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Summary 
To broaden the range of components that can be successfully produced in PM steel, improved 
design criteria are needed. Notched fatigue is one domain where the present knowledge is 
insufficient for design of highly stressed components. 

This work is an investigation of the notched fatigue performance of five PM steels from 
Höganäs AB. Fatigue tests of notched and un-notched specimens were performed, with 
subsequent SEM fractography to reveal the different mechanisms of failure.  

The investigated materials were: Distaloy AE, Distaloy DC, Distaloy HP, Fe +2,0% Cu + 
0,8% C, Astaloy Mo, and Astaloy CrL. All materials were pressed to a green density of 7,05-
7,10 g/cm3 and sintered 30 min at 1120°C. CrL was also sintered at 1250°C.  

All materials were fatigue tested in four point bending, R=-1; Astaloy CrL was also tested in 
R=0 and axial fatigue. Sintered densities, fatigue limits and notch sensitivity index, q, are 
presented in the table below. 

FEL 50% [MPa] 
Material 

Sintered 
Density 
[g/cm3] FS Notched 

Notch 
Sensitivity 

index, q 
Distaloy DC 7,10 227 177 0,74 
Distaloy HP  7,12 318 243 0,81 
Distaloy AE 7,14 261 212 0,61 
Fe+2%Cu+0,8%C 7,03 208 162 0,74 
Astaloy Mo 7,08 205 149 1,00 

246 R=-1 195 R=-1 0,70 
183 R=0 149 R=0 0,61 Astaloy CrL 

1120°C 7,07 
236 Axial 159 Axial 0,98 

Astaloy CrL 
1250°C 7,17 307 219 >1 

Heterogeneous materials (Distaloys and FeCuC) showed low notch sensitivity, 0,6-0,8. 
Homogeneous materials showed notch sensitivities in the range q= 0,6 - 1.  

SEM fractography showed that the materials with low notch sensitivity displayed a more 
trans-particle crack initiation and the materials with high notch sensitivitiy displayed more 
sinter-neck crack nucleation. 

High temperature sintering of Astaloy CrL increases the fatigue limit but was less efficient on 
notched specimens than on un-notched. 
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1. Introduction 
This chapter describes the background and objectives of this master’s thesis. 

1.1. Background 
Powder Metal (PM) parts are often used in structural parts because of low production costs in 
large series. This economic benefit is granted by a near net shape and low raw material loss. 
Historically, PM has primarily been used for parts with simple geometries that were not 
highly stressed. Development in production methods has broadened the use of PM parts to 
include parts that are more complicated. Better materials and design criteria has allowed the 
stresses in PM components to be increased.  

To further increase the use of PM steels, their use in cyclically stressed components is being 
addressed. For this, better design criteria for components under cyclic loads are necessary. 
The fatigue behaviour of un-notched fatigue bars is generally well known, but the effect of 
notches has not been entirely investigated. This is nevertheless of great importance as 
knowledge of the fatigue performances is necessary to broaden the use of PM towards more 
complex parts submitted to cyclic loading. 

1.2. Objectives 
Introducing a notch into the design without exactly knowing the material response creates an 
unknown and demands excessively high security factors. These security factors make designs 
with PM steels less weight-efficient than wrought steels, and decreases their usefulness.  

The objective of this study is to investigate the notched fatigue behaviour of sintered steels in 
order to establish relevant design criteria. This will be done by fatigue tests on notched and 
smooth fatigue test bars and comparison of the results. A literature survey has also been 
performed to account for the results of previous investigations. 
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2. Literature Survey 
This chapter briefly introduces powder metallurgy (PM), different powders, and fatigue, both 
in general terms and PM-particular features. At the end, previous work on PM fatigue 
including notched test bars are accounted for. 

2.1. Powder metallurgy 
Powder metallurgy is an economic fashion to produce metal parts. The economical benefits 
lie in the near net shape of the sintered piece, and in the reduced loss of raw material.   

Generally, PM parts are produced in two steps: compaction and sintering. Production can also 
include secondary operations such as repressing, coining, sizing or heat treatments.  

During compacting, the piece is pressed close to its final shape. Plastic deformation of the 
powder particles occurs during compaction. This results in mechanical locking between the 
particles and gives the component sufficient strength to sustain pre-sintering handling. The 
pressed but not sintered piece is referred to as a green part. 

Sintering consists of heating the green part to high temperatures, promoting diffusion bonding 
between the particles. The result is a body where all former particles are connected with their 
neighbours via sinter-necks. Adding elements with a melt temperature lower than that of 
sintering gives a liquid or transient liquid phase. This liquid phase wets the particles and 
promotes the formation of sinter necks. Depending on the properties of the liquid phase, this 
infiltration of liquid between the particles can cause swelling or shrinkage. The increased 
diffusion rate of liquid leads to higher homogeneity and rounder pores.   

Powder metallurgy is a near net shape technique. However, secondary operations are 
sometimes necessary. Re-pressing, sizing, coining or powder forging are methods where the 
piece is pressed after sintering in order to improve the properties and adjust the shape. A 
particular benefit from the porosity of PM materials is the possibility to infiltrate the material 
with metal, polymers or oil, as in self-lubricating bearings. In addition to these PM-specific 
methods, most secondary operations used on wrought steels can be applied, such as heat 
treatments, machining, joining, and corrosion protection.  

2.1.1. Powders 
Iron powders can be of several types. Two principally different powders are sponge powder 
and atomised powder. Powders are also distinguished by chemical composition as pure iron, 
pre-alloyed or diffusion alloyed powders.  

Atomised powders are produced by spraying molten metal through a nozzle. The metal is 
sprayed towards a jet of pressurised water, which disperses the metal into small droplets and 
causes rapid cooling. Thereafter, these droplets are reduced and annealed. The powder thus 
obtained has high compressibility and moderate green strength. 

Sponge iron powders are produced by solid-state reduction of fine magnetite (Fe3O4). The 
magnetite is mixed with coke and heated to 1200°C. Powders obtained with this technique 
have a spongy structure with internal pores. This gives high green strength thanks to the large 
deformation of the particles and the increased interconnection that results. However, the 
internal porosity of the particles decreases the compressibility.   

Astaloys™ are pre-alloyed atomised powders. Adding the alloying elements to the melt 
before atomisation gives a homogeneous material after processing. However, the addition of 
alloying elements increases the hardness of the powder; thus, compressibility decreases.  
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Distaloys™ are diffusion-alloyed powders. The alloying elements are added to the base 
powder and the mix is heated so that bonds are created between the base powder and the 
additives. This assures that the homogeneity of the mix is preserved through processing 
without loosing the compressibility of the powder.  

2.1.1.1. Base Powders of particular interest 
In this investigation, the following base powders were used. 

ASC100.29, a water-atomised powder with very high compressibility mixed with 2% copper 
powder <100 mesh (Sieved through a sieve with 100 wires/inch. The space between the wires 
is approximately 150 * 150µm2), and 0,8% graphite. 

Astaloy Mo, a water-atomised powder pre-alloyed with 1,5% molybdenum. This material has 
high compressibility and hardenability. It was mixed with 0,8% graphite.  

Astaloy CrL, pre-alloyed with 1,5% chromium and 0,2% molybdenum. Used with 0,85% 
graphite. 

Distaloy AE is based on ASC100.29 on which 4% nickel, 1,5% copper and 0,5% 
molybdenum are diffusion bonded. It has been tested with 0,8% graphite admixed. 

Distaloy DC is particularly designed for dimensional control and shrinkage independent of 
density. This eliminates the problem with distortion of pieces due to differential shrinkage. It 
is produced by diffusion bonding of 2% nickel to Astaloy Mo. Carbon was admixed to 0,65%. 

Distaloy HP is Astaloy Mo with 4% nickel and 2% copper diffusion bonded to it. The high 
alloying content gives high performance and small scatter of dimensions. 

2.1.1.2. Powder mixes 
The base powders can easily be mixed with alloying powders to achieve a wide spectrum of 
chemical compositions. In some cases, alloys can be created that are impossible to mix in 
liquid phase-. The choice of alloying elements is also different than in wrought steels. For 
example, phosphor makes wrought steels extremely brittle but is widely used in PM to 
achieve a liquid phase during sintering.  

The most common type of powder mixes is admixed powder, a homogeneous mix of the 
different powders without bonding between the individual particles. The advantages of this 
process are that it is very easy to vary the composition of the powder, and that the 
compressibility is high compared to pre-alloyed powders. The disadvantage is that there is an 
increased tendency of segregation of the powders during handling. 

2.1.2. Homogeneity 
Materials produced with Distaloys or admixed powders have a highly heterogeneous 
microstructure. As diffusion during sintering at 1120°C is too slow to homogenise the 
material, the particle core keeps the original chemical composition of the base powder with 
the addition of carbon. Near the sinter necks, short-range diffusion of the alloying elements 
creates highly alloyed phases with high strength and hardenability. In the case of liquid phase 
sintering, the diffusion is very high and the liquid form a nearly heterogeneous matrix around 
the particle cores. Non liquid phase forming metals, such as nickel or molybdenum, that are 
added as particles in the powder often remain as distinguishable areas after sintering. This 
difference in composition makes the sinter necks so much stronger than the particle cores that 
the particle core is sometimes the weakest part of the material.  
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2.1.3. Alloying elements 
Copper and even more phosphorous are elements that are generally avoided in wrought steels 
but commonly used PM steels. In PM, the low melting temperature of these elements makes 
them very important for increasing the effect of sintering. 

Copper is the most common alloying element in PM steels, typically 1,5 – 2,0% Cu in 
combination with 0,6% C. In wrought steels, copper causes grain boundary precipitations that 
make the material brittle. Correctly processed, this problem does not occur in PM steels. The 
copper melts before sintering temperature is reached thus increasing the diffusion rate and 
creating sinter necks by wetting. The transient liquid phase is well distributed along the 
narrow gaps between particles. As the molten copper infiltrates between the iron particles, 
swelling occurs decreasing the final density of the sample. Copper-carbon PM steels often 
have large pores originating from the copper particles. The sinter necks of copper alloyed 
steels are often fine copper-rich pearlite.  

Phosphor must be avoided in wrought steels as it segregates during solidification and 
precipitates along grain boundaries. This makes the steel weak and brittle. In PM steels it 
serves the same liquid forming function as copper, but without swelling. This is thanks to the 
high surface tension of the phosphor, which also makes the pores small and spherical. 
Furthermore, phosphor hardens ferrite by solution hardening. 

Nickel is added to PM steels to increase strength and ductility. Nickel addition increases the 
hardenability of steel. The diffusion rate of Ni is very low in solid state. Because of this, Ni 
particles or Ni agglomerates can form Ni-rich austenitic areas, often surrounded by 
martensite. 

Molybdenum and chromium are often used to pre-alloy iron powder. Mo is also used admixed 
or diffusion-bonded (Distaloy AE). Their primary role is to increase the hardenability of the 
material, but should also solution harden the steel. Chromium can also be used to increase 
corrosion resistance. 

2.2. Fatigue 

2.2.1. Test Mode 
Fatigue limit results depend on the test mode. Axial fatigue tests gives a lower fatigue limit 
than rotational or plane bending fatigue tests. This is due to the different nature of the test 
methods. In axial testing, the entire volume of the test bar is under the nominal load. In plane 
bending, only two surfaces of the specimen reach the nominal stress level whereas the whole 
surface of the rotational bending specimen is loaded. Comparison is further complicated by 
the fact that rotational bending test specimens are, for practical reasons, always machined, 
whereas the other tests can be performed on as sintered specimens. Lin, Prucher and Friedhoff 
1 compared axial and rotational fatigue of some low alloy PM steels and found 10-20% lower 
fatigue limit in the case of axial fatigue. An extensive investigation of  Sanderow, Spirko and 
Friedhoff 2 showed that the fatigue limit is 16% lower in axial fatigue than in rotating beam 
fatigue.  

2.2.2. Notches 
The notch is a local stress-raiser. In the notch root, the stress is theoretically higher than the 
nominal stress by a factor Kt, called the stress concentration factor. Kt is a calculated factor 
based on a linear elastic material model. 
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Fatigue test performed on notched bars gives lower nominal fatigue limit as compared to 
smooth bars. The fraction between the un-notched and notched fatigue limit is called the 
fatigue notch factor, Kf. The notch sensitivity index, q, is defined as  

1
1

−

−
=

t

f

K
K

q      (Equation 2-1) 

This entity quantifies a material sensitivity to notches.  q =1 corresponds to full notch 
sensitivity,  and q=0 is a hypothetical material that is not at all sensitive to stress 
concentrations. 

It should be pointed out that though notch sensitivity may seem like a material constant, this 
is not the case. Different Kt can give different results on the same material. Even experiments 
on two different shapes with the same stress concentration factors can have different results 
on q.3 

2.2.2.1. Notch sensitivity models 
Numerous theories exist connecting notch sensitivity to different material properties and 
notch geometry. A review of these theories has been made by Yao et al.4 They classified the 
theories according to their assumptions as either average stress models, fracture mechanics 
models or stress field models. A summary of these models are given in the following 

a)  Average stress models 
These models are based on the assumption that failure will occur when the average stress over 
a certain depth from the notch exceeds the smooth specimen fatigue limit. Such theories were 
first suggested by Kuhn and Hardraht.    

According to the Neuber theory there exists an inner dimension, the elementary radius, 
(Neuber constant), A, that influences the notch sensitivity index. According to this model q 
can be expressed as 

ρA
q

+
=

1
1

   (Equation 2-2) 

where ρ is the notch root radius.  

Peterson compared the stress at a given distance with the smooth specimen fatigue limit. With 
the further assumption that the stress drops linearly near the notch, he obtained 

 
1

1 q
ρa+

=     (Equation 2-3) 

where ρ is notch root radius and a is a material constant depending on strength and ductility.  

Similar, one parameter models have been suggested by Siebel and Stieler and by Heywood. 
Two parameter models have been suggested by Buch and by Wang and Chao. 

b) Fracture mechanics models 
Fracture mechanics models are based on the assumption that there are non-propagating cracks 
in the material. In the notched specimens, these cracks are assumed to initiate in the notch 
root, and in the un-notched specimens, they are assumed pre-existent. Based on the assumed 
size of the pre-existing cracks, the critical stress intensity amplitude (minimum amplitude for 
crack propagation) is calculated from the smooth specimen results. This critical stress 
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amplitude is then used to calculate the critical stress of the notched sample, giving the fatigue 
notch factor. This kind of model has been presented by different authors, using different 
parameters and assumptions of crack length. 

c) Stress field models 
In stress field models, the accumulated damage in the whole fatigue failure region is 
accounted for. Integrating a weighted equivalent stress function over the fatigue failure region 
allows comparing the influence of the notched stress field with that of the smooth specimen. 
Using this model is however not as direct as the other models as it demands the determination 
of the stress field, possible with FEM calculation, as well as the weight function and the 
material dependent fatigue failure region. Such models have been suggested by Yao and Yi. 

The practical usefulness of these prediction methods depends on the complexity of the 
calculations and the parameters that are needed. The average stress models are based on 
geometrical data and one or two material parameters. This makes it easy to determine the 
parameters with few test series (one notched series per parameter).  

 Fracture mechanics models demand that assumptions be made regarding size and shape of 
the pre-existing cracks, something that is not evident, particularly in PM materials. For 
wrought materials, they can however be readily applicable. 

Stress field intensity models on the other hand demand the knowledge of several functions in 
two or three dimensions and the determination of two- or three- dimensional material 
parameters. This models have their great advantage in 2D or 3D FEM calculations of stress 
fields. In publications aiming to give design criteria,5,6,7 only the use of average stress models, 
notably that of Neuber, have been found. Only average stress models with one material 
parameter will be further considered in this investigation. 

2.2.3. Influence of Volume 
Larsson7 showed on wrought steels that the size dependence in notched specimen is 
sufficiently accounted for in the Neuber rule. This conclusion was drawn from rotating 
bending tests and are not automatically applicable on PM steels. Influence of the size of the 
test bar might be considerable when the size is increased such that the volume under 
maximum load is increased in bending fatigue tests. However, the results7 indicate that the 
influence of the stress gradient is sufficiently accounted for in models such as those of Neuber 
and Peterson.     

2.3. PM fatigue 
Fatigue performance and behaviour of PM steels depend on many factors such as: density and 
pore distribution, material homogeneity, phase composition. Some of these factors are 
discussed in this chapter along with some PM particular fatigue and notched fatigue features. 

Many models exist for predicting fatigue life and fatigue limit of PM steels. A current 
approach is to estimate the fatigue limit as a fraction of the strength of the material. A whole 
standard was based on taking the fatigue limit as 38% of the tensile strength. Such models 
have the advantage of being simple and economical ways to obtain materials data, as the 
tensile testing necessary is much faster and thus cheaper than fatigue tests. The disadvantage 
with the model comes from its simplicity; the results are only valid for certain materials and 
production methods. Particularly materials designed for high strength or high fatigue 
performance tend to fall far from the predicted values. This makes high safety factors 
necessary, increasing the thickness and thus the weight and price of the component.  
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2.3.1. Crack initiation and Propagation 
Drar and Bergmark8 characterised the fracture surface of fatigued Distaloy AE. They divided 
it in three regions named R1, R2 and R3. R1, including the initiation site, is flat and planar; 
the rougher R2 is a zone of stable crack growth guided by the porosity and R3 is a region of 
un-stable crack propagation.  

In R1, the crack passes through the base particles in a mode I crack propagation. In this part, 
porosity plays only a very small role for the crack path. In R2, the crack is guided by the 
pores and fracture is mainly in the sinter-necks giving a three dimensional surface with mixed 
mode fracture.  

Mårs et al.8 suggested that the transition from R1 to R2 is connected to the size of the plastic 
zone at the crack tip. In R1, the plastic zone at the crack tip is small compared with the 
particle size. As crack growth is restricted to the plastic zone, the sinter-necks will not be 
affected and the crack propagates in mode I, perpendicular to the maximum strain. This 
mechanism for the early crack growth justifies the use of fracture mechanics in the early stage 
of the fatigue fracture. In R2, the plastic zone has grown to the same size as the particle it will 
also include the sinter-necks around the particle. It will thus be possible for the crack to 
deviate and propagate along the pores.  

Crack propagation in R3 is characterised by fast crack propagation due to repeated overloads 
of the material. 

2.3.2. Influence of density 
Density is a very important factor on most PM properties including fatigue. In the density 
interval 7.1 to 7.4 g/cm3, fatigue limit increases approximately 5-10% per 0.1g/cm3.9 

An important density dependant parameter for fatigue in PM materials is the Young’s 
modulus, E. Under the assumption that fatigue initiation is connected to a critical strain, 
increased E permits a higher load before the local strain attains the critical value. A widely 
accepted model for E is that of McAdam10: 

 
n

E
E









=

2

1

2

1

ρ
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where ρ1 and ρ2 are the densities corresponding to E1 and E2 and n is a material parameter 
whose empirical value is between 3 and 3,4. Bergmark10 suggested that the fatigue limit 
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where α is a material parameter. He later expressed α in terms of density: 9  
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giving the final expression: 
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Bergmark reported k in the interval 2,7 to 12,1 based on review of literature data.9 
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2.3.3. Pore form and distribution 
Pores act as stress concentrators and crack initiation sites, thus their form is of great 
importance. The stress concentration of a notch is, as a first approximation, proportional to 

ρa , where a is the notch depth and ρ is the notch root radius, as long as ρ is much smaller 
than a.11  

The size and distribution of the pores are also important. It has been shown that fine porosity 
gives better fatigue properties than coarse porosity.12 It has also been reported that cracks 
initiate in areas with few other pores than the one responsible for the crack initiation.13 

Pores on the surface of a specimen are worse for the fatigue (and static) properties than 
internal pores. With a fracture mechanics approach, surface and central flaws can be easily 
compared. For elliptical flaws with radii a and c, the stress concentration factors can be 
expressed as:6 

acafYK I πσ )(0=    (Equation 2-8) 
where f is a function of a and c, Y is a constant depending on the location of the flaw and σ0 is 
the nominal stress applied. Y is equal to 1,12 if the flaw is on the surface and 1 if it is an 
internal crack.  

Supposing that a and c are the same in the both cases, it is obvious from Equation 2-8 that the 
surface flaw gives a 12% higher stress intensity than the inner flaw. It is however more 
practically interesting to suppose that the two flaws have the same area. In this case, it is 
easily deducted that the surface flaw gives a 30% higher stress intensity factor than an internal 
flaw. The calculations are shown in detail in Appendix B. 

2.3.4. Notch effect in PM 
In notched PM steels the stress-raising effects of the pores and the notch are combined. In 
early stages of PM development, it was suggested that the effect of a notch was very small as 
there are already the pores in the material. This argumentation is however not logical. A notch 
increases the local stress field, thus increasing the local stress that can then be further 
concentrated by a pore. When the crack depth is sufficiently high, the notch can be considered 
a part of the crack and the stress concentration can be calculated as for a surface crack with 
the depth of the notch and the crack together.  

The effect of a notch depends on factors such as stressed volumes, pore distribution, 
differences in tooling. If a notch is machined after sintering the situation becomes very 
complex as the effect of machining can be well as important than that of the notch. Machining 
effects can be beneficial on fatigue properties such as surface densification and introduction 
of compressive residual stresses, or deleterious such as scratches, micro-cracks and/or 
induced tensile stresses. 

2.4. Previous work on PM fatigue including notched specimens 
Fatigue testing on PM materials spun off in the early eighties. Today, the basic fatigue 
behaviour of PM parts is known. However, reports on previous work including notched 
specimen are rare, and generally not complete.  

No general conclusions can be drawn from earlier work, except that results are highly diverse. 
Whereas many authors14,15,16,17,18,19 report very low notch sensitivity, full notch sensitivity 
have been reported by others20. Given the geometrical and metallurgical complexity of many 
PM steels, and the randomness of occurring pores, it would be reasonable to believe that the 
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answer should not be a complete sensitivity or insensitivity, but depend on the material and 
geometry of the component. 

Most previous work has been performed on test specimens where the notch and sometimes 
the whole sample have been machined from a sintered body. This decreases the practical 
interest of the investigation, as fatigue behaviour is dependent on the surface properties. 
Different types of machining affect the fatigue limit in adverse ways.   

Previously used notched fatigue bars include: 

a) 11x5 mm2 cross-section bar with 2mm central hole through the 11 mm side. The 
geometry has been used with drilled14 as well as with pressed and sintered holes.15,16 
This geometry has a stress concentration factor Kt= 2,8 and 2,0 for axial and bending 
loads respectively.  

b) 11x5 mm2 cross-section bar in which 2 mm deep V-notches are machined, one on 
each side. Two notch radii were used. For bending fatigue, r = 0,3 mm gives Kt = 3,5 
and for axial tests, r = 0,6mm gives Kt = 3,4.  

c) The 7x7 mm tested cross section bar with r=3 mm, as sintered, edge notch used for 
this work has previously been used by Åkerström.21 

d) An 11x5 mm2 bar where the central part has been machined to a height of 4 mm with a 
2 mm diameter drilled hole.18 

e) A 5,7x 5,0 mm2 cross-section tensile stress test bar with a 1mm central hole. The hole 
was made with electrical discharge machining (EDM). The stress concentration factor 
of this geometry is Kt=2,8 in axial testing. This bar was used by Sonsino and Brandt  
in combination with the same bar without hole as un-notched bar.22 

The results from comparative tests with these geometries show more a tendency for the test 
bar geometries and test methods than for the materials. The very small radii geometry b had 
extremely low notch sensitivity (q= 0,05-0,2).  Bars with drilled holes with small diameters 
were in the range of q = 0,4 - 0,6.  The as sintered bars with large notch root radius showed 
almost full notch sensitivity. 

2.4.1. Fe + Cu + C 
In an early paper, Sonsino16 reported the properties of Fe +1,5%Cu +0,6%C. The report 
includes axial, bending and torsion fatigue, but the endurance limit (N= 2*106) can only be 
deducted by extrapolation. Further investigations by the same author included higher densities 
and hardened materials.17 The test series in the investigations are small and not focused on 
fatigue limit and results have limited use. In axial testing with bar type a, Kt= 2.8 the notch 
sensitivity, q, was in the range of 0,4 to 0,6. Notched bars of type b, Kt=3.4, had substantially 
lower q, in the range of 0,05 to 0,15. See Appendix C for further details. 

Previous tests on 7,15 g/cm3 ASC100.29 + 2,0%Cu + 0,8%C performed at Höganäs AB with 
5x5 mm2 cross section specimens revealed a 50% fatigue limit of 230 MPa.  

2.4.2. Astaloy CrL 
No previous studies of notch sensitivity have been found on this material. Previous studies of  
7,1g/cm3 Astaloy CrL + 0,84% C at Höganäs AB has revealed fatigue limit to be 239MPa.  

2.4.3. Astaloy Mo 
No previous studies with both notched and un-notched have been found on this material. 
Åkerström21 reported the notched (Kt=1,38) fatigue limits for density 7,3 g/cm3. With 0,8% 
carbon, fatigue limit was 177 MPa (nominal stress). With 0,2 % C was reported as sintered 
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and case hardened. The fatigue limit of as sintered material was 177MPa and that of the case 
hardened material was ca. 400MPa.  

Previous investigations at Höganäs AB determined the fatigue limit to 211 MPa  with 0.8% 
carbon and density 7,1g/cm3.  

Combining the results of Åkerström21 with those at Höganäs, gives a fatigue notch factor of 
approximately 1,4, that is, the material is fully notch sensitive. All test bars used by 
Åkerström were produced at Höganäs AB.                                                                                                          

2.4.4. Distaloy AE 
Sonsino has made a number of investigations on Distaloy AE. The test method used was 
focused on determining the slope of the S-N curve and the FEL values achieved as the value 
of the S-N curve at 2*106 cycles. Because the S-N curve is rarely a straight line at high stress 
amplitudes this is not always a good method. The results have generally low confidence and 
tend to show low fatigue limits. 

Axial fatigue tests were reported18 with notched bar geometry d (Kt=2,8). Carbon content was 
0,5% and sintered density 7,20g/cm3.  Endurance limits were 220 MPa and 125 MPa on un-
notched bars and notched bars respectively. The results show low notch sensitivity (q=0,4) 
(See Appendix C for details). 

A similar investigation from 199019 showed low notch sensitivity (q from 0,2 to 0,4) for 
densities around 7,1 g/cm3. Un-notched axial FEL were 160, 170 and 180 MPa, for 0,5, 0,7 
and 0,8 %C respectively. The same type d notched bars were used, but here all surfaces of the 
bars were machined. 

In a study of sintering conditions, Lindner and Sonsino reported some fatigue properties of 
the related Ultrapac LE + 0,6%C (Mannesmann Demag AG).15 Sintering was performed at 
two temperatures (1120 and 1250°C) and two durations (30 and 120 min). Generally, better 
properties were reported for higher temperatures and longer sintering times. Under fully 
reversed axial load, fatigue limits were between 129 and 195 MPa for un-notched specimens 
and from 97 to 129 MPa for the notched (Kf = 2,8) samples. Bending fatigue limits ranged 
from 148 to 266 MPa and from 138 to 195 MPa with and without notch, respectively. This 
reflects very low notch sensitivity with q in the range of 0,15 to 0,38. The notched bar used 
was of type a) above and the sintered density was 7,1 g/cm3. Testing appears to have been 
performed with emphasis on the slope of the S-N curve but this should not greatly have 
influenced the notch impact results. It should be noted that the data for un-notched specimens 
sintered at 1120°C/ 30 min are much lower than those achieved in other investigations. 

Similar test results showing low notch sensitivity were reported with notch type e), a 1mm 
hole in a- tensile stress bar. 22 For a density of 7,45 g/cm3, the un-notched fatigue limit was 
270 MPa and q was 0,52. 

Previous studies at Höganäs AB determined bending fatigue limits of 250 MPa with 0,6%C 
and 277 MPa with 0,8 %C (density 7,1 g/cm3). 

2.4.5. Distaloy DC 
No previous studies of notch sensitivity have been found for this material. Previous 
investigations at Höganäs AB reports un-notched fatigue limit to be 238 MPa with 0,67%C 
(density 7,12g/cm3). 
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2.4.6. Distaloy HP 
In 2001, Engström, Lipp and Sonsino reported the notch sensitivity of this material.14 The 
notched bar was of type a, Kt=2,8. Axial fatigue tests showed that the un-notched fatigue 
endurance limit was 255 MPa and 270 MPa for the densities 7,15 and 7,29 g/cm3 respectively. 
The corresponding notch fatigue limits were 148 MPa and 155 MPa which results in a notch 
sensitivity index of q=0,4. This low value is however achieved in a manner where the tested 
volume and the surface under maximal strain of the notched bars are substantially smaller 
than that of the un-notched bars.  

Previous testing at Höganäs AB has determined the fatigue limit to be 285 MPa for density 
7,14g/cm3 and carbon content 0,77%. 

2.4.7. Other materials 
In the previously mentioned investigation by Engström et al.,14 the properties of Astaloy CrM 
with 0,4 % carbon was reported for sintered densities 7,0 and 7,15 g/cm3. The notched bar 
was of type a Kt=2,8. The un-notched fatigue limits were 207 and 230 MPa, and the notched 
were 123 and 135 MPa, the lower values for the lower densities. Similar to Distaloy HP the 
notch sensitivity index was 0,4.  

Full notch sensitivity in sinter steel FL4405 was reported by Poland, Stephens and Prucher.20 
FL4405 is pre-alloyed with 0,75-0,95% Mo and with 0,4-0,7% admixed carbon. Tests were 
performed on keyhole notched specimens, Kt=3,5, under fully reverse load, R=-1. Three 
series with two densities (7,0 and 7,4 g/cm3) and two sintering temperatures (1120 and 
1315°C) all showed full notch sensitivity, q=1, in high cycle fatigue. Results indicate that q 
was lower in low cycle fatigue. 
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3. Experimental Methods 
In this chapter, the experimental methods used in this study are presented. First, test bar 
geometries and process route are described. Thereafter, fatigue test equipment, procedure and 
evaluation are explained followed by fractography and finally a brief description of methods 
used to characterise microstructure of the materials.   

3.1. Test specimen 

3.1.1. Un-notched specimen 
For testing of the un-notched material a modified ISO3928 fatigue test bar was used. The 
outline of the bar is shown in Figure 3-1.  

Previous work with standard specimens has shown that cracks initiate preferably in the 
corners of the specimen.13 Corner placed pores are the weakest points of the original ISO 
3928 design. The problem was further emphasised by the fact that particles in the corners 
were torn away during post-compaction processing of the green body. This phenomenon is 
known and avoided in component processing and thus irrelevant when determining material 
properties. 

The modification of the test bar consists of changing the shapes of the cross section. Chamfers 
are introduced in the corners making them denser and not subject to the risk of having 
particles torn away. The shape of the modified corner is shown in Figure 3-3. Furthermore, 
the height of the bar was increased to 7mm, in order to be the same as the notched bar. This 
bar is henceforth referred to as FS.  

 

 

Figure 3-3 Modified corner 
profile. 

  

Figure 3-1 Modified ISO3928 fatigue test bar. 
Measurements in mm. 

Figure 3-2 Notched fatigue bar geometry. 
Measurements in mm. From Åkerström21 
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3.1.2. Notched Specimen  
To investigate the effect of notches in the material a notched bar primarily designed for plane 
bending fatigue testing was used. This bar is designed to reproduce the stress distribution in a 
gear root. The geometry of the bar is shown in Figure 3-2. The tested cross section was 7x7 
mm2. In the notch part of the specimen, the corners are densified and rounded in the same 
way as the un-notched specimen. 

This bar geometry has previously been used by Åkerström,21 but without chamfers. The stress 
concentration factor, Kt was determined both analytically and by FEM to be 1,38 in plane 
bending. Under axial load, Kt has been calculated according to Roark and Young23 to be 1,50. 

3.1.2.1. Verification of new press tool 
The notched tool used had not previously been used or tested. Thus, test samples were 
produced to verify its function. It was found that all four corners were not exactly according 
to specifications and that the clearance (the space between die and punch) was large, resulting 
in a large but not critical burr. However, the densification of the corners was sufficient to 
ensure that corner effects are eliminated. No cracks or other defects originating from pressing 
could be found. The full investigation can be found in Appendix D. 

3.2. Sample preparation 
The samples were produced by uni-axial pressing and sintering. No machining or polishing 
was carried out at any stage of the production. Production parameters are given in Table 3-1. 

Base 
material 

Graphite
C-UF4 

[%] 

Zn- 
Stearate 

[%] 

Cu 
[%] 

Compacting 
Pressure [MPa] 

(FS/Notch) 

Green 
Density 
g/cm3 

Sintered 
Density 
g/cm3 

Sintering 
conditions 

Distaloy AE 0,80 0,70 0 580/530 7,10 7,14 Std. 
Distaloy DC 0,65 0,70 0 580/565 7,10 7,10 Std. 
Distaloy HP 0,80 0,70 0 605/585 7,10 7,12 Std. 
ASC 100.29 * 0,80 0,70 2,00 550/530 7,10 7,03 Std. 
Astaloy Mo 0,85 0,70 0 625/600 7,10 7,08 Std.  

Astaloy CrL 0,85 0,70 0 695/675 7,10 
7,10 

7,07 
7,17 

Std. 
HT 

Std: 1120°C, 30 Min, 90% N2 10% H2  
HT: 1250°C, 30Min, 100% H2  
*Referred to as Fe2,0Cu0,8C 

Table 3-1 Fatigue bar production parameters  

3.2.1. Powders 
The cold pressing powders were produced by admixing graphite and lubricant to commercial 
grade powders. For producing Fe2Cu0,8C, copper <100 mesh (i.e. particle size less than 
150µm) was also admixed to the powder.  

The graphite used was Graphite UF-4 –96/97 from Graphitwerk Kropfmühl. This ultra fine 
graphite contains 96-97% carbon and the rest ashes. The median particle size is 4µm 
(equivalent size at sedimentation). 

3.2.2. Pressing 
Pressing was done in a hydraulic press with floating dies. Cold compacted specimens were 
pressed with the pressure required to reach a set green density whereas the warm compacted 
specimens all were compacted at 800 MPa. This resulted in green densities of 7.3-7.4 g/cm3. 
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During warm compaction, die, upper punch, and filling shoe, were heated to 135°C and the 
powder to 128°C.   

3.2.3. Sintering 
The green bars were sintered at two temperatures, 1120°C and 1250°C.  Low temperature 
(1120°C) sintering was carried out in continuous belt furnace for 30 minutes. A mix of 90% 
H2 and 10% N2 was used as atmosphere to protect the specimens from oxidation and reduce 
existing oxides on particle surfaces. The cooling rate in the furnace was set about 0.8°C/s.  

High temperature (HT) sintering (1250°C) was performed in a Cramer batch furnace. Here, 
sintering time was 30 min and the atmosphere was pure H2. Cooling rate was around 1°/s. As 
it could not be assured that cooling rates for the two furnaces were identical, all HT-sintered 
specimen that were not to be heat-treated, were also passed through the belt furnace. This 
way, identical cooling rates were assured. 

3.2.4. Case Hardening 
Case hardening was planned on Astaloy Mo and Astaloy CrL specimen. This would have 
been performed as plasma carburisation followed by air quenching. The plasma carburisation 
would have been done to give a case depth (depth where hardness is 550 HV)of 0,5mm. This 
part of the investigation had to be excluded due to considerable delay of the return of the 
samples from plasma carburisation.   

3.3. Fatigue testing 

3.3.1. Bending Fatigue 
Plane bending fatigue testing was performed on a four point bending machine at 28-30 Hz. 
Specimens that survived 2 million cycles were considered run outs. Tests were terminated 
when the run out limit was reached or when the compliance of the samples had increased by 
2%. The compliance increases as the cracks start to grow. As a crack changes the compliance 
of the bar only when it is loaded in tension, the recording system allowed evaluation of the 
cracked surface (top or bottom).  

In previous tests at Höganäs AB, the samples were mounted with maximum stress at the 
punch surfaces. In the tests reported here, the samples were rotated 90°in order to get 
maximum stress at the die surfaces. This was necessary on the notched bar in order to have 
the desired effect of the notch. The FS bar was rotated in the same way to ensure the 
equivalence in test method for the two geometries. 

The increased dimensions of the specimens decreased the capacity of the machines in terms of 
maximum allowed stress. With standard FS bars, four machines were limited to 400 MPa and 
four to 1500 MPa. The limiting factor is the maximum force supported by the force 
transducers. Increasing the cross-section of the specimens decreases the maximum strain in 
the specimen for a fixed torque. With the 7x5mm2 FS bars, the machines are limited to 285 
MPa and 1070 MPa. With the 7x7 mm2 notched bar the limits are 145MPa and 545 MPa. The 
complete calculation of these parameters is found in Appendix E.  

The software (LabView) automatically calculated the stress amplitude from the measured 
force and the dimensions of the test rig and sample cross-section. This calculation includes a 
correction for the modification of the corners supposing a 5x5mm2

 cross-section. Changed 
cross-section alters the relation between the measured force and the maximum stress and the 
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value given by the software must be corrected. The correction factors, k, such that Dispkσσ =  
where σ is the correct nominal stress and σDisp is the displayed stress given from the system 
were calculated to be k= 0,977 for the FS bar and k=0.978 for the notched bar. The 
calculations are presented in Appendix F. 

3.3.2. Axial Fatigue 
Axial fatigue testing was carried out using a Roell-Amsler Vibraphore 30 HP 5100 resonance 
machine working at about 150Hz. Here, compensation for the modified corners was made by 
reducing the cross-section area entered into the software by 0,57mm2. 

3.3.3. Fatigue limit 
For fatigue limit evaluation, the stair case method was followed. The protocol used is 
described in MPIF Standard 56.24 This method is well suited to achieve a mean value of high 
confidence with relatively few samples.25 This is because most specimens are tested close to 
the fatigue limit.  

The principle of the stair case method is to let the result of the previous test determine the 
next test level. A starting level is chosen that is close to the expected fatigue limit. A step d is 
chosen such that d is as close to the standard deviation of the tested population. If a specimen 
breaks at a given stress level, the stress level for the next sample is decreased by d. Similarly, 
if a sample survives the previous stress level the stress is increased by d. This staircase is then 
continued until all samples are used or sufficient number of specimens is included in the 
staircase. The MPIF Standard 5624 recommends that at least 12 specimens be used for 
obtaining the fatigue limit with this method. In this investigation, at least 13 samples were 
used in the staircase, if available. 

The standard deviation is also calculated according to the MPIF standard.24 For a correct 
evaluation of the standard deviation, it must not be smaller than half the step, and not greater 
than two times the step. If the standard deviation is too small to allow calculation, a 
conservative estimation of the standard deviation is half the step. 

The estimated limit for 90% probability of survival, σ90%, was calculated from the 50% limit 
and the standard deviation according to Student’s rule:  

σ90% = σ50% - t * s ,  

where s is the standard deviation, σ50% is the mean stress, and t is a correction factor that 
depends on the number of specimen used for the calculation. 

3.3.4. Retested specimen 
To further achieve a maximum of information, run out specimen were retested at high loads. 
On doing this, care was taken to avoid training effects. This phenomenon sometimes appears 
when a specimen has been tested without failure on one stress level. If the stress is gradually 
increased, the performance of this specimen can widely outrange that of a sample that has not 
previously been tested. This was avoided by not using retested specimen on stress-levels close 
(<20%) to their original level, thus never used twice in the staircase. In all S-N diagrams 
retested specimen are distinguished from the others. 

3.3.5. Notch sensitivity evaluation 
The fatigue notch factor, Kf, and the notch sensitivity, q, were calculated based on the 50% 
probability fatigue limits, σu,50%.  
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3.4. Fractography 

3.4.1. SEM fractography 
Scanning electron microscopy, SEM, was used to investigate crack surfaces. Fatigued 
specimens were manually broken so that the crack surfaces was exposed. The specimen was 
thereafter cut to fit into the SEM. Care was taken not to damage the surface or pollute it 
during cutting. The specimens were mounted for SEM using conductive scotch; the two parts 
were mirror mounted with the cracks in the centre. 

Two sites on the specimens were investigated, the cracked area and the final fracture area. 
The crack area was investigated in order to reveal initiation site, propagation mechanisms and 
effect of pores. The exact point of crack initiation is often very difficult to determine, as 
several candidates with the same appearance may occur. However, SEM fractography gives a 
good image of possible crack initiation sites and corresponding mechanisms. The crack 
mechanisms are distinguished through the surface of the crack. Trans-particle fracture leaves 
large areas where striations are clearly visible. Inter-particle fracture leaves smaller surfaces, 
often very flat due to the brittle nature of the fracture, but sometimes with striations. The final 
fracture caused by quasi-static loading when opening the crack is also investigated. This is 
done in the part of the specimen that is diametrically opposed to the crack initiation site. Here, 
ductile fracture dimples and brittle cleavage can be observed in the same way as in a tensile 
stress specimen. 

3.4.2. Crack walk investigation 
The crack path was examined in light optical microscope, LOM. As described above, the test 
was terminated by the compliance criterion, with the cracked surface indicated. The cracked 
surface was polished and inspected in LOM. This way the surface crack path can be followed 
through the material. This is a straightforward method for determining the preferential path of 
the crack. The method can be used to determine whether the crack propagates by breaking the 
sinter necks or through the particles. 

3.5. Material characterisation 

3.5.1. Chemical analysis 
Samples of all materials were analysed for chemical composition. Whole fatigue bars were 
sent for solid-state spectroscopy analysis of copper, nickel, molybdenum, and phosphor after 
fatigue testing. The central part of the bars was cut in pieces and used for analysis of carbon, 
hydrogen, sulphur and oxygen as well as chromium, manganese and silicon. 

3.5.2. Microstructure and porosity 
Microstructure was investigated on cross-sections of all materials. Tested bars were cut, 
ground and polished. The final polishing diamond particle size was 1µm. Before phase 
analysis, the samples were etched to reveal the metallographic structures. The etchants used 
were Nital (1 vol% HNO3 in ethanol), Picral (4g picric acid in 100ml ethanol) or a mix of 
equal parts of the two. 

Light optical microscopy was used for phase analysis. Pore geometry was not a subject of the 
investigation, but care was taken during polishing so that important differences from 
reference materials would have been detected. 
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3.5.3. Density 
Green and sintered density was measured by immersion in water. The density, D, can then be 

calculated using 
OHdry

OHair

mm
m

D
2

2
*
−

=
ρ

, where mair and mH2O are the mass in air and immersed in 

water, respectively and ρH2O is the density of water. This method is described in MPIF 
Standard 42 26. 



 18

4. Results 
In this chapter, all test results are presented. The results from each material are presented 
separately with a summary at the end. This presentation is chosen to simplify for the reader 
who searches results on separate materials. All comparisons of material properties and results 
can be found in the discussion. 

4.1. Distaloy™ DC 
Two series of 25 bars were produced, one with un-notched and one with notched bars. 
Process parameters, presented in Table 4-1, were the same for both geometries. 
Compacting 
Pressure [MPa] 
(FS/Notch) 

Green density 
[g/cm3] 

Sintered density 
[g/cm3] 

Sintering 
temp./time 
[°C/min] 

Cooling rate 
[°C/s] 

Sintering 
atmosphere 

580/565 7,10 7,10 1120 / 30 ∼0,8 N2/H2 (90/10) 

Table 4-1 Process parameters of Distaloy DC 

4.1.1. Chemical composition 
The chemical analysis results of the sintered material are presented in Table 4-2. The 
composition lies within the specifications for this material. 
C S O N Cu Ni Mo P Cr Mn Si 
0,62% 0,006% 0,013% 0,03% 0,045% 1,99% 1,44% 0,005% 0,026% 0,088% 0,008% 

Table 4-2 Composition of the sintered Distaloy DC bars, in weight-percentage. 

4.1.2. Microstructure 
LOM investigations of etched samples showed the heterogeneous microstructure typical for 
diffusion-alloyed materials. As can be seen in Figure 4-1, the central parts of the powder 
particle are upper bainitic. The sinter necks and the outer parts of the particles consist of 
nickel-rich martensite with some lower bainite in it. This is best seen in Figure 4-3. There are 
also Ni-rich austenitie surrounded by martensite, originating from the nickel particles or 
agglomerates. This heterogeneity is due to the low diffusion rate of nickel in iron at the 
sintering temperature 1120°C. Sintering time is not long enough to permit a sufficient 
homogenisation to avoid the austenitic areas. 

The over all phase distribution is 1,5-2% austenite, 15% martensite and the rest upper bainite.  
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Figure 4-1 Distaloy DC 
+ 0,6%C. LOM 
micrograph of FS-bar.  
Upper bainite in former 
particles surrounded by 
martensite (darker 
areas). White areas are 
nickel-rich austenite. 
Dashed white line shows 
outlines of Figure 4-3. 

 

 

 

Figure 4-3 LOM 
micrograph of Distaloy 
DC +0,6%C.  Detail 
from Figure 4-1. Upper 
bainite (B), martensite 
(M) and austenite (A). 
Some lower bainite (L) 
can be seen in the 
martensite (centre). 

 

 

 

4.1.3. Fatigue tests 
4.1.3.1. Bending fatigue 

The results of the 4 point bending fatigue tests, R=-1, are summarised in Table 4-3. The S-N 
diagram is presented in Figure 4-4. 

The 50% fatigue limit of the un-notched specimens was evaluated to 227,0 MPa. The standard 
deviation was evaluated to be less than 5 MPa. This gives that σ90% is higher than 221,6 MPa. 

The notched (Kt = 1,38) specimen had a σu50% of 177,0 MPa. This gives a fatigue notch factor 
of 1,28 and a notch sensitivity factor of 0,74. 
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Geometry σa 50% [MPa] Std. Dev  σa 90% [MPa] Kf q 

Un-notched FS 227 <5 222 - - 

Notched bar 177 <5 170 1,28 0,74 

Table 4-3 Bending fatigue test results of Distaloy DC + 0,62%C, Sintered density: 7,10g/cm3
, R=-1 

Bending Fatigue Distaloy DC R=-1
S.T. 1120°C, 0,62%C, S.D. 7,10 g/cm³

160,0

180,0

200,0

220,0

240,0

260,0

280,0

300,0

10000 100000 1000000 10000000

N [cycles]

St
re

ss
 A

m
pl

itu
de

 [M
Pa

]

Broken FS2

Run Out FS2

Retested RO
FS2

Notched
Broken

Notched RO

retested RO
Notch

Run Out Line

 
Figure 4-4 S-N diagram of Distaloy DC. Notched Bars: Kt=1,38 

4.1.3.2. Axial Fatigue 
Axial fatigue tests were carried out on remaining FS bars. Only five bars were tested, but the 
results indicated that σu50% was in the range of 180 to 190 MPa, i.e. about 15 % lower than in 
plane bending fatigue. The S-N diagram is shown in Figure 4-5. 
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Axial Fatigue Distaloy DC R=-1
S.T. 1120°C, 0,62%C-sint; S.D. 7,10 g/cm³
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Figure 4-5 S-N diagram of Distaloy DC. Axial fatigue. Un-notched bars. 

4.1.4. Fractography 
SEM fractography was performed on FS specimen number 9, broken after 487 989 cycles at 
234 MPa. Fracture cross section analysis revealed that the crack initiated at a large area of 
interconnected small pores; see Figure 4-6. Crack initiation was mostly trans-particle through 
the former iron particles. Fatigue striations are seen on much of the early crack surface. Some 
inter-particle fracture can be seen as small flat areas, mainly in the high porosity area. The 
inter-particle fracture occurs both through iron powder sinter necks and along the Ni-rich 
network. 

The final fracture area, see Figure 4-7, shows mostly dimples, which indicates a rather ductile 
material behaviour. Some areas of brittle fracture by cleavage were also detected. 

 

Figure 4-6 SEM 
micrograph of crack 
initiation and early 
propagation area of 
Distaloy DC. Crack is 
initiated at a large area 
of interconnected pores 
(outlined) at the surface. 
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Figure 4-7 Final crack 
area of Distaloy DC. 
Dimples (D) in the lower 
right corner and 
cleavage (C) in the large 
particle to the left. 

4.2. Distaloy™ HP 
Two series of 25 bars were produced, one with un-notched and one with notched bars. 
Process parameters are presented in Table 4-4. 
Compacting 
Pressure [MPa] 
(FS/Notch) 

Green density 
[g/cm3] 

Sintered density 
[g/cm3] 

Sintering 
temp./time 
[°C/min] 

Cooling rate 
[°C/s] 

Sintering 
atmosphere 

605/585 7,10 7,12 1120 / 30 ∼0,8 N2/H2 (90/10) 

Table 4-4 Process parameters of Distaloy HP 

4.2.1. Chemical composition 
The chemical analysis is presented in Table 4-5. The composition lies within the 
specifications for this material. 
C S O N Cu Ni Mo P Cr Mn Si 
0,75% 0,005% 0,014% 0,023% 2,01% 4,01% 1,44% 0,005% 0,028% 0,086% 0,01% 

Table 4-5 Distaloy HP. Chemical composition after sintering, w%. 

4.2.2. Microstructure 
LOM was used to determine the metallographic phases in the material. Cross sections of FS 
and notched bars were examined. As seen in Figure 4-8 the microstructure was highly 
heterogeneous. The core of the base powder particles form islands of upper bainite. Austenitic 
regions appear as small white areas. The latter are nickel rich areas originating from the nickel 
particles diffusion bonded to the material. The bainite and austenite isles are surrounded by a 
matrix of martensite with small inclusions of lower bainite.  

The FS bar has about 10% austenite, 35% bainite and the rest martensite. The notched bars 
have slightly higher levels of bainite (40%) and austenite (15%) and consequently less 
martensite. The lower bainite was present in the martensite is counted as martensite. 

D

C 
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 Figure 4-8 Distaloy HP 
+0,75%C. Overview 
micrograph of FS bar.  
Upper bainite (grey) and 
austenite (white) in core 
of base powders and Ni- 
particles or 
agglomerates in a matrix 
of martensite (dark 
areas). The outmost 
parts of the white areas 
are martensitic. Square 
shows outlines of Figure 
4-9. 

Figure 4-9 Distaloy HP 
Detail of Figure 4-8. 
Bainitic (B) particle 
cores and Ni-rich 
austenite (A) from Ni-
particles surrounded by 
martensitic (M) sinter-
necks. Needles of lower 
bainite (L) appear it the 
martensite. 

 

4.2.3. Fatigue testing 
4.2.3.1. Bending Fatigue 

Four point bending fatigue test results are presented in Table 4-6 and the S-N curve in Figure 
4-10. 

Geometry σa 50% [MPa] Std. Dev  σa 90% [MPa] Kf Q(Kt=1,38) 

Un-notched FS 318 14 298 - - 

Notched bar 243 8 231 1,31 0,81 

Table 4-6 Distaloy HP +0,75%C S.D.: 7,12 g/cm3. Plane bending fatigue performance, R=-1. 
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Bending Fatigue Distaloy HP R=-1
S.T. 1120°C, 0,75%C-sint; S.D. 7,12 g/cm³
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Figure 4-10 S-N diagram of Distaloy HP + 0,75%C. Notched bar Kt=1,38 

4.2.3.2. Axial Fatigue 
No axial fatigue tests were carried out on this material. 

4.2.4. Fractography 
FS bar number 2, broken after 1 318 105 cycles at 333 MPa, was manually opened and 
mounted for SEM fractography. The exact site of initiation could not be determined, but 
Figure 4-11 shows a candidate site representative of the initiation site. The picture shows 
trans-particle fracture with fatigue striations in the initiation and early propagation area. Some 
sinter neck failures can also be seen as flat areas in the early propagation zone (left in the 
picture). The early propagation zone is very flat; the dashed line in Figure 4-11 indicates the 
transition to a more three-dimensional crack surface with pore guided crack propagation. The 
possibility of several crack initiation sites could not be ruled out. 

The final crack area is shown in Figure 4-12. It shows a mix of ductile dimples and brittle 
cleavage. 
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Figure 4-11 Candidate 
crack initiation site in 
Distaloy HP. Initiation 
and early crack 
propagation area shows 
trans-particle crack 
growth with striations. 
Dashed line indicates 
onset of transition to 
three dimensional crack 
growth. 

 

Figure 4-12 Final 
fracture zone of 
Distaloy HP. Flat 
cleavage surfaces (C) 
and ductile dimples (D) 

4.3. Distaloy™ AE 
Two series of 25 bars were produced, one with un-notched and one with notched bars. Except 
for bar geometry, both series were equivalent. Process parameters are presented in Table 4-7. 
Compacting 
Pressure [MPa] 
(FS/Notch) 

Green density 
[g/cm3] 

Sintered density 
[g/cm3] 

Sintering 
temp./time 
[°C/min] 

Cooling rate 
[°C/s] 

Sintering 
atmosphere 

580/530 7,10 7,14 1120 / 30 ∼0,8 N2/H2 (90/10) 

Table 4-7 Distaloy AE Process parameters   

4.3.1. Chemical composition 
The chemical composition of the sintered bar was analysed. The results are presented in Table 
4-8. 
C S O N Cu Ni Mo P Cr Mn Si 
0,743% 0,006% 0,013% 0,020% 1,457% 3,930% 0,506% 0,005% 0,027% 0,081% 0,010% 

Table 4-8 Distaloy AE, chemical composition after sintering, w%. 
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4.3.2. Microstructure 
Microstructure was analysed using LOM metallography on cross sections. The two test bar 
geometries were compared, but no differences between the two were found. The former iron 
particle cores were pearlitic with a bainitic coating formed thanks to the diffusion of 
molybdenum, copper and nickel. The former nickel particles form islands of austenite. The 
particles are surrounded by a matrix of highly alloyed martensite. The phase distribution is 
about 55 % pearlite and bainite particles, 8% austenite and 37% martensite. There were no 
indications of any surface decarburisation. 

Figure 4-13 Distaloy AE 
+ 0.74%C. Overview 
micrograph. 
Microstructure is pearlite 
in the particle core, 
surrounded by a thin 
Mo-rich upper bainite 
layer. Sinter-necks are 
martensitic. Nickel-rich 
austenite originating 
from Ni particles and 
agglomerations are seen 
as white areas. See Figure 
4-14for detail of dotted 
area. 

 

Figure 4-14 Distaloy AE 
+ 0,74%C. Detail of 
Figure 4-13 showing 
pearlitic (P) and upper 
bainitic (B) particle cores 
with martensitic (M) 
sinter-necks.  Austenite 
(A) in former Ni particles 
surrounded by 
martensite.. 

 
 
 

P 
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4.3.3. Fatigue testing 
4.3.3.1. Bending Fatigue  

The results of the 4 point bending fatigue tests, R=-1, are summarised in Table 4-9. The S-N 
diagram is presented in Figure 4-15. 

The 50% fatigue limit of the un-notched specimens was evaluated to 261 MPa. The standard 
deviation was determined to be 17 MPa. This gives that σ90% is 238 MPa. 

The notched (Kt = 1,38) specimen had a σu50% of 212 MPa. This gives a fatigue notch factor 
of 1,23 and a notch sensitivity factor of 0,61. 

Geometry σa 50% [MPa] Std. Dev  σa 90% [MPa] Kf q(Kt=1,38) 

Un-notched FS 261 17 238 - - 

Notched bar 212 10 197 1,23 0,61 

Table 4-9 Distaloy AE +0,74%C, S.D: 7,14 g/cm3. Plane bending fatigue performance. R=-1.  

Bending Fatigue Distaloy AE R=-1
S.T. 1120°C, 0,74%C; S.D. 7,14 g/cm³
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Figure 4-15 S-N diagram for Distaloy AE + 0,74%C. Bending fatigue, R=-1 

After about ten specimens of each series, testing was paused during three weeks for reasons of 
machine capacity. When tests were resumed, the first three samples (nr. 16, 18, 21) in the FS 
series broke, the second two on remarkably low stress levels compared with the other 
specimens. Therefore, they were inspected to determine if this was due to storage. One 
specimen was investigated in SEM (see below). However, nothing was found that gives any 
indications that the rupture of these bars is not relevant for the properties of the material. 
Machine or mounting error can however not be ruled out. To improve the basis for evaluation, 
staircase was extended to include 20 specimens.  

4.3.3.2. Axial fatigue 
No axial fatigue testing was performed on this material. 
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4.3.4. Fractography 
FS specimen 2, broken after 763 369 cycles at 292,6 MPa stress amplitude, was chosen for 
SEM fractography. The exact initiation site of the crack could not be established. However, 
all candidate sites indicated that initiation occurred as trans-particle fracture through the 
pearlite/bainite. One of these candidate sites is shown in Figure 4-16, Fatigue striations are 
seen on the crack surface. Early crack propagation occurred as a continuation of the trans-
particle fracture and by inter-granular fracture in the martensite in the sinter-necks. The final 
fracture area showed a mix of brittle cleavage and ductile dimples. This is shown in Figure 
4-17. 

Because of its low performance, sample 21 (244 MPa, 1 466 658 cycles) was also analysed in 
SEM (micrographs are not shown here). The crack initiation site was established to be a large, 
100-150µm, pore on the surface of the sample. The crack propagation was the same mix of 
ductile trans-particle fracture and brittle inter-granular fracture in the sinter-necks as observed 
above. 

Figure 4-16 Distaloy AE 
+ 0,74%C. Specimen 2. 
Candidate crack 
initiation site. Initiation 
(I) has occurred at a 
pore at the surface. 
Fatigue striations are 
seen in the early 
propagation area (P).  

 

Figure 4-17 Distaloy AE 
+0,74%C. Specimen 2. 
Final fracture area with 
dimples (D) and 
cleavage (C). 
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4.4. Fe2Cu0,8C 
Two series of 25 bars were produced, one with un-notched and one with notched bars. Base 
powder was ASC100.29, admixed with 2%Cu (-100 mesh) and 0,8% graphite. Process 
parameters are presented in Table 4-10. 
Compacting 
Pressure [MPa] 
(FS/Notch) 

Green density 
[g/cm3] 

Sintered density 
[g/cm3] 

Sintering 
temp./time 
[°C/min] 

Cooling rate 
[°C/s] 

Sintering 
atmosphere 

550/530 7,10 7,03 1120 / 30 ∼0,8 N2/H2 (90/10) 

Table 4-10 Process parameters of Fe2,0Cu0,8C 

4.4.1. Chemical composition 
The chemical composition of sintered bars was analysed and is presented in Table 4-11. 
C S O N Cu Ni Mo P Cr Mn Si 
0,757% 0,006% 0,014% 0,023% 2,018% 0,027% 0,005% 0,007% 0,028% 0,073% 0,011% 
Table 4-11 Composition of the sintered Fe2,0Cu0,8C bars, in weight-percentage. 

4.4.2. Microstructure 
Micrographs are shown in Figure 4-18 and Figure 4-19 (higher magnification). The same 
microstructure is found in FS and notched bars: pearlite and fine pearlite with small amounts 
of ferrite (1-2%). No indications of decarburisation were found on the samples. 

Figure 4-18 
Fe2,0Cu0,8C, LOM 
micrograph. 
Microstructure is 
mainly pearlitic with 
little (1-2%) ferrite.  
S.D: 7,02g/cm3. Etched 
in Nital. 
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Figure 4-19 
Fe2,0Cu0,8C High 
magnification 
micrograph.  Pearlite 
lamellas can be 
distinguished as well as 
small ferrite islands 
(white). S.D: 7,02g/cm3. 
Etched in Nital 

4.4.3. Fatigue testing 
4.4.3.1. Bending fatigue 

The results of the 4 point bending fatigue tests, R=-1, are summarised in Table 4-12. The S-N 
diagram is presented in Figure 4-20. 

The 50% fatigue limit of the un-notched specimens was evaluated to 208 MPa. The standard 
deviation was determined to be 7,1 MPa. This gives that σ90% is 198 MPa. 

The notched (Kt = 1,38) specimen had a σu50% of 162 MPa. This gives a fatigue notch factor 
of 1,28 and a notch sensitivity factor of 0,74. 

Geometry σa 50% [MPa] Std. Dev  σa 90% [MPa] Kf q 

Un-notched FS 208 7,1 198 - - 

Notched bar 162 13,2 143 1,28 0,74 

Table 4-12 Bending fatigue test results of Fe2,0Cu0,8C, 0,75%C, S.D: 7,02g/cm3. R=-1. 
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Bending Fatigue Fe2Cu0,8C R=-1
S.T. 1120°C, 0,76%C; S.D. 7,02 g/cm³
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Figure 4-20 S-N diagram of Fe2,0Cu0,8C. R=-1. FS and Notched Bars (Kt=1,38). 

4.4.3.2. Axial Fatigue 
Axial fatigue testing was carried out on remaining test bars (8 notched bars). The number of 
bars is insufficient for a correct statistical evaluation, but indicates a nominal fatigue limit 
near 127 MPa. The S-N curve is presented in Figure 4-21. 

Axial Fatigue Test Fe2Cu0,8C
S.T. 1120°C, 0,76%C-sint; S.D.7,03 g/cm³
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Figure 4-21 S-N diagram of Fe2Cu0,8C. Axial fatigue of notched bars, Kt=1,5  
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4.4.4. Fractography 
SEM fractography was carried out on FS specimen 14, broken after 463147 cycles at 214,5 
MPa. Two cracks at different locations had initiated and propagated independently. Figure 
4-22 shows the crack initiation area of one of them. The crack was initiated by a pore at the 
surface. Fully trans-particle fracture is visible near the initiation site. Few pores are visible 
near the crack initiation and early propagation area except those at the initiation site. Fatigue 
striations can be seen in the crack propagation area.  

The final fracture area showed little cleavage relative to the other materials; see Figure 4-23. 

Figure 4-22 Crack 
initiation site of 
Fe2Cu0,8C. Fatigue 
initiation site (I) was in 
particles surrounded by 
pores (white dashed 
line).  Trans-particle 
fracture with striations 
in the crack propagation 
area (P, dotted line). 
SEM fractograph. 

 

Figure 4-23 Final 
fracture area of 
Fe2Cu0,8C. 
Comparatively little 
cleavage.  SEM 
fractograph 
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4.5. Astaloy™ Mo 
Two series of 25 bars were tested, one with un-notched and one with notched bars. Process 
parameters are presented in Table 4-13. 
Compacting 
Pressure [MPa] 
(FS/Notch) 

Green density 
[g/cm3] 

Sintered density 
[g/cm3] 

Sintering 
temp./time 
[°C/min] 

Cooling rate 
[°C/s] 

Sintering 
atmosphere 

625/600 7,10 7,08 1120 / 30 ∼0,8 N2/H2 (90/10) 

Table 4-13 Process parameters of Astaloy Mo 

4.5.1. Chemical composition 
The composition of the sintered bars is presented in Table 4-14. The composition lies within 
the specification of this material. 
C S O N Cu Ni Mo P Cr Mn Si 
0,78% 0,006% 0,02% 0,027% 0,025% 0,032% 1,47% 0,006% 0,04% 0,10% 0,018% 
Table 4-14 Astaloy Mo, chemical composition after sintering, w%. 

4.5.2. Microstructure 
Microstructure was analysed on cross-sections of both FS- and notched bars. Both geometries 
showed completely homogeneous microstructure of upper bainite. See Figure 4-24 and Figure 
4-25 for micrographs. No traces of decarburisation were found in the samples.  

Figure 4-24 Astaloy Mo + 
0.78%C. LOM 
micrograph. Upper 
Bainite. S.D: 7,08 g/cm3. 
Etched in Nital. 
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Figure 4-25 Astaloy Mo 
+0,78%C LOM 
micrograph. Upper 
bainite. S.D: 7,08g/cm3.  
Etched in Picral.  

4.5.3. Fatigue testing 
4.5.3.1. Bending fatigue 

The results of the 4 point bending fatigue tests, R=-1, are summarised in Table 4-15. The S-N 
diagram is presented in Figure 4-26. 

The 50% fatigue limit of the un-notched specimens was evaluated to 205 MPa. The standard 
deviation was determined to be less than 5 MPa. This gives that σ90% is higher than 198 MPa. 

The notched (Kt = 1,38) specimen had a σu50% of 149 MPa. This gives a fatigue notch factor 
of 1,38 and a notch sensitivity factor of 1, i.e. the material is fully notch sensitive. 

Geometry σa 50% [MPa] Std. Dev σa 90% [MPa] Kf q 

Un-notched FS 205 <5 >198 - - 

Notched bar Kt=1,38 149 <5 >141 1,38 1,0 

Table 4-15 Astaloy Mo + 0,78%C, S.D: 7.08g/cm3 Plane bending fatigue performance. R=-1. Kt=1,38 
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Bending Fatigue Astaloy Mo R=-1
S.T. 1120°C, 0,78%C, S.D 7,08 g/cm³
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Figure 4-26 S-N diagram of Astaloy Mo. Bending Fatigue. R=-1 

4.5.3.2. Axial Fatigue 
No axial fatigue testing was carried out on this material. 

4.5.4. Fractography 
SEM fractography was performed on specimen 10, broken after 640 182 cycles at 215 MPa.  
Figure 4-27 shows a candidate site for crack initiation and early propagation. The initiation 
and early propagation area showed a large fraction of sinter-neck failure.  

A plausible crack initiation site is at the pore in the top left corner of Figure 4-27. 
Interconnected pores form a channel into the bulk of the material (dashed white line). The 
crack initiates by breaking the sinter-necks in this region and propagates at the surface by 
breaking the adjacent iron particle and into the material via sinter-neck failure.  

The final fracture area showed no traces of cleavage. Instead, it was dominated by dimples 
originating from ductile fracture of the sinter-necks; see Figure 4-28. 
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Figure 4-27 Candidate 
crack initiation site of 
Astaloy Mo. Large 
fraction of  sinter-neck 
failure early in crack 
initiation/propagation. 
(I) marks a plausible 
initiation site with 
arrows marking crack 
propagation. 

 

Figure 4-28 Final crack 
area of Astaloy Mo. 
Dimples in sinter necks. 
No cleavage. 

 

4.6. Astaloy™ CrL 
60 bars were produced of each geometry, 20 of which were sintered at 1250°C. Process 
parameters are summarized in Table 4-16. (See chapter 3.2 for details.)  

High temperature sintered bars were tested plane bending, R=-1. Standard sintered bars were 
tested in bending with R=-1 and R=0 and in traction, R=-1. 
Compacting 
Pressure [MPa] 
(FS/Notch) 

Green density 
[g/cm3] 

Sintered density 
[g/cm3] 

Sintering 
temp./time 
[°C/min] 

Cooling rate 
[°C/s] 

Sintering 
atmosphere 

695/675 7,10 7,07 1120 / 30 ∼0,8 N2/H2 (90/10) 
695/675 7,10 7,17 1250 / 30 ∼0,8 H2 

Table 4-16 Process parameters of Astaloy CrL 
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4.6.1. Chemical composition 
The chemical composition of the sintered Astaloy CrL FS bars is presented in Table 4-17. 

 
Sint. T. C S O N Cu Ni Mo P Cr Mn Si 
1120°C 0,75% 0,002% 0,083% 0,037% 0,097% 0,061% 0,198% 0,013% 1,530% 0,144% 0,007%
1250°C 0,60% 0,001% 0,002% 0,073% 0,097% 0,061% 0,198% 0,013% 1,530% 0,144% 0,007%

Table 4-17 Astaloy CrL, chemical composition after sintering, w%. 

4.6.2. Microstructure 
LOM was used to determine the metallographic phases in the material. The central cross-
sections were investigated. One notched and one un-notched specimen sintered at 1120°C and 
one high temperature sintered FS specimen were investigated. Figure 4-29 and Figure 4-30 
show micrographs from the FS bar. In all cases, the microstructure was lower bainite with 
some traces of upper bainite and martensite. There were no detectable differences between the 
microstructure of FS and notched bars. However, HT sintered bars showed a slight grain 
growth. No signs of surface decarburisation could be found in either specimen. 

Figure 4-29 LOM 
micrograph of CrL + 
0,8%C standard FS bar, 
microstructure mainly 
lower bainite with some 
upper bainite and traces 
of martensite. S.D: 7,07 
g/cm3.  Etched in Picral 
+ Nital. Dotted line 
shows outlines of Figure 
4-30. 
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Figure 4-30 LOM 
micrograph showing 
Astaloy CrL +0,8%C. 
Detail of Figure 4-29 
Bainite and small 
amounts of martensite. 
S.D: 7,07 g/cm3.  Etched 
in Picral + Nital. 

4.6.3. Fatigue testing 
Fatigue testing of low temperature sintered Astaloy CrL included two series in bending, R=-1 
and R=0 and one series in axial fatigue, for notched and un-notched specimen. The results are 
presented in Table 4-18. The results from the high temperature sintered specimen are 
presented in Table 4-19. 

Load Case Geometry σa 50% [MPa] Std. Dev σa 90% [MPa] Kf q 

Bending, R=-1 Un-notched FS 246 <5 >239 - - 

Bending, R=-1 Notched bar Kt=1,38 195 <5 >187 1,27 0,70 

Bending, R=0 Un-notched FS 183 <5 >175 - - 

Bending, R=0 Notched bar Kt=1,38 149 <5 >141 1,23 0,61 

Axial, R=-1 Un-notched FS 236 7,1 226 - - 

Axial, R=-1 Notched bar Kt=1,50 159 <5 >151 1,49 0,98 

Table 4-18 Astaloy CrL,  S.D: 7,07 g/cm3 Fatigue performance.  

Geometry σa 50% [MPa] Std. Dev σa 90% [MPa] Kf q 

Un-notched FS 307 28 265 - - 

Notched bar Kt=1,38 219 <5 >212 1,40 >1 

Table 4-19 Bending fatigue test results of  HT-sintered Astaloy CrL + 0,75%C.  S.D: 7.17 g/cm3. 

4.6.3.1. Bending fatigue, Standard sintering conditions 
The results of the 4 point bending fatigue tests, R=-1 and R=0 are summarised in Table 4-18. 
The S-N diagrams are presented in Figure 4-31 and Figure 4-32. 

With R=-1, the 50% fatigue limit of the un-notched specimens was evaluated to 246 MPa. 
The standard deviation was determined to be less than 5 MPa. This gives that σ90% is higher 
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than 239 MPa. The notched (Kt = 1,38) specimen had a σu50% of 195 MPa. This gives a 
fatigue notch factor of 1,27 and a notch sensitivity factor of 0,70. 

With R=0, the 50% fatigue limit of the un-notched specimens was evaluated to 183 MPa. The 
standard deviation was determined to be less than 5 MPa. This gives that σ90% is higher than 
175 MPa. The notched (Kt = 1,38) specimen had a σu50% of 149MPa. This gives a fatigue 
notch factor of 1,23 and a notch sensitivity factor of 0,61. 

4.6.3.2. Bending fatigue, High temperature sintering 
The results of the 4 point bending fatigue tests, R=-1, are summarised in Table 4-19. The S-N 
diagram is presented in Figure 4-33. 

The 50% fatigue limit of the un-notched specimens was evaluated to 307 MPa. The standard 
deviation was determined to be 28 MPa. This gives that σ90% is 265 MPa. 

The notched (Kt = 1,38) specimen had a σu50% of 219 MPa. This gives a fatigue notch factor 
of 1,40 and a notch sensitivity factor of 1, i.e. the material is fully notch sensitive. 

Bending Fatigue Astaloy CrL R=-1
S.T. 1120°C, 0,75%C; S.D. 7,07 g/cm³
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Figure 4-31 S-N diagram of Astaloy CrL+ 0,75%C . R=-1. Notched Bars: Kt=1,38. 
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Bending Fatigue Test Astaloy CrL R=0
S.T. 1120°C, 0,75%C; S.D. 7,07 g/cm³

120,0

140,0

160,0

180,0

200,0

220,0

240,0

10000 100000 1000000 10000000

N [cycles]

St
re

ss
 A

m
pl

itu
de

 [M
Pa

] Broken FS

Run Out FS

Notched
Broken

Notched RO

Notch Retested
RO

Run Out Line

 

Figure 4-32 S-N diagram of Astaloy CrL+ 0,75%C . R=-1. S.D:7,07 g/cm3 Notched Bars: Kt=1,38. 

Bending Fatigue Astaloy CrL HT R=-1
S.T. 1250°C, 0,60%C; S.D 7,17.g/cm³
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Figure 4-33 S-N diagram of HT-sintered Astaloy CrL +0,60%C. R=-1. S.D: 7.17 g/cm3 

4.6.3.3. Axial Fatigue 
The S-N diagram from axial fatigue tests, R=-1, is presented in Figure 4-34. 
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Axial Fatigue CrL R=-1
S.T. 1120°C, 0,75%C; S.D. 7,07 g/cm³
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Figure 4-34 Axial fatigue S-N diagram of Astaloy CrL. R=-1. Notched Bars: Kt=1,5. 

4.6.4. Fractography 
FS specimen 22, broken in bending after 494 879 cycles at 253 MPa, was chosen for SEM 
fractography. Figure 4-35 shows the area of crack initiation and early propagation. This area 
is dominated by trans-particle fracture, with some inter-granular sinter-neck fracture. The 
lighter, (right) part of Figure 4-35 is the initial flat crack surface. The dashed line marks the 
transition from flat crack propagation through the particles to propagation via sinter-necks. 

The final fracture area in Figure 4-36 shows sinter-neck dimples. 

Figure 4-35 Candidate 
crack initiation site of 
Astaloy CrL, FS bar 22. 
The dashed line marks 
the change of level in 
crack propagation. 
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Figure 4-36 Final 
fracture area of Astaloy 
CrL. Sinter neck 
dimples with foreign 
particle.  

Two high temperature sintered FS bars were investigated in SEM: number 15, broken after 
1000 992 cycles at 298 MPa and number 20 broken after 499 533 cycles at 341 MPa. Crack 
initiation site could not be determined but a candidate site of specimen 15 is shown in Figure 
4-37. Crack initiation appears to be at a surface pore. The crack surface is very plane with 
entirely trans-particle and trans-granular fracture. Furthermore, one can only see very little 
free surface from pores. This indicates that crack growth in a very small extent directed by the 
pores, but followed the plane of the highest stress concentration. The transition from plane to 
three-dimensional crack growth appeared when the crack was much larger than was the case 
for 1120°C sintered specimen.   

The final fracture area showed ductile dimples; see Figure 4-38. The dimples are more evenly 
distributed than in the standard sintered area and shows that the sinter-necks were larger.  

Figure 4-37 Candidate 
crack initiation site in 
High temperature 
sintered CrL + 0,6%C  
FS bar 15. Crack 
initiation (I) at surface 
pore. Trans-particle and 
trans-granular fracture 
in propagation area (rest 
of image). 

 

I 
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Figure 4-38 HT-sintered 
Astaloy CrL +0,6%C. 
Final fracture area with 
dimples. 
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4.7. Summary of results 
The chemical compositions of all materials in sintered state are summarised in Table 4-20. A 
brief summary of the metallographic phases and fatigue test results are presented in Table 
4-21.  

Material C [%] S [%] O [%] N [%] Cu [%] Ni [%] Mo [%] P [%] Cr [%] Mn [%] Si [%]

Distaloy DC 0,62 0,006 0,013 0,03 0,045 1,99 1,44 0,005 0,026 0,088 0,008 

Distaloy HP 0,75 0,005 0,014 0,023 2,01 4,01 1,44 0,005 0,028 0,086 0,01 

Distaloy AE 0,74 0,006 0,013 0,020 1,457 3,930 0,506 0,005 0,027 0,081 0,010 

Fe2Cu0,8C 0,76 0,006 0,014 0,023 2,018 0,027 0,005 0,007 0,028 0,073 0,011

Astaloy Mo 0,78 0,006 0,02% 0,027 0,025 0,032 1,47 0,006 0,04 0,10 0,018

Astaloy CrL 0,75 0,002 0,083 0,037 0,097 0,061 0,198 0,013 1,530 0,144 0,007

Ast. CrL HT 0,60 0,001 0,002 0,073 0,097 0,061 0,198 0,013 1,530 0,144 0,007

Table 4-20 Summary of chemical compositions. 

Phase composition [%] (FS/Notched) FEL 50% [MPa] 
Material 

Sintered 
Density 
[g/cm3] F P A B M FS Notched 

Notch 
Sensitivity 

index,  
q 

Distaloy DC 7,10 - - 1,5-2 83 15 227 177 0,74 

Distaloy HP  7,12 - - 10/15 35/40 55/45 318 243 0,81 

Distaloy AE 7,14  (55)* 8 (55)* 37 261 212 0,61 

Fe2Cu0,8C 7,03 1-2 99 - - - 208 162 0,74 

Astaloy Mo 7,08 - - - 100 - 205 149 1,00 

246 R=-1 195 R=-1 0,70 

183 R=0 149 R=0 0,61 
Astaloy CrL 
1120°C 7,07 - - - ~99 Traces

236 Axial 159 Axial 0,98 

Astaloy CrL 
1250°C 7,17 - - - ~99 Traces 307 219 >1 

* Total amount of Pearlite + Bainite is 55% 

Table 4-21 Summary of metallographic phases and fatigue test results.  
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5. Discussion  

5.1. Compatibility of results 

5.1.1. Materials characteristics 
Chemical analysis and metallography verified that all materials were produced such that 
relevant microstructures were obtained. The results can thus be considered relevant for 
comparison with other test results and for use as design criteria. 

5.1.2. Increased FS bar thickness 
Compared to previous results with 5x5 mm2 cross section FS bars, the results show nothing 
that suggests that the increased width of the smooth test bars has a significant impact on the 
results. 

5.2. Notch sensitivity 
No general conclusion as of notch sensitivity can be made for all PM steels. The notch 
sensitivity index varies between 0,6 and 1,0. (Values above 1 is due to the scatter of the 
results.) The materials with heterogeneous microstructure (Distaloys and copper-carbon) are 
in the lower part of the range, between 0,6 and 0,8; whereas the homogeneous materials 
(Astaloys) span the whole range. Thus, microstructure distribution alone cannot explain the 
difference in notch sensitivity. 

5.2.1. Notch sensitivity models 
From the notch sensitivity indexes, the Neuber (A) and Peterson (a) constants were calculated 
from their definitions:4 

ρ
A

q
+

=
1

1    (Neuber) Equation 5-1  

ρ
a

q
+

=
1

1 .   (Peterson) Equation 5-2 

The results are listed in Table 5-1.  

The Neuber and Peterson constants allow a comparison of the obtained results with those of 
the literature. The obtained notch sensitivity index for different notch root radii are listed in 
Table 5-2. The notch sensitivities reported in literature are presented in Table 5-3. 
Comparison shows a better fit for the Peterson model, but it should be pointed out that the 
values are obtained on differently processed test bars. Most previous investigations are made 
with machined test bars likely to give lower notch sensitivity than the as sintered bar used 
here. To determine which model gives the best fit, tests with a different notched bar is 
necessary. This would also enable the use of notch sensitivity models with more than one 
material parameter. 
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Material Notch Sensitivity 
index, q 

Neuber 
constant 
A [mm] 

Peterson 
constant 
a [mm] 

Distaloy DC 0,74 0,370 1,054 

Distaloy HP  0,81 0,165 0,704 

Distaloy AE 0,61 1,226 1,918 

Fe2Cu0,8C 0,74 0,370 1,054 

Astaloy Mo 1 0,000 0,000 

 BF R=-1 0,7 0,551 1,286 

 BF R=0 0,61 1,226 1,918 Astaloy CrL 
1120°C 

 AF R=-1 0,98 0,001 0,061 
Astaloy CrL 
1250°C >1 0,000 0,000 

Table 5-1 Notch sensitivity index, Neuber constants and Peterson constants 

Peterson Neuber 
Material q(3mm) q(1mm) q(0,5mm) q(0,3mm) q(1mm) q(0,5m) q(0,3m) 

Distaloy DC 0,74 0,49 0,32 0,22 0,62 0,54 0,47 

Distaloy HP  0,81 0,59 0,42 0,30 0,71 0,64 0,57 

Distaloy AE 0,61 0,34 0,21 0,14 0,47 0,39 0,33 

Fe2Cu0,8C 0,74 0,49 0,32 0,22 0,62 0,54 0,47 

Astaloy Mo 1 1 1 1 1 1 1 

 BF R=-
1 0,7 0,44 0,28 0,19 0,57 0,49 0,42 

 BF R=0 0,61 0,34 0,21 0,14 0,47 0,39 0,33 
Astaloy 
CrL 
1120°C 

 AF R=-
1 0,98 0,94 0,89 0,83 0,97 0,96 0,95 

Astaloy CrL 
1250°C >1 1 1 1 1 1 1 

Table 5-2 Notch sensitivity index, measured q(3mm) and calculated for different notch radii q(r) from 
obtained Peterson and Neuber constants. 

Material q(1mm) q(0,5mm) q(0,3mm) References 
Distaloy DC N/A N/A N/A  

Distaloy HP  0,4 N/A N/A 14 

Distaloy AE 0,2-0,4 0,52  N/A 18, 19 

Fe2Cu0,8C 0,4-0,6 N/A 0,05-0,15 16,17 

Astaloy Mo N/A N/A N/A  

Astaloy CrL N/A N/A N/A  

Table 5-3 Notch sensitivity indexes calculated from literature. 
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5.2.2.  Distaloys 
All the tested Distaloys show relatively low notch sensitivity, q=0,6 to 0,8. The highest notch 
sensitivity was exhibited by Distaloy HP. Metallography showed that that the notched bars 
had a slightly larger fraction of bainite and austenite and less martensite than the un-notched 
bars. The calculated notch sensitivity index is thus a conservative estimation. Thus, the notch 
sensitivity of this material is likely to have been lower, had it not been for this difference in 
phase distribution  

5.2.2.1. Empirical expression for the material parameters A and a 
As the microstructure is very important for the fatigue properties, it would be of interest to 
find a correlation between the Neuber, A, and Peterson, a, constants and some microstructural 
dimension. The normalised constants are compared with different normalised length 
parameters in Table 5-4. Normalisation was made by division with the lowest value in the 
series. 

 Figure 5-1 Definitions of 
D(Mart) and D(Aust). B 
are base powder 
particles, A are 
austenitic areas and M is 
the martensitic matrix. 

 

The inner length parameters listed are as defined in Figure 5-1 : the diameter of the austenite 
areas, D(Aust), and the width of the martensite areas between austenite and base powder 
particles, D(mart). The latter was preferentially measured between large areas, which are 
more likely to have been cut in half. As can bee seen in Table 5-4, 1/D(Mart)2 is a good fit for 
the Peterson constant. This results in the empiric relation: 

2)(MartD
ka = ,   Equation 5-3 

where k takes the empiric value 3450 mm*µm2.  

If the same q is to result from the rules of Neuber and Peterson, 

ρ

2aA = ,    Equation 5-4 

follows. Substituting into Equation 5-3 results in:  

4)(MartD
KA = ,   Equation 5-5 

where K is 3,97*106 mm*µm4. 

 

 

     

B 

A 

B 

D(Aust) 

D(Mart) 

M 
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Material q 
Norm 

Neuber 
Norm 

Peterson D(Aust) D(Mart.)
1/ 

D(Mart.) 
1/ 

D(Mart)^2
Distaloy DC 0,74 2,2 1,50 1 1,33 1,25 1,56 

Distaloy HP  0,81 1 1 1,8 1,67 1 1 

Distaloy AE 0,61 7,4 2,72 1,4 1 1,67 2,78 

Table 5-4 Normalised Neuber- and Peterson constants and inner material parameter. 

Use of this empirical relation on literature data is difficult, as micrographs rarely give 
sufficient resolution or number of points to measure. However, when this was feasible, 
application on previous investigations resulted in an adjustment of the material parameters 
towards a better fit for the Neuber model. The practical use of this empirical expression is 
however restricted by the difficulty to determine the thickness of the martensite layer.  

Nevertheless, the qualitative interpretation of the model is interesting. It is well known that 
martensite is the most fatigue resistant phase in steels. This model suggests that, though 
fatigue resistance increases with a higher martensite fraction, the spatial distribution of the 
martensite is also of great importance. It is better for the material if the weaker phase parts of 
the material are covered by a layer of protecting martensite thick enough to stop a crack that 
has nucleated in the weak phase. This suggests that the size of the weak phase area is also of 
importance and that a more suitable parameter would be the ratio between the diameter of the 
weaker area and the thickness of the surrounding protective phase. 

In practice, this suggests that in order to increase fatigue strength, the martensite layer 
thickness should be increased. This should also lead to higher notch sensitivity. The ways to 
increase the martensite layer thickness include: higher carbon and/or alloying elements 
content, higher sintering temperature, and longer sintering times. Positive effects should also 
be achieved with a better repartition of the alloying elements on the base powder particles, 
and by using smaller particle sizes; but these measures imply mayor changes in powder 
production techniques and are more complicated, expensive and long termed than changes of 
the process parameters. 

5.2.3. Astaloys 
Two Astaloys were included in the study: Astaloy Mo and Astaloy CrL. Astaloy Mo showed 
full notch sensitivity in bending. Astaloy CrL showed different behaviour depending on 
processing and test method. Astaloy CrL sintered at 1120°C had q = 0,71, in plane bending 
R=-1, q= 0,61 in plane bending R=0 and q=0,98 in axial loading. High temperature (1250°C) 
sintered Astaloy CrL was fully notch sensitive (q=1).  
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5.3. High temperature sintering of CrL 
HT-sintering increases pore roundness and makes pores smaller and better distributed. This 
does generally lead to better mechanical properties. As shown in chapter 0 the fatigue limit 
increased by 25% for the un-notched bars, but only by 12% for the notched bars. This resulted 
in full notch sensitivity, q=1. HT-sintering also increased the sintered density and decreased 
the carbon content.  

5.3.1. Influence of density and carbon content 
The density of the 1250°C sintered bars was 7,17 g/cm3, i.e. 0,1 g/cm3 higher than the 1120°C 
sintered bars. The increased density gives a higher Young’s modulus and a higher fatigue 
resistance. Theoretically, this would explain an increase of the fatigue limit of about 10%.  

The carbon content was lower in the high temperature sintered specimen, 0,6% compared 
with 0,75 % for standard sintering. Previous tests at Höganäs AB27 show that this decreases 
the un-notched fatigue limit by 8-10%.  

The combined influence of increased density and decreased carbon content is thus quite small 
and would not account for more than approx. 5% of the increased fatigue limit. The most 
probable explanation is the improved shape and distribution of the pores. 

5.3.2. Influence of stiffness 
In the discussion of density above, the increased stiffness due to higher density is included, 
but HT-sintering increases the stiffness with more than what is accounted for by density. The 
reason of this is that the increased roundness of the pores changes the distribution of stresses 
in the material. 

As a result of this increased stiffness, it would be of interest to apply Equation 2-5: 

 2
2

1
1 ** uu E

E
σασ = , 

but no static data are available for the investigated materials. Literature15 suggests that the 
Young’s modulus increases by 10-15% from HT-sintering, with the same density. This could 
account for about 10-15% of the increase in fatigue behaviour.   

5.3.3. Influence of other factors 
Pore Morphology is changed with higher sintering temperature. Pore roundness increases and 
the number of interconnected pores decreases. This decreases the stress concentrating effect 
of the pore and the stress level at which a pore initiates a crack increases. 

Fractography results with a much more planar fracture surface for the HT-sintered specimens 
gave further evidence that the impact of pores is much less severe with the increased 
roundness. This makes the crack propagate in the plane rather than to deviate along the pores.  

This provides a possible explanation of the decreased notch sensitivity for the HT-sintered 
Astaloy CrL. In standard sintered specimen, the crack is initiated by the most deleterious pore 
on the stressed surface. When a notch is introduced, crack initiation is moved to a crack at the 
notch root. It is however not likely that this pore is as severe as the largest pore on the surface.  
In HT-sintered specimen, the stress singularities caused by the individual pores are smaller, 
and the notch is by far the most severe stress concentrator. In this case, the increase in 
maximum stress concentration due to the notch is higher, and the notch sensitivity increases.  
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An important aspect of the results is that the scatter increases with HT-sintering. The 
deviation of the standard sintered Astaloy CrL is very low with only one level with both run 
out and broken specimens. The HT-sintered material shows a much higher deviation, in 
particular with notch where three stress levels with mixed run out and broken specimens. In 
combination with the large scatter of the S-N curve, this indicates a possibly bi-modal 
behaviour. Such bi-modalities can have a number of reasons; i.e. inclusions, differences in 
phase distribution, bimodal pore distribution, production damages. 

The results show that though fatigue properties increase with higher sintering temperature, the 
benefit is less pronounced if the component has notches. 

5.4. Axial Fatigue of Astaloy CrL 
1120°C sintered Astaloy CrL under axial fatigue showed full notch sensitivity. No 
explanation for this could be deducted from the investigations. 

5.5. Differences between materials with high and low notch sensitivity 
Full notch sensitivity in plane bending was observed in Astaloy Mo and high temperature 
sintered Astaloy CrL. Low notch sensitivity materials included the Distaloys, Fe2Cu0,8C and 
Astaloy CrL. All materials with heterogeneous microstructures have low notch sensitivity; 
however, heterogeneous materials cover the full range of notch sensitivity.  

Fractography showed differences that are more interesting. Materials with lower notch 
sensitivity showed primarily trans-particle fracture in the crack initiation area whereas the 
fully notch sensitive Astaloy Mo shows more inter-particle fracture. 

The results, particularly those of Astaloy CrL indicate that the notch sensitivity of a given 
material increases when production parameters are changed as to improve the fatigue 
performance. This would be valid for homogeneous materials; surface treatments like case 
hardening or surface densification is possibly even more efficient on notched geometries, due 
to the stress gradients and different fatigue limit in the centre and at the surface.21    

5.6. Further investigations 
Based on the results of this investigation and the conclusions made, further investigations are 
suggested.  

At this stage, further work in order to give a general rule for the notch sensitivity, valid for all 
PM steels is not suggested. The question is so complex that the outcome would scarcely be 
worth the effort, as the practical benefit would be limited.  Further investigations should 
rather be concentrated on determination of suitable models and material parameters (see 
below) for each material or class of materials. 

5.6.1. New test bar geometries 
In this investigation, only one notched bar geometry was used. The results are thus valid as 
design criteria for components with a notch that is comparable to that of the test bar. In order 
to cover a wider range of stress intensity factors, tests should be performed with different 
notched bars. In addition to the increased range of Kt, this would permit a better determination 
of most suitable model for predicting the notch sensitivity, (Neuber, Peterson, or multi-
parameter models) 
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5.6.2. Effects of inner dimensions 
Changing the size of the powder would permit to study the influence of the relation between 
notch root radius and particle size determined inner dimension without making new tools. 
From the relations of Neuber and Peterson it is suggested that there is an inner dimension in 
the material affecting the notch sensitivity. A change of particle size should lead to a change 
of this inner dimension and thus a change in notch sensitivity. This would give an idea of 
what happens if the dimensions of the notched bar is scaled up or down. 

For comparison with the results in this investigation, the easiest materials to modify in this 
way should the Astaloys and Fe2Cu0,8C. By sieving the base powder as to eliminate the large 
particles and replacing the copper powder with one with half as big particle size, the effect 
would be an estimate of what would happen if the test bars were twice as big. 

5.6.3. Further high temperature sintering 
By testing high temperature sintered bars of the Distaloys several conclusions of this work 
can be evaluated. 

• Influence of the thickness of the martensitic layers around base powder particles and 
retained austenite. Increased sintering temperature increases the diffusion of the 
alloying elements and thus the thickness of the martensitic layer. This should give a 
qualitative answer to whether the empiric expression of Petersons constant suggested 
in chapter 5.2.2.1 is relevant, and a possibility to refine the constant. This could also 
be made by using longer sintering time. 

• Influence of pore shape. Tests on high temperature sintered bars should be performed 
on the materials with low notch sensitivity to see if similar effect as that seen on 
Astaloy CrL occurs (i.e. an increase of the notch sensitivity index). 

5.6.4.  Surface treatment 
Literature and theoretical models based on fracture mechanics indicate that surface treatments 
have greater effect on notched geometries than on un-notched ones. Thus, surface treatments 
would lower the notch influence. Investigations on case hardened materials was planned for 
this investigation, but could not be performed due to lack of time. It is suggested that this 
investigation be finished in order to have an indication of this effect. 
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6. Conclusions 
• Tests performed on test bars with larger cross sections were found to be compatible 

with previous results. 

• Notch sensitivity of PM steels is dependant on chemical composition, homogeneity, 
production parameters and specimen geometry. 

• Heterogeneous PM steels such as Distaloys and powder mixes were found in the lower 
range of notch sensitivity (q=0,6-0,8). 

• Homogeneous material showed a large range of notch sensitivity (q=0,6 to 1). 

• High temperature sintering of Astaloy CrL increases the fatigue limit by 25% for un-
notched specimens and 12% for notched specimens. 

• High temperature sintering is less beneficial for notched geometries than for un-
notched ones. 

• High temperature sintering increases the size of the crack necessary for porosity 
guided crack growth. 
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Appendix A. Definitions and Abbreviations 
Constant amplitude tests: Tests where all load cycles are equal.  
Maximum stress, σmax, the maximum stress applied during a load cycle 
Minimum stress, σmin, the minimum stress applied during a load cycle 
Mean stress, σm, defined as ½ (σmax + σmin) 
Stress amplitude, σa, defined as ½ (σmax - σmin) 
Nominal Stress Amplitude, Stress amplitude calculated as for an un-notched specimen. 
True stress amplitude: Maximum stress amplitude in the notched part of the specimen. 

Theoretical value evaluated from linear elastic behaviour of the notched bar 
Load ratio, R, the ratio between the minimum and maximum stress in the load cycle. 
LOM: Light Optical Microscopy 
Green part: Pressed but not yet sintered part. 
Green strength: The strength of the green part. 
Fatigue strength, σN: the stress amplitude for which failure occurs after N cycles 
Fatigue endurance limit:, FEL, σu, fatigue strength for a defined number of cycles considered 

infinite life. In this investigation, 2*106 cycles. 
FS, modified standard test bar for fatigue tests, without notch. See further page 12. 
Stress concentration factor, Kt: the ratio between the nominal stress excerpting the notch and 

the maximum stress caused by the notch. Calculated from the specimen geometry 
assuming linear elastic material behaviour. 

SEM: Scanning electron microscope. 
Fatigue notch factor: Kf: the ratio of the un-notched bar endurance limit and the notched bar 

endurance limit. 
Notch sensitivity index: q defined as q = (Kf-1)/(Kt-1), an entity that describes a materials 

sensitivity to notches. q=0 corresponds to an insensitive material and q=1 is the fully notch 
sensitive material. In the results, q is calculated from the 50% fatigue limit, σu50%.  

Run out: A tested specimen that has survived a pre-defined number of cycles considered as 
infinite life. Here, 2*106 cycles are considered run out.  

Stress intensity factor: K, KI, KII, KIII,  
Percentage and fractions: all compositions given as per cent in this report are relative to 

mass. Porosity is by definition volume fraction. 
50% Probability Fatigue Limit:  The stress (or strain) amplitude for which a material has a 

50% probability to survive an infinite number of cycles. 
Staircase method: Test method suitable for destructive testing when a limit for failure or 

survival is the goal of the investigation. 
Standard Sintering conditions: In this report: sintering in a continuous mesh furnace, 1120°C, 
30 minutes in 90% N2 and 10% H2.Cooling rate ~0,8°C/s. 
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Appendix B. Surface and bulk cracks, fracture mechanics 
comparison 

The position of a crack plays a mayor role in the performance of a material. The influences of 
surface and bulk cracks are compared from a fracture mechanics point of view. A semi-
elliptical surface crack is compared with an elliptic inner crack. 

Consider that there are elliptical cracks with radii c and a in a bar with width w and thickness t 
muck larger than the dimensions of the crack. Index s (surface) and i (inner) are used to 
distinguish the two cracks. In the example cases, the relation between a and c is the same for 
the compared cracks. According to fracture mechanics theory, the stress concentration, KI, for 
a surface crack submitted to bending can be expressed as: 

( )wafaK Ì πσ 0= ,   Equation 1 

where σ0 is the remote stress, and f(a/w) is a function of the size of the crack and the width of 
the bar. If the width of the bar is much larger than the depth crack, f(a/w) is approximately 
1,12 and the same relation as for a bar under torsion is achieved: 

)/(12,1 0 ssÌ cafaK πσ= ,  Equation 2 

where f(a/c) is a function of the form of the crack. 

An internal crack under the remote stress σ0 caused the stress concentration : 

)/(0 iiÌ cafaK πσ= ,   Equation 3 

with the same f(a/c) as above.  

Case1: 
The dimensions of the two cracks are the same.  

ai=as and cs=ci 

It is clear by inspection of equations 2 and 3 that the surface crack gives 12% higher stress 
concentration than the inner crack. 

Case 2: 
The area of the cracks are the same. This is the more likely situation when the crack is due to 
pores. It follows from geometry that  

2
s

i
aa = . 

Inserting this in equations 2 and 3 gives  

2
12,1 s

iSS
a

a
π

σπσ = . Equation 4 

Elimination and reorganisation of the terms gives that: 

ssi σσσ 33,1*2*12,1 4 ≈= , Equation 5 

thus, the stress can be increased by 33% if surface cracks are avoided. 
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Appendix C. Previous investigations including notched specimen 
Distaloy HP+0,7% C
Density Load case Kt R σu (MPa) Kf q E (MPa) YS [Mpa] Notch type Ref
7,15 Axial 1 -1 255 N/A N/A 504 None ELS

2,8 -1 148 1,72 0,40 504 Drilled hole D=2mm ELS
7,29 Axial 1 -1 270 N/A N/A 558 None ELS

2,8 -1 155 1,74 0,41 558 Drilled hole D=2mm ELS

Distaloy AE 
Density Load case Kt R σu (MPa) Kf q E (MPa) YS [Mpa] Notch type Ref

0,82%C
7,12 Axial 1 -1 180 443 None S90
1250/30 2,8 -1 115 1,57 0,32 443 D S90

0,73%C
7,07 Axial 1 -1 173 474 None S90
1120/30 2,8 -1 114 1,52 0,29 474 D S90
0,50%C
7,08 Axial 1 -1 161 446 None S90
1120/30 2,8 -1 112 1,44 0,24 446 D S90

7,2 Axial 1 -1 220 330 None S86
1120/30 2,8 -1 125 1,76 0,42 330 Drilled hole D=2mm S86

1,0%C
7,45 Axial 1 -1 270 458 None S92
2P2S 2,8 -1 140 1,93 0,52 458 Drilled hole D=1mm S92

Ultrapac LE + 0,6% C, (4%Ni, 1,5%Cu, 0,5%Mo, equivalent to Distaloy AE)
Density Load case Kt R σu (MPa) Kf q E (MPa) YS [Mpa] Notch type Ref
7,1 Axial 1 -1 129 N/A N/A 139 435 None, specimen ground LS
1120/30 2,8 -1 97 1,33 0,18 139 435 Hole D=2mm, sintered  LS

2,8 0 68 N/A N/A 139 435 Hole D=2mm, sintered  LS
Bending 1 -1 148 139 435 None, specimen ground LS

2 -1 138 1,07 0,07 139 435 Hole D=2mm, sintered  LS
2 0 105 139 435 Hole D=2mm, sintered  LS

7,1 Axial 1 -1 135 N/A N/A 150 580 None, specimen ground LS
1120/120 2,8 -1 106 1,27 0,15 150 580 Hole D=2mm, sintered  LS

Bending 1 -1 169 150 580 None, specimen ground LS
2 -1 145 1,17 0,17 150 580 Hole D=2mm, sintered  LS

7,1 Axial 1 -1 147 N/A N/A 147 526 None, specimen ground LS
1250/30 2,8 -1 115 1,28 0,16 147 526 Hole D=2mm, sintered  LS

Bending 1 -1 164 147 526 None, specimen ground LS
2 -1 153 1,07 0,07 147 526 Hole D=2mm, sintered  LS

7,1 Axial 1 -1 195 N/A N/A 154 530 None, specimen ground LS
1250/120 2,8 -1 129 1,51 0,28 154 530 Hole D=2mm, sintered  LS

0 81 N/A N/A 154 530 Hole D=2mm, sintered  LS
Bending 1 -1 266 154 530 None, specimen ground LS

2 -1 195 1,36 0,36 154 530 Hole D=2mm, sintered  LS
2 0 129 154 530 Hole D=2mm, sintered  LS

Astaloy CrM + 0,4%C
Density Load case Kt R σu (MPa) Kf q E (MPa) YS [Mpa] Notch type Ref
7,00 Axial 1 -1 207 583 ELS

2,8 -1 123 1,68 0,37 583 Drilled hole ELS
7,15 Axial 1 -1 230 610 ELS

2,8 -1 135 1,7 0,39 610 Drilled hole ELS

Astaloy Mo + 0,8%C
Density Load case Kt R σu (MPa) Kf q E (MPa) YS [Mpa] Notch type Ref

7,30 Bending 1,38 -1 177 A99  
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Fe1,5Cu0,6C  1120C 30 min
Density Load case Kt R σu (MPa) Kf q E (MPa) YS [Mpa] Notch type Ref

6,6 Axial 1 -1 98* - 110 None S81
1 0 78* 110 None S81

2,8 -1 53* 1,85 0,47 110 Sintered Hole D=2mm S81
2,8 0 39* 2,00 0,56 110 Sintered Hole D=2mm S81
3,4 -1 91* 1,08 0,03 110 V Machined r=0,6mm S81
3,4 0 63* 1,24 0,10 110 V Machined r=0,6mm S81

Bending 4p 1 -1 103* 110 None S81
1 0 84* 110 None S81
2 -1 83* 1,24 0,24 110 Sintered Hole D=2mm S81
2 0 69* 1,22 0,22 110 Sintered Hole D=2mm S81

3,5 -1 90* 1,14 0,06 110 V Machined r=0,3mm S81
3,5 0 73* 1,15 0,06 110 V Machined r=0,3mm S81

6,92 Axial 1 -1 136* 134,2 None S81
1 0 110* 134,2 None S81

2,8 -1 67* 2,03 0,57 134,2 Sintered Hole D=2mm S81
2,8 0 50* 2,20 0,67 134,2 Sintered Hole D=2mm S81
3,4 -1 115* 1,18 0,08 134,2 V Machined r=0,6mm S81
3,4 0 80* 1,38 0,16 134,2 V Machined r=0,6mm S81

Bending 4p 1 -1 125* 134,2 None S81
1 0 105* 134,2 None S81
2 -1 110* 1,14 0,14 134,2 Hole D=2mm, sintered  S81
2 0 88* 1,19 0,19 134,2 Hole D=2mm, sintered  S81

3,5 -1 110 1,14 0,05 134,2 V Machined r=0,3mm S81
3,5 0 95* 1,11 0,04 134,2 V Machined r=0,3mm S81

7,19 Axial 1 -1 166* 152,5 None S81
1 0 130* 152,5 None S81

2,8 -1 84* 1,98 0,54 152,5 Hole D=2mm, sintered  S81
2,8 0 63* 2,06 0,59 152,5 Hole D=2mm, sintered  S81
3,4 -1 130* 1,28 0,12 152,5 V Machined r=0,6mm S81
3,4 0 94* 1,38 0,16 152,5 V Machined r=0,6mm S81

Bending 4p 1 -1 160* 152,5 None S81
1 0 130* 152,5 None S81
2 -1 137* 1,17 0,17 152,5 Hole D=2mm, sintered  S81
2 0 110* 1,18 0,18 152,5 Hole D=2mm, sintered  S81

3,5 -1 133* 1,20 0,08 152,5 V Machined r=0,3mm S81
3,5 0 110* 1,18 0,07 152,5 V Machined r=0,3mm S81

7,4 Axial 1 -1 172' 182 None S84
1 0 145' 182 None S84

2,8 -1 100' 1,72 0,40 182 Hole D=2mm, sintered  S84
2,8 0 80' 1,81 0,45 182 Hole D=2mm, sintered  S84

6,8 Axial 1 -1 210' 138 None S84
Hardened 1 0 145 138 None S84

2,8 -1 106 1,98 0,55 138 Hole D=2mm, sintered  S84
2,8 0 68' 2,13 0,63 138 Hole D=2mm, sintered  S84
3,4 -1 87' 2,41 0,59 138 V Machined r=0,6mm S84
3,4 0 60' 2,42 0,59 138 V Machined r=0,6mm S84

Bending 4p 1 -1 250' 138 None S84
1 0 185 138 None S84
2 -1 173' 1,45 0,45 138 Hole D=2mm, sintered  S84
2 0 119' 1,55 0,55 138 Hole D=2mm, sintered  S84

3,5 -1 133 1,88 0,35 138 V Machined r=0,3mm S84
3,5 0 87 2,13 0,45 138 V Machined r=0,3mm S84

7,1 Axial 1 -1 222' 163 None S84
Hardened 1 0 155' 163 None S84

2,8 -1 102 2,18 0,65 163 Hole D=2mm, sintered  S84
2,8 0 70' 2,21 0,67 163 Hole D=2mm, sintered  S84
3,4 -1 86' 2,58 0,66 163 V Machined r=0,6mm S84
3,4 0 61' 2,54 0,64 163 V Machined r=0,6mm S84

Bending 4p 1 -1 307' 163 None S84
1 0 225' 163 None S84
2 -1 173' 1,77 0,77 163 Hole D=2mm, sintered  S84
2 0 124' 1,81 0,81 163 Hole D=2mm, sintered  S84

3,5 -1 133' 2,31 0,52 163 V Machined r=0,3mm S84
3,5 0 93' 2,42 0,57 163 V Machined r=0,3mm S84

 * Determined from S-N curve, uncertain values, extrapolated from 250 000 cycles
 ' Uncertain Value  
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Appendix D. Verification of new tool for notched fatigue test bars. 
To broaden the use of PM parts, knowledge of notched fatigue behaviour is necessary. For 
investigation of the influence of a as sintered notch (Kt=1,38), a new fatigue test bar geometry 
was introduced. The outlines of the produced bar are presented in Figure 0-1.  

A tool for making notched fatigue test bars was produced. The tool was a small series, double 
punch press tool with moving die designed for use with any hydraulic or mechanic press. 
Before using the tool to produce bars for fatigue testing, its function must be assured. 

 Figure 0-1 Outlines of 
notched fatigue bar. 
From [a] 

 

Two small series were pressed with different compaction pressures: 600 MPa and 800Mpa. 
The powder used was Distaloy AE  with 0,5%C-UF4 and 0,6% Kenolube admixed. Sintering 
at 1120°C for 30 min was performed on half the specimens from each series. 

The green specimens were examined to see if any defects could be found on the surface.  

Cross sections were cut and polished. From each series, three cross sections from each 
specimen were cut and polished. One cross-section was taken from the central notched part of 
the specimen and two from the largest cross-section. The polished samples were investigated 
in light optical microscope. 

General observations 
A first examination showed that the burr was larger than normally is the case on PM parts. 
This is explained by the fact that a larger clearance has been specified to allow both cold and 
warm compaction. 

No cracks or defects could be found neither on the surface of the specimens nor in the cross 
sections.  
Microscopy on the cross-sections revealed a homogeneous porosity in all the cross sections 
(except for the corners, see below).  

Corners 
The shape of the corners was investigated in microscope. Two corners had the correct form as 
shown in Figure 0-2. The width of the flat one is about 0,3mm and the angle is about 30°. It 
can be clearly seen in the figure that the corner of the specimen has been densified. Traces of 
the burr can be seen, though most of it has been worn off. 

                                                 
a Åkerström Gunnar, Utmattningsprovning av sintrade anvisade provstavar, Delrapport, Jernkontorets forskning, 
Serie D nr 7765, 8082/95, 1999 
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The other two corners did not have the correct shape at the corners. The corner in Figure 0-3 
does not have the flat zone specified. In the corner in Figure 0-4, there is a flat zone, but is not 
sufficiently wide. In addition, the burr is thicker in these 2 corners than in the first. 

However, the densification of the corners is good enough to avoid that the corners become the 
weak point of the specimen. 

Figure 0-2 Good corner geometry. Dashed line 
marks densified area.  

 
Figure 0-3 Erroneous corner geometry 1. 
Dashed line marks densified area. 

Figure 0-4  Erroneous corner geometry 2. 
Dashed line marks densified area. 

Conclusion  
Bars produced with the new tool are crack free and have uniform pore distribution. The 
densification of the corners are sufficient to avoid corner effects in fatigue testing despite burr 
and erroneous corner geometries. The press tool can thus be used for production of notched 
fatigue test bars. 
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Appendix E. Machine capacity with increased sample cross section 
Increasing the test bar cross section decreases the maximum stress that can be tested in the 
machines. The increased cross section increases the section modulus of the test bars.  
The limiting part of the bending test machines is the force transducer. The force F measured 
by the force transducer is linear to the torque in the sample,  

L
MF =     Equation 1 

where M is the torque and L is the distance between the force transducer and the centre of the 
test bar. From this follows that the limit capacity of the machines can be expressed as a 
torque, MMax. The torque is proportional to the nominal applied stress σ. 

  
bW

M
=σ     Equation 2 

where Wb is the section modulus.  

 
6

2BHWb =     Equation 3 

for a rectangular cross section with width B and height H. As the maximum torque does not 
change with the test bar geometry, we have, for arbitrary cross sections 1 and 2: 
 2,2,1,1, bMaxbMaxMax WWM ×=×= σσ .  Equation 5 
Inserting equation 3 gives 

 2
2

2
1

2

1
1,

2,

1,
1,2, H

H
B
B

W
W

Max
b

b
MaxMax ××=×= σσσ . Equation 6 

Thus, the maximal stress or stress amplitude supported by the bending machines is 
proportional to the width of the bars and to the square of their height. 
 
For the machines at Höganäs AB fatigue laboratory: 
 

• Standard FS bars (Default values) 
 B = 5mm  Standard machines: σmax= 400 MPa 
 H = 5mm  Strong machines: σmax= 1500 MPa 

• FS bar, increased width 
B = 5 mm  Standard machines: σmax= 285 MPa  
H = 7 mm  Strong machines: σmax= 1071 MPa 

Notched fatigue bars 
B = 7 mm  Standard machines: σmax= 145 MPa  
H = 7 mm  Strong machines: σmax= 545 MPa 

 
 
Note: Here, the cross section is supposed to be rectangular. The error made in this assumption 
is very small. (~2%) 
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Appendix F. Modified corners, Correction of displayed stresses  
The recording system of the bending machines calculates the stress amplitude from the force 
measured by the force transducer. In this calculation, the modified corners are taken into 
account by multiplying the moment of inertia, Ix, by a factor kDisp=0.94. This value was 
determined numerically for bars with 5x5 mm2 cross section. Increasing the cross-section of 
the test bar changes the influence of the corners on the moment of inertia. It is therefore 
necessary to introduce a new correction factor to use on the displayed stress amplitude, σDisp.  

The cross-section outlines and definitions of geometrical variables are shown in the figure 
below. 

The stress in the test bar is calculated using the expression 

xx I
yLF

I
yM ××
=

×
=σ , Equation 1 

where M is the torque, y is the distance from the symmetry axis, Ix is the moments of inertia, 
L is the distance to the force transducer and  F is the force measured by the force transducer. 
In the case of nominal stress, this becomes 

xI
HLF

2
××

=σ . Equation 2 

When the stress displayed by the control system σDisp is calculated, Ix is expressed as  

0IkI Dispx ×=  Equation 3 

where I0 is the moment of inertia for the not modified geometry: 

12

3

0
BHI = .  Equation 4 

To compensate for the change of geometry, the correction factors kNew = Ix/I0, for the new 
geometries must first be calculated.  

For a cross section according to the figure above, the modulus of inertia can be expressed 

Ix = I0 – 4 II – 4 III, Equation 5 

where II and III are the moments of the areas I and II, respectively. The particle approximation 
is made on I and II, allowing I to be calculated as  
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where A is the area and y is the mean distance to the symmetry line. This results in  
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Introducing 
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and combining with Equation 4  yields after reorganisation 
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Substituting Equation 8 into Equation 5 gives after reorganisation 
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32
12411210II x , Equation 9 

where the expression in the brackets is the correction factor knew. 

Knowing the correction factor of the new geometry, the nominal stress can be calculated as 

new

DispDisp

k
k×

=
σ

σ . Equation 10 
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Numerical calculations: 
The size of the corner modification is: 

 h=e=0,2mm 

 b=d=0,3mm 

 c= 0,3*√3 mm 

FS bar with increased width 
H=5mm B=7mm α=0,04 β=0,04286 γ=0,1039 

kNew,FS=0,9617 

σ = 0,977 σDisp 

 

Notched bar 
H=7mm B=7mm α=0,0285 β=0,04268 γ=0,0742 

kNew,Notched=0,9709 

σ = 0,978 σDisp 

Conclusion: 

The displayed stress amplitude and mean stress should be multiplied with a correction factor 
depending on the dimensions of the cross section. A 5x7 mm (height /width) bar has the 
correction factor 0,977 and a 7x7 mm bar has the correction actor 0,978. 
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Appendix G. Fatigue Test Results
Plane Bending, R=-1

Sample 
number

Stress 
Amplitude N

Final 
mean 
stress

Sample 
number

Stress 
Amplitude N

Final 
mean 
stress

1 321,7 132288 5,2 1 244,0 173297 1,6
2 292,6 763369 -7,9 3 225,9 392239 -5,7
3 283,2 542718 3,1 4 215,3 847770 4,7
4 274,2 435455 -7,6 5 204,9 987326 6,3
6 274,3 1118616 3,4 10 224,9 513840 3,0
8 274,0 604388 2,0 12 214,5 811536 4,0
10 273,5 578058 2,2 13 204,9 1026936 -5,8
12 273,8 844380 3,4 23 215,3 540628 -4,5
13 263,0 764599 -7,9 15 225,0 668530 -4,9
16 264,0 1900772 2,3 6 R 253,5 59249 -7,0
18 253,2 1063359 3,4 2 215,6 Run Out
21 244,8 1466658 4,6 6 195,3 Run Out
19 263,2 551528 -5,4 7 205,9 Run Out
22 263,9 813922 3,0 8 214,5 Run Out
5 R 334,5 36061 0,5 22 195,9 Run Out
11 R 311,4 185842 0,15 18 204,9 Run Out

5 264,3 Run Out
7 263,2 Run Out
9 264,5 Run Out
11 262,8 Run Out
14 253,8 Run Out
15 235,5 Run Out
17 244,3 Run Out
19 253,5 Run Out
20 254,8 Run Out

FS Bars, cross section 5x7mm Notched Bars, cross section 7x7mm

Distaloy AE + 0,74%C S.D: 7,17 g/cm3

Run Out: >2 000 000 cycles
R indicates Run outs that have been 
re-tested at a higher stress level.

 
 

Sample 
number

Stress 
Amplitude N

Final 
mean 
stress

Sample 
number

Stress 
Amplitude N

Final 
mean 
stress

1 282,6 49971 -1,4 1 278,2 91618 -3,3
2 244,1 171210 2,2 3 238,9 434000
3 224,8 258185 1,9 4 224,1 1365598 -5,8
5 215,7 360316 0,5 8 233,1 873590 2,7
7 214,4 361203 4,3 9 224,1 772025 3,0
8 214,4 782410 2,6 11 214,5 1042572 -6,5
9 205,3 919291 1,6 12 206,7 868242 -4,9
11 205,8 908017 4,4 18 223,3 846555 3,7
14 214,5 463147 4,0 13 R 257,1 163313 -1,5

13 R 254,1 97271 5 214,6 Run Out
4 205,9 Run Out 7 224,5 Run Out
6 206,0 Run Out 13 197,3 Run Out
10 195,6 Run Out 16 215,3 Run Out
12 195,7 Run Out 17 224,7 Run Out
13 205,0 Run Out 19 206,6 Run Out
18 195,6 Run Out
25 214,5 Run Out

Sample 
number

Stress 
Amplitude N

Final 
mean 
stress

Sample 
number

Stress 
Amplitude N

Final 
mean 
stress

6 130,0 846742 1 120,0 Run Out
10 130,0 522144 14 129,0 Run Out
22 130,0 722583 21 120,0 Run Out
x 140,0 169504

15 120,0 514271
1 R 160,0 169504
21R 170,0 72908

Run Out: >2 000 000 cycles
R indicates Run outs that have been re-tested at 
a higher stress level.

ASC 100.29 + 2%Cu +0,76%C S.D 7,03 g/cm3 Plane Bending, R=-1
FS Bars, cross section 5x7mm Notched Bars, cross section 7x7mm

ASC 100.29 + 2%Cu +0,76%C S.D 7,03 g/cm3 Axial Fatigue, R=-1
Notched Bars, cross section 7x7mm

Run Out: >2 000 000 cycles
R indicates Run outs that have been re-tested at 
a higher stress level.  

 

 

 

 

 

 

 

 

 

Plane Bending, R=-1

Sample 
number

Stress 
Amplitude N

Final 
mean 
stress

Sample 
number

Stress 
Amplitude N

Final 
mean 
stress

1 321,7 132288 5,2 1 244,0 173297 1,6
2 292,6 763369 -7,9 3 225,9 392239 -5,7
3 283,2 542718 3,1 4 215,3 847770 4,7
4 274,2 435455 -7,6 5 204,9 987326 6,3
6 274,3 1118616 3,4 10 224,9 513840 3,0
8 274,0 604388 2,0 12 214,5 811536 4,0

10 273,5 578058 2,2 13 204,9 1026936 -5,8
12 273,8 844380 3,4 23 215,3 540628 -4,5
13 263,0 764599 -7,9 15 225,0 668530 -4,9
16 264,0 1900772 2,3 6 R 253,5 59249 -7,0
18 253,2 1063359 3,4 2 215,6 Run Out
21 244,8 1466658 4,6 6 195,3 Run Out
19 263,2 551528 -5,4 7 205,9 Run Out
22 263,9 813922 3,0 8 214,5 Run Out
5 R 334,5 36061 0,5 22 195,9 Run Out
11 R 311,4 185842 0,15 18 204,9 Run Out

5 264,3 Run Out
7 263,2 Run Out
9 264,5 Run Out

11 262,8 Run Out
14 253,8 Run Out
15 235,5 Run Out
17 244,3 Run Out
19 253,5 Run Out
20 254,8 Run Out

Distaloy AE + 0,74%C S.D: 7,17 g/cm3
FS Bars, cross section 5x7mm Notched Bars, cross section 7x7mm

Run Out: >2 000 000 cycles
R indicates Run outs that have been 
re-tested at a higher stress level.

 
 

Plane Bending, R=-1

Sample 
number

Stress 
Amplitude N

Final 
mean 
stress

Sample 
number

Stress 
Amplitude N

Final 
mean 
stress

1 391,6 50164 5,8 1 295,4 67783 1,0
2 333,1 1318105 6,0 2 257,0 543560 5,6
4 332,8 269608 -9,0 4 255,2 398160 -7,1
6 331,4 187218 4,5 5 244,7 342710 -5,9
8 333,1 112000 4,6 7 245,2 483178 -6,1
9 317,9 523773 -6,4 10 253,8 582935
11 316,8 149000 3,4 11 244,4 407322 4,9
12 302,9 1214261 -6,0 14 245,0 183032 -6,8
16 332,0 1357223 -7,2 16 233,8 516843 -5,8

10 R 364,9 80774 1,9 3 R 274,6 78644 5,1
3 316,5 Run Out 3 245,0 Run Out
5 318,3 Run Out 6 234,7 Run Out
7 319,0 Run Out 8 234,8 Run Out
10 302,8 Run Out 9 244,2 Run Out
13 288,8 Run Out 13 234,9 Run Out
14 303,4 Run Out 21 225,0 Run Out
15 317,2 Run Out

Distaloy HP + 0,75%C S.D: 7,12 g/cm3
FS Bars, cross section 5x7mm Notched Bars, cross section 7x7mm

Run Out: >2 000 000 cycles
R indicates Run outs that have been re-tested at a higher stress level.  

Plane Bending, R=-1

Sample 
number

Stress 
Amplitude N

Final 
mean 
stress

Sample 
number

Stress 
Amplitude N

Final 
mean 
stress

1 253,4 95696 1,7 1 205,5 50492 -0,7
2 224,6 285117 5,6 3 176,4 141639 -4,2
3 205,5 729260 4,5 8 156,5 968860 4,0
5 205,4 886366 3,3 10 154,0 944727 -4,8
8 215,9 468083 3,4 13 154,2 430000 -6,3
10 214,5 640182 4,5 15 146,5 588800 -6,0
12 205,4 643734 5,9 20 157,5 974780 0,1
22 215,1 1515784 3,6 22 153,4 616629 -4,1
24 205,7 803221 4,8 23 147,3 1147845 -5,6
4R 238,7 111820 -5,8 12 R 189,8 86414 -3,0
4 194,5 Run Out 9 146,4 Run Out
6 195,8 Run Out 12 146,6 Run Out
7 205,3 Run Out 16 139,7 Run Out
9 205,1 Run Out 18 146,3 Run Out
13 195,8 Run Out 19 146,3 Run Out
21 205,1 Run Out 25 140,1 Run Out

R indicates Run outs that have been re-tested at a higher stress level.
Run Out: >2 000 000 cycles

Astaloy Mo +0,78%C S.D.7,08 g/cm3
FS Bars, cross section 5x7mm Notched Bars, cross section 7x7mm

 
 



 II

Plane Bending, R=0

Sample 
number

Stress 
Amplitude N

Final 
mean 
stress

Sample 
number

Stress 
Amplitude N

Final 
mean 
stress

43 234,7 70534 10,0 38 156,4 219420 9,0
44 207,3 171238 -11,1 51 155,2 300231 9,0
54 184,4 357508 -12,2 52 155,7 189802 8,0
32 186,1 266882 10,0 39 147,2 442808 8,0
34 195,1 202248 9,0 59 157,3 256828 10,0
35 185,0 243188 8,0 60 147,0 279348 9,0
45 175,3 Run Out x2 157,3 409056 9,0
55 175,4 Run Out x3 167,4 178572 8,0
31 185,9 Run Out 37 R 176,9 70205 10,0
37 177,6 Run Out 58 147,0 Run Out

37 147,4 Run Out
41 135,0 Run Out
36 146,7 Run Out
50 136,6 Run Out
x1 145,7 Run Out

Astaloy CrL+ 0,75%C S.D: 7,07 g/cm3
FS Bars, cross section 5x7mm Notched Bars, cross section 7x7mm

Run Out: >2 000 000 cycles
R indicates Run outs that have been re-tested 
at a higher stress level.  

 
Plane Bending, R=-1

Sample 
number

Stress 
Amplitude N

Final 
mean 
stress

Sample 
number

Stress 
Amplitude N

Final 
mean 
stress

21 273,0 230883 -3,9 21 219,1 130108 2,5
22 253,2 494879 4,2 22 195,6 462000 -
24 254,2 510255 -5,3 25 205,2 285931 3,0
26 253,7 537597 -4,4 27 205,0 525600 -3,6
27 244,7 630000 - 28 195,1 412626 -6,2
29 244,3 853816 2,3 30 196,1 499877 -4,7
38 253,2 60000 31 205,8 248485 0,7
42 253,8 459403 5,6 33 194,7 860968 3,3

23 R 295,5 134853 2,5 23 185,5 Run Out
23 243,7 Run Out 24 195,4 Run Out
25 244,1 Run Out 26 195,4 Run Out
28 234,0 Run Out 29 185,7 Run Out
30 234,1 Run Out 32 184,6 Run Out
33 243,8 Run Out 34 185,4 Run Out
39 244,5 Run Out 35 195,0 Run Out

Astaloy CrL+ 0,75%C S.D: 7,07 g/cm3
FS Bars, cross section 5x7mm Notched Bars, cross section 7x7mm

Run Out: >2 000 000 cycles
R indicates Run outs that have been re-tested at a higher stress level.  
 
Astaloy CrL+ 0,75%C S.D: 7,07 g/cm3 Axial Fatigue, R=-1
FS Bars, cross section 5x7mm

Sample 
number

Stress 
Amplitude N

Final 
mean 
stress

Sample 
number

Stress 
Amplitude N

Final 
mean 
stress

60 250 224644 40 180 201334
59 240 402685 42 170 298247
56 240 244538 43 160 309998
57 230 781982 46 160 440264
49 240 288151 48 160 674597
46 250 273000 53 160 339662
40 240 414750 56 170 569956
x R 260,0 283000 57 160,0 664837

50 R 270,0 95134 44 190,0 89782
47 R 290,0 47090 45 200,0 71440
41 R 277,0 132714 47 185,0 136103

x 230,0 Run Out 54 200,0 95402
58 230,0 Run Out 55 210,0 52659
52 220,0 Run Out 44 150,0 2000000
51 230,0 Run Out 45 160,0 2000000
50 240,0 Run Out 47 150,0 2350000
47 240,0 Run Out 49 150,0 2700000
41 230,0 Run Out 54 150,0 3000000

55 160,0 2350000

Notched Bars, cross section 7x7mm

Run Out: >2 000 000 cycles
R indicates Run outs that have been re-tested at a higher stress level.  

 
Astaloy CrL HT+ 0,60%C S.D: 7,17 g/cm3 Plane Bending R=-1

Sample 
number

Stress 
Amplitude N

Final 
mean 
stress

Sample 
number

Stress 
Amplitude N

Final 
mean 
stress

2 348,789 122824 -3,4 1 273,5466 273833 -2,95
3 320,3583 415632 -6,1 2 245,2824 256999 -1,2
4 312,3469 260201 -5,7 4 233,9376 336517 0,6
5 297,3988 537325 -3,8 5 224,7444 639788 -3,77
10 296,2264 525125 2,54 9 225,2334 436923 -4,8
20 341,5592 499533 11 226,5048 632060 -5,83
1 327,3927 295000 0,33 15 225,8202 285491 -5,6
8 313,3 266203 -4,7 7 225,0 361725
15 298,2 1000992 -5,5 8 215,9 633725

11 R 373,5 68242 -0,7 10 R 294,3 61688 -2,2
6 283,5 Run Out 6 214,9 Run Out
11 283,6 Run Out 10 214,4 Run Out
12 297,6 Run Out 12 214,6 Run Out
14 297,5 Run Out 3 215,1 Run Out
17 313,1 Run Out 20 224,5 Run Out
19 326,8 Run Out 13 205,6 Run Out

Run Out: >2 000 000 cycles
R indicates Run outs that have been re-tested at a higher stress level.

FS Bars, cross section 5x7mm Notched Bars, cross section 7x7mm

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


