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Low Temperature Creep/Relaxation Behaviour of PM Steels under Static Load  
 
MAHESWARAN VATTUR SUNDARAM 
Department of Materials and Manufacturing Technology 
Chalmers University of Technology 

Abstract  
Powder metallurgy (PM) is one of the metal forming techniques to manufacture structural 
components in high volumes. Almost 70% of the PM steels produced are used in automotive 
applications. This is due to the inherent advantages of the PM process owing to its low cost and 
near net shaping capabilities along with the possibility of achieving complex shapes while 
utilizing almost 95% of the raw material with less energy consumption. Utilizing PM 
components for high performance applications demands good mechanical properties and high 
dimensional tolerances. In PM steels such properties are achieved, for example by modifying the 
composition (alloying elements), utilizing different  alloying techniques (prealloying, diffusion 
bonding and admixing) and application of heat treatments (e.g. hardening/ sinterhardening, 
carburising, tempering, etc.). 

It has recently been found that under certain conditions, PM steel components lack dimensional 
stability in applications under high static loads over a sustained period of time at temperatures 
where creep normally doesÎȭt occur. In high performance applications, such a small dimensional 
instability could have an adverse effect on the overall performance of the system. Preliminary 
tests indicate that the components tend to creep/relax at low temperatures under high loading 
conditions. This phenomenon is a recent observation in PM steels, whereas, in bearing steels and 
other metallic materials (i.e. Cu, Ti) such behaviour has been discussed earlier. 

Hence, the creep/relaxation  phenomena at temperatures (T/Tm<0.3, temperature in kelvin) in 
PM steels under high static loading conditions is investigated for diffusion-alloyed powder grade 
(Distaloy HP produced by Höganäs AB) material. The experiments were performed on the 
sinterhardened tensile specimens that were additionally heat treated as follows: (i) without any 
tempering (untempered); (ii) after subsequent tempering at 200°C and 300°C (tempered); (iii) 
specimens with subsequent quenching in liquid nitrogen directly after sinterhardening 
(untempered-deep cooled); (iv) sinterhardened and quenched in liquid nitrogen specimens with 
subsequent tempering at 200°C and 300°C (deepcooled-tempered). The test specimens are 
characterised and the properties are analysed and evaluated before and after creep tests by XRD, 
optical and scanning electron microscopy. 

The results show that each specimen exhibits a unique characteristic behaviour associated with 
the test temperature and corresponding tempering conditions. However, untempered specimens 
exhibited a noticeable amount of plastic strain at 120°C when compared to the tempered (at 
200°C) specimens. For the specimens tempered at a higher temperature (at 300°C) there is a 
negligible amount of plastic strain when testing under similar conditions. Also, the deepcooled-
tempered specimens exhibited smaller amount of strain when compared to the only tempered 
samples. This behaviour of the specimens is attributed to the microstructural stability and stress 
relieve while tempering at high temperatures  reduces the dimensional instability of the above 
studied PM steel under high static loads over a prolonged time period. A more detailed study for 
understanding this phenomenon in PM steels is required to further widen their application in 
automotive industry. 
 
Keywords:  diffusion alloyed PM steels, sinterhardening, tempering, low temperature 

creep/relaxation, dimensional stability. 
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1 Introduction  

1.1 Background  

In recent observations, it has been found that the PM steel components when used 

under high static loads experience a dimensional change. This behaviour is reported in 

case of components subjected to high static loads over a period of time at low 

temperature ranges (100-150°C). In high performance applications even a small 

dimensional change could have an adverse effect on the overall performance of the 

system. Initial investigations performed on components indicate that they tend to 

creep/relax under static loads over a sustained time period at a temperature of around 

120°C, where creep normally does not occur for these types of materials. Based on the 

preliminary test  results, a hypothesis concerning low-temperature creep is postulated 

aiming to predict the dimensional stability behaviour at low temperatures at a lab scale. 

There is no literature or previous investigations concerning low temperature creep of 

PM steels. Some studies have been performed regarding the low temperature creep in 

case of bearing steels [1]ɀ[3] , some mild and high-strength steels and pure metals such 

as copper and titanium [4]ɀ[10] . When, considering PM steels, the additional factors 

influencing the performance of the component would be porosity and interparticle 

necks which determine the strength of the component. Combination of all these 

parameters makes it more complicated to determine the actual mechanism behind this 

phenomenon. 

1.2 Objective  

The objective of this work  is to perform a detailed investigation of low temperature 

creep/relaxation behaviour on standard tensile specimens prepared from a diffusion 

alloyed powder grade Distaloy HP. The samples are processed in a similar route as that 

of the actual components. The scope of the thesis is: 

¶ To simulate creep/relaxation of PM components at a lab scale by experimenting 

on the standard tensile specimens to observe creep/ relaxation under loading 

conditions around 90% of the yield strength of the material and at temperatures 

T/T m < 0.3 

¶ To identify possible microstructural changes taking place during creep tests by 

investigation of the specimens before and after creep testing using metallurgical 

characterisation techniques 

¶ To build a theoretical model and identify the physical phenomena behind the low 

temperature creep behaviour in PM steels 

¶ To propose appropriate componentsȭ treatment to avoid or minimize 

creep/relaxation behaviour during use. 
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2 Theoretical Background  

2.1 Powder Metallurgy Introduction  

Powder Metallurgy (PM) is a cost effective technique for manufacturing of structural 

steel components with complex geometry and tailored properties utilizing 95% of the 

raw material with very low energy consumption compared to other manufacturing 

techniques (e.g. machining, forging and casting). The proof of ancient use of powder 

metallurgical manufacturing references back to standing evidence of Delhi iron pillar, 

India. Use of gold powder in jewellery by Incas was also found. Modern powder 

metallurgy began in the beginning of the 20th century and several technological 

advancements have taken place during the last century [11]ɀ[14] . 

As of 2012, an average North American vehicle contains 20 kg of PM parts and 

corresponding European vehicle contains 8.8 kg and in case of Japanese vehicle it  

declined by 0.3 kg to 9.1 kg of PM parts. However, the North American automotive base 

engine contains ~30% of parts made by PM technique. In terms of base engine 

components, the low demanding (in terms of performance) parts are identified and the 

potential could be to convert into PM for high demanding engine and transmission 

components [15], [16]  and also parts for other applications such as in commercial 

vehicles. For heavy duty engines, the demand for large and stable structural parts with 

very high strength arises, where the stability of the components and ability to withstand 

high loads are of the main concern. This can be achieved either by making relatively high 

density components or sintered parts with appropriate alloying additions and methods 

(prealloying, diffusion bonding, etc.) as well as applying heat treatment operations. 

 

Figure 1 : A typical p rocessing route for  PM Components manufacturing  

Figure 1 shows a typical processing route for PM components. Due to high 

interdependency between different segments in the PM process, variations in process 

parameters in one segment will have an impact on the final properties. Owing to the 

high number of variants in processing, controlling the product outcome is challenging. 

There are variations in each segment of the individual parameters that affects the final 

performance as discussed by Bergquist [17] . Thus control over the process in each stage 

determines the product performance.  
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2.1.1 Powder Production  

Iron powder accounts for almost 80% of the overall powder production. With the 

increase in use of PM steels, a number of powder grades were developed in recent times 

due to the increasing demand for high performance applications. Iron and steel powders 

for PM steels are produced mainly by the following processes [11], [18]  

¶ Atomization (water and gas)  

¶ Sponge iron reduction 

¶ Chemical reaction 

In case of structural components for automotive industry, powder is mainly produced by 

water atomization which will be discussed in detail in the following section. In few cases, 

sponge iron powder is also used as a base material.  

2.1.1.1 Water atomi zation  

High pressure water jets are injected onto a stream of molten metal in order to 

disintegrate into tiny droplets (Figure 2) which solidify rapidly , forming irregular ly 

shaped powder particles, as shown in Figure 3. Water pressure is a critical controlling 

parameter for the process, as it determines the particle size and the cooling rate (which 

is usually in the range of 104-108 K/s). Water atomization is a low-cost technique for 

high volume iron powder production [11], [18] . 

 
Figure 2 : Water atomi zation illustration redrawn 
from [11]  

 
Figure 3 : SEM image of water atomized powder particle 
(irregular  shape and rough  surface ) from [19]  (Courtesy 
of Seshendra Karamchedu ) 

This irregular shape of the powder particles provides interlocking between them during 

compaction, which contributes to the green strength of the compact. Iron powders 

produced by this technique are of relatively low purity because of the surface reaction of 

powder particles with water steam in atomizer favours the formation of oxide layer on 

the surfaces. These powders are hence annealed in a continuous furnace to soften them 

and to reduce the surface oxide. 
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2.1.2 Alloying  

Alloying addition improves the properties and performance of the PM steel components. 

In case of water atomized steel powders, alloying is done by admixing, prealloying or 

diffusion bonding or a combination of these, depending on the alloying elements and the 

final requirements. By utilizing a proper alloying technique, desired properties can be 

attained.  

2.1.2.1 Admixing  

The iron powders prior to compaction are admixed with alloying elements in the form of 

powders and usually graphite is added as a carbon source. The main advantage of this 

process is that the alloying composition can be altered with ease and the powder mixes 

have good compressibility. The drawback of this process could be segregation of the 

alloying elements which can result in heterogeneous microstructures upon sintering. 

Also by this process, along with the alloying elements, additives and lubricants are 

added before compaction. 

2.1.2.2 Prealloy ing 

This method involves the addition of alloying elements to the melt before atomization, 

and thereby achieving a homogenous distribution of alloying elements, see Figure 4(b). 

Prealloying typically reduces the compressibility of the powder. Molybdenum is the 

most common alloying element used for prealloying due to its relatively low effect on 

the compressibility. Also, Mo-prealloyed powders are used as a base powder for 

diffusion bonding of other alloying elements, such as Ni and Cu. Oxidation sensitive 

alloying elements, such as Cr and Mn, are introduced in prealloyed form to avoid the 

formation of surface oxides during water atomization since prealloying reduces their 

oxidation activity. 

2.1.2.3 Diffusion Alloying  

In this process, the alloying elements are mixed with the base powder (pure or 

prealloyed) and heated in a continuous furnace below the melting point in a reducing 

atmosphere, whereby the alloying elements (i.e. Ni, Cu, Mo) are diffusion-bonded onto 

the surface of the base powder, see Figure 4(c). Normally, elements that are not 

sensitive to oxidation are used for diffusion alloying. Diffusion alloyed powders exhibit 

good compressibility, compared to prealloyed powder. During sintering, homogeneous 

distribution of  the alloying elements will take place. In the present work, Distaloy HP 

powder grade in which Ni and Cu are diffusion bonded to Mo-prealloyed powder 

(Astaloy Mo) is used as the base material for investigations. 

 
Figure 4 : Water atomized  pure iron powder (a) , prealloyed powder (i.e. Mo) (b), and diffusion bonded (i.e. Ni, 

Cu) prealloyed powder (c)  
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2.1.3 Compaction  

Densification of the powder particles into component shapes is typically performed by 

uniaxial die pressing. The admixed powder is filled uniformly into the die cavity with the 

movement of top and bottom punches under a compression pressure of typical 500-800 

MPa in order to achieve the final shape of the compacts. Upon compaction, the irregular 

powder particles interlock  along with some degree of cold welding and so provide 

sufficient green strength to the component, which makes handling easier before 

sintering. 

2.1.4 Sintering  

In the conventional PM route, ferrous compacts are sintered at temperatures of around 

1120°C to create bonding between the powder particles through solid state sintering. 

The parts are heated to around 450-600°C to remove the lubricants and other additives 

and then heated until sintering temperature. Sintering is performed in a controlled 

reducing atmosphere. High temperatures, up to 1250°C, are also used for sintering in 

some cases. In the initial stages of sintering, while heating up to the sintering 

temperature, reduction of surface oxides is achieved and the bonding between the 

powder particles takes place through the formation of inter-particle necks at the particle 

contacts through diffusion mechanisms.  

 
Figure 5 : A schematic sketch of sintering stages and time -temperature p rofile  

(a) 
 

(b) 
Figure 6 : SEM micrographs showing the fracture surface of the PM compact after sintering, showing different 

cases of inter -particle fracture.  

The strength of PM steel is determined by the strength of the inter -particle necks 

attained upon sintering which depicted in Figure 6. The main driving force behind inter -
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particle neck growth is the surface energy reduction upon sintering. The compacts are 

loaded into the continuous furnace (belt-, walking beam- or pusher furnace, etc.) where 

they pass through the different heating zones and finally reach the cooling cycle in which 

the component microstructure is attained depending on the alloying elements and the 

cooling conditions. 

2.1.4.1 Sinterhardening  

Typically the microstructure of the PM steel after sintering consists of ferrite and 

pearlite after slow cooling in the furnace.in order to obtain martensitic microstructure, 

additional heat treatment (hardening) has to be performed. Whereas, in 

sinterhardening, hardening takes place right after sintering in the continuous furnace by 

rapid cooling the compacts and the typical cooling rate being 2-3 K/s in a neutral 

atmosphere in order to get martensitic microstructure. Hardened or sinterhardened 

parts require tempering to relieve the stresses which are incorporated with in 

martensite. The main advantage by sinterhardening is to avoid an additional hardening 

process (heating and oil quenching). This reduces the cost of the components as well as 

potentially lowers the distortion. As sinterhardened parts are tempered in air rather 

than quenching, the quench oil retention is avoided and thus eventually improves the 

surface appearance [20]ɀ[22] . In-line with the aforementioned advantages, in modern 

practice, base powder alloy design is performed in a way to comply with the 

sinterhardening characteristics of the modern furnaces. 

2.1.5 Tempering  

As it has been mentioned above, the hardened PM steels are tempered to relieve internal 

stresses. As a result of tempering, the toughness and ductility of the material are 

improved with a drop in hardness. Tempering of martensite will be discussed in detail in 

the following Chapter 2.3.3.4.  

More than half of the produced PM steel tonnage go through some heat treatment to 

improve their final properties for a better performance [11] . 

2.1.6 Fractography of Sintered Steels  

Fractured surface of the PM steels are characterised and can broadly be divided into 

four principal modes of fractures as below [23]   

¶ Dimple rupture 

¶ Cleavage rupture  

¶ Decohesion rupture 

¶ Fatigue 

PM Steels possess microstructural discontinuities which influence initiation, growth and 

propagation of cracks. The fracture modes provide us a better understanding of the 

behaviour of the PM steels. 
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2.2 Creep in General  

2.2.1 Introduction  

The term creep is defined as time dependent plasticity under constant stress or loading 

conditions at elevated temperatures. It is an important design consideration for 

structural and high temperature applications. Normally, any material under applied 

load/stress will deform elastically and then plastically once it crosses the yield limit. 

Here the material deformation takes place at stresses below the yield limit under the 

influence of constant stress and temperature over a sustained time period. Creep in 

general occurs at homologous temperature T/Tm>0.5 for metals, where T is absolute 

temperature of application and Tm is absolute melting temperature.  

 
Figure 7 : Creep curve, Strain vs. time plot with different stages of creep [24]  

With increasing temperature, the rate of deformation increases as a function of material 

properties, exposure time, temperature and applied stress. Eventually, over a period of 

time, the component loses its functionality, and it can eventually result in failure [24]ɀ

[26] . A typical creep curve, as shown in Figure 7, exhibits three stages of deformation, 

where in primary stage, the strain rate increases rapidly with instantaneous loading due 

to the work hardening and reaches minimum and the secondary or steady state creep 

where the strain rate is constant over a prolonged time period before it fails in the 

tertia ry stage with accelerating strain rate. In the following chapters the influence of 

microstructure, stress and temperature are discussed since all these parameters play a 

vital role in creep behaviour. 

2.2.2 Low Temperature Creep  

 
Figure 8 : Low temperature creep curve exhibiting only up to secondary stage [24]  

Creep behaviour at homologous temperature T/Tm<0.3 is termed as low temperature 

creep. In case of low temperature creep, the component ÄÏÅÓÎȭÔ fail and constitutes only 

two stages of creep (primary and secondary stage) as seen in Figure 8. A few studies 
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have been carried out as these changes normally are neglected unless it constitutes a 

significant impact on the materials performance in applications. With increased 

demands for high performance applications, components precision is of high interest. 

Low temperature creep is observed  in the case of pure metals around 0.1 ɀ 0.2 Tm [9], 

[10] . However, there are some studies indicating a number of materials exhibiting such 

phenomena at these relatively low temperature and loads below the material yield 

strength, as reported in Table 1 and Table 2. 

Table 1: Studies of low temperature creep behaviour on bearing steels [1] ɀ[3]   

2ÅÆÅÒÅÎÃÅ 
ÔÈÅÓÉÓ 

9ÅÁÒ -ÁÔÅÒÉÁÌ 4 ÉÎ ᴈ 3ÔÒÅÓÓ ÉÎ 
-0Á 

4ÉÍÅ ÉÎ 
ÈÏÕÒÓ 

0Ȣ 6Ȣ -ÏÒÒÁ 
0È$ ÔÈÅÓÉÓ 

ςππσ Hardened 
and 

tempered 
Bearing 

steel 

χυ-ρτυ 
 

ρππ-υππ 
ͯχπ 

 
-ÁÎ-.ÈÉ 4ÁÎ 
-ÁÓÔÅÒ ÔÈÅÓÉÓ 

ςππφ 
σππ-ςπππ 

 
*ÅÓÓÉÃÁ .ÙÑÖÉÓÔ 
-ÁÓÔÅÒ ÔÈÅÓÉÓ 

ςππχ 

Table 2: Research articles on low temperature creep on steels and other materials [4]ɀ[7], [9], [27]ɀ[31]  

2ÅÆÅÒÅÎÃÅ ÁÒÔÉÃÌÅÓ  9ÅÁÒ -ÁÔÅÒÉÁÌ 4 ÉÎ ᴈ 
3ÔÒÅÓÓ ÉÎ 
-0Á  

4ÉÍÅ ÉÎ 
ÈÏÕÒÓ 

L. B. Getsov 1971 Steels 20-500 600-800 ~300  

V. A. Likhachev et 
al. 

1981 
Hardened 
steel  

175 
 

K. R. Williams et al. 1984 Mild steel 360-400 200-500 ~4000  

H. B. Chandler 1984 
Mild Steels 

room 
150-210 

 
Copper 55-75 

 

V. Sanchez-Galvez 
et al. 

1985 
cold drawn 
Steel wire 

40-60 
60-70% 

UTS (978-
1141 ) 

 

T. H. Alden 1986 
Stainless 
steel 

25 250 ~ 0.3  

R. W. Neu et al. 1992 4320 steel 70-195 500 ~150  

A. Oehlert, et al. 1993 HSS 23 50% Y.S ~ 0.33 

Cheng Liu et al. 2000 HSS 7+ 2 
~0,33 

Rp0.2 (640) 
80 

U.H.Kivisäkk et al. 2008 
Stainless 
steel 

25 90% Rp0.2 
24-100, 
~600  

Zhang Li et al. 2008 
Titanium 
TA2 

150 50-75% Y.S 100-1500 
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2.2.3 Creep Mechanisms  

In case of pure metals at low temperatures, creep is controlled by the dislocation 

movement i.e. dislocation gliding and climbing, and at high temperatures diffusion plays 

a major role i.e. diffusional creep, termed as power-law creep. In the case of alloys, creep 

is entirely dependent on the complexity of microstructure which involves combined 

mechanisms of creep [2], [3], [24], [25] . The creep behaviour at low temperatures is only 

up to secondary stage of creep and it does not reach the tertiary stage i.e. the specimen 

will not  fail, as seen in Figure 8. For low temperature creep, the strain varies as a 

logarithmic function of time. Upon loading, the creep reaches instantly the transient 

stage and continues to steady state only under the application of higher stresses 

according to the following equation 

Ἴ  ἴἶ t)  ------- (1) 

Where,  Ⱡ◄ is total strain, Ⱡ is initial strain up on loading and t is time in seconds and ♪ 

is creep parameter which depends on temperature. 

2.3 Factors influencing Creep  

The factors influencing the phenomenon of creep are:  

¶ Temperature 

¶ Stress (loading conditions) 

¶ Microstructure  

¶ Residual stresses 

2.3.1 Temperature  influence  

Figure 9 shows the strain vs. time curves with increasing temperature at a constant 

stress which reveals that creep is a thermally activated process. The strain rate increase 

is evident at higher temperatures irrespective of the loading and microstructural 

conditions. 

 

Figure 9 : Creep curves at constant stress with varyin g temperature, redrawn from [24]  
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2.3.2 Stress influence  

  

Figure 10 : Creep at constant temperature with varying stress, redrawn from [24]  

Figure 10 shows the strain vs. time curves with varying stresses at a constant 

temperature showing that creep is stress dependent and with increasing stress the 

strain rate increases. 

2.3.3 Microstructural influence  

Irrespective of the loading and the temperature conditions, the microstructure plays a 

major role in the creep behaviour of the materials. Mechanism of creep depends upon 

the complexity of the microstructure since each microstructure has its unique 

characteristic creep behaviour. In the case of steels, hardened and tempered steel 

components are used for load bearing structural applications which are composed of 

martensite, bainite and retained austenite phases in the microstructure  which will be 

discussed in detail in the following sub-sections.  

2.3.3.1 Bainite  

Bainite formation occurs above the martensitic start temperature and is classified into 

lower and upper bainitic structures. Bainite is a mixture of ferrite and carbide phases 

formed by diffusional mechanism upon cooling. 

2.3.3.2 Retained Austenite 

The martensitic transformation is not complete upon quenching, some austenite 

remains untransformed between the martensitic plates. This experiences high stresses 

due to the volume expansion of the martensitic phase that tends to trap and retain the 

untransformed austenite between the plates. The amount of austenite content left after 

the martensitic transformation is unstable at room temperature. This so called retained 

austenite will remains as an unresolved phase. 

Retained austenite content in the components, when applied under high loading 

conditions or at elevated temperatures, will results in phase transformation associated 

with volume expansion causing dimensional instability. This can be eliminated by high 

temperature tempering whereby the residual austenite is transformed to ferrite and 
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cementite. Sometimes deep cooling/cryogenic treatment is carried out after hardening 

to transform the retained austenite into the martensite. 

While austenite is unstable at room temperature, as mentioned above, it has a potential 

to influence the stability of the structural components in applications upon its existence 

exceeding certain maximum level. So, the retained austenite content is normally 

maintained below certain nominal value. [32], [33] . 

2.3.3.3 Martensite  

Martensite formation is a result of diffusionless transformation and it is a metastable 

phase. Formation of martensite involves heating the steel to austenizing temperature 

with a subsequent rapid quenching in liquid or gas. During the rapid cooling, the 

diffusion is inhibited.  

The steel is heated to form austenite, which is a supersaturated phase (FCC) with a high 

solubility of carbon. When austenite is slowly cooled, it  will  transform to BCC-ferrite  

wherein the carbon dissolution is limited, and the rest of the carbon precipitates into 

cementite. In order to avoid such a diffusional transformation, the steel is quenched 

rapidly from austenitic temperature to a temperature below martensitic start 

temperature, which depends on the alloy composition and especially carbon content. 

The resulting martensitic phase is BCT (body centered tetragonal) structure enriched in 

carbon. This transformation causes lattice displacement and distortion and, as a result, 

there will  be an overall volume expansion with  contraction in the z-axis up to 20% and 

expansion in both x and y ɀ axes up to 12% in the BCT crystal structure. This 

transformation is a result of pure shear mechanism. Two types of martensite 

morphology can be formed: lath and plate martensite, depending on the carbon content 

and cooling rate. 

 !ÕÓÔÅÎÉÔÅ‎ ὪὧὧOÍÁÒÔÅÎÓÉÔÅ ‌ ὦὧὸ 

The hardness of martensite is a result of solid solution strengthening by the interstitial  

carbon atoms as well as the lattice deformation and twinning which  result in high 

dislocation density that can act as a potential barrier for the dislocation movement. The 

hardness of martensite is around 50-60 HRC, and it is also very brittle  with a high 

amount of stored free energy [26], [32]ɀ[34] . 

2.3.3.4 Tempering of Martensite  

Tempering is the post-hardening heat treatment process carried out to improve the 

strength and toughness of the hardened material, as a result of which a decrease in the 

hardness and an increase in the ductility of the material is attained. Tempering involves 

heating the material to a temperature much below the austenization temperature for a 

period of time (in  the order of an hour) either in a particular controlled atmosphere or 

in air. Hardened steels shrink upon tempering because of the martensite decomposition 

into ferrite and carbide phases. Also, retained austenite will transform into ferrite and 
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cementite when tempered between 200-350°C [22], [33], [35], [36] . Table 3 lists the 

transformation processes occurring at different tempering temperatures. 

Table 3: Transformation during t empering temperatures from [33]  

4Ј# 4ÒÁÎÓÆÏÒÍÁÔÉÏÎ 

ςπ-ρππ #ÁÒÂÏÎ ÓÅÇÒÅÇÁÔÉÏÎ ÔÏ ÄÉÓÌÏÃÁÔÉÏÎÓ ÁÎÄ ÂÏÕÎÄÁÒÉÅÓȟ  
#ÌÕÓÔÅÒÉÎÇ ÏÆ ÃÁÒÂÏÎ ÁÔÏÍÓ ÏÎ ÏÃÔÁÈÅÄÒÁÌ ÓÉÔÅÓ ÏÆ ÍÁÒÔÅÎÓÉÔÅ 

ρππ-ςππ 0ÒÅÃÉÐÉÔÁÔÉÏÎ ÏÆ ÔÒÁÎÓÉÔÉÏÎ ÃÁÒÂÉÄÅ ÁÓ ÁÌÉÇÎÅÄ ÐÁÒÔÉÃÌÅÓ 
ςππ-συπ 4ÒÁÎÓÆÏÒÍÁÔÉÏÎ ÏÆ ÒÅÔÁÉÎÅÄ ÁÕÓÔÅÎÉÔÅ ÔÏ ÆÅÒÒÉÔÅ  ÁÎÄ ÃÅÍÅÎÔÉÔÅ 
ςυπ-συπ ,ÁÔÈ ÌÉËÅ &Å

σ
# ÐÒÅÃÉÐÉÔÁÔÉÏÎ 

συπ-υυπ 3ÅÇÒÅÇÁÔÉÏÎ ÁÎÄ ÃÏÓÅÇÒÅÇÁÔÉÏÎ ÏÆ ÉÍÐÕÒÉÔÉÅÓ ÁÎÄ  
ÓÕÂÓÔÉÔÕÔÉÏÎÁÌ ÁÌÌÏÙÉÎÇ ÅÌÅÍÅÎÔÓ 

τππ-φππ 2ÅÃÏÖÅÒÙ ÏÆ ÄÉÓÌÏÃÁÔÉÏÎ ÓÔÒÕÃÔÕÒÅ ɀ ÅÌÉÍÉÎÁÔÉÏÎ ÏÆ ÄÉÓÌÏÃÁÔÉÏÎ  
ÔÁÎÇÌÅÓ ÁÎÄ ÃÅÌÌ ×ÁÌÌÓ 

υππ -χππ &ÏÒÍÁÔÉÏÎ ÏÆ ÁÌÌÏÙ ÃÁÒÂÉÄÅÓ ÉÎ ÁÌÌÏÙÅÄ ÓÔÅÅÌÓ 
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3 Materials and Experiment al Procedure  

The material used for the investigation, the experimental techniques applied and the 

analytical methods utilized are described in the following sections of this chapter. 

3.1 Material  

Distaloy HP is a water atomized diffusion alloyed powder grade from Höganäs AB, 

Sweden. It is a commercially available high performance powder grade with 4 wt.% Ni 

and 2 wt.% Cu diffusion bonded to steel powder pre-alloyed with 1.5 wt .% Mo. 

Table 4 : Nominal Composition in wt.% of the investigated powder  

 

 

The base powder is mixed with 0.6wt.% graphite as a carbon source and 0.6wt.% 

Kenolube as a lubricant  and then compacted into standard tensile specimens according 

to MPIF10 [37]  and were produced by Höganäs AB, Sweden. The specimens are sintered 

at 1120°C in 90% N2/10% H 2 atmosphere and sinterhardened at a cooling rate between 

2.5 and 3°C/s. Some specimens are subsequently tempered at 200 and 300°C in air for 1 

hour.  

Table 5 : Designation of different sinter ed samples based on Distaloy HP (DHP) , sinterhardened  and further 
deep cooled and/or processed at different temper ing conditions  

Table 5 describes the processing conditions employed for the different samples 

investigated in this study. The sample denominations used in Table 5 will be used for 

different samples in the rest of the thesis. The tensile tests were carried out to obtain the 

mechanical properties and also to obtain the fracture surface on which fractography 

studies has been performed. 

 
Figure 11 : Tensile specimen dimension according to MPIF10 redrawn  from  [37]  

Powder Grade Ni Cu Mo Fe 
Distaloy HP 4 2 1.5 Balance 

Sample 
denomination  

Descriptions  

DHP-UT Sinterhardened without tempering (Untempered) 
DHP-T200 Tempered at 200°C for 1 hour in air 
DHP-T300 Tempered at 300°C for 1 hour in air 
DHP-DC-UT Deep cooled in Liquid N2 without tempering (Untempered) 
DHP-DC-T200 Deep cooled in Liquid N2 and Tempered at 200°C for 1 hour in air 
DHP-DC-T300 Deep cooled in Liquid N2 and Tempered at 300°C for 1 hour in air 
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3.1.1 Experimental Methods  

The experimental techniques utilized are listed in the Table 6 and a detailed description 

of these techniques is discussed in detail in the following sections. 

Table 6 : List of experimental and analytical technique s utilized  

Experimental and analytical technique  Performed investigations  
Universal Materials testing machine with 
temperature controlled environmental 
chamber 

Tensile testing 
Creep testing  
Cyclic creep testing (varying temperatures) 

Light optical microscopy Microstructural investigation and imaging 

Scanning electron microscopy combined 
with EDX(Energy Dispersive X-ray 
spectroscopy) 

Fractography  
Elemental mapping 
Chemical analysis (qualitative analysis) 
Microstructural analysis 

Hardness testing Apparent hardness and microhardness 
X-ray diffraction  Retained austenite content measurement 

3.2 Universal Material Testing  

 

 

 

(a) (b) 

Figure 12 : (a) Tensile testing machine with environmental chamber  and (b) Sample connected to 
thermocouple clamped in between jaws  
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An electro-mechanical testing machine Instron 5500R with 4505 load frame was used for 

tensile and creep/relaxation tests. It is equipped with Instron 3119-407 environmental 

chamber with a temperature controller unit, see Figure 12(a). The chamber has a 

temperature range between -150°C to 350°C. Blue hill software was used for data 

acquisition. During testing, the samples were carefully aligned vertically along the axis 

and the extensometer was carefully mounted. Once the sample is clamped between the 

jaws, the furnace door is closed and the temperature is set to the determined level. The 

approximate time to reach the steady state temperature (in our case 120°C) was 

determined by connecting thermocouple to the test specimen as shown in Figure 12(b). 

The time to reach steady state temperature was found to be approx. 90 min, with a 

variation of ±0.5°C in the beginning, after which a steady state temperature is 

maintained, (see Appendix 1). The tensile tests for fractography and some tests at 120°C 

were carried out at Chalmers with this machine at strain rate of 10-4/s. All creep tests 

were carried out at a constant load condition and temperature, also creep tests with 

varied temperature under fixed load were performed on this setup. 

3.3 Scanning Electron Microscopy  

High Resolution Scanning Electron Microscopy (HRSEM) imaging was performed using a 

LEO 1550 Gemini SEM equipped with In -lens and secondary electron detector for 

imaging. Qualitative chemical analysis was performed for different phases and elemental 

mapping and elemental line scans were performed to assess the elemental distribution 

by using X-MAX EDX detector attached to the SEM. SEM is the most commonly used 

technique for high resolution imaging due its high magnification and depth of focus 

capabilities, which is limited in the case of light optical microscopy. The fractured 

surfaces were analysed with a fixed voltage of 15 keV and working distance of 8 mm. All 

studies were carried out with these settings to characterise the materials based on the 

different heat treatment and the tempered conditions as presented in Table 5. 

3.4 Metallography  

The metallographic samples were prepared from the cross section of the tensile 

specimens before and after creep testing. All the cut pieces were mounted using Polyfast 

resin in a Struers CitoPress-20 mounting machine. All the mounted specimens were 

ground, polished and etched according to Struers standard for metallographic 

preparation of PM parts. The etchant used was picral-nital  (solution of 4 g of picric acid 

and 2 ml of Nitric acid in 200 ml of ethanol) to obtain a contrast between bainite and 

martensite. The microstructure of the samples was studied by light optical microscopy 

using Leitz DMRX light  optical microscope equipped with AxioVision imaging software.  

3.5 XRD ɀ Retained Austenite Estimation  

X-ray Diffraction (XRD) is a non-destructive testing technique used for determination of 

residual stresses (compressive or tensile), and for the identification of different phases 

and their amounts in the case of crystalline materials. The measurement principle is 
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based on the constructive and destructive interference occurring in the sample upon 

incidence of X-rays and according to the Braggs law, the interatomic distance is 

calculated: 

φÄ ÓÉÎʃ Є Îʇ 

where n is order, d is interatomic distance, ʇ is wavelength of characteristic X-rays, and ʃ 

is the incident angle of X-rays Diffraction pattern is obtained from the outgoing X-rays, 

and each crystal has its own unique characteristic pattern based on the atomic 

arrangement. By referring to  the available database the respective details are identified 

(phases, atomic structure, etc.). 

In this study, the sample is irradiated with the incident X-rays to depths of about 6-7 µm. 

XSTRESS 3000 was used to determine the austenite content ÕÓÉÎÇ Ȱ!34- % ωχυ-03 

Standard Practice for X-ray Determination of Retained Austenite in Steel with Near 

2ÁÎÄÏÍ #ÒÙÓÔÁÌÌÏÇÒÁÐÈÉÃ /ÒÉÅÎÔÁÔÉÏÎȢȱ 4ÈÅ ÐÒÉÎÃÉÐÌÅ ÉÓ ÂÁÓÅÄ ÏÎ ÔÈÅ ÁÓÓÕÍÐÔÉÏÎ ÔÈÁÔ ÔÈÅ 

total integrated intensity of all the diffraction peaks of a phase (here either ferrite or 

austenite) is proportional to its volume fraction. The amount of austenite is determined 

by considering four different crystalline peaks corresponding to two ferrite and two 

austenite phases. All the ferrite  regions include martensite which is considered as BCC, 

whereas FCC phases are considered as austenite which includes both retained austenite 

and Niɀrich austenite. The austenite content analysis was performed on the tensile 

samples before and after creep testing to evaluate the percentage change in the 

austenite content. Moreover a few samples after deep cooling in liquid nitrogen were 

analysed.  

3.6 Apparent Hardness 

Hardness is the resistance to deformation or indentation. In case of PM steels, the 

hardness measurement includes both pores and the base material which gives the effect 

of porosity on a macro scale. Apparent hardness was measured using a Wolpert Dia 

Testor with a Vickers indenter using 10 kg load (HV10) according to the MPIF43 

standard. The apparent hardness was measured for all the samples before and after 

creep testing for 1 million seconds.  

3.7 Microhardness   

Microhardness is measured on the individual phases which represent the hardness of 

the material/phase in the absence of pores. In the present investigation, microhardness 

of Ni-rich austenite, martensite and bainite regions were obtained individually for the 

samples at different conditions as shown in Table 5. All the measurements were 

performed using Struers DuraScan 70 with automatic measurement software. Lower 

loads were used (50 g) for the case of Ni-rich austenite (HV0.05) due to its small area 

and higher loads of 100 g was used for the case of martensite and bainite (HV 0.1) which 

is according to the standard MPIF51.  
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4 Results  

4.1 Tensile testing  

Table 7 below shows tensile test results carried at Höganäs AB on the sinterhardened-

tempered and sinterhardened-deepcooled-tempered samples. The yield strength 

according to 0.2% proof stress (Rp0.2), the ultimate tensile strength (Rm) and the 

percentage of elongation to failure were measured on 10 samples and the values are 

shown below in Table 7. DHP-T200 (sinterhardened and tempered at 200°C) exhibits 

highest ultimate tensile strength and percentage elongation which is around 1% that is 

substantial elongation for sinterhardened PM steels. In case of sinterhardened and 

tempered samples, the yield strength (Rp0.2) increases with increasing tempering 

temperature. 

Table 7 : Distaloy HP Tensile testing results from Höganäs AB  

Samples 
Rp0.2, 
[MPa] 

St.dv 
Rm, 

[MPa] 
St.dv 

Elongation 
% 

St.dv 

DHP-UT 691 50 926.6 23 0.46 0.05 
DHP-T200 807 48 1163 43 0.92 0.19 
DHP-T300 853 36 1025 31 0.53 0.09 
DHP-DC-UT * * 812 29 0.10 0.05 
DHP-DC-T200 1008 28 1095 21 0.34 0.06 
DHP-DC-T300 871 18 926 46 0.30 0.06 
* it is too brittle   

(a)  

 

(b) 

 
Figure 13 : Tensile test results of  the sampl es showing yield strength and tensile strength (a) and 

elongation (b)  
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DHP-T300 exhibits high yield strength values among the sinterhardened-tempered 

samples with good ultimate strength and moderate ductility which actually corresponds 

to the microstructure upon higher tempering temperature. 

In case of deepcooled samples DHP-DC-UT (sinterhardened-deepcooled-untempered), 

the samples are too brittle and fail before yielding. The DHP-DC-T200 sample exhibits 

very high yield strength among all the samples and good tensile strength. However, all 

the deepcooled samples exhibit poor ductility as compared to the sinterhardened-

tempered samples. 

   
(a) (b) 

Figure 14 : Tensile test results of sinterhardened and subsequently temp ered samples (a) and  
sinterhardened -deepcooled -tempered samples(b)  performed at Chalmers  

 

  
Figure 15 : Tensile testing of sinterhardened -tempered samples at 120°C  

The tensile test carried out for each set of samples are summarised in Figure 14 and 

Table 8. These tests were performed for each condition to correlate the actual results 

from Höganäs AB and also to obtain the fracture surfaces for further  fractographic 

investigation. 

 

 



 

19 

 

Table 8 : Tensile test results performed at Chalmers  

Samples tested at 
room temperature  

Rp0.2, 
[MPa]  

Rm, 
 [MPa]  

DHP-UT 702 752 
DHP-T200 827 1180 
DHP-T300 850 909 
DHP-DC-UT * 848 
DHP-DC-T200 1200 1276 
DHP-DC-T300 1061 1094 

* it is too brittle  

Tensile tests on sinterhardened-tempered samples were also performed at 120°C, see 

Figure 15 and Table 9. At 120°C, DHP-UT and DHP-T200 samples exhibit increased yield 

strength, ultimate tensile strength as well as higher elongation. Whereas, DHP-T300 

sample tested at 120°C exhibits similar properties as it tested at room temperature with 

only a slight increase in ductility. 

Table 9 : Tensile results of sinterhardened ɀtempered samples tested at 120°C  

Samples tested at 
120°C 

Rp0.2, 
[MPa]  

Rm, 
[MPa]  

DHP-UT 896 1161 
DHP-T200 898 1150 

DHP-T300 860 1036 

The increased tensile properties of DHP-UT when tested at 120°C reveal the initial 

tempering effect at that temperature. It is important to evaluate the properties of the 

samples at 120°C as the creep experiments were performed at 120°C. 

These tests gave a better understanding of the samples tested at room temperature and 

120°C even though there is a slight variation in results. Samples tested at 120°C have 

improved tensile properties compared to the room temperature samples. Especially the 

DHP-UT samples are more sensitive to this temperature than the DHP-T200 and DHP-

T300 ones. However, the tensile results carried out at room temperature from Höganäs 

AB form the basis for load selection of the following creep experiments in this study. 
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4.2 Fractography  

The fractographic investigation was done on the fractured samples from the tensile 

testing of Distaloy HP material after different tempered conditions to understand the 

fracture behaviour and correlate the mechanical properties. The macroscopic 

investigation of the fracture surface of DHP-UT, obtained by stereomicroscope, is shown 

in Figure 16. It reveals a flat fracture surface with brittle failure, typical for PM steels, 

especially with martensitic structure. Macroscopic investigation in case of PM steels 

gives very limited information about fracture surface features. 

 

Figure 16 : Macroscopic view of fracture surface of DHP ɀ UT specimen by stereomicroscope  

Detailed microscopic investigation using HRSEM has been carried out to reveal the 

failure mechanism which is dependent on local microstructure characteristics, 

determined by tempering conditions. In the following chapter, the fractographic 

investigations of the samples are shown for the sinterhardened-tempered and 

sinterhardened-deepcooled-tempered samples. 
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4.2.1 DHP-UT 

The fracture surface of the sinterhardened sample, i.e. DHP-UT sample, is shown in 

Figure 17, where (a) and (b) show the general appearance of the fracture surface. 

Fracture surface is rough and cluster of the prior powder particles can be distinguished.  

a 

 

b 

 

c 

 

d 

 

e 

 

f 

 
Figure 17 : Fracture surface of DHPɀUT sample showing (a) the general rough appearance at lower 
magnification, (b) agglomerates of the powder  particles (c) & (d) transgranular cleavage and semi cleavage 
facets, (e) transparticle decohesion failure, (f) interparticle decohesion failure.  

Observation of the fracture surface at higher magnification reveals that the 

transgranular cleavage is the dominant failure mode in the sinterhardened-untempered 

specimen, see Figure 17 (c, d). Interparticle and transparticle ductile dimple fracture, 

see appendix, and more rarely interparticle decohesion facets, see Figure 17 (e, f), were 

also observed on the fracture surface of this specimen.  
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4.2.2 DHP-T200  

From the fracture surface of the DHP-T200 samples, a rough appearance of the fracture 

surface is evident, see Figure 18 (a, b).  

a 

 

b 

 

c 

 

d 

 

e 

 

f 

 
Figure 18 : Fracture surface of DHPɀT200 sample showing the general appearance of fracture surface at low 
magnif ications (a, b) and interparticle and transparticle ductile dimple fracture (c -f).  

Dimple ductile fracture is the main failure mechanism for this specimen. Figure 18(c-f) 

shows appearance of different sites of interparti cle and transparticle ductile dimple 

failure. Typically, in case of the interparticle ductile fracture, dimples are deeper as they 

are initiated by coarse oxide residues or bridge porosity inside interparticle necks, see 

Figure 18 (c, e). In the case of the transparticle ductile fracture dimples are shallow as 

they are initiated by fine carbides or fine internal oxides, see Figure 18 (d, f). In general 

the initial powder (pore) surface looks clean without any oxide particulates (see 

appendix for more detailed images).  
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4.2.3 DHP-T300  

Similarly to previous specimens, roughness of the fracture surface was found for the 

DHP-T300 samples as well, see Figure 19 (a, b), where individual particles or 

agglomerates can be distinguished in some sites. 

a 

 

b 

 

c 

 

d 

 

e 

 

f 

 
Figure 19 : Fracture surface of DHPɀT300 sample showing the general appearance of the fracture surface (a , 
b)  and (c-f) shows different sites of inter - and transparticle dimple ductile fracture together with cleavage 
fracture.  

The failure mechanism is a mix of inter- and transparticle dimple ductile fracture with 

cleavage failure, see Figure 19 (e, f). The pore surface shows presence of thin iron oxide 

layer (flaky particulates and layers) due to oxidation during tempering in air. See 

Appendix 2 for more detailed images. 
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4.2.4 DHP-DC-UT 

Fracture surface of the DHP-DC-UT sample has similar roughness as specimens without 

deepcooling, see Figure 20 (a, b). 

a 

 

b 

 

c 

 

d 

 

e 

 

f 

 
Figure 20 : Fracture surface of DHPɀDC-UT specimen showing the general appearance of the fracture surface 
(a, b) and observed fracture mechanisms:  transparticle transgranular quasi -cleavage (c, d) and inter and 
transparticle intergranular decohesion facets (e, f)  

Cleavage and quasi-cleavage are the main fracture modes in case of this specimen. Inter- 

and transparticle intergranular decohesion facets were observed as well, see Figure 20 

and Appendix 2. 
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4.2.5 DHP-DC-T200  

&ÒÁÃÔÕÒÅ ÓÕÒÆÁÃÅ ÒÏÕÇÈÎÅÓÓ ÄÏÅÓÎȭÔ ÃÈÁÎÇÅ ÁÆÔÅÒ ÔÅÍÐÅÒÉÎÇ ÏÆ DHP-DC-, see Figure 21 (a, 

b). 

a 

 

b 

 

c 

 

d 

 

e 

 

f 

 

Figure 21 : Fracture surface of DHPɀDC-T200 specimen showing roughness of the fracture surface (a , b) and 
main fracture micro -mechanisms, namely interparticle( c-e) and transparticle dimple ductile fracture (f).  

Dimple ductile fracture seemed to be the dominant failure mechanism observed in this 

sample, see Figure 21 (c-f) and Appendix 2. 
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4.2.6 DHP-DC-T300  

Fracture surface of DHP-DC-T300 sample looks rather rough where large powder 

agglomerates can be distinguished, see Figure 22 (a, b). 

a 

 

b 

 

c 

 

d 

 

e 

 

f 

 

Figure 22 : Fracture surface of DHPɀDC-T300 specimen showing the general appearance of the fracture 
surface (a, b) and   transparticle transgranular cleavage  (c, d)  and inter and transparticle dimple ductile 
fracture  (e)  and tr ansgranular cleavage with river patterns ( f).  

The failure is mainly due to the transgranular cleavage and transgranular dimple ductile 

failure, see Figure 22 (c-f). Free powder surface (pore surface) is oxidised as well, which 

is typical for specimens tempered at 300°C in air. More SEM micrographs of the fracture 

surface for this specimen can be found in the Appendix 2.  
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4.3 Metallography  

Microstructures of sinterhardened-tempered and sinterhardened-deepcooled- 

tempered samples are presented below. The typical microstructure of the Distaloy HP is 

heterogeneous structure consisting of martensite (M), bainite (B) and Ni-rich regions 

(N) observed as a white constituent with  characteristic pores, for an example see Figure 

23. The heterogeneous microstructure is distributed homogenously throughout the 

cross section of the sample. 

 

Figure 23 : Typical microstructure of Distaloy  HP material  

From Figure 24 and Figure 25, the martensitic plates with bainitic regions and the 

islands of white regions (Ni-rich)  can be observed in DHP-UT and DHP-T200 samples. 

The optical microscopy images of the etched DHP-T300 samples show tempered 

martensitic(TM) regions, which consists of higher fraction of bainite as shown in Figure 

26. The Ni-rich regions (white areas) are surrounded by the martensitic regions as 

shown in the figure. Tempered martensite is difficult to differentiate from previously 

observed bainitic areas in this case. The existence of Ni-rich regions at this tempering 

temperature emphasizes the stability of this phase.  

In case of deepcooled DHP-DC-UT and DHP-DC-T200 samples, the microstructure is 

rather similar to the respective tempered samples without deepcooling as shown in 

Figure 27 and Figure 28.  DHP-DC-T300 also shows similar heterogeneous 

microstructure as previous samples (i.e. DHP-T300). However, tempered martensite is 

more visible as the darker contrast between martensitic plates/laths which is due to 

precipitation of transition carbides. The tempered martensitic phase and the 

precipitates of carbides can be clearly observed in the Figure 29. In this sample, it is 

considered that there is no retained austenite phase, since the sample is deep cooled in 

liquid N2, which completes the martensitic transformation. Moreover, the tempering at 

300°C is expected to facilitate full transformation of residual austenite (if any) into 

ferrite/carbide m ixture. 

Hence the microstructure of all the six samples exhibits their characteristic 

microstructure with respect to the synthesis condition and the tempering temperatures. 

However, it is difficult to distinguish the retained austenitic phase from the 

microstructure and it is considered that retained austenite is entrapped between the 

M-Martensite 

B-Bainite 

N-Ni rich region 

P-Pore 
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martensitic plates with different appearance and size fraction compared to the Ni-rich 

austenite. Retained austenite between the martensitic ÐÌÁÔÅȭÓ transforms into ferrite and 

transition carbides that together with precipitation of transition carbides from 

martensite upon tempering at high temperatures. It will  transform to martensite upon 

deepcooling in liquid N2 depending on the treatment of the specimen. 
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Figure 24 : Microstructure of DHP -UT sample at different magnification s  
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Figure 25 : Microstructure of DHP -T200 sample at different magnification s  
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Figure 26 : Microstructure of DHP -T300 sample at different magnification s showing tempered 
martensite (TM)  
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Figure 27 : Microstructure of DHP -DC-UT sample at different magnification s  
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Figure 28 : Microstructure of DHP -DC-T200 sample at different magnification s  
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Figure 29 : Microstructure of DHP -DC-T200 sample at different magnification s showing tempered  
martensite (TM)  

  



 

30 

 

4.4 EDX Analysis 

The SEM combined with EDX analysis was used to perform elemental mapping of the 

microstructure in order to understand which phases are present as well as the 

elemental distribution within them. 

 

 

 

(a) 
 

(b) 

Figure 30 : (a) Elemental mapping from EDX analysis of DHP -T300 sample and (b) EDX line analysis  

Figure 30 (a) shows the elemental mapping of DHPɀT300 sample where green areas 

represent the Ni-rich austenite. EDX analysis confirms that these regions are rich in 

nickel and copper and it is also more evident from the line EDX analysis through the 

austenite region as shown in Figure 30 (b). The particle core consists of martensite 

which is composed preferably by Fe with presence of Mo and C distributed 

homogeneously in this system.  

  
































































