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Abstract

Modelling the influence of porosity on fatigue strength
of sintered steels

Emily Hall

The pores in pressed and sintered components constitute weak points in the material
since the stress concentration is larger than the nominal stress there. Therefore,
fatigue cracks initiate at the pores. Specifically, it can be assumed that the fatigue
cracks initiate at the largest pore in the stressed volume. Studies have previously
looked at finding ways to model the fatigue strength of the material based on the
largest pore.

This thesis looks at a model previously derived for hardened pressed and sintered
materials that is based on linear elastic fracture mechanics and investigates if said
model can be modified to include non-hardened pressed and sintered materials that
do not necessarily behave linear elastically. A model describing the influence of the
size of the largest pore on the fatigue limit using empirical coefficients is suggested.
Furthermore, the area of the largest pore is modelled using extreme value statistics.

The model proved successful in modelling the density effect of the porosity on the
fatigue strength for two materials with different microstructures: one with a
homogeneous microstructure and one with a heterogeneous microstructure. For the
material with the homogenoeous microstructure the model also accounted well for
the notch effect when tested on samples with a different geometry. However, for the
heterogeneous material the model did not account for the notch effect. Deformation
hardening due to local plastic deformation in the softer phases was suggested as a
possible explanation and was supported by tensile tests.
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Porers inverkan på utmattning i pulvermetallurgiska material 
Pulvermetallurgi gör det möjligt att i få steg och med väldigt lite restavfall tillverka komponenter 

med avancerade geometrier vars produktion annars skulle kräva många delsteg.  

I denna process pressas metallpulver till den form man vill att komponenten ska ha.  Pulvret pressas 

så hårt att pulverpartiklarnas ytor börjar svetsas ihop och därefter sintras det, dvs värms det i en ugn 

vid temperaturer som är tillräckligt höga för att få partiklarna att binda till varandra men inte så 

varmt att all metall smälter.  

Material som tillverkas med denna teknik blir porösa vilket påverkar deras mekaniska egenskaper. 

Hur hårt man pressar pulvret påverkar vilken densitet materialet får vilket i sin tur påverkar 

storleken på porerna. Om materialet får hög densitet blir porerna mindre och låg densitet ger större 

porer. 

Vid porerna blir koncentrationen av spänningar vid belastning högre än i resten av materialet  vilket 

gör att de utgör svaga punkter.  Till exempel påverkar porositeten utmattningsegenskaperna.  

Utmattning innebär att materialet går sönder inte för att en väldigt hög kraft har använts för att bryta 

det utan för att det har belastats med en lägre varierande last under många cykler.  Små sprickor 

bildas i materialet som, när det utsätts för fler och fler cykler, växer sig tillräckligt stora för att till slut 

orsaka brott.  

De nämnda sprickorna startar ofta vid de största porerna. Det är därför av intresse att undersöka hur 

storleken på porerna påverkar utmattningsgränsen som kan beskrivas som ett tröskelvärde för när 

sprickorna börjar/slutar tillväxa.  

Forskare har tidigare tagit fram en modell, en formel, som beskriver just detta samband för hårda 

material. I detta examensarbete undersöktes därför ifall den nämnda modellen kunde göras om så 

att den passar mjukare material som har lite andra egenskaper. 

Några olika densiteter för två mjuka material studerades. Storleken på den största poren i den mest 

belastade delen av materialet togs fram med hjälp av mätningar i mikroskop och statistiska modeller.  

Likaså utfördes utmattningstestning och utmattningsgränsen för de olika materialen och 

densiteterna beräknades. Slutligen undersöktes hur de två egenskaperna hängde ihop matematiskt 

och en modell för varje material togs fram.  

För att sedan testa om modellerna även fungerade för andra provgeometrier där fördelningen av 

spänningarna ser lite annorlunda ut användes den för att förutsäga utmattningsgränsen på en annan 

provgeometri för de båda materialen. Dessa värden jämfördes sedan med uppmätta och beräknade 

värden. 
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1. Introduction 

Component manufacturing by pressing and sintering metal powders is a growing manufacturing 

method as it offers a cost effective, convenient and relatively environmentally friendly way to tailor 

components and optimize their properties both in terms of geometry and alloying. These materials 

are porous though, which affect their mechanical properties.  

The basis of fatigue is the formation of micro cracks due to high stress concentration in areas with 

material and geometrical defects. As the load varies, the cracks grow and eventually might reach a 

size where they are large enough for the applied load to cause fracture [1].  

Although not directly a defect, the pores constitute weak points in the structure and the stress 

concentration at the pores is considerably higher than the nominal stress of the material. Thus, the 

pores also act as initiation points for fatigue cracks and affect the fatigue strength [2]-[3].  

It would therefore be of great value to model the influence of the porosity on the fatigue strength of 

powder metallurgy (PM) materials.  

Previous studies, for example [3]–[6],  have made assumptions that fatigue cracks initiate at the 

largest pore in the stressed volume and these studies have used extreme value statistics to model the 

size of the largest pore and then connected the size of the largest pore to the fatigue strength using 

different approaches.  

In [5]-[7], a fracture mechanical model based on Linear elastic fracture mechanics, LEFM, was 

successfully used to describe the influence of the size of the largest pore in a stressed volume on the 

fatigue strength for hardened PM materials. In the materials studied the crack length is typically long 

compared to the plastic zone in front of the crack. 

LEFM is only adequate when describing such materials with long cracks compared to the plastic zone 

in front of the crack though. Therefore it would be interesting to see if it could be possible to modify 

the aforementioned fracture mechanical model to include non-hardened materials where the crack 

lengths are shorter.  

1.1 Objective and delimitations 

The objective of this thesis is to find a model demonstrating how the porosity of two non-hardened 

pressed and sintered steels influences their fatigue strength. As modelling the largest pore in a 

volume using extreme value statistics with Gumbel distribution was successful in [3]-[7], that 

approach is also used in this work.   

To model the porosity there are several different distributions that could be used but this study 

focuses on the Gumbel distribution. Moreover, it is the density’s effect on the largest pore that is used 

to develop the model. However, the stressed volume also affects the fatigue strength and to test if the 

model can also account for this and be extended to other test bar geometries, a few samples series 

are tested on notched test bars.   

 



2 

 

2. Theory 
2.1 Powder Metallurgy 

In Powder Metallurgy, PM, metal powder is pressed and sintered to components. It is a convenient 

and cost efficient way to achieve complicated geometries with few steps, large series and low to no 

material waste [8].  

To produce the iron and steel powders used for PM there are two common methods. One is to reduce 

iron ore with coke breeze to sponge-like solid metallic iron and disperse it to powder. The other, 

water atomizing, is to melt iron scrap and sponge iron and let the melt flow while bombarding it with 

jets of water creating fine metal droplets [9].   

2.1.1 Pressing and sintering 

Once the alloying elements have been added a lubricant is typically added to the powder mixture. 

This is to facilitate the following compaction and to minimize tool wear.  

In the compaction process a die cavity is filled by the metal powder through gravity and the powder 

is then compacted by applying high pressure simultaneously from the top and bottom. The 

simultaneity enables a relatively homogeneous density distribution in the component. Simplified to 

achieve different densities, different compaction pressures are used. The choice of lubricant also 

affects the density. Under compaction the particles are pressed close enough for their irregularities 

to interlock and for some welding to be achieved between their surfaces. This gives the green 

component, the component that has been pressed but not yet sintered, sufficient strength to survive 

further production steps.  

In the sintering part of the process the green components are then heated in a controlled 

environment in a furnace and afterwards cooled at a certain cooling rate.  

The most important factors to consider for sintering is how long and at what temperature the 

component should stay in the furnace, what geometry the powder particles have, the composition of 

the mixture, the density of the green component, the atmosphere in the furnace and the cooling rate.  

The time and temperature are linked, with higher temperature to a certain extent less time is needed 

to make the particles bond. Typical conditions in sintering of PM materials are 15-60 minutes at 

1120-1150 °C [10]. However, not only the temperature affects how long the component needs to be 

sintered, the size and geometry also affect the needed time (as well as the compaction).  

With higher density the sintering is facilitated since the particles get a larger total contact area and 

thus bond more easily. The plastic deformation from compaction and defects caused by it also make 

the bonding/alloying easier.     

The atmosphere plays, to some extent, contradictory roles. Firstly it protects the components from 

oxidation. Secondly, in carbon-free materials it should prevent carburization and in materials 

containing carbon it should prevent decarburization. To prevent carburization it is common to use 

endogas (32 % O, 23 % CO 0-0.2 % CO2, 0-0.5 % CH4 balanced with N). To prevent decarburization 

on the other hand, hydrogen and cracked ammonia (75% H2 and 25 % N2) are commonly used.  
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Lastly, in more neutral cases it is common to use nitrogen if needed with a small addition of hydrogen 

(to take care of residual oxides) and/or methane or propane (to restore carbon losses).  

Finally, the cooling rate will affect which phases are found in the final product. Some phases, where 
diffusion is not the leading mechanism are favored by a high cooling rate such as martensite whereas 
phases formed by diffusion of particles such as pearlite and bainite are favored by a lower cooling 
rate [10].  

2.2.2 Alloying 

Powder metallurgy in general offer flexibility in alloying. The alloying elements can, for example, 

either be added to the melt before atomizing or by mixing the iron or steel powder with powders of 

the alloying elements.  

If the alloying elements are added to the melt, the powder is pre-alloyed. These powders are 

homogenously alloyed and segregation is avoided. However pre-alloying leads to solution-hardening 

of the particles giving lower compressibility.  

Alloying by powder mixing gives a higher compressibility than pre-alloyed powders but the alloying 

will be less homogenous and segregation of the alloying elements can occur [9].   

To eliminate aforementioned segregation the powder mix can be heat treated so that fine alloying 

particles diffusion bond to coarse iron particles. The mixture is then locally pre-alloyed and is more 

evenly alloyed than the admixed mixtures and have higher compressibility than the fully pre-alloyed 

powders [8].  

A few of the common alloying elements in PM materials are copper, molybdenum and nickel. 

Diffusion alloyed materials typically display a heterogeneous microstructure whereas pre-alloyed 

materials typically are more homogeneous, as seen in Figure 2.1.  

Figure 2.1 LOM images taken  of a heterogeneous microstructure of a diffusion-alloyed material, Distaloy® 

AB (left), and a homogeneous pre-alloyed material, Astaloy™ 85Mo (right). 

The alloying elements will be more or less heterogeneously distributed and will affect the areas in 

which they are abundant. For example, nickel and carbon stabilize the austenite phase and Mo 

favours bainite formation and thus suppresses pearlite formation since it diffuses into the original 

iron particles with a relatively good diffusion rate.  



4 

 

Moreover, copper enables martensite formation and thus suppresses ferrite, bainite and pearlite 

phases. Since the diffusion rate of copper is low, there is no martensite found in the centre of the 

original iron particles. Furthermore, since the nickel diffusion is even slower, the austenitic areas are 

typically found in the martensite structure [11].  

2.2 Fatigue  

If the applied load varies with time, fracture can occur even if the stresses are much lower than the 

ultimate tensile strength. This type of fracture is called fatigue fracture. The basis of fatigue is the 

formation of micro cracks due to high stress concentration in areas with material and geometrical 

defects. As the load varies, the cracks slowly grow and eventually might reach a size where they are 

large enough for the applied load to cause fracture [1].  

In fatigue testing the load is periodic and simplified the load case can be approximated as a sinus 

curve. In Figure 2.2 the mid stress (red dotted line), stress amplitude, maximum stress and minimum 

stress have been marked out.  

 

Figure 2.2 Schematic graph of the R = -1 and R = 0 conditions. 

If the mid stress is zero, and thus the stress ratio R = -1, the stress is fully reversed whereas with 

stress ratio R=0 the stress cycle goes from 0 to maximum (see Figure 2.2).  

When the stress amplitude is plotted against the number of cycles until failure, N, for a given stress 

amplitude in a log-log plot an S-N curve is obtained. An example of an SN-curve can be found in Figure 

2.3.   In this curve, a knee point can be observed where the curve has a clear change in slope. The 

stress amplitude at this point is called the fatigue limit, 𝜎𝑤 . The fatigue limit can be seen as the 

threshold for crack initiation and propagation in the material. Thus, at stresses higher than the 

fatigue limit, cracks will propagate and, if seen very simplified, below the fatigue limit cracks will not 

propagate. However, in reality the fatigue cracks can still initiate at the fatigue limit and the plateau 

in the SN diagram will not be completely horizontal [2].  

R=-1 R=0 

Stress 

amplitude 

Stress 

amplitude 
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Figure 2.3 Example of an SN curve where stress amplitude is plotted against the number of cycles until 

failure. 

In components with different geometries the stress field for the component will look differently: 

unless the cross section area is constant in the component there will be local stress concentrations 

in different places (see Figure 2.4). In Figure 2.4 the red fields are areas with the highest stresses and 

blue fields are areas with lower stresses. As can be seen the relationship between the different areas 

in terms of shape and size are different for the two different test bar geometries. To estimate the 

largest stress in the component the stress is calculated based on the smallest cross section area and 

this stress is called the nominal stress σnom. However, the maximum stress in the component, σmax will 

be even larger since it also depends on how concentrated the stress is to that area. A stress 

concentration factor, Kt, that accounts for the stress concentration is therefore introduced. Kt can be 

found tabulated for different load cases where the stress profile looks different. The maximum stress 

can then be calculated through Equation (2.1) [1]. 

 𝜎𝑚𝑎𝑥 = 𝐾𝑡 ∗ 𝜎𝑛𝑜𝑚 (2.1) 

To be able to compare fatigue limits in this thesis, the maximum stress will be used in all calculations 

and models in this thesis.  

Figure 2.4 Example of stress concentrations in two different test bar geometries. Red fields mean higher stress 

and blue lower stress.  
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2.3 Fracture mechanics and cracks 

The traditional approach to structural design and material selection looks at the applied stress and 

flow properties of the materials whereas the fracture mechanics approach apart from also looking at 

the applied stress also looks at the defect size, that is, the crack size. 

For cracks, three different modes of loading can be identified: opening (mode I), in-plane shear (mode 

II) and out-of-plane shear (mode III) (see Figure 2.5).  

 

Fifure 2.5 The three modes of loading: opening in-plane shear and out-of-plane shear. 

Fatigue cracks tend to strive to propagate in mode I. Thus it is mainly mode I that is of interest for 

this project and the other two will not be further discussed [12].  

Crack propagation can be characterized by linear elastic fracture mechanics, LEFM, if the material 

does not have any significant plastic deformation before fracture. In theory the stress at the crack tip 

grows to infinity but in reality a small area in front of the crack tip, the plastic zone acts non linearly 

so that very limited plastic deformation occurs and the stress does not go to infinity. A stress intensity 

factor describes the stresses and displacements near the crack tip and can be calculated from: 

 𝐾𝐼 = 𝜎√𝜋𝑎 ∗ 𝑌 (2.2) 

σ is the remote stress, a half the crack length (crack radius) and Y a geometry factor [13].  

Below a certain value for the stress intensity factor the crack will no longer propagate. This is called 

the threshold stress intensity, Kth. Figure 2.6 shows an example of a graph where the crack growth 

rate, 
𝑑𝑎

𝑑𝑁
 (a is the crack length, and N the number of cycles) has been plotted against the variation of 

the stress intensity factor in a log-log scale. Kth has been marked out. In region A the crack growth is 

slow, while in region B stable and behaving linearly and finally in region C the crack growth is fast 

until the component fails.   
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ΔKth 
   

Figure 2.6 Schematic log-log graph of crack growth rate versus stress intensity factor range. 

 A representation of when LEFM best describes the crack propagation and fracture can be seen in the 

Kitagawa diagram in Figure 2.7. In the Kitagawa diagram the stress is is plotted against the crack 

length in a log-log scale. It can be seen that for long cracks the relationship looks linear and in this 

region LEFM best describes the behaviour. Here, the plastic zone in front of the crack is very small in 

comparison to the crack length.  

 
Figure 2.7 Example of a Kitagawa diagram, the encircled area shows when LEFM is applicable. 

If the plastic zone becomes larger and there is significant plastic deformation prior to fracture LEFM 

is no longer applicable [12].   

Kth 
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3. Modelling 
3.1 Modelling porosity 

In pressed and sintered materials, it has been observed that small pores are much more common 

than large pores. The size of the pores in pressed and sintered materials are mainly controlled by the 

compaction pressure and the lubricant particles. Thermodynamic changes such as changes during 

sintering due to thermal surface tension has a much smaller impact in this type of press and sintering 

manufacturing.  The distribution of pore size can be assumed to be roughly exponentially decaying 

as the exponential distribution in Figure 3.1 [4].  

 
Figure 3.1 Example of exponentially decaying distribution. The red ellipse marking indicates that it is the tail 

that is of interest in extreme value statistics. 

It is further assumed that the crack formation starts at the largest pores in the stressed volume. When 

these cracks then propagate, fatigue fracture can occur. As the crack formation is assumed to initiate 

at the largest pores it can therefore be assumed that these largest pore have more influence on the 

fatigue strength than smaller pores. In accordance with this it is of interest to connect the size of these 

largest pores to the fatigue strength. Therefore it is the tail of the distribution, the rare events, that is 

of interest. Thus, even if the actual pore size distribution in fact behaved like a Poisson distribution, 

it would still be possible to use an exponentially decreasing distribution such as the one in Figure 

3.1to model the part of the distribution that is of interest, the tail. 

To describe rare events, extreme value statistics is a useful tool. One extreme value distribution that 

works very well in the exponentially decreasing case is the Gumbel distribution [14].  

 

 
𝐹 = exp(𝑒𝑥𝑝 (−

𝑥 − 𝜆

𝛿
)) 

 

(3.1) 

The Gumbel distribution has been used successfully in modelling the size of the largest defect [2] and 

the largest pore [5]-[7]. In this case λ is a characteristic defect or pore size, δ a measure of the width 

of the distribution and x the input value in the distribution, a measured largest pore size.   
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The idea is that rather than measuring all pores and analysing the tail of the distribution only the 

areas of the largest pores, the x-value in the distribution, are measured and a new distribution 

created.  

Assuming the number of pores is proportional to the volume, the largest pore area in a given volume, 

V, can then be calculated with the Gumbel parameters λ and δ:  

 
𝐴𝛼 = 𝜆 + 𝛿 (𝑙𝑛 (

𝑉

𝑉0
) − ln(−𝑙𝑛𝛼)) 

(3.2) 

α describes the probability and is 0.5 for the median average pore relating to the average fatigue 

strength. V0 is a measure of the average scanned volume. 

So to find the λ, δ and V0 a sample is studied by taking a cross section of it and dividing said cross 

section into subsections with area A0. In each subsection the largest pore is identified and its area, xi 

measured. The measured pore areas are then organized from smallest to largest, numbered 

accordingly (i=1…N) where N will have the same value as the number of subsections), and assigned 

a cumulative probability: 

 
𝐹𝑖 =

𝑖

𝑁 + 1
 

(3.3) 

From this the distribution function can be rewritten to  

 
𝑦(𝑥) = −𝑙𝑛 (−𝑙𝑛(𝐹(𝑥))) =

𝑥 − 𝜆

𝛿
 

  (3.4) 

By performing a linear regression analysis on –ln(-ln(Fi)) and xi, λ and δ are calculated.  

From the number of subsections, N, the subsection area, A0 and the largest pore area in each 

subsection, xi, V0 is then calculated [2]: 

 
𝑉0 = 𝐴0

1

𝑁
∑√𝑥𝑖  

(3.5) 

In the case of finding the largest pore to model the fatigue strength it is most interesting to look at 

the largest pore in the volume with the highest stress concentration. Therefore V90, the volume with 

stresses that are 90% of the fatigue limit or higher is used [15] 

So the largest pore area in V90 for the median average pore is calculated by inserting V=V90 and α=0.5 

into Equation 3.2: 

 
𝐴50 = 𝜆 + 𝛿 (𝑙𝑛 (

𝑉90
𝑉0

) − ln(−𝑙𝑛0.5)) 
(3.6) 
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3.2 Modelling fatigue 

In previous studies (see for example [5]-[7]) the assumption has been made that the pores can be 

treated as cracks and that fracture mechanics can be a basis to investigate the relationship between 

the largest pore area and the fatigue strength of a PM material. This approach is used in this study as 

well.  

In linear elastic fracture mechanics, as mentioned above, the stress intensity factor describes the 

stress and displacement at the crack tip. It is dependent on the stress, σ, and the crack length, a, and 

a geometry factor, Y [12].  

 𝐾𝐼 = 𝜎√𝜋𝑎𝑌 (3.7) 

As mentioned above, below a certain value, the threshold stress intensity, Kth, the fatigue crack will 

no longer propagate [2]. 

Murakami introduced a model that connects the variation of the threshold stress intensity to the 

Vickers hardness and the area of the crack for homogenous solid materials [2].  

 
Δ𝐾𝑡ℎ = 3.3 ∗ 10−3(𝐻𝑉 + 120)𝐴

1
6 

(3.8) 

Combining this with Equation (3.7) suggests that according to the Murakami model the fatigue 

strength should be proportional to 𝐴−
1

12. 

 
𝜎𝑤 ∝ 𝐴

−1
12  

(3.9) 

In references 5-7 another model, inspired by the Murakami model and also based on linear elastic 

fracture mechanics, was derived to study the relationship between the size of the largest pore and 

the fatigue limit. Here the assumption that the pores can be treated as crack like is made. 

The idea was that the stress intensity factor range from LEFM could be written as  

 ∆𝐾𝐼 = ∆𝜎√𝜋𝑎 ∗ 𝑌 (3.10) 

Where ∆𝜎 is the stress range and a half the the crack length that, with the assumption mentioned 

above, can be substituted by the pore radius.  

The stress range at the fatigue limit could then be linked to the threshold stress intensity range: 

 
∆𝜎𝑤 =

∆𝐾𝑡ℎ

√𝜋𝑎 ∗ 𝑌
 

 (3.11) 

For corner cracks in the shape of a quarter circle Y is 0.722 [12]. As pore area was more conveniently 

measured than pore length and Murakami had shown that the length could be substituted by the area 

the pore area was introduced [5]-[7].  
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With the area of a quarter circle being  

 
𝐴 =

𝜋𝑎2

4
 

(3.12) 

that area was inserted into Equation (3.11) resulting in: 

 
𝜎𝑤 =

Δ𝐾𝑡ℎ

1.36 ∗ 𝐴
1
4

 
(3.13) 

In this model, ΔKth is treated as a constant [5]. Thus, the model could be written 

 
𝜎𝑤 = 𝐾𝐴−

1
4 

(3.14) 

However, as mentioned above, the models described are based on LEFM which is only adequate if 
the plastic zone in front of the crack is very small compared to the crack. To open up the model to 
include softer materials that do not necessarily lie in the LEFM region it is suggested to let the 

exponent free instead of keeping it at −
1

4
.  

 

 

 

𝜎𝑤 = 𝐾′𝐴−𝑚 (3.15) 

Similar approaches have been used for other types of materials, see for instance Murakami [2]. 

The idea is finally to find the coefficient K’ and the exponent empirically for the materials. 

  



12 

 

4.  Experimental  
To find the coefficient and exponent and see if a model based on Equation 3.9 could be used, samples 

of two different materials were tested, one with a heterogeneous microstructure and one with a 

homogeneous microstructure. The fatigue limit was determined for samples of varying density and 

test bar geometry and the porosity analysed for each density. Basic materials characterization tests 

such as hardness, tensile tests and composition analysis were also performed to verify that the 

materials behaved as expected.  

4.1 Materials and powder mixing 

Powder mixes for the samples were prepared based on two powders from Höganäs, Distaloy® AB 

and Astaloy™ 85Mo.  

Distaloy® AB is a diffusion bonded powder with composition 1.75 wt% Ni. 1.5 wt% Cu and 0.5 wt% 

Mo. It is based on an already atomised iron powder (ASC100.29), a powder produced with the water 

atomizing process. To this iron powder the alloying elements have then been added by diffusion 

bonding. The microstructure is typically heterogeneous displaying areas of Ferrite, Pearlite, 

Austenite, Martensite and Bainite [16].  

Astaloy™ 85Mo is a pre-alloyed powder where the alloying element, 0.85% Molybdenum, was 

added directly to the melt in the water atomizing process. As opposed to Distaloy® AB the 

microstructure is typically homogenously Bainitic [16].  

To the two powders graphite and lubricant were added, creating two different powder mixtures, AB 

and 85Mo (see Table 4.1).  

Table 4.1. Powder additives and amounts for the two mixes. 

 

 

 

Base powder Graphite [wt % ] Lube E [wt %] 

AB Distaloy® AB 0.5 0.6 

85Mo Astaloy™ 85Mo 0.6 0.6 

 

4.2 Test bars and sample manufacturing 

The powder mixtures were pressed to four different densities. 6.8, 7.0, 7.2 and 7.4 g/cm3 creating 

eight series of samples. For each series except the 7.4 series samples of three different geometries 

were pressed: tensile test bars (TS), unnotched fatigue test bars (FS) and notched fatigue test bars 

(FS 0.9) (see Table 4.2 and Figure 4.1). 

Table 4.2. Number of samples manufactured in each geometry for the eight sample series. 

Series name Target density [g/cm3] 
[[][[][[[[g/cm^3] 

TS FS FS 0.9 

AB     

AB6.8 6.8 10 30 30 

AB7.0 7 10 30 30 

AB7.2 7.2 10 30 30 

AB7.4 7.4 10 30 0 

85Mo     
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85Mo6.8 6.8 10 30 30 

85Mo7.0 7 10 30 30 

85M07.2 7.2 10 30 30 

85Mo 7.4 7.4 10 30 0 

 

Figure 4.1 Test bar geometries for FS (a), FS 0.9 (b) and TS (c) test bars. 

It was not possible to press to a density of 7.4 g/cm3 in one step so series AB7.4 and 85Mo7.4 had to 

be pre-sintered and double pressed.  This means the samples were first pressed to a density of 

approximately  7.3 g/cm3 and then pre-sintered at a lower temperature than the regular sintering 

temperature (see Table 4.3) and finally, the samples were manually pressed to 7.4 g/cm3 and 

sintered in the same manner as the rest of the samples (see Table 4.3).  

Table 4.3. Sintering parameters for all series and pre-sintering parameters for the double pressed 7.4 series. 

Temperature [°C] Time [minutes] Nitrogen [%] Oxygen [%] Cooling rate [°C/min] 

Pre-sintering 

800 20 90 10 0.8 

Sintering 

1120 30 90 10 0.8 

 

Table 4.4  shows the stress concentration factor, Kt and the stressed volume, V90, for the two fatigue 

test bar geometries.  

Table 4.4 Kt and V90 for the fatigue test bars [17]. 

Test bar 
 
 

Kt V90 [mm3 ] 

FS 1.04 7.748 

FS 0.9 1.88 0.1395 

a b 

c 
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4.3 Materials characterization 

The materials characterization consisted of common characterizing tests such as hardness, tensile 

tests, composition and density to verify that mixing, pressing and sintering had been successful.  

4.3.1 Sintered Density 

The density measurements rely on Archimedes principle, the samples were weighed in both air and 

water and the density calculated with equation 5.1. 

 𝜌 =
𝑤𝑎𝑖𝑟 ∗ 𝜌𝑤𝑎𝑡𝑒𝑟
𝑤𝑎𝑖𝑟 −𝑤𝑤𝑎𝑡𝑒𝑟

 (5.1) 

However, as the samples were porous they had to be impregnated before they could be weighed in 

water. Hence, two TS and FS samples were placed in an Asphalt bath for twenty minutes, heated for 

twenty minutes at 150 ℃ and finally cooled to room temperature before measurements proceeded.  

4.3.2 CONS: Carbon Oxygen Nitrogen and Sulphur  

For each series approximately 4 g from TS samples were cut into mm scale pieces and sent for 

analysis externally at the Production Quality Control lab at Höganäs to determine the Carbon, Oxygen, 

Nitrogen and Sulphur content.  A more detailed description of the actual determination can be found 

in ISO standards   SS-EN ISO 15350, SS-EN 10276-2 and SS-EN ISO 15351 [18]-[20].  
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In these measurements the Carbon and Sulphur content is determined through infrared absorption 

(IR absorption) of carbon monoxide, carbon dioxide and sulphur dioxide. Through combustion with 

an oxygen flow the Carbon and Sulphur form Carbon monoxide/ Carbon dioxide and Sulphur dioxide 

respectively and the gases transported with the oxygen flow their IR absorption is detected. 

The oxygen and nitrogen contents are determined by placing the samples in a graphite crucible and 

melting it with the crucible so that oxygen and nitrogen are released. The oxygen reacts with the 

carbon from the graphite and form carbon monoxide and carbon dioxide which are detected through 

IR absorption. The nitrogen is detected through thermal conductivity.  

4.3.3 Tensile test 

Seven samples for each series were tested in standard tensile tests. The tests were performed on a 

Zwick Z100 with testXpert III-VI.2. 

4.3.4 Macro Hardness 

In macro hardness it is the apparent hardness that is measured. The indents are larger than the pores 

and the hardness measured “over” the pores so that the porosity affects the value.  

Macro hardness tests (HV10) were performed on two TS and two FS samples using a Buehler 

Hardness tester 4620 with Omnimet MHT 7.3 software. Four indents were made with a Vickers 

Pyramid and 98.1 N load on each sample.  The indents were placed in the mid-region, two on each 

side of the sample and more than three times the indent diameter away from each other.  

4.3.5 Micro Hardness 

In micro hardness measurements, the load and indenter are selected so that the indent is smaller 

than the pores and the hardness can be measured in areas between the pores. Therefore the porosity 

does not affect the micro hardness and samples of only one density from each material were 

measured.  

Micro hardness was thus tested solely on one FS sample for AB7.2 and 85Mo7.2 each.  A Vickers 

diamond pyramid was used for both materials and the tests were performed on a Matsuzawa MMT-

7 with Omnimet MHT software.  

For AB7.2 the sample was first etched with 1% Picral (4 g Picric acid in 100 ml 95% ethanol) making 

it possible to distinguish the different phases. Having identified the phases seven indents were made 

for each phase with a 25 g load.  

On 85Mo7.2 10 indents were made in pore-free areas with a load of 100 g no etching had to be done 

prior to the measurements as the microstructure is homogeneously bainitic. 
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4.4 Metallography 
4.4.1 Sample preparation  

One FS sample was prepared from each series. A central piece of about 8 mm length was cut enabling 

the study of the cross section.  

Once cut, the samples were mounted in Levofast and Bakelite and plane grinded on an Aluminum 

oxide stone, removing circa 200 µm. They were then finely ground with 9 µm diamond polishing 

followed by polishing with 6 µm diamond polishing and, when the pores were opened up, 1 µm 

diamond polishing. 

4.4.2 Microstructure 

To study the microstructure, the AB samples were etched in Picral and the 85Mo samples in 1% Nital 

(1 ml Nitric acid in 100 ml 95 % ethanol). The samples were then studied in a light optic microscope 

with Leica Qwin V3 software. 

4.4.3 Porosity 

The porosity was evaluated based on two scanning measurements using a Leica DMRE light optic 

microscope with Leica Qwin V3 software. Scans of the pore size distribution and the size of largest 

pore were made for one FS sample from each series. A section covering the most part of the surface 

was selected and divided into 25-30 subsections of 0.991 mm2. The selected section was then 

examined by scanning the sample subsection by subsection (see schematic sketch in Figure 4.1).  In 

the pore size distribution the program registered the number of pores in different size spans looking 

at the diameter of the pores whereas in the largest pore measurements the program identified and 

measured the area of the largest pore in each subsection.  

Figure 4.1 Schematic sketch of the surface for the porosity measurements. A larger section of the 

surface was chosen and that section divided into smaller subsections. 
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4.5 Fatigue testing 

Fatigue testing was performed on FS and FS 0.9 test bars with stress relationship condition R=-1. The 

testing was executed in plane bending meaning the sample is subjected to forces only in the 

symmetry plane and thus only bends in the same plane [21]. A schematic image of the test bar in 

plane bending can be seen in Figure 4.2. The red fields are areas with a high stress concentration and 

blue low stress concentration. 

Furthermore, the tests were run with displacement control and the test bars were mounted in 

standing orientation (see Figure 4.3). 

 

Figure 4.2 Fatigue test bar in plane bending. 

 

Figure 4.3 Fatigue testing machine with FS0.9 sample mounted in standing orientation.  
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The "staircase method" in MPIF standard t56 [18] was used for the test procedure, although adjusted 

to plane bending fatigue and standing orientation. A step size was chosen to 12 MPa for all FS test 

bars and 10 MPa for FS 0.9 test bars and a start value estimated for each series (see Table 4.4).  Each 

series consisted of twenty five test bars and one test bar was tested at a time. 

The first measurement for each series was performed at the start value. If the sample held for two 

million cycles or more it was called a runout and the measurement stopped, estimating that the 

sample would have infinite life. In case of a runout the next test bar was then tested at the previous 

value plus the step length.  If the sample instead failed within two million cycles the next test bar was 

tested at the previous value minus the step length. The consecutive measurements followed the same 

principle and the procedure was repeated until all twenty five test bars in each series had been tested. 

Table 4.4 Stress amplitude start values for notched and unnotched fatigue testing in MPa 

Test bar 6.8 7.0 7.2 7.4 

AB 
FS 210 225 240 240 

FS 0.9 95 100 120 - 

85Mo 
FS 200 200 215 220 

FS 0.9 75 95 100 - 
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5. Results and discussion 
5.1 Materials characterization 

The Carbon, Oxygen, Nitrogen and Sulphur contents for each series are demonstrated in Table 5.1. 

The Carbon content is around 0.05 wt% lower than the added Graphite indicating that some Carbon 

was lost during sintering as was expected. The Oxygen, Nitrogen and Sulphur contents are all low 

which they were expected to be.  

Table 5.1 CONS content of TS samples for each series. 

Series C (wt %) O (wt %) N (wt %) S (wt %) 

AB 

AB6.8 0.46 0.017 0.022 0.0056 

AB7.0 0.45 0.015 0.022 0.0062 

AB7.2 0.44 0.016 0.023 0.0063 

AB7.4 0.44 0.015 0.023 0.0069 

85Mo 

85Mo6.8 0.54 0.018 0.024 0.0051 

85Mo7.0 0.56 0.018 0.024 0.0050 

85Mo7.2 0.55 0.017 0.024 0.0054 

85Mo7.4 0.54 0.016 0.024 0.0061 

 

In Table 5.2, a summary of the sintered densities (ρ), apparent hardness (HV10), proof strength 

(Rp0.2), ultimate tensile strength (Rm) and elongation (A) for each series is shown. Clear 

improvement of mechanical properties are observed as the densities increase for both materials. It 

can be noted that the hardness too increase with increasing density and thus decreasing porosity as 

the apparent hardness is measured over the pores. Tensile test curves for all series can be found in 

Appendix A. 

Table 5.2 Materials characterization data from tensile, density and apparent hardness testing. 

Series ρ [g/cm3] HV10 Rp0.2 [MPa] Rm [MPa] A [%] 

AB 

AB6.8 6.81 158 352 540 2.03 

AB7.0 7.01 169 375 598 2.42 

AB7.2 7.21 184 405 670 3.02 

AB7.4 7.38 208 425 738 4.20 

85Mo 

85Mo6.8 6.80 118 318 406 1.78 

85Mo7.0 7.01 144 367 478 2.30 

85Mo7.2 7.21 155 405 555 3.34 

85Mo7.4 7.38 179 442 617 4.22 
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As the micro hardness is measured between the pores and is thus not affected by the porosity the 

micro hardness for the measured 85Mo7.2 is higher than the macro hardness for the same series (see 

Table 5.3).  

Table 5.3 Micro hardness of one AB 7.2 and one 85M0 7.2 sample. 

85Mo7.2 Micro Hardness [HV] 

Bainite 

238 

 
5.2 Metallography 

The etched cross sections of AB samples show a heterogeneous microstructure consisting of 

austenite, bainite, ferrite, martensite and pearlite phases (see Figure 5.1 and Appendix B). martensite 

was spotted in proximity of the pores while pearlite and bainite were generally more abundant in the 

middle of the particles. The areas close to the pores cool faster than the middle of the particles and 

thus enabling martensite transformation while the middle of the grains cool slower and favour 

diffusion dependent transformations to Bainite and Pearlite. 

The 85Mo samples display a homogenous bainitic microstructure (see Figure 5.1 and Appendix B). 

The images in Figure 5.2 show the cross sections of AB samples with densities 6.8. 7.0. 7.2 and 7.4 

g/cm3 taken with twenty times magnification in the LOM.  In Figure 5.3, the corresponding pictures 

for the 85Mo series can be seen. In both of these sets of images a difference in prevalence of large 

pores between samples with different densities can be observed. This can be seen even clearer in the 

pore size distributions in Figure 5.4 and 5.5. 

Figure 5.1 Etched cross section of AB6.8 FS sample with the different phases marked out (a) and 85Mo 6.8 FS 

sample (b). 

  

AB7.2 Micro Hardness [HV] 

Ferrite Pearlite Bainite Austenite Martensite 

142 233 294 348 527 

Pearlite 

Martensite 

Ferrite 

Bainite 

Austenite 



21 

 

  

  
Figure 5.2 Polished cross sections of AB samples with densities 6.8 (a), 7.0 (b), 7.2 (c) and 7.4 g/cm3 (d). 

  

  
Figure 5.3 Pores in polished 85Mo FS samples with densities 6.8 (a), 7.0 (b), 7.2 (c) and 7.4 g/cm3 (d).  

b a 

c d 

a 

c d 

b 
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The pore size distributions for the four densities of AB and 85Mo are shown in Figures 5.4 and 5.5. 

These also support the observation that the prevalence of large pores decreases with increasing 

density. For all curves a small peak can be observed in the 20-25 µm size grouping. This corresponds 

roughly to the size of the typical lubricant particle. However, more investigation would have to be 

made into this before any definitive conclusions can be drawn. 

 

Figure 5.4 Pore size distributions for AB samples.   
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Figure 5.5 Pore size distributions for 85Mo. 

The area of the largest pore in each subsection was plotted against 𝑦(𝑥) = −𝑙𝑛 (−𝑙𝑛(𝐹(𝑥)))  for AB 

and 85Mo respectively (Figure 5.6 and 5.7). It should be noted that 𝑦(𝑥) = −𝑙𝑛 (−𝑙𝑛(𝐹(𝑥)))  is 

dependent on the average scanned volume, V0, which is different for each of the samples. Thus, the 

curves in Figure 5.6 and Figure 5.7 should not be compared to each other without introducing a 

reference volume.   
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The unfilled points in Figure 5.6 and 5.7 represent larger pores that were excluded from the 

calculations of the Gumbel parameters λ, δ and V0. The exclusion of these pores were made by looking 

at the graphs and choosing the points that seemed to deviate from the other points and thus would 

affect the result of a linear regression analysis. These outliers appear even in simulations, thus in 

cases with ideal conditions [6]-[7]. It is possible that these points indicate that the curve is 

approaching a flat line for large x values, however, previous studies such as reference [6]-[7] have 

shown that the Gumbel approach is still a close enough approximation. 

Figure 5.6 Gumbel plots for the AB series 

The Gumbel parameters λ and δ were retrieved from a linear regression analysis of the largest pores 

in each subsection and 𝑦(𝑥) = −𝑙𝑛 (−𝑙𝑛(𝐹(𝑥))). These parameters are tabulated for each series in 

Table 5.5. V0 and A50 were calculated using Equation (3.5) and Equation (3.6) and are also shown in  

Table 5.5. 
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Figure 5.7 Gumbel plots for 85Mo samples. 

Table 5.5 Calculated Gumbel parameters and largest pore for AB and 85Mo samples. 

Series δ  [µm2] λ  [µm2] V0  [µm3] A50 [m2] 

AB 

AB6.8 763 2630 5.14*107 6.74*10-9 
AB7.0 520 1710 4.15*107 4.62*10-9 
AB7.2 301 1170 3.43*107 2.91*10-9 
AB7.4 174 789 2.85*107 1.83*10-9 

85Mo 

85Mo6.8 618 2340 4.88*107 5.70*10-9 

85Mo7.0 495 1620 4.11*107 4.40*10-9 

85Mo7.2 341 1090 3.41*107 3.07*10-9 
85Mo7.4 265 966 3.16*107 2.52*10-9 
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5.4 Fatigue 

The fatigue strengths for each series were calculated according to MPIF standard t56 [22]. The fatigue 

strengths and standard deviations of the measurements for the FS samples are shown Table 5.6 and 

Figure 5.8. An increase in fatigue strength with increasing density can clearly be observed. This 

indicates that the density and thus also the porosity affects the fatigue strength. 

Table 5.6 Fatigue strength and standard deviation for FS samples. 

Series σw max [MPa] Standard dev. 

AB 
AB6,8 172,8 <7.5 
AB7,0 193,9 11.5 
AB7,2 225,4 9.2 
AB7,4 243,2 <6 

85Mo 

85Mo6,8 142,3 7.6 

85Mo7,0 167,7 <6 

85Mo7,2 193,4 7.9 

85Mo7,4 216,0 <6 

 

Fig 5.8 Maximum fatigue strength for FS samples. 

The SN curves for all densities can be found in Appendix C. It can be noted that the plateau has been 

modelled as the fatigue limit and is therefore drawn as a horizontal line. This is a simplification, in 

reality there is some slow crack growth even by the threshold for crack growth. 

Moreover, for the AB 7.4 series observations were made that the measurements only circulated 

around two stress amplitudes instead of three or four as for the other series. This indicates that the 

step length might have been set too high. 
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5.4 Modelling 

The empirical parameters K’ and m for the model 𝜎𝑤 = 𝐾′𝐴−𝑚  were retrieved by performing a linear 

regression analysis on the logarithm of σw and A50.   

The resulting model for AB turned out to be: 

 𝜎𝑤 = 1.15𝐴−0.267 (6.1) 

And for 85Mo: 

 𝜎𝑤 = 0,0122𝐴−0.494 (6.2) 

In none of the models the exponent matches the Murakami model’s 
1

12
 model (Equation (3.9)). In the 

model for AB, the exponent is close to 
1

4
, though, which is the exponent in the fracture mechanical 

model (Equation (3.13)) that was previously derived for hardened materials. If that model is studied, 

the coefficient in front of A would give  

 
𝐾′ = 1.15 =

Δ𝐾𝑡ℎ
1.36

 
(6.3) 

This would give a ΔKth of 1.56 MPa√m. The tabulated values for ΔKth for mild steels are around 6 

MPa√m [23]. However the tabulated values are for macro cracks and the cracks studied in this project 

are micro cracks so it is not possible to draw any conclusions about what the similarity to the fracture 

mechanical model means and no assumptions can be made whether the material behaves linear 

elastically or not based on the similarity.  

What can be said both for the AB and the 85Mo models though is that they account very well for the 

density effect of the porosity as can be seen in Figure 5.9. The lines show the models and the markers 

the measured values and they correlate very well. The maximum difference for AB is 2.9 % and for 

85Mo  1.7 %  

 
Figure 5.9 Fatigue strengths plotted against the largest pore area. Lines indicate the obtained models and 

markers measured values. 

So for both materials the model can be used to predict the fatigue limit at different densities.  
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5.6 Test of the model on notched samples 

To test if the model worked well not only in accounting for the density effect but also the 

effect of the test bar geometry and thus stressed volume, the model was used to predict the 

fatigue strength of the FS0.9 samples. 

 As the notched samples were pressed to the same densities (excluding 7.4 g/cm3), the area 

of the largest pore in the stressed volume was calculated using the Gumbel parameters from 

Table 5.5 but with V90 for the notched samples (see Table 4.1). The resulting areas are shown 

in Table 5.8.  

Furthermore the predicted and measured fatigue limits are shown in Table 5.8 as well as in 

Figure 5.10.  

Table 5.8 Area of largest pore and predicted and measured fatigue strength for notched samples. 

Series Aα  [m2] σw,measured [MPa] Std. dev σw predicted [MPa] Difference (%) 

AB 

AB6.8 3.67*10-9 230 6.64 206 10.7 

AB7.0 2.53*10-9 254 <5 227 10.6 

AB7.2 1.70*10-9 291 14.9 253 13.2 
85Mo 

85Mo6.8 3.22*10-9 183 6.80 191 4.39 

85Mo7.0 2.41*10-9 214 <5 221 3.05 

85Mo7.2 1.70*10-9 239 26.6 262 9.71 

 

Figure 5.10 Predicted and measured maximum fatigue strength for notched samples. 

For the AB series the model consistently underestimates the fatigue limit (10-14% difference) 
so the model is not successful in accounting for the notch effect for AB. 
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For the 85Mo series, on the other hand, the predicted values are very close to the measured 
values for the 6.8 and 7.0 series (3-5% difference) but not for 7.2 where the model 
overestimates the fatigue limit(9.7 % difference). However, the standard deviation for the 
85Mo 7.2 series was considerably higher than for 6.8 and 7.0 indicating that the 7.2 
measurement has a higher uncertainty. So overall the model seems to work both in 
accounting for the density effect and the notch effect for 85Mo. 

A possible speculation that could explain the difference in performance of the model for AB 

and 85Mo could be local plastic deformation and deformation hardening.  

As mentioned above the model consistently underestimates the fatigue limit for AB with 10-

15%. As AB showed a heterogeneous microstructure there could potentially be local plastic 

deformation that starts at lower stresses than the proof strength of the material. The plastic 

deformation could lead to deformation hardening which in its turn could lead to an increase 

in the fatigue strength. 

 

 
Figure 5.11 Tensile test curves for AB series 6.8-7.2 with fatigue limit and elastic trend line indicated. 
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If a representative tensile test curve is chosen and a trend line for the elastic zone drawn in 

the graph as well as the measured fatigue limit for the corresponding notched test bar it 

shows that at the fatigue limit for all three densities of AB the tensile test curve has started 

deviating from the elastic trend line (see Figure 5.11) indicating that there is some plastic 

deformation in the notch at the fatigue limit even though the stress level is lower than the 

proof strength.  

Studying the tensile test curves (see Figure 5.12) for 85Mo though, it can be seen that the 

fatigue limit is well within the elastic zone and no plastic deformation leading to deformation 

hardening can be discerned. Furthermore the microstructure is homogeneously baintic 

which also indicates that there should be no local plastic deformation and deformation 

hardening for 85Mo which explains why the model works for non-hardened 85Mo but not 

for AB. 

 

Figure 5.12 Tensile test curves for 85Mo series 6.8-7.2 with fatigue limit and elastic trend line indicated. 
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So for both materials the model can be used to predict the fatigue limit at different densities 

which minimizes the need for expensive and time consuming fatigue testing. With the model 

working for two very different materials as 85Mo and AB there is hope that it would work 

for other powder mixtures as well.  For 85Mo the model can also be used to predict the 

fatigue limit of other test bar geometries. To eventually achieve this for AB as well it would 

be of interest to test at milder stress concentrations as well to see what happens without the 

deformation hardening.   

6. Conclusions 

A modification to a fracture mechanical model describing the influence of porosity on the 

fatigue strength of hardened PM materials was suggested to include non-hardened materials: 

𝜎𝑤 = 𝐾′𝐴−𝑚   

The largest pore area in the stressed volume was determined using extreme value statistics 

with the Gumbel distribution and the empirical coefficients K’ and m were determined for 

one powder mixture with a heterogeneous microstructure, AB, and one powder with a 

homogeneous microstructure, 85Mo.  

For both powder mixes the models proved successful in accounting for how changing the 

porosity based on changing the density affects the fatigue strength.  

For 85Mo where no local plastic deformation occurs at the fatigue limit, the model also 

translated well to notched samples, thus successfully accounting for the notch effect on the 

fatigue strength.  

For AB the model underestimated the fatigue limit, possibly due to local plastic deformation 

causing deformation hardening.   
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Appendix A – Tensile tests 

 

Figure A1. Tensile test for AB6.8. 

 

Figure A2. Tensile test for AB7.0

  

Figure A3. Tensile test for AB7.2 
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Figure A4. Tensilte test for AB7.4. 

  

Figure A5. Tensile test for 85Mo6.8.  

  

Figure A6. Tensile test for 85Mo7.0.  
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Figure A7. Tensile test for 85Mo7.2.  

  

Figure A8. Tensile test for 85Mo7.4.   
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Appendix B - Metallography 

Figure B1. LOM images of etched cross sections of AB6.8 (a). AB7.0 (b). AB7.2 (c) and AB7.4 (d) at fifty times 

magnification. 

  

a b 

c d 
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Figure B2. LOM images of etched cross sections of 85Mo6.8 (a). 85Mo7.0 (b). 85Mo7.2 (c) and 85Mo7.4 (d) at 
fifty times magnification.   

a b 

c d 
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Appendix C – SN curves 
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