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1. Introduction 
 

1.1 Powder Metallurgy 
 

Powder metallurgy (PM) is a technology used in the production of metal and ceramic components [1]. A 

near-net shape product with desired properties can be achieved using this process and is therefore 

considered as one of its biggest advantages. Although used typically for both metal and ceramic 

components, since over the course of this work only metallic components were produced and studied, the 

focus was mainly placed on powder metallurgy for metallic powders. 

 

In the Powder metallurgy process, the metal powder is usually pressed as a compact of defined shape. 

Such ‘green compacts’ are subsequently heated in a process called sintering during which the powder 

compact binds together. After compaction the shape of the compact obtained is very near to the desired 

product shape and thus very little machining and other sizing operations are required. This makes Powder 

Metallurgy a very competitive and advantageous process in the production of structural steel components. 

Its main advantages when compared with conventional metal forming process like forging, casting etc are 

its relatively short production time [2], less wastage by improved utilization of materials and relatively 

low energy demands. It is therefore considered a ‘green technology’ [3]. All of this leads to lower 

production costs. 

 

The sintering process performed with help of external pressure is termed as Pressure assisted sintering 

technique. Methods like Hot Isostatic pressing subjects the component to be sintered to elevated 

temperatures and isostatic pressures in a high pressure containment vessel. This reduces the porosity and 

improves the properties of the sample. 

 

PM process also allows for unique compositions and microstructures in components. This is possible as 

different types of powders can be mixed and sintering takes place below the melting point of metals. 

Therefore, components consisting of metals with high melting point which is difficult to produce using 

conventional methods can be produced using PM.  

 

The flow chart of the Powder Metallurgical process as illustrated in Fig 1. is quite simple. The powder 

components are mixed with additives such as binders and lubricants in the first step. It is formed to the 

required shape in different methods namely hot compaction, warm compaction and cold compaction. 

Once forming is completed. It is then sintered to increase the density where the final form of the compact 

is formed. Usually a near net shape product is formed but other optional finishing steps could be 

performed before using the finished product. 
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Figure 1. The Powder Metallurgy Process [4] 

 

However, the major disadvantage of PM method is that sometimes it can result in a high degree of 

porosity and thus lower densities. This affects the mechanical properties of the product. Due to this, 

components which are highly loaded are not favorable for production using the PM process route. 

Another disadvantage of the PM technology is the limitation to use oxidation sensitive alloying elements, 

for example Cr and Mn which are conventionally used in low-alloy steels. They have high affinity for 

oxygen and when used in a PM process, they form stable oxides and cause challenging issues [5]. Instead, 

it is favored to use more stable elements such as Cu, Ni and Mo for PM steels. But, these are not very 

economical.    
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1.2 Methods of Powder Production 
There are several methods adopted in the production of powdered Iron, they are listed in the Table1. [6] 

Table 1. Methods of Powder production 

Element Process Average Shape 

Fe Water Atomized + Reduced Irregular 

Fe Inert Gas Atomization Spherical 

Fe Carbonyl Spherical 

Fe Sponge Iron Process Porous 

Fe Centrifugal Atomization Spherical 

                                              

The two main Powder production methods adopted widely are: 

1. Sponge Iron Process: This is a direct reduction process where iron ore is reduced using coal or 

natural gas. The resultant powder from this technique is irregular in shape, thus ensuring superior 

“green strength”. This ensures that the die-pressed compacts can be readily handled prior to 

sintering, and contains internal pores (hence the term “sponge”). Good green strength is seen at 

low compacted density levels for components made of sponge iron.
 
[4] 

 

2. Atomization: Atomization involves the disintegration of a thin stream of molten metal through 

the impingement of high energy jets of a fluid (liquid or gas). Water is the most commonly used 

liquid in atomization. This thesis work also involved powdered steel produced using the water 

atomization technique. 

 

The water atomization technique which is used widely in powder production has been discussed 

in the next section.  
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1.2.1 Water Atomization 

 

Water atomization is a manufacturing technique in Powder metallurgy where molten metal is converted to 

small particles by disintegrating them using a rapid water stream which is then followed by a process of 

rapid solidification (Fig 2).  Molten metal is prepared by melting scrap metal in an electric arc furnace. 

Temperature and alloy adjustments are performed by ladle treatment which is then transferred to a 

turndish. The turndish is a crucible with a nozzle at its bottom to channel the molten metal onto the 

atomization liquid which is a stream of water, at a required rate. There is a constant supply of molten 

metal from the turndish to the stream of water in the atomizing chamber. Depending on the required water 

jet velocities, the pressure of water and its flow rate can be controlled. When the water strikes the molten 

metal, the latter disintegrates into fine droplets. This can happen through various mechanics Fig 3. The 

powder and water is filtered and dried. The powder then is further annealed in a reducing atmosphere to 

either reduce its oxygen content or to soften it. This dried powder gets agglomerated into cakes which 

have to be crushed. Crushing can significantly alter the properties of the powder. Further, the powder is 

sieved, sampled and tested for quality before packed for use.    

 

  
 

                    Fig 2. Water Atomization [7]                  Fig3. Mechanism of Powder formation [2] 

  

The Iron and steel powders used in powder metallurgical process can be characterized by different 

categories of its properties[6] :  

 

1. Metallurgical Properties: They are determined by chemical and metallographic procedures. The main 

metallurgical properties of powders are its chemical composition and impurities, its microstructure 

and micro hardness. 

 

2. Morphological Properties: Properties like size distribution and shape act as the driving force in the 

sintering process. 

 

3. Mechanical Properties: Properties such as flow rate, bulk density, compressibility are also extremely 

important in the sintering process of metal powders. 
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1.3 Functionally Graded Materials 
 

In engineering applications, pure metals are not always used as there is often a conflicting requirement of 

properties which cannot be solved by a pure metal alone. In several cases it might be required to have a 

material which combines different properties such as ductility as well as hardness. To solve this problem 

different metals or non-metals are alloyed together.  

Sometimes, the dissimilar metals being mixed in molten state have a wide range of melting temperatures 

and become difficult to mix. Thus composite materials were developed which could be mixed in its solid 

state. By mixing metals in its solid state it became possible to vary the properties of the product even in 

different parts of the same product. These kinds of materials which are called Functionally Graded 

Materials (FGMs) have a variation in properties as its dimensions vary as illustrated graphically in Fig 4. 

[8] 

  

Thus FGMs are a group of advanced composite materials composed of more than a single material with a 

gradient in composition and microstructure. These materials are flexible in terms of its properties as one 

side of the FGM gradually changes from one side to the other . [9,10]. 

 

 

Fig 4. Functionally Graded Material [11] 
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1.4 Pressure assisted sintering 
Sintering process in powder metallurgy refers to the heating of powders to the sintering temperature in a 

die with sufficient pressure for a sufficiently long period of time so that the porous compact binds 

together forming the final solid product. If during the sintering all the components remain in the solid 

phase itself, the diffusion of the components is very small. This is ideal to prevent degradation in structure 

and properties [12]. 

When the sintering process does not involve any component in the liquid phase(Solid state sintering), the 

process passes through two different stages:  

a) Bonding: Stage with local bonding (neck formation) between adjacent particles (Fig 5),  

b) Pore coalescence: Stage with pore-rounding and pore shrinkage . Development of the pore rounding 

mechanism is illustrated in Fig 6. 

 In both stages, the bulk volume of the sintering particles shrinks – in the early stage, the center distance 

between adjacent particles decreases, in the late stage, the total pore volume decreases.  

 

Fig 5. Neck formation between sintering copper spheres [13] 

    

Fig 6. Change of grain-size and of pore-size and -distribution in the microstructure of sintered copper 

powder compacts. Sintering temperature: 1000°C, sintering times: a) 4 min, b) 8 min, c) 30 min, d) 120 

min(Scale of a, b, c, and d presented in fig. d, e) pore-free zones near grain boundaries and larger pores in 

grain centers of sintered iron.[13] 
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Different methods are used to sinter metallic powder depending on various factors. There exits various 

solid state as well as sintering with a transient liquid phase.  

Generally, the sintering process is governed by the following parameters [12]: 

 Time and Temperature 

 Morphology of the powder particles 

 Composition of the powder mix 

 Density of the powder compact 

 Composition of the protective atmosphere in the sintering furnace. 

1.4.1 Time and Temperature 

As the sintering temperature is increases, the time required to achieve the required level of bonding is 

reduced. As higher production rates require shorter times, a balance has to be reached between the 

temperature and time used for sintering 

Commonly, conditions are set to have a sintering time anywhere betwen 15 - 60 min and temperatures of 

around 1120 - 1150°C are used for iron powders [12] 

1.4.2 Morphology of the powder particles 

For a given set of conditions, fine powder particles or particles of high internal porosity are seen to sinter 

faster rate than coarse powder particles. But, fine powders are more difficult in compaction than coarser 

ones. A balance has to be reached on the size of the powder used and usually particles around 150µm are 

used.  [12] 

1.4.3 Composition of the powder mix 

Components in the powder mix are chosen depending on the final desired properties. Care has to be taken 

not to include components that alloy with each other during the bonding process unless bonding is 

required in the final product. Usually the sintering times and temperature used is not sufficient for 

alloying but if one of the components achieve melting temperature this process can be accelerated. [12] 

1.4.4 Density of the powder compact 

Higher the density of the powder compact, better will be the bonding process. The morphology of the 

powder particles will directly affect the density of the green compact. [12] 

1.4.5 Composition of the protective atmosphere in the sintering furnace 

The atmosphere during sintering has several functions which can be quite contradictory. The atmosphere 

should prevent oxidation of the powders as well prevent carbonization of carbon-free material. Depending 

on the components and the desired properties, a suitable atmosphere should be selected.[12] 
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1.5 Spark Plasma Sintering  
Spark Plasma sintering (SPS) is a rapid sintering method and uses self-heating action from the die and in 

the case of conducting powders, from inside the sample.  This enables sintering and sinter-bonding at low 

temperatures and at short periods [14]. The actual mechanism of SPS is debated but one of the theories is 

that, it uses electrical energy to effectively apply high temperature spark plasma momentarily. Ease of 

operation and accurate control of sintering energy along with high speeds are the major advantages of this 

method. This method is used in the production of functionally graded materials, intermetallic compounds, 

fiber reinforced ceramics and other niche areas. 

SPS has a high thermal efficiency as the graphite mold used for sintering and the conductive powder 

materials are directly heated by the large spark pulse current. This method gives a homogeneous, high 

quality sintered product compared to other sintering techniques.  

 

 

Fig 7.Schematic illustration of Spark Plasma Sintering equipment 

In the Spark Plasma Sintering equipment, pressure is applied vertically on the dies through the upper and 

lower punches. The die made of graphite is made up of several pieces. This dimension of the die is 

adjusted to suit the dimensions of the required product.  The temperature within the die is controlled with 

the help of an infrared thermometer. The detector is connected to the SPS equipment and the current 

passed through the die is adjusted according the readings from the thermometer electronically. There will 

be a difference between the temperature measured and the actual temperature in the sample since the 

temperature is measured outside the die. As the sample size increases, the temperature gradient also 

changes inside the sample. The cooling mechanism is water based and there is a mechanism to control the 

atmosphere around the die. Usually a vacuum atmosphere is maintained during sintering. A DC-pulse 

generator, position and temperature measuring unit and other safety features are also incorporated as 

shown in Fig 7. 
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1.6 Background and Aim 
Diamorph AB, based in Stockholm supplies advanced material solutions for demanding applications. 

Founded in 2003 in Stockholm, Sweden, Diamorph presently has bases in Sweden, Czech Republic and 

the United Kingdom with customer in various other countries. Among other products, Diamorph develops 

Functionally Graded Materials based on steel - Tungsten carbide which is used for its wear resistance 

properties in applications such as tunnel boring machines, farming machinery etc. In the development of 

new materials for wear resistant applications, it was observed that on some products, the mechanical 

properties were of lesser standards than required.  

This work focused on gaining background knowledge of the production technique and to map the 

properties and inhomogeneity across the metal matrix of the product and thus aiming to identify the 

source of the weak properties.  

The investigation was divided into different sections to get results to be correlated to the overall aim of 

mapping and analyzing the steel matrix in the Steel/WC composite. 

1. Analysis of steel powder samples: 3 samples of powder were analyzed- namely, twp Stainless 

grades and one Chromium steel powder. These samples were analyzed for its chemical 

composition, morphology and size ranges. 

 

2. Analysis of Sintered steel : The sintered steel samples were analyzed for corresponding features 

like Non-Metallic Inclusions, Porosity and Microstructure were studied. 

 

3. Analysis of Functionally Graded Material: One functionally graded sample was analyzed and 

mapped for its porosity, microstructure, non-metallic inclusions and hardness. 

 

  

  

Mirva
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2. Experimental Work 
 

2.1 Metallography 
The study of the physical structure of a metal by microscopy, light optical microscopy or scanning 

electron microscopy, is generally termed as Metallography. The properties of a metal can be identified by 

metallography. Before examination, the metal sample has to be prepared using various methods, namely 

grinding, polishing and etching. A smooth surface of the material is prepared by grinding and polishing 

following which it is subjected to be selectively attacked by a reagent called an etchant. Etching is crucial 

at identifying the microstructure of phases of a material. Two methods of microscopy were performed 

during the course of this work, Light optical microscopy (LOM) and Scanning electron microscopy 

(SEM). 

LOM is used to investigate the microstructure of sample at lower magnifications between 100X and 

500X. SEM was used for investigating the microstructure at higher magnifications around 2000X. Phases 

formed can be determined using LOM and further confirmed using SEM. SEM is also used to check the 

morphology of the sample surface as well as the elemental analysis of the sample which helps to 

determine its composition. 

2.2 Manual Point count 
To measure the percentage of phases and other features on the microscopy images, a manual point count 

method was used [15].
 
This test method is based upon the stereological principle that a grid with a number 

of regularly arrayed points, when systematically placed over an image of a two-dimensional section 

through the microstructure, can provide, after a representative number of placements on different fields, 

an unbiased statistical estimation of the volume fraction of an identifiable constituent or phase. A square 

transparent grid with a certain number of equally spaced points is placed over the image which is to be 

analyzed and the number of points overlapping the desired feature on the image underneath is measured. 

The magnification of the image is selected such that the features are well resolved. 

 

 

 
Fig 8. Sample Grid for Manual Point Counting 
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The square grid is placed over the image which is it to be analyzed and manual counting of the points 

which overlap the given feature on the image underneath is measured. In this study a grid with 50 

equidistant points were selected which was placed over the image to be analyzed. Number of points that 

lie over the feature to be measured is manually counted. The percentage of phase is averaged over the 

total number of points measured to produce an unbiased estimate of the fraction of the phase measured. 

This method has been described to be a superior method to other manual methods with regard to effort, 

bias and its simplicity [16].  

2.3 ImageJ 
ImageJ is a publically available Java based Image analyzing software which was used in the course of this 

work. The software works separating objects from the background using the contrast of the colors and 

helps identify individual particles as shown in Fig 9. Properties like area, length, perimetet and number of 

particles can be identified and measured according to scale using this software. Over the course of the 

work, this software was used to measure the properties of powder particles and also to measure the 

porosity in sintered steel samples [17].  

     

Fig 9. Analysis using ImageJ.Orginal Image(left), processed image(right) 

2.4 Parameters studied 
Sintering technique of steel powders has the main disadvantage of having a high amount of porosity in the 

sample. In the present work, samples of uniform composition as well as samples of gradient materials 

having different compositions have been analyzed and the heterogeneity in these samples were studied. 

The main parameters analyzed were 

2.4.1 Microstructure    

The microstructure of a material in reality helps us understand the structure and properties of a material 

and their macroscopic behaviors in terms of physical properties such as strength, toughness, ductility, 

hardness, high / low temperature behavior, wearability, and so on. The basis of materials science involves 

relating the desired properties and relative performance of a material in a certain application to the 

structure of the atoms and phases in that material through characterization. The major flaws in the 

structure of a material and thus of its properties are thus inter-dependent on its microstructure.  
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2.4.2 Density  

 It is well known that higher densities improves the mechanical properties of sintered samples[18] When 

attempting to attain very high densities, a concept knows as pore free density has to be considered. This is 

the density of a green compact where all porosity between particles has been eliminated. Additions like 

graphite and other lubricants might help reduce the porosity.  

2.4.3 Hardness 

 Hardness is an important mechanical property desired in the sintered sample due its heavy duty 

applications. The hardness can be improved by modifying the microstructure to have finer grains 

according to the Hall-pitch equation.[19,20] 

𝜎𝑦 = 𝜎𝑜 + 
𝐾𝑦

√𝑑
                          ….Equation 1 

where σy is the yield stress, σo is a materials constant for the starting stress for dislocation movement, ky is 

the strengthening coefficient which is a constant specific to each material, and d is the average grain 

diameter. 

2.4.3.1 Vickers Hardness test  

 This is a micro hardness measurement technique which is based on an optical measurement system[21]. 

A range of light loads can be intended on a sample using a diamond indenter. Once the indentations are 

formed on the sample, its dimensions are measured and converted to a hardness measurement value( fig 

10) . Sample preparation is usually required and the feature on the sample is required to be bigger than the 

tip of the intender for accurate measurements.  

 

Fig 10. Vickers Hardness Test 

Depending on the composition of the sample, a suitable load is selected. Multiple measurements are made 

to increase the accuracy of the hardness value obtained, but care must be taken not to take indentations 

close to each other as this can lead to incorrect values. Once indentations are made, images of the 

indentations can be converted to value of hardness by using software aides. The dimensions of the 

indentation and the load applied is necessary for the calculations using the formula,      

𝐻𝑉 =
1854.4 𝑃

𝑑2                            … Equation 2 
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Where P= Applied load gf and d = mean diameter in µm of the indentation 

2.5 Powder samples 

The first phase of the study was the analysis of the powder samples. Its composition, morphology and size 

distribution was studied with the help of scanning electron microscopy and the image analyzing software 

ImageJ. The study began with the two Stainless steel powder samples, identical in composition but 

supplied from different manufacturers. Upon completetion of analysis of these two powders the 

chromium steel powder was also analysed in a similar manner. This Chromium steel powder was to be the 

powder used in the production of the functionally graded material. For the sake of convenience, the 

stainless steel powder samples and the chromium steel sample will be referred to as Powder 1, Powder 2 

and Powder 3 respectively from here on. 

To study the properties in the SEM, the powder was placed on aluminum holders with a carbon tape  as 

shown in fig 11.  

 

Figure 11. Powder dispersed on Carbon Tape for SEM observation 

Images were taken of the sample and analyzed to improve the accuracy of the measured values. To 

analyze a wide range of size particles, the images used were of different magnifications. Using varying 

magnifications such as 100x, 200x and 500x allows for particles of different size ranges to measured.   

Energy-Dispersive Spectroscopy (EDS) is also performed to analyze the composition of the powder. Any 

foreign elements present can be detected using this method.  

The images of the powder sample were analyzed using the ImageJ software. The size and shapes were 

investigated and particle distribution curves were plotted. 
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2.6 Sintered samples from pure materials 
Once the powders were analyzed, two sintered samples were produced, one with stainless steel and one 

with the chromium steel, to the dimensions 40x 40 x 4 mm.   

The sintered samples were shot blasted to remove the graphite paper used during sintering. The sample 

was then cut into different sections that were to be later analyzed.  

In order to understand whether a sample was representative of an actual production sample its densities 

are checked. The production quality samples needed to have a relative density around 97% or higher of 

theoretical density. For this study, only samples of that quality were investigated.  

The density measurements were done using the Archimedes principle according to EN993-1 Standard. 

Initially the dry weight (m1) of the sample is measured, followed by the weight immersed under water 

(m2) and the weight of the wet sample (m3). 

 

 The Relative Density is calculated by initially calculating measured density ( 𝜌𝑚) 

     𝜌𝑚 =
𝑚1

𝑚3−𝑚2
 . ρwater            ….Equation 3 

ρwater = 1 g/cm3 

Relative density, 𝜌𝑟𝑒𝑙 =
𝜌𝑚

𝜌𝑠𝑡𝑒𝑒𝑙
           ……Equation 4 

 

𝜌𝑠𝑡𝑒𝑒𝑙 is theoretical density of steel. 

 

 

 

 

 

 

 

 

 

 

Fig 12. A vertical cross section was cut from the edge of the sample towards the center for the analysis. 

 

Rectangular sintered samples were cut from one of the edges towards the center diagonally as shown in 

fig 12. The vertical cross-section of these samples from an edge was taken and two identical samples 

Mirva
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analyzed. One of the samples was to be analyzed for its porosity and surface properties and the other to be 

polished and etched to study the microstructural properties.  

The direction of the investigation was based on the assumption that the causes of variations in the 

properties of the materials could be due to non-Metallic Inclusions, inhomogeneous microstructure and/or 

porosity in the sample. Therefore, these parameters were studied in detail during this work. 

The study of non-metallic inclusions was performed on the sintered samples. Finely polished samples 

were analyzed using the scanning electron microscope. For both the samples, Presence of Non-Metallic 

inclusions was analyzed using Electrolytic Extraction method. Electrolytic extraction involves partially 

dissolving the steel matrix of the sample in an electrolyte by the passage of electricity and collecting the 

non-metallic inclusions as a solute in the electrolyte. These could later be filtered and analysed 3-

Dimensionally. But due to inconclusive results, this method was abandoned [22]. 

 

The detailed analyses for microstructure and porosity were performed only on the chromium steel sintered 

sample as it represented the steel matrix in the functionally graded material. The cross section of the 

sample mounted on Bakelite was polished using various abrasive papers to a fine mirror like finish. The 

surface is cleaned using ethanol to remove all dust particles before it is imaged using a Scanning electron 

microscope. Porosity  and clusters in the sample was analyzed by estimating the area occupied by pores in 

an image of the cross section. Images were studied along a region and an average value of porosity was 

estimated. High magnification images were used since the pores were of smaller sizes. The multiple 

images taken covered a significant area in each of the sections that were analyzed. By using different 

magnifications, the accuracy of the results could be improved. 

Clusters and Inclusions  were analyzed using the ImageJ analyzer for its dimensions and number density 

in the sample. The location, number and size of these particles were studied since clusters can cause weak 

properties in the materials since it can act as location of crack initiation and propagation. 
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2.7 Sintered Functionally Graded Material 

 

 

Fig 13. Different layers of the Functionally Graded Material 

The Functionally graded materials (FGM) was sintered to the dimensions 80mm x 80mm x 8mm (Fig.14). 

Powder 3 was the material used in the steel matrix of the FGM. 

The FGM was designed to have 4 layers as shown below :  

 Section A Steel layer 80x80x1mm, Powder 3 

 Section B Wear layer 80x80x3mm, Powder 3,  tungsten carbide 

 Section C Steel layer 80x80x1mm, Powder 3 

 Section D Base steel plate 80x80x3mm, S355 

A functionally graded material is prepared to have different advantageous properties together in a material 

that is usually rare in a single material. In this case, section D, the steel layer provides weldability to the 

material, whereas the section B, the wear layer contains Tungsten Carbide(WC). WC is a very hard 

material which gives the material high wear resistance properties since this material is expected to 

encounter a lot of wear. Hence for the success of this FGM, it was essential that every layer has good 

structural integrity. 

2.7.1 Analysis for Clusters 

The sample was analyzed for non-metallic inclusions/clusters by studying the surface of the polished 

cross section of the material using a scanning electron microscope. The clusters which were observed on 

different regions were studied for its composition, size and number.  

2.7.2 Porosity 

The study was focused on analyzing the porosity of the sample in these different sections along with its 

morphology and then co-relating them to the hardness of the sections. The selected cross section was 

from the edge of the sample along its diagonal as was considered for previous samples. The polished 

section was analyzed under the SEM and LOM for the porosities in them.  

D 

B 

A 
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 For each region analyzed, images were analyzed using ImageJ for its porosity and average values were 

considered. The images taken were of multiple magnifications, including 100x, 200x and 500x so that a 

larger area could be covered. 

2.7.3 Microstructure 

Properties of the FGM are closely related to its microstructure. Therefore it is important to analyze it in 

different regions of the material. The cross section of the FGM mounted on bakelite was fine polished 

with diamond paste and cleaned with ethanol. ASML handbook suggests 2% Nital to etch this grade of 

steel. Both the sintered chromium steel plate and the FGM were etched. The steel plate was etched first 

and it was imaged first. Once that was completed further etching was done to reveal the microstructure in 

the rest of the FGM. The percentage of the microstructure was analyzed using the manual point count 

method.  

2.7.4 Hardness 

In the FGM studied in this work, the applications included wear resistance in an abrasive environment 

and hence Hardness is a key property of the material. Hardness is measured using the Vickers micro 

hardness test where a diamond intender is used to deform the surface of the material. see Fig 14. The 

hardness is measured in different regions of the cross section of the material and multiple readings ( more 

than 5) are taken to get an average value of hardness.  

 

Fig 14. Vickers Hardness test measurement on FGM sample 
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3. Results and Discussion 

3. 1 Powder Analysis 

3.1.1 Powder morphology and composition 

Analysis of the powder using the SEM helped to identify the morphology and composition of the powders 

used. 

  

   

 

Fig. 15 Powder morphologies with their composition 

Other traces elements seen along with the major elements were removed from the table in Fig 15. EDS 

measurements can be inaccurate for lighter elements and especially carbon values are not estimated with 

this method. Percentage of carbon was removed and the composition was recalculated. 

Powder 1 

Element Composition (%) 

Cr 17 - 19 

Fe 62 - 72 

Ni 9 - 11 

 

Powder 2 

Element Composition (%) 

Cr 17 - 19 

Fe 64 - 69 

Ni 9 - 11  

 

Powder 3 

Element Composition (%) 

Cr 2.5 – 3.5 

Fe 95 – 97.5 
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The powders 1 and 3 had an irregular morphology whereas Powder 2 particles are spherical. Powder 1 

and 3 were water atomized whereas Powder 2 was gas atomized. The powders 1 and 2 have similar 

composition with around 18% Cr and 10%Ni, whereas powder 3 particles are almost pure Iron with a low 

percentage of Cr, around 3% as shown in fig 19. This data agrees with the data provided by the supplier.  

A few samples showed oxides present in the powders. This could have been foreign particles unwanted in 

the powder which could possibly be an explanation for the presence of clusters and inclusions within the 

samples. 

3.1.2 Size Distribution 

 

Fig 16. is plotted from the data obtained from the sample imaged using SEM. It is seen that powder 2 has 

a more uniform distribution of particle size when compared to Powder 1. For Powder 1 it is seen that 

there is a high concentration of particles in the size range 20-40μm and there are also particles as big as 

150μm. Whereas for Powder 2 the distribution is much more uniform with majority of particles in the size 

range 50-90μm and maximum size of around 105μm. 

 

 

Fig 16. Comparison of size distribution 
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For Powder 3 it was seen that the particle size varied  between 45 – 105μm (not shown in fig).  

From the size distribution and morphology data, both powder 1 and 3 which had irregular morphology 

had a broader range of particle sizes compared to the powder 2. This was suitable in terms of ease of 

sintering and density of the sample. 

At the end, the company decided to go ahead with the usage of the powder 3 for other practical reasons.    

3.2  Sintered Samples of Pure metals 
 

3.2.1 Non- Metallic Inclusions 

 

Different types of non-metallic inclusions were observed on the sintered steel samples produced 

from Powder 1 and powder 3 upon analysis using the scanning electron microscope. They were 

classified according to its morphology and composition was noted down. 

 

Table 2. Non- Metallic inclusions in sintered samples 

 

 
 

Table 2 shows the typical inclusion/clusters observed in the samples, its average composition, size and 

typical images. The inclusions were categorized into the 3 depending on their morpholohy. The elongated 
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and spherical inclusions were seen mainly on the sintered sample from Powder 1. These were mainly 

Silicates and oxides of Cr and Iron. The clusters in sintered sample from Powder 3 were mainly just 

oxides. These were seen to be bigger in size. Considering this, they were further analysed to see where in 

the sintered samples they were predominantly present. 

The rectangular cross section of the sample was analyzed at different zones. Z1 was on the vertical cross 

section on the surface. Z2 was on the horizontal cross section, again at the surface, but away from the 

vertical edge. Z3 and Z4 and further inside the sample, at a distance of more than 1 mm from the bottom 

of the sample(fig 17, left). 

It is seen that the clusters are present more on the edges of the sample. On Zone, Z1 and Z2 which are the 

edges of the sample, the cluster concentrations were higher compared to within the material ( Z3 and z4). 

Since the clusters are oxides, their presence on the surface could be explained by reaction of the metal 

with the atmosphere during powder production. 

 

  

 

 

 

 

 

 

 

Fig 17. Distribution of clusters in the chromium steel 
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3.2.2 Porosity 

The analysis for the porosity in the sintered sample was done in the same zones where the clusters were 

studied, see fig 18. 

 

 

 

 

 

 

 

Fig 18. Porosity mapping of sintered chromium steel 

 

Fig. 19 Size distribution of porosities 

It can be seen from Fig 19. that the size of the porosities have a decreasing tendency as one moves from 

the edge of the material to the center. A similar tendency is seen for the number of inclusions per unit sq. 

mm. This might be due to inefficiency in application of pressure on the die at the edges of the sample. It 

was observed that sometimes powder escapes through the edges in the die and this can create a gap. This 

can explain pressure being not applied effectively on the surface of the samples leading to increased 

porosity. The existence of a temperature gradient can also lead to the distribution of uneven porosities 

across the sample due to varied pore coalescence. Fig 20, shows the average number of porosities 

measured per square mm. on the sample, which shows similar trend to the size of porosities, with the 

zones at the surface seen to be more vulnerable. 
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Fig 20. Number of porosities/mm2 in different zones 

3.2.3 Microstructure studies on etched sample of Powder 3. 

It was seen that the sintered sample etches differentially as illustrated through different zones  in 

Fig 21. The edges of the sample have a different microstructure as compared to the center of the 

material.  
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Fig 21. Mapping of microstructure of sintered powder 3 
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Table 3. Phases and grain size in sintered sample 

 

Top Edge 

Bainite 65.78% 

 Martensite 7.89% 

 Cementite 26.3 % 

Grain  

size(µm) 

29.24 ± 

15.91 

 

Side Edge 

Bainite 70.23% 

Martensite 8.3% 

Cementite 21.4 % 

Grain 

size(µm) 

20.99 ± 

8.2µm    

 

Middle 

Bainite 75. 95% 

Martensite 24.05 % 

Grain size Inconclusive 

 

Throughout the sample the dominant microstructure is bainite with cementite pockets enclosed. At the 

edges indicated by the blue zone, cementite is observed at the grain boundaries. This zone extends to 

about 200µm from the edge towards the center. Cementite being a carbide was thought to have formed 

due to the diffusion of carbon from the dies on to the surface of the sintered sample. Such a high carbon 

composition can lead to increased brittleness and higher hardness. The cementite on the grain boundaries 

can be seen from the Fig 22(left) , whereas the main matrix of the material on Fig22 (right). The 

cementite percentage was seen to be in the region of around 20-25%.  In the matrix of the 

material(middle), around 75% bainite was seen with 25% martensite. Bainite is the superior 

microstructure with better properties and it is ideal to have more percentage of bainite. More bainite could 

be produced by not allowing rapid cooling of the sinter and holding the sinter to a higher temperature for 

a longer duration. 

  
Fig 22. Microstructure of sintered astloy. Edge(left), middle matrix (right) [Mag. 200x] 
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3.3 Functionally Graded Material 
The functionally graded material is composed of various zones as seen in Fig 23. The top layer is 

composed of powder 3 which is followed by a layer of powder 3 where Tungsten carbide (WC) is 

mixed to about 30%. WC hardens the material and increases the wearability of the FGM. 

Following the WC layer, there is again powder 3 up to the steel plate below. But during the 

analyses it was observed that, this section (section C1 and C2) which was designed to be of 1mm 

thickness often was larger than predicted ( Fig 24.) and had heterogeneity within it. Hence it was 

divided into 2 sections as shown in fig 23. The section above the steel plate was found to have 4 

different zones vertically in terms of inhomogeneity in porosity. The measurements were taken in 

different sections horizontally to identify how porosity changes as one move from the edge of the 

sample towards the center. 

Edge 

   

Middle 

   

Center 

A 
 

   Powder 3        1mm   

  
  

Powder 3 + WC 
     2mm   

B 
 

          

  
 

 Powder 3 

   

1-2mm   

C1 
 

      

  

  
 

22. 43 mm 

   

  

C2 
 

    Powder 3        <1mm   

D     
Steel plate 

     3mm 

               

Fig 23. Mapping of the zones in the functionally graded material 

 

Fig 24 Length of section above steel plate 
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3.3.1 Non- metallic inclusions/ clusters 

The analysis of clusters was done from images taken from various regions in the cross section of the 

functionally graded materials. Some of the images are shown in Fig 25. 

 

 

 

 

 

 

 

 

Fig 25. Clusters in the steel matrix 

Clusters were seen to be present in the steel matrix of the FGM which were distributed heterogeneously 

throughout the matrix. Various images from different parts of the FGM were analyzed and its 

composition was noted as shown in table 4. 

Table 4. Composition of clusters 

Element Avg. % 

O 33 – 25 

Fe 2 - 4 

Cr 32- 36 

Al 3 – 7 

Mn 17 - 21 
 

These clusters were seen to be oxides of Chromium and Manganese of varying sizes. Some of them were 

seen to be large in size and such clusters could act as a source for cracking in the FGM and FGM and thus 

could be detrimental to its properties.  
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3.3.2 Porosity  

Porosity was measured in the FGM, on the 4 vertical layers (1-4) and also horizontally from the edge of 

the sample towards the center, at three points Edge, Middle and Center.  
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                        Edge                                                Middle                                         Center 

Fig 26. Porosity mapping across the FGM Matrix 

From the graphs in Fig 26, it is evident that the percentage of porosity is highest in Section C1 of the 

FGM. In all the three horizontal regions which were measured, Section C1 has the highest amount of 

porosity. Section C1 is sandwiched between the WC layer and the steel plate and this might lead to 

reduced compressibility. Vertical Section C2 which lies just above the steel plate has the least porosity 

compared to the other sections. Horizontally the edge of the sample has a higher porosity compared to the 

middle and the center sections. This has a correlation with the pressure applied by the press on the FGM 

while sintering as this is not equal in each section.  

While analyzing horizontally, it is seen that the porosities are higher to the edge of the sample and they 

decrease as one move towards the center. This is the case for all the 4 vertical regions.  
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3.3.3 Microstructure 

The microstructure of the whole FGM was analyzed and mapped after etching my 2% Nital for about 30 – 

45 seconds. The steel plate at the bottom etched quickly after about 10 seconds, so it was analyze first and 

then further etching was done to study the rest of the FGM. F represents Ferrite and P represents Pearlite 

in the fig 27. The grain sizes of each phase is indicated on the figureand the percentage of each phase in 

different zones is shown in fig 28. 

 

Fig 27. Microstructure mapping of steel plate in the FGM 

 

 

Fig 28. Plot of Pearlite and Ferrite percentages 

 

In the steel base plate zone, the edges were seen to have fine grains of ferrite and pearlite and larger 

grains in the matrix. On the edge close to wall with die, larger pearlite grains were seen. Larger pearlite 

on the edges could be attributed to the diffusion of carbon from the die on to the steel plate. The ferrite 

and peralite microstructure as seen in the plate is shown in fig 29. 
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Fig 29. Ferrite(lighter) and Pearlite(darker) microstructure in steel plate. Mag [200x] 

 

Between the steel base plate and the steel layer, an oxide layer found as seen in fig. 30. This was 

attributed to the manufacturing method of the plate and could be removed prior to sintering. 

 

Fig 30. Interface between the powder 3 & the steel plate in the FGM with the oxide layer in between 
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WC +  

Chromium steel           Martensite 10.2 

                    
                            
  Bainite 77.27           Chromium steel           
  Martensite 22.73                       
                            
  

               

            
300µm 

  Fig 31. Microstructure mapping of steel matrix 

As we move on to the astaloy steel layer a bainitic layer with martensite is seen. In the fig 32, the brown 

layer of bainite with needle like features is seen and it surrounds martensite (white).  

  

Fig 32. Bainitic microstructure with enclose martensite in the powder 3 matrix(left) and region with 

WC(right) 

The powder 3 matrix is seen to have a bainite percentage of about 78% and the remaining is martensite. 

Strict homogeneity in terms of microstructure is absent since there is a pressure and temperature gradient 

during production and thus there are variations in different zones. But the trend is of high bainite 

concentration with martensite as the minority phase. This is suitable and desired. It is also seen that the 

WC particles are dispersed heterogeneously and some WC particles etch differently indicating different 

sources and properties for this phase. 
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3.3.4 Hardness 

Measurement of hardness was done across the FGM using the Vickers hardness test with a load of 

1.961N (HV0.2). The diamond intender was used to pierce the sample at various horizontal and vertical 

regions and the average of multiple measurements were taken. 
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Fig 33. Hardness across FGM  

From Fig 33, it can be seen that the hardness values are higher in the section B, which is the layer with 

WC and lowest in section A, which is the surface layer. There is a dip in the properties in section C1, and 

again hardness values increases in section C2, the region above the steel plate. This correlates with the 

porosity values which were higher in sections A and C1 and lower in sections B and C2.  

In section C1, as expected the hardness value increase upon moving from edge to center of the sample, 

but in the other regions, this trend is not seen, although there is not a big difference in the hardness values.  
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4. Conclusion 

4.1 Powder Analysis:  
From the size distribution and morphology data, both the Powder 1 and Powder 3 had irregular 

morphology a broader range of particle sizes compared to the Powder 2. This was suitable in terms of 

ease of sintering and density of the sample. 

For the actual work, the chromium steel was considered for practical reasons.  

4.2 Sintered sample: 
1. Non Metallic inclusions: Inclusions and clusters were present in both the sintered samples 

produced from powder 1 and powder 3. Larger clusters present in the powder 3 sample can be 

detrimental to the properties of the sintered sample. These clusters were seen to be more in in the 

edges of the sample and lesser towards the interior of the material. 

2. Porosities: More porosities and larger porosities were seen on the edges of the sample, especially 

on the vertical cross section. This might be due to the lack of pressure from the sides while 

sintering or due to non uniform heat distribution within the die. 

3. Microstructure: Cementite was seen on the edges of the sample, possibly due to diffusion of 

carbon from the dies. This makes the edges brittle. The matrix of the sample, contains bainite and 

martensite. A higher bainitic percentage could be obtained by slower cooling. 

4.3 Functionally graded material: 
1. Clusters: Clusters were seen in the steel matrix distributed heterogeneously. These oxides of 

Chromium and Manganese were large enough to be detrimental to the properties of the matrix. 

2. Porosities : Porosities were seen to be highest in layers A and C1 in the FGM. They were seen to 

reduce towards the center of the material. 

3. Microstructure: The oxide layer between the astaloy and the steel plate could be a source of weak 

properties. The matrix was mainly bainitic with around 20% martensite. Slower cooling could 

convert the martensite to bainite which would improve the properties of the steel matrix. 

4. Hardness: As expected from the porosity values, layers A and C1 are seen to be weaker. As one 

moves towards the center of the material, the hardness values seem to normalize with less 

difference. 
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5. Future Work 
 

The samples analyzed over the course of this study were taken from the edge of the produced material. 

More studies could be done with samples from the center of the material and comparisons can be done 

whether the data correlates with the data obtained here.  

 

Furthermore, different mechanical and non-destructive tests could be performed to analyze in detail the 

properties of the sample to get a better idea of the material. 

 

Over the course of this study, the presence of clusters was established. Study could be done to find out 

how clusters could be avoided and stricter quality control of the additives to the FGM could be done to 

avoid the presence of such unwanted particles. 
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