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Abstract 

The mechanical properties of components made by PM steels are normally inferior to those 

made by alternative processes. One of the main reasons is that a large amount of pores are 

present in sintered components. The other main reason is that the alloying elements, 

particularly Ni, are not uniformly distributed after conventional sintering procedures.  This 

work is aimed at a better understanding of the influence of alloying additions on mechanical 

properties and homogeneity of the microstructure.  

The experimental work has been carried out in two trials. Trial 1 was performed to investigate 

mechanical properties of Distaloy powders (commercial grades) and second trial to examine 

influence of alloying additions on homogeneity of microstructure.  For trial 1, as-sintered and 

heat treated specimens were produced by mixing commercial powders with two different 

carbon levels. Whereas, alloying elements were admixed to base iron powder for producing  

sintered specimens for trial 2. Mechanical properties including dimensional changes, micro-

hardness, tensile strength and impact resistance were measured. Distribution of alloying 

elements was studied using LOM and SEM-EDS analysis.  

The results obtained show that additions of alloying elements enhance the mechanical 

properties. Moreover, interaction of C with Cu and Ni as well as interaction between Cu and 

Ni have a deceive role in determining final properties of the components. The metallographic 

investigation indicated that major reasons of heterogeneous microstructure are slow diffusion 

of Ni in Fe matrix and interaction of other alloying elements with Ni.  The results of trial 2 

showed that addition of Mo and Cu to Ni-containing PM steels improves the distribution of 

Ni in Fe matrix. Mo results in improved uniformity of microstructure by lowering the 

chemical potential of carbon. In Ni and Cu containing alloys, the interaction between Ni and 

Cu is responsible for enhanced distribution of Ni. However, the improved Ni distribution is 

achieved at the expense of non-uniform distribution of Cu. In Ni-containing PM steels, 

improved microstructure homogenization can be attained by increasing Ni-Cu interaction, 

lowering the surface energy of Ni-Cu liquid and decreasing the chemical potential of carbon. 
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1. Introduction 
Over the years, powder metallurgy (PM) has emerged as an important mean to fabricate 

complicated components to high precision with excellent properties and these components are 

increasingly being utilized for automotive and structural applications.
[1] 

PM products cover 

wide range of applications, they can be large components for the offshore industry as well can 

be found as personal items such as hip implants and keys.
[2] 

PM processing offers advantages 

over conventional casting and forging techniques such as lower processing temperature, near-

net shaping, high material utilization, short overall production time, and a more refined 

microstructure that provides superior material properties.
[3]

 Materials with unique 

compositions and microstructures can be produced using PM processes due to the possibility 

of mixing different types of powders. Furthermore, energy efficiency and high material 

utilization contributes to sustainability, making PM a recognized green technology.
[4]

 

Developments and technical innovations in PM materials are constantly pursued to meet the 

quality, cost and performance requirements of existing and emerging applications. There are 

many ways to produce high performance PM components including new alloy systems, 

increasing density using new compaction techniques, increasing sintering temperature and 

heat treatment.
[5,6]

 Addition of alloying elements such as Mo, Ni, Mn and Cu has provided a 

thrust towards high performance in PM materials. A number of authors have studied the 

influence of additive elements on the mechanical properties of sintered materials and have 

concluded that most of the additive elements enhance the strength, hardenability, toughness, 

fatigue and oxidation or corrosion resistance.
[1,7,8,9]

  

There are basically three different methods to introduce alloying elements in PM steel: 

admixing of elements to a plain iron powder, diffusion bonding or partial pre-alloying and 

completely pre-alloying. Disadvantages of elementally admixed materials are that they suffer 

from segregation and sinter parts have inhomogeneous compositions. Segregation is not a 

problem for pre-alloyed powders but compressibility is significantly decreased. To overcome 

segregation without significant decrease in compressibility diffusion alloyed powders are 

being used. Due to partial diffusion, these powders have high compressibility and better 

homogeneity. Depending upon the process of production, these powder mixes are offered 

under the trade name Distaloy
TM

.
[6]

  

1.1. Aim and Scope 

The present study focusses on sintering of Distaloy
TM 

powders. The as-sintered microstructure 

of these powders is usually not homogenous due to insufficient diffusion of alloying elements 

during conventional sintering. The homogeneity of microstructure is based on how far the 

alloying element reaches into the Fe-base particle and is controlled by the diffusivity of the 

additive element. The diffusivity is different for every element and strongly depends on 

temperature.  

In order to obtain good sintered properties, alloying elements must diffuse and strengthen the 

structure during sintering. Among the most widely used alloying elements in PM parts, Ni is 
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the most difficult element to homogenize because of its slow diffusion rate in iron compared 

to other alloying elements such as C, Cu and Mo.
[10]

 Due to slow diffusion (non-homogenous 

distribution) of Ni at conventional sintering temperature, Ni-rich and Ni-lean areas are both 

present in the matrix. Previous studies reported that Ni-rich areas are detrimental to 

mechanical properties such as tensile and fatigue strength.
[11,12,13]

 In addition to heterogeneous 

distribution, the high prices of Ni and persistent high cost of Mo are compelling to use these 

elements in a wiser manner. In the view of these problems, to attain full benefits of the 

alloying elements in a cost effective way, it is important to understand the diffusion behavior 

of these elements during sintering.  

Many researchers have studied the phenomenon of heterogeneous distribution of Ni during 

sintering and have indicated that strong repulsion between Ni and C is also a cause for non-

uniform distribution of Ni.
[13,14,15,16,17,18]

 Through Thermo-Calc software, Sozinov and 

Gavrilijuk
[14]

 indicated that the presence of Ni increases the chemical potential of carbon and 

thus resulting in decreased carbon content in Ni-rich areas. The repelling effect has also been 

confirmed by experimental work performed at Höganäs AB.
[18] 

Improvements in distribution of Ni to obtain better microstructure and mechanical properties 

are reported by addition of Cr and Mo and by using extra fine Ni. It is showed that addition of 

Cr and Mo to Ni containing PM steels is beneficial for mechanical properties.
[15,16,17,19]

  Cr 

and Mo reduce chemical potential of carbon, as a result distribution of Ni and C are improved. 

Moreover, use of extra fine Ni (in comparison of standard Ni) indicated that tensile strength 

and hardness of sintered Ni PM steels are increased.
[20,21]

 This improvement in properties is 

correlated to better distribution of Ni when extra fine Ni is used.
[22]

 It was also reported that 

this effect is more pronounced at lower contents of Mo and C.
[20]

  

Several investigations of diffusion behaviors and thermodynamic assessments of different 

binary and ternary systems have been performed.
[23,24,25,26,27] 

It is shown that solubility of Mo 

in Ni is higher than that of Ni in Mo.
[25]

 Complete solid solubility of Ni and Cu exists at 

temperatures above 355
o
C.

[28]
 Addition of Ni and Cu to steel increases the chemical potential 

of C whereas Mo has the opposite effect.
[15]

 Similar to the interaction of Ni and C, interaction 

between Cu and C exists. When both Cu and C are added to base powder, C inhibits the Cu 

diffusion into Fe particle as well as along grain boundaries.
[29,30,31] 

Use of extra fine Cu and Ni 

significantly  improves microstructure homogeneity and mechanical properties.
[32]

 However, 

details of the mechanism of interactions and influences of the alloying elements on diffusional 

behavior during sintering of PM steels need to be addressed.  

Thus, the aims of current project are to: 

• Investigate diffusion behavior of additive elements during sintering. 

• Understand effect of these alloying additions on mechanical properties. 

• Study influence of sintering time on final mechanical properties of sintered and heat 

treated PM steels.  

• Develop understanding of interactions between elemental additives during sintering.  

• Study influence of elemental additives on the homogeneity of microstructure. 
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This project work will be helpful in understanding the combined effects of additives on the 

final properties of material, how to improve distribution of elements with slow diffusivities 

and to take full advantage of the alloying additions. In other words, it will provide basis for 

alloy development with improved properties in a cost effective way.  

2. Powder Metallurgy 

2.1. Brief History 

About 3000 BC, due to the inability to melt iron Egyptians were using PM principles to make 

tools of sponge iron.
[33]

 In 1800s precipitated powder was used to produce Platinum 

laboratory crucibles, this practice is considered to be one of the most important stages of the 

development of modern PM. The next big step in PM was development of tungsten lamp 

filament by Coolidge in early 1900s. The subsequent advancement took place in 1920-1930s 

by the production of cemented carbides and porous self-lubricating bearings.  

By 1940s, iron based PM began its advance to commercial viability. PM emerged as a major 

breakthrough in metal working technology by providing structural parts having superior 

performance coupled with cost effectiveness of material conservation and longer operational 

life. Since then there has been a steady increase in production of PM parts. In the more recent 

years, more new and improved alloy compositions and production technologies are being 

developed.  

2.2. Iron and Steel Powder Production 

In order to form powders, energy has to be delivered to the material to create new surface 

area.
[34]

 The powder fabrication techniques can be divided into four main categories based on 

mechanical disintegration, chemical reactions, electrolytic deposition and liquid metal 

atomization. The method of powder production depends on required material properties. At 

present basically two fabrication methods, solid state reduction (also known as Höganäs 

sponge iron process) and water atomization, count for the highest volume production.
[6]

 

The sponge iron process starts with two raw materials, very pure concentrated iron ore 

(Fe3O4) and a reduction mix consisting of coke and limestone. Reduction takes place in a 

tunnel furnace at 1200
o
C. At the processing temperature coke burns to form CO which reacts 

with the iron ore to reduce it to metallic iron, while limestone in the reduction mix binds the 

sulphur arising from burning of coke. The iron particles sinter together and form porous 

sponge iron. The resulting sponge iron is cleaned, crushed and ground to powder. The product 

still contains minute amount of carbon and oxygen. To reduce oxygen and carbon contents to 

a very low level, powder is annealed in Hydrogen at 800-900
o
C. Shape and internal structure 

of sponge iron particle is presented in Fig.2.1.  
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Fig. 2.1 External particle shape and internal structure of sponge iron particle. 

In water atomization, the raw material is carefully selected iron scrap and alloying elements 

(if desired). The liquid iron flows in a well-controlled stream and is hit by high pressure water 

jets which disintegrate the molten metal stream. The water is directed against the melt stream 

by a single jet, multiple jets or an annular ring. The droplets formed solidify rapidly, due to 

the high cooling rate. The particles formed are irregular, hard and are covered by surface 

oxides. To reduce surface oxides and to soften the material, the powder is annealed in a 

reducing atmosphere. Water atomized powders having low impurity levels are more 

compressible than sponge powders. A sketch of water atomization concept and an example of 

water atomized powder is shown in Fig 2.2 and Fig 2.3 respectively.  

 

 

 

2.3. Alloying Elements and Alloying Techniques. 

To give the sintered ferrous materials the required strength and hardenability, carbon and 

other alloying elements have to be introduced. The most commonly used alloying elements in 

sintered steels are copper, molybdenum and nickel. At typical sintering temperature (i.e. 

1120
o
C), Cu occurs as a liquid phase and acts as sintering activator. The hardenability effect 

of Cu is relatively low compared to other alloying elements. Addition of Mo provides high 

Fig. 2.2 Illustration of water 

atomization process 

Fig. 2.3 powder particle produced by 

water atomization 
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hardenability effect and improves the material strength at elevated temperature. Moreover, in 

presence of Ni (>0.75 wt.%), Mo gives approximately 25% more hardness.
[35]

 Ni has a 

favorable effect on the strength and toughness of the steel. Being austenite stabilizer and 

having slower diffusion rate, Ni may lead to retained austenite in the material structure. 

Influence of some alloying elements on the hardness of iron is shown in Fig 2.4.  

 

Fig. 2.4 Influence of alloying elements on hardness of iron.
[6] 

For powders, there are basically three different methods for alloying: 

• Pre-mixing 

• Diffusion-alloying 

• Pre-alloying 

Pre-mixing is the least expensive method. In this technique, alloying elements in powder form 

are mixed with iron powder before pressing and the actual alloying process takes place during 

sintering. This method has advantage of high compressibility. The degree of alloying during 

sintering is limited by diffusivity of elements in iron at processing temperature. Powders 

produced by pre-mixing suffer from segregation during handling and transportation.  

Diffusion-alloying is method to bond fine alloying elements to the coarser surface of iron 

powder particles by heat treatment. Diffusion alloying is controlled to provide adequate 

bonding of alloying elements to base powder while limiting the extent of diffusion so that 

high compressibility is retained. However, sintered parts made from diffusion-alloyed 

powders will still have inhomogeneous composition. Generally Ni, Mo and Cu are used in 

diffusion-alloyed powders. 

Pre-alloying is used to produce homogenously alloyed powder particles and is effective 

against segregation problems. Elements are added to molten iron before the water 



6 

 

atomization. The disadvantage of pre-alloying is that the compressibility is significantly 

decreased. Molybdenum is commonly used in pre-alloyed powders, since it has relatively 

small effect on the compressibility.  

2.4. Production of PM steel components 

The conventional process route for manufacturing of PM components follows the steps 

outlined in Fig. 2.5. The main stages are mixing, compaction and sintering. In order to 

increase density, improve dimensional tolerance and mechanical properties supplementary 

operations such as sizing, infiltration, machining and heat treatments may be applied after 

sintering. All of these process steps are described briefly in the following paragraphs.  

 

Fig. 2.5 Process route for manufacturing of PM steel parts. 

Mixing: 

The forming of sintered steel components begins with mixing of base iron powder with 

graphite and other alloying elemental powders depending upon required properties after 

sintering. A lubricant is normally added in order to reduce the friction during compaction. The 

mixing may also involve addition of binders and sintering aids to improve green strength and 

to accelerate densification on sintering respectively.  

Compaction: 

Compaction is performed for shaping of the powder in to the required shape. In this step of 

PM manufacturing process, a controlled amount of mixed powder is fed into the cavity of a 

die. In the die cavity high pressures are exerted upon the powder by two or more axillary 

moving upper and lower punches. Due to application of pressure the gap between the powder 
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particles get reduced and a certain amount of welding takes place between particle surfaces. 

The obtained compact is pushed out of the die by the lower punches and has acquired 

sufficient green strength to withstand handling.  

Presence of lubricants and restrictions in compaction pressure limits the compaction densities 

that can be achieved by conventional compaction process. In order to reach higher densities 

several modified techniques have been developed including warm compaction, high velocity 

compaction and double press double sintering. On the other hand, application of these 

methods leads to higher production costs.   

Sintering: 

During sintering the compacted green bodies are heated to high temperature, below the 

melting point of the base metal, to transform the compacted mechanical bonds between 

powder particles into metallurgical bonds. This metallurgical bonding occurs due to neck 

formation between particles. The phenomenon of neck formation is driven by the 

minimization of the free surface energy of particles and progresses through atomic diffusion 

mechanisms.
[36]

  

A conventional sintering furnace has wire mesh belt that carry the components through 

different zones of the furnace i.e. preheat zone, hot zone and cooling zone. In the first zone, 

the organic lubricant (binder) burns off from the compact. Sufficient bonding between the 

particles is achieved by holding the components in the hot zone. In the cooling zone of the 

furnace, parts are cooled down at certain cooling rate depending on the desired 

microstructure.  

The typical sintering temperature for production of sintered steel parts is 1120
o
C and the 

sintering time is in the range of 15-30 minutes. However, sintering for 15-30 minutes at 

1120
o
C is not the optimum conditions for most of the alloying systems. This problem can be 

tackled by using longer sintering time or higher temperature. High temperature sintering is 

beneficial for homogenization of the microstructure due to faster diffusion processes, which in 

some cases can improve mechanical properties. It also gives more spherical pores and 

improved oxide reduction. High sintering temperature can also cause a number of problems, 

e.g. shrinkage, decarburization and grain growth.  

The sintering process can be classified, depending upon the mechanism, into three types: solid 

state sintering, liquid phase sintering and activated sintering. The sintering process passes 

through two different stages; early stage with bonding between particles and late stage of 

pore-rounding and shrinkage. Both these stages require transport of material. In solid state 

sintering, different mechanisms of transport are possible including volume diffusion, surface 

diffusion, grain boundary diffusion and evaporation/condensation of atoms on the surface. 

Liquid phase sintering can be used to enhance the densification process. During liquid phase 

sintering, one component of the mixture melts at sintering temperature. The arising liquid is 

pulled into pores by capillary forces and creates large contact area between liquid and solid 

phase, hence, increases the transport rate of material. In activated sintering, a small amount of 

metal or metal compound, called activator, is added to the base powder. The activator, having 
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melting point higher than sintering temperature, forms a low melting eutectic together with 

the base metal, which substantially accelerates the sintering process. 

Protective atmosphere has to be used in the sintering furnace to fulfill several important 

requirements. The main purpose of the sintering atmosphere is to prevent oxidation and to 

reduce possibly present oxides. There are several options available for sintering atmosphere 

including H2, cracked ammonia, endogas and nitrogen. Among the above mentioned 

atmospheres, H2 and cracked ammonia are reducing atmospheres and have decarburizing 

effect, endogas is also reducing but carburizing and nitrogen is a neutral atmosphere. Most 

commonly endogas, which is produced through combustion of hydrocarbons, is used as 

protective atmosphere.  

Supplementary Operations: 

For several applications sintered components are subjected to supplementary operations, in 

order to improve properties, obtain final shape and improve appearance. As mentioned earlier, 

these operations include sizing, infiltration, machining and heat treatment. In this section only 

heat treatment is discussed, which is important in the context of this thesis.  

Sintered steel components can be heat treated like conventional steel parts. However, sintered 

parts may respond somewhat differently than conventional steels due to their porosity. Heat 

treatments can be classified as through-hardening, precipitation-hardening and case 

hardening. In through-hardening, the parts are heated to austenitizing temperature and held at 

that temperature. Then the parts are quenched in oil or water to obtain hard and brittle 

martensite or bainite. Quenching is followed by tempering to eliminate the high internal 

stresses. Precipitation hardening is possible in Fe-Cu and Fe-Cu-C alloys due to solubility 

difference of Cu in austenite and ferrite (9wt% in austenite and 0.4wt% in ferrite). When an 

iron copper alloy with copper content more than 0.4wt% is heated and cooled rapidly, ferrite 

supersaturated with copper is formed. Tempering of this supersaturated phase, gives improved 

hardness and strength due to precipitation of copper particles. Case hardening is relatively 

simple and inexpensive way of improving mechanical properties of sintered parts. Among 

several case hardening techniques carburizing, which is most common for applications 

requiring high surface hardness combined with relatively soft ductile core, is briefly discussed 

here.  

Carbon is added to the surface of the component by heating it in an atmosphere containing 

methane, butane, carbon monoxide or combination of gases to provide desired carbon activity. 

PM components can be heated from 850
o
C to 920

o
C for 60 minutes to achieve a certain case 

depth. The depth of the carbon layer depends on the porosity and processing time. In sintered 

parts, carbon penetrates deepest into parts with the lower density but carburizing is not 

recommended when the porosity exceeds 10% due to rapid penetration of carbon and difficult 

control of carbon potential in the furnace.
[33]
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3. Diffusion 

This section is mainly concerned with basic concepts of diffusion. Diffusion always occurs to 

produce a decrease in Gibbs free energy. This is accomplished by material transport by atomic 

motion. It is usually assumed that diffusion occurs from region of high concentration to lower 

concentration region. In practice this case is more common but opposite of it can also occur 

under certain conditions. Diffusion phenomenon can be better understood by considering it as 

a process of leveling the chemical potential gradient. Diffusion occurs down chemical 

potential gradients and a new potential distribution is established by the end of the process.
[37] 

Fig.3.1 illustrates two cases. In first case, chemical potential of A is higher in A-rich region 

and chemical potential of B is higher in B-rich region. Whereas, in the second case it is 

opposite. In both cases diffusion will occur from the region of higher potential to lower 

potential. Hence, in the first case A and B atoms will diffuse from higher concentrated regions 

to lower concentrated regions of A and B respectively. While in second case, A atoms are 

diffusing toward higher concentrated region and same is the case for B atoms. So, atoms 

always tend to move out of the regions where they have higher potential. However, it is more 

convenient to relate diffusion to concentration gradient, since it is easy to measure as 

compared to chemical potential gradient.  

 

Fig. 3.1 Chemical potential changes during diffusion in two different cases. 

The most important mechanisms for occurrence of diffusion are interstitial diffusion and 

vacancy diffusion. Interstitial diffusion involves jumping of an atom from an interstitial 

position to an adjacent position. In vacancy diffusion (substitutional diffusion) an atom form 

normal lattice position jumps into adjacent vacant position. Interstitial diffusion is much faster 

than vacancy diffusion. Illustration of both mechanisms is given in Fig. 3.2.   
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Fig. 3.2 (a) Vacancy diffusion and (b) Interstitial diffusion  

3.1. Fick’s laws of diffusion 

The net flow of atoms down the concentration gradient when a steady state exist, that is when 

concentration of every point does not change with time, is given by Fick’s first law as  

� = −� ���� 																																																																																																																																		(3.1) 

J is the net flow or diffusive flux (molem
-2

s
-1

), D is known as diffusion coefficient (m
2
s

-1
) and 

��
�� is concentration gradient (molem

-4
).  

However, in most practical situations steady-state conditions are not established and 

concentration changes with both distance and time. For non-steady state change in 

concentration with time can be predicted using Fick’s second law.  

��
�� =

�
�� ��

��
���																																																																																																																										(3.2) 

Where, t is time (s). If D is independent of composition or ranges of composition are very 

small, above equation can be simplified to  

��
�� = � �

��
��� 																																																																																																																																	(3.3) 

Diffusion Coefficient:  

The diffusion coefficient is closely related to frequency of atom jumps causing atomic 

transport of material. D depends exponentially on temperature following Arrhenius law. 

� = ��exp	(−�/��)																																																																																																																	(3.4) 
T is temperature (K), R is universal gas constant (J/K.mol), Do is a material constant (m

2
s

-1
) 

and Q is the activation enthalpy (kJ/mole). Both Do and Q are experimentally measured 

constants. If log D is plotted as a function of 1/T, a straight line is obtained. Intercept on log D 

and slope of line gives value of Do and Q respectively, see Fig. 3.3.  
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Fig. 3.3 The slope of log D vs 1/T gives the activation energy for diffusion 

Diffusion coefficient is a composition dependent quantity. For example, the diffusion co-

efficient for C in fcc-Fe at 1000
o
C is 2.5×10

-11
 m

2
s

-1
 at 1.5 wt% C, but it rises to 7.7×10

-11
 

m
2
s

-1
 in solutions containing 1.4 wt% C.

[37]
 In case of a binary substitutional alloy A-B, the 

interdiffusion coefficient has to be considered and is given as  

�� =  !�" +  "�!																																																																																																																										(3.5) 
 where XA and XB are the mole fractions of A and B respectively. ��, DA and DB show the 

same form of temperature dependence as shown in Equation 3.4.  

3.2. Atomic Mobility 

As described earlier, diffusion is related to chemical potential gradient. However, Fick’s laws 

consider concentration gradient to predict diffusive fluxes and assume that diffusion 

eventually ceases when the concentration is the same everywhere. But in practice this 

condition is not achieved as there are always lattice defects such as grain boundaries, phase 

boundaries and dislocations in the material. Due to presence of these defects concentration 

gradients are developed and diffusion is affected. Diffusive flux can be described considering 

drift velocity of diffusing atoms (v), where drift velocity is proportional to the local chemical 

potential gradient.  

� = %�																																																																																																																																											(3.6) 

% = −'�μ
�� 																																																																																																																																			(3.7) 

where M  is a constant known as atomic mobility. Combining Equations 3.6 and 3.7 gives 

� = −'� �μ��																																																																																																																																			(3.8) 



 

From here a relation between a

substituting values of C and µ, and is given as:

� = '�� +1 + , ln /
, ln  0										

where γ is activity coefficient and it takes in

in addition to temperature and composition, diffusion co

mobility and activity coefficient. 

3.3. Diffusion of alloying el

In view of the topic of the project,

alloying elements under study. 

elements in the iron matrix are presented in Fig. 3.4

very high diffusion rate as compared to subsitutional elements i.e. Ni, Cu and Mo.

into iron lattice faster than Ni because of its lower melting point. At a given sintering 

temperature the mobility of Cu a

rate of Cu as compared to Ni. 

Fig. 3.4 Diffusion rates of different alloying elements in Fe expressed as log D vs 1/T.

A general trend is that a diffusion

Although Mo has highest melting point a

Mo diffuses faster in the iron lattice.

stabilizer whereas Cu and Ni are FCC stabilizers. At a given t

BCC lattice is approx. 100 times higher than 

12 

between atomic mobility and diffusion coefficient can be obtained by 

, and is given as: 

0 																																																																																			

efficient and it takes into consideration interaction co

e and composition, diffusion coefficient is also dependent on 

efficient.  

Diffusion of alloying elements 

the project, this section covers some aspects related to diffusion of 

s under study. Diffusion rates expressed as log D versus 1/T for alloying 

matrix are presented in Fig. 3.4.
[38]

 Carbon being interstitial element has 

very high diffusion rate as compared to subsitutional elements i.e. Ni, Cu and Mo.

into iron lattice faster than Ni because of its lower melting point. At a given sintering 

temperature the mobility of Cu atoms is higher than Ni atoms and results in higher diffusion 

rate of Cu as compared to Ni.   

Fig. 3.4 Diffusion rates of different alloying elements in Fe expressed as log D vs 1/T.

diffusional element with lower melting point d

has highest melting point among substitutional elements under discussion

faster in the iron lattice. The reason for this phenomenon is that Mo is BCC 

stabilizer whereas Cu and Ni are FCC stabilizers. At a given temperature the diffusion rate in 

BCC lattice is approx. 100 times higher than in FCC lattice.
[37]

 At sintering temperatures the 

efficient can be obtained by 

																							(3.9 

to consideration interaction coefficients. Hence, 

efficient is also dependent on atomic 

some aspects related to diffusion of 

Diffusion rates expressed as log D versus 1/T for alloying 

Carbon being interstitial element has 

very high diffusion rate as compared to subsitutional elements i.e. Ni, Cu and Mo. Cu diffuses 

into iron lattice faster than Ni because of its lower melting point. At a given sintering 

and results in higher diffusion 

 

Fig. 3.4 Diffusion rates of different alloying elements in Fe expressed as log D vs 1/T. 

with lower melting point diffuses faster. 

under discussion yet 

The reason for this phenomenon is that Mo is BCC 

emperature the diffusion rate in 

At sintering temperatures the 
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crystal structure of iron is FCC but when Mo has diffused into FCC lattice, it transforms to 

BCC. Therefore, despite the higher melting point of Mo, it has higher diffusion rate in iron as 

compared to Cu and Ni. 

An interesting phenomenon to be considered is diffusional behavior of an element in presence 

of another element. For understanding additional effect that can arise due to presence of third 

element, let’s consider an example of Fe-Ni-C system. It is reported that addition of Ni raises 

the chemical potential of carbon.
[13,14]

 This means that in addition to the diffusion of carbon 

from high carbon concentrated region, carbon will also diffuse away from the regions rich in 

Ni. It can be better illustrated by plotting the profiles of carbon concentration and chemical 

potential, see Fig 3.5. Consider two pieces of steel, one Fe-Ni-C and other Fe-C. The carbon 

content in Fe-C is less than in the other piece. The two pieces are joined together and 

subjected to heat treatment. The initial concentration profiles of Ni and C in the couple is 

shown in Fig 3.5a. After heating above austenitzing temperature, the resultant C concentration 

and chemical potential are shown in Fig 3.5b and 3.5c respectively. In order to equalize the 

chemical potential of C, carbon atoms on Ni rich side will jump over to Ni free side. Diffusion 

of Ni atoms into Ni free region will compel C atoms to redistribute to maintain chemical 

potential. Hence, a repelling effect between C and Ni exist which results in non-homogenous 

distribution of these elements unless long enough time is provided for equilibrium to be 

achieved.  

 

Fig. 3.5 (a) C and Ni profile in Fe at t=0. (b) C profile after austentizing. (c) Chemical potential of C 

vs. distance. 
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Diffusional behavior of an element into iron lattice in presence of more than one element can 

be even more complex. Let us take the example of diffusion of C in Fe lattice in presence of 

Cu, Ni and Mo. The distribution of C in the final structure will be controlled by the weight 

percent of other elements and interaction of C with other elements and vice versa. Table 3.1 

shows variations in diffusion co-efficient of C in Fe having different Cu contents at 

1100
o
C.

[39] 

Table 3.1 Carbon diffusion coefficients in austenitic Fe-Cu-C alloys. (aprox. 4wt%C) 

wt% Cu 
Diffusion coefficients 

(10
-7

cm
2
/s) 

1.02 10.1 

2.04 11.0 

3.10 11.9 

3.95 12.6 

 

As mentioned in section 1.1, several investigations have been performed to assess 

thermodynamic and mobility data for different binary and ternary system and are available in 

the literature. Available thermodynamic databases are employed in computational tools like 

ThermoCalc and Dictra. The thermodynamic database can be easily accessed using these 

tools. In the current work, some simple thermodynamic calculations and diffusion simulations 

are performed and will be discussed in the next chapter. But it has to be noted that 

calculations done by ThermoCalc and Dictra are equilibrium based, which is not achieved in 

the real process.  
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4. Experimental Work 

The experimental work performed in this project consists of two trials. First trial was made on 

commercial powders (Distaloy and Astaloy) and for the second trial elemental additives were 

admixed with iron powder to obtain specific compositions.  

4.1. Trial 1 

The goal of trial 1 was to study the effect of alloying additions on mechanical properties of as-

sintered and as-heat treated materials and to study influence of sintering time on diffusion of 

alloying elements. Eight different powder grades have been investigated in trial 1. The 

chemical compositions of the powders grades are given in Table 4.1.  

Table 4.1. Nominal chemical compositions of investigated powder grades (Trial 1) 

Material Fe Cu (Diffusion 

alloyed) 

Ni (Diffusion 

alloyed) 

Mo (diffusion 

alloyed) 

Mo (pre-

alloyed) 

ASC100.29 Base - - - - 

Distaloy AQ Base - 0.5 0.5 - 

Distaloy AB Base 1.5 1.75 0.5 - 

Distaloy AE Base 1.5 4 0.5 - 

Astaloy Mo Base - - - 1.5 

Distaloy DC Base - 2 - 1.47 

Distaloy DH Base 2 - - 1.47 

Distaloy HP Base 2 4 - 1.41 

 

Each powder grade was mixed with graphite grade F-10. All series were mixed with two 

different graphite contents i.e. 0.3 wt% and 0.6 wt%. The amount of lubricant added to all 

series was 0.6 wt% and the lubricant type used was Lube-E. The mixes were made in a 

rotation blender. Manufacturing of test specimens has been done by conventional uniaxial 

pressing. All specimens were compacted to density of 7.0g/cm
3
. Specimens from each series 

were sintered at 1120
o
C in 95/5 N2/H2 using a mesh belt furnace. Under these sintering 

conditions the specimens were sintered for four different holding times; 15, 20, 30 and 40 

minutes. For each composition and sintering time seven tensile specimens and five impact 

energy bars were produced. 

Trial 1 also included the investigation of heat treated specimens. Same chemical compositions 

and processing conditions were used to produce the specimens for heat treatment. To 

investigate the effect of heat treatment, specimens were carburized at 920
o
C for 15 minutes 

using 0.8 C-potential. After carburizing, parts were annealed in air at 200
o
C for 60 minutes.  

4.2. Trial 2 

Second trial was carried out to investigate the influence of additives on diffusion behavior of 

other elements when used in different combinations and on the homogeneity of the final 

microstructure. The chemical compositions used for this investigation are given in Table 4.2. 
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Table 4.2. Nominal chemical compositions of investigated powder grades (Trial 2) 

Material  

Designation 

Fe 

(wt %) 

Cu  

(wt %) 

Ni 

(wt %)  

Mo  

(wt %) 

C 

(wt %) 

Fe-Ni Base - 0.5 - - 

Fe-Ni--C Base - 0.5 - 0.6 

Fe-Ni-Mo Base - 0.5 1.5 - 

Fe-Ni-Cu Base 2 0.5 - - 

Fe-Ni-Mo-C Base - 0.5 1.5 0.6 

Fe-Ni-Cu-C Base 2 0.5 - 0.6 

Fe-Cu-C Base 2 - - 0.6 

Fe-Cu-Mo-C Base 2 - 1.5 0.6 

 

The base powder used for these composition mixes was commercial Fe powder grade 

ASC100.29. Carbon added was graphite grade F-10. The amount of lubricant, i.e. Lube-E, in 

mixes was 0.6 wt%. Additives were admixed to base powder in required compositions using a 

rotation mixer. Specimens were compacted to density 7.0g/cm
3
 using uniaxial pressing. 

Sintering conditions, temperature and atmosphere, used were same as used in trial 1 i.e. 

1120
o
C in 95/5 N2/H2. Sintering was performed for 15 and 40 minutes. Only tensile 

specimens were manufactured for this trial and no heat treatment was done.  

4.3. Analysis Techniques  

Chemical Analysis: 

Chemical analysis of bulk content of carbon in sintered material was done for as-sintered 

specimens of trial 1. It is done by combusting approximately 1g of sample material in an 

induction furnace. The carbon in the sample reacts with oxygen in atmosphere and is 

transformed to CO or CO2. The weight loss of material due to reaction with oxygen is used to 

calculate the carbon content in the sample. 

Dimensional Changes: 

To determine influence of different compositions on dimensional control, dimension of tensile 

bars were measured before and after sintering. Dimensional measurements were performed by 

means of TS-Fixtur (IM Teknik,Sweden).The results reported present an average of 14 

measurements.   

Mechanical Testing: 

The hardness of as-sintered specimens was determined by means of Vicker hardness tester 

(Buehler Omnimet MHT, Germany) and the load applied was 10gf, under standard ISO 6507-

1:2005. For heat treated samples it was done with Rockwell hardness tester (Wolpert hardness 

tester, Wilson Co., USA) using scale RC according to standard ISO 4498-1:1990. The results 

reported are averages of eight measurements for hardness. Tensile tests were performed on 

seven test specimens from each series to evaluate ultimate tensile strength, yield strength and 

elongation. Tensile testing was performed in accordance with ISO 2740:2007 using Zwick 

Z100 (Germany). Impact strength for as-sintered and as-heat treated specimens of trial 1 was 
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determined by using Charpy impact tester (PW30, Instron Co., UK). Five un-notched impact 

test specimen (ISO 5754) for each series were used to obtain average values.  

Microstructure Evaluation:  

Microstructure evaluation was done using light optical microscopy. Cross sections were 

examined after etching of specimen surfaces. Etching was done by using either 1%Picral or 

4% Nital depending upon the composition of material. To examine the diffusion of additives 

and homogeneity of microstructure, analytical line scans and elemental mappings were 

obtained using SEM-EDS. For these analysis a field emission scanning electron microscope 

(Hitachi SU6600) equipped with an EDS system (Quantax) was used. The SEM-EDS analysis 

was applied on selected compositions only. A brief introduction of principle of this technique 

is given in following paragraph. 

The principle of SEM technique is that a beam of high energy electrons is scanned over the 

sample in a vacuum chamber. The energy of electron beam is dissipated as a variety of signals 

produced due to energy exchange between electron beam and sample. These signals include 

secondary electrons, backscattered electrons and characteristic X-rays. Secondary and back 

scattered electrons are commonly used for imaging. Secondary electron imaging can produce 

high resolution images and back scattered imaging can provide information of elemental 

distribution in sample. X-rays emitted from the sample can be used to gather information 

about chemical composition at the analysis point of sample. This is done by energy dispersive 

x-ray spectroscopy (EDS). This analytical technique uses an energy dispersive detector to 

separate the characteristic x-rays of different elements into an energy spectrum. EDS software 

analyzes the spectrum to determine quantity of specific element. EDS can be used to produce 

elemental mapping and is done by progressively scanning a specific area by electron beam. 

This technique is useful for diffusional studies. There are some limitations of this technique 

including overlapping of energy peaks among different elements, broadening of peaks and 

absorption effects.
[40]

 EDS can’t detect the lightest elements. In EDS mapping because of 

shorter dwell times the elements in low concentrations may not be detected.
[41]

  

4.4. Simulation and Thermodynamic Calculations 

To develop general understanding of distribution of alloying elements in Fe matrix, 

simulations and calculations were performed using Thermo-Calc and Dictra software. The 

real geometry of powder particles is very complicated. In order to compare diffusivities of 

alloying elements in Fe, a simple geometry was used considering two diffusion cells, each 10 

µm, joined together. Fig.4.1. shows the relative diffusion of Ni, Cu and Mo into Fe matrix. 

Due to highest diffusivity of Mo in Fe matrix, it is predicted to be diffused more than Ni and 

Cu.  
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Fig.4.1. Relative diffusion of Ni, Cu and Mo in Fe matrix 

Fig.4.2, showing the influence of Cu and Mo on diffusion of Ni into Fe lattice, suggests that 

addition of 10%Cu in Fe tends to increase the diffusion depth of Ni in Fe lattice. On the other 

hand, addition of 10%Mo has an opposite effect on Ni diffusion. 

 

Fig.4.2. Influence of Cu and Mo on Ni diffusion in Fe lattice 

It has been reported than Ni increases the chemical potential of carbon, which effects the 

distribution of Ni as well as carbon. 
[13,14]

 Therefore, effect of other alloying additions on 

carbon chemical potential was also calculated and is presented in Fig.4.3. Both Ni and Cu 

result in increased chemical potential, whereas, Mo decreases the chemical potential of 

carbon.  
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Fig.4.3. Effect of Ni, Cu and Mo on chemical potential of C in Fe-0,6%C. 
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5. Results 

Experimental work was carried out in two trials. Results of both trials are presented separately 

as follows. 

5.1. Trial 1 results 

5.1.1. Dimensional Changes 

The measured dimensional changes for each series are shown in Fig. 5.1. Here DC% 

represents the percentage dimensional change and each series is given an ID according to its 

commercial name, e.g. Distaloy AB and Distaloy AE are being represented as AB and AE 

respectively. 

 

Fig 5.1. Percentage dimensional changes at different sintering times. 
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The effect of sintering time on dimensional change can be clearly seen in Fig 5.1. When 

longer sintering time is provided shrinkage is increased. The shrinkage occurs because of 

reduction of porosity and enhanced density. Influence of carbon content on dimensional 

change is obvious in case of DC%-ASC (ID for material ASC100.29: in order to refer to a 

material, Material IDs will be used). Addition of C to Fe results in expansion of specimen. 

This change in dimensions with increasing C content is more prominent for shorter sintering 

time. At fifteen minutes sintering, increase in dimension is approx.0.08% whereas with 

increasing sintering time, the increase in dimension is reduced i.e. 40 minutes sintering 

difference is reduced to 0.04%. Effect of Mo addition on dimensions can be noticed in DC%-

Mo. Addition of Mo to Fe results in growth of particle. Comparing DC%-ASC and DC%-Mo 

illustrates that by introducing Mo, the dimensional changed caused by C is increased.  

Cu causes high dimensional changes in the system during sintering. A remarkable increase in 

dimensions can be seen in case DC%-DH (Distaloy DH=Astaloy Mo+2% diffusion bonded 

Cu) which contains 2%Cu. In comparison to DC%-Mo, the growth of dimensions is increased 

by 0.3%. It is interesting to note that expansion caused by Cu is reduced when C content is 

increased from 0.3% to 0.6%C. An opposite behavior is observed in dimensional change of 

Distaloy DC, where 2%Ni is present instead of 2%Cu. A substantial shrinkage occurs because 

of Ni addition. This shrinkage is less when higher C content is present because of carbon’s 

contribution to expansion. Shrinkage effect of Ni is also observable in DC%-AQ where 0.5% 

Ni is present, especially for longer sintering times.  

The combined effect of alloying elements (Ni,Cu,C,Mo) on dimensional changes is illustrated 

in DC%-AB, DC%-AE and DC%-HP, where these elements are present in different 

combinations. In these compositions, Ni tends to produce shrinkage whereas Cu, C and Mo 

cause growth. In addition, the reduction in growth because of Cu and C interaction also 

occurs. Among these compositions, maximum dimensional change occurred for DistaloyHP 

with 0.6%C i.e. 0.3% shrinkage. Almost the same behavior is observed for DC%-AE but with 

less extent of shrinkage as compared to DC%-HP. Both these compositions contained 4%Ni 

but Cu and Mo contents differ. Despite of higher Cu and Mo in DistaloyHP, it is showing 

more shrinkage than DistaloyAE (containing less Cu and Mo). Since Ni is the only element 

contributing to shrinkage, this behavior indicates more diffusion of Ni in Distaloy HP. In 

DistaloyAB, at shorter sintering times growth in dimensions exits which keeps on decreasing 

with increasing time and end up in shrinkage at 40 minutes sintering.   

5.1.2. Hardness 

Fig.5.2 reports the results of measured hardness values of both sintered and heat treated parts. 

As mentioned earlier, the hardness of sintered parts was measured using Vickers hardness 

tester and that of heat treated parts was measured by Rockwell hardness tester. HRC values of 

heat treated parts have been converted to HV-10 using a conversion table 
[42]

 which is created 

on base of standard DIN EN ISO 18265:2004-02. These converted values are approximated 

values and give just a general idea of the effect of heat treatment on hardness. 
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Fig.5.2. Measured hardness of sintered and heat treated parts. (HT representing heat treated parts) 

It can be seen that, as expected, the hardness of both sintered and heat treated parts with 

higher carbon level is higher and that for heat treated parts is higher as compared to sintered 

ones. Increase in hardness is observed with increasing sintering time. But for ASC100.29 the 

hardness at all sintering times is almost constant and in case of AstaloyMo and DistaloyAQ, 

the increase is not so prominent. This indicates that compositions with low increase have 

either no or lower content of alloying elements. Hardness values of AstaloyMo, which 

contains Mo pre-alloyed, show the clear effect of Mo addition. Similarly hardening effect of 

Cu and Ni can be seen in DistaloyDH and DistaloyDC respectively. The hardness value of 

DistaloyDC is slightly higher than DistaloyDH, showing that Ni gives higher hardness as 
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compared to Cu. DistaloyHP, which contains both Cu and Ni bonded to AstolyMo, exhibited 

the highest value of hardness of sintered parts. In addition, it shows a substantial increase in 

hardness with increasing time. Compositions AB and AE also contain both Cu and Ni but the 

hardness values of these series are lower as compared to HP.  

There is a dramatic increase in hardness of AstaloyMo and DistaloyAQ after heat treatment 

and it is higher in case of AQ. Individual additions of Ni and Cu to as-heat treated PM steels 

contribute to enhanced hardness. This behavior can be observed in Distaloy DC and DH. 

However, similar to as-sintered parts, Distaloy DC acquired higher hardness. DistaloyHP 

shows the minimum increased hardness due to carburizing. For all of the series there is not 

much substantial variation in hardness with changing sintering time.  

5.1.3. Impact Energy 

The impact energy of all series increased when longer sintering time was provided and higher 

values were obtained for lower carbon content, as shown in Fig.5.3. These achieved values 

agree well with the known trends. It can be noticed in IE-HP the impact energy of 0.6% C is 

higher as compared to 0.3% C which contradicts the trend found in other composition. It is 

assumed that the markings made on samples of this composition were not correct. Since 

impact energy bars were not used for microscopic investigation, this assumption couldn’t be 

confirmed. Some values are not following the trend, the standard deviation of those values 

explains this variation.  
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Fig.5.3. Impact energy of sintered and heat treated parts. (HT representing heat treated parts) 

Fig.5.3. shows that DistaloyAB has the maximum value of impact resistance followed by 

DistaloyAE and DistaloyAQ. (Note that scale on y-axis is not same for all graphs). By 

comparing IE-ASC and IE-Mo influence of Mo addition can be noticed. It results in decreased 

value and this influence is more prominent in 0.3% C, e.g. for 0.6% C at 30 minutes the 

values is lowered from 18J to 14J whereas in case of 0.3% C at 30 minutes it is reduced from 

25J to 15J. Both Ni and Cu increases impact resistance, it can be seen in IE-DC and IE-DH. 

Influence of Ni addition is slightly higher than that of Cu. The combined effect of Ni and Cu 

is much greater than that of either Ni or Cu alone, as depicted in IE-HP.  
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Carburizing leads to noticeable reduction in impact toughness of all materials. All of the 

series exhibited almost same value of impact energy and not much variation was noticed for 

different sintering times and both carbon levels, respectively. 

5.1.4. Tensile Testing 

The obtained results of tensile testing are depicted in Fig.5.4. Since hardness and tensile 

strength are correlated with each other, the same trends in results of tensile testing are 

obtained as found in hardness measurements. The strength is higher for higher carbon level 

and increases with increased sintering time. ASC100.29 exhibits almost constant value at all 

sintering times. Moreover, the increase in strength with increasing sintering time is not as 

prominent as in the case of DistaloyAQ and AstaloyMo. Both Ni and Cu additions are potent 

at increasing the strength. At shorter sintering times, 15 and 20 minutes, DistaloyDH 

(containing Cu) exhibited higher strength as compared to that of Distaloy DC (containing Ni). 

Whereas, opposite trend was observed for longer sintering times. However, a larger standard 

deviation is observed in measurements of DistaloyDH taken for 30 and 40 minutes sintering.  

In the as-sintered condition, DistaloyHP has the maximum tensile strength.  

Similar to hardness values, AstaloyMo and DistaloyAQ exhibited the maximum increase in 

strength after heat treatment. In both these cases, the increase in strength is around 100% 

which is even higher for lower carbon contents. Due to heat treatment the strength of other 

compositions also increased but to a lesser extent e.g. 60-70% increase in strength of 

DistaloyDC, DistaloyDH and DistaloyAB was observed and an increase of approximately 

30% was measured for DistaloyAE.   
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Fig.5.4. Tensile strength of sintered and heat treated parts.  

5.1.5. Metallography 

In this section, results of metallographic investigation are presented. To start with, influence 

of alloying additions on microstructure is considered. Fig.5.5. reports the microstructure of 

different compositions after 40 minutes of sintering. 
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Fig.5.5. Microstructures of different compositions, after 40 minutes sintering, illustrating influence of 

alloying additions 

Influence of carbon content on microstructure can be seen in micrographs of ASC3 and 

ASC6. The main difference between microstructure of 0.3% C and 0.6% C is the proportion 

of phases present. At higher carbon level, the amount of ferrite decreases giving rise to 

increased pearlite quantity which is coherent to Fe-C equilibrium diagram. Increasing the 

carbon content from 0.3% C to 0.6% C in ASC100.29 resulted in finer pearlite along with 

increased amount of pearlite. In case of AstaloyMo, presence of Mo has retarded pearlite 

formation by promoting bainitic structure. Therefore, AstaloyMo consists of a mixture of 

bainite and ferrite. The presence of Cu is being indicated by brownish color, see 

DC6 AE6 

Mo6 DH6 

ASC6 ASC3 
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microstructure for DH6 in above figure. It can be observed that Cu is not homogenously 

distributed even after 40 minutes of sintering. As Cu exists in liquid form at sintering 

temperature, it is observed that Cu has spread along the Fe particle surface and a high Cu 

concentration is found in the proximity of the pores left by melted Cu particle. The degree of 

heterogeneity is even more when Ni addition is made instead of Cu. This is clearly visible in 

DC6 and it occurs due to slow diffusion rate of Ni. The bright regions in micrograph of DC6 

are representative high Ni concentration. These Ni rich areas are found at sintered necks, pore 

surfaces and Fe particle periphery. Previous investigations have also reported existence of Ni 

rich areas in these locations.
[12,13,15]

 Depending upon the Ni content in these regions, the 

evolved phases can be Ni rich austenite, Ni rich martensite or coarse bainite with lower Ni 

content. As Ni is austenite stabilizer, presence of Ni content to certain level results in retained 

austenite. Martensite and austenite are found in microstructure of DistaloyDC due to presence 

of Ni. Martensite is formed in the areas where the amount of Ni is high but not high enough to 

retain austenite. Combination of martensite and austenite is found in the areas of original Ni 

particle and along the surface of Fe particle where Ni has reached. In the center of Fe particle 

which have not been reached by Ni atoms have bainitic structure because of C and Mo 

presence.  

The presence of all of these alloying elements can produce more complex microstructure as 

obtained after sintering of DistaloyAE, see AE6 in Fig.5.5. In this composition Ni, Cu and Mo 

are diffusion bonded. The final microstructure is dependent on the diffusion rate of each 

alloying element. Different diffusion rates resulted in inhomogeneous structure. Martensite, 

austenite, ferrite, pearlite and bainite can be observed.  

Microstructure of DistaloyAE, having the most non-homogenous distribution of additives, is 

taken into consideration to examine the behavior of alloying elements when used in 

combination. Figure 5.6 shows the micrographs of DistaloyAE mixed with 0.3%C (left, AE3) 

and 0.6%C (right, AE6) after 30 minutes of sintering.  

Carbon being interstitial atom spreads out into Fe matrix, resulting in ferrite/pearlite or 

bainite, depending on the total alloying content. At lower carbon content structure is usually 

coarse and becomes finer when carbon content is increased. The formation of pearlite is 

retarded in areas where Mo has reached and bainite (is formed at the expense of ferrite and 

pearlite) formation is favored. Liquid Cu mainly spreads along the Fe particles surface and its 

presence is indicated by brownish colour. Ni, which is austenite stabilizer, diffuses very 

slowly and Ni rich areas can be clearly observed in microstructure. 
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Fig.5.6. Distaloy AE with 0.3% C (AE3) and 0.6% C (AE6) sintered for 30 minutes. 

The effect of carbon on microstructure is evident in Fig.5.6. The low carbon structure i.e. 

AE3, is quite coarse with some relatively large ferritic regions. When carbon content is 

increased to 0.6%C, the proportion of ferrite is decreased and pearlite/bainite becomes denser.  

The low carbon martensite shifts to high carbon martensite. 

 It is clearly seen that copper and nickel are not homogenously distributed in the iron matrix. 

They are mostly present at Fe particle surface and pore-rich regions. Regions with high 

concentration of Ni appear as bright and those with high concentration of Cu appear as 

brownish. A higher concentration of Cu is found in the proximity of the pores left by the 

melted Cu particles and at the iron particle surface. Since Ni diffuses very slowly into the iron 

matrix, most of the Ni remained at the original Ni particle. However, it has spread on the iron 

powder surface and sintered necks. Variation of Ni content within the Ni rich areas have 

produced different phases i.e. Ni rich austenite, Ni rich martensite and coarse bainite. In the 

center of original Ni particle, where maximum Ni content is left undiffused, austenite has 

formed. These Ni rich austenitic regions are surrounded by a border of martensite. Martensite 

is formed in the regions where the concentration of alloying elements is highest i.e. at the 

surface of the original iron particle. This mean that Ni has diffused along the surface of iron 

particles and martensite is produced in those regions where Ni content is not high enough to 

form austenite. Regions next to martensite, where medium content of Ni has diffused and low 

carbon content is also present are coarse bainite. While in center of iron particle pearlite is 

found indicating presence of higher carbon content. Mo diffuses faster than both Cu and Ni 

and is more homogeneously distributed than these elements.  

The influence of sintering time on distribution of alloying additions and the microstructure 

obtained at different sintering times for DistaloyAQ is presented in Fig.5.7. The 

microstructure of AQ6 is slightly less complicated than AE6, as it doesn’t contain Cu. Carbon 

is homogenously distributed into Fe matrix even at 15 minutes of sinter. Mo distribution 

becomes more and more homogeneous with increasing sintering time and is evident form the 

increasing amount of bainite at the expense of ferrite and pearlite. It’s hard to differentiate 

between the proportion of ferrite and pearlite for 15 minutes and 20 minute sintering. But a 

decrease in the amount of these phases can be seen in micrographs of longer sintering times. 

AE3 AE6 
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Austenite and martensite is present in the regions of high concentration of Ni. Ni rich 

austenitic areas represent the original Ni particle and martensitic regions indicate the diffusion 

of Ni into Fe-C/Fe-C-Mo matrix. As longer sintering time is provided, proportion of Ni rich 

austenitic areas is decreased and quantity of Ni rich martensite is increased. It can be observed 

that Ni rich austenitic areas are present even after 30 minutes of sintering and they are being 

transformed to martensitic regions when longer sintering time is provided.  

 

Fig.5.7. Influence of sintering time on microstructure of Distaloy AQ+0.6%C 

An important observation is the interaction of carbon with nickel and copper. Fig.5.8. shows 

the microstructure of AstloyMo, DistaloyDC, DistaloyDH and DistaloyHP containing 0.6%C 

sintered for 40 minutes. The carbon interaction with Ni and Cu is apparent in the figure. 

The microstructure of AstaloyMo+0.6%C contains combination of coarse and fine bainite. A 

clear effect of Ni addition is visible in DC6, which contains 2% Ni diffusion bonded to 

AstaloyMo. Ni addition results in a finer bainitic structure in the interior of the original base 

powder particle. Also, a coarse bainite structure is observed around the Ni concentrated 

regions. This change in microstructure indicates the variation in carbon content. Due to 

addition of Ni a gradient in carbon concentration is developed. At higher carbon content fine 

bainite is produced and lower carbon content results in coarse bainite. Similar effect is found 

when 2% Cu is diffusion bonded to AstaloyMo i.e. DistaloyDH. By visual inspection of LOM 

micrographs, it is difficult to determine which of the elements Ni and Cu has strongest 

15 20 

30 40 
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interaction with C. The combined effect of these two elements can be seen in HP6 which 

gives even denser bainite structure.  

 

Fig.5.8. Illustration of influence of Ni and Cu additions on Carbon distribution 

Among the compositions of first trial, DistaloyAE+0.6%C and DistaloyAQ+0.6%C were 

selected for the evaluation of distribution of elements after sintering. The EDS mappings of 

areas of typical microstructures of DistaloyAE and DistaloyAQ, after 15 minutes sintering, 

are shown in Fig.5.9 and Fig.5.10 respectively.  
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Fig.5.9 EDS mapping of DistaloyAE+0.6%C after 15 minutes sintering. 

 

Fig.5.10 EDS mapping of DistaloyAQ+0.6%C after 15 minutes sintering. 

Fig.5.9 and Fig.5.10 indicate that most of the Ni remained in the original particle. However, 

distribution of Ni is better in case of DistaloyAE. Diffusion of Ni along the surface of Fe 

particles is clearly visible. As Mo diffuses very fast in Fe matrix, the distribution of Mo is 

quite uniform as compared to other elements. Despite the fast diffusion of Mo it was easy to 

find Mo rich areas. This non homogenous distribution of Mo can be attributed to shorter 

diffusion time than conventional sintering time. Both AE6 and AQ6 have almost same 

distribution of Mo. High Cu concentrated regions also appeared but the distribution of Cu is 

more uniform as compared to that of Ni, as shown in Fig.5.9. Cu has diffused along the 

periphery of iron particles as well as into the particles. An important behavior to be noticed is 

the location of Ni and Cu concentrated areas. The liquid Cu has accumulated in the Ni rich 

area. This phenomenon was observed in the other mappings and line scans done on the same 

Mo Ni 

Ni 

Mo Cu 

SEM 
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sample at different areas. This Ni-Cu interaction has also been reported in other experimental 

works.
[43] 

Fig.5.11 presents the concentration profiles of elements measured by carrying out line scans 

on AQ6 (left) and AE6 (right) sample surfaces. 

 

Fig.5.11. Line scans on cross sections of AQ6 and AE6 and obtained concentration profiles 

(15minutes sintering). 

The concentration profile for Mo is constant, showing the homogenous distribution. In case of 

AQ6, the concentration profile of Ni has higher slope as compared to that of AE6. The 

difference in slope indicates that Ni has diffused to a longer distance in presence of Cu. The 

Ni-Cu interaction phenomenon can be noticed, as the quantity of these alloying elements 

follow each other across the field. 

The quantitative analysis was done by measuring content of each element present in certain 

regions and points. Fig.5.12 and Fig.5.13 shows the achieved results of composition analysis 

for AE6 and AQ6 respectively. The results indicate that Mo exhibited almost constant content 

at every point considered. A gradient in quantity of Cu exists and is associated with the 

gradient of Ni concentration. The maximum amount of Ni left over in original particle is 

around 33wt% in both cases i.e. AE6 and AQ6. For AE6, the average amount of Ni in pearlite 

and bainite phase is around 1.5wt%. Whereas pearlite and bainite phase of AQ6 contained an 

average value of 0.7wt% Ni. Here, a point to be noted is that the bainite/pearlite regions 

selected in AE6 are more or less within vicinity of Ni rich areas and also the magnification of 

the presented micrographs are not the same.  

AE6 AQ6 

Mo 

Ni 

Mo 

Cu 
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 Fig.5.12. The composition of DistaloyAE at different points. (15 minutes sintered) 

  

Fig.5.13. The composition of DistaloyAQ at different points. (15 minutes sintered) 

When the sintering time was increased the distribution of alloying elements was improved. 

This can be seen in Fig.5.14 and Fig.5.15, where the elemental mappings of AE6 and AQ6 

after 40 minutes sintering are presented. 

 

Spectrum Ni Mo 

389 33.05 1.14 

391 12.49 1.25 

392 1.58 0.62 

393 0.75 0.00 

394 0.66 1.53 

395 0.68 1.61 

396 0.87 0.80 

397 0.69 0.00 

398 0.70 0.34 

 

 

Spectrum Ni Cu Mo 

357 33.21 7.96 0.83 

358 30.38 13.17 1.47 

359 18.02 4.70 0.91 

360 22.57 4.16 1.08 

 

 

Spectrum Ni Cu Mo 

365 0.39 0.77 0.60 

366 1.98 0.74 0.68 

367 0.99 0.18 0.66 

368 0.77 0.12 0.45 

369 1.89 0.33 0.76 

370 0.73 0.19 0.46 

371 1.49 0.73 0.69 
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Fig.5.14 Elemental mapping of AE6 after 40 minutes sintering 

 

Fig.5.15. Distribution of elements in AQ6 after 40 minutes sintering. 

In spite of longer sintering time, still there are some high concentration regions present. Little 

areas of high Ni content are evident in both cases. The Ni atoms which were detected mostly 

around the surface of Fe particle after 15 minutes sintering now have also diffused into the Fe 

particle to some extent. Ni distribution in case of AE6 seems to be better but there is not much 

difference. Moreover, gradients in Cu concentration also exist and are associated with Ni 

concentration gradients. It is to be noted that the high Mo regions which were present after 15 

minutes sintering have been reduced after 40 minutes sintering but very small regions are still 

present. These points either show up in the pores where original Mo particle was present or in 

martensitic and austenitic regions with higher Ni and Cu content.  

Similar to the samples of 15 minutes sintering, the chemical composition of certain points was 

also obtained for 40 minutes sintered samples. The analysis results, as shown in Fig.5.16, 

Ni Mo 

Ni 

Mo Cu 
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indicate that the Ni content in austenitic regions, which was around 33wt% after 15 minutes 

sintering, has reduced to approximately 22wt% for AQ6 and 20wt% for AE6. In both cases, 

the Ni content found in pearlite and bainite phases is approximately same. Since both AE6 

and AQ6 have the almost same distribution of Ni after 40 minutes sintering, it can be assumed 

that the enhanced diffusion of Ni in presence of Cu is more prominent at early stages of 

sintering. However, this cannot be concluded as Ni content in AE6 and AQ6 are entirely 

different.  

Fig.5.16. The composition of DistaloyAQ and DistaloyAE at different points. (40 minutes sintered) 

5.2. Trial 2 

As mentioned in section 4.2, the aim of the second trial of experiments was to study the 

influence of alloying additives on microstructure homogeneity. Hence, in this section results 

of SEM-EDS analysis are presented in more detail and further they are related to the 

mechanical testing results.  

5.2.1. Mechanical Testing 

Some effects of elemental additions on mechanical properties were observed in trial 1. The 

same effects are found in trial 2. The obtained results of mechanical testing are summarized in 

Table 5.1.  

 

 

 

 

Spectrum Ni Cu Mo 

336 19.84 5.66 0.57 

337 17.55 4.36 0.93 

338 13.99 4.89 1.12 

339 16.33 3.53 1.51 

340 4.98 1.96 1.16 

341 6.30 1.76 1.42 

342 5.65 2.10 1.59 

343 0.84 0.14 0.48 

344 2.00 1.21 0.87 

 

 

Spectrum Ni Mo 

427 21.42 0.76 

428 21.93 0.13 

429 1.14 0.00 

430 0.41 0.44 

432 0.81 0.78 

435 0.85 1.17 

436 0.63 0.56 

437 0.73 0.34 

 

343 

AE6 AQ6 
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Table.5.1. Properties of as-sintered trial 2 compositions 

Material 
Dimensional Change 

(%) 
Hardness (HV10) Tensile  Strength (MPa) 

Designation 15 min 40 min 15 min 40 min 15 min 40 min 

Fe-Ni -0.15 -0.22 59.73 59.84 218.3 219.4 

Fe-Ni-C 0.05 -0.09 101.33 103.67 326.4 356.1 

Fe-Ni-Cu 0.41 0.37 72.90 79.96 248.2 266.1 

Fe-Ni-Cu-C 0.46 0.29 146.75 149.75 484.9 529.2 

Fe-Ni-Mo -0.06 -0.07 60.20 60.37 214.1 226.9 

Fe-Ni-Mo-C 0.08 -0.00 102.27 115.56 329.5 403.7 

Fe-Cu-C 0.38 0.27 138.68 143.90 481.2 499 

Fe-Cu-Mo-C 0.43 0.34 145.06 153.1 457.9 530.6 

 

Though Cu gives higher strength, the increase in strength with increasing sintering time is 

higher in case of Ni. The data shows that Fe-Cu-C exhibited an increase in tensile strength of 

18MPa when sintering time was increased from 15 minutes to 40 minutes, whereas, Fe-Ni-C 

shows an increase of 30MPa in strength the under same conditions. Moreover, a maximum of 

around 75MPa increase in strength with increased sintering time is achieved for Fe-Ni-Mo-C 

and Fe-Cu-Mo-C. The maximum value of strength is obtained for compositions Fe-Ni-Cu-C 

and Fe-Cu-Mo-C.  

5.2.2. Metallography 

To inspect the homogeneity of microstructure, SEM-EDS analysis was performed on all 

materials from trial 2. In addition, microstructure investigation by LOM was also performed. 

These analysis generated a large volume of data, out of which only selected will be presented 

in two parts. First, influence of alloying additions on Ni distribution in iron matrix is 

presented followed by results showing Cu distribution in different materials.  

Fig.5.17 and Fig.5.18 demonstrate the elemental mapping of Ni in as-sintered specimens of 

different compositions after 15 minutes and 40 minutes of sintering. According to the 

elemental mappings obtained, addition of carbon and molybdenum to Fe-Ni doesn’t give a 

pronounced effect on Ni distribution. Fig.5.17 and 5.18 indicate that in case of Fe-Ni-Mo-C 

the distribution of Ni is improved to some extent. In both figures, the influence of Cu on Ni 

distribution is evident. Due to addition of Cu to Fe-Ni, the Ni concentrated regions has spread 

out resulting in enhanced Ni homogeneity in microstructure. This improvement in 

microstructure homogenization of Ni is even more enhanced when Cu is added to Fe-Ni-C. 
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Fig.5.17. EDS mapping of Ni in different compositions, sintered for 15 minutes. 

Fe-Ni Fe-Ni-C 

Fe-Ni-Cu-C Fe-Ni-Cu 

Fe-Ni-Mo-C Fe-Ni-Mo 
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Fig.5.18. EDS mapping of Ni in different compositions, sintered for 40 minutes. 

The influence of Cu addition on homogeneity of Ni can be more clearly seen in Fig.5.19, 

which represents elemental mapping of Ni at a higher magnification. This figure contains 

mapping of Ni for Fe-Ni (left) and mapping of Ni and Cu for Fe-Ni-Cu (right), 40 minutes 

sintering, along with the SEM picture. In the SEM images, it can be seen that Ni particles are 

located at the sintered neck. As shown in Fe-Ni, Ni remained in the original particle and very 

low amount has diffused into the Fe lattice. However, due to the surface diffusion 

comparatively a higher amount of Ni has diffused towards the pore system present at the top 

of Ni particle. In comparison to Fe-Ni, the distribution of Ni in Fe-Ni-Cu is less 

inhomogeneous. In addition to surface diffusion, grain boundary diffusion has also 

Fe-Ni Fe-Ni-C 

Fe-Ni-Mo 

Fe-Ni-Cu Fe-Ni-Cu-C 

Fe-Ni-Mo-C 
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contributed to the distribution of Ni. The extent of Ni diffused into Fe lattice has increased 

due to presence of Cu. Since Cu can easily diffuse into the inter particle boundaries, Ni has 

followed Cu to diffuse into Fe lattice and resulted in better spread. The elemental mapping of 

Cu for Fe-Ni-Cu specimen is also presented in Fig.5.19, which illustrates how Cu has covered 

the Fe particle surface and has diffused into Fe particle through lattice diffusion and grain 

boundary diffusion.  

 

Fig.5.19. Influence of Cu addition on distribution of Ni 

It was shown in Fig.5.17 and Fig.5.18 that Ni distribution is improved due to addition of Cu, 

especially when added to carbon containing specimen. A better illustration of this 

phenomenon is presented in Fig.5.20.  

Fe-Ni 

Fe-Ni 

Fe-Ni-Cu 

Fe-Ni-Cu 

Fe-Ni-Cu 
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Fig.5.20. Influence of Cu addition on Ni distribution, in presence of carbon. 

 

Fig.5.21. Influence of Mo addition on Ni homogeneity, sintered for 40 minutes. 

The influence of Mo addition to Fe-Ni and Fe-Ni-C is presented in Fig.5.21. It should be 

noticed that the mappings presented are not at the same magnification. Therefore, to ease the 

comparison an approximated region around a Ni particle was considered. The region is 

representative of the area where Ni particle has spread. The area of each region was calculated 

using the micron bar and dimensions of the rectangles drawn on each mapping. The results 

indicates that the area covered by Ni particle in Fe-Ni and Fe-Ni-Mo is almost the same. 

Whereas, the area covered by diffused Ni is susbstantially higher in case of Fe-Ni-Mo-C i.e. 

Fe-Ni-Mo-C 

Fe-Ni Fe-Ni-Mo 

Fe-Ni-Cu Fe-Ni-Cu-C 
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almost twice of the area compared to Fe-Ni. This clearly show that when Mo is added in 

presence of C, the distribution of Ni is improved.  

To confirm the influence of alloying additions on Ni distribution, the undiffused Ni content in 

the center of the original Ni particle was measured. The measurements gave considerably 

lower values of Ni content than expected. It is possibly due to deeper penetration of electron 

beam and detection of other elements present under Ni particle. However, these results can  

still be used to make a comparison of relative Ni contents measured for each composition. 

While performing the analysis, it has been assumed that point of maximum Ni concentration 

is representative of the center of a Ni particle. It is also to mention that it was difficult to 

locate the center of particle due to variation in Ni content within the particle especially in case 

of Cu containing specimens. Therefore, average values of 5-7 measurements are used for the 

comparison. The maximum amount of Ni found in Fe-Ni, Fe-Ni-C and Fe-Ni-Mo, indicated 

in Fig.5.22, are almost the same after 15 minutes sintering. However, in 40 minutes sintered 

specimens, an increase of 2-3wt% is Ni content is observed in Fe-Ni-C and Fe-Ni-Mo as 

compared to Fe-Ni. Addition of Cu to both Fe-Ni and Fe-Ni-C gives a marginal decrease in 

Ni content. This decrease in Ni content due to Cu is more prominent for 15 minutes sintering. 

Similar behavior is observed when Mo is added in presence of carbon.  

 

Fig.5.22. Undiffused Ni content left in original Ni particle. 

It is also interesting to compare the amount of Ni present along the diffusion depth. Fig.5.23 

represents the measured amount of Ni against distance from the center of Ni particle. For 

determining the center of Ni particle, the same assumption applies here that point of highest 

Ni concentration is the center of the particle. The value of Ni content in center of the particle 

is same as shown in Fig.5.22 and the values along the diffusion depth represents an average of 

5-7 measurements. To make figure look less complicated two of the compositions are not 

shown i.e. Fe-Ni-Cu and Fe-Ni-Mo. The curve for Fe-Ni-Cu closely matches Fe-Ni-Cu-C and 

that of Fe-Ni-Mo was almost same as Fe-Ni-C. The amount of Ni in Fe-Ni-C is higher and 

has spread a shorter distance as compared to that of Fe-Ni. This suggests that C has a negative 
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influence on diffusion of Ni. Whereas, in Fe-Ni-Cu-C and Fe-Ni-Mo-C the diffusion depth is 

longer than obtained in Fe-Ni resulting in significantly lower Ni content left in original Ni 

particle.  

 

Fig.5.23 Distribution of Ni along diffusion depth (40 minutes sintered) 

The results presented in Fig.5.17 – Fig.5.23 illustrated the influence of alloying additions on 

diffusion of Ni. In this section experimental results showing distribution of Cu in presence of 

other elements are presented. Since Cu is present in liquid form at sintering temperature and it 

diffuses faster as compared to Ni, it is almost uniformly distributed after 40 minutes of 

sintering. It is hard to compare Cu distributions (of different specimens) obtained after 40 

minutes sintering. Therefore, results of 15 minutes sintering are used for comparison. 

Addition of Mo to Cu containing specimen, as shown in Fig.5.24, doesn’t have noticeable 

influence on Cu distribution. However, in presence of Ni the uniformity of Cu is affected. 

High Cu concentrated region can be observed in Fe-Cu-Ni-C. As observed earlier, the Cu 

concentrated regions and Ni rich areas are associated with each other due to their mutual 

solubility. A better overview of Cu distribution can be seen in Fig.5.25 which depicts 

elemental mapping of Cu at higher magnification. The melted Cu has penetrated into the 

pores and moved along the pores covering the Fe particle surface. Despite the fact that Cu is 

present in liquid form at sintering temperature, it has not diffused fully into Fe particle. In 

addition, the liquid Cu upon encountering Ni rich area has accumulated in this region. Both 

these phenomenon resulted in concentration gradients of Cu from iron particle surface to the 

center of particle and from Ni rich region to outwards.  
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Fig.5.24. Influence of Mo addition on distribution of Cu (15 minutes sintered) 

 

Fig.5.25. Influence of Ni addition on distribution of Cu. (15minutes sintered) 

The measured Cu content using EDS analysis also confirmed the negative influence of Ni on 

Cu distribution. After 15 minutes of sintering, the maximum Cu content in Fe-Cu-C and Fe-

Cu-Mo-C was in range of 3.5 to 4.5 wt% Cu. On the other hand, specimens containing Ni 

exhibited marginally higher values of 5-10 wt% Cu. Composition results of a few EDS point 

analyses are presented in Fig.5.26. 

Fe-Cu-C Fe-Cu-Ni-C 

Fe-Cu-C Fe-Cu-Mo-C 
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Fig.5.26. Measured Cu contents in Fe-Ni-Cu-C (left) and Fe-Cu-Mo-C (right). (15 minutes sintered) 

The diffusion rate of Mo in Fe is relatively fast compared to that of Ni and Cu. Due to high 

diffusivity, Mo is assumed to be homogenously distributed in iron matrix. Despite this fact, it 

was easy to find high Mo concentrated regions in all sample containing Mo. This can be 

noticed in Fig.5.27, which is representative of Mo mapping for Fe-Ni-Mo-C and Fe-Cu-Mo-C 

sintered for 40 minutes. One reason for this behavior can be the admixing of elemental Mo 

powder in mixes of trial 2. Secondly, the particle size of Mo is bigger i.e. <75um. However, 

the same phenomenon was observed in trial 1 where Mo was diffusion bonded to Fe particle. 

EDS mapping of Mo in presence of Ni and Cu indicates that there is no influence of Ni and 

Cu on Mo distribution.  

 

Fig.5.27. Elemental mapping of Mo in Ni and Cu containing specimens. (40 minutes sintered) 

Fe-Ni-Mo-C Fe-Cu-Mo-C 

Spectrum Ni Cu 

794 14,96 11,15 

795 15,17 10,39 

796 6,01 5,36 

797 0,67 2,12 

 

Spectrum Mo Cu 

1013 0,38 4,80 

1014 0,67 2,86 

1015 0,18 3,58 

1016 0,00 0,04 

1017 0,29 2,29 

1018 0,29 0,11 
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6. Discussion 

6.1. Mechanical Properties 

The results of dimensional changes indicate that separate addition of Cu and C cause growth 

in sintered compacted, while Ni additions result in shrinkage. The growth related to C 

addition is because of dissolution of C into Fe after ferrite to austenite transformation.  

Dilatometric work has proved this behavior and concluded that the swelling is a function of 

the carbon content.
[29,30]

 In Cu containing PM steels, formation of transient liquid phase at 

sintering temperature is well known. A consequence of liquid phase formation is the so-called 

‘Cu swelling’. It has a substantial effect on dimensional change, see Fig 5.3. This swelling 

phenomenon has been extensively studied.
[29,30,44,45] 

The liquid Cu either infiltrates the gaps 

between Fe particles or enters the Fe lattice, leaving behind pores where solid Cu had been 

located. Berner et al.
[46]

 determined that penetration of Cu through grain boundaries have the 

major contribution to the swelling phenomenon. Dissolution of Cu in Fe forms solid solution, 

which spreads the particles apart and causes the growth of compact.
[44,45 ,47]

 When both Cu 

and C are added to Fe powder, the swelling effect of Cu is reduced. The interaction between 

these alloying elements results in decreased Cu diffusion into Fe and along grain boundaries. 

It has been shown that the reason for this reduced diffusion of Cu is increased wetting angle 

and dihedral angle of liquid Cu with Fe due to presence of C.
[29,30]

 

Previous studies have shown that Ni causes shrinkage in sintered steels.
[48,49,50] 

This behavior 

was also observed in this study, as illustrated in Fig.5.1. Shrinkage is related to densification 

during sintering. Ni enhances the densification of iron compacts by impeding the grain growth 

and by increasing the grain boundary diffusion rate of iron.
[49]

 Increased densification is a 

function of the fraction of Ni in the compact. When both Ni and Cu are present in steel, the 

swelling of Cu is alleviated and shrinkage due to Ni is enhanced. It was observed that 

shrinkage produced in Ni and Cu containing steel samples was even more than specimens 

containing only Ni. This suggests that during sintering interaction between Ni and Cu takes 

place. This interaction will be discussed later. The final dimensional changes are dependent 

on the Ni and Cu contents but it is obvious that addition of Ni in Cu containing steels has 

substantial reducing effect on dimensional swelling.   

It is well known that the addition of Ni, Cu or Mo increases the hardness of as-sintered PM 

steels 
[51,52]

, also shown in Fig 2.4. Hardness and tensile strength are correlated to each other. 

Danninger et al.
[53]

 showed that for sintered iron and steels a ratio of 3-3.6 exists between 

tensile strength and apparent density. The same relation between measured hardness and 

tensile strength was observed in the current study. Since Mo being ferrite stabilizer prolong 

the incubation time for pearlite formation, its addition favors bainitic structure. Hence, 

increased hardness and strength is achieved. Both Ni and Cu strengthen and harden PM steels 

in similar way i.e. by forming solid solution with Fe. Ni and Cu as austenite stabilizers change 

the characteristics of austenite to ferrite phase transformation by lowering both upper and 

lower critical temperatures. These elements also reduce the eutectoid carbon level and lower 

the martensite start temperature. These effects result in ability to heat treat at lower 

temperatures with less carbon needed for strengthening. Conventional cooling of Ni and Cu 

containing PM steels yield some amount of martensite, which varies depending upon their 
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content and quantity of other alloying additions. Moreover, Ni and Cu reduce cementite 

spacing resulting in fine pearlite, making steel stronger and tougher. However, when high Ni 

content is present soft austenitic regions are produced.  

When Ni and Cu are added to Mo containing PM steels, strength and hardness are enhanced. 

As observed in microstructure of Distaloy DC and Distaloy DH, shown in Fig.5.8, combined 

presence of Ni and Mo or Cu and Mo in Fe matrix forms very hard martensitic-bainitic 

structure. As-sintered Distaloy HP, containing highest content of alloying elements,  achieved 

maximum hardness and strength followed by Distaloy AE.  

While comparing the hardness of Distaloy DC and DH, it was observed that Ni gives slightly 

higher hardness value as compared to addition of Cu. However, the tensile strength of Cu 

containing Distaloy DH was slightly higher than Distaloy DC, for 15 and 20 minutes sintering 

times. This behavior couldn’t be confirmed for higher sintering times due to large standard 

deviation in the measurements. Whereas, Hatami et al.
[54]

 has reported higher values of  

hardness and tensile strength for sintered hardened Distaloy DH in comparison to that of 

Distaloy DC. However, Hatami et al. also reported that if homogeneous distribution of 

alloying elements is assumed, a wrought material with composition similar to Distaloy DC 

exhibits a higher hardenability than that of Distaloy DH. 

An increase in hardness and strength with increasing sintering time was observed which can 

be attributed to the enhanced sintering. For Ni containing compositions, this increase is more 

substantial. This is due to slow diffusion of Ni as compared to other elements. As longer 

sintering time is provided, the amount of martensite produced is increased at the expense of 

soft austenite. Better distribution of liquid Cu at shorter sintering time explains the higher 

tensile strength of Distaloy DH than that of Distaloy DC. However, when Ni distribution is 

improved due to longer sintering time, Distaloy DC exhibited higher strength. 

The effect of alloying additions on impact energy was examined in this study. It was observed 

that Cu and Ni increased the toughness, whereas, the toughness of compacts was impaired by 

addition of Mo and C. The observed behavior is in accordance with that reported in previous 

studies.
[55,56,57]

 The decreased impact energy of Astaloy Mo (Mo pre-alloyed) can be fully 

justified by considering the bainitic microstructure obtained. The impact energy of Distaloy 

DC and Distaloy DH was higher due to presence of Ni and Cu, respectively. Increased density 

due to enhanced sintering and pore shape changes in presence of Ni and Cu are responsible 

for better impact properties.
[58,59]

 In addition ductile retained austenite and tough Ni rich 

martensite contribute in improved impact energy by hindering crack propagation. It was 

observed that specimens made with diffusion bonded Mo (Distaloy AE, Distaloy AQ and 

Distaloy AB) exhibited quite high values of impact energy. The reason is presence of ferrite 

and pearlite colonies and lower quantity of brittle bainite.  

As the sintered density increases and pores become more round, impact energy is also 

improved with increasing sintering time. However, the toughness of Ni containing samples or 

magnitude of increase in impact energy with increased sintering time is expected to be 

reduced. This expectation is connected with formation of higher quantity of martensite at the 
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expense of austenite and pearlite/ferrite due to improved Ni diffusion. Momeni et, al.
[56]

 

showed that the impact energy of Distaloy AE+0.5%C increased with temperature up to 

1100
o
C but a decrease was observed in impact energy above 1100

o
C. The reason reported was 

reduction of retained austenite in favor of martensite. In current study, the increased amount 

of martensite at increased sintering temperature was observed. However, decrease in impact 

energy due to higher martensite content couldn’t be confirmed in this study due to large 

deviations in the measured values.  

The decrease in impact energy after heat treatment is correlated to the microstructure changes 

i.e. pearlite/ferrite and coarse bainite converted to dense bainite and martensite. Heat treated 

specimens of all compositions exhibited almost same value of impact strength.   

6.2. Distribution of Elements 

As mentioned earlier in section 3.3 and presented in Fig.3.4, C diffuses faster in Fe matrix as 

compared to other alloying additions. Mo has higher diffusion rate than that of Cu and Ni. 

(DNi ≃ 6×10
-12

cm
2
/s, DCu ≃ 1.5×10

-11
cm

2
/s, DMo ≃ 4×10

-11
cm

2
/s, DC ≃ 8×10

-7
cm

2
/s, all 

values at 1120
o
 C).

[61]
 Whereas, Ni is slowest diffusing elements among the additives under 

consideration. Metallographic observations in the current study are in accordance to the above 

mentioned facts. Elemental mappings indicated almost homogeneous distribution of Mo. 

Whereas, Ni rich and Ni lean areas in Fe matrix were observed due to slow diffusion of Ni. 

The soft Ni rich areas were located at peripheries of iron powder or in pore rich regions. It is 

due to relatively fast surface diffusion of Ni on iron powder as compared to inward diffusion 

of Ni into the Fe particle.
[49,60]

 Moreover, the distribution of Cu was not completely uniform 

but it was homogenous as compared to that of Ni. Distribution of Cu was similar to that of Ni 

in that it covered the iron powder surface. This is because Cu melts during sintering and due 

to capillary force it penetrates into the pores between particles. In addition to spreading along 

surface of iron particles, Cu also diffuses inwards into iron powder core. However, 

distribution due to surface diffusion takes place prior to inwards diffusion.
[30] 

Distribution of 

C in iron matrix couldn’t be observed due to limitations of SEM-EDX.
[41]

  

In this study emphasis is put on the effect of alloying additions on distribution of Ni during 

sintering. Influence of C, Cu and Mo on Ni distribution is observed by considering elemental 

mappings, depth of diffusion and the chemical compositions at Ni rich areas. Elemental 

mappings showed that carbon doesn’t have substantial effect on homogeneity of Ni. However, 

the negative effect of C, as reported in earlier studies
 [13,14,15]

, was noted when undiffused Ni 

content and depth of Ni diffusion was measured. It is observed that, shown in Fig.5.21 and 

Fig.5.22, undiffused Ni content is increased and diffusion depth is decreased due to addition 

of carbon in Fe-Ni. The reason is that chemical potential of carbon is increased in presence of 

Ni. This means that Ni and C have a tendency to repel each other. Carbon is forced out of Ni 

rich areas at surface of iron powder and Ni cannot diffuse into C rich region i.e. core of iron 

powder. As a result, sintered necks and powder surface becomes Ni rich/C lean austenite and 

interior of iron particles become Ni lean/ C rich pearlite. Hence, in presence of Ni, gradient of 

carbon concentration is developed. Though carbon mapping couldn’t be obtained using SEM-

EDX but carbon concentration gradients were observed in microstructure using LOM, as 

described in Fig.5.8. This agrees with experimental results reported by others.
[17,18]
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When Mo was added to Fe-Ni the distribution of Ni, as observed in elemental mapping, was 

not improved. Instead a negative effect on Ni distribution was observed due to Mo addition. A 

considerable increase in the amount of leftover Ni contents and decrease in diffusion depth of 

Ni was achieved. This is possibly because Ni and Mo possess substantial solubility in each 

other. Moreover, solubility of Mo in Ni is higher than that of Ni in Mo. The dissolution of Mo 

and Ni in each other results in intermetallic compound formation and reduces diffusion of Ni.   

Further, the simulation performed for diffusion of Ni in Fe-Mo indicated that, shown in 

Fig.4.2, due to presence of Mo the diffusion of Ni in Fe is hindered to some extent. However, 

it has to be mentioned that this behavior is observed at too high Mo content.  

It is noteworthy that improved distribution Ni is achieved when Mo is added to Fe-Ni-C. 

Previous studies also reported the improvement in homogeneity of Ni in PM steels due to 

addition of Mo.
[15]

 The improvement is attributed to decrease in chemical potential of carbon 

because of Mo addition. The influence of Mo and other alloying addition on chemical 

potential of carbon was calculated using Themo-Calc and is shown in Fig 4.3. (In order to 

facilitate reading, figure is presented again) Calculation showed that Ni and Cu increase the 

chemical potential, whereas, addition of Mo results in lowering of carbon potential. This 

means that in presence of Mo, gradients in carbon concentration are reduced and hindrance to 

Ni diffusion due to higher carbon content in core of Fe particle is reduced. Hence, Mo 

improves the homogeneity of Ni by reducing the chemical potential of carbon, not by 

affecting the diffusivity of Ni.   

 

Fig.4.3. Effect of Ni, Cu and Mo on chemical potential of C in Fe-0.6%C. 

A better distribution of Ni is attained by introducing Cu to Fe-Ni system. The improvement in 

Ni diffusion due to Cu has occurred by two mechanisms. First, increase in surface diffusion of 

Ni, and second, improved diffusion of Ni into Fe particle. Where, the magnitude of 

enhancement in surface diffusion is more than the later one. More interestingly, addition of 

Cu to Fe-Ni-C gives an even more homogenous distribution. The uniformity of Ni distribution 
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in presence of Cu can be justified by considering: (1) interaction between Ni and Cu; (2) 

behavior of Cu during sintering.  

Singh et al.
[32,43]

 reported that Ni and Cu preferentially interact with each other during 

sintering. It happens because a complete solid solubility of Ni and Cu exists at temperatures 

above 355
o
C.

[28]
 This Ni-Cu interaction has also been observed in the current study. As a 

result of this interaction Cu-Ni liquid is formed. In Ni containing PM steels, Cu melts during 

sintering and covers the iron powder surface, migrates to Fe inter particle boundaries, form a 

solid solution with Fe and interact with Ni to form Cu-Ni liquid. Singh et al.
[43]

 mentioned 

that at higher carbon levels, the diffusion of Cu in to inter particle boundaries is hindered and 

more quantity of Cu is available to interact with Ni than that in case of lower carbon steel. 

The mechanism of improved homogeneity of Ni due to Cu is proposed below. 

As Cu has good wettability with Fe, the melted Cu quickly covers the iron powder surface and 

starts diffusing into Fe inter particle boundaries. Upon encountering with Ni particle, Cu 

interacts with Ni due to their mutual solubility and forms Cu-Ni liquid. This Cu-Ni liquid has 

lower surface energy than liquid Cu.
[61] 

This means that liquid has lower wetting angle with 

Fe and it penetrates more into Fe grain boundaries. The net result is better spreading of Ni in 

iron matrix. While, in presence of carbon the movement of Cu into inter particle boundaries is 

impeded. Therefore, an increased volume of liquid Cu, which cannot diffuse into grain 

boundaries, is available to interact with Ni to form Cu-Ni liquid. The increased amount of Cu-

Ni liquid, having better wettability with iron, is responsible for enhanced homogenization of 

Ni. On one hand, due to Ni-Cu interaction the distribution of Ni is improved, on the other 

hand, this produces gradients in concentration of Cu. This was noticed in the elemental 

mappings that Cu has accumulated in Ni rich regions.  

According to the thermodynamic calculation performed, both Ni and Cu increase the chemical 

potential of carbon in steel. This suggests that addition of Cu to Fe-Ni-C should give less 

uniform distribution of Ni as compared to that achieved by addition of Cu to Fe-Ni. However, 

the experimental results showed totally opposite behavior. The reason of this is correlated to 

increased Ni-Cu interaction, as explained above.   

It is interesting to note that during sintering short circuit diffusion paths, such as diffusion 

along grain boundaries and external surfaces, have vital contribution in distribution of 

alloying elements. These diffusion paths appear to be more active in presence of a liquid 

phase during sintering. Moreover, surface diffusion is faster than diffusion along grain 

boundaries and both these diffusion paths commit faster migration of atoms as compared to 

volume diffusion. This has been observed in the present study that when Cu is added to Fe-Ni, 

due to enhanced surface and grain boundary diffusion there is a marginal improvement in Ni 

distribution.  

Considering all the possible binary combination between Ni, Mo, Cu and Fe  it is indicated 

that Cu and Mo should alloy readily with Ni and Fe. Also, diffusivities of elements in binary 

combinations suggest that Cu and Mo should alloy with Ni in preference to alloying with Fe. 

Interaction of Cu with Ni is advantageous for improving distribution of Ni. Whereas, alloying 

of Mo with Ni, in absence of C, can be detrimental to homogeneity of Ni. Moreover, alloying 



51 

 

of Mo and Cu with Ni can result in heterogeneous microstructure in terms of Cu and Mo 

distribution. However, soft regions formed due to heterogeneous structure can help to impede 

the crack propagation during tensile and impact energy testing.     

The influence of additives on distribution of Cu was also studied. It is well known that carbon 

reduces the diffusion of Cu into Fe matrix.
[30,31] 

Therefore, effect of carbon addition on 

diffusion of Cu was not taken into consideration. The results suggest that a non-uniform 

distribution of Cu is obtained as a result of Ni addition into Fe-Cu-C. The cause of such 

inhomogeneity has been already explained i.e. interaction of Cu with Ni. It has been reported 

that dilute alloying additions of Mo have a little effect on diffusion of Cu in Fe matrix. Mo 

reduces the amount of Cu diffusing into grain boundaries of iron.
[39]

 In present study this 

effect of Mo was not observed. However, it is to be noted that addition of Mo to Fe-Cu has 

been made in presence of carbon. It is assumed that Mo might have balanced its negative 

effect on Cu diffusion by decreasing the chemical potential of carbon. Hence, when Mo is 

added in combination with carbon, it doesn’t have any significant effect on diffusion of Cu in 

Fe matrix.  

As the diffusion rate of Mo in Fe is relatively fast compared to Ni and Cu, it is supposed to be 

homogenously distributed. Despite the above mentioned fact, a few Mo rich areas were 

observed after different sintering times. Hwang et al.
[62]

 reported observation of Mo rich areas 

at the fracture surfaces of tensile bars and suggested that this problem can be solved by using 

ball milling treatment. In the present study, to determine the influence Ni and Cu on Mo 

distribution, elemental mappings of Mo were obtained. Individual presence of Cu in Mo 

containing specimen didn’t show any influence on Mo distribution. It can be correlated to 

earlier mentioned fact that Mo and Cu are immiscible and don’t form any compound or alloy. 

Since there is some solubility between Ni and Mo, it was suspected that presence of Ni might 

have some influence on Mo distribution. In results of trial 2 many Mo concentrated regions 

were observed but these were not considered appropriate for determining influence of other 

elements on Mo homogeneity. The reason is that elemental Mo was admixed to other powders 

and also the particle size of Mo was bigger than that of other elements. Consideration of 

elemental mappings of Distaloy AQ (obtained in trial 1) suggests that Ni doesn’t have any 

noticeable effect. However, elemental mapping of Distaloy AE showed presence of few 

regions with higher Mo concentration. These higher Mo concentrations were observed in Ni-

Cu network. It is assumed that Mo is more soluble in Ni-Cu as compared to Ni, hence, Mo get 

locked in Ni-Cu network and form intermetallic compound.  

Distribution of C in iron matrix was not determined using SEM-EDX. However, 

thermodynamic considerations suggest that Ni and Cu results in inhomogeneous distribution 

of C. It was easy to observe this influence in microstructure observed in LOM. On the other 

hand, Mo improves the distribution of C by decreasing its chemical potential.  
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7. Conclusion 

In the present work the influence of alloying additions on mechanical properties and 

microstructure homogeneity was studied. Microstructural modifications due to alloying 

elements have important influence on the mechanical properties. Other than the individual 

effects of each alloying element, the interaction between alloying additions have major 

contribution in final properties. The influence of alloying additions on mechanical properties 

can be concluded as: 

• Addition of Cu, C and Mo results in increased dimensions during sintering, whereas, 

Ni has an opposite effect. However, the interaction of Cu with C and Ni reduces the 

swelling effect of Cu. Further, the influence of Ni on reducing Cu swelling is more 

than that of C. 

• Individually all these alloying elements enhance the hardness and strength. When all 

the alloying elements are present at the same time, the hardness and strength are 

increased dramatically. An increase in hardness and strength occurs with increasing 

sintering time, which is more prominent in Ni containing compositions.  

• Increased level of Mo and C gives reduced impact energy of PM steels. On the other 

hand impact strength is improved by addition of Ni and Cu. Combination of all 

alloying additions results in significantly higher impact resistance, especially when 

Mo is diffusion bonded.  

The microstructure and distribution of alloying elements strongly influence the mechanical 

properties. Usually under conventional sintering conditions a non-uniform distribution of 

alloying additives in achieved. Especially Ni-containing PM steels contain a high proportion 

of Ni-rich areas due to poor homogenization of Ni. The influence of alloying additions on Ni 

distribution was studied using SEM-EDS. The EDS analysis gave valuable information of the 

distribution of elemental particles during sintering. A strong interaction between Ni and Cu 

has been observed which is suggestive of a significant influence of Cu on distribution of Ni. 

The effect of alloying additions on Ni homogenization can be concluded as:  

• Addition of C to Fe-Ni has a negative influence on Ni distribution. Ni has poor 

affinity with C, which results in a repelling effect between Ni and C. Hence, a 

gradient in concentration of both Ni and C is produced. 

• Individual addition of Mo to Fe-Ni system also has a negative effect on uniformity 

of Ni. However, the results showed that the Ni distribution was improved by Mo 

when added to Fe-Ni-C. The phenomenon is attributed to decrease in chemical 

potential of carbon due to Mo addition.  

• The distribution of Ni was significantly improved due to presence of Cu. This 

achieved uniformity is correlated to the interaction between Ni and Cu. The Ni-Cu 

liquid formed due to this interaction, having lower surface tension, can diffuse more 

readily into inter particle boundaries of Fe. Moreover, when Cu is added to Fe-Ni-C 

system, the uniformity is even more enhanced. This is due to predominant 

interaction of C and Cu, which inhibits the diffusion of Cu into Fe inter particle 

grain boundaries. Hence, the magnitude of Ni-Cu interaction is increased.  
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The results showed that the experimental diffusion rate is faster than idealized volume 

diffusion, which indicates that grain boundary diffusion and surface diffusion are important 

diffusion mechanisms for distribution of elemental additives during sintering. The results 

suggest that distribution of Ni can be significantly improved by increasing Ni-Cu interaction 

and introducing elements that can lower the surface tension of Ni-Cu liquid. Further, an 

improved distribution of Ni can be attained by lowering the chemical potential of carbon. This 

will also result in homogenized spreading of C in Fe matrix.  

In addition to Ni inhomogeneity, the distribution of Cu and Mo was also examined. It was 

observed that in presence of Ni, the uniformity of Cu is disturbed by Ni-Cu interaction. The 

combined addition of Mo and C to Fe-Cu don’t have any considerable influence. Since Mo 

has faster diffusion rate in Fe matrix, it is uniformly distributed. However, in the compositions 

where Mo is diffusion bonded to base powder, a few Mo rich regions were observed in Ni-Cu 

rich region. 
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