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Abstract
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Gears made of PM steel are of interest for the automotive industry because from the press/
sinter route, complex geometries can be produced to near net shape with only a few processing
steps while keeping the material and energy usage at a minimum. However, the PM steels of
today have significant performance limitations caused by the inherent porosity which impairs
the mechanical properties by acting as stress raisers in the material. The teeth of automotive
gears are subjected to pure rolling and sliding as well as a mixture between the two, leading to
different mechanisms of wear at different parts of the gear surface. Pure rolling occurs only at
the pitch line and the sliding to rolling ratio increases with distance from it. At the vicinity of the
pitch line, the force acting on the gear teeth is at its maximum and the repeated cyclic loading
leads to fatigue wear. For PM steels, which due to the porosity are highly sensitive to cyclic
loads, this results in crack initiation at pores underneath the surface, eventually causing failure
of the gear teeth as these cracks propagate to the surface. The SSF project Nanotechnology
Enhanced Sintering Steel Processing aims to reduce the gap in performance between PM steels
and wrought steels by using nanopowders as a compliment to the standard microsized powder
to increase the performance of the material.

This thesis aims to increase the knowledge of how different manufacturing parameters, such
as sintering temperature, initial powder particles size distribution and addition of nanopowder
affect the fatigue properties of the materials. This was done by developing new test equipment
for rolling contact fatigue which simulates the contact at the pitch line in a spur gear contact.
Utilizing extensive image analysis enables coupling of the different input parameters and their
respective pore and microstructure to the fatigue properties. Furthermore, I have investigated
how cracks propagate in PM steels using a novel setup which can propagate short cracks in the
material. Extensive EBSD studies were performed on the materials after sintering, after case
hardening and on cracks after testing.

From the rolling contact fatigue tests and image analysis, it was found that materials
manufactured using a finer powder fraction together with a higher sintering temperature results
in a material well suited for handling cyclic fatigue despite the inherent porosity. Also, by adding
a relatively small amount of nanopowder to the standard fraction the fatigue properties were
improved considerably. The improved fatigue properties are probably attributed to the reduction
of pores with a size in the range of 200 – 400 µm2. These pores are probably the cause of early
crack initiation as they are large enough in size as well as in numbers. Smaller pores, although
many in numbers do not appear to promote early crack initiation and larger pores, although
critical in terms of size, are too few to statistically affect the outcome of the fatigue tests.

From the crack propagation studies, it was found that cracks appear to propagate along prior
austenite grain boundaries, which for sintered steels are highly related to the particle boundaries
after sintering. A finding which helps to explain the deflective pattern of crack propagation
found in the rolling contact fatigue studies.
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1 – Introduction 

Powder metallurgy (PM) is a technology commonly applied in the production 
of structural components. The process begins by pressing a metallic powder 
into what is called a green body. Because of the poor mechanical properties 
of the green body, it is then sintered and after sintering, a component of near 
net shape is produced. Depending on the field of use, some sort of secondary 
machining may be required, but for many applications, the component can be 
used in an as-sintered state as the dimensional change is relatively small dur-
ing the process1.  
 
The main advantage of the PM process in comparison to traditionally casting 
is the high material utilization, decreased production times, and relatively low 
use of energy required during production2. Furthermore, components with 
complex shapes can be produced without secondary operations and unique 
compositions and microstructures can be produced due to the possibility of 
mixing powders. PM technology is recognized as green technology and is con-
sidered to be a sustainable choice in manufacturing. 

 
Although there are many advantages and possibilities of producing structural 
parts using PM technology, there are also disadvantages. The most obvious 
one is the inherent porosity which results in a material with poorer mechanical 
properties than its cast counterpart. Components from PM steel usually have 
a porosity of about 10%, resulting in a density decrease by the same number. 
The effect of the porosity on the mechanical properties on a macroscale is due 
to the decreased bearing capacity at a given cross-section. At the microscale, 
it also depends on the highly concentrated stress that evolves around pore 
edges. This calls for more complicated calculations on the load-bearing ca-
pacity and also makes the material highly susceptible to crack formation and 
propagation. 

 
The largest field of use for PM steels is within the automotive industry. 
Around 80% of all structural PM steel components are for automotive appli-
cations. Out of this 80%, around 75% is used in transmissions and engines3. 
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One of the more interesting yet not well-established uses for PM steel is in 
automotive gears. The press/sinter process is well suitable for making straight, 
helical, and bevel gears without the need for extensive secondary operations. 
During the compaction, the material can to some extent be placed where it is 
most needed. An example of this is lightening holes which can be produced 
without secondary operation. Gears with a weight reduction of 15%, half 
stemming from the lower density material and a half from lightening holes, 
have been produced4. 

This work is primarily concerned with the tribology of PM steel for automo-
tive applications and more specifically gears made from PM steel. Automotive 
gears are subjected to various stresses during a load cycle. The stresses arise 
from the pure rolling, mixed rolling/sliding, and pure sliding that occurs in a 
gear mesh. Pure rolling will occur only at the pitch point in a gear mesh and 
the sliding to roll ratio then increases as a function of distance from the pitch 
line. Fatigue damage on gear teeth is most commonly found on and around the 
pitch line. Further away from this, the sliding component increases and scuff-
ing damage becomes most common5. 

 
The service life of a component in an automotive application is long.  
A standard transmission that undergoes consistent maintenance is expected to 
run for as long as 320,000 kilometres. This calls for highly reliable materials. 
Due to the porosity, PM steel does not at the moment provide the insurance 
level needed for the materials to be considered for the application. The micro-
structure of the materials, which is defined by the porosity, will give rise to 
statistical uncertainties when it comes to service life. The existence of a single 
pore that is too big or has too sharp edges could significantly reduce the ser-
vice life. 

 
New materials and alloys to be used in gears are often screened in an FZG 
gear test rig. This setup simulates gear contact at different loads and different 
rpm. Characteristic values in terms of wear that can be obtained from these 
tests are the scuffing load capacity and pitting durability. The FZG test is great 
at attaining these values but since the whole gear contact has to be considered, 
it is not great for fundamental studies of wear mechanisms. Furthermore, the 
material used in this setup is expensive. With this in mind, it is interesting to 
see if the contact can be dissected into different parts and study them individ-
ually to increase the understanding of the more fundamental aspects of how 
PM steels wear.  
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The contact, as mentioned above, consists of a sliding and a rolling component 
for which the magnitudes differ during one contact cycle. The major part of 
this thesis work is focused on the pure rolling contact fatigue properties of PM 
steels. The rolling contact was deemed interesting since the microstructure of 
these materials is susceptible to fatigue damage. Most of the earlier work on 
fatigue of PM steel addresses non-contact modes such as bending or torsional 
fatigue. Bending fatigue results in tooth breakage, which is a common failure 
mechanism in gears. It does however not represent the fatigue mechanisms 
responsible for the failure of the gear teeth since this contact differs greatly in 
terms of how the pressure is distributed6.  
 
For PM steel to be considered for these highly loaded components, more fun-
damental studies on how the materials behave in a more in-situ, real-life test 
environment need to be mapped. By studying the fundamental aspects of crack 
initiation and propagation, this work adds a piece to the puzzle of how these 
very special materials behave in the rather harsh tribological environment in 
a transmission gearbox.  

1.1 – Research objectives 
This thesis aims towards improved knowledge on two subjects regarding sin-
tered powder metal (PM) steels. Firstly, the focus is directed on an increased 
understanding of how PM steels, manufactured through different routes, be-
have in rolling contact fatigue. Different powder particle size distributions, 
pressed densities, sintering times and surface finishes have been evaluated re-
garding cycles to crack initiation and failure. Secondly, mechanisms of crack 
initiation and propagation, as well as plastic behaviour during high loads, were 
investigated. 
 
The work consists of five scientific publications aimed at the reader who 
wishes to get a broader understanding and state-of-the-art insights into these 
fields of research. 
 
The specific research objectives are: 
 

‐ Development and evaluation of test and analysis methods which make 
visible how different manufacturing parameters affect the pore and 
microstructure of sintered PM steel and how these affect the fatigue 
properties.  
 

‐ Establishing a fundamental understanding of mechanisms of crack in-
itiation and propagation in PM steels.  
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2 – Analysis – A brief introduction to the 
methods used in this thesis 

For the reader to more easily follow the following discussion, a brief introduc-
tion to the different techniques used for material analysis and imaging will be 
given. The description is based on what type of information can be gathered 
using the different techniques and will not give a profound explanation of the 
theory behind them.   

2.1 – Scanning electron microscopy (SEM) 
In an SEM, electrons are used to create an image of the subject. This enables 
high magnification together with a high depth of field. In this work, SEM is 
used as a separate technique to acquire high magnification images of micro-
sized cracks around pores, but also together with other detectors such as EDS 
and EBSD, as described below. 

 
The downside with SEM is that it requires a vacuum for air not to interfere 
with the electrons. This poses some challenges when working with porous 
materials.  A clean surface is crucial to acquiring good quality images in the 
SEM. For porous materials, the pores can act as reservoirs that collect, for 
example, oil residues. The capillary force in the pores keeps the oil in place at 
room temperature and atmospheric pressure, but as the pressure decreases, the 
content in the pores can seep out and cause contamination of the surface. 

2.2 – Energy dispersive x-ray analysis (EDS) 
EDS in SEM provides elemental analysis with a high spatial resolution where 
electrons are accelerated towards the surface of the material. The electrons 
interact with the sample and x-rays are emitted for which the energy is meas-
ured. In this work, it is used to detect differences in the homogeneity of the 
alloying elements after sintering by scanning over a large area, as in Figure 1, 
and analysing the chemical composition at each point. Each element is as-
signed a colour which helps with the interpretation of how different elements 
are distributed in the material. 
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Figure 1. Schematic of an EDS map.  

2.3 – Electron back scatter diffraction (EBSD) 
EBSD in SEM is a microstructural-crystallographic characterization tech-
nique used to gather data from polished cross-sections of crystalline and pol-
ycrystalline materials. Electrons are accelerated towards the sample and some 
of the incoming electrons will be backscattered from the sample while ful-
filling the Bragg condition. A phosphorous screen picks up the diffracted elec-
trons and Kikuchi bands, which correspond to each of the lattice diffracting 
crystal planes, are formed. The Kikuchi bands are related to the underlying 
crystal phase and thus different phases, as well as the orientation of the crystal, 
can be identified.  
 
In this work, EBSD has been used extensively to see how different manufac-
turing routes affect the microstructure and to study how cracks propagate 
through the microstructure. 

 
The steps of the acquisition of an EBSD inverse pole figure are schematically 
presented in Figure 2. In (a) a material containing five different grains with 
the same phase but with three different crystallographic orientations is shown. 
In (b), the three orientations, where each orientation, limited by the angular 
resolution of the detector, has a corresponding colour are seen. The acquired 
inverse pole figure is shown in (c), where the different grains are coloured 
according to the colour corresponding to each crystallographic orientation. 
  
The area between the grains, here marked with black colour, corresponds to 
the grain boundaries. The transition from one crystallographic orientation to 
another result in a highly distorted lattice where the Bragg condition is not 
fulfilled and thus no information can be gathered from these areas.  
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Figure 2. Schematic of an EBSD inverse pole figure. 

EBSD is a powerful tool but the requirements of crystallinity pose some chal-
lenges. Figure 2 shows an ideal situation with grains that have not been de-
formed. Polycrystalline materials deform plastically by dislocation move-
ment. Dislocations are by definition a disturbance of the crystal and if several 
dislocations pile up against for example a grain boundary, the required crys-
tallinity needed to acquire a good pattern quality is lost and thus the hit rate, 
which is defined as the number of points where a pattern is indexed, divided 
by all points, decreases. During the preparation of samples to be used in 
EBSD, delicate polishing is utterly important. Scratches on the surface result 
in deformed material which results in loss of information7. Cleanliness is also 
important. EBSD is a surface-sensitive technique and even a thin layer of for 
example carbon residue on the surface can have a large effect on pattern qual-
ity. 
 
The ratio of grain area to grain boundary area is also important. In for example 
martensitic steel, the grains are typically small. As the grain size decreases, 
the number of grain boundaries increases, resulting in an EBSD acquisition 
with reduced pattern quality and thus a reduced hit rate.  

 
To visualize the pattern quality, often referred to as a band contrast image, can 
be used. These images reflect the pattern quality by measuring the intensity of 
the Kikuchi bands. A darker area in a band contrast image relates to a low 
intensity of the Kikuchi bands and thus reduced pattern quality, while a bright 
area relates to a pattern with high quality. In this work, band contrast images 
and the inverse pole figures are used to visualize boundaries between and in-
side of powder particles before and after compaction, after sintering and prior 
austenite grains after case hardening.  
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3 – Manufacturing of PM steel gears 

Conventional gears can be made of all sorts of materials8. Different applica-
tions of course require different material properties and gears are no exception, 
therefore the word conventional in this sense is a broad concept. Narrowing it 
down to automotive gears, the most commonly used material is steel. 
 
Gears can be manufactured in several different ways, either by subtractive 
processes such as form cutting, by forming processes extrusion or forging or 
by additive processes such as gear casting. The most common technique is the 
subtractive process. In this process, the gear geometry is cut into the blank 
with a cutting tool, forming the required geometry9. 
 
This chapter describes materials, processes and possibilities for sintered PM 
steel gears. 

3.1 – Manufacturing the PM steel 
3.1.1 – Powder and compression of a green body 
Sintered PM steels are manufactured through compaction and sintering of 
powder particles. The powder, which may be iron, steel or an alloy, can be 
manufactured by a sponge iron process or by water atomization10. Figure 3 
shows water atomized powder particles. In Figure 3a, particles of different 
sizes and shapes are seen, representing the powder particle distribution, and 
Figure 3b shows a single particle with an irregular shape.  
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Figure 3. SEM images of a) powder particles of different sizes and shapes, and b) a 
single powder particle. 

The initial powder particles are often pre-alloyed to some degree meaning that 
the composition of the powder particles is decided during the solidification 
process. After solidification and heat treatment of the powder, the particles 
normally consist of a smaller number of grains separated by high-angle grain 
boundaries (> 10°) and multiple low-angle grain boundaries (< 2°). Alloying 
elements in the form of particles can also be admixed in the powder mix where 
the added particles adhere to the surface of the base powder. 
 
Figure 4a shows an EBSD acquisition of polished powder grains. The crystal-
lographic orientation of the grains and grain boundaries (> 10°) are indicated 
with black lines. The black colour around the particles corresponds to the resin 
in which the grains are mounted (non-indexed points from the EBSD acquisi-
tion). A high degree of misorientation corresponds to larger deformation and 
is marked as green in Figure 4b, seen mostly around the edges of the powder 
particles. 
 

 

 
Figure 4. EBSD map of Astaloy® CrA powder before compaction. a) Inverse pole 
figure with grain boundaries > 10° indicated by black lines, and b) local misorienta-
tion. 
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The sponge iron or water atomized powder particles are then poured into a 
mould together with lubricant, added to improve the flow and reduce friction 
between the compact and the mould. The mould has the shape of the finished 
part and the powder in the mould is then compressed by a stamp creating a 
green body with an almost near net shape. The mechanical properties of the 
green body, which is governed by the mechanical interlocking between parti-
cles with irregular shapes, are not suitable for any application, but it is good 
enough to ensure handling of the part before and during sintering. 
 
After compression, the grains have conformed to each other and the number 
of low-angle grain boundaries has increased, see Figure 5. A clear increase of 
deformation mainly situated around grain edges and interparticle pores is seen. 
In Figure 5a the deformation is visualised by the change of colour inside of 
grains, representing slight changes in crystallographic orientation and in Fig-
ure 5b, by the local misorientation. The dark areas between the grains are due 
to points not indexed during the EBSD acquisition, probably due to a high 
degree of deformation which locally disturbs the crystallinity. A higher com-
paction pressure results in a higher degree of deformation in the grains11, re-
sulting in a structure where grains are more conformed to each other. The 
number of low-angle grain boundaries also increases with increased compac-
tion pressure. The number of high-angle grain boundaries are however con-
stant. 
 

 
Figure 5. EBSD map of Astaloy® CrA powder after compaction. a) Inverse pole fig-
ure with grain boundaries > 10° indicated by black lines, and b) local misorientation. 

3.2.2 – Sintering and microstructure 
The part is then transferred to a sintering furnace, typically in the form of a 
belt conveyor furnace. A schematic view of a sintering furnace is seen in Fig-
ure 6. In the first stage, the material is de-waxed at about 700°C, vaporizing 
the lubricant added during the compaction. After that, the material is sintered 
and then cooled to room temperature. The sintering temperature can vary but 
as a standard in the industry, 1120°C is used. A higher sintering temperature 
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than that is considered high-temperature sintering. The process normally takes 
between 45 minutes and one hour.  

 

 
Figure 6. Schematic view of a belt conveyor sintering furnace. 

During the sintering step of the manufacturing process, adjacent powder par-
ticles bond to each other in two stages. In the first stage, sintering necks are 
formed between the powder particles, and in the second stage, by dimensional 
change of the material. The dimensional change is influenced by the process 
parameters, such as the green body density and sintering temperature, the 
physical powder properties and the amount of oxygen and carbon in the pow-
der12. The dimensional change also depends on the crystal structure, where 
ferritic alloys experience more shrinkage than austenitic alloys13.  
 
If the crystallographic orientation between two adjacent particle grains is 
somewhat similar, they can coalesce during the sintering step, removing the 
boundary between the grains. If the misalignment in the crystallographic di-
rection is high, the boundary between the particles remain14. The grain bound-
aries from the latter therefore exist as a consequence of the prior particle 
boundaries. Grain coarsening then occurs by diffusion across particle inter-
faces and grain boundaries and through vapour phase transport, causing grain 
boundary migration, pore rounding and shrinkage15. 

 
Grain boundaries in sintered steel, therefore, have two origins. They arise ei-
ther from the grains inside of a particle or as a consequence of the prior particle 
boundaries. These two types of grain boundaries may differ. For example, 
when admixing an element to the powder mix, the alloying elements will ad-
here to the particle surface resulting in a local enrichment of the admixed al-
loying elements at the surface and consequently at the grain boundary. 

 
Figure 7 shows the microstructure after sintering. The sintering process has 
recrystallized the material and thus the colour within each grain is uniform as 
compared to after compression. The overall porosity has decreased resulting 
in an increased density for the material and the volume of the sample decreases 
accordingly. Some internal porosity is seen after sintering. These pores are in 
general smaller and rounder than interparticle pores. 
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Figure 7. EBSD on sintered steel shows prior particle boundaries and grains with dif-
ferent crystallographic orientations. a) band contrast image and b) inverse pole figure 
in a sintered material. 

A higher sintering temperature and or sintering time affect the grain size16. 
Figure 8a and Figure 8b show two materials sintered at 1120°C or 1250°C 
respectively. Grain size measurements from the EBSD images are presented 
in Figure 9. The material sintered at 1120°C has smaller grains than the mate-
rial sintered at 1250°C.  
 
The increased sintering temperature also affects the distribution of the alloy-
ing elements in the material. In these materials, Ni was admixed in the powder. 
As seen in Figure 8c, the higher sintering temperature results in a more ho-
mogenous Ni distribution in the material sintered at 1250°C. 
 
 

 
Figure 8. EBSD on steel sintered at 1120°C and 1250°C showing in a) Band contrast 
image. b) inverse pole figure and c) EDS map of Ni distribution where the yellow 
areas with higher intensity represent areas containing more Ni. 
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Figure 9. Cumulative grain size distribution for materials sintered at 1120°C and 
1250°C. 

3.2 – Mechanical properties of PM steel  
The main difference between conventional oftentimes wrought or cast steel 
and PM steel is found in the microstructure of the finished product. The mi-
crostructure of PM steel is dominated by porosity and thus it will behave dif-
ferently than conventional steel in most situations. The pores alter the mechan-
ical properties in two ways. They reduce the load-bearing area at a given plane 
in the material and also act as stress concentrators. The density of the finished 
product is often used to describe the mechanical properties of PM steels and 
by increasing the density, a material with better mechanical properties is ac-
quired17,18. 
 
Furthermore, the porosity affects the Young’s Modulus and the Poisson’s ratio 
of the PM steel. According to Beiss19, Young’s modulus (E) and Poisons ratio 
(ν) for sintered steel can be calculated by: 
 

	 ⁄ .                         Eq 1 
 

⁄ . 1 1                        Eq 2 
 
where ,  and  are Young’s modulus, density, and Poisson’s ratio of 
fully dense steel with the same composition. Figure 10 shows the modulus of 
elasticity and Poisson’s ratio for materials with different densities calculated 
by Eq 1 and Eq 2 with  = 213 GPa,  = 0.3 and  = 7.85 g/cm3.  
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Figure 10. Modulus of elasticity and Poisson’s ratio as a function of density calculated 
from Eq 1 and Eq 2.  

The density of the material is determined by the particle size distribution of 
the powder20, the force with which the powder is pressed during compaction 
and also the sintering temperature21. A finer powder distribution and a higher 
compaction force both result in a higher density of the finished product if all 
other parameters are kept equal. During sintering, the density can be slightly 
increased if a higher sintering temperature is used and an increased tempera-
ture also results in rounder pores and increased sintering neck strength due to 
the increased diffusion and sintering activity associated with the higher tem-
perature22. 

3.3 – Heat treatment 
All gears are heat-treated to provide the gear with the proper mechanical prop-
erties and wear resistance required for a certain contact stress and situation.  

 
Case hardening is a commonly applied hardening technique for gears because 
as the name implies, it provides the gear with a hard case consisting of a mar-
tensitic region with increased wear resistance while the core, which is virtually 
untouched by the hardening process, maintains its toughness. Chromium and 
nickel are two commonly used alloying elements. Both chromium and nickel 
work as austenite stabilizers during the case hardening procedure, enabling a 
lowering of the required quench rate for the case hardening procedure. 
 
The case hardening depth, which is defined as the distance from the surface to 
a location underneath the surface where the hardness is above a certain value, 
can be controlled with good accuracy. A schematic view of a hardness profile 
for case hardened steel is seen in Figure 11.  
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Figure 11. Schematic view of the hardness gradient after case hardening. The dashed 
red line indicates the case hardening depth. 

During case hardening, the material is heated, causing a phase transformation 
from ferrite/pearlite to austenite. Then, as the austenite is rapidly cooled, the 
metastable martensitic phase is formed. The size of the austenite grains, and 
thus the martensite grains after cooling, are strongly related to the grain size 
of the material before case hardening as austenite grain growth is hindered by 
pores and prior particle grain boundaries. Thus, both the initial powder particle 
size and the sintering time will affect the microstructure of the case hardened 
material. An example of this is presented in Figure 12. The relevant structure 
to relate to is no longer prior particle grain boundaries, but rather prior austen-
ite grain boundaries. In Figure 12, some of these boundaries are marked to 
increase visibility. The boundaries are harder to detect after case hardening 
due to the formation of many small grains inside of the prior austenite grain. 
The easiest way to derive the boundaries is by using the band contrast image 
and all three of the inverse pole figures. In the band contrast image, the bound-
aries are seen as darker areas and in the inverse pole figures, they are seen as 
the junction separating two crystallographic orientations. 
 

 

Figure 12. EBSD on case hardened PM steel showing the martensitic structure. a) 
Band contrast image with some of the prior austenite grain boundaries marked in blue 
and b) inverse pole figure of the same area. 
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3.4 – Surface finish 
Although PM steels can be produced to near net shape, some secondary oper-
ations are needed to correct the tolerances and to provide surface integrity 
suitable for the application. During most of the conventional finishing pro-
cesses, like grinding or honing, the surface is plastically deformed but with 
some specific techniques, like superfinishing, the surface is less plastically 
deformed.  

3.4.1 – Honing 
Considering gears, honing is a common surface finish. Honing leaves fine 
grinding marks at an angle on the surface. The process corrects small dimen-
sional angles, improves surface finish from grinding, and removes distortions 
caused by heat treatment such as nicks and burrs. Furthermore, the groves left 
on the surface after honing can help to trap wear particles and lubricant9.  
 
For porous sintered steels, this result in a surface where no or almost no po-
rosity is visible and thus two different densities may well have the same ap-
pearance, see Figure 13a. The pores are however present directly underneath 
the plastically deformed surface. 

3.4.2 – Superfinishing 
Superfinishing removes the thin layer left by the last grinding or polishing 
process either mechanically, by using chemicals or both, giving a mirror-like 
surface finish where the pores are visible. A typical Ra-value of a superfin-
ished surface is smaller than 0.1 µm. 

 
Materials with interconnected porosity have shown advantageous behaviour 
in lubricated contacts due to the pores acting as oil reservoirs, preventing loss 
of lubrication. The pores can trap wear particles which is also favourable23. To 
take advantage of this feature, the “true” characteristics of the material are to 
be extended to the surface, i.e. surface properties equal to the bulk properties. 
This can be achieved through superfinishing of the surface as the last step.  
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Figure 13. SEM images of a) Honed gear tooth surface and b) Superfinished gear tooth 
surface. In a) the lay from the honing process dominates the surface and no pores are 
seen on the surface while in b) the pores dominate the appearance.  Notice the different 
magnification of the images.  

It is important to keep in mind that surfaces in contact will transform and po-
rous steels are no exception. Although steel on steel contacts, like gear cou-
ples, are almost always lubricated, some steel-to-steel contact is always pre-
sent. For rough surfaces, the surface porosity will still be hidden underneath 
the plastically deformed layer even after a long service. For smoother surfaces 
in contact, some porosity will be visible after a short service. A superfinished 
surface where the pores are visible from start will also change during contact 
with a counter surface. Sheared material will cover pores and the result is what 
appears as a less porous surface. As the sliding distance increases, the result 
is a surface with almost no visible porosity. 

3.4.3 – Surface densification  
Although not strictly a surface finish technique, densification of the uttermost 
top layer of the material before case hardening is a promising way to increase 
the fatigue properties of sintered steel for gear applications. In practice, this 
can be achieved in different ways such as shot peening or gear rolling where 
the latter has shown to result in densified surfaces of gears giving them im-
proved mechanical properties24–26. 
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4 – Tribology of gears 

Tribology is the scientific field of friction, wear, and lubrication of a system.  
When gears are designed, the tribological properties are of uttermost im-
portance. The most important property is the ability to withstand wear, as this 
determines the service life of the gear. The friction, which is highly related to 
the lubrication in a transmission gear box, determines the efficiency of the 
system. This property is also important since energy losses due to friction in 
the transmission can be substantial27 and in the end, contribute to fuel con-
sumption.  
 
According to AGMA 1010 F1428, the most common failure modes in gears 
are toot-bending fatigue, tooth-bending impact, abrasive wear and pitting due 
to contact stress fatigue. The latter is the one most considered in this thesis 
and will be further discussed below. 

4.1 – Gear geometry  
Gears come in many shapes and sizes, the most common ones these days being 
the straight spur gear and the helical gear where the latter is the most common 
in vehicle transmissions today9. Figure 14a shows a straight spur gear and Fig-
ure 14b shows a helical gear. The spur gear is the simplest type of gear and 
consists of a cylinder or disc with radially projecting teeth. Below, a short list 
of advantages of each gear type is presented. 

 
Straight gears 

‐ Easier and cheaper to manufacture  
‐ Easier to assemble  
‐ More efficient  
‐ Less total weight in the transmission 

Helical gears 
‐ Less noise  
‐ More durable 
‐ Larger load carrying capacity 
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The main advantage of using straight-cut gears is that they produce no axial 
load. In helical gears, this force is generated by the sliding contact between 
the teeth. The force is applied to the shafts of the gear box and thus the amount 
of applied torque which can be transferred between a helical gear pair is re-
stricted9. They are however more durable because the applied load is distrib-
uted over a larger number of teeth at all times29.  The difference in sound 
comes from the gear mesh. Straight-cut teeth are in contact with each other 
fully and for a longer period compared to helical gears.  

 
Another advantage of straight gears from a research perspective is that the 
contact is much simpler than for helical gears. This allows for a better under-
standing of how different materials, surface treatments, hardening routes etc. 
affect the final product. In this thesis, most of the parameters have been de-
rived from a straight gear contact and thus this type of gear will be further 
discussed below. 

 

 
Figure 14. a) Straight cut spur gear and b) helical gear. 

Gear geometry is a complex subject but a comprehensive description is not 
needed for the upcoming discussion. Here, the most basic terms will be ex-
plained for straight spur gear.  
 
A typical straight spur gear pair with an involute design is seen in Figure 15a. 
The gear to the left has 24 teeth and the gear to the right has 12 teeth. If the 
small gear drives the larger gear, torque is added to the drive line, whilst if the 
large gear drives the small gear, speed is added. In Figure 15b, the different 
areas of the gear teeth are presented. The grey area is the tooth flank, which is 
where the contact between two mating gears occurs. The tooth flank can be 
divided into three different areas, the pitch line, which is the line on the tooth 
flank where pure rolling occurs, the addendum, which is the area above the 
pitch line and the dedendum, which is the area below the pitch line. The invo-
lute design results in a non-constant radius of the teeth. Roughly described, 
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the dedendum, pitch line and addendum all have different radii. This is im-
portant to remember when developing simplified equipment for testing poten-
tial gear materials.  

 

 
Figure 15. a) Schematic view of a gear pair and b) close-up of teeth showing the 
different areas which constitute the tooth flank. 

4.2 – Gear contact 
The contact between two mating gears consists of a relative sliding motion as 
well as a rolling component. The contact situation is quite complex. If the 
reader wants further insight into the world of gear meshing, the author highly 
recommends reading the book Gears and gear drives by Damir Jelaska30. It’s 
an extensive but good summary of the topic. 

In this thesis, the most important part to consider is the load distribution and 
the relative sliding to rolling ratio across the gear mesh. Seen in two dimen-
sions, the contact between two gears with an involute design occurs at a single 
instantaneous point. As the gears rotate, the point moves along the respective 
tooth surfaces along a line known as the line of action. Figure 16 provides a 
simplified view of the contact where the line of action is denoted by the red 
dashed line running diagonally in the figure. 

Along the line, either one or two teeth will be in contact and the load distribu-
tion will change accordingly. Starting from the point of first contact (point 1), 
two teeth are engaged (only one pair of teeth are shown here), which results 
in a relatively low load. In this region, far away from the pitch line, sliding 
between the two surfaces is dominant. At point 2, one tooth disengages which 
considerably increases the contact force acting on the one tooth still engaged. 
As the pitch point is approached, the sliding decreases, and the rolling com-
ponent increase. At the pitch point, which is located right between points 2 
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and 3, the relative sliding speed is zero and pure rolling occurs. As the contact 
moves away from the pitch point, the direction of relative sliding changes di-
rection and the speed increases, and another tooth will engage (point 3), again 
decreasing the load. 

 

Figure 16. Contact between two spur gears and the corresponding contact force 
along the line of action. The line of action is denoted by the red dashed line. 

4.3 – Lubrication 
Transmissions should be lubricated at all times to extend the service life. The 
oil works as a lubricant between the two mating surfaces and also helps to 
remove wear particles. There are three distinct lubrication regimes, oftentimes 
visualized by a Stribeck curve, see Figure 17. Region 1 is the boundary lubri-
cation region where almost all contact occurs between the solids due to the 
low film thickness. As film thickness increases in Region 2 – mixed lubrica-
tion is entered. Here, contact still occurs between the surfaces but more of the 
load is carried by the lubricant. In Region 3, hydrodynamic lubrication enters. 
In this region, the surfaces are fully separated by the lubricant. If the film 
thickness increases too much, friction will again increase due to hydrody-
namic friction.  
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To increase the film thickness, the viscosity or speed (or both) needs to be 
increased or the load decreased. As explained above, the sliding speed varies 
heavily along the line of action, resulting in a situation where at any given 
point in time; all regions of lubrication are found. At the pitch point, for ex-
ample, the relative sliding speed is zero, meaning that the film thickness is 
low. However, as no sliding occurs, the wear is mild. As the speed increases 
further away from the pitch point, the film is more stable.  
 

 
Figure 17. Stribeck curve showing the three different regions of lubrication 
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5 – Contact fatigue, crack initiation and 
propagation in PM steel 

Contact stress fatigue can be defined as the mechanism of crack initiation and 
propagation caused by the alternating stress field found close to the surface of 
the contact bodies, resulting in material removal in the form of micro pitting, 
pitting or spalling, terms which are often used interchangeably in the litera-
ture.  

 
Fatigue life is defined as the number of load cycles of a specific character that 
a material can withstand without failing and is affected by material properties, 
internal defects, surface conditions, stress amplitude, stress mode, tempera-
ture, and microstructure such as grain size, grain boundaries etc.  

 
Fatigue life can also be categorized as low or high cycle fatigue, depending 
on how many cycles a material can withstand a certain load before failure. 
High cycle fatigue, which obviously is the only kind allowed for gears, is the 
result of elastic strains, often well under the yield limit is acting on the material 
during a high number of cycles, usually many more than 104. The strain is 
caused by macroscopic stress which is a combination of static stress which 
can be residual or mechanical and a cyclic load which is usually mechanical. 
The stress frequency of the cyclic load can be any number and for steels, the 
stress frequency does not, in a wide range of low to medium frequencies, af-
fect the fatigue life31.  

5.1 – Crack initiation and propagation modes 
Crack initiation starts with the formation of micro-cracks which can have two 
origins. In a “perfect” material, crack-like features may form by pile-ups of 
dislocations, forming slip-bands where the local stress concentration becomes 
high, causing crack initiation32. If internal defects such as inclusions or pores 
exist in the material (they always do, but the size, shape and quantity differ), 
these work as built-in, ready-to-use, stress raisers, causing locally high-stress 
concentrations which result in crack initiation33. As the number of load cycles 
increases, the cracks grow in length, and at some point, a number of these 
micro-cracks can join together to form a larger crack that then propagates 
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through the material. As discovered by Irwin in 1957, the stress field at a crack 
tip can be broken down into three components called Mode I, Mode II, and 
Mode III34. The three modes are depicted in Figure 18. 

 

 
Figure 18.  The three different modes of crack propagation. The crack is propagating 
from the left in each represented mode and the arrows represent the applied load. 

In Mode I the crack surface is opened under tensile loading, in Mode II the 
crack faces slide relative to each other in the plane, and in Mode III the crack 
faces slide relative to each other out of the plane in a tearing motion. Cracks 
are most easily propagated in Mode I due to the separation of crack faces and 
considering this, the type of tension at the crack tip highly affects the crack 
growth.  
 
As illustrated in Figure 19, the direction of propagation is not only controlled 
by the loading mode. Cracks can locally be deflected from the main path due 
to the alteration of the microstructure as the crack moves through the material. 
The microstructural alterations can consist of hard phases inside grains, new 
grains with a crystallographic orientation different to the orientation of the 
first grain, and grain boundaries. The latter is due to segregation of impurities 
at the grain boundaries or other metallurgical differences35, locally causing the 
crack to propagate out of the plane and thus the crack propagation mode along 
a crack front is normally a mixture of all three modes. 

 

 
Figure 19. Schematic image of a crack path. Deviations are caused by grain bounda-
ries and hard phases inside of grains. 



 

 32 

As the crack grows longer or possibly concurrent, as multiple shorter cracks 
are connected, the stress distribution in the material will be greatly altered and 
eventually, the crack will reach the surface. The ultimate consequence of crack 
propagation is the delamination of material from the surface. As this happens 
in a tribological contact, local spikes in pressure will occur due to the change 
in contact geometry between the two mating surfaces, resulting in further dam-
age to the material.  

 
Cracks are however not always initiated inside the material. For wrought steel 
gears, for example, surface-initiated cracks are just as common. These cracks 
are often initiated by local stress spikes around asperities and are driven by 
Mode I and Mode II propagation. For PM steels, these local stress concentra-
tions are also present, but as it appears, they are always smaller than those 
found around the pores in the material. 

5.2 – The role of defects in fatigue damage 
In sintered steel, pores, and especially their size36,37, play a decisive part in 
fatigue life. Below, the impact of size, shape and distribution of pores in the 
material will be discussed. 

 
Although the overall size is considered to be the most important factor, 
rounder pores are always preferred. The reason is the stress concentration fac-
tor K, which will only be exemplified and not derived here. Ernst Gustav 
Kirsch38 derived equations for a cylindrical “hole” in an infinite plane. As re-
mote uniaxial stress is applied, the maximum stress in the material is located 
just outside the hole and is given by: 

 
3                           Eq 3 

 
where  is the stress in an infinitely large plane. Without the hole, the stress 
would be equal to  everywhere in the plane. 

 
As a way of visualizing the stress concentration around a pore, force lines can 
be used. In this visualisation method, the force can be considered as a field 
which flows through the material. Far from the pore, the spacing between the 
lines is equal, but as the pore is approached, the spacing decreases and a min-
imum is found in the vicinity of the pore, reflecting the increased stress con-
centration, see Figure 20. The height of the hole is important as it gives the 
force flow field an advanced warning of the upcoming diversion which re-
duces the stress concentration. 
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For an elliptical hole oriented with the largest radius perpendicular to the force 
flow, the maximum stress is given by:  

 

1 2                         Eq 4 

 
where a is the major axis and b is the minor axis length of the ellipse oriented 
perpendicular to the direction of the applied stress. 

 
If a grows or if b shrinks, the stress goes to infinity while if a = b, the formula 
reduces to that of a circular hole. The physical limit of this is a crack that has 
an infinitely small radius b and a large radius a. Note that no stress can exceed 
the yield stress of a given material, so infinity in this sentence is equal to the 
yield stress.  

 
The difference between a hole and an ellipse can also be expressed in terms 
of a force flow-field, where the reduced height to width ratio increases the 
stress concentration, see Figure 20. 
 

 
Figure 20. Stress concentrations are indicated by lines in a) around a circular and in 
b) an elliptical pore. 

From Eq 4 it seems that the size of the pore does not influence the stress con-
centration around the edges. This is true for a circular pore, which regardless 
of its size will have a stress concentration factor of 3 and also for an elliptical 
pore where the ratio between the radii is what determines the stress concen-
tration factor. To explain why larger pores tend to promote crack initiation a 
different approach is needed, based on fracture mechanics.  
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In this approach, all pores are considered as cracks. This is true if the pore 
edges are sharp enough, which is assumed in this case.  
 
When the pore is now considered as a crack, the stress intensity factor is used 
instead of the stress concentration factor. The stress intensity factor, which 
describes the stress state at a crack tip and how it is related to the rate of crack 
growth denoted as KI here, was developed by Irwin34 and Westergaard39 and 
is given by: 
 

√                          Eq 5 
 
where KI is the stress intensity factor,  is the applied stress and  is the 
crack length. For cyclic stresses  is exchanged for ∆  which represents 
the stress range and  is change to ∆  which represents the stress intensity 
range.  For an oval pore, aligned with its long axis perpendicular to the direc-
tion of the applied stress, increasing the length of the major axis a with a factor 
of 2 while keeping the ratio between a and b constant as depicted in Figure 21, 
will increase the stress intensity factor but it will not affect the stress concen-
tration factor. Since all pores are now considered to be cracks, this approach 
proposes that some of the cracks do not propagate in the material due to that 
the stress intensity factor is below a certain threshold, . This threshold is 
the lower limit for a cyclic stress intensity range that gives crack growth. The 
upper limit, which causes rapid and unlimited crack propagation is the fracture 
toughness, . 
 

 
Figure 21. Elliptical pores with the same ratio of a/b but with different sizes. 

As discussed above, the shape and size of a pore are important, but so is the 
location of the pore relative to the volume experiencing high stress. A pore, 
with a lower associated stress intensity factor due to its size, situated inside 
the highly stressed volume can experience cracking before a considerably 
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larger pore with a higher associated stress intensity factor, situated at another 
location in the volume.  
 
This is especially important for PM steels, which have a considerable amount 
of pores distributed across all sizes and homogenously spread out throughout 
the material. The crack initiation depends on the probability of finding a large 
enough pore situated inside of the highly stressed volume.  

 
The above discussion regarding the microscopic stresses around pores and the 
macroscopic applied stress in a well-defined material cannot be directly ap-
plied to real mechanical components, even those that do not contain hundreds 
of thousands of defects. A real-life component normally has a complex shape, 
promoting local stress variations and it is often used in a way where the stress 
cannot be perfectly defined in the material. Adding the pores to the mixture 
makes the subject even more complex.  

 
Crack initiation in PM steels is therefore probably best described by the prob-
ability of having a pore with a size, shape or location which promotes the for-
mation of a crack at the pore edge. All of which are parameters that can be 
altered by either the manufacturing process i.e. powder size, sintering time 
and temperature, or by secondary operations, such as surface densification. 
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6 – Experimental 

The experimental work for this thesis was aimed at investigating the mechan-
ical performance of PM steels relevant for use in gears. As discussed earlier, 
porosity is the limiting microstructural factor since they promote crack for-
mation and propagation. Therefore, the focus has been on how different man-
ufacturing routes of the material contribute to the microstructure and how the 
different microstructures affect the mechanical and tribological performance 
of the materials, how and where cracks initiate and how they propagate. PM 
steels manufactured with different initial powder size distributions, with 
added nanoparticles, compacted at different compaction pressures, sintered at 
different temperatures, and with different surface finishes have been investi-
gated to gain a better understanding of how the different input values during 
manufacturing contribute to the microstructure and hence the tribological per-
formance of the materials.  

 
As described in section 4.2, the gear mesh consists of a sliding and a rolling 
component for which the magnitudes differ as the contact moves. To better 
understand how the different components affect the PM steel in terms of wear 
and fatigue, the two components were in several experiments separated into 
pure rolling and pure sliding. Most of the work has been focused on the rolling 
component since this is the situation with the highest surface pressure and also 
where the lubrication is minimal due to the minimal sliding speed at the pitch 
point.  
 
From the rolling contact fatigue tests, it was clear that the mechanisms of crack 
initiation and propagation on the macroscale were decisive factors that limited 
the fatigue life, but to further explain the behaviour, a more fundamental study 
on the subject was needed. This study resulted in Paper IV where the load 
scanner setup was used to find the crack initiation load, defined as the load 
where cracks were found after one single stroke, and to initiate and propagate 
short cracks in the microstructure using cyclic sliding at loads below that crack 
initiation load. 
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6.1 – Image analysis as a tool for describing the 
microstructure of PM steels 
Increasing the density yields better mechanical properties, but density is just 
the result of pore size and the number of pores. On top of this, the pore mor-
phology, which does not have a direct effect on the density, will play an im-
portant role in the structural capability of the steel. This suggests that the struc-
tural integrity of the finished product can be more accurately described if also 
considering the pore size and roundness distributions rather than just the den-
sity. 
 
Throughout the Papers in this thesis, various image analysis techniques have 
been used as tools to visualize differences in microstructural properties at-
tributed to the different manufacturing routes. One of these is a Matlab script 
which identifies pores in light optical microscopy (LOM) images of polished 
cross-sections. The algorithm works as follows: 

 
1. Multiple LOM images (the more the better) are acquired with the 

same magnification and with the same lighting conditions. 
2. Binning with a constant threshold level, highlighting the pores in the 

original image. 
3. Opening, which removes the smallest pores < 40 pixels in diameter, 

scratches and ethanol marks from the image. 
4. Closing, which removes islands of material sometimes found inside 

pores. 

Some of the intermediate images are shown in Figure 22. From the final image 
(Figure 22b), the size and circularity are calculated for each pore individually 
from square pixels, converted µm from the scale bar. 

 

 
Figure 22. Some of the intermediate images used to obtain pore size and circularity. 
a) the original image, b) the image after binning and c) the difference between images 
a and b, indicated by black lines. 
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Circularity was calculated by the following equation: 
 

Circularity = 4π	
Area of pore

Perimeter2
                            Eq 6 

 
where the perimeter is the measured length in pixels, converted to µm, around 
the edge of a pore. From Equation 1 it can be noted that if the area matches 
the perimeter, the ratio equals 1, indicating a perfect circle. Small pores can 
result in a calculated value of circularity above 1 due to the distance between 
pixels making up the perimeter being measured is only estimated by the pro-
gram using straight lines. Because of this, pores with a “radius” of less than 8 
pixels will be measured poorly. Since such small pores can be mistaken for 
dirt and since they are uncommon, in the articles in this thesis they have been 
consistently removed from the images with a Gaussian filter before analysis.  

6.2 – Materials 
6.2.1 – Powders 
The compositions of the two powders, the standard powder and the nanopow-
der, used in this project are presented in Table 1.  The standard powder is pre-
alloyed Astaloy® CrA with 2 wt. % Ni and 0.25-0.3 C admixed, manufactured 
by Höganäs AB. The nanopowder consists of passivated iron with a small 
amount of carbon, resulting in about 5 wt. % oxygen in the nanopowder mix.  

 

Table 1. Composition of standard and nanopowder, respectively. 

Elements C Cr Ni Fe O 

Standard pow-
der wt. % 

0.25-0.3 1.8 2.0 Bal. - 

Nano fraction 
wt. % 

0.05 - - Bal 5.5 

6.2.2 – Effect of pressed density 
In Paper I, the effect of pressed density on fatigue life was investigated. The 
following figures were not explicitly shown in the Paper but density was cal-
culated using the same procedure. The materials used in the study are pre-
sented in Table 2. 
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Table 2. Manufacturing parameters for the materials studied in Paper I 

Max initial 
powder particle 
size distribution 

Compaction 
density [g/cm3] 

Sintering tem-
perature [°C] 

Designation 

< 250 µm 6.8 1120  LD 

< 250 µm 7.15  1120 MD 

 
The pore size and circularity distributions of a low (LD) and a medium (MD) 
density PM-steel, both manufactured with the same initial powder particle 
fraction and sintered at 1120 °C are presented in Figure 23. The pores in the 
low-density material are in general larger than those in the medium-density 
material and in both materials most pores are smaller than 20 µm2. The circu-
larity distributions are somewhat similar for the two materials. The medium 
density material has slightly rounder pores, attributed to the relationship be-
tween pore size and circularity where smaller pores are often rounder. 

 

 
Figure 23 a) Pore size distribution and b) circularity distribution of the low (LD) and 
medium (MD) density materials. 

The pore size distribution can also be presented as a fraction of the total pore 
area constituted by different pore sizes, see Figure 24. The distributions are 
similar and show that the total area covered by pores is dominated by small 
pores. 
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Figure 24. Fraction of the total area covered by pores constituted by different pore 
sizes. 
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6.2.3 – Effect of sintering temperature and initial powder particle 
size distribution 
In Paper II, the effect of sintering temperature and initial powder particle dis-
tribution on the rolling fatigue life was investigated. The materials used in the 
study are presented in Table 3. 

Table 3. Manufacturing parameters for the materials studied in Paper II. 

Max initial 
powder parti-
cle dist. 

Compaction 
density 
[g/cm3] 

Sintering 
temperature 
[°C] 

Density after sin-
tering [g/cm3] 

Designa-
tion 

< 250 µm 
Normal Frac-
tion - NF 

7.15 1120  
Normal 
Temp. - NT 

7.15 NF NT  

< 250 µm 
Normal Frac-
tion - NF 

7.15  1250 
High  
Temp. - HT 

7.26 NF HT 

< 75 µm 
Fine 
Fraction - FF 

7.15 1120 
Normal 
Temp. - NT 

7.27 FF NT 

< 75 µm 
Fine 
Fraction - FF 

7.15 1250 
High  
Temp. - HT 

7.28 FF HT 

 
All materials were compacted to the same density but with different initial 
particle size distributions (< 75 µm or < 250 µm) and then also sintered at two 
different temperatures (1120 °C or 1250 °C). The pore size and circularity 
distributions for the materials are shown in Figure 25. The majority of the 
pores are smaller than 20 µm2 for all materials and the materials sintered at 
1250 °C have more circular pores than the materials sintered at 1120 °C.  
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Figure 25. a) Pore size distribution and b) circularity distribution of the different ma-
terials. 

To further explain the difference between the materials, the number of 
pores/cm2 as a function of pore size in the range 0 - 1000 µm2 is presented in 
Figure 26a, and in the inset, the range is narrowed down to 0 - 400 µm2. The 
majority of pores for all materials are smaller than 50 µm2 and the number of 
pores/cm2 larger than 200 µm2 is twice as common as pores larger than 300 
µm2. In Figure 26b the probability of finding a pore larger than a certain size 
within the range 0 – 500 µm2 is presented. The data is normalized with the 
material with fine fraction powder sintered at a higher temperature (FF HT) 
material. Compared to the FF HT material, the probability of finding a pore 
larger than 200 µm2 is about two times higher in the materials with normal 
and finer fraction powder sintered at normal temperature (NF NT and FF NT) 
and about 1.7 times higher in the material with normal fraction powder sin-
tered at a higher temperature (NF HT). This also holds for pores larger than 
300 µm2.  

 

 

Figure 26. a) Number of pores/cm2 larger than a certain size as a function of pore size 
and b) probability of finding a pore larger than a certain size relative to FF HT. 



 

 43

6.2.4 – Effect of addition of nanoparticles 
In Paper III, the effect of the addition of nanoparticles to a normal fraction 
micro-sized powder, creating a bimodal powder, was investigated. The mate-
rials used in the study are presented in Table 4 

Table 4. Manufacturing parameters for the materials studied in Paper III and Paper IV 

Max initial 
powder parti-
cle size dist. 

Compac-
tion density 
[g/cm3] 

Sintering 
tempera-
ture [°C] 

Density af-
ter sintering 
[g/cm3] 

Designation 

< 250 µm 7.15 1120  
NT 

7.25 NF NT 

< 250 µm 7.15  1250 
HT 

7.20 NF HT 

< 250 µm + 5 
wt. % Nano-
powder < 100 
nm 

7.15 1120 
NT 

 

7.33 Nano NT 

< 250 µm + 5 
wt. % Nano-
powder < 100 
nm 

7.15 1250 
HT 

7.18 Nano HT 

 
A promising way to increase the density is by using bimodal powders, which 
are a mixture of regular-sized micro powder and nanopowder. The addition of 
nanopowder increases the surface contact between powder particles due to the 
increased close-packing resulting in an increased green density40. It also de-
creases the sintering activation energy, which is attributed to the higher sur-
face-to-volume ratio41. The increase in density corresponds to the amount of 
nanopowder added to the mixture where a higher amount of added nanopow-
der results in a material with higher density42.  

The pore size and circularity distributions of the tested materials are presented 

in Figure 27. Adding nano-sized particles results in smaller pores for the lower 
temperature route but has no clear effect on the distribution of the materials 
sintered at the higher temperature. A higher sintering temperature results in 
more circular pores. Material Nano LT has the highest number of pores with 
low circularity but also the highest number of more circular pores. The more 
circular pores probably correlate with the high number of small pores found 
in the material. 
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Figure 27. Distribution of pore size and b) circularity distribution for the materials 
manufactured with and without nanopowder and at different sintering temperatures. 

To further differentiate the materials, the number of pores/cm2 as a function 
of pore size in the range 0 - 2000 µm2 is presented in Figure 28a, and the inset 
shows the range 0 – 500 µm2. In this range, the number of pores is lower for 
the materials with the addition of nanoparticles for both sintering temperatures 
compared to the normal fraction materials. The higher sintering temperature 
results in a higher number of pores for both the normal fraction and for the 
nano-enhanced material. In Figure 28b the probability of finding a pore of a 
certain size within the range 0 – 500 µm2 is presented. The data is normalized 
with the Nano NT material.  

Compared to the Nano NT material, between 0 – 50 µm2 the three other ma-
terials all have a smaller number of pores but the probability of finding a pore 
larger than 100 µm2 is higher. The largest difference is found between the 
Nano NT and NF HT materials where, for example, the probability of finding 
a pore larger than 100 µm2 in material NF HT is 1.7 times higher. 

 
Figure 28. a) Number of pores/cm2 larger than a certain value as a function of pore 
size and b) probability of finding a pore larger than a certain size relative to material 
Nano NT. 
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The largest pores are however larger for the nano-enhanced materials where a 
few pores (2-5 for each specimen) with a size of about 5000–6000 µm2 were 
found, about 3 times larger than the largest pores found in the materials man-
ufactured with normal fraction powder. A closer view of some large pores in 
the Nano NT and Nano HT materials reveals that pores may encircle islands 
of material. This naturally complicates both materials characterisation and 
analysis of pore influence on mechanical and tribological properties.  
 

 
Figure 29. SEM image of isolated material islands in materials Nano NT and Nano 
HT. 

To summarize, the microstructure in terms of porosity can be varied greatly 
with the manufacturing route. The pore size correlates primarily with the ini-
tial powder particle distribution and the sintering temperature. The circularity 
correlates most strongly with the sintering temperature, but since smaller 
pores are in general rounder, an effect of initial powder particle size distribu-
tion on the circularity is also present. 

6.3 – Manufacturing of materials for testing 
Sintered blanks with two different geometries, cylindrical discs (height 25 mm 
and diameter 120 mm) and bars (10 x 10 x 55 mm), were produced by Höganäs 
AB. 
 
Cylindrical samples, radius 5 mm and length 90 mm, and radius 4.75 mm and 
length 55 mm, were turned from the sintered discs and bars, respectively. The 
longer cylinders were used in the rolling contact fatigue tests and the load 
scanner tests. The shorter cylinders were only used in the rolling contact fa-
tigue tests. Cuboid samples (10x10x5 mm) were cut out from the bars and 
were used in the indentation setup.  
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All cylinders were low-pressure carburized by a standard procedure at 
Höganäs AB giving a case hardened depth of about 1.1 mm with a hardness 
of about 775 (± 25) HV. All cylinders were then centreless ground to ensure 
that the cylinders were perfectly round, removing about 0.4 mm of the case 
hardened depth. As a final step, some of the specimens were superfinished to 
study the effect of surface finish on fatigue life in rolling contact.  
 
Optical profilometry, VSI, was applied to measure the surface profile of cen-
treless ground and superfinished surfaces, see Figure 30. 
 

 
Figure 30. Centerless ground and superfinished surfaces before testing measured us-
ing optical profilometry, VSI. The measured area is 835 x 835 µm2 and an x10 objec-
tive lens was used. The cylinder form has been removed in both images. 2D profiles 
(along the line shown in the 3D images) are in the circumferential direction. 

6.4 – Rolling contact equipment test setup and test 
method 
The rolling contact equipment is a rig aiming to mimic and simplify the con-
ditions in the part of the gear contact where pure rolling occurs, that is the 
pitch line. The equipment was used in Papers I-III to relate different manufac-
turing routes to the fatigue life, and also to gain insight into how cracks initiate 
and propagate through PM steel. A schematic view of the setup is seen in Fig-
ure 31. 
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Figure 31. Schematic view of the rolling contact fatigue setup showing the two wheels 
and the samples in between them from the front and a top down-view. The arrows 
indicate the direction of rotation. 

Two wheels made out of bearing steel (Uddeholm Caldie®, hardness 730 HV, 
Young’s modulus 213 GPa) are pressed against the test cylinder specimen us-
ing a spring. The test cylinder is mounted to a motor that rotates it and is thus 
driving the two wheels. The test cylinder rotates at 3000 rpm generating a 
stress frequency of 100 compressions per second. The combined radius of the 
wheels (radius 70 mm and crowning radius 200 mm) and the cylinder (radius 
4.75 or 5 mm) resembles the contact radius on the tooth flanks at the pitch 
point in a gear mesh. In this arrangement, the wheels and the test sample rotate 
with the same tangential velocity, meaning that no slip occurs. The loads used 
in this thesis work correspond to loads used in an FZG test rig at different load 
steps. The loads are calculated from the maximum pressure, which occurs at 
the pitch point, of each load step for fully dense material. 
 
The initial Sa-value of the wheel surface, when reshaped, is around 0.1 μm. 
The surface of the wheels was observed after each test and reshaped when 
necessary. Figure 32 shows a surface measurement of a replicating casting of 
the wheels when reshaped. The casting mass has a resolution of about 0.1 µm. 
 

 
Figure 32. VSI measurement of the casting of a reshaped counter surface wheel. Pro-
file acquired along the dashed line in the rolling direction. 
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To determine if a test should be terminated, e.g. due to any kind of surface or 
sub-surface damage, vibrations caused by the contact are measured continu-
ously throughout the test, using an accelerometer mounted to the frame of the 
setup. For this to be functional, considerable emphasis needs to be put on the 
alignment of the equipment. Any sort of misalignment or poorly fitted parts 
results in vibrations which will add noise to the measurements. After many 
hours (days, months) spent together with my doctoral colleague Carl Johan 
Hassila working on the alignment, even sub-surface cracks could be detected 
using the accelerometer. 

6.5 – Load scanner setup and test method 
In the load scanner test, two cylinders are slid axially against each other at 45° 
at a speed of 10 mm/s in a reciprocating motion for a length of 70 mm. During 
sliding, the load is gradually increased up to a set final load and thereafter 
decreased until starting load is reached again, resulting in a unique load at all 
points along the sliding track. Therefore, from this test, a critical pressure can 
be found where the surface/sub-surface integrity and friction are altered. 

 
Figure 33. Schematic view of the load scanner setup and load interval during 1 stroke 
of the cylinders. 

As a first step, a rough estimate of the crack initiation load was identified by 
performing a single stroke test in the load range between 300 – 1400 N. To 
find the critical load for crack initiation, cross-sections were cut out, polished 
and analysed for cracks. Cutting 28 discs along the 70 mm wear track gave 
one cross-section about every 40 N. When the critical load was found, both 
materials were then tested for 4,000 strokes in a narrower load interval below 
the critical load. The new interval started 400 N below and ended 200 N below 
the critical load. One cross-section from each test was cut out at the middle of 
the new load interval and SEM was employed in the search for cracks, focus-
ing on the region close to the contact track of the cross-sections. SEM com-
bined with EBSD was used to analyse crack paths in relation to the micro-
structure of the material. 
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6.5.1 – Contact analysis 
As the sliding occurs at 45 ° from the cross-sections, as indicated in Figure 34 
a and b, a given point in the contact track will experience a cyclic variation in 
stress including both normal and shear stresses. The analytical Hertzian43 nor-
mal stress distribution and shear underneath a 2D Hertzian contact with radius 
a, contact pressure P0 and friction (µ=0.1) are shown in Figure 34c and Figure 
34d. 
 

 
Figure 34. Schematic view of a cross-section of a tested cylinder and Hertzian pres-
sure distribution. The position of the cross-section (a) and illustration of the actual 
sliding inclined 45 ° to the length of the specimen along the red arrow (b). The prin-
cipal normal stress (c) and the principal shear stress (d), simplified to a 2D Hertzian 
contact sliding along the red arrow in (c) with low friction (µ = 0.1). 

6.6 – Indentation setup and test method 
The idea of this study, which is very fundamental, was sparked at the start of 
the Covid pandemic when a lot of work had to be managed from home and 
the amount of laboratory work was limited. Early on in the project, I and Mi-
chael Andersson at Höganäs AB talked about how it would be interesting to 
see how the pores and overall microstructure react to loads that exceed the 
yield strength of the material. The purpose of this study was to develop a 
method to analyse how the materials respond to mechanical stress above the 
yield limit. For this, a novel approach was developed which utilizes a Brinell 
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indentation setup combined with image analysis. Using the pores as identifiers 
in the material, the material displacement after compression can be analysed. 
 
The particular method used in this study was the simplest form where com-
pressive stress above the yield stress was applied, but the method using pores 
as identifiers to track material movement can be applied in various setups.  
 
A schematic view of the experiment is seen in Figure 35. Two cuboid samples 
were polished and SEM was used to acquire before-images of the polished 
cross-sections (a). The pair were aligned and clamped together with a high 
force (b) and a Brinell hardness instrument was used for indentation (c). After 
indentation, SEM was used to acquire images of the polished cross-sections 
(d). Indentation of reference samples in the form of a solid cube was also 
made. The reference was then cut and polished at the centre of the indentation. 
 

 
Figure 35. The test procedure: a) the two cuboids are cut out and polished, b) the two 
cuboids are firmly clamped together in a vice, c) an indent is made in a Brinell hard-
ness instrument, and d) the cuboids are separated for analysis. 

A Matlab script was used to analyze the displacement caused by loading. Fig-
ure 36 shows a segment of an analysed image which displays the movement 
of individual pores.   
 

 
Figure 36. Visualisation of pore movement where blue pores indicate the position after 
compression and red pores indicate the position before compression. The green and 
blue arrows represent the movement required to match the position after compression 
with the position before compression. 
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By having the displacements for individual pores from the image analysis it is 
possible to construct a displacement field for the densified region. The ad-
vantage of this is that it’s possible to determine the local strain field and den-
sification.  

6.7 – Modelling to predict crack initiation and 
propagation 
To better understand how the material is affected by applied load, a finite el-
ement method (FEM) model was created using Comsol. This model was used 
to describe the contact situation and to explain how cracks propagate in Paper 
III. In this model, a section of the wheel and cylinder from the rolling contact 
fatigue setup described in section 5.4 is seen. The contact was modelled and 
meshed according to Figure 37. A stepwise displacement was applied to the 
wheel in the negative y-direction, forcing it towards the cylinder and at each 
iteration, the absolute numbers were compared to the values of the Hertzian 
data used to find the location of the highest von Mises stress. The material 
data for Uddeholm Caldie was used for the wheel since this is the material 
used in the actual wheel in the setup, and for the test cylinder, the modulus of 
elasticity was set to 200 GPa. 

 
The equivalent von Mises stress is the result of the combination of the three 
equivalent stresses in three dimensions (x, y, z) and is given by: 

 

3         Eq 7 

 
where , 	and  are the normal stresses in the x, y and z-direction and 

,	  and  are the shear stresses. 
 

In this model, plane stress is considered and thus all z-components are equal 
to 0, reducing Equation 7 to: 

 

3                         Eq 8 

 
The von Mises stress criterion is in general used to predict if plastic defor-
mation will occur in the material under given loading which occurs if: 

 
	                         Eq 9 

 
where  is the yield strength of the material. 
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In this work, this criterion is used as an indicator of where in the material 
cracks are probably first formed and also to show how the stress is distributed 
around defects in the material.  

 

 
Figure 37. Contact between wheel and cylinder showing in a) wheel and cylinder in 
contact (not to scale), b) model (to scale) and c) meshing of the model. 

The equivalent von Mises stress distribution in the cylinder from the contact 
between the wheel (top) and the cylinder (bottom), here shown as a function 
of the contact width a is presented in Figure 38. The maximum von Mises 
stress is situated about 0.3a underneath the surface. The images show the sta-
tionary case but if the cylinder and wheel were to rotate, the stress distribution 
would move along with the contact, resulting in a cyclic load for a given point 
in the cylinder. The repeated cyclic load will result in crack formation and 
propagation. Cracks will generally evolve and follow a path that is perpendic-
ular to the direction of loading or if more than one principal stress is present, 
parallel to the plane containing the local maximum principle stress. The reason 
is the compressive stresses which prohibit Mode I crack propagation. Instead, 
the crack will propagate in Mode II.  
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Figure 38. Equivalent von Mises stress distribution from the contact of the wheel and 
the cylinder. Width of contact = a, von Mises max depth = -0.3a. Note the small gap 
at the sides of the figure indicating non-contact portions of the system. Only stresses 
in the cylinder are illustrated. 

Figure 39 and Figure 40 show the same geometry as Figure 38 but with the 
addition of a pore, modelled as an ellipse with radii 0.03a and 0.015a oriented 
with the long axis along the x-axis. In Figure 39 the location of the pore is 
altered in the x-direction from x = -1.5a to 1.5a at a depth of y = -0.3a. In 
Figure 40 the location of the pore is altered in the y-direction from y = -0.12a 
to -0.84a at the centre of the contact (x = 0). The bottom row shows the pore 
in higher magnification at every point. The scale is the same in all pictures in 
Figure 39 and Figure 40, but different from the scale in Figure 38. 

 
Comparing the figures, it is clear that the addition of a pore affects the subsur-
face stress distribution. The highest stress around the pore when centred at x 
= 0 and y = -0.3a (Figure 39) is about 4.5 times higher than the stress at the 
same location in the material with no pore present (Figure 38), hence a wider 
stress scale is used in Figure 39 and Figure 40 than in Figure 38. Altering the 
position of the pore in the horizontal direction affects both the magnitude of 
the stress distribution and its location around the pore which follows the con-
tours of the stress distribution in Figure 38. Altering the position along the 
vertical axis while keeping the pore centred on the horizontal axis affects only 
the magnitude and not the location. In Figure 40, the difference in magnitude 
between a) (y = -0.12a) and b) (y = -0.3a) is small, but as the pore location is 
shifted downwards past y = -0.3a, the stress distribution decreases gradually.  
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Figure 39. Equivalent von Mises stress distribution from the contact of the wheel and 
the cylinder. Width of contact = a, von Mises max depth = -0.3a with addition of a 
pore with pore diameter: long axis = 0.03a and short axis = 0.015a located  at y = -
0.3a and in a) at x = -1.5a, b) x = -0.75a, c) x = 0, d) x = 0.75a and e) x = 1.5 a   

 

 
Figure 40. Equivalent von Mises stress distribution from the contact of the wheel and 
the cylinder. Width of contact = a, von Mises max depth = 0.3a with addition of a pore 
with pore diameter: long axis = 0.03a and short axis = 0.015a located at x = 0 and in 
a) y = -0.12a, b) y = -0.3a, c) y = -0.48a, d) y = -0.66a and e) y = -0.84a. 

The real-life situation is of course far more complex. A few reasons among 
many are that larger pores in sintered steel are nothing like perfectly circular 
or elliptical holes. The exact stress concentrations around them are therefore 
unknown. Furthermore, multiple pores are always found in close proximity 
within the material, which promotes clustering effects. In simulations, the ef-
fect of clustering has been found to be surprisingly small44, but it should nev-
ertheless not be neglected. Also, pores are not two-dimensional, while images 
used to illustrate or analyse the porosity almost always are. Despite these lim-
itations, the modelling results do however explain where cracks are formed in 
the material and that the location correlates with where the highest stresses are 
found, which is around pore edges at the depth where the highest von Mises 
stress is found. 
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7 – Summary of results and discussion on 
fatigue properties, crack initiation and 
propagation of PM steels 

7.1 – Results on rolling contact fatigue 
Earlier studies on the pure sliding behaviour of PM steel have shown that they 
can compete, and even outperform wrought steel when it comes to wear and 
friction. The rolling portion of the gear was in this project considered to be the 
critical part of the gear mesh, mainly due to the porosity and the sensitivity to 
fatigue damage that comes with stress concentrations.  Papers I-III, are de-
voted to studying the rolling contact fatigue life of materials with different 
manufacturing routes. 

7.1.1 – Influence of compacted density and surface finish. 
Paper I was aimed at understanding how different densities of PM steel behave 
when subjected to cyclic loading. Two different materials with two different 
surface conditions, presented in Table 2, were tested. The two materials were 
pressed to different densities and sintered at the same temperature. All mate-
rials were tested at 1700 MPa. Due to the relation between density and 
Young’s modulus, this means that different loads were applied to the materi-
als. One of the medium density materials was therefore also tested at the same 
load as the low-density material, i.e. at a surface pressure of 1820 MPa. All 
materials were tested for 0.5, 1, 3 and 12×106 load cycles (number of tests = 
2) or/and until failure (number of tests = 3). 
 
Figure 41 shows the results from the rolling contact fatigue tests that were run 
until failure. The medium-density materials survived more than 4 times as 
long as the low-density materials. No significant influence of surface finish 
can be observed. The medium-density material that was tested at a higher load 
survived longer than the low-density materials tested at the same load but 
shorter than the medium-density materials that were tested at 1700 MPa. 
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Figure 41. Number of cycles to failure from the rolling contact fatigue tests performed 
in Paper I. One medium density material was tested at 1820 MPa instead of 1700 MPa. 

Figure 42 shows cross-sections of low-density superfinished specimens from 
tests that were terminated after different numbers of load cycles. Signs of sub-
surface crack formation are seen after 1×106 load cycles where cracks are 
formed at pore edges at a depth of about 100 µm. The cracks are at this point 
often isolated but cracks connecting pores are also found. After 3×106 load 
cycles, the number of cracks which have connected pores has increased (b). 
After failure, an extended subsurface crack network has been formed and one 
of the examined samples shows a large crack extending almost a quarter lap 
around the cylinder (c).  
 



 

 57

 
Figure 42. SEM images of sub-surface cracks on a cross-section of superfinished low-
density material after a) 1×106 load cycles, b) 3×106 load cycles, c) about 5×106 load 
cycles and d) close up of the marked area in c). 

For the medium-density materials, cracks started to appear after about 12×106 
load cycles in the same fashion as for the low-density materials. 
 
As cracks reach the surface, severe spalling occurs, see Figure 43. 
 

 
Figure 43. SEM images of surface damage in a) centreless ground medium density 
materials after about 28×106 cycles and b) superfinished medium density material af-
ter about 27×106 cycles. 
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7.1.2 – Influence of sintering temperature and initial powder 
particle distribution 
Paper II was aimed at understanding how materials with two different initial 
powder fractions, compacted using the same force and then sintered at two 
different temperatures, behave when subjected to cyclic loading. Four differ-
ent materials, presented in Table 3, were tested for rolling contact fatigue until 
failure (number of tests = 3 for each material). The material manufactured with 
a finer fraction powder and sintered at a higher temperature outperforms the 
other materials, see Figure 44. 
 

 
Figure 44. Number of cycles to failure from the rolling contact fatigue tests performed 
in Paper II. The combination of finer powder together with a higher sintering temper-
ature results in a material better suited for rolling contact fatigue. 

7.1.3 – Influence of adding nanopowder 
Paper III was aimed at understanding how the addition of nanopowder in ma-
terials pressed to the same density and sintered at two different temperatures 
affects the microstructure and rolling contact fatigue life. Four different ma-
terials, presented in Table 4, were tested for rolling contact fatigue for 1 and 
10×1010 load cycles to study crack initiation and deformation (number of tests 
= 1 for each material, and until failure to study the fatigue life. The material 
with the addition of nanopowder sintered at a lower temperature performs 
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best, see Figure 45, followed by the material without nanoparticles, also sin-
tered at a lower temperature.  

 
Figure 45. Number of cycles to failure from the rolling contact fatigue tests performed 
in Paper III. The material manufactured with nanopowder sintered at a lower temper-
ature performs best. 

None of the tested materials showed severe cracking after 1×106 load cycles. 
A few cracks were found, most often at or around the depth where the highest 
von Mises stress is found. Cracks were also found closer to the surface but no 
cracks were found deeper than 130 µm for any material. The number of cracks 
is about equal for all tested materials after 1×106 load cycles. 

Figure 46 shows cracks in Nano NT and Nano HT material after 1×106 load 
cycles at the depth of about 80 and 90 µm underneath the surface, respectively. 
Most cracks found at this point are propagating parallel to the surface with 
slight deviations from this path. In these images, the microstructure can be 
seen as the polishing has an etching effect on the material, revealing individual 
grains in the martensitic structure. 
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Figure 46. Small cracks extending parallel to the surface of the Nano LT and Nano 
HT materials after 1×106 load cycles. 

Figure 47a shows how a longer crack and three shorter cracks propagate 
through the microstructure in the Nano HT material after 10×1010 load cycles. 
The crack appears to propagate between pores, examples of such pores are 
indicated by arrows. EBSD acquisition in the same area reveals how the crack 
propagates relative to the microstructure. From the EBSD inverse pole figures, 
e.g. Figure 47b, which shows the crystallographic orientation of individual 
grains, the prior austenite grain boundaries are shown. For PM steels, these 
often correspond to the prior particle grain boundaries before sintering. The 
prior austenite grain boundaries have been marked in Figure 47a and show 
that the crack propagates both intergranular and transgranular through the mi-
crostructure. On both sides of the crack, non-indexed points, shown as black 
in the figure, are found, suggesting that the material at a certain distance 
around the crack has been heavily deformed either as the crack propagates 
through the material or as the two crack faces move relative to each other 
during subsequent cycles.  
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Figure 47. a) SEM image of a cross-section of Nano HT material after 10*1010 load 
cycles showing multiple cracks marked by arrows situated about 90 µm underneath 
the surface. The surface direction is parallel with the red line at the bottom right. b) 
Inverse pole figure in x-direction showing the crystallographic orientations of prior 
austenite grains. c) Prior austenite grain boundaries marked with black dashed lines 
and cracks marked with red dashed lines, derived from inverse pole figures in x, y and 
z-direction.   

7.1.4 – Discussion on rolling contact fatigue 
Rolling contact fatigue test rig 
In the setup used, which proved to be very useful for differentiating materials 
produced in different ways, materials are tested under pure rolling with no 
slip. Introducing slip will more realistically represent the contact found in a 
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gear mesh, but it comes at an expense, a more complex load situation where 
multiple factors need to be considered. The addition of slip to the contact gen-
erally reduces the fatigue life due to additional shear stresses that come with 
the added friction. The difference in coefficient of friction between lubricated 
sintered steels with different densities is however small45,46, suggesting that 
omitting this component is motivated. Furthermore, the damage found after 
failure highly resembles that found after failure in FZG tests of PM steels47.  
 
Another thing to consider is the surface pressure, 1700 MPa, which was de-
rived from the maximum contact pressure found at load stage 9 in an FZG test. 
1700 MPa is a rather high surface pressure considering the number of defects 
found in the materials, probably resulting in local stresses well above the yield 
point. Pre-studies using lower loads, about 1000 MPa were done before the 
start of tests for Paper I, resulting in longer tests but with the same type of 
damage mechanisms as those found at higher surface pressure. Fatigue testing 
is a rather time-consuming activity and since the mechanisms of crack initia-
tion and propagation were found to match, the decision was made to use higher 
loads. 
 
In Paper I, the load was tuned between different densities to result in the same 
surface pressure. In retrospect, this approach, although considered to be well 
motivated at the start of the study, proved to be somewhat misleading since 
one of the advantages of using a material with decreased density is the de-
crease in surface pressure that comes with it. Therefore, the material with a 
density of 7.15 g/cm3 was also tested at the same load as the lower density 
materials, showing the influence of load on the fatigue life. In the following 
studies, i.e. Paper II and Paper III, the same load was applied for all materials, 
resulting in slightly different surface pressure. 
 
The size of the tested samples is also important. As for any material with de-
fects, such as pores, the volume affected by the load is important because as 
the volume grows, so does the probability of including a large or sharp enough 
defect to be subjected to the critical stress. This means that a larger tested 
volume will always result in lower fatigue strength8. Because of this, the re-
sults in this work (and other studies) are most useful when comparing results 
from one specific test setup. 
 
The condition of the wheels was closely monitored after each run for fatigue 
damage and nicks and they were reshaped when necessary. Due to a slight 
increase in wear of the wheels after each test, samples were tested in random 
order so that all materials were overall tested under the same conditions. At 
no point were the wheels severely damaged beyond what could easily be re-
shaped. 
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Fatigue life 
The effect of surface finish was found to be small on the fatigue life. The 
difference in surface roughness could induce a difference in local stress con-
centrations at the surface, but in this test, the cracks causing fatigue failure are 
initiated at a depth where the effect of surface asperities on the stress distribu-
tion is small. This means that for a fairly smooth surface, the surface of PM 
steel is not important during rolling without slip. 

 
As shown in Paper I, the pressed density plays a vital role in the rolling contact 
fatigue life in PM steel. The materials with a density of 7.15 g/cm3 survived 
for about 4 times as long as the materials with a density of 6.8 g/cm3. The 
difference in density between the materials is about 0.35 g/cm3, i.e. just above 
5%, which is a rather small difference that nevertheless has a significant effect 
on the fatigue properties. However, density is just a function of pore size and 
the number of pores. Comparing the two different materials, the number of 
pores is similar but the pore size differs, where the lower density materials 
have larger pores than the medium density materials. As discussed in section 
5.2 the pore size is important since cracks will initiate in larger pores more 
easily. The distance between pores is also important since it will determine 
how long a crack must travel to connect two pores.  
 
In Paper II, the material that was manufactured with a smaller initial powder 
particle size and sintered at a higher temperature outperformed the other ma-
terials in the fatigue test. The combination of a smaller initial powder particle 
size and higher sintering temperature reduces the pore size and makes the 
pores more circular. Two factors which in theory should play a vital part in 
prolonging the fatigue life proved to do so in these tests. 
 
In Paper III the material with the addition of nanoparticles sintered at a lower 
temperature (Nano LT) performs best. As seen in Table 4, the Nano LT mate-
rial has the highest apparent density but not the roundest pores. The density 
measurements are slightly contradictive as compared with the literature and 
porosity measurements performed in Paper II where a higher sintering tem-
perature was seen to reduce the pore size. The overall results indicate that the 
pore size distribution is more important than the pore shape distribution.  
 
The reference materials for each temperature (NT and HT) which were man-
ufactured with the same process parameters in Paper II and Paper III, exhibit 
a shorter fatigue life in Paper III than in Paper II. As insurance of the condition 
of the test rig, materials from Paper II were again tested and proved to be able 
to withstand the expected number of cycles, showing that the difference in 
cycles to failure comes from the material and not the test rig. The reason for 
the difference in fatigue life between the batches is not fully understood, but 
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some possible factors have been identified, of which possible differences in 
the sample preparation and heat treatment processes are the most likely. The 
test samples from the earlier batch was cut out from pressed discs and turned 
into rods, while those from the later batch were turned into rods from pressed 
bars. Any turning operation will affect the top portion of the material, reducing 
the density to almost zero in a region close to the surface. The thickness of 
this region depends on the quality of the turning procedure, where if the ma-
terial is more bearishly turned a thicker region of densified material is ac-
quired. 

 
During polishing of cross-sections of the cylinders after testing from the later 
batch materials, oil was found to seep out of the pores in the NF NT, NF HT 
and Nano HT materials after 1×1010 load cycles, an effect neither seen for 
material Nano LT in the later study and nor for materials in the earlier batch, 
except for cylinders tested until failure. The amount of open porosity found in 
sintered steel with a density of around 7.2 g/cm3 is much larger than the 
amount of closed porosity. Generally, higher sintering temperatures result in 
a higher degree of closed porosity than lower sintering temperatures48. This 
suggests that the difference is due to the surface layer, where the Nano LT 
material is assumed to have a more densified surface from the manufacturing 
than the other materials in the present batch. However, no pronounced differ-
ence in thickness of the top layer between the samples tested in Paper III and 
Paper II could be established. 

 
Porous materials can hold lubrication in the microstructure, an attribute sought 
after in applications, e.g. a gearbox, where the lubricant is not continuously 
fed to the contact. Lubricants have been shown to increase both crack initia-
tion and propagation. The explanation for the former effect is that the oil in 
pores subjected to stress can cause increased stress intensity around the pore 
edges and facilitate crack initiation. The latter effect is due to decreased fric-
tion between crack faces, which facilitates propagation for shear cracks, the 
mode typically responsible for crack propagation in rolling contacts where no 
tensile forces are present, and also because of hydrostatic forces acting on the 
crack49–52. 

Fatigue life prediction using image analysis 
Using the probability data presented in Figure 26b and Figure 28b, the proba-
bility of survival was further analysed by looking at the survival rate of mate-
rials NF NT, FF NT and NF HT relative to material FF HT from Paper II and 
the survival rate of materials NF NT, NF HT and Nano HT relative to material 
Nano NT from Paper III.  
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In this way, fatigue life can be linked to microstructure, despite the lack of 
obvious relationship between fatigue life and powder fraction or sintering tem-
perature. In Figure 48 and  

Figure 49, the inverse of the probability of finding a pore larger than a certain 
size, here chosen to 200 µm2, for the materials is plotted together with the 
relative fatigue life. From this, a linear model y = 1/P(x) with x = 200 µm2.  
The data follows the general trend between the materials and this relationship 
holds for a range of x in the interval = 200 – 300 µm2. Notice however that 
there is a difference in density between the tested materials, presented in Table 
3 and Table 4, but it is relatively small and should not influence too much on 
the results. 

 
Figure 48. The inverse of the relative probability of finding a pore larger than 200 µm2 
in materials NF NT, FF NT and NF HT relative to material FF HT and the fatigue life 
of the same materials relative to material FF HT. 
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Figure 49. The inverse of the relative probability of finding a pore larger than 200 µm2 
in materials A, B and NB relative to material Nano NT and the fatigue life of the same 
materials relative to material Nano NT. 

The results from the image analysis show that the relative probability of find-
ing a pore larger than 200 µm2 but smaller than 300 µm2 correlates well with 
the trend of the data from the rolling contact fatigue tests in Paper II and Paper 
III but does not correlate well when the same analysis is performed on larger 
or smaller pores. This suggests that this size interval is the most important 
since pores are large enough to promote early crack initiation while at the 
same time the probability of having them is sufficiently large.  
 
The smallest pores, although the probability of having them is high, are not 
fatigue life-limiting because they cannot promote early crack initiation. Larger 
pores will, if they are located in the affected volume, cause early crack initia-
tion. But the number of larger pores is however small, meaning that the prob-
ability of having them in a critical position is low and thus also these have 
limited influence on the fatigue life.  
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From crack initiation to failure – what determines the fatigue life? 
From the findings in Papers I-III, the following chain of events is believed to 
cause failure in rolling contact fatigue of sintered steels. 
 
After a certain number of cycles, multiple micro-sized cracks have been initi-
ated at pores with an area above some 200 µm2, initially propagating perpen-
dicular to the direction of loading and most often found around the depth cor-
responding to the highest von Mises stress, a finding which correlates well 
with the FEM-model presented in section 5.7. Since pores of different sizes 
are found homogenously spread out through the microstructure, the von Mises 
stress distribution is just one component in the probability of crack formation. 
A large or sharp enough pore situated outside the volume where the highest 
von Mises stress is found can still experience stresses well above the yield 
point, causing crack formation, suggesting that the probability of crack initia-
tion is a function of the stressed volume as well as the pore size and morphol-
ogy distributions. Since in the tests performed in this thesis, the stress distri-
bution on a macroscopic scale is almost identical, the probability of crack in-
itiation only depends on the pore size and possibly the shape distribution. The 
probability of crack initiation increases as the pore size distribution is shifted 
towards larger pores, resulting in a higher probability of finding a pore where 
macroscopic stresses are high enough to initiate cracks at the pore edges and 
thus the number of cracks initiated after a given number of cycles increases.  
 
The limiting length of a single crack is related to the distance between pores 
in the material. As a crack, initiated at one pore propagates and reaches a sec-
ond pore, which may or may not have an area above the proposed threshold, 
the crack tip is heavily blunted, hindering further crack propagation for that 
particular crack.  
 
However, simultaneously as the crack from the first pore approach the second 
pore, the stress at the second pore might rise to a level where a crack can be 
initiated at another edge in the second pore. This crack in its turn can propa-
gate in a new direction. This has the effect of making a single crack extend 
way beyond the typical distance between pores in the material.  
 
Also, if the crack in the second pore is formed at an edge facing the incoming 
crack, the two cracks may conjugate. As these events occur at multiple pores 
simultaneously and multiple cracks conjugate, a crack network is formed and 
as it eventually reaches the surface it will cause delamination of surface ma-
terial.  
 
Since this occurs in multiple regions in the material, severe cracking is often 
found underneath the surface after failure but surface delamination, which is 



 

 68 

what causes the test to stop, is most commonly noted only at a few points on 
the surface. 

EBSD analysis on high cycle fatigue cracks in martensitic PM-steel 
As discussed in section 2.3, EBSD is a powerful technique that provides de-
tailed information with high spatial resolution about the microstructure. Alt-
hough applying the technique is in general relatively straightforward, applying 
it on cracks in martensitic PM-steel poses some challenges.  
 
Phases with similar crystallographic parameters are hard to distinguish using 
EBSD. The c/a-ratio indicates the difference in length between the c and a-
axes of the crystal structure. Martensite has a c/a-ratio just above 1, varying 
with carbon content according to 

 
	1 0.031	 %	 .53                       Eq 10 

 
For the studied materials, this results in a c/a-ratio of about 1.01. The ratio is 
close to that of the bcc cell structure which has a ratio of exactly 1. This makes 
it hard to distinguish between the two. In this work, the lattice parameters used 
to detect martensite are those of ferrite (bcc). The martensite grains vary in 
size but are in general small compared to those typically found in ferritic steel.  

 
EBSD analysis reveals not only the apparent crack but also the strain field 
around the crack. Due to this, cracks that appear thin in the SEM image will 
appear wider in an EBSD image. Cracks also appear longer in the EBSD im-
ages for the same reason. As the number of martensite grains increases, so 
does the number of grain boundaries, where the quality of the crystallographic 
information is generally low. This yields images with less information than 
desirable when small differences in microstructure are studied.  
 
Cracks propagating in shear mode, commonly found in the tested materials, 
will experience friction between the interfaces of the crack, resulting in what 
is known as white etching cracks, visible as white areas surrounding the cracks 
in the material when etched. The white area around the crack consists of re-
fined grains in the nano-range, extending as far as some micrometres from the 
crack interfaces54. An example of this is seen around especially the left crack 
in the Nano HT material presented in Figure 46b. Crack interface friction is 
also probably the cause for the non-indexed points from the EBSD analysis. 
Analysis of longer cracks is preferable when investigating the crack propaga-
tion route as it provides more statistics on the preferred crack path. For fatigue 
cracks propagating in shear mode through small grains, the loss of information 
due to the crack interface shearing increases with the number of cycles and 
thus for a given load, shorter cracks hold more information. Another way to 
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gain more detailed information about the crack path is by applying higher 
loads, which increases the crack propagation rate and thus a certain crack 
length can be achieved using fewer load cycles, effectively decreasing the 
white etching area around the crack. 

Surface densification, the solution to all problems pore related?  
The process of densification has been a topic well discussed for a long time in 
the PM industry. Increasing the density in the top surface layer will reduce the 
risk of finding a pore large enough in the area subjected to high stresses. Stud-
ies on densified PM steels have shown it drastically increases the fatigue prop-
erties, resulting in a material which can compete and sometimes even outper-
form wrought steel in certain applications24–26. The process of densifying com-
plex geometries such as gears has however proven to be difficult as it has to 
account for the change in geometry which comes from the compaction of 
pores at the top surface.  
 
A densified layer of some 200 µm is needed to contain the highest portion of 
the von Mises stress in a gear contact. But considering also the results in this 
work about oil entrapment in the pores and keeping in mind the fact that gear-
boxes are always lubricated, intentional densification of the uttermost layer is 
an ever more interesting way of extending the fatigue life of sintered steel in 
lubricated contacts.  

7.2 – Results on crack initiation and propagation 
mechanisms in PM steel 
White etching cracks are hard to analyse with EBSD since the deformed layer 
around the crack holds little to no information about the microstructure in the 
vicinity of the crack, a region which grows with the number of cycles. Instead, 
the focus was set on short cracks that were propagated in a limited number of 
cycles. When compared on a macroscopic scale, the two types of cracks were 
found to propagate in the same manner, although not at the same rate but the 
small cracks were far easier to analyse.  
 
Figure 50 shows an SEM image of a cross-section acquired after 4000 strokes 
at 500 N. Underneath the contact, indicated by rectangle 1, cracks are found 
between the surface and a depth of about 200 µm. The calculated highest von 
Mises stress is found about 130 µm below the surface in these conditions.  
 
Although the load is below the critical load for crack formation after one 
stroke, numerous cracks are formed due to the cyclic loading in this test. 
Cracks are formed at all depths between the surface and the location of the 
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highest von Mises stress. Typically, the cracks are 10-20 µm long. Underneath 
the contact, the cracks appear to be initiated perpendicular to the direction of 
loading, hence following the plane of the local maximum shear stress.  At the 
side of the contact, indicated by rectangle 2, the crack initiation and propaga-
tion are generally found at a lower angle due to tensile forces perpendicular to 
the direction of sliding that influence the direction of local maximum shear 
stress, cf. Figure 34. 
 

 
Figure 50. SEM image of a cross-section of NT NF material, acquired at 500 N after 
4000 strokes showing cracks propagation at different angles relative to the direction 
of loading. The line indicates the contact width at the surface. The load was applied 
vertically in the image and the sliding direction was 45° out of the plane as indicated 
by the dashed arrow. 

Typical examples of how cracks propagate through the microstructure are pre-
sented below in Figure 51a-d, all acquired directly below the contact mark and 
showing different propagation routes as the angle between the initiation plane 
and the prior austenite boundary increases. In general, the cracks, which are 
seen to be thin in SEM images, appear wider in the EBSD images. This is 
because of local deformation and damage in the region close to the crack sur-
faces, which results in little or no crystallographic information close to the 
crack. Cracks that connect pores are in general wider and the loss of infor-
mation can be seen to be greater around such cracks. 
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Cracks initiate at pores and initially propagate along the plane of the local 
maximum shear stress. Directly underneath the contact, this plane is parallel 
to the surface. As propagation continues, the microstructure of the material 
increases in importance for the direction of propagation; 

 
− Figure 51a shows two cracks. Crack number 1 is initiated at a prior aus-

tenite grain boundary, here indicated by yellow dashed lines, identified 
as described in section 3.2.1. The crack tends to follow the grain bound-
ary although it slightly bends away from the direction of the local maxi-
mum stress. Crack number 2 is initiated outside of the field, propagating 
transgranular and appears to stop at a prior austenite grain boundary. 

 
− Figure 51b shows a crack that initially follows a prior austenite boundary 

and deflects from the direction of the local stress maximum, following 
the boundary as it turns. 

 
− Figure 51c shows a crack initiated at a prior austenite grain boundary. 

After about 2 µm of propagation, it reaches a junction with two possible 
propagation routes, indicated by the red arrow, causing deflection to-
wards the grain boundary with the lowest angle relative to the prior route 
of propagation.  

 
− Figure 51d shows a crack initiated in the direction of the local maximum 

stress where no prior austenite boundary is present within some angle 
from the crack initiation site, the crack then propagates transgranular 
through the prior austenite grain. 
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Figure 51. Example of cracks initiated at a pore edge in a case hardened sintered steel 
sample. Left - SEM image showing cracks propagating from pore edges. Centre -  
EBSD band contrast image with pore edges and prior austenite grain boundaries en-
hanced and Right -  One of the EBSD inverse pole figures. The load was applied 
vertically in the images. 

7.2.1 – Discussion on crack initiation and propagation 
mechanisms in PM steel 

Test and analysis method 
This study investigates how cracks propagate through martensitic regions in 
sintered steel during the initial stages of a fatigue process. To achieve crack-
ing, the contact load has been deliberately chosen to be much higher than what 
normally occurs in real applications. Accelerated tests like this can be moti-
vated as long as the deformation mechanisms are reproduced. In this study, 
the applied load is larger than in practice and although cracks are found to 
initiate and propagate at a different rate, they propagate in the same manner 
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as in materials tested for high cycle rolling contact fatigue, with and without 
slip55–58.  
 
Although labour intensive, the load scanner setup combined with successive 
cutting, mounting and polishing of cross-sections allows for fairly precise de-
termination of the critical load and it proved very useful for generating cracks 
of a certain length, allowing studies of details on crack initiation and propaga-
tion mechanisms. Combined with EBSD studies of the crack and the surround-
ing microstructure this offers an entirely new way to study and link micro-
structural aspects and crack propagation in sintered steels.  

Crack initiation and propagation 
Cracks are almost always initiated at pore edges and most often at or slightly 
above where the highest von Mises stress is found. 

 
The results from Paper IV show that the preferred path of crack propagation 
is via prior austenite grain boundaries if these boundaries are reasonably 
aligned with the plane of the local maximum shear stress, suggesting that the 
prior austenite grain boundaries host the path of least resistance for crack prop-
agation. A few previous studies have dealt with crack paths in sintered steels. 
Deng et al. showed how, in bending fatigue, the route of propagation differs 
between different densities of the sintered material and also between different 
microstructures. They found that in a homogenous pearlite structure, cement-
ite particles hindered the growth, causing deflection of the crack. For a micro-
structure consisting of coarse pearlite, fine pearlite, bainite, or Ni-rich austen-
ite, a crack would preferably propagate through austenitic Ni-rich areas59. 
Kabatova et al., also using bending fatigue, reported that cracks preferably 
propagate along prior grain boundaries60. Although cracks can propagate in 
Mode I even under compressive load61, the cracks here, since they are often 
located close to where the highest von Mises stress is found, probably propa-
gate in Mode II. This assumption is supported by the observation that the 
cracks tend to follow the planes of the highest von Mises stress. 

How does this matter? The pores are still the problem, right? 
Yes, the pores are still the problem since they are what cause stress concen-
trations and ultimately crack initiation. Porosity is however an inherent prop-
erty in PM-steels and although they can be modified in terms of size and shape, 
they will always be present in the material. From this perspective, it becomes 
interesting to search for ways to limit crack initiation and slow down crack 
propagation. As shown, many of the prior austenite grain boundaries coincide 
with prior particle grain boundaries, and the direction of these can to some 
extent can be designed by the direction of pressing during compaction. This 
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adds another design factor to the manufacturing process of PM-steels, one 
which is yet to be explored in practice.  

7.3 – Results on surface densification of PM steel 
Here the results from the validation of the setup are presented together with 
results obtained using the method presented in section 6.6. 
 
The alignment of the indenter relative to the centre of the cuboid pair is critical 
since a slight misalignment will result in a non-valid measurement. In this 
setup, the alignment was done using a micrometre screw gauge fastened to a 
vice, which allowed for the precise movement of the materials. However, 
since the Brinell setup lacked optics, the exact position could not be estab-
lished before indentation, considerable increasing the risk of making non-
valid indentations. Validation that each indent was centred was done at the 
same time as the indentation depth was measured. Examples of what is con-
sidered a valid indentation and a non-valid indentation are seen in Figure 52a 
and b respectively. Only valid indentations were used for analysis. 
 

 
Figure 52. a) VSI measurement of a) a valid indent and b) a non-valid indent after 
separation viewed from the top of the cuboid pair. 

The maximum residual indentation depth of the indents and reference samples 
was measured by white light profilometry (VSI). The inhomogeneous micro-
structure of PM steel results in a natural distribution of measured depth. The 
depth of the tested samples is generally shallower than those of the reference 
for 62 kgf, and deeper for 100 kgf., see Figure 53. In this work, one indentation 
represents each load in the displacement model.  
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Figure 53. Depth of indentations using 62 kgf and 100 kgf in the test material com-
pared to their respective reference. 

After indentation, the main difference between the clamped cuboid pairs and 
the reference samples is crack formation, which is found to a greater extent in 
the clamped samples than in the reference. Cracks are always perpendicular 
to the direction of loading and appear to be initiated at pore edges.  
 
Figure 54 exemplifies a tested material before and after indentation. A local 
increase in density due to pore deformation/collapse is seen for all samples. 
The effect is greater closer to the surface directly underneath the indent and 
decreases with increasing depth and with distance from the centre. The higher 
load results in a greater depth and more pore deformation. As for any inden-
tation, the heavily deformed region contains high compressive strain. Nor-
mally, relaxation is hindered, but in this particular experiment, this compres-
sive stress is allowed to be relaxed as the pair is separated. This is seen in 
Figure 55, which shows a separated surface where the bright region, starting 
some 50 μm below the deformed surface, has expanded out of the plane, col-
oured red and white instead of the otherwise flat green surface. 
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Figure 54. A sample before and after indentation with 100 kgf. Although a comparison 
allows a general impression of the deformation to be gained, it also illustrates the need 
for a more detailed and quantitative analysis. 

 

 
Figure 55. Profilometry of a cross-section and its elastic relaxation out of the plane 
after separation (left) with the corresponding profile along the dotted line. Sample 
tested at 100 kgf. 

Image analysis and registration of images before and after indentation reveal 
the pore displacement described above, see Figure 56. Both general trends and 
local displacements as well as the deformation depth, here close to 600 micro-
metres, can be seen. Furthermore, the relative pore displacement before and 
after indentation, which can be calculated directly from the data, can be used 
to determine how the material is densified as a function of distance from the 
surface. 
 
Figure 57 shows the estimated deformation field for loads of 62 and 100 kgf. 
The deformation fields confirm that the deformation is greatest at the surface 
and decreases as a function of radial distance from the centre and that the de-
formation is greater for 100 kgf. 
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Figure 56. Pore displacement, here indicated by arrows.  

 

 
Figure 57. a) and b) Displacement vectors from the model (red) fitted to the measured 
vectors (blue), input data from image registration and Pore displacement field in ab-
solute values for 62 kgf and 100 kgf, respectively.  
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7.3.1 – Discussion on surface densification of PM steel 
Test and analysis method 
This new procedure proved very promising for spatially resolved studies of 
material displacements of pores. There are however some aspects, the impact 
of which is yet not known, that needs to be studied further. The reference ma-
terials and the clamped samples are deformed to about the same depth. How-
ever, subtle cracks are found underneath the surface of clamped samples to a 
greater extent than for the reference. Moreover, in the present setup, there is a 
slight uncertainty when positioning the indent and in case the indent is not 
centred on the interface, the subsequent analysis will suffer from errors. Such 
an error can sometimes be detected by studying the material movement out of 
the plane in the cross-sections. The movement is mostly elastic and an effect 
of the residual stress, although any gap between the samples during clamping 
could also allow for plastic deformation already during indentation. Irrespec-
tively, the deformation out of the plane after separation is small relative to the 
in-plane movement, cf. Figure 55, but any deformation should result in a sit-
uation where the depth of the indent in the tested samples is larger than that in 
the reference sample where no relaxation takes place. This can be used as a 
quality assessment when deciding if an indent should be counted as valid or 
not. In this study, indents at 62.5 kgf were in general smaller in the test mate-
rials than those in the reference material meaning that these values should be 
used with precaution 

Densification 
The results from the image analysis indicate that both the accuracy and repro-
ducibility are good. The heavily deformed material in the centre of the indent 
reduces the accuracy of the registration of pores. From 91 % matching in the 
region closest to the centre it gradually increases to about 99 % far from the 
centre. The errors from the image analysis are almost exclusively due to the 
splitting of pores and or total collapse of the pore structure after compression, 
resulting in a situation where fewer or more pores are found before than after 
compression and thus an error in the pore matching. Since pore location is 
calculated as the “centre of mass” of each pore, a consequential error is that 
the registered displacement of pores after compression is slightly off in some 
cases. This might affect the model, but since the number of pores affected is 
small, this can be bypassed by looking at the transformed images and remov-
ing incorrect pairs.  
 
Since the image segmentation is based on intensity thresholding, the method 
is sensitive to contrast differences between the before and after images. 
Backscatter images with elemental contrast were used in this study and the 
contrast and brightness were tuned before the image analysis. Pores with an 
area less than 40 px2

 are in general circular before and after compression and 
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since the shape is not unique, including them in image registration will influ-
ence negatively on the process. 
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8 – Conclusions and achievements 

8.1 – Concluding summary 
In this concluding summary, I would like to address the objectives presented 
in the introduction one by one. 
 
Development and evaluation of test and analysis methods which make 
visible how different manufacturing parameters affect the pore and mi-
crostructure of sintered PM steel and how these affect the fatigue prop-
erties.  
 
The rolling fatigue setup simulates the part of a gear contact which is most 
critical for PM steels. It has proven to be robust, easy to use, and effective, 
and the damage found after failure corresponds well with those found in PM 
steels tested in an FZG test rig. Furthermore, it can differentiate between ma-
terials with almost identical densities. 
 
The density, which can be varied using different manufacturing routes, affects 
the fatigue properties of PM steels. However, density does not explain the ra-
ther large differences in fatigue life from the rolling contact fatigue results 
presented in this thesis. Therefore, it is more interesting to see how the density 
is partitioned by looking at how the pore size and circularity distributions are 
affected by the different manufacturing routes.  
 
Although the porosity is an inherent material property of sintered PM steels, 
there are ways in which the porous microstructure can be improved. Pore size 
is mainly affected by the powder particle size distribution. For unimodal pow-
ders, which consist of a single peak in terms of powder particle size distribu-
tion, decreasing the overall particle grain size in the powder mixture reduces 
the overall porosity. Mixing two different powder distributions of different 
sizes also increases the density. 
  
The material with the highest density was the Nano LT material from Paper 
III which was manufactured with a bimodal powder utilizing nanopowder and 
at a sintering temperature of 1120°C. 
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Looking at the distributions, most pores are small in all tested materials, re-
gardless of pressed density, powder particle size distribution and sintering 
temperature. Therefore, it could be proposed that there exists a range in pore 
size for which the size is critical while at the same time the probability of 
finding a pore with this size is sufficiently large to cause early crack propaga-
tion in the materials. No exact number can be stated but the range is believed 
to be around 200 – 400 µm2. 
 
The material that survived the longest of all the materials tested in the rolling 
contact fatigue tests had a similar density to many of the others, but it had a 
pore size distribution where pores larger than 200 µm2 were only scarcely 
found. A pore size distribution of this type appears to drastically increase the 
fatigue life of the material, suggesting that decreasing the pore size below this 
limit, which can be achieved by using an initial powder particle size distribu-
tion with smaller particles and sintering the materials at a slightly higher tem-
perature, is beneficial.   
 
Establishing a fundamental understanding of mechanisms of crack initi-
ation and propagation in PM steels.  
 
The understanding of how cracks initiate and propagate has been one of the 
main topics of the papers presented in this thesis. In the earlier papers, SEM 
was used to study cracks, which provided sound information about where in 
the material they first appear and how they propagate relative to the direction 
of loading. It was found that the first cracks appear approximately at a depth 
where the highest von Mises stress is found and that they propagate parallel 
to the surface, from pore to pore. It was noted early that cracks deviate slightly 
from the shortest path possible between two pores, something that was be-
lieved to be caused by local deflections due to inhomogeneous microstructure. 
In Paper II, cracks after failure were analysed by EBSD in hope that it would 
provide information about the preferred path of propagation. This was how-
ever proven to be difficult since almost no information could be attained close 
to the crack interfaces. Instead, in Paper IV, short cracks were investigated to 
further explain how cracks propagate through the microstructure. This study 
revealed that the preferred route of crack propagation is through prior austen-
ite grain boundaries, as long as these are oriented not too far from the initial 
direction of propagation. This helps to explain the crack path deflections seen 
in the earlier studies.  
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8.2 – Achievements 
 

 I have developed a new test equipment for rolling contact fatigue 
which simulates the contact at the pitch line in a spur gear contact. 
The equipment has proven to produce reliable results: it can distin-
guish between materials with almost identical densities and it mimics 
the failure mechanisms found at the pitch line in gears tested in FZG 
test equipment.  

 
 I have performed extensive image analysis and data processing, which 

has expanded the knowledge of the impact of different input parame-
ters during manufacturing on the pore and microstructure in the fin-
ished product, thus revealing differences not yet identified in the lit-
erature.  

 
 By coupling the different input parameters and their respective pore 

and microstructure to the rolling contact fatigue properties and utiliz-
ing the data collected from the image analysis, I have taken the first 
steps toward creating a model that predicts the fatigue properties.  

 
 I have performed EBSD studies on cracks in martensitic steel, which 

have provided novel information on how cracks propagate between 
pores and which helps to explain the deflective pattern of crack prop-
agation found in PM steels.  
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9 – Swedish summary – Svensk 
sammanfattning 

Med sintringstekniken kan komplexa detaljer med fina toleranser pressas och 
sintras från metallpulver. Detta till skillnad från konventionella processer som 
ofta kräver en stor del skärande bearbetning för att nå slutgiltig geometri. Sint-
ring anses därför vara en mycket kostnadseffektiv tillverkningsmetod för pro-
duktion av stora serier.  
 
Då pulver pressas och sintras fås en färdig produkt som till utseendet inte skil-
jer sig från ett konventionellt tillverkat stål. I materialet finns dock porer. Po-
rerna är en del av materialet och uppkommer på grund av att pulverpartiklarna 
inte helt kan fylla upp området i sinterformen. En viss volym av materialet 
kommer därför, även efter sintring, att bestå av porer. På grund av detta har 
en given legering av sinterstål alltid lägre densitet än ett stål tillverkat med 
konventionella metoder. Detta är en utav fördelarna med att använda sinter-
stål. Det finns dock även nackdelar med att ha porer i ett material i vissa be-
lastade applikationer. Porerna sänker den totala lastbärande arean och ger upp-
hov till lokala spänningskoncentrationer. För ett material som ska användas i 
en tillämpning med cyklisk last, som till exempel i ett kugghjul, kan detta ge 
upphov till sprickinitiering och propagering i materialet, något som alla bil-
tillverkare vill undvika.  
 
Ett av de användningsområden som aktualiserats på senare år är transmission-
skugg. Den pågående elektrifieringen av personbilar ger upphov till nya frå-
geställningar gällande materialval och design. Själva motorn i en elbil är tys-
tare än en förbränningsmotor, vilket har visat sig framhäva andra ljud i drivli-
nan, bland annat ljudet från växellådan. Porerna inuti sinterstål har visat sig 
absorbera en del utav ljudet från växellådan då ljudvågorna inte kan färdas 
lika fritt genom luft/gas som genom stål.  
 
Porstrukturen i sinterstål går att påverka på olika sätt. Ett sätt är att pressa 
pulvret under högre tryck, vilket leder till en initialt högre densitet. Mindre 
pulverpartiklar kan användas, vilket ger en högre packningsgrad i formen. 
Högre sintringstemperatur kan också användas för att ytterligare öka densite-
ten i materialet.  
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SSF-projektet Nanotechnology Enhanced Sintered Steel Processing undersö-
ker möjligheten att använda nanopulver för att öka prestandan för sinterstål. 
Genom att blanda vanligt metallpulver, som normalt är några till några hundra 
µm i diameter, med nanopulver så hoppas man kunna åstadkomma ett tätare 
material mer lämpat för fordonsindustrin.  
 
Den här avhandlingen behandlar tribologin hos sinterstål i kugghjul. Den 
handlar om att karakterisera och utvärdera hur olika parametrar under tillverk-
ningen av sinterstål påverkar por- och mikrostrukturen i materialet samt hur 
dessa kopplar till materialegenskaper, främst i rullande kontakt. Den behand-
lar även hur sprickor initieras och propagerar genom materialet och försöker 
att svara på frågan hur denna typ av material kan förbättras för att stå upp 
bättre mot konventionellt tillverkade stål.  
 
Med hjälp av bildanalys kan porernas storlek och utseende kartläggas och stu-
deras mer detaljerat än tidigare. Detta ger upphov till mer djupgående kunskap 
om vad som händer i materialet vid cyklisk belastning. Är utmattningsgränsen 
direkt kopplad till densiteten eller finns det andra faktorer som påverkar? Från 
de presenterade resultaten ses att densiteten inte går att koppla direkt till ut-
mattningsgränsen. Det är snarare så att livslängden hänger på sannolikheten 
att hitta porer större än en viss storlek i det belastade materialet. Den detalje-
rade analysen av porstorlek kopplad till utmattning säger att den kritiska por-
storleken ligger någonstans kring 200 – 300 µm2. Resonemanget bygger på att 
i de flesta sintrade stål, oavsett densitet (inom vissa gränser såklart) är den 
största delen av alla porer mindre än 100 µm2 och i vissa fall mycket mindre 
än så. Antalet porer som är över 200 µm2 är färre, men tillräckligt många för 
att leda till tidig sprickinitiering i materialen. Porer större än 500 µm2 är ovan-
liga. Skulle en sådan hamna i det högst belastade området skulle det säkerligen 
leda till sprickinitiering, men en enskild spricka ger inget tidigt brott och san-
nolikheten att hitta en så stor por är liten.   
 
Resonemanget ovan ger också en indikation för vad som kan göras för att för-
bättra materialen, nämligen att se till att porstorleken är så liten som möjligt 
för att minska risken för sprickinitiering i ett tidigt skede. Detta kan till exem-
pel göras genom att använda en finare pulverfördelning och sintra materialet 
vid högre temperatur. Två metoder som inte kräver nya teknologier för till-
verkningen. 
 
Vidare så behandlas hur sprickor propagerar genom mikrostrukturen. Många 
studier finns som visar på att sprickor rör sig mellan porer, men hur rör sig 
sprickor mellan porer?  
 
Från den detaljerade sprickanalysen kan en tydlig trend skönjas, nämligen att 
sprickor gillar att färdas i det som en gång var austenitkorngränser, i varje fall 
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om dessa ligger någotsånär i linje med sprickans initiala färdriktning. För 
”vanliga” stål är detta kanske ingenting som går att utnyttja, men för sinterstål, 
där dessa austenitkorngränser ofta sammanfaller med vad som en gång var 
partikelkorngränser finns en designaspekt. Kan man pressa materialet i en rikt-
ning som linjerar upp dessa korngränser på ett fördelaktigt sätt jämfört med 
den förväntade sprickpropageringsriktningen? Ofta är pressriktningen begrän-
sad av geometrin på den färdiga produkten, men det skulle kunna finnas ap-
plikationer där denna information kan användas.  
 
I den här avhandlingen har jag tagit fram en ny testutrustning som efterliknar 
den för PM-stål mest kritiska delen i en kuggkontakt. Testutrustningen kan 
skilja på små densitetsskillnader med god repeterbarhet och skadorna efter 
brott är snudd på identiska med de skador som uppkommer efter brott i en 
FZG-utrustning.  
 
Jag har också visat att bildanalys är ett kraftfullt verktyg för att se skillnader 
mellan olika tillverkningsparametrar och använt data från bildanalysen för att 
beskriva varför olika tillverkningsparametrar ger upphov till olika utmatt-
ningsgränser.  
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