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Abstract 
The powder metallurgy (PM) process route is very competitive for mass production of 
structural steel components with complex shape, due to efficient material utilisation, 
low energy consumption, and short overall production time. The most commonly used 
alloying elements are the processing friendly metals Cu, Ni and Mo. However, the 
prices for these metals are today high and volatile, which threatens to make the PM 
process less competitive compared to conventional metal forming processes. 
Consequently, there is a strong desire in the PM industry to increase the use of less 
costly alloying elements. Cr is an attractive alternative since it, besides low cost, 
provides high hardenability and also recyclable components. The drawback is that Cr 
has high affinity for oxygen, which makes oxidation and oxide reduction in PM 
processing of Cr-alloyed materials a challenging issue. Furthermore, the interaction 
between nitrogen and Cr-alloyed powder during processing is important to consider, 
since Cr also has high nitrogen affinity and is prone to form nitrides. 
 
The aim of the research work presented in this thesis was to study oxide reduction and 
nitrogen uptake in sintering of Cr-alloyed steel powder. Water-atomized powder grades 
pre-alloyed with 1.5-3% Cr were used as test materials. Sintering experiments were 
performed in N2/H2 (90/10) atmospheres with test bars pressed to density 7.0-7.2 g/cm3. 
The oxygen content of the sintering atmosphere was varied and different sintering 
temperatures and cooling rates were applied. The experimental study has been 
complemented with thermodynamic calculations using the software Thermo-Calc. 
 
The oxygen partial pressure should be below 4 x 10-18 atm in order to have reducing 
conditions during sintering at 1120°C of steel powder pre-alloyed with 3% Cr. With 
graphite added to the powder, conditions are reducing at higher oxygen partial pressures 
(up to 10-16 atm) due to favourable conditions locally in the material. Sintering at 
1120°C for 30 minutes leads to incomplete reduction of Cr-oxides in the Cr-alloyed PM 
grades, but remaining oxides are not detrimental for mechanical properties of the PM 
components. Increased sintering temperature is beneficial for the oxide reduction 
kinetics and practically all oxides are reduced after sintering for 30 minutes above 
1200°C. Nitrogen uptake by Cr-alloyed steel powder from N2-based sintering 
atmospheres is strongly dependent on the cooling rate applied after sintering. No 
nitrides appear in the sintered material and mechanical properties are not affected when 
normal cooling rates (0.5-1°C/s) are applied. Very low cooling rates (such as 0.05°C/s) 
may lead to grain boundary precipitation of Cr-nitrides in the sintered material. 
 
Keywords: Powder metallurgy, chromium, pre-alloying, surface oxides, sintering, 
oxide reduction, nitrogen uptake, nitride precipitation. 
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1.  Introduction 
 
 
1.1  Powder metallurgy 
Powder metallurgy (PM) may be defined as the production of metal powders and the 
subsequent processing of the powders into components. The processing involves 
pressing powder into a compact and heating, or sintering, the compact so that powder 
particles bond together. The origins of PM can be traced back several thousands years in 
time, since it is known that Egyptians heated iron ore to produce metallic iron powder 
around 3000 BC. They used this iron powder to make tools by hammering to weld 
powder particles together at elevated temperatures. The inability at that time to melt iron 
was the driving force for developing the PM process. In more modern times, PM was 
first used in large scale in Europe and Russia during the 1800s to produce platinum 
laboratory crucibles. The next big step for PM was when Coolidge used tungsten 
powder to develop filaments for electric light bulbs in 1910. Around the same time, 
industrial production of PM molybdenum articles for the electrical industries also 
started. Several important PM products were developed in the 1920-1930s, such as 
cemented carbides (WC-Co) for cutting tools and porous self-lubricating bearings for 
small rotating or reciprocating machinery. 
 
After the Second World War, iron based PM structural parts were developed on a 
commercial scale. These PM steel parts were developed as lower cost alternatives to 
components produced by the traditional processes casting, forging, stamping, and 
machining from stock bar. Since then there has been a steady increase in the production 
of PM structural steel parts, especially in the last few decades, and the mass production 
of PM steel components is today the most significant use of the PM technology.  
 
 
1.2 PM steel 
The global iron and steel powder production amounted about 1.25 million metric tons in 
the year 2006 [1]. Almost 80% of this powder is converted into PM components, while 
the remaining part goes to, for instance, chemical and metallurgical applications, iron 
fortification of food and surface coating. The PM steel components are used in many 
different applications such as power tools, white goods, lawn-mowers, air-conditioners, 
computers, locks and pumps. However, the automotive industry is the dominating user 
with about 75% of the total tonnage, and most of these components are used in engine 
and transmission applications. Examples of such components are displayed in Figure 1. 
In 2005, the typical US automobile contained over 20 kg of PM steel components, while 
a car fabricated in Europe or Japan contained about 40% of that amount in average [2]. 
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Figure 1. Examples of PM steel components used in the automotive industry, 
synchronizing hub for manual transmission (left) and timing sprocket for engine (right). 
 
The main advantages of using PM compared to conventional metal forming processes 
when producing structural steel components are [3]: 

• Efficient material utilisation (less scrap due to near net shape production). 
• Low energy consumption and short overall production time (fewer 

machining operations needed). 
• Complex geometries may be produced to near final shape and size. 
• Materials with unique compositions and microstructures can be 

manufactured. 
Hence, the PM route is most competitive in the mass production of complex parts, 
where the cost for a PM component generally becomes considerably lower than the cost 
for a component produced by e.g. machining. 
 
One major drawback with PM is that components produced by the conventional press-
sinter route do not obtain full density. The PM parts typically have around 10% 
porosity, with the implication that the mechanical performance is lower compared to 
full dense steel details. Consequently, the most highly loaded structural components are 
difficult to produce by the PM route. However, great efforts are today made to reach 
higher densities in PM steels. High velocity compaction (HVC) is an example of a new 
press technique by which the density can be raised typically 0.3 g/cm3 compared to 
conventional compaction [4]. A further example is the employment of surface 
densification to remove porosity at the surface of a sintered component, which has been 
shown to give PM steel gears the same performance as wrought steel gears [5]. 
  
Another limitation of PM has been the difficulty to use oxidation sensitive alloying 
elements, such as Cr and Mn, due to oxidation problems during processing. Instead, 
more expensive and in some cases not as effective alloying elements (Cu, Ni, Mo), are 
traditionally used. However, two Cr-alloyed powder grades intended for PM 
components have been developed in recent years [6, 7]. Challenges during sintering of 
these powder grades constitute the scope of this thesis, which is described further in 
chapter 1.3. 
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1.2.1 Powder production 
Practically all iron and steel powder for PM steel components are produced by either of 
two different production processes, a solid state reduction process (also known as the 
Höganäs sponge iron process) or a water-atomization process. 
 
In the reduction process, finely divided highly pure iron ore (Fe3O4) and a reduction mix 
consisting of coke and limestone are used as starting materials. These materials are 
heated to a temperature of around 1200°C. When the coke is heated CO is formed 
which reacts with the iron ore to reduce it to metallic iron, while the limestone binds the 
sulphur contained in the coke. The iron particles sinter together and form porous iron 
sponge. After the reduction process, the iron sponge is cleaned, crushed and milled into 
crude powder. Subsequently, the powder is soft-annealed at 800-900°C whereupon the 
remaining carbon and oxygen contents are reduced to very low levels. Finally, the 
lightly sintered powder cake is milled and sieved to a press-ready so called iron sponge 
powder with highly irregular shape suitable for the press-sinter process route. 
 
In the water-atomization process, carefully selected iron scrap and sponge iron from the 
reduction process are melted in an electric arc furnace. Alloying metals may also be 
added to the melt. After refining of the melt, the liquid metal is emptied from a tundish 
in a well-controlled stream through a nozzle, where high pressure water jets hit the 
stream and divides it into droplets that solidify into powder particles (see Figure 2). The 
obtained particles are hard (martensitic) and covered by surface oxides, due to the very 
high cooling rates and the rich amounts of water vapour and oxygen present during 
atomization. Therefore, the powder is annealed in order to soften the material and to 
reduce surface oxides. Different annealing temperatures are used for different powder 
alloys. Annealing is followed by milling and sieving to a press-ready powder. As for the 
sponge powder, also the water-atomized powder has a highly irregular shape suitable 
for the press-sinter process route (see Figure 3). Water-atomized powders have 
generally lower impurity levels and are more compressible than sponge powders. 
 
 

 
 

 

Figure 2. Illustration of water-atomization 
process (from [3]). 

Figure 3. Powder particle (size ~75 µm) 
produced by water-atomization and 
subsequent annealing.  
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1.2.2 Alloying methods 
There are basically three different methods used to introduce alloying elements in PM 
steels: 

• Pre-mixing 
• Diffusion-alloying 
• Pre-alloying 

 
Pre-mixing means that iron powder is mixed with alloying elements in powder form 
before the pressing operation. During the subsequent sintering, alloying occurs through 
diffusion processes. The main advantage with pre-mixing is that pure iron powder has 
high compressibility. Disadvantages are that the sintered parts obtain inhomogeneous 
compositions due to slow diffusion of alloying elements (except carbon), and that the 
alloying element particles tend to segregate during handling and transportation of the 
powder mixes. Carbon is generally added by pre-mixing with graphite. It is also 
common to alloy with copper by pre-mixing, since the Cu particles melt during sintering 
and act as sintering activators. 
 
Diffusion-alloying is a method to bond fine alloying element particles (typical size 10 
µm) onto the surfaces of iron powder particles. This is done through an annealing 
process where the bonding between particles is caused by diffusion. Hereby, 
segregation of alloying particles is minimised while the high compressibility is retained. 
However, sintered parts made from diffusion-alloyed powders will still have 
inhomogeneous compositions. Diffusion-alloyed powders are made from both sponge 
powder and atomised powder. Alloying elements used in diffusion-alloyed powders are 
generally Ni, Mo and Cu. 
 
Pre-alloying means that the alloying elements are added to the melt before water-
atomization, which results in homogeneously alloyed powder particles. Consequently, 
sintered parts made from pre-alloyed powders will have homogeneous compositions and 
segregation problems in powder mixes are not an issue. The downside with pre-alloying 
is that the powder is less compressible than a pure iron powder due to solution-
hardening effects. Mo is commonly used in pre-alloyed powder grades, since Mo has 
relatively small effect on the compressibility. Steel powders pre-alloyed with Mo are 
also used as base in some diffusion-alloyed powder grades. Furthermore, the pre-
alloying method opens up for introduction of oxidation sensitive alloying elements, such 
as Cr, which are difficult to introduce by the other alloying methods.  
 
 
1.2.3 Component manufacturing 
The process route for manufacturing of PM steel components is presented in Figure 4. 
Main process steps are mixing, compaction (pressing) and sintering. These steps are 
described below with special emphasis on sintering, which is the key process in the 
context of this thesis. Secondary operations such as sizing, machining or different heat 
treatments (e.g. case hardening, through hardening) may be applied after sintering in 
order to improve tolerances and mechanical properties of the components. These 
operations are not treated further here. 
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Figure 4. Schematic overview of the process route for manufacturing of PM steel 
components. 
 
Mixing 
Iron or steel powder is generally mixed with graphite powder and, optionally, other 
alloying additive particles (e.g. Cu). An organic substance (lubricant powder) is 
normally added in order to have lubrication during the compaction step. Other additives 
may also be admixed as, for example, substances that facilitate machining of sintered 
components. Particle sizes of graphite, lubricant and additive powders are usually small, 
typically below 10 µm. Some alloying additives have larger particle sizes. The mixing 
process may also involve special treatments of the powder mix, where certain types of 
organic binders are used to glue graphite, lubricants and other additives to the iron/steel 
powder particles. Such a process improves product consistency and minimizes problems 
with segregation and dusting.  
 
Compaction 
The compaction process starts with the filling of a powder mix into the cavity of a 
(usually rigid) die. In the die, the powder mix is compacted between two or more axially 
moving upper and lower punches to form a porous compact of more or less complicated 
shape. Finally, the obtained compact is pushed out from the die by the lower punches. 
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During compaction, the powder particle surfaces are smoothed, oxide skins are broken, 
particles are deformed and cold-welding occurs between particles. The irregular shape 
of the powder particles gives efficient cold-welding and interlocking between the 
particles. Hereby, the powder compact acquires sufficient strength to allow handling 
before the sintering operation. Lubrication between die wall and powder mass is 
important during compaction as well as ejection. Hence, the need for lubricant additions 
in the powder mixes.  
 
There are limitations in the compact densities that can be achieved by the conventional 
die compaction process, mainly due to practical restrictions in compaction pressure and 
presence of the lubricant in the powder mix. One method to reach higher densities is to 
heat the powder and the die (normally to about 150°C) prior to compaction combined 
with the use of a specially designed polymer as lubricant. By application of this process, 
called warm compaction, somewhat higher and more even component densities can be 
achieved compared to compaction at room temperature [8]. Application of HVC is 
another method to reach higher densities, as mentioned earlier. There is also the double 
press – double sintering (2P2S) technique, where a second compaction step is applied 
after pre-sintering of the components, as well as powder forging (PF), where full density 
is achieved through forging of a pressed and sintered preform. However, application of 
these techniques lead to higher production costs and conventional cold compaction is 
therefore the most frequently used pressing technique in mass production of PM steel 
parts. 
 
Sintering 
In the sintering process, the compacted green bodies are heated to high temperature in 
order to obtain bonding between the powder particles. This bonding occurs through the 
formation of sinter necks between particles that are in contact with each other and that 
have been pressed together in the compaction step. The sinter neck formation, which 
provides mechanical strength to the PM steel components, is driven by the elimination 
of surface energy and progresses through atomic diffusion processes [9]. A prerequisite 
for efficient formation of sinter necks is that surface oxides on the powder particles are 
reduced in the early stages of the sintering process. Oxide reduction during sintering is 
treated further in chapter 2.1. 
 
A typical sintering process cycle consists of a heating-up phase, during which the 
organic lubricant burns off (de-waxing) from the compacts, a sintering phase, where the 
parts are held at constant temperature for enough time to achieve sufficient bonding 
between powder particles, and finally a cooling phase, in which the microstructure of 
the steel is decided by the cooling rate. The sintering cycle is illustrated in Figure 5.  
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Figure 5. Typical temperature-time profile for PM steel parts during sintering. 
 
Continuous sintering furnaces are most often used for the production of PM steel parts, 
mainly due to their high productivity. These furnaces usually have wire mesh belts on 
which the parts are conveyed through different zones or chambers for de-waxing, 
sintering and cooling. The de-waxing zone may be equipped with a rapid burn-off unit, 
to ensure fast and efficient lubricant removal. Moreover, some furnaces have fans in the 
cooling zone so that accelerated cooling can be applied in order to harden the steel 
components, so called sinter hardening. Mesh belt furnaces are used at temperatures of 
up to 1150°C and the upper temperature limit is decided by heat resistance of the belt 
material [10]. A typical sintering temperature in industrial production is 1120°C and 
time at temperature is usually in the range 15-30 minutes. 
 
There are other types of sintering furnaces for higher sintering temperatures. For 
example, walking beam furnaces and continuous pusher furnaces can be used at 
temperatures of up to 1350°C with relatively high production throughputs [10]. 
Advantages with high temperature sintering are that oxides are more easily reduced and 
that more efficient sinter neck formation is achieved due to faster diffusion processes. 
However, shrinkage of the PM parts increases at higher temperatures, which means that 
dimensional control during sintering becomes more difficult. Small dimensional change 
during sintering is generally demanded, since the final shape of the PM component 
usually is established already in the compaction process.    
 
Protective gas atmospheres are used in the sintering furnaces and these play a very 
important role in sintering of PM steels. The main task of the sintering atmosphere is to 
prevent oxidation of the compacts during sintering and to participate in reduction of 
oxides remaining from the powder processing. Usually, the protective gas flows from 
the sintering zone into the de-waxing zone of the sintering furnace, thus preventing 
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lubricant vapours from entering and ensuring that reduction reaction products are 
transported out from the high-temperature zone. Most commonly used as protective 
atmosphere is so called endogas, which is produced through combustion of 
hydrocarbons and consist typically of ~40% H2, ~20% CO, ~40% N2, and small 
amounts of CO2, CH4, H2O and O2. Endogas atmospheres are dried to make them 
reducing during sintering of ferrous components. However, steels containing oxidation 
sensitive elements (e.g. Cr) require protective atmospheres with lower oxygen contents. 
Such PM steel grades are therefore sintered in high purity N2 atmospheres with up to 
10% H2 added for oxide reduction. 
 
Another important task of the protective atmosphere is to prevent decarburization of the 
PM steel during sintering. Therefore, the atmosphere should have a carbon activity, 
which is given by the CO:CO2 ratio in the gas, corresponding to the carbon activity in 
the steel. The carbon activity in N2-H2 sintering atmospheres is provided through 
controlled additions of some hydrocarbon gas.  
 
 
1.3 Research topic and aim of study 
Chromium is a common alloying element in conventional low alloyed steels, since it 
provides high hardenability and is a low cost metal. In PM steels, on the other hand, 
alloying with Cr has for many years been very limited. The reason for this is that Cr has 
high affinity for oxygen and strong tendency to form stable oxides, which makes 
oxidation and oxide reduction during PM processing challenging issues. The more 
processing friendly metals Cu, Ni and Mo are the most commonly used alloying 
elements in PM steels. However, these metals are relatively expensive and their prices 
have increased considerably in recent years. Today (early 2008), the price of Cr is about 
25% of the price of Ni and only around 10% of the price of Mo. There are also other 
reasons for replacing existing alloying elements with Cr, such as the recycling problems 
associated with Cu and the health hazards of handling Ni. Consequently, there is a 
strong desire in the PM industry today to increase the use of Cr as alloying element in 
PM steels, and many research and development efforts are focused on the subject.  
 
One of the most important issues is demands put on the sintering process for successful 
production of components from Cr-alloyed powders, which is also the overarching 
research topic of this study. Due to the oxidation sensitivity of the materials, sintering is 
preferably performed in N2-H2 atmospheres with low oxygen content. Thereby, nitrogen 
transfer from the sintering atmosphere to the PM steel should be considered, since Cr 
also has high affinity for nitrogen and is prone to form nitrides. In the light of the given 
facts, oxide reduction and nitrogen uptake are two key material processes occurring 
during sintering of Cr-alloyed steel powder, and increased understanding of these 
phenomena is of great importance. Consequently, the aim of the research work was to 
study oxide reduction as well as nitrogen uptake during sintering of PM steel grades 
pre-alloyed with 1.5-3% Cr. Influence of different sintering parameters has been 
investigated and effects on mechanical properties of the PM steels have been examined. 
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2. Sintering of chromium-alloyed steel powder 
 
 
The development and recent market introduction of powder grades pre-alloyed with Cr 
has opened up for a more extensive use of Cr in PM steels. Since the powders are pre-
alloyed with Cr, their oxidation sensitivity is somewhat reduced due to lowered Cr 
activity, which allows them to be sintered at the conventional temperature 1120°C. 
Thereby, continuous mesh belt sintering furnaces used for mass production of PM parts 
can be applied in the processing of the Cr-alloyed materials. However, successful 
sintering of these materials requires a well-controlled sintering process and the use of a 
high-purity protective atmosphere.  
 
As described in the previous chapter, oxide reduction and nitrogen uptake are two key 
material processes occurring during sintering of Cr-alloyed powder grades. The 
outcome of the processes is crucial for the properties of the sintered PM components 
and it is thus important to understand how the processes progress. In this chapter, the 
material processes are described through theoretical considerations and review of 
empirical data from the literature. The oxide reduction process is treated by considering 
surface oxides on the powders, thermodynamic stability of oxides, and reduction 
mechanisms. For the nitrogen uptake process, mechanisms for nitrogen deposition, 
diffusion and solubility are described and nitride precipitation is also treated. 
 
 
2.1 Oxide reduction 
Sintering of the Cr-alloyed steel powders are normally performed in protective 
atmospheres consisting of nitrogen-hydrogen mixtures. Low oxygen partial pressures 
are required in order to reduce surface oxides on the powders and prevent further 
oxidation of the materials during sintering. It is important to reduce surface oxides 
during sintering in order to get an effective sinter neck formation, which is a 
prerequisite for obtaining high mechanical performance of the PM steel [11, 12].    
 
 
2.1.1 Surface oxides 
Water atomized steel powders are more or less oxidized due to reactions between 
metallic elements and water vapour or oxygen during the atomization process. These 
oxides are mainly located on the powder surfaces, although there are certain amounts of 
internal oxides inside the powder particles. The surface oxidation is particularly 
pronounced if the steel contains a strong oxide forming element like Cr. Most of the 
surface oxides are removed in a subsequent annealing process, but a layer of oxides will 
still cover the surfaces of the annealed powders. 
 
Surface oxides on water-atomized and subsequently annealed steel powders pre-alloyed 
with 1.5-3% Cr have been studied in recent investigations [13, 14].  The oxide surface 
morphology showed a heterogeneous structure with particulate compounds rich in Cr 
and other strong oxide formers (Mn, Si), surrounded by a thin Fe rich oxide layer. The 
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thickness of this oxide layer is about 6-7 nm and the oxide particulates have a size of up 
to 0.2 µm. Oxide particulates with similar compositions and with sizes of 0.5-1 µm have 
been found in Cr-alloyed sintered steels [15]. These originate either from particulate 
surface oxides that coalesce and grow during sintering, or from internal Cr rich oxides 
that have been shown to exist in the starting powder [16, 17]. 
 
 
2.1.2 Oxide stability 
Thermodynamic considerations may be used to determine the relative stability of metal 
oxides. The reaction between a metal M and oxygen for the formation of an oxide 
proceeds according to: 
 

yxOMyOxM 22 →+  (1) 
 
The standard free energy change for this reaction is defined as: 
 

)ln(0 KTRG ⋅⋅−=∆  (2) 
 
where R is the gas constant and T is the absolute temperature. The equilibrium constant, 
K, is the ratio of the activities of the reaction products to the reactants: 
 

y
O

x
M

OM

aa

a
K yx

2

2

⋅
=  (3) 

 
The activities and ∆G0 depend on the chosen reference states and it is common to define 
the activity as unity in the solid oxide and metal. For oxygen in the gas it is common to 
define the activity as the oxygen partial pressure (pO2

) expressed in atmospheres. Hence, 
the standard free energy change for the formation of oxide according to (1) is given by: 
 

)ln(
2

0
OpTRyG ⋅⋅⋅=∆  (4) 

 
Reaction (4) may be used to calculate the oxidation-reduction equilibrium for a metal 
and its oxide, provided that the standard free energy change is known. Hereby, critical 
oxygen partial pressures for oxide reduction at different temperatures are obtained.  
 
The method described above is useful for the prediction of oxide stabilities in relation to 
pure metals. It can for instance be shown that pO2 

has to be lower than 1.1·10-19 atm in 
order to reduce Cr2O3 to Cr at the typical sintering temperature 1120°C [18]. However, 
the situation is more complex when Cr-alloyed steels are considered, since Cr is in solid 
solution in the Fe matrix which lowers the Cr activity. For accurate predictions of oxide 
stabilities in multi-component material systems more advanced thermodynamic 
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calculations are needed. The computer software Thermo-Calc [19] is a helpful tool for 
such calculations. 
  
Thermo-Calc calculations show that two different oxides are thermodynamically stable 
in a steel alloyed with 3% Cr at 1120°C and 1250°C for oxygen partial pressures below 
10-13 atm, as illustrated by Figure 6 [Paper I]. The Cr2O3 oxide is stable at the lowest 
oxygen partial pressures, while the spinel oxide FeCr2O4 is stable at somewhat higher 
oxygen pressures. Furthermore, the stability of the oxides is shifted to higher oxygen 
pressures when the temperature increases. The results in Figure 6 also provide critical 
oxygen partial pressures for oxide reduction during sintering of PM steels pre-alloyed 
with 3% Cr. The critical pressures are pO2 

= 4·10-18 atm at 1120°C and pO2 
= 1·10-15 atm 

at 1250°C. This is well in accordance with the recommendation based on experimental 
results of a maximum pO2

 of 5·10-18 atm when sintering such steels at 1120°C [20]. 
 

 

Cr2O3 
(1120 °C) Cr2O3 

(1250 °C) 

FeCr2O4 
(1120 °C) 

FeCr2O4 
(1250 °C) 

 
Figure 6. Mass fractions of oxides in Fe-3%Cr-0.35%C at 1120/1250°C for different 
oxygen partial pressures at thermodynamic equilibrium (from Paper I). 
 
 
2.1.3 Reduction mechanisms 
Reduction of oxides during sintering can occur through reaction with hydrogen in the 
sintering atmosphere according to (M stands for metal):  
 

OyHxMyHOM yx 22 +→+  (5) 
 
Carbon is another available reduction medium, since graphite is added to the powder 
mix before pressing and sintering. There are two possibilities for the carbothermal oxide 
reduction, either direct reduction with C according to reaction (6) or indirect reduction 
with CO in the atmosphere in accordance with reaction (7). 
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yCOxMyCOM yx +→+  (6) 

2yCOxMyCOOM yx +→+  (7) 
 
Reduction of easily reduced iron oxides occurs through the reaction with hydrogen 
according to (5) at rather low temperatures (<500°C). More stable spinel and Cr oxides 
are removed through carbothermal reduction at higher temperatures, where the indirect 
reduction through CO according to (7) is the dominating mechanism [16, 17, 21, 22]. 
The CO/CO2 ratio decides the reducing capability of the atmosphere and is given by 
Boudouard’s reaction, which allows regeneration of CO according to: 
 

COCOC 22 →+  (8) 
 
This equation has strong temperature dependence leading to production of more CO as 
the temperature increases and thereby enhanced oxide reduction through reaction (7). 
The kinetics of the oxide reduction reactions (6) and (7) should also be influenced by 
the temperature. Consequently, the sintering temperature has major impact on the oxide 
reduction in Cr-alloyed PM steels, with more effective reduction at higher temperatures. 
 
Another factor that is important for the oxide reduction process during sintering is the 
porosity of the PM component. In most cases, the density levels are such that the 
porosity is open and communicating, which means that the sintering atmosphere can 
penetrate the porosity and reach surface oxides on the powder particles. An open 
porosity also facilitates the transport of reduction reaction products out from the 
component. At higher densities, typically >7.3 g/cm3, the porosity is more or less 
closed, which makes reduction of oxides during sintering more difficult [23].    
 
Studies of oxide reduction during sintering of Cr-alloyed PM steels by thermal analysis, 
dilatometry and mass spectrometry have recently been reported [24-26]. For Fe-3 wt-% 
Cr-0.5 wt-% Mo with graphite added and compacted at 600 MPa, mass loss rate 
maxima were found at 1000 °C and 1200-1250 °C due to carbothermal oxide reduction 
during heating with 10 K/min in helium. These maxima are attributed to removal of 
surface oxides and internal oxides, respectively. It was also concluded that the carbon 
content (0.2-1 wt-%) of the material has small influence on the reduction process. 
 
Oxide reduction during sintering leads to decarburization of Cr-alloyed materials, due 
to the carbothermal reduction mechanism acting on stable Cr-containing oxides. Carbon 
control is therefore an important issue during sintering of Cr-alloyed PM steels and it 
can be enforced by adding some C-containing gas, such as CH4, to the sintering 
atmosphere. Carbon loss during sintering may also be compensated for by adding extra 
graphite to the powder mix. It should also be pointed out that decarburization of PM 
steels during sintering can occur through reactions with H2, H2O or O2 from the 
sintering atmosphere. For example, high oxygen contents in the atmosphere have been 
shown to cause surface decarburization on Cr-alloyed PM parts during sintering [27].     
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2.2 Nitrogen uptake 
Sintering of Cr-alloyed steel powders in nitrogen-based atmospheres will lead to 
nitrogen uptake by the material, mainly due to chromium’s high affinity for nitrogen. 
The effect of this nitrogen on the material properties of the sintered steel depends on the 
amount of nitrogen taken up and if nitrides precipitate in the steel. It is well recognised 
that nitrides in steels may have a positive effect, as in the case of nitriding [28], but they 
may also lead to deterioration of mechanical properties if precipitation occurs along 
grain boundaries [29]. 
 
 
2.2.1 Nitrogen deposition and diffusion 
The process of nitrogen uptake consists of several steps, including deposition of 
nitrogen atoms on the material surface and transport of nitrogen inside the steel. The 
deposition process is governed by surface reactions while the transport of nitrogen 
atoms occurs through diffusion. 
 
In N2-based sintering atmospheres, nitrogen atoms are deposited on the steel surface by 
the following reaction: 
 

NN 22 →  (9) 
 
The amount of nitrogen that can be deposited and absorbed by the steel surface is 
controlled by the nitrogen activity of the atmosphere, which in N2 atmospheres is given 
by the nitrogen partial pressure (pN2

), and the nitrogen concentration (cN) in the steel. 
The following deposition rate (in mole · cm-2 · s-1) has been shown to be valid for plain 
iron in N2-H2 atmospheres [30]: 
 

NN

NN
vN

NN
v cK

cKkp
cK

kv
⋅+

⋅
⋅−⋅

⋅+
⋅=

1
'

1
1 2

2
  (10) 

 
where kv and kv’ are rate constants and KN a segregation constant. These constants are 
temperature dependent and different for α-iron and γ-iron. The presence of Cr in the 
steel increases the nitrogen deposition rate compared to pure iron [31]. This is due to 
chromium’s high nitrogen affinity, which means that Cr in the steel attracts the 
deposited nitrogen atoms.  
 
A factor that will influence the deposition rate and thereby the nitrogen uptake during 
sintering is the oxygen content of the atmosphere. Increased dew point in N2-H2 
atmospheres has been demonstrated to dramatically decrease the nitrogen uptake during 
high temperature annealing of stainless steel [32, 33]. This is explained by that oxygen 
from the atmosphere may prevent nitrogen adhesion by poisoning of surface sites, and 
that protective oxide layers may form on the material surface.  
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Once nitrogen atoms have been deposited on the material surface, there will be an 
onward transport of nitrogen inside the steel through diffusion. The nitrogen atoms 
dissolve interstitially and are located at octahedral or tetrahedral sites in the lattice 
structure of the metal. These atoms can move relatively easy from interstice to interstice 
between the host atoms through interstitial diffusion (also called volume diffusion). 
However, there are easier ways for the nitrogen atoms to diffuse, either along grain 
boundaries (grain boundary diffusion) or along surfaces (surface diffusion). The 
porosity of a PM steel makes the latter diffusion process important, since atoms are able 
to move along the surfaces of the pore walls. 
 
The nitrogen diffusion into the steel matrix occurs according to Fick’s first law: 
 

x
txcDJ N

N ∂
∂

⋅−=
),(

 (11) 

 
JN is the nitrogen flux, D the diffusion coefficient and cN the nitrogen concentration. The 
diffusion coefficient is a measure of the diffusion rate and it depends on the temperature 
T, the gas constant R and the activation energy Q according to: 
 

TR
Q

eDD ⋅
−

⋅= 0   (12) 
 
D0 is a frequency factor which is dependent on characteristics of both the diffusing 
atoms and the host metal. The activation energy varies with the type of diffusion 
process and is highest for volume diffusion and lowest for surface diffusion. 
 
The porosity of the PM steel component will strongly influence the nitrogen transport 
inside the material, not only due to surface diffusion but also due to gas diffusion in the 
pore system. An open porosity will lead to diffusion of nitrogen gas into the pores 
during the sintering process and, consequently, nitrogen atoms may be deposited on the 
walls of the pore system. 
 
 
2.2.2 Nitrogen solubility 
The solubility of nitrogen is a limiting factor for the amount of nitrogen transferred to 
the steel during the sintering process. Therefore, solubility values for different 
temperatures, partial pressures of nitrogen and chromium contents in the steel are 
valuable information.  
 
Several experimental investigations of the nitrogen solubility in iron have been 
performed over the years. A survey of such investigations was conducted by Kunze et 
al. in order to develop equations for the solubility of nitrogen in different iron phases 
[34]. They concluded that relations (13) and (14) are valid for nitrogen in ferrite (α) and 
austenite (γ), respectively. 
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[%N] is the nitrogen solubility in weight percent, T the temperature and pN2

 the partial 
pressure of nitrogen in a surrounding atmosphere. 
 
The nitrogen solubility in Fe-Cr alloys is higher than in pure iron, due to the presence of 
chromium. This has been demonstrated in a thermodynamic evaluation of the Fe-Cr-N 
system, by calculation of the solubility of nitrogen in austenite at different chromium 
contents [35]. The evaluation shows that the Cr content has large influence on the 
nitrogen solubility in steel (see Figure 7). It is also interesting to note that the solubility 
of nitrogen decreases as the temperature increases.  
 

 
Figure 7. The solubility of N in γ at different Cr contents in a Fe-Cr alloy at 1 atm N2 
pressure; the symbols in the diagram represent experimental data (from [35]). 
 
The information in Figure 7 should give reasonable estimates on the amount of nitrogen 
taken up during sintering of Cr-alloyed steels in N2-based atmospheres. Assuming that 
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the solubility at 900°C will decide the nitrogen uptake, the following N contents can be 
expected after sintering in PM steels for two different Cr contents: 
 
Fe-1.5%Cr ⇒ 0.05% N 
Fe-3%Cr  ⇒ 0.08% N   
 
Other alloying elements will also affect the N solubility. The interaction between 
different alloying elements (Cr, Mo, Mn, Ni, C) and nitrogen in ferrite and austenite has 
been described in a thermodynamic analysis by Jarl [36]. This analysis shows that the 
presence of molybdenum and manganese will increase the nitrogen solubility, while 
carbon has a slightly negative effect on the solubility of nitrogen. 
 
 
2.2.3 Nitride precipitation 
Nitrogen absorbed by the PM steel during sintering may lead to nitride precipitation 
during cooling from sintering temperature, since the solubility of nitrogen is much 
lower in ferrite than in austenite. Hence, nitrogen atoms are released from the lattice 
following the γ → α transformation and are free to react with Cr to form chromium 
nitrides. The cooling rate will determine if there is enough time for nitrides to 
precipitate and grow, or if the nitrogen is trapped in a distorted ferritic lattice structure. 
The latter phenomenon is responsible for the hardenability effect of nitrogen in steels.  
 
As in the case of oxide stability considerations, thermodynamic calculations are useful 
for the prediction of nitride phases that might appear in the Cr-alloyed PM steels during 
cooling. Assuming that a steel alloyed with 3% Cr take up nitrogen amounts during 
sintering corresponding to the N solubility at 900°C (see previous chapter), Thermo-
Calc calculations show that the chromium nitride CrN is thermodynamically stable in 
the material below about 850°C [Paper III]. This is supported by thermodynamic 
evaluations of the Fe-Cr-N and Fe-Cr-C-N systems, which show that CrN is the stable 
nitride phase in low Cr materials whereas Cr2N (ε nitride) is the stable phase in 
materials containing high Cr contents, such as stainless steels [35, 37]. 
 
An idea about how the precipitation of CrN could progress in PM steels during the 
sintering process is given by the nitriding behaviour of Fe-Cr-C alloys. According to 
nitriding studies of materials with Cr contents below 4% at temperatures between 500 
and 600°C, the precipitation sequence is as follows [38, 39]: 
 
i) Coherent CrN particles of sub-microscopic size precipitate from Cr dissolved in 

the ferritic matrix. The ferrite may be oversaturated with nitrogen due to long-
range strain fields surrounding the coherent precipitates. 

ii) Starting from the grain boundaries, a discontinuous precipitation reaction occurs 
transforming the ferritic matrix with coherent CrN particles into a lamellae-like 
structure of ferrite and incoherent CrN. Any Cr containing carbides present in the 
material transform into incoherent CrN releasing carbon, which subsequently 
precipitate as cementite at the grain boundaries. 
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This sequence is valid for typical nitriding conditions, where sufficient time is allowed 
for the nitrides to precipitate. However, in sintering of Cr-alloyed PM steels there is 
limited time for nitride precipitation during cooling from sintering temperature. 
Nevertheless, low cooling rates may allow for some nitride formation to occur, which is 
demonstrated by the results in Figure 8 from an investigation of nitrogen uptake during 
sintering of 316L stainless steel containing 16.5% Cr [40]. 
 

 
Figure 8. Nitrogen uptake during sintering of stainless steel (316L) at 1250°C in N2/H2 
(90/10) followed by cooling at different rates. The numbers by the curves indicate 
nitrogen content and the symbols represent observed nitride structures. From [40].   
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3. Experimental procedure 
 
 
3.1 Materials 
Two water-atomized steel powder grades pre-alloyed with Cr and Mo were used as base 
in the test materials. Their nominal chemical compositions are presented in Table 1.  
 
Table 1. Nominal chemical compositions (in wt-%) of investigated powder grades. 

Powder Grade Fe Cr Mo C O N 
Astaloy CrM Base 3 0.5 <0.01 <0.2 <0.01 
Astaloy CrL Base 1.5 0.2 <0.01 <0.2 <0.01 

 
Test mixes were produced by blending the steel powders with graphite powder (up to 
0.85 wt-%) and lubricant powder (0.6 or 0.8 wt-%). Some test mixes were also made 
without graphite. The test mixes were compacted into standard tensile test specimens 
(ISO 2740-1986) and un-notched impact specimens (ISO 5754). Conventional cold 
compaction was used to obtain specimen green density 7.0 g/cm3, while warm 
compaction was applied to reach green density 7.2 g/cm3. 
 
 
3.2 Sintering trials  
The sintering trials for the research studies presented in Paper I and Paper III were 
performed in a laboratory tube furnace. This equipment consists of a Kanthal APM tube 
(inner diameter 200 mm) and a programmable furnace that controls the temperature 
cycle in the heating zone. In these experiments, test specimens were placed on a vessel 
attached to a rod by which the vessel could be pushed to transport the specimens 
through the furnace tube. The process temperature was monitored with a thermocouple 
placed underneath the test specimens inside the vessel. The protective atmosphere was 
provided through gas cylinders (N2, H2 and synthetic air) that were connected to one 
end of the furnace tube, and mass flow regulators were used to adjust and control the 
flow of the different gases. An oxygen probe and a dew point analyser were used to 
continuously monitor oxygen levels and moisture contents of the process atmosphere in 
the heating zone. 
 
De-waxing of the test specimens was done in the heating zone of the tube furnace at 
600-700°C for 30 minutes, where after the specimens were heated to the sintering 
temperature with a rate of around 30°C/minute. Hold time at sintering temperature 
(1120-1250°C) was 30 minutes in all experiments. Different cooling rates after sintering 
were achieved by pushing the vessel holding the test specimens, out of the heating zone 
and through a second heating zone set at 600°C, at a speed corresponding to the desired 
cooling rate. The gas flow through the furnace tube was 4-5 litres per minute in all 
sintering trials. Small additions of synthetic air were made to a high purity N2/H2 
mixture to obtain sintering atmospheres with different oxygen partial pressures in the 
study presented in Paper I.  



 - 20 -

 
The sintering trials reported on in Paper II were performed in a laboratory batch 
furnace, where the test specimens are loaded on a carousel set-up which is elevated into 
the heating zone. Cooling after sintering is achieved by lowering the set-up carrying the 
specimens out of the heating zone into a cooling chamber. A thermocouple is used to 
monitor the temperature near the test specimens and an oxygen probe continuously 
measures the oxygen level of the protective atmosphere in the heating zone during the 
sintering cycle.  
 
In the experiments performed in the batch furnace, heating rate to sintering temperature 
was around 5°C/minute. De-waxing occurred during the heating up phase. Hold time at 
sintering temperature (1120-1250°C) was 30 minutes in all trials. Cooling of the 
specimens was initiated once the specimens had come down to 1050°C in temperature 
inside the heating zone. The protective atmosphere used was high purity N2/H2 (90/10) 
and the gas flow through the furnace was set to 100 litres per minute in these sintering 
trials. 
 
 
3.3 Analysis techniques 
Chemical analysis of carbon, oxygen and nitrogen contents in sintered materials has 
been carried out in instruments equipped with infrared (IR) detector (for C and O 
analysis) and thermal conductivity (TC) cell (for N analysis). For determination of O 
and N contents, a sample of approximately 1 g is placed in a graphite crucible and 
melted in an induction furnace under a flow of helium gas. The oxygen released by the 
sample reacts with carbon from the crucible to form CO and CO2. These gas species are 
registered by the IR detector, which gives the O content of the sample. Nitrogen is 
released by the sample as N2, which is detected by the TC cell. For determination of C 
content, a sample of approximately 1 g is combusted in an induction furnace in a flow 
of oxygen gas, whereupon the carbon in the sample is transformed into CO and CO2. In 
this case, registration of these gas species by an IR detector gives the C content of the 
sample. 
 
Phase analysis on sintered samples was performed by the powder X-ray diffraction 
(XRD) method [Paper III]. In this technique, a monochromatic beam of X-rays 
irradiates a powder sample, which diffracts the beam into several beams with different 
intensities and angles relative to the incoming beam. The resulting diffraction pattern 
provides possibility to identify phases present in the powder sample. Preparation of 
powder samples for the phase analysis was done by phase-isolation of sintered samples 
in hydrochloric acid (HCl). 
 
Metallography investigations were done by light optical microscopy (LOM). Cross 
sections of sintered test specimens were studied in as-polished state as well as after 
etching (etchant was 100 ml ethyl alcohol (95%) with 2 g picric acid and 1 ml HCl). 
 
Density measurements on test samples were performed with the aid of Archimedes’ 
principle. By measuring the weight of a test sample in air and in water, the density of 
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the sample can be determined from this principle. Sintered samples were impregnated 
before the weight measurements in order to prevent water from entering the pores. 
 
Mechanical testing of sintered test specimens has been done in accordance with ISO 
standard methods. The Vickers method was applied to determine the hardness of the 
materials. The hardness measurements were made either on polished cross sections of 
test specimens or on specimen surfaces. Tensile tests were performed on 7 tensile test 
specimens from each test series to evaluate ultimate tensile strength (UTS), yield 
strength (YS) and elongation (A). A Charpy impact tester was used to determine the 
impact strength, given by the impact energy (IE) absorbed during fracture, from 5-10 
un-notched test specimens of each material series. Fatigue strength (FS) was determined 
in axial mode at 2·106 fully reversed (R = -1) cycles, with 10 fatigue test specimens 
from each test series. 
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4. Results and conclusions 
 
 
4.1 Oxide reduction 
Research work on oxide reduction during sintering of Cr-alloyed steel powder grades 
are presented in two of the appended papers. Influence of oxygen level in the sintering 
atmosphere, sintering temperature and cooling rate after sintering on oxide reduction 
was investigated in the study described in Paper I. The pre-alloyed powder grade 
Astaloy CrM (Fe-3%Cr-0.5%Mo) was used as test material here. In the second research 
study (Paper II), influence of sintering temperature on oxide reduction was investigated 
for Astaloy CrM and also for the pre-alloyed powder grade Astaloy CrL (Fe-1.5%Cr-
0.2%Mo). 
 
The influence of oxygen partial pressure (pO2) in the sintering atmosphere on the oxide 
reduction process is well illustrated by the results from Paper I presented in Figure 9. 
When sintering Astaloy CrM without added graphite at 1120°C, conditions are reducing 
at pO2 = 10-18 atm but not at pO2 = 10-17 atm. This is in agreement with thermodynamic 
equilibrium calculations which show that reducing conditions prevail for pO2 < 4 · 10-18 
atm at 1120°C for a steel alloyed with 3% Cr (see Figure 6). In Paper I it is also 
demonstrated that oxide reduction occurs during sintering of Astaloy CrM with added 
graphite although pO2 in the protective atmosphere is above the critical thermodynamic 
equilibrium pressure. This effect is attributed to favourable CO/CO2 ratios locally in the 
material that drives the carbothermal oxide reduction (in accordance with reaction (7) 
on page 12). 
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Figure 9. Oxygen contents in test bars (density 7.0-7.1 g/cm3)  based on Astaloy CrM 
(without graphite) after sintering at 1120/1250°C for 30 min in N2/H2 (90/10) with 
different pO2. Cooling rates were 0.3°C/s (SC) and 2.0°C/s (FC). Oxygen content of the 
powder was 0.16 wt-% before sintering. Graph is taken from Paper I. 
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The sintering temperature has large influence on the oxide reduction process as 
demonstrated by the results from both Paper I and Paper II. At higher temperatures, 
more oxygen is allowed in the sintering atmosphere without having oxidising conditions 
(Paper I), which confirms the thermodynamic considerations regarding oxide stability 
outlined in chapter 2.1.2. Furthermore, the oxide reduction during sintering gets more 
effective with increasing temperature due to faster reactions and more effective 
transport processes in the powder compacts. Practically all oxides are reduced in the Cr-
alloyed powder grades during sintering at temperatures above 1200°C, while the oxygen 
contents after sintering at lower temperatures reveal that some oxides still remain in the 
materials (see Figure 10).  
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Figure 10.  Oxygen contents in test bars (density 7.0-7.1 g/cm3) based on Cr-alloyed 
powder grades (with graphite additions) after sintering at different temperatures for 30 
min in high purity (DP < -40°C) N2/H2 (90/10). Oxygen content of the powders was 
about 0.15 wt-% before sintering. Graph is based on results from Paper II. 
 
Cooling rate after sintering has no effect on the oxide reduction process, since reduction 
occurs during heating and during the hold time at sintering temperature. However, 
application of low cooling rates may lead to (re-)oxidation of the powder compact in 
protective atmospheres with high oxygen levels (Paper I). 
 
Conclusions regarding the effects of remaining oxides after sintering on mechanical 
properties of the Cr-alloyed PM steels are not straightforward from the performed 
research work. Oxides in Astaloy CrM (without C) are shown to be detrimental for the 
mechanical performance (Paper I), but in real applications carbon is practically always 
added. Increased sintering temperature gives enhanced mechanical properties for the 
steels containing carbon (Paper I and Paper II), which partly should be an effect of more 
effective oxide reduction.      
 
 



 - 25 -

4.2 Nitrogen uptake  
Research work on nitrogen uptake during sintering of Cr-alloyed steel powder is 
presented in Paper III. Influence of carbon content (0-0.45 wt-%) and density (7.0-7.2 
g/cm3) of powder compacts, based on the powder grade Astaloy CrM, on the nitrogen 
uptake process was investigated. Sintering of the test specimens was done at 1120°C for 
30 minutes in N2/H2 (90/10) atmosphere and two different cooling rates (0.75°C/s & 
0.05°C/s) were applied after sintering. 
 
Nitrogen uptake by the steel is greatly influenced by the applied cooling rate after 
sintering, which is illustrated by the results shown in Figure 11. The nitrogen content of 
the sintered materials is 0.06 wt-% after cooling at 0.75°C/s and considerably higher 
(0.10-0.13 wt-%) after slower cooling at 0.05°C/s. Hence, noticeable amounts of 
nitrogen are taken up during the cooling phase of the sintering process if the cooling 
rate is very low. The results in Figure 11 also demonstrate that neither carbon content 
nor density of the PM compact has any significant influence on the nitrogen uptake, for 
the studied parameter intervals and the specimen geometry used. 
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Figure 11. Nitrogen contents in test bars based on Astaloy CrM after sintering at 
1120°C for 30 min in N2/H2 (90/10) with pO2 < 10-18 atm. Cooling rates were 0.05°C/s 
(SC) and 0.75°C/s (MC). Nitrogen content of the powder was <0.01 wt-% before 
sintering. Graph is taken from Paper III. 
 
The amount of nitrogen picked up by the Cr-alloyed powder material from the N2-based  
atmosphere during the sintering process, when a conventional cooling rate such as 
0.75°C/s is applied, corresponds relatively well with what can be predicted from the N 
solubility in the material (see chapter 2.2.2). Consequently, the nitrogen uptake occurs 
at the sintering stage and at the beginning of the cooling stage. Moreover, no nitrides 
appear in the sintered material due to limited time for nitride precipitation during 
cooling, and no negative effects of nitrogen uptake on the mechanical properties of the 
PM steel are observed. 
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The relatively large amounts of nitrogen transferred from the N2-based atmosphere to 
the Cr-alloyed powder material during the sintering process, when a very low cooling 
rate such as 0.05°C/s is applied, give rise to grain boundary precipitates of chromium 
nitrides (CrN) in the sintered material. Accordingly, there is sufficient time during 
cooling for precipitation and growth of the thermodynamically stable phase CrN (see 
chapter 2.2.3). These nitride precipitates are suspected to contribute to deteriorated 
mechanical properties of the PM steel. However, such problems should not be 
encountered in conventional sintering furnaces used for industrial production of PM 
steel parts, since the applied cooling rates normally are high enough to avoid 
detrimental nitride formation in the Cr-alloyed material.    
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5. Future work 
 
 
The performed research work on oxide reduction in sintering of Cr-alloyed steel powder 
primarily demonstrates how the sintering temperature and the purity of the protective 
atmosphere affect the overall reduction process. In order the gain better knowledge on 
the reduction mechanisms involved, studies of reduction reactions occurring when 
heating Cr-alloyed powder materials are recommended. Such studies can preferably 
comprise a combination of reduction experiments and analysis of structure and 
composition of the surface oxides on the powder. 
 
As described earlier (chapter 2.1.3), a factor that is important for the oxide reduction 
process during sintering is the porosity level of the pressed powder compact. The trend 
is towards higher densities in PM steel components in order to reach better mechanical 
performance. However, this means that oxide reduction during sintering becomes more 
difficult, since there is limited communicating porosity at high densities (>7.3 g/cm3).   
Consequently, influence of density/porosity of PM components on oxide reduction in 
sintering of Cr-alloyed materials would be of interest to study.  
 
It is concluded from the performed research work that nitrogen transfer from N2 based 
protective atmospheres to Cr-alloyed materials during sintering has no negative effect 
on the properties of the PM steel. Thereby, further studies on nitrogen uptake in 
sintering of Cr-alloyed steel powder are considered to be of minor interest. 
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