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AABBSSTTRRAACCTT  
 

In this study, pre-alloyed water atomized powder with the following nominal 
composition Fe- 1.5 wt.% Cr- 0.2 wt.% Mo is sintered and further investigated. The aim of 
this work is to evaluate the effect of the composition of the protective atmosphere on both 
inter-particle neck development and surface products during sintering. 

Sintering of specimens is carried out in two different atmospheres: pure N2 and a 
mixture of 90%N2-10%H2, as well as in vacuum. The selected sintering temperatures, from 
700ºC to 1120ºC, and holding periods of 1 min for each relevant temperature and 30 min for 
the last one, remain the same in the three atmospheres. Impact test is performed in all 
specimens in order to produce fracture surfaces that are examined under optical 
microscope and high resolution Scanning Electron Microscopy (SEM) combined with Energy 
Dispersive X-ray (EDX) analysis. 

At low temperatures, it is found that powder particles surface is characterized as a 
mixture of a Fe-oxide layer and particulate features (<0.5µm) rich in stable oxides forming 
elements such us chromium, manganese and silicon. Samples are more oxidized according 
to the appearance of the fracture surfaces but also to the performed oxygen analysis when 
compared to higher temperatures. Increasing temperature enhances sinter neck 
development in the places where contacts were created during compaction; however, 
previous reduction of the surface oxide layer is needed. Regarding inclusions evolution, 
higher amount and more irregular particulate features up to 1µm are found inside dimples 
of neck regions with increasing temperature during the heating stage.  

After sintering, cleavage and inter- and trans-particle dimple ductile fracture are the 
failure mechanisms observed for all specimens. Specimen purity improves, but fine 
spherical inclusions and coalescence of point oxides forming complex shaped agglomerates 
are observed inside the dimples for all atmospheres.  

Regarding inter-particle neck development, advantages of sintering in N2H2 and 
vacuum is registered during this work. 
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11..  TTHHEEOORRIITTIICCAALL  BBAACCKKGGRROOUUNNDD    

11..11..  TTHHEE  PPOOWWDDEERR  MMEETTAALLLLUURRGGYY  IINNDDUUSSTTRRYY  

11..11..11..  IInnttrroodduuccttiioonn  ttoo  PPMM  

Powder metallurgy (PM) is a manufacturing process that offers significant technological, 
ecological and economical advantages over other metalworking technologies. Powder 
Metallurgy is defined as a method of manufacturing engineering components from powders 
(1). A high quality product is effectively manufactured with low relative energy consumption 
and better raw material utilization, which results in a cost effective process (1). 

The common operations involved in the powder metallurgy process are sketched in the 
following figure: 

 

Figure 1.1. Operations involved in the powder metallurgy steps (from (2)) 

  

Typically, powder metallurgy consists of three majors basic operations: 

 Powder manufacturing 
 Forming 
 Sintering 
 
During the first phase, powder particles are manufactured by different methods. In turn, 

powder is mixed with other materials such as graphite and lubricants in order to prepare the 
mixture for the compaction stage (1). During compaction, pressure is applied to the powder 
mass in order to increase adhesion between particles and obtain the compact. 
Consequently, several properties may change such as porosity or density of the material. 
During sintering, the compact is subjected to high temperatures in the presence of 
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protective atmospheres. This final step provides the strength to the material. Finally, 
optional secondary operations (e.g. heat treatment and hot isostatic pressing) can be also 
applied in order to obtain the required properties in the finished part (3; 4). 

11..11..22..  BBeenneeffiittss  ooff  PPMM  

There are some important factors that contribute to the successful development of 
Powder Metallurgy. Some of the advantages of PM are listed below: 

 manufacture of complex shaped products 
 components with good dimensional stability and good surface finish 
 achievement of unique alloy compositions and microstructures that are impossible 

to obtain by other fabrication methods 
 better raw material utilization and lower energy requirements per finished part  
 
Additionally, PM results in a more cost effective method compared with conventional 

metal forming techniques such as casting or forging (1; 2). 

 

11..22..  TTHHEE  PPOOWWDDEERR  MMAANNUUFFAACCTTUURRIINNGG  PPRROOCCEESSSS  

The powder manufacturing process includes several advanced powder fabrication 
methods that are classified into the following four categories: 

 mechanical technique 
 chemical technique 
 electrolytic  technique 
 liquid metal atomization 

  Each fabrication technique results in powders with widely different properties, which 
makes the powders suitable for various applications. Furthermore, to enhance this effect, 
metal powders are usually produced by different combinations of these processes (5). 

The selection of the fabrication method depends on the specific material features as 
well as on economic advantages (1). However, atomization has become the prevailing 
metal powder manufacturing technique for high volume powder production (6). 

11..22..11..  AAttoommiizzaattiioonn  tteecchhnniiqquueess  

Atomization has played a deciding role within the development and growth of the 
powder metallurgy industry, and as a result, it has a privileged position among other 
powder fabrication methods (6). Atomization involves the rapid formation of powder from 
molten metal using a spray of droplets. Both elemental and pre-alloyed powders are formed 
by atomization. It is widely applied due to the flexibility of the method concerning alloys 
and the easy process control (1). 

The basic types of atomization processes include: 
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 Centrifugal atomization 
 Gas atomization 
 Oil atomization 
 Water atomization 

Atomization process sets the characteristics of the initial powder: the size and shape, 
internal microstructure, chemical composition and surface condition of every powder 
particle influence the subsequent compaction and sintering processes (7).  

WWAATTEERR  AATTOOMMIIZZAATTIIOONN  

Water atomization is the most common technique for high volume production of steel 
powder at low cost. It is used to produce elemental and alloyed powders from metals which 

melt below approximately 1600 °C (1; 8). Water 
atomization, as shown in Figure 1.2, is a process in 
which a molten metal stream is disintegrated by 
high-pressure water jets into droplets that rapidly 
solidify into powder particles. The water that 
forces disintegration and rapid solidification can 
be directed by a single jet, multiple jets or an 
angular ring (1; 9). 

Compared to gas atomization, an advantage 
of water atomized powder, besides low cost 
production, is the irregular and rough shape of 
the powder particle due to its rapid cooling (1). 
This feature increases compressibility of the 
powder and ensures good green strength after 
compaction. Moreover, chemical segregation 
within the powder particle is limited because of 

the rapid solidification (1). However, the main limitation of water atomization is the low 
powder purity. Reactions between metal surface and the generated water vapor and 
reactions kinetics influence the oxygen content, which results in an inevitable oxide layer (8; 
9). In order to remove the formed oxides, the atomized powder undergoes an annealing 
process; but, as some studies (8) have shown, a thin oxide layer still exists on the powder 
particles surface after the annealing. 

Water atomization is mainly controlled by water pressure since higher water pressure 
involves higher water velocities and smaller particle size (1). Studies (8), on the basis of 
previous researches, show that the oxide thickness increases with increasing particle size. 

  

Figure 1.2. Stages of water atomization    
(from (6)) 
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11..22..22..  AAllllooyyiinngg  mmeetthhooddss  uusseedd  iinn  PPMM  

The addition of alloying elements into the powder may lead to improvements of the 
properties of the final product. Several techniques are used to introduce alloying elements 
into a metal matrix. Depending on the allowing process, steel powders can be divided into 
(10):  

 pre-alloyed powders  
 admixed powders 
 diffusion alloyed 
 hybrid  
 coated particles 
 
The pre-alloying technique presents some advantages compared to the other methods 

since the alloying elements are added in the molten state. Thus, the final powder has a 
homogenous microstructure and remains stable during sintering (8). The other techniques 
of alloying result in more heterogeneous microstructures, which may lead to problems due 
to, for instance, the variations in the hardness of the different phases (10).  

 

11..33..  MMIIXXIINNGG  

Atomized powder particles are often mixed with lubricants in order to improve their 
performance during the compaction process (1). Therefore, the added pressing agents 
(lubricants, binding and plasticizing agents) reduce friction between the powder particles 
and the die wall, and also between the powder particles themselves while pressing (4). Since 
lubricants properties have been improved, lower quantities of pressing agents are required 
and adverse effects on the powder particles can be avoided. However, lubricants must be 
removed before the sintering process takes place in order to achieve the required contacts 
between powder particles during the subsequent stages (4). 

Graphite additions are also required during sintering (11). The graphite is added to the 
compact during mixing in order to help in the oxide reduction and give the desired 
properties to the material (4).  

 

11..44..  CCOOMMPPAACCTTIIOONN  MMEETTHHOODD  

Although there are several processes for the powder compaction prior to sintering, only 
some of them are used on commercial scale due to the lack of automation and other 
productivity limitations. Among these methods, die casting is commonly used during the 
pressing of metal powders (4). By far, the largest number of powders is compacted in rigid 
dies by mechanical o hydraulic presses (7). After filling the die, the particles rotate and 
reposition themselves; hence some contacts between particles (point contacts) are formed. 
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As pressure is applied, plastic deformation leads to the increase of particle contacts and 
finally to their adhesion. Density and porosity change during compaction, as pressure 
increases, density increases as well and consequently porosity decreases due to the 
formation of the new contacts and the collapse of the voids between particles (1; 4). 

A trend in current PM development is to explore ways of obtaining higher final density, 
which enhance the mechanical properties of the finished material. Some researchers (8) 
state that it can be carried out by increasing green density while compacting, since there is a 
range of pressures that may be applied without losing the interconnected nature of porosity 
which plays an important role for the effect of the atmosphere during sintering (7).  

 

11..55..  SSIINNTTEERRIINNGG  

11..55..11..  OOvveerrvviieeww  ooff  ssiinntteerriinngg  ooppeerraattiioonnss  

Sintering is the thermal treatment that bonds particles together in order to improve 
many properties of the compact such as strength and hardness, while the compact shape is 
preserved (1).  

However, as some research (11) point out, sintering is irreversible, so once defects are 
formed, they persist.  Thus, it is critical to PM to control the processing parameters during 
the sintering cycle, e.g. atmosphere composition and purity, sintering temperature and 
time, heating rate (12). 

11..55..22..  TThhee  ssoolliidd--ssttaattee  ssiinntteerriinngg  pprroocceessss  aanndd  mmeecchhaanniissmmss  

With compaction, initial point contacts between adjacent powder particles occur, 
consequently, sintering involves the densification of the obtained green body and the 
adoption of the desired properties (4). During the process, the bonding of particles is carried 
out at temperatures below the melting point of the main constituents by atom diffusion, 
and consequently, cohesive necks grow at the particle contacts (11). 

The most important phenomena occurring during sintering are listed below (13; 14): 

 reduction of oxide layer covering the powder particles 
 contact growth between particles 
 pores become more spherical and porosity changes from open to closed  
 grain growth 
 
Sintering is driven by atomic-level events that involve a minimization of the free surface 

energy of the initial grains. Hence, sintering process includes two related concepts: surface 
energy and atomic diffusion (11).  
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Typically, surface energy is assessed by the surface area, since surface energy per unit 
volume depends on the inverse of the particle diameter. Thus, smaller particles have high 
surface areas and more energy per unit volume, which promotes faster sintering (11).  

However, neck growth during sintering depends on transport mechanisms, which are 
mainly diffusion processes over the surfaces and along the grain boundaries (1). Atomic 
motion takes place by atoms that have equal or above activation energy to move into a 
vacant site. The population of vacant atomic sites and the number of atoms suitable to fill 
those voids varies with the Arrhenius temperature relation, 

푁
푁 = exp −E

RT      eq.1  

where 푁 푁  is the ratio of available sites or suitable atoms to total atoms, Q is the 

appropriate activation energy, R is the gas constant an T is the absolute temperature. Thus, 
sintering is faster at higher temperatures, because of the increased number of suitable 
atoms and available sites (1).  

There are two mathematical ways of measuring sintering. The first one consists of 
gauging the loss of surface area in order to get a degree of the process. Another measure is 
the relative neck size ratio X/D, defined as the neck diameter divided by the particle 
diameter, and which is illustrated in Figure 1.3 (1; 11). 

 

Figure 1.3. Sintering of two spherical particles (from (13)) 

During solid-state sintering, bonding of adjacent particles is performed (sinter neck 
formation), and with extended heating, pore-rounding and pore shrinkage is performed. 
The bonds reduce the free surface energy of the particle agglomerate and eliminate grain 
boundary area via grain growth (1).   

Neck growth between particles requires mass transport from the inside to the contact 
between particles, as well as pore-rounding and pore shrinkage require mass transport from 
the dense volume or sharper areas to the pore surface (1; 11). The candidate mass transport 
mechanism includes surface diffusion, grain boundary diffusion, volume diffusion, viscous 
or plastic flow, and vapor transport from solid surfaces. The first two transport mechanisms 
are strongly sensitive to particle size, while the rest of them are less dependent (11; 12). 
Figure 1.4 illustrates the mass transport paths for the different mechanisms mentioned 
above. 
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Figure 1.4. Mass transport mechanism during sintering (from (15)) 

11..55..33..  SSiinntteerriinngg  ppaarraammeetteerrss  

There are several factors that must be taken into account during sintering:  

 choice and control of sintering temperature and time 
The higher the sintering temperature, the shorter is the time required to obtain the 

desired bonding between the neighboring powder particles. Higher sintering temperatures 
involve higher energy costs and higher maintenance costs of the furnace (4; 12). 

 size and shape of the powder particles 
Smaller particle size, more irregular particle shape and rougher particle surfaces result 

in higher sinterability of the compact and better green strength; however, adsorption of 
atmospheric gases and water vapor increase, which leads to oxides formation on the 
particle surfaces (6). 

 
 composition of the powder 
The components of the powder affect the final physical properties of the material and 

control dimensional changes during sintering (12). 

 density of the compact 
Density is the most important parameter involved in the study of sintering. The higher 

the density of the compact, the larger is the contact area between powder particles, which 
leads to more efficient sintering; however, an appropriate density must be achieved in order 
to allow the protective atmosphere to penetrate inside the compact (11; 12). 

 porosity of the compact 
There are two types of pores in sintered materials, open and closed. Open pores allow 

gases transport from the atmosphere in and out of the pores during sintering, while closed 
pores block this motion (11).  

Porosity is an inherent part of sintering, due to the fact that particles do not fill space 
efficiently. It is characterized by its size, shape, amount and distribution through the 
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compact. However, the initial features change during sintering performance. Initially, pores 
are irregular, and after sintering they collapse into more stable spherical shapes. As atomic 
diffusion takes place, pore size is reduced. Consequently, porosity tends to decrease during 
sintering, which leads to the fact that pore system is altered from interconnected to closed 
(9; 11). 

 
 sintering shrinkage 
In some cases, sintered compacts undergo a change in their dimensions. There is 

considerable concern in controlling such shrinkage in order to obtain the desired final 
dimensions (11). 

 composition and purity of the protective atmosphere in the sintering furnace 
The use of protective atmosphere inside the furnace prevents from oxidation problems 

that arise during the sintering process (1). It performs two main functions. First, the 
atmosphere provides protection from surface oxidation and partly removes the existing 
oxidation layer covering powder particles. Additionally, it helps with the surface 
contaminants extraction and lubricants burnout as well as it protects the powder from 
either decarburization of carbon-containing material or carburization of carbon-free 
material (11).  

Proper choice and control of the protective atmosphere ensures not only better 
connections between adjacent powder particles due to oxide reduction, but also, an 
achievement of unique and optimal product features (12; 16).  

 
 type of sintering furnace 
The furnace plays a determinant role during sintering due to the fact that it contains the 

protective atmosphere and performs the heat treatment. It provides a proper control of the 
heat process and the cooling pathway. Besides, it provides for removal of the lubricants and 
binders, as well as, it controls the time-temperature path in the sintering cycle (1; 4; 12).  

11..55..44..  SSttaaggeess  ooff  tthhee  ssoolliidd--ssttaattee  ssiinntteerriinngg  

The sintering stages represent different powder compact transformations, which 
depend on the conditions at which sintering is initiated (density, porosity). Stages are 
settled by the operating temperature; hence, sintering consists of a first non-isothermal 
heating to sintering temperature, followed by an isothermal heating at sintering 
temperature, and a fast cooling to room temperature (4). A scheme of this process is 
illustrated by Figure 1.5: 
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Figure 1.5. Scheme of the sintering process 

The initial heating stage is characterized by the rapid growth of the sinter bonds and 
neck formation. Further, surface diffusion is the prevailing transport mechanism at this first 
stage (11).  

After the initial stage, grain boundary and pore configuration control the degree of 
sintering. The intermediate stage determines the properties of the sintered compact, since 
it increases densification (1). It is driven by the elimination of the remaining surface energy 
and characterized by cylindrical pore-interconnection and grain growth. Neck formation 
was the focus of the first stage; however, in the intermediate state the pore structure 
surrounding becomes more important (11). The cylindrical pore network becomes unstable 
at a porosity of approximately 8% (11) and it breaks up into spherical pores. Typically, these 
pores remain located at the grain boundaries interjections. As either the pores combine 
together or porosity decreases, grain growth takes place in the latter portion of the stage.  
This can be accompanied by the problematic pore isolation (11). Concerning mass transport 
mechanisms, volume and grain boundary diffusion characterize the intermediate stage and 
perform densification of the compact. Pores located on grain boundaries disappear more 
rapidly since grain boundaries rapidly remove small pores or coarse large ones. Additionally, 
surface transport remains active during this stage, but it does not contribute to 
densification or shrinkage (1; 12). 

With continued heating, in the final stage, pores become spherical and closed, and grain 
growth is evident. If pore size/grain size ratio is small, faster pore shrinkage and higher pore 
mobility takes place, allowing the pores to remain attached to the grain boundaries. (1; 11; 
17; 12). An example of the sintering evolution is given in Figure 1.6: 

 

Figure 1.6. Sintering stages showing pore structure development 
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PPOORREE--GGRRAAIINN  BBOOUUNNDDAARRYY  EEVVOOLLUUTTIIOONN  DDUURRIINNGG  SSIINNTTEERRIINNGG  

Pore migration and grain boundary mobility are critical during sintering. In the final 
stage of sintering, pores remain attached to grain boundaries, which in turn retards grain 
growth. As temperature increases, the two pore-boundary configurations illustrated in 
Figure 1.7 can be achieved. On the one hand, pores are dragged and eliminated by the grain 
boundary motion causing grain growth and densification. On the other hand, grain growth 
can increase to a point where grain boundaries break away from the pores and pores remain 
inside the grains. This separation must be avoided in order to achieve high sintered 
densities (11). 

 

Figure 1.7. Two different pore-boundary configurations during sintering. a) represents a densified material 
and pores occupied sites on the grain edges; while in b), isolated pores are associated with a nondensified 

material (from (11)) 

11..55..55..  SSiinntteerriinngg  aattmmoosspphheerreess  

The use of protective atmospheres influences sinter bonding and ensures specific 
properties of the compact. Gases of different compositions are used as atmospheres; 
moreover sintering can also take place in vacuum (11; 12). 

 The main roles of the protective atmosphere are listed below (11): 

 Burn out lubricants and binders 
 Avoid further oxidation in the compact 
 Reduce remaining oxidation from the previous process 
 Control of carbon loss and obtain the desired carbon level in the final product 
 Prevent  oxidation while cooling 
 
The election of the gas determines the possible reactions between the gas and the 

material during sintering (11). Due to the porosity of the compact, the atmosphere 
penetrates it and reacts with the material. As temperature increases, porosity switches from 
open to closed, and the accessibility for the sintering atmosphere inside the compact is 
lowered. Thus, changes within the particles, concerning transport of the reducing gas and 
the formed reduction products, are less likely to occur (8). 

As indicated before, the composition and purity of the protective atmosphere may 
change during sintering and as temperature increases thermochemical reactions may occur 
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(4).Typically, one way of evaluating these changes is by dew-point analyzers. The dew point 
is a measure of the amount of water vapor in the atmosphere. It is a common measure of 
the purity of the atmosphere and along with temperature and content of other gases (CO, 
CO2, etc) indicates the atmosphere reduction potential. Oxide reduction occurs easier with 
lower dew points as temperature increases (11).  

There are five types of atmospheres used in sintering: pure gases, dissociated-amonia, 
burnt hydrocarbons, oxidizing atmospheres and vacuum. 

PPUURREE  GGAASSEESS    

Hydrogen (H2) is the most common atmosphere employed due to its high reducing 
character (11). As it becomes easily explosive when combined with air, some safety 
concerns are needed in order to avoid ignition. Moreover, the presence of moisture lowers 
the ability of reducing oxides and enhances decarburization reactions in the presence of iron 
materials (4). 

Besides, nitrogen (N2) is also implemented as a cheap and explosion-safe gas (4). It is a 
neutral atmosphere in most situations, except where nitrides can be formed.  Thus, it is 
employed with metals such as iron and copper, but its use must be avoided in the case of 
titanium or tantalum (4; 17). 

Hydrogen and nitrogen form non-explosive gas mixtures that are suitable for sintering 
any iron alloy. Nitrogen is the main constituent, typically varying between 75 and 95%, since 
hydrogen content depends on the type and composition of the alloy (11). As a disadvantage 
of this atmosphere, oxides tend to be reduced by the hydrogen and form water vapor, 
which leads to the undesirable decarburization and re-oxidation of the compound (4; 17). 

VVAACCUUUUMM  

Sintering in vacuum provides clean and nonreactive atmosphere under controlled 
conditions. It avoids metal oxidation and impurities entering the furnace area. During 
sintering process, evolved vapors are extracted from the vacuum chamber using different 
pumps (4). However, it is a slow process, and even if most materials can be sintered under 
vacuum, it is only preferred in cases involving highly reactive materials with oxygen, 
hydrogen and moisture (titanium or tantalum), high-temperature materials (tools steels) 
and corrosion-resistance materials (stainless steels) (11). 

Although vacuum sintering is considered neutral, some reactions may take place. The 
combination of a low oxygen partial pressure and the continuous extraction of vapors lead 
to oxide reduction of many compounds. Moreover, added graphite during mixing reacts 
with the residual oxygen in the sintered compact and form a low partial pressure of carbon 
monoxide. (4; 11). Thus, graphite helps in the reduction of oxides, after which necks are 
developed (18). 
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11..55..66..  SSiinntteerriinngg  ffuurrnnaacceess  

The sintering furnace ensures sintering conditions that provide the desired densification 
of the compact. It controls the time-temperature path while containing the selected 
protective atmosphere. Additionally, the furnace removes the added lubricants before the 
isothermal sintering temperature is reached in order to avoid atmosphere contaminations.  

Some important factors that influence the furnace selection are listed below: 

 temperature 
 cycle time 
 protective atmosphere 
 throughput 
 accuracy to which temperature and time must be maintained 
 
Sintering may be carried out in two different furnaces types: a batch or a continuous 

furnace. The difference between both types depends on control of either the furnace 
temperature or the compact position versus time, respectively. The main advantage of the 
batch mode is its flexibility, although it has lower productivities. Further, vacuum sintering 
is only possible in a batch furnace (4; 11).  

11..55..77..  OOxxiiddee  mmoorrpphhoollooggyy  

During the fabrication of the powder, oxidation takes place due to reactions between 
metallic elements and oxygen. These oxides are located on the powder surface as 
particulate features and as a thin oxide layer covering powder particles, or inside the 
powder particles as internal oxides (19). Special consideration must be taken if the material 
contains strong oxide forming elements such as Cr, Mn and Si due to the fact that these 
elements form thermodynamically stable oxides (20). Several studies (8; 9; 19; 20) prove 
that powder particles are covered by a heterogeneous oxide layer that consists of a 
homogeneous Fe-oxide layer with 6-7 nm thickness and particulate features sized up to 
0.5µm rich in more stable oxides (Cr, Mn and Si). Some internal inclusions below 0.5µm are 
also present inside the powder particles (9; 20). 

H. Karlsson et al. (21) have reported that surface oxides will inhibit the formation of 
metallic bonding between particles during sintering and contribute to residual oxide 
inclusions in the final material. Consequently, mechanical and chemical properties of the 
final sintered product may be strongly affected (8).  

11..55..88..  SSuurrffaaccee  ooxxiiddee  ttrraannssffoorrmmaattiioonn  

During sintering, the total oxygen content is significantly reduced (22).  Previous studies 
(20) show that the thermodynamically unstable Fe-rich oxide layer is reduced at an early 
stage, below the final sintering temperature, while the reduction of the stable particulate 
features is more effective at higher temperatures. These changes allow point contacts to 
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develop, which leads to neck growth, even if complete oxide reduction has still not been 
achieved (9; 20). 

With increasing temperature, neck development is enhanced as well as interconnected 
porosity decreases. Closed porosity limits the accessibility of the atmosphere in the 
compact, and as a result, leads to differences in the chemical events on the external surface 
of the compact compared to the inner part (9).  Additionally, at high sintering temperatures, 
the oxygen released is consumed by strong oxides formers (Cr, Mn and Si) and growth of 
stable oxides may occur (22). 

RREEAACCTTIIOONNSS  DDUURRIINNGG  SSIINNTTEERRIINNGG    

As already mentioned the partial reduction of the surface oxide is needed for sinter neck 
formation (9). The reactions occurring during the sintering are an important aspect of 
efficient and successful process. The principles governing these phenomena as indicated by 
Karlsson et al. (9) are: 

 Thermodynamic considerations of reactions involving the sintering atmosphere (H2 
and O2) and the powder compact 

 Thermodynamics aspects of carbothermal reactions and other reactions involving C 
 Mass transfer of oxidized species from the interior of the powder particle to the 

surface during the sintering process 
 

TTHHEERRMMOODDYYNNAAMMIICCAALL  CCOONNSSIIDDEERRAATTIIOONNSS  DDUURRIINNGG  SSIINNTTEERRIINNGG  

Oxidation-reduction  

Due to the interaction with the sintering atmosphere, the following oxidation and 
reduction reactions may take place: 

푚푒푡푎푙 + 푂 → 표푥푖푑푒      eq.2  

표푥푖푑푒 + 2퐻 → 푚푒푡푎푙 + 2퐻 푂     eq. 3 

The change of free energy during the oxidation of a metal in a gaseous medium is: 

∆퐺 = −푅푇푙푛 퐾      eq.4 

where R is the gas constant, T is the absolute temperature and K is the equilibrium 
constant. 

The equilibrium constant K varies depending on the type of reaction as follows: 

for the oxidation of a metal: 

퐾 =
∙

      eq.5 



Chalmers University of Technology Department of Materials and Manufacturing Technology 

  22 
 

for the reduction of an oxide: 

퐾 = ∙
∙

     eq.6 

where 푎 , 푎 are the activities of the pure metal and of the oxide respectively 
(12). 

The free energy for such reactions can be determined from charts such as shown in the 
following figures. They represent the oxidation-reduction equilibrium for different metals in 
oxygen and in hydrogen, respectively. At any temperature, reduction occurs when either 
the oxygen(Figure 1. 8) or the water vapor partial pressure (Figure 1.9) is kept below the 
curve, while oxidation occurs when it is above. Additionally, these charts also show 
differences in the oxidation-reduction process between metals. For instance, ferrous oxides 
are easier reduced than chromium oxides, as well as atmospheres that remains reducing for 
iron, are oxidizing for chromium (1; 11). 

However, a standard measure of the affinity of different metals to oxygen is the Ellingham-
Richardson diagram. The further down in the diagram the ∆퐺 line of the metal is situated, 
the higher is its tendency to be oxidized (12).  

Carbothermal reactions 

Carbon plays two roles when admixed to powder particles (9): 

 reduces the surface oxide layer between adjacent particles 
 is incorporated as an alloying element in the ferrous matrix  
 
Oxide reduction may be enhanced in two ways, by either with direct carbothermal 

reaction with graphite according to equation (eq. 7) or indirect carbothermal reduction by 
CO according to equation (eq. 8) (19): 

표푥푖푑푒 + 2퐶 → 푚푒푡푎푙 + 2퐶푂     eq.7 

Figure 1. 8. Equilibrium conditions between 
metals and their oxides in terms of oxygen partial 

pressure versus temperature (from (11)) 

Figure 1.9. Equilibrium conditions between metals and 
their oxides in terms of water vapor partial pressure 

versus temperature (from (1)) 
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표푥푖푑푒 + 2퐶푂 → 푚푒푡푎푙 + 2퐶푂      eq.8 

The direct carbothermal reaction (eq. 7) produces carbon monoxide, which reduces the 
existing oxides (direct carbothermal reaction) by the production of carbon dioxide (eq.8) (9). 
Additionally, research on reactions occurring during sintering (23) state that lower oxygen 
levels after the process are clearly related to the carbon loss. Carbon and oxygen interact to 
produce CO and CO2 gas mixtures, which provoke decarburization in the material. 
Decarburization preferably occurs at the specimen surface and it is particularly pronounced 
during high temperatures (19). CO and CO2 formation is controlled by the Boudouard´s 
reaction at every temperature according to equation (eq. 9) until the graphite is finished or 
the matrix is saturated: 

퐶푂 + 퐶 → 2퐶푂      eq.9 

The Boudouard´s equilibrium shows which gas is more favorable to occur. According to 
the Ellingham diagram, the formation energy of CO2 by oxidation of carbon (퐶 + 푂 → 퐶푂 ) 
remains constant at every temperature range, while the formation energy of CO (2퐶 +
푂 → 2퐶푂) becomes more negative with the temperature. Thus, it implies that carbon 
monoxide is more favorable to occur at higher temperatures, while carbon dioxide is the 
favorable product at lower temperatures (24; 25). 

As carbon assisted reduction becomes more effective at higher temperatures compared 
to other reducing agents such as H2, the indirect reduction through CO is the dominating 
mechanism. According to equation (eq. 9) CO/CO2 gas mixtures are formed during 
carbothermal reduction and become more reducing with higher levels of as the CO in the 
mixture (19). The equilibrium constant of this indirect carbothermal reaction is given by (9): 

퐾 = ∙
∙

      eq.10 

where the partial pressure of CO becomes the critical parameter. H. Karlsson (9) has 
reported that reduction takes place under certain CO partial pressures conditions: if 
푃 < 푃 ,  reduction occurs, otherwise oxidation takes place.  

It must be pointed out that carbothermal reductions of Cr, Mn and Si-oxides need much 
higher temperatures than that of Fe-oxides, since they form more stable oxides (9). As 
temperature increases, CO/CO2 gas mixtures become more reducing and provide the mass 
transport mechanism for transferring carbon to the surface oxides (9; 18). 

Several papers (9; 23; 18) conclude that permeability of sintered atmosphere may have 
considerable impact on oxide reduction. Due to compaction and subsequent sintering, 
densification of the compact is achieved and accessibility of the sintering atmosphere inside 
the material is restricted. In turn, formed oxides remain located inside inter-particle necks, 
which leads to lower mechanical properties (16). P. Ortiz and F. Castro (18) state that 
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graphite additions are required in order to achieve the complete deoxidation of the 
material. 

 

11..66..  FFRRAACCTTUURREE  MMEECCHHAANNIISSMMSS  

Porosity strongly influences the fracture mechanism since it is the main source of cracks 
and failures. Materials which exhibit high density have also high impact energy. Therefore, 
fracture modes of sintered steels depend on the density and the microstructure of the 
material. N. Candela et al. (26) assert that brittle fracture occurs with more densified 
samples, while ductile fracture takes place in less densified ones. 

Typically, fracture in alloyed steels can occur through the grains, which is called as 
trans-granular fracture, or mainly along the grain boundaries, inter-granular fracture. 

The principal fracture modes are listed below:  

 Dimple rupture or ductile dimple 
 Cleavage 
 Fatigue 
 Decohesion rupture  

 

11..77..  MMAATTEERRIIAALLSS  

Different alloying elements are added to the matrix in order to improve sintering 
behavior and structural properties of the sintered material. Strength, hardenability, 
corrosion, oxidation and wear resistance may be modified since every alloy element gives 
unique characteristics to the steel. Due to the large specific area of PM materials, powders 
become more reactive and some differences may arise when comparing them with the 
corresponding bulk material (9; 27). Thus, the PM materials selection depends on the 
application requirements and economics (6). 

11..77..11..  CChhaarraacctteerriissttiiccss  ooff  ddiiffffeerreenntt  aallllooyyiinngg  eelleemmeennttss  

Traditionally copper, phosphorous and nickel were used as the most common alloying 
elements besides the added carbon. Elements such as chromium and manganese have 
recently been applied in sintered steels (8; 27).  

Carbon 

Generally, carbon is added as graphite rather than as a pre-alloying element. It is the 
principal hardening element, as well as it enhances tensile strength and wear resistance 
whereas it reduces toughness. Moreover, carbon has a reducing effect during sintering (2; 
9).  
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Chromium 

Chromium is the most common alloying element. It increases the hardenability of the 
material, and it is widely used as an alloying element due to its relatively low cost and 
possibility to be recycled. The higher oxygen affinity of Cr must be taken into account since 
it is selectively oxidized during sintering, which leads to lower compressibility of the 
material (8; 27). A recent study (16) indicates that the oxygen affinity can be lowered by 
introducing chromium in the pre-alloyed state. 

Molybdenum 

Molybdenum is mostly applied in low percentages as an additive to Cr pre-alloyed 
powders because of its higher price. As chromium, it increases hardenability of the material. 
When dissolved in iron, Mo does not affect powder compressibility and allows full 
compaction of pre-alloyed powders. Furthermore, Mo presents high affinity to carbon 
which improves strength at higher temperatures (2; 9; 27). 

Manganese 

Manganese is one of the cheapest alloy elements currently being applied. It increases 
tensile strength, hardenability, wear resistance and increases the rate of carbon penetration 
in carburizing (9; 27). However, due to the fact that it degrades compressibility of the 
material, manganese is only commonly used below 0.5% of the final composition in pre-
alloyed powders (17). Manganese is also a strong oxide former, which requires rigorous 
atmosphere control or higher temperatures during sintering (27). 
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22..  EEXXPPEERRIIMMEENNTTAALL  PPRROOCCEEDDUURREE  
 

The experimental powder mixture consisting of water atomized powder (Fe- 1.5 wt.% 
Cr- 0.2 wt.% Mo) is provided by Höganäs AB, Sweden. The steel powder is pre-alloyed with 
the nominal composition shown in Table 2.a. 

Table 2.a.  Nominal chemical composition (wt.%) of investigated powder 

  Cr Mo C  O  Mn Si Fe  
wt(%)           1.5  0.2 <0.01  0.16  <0.1 <0.1 Bal. 

 

The powder is mixed with 0.5 wt.% graphite and 0.6 wt.% Kenolube as a lubricant prior 
to compaction. Then, the mixture is uniaxially compacted with 600 MPa into impact test 
bars (55 x 10 x 10 mm) with a green density of approximately 7g·cm-3. The samples are 
delubricated in the laboratory tube furnace in pure nitrogen at 450°C for 30 min with a flow 
rate of 1 2L min-1.  

Sintering is carried out in vacuum and in two different atmospheres: pure N2 and a 90% 
N2- 10% H2 mixture with a gas flow rate of 12 L min-1 in both atmospheres. For the three 
studied cases, specimens are sampled as soon as the relevant temperature was reached 
(700, 800, 900, 1000°C) except for the last case (1120°C), in which the sample was sintered 
for 30min. The heating rate was kept constant at 10K min-1 up to the maximum temperature 
for all sintering conditions. For pure N2 and N2H2 atmospheres, the dew-point is also 
measured. Table 2.b summarizes the sintering variables and the specimen denomination for 
each experimental configuration. After heating, fast cooling with pure nitrogen to room 
temperature is performed with a cooling rate of 3K s-1 for the two atmospheres, whereas for 
vacuum is kept around 1.7 K s-1. 

After sintering, an annealing process is carried out at 200°C for 1 h in pure nitrogen with 
low flow rate. 

Table 2.b. Sintering temperatures and times of investigated powder 

Temperature (°C) 700 800 900 1000 1120 1120 
Time (min) 1 1 1 1 1 30 
Specimen 
denomination 

N*700-1 N800-1 N900-1 N1000-1 N1120-1 N1120-30 

 NH*700-
1 

NH800-
1 

NH900-
1 

NH1000-
1 

NH1120-
1 

NH1120-
30 

  V*700-1 V800-1 V900-1 V1000-1 V1120-1 V1120-30 

*: N for specimens sintered in pure N2, NH for samples sintered in N2H2, and V for 
samples sintered in vacuum. 
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For the purpose of this study, impact test is performed for all specimens at Höganäs AB, 
Sweden.  Grinding the external surface of the samples is needed to obtain more accurate 
results during the performance of C-O analysis. Measurement of oxygen and carbon 
content is carried out in order to evaluate the phenomena that are taking place at each 
relevant temperature and check the consistency of the experiments. 

In turn, microstructural analysis and fractographic investigation are carried out in order 
to analyze the fracture surface (see Figure 2.2). The Leo Gemini 1550 Scanning Electron 
Microscope (SEM) shown in Figure 2.1 was used for fractographic investigations whereas 
quantitative elemental analysis is made with the Energy Dispersive X-ray (EDX) INCA 
analyzer connected to it. 

a 

 

b 

 
Figure 2.1. (a) Leo Gemini 1550 Scanning Electron Microscope used in the experiment and (b) appearance of 

the N2H2 and vacuum specimens sintered at 1120°C before the impact test 

For microstructural investigations samples are grinded and polished up to 1 µm with 
diamond paste. Samples are also etched with 2% nital for 700-1 and 800-1, and 2%  nital + 
2% picral etchant is used for higher sintering temperatures. Both non etched and etched 
samples are observed under the optical microscope.  

a

 

b

 
Figure 2.2. Fracture surface of (a) N2H2 and (b) vacuum at 1120°C 
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33..  RREESSUULLTTSS  

33..11..  DDEEWW--PPOOIINNTT  PPRROOFFIILLEE  DDUURRIINNGG  SSIINNTTEERRIINNGG    

In the present work, sintering was performed under two different atmospheres, pure 
nitrogen and N2H2, as well as in vacuum. Sintering temperature and time remain the same 
for the three investigated cases in order to be able to evaluate the effect of each condition 
in the sintering process. 

During sintering in pure N2 and N2H2, dew-point is measured in order to determine the 
purity of the atmosphere during the process. 

Figure 3.1 illustrates temperature and dew-point profile along time for sintering in pure 
N2. Dew-point values decrease up to -51.3°C, indicating high purity of the atmosphere 
during the process. However, two relevant peaks can be observed. At 200ºC, the dew-point 
is slightly increased due to desorption of the physically bounded water (moisture) present in 
the sample. The second peak (at 500ºC) is connected with desorption of the chemically 
bounded water. 

 

 

Figure 3.1. Temperature and dew-point vs. time for sintering in pure N2 

In the case of N2H2, dew-point values tend to decrease and reach -42.4°C at the end of 
sintering. Different peaks appear at the relevant sintering temperatures indicating possible 
presence of other gases while specimens are being sampled. The temperature and dew-
point profile along time for sintering in N2H2 is shown in Figure 3.2: 
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Figure 3.2. Temperature and dew-point vs. time for sintering in N2H2 
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33..22..  MMIICCRROOSSTTRRUUCCTTUURRAALL  AANNAALLYYSSIISS  

700-1 

Figure 3.3 shows the non-etched state of specimens heated up to 700°C in all 
atmospheres. Individual particles can be easily distinguished indicating presence of un-
reduced Fe-oxide layer in the three studied atmospheres. Individual oxides are randomly 
distributed inside the powder in all cases. 

a

 

b

 
c

 

 

Figure 3.3. Non- etched microstructures of specimens sintered in (a)N700-1, (b)NH700-1 and (c)V700-1 at 
1000x 

 

In Figure 3.4 the etched microstructures of sintered specimens at this temperature are 
presented. Inter-particle boundaries are clearly distinguished in the three sintering 
conditions and a homogeneous ferritic microstructure is also present in all cases. 
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a

 

b

 
c

 

 

Figure 3.4. Etched microstructures of specimens sintered in (a)N700-1, (b)NH700-1 and (c)V700-1 at 500x 
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800-1 

Non-etched microstructures of specimens 800-1 are illustrated by Figure 3.5. Thinner 
lines can be observed, which indicates a partial reduction of Fe-oxide layer in the three 
atmospheres at this temperature. Individual oxides show the same distribution inside the 
powder as at lower temperature. 

a

 

b

 
c

 

 

Figure 3.5. Non- etched microstructures of specimens sintered in (a)N800-1, (b)NH800-1 and (c)V800-1 at 
1000x 

At this temperature, pearlitic microstructure is firstly registered in the three cases, 
indicating that carbon has started to dissolve into the matrix. N2H2 specimen shows the 
highest portion of pearlite whereas sample sintered in pure N2 shows the lowest amount. 
See Figure 3.6. 

  



Chalmers University of Technology Department of Materials and Manufacturing Technology 

  34 
 

a

 

b

 
c

 

 

Figure 3.6. Etched microstructures of specimens sintered in (a)N800-1, (b)NH800-1 and (c)V800-1 at 500x 
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900-1 

Microstructures of specimens heated up to 900°C for 1 minute for all atmospheres in 
non-etched state are presented in Figure 3.7. Individual particles are less visible which shows 
a more efficient reduction of Fe-oxide layer in the three studied cases. 

a

 

b

 
c

 

 

Figure 3.7. Non- etched microstructures of specimens sintered in (a)N900-1, (b)NH900-1 and (c)V900-1 at 
500x 

At 900-1 and as shown Figure 3.8, a pearlitic/ferritic microstructure is present in all 
atmospheres. Higher amount of pearlite (~10%) in the three cases indicates better carbon 
dissolution.  
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Figure 3.8. Etched microstructure of specimen sintered in NH900-1 at 500x 

However, the observed microstructure varies close to the edges, since some steps of 
bainite can be also observed for N2 and N2H2 specimens. In the case of N2, a 
bainitic/ferritic microstructure is distinguished, where ferrite is the prevailing phase. N2H2 
specimen presents a fully bainitic microstructure, which indicates better carbon dissolution 
close to the surface for this atmosphere (see Figure 3.9). Since hydrogen is present in this 
atmosphere, Fe-oxide layer is reduced at low temperatures, which allows earlier carbon 
dissolution compared to the other sintering conditions. This effect is specially pronounced 
in the area close to the edges since this part is in direct contact with the protective 
atmosphere.  

a

 

b

 
Figure 3.9.Etched microstructure of specimen sintered in (a) N900-1 and (b) NH900-1 at 500x close to the 

edges 

In the case of vacuum, the microstructure close to the edges is made up of a mixture of 
ferrite and pearlite due to the lower cooling rate compared to the other atmospheres. 
Higher amount of pearlite (~40%) can be observed than in the inner part of the sample, 
although ferrite is the prevailing phase in both cases. See Figure 3.10. 
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a

 

b

 
Figure 3.10. Etched microstructure of specimen sintered in V900-1 (a) inner part and (b) close to the edges at 

500x 

  



Chalmers University of Technology Department of Materials and Manufacturing Technology 

  38 
 

1000-1 

Figure 3.11. presents the non-etched microstructure of specimens heated in all sintering 
conditions. Individual particles are more easily distinguished in the N2 specimen rather than 
in the other samples indicating higher presence of un-reduced Fe-oxide layer. 

a

 

b

 
c

 

 

Figure 3.11. Non- etched microstructures of specimens sintered in (a)N1000-1, (b)NH1000-1 and (c)V1000-1 
at 1000x 

As illustrated by Figure 3.12, the achieved contrast during the etching of the N2 
specimen is quite limited due to the versatility of the microstructure at this temperature, 
which in some cases makes it difficult to identify the present microstructure. However, a 
mixture of bainite and ferrite can be distinguished for the N2 atmosphere. N2H2 specimen 
shows a homogenously distributed bainitic microstructure either in the inner part of the 
sample or close to the edges. In the case of vacuum, a pearlitic/ferritic microstructure can be 
observed, due to lower cooling rate, where higher portion of pearlite is present than in 
specimens heated at lower temperatures. These differences are illustrated in Figure 3.12. 

  



Effect of the atmosphere composition on the sintering of pre-alloyed low Cr-Mo water atomized steel powder 

 

   39 
 

a

 

b

 
c

 

 

Figure 3.12. Etched microstructures of specimens sintered in (a)N1000-1, (b)NH1000-1 and (c)V1000-1 at 
500x 
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1120-1 

The presented non-etched microstructures of specimens heated up to 1120°C indicate 
that Fe-oxide layer has been completely removed. Pores are more rounded in comparison 
with previous specimens (see Figure 3.13). 

a

 

b

 
c

 

 

Figure 3.13. Non- etched microstructures of specimens sintered in (a)N1120-1, (b)NH1120-1 and (c)V1120-1 
at 500x 

After etching, N2 and N2H2 specimens show a martensitic/bainitic microstructure, 
where bainite is the prevailing phase in both cases. N2H2 sample presents higher portion of 
martensite compared to N2. Vacuum specimen indicates a pearlitic/ferritic microstructure 
where pearlite is the prevailing phase. Bainite is not present in this specimen since the 
applied cooling rate is lower than in the other atmospheres. See Figure 3.14. 
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a

 

b

 
c

 

 

Figure 3.14. Etched microstructures of specimens sintered in (a)N1120-1, (b)NH1120-1 and (c)V1120-1 at 
500x 
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1120-30 

After sintering for 30 min at 1120°C, the oxide layer is completely removed as well as 
pores have become more rounded compared to specimens sintered at lower temperatures, 
as shown in Figure 3.15. 

 

Figure 3.15. Non- etched microstructures of specimens sintered in V1120-30 at 1000x 

Etched state for the sintering conditions shows a homogenous microstructure that 
consists of martensite and bainite mixtures where bainite is prevailing in all cases (see 
Figure 3.16). For the N2H2 specimen, higher portion of martensite can be observed in 
comparison with the other sintering conditions due to differences in carbon content after 
sintering. In the case of vacuum, higher portion of bainite can be observed compared to the 
other atmospheres because of the lower cooling rate. 

a

 

b
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c

 

 

Figure 3.16. Etched microstructures of specimens sintered in (a)N1120-30, (b)NH1120-30 and (c)V1120-30 at 
500x 

Simulations with Jmat-Pro software have been performed in order to verify the 
obtained results during the microstructural analysis. Figures below show the portion of the 
expected phases for specimens in each atmosphere after sintering. In order to obtain more 
accurate simulations, the used carbon content is the actual value from the C-analysis at the 
end of sintering. The following table summarizes the carbon content and cooling rate for 
each sintering condition: 

Table 3.a. Carbon content and cooling rate for each sintering condition 

 Carbon content Cooling rate 
pure N2 0.45% 3K s-1 

N2H2 0.47% 3K s-1 

vacuum 0.45% 1.7 K s-1 

 

As shown in Figure 3.17, the performed simulations agree with the observed 
microstructures. In the case of pure N2 and N2H2, the microstructure consists of bainite and 
martensite, where bainite is the prevailing phase. Comparing both atmospheres, higher 
portion of martensite is present in the N2H2 simulation due to higher carbon content. 
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a  

b  
Figure 3.17. Phases vol%  vs temperature(°C) for (a) N2 and (b) N2H2 

The simulation for the vacuum specimen is also in agreement with the microstructural 
analysis since it shows a mainly bainitic microstructure with higher amount of bainite phase 
compared to previous simulations due to lower cooling rate. See Figure 3.18. 

 

Figure 3.18. Phases vol%  vs temperature(°C) for vacuum  
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33..33..  FFRRAACCTTOOGGRRAAPPHHIICC  IINNVVEESSTTIIGGAATTIIOONN  

700-1 

Figure 3.19 shows the general appearance of the fracture surface for NH700-1.The 
powder surface looks rough due to the presence of remaining surface oxide layer (see Figure 
3.20). Either individual particles or small agglomerates can be distinguished in the three 
studied sintering conditions. Graphite can be observed at this temperature and its presence 
is registered up to 1000ºC.  

Figure 3.19. General appearance of the fracture surface of NH700-1 at 1000x 

a

 

b

 
Figure 3.20. Remaining of the surface oxide layer of (a) NH700-1 and (b) V700-1 at 10000x 

Regarding inter-particle connections, some weak connections are starting to be 
developed in all three cases. Point and short lines inter-particle connections are present in 
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all sintering conditions at 700-1 (see Figure 3. 21). However, better developed connections 
can be observed in the case of the N2H2 sample. 

a

 

b

 
c

 

 

Figure 3. 21. Inter-particle connections development of (a) N700-1, (b) NH700-1 and (c) V700-1 at 10000x 

Images of powder surfaces at higher magnification show the presence of particulate 
features sized up to 0.5 µm on the powder surfaces in all cases, which are comparable with 
the size of the particulate features present in the original powder surface (22). 

  



Effect of the atmosphere composition on the sintering of pre-alloyed low Cr-Mo water atomized steel powder 

 

   47 
 

a

 

b

 
Figure 3.22. Particulate features on the powder surface of (a) N700-1 at 20000x and (b) V700-1 at 

30000x 

SEM combined with EDX analysis either on the particulate feature or clean reference 
areas indicates that particulate features are rich in Cr and Mn with presence of O for all 
conditions. The Cr:Mn ratio between their concentrations is 2:1 in all studied cases.  
However, due to the fact that with the EDX-analysis the interaction area is much bigger 
than the size of particulate features, only qualitative conclusions can be drawn. Figure 3.23 
illustrates an X-ray microanalysis for N700-1.  

 

with oxygen without oxygen 
Spectrum O Cr Mn Fe Spectrum Cr Mn Fe 

Spectrum 1 3.93 8.42 4.52 83.14 Spectrum 1 8.76 4.70 86.54 
Spectrum 2 21.14 7.05 3.41 68.40 Spectrum 2 8.91 4.33 86.77 
Spectrum 3 0.00 2.44  97.56 Spectrum 3 2.44  97.56 

Figure 3.23. SEM+EDX analysis of N700-1 at 20000x 
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800-1 

An overview of the fracture surface for sample heated up to 800°C in vacuum can be 
seen in Figure 3.24. It is rough and particles and agglomerates are easily distinguished, as in 
the two other investigated conditions.  

There is evidence of higher amount as well as stronger inter-particle connections in all 
cases compared to 700-1. Specially, in the case of N2H2, higher amount of connections 
covering larger extensions are observed compared to the other conditions. Short lines and 
branched inter-particle connections can be distinguished in the three sintering conditions. 
See Figure 3.26.  

a

 
 

b

 

Figure 3.25. General appearance of the fracture surface of V800-1 at 1000x 
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c

 

 

Figure 3.26. Inter-particle connections differences (a) N800-1, (b) NH800-1 and (c) V800-1 at 10000x 

As shown in Figure 3.27., analysis of the fracture surface with EDX shows the same 
chemical composition of the particulate features found on the powder surface as in 700ºC. 

 

with oxygen without oxygen 
Spectrum O Cr Mn Fe Spectrum  Cr  Mn Fe 

Spectrum 1 36.03 13.98 7.22 42.77 Spectrum 1 21.75 11.28 66.97 
Spectrum 2 25.73 9.16 5.61 59.50 Spectrum 2 12.29 7.56 80.15 
Spectrum 3 9.22 1.75   89.03 Spectrum 3 1.92   98.08 

Figure 3.27. SEM+EDX analysis of NH800-1 at 10000x 
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Further analysis (see Figure 3.28) indicates enrichment of Si in some particulate features 
for the three studied conditions. 

 

with oxygen  without oxygen 
Spectrum O Si Cr Fe Spectrum  Si Cr Fe 

Spectrum 1 19.55 2.92 1.58 75.95 Spectrum 1 3.71 1.96 94.33 
Spectrum 2 4.89   1.38 93.73 Spectrum 2   1.45 98.55 

Figure 3.28. SEM+EDX analysis of N800-1 at 10000x 
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900-1 

An overview of the fracture surface of N900-1 can be seen in Figure 3.29. Particles and 
their agglomerates can be easily distinguished; however, differences regarding inter-
particle connections are evident if compared with lower temperatures.  

 

 

 

 

 

 

 

 

 

Figure 3.29. General appearance of the fracture surface of N900-1 at 1000x 

Branched inter-particle connections are present in all conditions; however, N2H2 and 
vacuum samples show higher amount of connections compared to N2 specimen, as shown 
in Figure 3.30. 

a

 
 

b
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c

 

 

Figure 3.30. Comparison of inter-particle connection development among the three atmospheres (a) N900-1, 
(b) NH900-1 and (c) V900-1 at 2000x 

From the picture above it can be also observed stronger connections in the case of 
N2H2 and vacuum compared to N2, since inter-particle ductile dimple fracture initiated by 
bridge porosity and point oxides are present at this temperature in both cases (see Figure 
3.32). However, the morphology of the dimples varies depending on the sintering 
atmosphere. For V900-1, dimples exhibit a deeper and wider shape indicating stronger 
inter-particle connections if compared to N2H2 (see Figure 3.31). 

a

 

b

 
Figure 3.31. Comparison of dimples morphology between (a) NH900-1 and (b) V900-1 at 25000x  

Point oxides of about 0.5 µm are found inside the inter-particle connections in all 
conditions. In some cases, and more often in the case of vacuum, bigger (up to 1 µm) and 
more irregularly shaped inclusions can be also observed (see Figure 3.32). 
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a

 

b

 
Figure 3.32. Comparison of dimples and inclusions morphology between (a) NH900-1 and (b) V900-1 at 

10000x 

Analysis of the inclusions inside the necks shows the same chemical composition for 
both atmospheres, where Cr and Mn in presence of oxygen are dominant. The ratio 
between the Cr and Mn concentration is kept 2:1. EDX analysis for NH900-1 is shown in 
Figure 3.33 and for V900-1 in Figure 3.34. 

 

with oxygen without oxygen 
Spectrum  O Cr  Mn  Fe Spectrum  Cr  Mn Fe 

Spectrum 1 41.78 14.35 7.46 36.42 Spectrum 1 24.52 12.79 62.69 
Spectrum 2 6.46 1.63   91.91 Spectrum 2 1.74   98.26 

Figure 3.33. SEM+EDX analysis of NH900-1 at 10000x 
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with oxygen  without oxygen 
Spectrum  O Cr Mn Fe Spectrum Cr Mn Fe 

Spectrum 1 34.26 34.52 17.64 13.58 Spectrum 1 52.44 26.79 20.78 
Spectrum 2 34.67 12.71 6.47 46.16 Spectrum 2 19.36 9.90 70.74 
Spectrum 3 0.00 1.71   98.29 Spectrum 3 1.71   98.29 

Figure 3.34. SEM+EDX analysis of V900-1 at 10000x 
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1000-1 

There is evidence of higher amount of stronger inter-particle connections compared to 900-
1 for all sintering conditions, as shown in Figure 3.35. However, vacuum shows improved 
inter-particle neck development. 

a

 

b

 
Figure 3.35. General appearance of the fracture surface of (a) N1000-1 and (b) V1000-1at 1000x 

Inter-particle connections for each atmosphere are shown in Figure 3.36. Inter-particle 
dimple ductile fracture initiated by bridge porosity and point oxides are the main failure 
mechanisms for all samples.  

a

 

b
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c

 

 

Figure 3.36. Comparison of inter-particle connection development among the three atmospheres (a) N1000-1, 
(b) NH1000-1 and (c) 1000-1 at 5000x 

Inter-particle connections cover large areas that are nearly the same after sintering, but 
the morphology of the dimples indicates that connections are still not fully developed at this 
temperature for all cases. Higher magnification of the surface fracture shows some 
differences among the studied conditions. For V1000-1, deeper and bigger dimples initiate 
the inter-particle ductile fracture (see Figure 3.37). Moreover, 1000-1 is the last temperature 
at which graphite is observed. 

a 

 

b 
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c 

 

 

Figure 3.37. Comparison of dimples and inclusions morphology among the three atmospheres (a) N1000-1, 
(b) NH1000-1  at 10000x and (c) V1000-1 at 7000x 

Regarding inclusions, higher amount can be observed in the three conditions. In some 
cases, they have grown in size and they are more irregularly shaped if compared to lower 
temperatures. 

SEM pictures combined with EDX analysis (see Figure 3.38) show the same chemical 
composition for these inclusions as in previous analysis.   

 

with oxygen without oxygen 
Spectrum O Si Cr Mn Fe Spectrum Si Cr Mn Fe 

Spectrum 1 35.54   12.15 6.00 46.32 Spectrum 1   18.75 9.30 71.95 
Spectrum 2 16.81 2.08 3.69 1.22 76.21 Spectrum 2 2.55 4.42 1.46 91.57 
Spectrum 3 6.08   2.74   91.18 Spectrum 3   2.92   97.08 
Spectrum 4 33.61   11.05 5.35 49.98 Spectrum 4   16.57 8.06 75.37 
Spectrum 6 0.00   1.97   98.03 Spectrum 6   1.97   98.03 

Figure 3.38. SEM+EDX analysis of V1000-1 at 12000x 
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1120-1 

For all cases, the fracture surface is much purer compared to specimens heated at lower 
temperatures. No individual particles can be distinguished and the inter-particle necks are 
well developed. See Figure 3.39. 

 

Figure 3.39. General appearance of the fracture surface of V1120-1 at 1000x 

Although inter-particle dimple ductile fracture is present in all atmospheres at 1120-1, 
some differences can be observed among them. For N1120-1 and NH1120-1, the amount of 
strong inter-particle connections has significantly increased compared to 1000-1 cases. 
Inter-particle and trans-particle dimple ductile fracture and cleavage are the fracture 
mechanisms for this specimen. Higher amount of facets of cleavage are observed for the 
N2H2 specimen compared to the N2 sample. Shallow and small dimples cover larger areas; 
however, bigger and deeper dimples preferentially appear close to cleavage facets in both 
cases. This description is illustrated by Figure 3.40 and Figure 3.41. 
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a

 

b

 

Figure 3.40. Inter-particle connections of (a)N1120-1 and (b)NH1120-1 at 5000x 

a

 

b

 

Figure 3.41. (a) cleavage facets of N1120-1 at 5000x and (b) trans-particle dimple ductile fracture of NH110-1 
at 10000x 

 For V1120-1, inter-particle dimple ductile fracture is the main failure mechanism. Bridge 
porosity and point oxides initiate dimple fracture; but also cementitic lamellaes are often 
observed. This coincides with the pearlitic microstructure found with the optical microscope 
(see Figure 3.42). 
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a

 

b

 

Figure 3.42. Inter-particle dimple ductile fracture initiated by (a) bridge porosity and point oxides at 8000x 
and (b) cementitic lamellae at 30000x of V1120-1 

Lower amount of inclusions inside the dimples can be observed for all atmospheres at 
this temperature. However, coalescence of fine spherical inclusions was observed, leading 
to formation of complex shaped agglomerates that size up to a few µm, as shown in Figure 
3.43.  

a

 

b

 

Figure 3.43. Coalescence of inclusions inside the dimples of (a)N1120-1 at 35000 and (b)V1120-1 at 50000x 

As in previous temperatures, SEM+EDX analysis indicate that individual inclusions are 
rich in Cr and Mn, with a ratio 2:1 between their concentrations. Analysis of the 
agglomerates shows similar chemical composition. See Figure 3.44. 
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with oxygen without oxygen 
Spectrum O Cr Mn Fe Spectrum  Cr  Mn Fe 

Spectrum 1 48.10 19.92 10.35 21.62 Spectrum 1 38.21 19.90 41.89 
Spectrum 2 14.25 25.31 13.00 47.44 Spectrum 2 29.48 15.16 55.36 
Spectrum 3 4.51 1.25   94.24 Spectrum 3 1.30   98.70 

Figure 3.44. SEM+EDX analysis of V1120-1 at 15000x 

  



Chalmers University of Technology Department of Materials and Manufacturing Technology 

  62 
 

1120-30 

After sintering, the fracture surface looks pure for specimens sintered in all 
atmospheres, as shown  in Figure 3.45.  

 

Figure 3.45. General appearance of the fracture surface of V1120-30 at 1000x 

Inter- and trans-particle dimple ductile fracture and cleavage are the main failure 
mechanisms for the three studied atmosphere at this temperature. See Figure 3.46. 

 

Figure 3.46. Cleavage of N1120-30 at 5000x 
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Dimples exhibit a more elongated and deeper shape indicating stronger inter-particle 
connections in all conditions as shown in Figure 3.47. 

a

 

b

 
Figure 3.47. Dimples morphology of (a) NH1120-30 and (c) V1120-30 at 10000x 

Regarding inclusions, lower amount of inclusions can be observed in the three studied 
cases; however, fine spherical individual particles and agglomerates are present inside the 
sinter neck. See Figure 3.48. 

a

 

b

 
Figure 3.48. Coalescence of inclusions inside the dimples of (a)N1120-1 at 35000 and (b)V1120-1 at 30000x 

Analysis of the inclusions inside the dimples shows a similar chemical composition as at 
lower temperatures. EDX analysis for V1120-30 is shown in Figure 3.49. 
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with oxygen  without oxygen 
Spectrum O Cr Mn Fe Spectrum Cr Mn Fe 

Spectrum 1 50.61 19.02 9.71 20.66 Spectrum 1 38.32 19.60 42.08 
Spectrum 2 46.91 17.48 9.33 26.28 Spectrum 2 32.76 17.54 49.70 
Spectrum 3 24.30 20.47 10.28 44.96 Spectrum 3 26.97 13.57 59.46 
Spectrum 4 0.00 1.85   98.15 Spectrum 4 1.85   98.15 

Figure 3.49. SEM+EDX analysis of V1120-1 at 25000x 
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33..44..  IIMMPPAACCTT  TTEESSTT  RREESSUULLTTSS  

In order to produce the fracture surfaces, an impact test is performed. The results from 
the experiment are shown in Table 3.b and plotted in Figure 3.50. 

Table 3.b.  Impact test results (J) 

700-1  800-1 900-1 1000-1 1120-1 1120-30 
N 1,19 1,25 2,54 1,75 5,36 13,9 
NH 1,38 1,53 3,48 4,6 12,4 14,1 
VAC 1,2 1,22 7,99 10,4 13,4 13,8 

 

 

Figure 3.50. Impact test chart 

It is evident that impact energy increases with increasing temperature. At lower 
temperatures (700-1, 800-1), there are not remarkable differences among the three 
atmospheres, although N2H2 energy is slightly higher in both cases. However, at higher 
temperatures, vacuum shows the highest levels of impact energy while N2 remains much 
lower. In 900-1, 1000-1 and even 1120-1, this described difference is evident. In the case of 
1120-30, the three atmospheres show almost the same impact energy (around 14 J).  

It must be pointed out that results are statistically limited since only one impact test is 
performed for every sintering temperature and time at each condition. Thus, the impact 
test energy is used to complement and support the results and implications from the 
microstructural and fractographic investigation. 
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33..55..  OOXXYYGGEENN  AANNAALLYYSSIISS  

The results of the performed O analysis are shown below.   

Table 3.c. Oxygen content (%) for different sintering states of the investigated atmospheres 

700-1 800-1 900-1 1000-1 1120-1 1120-30 
N 0,2006 0,1797 0,1665 0,1727 0,1532 0,1154 
NH 0,1811 0,1787 0,1866 0,1772 0,1345 0,1036 
VAC 0,1505 0,1641 0,1483 0,1532 0,1247 0,09138 

 

 

Figure 3.51. Oxygen analysis chart 

 

In Figure 3.51, vacuum specimens show the lowest oxygen content for all sintering 
temperatures. For higher sintering temperatures, 1120-1 and 1120-30, the oxygen level is 
significantly decreased since carbothermal reduction takes place.  
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33..66..  CCAARRBBOONN  AANNAALLYYSSIISS  

The results of the performed C analysis are shown below.   

Table 3.d. Carbon content (%) for different sintering states of the investigated atmospheres 

700-1 800-1 900-1 1000-1 1120-1 1120-30 
N 0,5135 0,5019 0,5114 0,51 0,4623 0,4903 
NH 0,5079 0,5148 0,5126 0,5066 0,4812 0,4699 
VAC 0,5085 0,4886 0,4906 0,491 0,4785 0,4451 

 

 

Figure 3.52. Carbon analysis chart 

 

Figure 3.52 illustrates changes in carbon content during sintering. For the entire 
process, vacuum sintering has the lowest carbon content compared to the others 
atmospheres due to the high purity of the sintering conditions. Under these conditions, 
oxide reduction is performed through carbothermal reactions, which is the only reducing 
agent present in this case. At higher sintering temperatures, 1120-1 and 1120-30, a 
significant decrease in carbon content can be observed due to intensive carbothermal 
reactions. Sintering in N2H2 shows lower carbon loss due to reduction with hydrogen at 
lower temperatures.  

From the chart above, N1120-30 shows an unexpected high carbon content after 
sintering. Because of some problems during the analysis, this result is not fully reliable. Both 
analysis (oxygen and carbon) would need better statistics in order to obtain more accurate 
results. 
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44..  DDIISSCCUUSSSSIIOONN  

44..11..  MMIICCRROOSSTTRRUUCCTTUURRAALL  AANNAALLYYSSIISS  

During microstructural analysis in this study, inter-particle boundaries clearly indicate 
the presence of un-reduced iron oxide layer in the three investigated conditions (pure N2, 
N2H2 and vacuum) at the beginning of sintering (700ºC). At this temperature, the un-
reduced oxide layer is expected especially in the case of N2 and vacuum, since hydrogen is 
not present. On the other hand, for theN2H2 atmosphere, Fe2O3 could have been reduced 
and possibly re-oxidize forming FeO. A ferritic microstructure is present in all cases since the 
temperature is too low for any phase transformations to occur and C is not yet dissolved 
into the matrix (see Figure 4.1). 

Pearlite is first observed at 800°C close to particle edges in the three sintering 
conditions indicating that carbon has started to dissolve in these areas (see Figure 4.1). This 
happens due to the mechanical removal of the Fe-oxide layer during the compaction stage, 
which will allow the dissolution of C as the temperature increases. N2H2 atmosphere 
registers the highest portion of pearlite due to further reduction of Fe-oxide layer by 
hydrogen at low temperatures; whereas pure N2 shows the lowest portion. These results 
are in agreement with the C-analysis at this temperature since N2H2 shows no carbon loss 
and, actually, its carbon content keeps higher than the nominal which could be due to 
handling or some kind of oil residue. The only condition showing carbon loss is vacuum, 
where carbothermal reactions take place already at 800ºC, although they are not intensive 
at this temperature.  

a

 

b

 
Figure 4.1. Etched microstructures of specimens sintered in N2H2 showing (a) a ferritic microstructure at 

700ºC and (b) first steps of pearlite at 800ºC at 500x 

Higher sintering temperature to 900°C enables increasing carbon diffusion into the 
matrix along with further reduction of the Fe-oxide layer, which leads to increasing portion 
of pearlite in all conditions. This fact is especially pronounced close to the edges of the 
specimen in all cases since the atmosphere more easily reacts with the sample and reduces 
iron oxide layer in this area.   
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a

 

b

 
Figure 4.2. Etched microstructure of specimen sintered in N900-1 (a) inner part and (b) close to the edges at 

500x 

N2H2 atmosphere presents a fully bainitic microstructure close to the edges in 
comparison with the bainitic/ferritic microstructure of N2 atmosphere where ferrite is 
prevailing. This difference indicates that in the case of N2H2, the oxide layer reduction is 
more efficient due to the effect of hydrogen and especially in the sample’s edges where the 
atmosphere has high accessibility to the compact. The C-analysis shows a similar carbon 
loss for both atmospheres which also verifies the high influence of the hydrogen at this 
temperature.   

a

 

b

 
Figure 4.3. Etched microstructure of specimen sintered in NH900-1 (a) inner part and (b) close to the edges at 

500x 

For vacuum, due to lower cooling rate applied, a pearlitic/ferritic microstructure can be 
observed, with higher portion of pearlite (~40%) if compared to the inner part of the 
specimen (see Figure 4.4). 
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a

 

b

 
Figure 4.4. Etched microstructure of specimen sintered in V900-1 (a) inner part and (b) close to the edges at 

500x 

Above 1000°C, increasing sintering temperature results in higher portion of bainite in 
the case of N2 and N2H2 and higher pearlite content in vacuum, which indicates further 
reduction of the Fe-oxide layer and better carbon dissolution in the three conditions. 
Specimens sintered at 1120°C show a martensitic/bainitic microstructure for N2 and N2H2 
atmospheres, where bainite is the prevailing phase in both cases. Higher amount of 
martensite is observed for the N2H2 specimen compared to the N2 sample due to 
differences in carbon content at this temperature (see Figure 4.5). A pearlitic/ferritic 
microstructure is showed for vacuum, where pearlite is the prevailing phase.  

a

 

b

 
Figure 4.5. Etched microstructures of specimens sintered in (a)N1120-1 and (b)NH1120-1 at 1000x 

Increasing sintering time at 1120°C, leads to martensitic/bainitic mixtures for all 
conditions. After sintering and in agreement with simulations performed with Jmat-Pro 
software, N2H2 specimen presents the highest amount of martensite due to the higher 
carbon content in comparison with the other sintering conditions. As supported by results 
of C-analysis, after sintering, N2H2 specimen presents the lowest carbon loss which 
underlines the effect of reduction by hydrogen at lower temperatures. The vacuum sample 
preferably shows a bainitic microstructure because of the lower cooling rate after sintering. 
See Figure 4.6. 
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a

 

b

 
Figure 4.6. Etched microstructures of specimens sintered in (a)NH1120-30 and (b)V1120-30 at 1000x 

Polished microstructures of the sintered specimens show a rounding of the pores as 
temperature increases. Differences in carbon content are also observed in the case of N2H2 
and N2 atmospheres in the polished state. Carbon is better dissolved during the heating 
stage in the N2H2 specimen, which in turn implies better oxide layer reduction at lower 
temperatures for this atmosphere.  
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44..22..  FFRRAACCTTOOGGRRAAPPHHIICC  IINNVVEESSTTIIGGAATTIIOONN  

Although the contacts created during compaction set the places where sinter neck 
development will take place, previous reduction of the surface oxide layer is needed. At 
700°C, the absence of connections between particles is evident in the three investigated 
sintering conditions due to the remaining of the surface oxide layer; however, weak 
connections are starting to develop in the areas where Fe-oxide layer has been mechanically 
removed during compaction. Point and short line connections are present in specimens 
sintered in all conditions as shown in Figure 4.7. This fact is specially pronounced in the case 
of N2H2 atmosphere, which is consistent with the impact testing. At 700ºC, the fracture 
surface looks more oxidized compared to subsequent temperatures, as confirmed by the O-
analysis. Below 1000ºC, the oxygen content keeps above 0,15 which was from the initial 
powder. Graphite can be observed at 700ºc and its presence is registered up to 1000ºC in all 
cases.  

 

Figure 4.7. Inter-particle connections development of V700-1 at 20000x 

At low temperatures, Fe-oxide is easier to reduce than more stable oxides such as Cr, 
Mn and Si. At 800°C, more efficient reduction of iron oxide layer allows the formation of 
stronger connections between adjacent particles. Short line and branched connections are 
found in the three sintering conditions. However, and as observed during microstructural 
investigation, the N2H2 sample registers further reduction of the Fe-oxide layer due to 
hydrogen influence compared to N2 and vacuum. As a result, higher amount of connections 
can be distinguished when hydrogen is present in the atmosphere at low temperature. This 
conclusion is also verified by the slightly higher impact energy in the case of N2H2 
atmosphere.  
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At 900°C, the presence of improved inter-particle connections indicates further 
reduction of Fe-oxide layer. Branched connections are present in all cases; however some 
differences can also be observed among the studied conditions. In the case of specimens 
sintered in N2H2 and vacuum, higher amount of connections are seen compared to N2 
atmosphere, and inter-particle dimple ductile fracture initiated by bridge porosity and point 
oxides is also observed for both conditions. See Figure 4.8. 

a

 

b

 
Figure 4.8. Inter-particle connections development of (a)N900-1 at 5000x and (b) NH900-1 at 3000x 

Morphology of the dimples varies depending on the sintering condition; deeper and 
wider dimples are observed in the vacuum specimen as shown in Figure 4.9. These results 
are in agreement with the results obtained during impact test, since vacuum presents much 
higher impact energy at this temperature, indicating more developed inter-particle 
connections. At 900ºC, graphite is still visible in all cases, however lower presence of 
graphite in the case of N2H2 indicates more efficient carbon dissolution for this 
atmosphere. This effect is especially pronounced close to the edges, which is in good 
correlation with the observed microstructure for this temperature. 

a

 

b

 
Figure 4.9. Comparison of dimples morphology between (a) NH900-1 and (b) V900-1 at 10000x 

Higher sintering temperature results in improved inter-particle neck development. 
Inter-particle dimple ductile fracture initiated by bridge porosity and point oxides are the 
main failure mechanisms at 1000°C for all conditions. The interconnected network of 
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dimples covers large areas, where fine dimples surrounding larger voids can be observed in 
the three cases (see  Figure 4.10). 

 Figure 4.10. Inter-particle connection development for NH1000-1 at 6000x 

SEM characterization is in good correlation with the impact test results and shows more 
developed dimples in the case of the vacuum specimen whereas the N2 sample shows the 
less developed network of dimples at this temperature (see Figure 4.11). Graphite is last 
visible in the three conditions at 1000°C.  

a

 

b

 
 Figure 4.11.Comparison of inter-particle connection development between (a) N1000-1 at 4000x and (b) 

V1000-1 at 3000x 

For specimens sintered at 1120°C, Fe-oxide layer is completely reduced and neck 
growth increases. Inter-particle dimple ductile fracture is present in all sintering conditions 
as shown in Figure 4.12. 
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Figure 4.12. Inter-particle connection development for NH1220-1 at 12000x 

SEM characterization for N2 and N2H2 specimens shows a more developed network of 
dimples in the neck regions compared to sintering at 1000°C as well as presence of cleavage 
facets, which are more numerous in the case of N2H2 atmosphere. Dimples exhibit a deeper 
and bigger shape close to cleavage whereas smaller dimples covering larger areas indicate 
evidence of trans-particle ductile fracture (see Figure 4.13). The presence of cleavage in N2 
and N2H2 specimens supports the bainitic/martensitic microstructure observed during 
microstructural investigation. For vacuum specimen, the main failure mechanism is inter-
particle ductile fracture initiated by bridge porosity, point oxides and cementitic lamellaes 
of pearlitic structures, which support the pearlitic microstructures observed during 
microstructural analysis at this temperature (see Figure 4.13). 

a

 

b

 
Figure 4.13. (a) cleavage facets in N11120-1 at 10000x and (b) cementitic lamellaes in V1120-1 at 30000x 

After sintering for 30 min 1120°C, purity of the specimen improves in all cases and the 
three sintering conditions are comparable. Inter-particle and trans-particle ductile fracture 
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as well as cleavage are present in all conditions. Deep and elongated dimples show evidence 
of more developed sinter necks at this temperature. This result is supported by the impact 
energy experiment since the samples register the same impact energy (about 14J) in the 
three different conditions.  

 

Figure 4.14. Inter-particle connection development after sintering in V1220-30 at 5000x 

From SEM image, spherical particulate features on the powder surface are found for 
specimens heated up at 700 and 800°C (see Figure 4.15). X-ray microanalysis of such 
particulates shows that they are rich in Cr, Mn and Si in presence of oxygen, which indicates 
that these three elements have been selectively oxidized. The ratio between Cr:Mn 
concentration is 2:1 at the beginning  of sintering. This ratio is kept in the same proportion 
during the whole procedure indicating presence of spinel type oxides (Cr2MnO4). The sizes 
of these particulate features are below 0.5µm in all sintering conditions. In some cases, 
some irregular particulate features of similar size are found inside compaction pores (see 
Figure 4.15). However, only qualitative conclusions have been drawn during this study due 
to the nature of the EDX analysis. 
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a

 

b

 
Figure 4.15. Particulate features found (a) inside compaction pores in N700-1 at 10000x and (b) on the 

powder surface in V800-1 at 25000x 

Increasing temperature up to 900°C leads to better developed inter-particle 
connections and therefore, enclosing of the particulate features. Their size is kept below 
0.5µm although they are more irregularly shaped in all conditions (see Figure 4.16). In some 
cases, and more often for vacuum, bigger inclusions that size up to 1 µm are also observed. 
EDX analysis shows presence of Cr and Mn, Si-rich oxides in the inclusions, with a ratio 2:1 
between Cr and Mn concentrations. 

a

 

b

 
Figure 4.16. Inclusions morphology inside dimples for (a) N900-1 at 20000x and (b) NH900-1 at 15000x 

In most cases, SEM analysis of the particulate oxides at 1000ºC shows more irregularly 
shaped inclusions inside the dimples that reach 1µm of size in all conditions (see Figure 
4.17). The observed morphological changes of the inclusions and the purity of surface inside 
the dimples indicate that the oxygen from the Fe oxide is taken up by the strong oxides 
former elements (Cr, Mn and Si). Furthermore, spherical inclusions sized below 1µm inside 
the fractured necks are often observed in the case of vacuum (see Figure 4.17). 
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a

 

b

 
Figure 4.17. Inclusions morphology for (a) NH1000-1 at 30000x and (b) V1000-1 at 10000x 

Further heating during sintering leads to the complete reduction of the Fe-oxide layer 
due to intensive carbon reactions in all sintering conditions. At 1120°C, oxides are more 
efficiently reduced due to intensive carbothermal reactions, as supported by the O-analysis 
results at this temperature. Spherical individual particulate oxides can be observed inside 
the dimples of neck regions, and fine inclusions start to coalesce and form larger complex 
shaped agglomerates with size up to a few µm in all studied conditions (see Figure 4.18). 
However, some inclusions seem unaffected since they retain the shape and size obtained at 
lower temperatures indicating the inability of the reducing atmosphere to penetrate some 
places of the samples.  

a

 

b

 
Figure 4.18. Inclusions morphology inside dimples for (a) NH1120-3 at 25000x and (b) V1120-1 at 15000x 

Increasing sintering time at 1120°C leads to changes in the size and morphology of the 
inclusions. Fewer amounts of fine spherical inclusions and slightly larger agglomerates can 
be distinguished inside the necks (see Figure 4.19). EDX analysis shows the same chemical 
composition. 
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Figure 4.19. Inclusions morphology inside dimples for V1120-30 at 30000x 

During this fractographic investigation, some impurities inside the sinter necks are 
rarely found at low temperatures. EDX show them rich in Mg, Ca and V. At higher sintering 
temperatures, S in presence of Mn is also found. Although the source of Ma, Ca and V is not 
clearly stated, S can be found as an impurity of the added graphite prior to compaction. 
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55..  CCOONNCCLLUUSSIIOONNSS  
 

In this study, the influence of the composition and purity of the sintering atmosphere on 
sinter neck development and surface products is investigated. In order to achieve it, 
sintering is carried out in three different conditions (pure N2, N2H2 mixture and vacuum) at 
different temperatures and times. An impact test is performed to produce fracture surfaces 
and carbon and oxygen analysis are also carried out. Fracture surfaces are observed under 
optical microscope and high resolution SEM and analyzed by EDX.  

During microstructural analysis, it is shown that: 

 Ferritic microstructure is present in all sintering conditions at the beginning of 
heating; 

 Pearlite is first registered at 800°C for specimens sintered in all conditions, indicating 
that carbon has started to dissolve. N2H2 atmosphere shows the highest pearlite 
fraction and N2 atmosphere the lowest, which in turn implies more efficient oxide 
reduction in the case of N2H2. This result is in agreement with the performed C-
analysis since N2H2 specimen shows no carbon lost due to the effect of hydrogen at 
low temperatures. Actually, the carbon content for N2H2 atmosphere is above the 
nominal while N2 remains the same; 

 Vacuum is the only condition showing carbon loss at 800ºC which points out that 
carbothermal reactions occur already at this temperature; 

 Higher carbon dissolution was observed close to the edges, especially pronounced in 
the case of N2H2 atmosphere at 900ºC. Better reduction of surface oxide layer in 
this area is observed due to better accessibility of the atmosphere. This result was 
registered with steps of bainite close to the edges; 

 Preferably bainitic microstructure was observed for sintering in N2 and N2H2 
atmospheres whereas pearlitic/ferritic microstructure for sintered in vacuum 
specimen  due to differences in the applied cooling rates; 

 Temperature gradient during fast cooling and different carbon dissolution result in 
bainitic/ferritic for N2, fully bainitic for N2H2 or fine pearlitic/ferritic microstructure 
for vacuum close to the edges up to 1000°C; 

 After sintering for 30 min at 1120°C, microstructure is homogeneous and consists of 
bainite-martensite mixtures, where bainite is prevailing; which is in agreement with 
microstructure simulation by JMatPro software. Higher amount of martensite is 
found in the case of N2H2 due to higher carbon content at this temperature. 
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Fractographic investigation shows that: 

 Oxidation of the specimens was registered for all sintering conditions up to 1000 °C; 

  Graphite was observed in all cases up to 1000°C; 

 Higher temperature leads to more developed inter-particle connections which is 
consistent with the impact test results since impact energy increases with increasing 
temperature; 

  Vacuum shows the highest levels of impact energy while N2 remains much lower till 
the end of sintering. This difference is observed above 900ºc since vacuum 
specimens shows improved inter-particle connections up to 1120-30; 

 The effect of hydrogen present in the atmosphere in the case of N2H2 is observed 
during the whole experiment. Microstructural analysis and SEM investigation 
illustrate better carbon dissolution and more developed inter-particle connections in 
comparison with N2 atmosphere; 

  First point and short line inter-particle connections were registered at 700 °C in 
some areas, which is more pronounced in the case of N2H2 and vacuum specimens. 
This is consistent with the results from microstructural analysis since more efficient 
oxide reduction is observed for both conditions; 

  Inter-particle dimple ductile fracture, initiated by bridge porosity and particulate 
inclusions  is the main failure micro-mechanism for the specimens in all conditions 
for 900 °C and 1000 °C ; 

 After reaching sintering temperature of 1120 °C cleavage facets were observed for 
specimens sintered in N2 and N2H2 atmospheres which is in agreement with the 
martensitic/bainitic microstructure showed by the microstructural analysis; 

  Cleavage and inter-particle and trans-particle dimple ductile fracture are the failure 
mechanisms observed for all specimens after sintering which is in good correlation 
with the similar impact energy obtained at 1120-30; 

 C-analysis at the end of sintering shows less carbon loss in the case of N2H2 due to 
the effect of hydrogen at low temperatures; 

 Particulate features amount, size, morphology and distribution vary depending on 
the sintering temperature and atmosphere: 

o At 700 and 800°C: spherical particulate features on the free powder surface 
(<0.5 µm) are similar to the ones observed at previous studies 
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o  Up to 1000°C: higher amount of enclosed particulate features that have 
grown in size and are irregular in shape are found inside the inter-particle 
connections (up to 1µm, larger for vacuum) 

o  Further heating leads to the complete reduction of the Fe-oxide layer as it is 
supported by O-analysis. Above 1000ºC, oxygen content decreases due to 
intensive carbothermal reactions 

o At 1120 °C coalescence of fine spherical particulates was observed, leading to 
formation of complex shaped agglomerates that size up to a few µm  

o  After sintering specimen purity improves, however fine spherical inclusions 
and larger agglomerates were observed inside the dimples. 

 SEM+EDX:  

o  particulate features are rich in Cr and Mn with ratio 2:1 even after sintering 

o  temperature and sintering time increasing lead to enrichment of some 
particulate inclusions in Si. 

Advantages of sintering in N2H2 atmosphere in terms of microstructure development 
as well as specimen purity is registered during this study. Faster iron oxide reduction is 
observed due to the effect of hydrogen at low temperatures. This enables faster carbon 
dissolution and the formation of inter-particle necks at lower temperatures. Moreover, at 
the end of sintering N2H2 shows the less carbon loss which allows a more strict carbon 
control during the process. However, in order to verify the advantages of sintering in N2H2 
atmosphere, statistics and additional mechanical testing are required.  
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N700-1 
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V900-1 
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N1000-1 
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NH1120-1 
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V1120-1 



Chalmers University of Technology Department of Materials and Manufacturing Technology 

  106 
 

N1120-30 
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NH1120-30 
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V1120-30 
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N700-1 

 

with oxygen  without oxygen 
Spectrum O Si Cr Mn Fe Spectrum  Si Cr Mn Fe 

Spectrum 1 28.38   16.38 7.25 47.99 Spectrum 1   22.80 10.12 67.09 
Spectrum 2 2.03   1.99   95.98 Spectrum 2   2.03   97.97 
Spectrum 3 4.86 0.73 1.91   92.50 Spectrum 3 0.77 2.01   97.22 
Spectrum 4 5.71   18.12 9.48 66.68 Spectrum 4   19.21 10.06 70.73 
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NH700-1 

 

with oxygen without oxygen 
Spectrum O Si Cr Fe Spectrum Si Cr Fe 

Spectrum 1 6.27 1.88 1.30 90.55 Spectrum 1 2.02 1.40 96.59 
Spectrum 2 3.16   1.15 95.69 Spectrum 2   1.19 98.81 
Spectrum 3 8.06 1.55 1.41 88.98 Spectrum 3 1.70 1.53 96.76 

 

 

 

with oxygen without oxygen 
Spectrum O Cr Mn Fe Spectrum Cr Mn Fe 

Spectrum 1 7.05 8.38 4.16 80.40 Spectrum 1 9.01 4.48 86.51 
Spectrum 2 3.70 7.22 2.93 86.15 Spectrum 2 7.50 3.04 89.46 
Spectrum 3 3.68 2.25   94.07 Spectrum 3 2.33   97.67 
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V700-1

 

 

with oxygen without oxygen 
Spectrum O Cr Mn Fe Spectrum Cr Mn Fe 

Spectrum 1 5.40 30.89 15.49 48.23 Spectrum 1 32.61 16.36 51.03 
Spectrum 2 26.59 33.11 15.16 25.14 Spectrum 2 44.87 20.58 34.55 

Spectrum 3 0.73 1.85   97.42 Spectrum 3 1.86   98.14 
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N800-1 

 

with oxygen without oxygen 
Spectrum O Si Cr Mn Fe Spectrum Si Cr Mn Fe 

Spectrum 1 59.56   18.35 7.63 14.46 Spectrum 1   45.09 18.80 36.11 

Spectrum 2 63.25 1.88 19.36 8.77 6.75 Spectrum 2 5.59 52.23 23.64 18.54 

 

with oxygen without oxygen 
Spectrum O Si Cr Mn Fe Spectrum Si Cr Mn Fe 

Spectrum 1 0.00   24.69 13.82 61.49 Spectrum 1   24.69 13.82 61.49 

Spectrum 2 1.54   22.23 12.84 63.38 Spectrum 2   22.58 13.04 64.38 
Spectrum 3 13.41 2.50 2.15 0.83 81.12 Spectrum 3 2.93 2.47 0.96 93.64 
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NH800-1 

 

with oxygen without oxygen 
Spectrum O Cr Mn Fe Spectrum Cr Mn Fe 

Spectrum 1 3.86 21.57 11.95 62.62 Spectrum 1 22.43 12.43 65.14 
Spectrum 2 35.87 13.24 7.28 43.61 Spectrum 2 20.56 11.35 68.10 
Spectrum 3 27.96 11.01 6.09 54.95 Spectrum 3 15.22 8.45 76.33 
Spectrum 4 0.00 1.57   98.43 Spectrum 4 1.57   98.43 

 

 

with oxygen without oxygen 
Spectrum O Si Cr Fe Spectrum Si Cr Fe 

Spectrum 1 9.98 3.96 1.61 84.45 Spectrum 1 4.45 1.78 93.77 
Spectrum 2 6.50 1.68 1.94 89.88 Spectrum 2 1.81 2.07 96.12 
Spectrum 3 2.90   1.36 95.74 Spectrum 3   1.40 98.60 
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V800-1 

 

with oxygen without oxygen 
Spectrum O Cr Mn Fe Spectrum Cr Mn Fe 

Spectrum 1 28.87 13.39 7.24 50.50 Spectrum 1 18.76 10.17 71.07 
Spectrum 2 3.01 1.76 0.00 95.23 Spectrum 2 1.82 0.00 98.18 
Spectrum 3 0.00 1.50 0.00 98.50 Spectrum 3 1.50 0.00 98.50 
Spectrum 4 30.83 9.94 5.23 54.00 Spectrum 4 14.31 7.56 78.13 

 

 

with oxygen without oxygen 
Spectrum O Cr Mn Fe Spectrum Cr Mn Fe 

Spectrum 1 13.95 5.81 2.48 77.76 Spectrum 1 6.74 2.88 90.38 
Spectrum 2 2.08 2.01   95.91 Spectrum 2 2.06   97.94 
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N900-1 

 

with oxygen without oxygen 
Spectrum O Cr Mn Fe Spectrum Cr Mn Fe 

Spectrum 1 39.68 14.88 8.04 37.40 Spectrum 1 24.55 13.31 62.13 
Spectrum 2 30.83 16.00 8.72 44.45 Spectrum 2 23.05 12.59 64.35 
Spectrum 3 2.27 3.29 0.97 93.47 Spectrum 3 3.37 0.99 95.64 

 

 

with oxygen without oxygen 
Spectrum O Si Cr Fe Spectrum Si Cr Fe 

Spectrum 1 19.60 4.58 1.95 73.87 Spectrum 1 5.83 2.41 91.76 
Spectrum 2 3.27   2.00 94.73 Spectrum 2   2.07 97.93 
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NH900-1 

 

with oxygen without oxygen 
Spectrum O Cr Mn Fe Spectrum Cr Mn Fe 

Spectrum 1 57.30 21.73 9.60 11.38 Spectrum 1 50.67 22.39 26.94 
Spectrum 2 49.72 20.53 10.04 19.71 Spectrum 2 40.63 19.92 39.45 
Spectrum 3 2.67 1.64   95.69 Spectrum 3 1.69   98.31 

 

with oxygen without oxygen 
Spectrum O Cr Mn Fe Spectrum Cr Mn Fe 

Spectrum 1 21.94 8.66 3.78 65.62 Spectrum 1 11.06 4.85 84.09 
Spectrum 2 10.96 3.07 1.09 84.88 Spectrum 2 3.44 1.23 95.33 
Spectrum 3 7.83 1.89   90.28 Spectrum 3 2.05   97.95 
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V900-1 

 

with oxygen without oxygen 
Spectrum O Cr Mn Fe Spectrum Cr Mn Fe 

Spectrum 1 23.77 9.15 4.98 62.09 Spectrum 1 11.96 6.54 81.50 
Spectrum 2 35.40 11.42 6.49 46.68 Spectrum 2 17.60 10.05 72.36 
Spectrum 3 0.00 1.51   98.49 Spectrum 3 1.51   98.49 

 

 

with oxygen without oxygen 
Spectrum O Cr Mn Fe Spectrum Cr Mn Fe 

Spectrum 1 29.30 9.27 4.80 56.62 Spectrum 1 13.06 6.79 80.15 
Spectrum 2 0.00 1.65   98.35 Spectrum 2 1.65   98.35 
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N1000-1 

 

with oxygen without oxygen 
Spectrum O Si Cr Mn Fe Spectrum Si Cr Mn Fe 
Spectrum 1 21.77 6.41 2.45   69.37 Spectrum 1 8.40 3.11   88.49 
Spectrum 2 8.15   5.64 0.89 85.33 Spectrum 2   6.13 0.96 92.91 
Spectrum 3 4.72   4.24   91.04 Spectrum 3   4.45   95.55 
 

  



Effect of the atmosphere composition on the sintering of pre-alloyed low Cr-Mo water atomized steel powder 
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NH1000-1 

 

with oxygen without oxygen 
Spectrum O Cr Mn Fe Spectrum Cr Mn Fe 

Spectrum 1 17.59 14.21 7.16 61.05 Spectrum 1 17.21 8.68 74.11 
Spectrum 2 25.21 22.22 11.83 40.73 Spectrum 2 29.64 15.81 54.55 
Spectrum 3 9.89 11.76 5.99 72.36 Spectrum 3 13.04 6.65 80.32 
Spectrum 4 0.00 1.51   98.49 Spectrum 4 1.51   98.49 
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V1000-1 

 

with oxygen without oxygen 
Spectrum O Cr Mn Fe Spectrum Cr Mn Fe 

Spectrum 1 53.10 19.54 9.62 17.75 Spectrum 1 41.44 20.44 38.11 
Spectrum 2 46.31 14.32 7.60 31.77 Spectrum 2 26.52 14.13 59.35 
Spectrum 3 40.99 12.86 6.91 39.24 Spectrum 3 21.68 11.69 66.63 
Spectrum 4 18.15 12.80 7.12 61.93 Spectrum 4 15.60 8.70 75.70 
Spectrum 5 0.00 1.50   98.50 Spectrum 5 1.50   98.50 

 

  



Effect of the atmosphere composition on the sintering of pre-alloyed low Cr-Mo water atomized steel powder 

 

   123 
 

N1120-1 

 

with oxygen without oxygen 
Spectrum O Cr Mn Fe Spectrum Cr Mn Fe 

Spectrum 1 45.55 22.91 12.39 19.14 Spectrum 1 41.93 22.71 35.36 
Spectrum 2 44.64 16.63 9.35 29.38 Spectrum 2 29.89 16.86 53.25 
Spectrum 3 4.79 1.76   93.46 Spectrum 3 1.84   98.16 

 

 

with oxygen without oxygen 
Spectrum O Al Si Cr Mn Fe Spectrum Al Si Cr Mn Fe 

Spectrum 1 1.96     14.59 7.63 75.81 Spectrum 1     14.88 7.78 77.33 
Spectrum 2 16.83 1.63 3.15 1.43   76.95 Spectrum 2 2.01 3.87 1.71   92.41 
Spectrum 3 0.00     1.99   98.01 Spectrum 3     1.99   98.01 
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NH1120-1 

 

with oxygen without oxygen 
Spectrum O Cr Mn Fe Spectrum Cr Mn Fe 

Spectrum 1 48.70 17.88 9.25 24.18 Spectrum 1 34.66 17.99 47.36 
Spectrum 2 0.00 1.36   98.64 Spectrum 2 1.36   98.64 

 

 

with oxygen without oxygen 
Spectrum O Cr Mn Fe Spectrum Cr Mn Fe 

Spectrum 1 39.35 13.63 6.95 40.08 Spectrum 1 22.35 11.44 66.20 
Spectrum 2 40.28 13.52 7.33 38.87 Spectrum 2 22.52 12.27 65.21 
Spectrum 3 0.00 1.74   98.26 Spectrum 3 1.74   98.26 
Spectrum 4 21.52 9.93 5.07 63.48 Spectrum 4 12.62 6.46 80.92 

 



Effect of the atmosphere composition on the sintering of pre-alloyed low Cr-Mo water atomized steel powder 
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V1120-1 

 

with oxygen without oxygen 
Spectrum O Cr Mn Fe Spectrum Cr Mn Fe 

Spectrum 1 24.59 19.90 10.18 45.33 Spectrum 1 26.32 13.48 60.19 
Spectrum 2 0.00 12.98 7.30 79.72 Spectrum 2 12.98 7.30 79.72 
Spectrum 3 1.23 12.10 6.27 80.40 Spectrum 3 12.24 6.35 81.40 
Spectrum 4 0.00 1.70   98.30 Spectrum 4 1.70   98.30 
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N1120-30 

 

with oxygen without oxygen 
Spectrum O Cr Mn Fe Spectrum Cr Mn Fe 

Spectrum 1 1.55 20.60 11.16 66.70 Spectrum 1 20.92 11.33 67.75 
Spectrum 2 3.23 1.46   95.31 Spectrum 2 1.51   98.49 

 

 

 

with oxygen without oxygen 
Spectrum O S Cr Mn Fe Mo Spectrum S Cr Mn Fe Mo 

Spectrum 1 5.67 5.35 1.30 13.64 71.12 2.92 Spectrum 1 5.69 1.38 14.46 75.38 3.10 

Spectrum 2 1.98   1.28   96.74   Spectrum 2   1.31   98.69   

 



Effect of the atmosphere composition on the sintering of pre-alloyed low Cr-Mo water atomized steel powder 
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with oxygen without oxygen 
Spectrum O Cr Mn Fe Spectrum Cr Mn Fe 

Spectrum 1 54.96 20.80 10.47 13.76 Spectrum 1 45.99 23.19 30.83 
Spectrum 2 45.64 15.98 8.15 30.24 Spectrum 2 29.23 14.96 55.81 
Spectrum 3 0.00 1.63   98.37 Spectrum 3 1.63   98.37 
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NH1120-30 

 

with oxygen without oxygen 
Spectrum O V Cr Mn Fe Spectrum V Cr Mn Fe 

Spectrum 1    32.80 20.08 47.12 Spectrum 1   32.80 20.08 47.12 
Spectrum 2 2.71 0.54 38.06 23.80 34.89 Spectrum 2 0.56 39.11 24.46 35.87 
Spectrum 3 2.08   1.65   96.28 Spectrum 3   1.68   98.32 

 

 

with oxygen without oxygen 
Spectrum O Cr Mn Fe Spectrum Cr Mn Fe 

Spectrum 1 38.54 18.17 9.40 33.90 Spectrum 1 29.43 15.27 55.29 
Spectrum 2 1.42 1.50   97.09 Spectrum 2 1.52   98.48 

 



Effect of the atmosphere composition on the sintering of pre-alloyed low Cr-Mo water atomized steel powder 
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V1120-30 

 

with oxygen without oxygen 
Spectrum O Cr Mn Fe Spectrum Cr Mn Fe 

Spectrum 1 22.66 14.59 8.78 53.97 Spectrum 1 18.81 11.34 69.84 
Spectrum 2 3.58 4.45 2.26 89.71 Spectrum 2 4.62 2.35 93.04 
Spectrum 3 0.00 1.61   98.39 Spectrum 3 1.61   98.39 

 

 

with oxygen without oxygen 
Spectrum O Cr Mn Fe Spectrum Cr Mn Fe 

Spectrum 1 50.60 19.56 10.06 19.77 Spectrum 1 39.41 20.31 40.28 
Spectrum 2 0.00 1.85   98.15 Spectrum 2 1.85   98.15 
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