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ABSTRACT 

 
Sintered steels allow obtaining large batches of high precision parts at a low cost. In order to obtain the 

required mechanical properties, alloying elements are added. In traditional powder metallurgy, nickel, 

molybdenum, copper and phosphorous were used. However, because of fluctuations and increase of their 

price in the last decade, they must be substituted by others, and the current tendency is the study of 

incorporation of alloying elements, such as manganese and silicon, that maintain, or even improve, 

mechanical properties and reduce the price of the final component. 

 

In this project, the possibility of adding manganese and silicon to low alloy sintered steels is analyzed and 

they are introduced in the form of a master alloy. It consists on a powder with high concentration of 

alloying elements that is mixed with the base powder. This alloying technique can be used to promote the 

formation of a liquid phase during sintering, which activates the diffusion mechanisms, and allows adjusting 

the composition in order to obtain the desired microstructure and the required mechanical properties. 

Moreover, master alloy additions make easier the introduction of alloying elements with high affinity for 

oxygen (such as Mn and Si) because their chemical activity is reduced when they are alloyed with other 

elements with low affinity for oxygen.  

 

Along this project, sinterability studies are developed in order to obtain optimum conditions of sintering, as 

well as the analysis of the alloying effects in order to obtain steels with required microstructure so they can 

meet a certain requirement. For this purpose, it is very important to analyze the interaction with the 

sintering atmosphere, due to presence of elements with high affinity for oxygen. Therefore, three different 

steels are sintered in two different atmospheres: argon and hydrogen. The alloying effect and the 

interaction with the atmosphere are evaluated through several tests, such as degasification studies, 

chemical analysis, density and dimensional variation, metallography and fractography. 

 

Keywords: Low alloyed sintered steels, Mn-Si sintered steels, master alloy, sintering atmosphere, alloying 

effect, degassing, oxide reduction. 
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RESUMEN 

 

Los aceros sinterizados permiten la obtención de grandes lotes de piezas con gran precisión geométrica, 

con un coste bajo. Para obtener las propiedades mecánicas requeridas, es preciso añadir elementos de 

aleación. En pulvimetalurgia convencional, se usaban como aleantes níquel, molibdeno, cobre y fósforo. Sin 

embargo, debido a la fluctuación y el alza de precios en la última década, es necesario sustituir estos 

elementos de aleación por otros. La tendencia actual consiste en estudiar la incorporación de aleantes, 

como manganeso y silicio, que mantengan las propiedades mecánicas, o incluso las mejoren, y reduzcan el 

precio del componente final. 

 

En este proyecto, se analiza la posibilidad de añadir manganeso y silicio en aceros sinterizados de baja 

aleación, mediante la adición en forma de aleación maestra. Ésta consiste en un polvo con alta 

concentración de elementos de aleación, que es mezclada con el polvo base. Esta técnica se puede emplear 

para promover la formación de una fase líquida, la cual activa la sinterización, y también permite la 

posibilidad de ajustar la composición para obtener una determinada microestructura y las propiedades 

requeridas. Además, la adición de una aleación maestra facilita la introducción de aleantes con elevada 

afinidad por el oxígeno (como Mn y Si), porque su actividad química se ve reducida al ser añadidos con 

elementos de baja afinidad.  

 

A lo largo de este proyecto, se realiza un estudio de sinterabilidad para obtener las condiciones óptimas de 

sinterización, así como el análisis del efecto de los elementos de aleación para obtener aceros sinterizados 

con una cierta microestructura, que satisfaga los requisitos. Para poder alcanzar el objetivo, es importante 

analizar la interacción de la atmósfera de sinterización, debido a la presencia de elementos con elevada 

afinidad por el oxígeno. Por lo tanto, tres aceros distintos son sinterizados en dos atmósferas diferentes: 

argón e hidrógeno. El efecto de los aleantes y la interacción con la atmósfera se evalúa realizando una seria 

de pruebas, como son estudios de degasificación, análisis químico, densidad y variación dimensional, 

metalografía y fractografía. 

 
Palabras clave: aceros sinterizados de baja aleación, aceros sinterizados con Mn-Si, aleación maestra, 

atmósfera de sinterización, degasificación, reducción de óxidos. 
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1. INTRODUCTION 

 

1.1 Low alloyed sintered steels 

 

Powder metallurgy (PM) is a manufacturing technology for developing high precision parts, especially for 

automotive applications [1, 2]. PM has the capacity of reproducing large amounts of components with 

geometrical precision, with low energy consumption and low losses of material. However, residual porosity 

is an important drawback of this technology, which promotes lower mechanical properties in comparison 

with other manufacturing techniques, such as machining or precision casting [3].  

 

In order to obtain required mechanical properties of PM steels, the addition of alloying elements is needed. 

In conventional powder metallurgy, Ni, Cu, P and Mo were used, because of their low affinity for oxygen, so 

low stable formed oxides could be reduced in almost any sintering atmosphere [4, 5].  

 

However, since prices of these alloying elements have increased in the last years others, such as Mn, Si and 

Cr, are being investigated as alternatives [4, 5]. In Fig.1.1, an example of the difference of prices among 

conventional alloying elements and the ones used nowadays can be seen. Apart from high prices of Mo and 

Ni (10 times and 5 times, respectively, the price of Mn and Cr), there are some other problems: Ni induces 

cancer when added as small particles [6] or the difficulty for recycling Cu [7]. 

 

  

  
Fig.1.1. Example of prices of conventional (above) and current alloying elements in PM (below) [8]. 
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Alloying elements can be introduced by using one of the following techniques, as shown in Table 1.1. 

 

Alloying Technique Definition 

Mixed alloy powders 

 

Iron powder is combined with required amount of 

alloying elements powders and alloying takes place 

during sintering 

Partially difussion alloyed powders 

 

 

 

Before sintering, iron and alloying elements powder 

go under a heat treatment in a reducing atmosphere 

to produce certain inter-diffusion among those 

powders. 

Prealloyed powders 

 

Iron is atomized together with alloying elements in 

order to produce powders, which consist on an iron 

alloy. 

Master alloy 

 

 

 

Iron powder is mixed with a highly-alloyed powder 

with the required concentration of alloying 

elements. 

Table 1.1. Alloying Techniques. 

 

Using the master alloy route, alloying elements such as manganese, silicon and chromium, which have high 

affinity for oxygen, can be introduced in steels minimizing the risk of oxidation. This technique consists on 

using a powder with high concentration of alloying elements, which is mixed with iron base powder, and 

produces a material with desired composition, microstructure and mechanical properties. 

 

Master alloys can also be designed to provide the formation of a liquid phase during sintering. In order to 

avoid oxidation of the master alloy during heating, prealloyed carbon is needed in its composition as is 

reported in [7].  
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The addition of alloying elements as a master alloy has some advantages and disadvantages over other 

alloying techniques, as shown in Table 1.2. 

 

Advantages Disadvantages 

Reduction of chemical activity of elements with 

high affinity for oxygen. 
Risk of segregation and agglomeration. 

Adjust composition for a certain application. Microstructural heterogeneity. 

Compressibility of base powder remains. Reduction of compressibility of the compact. 

Liquid phase formation. Secondary porosity 

Table 1.2. Advantages and disadvantages of using a master alloy. 

 

It is important to know the morphology and chemical composition of the surface of the powder. When a 

water atomized prealloyed iron powder is consider, if the compositions include alloying elements with high 

affinity for oxygen (Cr, Mn, Si) the surface of particles have a heterogeneous chemical composition, which is 

mainly composed by a thin iron-oxide layer and some stable oxide particles (Fig.1.2) [9]. Stable oxides 

appear due to oxidation of alloying elements with high affinity for oxygen: Cr, Mn and Si [10-12]. The iron 

oxide layer can be easily reduced during heating, which promotes diffusion processes and contact among 

particles for formation of necks of sintering [13]. 

 

 
Fig.1.2. Surface of atomized iron particle, prealloyed with alloying elements with high affinity oxygen. 

 

This phenomenon is considerable higher for master alloys particles, which composition is heavily alloyed. 

 

 

 

 

 

 

 

 

 

 

 



Andrea Galán Salazar 

PROYECTO FIN DE CARRERA - INGENIERÍA INDUSTRIAL 
 

 

10 
 

1.2 Sintering atmosphere 

 

In order to reduce iron oxides and stable oxides, the interaction between the sintering atmosphere and the 

material has a very important roll. In Table 1.2, different types of atmospheres and the interaction with the 

material are presented, focused on Mn-Si steels. 

 

Atmosphere Reducing Agent Formation of gases Reduction Stages 

Inert: Ar, He, N2, 

vacuum 

Carbon added as 

graphite 
CO/CO2 

~700ºC, iron 

oxides 

~1000ºC, stable 

oxides 

Reducing: H2, N2-

H2 

H2 at low Tª, C at high 

Tª 

H2O at low Tª, CO at 

high Tª 

~400ºC, iron 

oxides 

~1000ºC, stable 

oxides 

Table 1.2. Sintering atmospheres [4, 10, 14, 15]. 

 

In an inert atmosphere, carbon is the only reducing agent and reduction occurs because of Direct 

Carbothermal Reduction (Equation 1.1) or Indirect Carbothermal Reduction (Equation 1.2). 

 

                 
 

Equation 1.1  

 

 
                   

 

Equation 1.2 

 

Direct Carbothermal Reduction involves reduction in the points where oxides are in contact with carbon, 

although it is very limited because there are few points of contact. However, in the Indirect Carbothermal 

the reducing agent (CO) is in gaseous state. On the other hand, presence of CO is determined by certain 

conditions of temperature and pressure, which depends on Boudouard Equilibrium [16]. 

 

Boudouard Equilibrium is obtained from eq. 1.3 to 1.5, which are highlighted in green color in Ellingham 

Diagram (See Fig. 1.3). By combination of these three reactions, the equation corresponding to Boudouard 

Equilibrium (Equation 1.6) is obtained.  

 

CO+O2↔CO2 (Equation 1.3) 

C+CO2↔2CO (Equation 1.6) 2C+O2↔2CO (Equation 1.4) 

C+O2↔CO2 (Equation 1.5) 

 

On the other hand, when sintering in a reducing atmosphere, hydrogen is the reducing agent at low 

temperatures because free energy of formation of H2O is more negative than that for CO or CO2, as 

observed in Fig.1.3. The corresponding reaction to reduction with H2 is shown in Equation 1.7. However, at 

high temperatures, CO formation has a more negative free energy, so C becomes the most effective 

reducing agent [4].  

 

2H2+O2↔2H2O Equation 1.7 
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Fig.1.3. Ellingham Diagram. Representation of reactions for Boudouard Equlibrium (green) and reduction with H2 

(blue). 
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2. MOTIVATION AND OBJECTIVE 

 

Because of high price of conventional alloying elements in powder metallurgy, such as nickel and 

molybdenum, there is a current need of developing new sintered steels, which meet the required 

properties. Those steels can be obtained by the addition of a master alloy, whose composition is tailored 

depending on the requisites of the component and it is independent from fluctuations in the market.  

 

Therefore, the objective of this project consists on studying the possibility of introducing master alloy 

additions (which contains Mn and Si and forms a liquid phase for activating sintering) in order to obtain the 

required microstructure of low alloyed sintered steels.  

 

In order to achieve this aim, there are two critical aspects that will be evaluated along this work, as 

represented in the diagram of Fig.2.1. 

 

- Optimal conditions for sintering, through the study of degasification during sintering. 

 

- The effect of the alloying elements on hardenability of the steel, which will be analyzed through the 

development of the microstructure.  

 

 
 

 

 
Fig.2.1. Aspects to be considered in order to achieve the objective. 
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3. MATERIALS AND EXPERIMENTAL PROCEDURE 

 

In this chapter, the processing route for obtaining sintered steels and characterization techniques used in 

this project are going to be described. In order to have a clear idea of the whole project, a diagram is 

presented in Fig.3.1. 

 
Fig.3.1. Diagram for obtaining sintered steels and used characterization techniques

1
. 

 

3.1 Materials 

 

In order to develop sinterability studies, three different steels have been used. Samples are composed by a 

mixture of iron powder, graphite and alloying elements, which are added in the form of a master alloy. It 

has to be remarked that lubricant is not added in order to avoid any possible oxidation process during 

delubrication stage. In Table.3.1, materials are presented.  

  Nomenclature 

Raw Materials Characteristics Addition(%wt) 

Water atomized iron powder 
Grade ASC100.29 Höganäs AB, Sweeden 

O<0.08%, C<0.01% 
Bal. Bal. Bal. 

Carbon Kropmülf UF4 graphite 0.6 0.6 0.6 

Master alloys 

~45μm 

Fe-40Mn-17Si (%wt) 4   

Fe-40Mn-15Si-1C (%wt)  4  

Fe-40Mn-15Si-1C-5Cr-10Ni (%wt)   4 

   MA1 MA2 MA3 

Table 3.1. Materials  

                                                           
1
 “MA” refers to the master alloy. 
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Master alloy powders were atomized in a laboratory scale atomizer of the company Atomising Systems LTD 

(Sheffield, UK). Conditions for atomizing are listed in Table 3.2. 

 

Atomizing Media N2 (99.9%) 

Atomizing Gas Pressure 15 bar 

Tundish Nozzle Diameter 5mm 

Tundish Load 0.7-1 liter 

Table 3.2. Master alloy conditions for atomizing. 

 

3.2 Processing of sintered steels modified with master alloy additions 

 

Sintered steels were obtained through conventional powder metallurgy process of mixing, pressing and 

sintering.  

The mix was consolidated as a standard impact energy bar, by using uniaxial compaction at 600MPa. 

Sintering was carried out in a Netzsch 402 ES Dilatometer (at TU Universität Wien). Two different 

atmospheres were used; inert (Ar) and reducing (H2). Sintering temperature was 1300ºC and heating and 

cooling rate were 10ºC/min.  

 

3.3 Characterization Techniques 

 

I. Thermal Analysis 

 

Thermal analytic techniques register changes in physical or mechanical properties within a controlled 

range of temperature [17].  

In this case, dilatometry and mass spectroscopy have been applied simultaneously so that both the 

dimensions of the sample and the gases evolved during the sintering process are monitored.  

These measurements have been developed thanks to TU Universität Wien, with Netzsch402ES 

equipment, using Ar or H2 as atmosphere, at 1300ºC, and the applied cooling rate was 10ºC/min.  

 

 Dilatometry: It is used for highly precise measurement of dimension changes at a 

programmed temperature range and with negligible sample strain. 

This technique has been used in order to study the atmosphere effect on dimension changes, 

as well as reduction reactions during sintering, by coupling the dilatometer to a mass 

spectrometer.  

 

 Mass Spectroscopy coupled with thermal analysis: It is based on separation of gas ions 

depending on its relation electrical charge-mass. With this technique, gases, generated as a 

consequence of the reactions occurring when heating a sample, can be identified [17]. The 

nomenclature of the gases that can be detected is shown in Table 3.3. Different molecules 

are identified according to the composition of the atmosphere and powder compact.  
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Molecule Atomic Mass (Nomenclature) 

CH4 16 (m16) 

CH3+ 15 (m15) 

H2O 18 (m18) 

CO 28 (m28) 

CO2 44 (m44) 

C 12 (m12) 

Table 3.3. Nomenclature of molecules detected with Mass 

Spectroscopy coupled with thermal analysis. 

 

II. Chemical Analysis 

 

Chemical composition of sintered steels can be evaluated by using chemical analysis. Carbon and 

oxygen contents after sintering can be obtained, which indicates the effectiveness of 

oxidation/reduction processes that have taken place.  

 

Oxygen and nitrogen contents were measured with LECO-TC500 equipment. The sample is 

introduced and melted in an atmosphere composed by helium, so that the oxygen gas coming from 

the sample produces CO and it is quantified on an infrared detector. Molecular nitrogen is detected 

by a thermo-conductor cell.  

 

Carbon content is analyzed in LECO-CS200 equipment, which detects carbon by gasometry. The 

sample is heated in an induction furnace under a purified oxygen stream, which transports produced 

gases in different cases: powder, sulfur and catalytic converter (COCO2). Later, gases enter in CO2 

analyzer, where a volume of diluted H2SO4 is displaced. When combustion finishes, gases enter in 

contact with KOH that absorbs CO2. H2SO4 volume difference is used as measure of produced CO by 

the sample [17]. 

 

III. Physical Properties 

 

Density of green compacts and sintered steels are analyzed by following the standard UNE-EN ISO 

2738:2000 [18]. In order to evaluate physical properties, density is measured by three different 

methods: weight and measure, pycnometer and Archimedes. 

 

Density by weight and measure is obtained with Equation 3.1. 

 

  
 

 
 

Equation 3.1 

 

Density was also obtained with a pycnometer (AccuPyc 1330 V3.03 equipment), previously calibrated. 

It consists on introducing the sample on a recipient containing helium, which has a normalized 

volume. The sample displaces a certain volume of helium, which corresponds to the volume of the 

sample. Therefore, if mass of the sample is known, density can be obtained.  
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Density obtained by using the pycnometer is higher than the one obtained by weight and measure, 

because considered volume is smaller, due to helium going into open porosity.  

 

In order to obtain density by Archimedes, Equation 3.2 is used. It is important to mention that 

Archimedes was only used for sintered samples.  

 

            
  

(
     
    

)  (
     

  
)

 Equation 3.2 

 

In Equation 3.2, designations correspond to the following variables, also illustrated in Fig.3.2. 

 

 

Ma: mass of sintered material 

Mb: mass of sealed and dry 

material 

Mc: mass of material in water 

ρ(H2O)=1g/cm3 

ρ(sealant)=1.2g/cm3 

 

 

 

 

Relative density has been analyzed by applying Equation 3.3. 

 

             
 

           
     Equation 3.3 

 

Theoretical density of the steels has been calculated with Equation 3.4 [19]. 

 

            
   

   
    

   
    

   
    

   
    

   
    

  
  

 Equation 3.4 

 

 

After obtaining density, porosity can be evaluated, as follows in Equation 3.5, 3.6 and 3.7. 

 

             
           

           
      Equation 3.5 

             
           

           
      

Equation 3.6 

 

                       
Equation 3.7 

 

  

 
Fig.3.2. Graphic explanation of used masses for applying Archimedes. 

 

 

 

 

 
  

 

Ma Mb Mc 
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IV. Microscopy 

 

Metallography analysis and study of the fracture surface were carried out by using optical microscopy 

and scanning electron microscopy.  

 

 Light Optical Microscopy (LOM): Samples were prepared by conventional metallographic 

procedure; samples were cut, mechanically polished and etched by using to types of etchants: 

- 10g of potassium meta-bisulfite and 100mL of distilled water. This etchant make 

possible microscopic examination without dissolution of inclusions when etching 

[20]. Inclusions are revealed as grey layers.  

- Lepera. Chemical composition: 1% Na2S2O5 in distilled water 4% picric acid in ethyl 

alcohol. It is used in order to reveal bainite (dark brown), martensite (white), ferrite 

and austenite (light brown) and, in most cases, grain boundaries are not strongly 

etched [21].  

 

 Scanning Electron Microscopy (SEM): In this microscope, samples are impacted by electrons, 

under vacuum conditions, and emitted signals are detected. In order to make the image, 

secondary and backscattered electrons are used. Backscattered electrons depend on atomic 

number, so contrast due to composition is obtained. On the other hand, secondary electrons 

compose the topography of the sample.  

 

The used equipment is a Scanning Electron Microscope Philips XL-30 with EDAX-DX4 Philips 

sensor. The sensor allows analyzing X-Rays, so that semiquantitative information of the 

composition of a certain point, area or line can be obtained.  

 

SEM was used to study the surfaces of fracture, but also to make line analyses in order to 

evaluate distribution of alloying elements around secondary pores. Line analyses are developed 

on samples prepared for metallography. 

 

It is important to mention the inspected area for fracture surface evaluation. It is focused on the 

area were the crack started to propagate and where the specimen was subjected to tensile 

stress. In order to break the samples, they were subjected to a three point bending test by using 

Microtest Equipment for quality control, Coinsa Internaional S.A., and a signal converter AS-I 

model, ±7.5MM range. In Fig.3.2, this explanation is shown graphically. 

 
Fig.3.2. Analyzed fracture surface 
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4. RESULTS AND DISCUSSION 

 

Results are divided in two main topics. On the one hand, those related to sinterability of the Fe-Mn-Si 

steels: Degasifications studies, chemical analysis and densification behavior. On the other hand, those that 

deals to Hardenability effect of Mn and Si: microstructural studies and fractography. 

 

4.1 Sinterability Study 

I. Degasification Studies 

 

A degassing study has been developed in order to understand reduction of oxides with formation of 

different gases during sintering. These studies have been done considering the mass spectroscopy signal 

recorded simultaneously during dilatometry runs under different atmosphere. The aim of these 

experiments is to determine the reducing agents during sintering considering the steel and the sintering 

atmosphere composition. 

 

In Fig.4.1, dilatometry and gas formation curves can be seen for both atmospheres. Notice that just most 

significant species for this study have been selected and those are the ones represented in Fig.4.1. 

 
When sintering in Ar, mass 28 appeared which corresponded to CO, because it was formed together with 

CO2 and C. The relation among these three gases is given by Boudouard Equilibrium (See Equation 1.6), and 

it is displaced to the production of CO at this range of temperatures [16].  

 

CO and CO2 were formed because of reaction of carbon in the sample with oxides present in the steel, 

through Direct Carbothermal Reduction (Equation 1.1) and Indirect Carbothermal Reduction (Equation 1.2), 

respectively, but also due to reaction of C with gases in the atmosphere in order to maintain Boudouard 

Equilibrium. 

 

Three peaks of CO can be distinguished when sintering in Ar: one between 600ºC and 700ºC, and the two 

others at 1100ºC-1200ºC. The position of these peaks is not clearly affected by the composition of the 

master alloy powder introduced, because it can be seen in Fig.4.1 that they appear at almost the same 

temperature for the three steels.  

 

Mentioned peaks are related to reduction of different oxides present in the steel. The first one, which has 

lower intensity than the others, is probably related to reduction of less stable iron oxides present in the 

surface of the powder particles [4]. The next two peaks are associated to reduction of internal or more 

stable oxides [4, 15, 22-24], and, the presence of two of them, suggests the existence of at least two types 

of oxides (Mn, Si, Cr, Ni) with different thermal stability, apart from iron oxides [24]. 
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 Ar H2 

MA1 

  

MA2 

 
 

MA3 

  

Fig.4.1. Dilatometry and gas formation curves during sintering for Ar (left) and H2 (right).  

 

When sintering in H2, different gases appeared, being H2O (m18), CH4 (m16) and CO (m28) the most 

significant ones for this study. It has to be remarked that composition of the master alloy does not clearly 

modify either the position or the intensity of these peaks, as seen in Fig.4.1. 

 

Formation of CO, as when sintering in Ar, is related to Carbothermal Reduction, as explained before. In this 

case, CO appears at around 1200ºC, as seen in Fig.4.1, and it is related to reduction of stable oxides, 

because carbon is the most effective reducing agent at high temperatures [4]. 

 

Formation of H2O corresponds to reduction of iron oxides at around 400ºC (See Fig.4.1), because of 

reaction of less stable oxides with hydrogen from the sintering atmosphere, as presented in Equation 4.4. 
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                   Equation 4.4 

 

The peak related to CH4 formation occurs in the range of temperatures 700ºC-800ºC. It seems the 

formation of methane is associated to the presence of high affinity for oxygen elements [16, 24], specially 

Si because it forms more stable oxides, as it is going to be discussed.  

A possible reaction for obtaining methane is presented in Equation 4.5 [24], where metal, hydrogen from 

the atmosphere and formed CO lead to the formation of CH4 and a metal oxide.  

 

 

 
              

 

 
      Equation 4.5 

 

Taking into account metals presented in the master alloy (Fe, Mn, Si, and Cr and Ni just in MA3), Gibbs free 

energy of the formation of corresponding oxides was studied. In Fig.4.2, there is a graph with the 

representation of free energy for the propose oxides. It can be observed that Gibbs free energy of SiO2 is 

the most negative one, for the range of temperatures of appearance of methane (700ºC-800ºC). Therefore, 

it seems like reaction in order to obtain CH4 is related to Si, because Si forms the most stable oxide 

compared to the mentioned alloying elements, at least in the range of temperatures in which methane 

appears.  

 
Fig.4.2 Gibbs Free Energy for the formation of different oxides following the reaction in Eq. 4.5 [24]. 
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In Table 4.1, results obtained from degasification curves are represented, in order to know temperatures at 

which reduction of different oxides takes place, for both atmospheres of sintering. 

 

 Sintering 

Atmosphere 

Stage I: Reduction of 

surface oxides (ºC) 

Stage II: Reduction of 

internal oxides (ºC) 

Stage III: Reduction at 

high temperature (ºC)  

MA1 
Ar 633.8 – C/CO 1134.5 – C/CO 1227.6 – C/CO 

H2 369.2 – H2/H2O 1124.3 – C/CO 1237.0 – C/CO 

MA2 
Ar 675.6 – C/CO 1094.4 – C/CO 1217.8 – C/CO 

H2 385.0 – H2/H2O - 1222.2 – C/CO 

MA3 
Ar 635.3 – C/CO 1093.9 – C/CO 1262.0 – C/CO 

H2 389.3 – H2/H2O - 1187.0 – C/CO 

Table 4.1. Results from degasification study, temperatures and involved molecules according to eq. 1.1, 1.2, 1.6 

and 4.4. 

 

It has been observed that master alloy additions promote the reduction of the intensity of CO peaks, for 

both atmospheres. In previous studies, an ASC100.29+0.8C steel was analyzed. This steel was obtained by 

pressing at 600 MPa and it was sintered in H2 and Ar at 1300ºC, 60min, 10k/min [14]. Degasification study 

revealed the following curves, shown in Fig4.3. In this case, when sintering is done in Ar atmosphere, only 

the added graphite acts as reducing agent (peaks of CO at 729 ºC and 1145 ºC). If a H2 is selected as 

atmosphere during sintering, then beside the water desorption peak at low temperature (close to 150 ºC) 

an intense detection of H2O is recorded due to the reduction made by H2. Therefore two agents are acting 

in this case, the graphite and the H2 from the atmosphere. 

 

 

  
Fig.4.3. Dilatometry and MS curves for ASC.100.29+0.8C sintered in Ar (left) and H2 (right) [14]. 

 

Comparing Fig.4.1 and Fig. 4.3, the reduction of the intensity of CO peaks when adding the master alloy 

could be the consequence of the “internal getter” effect, which means that conditions of pressure 

(P(CO)/P(CO2)) and temperature can be reducing for iron but oxidizing for Mn and Si. The result is that 

there is no mass loss, due to transfer of oxygen from the surface of the base powder to the master alloy 

particles [16, 24]. In Fig.4.4, this phenomenon is represented.  
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Fig.4.4. “Internal getter” effect (above). Conditions for this phenomenon (below), adapted from [25]. 

 

II. Chemical Analyses 

 

Final content of carbon and oxygen have been studied, in order to evaluate the effect of the atmosphere 

and composition on sinterability of steels, through the analysis of oxidation and reduction phenomena. In 

Fig.4.5, final oxygen content and combined carbon are represented.  

 

It can be noted in Fig. 4.5 that final oxygen content of the samples is in the range 0.01-0.03%. Moreover, it 

can be compared to steels with no addition of alloying elements. In [10], ASC.100.29-0.6%C steel was 

sintered for 60 min, in N2 and at 1300ºC, obtaining 0.00619 wt% of final oxygen content. Therefore, it can 

be said that additions of master alloy increase the final content of oxygen, because it contains elements 

with high affinity for oxygen that act as internal getters.  
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Fig.4.5. Combined Carbon (left) and Final Oxygen Content (right). 

 

It can be appreciated as well that oxygen content is lower in those samples sintered in H2 than in Ar. This 

fact is related to the presence of two reducing agents in H2 atmosphere, C and H2, that will react with 

oxygen in order to form CO (Carbothermal reaction at high temperatures) and H2O (reduction of iron oxides 

at low temperatures), respectively. In Ar, there is just one reducing agent, carbon, which will form CO in 

combination with oxygen.  

 

Focusing in carbon, as shown in Fig.4.5, samples lost around 0.10-0.30%C during sintering. If steels of this 

project are compared to plain carbon steels, such as the one mentioned before (ASC100.29-0.6%C, 

0.0661% carbon loss [10]), it can be appreciated that additions of the master alloy promotes carbon losses. 

 

Decarburization in hydrogen is more important because of formation of CO and CH4 during sintering. 

Therefore, two molecules containing carbon are formed, which induces a higher carbon loss from the steel. 

Usually decarburization is higher in Ar because carbon is the only reducing agent in this atmosphere, while 

H2 and C are both reducing agents in a sintering atmosphere composed by H2. This does not happen 

because of the formation of CH4 in this type of steels when sintering in hydrogen.  

 

The effect of composition on the final contents of oxygen and carbon can be explained with formation of 

CH4 if sintering with H2. As mentioned in section 4.1.I, methane formation is promoted by the more 

negative Gibbs free energy of formation of stable oxides. Therefore, the higher the amount of high affinity 

for oxygen elements in the steel, especially Si as explained before, the higher the amount of CH4 and metal 

oxides, because reaction is moved to the right, following Le Chatelier’s Principle (See Equation 4.5). 

 

III. Liquid Phase Formation 

 

In order to study dimensional stability of each of the samples, dilatometry curves have been obtained. In 

Fig.4.6, dilatometry curve for composition MA1 sintered in Ar is represented. The dilatometry curves for all 

samples can be seen in the appendix. With this type of curve, and using as help the first derivative of the 

curve, the following data can be obtained, as listed in Table 4.1. 
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Fig.4.6. Dilatometry curve for MA1 in Ar and derivative curve in order to determine points A, B and C. 

 

Phenomena 
Corresponding point in Dilatometry Curve 

(See Fig.4.4) 

Transformation of ferrite into austenite 12 

Liquid phase formation AB 

Isothermal shrinkage BC 

Table 4.1. Data obtained from dilatometry curves.  

 

One of the features of the master alloy was the ability of melting during sintering giving a transient liquid 

phase. The behavior of this liquid phase can be studied through the test. The formation of the liquid can be 

detected in the dilatometry curve as a sudden increase in the slope in the γ-Fe during heating. 

 

During liquid phase formation step, either swelling or densification can occur, depending on the contact 

angle and relative solubility between solid and liquid [26]. In this case, start and end of this phenomenon 

has been identified with points A and B, respectively, which correspond to the peaks of the derivative 

curve. 

 

On the other hand, when isothermal shrinkage occurs, densification takes place because of the growth of 

necks among particles. Points B and C establish the beginning and the end of this steps and, as previous, 

they correspond to the peaks of the derivative.  

 

Numerical data, which can be obtained from dilatometry curves, is shown in Table 4.2. In Fig.4.7, data 

related to dimensional variation is represented. 

 

1 

2 

A 

B 

C 
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 MA1 MA2 MA3 

 Ar H2 Ar H2 Ar H2 

LIQUID PHASE 
FORMATION 

T onset (ºC) (A) 1117 1091 1075 1070 1067 1069 

T peak (ºC) (B) 1158 1149 1110 1123 1109 1109 

Swelling (%) 0,086 0,016 0,243 0,109 0,221 0,123 

ISOTHERMAL SHRINKAGE (%) -0,412 -0,381 -0,267 -0,386 -0,291 -0,465 

TOTAL DIMENSIONAL VARIATION (%) -0,430 -0,657 -0,336 -0,449 -0,164 -0,561 

Table 4.2. Data obtained from dilatometry curves. 

 

As seen in Fig.4.7, dimensional variation during liquid phase formation is positive, which corresponds with 

swelling of the samples. As mentioned before, this effect is related to contact angle and solubility. When 

contact angle is high, which means poor wetting, the liquid retreats from the solid and the result is swelling 

of the compact and liquid exuding from the pores. On the other hand, when liquid has solubility on the 

solid, it promotes swelling during heating [26].  

 

 
Fig.4.7. Dimensional Variation: Numerical values (left) and corresponding area of dilatometry curve (right). 
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Swelling is higher in samples sintered in Ar than in H2, because reduction of oxides is more effective in H2. 

When sintering in H2, the reduction of surface oxides on iron particles is more effective than in Ar, so there 

will be a larger area of contact between the liquid phase and solid particles, which favors wetting 

conditions [16]. Moreover, at 400ºC, hydrogen has a high reactivity with oxygen and they form water, 

which prevents iron particles from oxidation. 

 

During isothermal step, all samples undergo shrinkage (See Fig.4.7). That negative dimensional variation 

seems to be larger in H2, because reduction of oxides is more effective, and therefore formation and 

growing of necks among particles is promoted by less amount of oxides when sintering in a reducing 

atmosphere [16]. On the other hand, reducing atmospheres favor shrinkage [27] because they ensure 

reduction of surface oxides, which agrees with these results.  

 

Total dimensional variation is the result of two phenomena, which are swelling, when the liquid phase is 

formed, and isothermal shrinkage. The combination of these two effects leads to the final dimensional 

variation, which can be either positive or negative. In the present study, total dimensional variation is 

negative for all samples, which means densification, as represented in Fig.4.7. Moreover, in the reducing 

atmosphere, final shrinkage is higher, because of lower swelling and higher isothermal shrinkage, as 

observed.  

 

These results can be compared with those in previous works. In [14], the same water atomized iron with 

0.8 graphite was sintered in both inert and reducing atmospheres. Data listed in Table 4.3 was obtained. 

Comparing values in both studies, it is appreciated that the addition of a master alloy which promotes the 

formation of a liquid phase, enhances total shrinkage, as well as sintering in a reducing atmosphere.  

 

Atmosphere Ar H2 

Total dimensional change (%) -0.34 -0.38 

Table 4.3. Dimensional change for ASC100.29+0.8C steel, sintered in a dilatometer, 1300 ºC, +/-10K, in 

inert/reducing atmosphere. Green density: 7.14g/cm
3
[14].  

 

IV. Density and Porosity 

 

In this section, density and total porosity after sintering are going to be discussed and compared to green 

density and initial porosity, respectively, in order to evaluate densification occurred when sintering. In 

Fig.4.8 and 4.9 relative density and porosity are represented, respectively, for the cases before and after 

sintering in both atmospheres. Notice that relative density has been obtained using values from 

Archimedes.  
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Fig.4.8. Relative Density. 

 

  
Fig. 4.9. Open Porosity (left) and Total Porosity (right). 

 

Besides, it is interesting to obtain the value of the densification of the compact in order to understand in a 

clearer way this analysis, which is calculated from Equation 4.6 (See Fig.4.10). Densification is strongly 

related to green density, because the higher green density, the densification parameter tends to one; but it 

also depends on the amount of liquid phase and right reduction of oxides. 
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Equation 4.6 

Fig.4.10. Densification of compacts. 

 

It can be observed that green density is lower for composition MA1, while the highest one corresponds to 

MA3, and total porosity behaves in the other way round. Moreover, it is observed that the largest 

densification occurs for MA1. Considering the green density values for the three steels, the master alloy 

MA1 has undergone the lowest swelling (See Fig. 4.7) which can be linked to the final value of densification. 

 

In order to explain the effect of the atmosphere in final density, it is important to know total dimensional 

variation analyzed in previous section (See Fig. 4.7). The more negative contraction of the sample, the 

higher the density will be [16].If the specimen has a higher shrinkage, it means that its volume is reduce 

because of reduction of porosity, rearrangement of particles and diffusion, so density is expected to be 

higher. 

 

Samples sintered in hydrogen seem to present higher densification because reduction of oxides is 

enhanced, which activates sintering, as mention in previous sections. However, it is noticed that MA3 has 

lower density in the reducing atmosphere, which could be the result of having mix Mn-Cr oxides at the 

particle surface. 

 

 

 

 

 

 

 

 

 

 

 

 

 

MA1 MA2 MA3

-0,10

-0,05

0,00

0,05

0,10

0,15

0,20

0,25

 

 

 Dens Ar

 Dens H2

D
e

n
s
if
ic

a
ti
o

n

+Fe-0,6 Graph.



Andrea Galán Salazar 

PROYECTO FIN DE CARRERA - INGENIERÍA INDUSTRIAL 
 

 

32 
 

On the other hand, values from this study are compared to those from previous ones [10, 14] (See Table 

4.5).  

 

Composition Relative Density (%) Densification 

ASC100.29-0.6C sintered in N2, for 

60min, 1200 ºC. Green density: 

7.10 g/cm3 [10] 

91.7 0.141 

ASC100.29-0.8C sintered in H2, for 

60min, 1300 ºC. Green density: 

7.14 g/cm3 [14] 

92.1 0.137 

MA1 sintered in H2, for 60 min, 

1300 ºC. Green density: 6.86 g/cm3 
89.9 0.248 

MA2 sintered in H2, for 60 min, 

1300 ºC. Green density: 6.98 g/cm3 
89.0 0.015 

MA3 sintered in H2, for 60 min, 

1300 ºC. Green density: 7.03 g/cm3 
89.5 -0.116 

Table 4.5. Relative Density of plain steels and steels with master alloy, sintered in reducing atmosphere. 

 

After analyzing Table 4.5, it could be suggested, as an approximation, that the addition of alloying elements 

slightly reduces the relative density of the steel, because they reduce compressibility of the powder and, 

therefore, plain steel experiments a higher densification.  

 

4.2 Alloying Effect 

I. Microstructural Evolution 

 

Microstructure was affected by the presence of a liquid phase. Firstly, while heating, carbon starts diffusing 

at around 800ºC [27-29] and it is distributed homogeneously in the mixed. When solidus temperature of 

the master alloyed is reached, transient liquid phase is formed as temperature increases. Liquid phase 

dissolves iron particles until its composition is saturated in iron, when it starts its solidification. Due to 

dissolution processes, the liquid capacity to infiltrate into iron porosity network decreases, and alloying 

elements are concentrated around the location of the master alloy particles. Once liquid phase is 

consumed, diffusion of alloying elements takes place in solid state [7, 16]. 

 

As seen in Fig.4.11, the microstructure that can be observed in all the specimens is mostly composed by 

pearlite, because the content of alloying elements is not high enough to produce non-equilibrium 

microstructures, at the applied cooling rate, -10ºC/min. However, when sintering MA1 in H2, ferrite also 

appears in the microstructure, because decarburization caused by the methane reaction, as discussed in 

section 4.1.II. 
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 Ar H2 
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MA2 

  

MA3 

  
Fig. 4.11.Microstructure of MA1, MA2, MA3 sintered in Ar (left) and H2 (right). 

 

It must be noticed that particles of the master alloy have molten completely, and non-of them can be 

observed in the microstructure. Besides, it is important to mention the areas where master alloy was, 

which are highly alloyed after sintering (See Fig.4.11, areas in light color and detail in Fig.4.12). Such areas 

seem larger if sintering in an inert atmosphere. When sintering in hydrogen, reduction of oxides is more 

effective; this improves wetting of the liquid phase and diffusion of alloying elements. Therefore, there is a 

better distribution of alloying elements, so less highly alloy areas are appreciated in the microstructure.  
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Fig. 4.12.Detail of highly alloyed areas. Etching: Lepera and 10g of potassium meta-bisulfite with 100mL of distilled 

water.  

 

In order to study the areas around where the master alloy was, the distribution of alloying elements during 

sintering has been analyzed with a line analysis, as Fig.4.13 shows.  

 

 
Fig.4.13. Distribution of alloying elements around secondary pores, for MA3 in H2.Composition of the master alloy: 

Fe-40Mn-15Si-1C-5Cr-10Ni. 
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It is appreciated that the distribution of the alloying elements follows the same pattern as the initial 

composition of the master alloy. This means that there is a higher amount of Mn (See Fig. 4.13) because 

there was a higher amount of this element initially. Moreover, the final content of Cr is the lowest, since 

initial Cr content was the lowest, as well. It is possible that the area of analysis corresponds to solidification 

of the liquid phase, once it was saturated in iron.  

 

It can be observed that Si has diffused faster than Mn, because diffusion coefficient of Si in iron is four 

times higher than the coefficient of Mn in iron: DSi/DFe=10 and DMn/DFe=2.5 [27].  

 

On the other hand, in the case of steel MA3, Ni is heterogeneously distributed on the microstructure which 

is explained due to the very low diffusion coefficient, DNi/DFe=0.5 [27, 30]. For Cr, diffusion coefficient is 

DCr/DFe=5 [27], which should promote a homogeneous distribution of this alloying element along the line of 

analysis; however, diffusion of Cr is inhibited because of presence of carbon [16]. 

 

Those areas with high concentration of alloying elements seem to be surrounded by martensite and retain 

austenite, and the presence of grains with acicular morphology suggests nucleation of acicular ferrite 

(Fig.4.12 and Fig.4.14).  

 

Acicular ferrite starts nucleating on an inclusion, which can be an oxide or an inclusion with sulfur. It has 

been proved that very few oxide inclusions are observed at the intersection of acicular ferrites, while there 

is a high content of sulfur on it [31]. Therefore, nucleation occurs as a consequence of MnS precipitation, 

which is associated with manganese silicate inclusions (MnO-SiO2). The existence of a manganese depleted 

zone around inclusions acts as the nucleation site of intergranular ferrite in the austenite matrix [20]. The 

Mn-depleted zone may be formed by chemical reaction of MnS or absorption of Mn into the inclusion [31].  

In Fig.4.14, a grey layer around secondary pores was found. Taking into account similar composition of 

steels and sintering conditions of the present study to those in [16], it could be suggested that the layer is 

composed by a high content of Mn and Si, which promotes the formation of 50%Mn-50%Si oxides, covered 

with a layer of MnS., as proved in previous investigations [20, 31]. Therefore, it seems that these conditions 

could favor nucleation of acicular ferrite.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig.4.14. Found oxides around secondary porosity, MA2 in H2. 
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II. Analysis of the Fracture Surfaces 

 

The main fracture mode observed is dimple rupture for all the analyzed steels, as seen in Fig.4.15, because 

of a homogeneous fracture surface that involves plastic deformation for crack propagation. On the other 

hand, brittle fracture has been found in specific certain points, around where the initial particles of master 

alloy were. These areas contain a high amount of alloying elements and form different types of inclusions 

that promote brittle fracture, because they favor stress concentration. In this case, cleavage and 

intergranular decohesion have been observed (See detail in Fig.4.16).  
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Fig.4.15. Fracture surfaces for inert atmosphere (left) and reducing atmosphere (right). 
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Cleavage is the result of crack propagation along certain crystallographic planes because dislocation 

movement is not possible in slip planes, due to the presence of inclusions [31]. On the other hand, 

decohesive rupture occurs as a consequence of degradation of grain boundaries of iron particles next to 

master alloy particles, due to formation of oxides [16, 31]. It seems, as appreciated in Fig.4.15, that samples 

sintered in argon present more areas with cleavage than in hydrogen. This result is a consequence of the 

aspects analyzed in previous sections: larger-highly alloyed areas in argon, as seen in the microstructure, 

which promotes brittle fracture through them; reduction of oxides is more favored in hydrogen, so in the 

inert atmosphere there will be more inclusions, which favors brittle mechanisms, as well.  

 

  

Fig.4.16. Brittle fracture: Cleavage (left) and decohesive fracture (right), for MA2 sintered in Ar. 

 

It is interesting to compare sintered steels of the present study with those used in previous works. In [31], 

fractography of Ni-Cu-Mo-C diffusion alloyed sintered steels and prealloyed powders (Fe-Mo, Fe-Mo-Cr) 

was studied, resulting fracture as macroscopically brittle and microscopically ductile. In the present 

analysis, ductile mechanism is the main fracture mode, while brittle acts in some areas with high 

concentration of alloying elements, where the master alloy was at the beginning of sintering. 

 

Moreover, sintered steels with additions of master alloy, [16] (See Fig.4.17), present cleavage and 

decohesive rupture as brittle mechanisms, and areas of ductile fracture, which is the case of the present 

study, as mentioned before. However, larger areas with brittle rupture was expected, if compared with 

[16], where composition and sintered conditions where the same. If fracture surfaces of steels in [16] are 

observed, there are a lot of particles of oxides and sulfurs around where the master alloy was, that 

promote brittle mechanisms. However, it can be observed that fracture surfaces of present steels seem 

very clean and there is nearby presence of those inclusions. 
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Fig.4.17. Detail of fracture surface in [16]. 

 

On the other hand, when analyzing the fracture surface, some inclusions were found on the surface of 

secondary pores, where master alloy was (Fig.4.18). If these steels are compared with [16], those particles 

could be MnS, because of reaction of Mn with sulfur contained in the base powder [16, 20, 31]. 

 

 

 

Fig. 4.18. Found inclusions on the surface of secondary porosity, MA1 sintered in Ar. 

 

After analyzing the surface of fracture of these samples, it can be said that neither the content of alloying 

elements nor the sintering atmosphere significantly affect the mechanisms of crack propagation or the 

presence of precipitates that could be formed when sintering. In all cases, ductile rupture is the cause of 

fracture, with brittle fracture around secondary pores. 

 

 

 

Inclusions 
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5. CONCLUSIONS 

 

After discussions made in previous chapter, in order to study sinterability and hardenability effect, the 

following conclusions can be formulated: 

 

SINTERABILITY STUDY: 

 

- Composition of the compact does not affect gas formation during sintering, because they 

appear at the same range of temperatures for the three steels. However, sintering atmosphere 

is important: in Ar, CO will appear, while H2O, CH4 and CO will be formed in H2. 

- Final carbon and oxygen contents are affected by the atmosphere and alloying elements. 

When sintering in H2, reduction of oxides is more favored, so there will be less oxygen. 

Moreover, carbon content is lower as well, because of the formation of CH4, which seems 

related to Si.  

- Reducing atmosphere leads to higher shrinkage and, therefore, higher relative density. Total 

dimensional variation is higher in H2 because reduction of oxides is more efficient, which 

activates sintering. 

 

ALLOYING EFFECT: 

 

-  Final microstructure is composed by pearlite and highly alloyed areas. It is not affected by 

composition of the master alloy, but an inert atmosphere promotes larger areas with high 

content of alloying elements. However, because of a higher decarburization due to methane 

formation in MA1 sintered in H2, ferrite will appear in the final microstructure of this sample. 

- In highly-alloyed areas, acicular ferrite seems to nucleate from an inclusion of MnS, 

surrounded by martensite and retained austenite. 

- Surface of fracture is not affected by composition or sintering atmosphere. The main fracture 

mechanism is ductile for all samples, while brittle mechanisms around highly-alloyed areas due 

to the increase of hardenability. Cleavage seems to be more favored in the inert atmosphere. 

 

With all this, it can be affirmed that the objective of this project is fulfill because sinterability and 

alloying effect have been evaluated, through the addition of a master alloy with a tailored composition 

and analyzing the differences between sintering in an inert or a reducing atmosphere. This research 

can be used for designing the guidelines for determining the required conditions to sinter successfully 

Mn-Cr-Si containing steels. 
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6. SUGGESTIONS FOR FUTURE WORK 

 

After the evaluation of microstructure and sinterability of these steels, by using different characterization 

techniques, some lines of investigation are proposed for future work. 

 

- Obtaining optimum concentration of master alloy, which maximizes required mechanical 

properties of the designed component. This project is based on additions of the master alloy of 

4% wt. However, it should be interesting studying other concentrations in order to obtain the 

one for optimum mechanical properties.  

 

- Obtaining the best conditions for sintering, in order to study which are the suitable atmosphere 

and temperature of sintering, depending on the composition of the master alloy of certain steel, 

so properties are maximized.  

 

- Optimization of the particle size of the master alloy. It results interesting obtaining the 

optimum particle size that improves mechanical properties, but also for assuring homogenized 

distribution so segregation and agglomeration of particles is avoided. 
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APPENDIX  

 

Dilatometry curves for the three steels sintered in both atmospheres, reducing and inert, of this work are 

presented as follows. 

In Table A1, assignations of data represented in the dilatometry curves are presented. Numerical data is 

shown in Table 4.2, as said before. 

 

Phenomena Corresponding point in Dilatometry Curve 

Transformation of ferrite into austenite 12 

Liquid phase formation AB 

Isothermal shrinkage BC 

Table A.1. Data obtained from dilatometry curves.  

 

 

 
 

Fig. A1. Dilatometry Curve of Steel MA1 Sintered in Ar. 
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Fig. A2. Dilatometry Curve of Steel MA1 Sintered in H2. 

 

 

 
 

Fig. A3. Dilatometry Curve of Steel MA2 Sintered in Ar. 
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Fig. A4. Dilatometry Curve of Steel MA2 Sintered in H2. 

 

 

 
 

Fig. A5. Dilatometry Curve of Steel MA3 Sintered in Ar. 

 

1 

2 

A 

B 

C 

1 

2 

A 

B 

C 



Andrea Galán Salazar 

PROYECTO FIN DE CARRERA - INGENIERÍA INDUSTRIAL 
 

 

46 
 

 
 

Fig. A6. Dilatometry Curve of Steel MA3 Sintered in H2. 
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