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Abstract 
Powder metallurgy (PM) is a technology used to manufacture near net shape components for an 
increasing number of applications like automobile components, aircraft components, cutting 
tools, refractory, household appliances, etc. The general PM process comprises of Powder 
manufacturing/powder tailoring, Compacting, and Sintering. Based on product’s final 
requirements, optional secondary operations are performed.  

PM components for automotive application are experiencing a growth coupled with new 
challenges.  PM´s capability for producing complex net shaped components with desired 
properties has enabled it to be an alternative to other traditional manufacturing processes. 
Average U.S. made vehicle in 2010 contained an estimated 41.6 pounds of PM parts and in 
Europe, the average per vehicle PM parts in 2010 is estimated 18.5 pounds [3].  New design goals 
set by OEMs (original equipment manufacturers) demands for complex shaped components with 
high mechanical properties. Stupendous developments are done in the field of PM component 
manufacturing and PM raw material manufacturing, endeavoring to cater the technical and 
economic needs set by OEMs. 

Based on the application, unique powder characteristics are demanded which are in turn 
associated with the quality of powders produced.  Powder production for conventional PM 
application encompasses reduction or atomization followed by annealing. Reduced powders are 
called sponge iron powders, used for low density (density of PM component) application and 
atomized powders are used for relatively high density application. Atomization can be further 
classified into water atomization and gas atomization. Coarse, irregular shapes are the common 
features of water atomized powders and fine, spherical shapes are the common features of gas 
atomized powders.  

Water atomization is one of the prominent methods used in production of powders for 
conventional PM application. Oxygen content of the powders produced by water atomization 
plays an important role in determining it’s as sintered properties.  

In this work, oxide formation during various stages of water atomization and annealing were 
studied for iron, carbon and manganese alloy system and iron, carbon, chromium, molybdenum 
and manganese alloy system. Manganese content was varied (0.0%, 0.5%, 1.0%) in the above 
said two alloy system maintaining the same amount of other alloying constituents for 
comparison. Total oxygen content and oxide composition formed during processing were 
studied. Both alloy system showed that total oxygen content increases with increasing 
manganese content. The composition of oxides includes manganese, chromium and iron for 
Fe+C+Cr+Mo+Mn alloy system and manganese and iron for Fe+C+Mn alloy system. 

Key words: Powder metallurgy, Water atomization, Gas atomization, Reduced powders,  
Oxygen content, Oxide composition, Annealing, Sintered properties, Iron, Chromium, 
Molybdenum, Manganese. 
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Aim of this master thesis is to study the influence of manganese on total oxygen content and 
composition of oxides formed during water atomization, and annealing of two powder grades, 
Fe, C, Mn and Fe, C, Cr, Mo, Mn. Experiments were conducted as per the aim and 
measurements, characterization was done during experiments and after experiments. Results 
showed total oxygen content increases with increasing manganese content and the composition 
of oxides includes manganese, chromium, iron, vanadium, titanium, aluminum, silicon and 
calcium. But with increasing manganese content in the melt, manganese, chromium, and iron 
were increasing in the oxide composition. 
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1. INTRODUCTION 
 

1.1 What is Powder Metallurgy? [2 and 5] 
 

Powder Metallurgy is a conglomeration of production process encompassing powder production 
and component production with desired shape and properties. In powder production raw 
materials are transformed into powder particles with desired properties. Produced powders are 
not only made into sintered components but also used directly as powders for applications like 
welding, brazing, surface coatings, etc. In component manufacturing, powders are transformed 
into desired shape and desired properties. It is a material processing / forming technique in which 
particulate materials are consolidated to semi / finished products. [4] 

A wide range of powders comprising of elements, alloys are produced using several 
manufacturing techniques, which are further used into their corresponding applications. The 
production method of powders determines the degree of fineness (mean particle size of the 
powder), Shape of the particle, Chemical homogeneity, Purity, etc. The following table lists 
some of the elements, alloys, its production method and its shape. 

Table 1. Elements and alloys and its production method. Source: Powder metallurgy science 2nd 
edition – Randall M.German 

Sl.No Elements/Alloys Process 
Average 
Shape 

1 Al Inert Gas Atomization Spherical 

2 Al alloy Air Atomize Rounded 

3 Ag Milled Flake 

4 Au Air Atomize Spherical 

5 Brass Water atomized Irregular 

6 Bronze Air Atomize Spherical 

7 Co Alloy Inert Gas Atomization Spherical 

8 Cu 
Water Atomized + 
Reduced 

Nodular 

9 Cu Electrolytic Dendritic 

10 Fe 
Water Atomized + 
Reduced 

Irregular 

11 Fe Inert Gas Atomization Spherical 

12 Fe Carbonyl Spherical 

13 Fe Oxide Reduction Porous 

14 Fe Centrifugal Atomization Spherical 

15 Hf Milled Angular 

16 Mo Oxide Reduced Angular 

17 Nb Hydride and Dehydride Angular 

18 Ni Hydromet Spherical 



Sl.No Elements/Alloys Process 
Average 
Shape 

19 Ni Carbonyl Spiky 

20 Ni3Al Reactive Rounded 

21 Pb Water Atomized  Ligamental 

22 Sn Air Atomize Ligamental 

23 Stainless Inert Gas Atomization Spherical 

24 Stainless Water Atomized  Irregular 

25 Ta Hydride and Dehydride Angular 

26 Ti Chloride Sponge 

27 TiAl Inert Gas Atomization Spherical 

28 Ti Alloy Centrifugal Atomization Spherical 

29 Tool Steel Water Atomized  Nodular 

30 WC-Co Attritor Milled Angular 

31 W Oxide Reduced Polygonal 
 
This thesis work was done on water atomization of Fe, C, Mn alloy system and Fe, C, Mn, Cr, 
Mo alloy system. 

The powder alloy systems under study are further transformed into components which are used 
in automotive application. After water atomization and annealing, the powder undergoes the 
following process flow according to its final mechanical and geometrical property requirements. 
[5] 

 

Figure 1. Schematic PM Process for sinter metal components. Source: www.mpif.org 



1.2 Application of Powder Metallurgy [3 and 8]: 

More than 70% of all metal powder produced, are used in manufacture of PM components (refer 
figure2). In figure 3, the PM’s structural market split up is shown. In broader perspective, PM 
components can be classified into two categories based on its application.  

o Components that are unique to PM process (Tungsten, Molybdenum, Tungsten carbide, 
Porous bearings, Filters and some Magnetic components). 

o PM components which are used as an alternative to other machined, cast, forged 
components due to cost saving (Automobile components).  
 

 

Figure 2. PM part consumption across various industries. Source: www.mpif.org 

 

Figure 3. PM part structural component market. Source: www.mpif.org 



In this thesis work, ferrous raw material were studied which are used in automobiles. 

1.3 Why Powder Metallurgy? [6, 7 and 10] 
 

Components which demands for raw materials like tungsten, molybdenum, and rhenium (hard to 
melt elements) or hard to melt compounds are processed through PM route due to economic 
feasibility. Melting the raw materials (instead, milling down to powders and further processing in 
PM route) on an economical industrial scale is not feasible due to high operational cost in 
electron beam furnace or electric arc furnaces [10].    

Near net shape (scrap elimination) forming capability of complex shapes with high production 
rates (on a relative scale) and with high tolerance details can be attributed to PM processing.    

Products like oil impregnated bearings; ceramic filters are unique to PM processing. 

The total cost of a component is summation of raw material cost, operational cost, logistics cost, 
overheads, etc., and since due to high raw material utilization percentage and low energy 
requirements and reduced number of process steps, PM components are the obvious choice by 
original equipment manufacturers when the strength requirements are appropriate. 

Figure 4. Raw material utilization (percentage utilization) (left) and Energy requirements 
[MJ/Kg of finished part] (right) of various manufacturing process. Source: www.mpif.org 

 

PM is also recognized as a ‘green technology’ (commonly referred term) which is more 
specifically designated as ‘sustainable manufacturuing’. Sustainability is sum of quality, 
environment, energy or recycling and their impact on empoyees, communities and customers[1]. 
At the same time a sustainable manufacturing has to be economical as well. PM’s near net shape 
capability (high raw material utilization) with low energy requirments has enabled it to be a 
sustainable manufacturuing process.  



As an example, the following table clearly shows the redcution in number of processing steps, 
energy requirements, raw material yield for a truck-transmission notch segment component 
which inturn demonstrates the sustainability manufacturing of PM. 

 

Figure 5. Truck-Transmission Notch Segment Manufacturing steps comparison between original 
manufacturing process route and PM process route. Source: www.mpif.org 

  



  1.4 Structure of Powder Metal  Industries [9] : 
 

PM industry can be classified into three parts. They are raw material manufactures, tooling and 
equipment manufactures, and component manufactures.  

 The raw material manufactures include companies that produce powders, lubricants, 
furnace gases, etc. that are later transformed into finished components.  

 Tooling and equipment manufacturers include companies that produce tooling for 
forming the components, process equipment which transforms the raw material into 
finished products using tools.  

 Component manufacturers include companies that produce finished components that are 
shipped to end users. They use raw material, tooling and equipment to manufacture PM 
component with desired shape and properties. 

                         

 

 

 

 

 

 

 

Figure 6. Schematic overview of structure of PM industries. Source: From left to right- 
www.mpif.org, www.precisionpm.com, www.epma.com, www.epma.com 

This thesis work was done at raw material industry. 

1.5 Water Atomization	[1	and	11] 

 
Water atomization is a powder manufacturing technique in which the molten metal is 
disintegrated into particles by a rapidly impacting water stream followed by rapid solidification.  

Description: Generally the molten metal is prepared by melting selected steel scrap in an electric 
arc furnace followed by ladle treatment (for temperature and alloy adjustments). Then it is 
transferred to the tundish which is a crucible with a nozzle of required diameter in its bottom to 
channelize the flow of molten metal to the atomization liquid (water) at the required rate 
(Kg/min). Tundish acts as a reservoir to supply a constant, controlled flow of melt into the 

Raw Material 
Industry 

Component 
Manufacturing Industry 

Tooling & Equipment 
Manufacturing Industry 



atomizing chamber. In the atomizing chamber the melt is struck by water which is supplied from 
a high pressure pump through atomizing nozzles. Based on the required water jet velocities, 
water pressure and water flow rate, water jet nozzle diameter is chosen. Due to the impact of 
water on the molten metal, the latter is disintegrated into fine droplets. Following atomization, in 
the bottom of tank, collected water and powder is separated using filters followed by drying of 
wet powder. Dried powder is further annealed in a reducing atmosphere to soften and/or reduce 
its oxygen content. The annealed powder gets agglomerated in the annealing furnace and forms a 
powder cake which is further crushed. This crushing of annealed powder cake can significantly 
alter the powder properties (AD and particle size). Then the powder is sieved to the required size, 
blended, sampled, tested and packed. The typical process flow for water atomized powder and 
water atomization is as shown in figure 7 and 8 respectively.                                                                                   

 

 

 

 

 

 

 

 

 

Figure 7. Typical production process flow of water atomized powders.                                     
Source: www.hoganas.com 

 

 

 

 

 

 

 

 

Figure 8. Water atomization process. Source: From left to right- www.hoganas.com and 
www.epma.com   



Mechanism: Particles are generated by cratering, splashing, stripping, and bursting mechanisms 
as shown in the figure 8.   

 

 

Figure 9. Mechanism. Source: Powder metallurgy science 2nd edition – Randall M.German 

Nozzle Cartridge Design: Desired powder properties can be obtained by varying atomization 
nozzle cartridge design. In this thesis work, two types of nozzle cartridge design were used. 
Nozzle cartridge design means design of number of water jet nozzles, position of water jet 
nozzles with respect to molten metal stream and individual water jet nozzle diameter. By varying 
the above said parameters in a nozzle cartridge design, powder properties can be varied. The 
energy transfer efficiency between the atomizing liquid and molten metal stream was estimated 
to be not more than 1.0% and so the nozzle cartridge design play an important role in achieving 
the desired powder properties.  

When the nozzle cartridge design is done in such a way that, the molten metal stream interacts 
with the atomizing liquid after some distance from its exit from tundish nozzle, is called as ‘free 
fall type’.  If nozzle cartridge design is done in such a way that, the atomizing liquid interacts 
with the metal stream immediately after its exit from tundish nozzle, is called ‘confined type’. In 
water atomization, free fall type is generally used and is illustrated in figure 10. 

Basic water jet configuration encompasses annular jet, symmetrical discrete jet nozzle systems 
(open V-jets and closed V-jets) and asymmetrical jet systems. Annular and symmetrical discrete 
jet nozzle system is illustrated in figure 11. Annular jet is also called as cone jet in which the 
molten metal falls into a concentric conical water jet. If properly designed, manufactured and 
assembled, they give a consistent output since the metal that falls into the water cone is always 
atomized and cannot escape unbroken. Due to the cone geometry, they suck gas or air and 



generate problems if the whole system is sealed. But because of this suction effect, a negative 
pressure under tundish nozzle is created enabling acceleration of metal stream, metal stream 
break up and even atomize the metal stream before they are in contact with water thus increasing 
the breaking up efficiency. Generally annular jet atomizers are used for large scale production 
plants for their satisfactory, reliable performance and are rarely used for smaller scale production 
plants due to difficulties in commissioning for consistent results. For a smaller scale atomizing 
units, symmetrical discrete jet nozzle systems are used. The simplest of symmetrical discrete jet 
nozzle systems are flat stream V jets and two-way curtain jets with an included angle of 30◦ to 
70◦. The number of jets is increased to four, six, eight accordingly enabling the water from all 
nozzles to act on a point, giving a pocket of water sprays instead of an annular jet. In some cases, 
out of four, six, or eight jets, all are not primary jets; some jets are used to prevent metal from 
escaping the primary jets. In some cases to achieve finer particle size, all jets will not be focusing 
on a single point. Here the powder particles are subjected to repeated impacts and turbulence 
during its solidification producing finer particles. In comparison to annular jet, the induced 
suction is less because the suction appetite is satisfied by air/gas drawn in between the jets from 
the atomizing chamber. A wide range of water to metal ratios can be operated so that a wide 
range of powder particle size and shape can be obtained. Asymmetrical jet systems are used to 
produce steel and iron shot used for shot blasting and for foundry industries. Blast furnace slags 
are also atomized using asymmetrical jet systems. Figure 12 illustrates the water atomization 
using asymmetrical jet system. 

 

Figure 10. Free-fall water atomization nozzle type. Source: Physical chemistry of powder metals 
production and processing – Edited by W.Murray Small 



 

Figure 11. Water jet configuration of annular jet and symmetrical discrete jet nozzle systems. (a) 
annular jet, (b) flat stream V-jet (open type), two way curtain V-jet (open type) and (c) closed V-
jet. Source: Handbook of Non-Ferrous Metal Powders, Chapter 5– Oleg D.Neikov, Frantsevich 

institute for problems of materials science (IPMS), Kiev, Ukraine. 

 

  

Figure 12. Water atomization using asymmetrical jet system. Water atomization of slag. Source: 
Atomization of Melts for Powder Production and Spray Deposition - Andrew J.Yule and John 

J.Dunkley – Oxford press. 



Apex angle (refer figure 13) plays an important role in achieving desired powder properties. 
When the apex angle is increased from its relative value towards optimum value (for each nozzle 
cartridge design, there is an optimum apex angle), mean particle diameter decreases, particle 
irregularity increases and oxygen content of the powder increases. Decrease in mean particle 
diameter and increase in particle irregularity are due to increase in the normal component of the 
water jet velocity with reference to molten metal. Due to decrease in mean particle diameter and 
increase in particle irregularity, surface to volume ratio tends to increase providing more surfaces 
to get oxidize. When the apex angle is increased above the optimum value, poor interaction 
between the melt and atomizing water is encountered because the atomized melt particles escape 
the atomizing zone before they have fully interacted with water. Due to this, mean particle size 
tends to increase, particle size distribution tends to widen and particle assumes a spherical shape 
because they are cooled slowly allowing the surface tension to bring them to spherical shape 
before they solidify. With a high apex angle, splash back of atomizing liquid and/or freezing of 
molten metal at the exit of tundish nozzle is expected.  

Water jet length (refer figure 13) plays an important role in achieving desired powder properties. 
For smaller the water jet lengths, mean particle diameter decreases, particle irregularity increases 
and oxygen content of the powder increases. This is due to smaller divergence of water stream 
causing effective transfer of energy from water jet to molten metal stream. Due to effective 
transfer of energy, particles are disintegrated effectively yielding decreased mean particle 
diameter and increased particle irregularity, which in turn increases surface to volume ratio 
providing more surfaces to get oxidize.        

Water jet diameter (refer figure 13) plays an important role in achieving desired powder 
properties. By varying the water jet nozzle diameter, water flow rate, water velocity and water 
pressure can be varied, but they are interdependent (these parameters cannot be varied 
independently). When a constant displacement pump is used in the atomizing unit, at a given 
pump speed, atomization water flow rate is fixed. In this given conditions, by decreasing the 
water jet diameter, high water pressure (high velocity) is obtained which enables smaller mean 
particle diameter, more irregular particles and increased oxygen content.  

Molten metal stream length (refer figure 13) plays an important role in achieving desired powder 
properties. For smaller the molten metal stream lengths, mean particle diameter decreases, 
particle irregularity increases and oxygen content of the powder increases. This is due to smaller 
divergence of molten metal stream causing effective impact. Also misalignment of melt stream 
with the water jet apex is decreased. But with a small molten metal stream length, splash back 
and/or freezing of molten metal at the exit of tundish nozzle is expected.  

Atomizing Liquid: By varying the process parameters of atomizing liquid (water), powder 
properties are altered. When water pressure, velocity and flow rate are increased, the amount of 
energy available for disintegrating the molten metal stream is increased causing decreased mean 
particle size, increased particle irregularity and increased oxygen content. By increasing the 
water pressure or water velocity (keeping other variables fixed), the mean particle size is 
decreased. By increasing the water flow rate (keeping other variables fixed), the quench rate of 
the particles are increased causing decreased soaking time in the oxidizing temperature range.  

 



 

Figure 13. Water atomization parameters. Source: Physical chemistry of powder metals 
production and processing – Edited by W.Murray Small 



Atomizing Liquid Temperature: By increasing the atomizing inlet water temperature, the rate of 
quenching is decreased causing increased powder oxygen content. 

Molten Metal: When the liquidus temperature of the molten metal is increased, mean particle 
size is increased, particle sphericity is increased and the width of particle size distribution is 
increased. When the superheat temperature of the molten metal is increased, surface tension and 
viscosity are decreased causing decreased mean particle size; solidification time is increased 
(decreased cooling rate) causing spherical shaped particles and increased oxygen levels. Some 
alloys when added, tend to reduce the surface tension/viscosity of the molten alloy enabling 
enhanced melt disintegration resulting in a decreased mean particle size and increased irregular 
particles (Mg to Cu). Some alloys when added, tend to increase the oxygen level in the powder 
particles. When the molten metal flow rate is increased (by increasing the tundish nozzle 
diameter), mean particle size is increased, irregularity is decreased (since the energy available to 
disintegrate the melt is low) and width of particle size distribution is increased. 

Atmosphere: To avoid oxidation during melting, tapping and atomization, protective 
atmospheres are used. Mean particle size, particle irregularity are influenced by oxygen uptake 
of melt since it alters the surface tension of melt in certain alloys. Nitrogen and vacuum are 
commonly used atmospheres for melting and tapping. Nitrogen is commonly used atmosphere 
for water atomization. When atomization is done in air, powder oxygen content is increased and 
the particles tend to be more irregular. 

Tank Parameters: After water atomization, disintegrated melt is quenched in water (atomization 
liquid) at the bottom of the atomizing tank. Distance between the atomizing point (where the 
molten metal stream is impacted by water jet) and water free surface is called flight path. When 
the distance is decreased, powder oxygen content is reduced due to quick quenching. Also, more 
irregular particles can be expected. 

Table 2 lists the water atomizing parameters with the associated variables and their influence on 
powder properties.  

Table 2. Effect of water atomization parameters on powder properties. Source: Physical 
chemistry of powder metals production and processing – Edited by W.Murray Small 

Parameters 
Mean 

particle 
size 

Width of 
particle size 
distribution 

Particle 
irregularity 

Particle 
oxygen 
content 

Water jet 
nozzle Design 

Apex angle -   + + 

Water jet length +   - - 
Molten metal stream 
length 

- + - - 

Atomizing 
liquid 

Pressure - - + + 

Flowrate - - +   

Velocity - - + + 

Viscosity -   + + 

Molten metal Viscosity +   - - 



Parameters 
Mean 

particle 
size 

Width of 
particle size 
distribution 

Particle 
irregularity 

Particle 
oxygen 
content 

Molten metal 

Surface tension +   - - 

Melting temperature range     +   

Liquidus temperature + + -   

Superheat temperature -   - + 

Metal flow rate + + -   

Metal stream Diameter + + -   

Atmosphere 
oxygen content  

Over melt       + 

In atomizing tank       + 
Tank 

parameters 
Flight path       + 

 
Plus sign indicates that there is some direct relationship between the powder property and the 
atomization parameter, while a minus sign signifies some inverse relationship. A blank space 
indicates the absence of a strong relationship, or that data are conflicting. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2. Aim 

Primary Aim: 

 The main scope of this work is to study the influence of manganese on total oxygen 
content and type of oxides formed during water atomization of two powder grades, 
Fe,C,Mn and Fe,C,Cr,Mo,Mn. 

The typical alloy systems studied in this work are, 

1. Fe + 0,3% C + 0,0%Mn 
2. Fe + 0,3% C + 0,5%Mn 
3. Fe + 0,3% C + 1,0%Mn 
4. Fe + 3,0%Cr + 0,5%Mo + 0,3% C + 0,0%Mn 
5. Fe + 3,0%Cr + 0,5%Mo + 0,3% C + 0,5%Mn 
6. Fe + 3,0%Cr + 0,5%Mo + 0,3% C + 1,0%Mn 

Secondary Aim: 

Primary aim is addressed in the process by the following secondary aims. 

 To study the oxygen content in steel prior to atomizing. 
 To study the atomizing tank atmosphere during water atomizing 
 To study the oxygen content and its chemical composition after atomization 
 To study the inclusions after annealing. 

	
 

 

 

 

 

	
 

	
	
	
 



3. Background and problem description [12 and 13] 
 
Water atomized ferrous powders are the work horse of ferrous PM industry catering automotive 
application. After atomization, powders are annealed to reduce oxides formed during 
atomization, pouring and melting. Major alloying elements in PM steels constitute nickel, 
molybdenum and copper instead of chromium and manganese because chromium and 
manganese has a strong affinity for oxygen. Oxides formed during atomization of chromium and 
manganese alloys are stable and are not reducible at standard annealing conditions (economical). 
Additionally chromium and manganese reduces the compressibility by solution hardening.  
 
In wrought steels, from technical point of view, chromium and manganese are added to improve 
the hardenability and mechanical properties; and from economical point of view, chromium and 
manganese are low cost metals when compared with nickel and molybdenum (refer figure 14).  

 

Metal prices during the years 2006-2010 (Source: LME) 

Figure 14. Trend of metal prices. Source: Key aspects of sintering powder metallurgy steel 
prealloyed with chromium and manganese – Ola Bergman 

In order to be a viable competitor to other manufacturing technologies, usage of chromium and 
manganese has to be increased in PM processing. At present, only fewer steel powder grades are 
available in the market with chromium and manganese as alloying elements produced through 
water atomization. These powders are used for high performance PM part application.  

To increase the usage of Cr and Mn in PM alloys, oxides which are formed on chromium and 
manganese alloys during water atomization of the melt are to be studied and understood (sources 
of oxides and oxide composition) to enable economical powder annealing conditions and 
sintering conditions. 

 

 



4. Oxide formation in water atomized powders [13, 14 and 15] 
 

Oxygen content of water atomized steel powders has a direct influence/impact on the quality of 
powder produced.  During annealing (which is the successive operation to water atomization) 
most of the surface oxides are removed. Based on the powder chemical composition and quality, 
some oxide products are formed and transformed during sintering. Hence the oxide content 
determines the application boundary of sintered components manufactured using water atomized 
steel powders. In general oxygen content in water atomized powders can be expressed as, 

Otot = OA + OB + OC 

Where,  
Otot = Total oxygen content of water atomized powder. 

OA = Oxide powder particle. – “Discrete oxides”. 
Discrete oxides can be classified into two types. In type one; whole particle is an oxide and in 
type two; some portions of a particle are oxides (inside the powder particle).  
Reason: This may be due to atomization of slag and other ceramic oxides. 

OB = Surface oxides on a powder particle. – “Surface oxides”. 
Surface oxides can be classified into two types. In type one; oxides cover the entire powder 
particle circumferentially and in type two; particular portion of the surface of powder particle is 
occupied by an oxide lump.  
Reason: This may be due to the interaction of water vapor with the melt during water 
atomization. 

OC = “Dissolved oxygen”. 
Reason: This may be due to entrapment of dissolved oxygen in powder particle due to rapid 
solidification. 

 

 

Figure 15. Schematic representation of oxides in a water atomized powder. From left to right 
represent Discrete Oxide-Type1-OA, Discrete Oxide-Type2-OA, Surface Oxide-OB-Type1, 

Surface Oxide-OB-Type2, Dissolved oxygen-OC. Black region represent oxides and the white 
region represent steel powder particle - Author’s illustration. 



Occurrence of oxides in different forms will have different effects for the application of the 
powder. 

Discrete oxides: These are oxides found either as an oxide particle mixed with powder particles 
or mixed inside the powder particle. These are mainly due to atomization of slag and refractory 
particles. These types of oxides are very sensitive since they act as a fatigue crack initiation 
points in products under service. This can be avoided by maintaining clean steel atomization. In 
general contribution of discrete oxides to total oxygen content of powders is very small.  

Surface oxides: In general contribution of surface oxides to total oxygen content of powders is 
significantly large. There are three distinct ways by which surface oxides originates in water 
atomized steel powders.  
First way: Chemical reaction between molten metal and water vapor (steam) during water 
atomization. The reaction can be read as shown below, 

x Me + y H2O           MexOy + y H2 
The reaction is influenced by the temperature of the metal droplet and the time before it is 
quenched. It is also influenced by free energy change of the reaction. Ellingham diagram shown 
in figure 2, gives an insight to the equilibrium thermodynamic factors that are associated with 
oxide formation. Elements for which ΔG◦ for the above reaction is zero or slightly positive, will 
have low oxygen levels in the powder. Examples are Au, Ag, Cu, Sn, Pb and Ni. Thus these 
elements can be water atomized with low oxygen levels. But in practice, kinetics of the above 
oxidation reaction also plays an important role. From the Ellingham diagram it is very apparent 
that silicon is more prone to form oxides than manganese due the magnitude of -ΔG◦, but in 
practice silicon leads to lower oxide contents than manganese.  
Second way: Chemical reaction between molten metal and oxidizing atmosphere present in the 
tank during water atomization. If the atmosphere contains large amount of oxygen, then powders 
will have high oxygen levels. For example water atomization of low carbon steel in nitrogen 
atmosphere yields oxygen content of 2-3000ppm and 10,000ppm (1.0 weight%) or more if 
atomized in air. 
Third way: Due to excessive drying temperature or by a corrosion mechanism after dewatering 
of powder. Iron powder, tool steels and some alloys are unreactive thermodynamically at this 
stage but still corrode very severely in practice. Cu-Pb alloys and zinc are examples.  

Dissolved oxygen: These are found inside the powder particles in dissolved form or in the form 
of finely dispersed precipitate. Many metals in its molten state can dissolve substantial amount of 
oxygen and when cooled rapidly, gets frozen in to the powder. For example in conventional steel 
making, at 1600◦C, solubility of oxygen in liquid steel is 0.23 weight% which decreases to 0.003 
weight % in solid steel during solidification. The dissolved oxygen in its frozen state in the 
powder particle is much tougher to remove during annealing since it has to diffuse to surface to 
be removed. Normally oxygen diffusion in solid metal is very slow. So powders have to be 
specified for its total oxygen content and dissolved oxygen content separately. For example a 
powder may be specified for dissolved oxygen of 100ppm and total oxygen content of 0.4 



weight% with almost all of it being surface oxides. In general contribution of dissolved oxygen 
content to total oxygen content of powders is very small.  

 

 

 

 

 

 

 

 

 

Figure 16. The Ellingham diagram. 

The following Ishikawa diagram shows the probable factors influencing the oxygen content of 
water atomized steel powders from melting for powder production till its consolidation and 
sintering. 
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Figure 17. Ishikawa diagram-factors influencing the oxygen content of water atomized powders. 
Author’s illustration. 



In this thesis work, influence of Mn addition on oxide formation in water atomized Fe-C alloy 
system and on Fe-C-Cr-Mo alloys systems was studied. 
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5. Experimental Setup [16] 
 

Water atomizing unit used in this thesis work is illustrated schematically in figure18.  

 

 

 

 

 

Figure 18. Experimental setup of water atomizing unit. Author’s illustration. 

 

After this process, collection vessel was removed from the unit and connected to the drier.  Dried 
powder was split according to the requirements and further annealed in a continuous annealing 
furnace. 



Equipments Used: 

1) Induction Furnace 
Frequency: 3850Hz 
Capacity: 300Kg/Charge 
Type: Top tapped 
 

2) Tundish 
Capacity: ~60Kg/Charge 
 

3) Water Atomizer 
Water Pressure: 200bar Max 
Pump capacity: 12m3/hr X 2 = 24m3/hr 
 

4) Collection Vessel 
Capacity: 300Kg/Charge 
 

5) Annealing Funace 
Type: Continuous 
Capacity: 5,0Kg/hr (Maximum of 5,0Kg of powder can be processed)  
 
 

 

 

 

 

 

 

 

 

 

 

 



6. Method 

In order to study the influence of manganese ranging from 0.0 weight% to 1.0 weight% on oxide 
formation in Fe-C based powder, Fe-C-Cr-Mo based powder and the same on water jet 
assemblies; design of experiments (DOE) was conducted to select experiments that are 
maximally informative. Based on DOE done using MODDE software, six different prealloyed (a 
technique in which all the chemical ingredients are melted together and further atomized yielding 
a homogeneous powder particle) powder grades were studied with two water jet assembly types. 
Table 3 lists the typical values of powder grades, trail order number and type of water jet nozzle 
cartridge design used. Run order number N3 and N4 were performed using Jet B (water jet 
assembly) and run order number N9 and N10 were performed using Jet A (water jet assembly) 
for testing the repeatability of process suggested by MODDE software. 

Table 3. Typical values of alloy system in weight percentage, type of water jet nozzle cartridge 
design studied. 

Sl.No. 
Run 

order 
number 

Water jet 
nozzle 

cartridge 
design type 

Elements in wt.% 

Fe C Mn Cr Mo 

1 N1 Jet A Rest 0.3 0.0 0.0 0.0 
2 N2 Jet B Rest 0.3 0.0 0.0 0.0 
3 N3 Jet B Rest 0.3 0.5 0.0 0.0 
4 N4 Jet B  Rest 0.3 0.5 0.0 0.0 
5 N5 Jet A Rest 0.3 1.0 0.0 0.0 
6 N6 Jet B Rest 0.3 1.0 0.0 0.0 
7 N7 Jet A Rest 0.3 0.0 3.0 0.5 
8 N8 Jet B Rest 0.3 0.0 3.0 0.5 
9 N9 Jet A Rest 0.3 0.5 3.0 0.5 
10 N10 Jet A Rest 0.3 0.5 3.0 0.5 
11 N11 Jet A Rest 0.3 1.0 3.0 0.5 

12 N12 Jet B Rest 0.3 1.0 3.0 0.5 
 
The following procedure was followed for all twelve water atomizing trials listed in table 3. 
Scraps were selected based on the chemistry requirement and melted in an induction. Controlled 
material addition along with temperature monitoring was performed during melt preparation. 
Slag formers were added and slags were removed at desired frequency. Parallelly tundish was 
heated using gas flame heaters to avoid melt’s temperature drop during pouring. Nitrogen was 
purged in to atomizing tank ~25min before the melt was poured into tundish. Atomizing tank’s 
atmosphere was checked for temperature, dew point temperature, O2 and CO contents before and 
during nitrogen purging and during water atomization.  

Liquidus temperature for each melt was calculated using the following empirical relation, 
For steels having C < 0.5%, 
T (liquidus) (°C) = 1537 – [(73.1 X %C) + (Multiplication factor X % alloying elements)]. 



Table 4 lists the multiplication factor that is used in the above formula for calculating liquidus 
temperature for steel melts. 

Table 4. Multiplication factor for calculating liquidus temperature for steel melts having 
C<0.5%.  Source: http://www.dresseltech.com/steel%20liquidus%20temperature.pdf 

Element
Multiplication 

factor 
Al  2.5 
Cr 1.5 
Mn 5.0 
Mo 5.0 
Ni 3.5 
P  30.0 
Si 14.0 
S  45.0 
V  4.0 

Pouring temperature (typical value - 1650°C) was decided based on the calculated liquidus 
temperature and by experience ensuring hot molten metal in tundish so as to enable good 
atomization. The values of liquidus temperature and melts’ superheat temperature can be found 
in appendix 2. Process parameters for all water atomizing trials can be found in appendix 1. 

At desired melt’s super heat in furnace, dissolved oxygen content was checked using oxygen 
lance, and quartz tube was used to take melt sample for O, C, N and S analysis. After 
measurement and sampling, melt was teemed to tundish which was coupled to the atomizing 
chamber. During teeming, in the tundish, melt’s temperature, dissolved oxygen was checked 
using oxygen lance, and quartz tube was used to take samples for O, C, N and S analysis. 
Teeming and atomization are done parallelly. During atomization, tank’s atmosphere was 
measured for its temperature, dew point temperature, O2 content and CO content using gas 
analyzer. At the end of atomization, tundish’s top slag was stopped entering the atomizing 
chamber using a stopper. After atomization, water was decanted from the tank using a pump and 
the collecting vessel was declamped from the tank. The collecting vessel was then clamped to 
drier. Hot air at 180°C for required time was blow over the powder.  

Dried powder was sieved in 2000µm sieve to filter any big lumps from getting processed further. 
From the sieved powder five Kg sample was divided using an automatic powder sample divider. 
The five Kg sample was further divided into required grams for sieve analysis, chemical 
analysis, mean particle size analysis, apparent density, and flow measurements. The divided 
sample was sieved for -300/+212µm, -150/+106µm, -45µm fractions (these sieve cuts were 
chosen considering the entire range of powder particle size) for oxygen analysis, surface area 
measurement and oxide determination through chemical dissolution tests. 

Remaining powder from the five Kg sample was annealed in an annealing furnace under 
reducing atmosphere. The annealed powder cake was crushed in a crusher. Process parameters 
for annealing trials can be found in appendix 1. Using a powder sample divider, 100 grams of 



annealed powder was divided and blended with 0.5 weight% of graphite in blending equipment. 
The powder sample was further forged into required shape and size as per the standards. The 
forged samples were cut, mounted, polished and analyzed in light optical microscope (LOM) for 
inclusions. Based on the inclusion results, selective samples were analyzed in SEM for the 
chemistry of inclusions. 
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