‐called “water gas” reaction:
2

2

2

2

(20)

The equilibrium constant for Re. 20 is given by:
·

(21)

·

The standard Gibbs free energy change associated with the water gas reaction is
connected with the equilibrium constant with the following relationship:
∆

(22)

Thus it is possible to arrive in a temperature dependent proportionality between the
pressure ratios of the reducing and oxidizing constituents:
·

(23)

The conclusion of Eq. 23 is essentially that in atmospheres containing both H2 and CO,
the equilibrium partial pressures cannot be changed independently from one another.
For example if the water vapor content of an atmosphere is decreased then the

2 Dew point is the temperature to which an atmosphere must be cooled down in order for the water vapour that is
contained in to it, to condense into liquid water. It is essentially a measure of the water vapour content (humidity) of an
atmosphere. Today there are many tables converting values of p(H2O) into dew point temperature.
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p(CO)/p(CO2) ratio will be automatically raised under equilibrium conditions [11, 15,
17, 22, 76, 77].
For the material systems of interest a number of studies [3, 6, 7, 12, 14, 15, 52, 54, 81]
have shown that the Fe‐oxide can be efficiently reduced by hydrogen at temperatures
between 300‐500°C according to Re. 10. At higher temperatures though the reducing
activity of hydrogen is decreased and thus there is a need for another reducing agent.
More stable oxides like Cr‐ and Mn‐based oxides will be reduced at higher temperatures
(>800°C) mainly by the carbothermal reduction mechanisms (Re. 14 and 15) which
become more pronounced at such temperatures [3, 4, 6, 7, 11‐17, 20, 43, 44, 50, 52, 54,
55, 78, 81, 82]. It was also concluded that the main reduction mechanism is the indirect
carbothermal (Re. 15). Gas analysis of the products formed at elevated temperatures
showed that the CO peak associated with the carbothermal reduction shows a maximum
between 800‐1000°C and is connected to the reduction of Fe‐rich oxide. Due to the
Bouduard reaction (Re. 16), the CO2 through the indirect carbothermal reaction (Re.
15) will further react with the graphite still present on the pores thus leading to the
formation of more CO. For Cr‐containing oxides the reduction starts above 1000°C but
with the maximum of the gas analyses peaks for this reaction appearing above 1120°C.
Additionally, the observed peaks at this temperature range are also associated with the
reduction of oxides from internal pores that are at least partially open to the surface [3,
7, 9, 12, 14, 15, 52, 54, 83].
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4 Research Topic and Aim of the Study
One of the main aims of the PM steel industry today is to continuously improve the
mechanical properties of the produced structural parts in a cost efficient manner. This
can be achieved by:


Minimizing the porosity i.e. by applying higher compaction pressures



Tailoring the final microstructure of the consolidated material by careful alloying
with elements such as Cr, Mo, Mn, V, Si etc.



Optimizing the sintering process in order to provide stronger inter‐particle
necks

It was explained in previous chapters that especially when introducing alloying
elements like Cr, Mn and Si, the most critical aspect is the high sensitivity of those
elements to oxygen which leads to the possible formation of thermodynamically stable
oxides. Oxide “islands” rich in these oxidation sensitive elements, were found to be
distributed on the surface of water atomized steel powder along with a thin Fe‐oxide
layer [61]. It is therefore essential to reduce, as much as possible, the surface oxides in
order for efficient sintering to take place and consequently to attain the desired
mechanical properties. The main factor that will influence the reduction of the surface
oxides and will ensure the development of strong inter‐particle necks is the choice of the
sintering atmosphere and its strict control in terms of composition and purity during the
sintering process.
The fundamental knowledge concerning the surface chemistry of metal powder and how
it changes during reduction/oxidation processes that take place during the
heating/sintering stage is of paramount importance for the successful manufacturing of
PM steel parts. Furthermore it is essential to understand the basic phenomenology of
how and why different process parameters could affect the mechanisms for
reduction/oxidation in order to establish the necessary requirements and create a
process map for efficient sintering.
The aim of this performed study was to explore the key aspects described above by:


Characterization of chromium pre‐alloyed powder grades both on the surface
and the interior of metal particles using high resolution analytical techniques



Study of the mechanisms of reduction/transformation of the surface oxides
during the heating and sintering stages



Investigation of the effect of atmosphere composition, heating rate and green
density on the afore mentioned reduction/oxidation processes and correlation
with mechanical performance

During this study special interest was taken in investigating the oxide phases observed
on both surface and interior of the powder and how varying process parameters would
affect their behaviour during the sintering process.
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5 Experimental Work
The experimental approach which was followed in this study in terms of chosen material
and experimental setup is described briefly in this chapter. Additionally the analytical
techniques used for this investigation are explained in a very general way in order to
understand the reasoning behind their choice and consequently correlate with the
obtained results. Since the main focus of this work is towards the changes in the surface
chemistry of metal powders with varying process parameters, special attention was put
into utilizing surface sensitive analytical techniques as well as to perform thermal
analysis. Finally, due to the fact that fracture surfaces of heated/sintered samples were
extensively studied a brief introduction in the fractography of PM steels explaining some
basic principles is also included in this chapter.

5.1 Materials and Experimental Setup
Two different material systems were studied during this research work. Both systems
are based on commercially available water atomized steel powder pre‐alloyed with Cr
and Mo, provided by Höganäs AB, Sweden. In Table 1 the nominal composition of the
powder materials is given.
Table 1. Nominal chemical composition (in wt.%) of the powder grades under investigation

Powder Grade
Material A
Material E

Cr
3
1.5

Mo
0.5
0.2

Mn
<0.1
<0.15

Si
<0.03
<0.01

C
<0.01
<0.01

O
<0.2
<0.15

Fe
Bal.
Bal.

The main efforts of this work were put into material A (commonly known as Astaloy
CrM) because, due to its composition, is the one that has the highest requirements in
terms of atmosphere control during the sintering process in comparison with other pre‐
alloyed grades. Since though the experimental setup, which will be described later on,
was conceived and realized for the first time in our laboratory, it was necessary to have
a test material for benchmarking of our systems and thus material E (known as Astaloy
CrL) was also investigated up to a certain extent.
At first both kinds of powders were investigated in their “as‐received” state. For this
reason a small amount of powder was placed between soft aluminium plates and using
low pressure (1‐2 MPa) the metal particles were “mechanically” impregnated into the
plates. In turn the plates were separated and the adhered powder was used for the
investigation.
For the powder characterization a variety of analytical techniques, which are described
in the next section, were used. A brief summary of the applied techniques and their use
in the investigation is given in Table 2 below.
For the internal inclusions study special attention to sample preparation was required. A
detailed description can be found in Paper II. The investigation was performed with the
use of the SEM and detailed EDX mapping. The processing conditions were adjusted
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according to the sample characteristics in order to have the highest possible accuracy
with these techniques.
Table 2. Summary of the applied experimental techniques

Experimental technique

Use in the investigation

Xray photoelectron spectroscopy (XPS)
combined with Arion sputtering
High resolution scanning electron
microscopy (HRSEM) combined with
energy dispersive Xray spectroscopy
(EDX)

‐ Surface chemical analysis
‐ Chemical state identification
‐ Compositional depth profiling
‐
‐
‐
‐
‐

Morphology of the powder surface
Chemical microanalysis
Imaging of powder crosssections
Elemental mapping
Fractographic investigation

Auger electron spectroscopy (AES)

‐ Characterization of individual
particulate features on the powder
surface
‐ Compositional depth profiling

Thermogravimetry (TG)

‐ Thermal analysis of loose powder

For the interrupted sintering trials mixtures consisting of the powder under
investigation, 0.5wt.%C in the form of natural graphite (UF4) and 0.6 wt.% Kenolube® as
lubricant were prepared. The mixture was then uniaxially compacted with 600MPa into
un‐notched Charpy test bars with the following dimensions: 10x10x55mm (ISO 5754)
and green density of ~7.0 g·cm‐3 (Fig. 21). In order to evaluate the effect of the density
of the green compact, samples of higher density (7.25 g·cm‐3) of the same geometry were
also prepared using 800MPa compaction pressure and heated die (80°C) but only for the
material A. The high density samples contained 0.5 wt.% EBS‐based lubricant instead of
Kenolube® .

Fig. 21. Geometry of the samples used for the sintering trials.

Prior to the sintering experiments the specimens were de‐lubricated at 450°C for 30 min
in pure N2 flowing atmosphere. The effects of the sintering atmosphere composition
were evaluated by using nitrogen‐based atmospheres with varying hydrogen content (0,
3% and 10% of hydrogen) as well as by performing vacuum sintering.
Sintering in the nitrogen‐hydrogen blends was performed in an Entech laboratory tube
furnace with a tube diameter of 43mm (see Fig. 22). The gas flow was ~12 lt·min‐1 and
the dew‐point (DP) was monitored inside the tube furnace directly above the container
with the samples. Before each sintering experiment the furnace was purged, with the gas
used for the sintering, until a dew‐point of ~‐50°C was reached. Vacuum sintering
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experiments were done in pilot high vacuum furnace (10‐5 mbar working pressure) built
by Parkburn Controls Ltd according to Vacuatherm Sales specification.

Fig. 22. Experimental setup for the interrupted sintering trials performed in the tube furnace
(Author’s illustration).

In the experimental setup shown in Fig. 22 samples of 7.0 g·cm‐3 green density of both
powder grades, A and E, were sintered with a constant heating rate of 10°C·min‐1. The
specimens were then sampled at different temperatures: 700, 800, 900, 1000, 1120 (1,
15 and 30min), 1200°C (1 and 30min) (Fig. 23). The specimens were rapidly cooled
using pure N2 with high flow rate. The cooling rate was approx. 150‐200°C·min‐1 for the
specimens sintered in N2/H2 blend and in pure N2. For the samples sintered in vacuum
the cooling rate was approx. 100°C·min‐1. All the samples after the heating/sintering
were annealed at 200°C for 1 hour in a pure N2 atmosphere with the moderate flow rate
of 5lt·min‐1.

Fig. 23. Temperature profile for the interrupted sintering trials experiments.

Additional sintering trials were performed, only for material A, in a Netzsch DIL 402C®
(Fig. 24) pushrod dilatometer which had a sample carrier system specifically designed
for the samples used in this investigation. The aim of this study was not to perform
dilatometric studies of the specific material since this has been already done very
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thoroughly [7, 9]. On the other hand this experimental setup offers the capabilities of a
very well controlled environment in terms of temperature profile and atmosphere flow
which in turn ensure the good repeatability and consistency of the experiments.

Fig. 24. Illustration of the Netzsch DIL 402C dilatometer unit used for interrupted sintering trials
(from [84], courtesy of NETZSCHGerätebau GmbH).

Prior to every experiment the dilatometer was evacuated and purged with high purity
argon for 3 times. The same atmospheres as the ones used in the previous experimental
setup were also employed in the dilatometer as well and the same sintering trials were
performed for consistency purposes. In the dilatometer though each sample was
processed separately and as soon as the temperature of interest was reached the sample
was cooled down to room temperature with an average cooling rate of 30° C·min‐1.
Typical temperature profiles for the sintering trials in the dilatometer are shown in Fig.
25. The used flow was 220 ml·min‐1, which was the highest possible, with the diameter
of the dilatometer furnace being 26 mm. Sintering trials on high density samples were
also performed but only in N2/3%H2 atmosphere. Additionally for all the experiments
performed in N2/3%H2, for both normal and high density compacts, three different
heating rates were investigated: 10, 30 and 50° C·min‐1. It must be noted at this stage
that the samples processed in the dilatometer were not subjected to an annealing
treatment afterwards. All the performed interrupted sintering trials are summarized in
Table 3.
Thermogravimetric (TG) studies were performed in a simultaneous thermal analyzer
Netzsch STA‐449F1 Jupiter® in order to evaluate the extent of oxidation/reduction
processes in different atmospheres in quantitative terms. The behaviour of material A
was studied by analyzing de‐lubricated samples as well as loose powder of ~2g each in
different atmospheres. The samples were heated up to 1200ºC with 10ºC·min‐1 heating
rate and holding at that temperature for 30min. In this way it was possible to study the
reactions that were taking place as a function of temperature with respect to the used
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atmosphere. The same atmosphere compositions as the ones used in the interrupted
sintering trials were used for TG experiments as well with the difference that now
instead of nitrogen, the atmospheres were argon‐based due to the instrumental setup.

Fig. 25. Temperature profile of performed sintering trials in the DIL 402C dilatometer furnace.
Table 3. Summary of the applied conditions for the performed interrupted sintering trials (T.F
signifies the trials performed in the tube furnace and DIL the ones performed in the dilatometer)
N2
Astaloy
CrL

T.F
T.F + DIL

Astaloy
CrM

Vacuum

Heating
rate

Green
density

T.F

T.F

10° C·min‐1

7.0 g·cm‐3

T.F + DIL

T.F + DIL

10° C·min‐1
30° C·min‐1
50° C·min‐1
10° C·min‐1
30° C·min‐1
50° C·min‐1

Atmospheres
N2/3%H2
N2/10%H2

T.F + DIL
DIL
DIL

7.0 g·cm‐3
7.25 g·cm‐3

Impact testing was performed using an Instron® instrument according to the standard
SS – EN 10045‐1 in order to acquire information concerning mechanical properties and
relate to the performance of the compact. The produced fracture surfaces were then
examined under a LEO® Gemini 1550 high resolution scanning electron microscope (HR‐
SEM) in combination with INCA®Energy energy dispersive X‐ray analyzer (EDX).
Additionally bulk oxygen and carbon chemical analyses were performed in a LECO®
instrument in Höganäs AB, Sweden, for all the specimens in order to track the changes of
O‐ and C‐content during the sintering process. It has to be pointed out that all the
sintering trials have been performed 3 times in order to get statistically correct values
for the impact energy and the O‐ and C‐content. Finally metallographic investigation was
performed in some cases in order to examine the obtained microstructures.
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5.2 Analytical Techniques
5.2.1 High Resolution Scanning Electron Microscopy (SEM) and Energy
Dispersive Xray Spectroscopy (EDX)
Today the Scanning Electron Microscope (SEM) is the most commonly used advanced
analysis technique for the purposes of material science. The basic principle of an SEM
involves the bombardment of a sample by a convergent beam of electrons in ultra high
vacuum (UHV) and the detection of the signals emitted by the area of the sample where
the electron beam is irradiating. The incident beam of electrons is produced from an
electron source and it is manipulated by a system of electromagnetic lenses [85, 86]. In
Fig. 26 a typical schematic representation of the SEM is shown.

Fig. 26. Schematic representation of an SEM (Author’s illustration).

There are many types of interactions that can occur between the electron beam and the
specimen which consequently lead to the production of various detectable signals that
can be used in different imaging modes. As the electrons of the primary beam penetrate
the specimen they will undergo scattering which will result in an “effective beam
diameter” which is larger than the actual diameter of the incident beam. The size of the
produced interaction volume is dependent on the energy of the incident beam (the
higher the energy the larger the penetration depth will be) and the elemental
composition of the specimen (Fig. 27).
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Fig. 27. Example of interaction volumes for different types of signals (Redrawn from [86]).

One of the main advantages of the SEM is the extremely large depth of focus which helps
to produce “3D‐like” images which give a significant amount of topographical
information. Additionally the SEM offers high spatial resolution (5‐10nm for a
conventional SEM) which gives the possibility to get reliable information of microscopic
features.
For the purposes of this study the instrument used was a LEO 1550 Gemini equipped
with a Field Emission Gun (FEG‐SEM). For experimental consistency reasons the same
set of parameters was used throughout the whole study: Accelerating Voltage=15kV,
Aperture=20μm and working distance: WD=9mm. This set of parameters was regarded
suitable in the frame of this study and is relevant with the experimental configuration
and the material under investigation.
The main imaging mode used was based on the signal acquired from the emitted
secondary electrons (SE). The secondary electrons are emitted from the surface region
(Fig. 27) and they offer i) higher resolution and ii) higher signal‐to‐noise ratio which
results in higher quality images and better topographical contrast in comparison with
other imaging modes. The instrument used in this study is equipped additionally with an
InLens Secondary Electron Detector which is placed inside the lens system and offers
even better contrast and therefore superior image quality especially at low beam
voltage.
The interaction of a sufficiently high energy electron beam with the atoms of the sample
may result in knocking out a core electron and this in turn will leave the atom in an
excited state. The de‐excitation process involves the transition of an electron from a
higher energy state to the ground state. The excess energy is then released in two
possible ways:
i)

By emitting an Auger electron (see section 5.2.3)

ii)

By emitting a characteristic X‐ray photon
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Since the emitted X‐rays have energies that are uniquely indicative of the elements of
origin (Fig. 28), they can be used to identify the present elements as well as their
amounts [85‐87]. The incident electrons can also decelerate due to the interaction with
the atom core which will result to the production of X‐rays with energies from zero to
the incident electron beam energy. These X‐rays are appearing as a continuous spectrum
and are known as “X‐ray continuum” or “Bremsstrahlung”. For the purposes described
above a Link ISIS energy dispersive X‐ray spectroscope (EDX) that was attached to the
SEM, was also used.

Fig. 28. EDX spectrum of the free surface of Cralloyed steel powder (Author’s experimental result).

5.2.2 Xray Photoelectron Spectroscopy (XPS)
Significant part of this research has been devoted to the surface analysis of metal
powders where one of the principal surface sensitive analytical techniques used was the
X‐Ray Photoelectron Spectroscopy (XPS), otherwise known as electron spectroscopy for
chemical analysis (ESCA) [88‐90]. The basic principle behind XPS involves the ejection of
an electron from a core level of an atom by an X‐ray photon of energy hv (Fig. 29).

Fig. 29. Schematic representation of the XPS process showing the photoemission of an electron
from the 1s state (Author’s illustration).

The experimental quantity measured by the spectrometer is the kinetic energy (EK) of
the photoelectron which in turn depends on the energy of the X‐ray photon. The
intrinsic property that relates to the analyzed material is the binding energy (EB) of the
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electron which identifies the both the parent element and the atomic energy level.
Therefore the EK is given by:
(24)
Where φ is the spectrometers work function and is characteristic of its experimental
configuration. The acquired spectrum basically reproduces the electronic structure of
the analyzed element since all the electrons with a binding energy smaller than the
energy of the X‐ray photon will appear in the spectrum. The characteristic peaks
appearing in an XPS spectrum are associated with photoelectrons that escape without
energy loss whereas the background contribution of the spectrum is associated with the
photoelectrons which have undergone inelastic scattering and thus suffered energy loss
(Fig. 30).

Fig. 30. XPS survey spectrum of Cralloyed steel powder in the asreceived state (Author’s
experimental result).

In the early days of the XPS it was discovered that if atoms of the same element are “non‐
equivalent” due to i.e. different oxidation states then this will result in a measurable
difference in their binding energies. This “chemical shift” can be analyzed and the
information concerning the chemical state of the analyzed compound is considered to be
the main advantage of the XPS technique.
A schematic representation of the configuration of an XPS system is given in Fig. 31.
The system used in this study is a PHI 5500 spectrometer. The X‐ray source was an AlKα
source with hv=1486.6 eV. The produced X‐rays are monochromatized and then they
irradiate approximately 0.8mm2 of the sample surface which corresponds to more than
100 powder particles.
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Fig. 31. Schematic representation of the XPS instrument (Author’s illustration).

For the purposes of this study, XPS was used in order to identify the chemical states of
the elements present on the surfaces of the steel particles, to determine the surface
oxide composition and thickness and to acquire depth profiles of the elements of
interest.

5.2.3 Auger Electron Spectroscopy (AES)
Another surface sensitive technique which was used during this study is the Auger
electron spectroscopy (AES) which was used in order to overcome the handicap of the
large interaction volume of the EDX technique and therefore to be able to analyse more
accurately the features encountered on the powder surface.
As mentioned earlier (see section 5.2.1) the emission of Auger electrons is an alternative
de‐excitation process when an atom has become ionized. In more details, the vacancy
created in the core shell after ionization can be filled by an electron coming from one of
the outer shells which of course have higher energy state. Therefore in order to comply
with the principle of the energy conservation, the excess energy that comes from the
transition of the electron from a higher to a lower energy state is absorbed by another
electron which then escapes the attraction of the nucleus and leaves the atom (Fig. 32)
[88, 89, 91]. The Auger emission is the dominant de‐excitation process in comparison
with the X‐ray fluorescence for relatively shallow core levels i.e. with binding energies
below ~2 keV. The same applies for the other atomic levels (L, M, N, etc) as well.
Basically this means that the Auger emission is the most probable relaxation process for
elements with atomic number Z<30 and thus more efficient analysis can be performed in
those elements [88, 89].
The kinetic energy of the Auger electron is expressed by the following:
(25)
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Where EK, ELIII, and ELI are the binding energies of the energy shells involved in the
process [88, 89, 91].

Fig. 32. The Auger process for the KLIIILI transition (Author’s illustration).

The energy of the ejected Auger electron, as described in Eq. 25, is a function of only the
energy levels of the atom. For each element in the Periodic Table there is a unique set of
Auger energies. Therefore, the Auger analysis can be used directly for elemental
identification. The kinetic energy of the Auger electron is the intrinsic quantity of the
investigated material and is independent on the primary beam in terms of both
composition (X‐rays, electrons etc.) and energy.
The use of an electron beam, which can be manipulated and be very finely focused, in the
case of AES gives the possibility to perform surface analysis at very high spatial
resolution and consequently to analyse features that are not possible to do so with other
surface sensitive analytical techniques.
The Auger electrons have low kinetic energies (<1000 eV) therefore similarly to the
photoelectrons in XPS, only those coming from the outermost surface layers of the
material can escape and be detected. This depth of analysis for both methods varies with
the kinetic energy of the considered electrons. It is basically determined by the electron
attenuation length λ which is related to the inelastic mean free path. Generally if we
consider the electrons that are emitted at 90º angle to the sample surface then 95% of
the intensity of the recorded signal will originate from a depth<3λ. This in turn can be
translated into an analysis depth of 3‐10nm depending on the material and experimental
setup [88, 89].
In this investigation the high spatial resolution of the AES technique was exploited in
order to analyze observed features on the powder surfaces. AES was used in a
complementary way along with the XPS. It was possible to analyze individual particulate
oxides and performing depth profiling on both the particulate oxides and the surface
layer. This way it was possible to check the homogeneity of the particulate oxides and
also to perform accurate estimation of the oxide layer thickness for verification of the
XPS results. The instrument used in this investigation was a Thermo Microlab 350 that
gives spatial resolution of approx. 20 nm at 10 kV beam energy.
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Depth profiling and determination of oxide layer thickness
One additional feature that was used both in the XPS and in the AES was the possibility
to perform compositional depth profiling. This happens by repeating the removal of
material by bombarding the sample with noble gas ions (Ar+) for some time and then
analyzing the exposed material.
By performing AES depth profiling on homogeneous oxide layer, on a flat substrate it is
possible to determine the oxide layer thickness by considering:
(26)
Where
and
are the maximum and minimum recorded intensities of the signal
from the oxide. However this method gives a systematic error in the estimation of the
oxide layer thickness due to the effect of depth resolution3. This error decreases with
[92]. The variation of the etch rate due to the irregular shape of the
increasing
powder was considered and according to [65] the etch rate is rather constant in a band
with a width corresponding to about 15‐20% of the radius which for particulates with
radii 200‐300 nm this gives a band width of about 30‐60 nm. Due to the high spatial
resolution of the Auger nano‐probe it was possible to place the analysis points with
precision thus ensuring that the analyzed area was essentially “flat” in the microscopic
scale which in turn provided reliable depth profiles where the oxide layer thickness
could be calculated according to Eq.26.
In the case of XPS, Eq.26 is not valid, since the analyzed area is significantly larger and
the irregularity of the powder surface creates a variation in the etch rate due to the
variation of incidence angles. This variation was taken into account in a model
developed for spherically shaped particles [67‐70] when calculating the normalized
metal intensity
/
which can then be plotted as a function of the etch depth
for various thicknesses of oxide layers. Of course, different metal oxide systems will
have different metal intensity profiles [68, 69]. As indicated in [68] in the case of
20
/
3, where λOX is the electron mean free path in the oxide, then the
/
value is in the narrow range of 60 to 72%. Thus in plots of the normalized
metal intensity ratio
/
versus the etch depth the value where the ratio is
65% gives a good estimate of the oxide layer thickness. This method was also used for
the irregularly shaped metal particles of the powder grades of this investigation and
gave reliable and consistent results.
The reliability of the determination of the thickness of an oxide layer using surface
sensitive analytical techniques has been verified in various studies with other methods
[92]. In this study both XPS and AES depth profiling were performed on material A with
similar results for the thickness of the surface Fe‐oxide layer.

Depth resolution in a compositional depth profile is a measure of the broadening of an abrupt interface
which is caused by physical (mainly due to λ) o instrumental effects

3
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5.2.4 Thermogravimetry (TG)
Thermogravimetry (TG) is a thermal analysis experimental technique in which the mass
change of a sample is measured as a function of temperature when the sample is
subjected to a controlled temperature program [93‐96]. The TG essentially consists of a
highly accurate balance on which a crucible containing the sample is placed which in
turn is put inside a furnace. The furnace then can be programmed to reach the desired
temperature and any mass change occurring during this temperature program, due to
different reactions, is recorded [93‐96]. It is possible to utilize different atmospheres
and thus study the interaction of the sample with the process gas.
The instrument used in this study was a simultaneous thermal analyzer Netzsch STA‐
449F1 Jupiter® (Fig. 33). The system was equipped with a silicon carbide furnace and a
tungsten/rhenium sensor thermocouple in order to have the possibility to work with
hydrogen‐containing atmospheres [93].
Thermal analysis techniques such as TG have been extensively used in metallurgy in
order to investigate a large range of phenomena like oxidation and reduction processes,
corrosion studies etc [93‐96]. In this study the purpose of using TG was to determine the
temperature range and the extent of the reduction/oxidation reactions taking place as a
function of temperature in relation with the atmosphere composition and purity. These
measurements were straightforward since reduction or oxidation of the specimen will
lead to decrease or increase in sample mass, respectively.

Fig. 33. Simultaneous Thermal Analyzer: Netzsch STA449F1 Jupiter®(from [93], courtesy of
NETZSCHGerätebau GmbH).

41

Experimental Work

5.3 Fractography of PM Steels
The purpose of fractographic investigation is to determine how and why a component
fails and in this respect to gather information concerning the cause of failure or the
existing conditions and respectively to avoid similar situations in the future [38]. The
main source of information is the fracture surface of a failed component.
In principal there are only two possible modes of fracture from a macroscopic point of
view – ductile or brittle. This distinction has to do with the amount of plastic
deformation that the component has undergone prior to failure. If the material is ductile
it can undergo extensive plastic deformation whereas the absence of deformation
indicates a brittle failure [38].
By examining closer a fracture surface with the help of a light optical microscope or by
means of SEM it is possible to further categorize the fracture mechanisms in four
categories:
1.

Dimple Rupture (Ductile Dimple Fracture) – it consists of the nucleation, growth
and coalescence of microvoids. It is the typical type of failure for the most
common metals. Defects such as particles, inclusions, grain boundaries etc. can
be the starting point for areas with high stress concentration which in turn will
lead to the steps described above. If this failure occurs along the grain
boundaries then it is characterized as “Intergranular Dimple Rupture (or Ductile
Fracture)” (Fig. 34a) whereas if the microvoids nucleate inside the grain then
the fracture mode is called “Transgranular Dimple Rupture”.

2.

Decohesive Rupture (Brittle Intergranular Fracture) – brittle fracture along
grain boundaries. It is also called “Grain Boundary Separation”.

3.

Cleavage (Fig. 34b) – low energy fracture mode that takes place in specific
crystallographic planes, also known as cleavage planes. Cleavage occurs either
when dislocation movement is impossible or heavily blocked on slip planes or
when slip cannot take place. Cleavage has different features like river patterns,
tongues etc. which depend on the materials microstructure.

4.

Fatigue – failure that occurs as a result of a repetitive or cyclic loading and has
three stages, i) crack initiation, ii) crack propagation and iii) final fracture.

In principal one has to remember that the morphology of the fracture surface is
determined by the local fracture micromechanism which is strongly dependent on the
microstructure, local stress state and conditions (temperature etc.).
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Fig. 34. Micrograph of a fracture surface of a sintered lowalloyed CrMo PM steel showing a)
interparticle dimple ductile fracture and b) transgranular cleavage (Author’s experimental
result).

The fracture of sintered steels in general resembles the behaviour of wrought steels with
the major difference being that of the presence of pores and residues from the original
powder surface along with the more complex microstructures. For low to intermediate
densities the plastic strain is concentrated at the inter‐particle necks which can deform
significantly during loading. This deformation is much larger in comparison with the
material of the metal particle volume. Therefore the plastic deformation in the sinter
necks (microscopically) is high and thus the fracture is ductile whereas macroscopically
the elongation to fracture is low and the material fractures in a brittle manner.
Since the development of sinter necks is the result of mass‐transport processes it is
possible to evaluate how readily these processes are taking place by examining the
development of the inter‐particle connections during the sintering process. The strength
and the area related to the inter‐particle connections can be correlated with the efficient
reduction of oxides that could hinder the development of sinter necks. An example is
given in Fig. 35 where the strength of the inter‐particle connections increases with
increasing temperature during the sintering process.
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Fig. 35. Development of interparticle connections in the early stages of the sintering process – the
temperature increases from ac and so does the strength of the connections (Author’s illustration).
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6 Summary of Results and Main Conclusions
This thesis is based on the results from 8 appended papers (Papers I – VIII). The main
focus of the study was placed on the analysis of the surface characteristics of Chromium‐
alloyed metal powder and how the surface chemistry of those powders would change
during the sintering process if different conditions are applied. Paper I, III and VII deal
with the establishment of a methodology for evaluating the surface characteristics of
water atomized Cr‐Mo pre‐alloyed powder by means of surface sensitive analytical
techniques. Papers II, IV‐VI and VIII focus on the effect of the sintering atmosphere on
the evolution of the surface characteristics of Cr‐Mo pre‐alloyed powder during the
sintering process and how different process parameters will affect them. The
investigation was carried out by examining the fracture surfaces of powder compacts of
different green densities which were heated/sintered in different atmospheres with
different heating rates in the temperature range of 700‐1200°C and for a time interval of
1‐30min. Thermogravimetric analyses were also performed in order to mark the
differences in the reduction/oxidation processes between the different atmosphere
compositions. The amount of residual oxides was correlated with the mechanical
performance of the produced specimens by performing Charpy impact testing. Finally
investigation of optical micrographs was also performed in order to examine the extent
of the efficient oxide reduction and to verify the obtained microstructure.

6.1 Powder Characterization
Water atomized Cr‐Mo pre‐alloyed steel powder (Astaloy CrM: Fe‐3Cr‐0.5Mo) was
chosen as the model material for developing a consistent method for evaluating the
oxide distribution both on the surface and interior of the powder. High resolution
scanning electron microscopy in combination with EDX analysis, X‐ray photoelectron
spectroscopy and Auger electron spectroscopy were used in order to study the type,
composition, morphology and distribution of oxide products.
The XPS analysis revealed that the metal particles were mainly covered by a thin
homogeneous Fe‐oxide layer and some nano‐sized particulate features that were
complex Fe‐Cr‐Mn‐Si‐oxides. The thickness of the Fe‐oxide layer was estimated
independently by using both XPS and AES in combination with Ar+ etching (Fig. 36). One
very important observation made with the AES was the fact that the chromium signal
appeared only after sufficient removal of the surface oxide layer. This indicates that it
originates from the bulk and that no chromium is contained in the surface oxide layer.
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Fig. 36. Estimation of the Feoxide layer thickness with a) XPS and b) AES (Paper VII).

By following the methodology presented in previous studies [64, 70, 71] the oxide
surface coverage was calculated using the extracted intensities of oxides and their
respective densities (See also Appendix A). The results are presented in the table below
and show that 93.5% of the surface is covered by Fe‐oxide.
Table 4. Surface coverage (A) in (%) of the respective oxide phases present of the surface of Astaloy
CrM powder after 1.5nm of ion etching

(%)
Material A

93.45±0.27

(%)

(%)

5.68±0.29

0.88±0.03

The appearance of the powder surface (Fig. 37) along with the morphology and size of
the particulate features (Fig. 38) was verified by high resolution SEM observations
combined with EDX analysis and complemented by AES analysis of the powder surfaces.

Fig. 37. SEM micrograph of the powder surface (Paper VII).
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Fig. 38. High resolution SEM micrographs showing a) typical particulate oxide and b) particulate
oxides and more rarely observed agglomerate (Paper VII).

In Papers I and III the proposed model for the types of features which were observed
was: i) typical spherically shaped ones with size up to ~200nm (Fig. 38a) and ii) rarely
registered larger agglomerates of irregular shape and with size of a few microns (Fig.
38b). However more extensive AES studies in combination with compositional depth
profiling indicated that the typical individual particulate oxides have basically a
“hemispherical” shape and thus a revised model for the surface oxide was proposed
(Fig. 39).
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Fig. 39. Revised model for the surface oxide covering the powder particles (Author’s illustration).

The EDX analysis performed on the observed particulates (Fig. 40) showed high content
of strong oxide forming elements like Cr, Mn and Si on both the fine particulates and
their agglomerates. The strong oxygen signal in combination with the detected
enrichment of strong oxide formers suggests that the observed particulates could be
complex oxides.

Fig. 40. EDX analysis of particulate features, agglomerate and matrix (reference)(Paper VII).

The high resolution capabilities of the AES were taken advantage in order to analyze
individual surface features by performing compositional depth profiling on them. It has
to be noted though that this analysis required great effort with the main challenge being
in fine tuning the instrument and finding the proper setup in order to perform accurate
analysis. Nevertheless for the first time it was possible to carry out dedicated high
resolution studies on individual surface features (Paper VII). It was verified that the
individual particulate feature were basically Si‐based oxides or Cr‐based oxides with the
additional presence of nitrogen being observed for the first time (traces of nitrogen
were also detected with the XPS) (Fig. 41). The larger features were heterogeneous in
composition and were basically agglomerates of the afore mentioned oxides but with the
oxide phases being present more as adjacent particulates “glued” together and not as a
layered structure.
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Fig. 41. AES analysis area showing individual particulate features and agglomerate and the
compositional depth profiles corresponding to selected analysis points (Author’s experimental
results).

Finally in Paper I a novel method was developed for the investigation of internal
inclusions using EDX mapping on cross‐sections of powder particles (Fig. 42). This
study revealed the occasional presence of internal oxides with high contents of Cr and
Mn and with size below 1μm.

Fig. 42. EDX mapping of powder particle crosssection showing the relevant elemental distribution
(Paper I).

This part of the research work dealt with the characterization of the type, composition,
morphology and distribution of the particulate features in both the surface and the
interior of Cr‐alloyed water‐atomized powder and indicated that a full picture
concerning particulates characteristics can be drawn only by combining surface
sensitive analytical techniques and high resolution imaging.
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6.2 Surface Reactions during Sintering
The effect of the sintering atmosphere composition on the surface chemistry of Cr‐
alloyed steel powders during the sintering process was investigated in Papers II and IV‐
VI. Impact testing was performed on specimens heated/sintered in nitrogen‐based
atmospheres with varying hydrogen content as well as vacuum and the produced
fracture surfaces were examined by means of high resolution SEM. For Paper VIII
additional experiments were carried out where higher heating rates were employed on
specimens of normal (7.0 g/cm3) and higher (7.25 g/cm3) green density in a selected
atmosphere.
In Papers II and IV the investigated material system was water atomized Cr‐Mo alloyed
powder of nominal composition Fe‐1.5Cr‐0.2Mo (Material E) whereas in Papers V, VI
and VIII the focus was put on Material A with composition Fe‐3Cr‐0.5Mo. For both
material systems the fractographic investigation revealed the positive effect of the
presence of hydrogen in the atmosphere – even in small amounts – on the reduction of
the less thermodynamically stable Fe‐oxide according to Re. 10 during the heating stage
and up to 800°C. This was reflected on the inter‐particle connections which were much
better developed in comparison with pure nitrogen atmosphere (Fig. 43) or vacuum as
well as on the thermogravimetric studies performed for Material A (Fig. 44).

Fig. 43. Appearance of fracture surfaces of material A+0.5C in the temperature range of 800
1000ºC (Paper V).
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Fig. 44.TG curves for samples of material A+0.5C simulating a sintering cycle at 1200ºC for 30’ in
atmospheres with varying hydrogen content (Paper VIII).

The temperature range between 800 and 1000ºC is of paramount importance for the
efficient reduction of the surface oxide and respectively for the proper sintering of such
materials. If now the gas containing atmospheres (N2, N2/3%H2 and N2/10%H2) are
compared then the presence of hydrogen offers an additional advantage since apart
from acting as reducing agent, it also participates in the water gas reaction (Re. 24) and
shifts the reaction towards the CO formation which in turn makes the conditions more
reducing in comparison with pure nitrogen.
Rapid and pronounced development of inter‐particle connections takes place for the
vacuum heated samples as soon as 900°C is reached (Fig. 45). The reason for this is the
better “microclimate” inside the compact due to the dynamic vacuum which removes all
the reaction products as well as the increase of the reducing activity of carbon with
increasing temperature. Consequently, surface oxide is enclosed inside the inter‐particle
necks during vacuum sintering (Fig. 46). This rapid enclosure of surface oxide is also
reflected in the high temperature sintered specimens that show larger amount of oxide
inclusions or their agglomerates in the case of vacuum which in turn result in lower
impact energy values.
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Fig. 45. Change in the appearance of the fracture surfaces of material E in the critical temperature
range of 800900ºC – effect of the local microclimate (Paper IV).

Fig. 46. Developed interparticle connections for sample of material E heated up to 900ºC in
vacuum (Paper IV).

The development of the inter‐particle necks leads to enclosure of the surface oxide layer
inside them (Fig. 46). The particulate features originating from the initial powder
surface are growing at the expense of the thermodynamically less stable Fe‐oxide layer
by consuming the released oxygen (in any form). The growth mechanisms of the
particulates could be related either to the intensive mass‐transfer of strong oxide
forming elements (Cr and Mn) with increasing temperature, from inside the powder to
its surface and a net transfer of surface bound oxygen connected with Fe‐oxides to form
more stable particulates. The balance between these two kinds of mechanisms
supposedly depends decisively on the heating rate. The above was the driving force for
investigating the effect of different heating rates (Paper VIII) and it will be discussed
further below.
The extent of the reduction of the surface oxide which is connected with the carbon
dissolution will determine the microstructure, as was observed from the metallographic
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investigation of sample cross‐sections (Fig. 47). Graphite was encountered up to
1000°C, especially in the interior of the samples.

Fig. 47. Etched microstructure of material E+0.5%C after heating at 900°C – In the case of the gas
containing atmospheres and vacuum respectively bainite and pearlite were present. The extend of
the surface oxide reduction and consequently the carbon dissolution can be seen from the
micrographs of the upper row (Paper II).

Comparing the gas containing atmospheres (Paper VI) the area of efficient surface oxide
reduction differs for the different atmospheres, it is larger for the samples heated in the
N2/10%H2 blend, smaller for the N2/3%H2 and even smaller for the pure nitrogen.
The extend of the efficient surface oxide reduction was significantly decreased when the
green density of the compact increased (Paper VIII) as it was observed for samples of
higher density (7.25g·cm‐3) sintered in N2/3%H2. Consequently graphite remained
undissolved even after reaching 1120°C. This implies that even though at such densities
the porosity cannot be considered closed, the penetration of the atmosphere in the
interior of the compact and the removal of the reaction products is not sufficient, and
thus it is not possible to develop the desired “microclimate” that will enable the efficient
reduction of the surface oxide.
Concerning the particulate oxides which were included inside the developing necks
during the heating stage a change in their morphology and size is observed with
increasing temperature and after sintering they are mostly spherical and small (<1µm).
The amount of oxide inclusions in the neck region is far greater than the amount of
particulate features on the surface of the original powder. This implies that inside the
neck, in addition to the existing enclosed particulate features, particulate oxides of high
thermodynamic stability are also formed by transformation of the Fe‐oxide residues due
to the transfer of Cr and Mn through various mechanisms [36], to the neck area. By
performing some basic calculations it was shown that the amount of Mn available in a
considered “effective” volume is not a limiting factor for the formation and growth of
oxide inclusions in the neck region (Paper VIII).
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As soon as 1120°C is reached the coalescence and agglomeration of these inclusions is
registered for all conditions (Fig. 48) but further increase in the sintering time and
temperature leads to their partial reduction. The highest amount of residual oxides is
observed for the vacuum processed samples whereas the ones sintered in hydrogen
containing atmospheres show the smallest. As was mentioned earlier the above was a
result of the intensive development of the inter‐particle connections during the heating
stage for the vacuum processed samples.

Fig. 48. SEM micrograph showing the coalescence and agglomeration of oxides enclosed inside a
sinterneck (Paper VII).

The particulate oxides observed through all the experimental series are rich in strong
oxide forming elements (Cr and Mn) with their relative content remaining the same with
increasing temperature, showing a Cr:Mn ratio equal to 2:1 even after sintering at
1200°C (Fig. 49). It is therefore assumed that these oxide inclusions are Cr‐Mn spinel
oxides which have among the highest thermodynamic stability for the system under
investigation. Although the EDX analyses cannot be used quantitatively due to the large
interaction volume of the technique and the local surface roughness of the sample it is
observed that the oxide inclusions are changing in chemistry in accordance with the
thermodynamic stability of the oxides (Fig. 50) [3, 53, 64, 97, 98]. The initial iron oxide
is essentially Fe2O3 [63] which is reduced in metallic iron and partially to FeO‐oxide.
Transformation to Fe‐based spinels (Fe2MnO4 and Cr2FeO4) could be expected up to a
certain extent as well as it was shown in [12, 42]. The iron part of those spinels will be
reduced with increasing temperature (above 1000ºC) and in combination with the more
intensive transport of Cr and Mn they transform to MnCr2O4. Further increase in
temperature and time (above 1120ºC) leads to partial reduction of the Cr‐Mn‐spinel and
the seldom observed oxides can be enriched in Si.

54

Summary of Results and Main Conclusions

Fig. 49. SEM and EDX analysis of particulate features and agglomerates during the heating
(900°C) and sintering (1120°C30’) stage (Paper II).

Fig. 50. EllinghamRichardson diagram illustrating the thermodynamic stability of selected oxides
(Plotted with HSC Chemistry 7.1)(Paper VIII).

It was mentioned earlier that the amount of oxide inclusions in the developed necks
after sintering was greatly affected by the employed heating rate. The above was
verified in the experiments performed with varying heating rate in a N2/3%H2
atmosphere (Paper VIII). It was observed that the optimum heating rate was 30°C·min‐1
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which was high enough in order to pass through the critical temperature range 800‐
1000°C and have sufficient surface oxide reduction and in the same time to avoid
extensive re‐oxidation (as for the 10°C·min‐1). Furthermore this heating rate was not
excessively high (as the 50°C·min‐1) in order for the inter‐particle necks to develop
intensively after 900°C, as soon as partial reduction of the surface oxide occurred, which
in turn would lead into the enclosure of a large amount of particulate oxides. The above
were reflected on the impact energy values (Fig. 51).

Fig. 51. Impact energy values for samples heated/sintered in N2/3%H2 with different heating rates
(Author’s experimental results).

Higher green density will also have an effect on the amount of residual oxides observed
after sintering (Paper VIII). As explained earlier the penetration of the sintering
atmosphere will be insufficient to provide efficient removal of the oxide products from
the pore and thus to develop a proper reducing “microclimate”. Additionally the larger
amount of contact points will result from one hand to the development of more sinter‐
necks but on the other hand it will also lead to the enclosure of more particulate oxides
during the neck development. The optimum heating rate in this case seems to be less
than 30°C/min in comparison with the samples of lower density. The above must be
taken into consideration when sintering high density components and necessary
adjustments must be made in the heating rate and/or apply higher atmosphere flows.
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6.3 Main Conclusions and Contribution to the Field
The use of alloying elements such as chromium in water atomized steel powders has
been met with skepticism due to its high sensitivity to oxygen which can lead to the
formation of thermodynamically stable oxides which will be difficult to reduce during
the sintering process. The present research work has complemented and added new
knowledge on previous studies in the field of powder characterization of Cr‐pre‐alloyed
steel powders. Furthermore deep understanding was obtained on the phenomena which
take place during the sintering process and especially during the heating stage and are
related to the surface chemistry of the powders. In the long term it is possible to utilize
this knowledge in order to create a process map for the efficient sintering of such
powder grades which will result in manufacturing of the components with superior
mechanical performance.
The most important conclusions of this research can be summarized in the following:
 The combination of the surface sensitive analytical techniques showed the
presence of a heterogenous oxide on the powder surface. This oxide consisted of a
thin (~6nm) Fe‐oxide layer (consisting of Fe2O3) which covered approximately
94% of the surface and thicker particulate products rich in Cr, Mn and Si. These
products were mainly oxides and were commonly encountered as “hemispherical”
particulates with their diameter being <0.5μm. More rarely, larger agglomerates of
the particulates mentioned before were also observed.
 In the interior of the powder particles similar particulate features were
encountered. They were slightly larger oxides rich in Cr and Mn with no Si present.
 It is the efficient reduction of the Fe‐oxide layer that will affect the onset of the
development of inter‐particle necks. Nevertheless the amount and characteristics
of residual oxide inclusions inside the necks will affect the final mechanical
properties of the sintered component.
 The development of a suitable local atmosphere “microclimate” in the interior of
the compact is of paramount importance for the efficient sintering of the compact
and is greatly affected by the atmosphere composition and purity, the heating rate
and the green density of the compact.
 The presence of hydrogen – even in small amounts – has a positive effect on the
reduction of the Fe‐oxide because it acts as a reducing agent in the early stages of
heating and it participates in the “water gas” reaction thus shifting the equilibrium
into more reducing conditions.
 The temperature range during the heating stage between 800ºC and 1000ºC is
considered to be the most critical due to the risk of enclosure of surface oxide
inside the developing inter‐particle connections and further transformation of Fe‐
based oxides into the more stable Cr‐Mn‐spinels which at elevated temperatures
can coalesce into larger agglomerates, see Fig. 52. Partial reduction of the oxide
inclusions and their agglomerates can be achieved at higher sintering
temperatures if the necessary reducing conditions are applied
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Fig. 52. Model for the enclosure, growth and formation of oxide inclusions inside the sinter necks
during the sintering process (Author’s illustration – Paper VIII).

 The heating rate is a crucial parameter in the sintering of Cr‐alloyed powders since
it must be enough for the reduction of the surface oxide to take place without
risking extensive reoxidation and on the same time it must not be too high because
otherwise, intensive sinter‐neck development will take place which will result in
enclosing large amounts of residual surface oxides.
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7 Suggestions for Future Work
In this work special attention was given in the formation and growth of spinel oxides,
especially the most stable for this composition MnCr2O4 spinel, inside the sinter necks.
Additionally the coalescence and agglomeration of such individual oxide inclusion into
larger agglomerates during the sintering stage has been revealed (Fig. 53). This in turn
can be considered beneficial from mechanical performance point of view since the
coverage of the neck area from inclusions is reduced (see also Paper VIII) which can be
translated in improved local ductility. Therefore it is important to investigate the
mechanism of the agglomeration and study the driving force behind it. Additionally their
effect on mechanical properties, especially fatigue, for high density components should
be investigated.

Fig. 53. Coalescence and agglomeration of inclusions during sintering at 1120ºC (Author’s
experimental results).

Another very interesting issue from both scientific and technological point of view is the
mechanisms of reduction of inclusions inside sintered necks. It is already observed
(Papers II, IV‐VI and VII) that sintering at higher temperature reduces the amount of
oxide inclusions and their agglomerates inside the sinter necks. The most feasible
reduction mechanism is presumably through carbothermal reactions involving
dissolved carbon. It is therefore important to clarify this reduction mechanism and how
the mass‐transfer of the different reaction products from the neck volume, is taking
place. A decisive factor for reaching the understanding of this mechanism is the local
conditions around such inclusions – if these oxides are incoherent inclusions inside the
metal matrix or there is space (void) around them (Fig. 54).
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Fig. 54. Reduction of oxide inclusions in the sinter neck a) with and b) without some space around
them (Author’s illustration).

Finally, since carbon is identified as the main agent for the reduction of surface oxides, it
would be very interesting to investigate how different graphite grades can affect the
reduction during different temperature intervals. Hence, considering the effect of the
presence of graphite and the powder size on oxide reduction, the question is if it would
be technologically feasible to combine some of them in order to tailor carbon activity at
different temperature intervals.
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8 Appendices
Appendix A – Oxide surface coverage calculations
In the case of XPS, the recorded intensity I from a surface layer of thickness α and unit
area is given according to [88] by:
·

· ·

(27)

· 1

Where Y is the relative photoelectron yield, D is the atomic density, λ is the electron
mean free path and θ is the angle between the axis normal to the surface of the specimen
and the spectrometer axis, which in the experimental setup of the study is 45° (Fig. 55)

Fig. 55. Experimental of the XPS analysis in the present study.

Since 95% of the intensity of the signal is originating from a depth of 3λ [88, 89] as
evidenced from Eq. 27, then any layer thicker than 3λ can be considered as infinitely
thick and thus Eq .27 is simplified to:
·

· ·

(28)

The relations above do not take into consideration the spherical shape of the powder
and the analyzed area is treated as flat [64, 66‐71].
For the surface coverage calculations the following model [68‐71] was considered:


The surface oxide layer is inhomogenous in thickness consisting of thick oxide
islands and thin Fe‐oxide layer in between



The analyzed surface is considered flat, which is a valid approximation for the
calculations to follow since factors accounting for powder shape will cancel in the
final surface coverage expression



The contribution from the metal phase underneath the oxide particles can be
neglected since their thickness is supposed to be larger than the attenuation
length of the photoelectrons
3



The area between the oxide particles is considered as oxide free, which is valid
after the removal of the Fe‐oxide layer with ion etching (~6 nm)
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The measured intensity from a metallic element M in its cation state (
particle on the powder surface is given by:
·

·

·

·

) for an oxide
(29)

The element in its metallic state from the uncovered surface will give the signal with
intensity:
·

·

·

·

(30)

Where
and
are the relative photoelectron yields for the oxide and metal
and
are the cation densities;
and
are the electron
respectively;
attenuation depths of the emitted photoelectrons in oxide and metal, respectively;
is the area fraction covered by the oxide MO and
is the area fraction which is oxide‐
free.
One of the most important steps for these calculations is the determination of the
relative photoelectron yields for the different elements and compounds for the
experimental setup of this study. In order to achieve this it was assumed that after the
final etching (~50 nm) all the surface products (oxide particles and Fe‐oxide layer) are
completely removed and therefore the surface coverage of the metallic Fe then is
100%. Therefore (Eq.30) will become:
·

·

·

(31)

From which the only unknown now is the corrected yield
. After calculating
for metallic Fe the relative yields for the other elements and compounds can be
calculated proportionally from previously published data [64, 68‐71]. All the data used
in the calculations are presented in Table 5. At this point it has to be mentioned that
there is no distinction for the type of compounds of the particulate oxides on the powder
surface which means that they can be simple compounds like MxOy as well as more
complex mixed oxides like spinels. Therefore, for the sake of simplicity, it is assumed
that all oxides are simple monolithic compounds.
Table 5. XPS parameters used in this study, YM values refer to prior derived relative
photoelectron yields [64, 6871], YMcor represents the corrected ones derived from the
present analyses.
Element/compound

D (mol·cm3)

λ (nm)

Fe
Fe2O3
Mn
MnO
Cr
Cr2O3

0.141
0.066
0.135
0.077
0.138
0.069

1.2
1.5
1.3
1.5
1.3
1.6

Υ (kc·eV·cm3·s1·Å1·mol1)
24.8
18
22.6
27.9
21.7
23.8

40.9
29.7
37.3
46.1
35.8
39.3

The total coverage by oxides for each etch depth will be:
∑

(32)

1

(33)

Eq. 33 is essentially valid for Fe since the other elements are present only in oxide state.
The fraction of each oxide MO out of the total amount of surface oxides will be:
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·

∑

·
·

(34)
·

The contributions of all cations to the total intensity ∑
∑

·∑

·

·

·

of oxides will be:
(35)

Finally combining Eqs. (34) and (35) we calculate the overall surface coverage from
oxides using:
(36)

∑
∑
∑

·
·

·
·

In Table 6 the total oxide surface coverage values for AstCrM are presented. values are
the average of five separate analysis and the obtained curve is shown in Fig. 56.
Table 6. Oxide surface coverage values for AstCrM.
Etch depth (nm)
5
7
10
20
30
50

69.42
32.77
11.17
2.95
1.40
1.22

Fig. 56. Surface coverage AOX of the oxide products as a function of etch depth.

The relative coverages of the oxides (
/
) for every etch depth are given in Table
7 and show that ~93.5% of the surface oxide is Fe2O3 after 1.5 nm etching. At the etch
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depth of 1.5 nm, any surface carbon contamination has been removed with the slight
etching that otherwise would have been necessary to account for in the calculations
Table 7. Relative coverages of oxides for every etch depth.
Etch depth (nm)
0
1.5
3
5
7
10
20
30
50

95.32
93.45
92.54
96.40
84.44
70.93
50.50
27.50
0
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3.83
5.68
6.55
2.10
13.30
23.83
35.84
50.15
19.95

0.86
0.88
0.92
1.50
2.26
5.24
13.66
22.34
80.05
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Appendix B – Calculation of the possible amount of MnCr2O4
spinel oxide particles inside a sinter neck
Since Cr is present underneath the surface Fe‐oxide layer and its content is significant it
is considered to be readily available then the possible limiting factor can be the
availability of Mn which is present in the powder in low amounts (<0.1 wt.%). Therefore
at first it is essential to determine the amount of Mn that could be able to be transported
to the neck region. For this reason the diffusion distances of Mn in the metal phase for
different temperatures and times are estimated. Similar calculations were performed for
Cr as well for comparison. The data for the diffusion of Mn and Cr in austenite were
taken from [99] and are presented in Table 8. At this point, it has to be mentioned that
for this calculation, only bulk (volume) diffusion in a dislocation‐free material was
considered. Surface and grain boundary diffusion are significantly faster mass transport
processes and especially surface diffusion should be dominant during the heating stage.
Unfortunately lack of diffusion data for the case of surface diffusion of Cr and Mn in
steels did not allow such calculations. Nevertheless it was assumed that if a Mn atom has
reached the surface of the metal particle it would immediately move towards the neck
region.
Table 8. Diffusion coefficients of Mn and Cr in austenitic iron [99].
Mn
Cr

D0i ·105 (m2·s1)
0.55
35

QDi ·105 (J·mol1)
2.495
2.86

Considering D0i being the frequency factor and QDi being the activation energy, the
expression for the temperature dependence of the diffusion coefficient (Di) for an
element is given by the expression:
·

(37)

The calculated self‐diffusion coefficients for the temperatures that are of interest for this
study are given in Table 9.
Table 9. Calculated diffusivities for Mn and Cr for the temperatures of interest.
Temperature (K)
1073
1173
1273
1393
1473

DMn (cm2·s1)
3.9·10‐14
4.2·10‐13
3.1·10‐12
2.4·10‐11
7.7·10‐11

DCr (cm2·s1)
4.1·10‐14
6.3·10‐13
6.4·10‐12
6.5·10‐11
2.5·10‐10

The average diffusion distance (L) for a given time (t) can be estimated according to:
2

·

(38)

It has to be mentioned that the factor 2 in Eq. 38 accounts for the atomic movement in
one dimension which essentially means that we are underestimating the diffusion
distances and consequently the considered volume, if a three dimension model is
assumed then this factor must become 6 [100]. Nevertheless for the purposes of these
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calculations Eq. 38 is used and the calculated diffusion distances are given in Table 10
for specific temperatures and times that are of interest for the purposes of this study:
Table 10. Diffusion distance of Mn and Cr for the temperatures and times of interest.
Temperature – time (K – min)
1073‐1’
1173‐1’
1273‐1’
1393‐1’
1393‐30’
1473‐30’

LMn (μm)
0.031
0.101
0.275
0.759
4.16
7.46

LCr (µm)
0.031
0.123
0.39
1.25
6.85
13.4

If now it is assumed that the metal particles are spherical with a mean diameter of 63
μm and that we consider the case of sintering at 1120°C (1393 K) for 30’ then the
“effective” volume (Vef) from where Mn could diffuse towards the surface is essentially
the difference between the volume of the spherical metal particle (Vp) and a volume of a
sphere which has a radius reduced (Vrs) by the diffusion distance of Mn (4.16 μm for
1120°C‐30’) see Fig. 57 and Eq. 39 for the illustration and calculation of the “effective”
volume.

Fig. 57. "Effective" volume (orange) from where Mn atoms can be transported to the neck region.

4.53 · 10

(39)

The total mass included in this “effective” volume is calculated by multiplying with the
density for which only Fe was considered (ρFe=7.87 g·cm‐3). Based on this estimated
mass, the content of 0.1 wt.% Mn would correspond to 3.57·10‐10 g of Mn available in the
“effective” volume.
It is now assumed that each metal particle has six adjacent metal particles which of
course correspond to six inter‐particle necks (see Fig. 58). However, the mass
transferred into the neck area arises from two adjacent particles (yellow arrows in Fig.
58). Therefore the mass calculated above is multiplied by 2/6 and thus the amount of
Mn available for every neck is 1.19·10‐10 g.
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Fig. 58. Assumed amount of contacts for a spherical metal particle in a "green body".

Let us now assume that all the Mn that will be transferred into the neck region will form
particles of MnCr2O4. This compound has molar weight of 223 g·mol‐1 and theoretical
density of 4.85 g·cm‐3 according to [101], which in turn corresponds to a molar volume
of 46 cm3·mol‐1. The formed MnCr2O4 inclusions are considered spherical with a
diameter of 0.5 µm which correspond to a volume of 6.5·10‐14 cm3. Each spherical oxide
inclusion will contain 3.15·10‐13 g of MnCr2O4 of which 24.6% is Mn. Therefore in each
spherical particulate spinel oxide 0.78·10‐13 g of Mn is contained.
Finally by considering the amount of Mn required for every spherical MnCr2O4 it is
estimated that the total amount of Mn available for every neck in the “effective” volume
is enough to form approximately 1500 spherical particulates of MnCr2O4 of 0.5 μm in
diameter. Hence, availability of Mn is not a limiting factor and then neither that of Cr is
an issue considering the higher Cr‐content (e.g. 3 wt%).
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