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Abstract 
 
Fatigue and ductility properties in various tool steels, produced by powder metallurgy, spray 
forming or conventionally ingot casting, have been analysed experimentally and successfully 
compared to developed models. The models are able to predict the fatigue limit and cause for 
fatigue fracture, and strain- and stress-development until fracture during the ductile fracture 
process respectively. Total fracture in a tool steel component, both in fatigue and ductility 
testing, is caused by a propagating crack initiated by particles, i.e. carbides or non-metallic 
inclusions. The models are based on experimentally observed size distributions. 
 
The axial fatigue strength at two million cycles was determined for various tool steels. The 
fracture surface of each test bar broken was examined in SEM to determine the cause for 
fatigue failure, i.e. a single carbide or inclusion particle or a cluster of carbides, and the size of 
the particle. The particles act as stress concentrators where a crack is easily initiated when the 
material is subjected to alternating stresses. The developed models calculate the probability 
that at least one particle will be present in the material which is larger than the threshold level 
for crack initiation at a certain stress range. 
 
The ductility testing was performed on various tool steels by four-point bending under static 
load. The load and displacement until total fracture were recorded and the maximum strain 
and stress acting in the material were calculated. The fracture surface of each broken test bar 
was examined in SEM, though the crack initiating area appears different compared to a 
fatigue failure. Ductile fracture is caused by a crack emanating from voids nucleated around 
many particles in a joint process and then linked together. By finite element modelling of void 
initiation and propagation in 2D of an experimentally observed carbide microstructure for 
each tool steel, successful comparisons with experiments were performed. Carbides were 
modelled as cracked when larger than a certain size, based on fracture surface observations, 
and the matrix cracked above a pre-defined plastic deformation level. The stresses and strains 
at total failure were in good agreement between model and experiments when evaluated. 
 
The use of these developed models could be a powerful tool for optimisation of fatigue and 
ductility properties for tool steels. With good fatigue and ductility properties normal failures 
appearing during operation of a tool steel product could be minimised. By theoretical tests in 
the developed models of various carbide microstructures the optimum mechanical properties 
could be achieved with a minimum of experiments performed. 
 
Keywords: Tool steels, fatigue, ductility, carbides, carbide cluster, inclusion, size distribution, 
modelling, FEM 
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1. Purpose of thesis 
 
Fracture in martensitic high strength tools steels either by fatigue or static loads is caused by 
non-metallic inclusions, single large carbides or cluster of carbides. This phenomenon is well-
known to producers and end users of tool steels. However, to predict the material’s ability to 
withstand fracture and at what stress levels has not been easily performed. Therefore an 
increased knowledge regarding carbide microstructure and non-metallic inclusion content and 
their correlation to fatigue and static loads induced fracture in tool steels is essential. With this 
knowledge material optimisation regarding mechanical properties is possible. 
 
The increasing demand from users of tool steels of better performance and economy when the 
material is used in service has put focus on the failure mechanisms [1]. In this thesis fatigue 
and ductility in cold work tool steels are studied. By knowing the causes for fatigue failure 
and the level of fatigue strength and also what controls the ductility performance, it will be a 
competitive advantage for the tool steel producer. 
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2. Survey of cold work tool steels 
 
Tool steels are divided into three groups depending on area of application; cold work tool 
steels, hot work tool steels, and plastic moulding tool steels. Cold work tool steels are used for 
punching, cutting, forming, cold forging, cold extrusion, cold rolling, knives etc. Cold work 
tool steels are very hard compared to most other steels, but have still enough strength and 
toughness to form other materials without immediate fracture. Hot work tool steels are used 
for hot working and casting for instance in pressure die casting of complicated parts in large 
series. Normally the cast material is made of Al, Cu, Mg or Zn. High speed steels are used as 
various cutting tools: drills, taps, milling cutters, gear cutters, saw blades, etc.  
 
A large effort of research of tool steels today is to improve and understand what controls 
fatigue properties, ductility and fracture toughness [2], [3], [4], [5], [6]. This is driven by the 
increased use of ultra high strength steels (UHSS) in car bodies. With UHSS thinner panels 
with equal strength as in previously used thicker steel panels could be used to reduce weight 
and thereby reduce environmental impact. UHSS undergoes deformation hardening when 
pressed into the desired form. This further increases the mechanical impact on the tool steel 
used for pressing. 
 
Tool steels consist of a matrix with one or more variants of carbides. Carbides provide the 
wear resistance, acting as the hard phase of the material. Variation in size and fraction of the 
carbides, depending of manufacturing route, alloy content, hot working/forging and heat 
treatment, will give the tool steel the desired mechanical properties. 
 
A closely related research area to that of fatigue properties, ductility and fracture toughness, is 
improving of the wear properties of tool steels [7]. By minimising wear the tools could be 
used longer and therefore improve production economy. By adding nitrogen (N) acting as a 
hard phase former, friction of the tool steel surface is lowered and also wear. The 
experimental work to find appropriate alloy compositions resulting in desired phases of the 
material could be minimised with the use of thermodynamic modelling of phases fraction for 
example with Thermo-Calc software [8]. 
 
Production of tool steels is either performed by conventional casting, powder metallurgy (PM) 
or spray forming (SF). With conventional casting the steel melt is teemed into large ingot 
moulds of approximately 1-2 m3 were it slowly cools into solid material. With PM the steel 
melt is atomised by an inert gas into small droplets, which solidify immediately, when 
sprayed into a collecting container. Thereafter the powder is compacted under high pressure, 
> 100 bars, forming solid cylinders. The SF process is similar to PM, though here the steel 
droplets has not totally solidified, instead the material is sprayed onto a rotating disc 
producing a solid cylinder, thereby making the high-pressure process step of PM unnecessary. 
 
Conventional casting is the major production route used, which could be followed by a 
process called electro slag refining/re-melting (ESR) where the non-metallic inclusion content 
is lowered. Conventional casting has a lower production cost per unit than the other two 
processing routes. The disadvantage though is a more heterogeneous material, due to 
segregation in the order of mm and even cm, with respect to mechanical properties. With PM 
materials segregation is determined by the size of the powder spheres, which normally are 
around 100 μm in diameter. Thereby mechanical properties become much more homogeneous 
compared to conventional cast materials. SF materials are similar to PM materials though the 
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microstructure becomes slightly coarser compared to PM but the cost is lower. With some 
exceptions, similar alloy contents could be used in all production routes, though resulting in 
different mechanical properties caused by different microstructures. 
 
2.1. Composition 
Normal compositions (in weight percent) for cold work tool steels are 1 – 3 % of carbon, 1 – 
10 % each of the main alloying components vanadium (V), chromium (Cr) and molybdenum 
(Mo). The main alloying components V, Cr and Mo are used as carbide formers. The metal 
(M) atom and the carbon (C) atom form the carbide with specific ratios, either one to one as in 
MC, six to one as in M6C or seven to three as in M7C3. Each of the three carbide ratios 
normally contain one major metal component, 30 – 75 %, V in MC, Mo in M6C and Cr in 
M7C3. Also Fe is present in the carbides, from a few percent up to 45 % depending on the 
ratio. 
 
2.2. Carbide microstructure 
The carbides will form and change in size during solidification of the steel melt, but also 
during hot working and heat treatment operations afterwards. Depending on alloy content and 
heat treatment operations, but also processing route, the carbides will have different 
compositions, size distributions, mechanical properties etc. In Figure 1 are examples of 
different carbide microstructures are presented (the carbides are dark compared to the bright 
steel matrix). 
 

  
a)   b) 

 
c) 

Figure 1. Carbide microstructures in cold work tool steels (note the different magnifications) 
a) Conventionally cast, b) Spray formed, c) Powder metallurgical 
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To visualise the size distribution of carbide particles in a tool steel the result is often plotted in 
a log-linear diagram. On the y-axis the accumulated number of particles larger than certain 
sizes per mm2 is plotted and on the x-axis the size (diameter), see Figure 2. The diagram 
should be interpreted in such a way that a reading on the y-axis at the smallest size detected, 
often close to 0 μm, indicates the total numbers of particles present in the material per mm2. A 
reading at 5 μm on the curve for the SF material, see Figure 2, indicates that 1000 carbide 
particles are 5 μm or larger per mm2 in the material. Looking at the right hand end of the 
curves in Figure 2 it is seen that the largest carbide particles detected were approximately, 3, 7 
and 22 μm in size for the for powder metallurgical (PM), spray formed (SF) and 
conventionally cast (CC) tool steel respectively. This clearly shows the difference in carbide 
size depending on processing route. Still larger particles will always be present in the 
material, though the area analysed will not be large enough for detection. Thereby it is 
possible to imagine an extrapolation of the curves towards larger sizes indicating the number 
of particles existing in the material per mm2, or rather 1 particle per 10 or 100 mm2 for 
instance. 
 

 
Figure 2. Example of carbide size distributions depending of processing route, PM for powder 
metallurgical, SF for spray formed and CC for conventionally cast 
 
2.3. Properties with respect to direction of rolling 
After the solidification of the steel melt from conventional casting or finishing of the solid 
cylinder from the PM or SF process the steel material must be deformed to desired 
dimensions by hot working. In rolling the material receives rectangular or cylindrical form, 
either way it is heavily stretched out in the rolling direction and the cross section is decreased 
several times, i.e. transverse with respect to the rolling direction. Due to the high degree of 
deformation the matrix might improve its mechanical properties due to smaller grains formed, 
but also carbide and non-metallic inclusions will be affected. Carbides are hard and brittle 
compared to the matrix, which is also the case for many non-metallic inclusions. Thereby 
these particles might crack and also be rotated into the direction of rolling. For carbides in 
conventionally cast tool steels this orientation effect is clearly seen in Figure 3. For PM or SF 
tool steels the effect is detectable by analysing larger areas with carbides. 
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  a   b 
Figure 3. Example of carbide size distributions depending of analysed cross section with respect to 
direction of rolling in conventionally cast tool steel, a) schematic image of dark carbides in brighter 
matrix of hot rolled bar, b) result from carbide size distribution analysis of a conventionally cast tool 
steel after hot rolling showing the difference between rolling and transverse direction 
 
2.4. Failure mechanisms 
Failure during operation of tool steels could be costly. Five important failure categories are 
wear, fatigue, chipping, plastic deformation and galling. All mechanisms have mechanical 
origin and are caused by large forces acting on the tool steel and the work material. 
 
Wear could be either abrasive or adhesive. Resistance to abrasive wear of the tool steel is 
favoured by high hardness. Also a high fraction of large hard carbide particles will lower the 
abrasive wear. Chromium carbides have a hardness about 66-68 HRc, molybdenum and 
tungsten carbides about 72-77 HRc and vanadium carbides 82-84 HRc. Also adhesive wear of 
the tool steel is reduced by high hardness but also by low friction between the tool steel and 
the work material. High ductility of the tool steel will also lower the risk for adhesive wear. 
High ductility means that the material is able to withstand large applied loads without cracks 
being initiated. 
 
Fatigue failure is caused by alternating stresses working upon the tool steel, for instance 
during press operations. Cracks are formed around hard non-metallic inclusions or carbides in 
the steel matrix due to stress concentration. The cracks formed might propagate leading to 
total failure. 
 
A less catastrophic failure mode is chipping. Small pieces of the tool steel might be torn of 
after crack initiation at the surface. Chipping is prevented by high ductility of the tool steel, 
i.e. resistance to crack initiation under applied load. 
 
Plastic deformation will alternate the shape of the tool thereby making the forming operation 
of the work material inadequate. Resistance to plastic deformation is achieved by high 
hardness of the tool steel, though toughness must still be considered. 
 
Galling is caused by micro welds when the two surfaces come in contact and friction 
generates heat. The damage appearing is similar to chipping. Resistance to galling is achieved 
by low friction between the tool steel and the work material. 
 

Microstructure 
relevant for transverse 
test bars 

Microstructure 
relevant for rolling 
direction test bars 
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3. Fatigue of hard steels 
 
A material subjected to alternating stress may develop fatigue cracks. The cracks extend with 
a small increment through the material per load cycle. This crack propagation may occur 
without any visible macroscopic plastic deformation. If the alternating stresses are large 
enough the fatigue crack will continue to grow until complete failure. Though, as stated by 
Suresh [9], the time to initiate a fatigue crack may vary from 0 % up to 80 % of the total 
fatigue life of the component, thereafter the crack propagates until final failure. 
 
In a Wöhler S-N diagram the nominal stress amplitude (S or σamp) applied to the material is 
plotted versus number of cycles to failure (N) for the material, see Figure 4. Normally steels 
have an endurance limit or fatigue limit at 106 to 107 cycles [9]. The fatigue limit is a stress 
level below which the material will not fail due to propagating fatigue cracks, even though the 
number of stress cycles may be infinite [9]. 
 
However, hard materials such as tool steels may not experience a fatigue limit [9]. Fatigue 
cracks may still propagate even after 109 cycles at a very low stress range (giga cycle fatigue, 
indicated by the dashed line in Figure 4). Instead the designation in this work was fatigue 
strength at two million cycles. 
 
It should be noted that the fatigue limit normally is experimentally established on smooth 
polished specimens. Factors that may influence the fatigue properties of the material are 
surface roughness, notches, stress concentration, size of specimen, temperature, content of 
non-metallic inclusions or other hard particles, overloads etc. 
 

 
Figure 4. Wöhler S-N diagram, fatigue limit at 106-107 cycles, also indicated material not enduring 
fatigue limit (dashed line) 
 
In fatigue testing various expressions regarding stresses are used, e.g. range, amplitude, ratio 
etc. In formulas (1) through (4) is some basic stress expressions defined. In Figure 5 the stress 
range, 
 
  minmax σσσ −=Δ    (1) 
 
is shown at 1. Shown at 2 is maximum stress, σmax, and at 4 minimum stress, σmin, 
respectively. The stress amplitude, 
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  2/)(2/ minmax σσσσ −=Δ=amp   (2) 
 
is shown at 3. Finally at 5 is the mean stress indicated, 
 
  2/)( minmax σσσ +=mean    (3) 
 
Also used to describe the ratio of stresses during testing is the R-value, where 
 
  )/()(/ maxmin ampmeanampmeanR σσσσσσ +−==  (4) 
 
For fully reversed testing then R = -1, and for a pure static load test R = 1. 
 

 
Figure 5. Periodic change of stress during fatigue testing, two whole cycles shown 
 
If the mean stress is increased on the specimen fatigue tested the numbers to failure will 
decrease at a given stress amplitude [9], as seen in Figure 6. Likewise the fatigue limit will 
decrease, i.e. a lower stress amplitude, if the mean stress is increased [9]. 
 

 
Figure 6. Wöhler S-N diagram, influence of increasing mean stress on fatigue stress level and number 
of cycles to failure 
 
For softer steels there is an empirical correlation between hardness and fatigue limit, which is 
1.6*HV. Up to a hardness of around 400 HV the correlation seems to hold well for many 
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different steels [10]. For high hardness steels, normally 700 – 800 HV, the correlation does 
not hold that well. Normally non-metallic inclusions or other hard particles cause a fatigue 
crack to initiate in tool steels, therefore the fatigue strength is better described by linear elastic 
fracture mechanics (LEFM). 
 
Hard particles, situated in a less hard steel matrix, will locally increase the nominal applied 
stress in the surrounding steel matrix up to three times. Due to this stress concentration a 
crack is easily initiated in the steel matrix. LEFM focus on the crack tip stress field and the 
fracture toughness, which is a material property, by which it is possible to calculate the stress 
needed for a crack to propagate or not. By assuming that cracks exist from start, for instance 
around hard particles, then the fatigue strength for the material could be calculated. 
 
In Figure 7 there are two examples of a fracture surface in fatigue tested tool steel. The point 
of fracture initiation is clearly seen in the low-magnification image. The high-magnification 
image shows a non-metallic inclusion in the centre of the fracture initiation area. 
 

  
Figure 7 Fracture surface of PM tool steel, fatigue fracture initiated by non-metallic inclusion 
 
Since theoretical stresses will be infinite close to the crack tip a more practical way to take 
into account stresses is to use the stress intensity factor, K. The stress intensity factor, K, 
describes the crack tip stress field of the material and has three different modes depending on 
how the fracture occurs, see Figure 8. The most common mode is I, and K is then denoted KI. 
K is a function of applied stress, crack size and a geometry factor. The fracture toughness is 
the critical stress intensity the material may withstand without unstable fracture, denoted KC. 
When the stress at the crack tip increases or the crack itself increases in size, KI increases 
until it reaches KIC and total fracture occurs. 
 

 
Figure 8. The three different fracture modes 
 
The above part concerned static loads, for alternating loads as in fatigue, the concept is the 
same though here the range of stress intensity is of interest, ΔKI. 
 



 

 9 

  inaxI KKK ImIm −=Δ    (5) 
 
If the crack propagation rate per load cycle is plotted versus the stress intensity range in a log-
log diagram the curve will have the form shown in Figure 9. If the stress intensity range, ΔKI, 
is below a certain threshold value, ΔKth, crack propagation will not occur. If ΔKI increases the 
crack will start to propagate in a stable manner and follow a linear relationship called Paris 
Law in region 2, see Figure 9. Further increase in ΔKI increases the crack propagation rate in 
region 3, see Figure 9, and finally total failure occurs. 
 

 
Figure 9. Crack propagation rate, da/dN, versus stress intensity factor, ΔKI 
 
In this work ΔKth is one of the most important factors. If there exists one inclusion, or other 
hard particle, with a ΔKI > ΔKth the inclusion will generate a crack that will grow and 
eventually cause failure. The number of cycles to failure is not taken into account, only the 
fact that the component will fail at a certain load. 
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4. Fatigue of tool steels 
 
Generally speaking, fatigue in tool steels are basically similar to fatigue in other hard steels. 
The special properties of tool steels are better wear resistance, higher hardness etc. However, 
there are properties of tool steels that make their fatigue behaviour somewhat different, 
namely their higher carbide contents [11] and different heat treatment cycles [12]. The higher 
carbide fraction may cause carbide initiated failures [11], if the carbide sizes are large enough. 
In conventionally cast tool steels the primary carbides are stretched out by hot working and 
reduce fatigue resistance in the transverse direction [11], [5]. Carbides may also initiate 
fatigue failures in PM and spray formed tool steels [1], though normally non-metallic micro 
inclusions are present in too large numbers and sizes thereby becoming the cause for initiating 
fatigue failure. If they are large, single carbides may cause fatigue, if the carbide size is small 
but their fractions are large carbide clusters may cause fatigue failure, as will be shown in this 
thesis. For tool steels with lower hardness, below 55 HRc, fatigue properties most often is 
determined by the matrix [11]. 
 
The different heat treatments may also influence the fatigue behaviour of tool steels. Retained 
austenite which is often beneficial for fatigue strength is usually removed so that no undesired 
dimensional change may occur [12]. Retained austenite is removed by high temperature 
tempering or deep cooling [6] which may also influence the crack propagation rate, see Figure 
10, and threshold values of the steels, see Figure 11. 
 
In Figure 10 is the crack growth rate versus stress intensity shown for 300-M alloy steel and 
the dependence of different heat treatments and R-values. The 300-M alloy steel is not a tool 
steel, however it is a high strength steel with a good combination of toughness, fatigue 
strength and ductility. It is clearly seen that increased retained austenite content when step-
cooled compared to a lower content when oil quenched gives a lower threshold level for crack 
initiation and a higher crack growth rate at the same stress intensity, i.e. lower fatigue 
strength. 
 

 
Figure 10. Crack growth rate versus threshold level for stress intensity factor range, ΔKth, for various 
heat treatments and R-values [14] 
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In Figure 11 is the threshold level of the stress intensity factor versus yield strength shown at 
its dependence of microstructure. It is seen that an increase in yield strength will decrease the 
threshold level and also that the harder phases like martensite has lower threshold level 
compared to the softer ferrite [15]. In most cases for martensitic tool steels in the hardness 
range of 58-65 HRc a threshold value of 4 MPa√m (for small cracks) has been found to be a 
good estimate [13]. 
 

 
Figure 11. Threshold level for stress intensity factor range, ΔKth, versus yield strength for various 
matrix microstructures [15] 
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5. Ductility of tool steels 
 
Ductility is an important factor for tool steels since high ductility will prevent the material to 
fail by small cracks formed during service of the component. Ductility is often defined as the 
materials ability to resist plastic deformation without macroscopic fracture or crack initiation. 
Ductile materials show considerable elongation until failure caused by necking. 
 
The mechanism for initiation of a ductile crack when the material is subjected to an outer load 
is de-bonding of the matrix at particles, cracking of particles leading to void formation or pre-
cracked particles due to prior working operations also leading to void formation [2], [6]. This 
void formation occurs in normal production materials but for a single crystalline material with 
high purity, i.e. no grain boundaries or present defects, ductile fracture can still occur by void 
nucleation. The voids nucleate by high-dislocation density cell walls due to the plastic 
deformation [16]. 
 
The matrix in tool steels can be plastically deformed. Carbide particles and non-metallic oxide 
inclusions on the other hand mainly deform elastically until fracture under high enough loads. 
The particles in the tool steel matrix will act as stress concentrators when outer load is 
applied. Thereby the yield stress may be passed in the matrix closest to the particle leading to 
nucleation of a void. The void will continue to grow under the applied load and link together 
with other voids from other particles [6]. A large crack is formed, see Figure 12. 
 

 
Figure 12. Ductile fracture by void coalescence and crack formation at particles in plane normal to 
applied load [17] 
 
However the particle may also crack under the applied load [5] or be pre-cracked and will 
then initiate the formation of a crack in the matrix closest to the particle cleavage, see Figure 
13. 
 

  
  a)   b) 
Figure 13. Fracture surface of four-point bending test samples, fracture surface to the left 
perpendicular to surface seen in image, the surface seen was polished and etched, carbides appear 
dark grey and matrix slightly brighter, a) conventional cast tool steel with large crack formed due to 
cracked carbide, b) PM tool steel with voids formed at cracked and non-cracked carbides 
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Thus the occurrence of carbide and inclusion particles in the matrix will influence the 
ductility properties of tool steels [2]. [3], [4], [5], [6]. The volume fraction, closest neighbour 
distance and size distribution of particles in the matrix will affect the ductility properties of 
the material. Normally a higher carbide fraction, larger carbide particles and also a closer 
particle neighbour distance, will lower the ductility. Understanding of the correlation between 
ductility and carbide microstructure is essential to be able to predict material properties. 
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6. Modelling 
 
6.1. Fatigue predicting model based on single particles 
A fatigue predicting model has been used [13], see Appendix A for detailed information. The 
model was based on fracture mechanics and it was assumed that a specimen would fail if it 
contains at least one carbide or inclusion which has a critical size. It was assumed that cracks 
exist at all particles already before fatigue testing and that they have the same size as the 
particles, see Figure 14. The critical particle/crack size is reached if the stress intensity, ΔKI, 
of the crack is above the threshold value for crack propagation, ΔKth. The threshold value for 
crack propagation, ΔKth, used as input data in the model was 4 MPam1/2, which is valid in 
most cases for hardened tool steels [13], [15], [18]. In this model only cracks around single 
particles are considered. 
 
Using linear elastic fracture mechanics, the conditions for crack propagation can be described 
by a formula for calculating the stress intensity. By measuring the particles size the following 
formula for calculating the stress intensity can be used with some approximation; 
 

  
π

σ
2

2 DK I ⋅Δ⋅=Δ    (6) 

 

 
Figure 14. Diameter of crack initiated at an internal carbide particle or inclusion 
 
Hence the critical size of such a particle versus the applied stress range will become: 
 

  
2

2
2)( ⎟

⎠

⎞
⎜
⎝

⎛
Δ⋅

Δ
⋅=Δ

σ
πσ thK

D    (7) 

 
and by rewriting (7) the stress range which will be the calculated fatigue strength based on a 
size distribution of some particle, D, becomes: 
 

  

π

σ

2
2 D

KthΔ
=Δ    (8) 

 
Therefore the carbide size distribution is used as input data for the model. If the particle 
distribution is known it is possible to integrate over the geometry of the specimen and 
calculate the probability of finding at least one particle which has ΔKI > ΔKth within the load 
affected volume. For simplicity a straight line (blue) was adopted to the carbide size 
distribution curve (red) in the log-linear diagram giving a good description of the size range of 
the largest carbides detected, see Figure 15. By this the two constants forming the curve fit 
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could be evaluated. The most important thing is to get a good extrapolation to large particle 
sizes since fracture will be caused by the largest particles. A good curve fit for smaller carbide 
particles is less critical. 
 

 
Figure 15. Carbide size distribution (red) with curve fit (blue) describing the largest carbides in the 
material 
 
A few things regarding the carbides can be interpreted from the curve in Figure 15. The size 
distribution curve ends at 1·105 – 2·105 (at 0 μm), which means that the total number of 
carbide particles per mm2 in the material is that large. To the right end of the curve it can be 
seen that approximately 20 carbide particles were larger than 6.5 μm per mm2. 6.5 μm was 
also the largest size detected. 
 
Size distributions of inclusions and carbides can often be described with an exponential 
function [19]. 
 
  kD

A efDN −⋅=)(    (9) 
 
The constants f and k of the curve fit, see equation 9, describes D in equation 8. Equation 8 
which describes the 2D (area) size distribution of particles is transformed into a 3D (volume) 
size distribution according to [19], [20], see also Appendix A. The size distribution of 
particles is integrated over the material volume under applied load, e.g. the waist of a test bar, 
thereby calculating the probability of finding a particle of critical size. The same calculation is 
performed based on the inclusion size distribution for the material. 
 
6.2. Fatigue predicting model based on cluster of carbides 
Fatigue failure could be caused by single carbide particles or inclusions. Experimental 
findings have also shown that many carbide particles may cluster together and thereby initiate 
a propagating fatigue crack. A cluster was defined as a spherical volume of material where the 
local carbide fraction, fc, is above a certain threshold level [21]. 
 
The model assumes that a cluster of carbides can cause a fatigue crack of the same size as the 
cluster size itself. The model predicts the possibility that the overall carbide fraction in the 
material, which is lower than fc, by a fluctuation is raised locally above fc, see Figure 16. As 
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for the model for single carbides or inclusions it was assumed that cracks of the same size as 
the particles exist from start, see Figure 17. If the local carbide fraction is above fc the carbide 
particles might be lying in contact to surface thereby generating an easy path for a crack 
through the whole cluster, see Figure 18. This was shown by Grimwall [21] where small 
spherical particles of silver were added to a non-conductive material, which could transport 
electrical currents at a filling degree of 33 % silver. At this degree of silver the small spherical 
particles were laying in contact through the material thereby changing its electrical properties 
totally. By this the threshold level for cluster formation was set to 0.33. 

s

 

s

 

D

DCR

Figure 16. Cluster of carbides Figure 17. Cracks at carbides in 
cluster 

Figure 18 Crack through cluster

 
Both fatigue predicting models, either based on single particles or cluster of carbides, are 
thoroughly presented with examples of applications in Appendix B. 
 
6.3. Ductility prediction by finite element modelling 
The ductile fracture process was modelled by finite element modelling, FEM, with the 
software ABAQUS. By this more precise predictions could be made depending on the carbide 
microstructure. Modelling with FEM of mechanical properties and the fracture process of 
various materials with a hard phase in a softer matrix, e.g. carbides in the steel matrix of tool 
steels, has been successfully performed [2], [3], [4]. The simple correlation’s experimentally 
determined; higher carbide fraction, larger carbide particles and closer particle neighbour 
distance, which all normally lower the ductility, see Figure 19, were not precise enough as a 
tool for understanding and optimisation of tool steels ductility properties. 
 

 
Figure 19. Experimentally determined correlation between maximum bending force and product of 
carbide fraction and carbide average size 
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By FE-modelling of various representative carbide microstructures of both PM, SF and 
conventionally cast tool steels in 2D a much better ductility prediction tool were at hand. 
Properties of both the steel matrix and carbides were defined, e.g. flow curve and degree of 
plastic deformation at crack formation in the matrix and elastic properties of the carbides. 
 
Images of the carbide microstructure representative for different tool steels were modelled in 
FEM, see Figure 20. The modelled 2D microstructures were exposed to forces and 
deformations identical to four-point bending tests under static loads. 
 

  
  a    b 
Figure 20. FE model of crack propagation through PM (a) and conventionally cast (b) tool steel 
under static load, red is steel matrix, white are carbide particles and blue is crack at total failure. The 
dimensions of the observed and reproduced model area was 10 by 40 μm in a and 170 by 170 μm in b 
 
Various ways of crack initiation and propagation through carbides and matrix were analysed. 
Strains and stresses in the 2D models were computed and analysed at various levels of failure 
and compared to the experimental results. The FE-modelling increased understanding how the 
interaction between matrix and carbides influence crack propagation and ductility properties 
when analysing fracture surfaces from the experimental four-point bending tests. 
 
Applications were modelling by FEM of the ductile fracture in tool steels are used is 
presented in Appendix B. 
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7. Experimental methods 
 
7.1. Fatigue testing 
To verify the theoretical results from the fatigue predicting models experimental fatigue tests 
were performed on different tool steels. The fatigue test specimen geometry, which was hour-
glass shaped, is seen in Figure 21. 
 

 
Figure 21. Fatigue test specimen geometry 
 
Fatigue testing was performed on a MTS servo hydraulic 100kN testing machine equipped 
with an MTS 609 Alignment Fixture and a 100kN MTS load cell. An MTS 407 Controller 
controlled loading. The frequency used was approximately 10 Hz during testing. Further, to 
avoid bending stresses in the test bars during testing, the load train was checked for 
misalignment and adjusted if necessary. 
 
Since the models only deals with the bulk properties of the material, i.e. fatigue crack 
initiation from particles inside the material, the surface of the test specimen was polished. 
This produces compressive stresses in the surface layer, thereby avoiding surface initiation of 
cracks from grinding marks etc. The form of the test bars gives maximum stress in the waist 
since it has the smallest cross section, i.e. stress, σ, is equal to force over area: 
 

  
Area
Force

=σ     (10) 

 
Actually the hour-glass form could be considered as a stress raising notch, like a grinding 
mark, though with a very large radius. The stress raising factor due to this form is only 1.01, 
i.e. 1 % of the nominal stress. 
 
Further the models were designed for modus I fracture and accordingly only axial loads were 
used in the fatigue tests. Since fatigue cracks were assumed to propagate only under tensile 
stresses no compressive stresses were used. Therefore the relation between minimum and 
maximum stresses, R, was positive, both 0.05 and 0.1 have been used. The tests were 
performed under load control, i.e. the machine steered between two fixed stress levels for 
each test. The tests were run until fatigue failure occurred or two million cycles were reached, 
so called through-runners, the test was then stopped. 
 
To determine the fatigue strength (at two million cycles) the staircase method was used [22]. 
At least 15 specimens must be used and the first test specimen was run on a stress level which 
was assumed to be close to the actual fatigue strength for the material. If the specimen failed 
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the next specimen was run with a predetermined lower stress step. If it reached two million 
cycles the stress level was raised again with the same predetermined step. The lowering or 
rising of the stress level between the different tests was approximately 5 % of the nominal 
fatigue strength. By this the fatigue strength of the material at two million cycles was 
encircled, see example in Figure 22. 
 

 
Figure 22. Fatigue strength determination by the staircase method 
 
To calculate the fatigue strength and standard deviation based on the experimental results, for 
example the results presented in Figure 22, it must be determined whether failures or run-outs 
were the less frequent event. Only the less frequent event is used in the analysis. The data is 
tabulated as shown in Table 1. For the specimens of the least occurring event, here run-outs, 
the following were tabulated: 
 
Column I: The stress levels 
Column II: Number the stress levels. Level 0, 1, 2, etc. 
Column III: The number of times the event occurred at each stress level. 
Column IV: Product of columns II and III. 
Column V: Product of column III and the square of column II. 
 
Table 1. Staircase fatigue test results from Figure 22 for calculation of fatigue strength 

I 
Stress (MPa) 

II III 
(run-outs/failures)) 

IV 
(=II⋅III) 

V 
(=II⋅II⋅III) 

1000 0 1 0 0 
1050 1 3 3 3 
1100 2 3 6 12 
1150 3 1 3 9 
1200 4 0 0 0 

  N=8 A=12 B=24 
 
N, A, B equal the sums of the respective columns. The statistical estimate of the mean fatigue 
strength at the prescribed life was calculated from: 
 

⎥⎦
⎤

⎢⎣
⎡ ±⋅+=

2
1

0 N
Adm σσ    (11) 
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where σ0 is the lowest stress level (here 1000 MPa) at which the less frequent event occurred 
(here run-outs), d is the step size (here 50 MPa) and the plus sign is used if the less occurring 
event was run-outs and vice versa. The statistical estimate of the population standard 
deviation was calculated from [22]: 
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⎡
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2

<
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It is desired that 0.5< σ̂d <2 to neglect errors in the formula above. This is also a security 
against choosing a too small or too big stress level step. With equation 11 and 12 it was 
calculated that the fatigue strength in the example of Figure 22 was 1100 ± 63 MPa. 
 
7.2. Ductility testing by static loads 
Static four-point bending tests were performed on PM, SF and conventionally cast tool steels 
test specimens. Test specimens were taken out both in the rolling and transverse direction. 
The specimens were 50 mm long cylinders with a diameter of ∅ 6 mm. The experimental set-
up geometry is shown in Figure 23. 
 

 
Figure 23. Experimental set-up geometry for static four-point bending tests 
 
Force was applied on the two upper rolls, the two lower was stationary, thereby making the 
test bar start to bend. Along the outer surface of the test specimen, on the side opposite from 
the two upper (inner) rolls, the stress becomes approximately equal between the two points 
were the force is applied. During the test data regarding applied force and deflection from the 
horizontal line was recorded, see example in Figure 24. 
 

 
Figure 24. Four-point bending test data of applied force versus deflection from the horizontal line 
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7.3. Fractography 
In order to study fracture initiating causes in fatigue and static tests fracture surfaces were 
analysed by scanning electron microscopy, SEM, see Figure 25 and also Figure 7. The size of 
the specific particle or particles which initiated failure was measured. SEM uses electrons to 
produce the image and since the wavelength is much shorter compared to visible light, the 
spatial resolution becomes much better, down to a few nm, which is necessary when 
performing fractography. Also the depth of field is very good in SEM, which is very 
important for fracture surface analysis. The surface of a fractured specimen could have 
considerable topography. 
 
As seen in Figure 7 the fracture origin from a fatigue test often appears as a ring which is 
clearly seen due to the difference in topography compared to the rest of the sample cross 
section. The ring is often referred to as “fish-eye”. Within the “fish-eye” the topography is 
often rather shallow, the crack propagates rather independent of grain boundaries and 
particles. The individual initiating particle or particles in a cluster is easily recognised. 
 
The fracture origin in a fractured ductility test sample is often an area which is very large, it 
could be many hundreds of microns in diameter. Since no cyclic loads has forced the crack to 
propagate there will not be a distinct ring around the initiating area as in a fatigue fracture 
surface, see Figure 25. Also the topography differs compared to fatigue fractures since it most 
often is large differences in height within the fracture initiating area. Since voids are formed 
at particles and propagate during coalescence forming the crack, the crack will be linked 
between larger scarcely spaced particles. This leads to the large topography seen in Figure 25. 
 
At higher magnification the fracture initiating area shows hundreds and thousands of carbide 
particles, which could be cracked or non-cracked, around which voids have formed and grown 
together forming a large crack. When the crack has become large enough it will propagate 
unstable leading to final failure. 
 

  
  a)   b) 
Figure 25. SEM images of fracture surfaces in PM tool steel, ductile fracture under static load 
initiated by many carbides in a collective process by particle cracking, void formation and 
coalescence, a) overview, fracture origin marked by ring, b) high magnification of fracture 
origin, both cracked and non-cracked carbides in dimples 
 
The SEM was equipped with an energy dispersive spectrometer analyser, EDS, which makes 
it possible to get both qualitative and quantitative analysis of the constituents in the material. 
For instance a non-metallic oxide inclusion found in the fracture surface might contain 
silicon, Si, aluminium, Al, calcium, Ca, etc., and the approximate amounts are easily detected 
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by the EDS. A carbide particle might contain either V or Cr as major element and the steel 
matrix most often Fe, thereby making the separation of them easy. 
 
7.4. Carbide size distribution 
The carbide size distribution is used as input data for the fatigue limit predicting models. If 
the particle distribution is known it is possible to integrate over the geometry of the specimen 
and calculate the probability of finding at least one particle which has ΔKI > ΔKth within the 
load effected volume. Planar sections perpendicular to the loading direction of the tool steel 
fatigue specimens were cut out, grinded and then polished for microscopy analysis. 
Preparation of the material surface by this enables an analysis of the carbide microstructure. 
By using backscatter electrons in a SEM the differences in density, i.e. atom number contrast, 
between carbides and matrix are possible to detect. Since the carbides and the matrix often 
have very different alloy content, the grey scale contrast was clear in the SEM-images, as seen 
in Figure 26. For good statistics regarding the carbides size distribution some 25 to 30 images 
were taken of each material. Depending of carbide size different magnifications were used so 
approximately 150 to 300 individual carbide particles were detected in each image. The result 
was then a total number of particles up to 10000 for each material. 
 

 
Figure 26. Carbide microstructure in PM tool steel, image taken in SEM with backscattered electrons 
 
7.5. Inclusion size distribution 
Inclusion size distributions were measured using the “Morphologic Inclusion Classifier” 
(MIC) method. The result of a MIC measurement is shown in Figure 27. A certain area of a 
polished section perpendicular to the specimen axis, i.e. perpendicular to the applied load 
during fatigue testing as well, was analysed with LOM. The inclusions are classified 
regarding size and type and degree of deformation. Types are divided into ductile, brittle, 
brittle-ductile and undeformed inclusions. The size ranges are seen as the four data points in 
Figure 27. The result is presented in the same was as the carbide size distributions.  
 
As in the case of carbides, the inclusion size distributions were approximated with a straight 
line in the log-linear diagram and the parameters of the line equation were used as input data 
for the fatigue limit models. Compared to the carbides, in Figure 15, the total numbers of 
inclusions were often much lower, approximately only one particle per mm2, see Figure 27. 
On the other hand the largest detected inclusions were often much larger, above 20 μm, 
compared to the carbides and also more frequent in these large size ranges. This was seen as a 
much steeper curve for the carbides compared to the inclusions. 
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Figure 27. Example of inclusion size distribution 
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8. Conclusion/Summary 
 
The fatigue strength was determined by experimental axial tests of specimens made of 
different tool steels. The cause for fatigue failure was determined in each test specimen that 
broke. Specimens taken out both in the rolling and transverse direction respectively were 
tested, this since the mechanical properties could vary depending of direction. 
 
Single large carbides, carbide clusters or inclusions most often control the fatigue strength in 
tool steels. The size distribution for these particles were analysed for each tool steel tested. 
The results of these size distribution analyses were used in three different fatigue limit 
models, which then predicted the fatigue strength and comparisons were made with the 
experimental results. The agreement was good in many cases. 
 
With the use of FE-modelling the ductility properties in various tool steels and their 
dependence of carbide microstructure and bonding to the matrix were analysed. There is a 
strong correlation between carbide size and fraction to the results  
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11. Survey of concluded papers 
 
Summary of paper I 
The contents of carbides and inclusions have a strong influence on the fatigue properties of 
high carbon tool steels. In this work models were developed and experimentally verified for 
prediction of fatigue limit of conventionally ingot cast (IC), spray formed (SF) and powder 
metallurgy (PM) tool steels with a wide range of carbide structures. For each failure the 
fracture surfaces were analysed and the cause of fatigue crack initiation was determined, see 
example in Figure 28. The fatigue limit models were based on concepts from fracture 
mechanics. They consider cracks initiated from single carbides or inclusions or from clusters 
of closely situated carbides. The models take the statistical size distributions and the space 
distributions determined into account, see Figure 29. They predict fatigue limit based on 
information of the carbide and inclusion distributions. The conventionally ingot cast tool 
steels have strongly segregated non-uniform distributions of carbides oriented in the direction 
of rolling. The spray formed and powder metallurgy tool steels have evenly distributed 
carbides. Comparison of experimental fatigue strength and results from fatigue models 
showed good predictive capability, see Figure 30. 
 

  
(a)   (b) 

Figure 28. Fracture surface (a) in SF showing carbide cluster, in (b) carbides and cluster marked 
 

 
Figure 29. Linear description of carbide size distribution, focus on largest carbide particles 
 

 
Figure 30. Fatigue limit model results compared with experiments 
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Summary of paper II 
Ductility was determined in experimental four-point bending tests of smooth specimens of 
tool steel. The tool steels had different fractions of carbides and carbide size distributions and 
with a hardness of approximately 60HRC. Two of the materials tested were produced powder 
metallurgically, one was spray formed and one was conventionally uphill ingot cast. Carbide 
size distribution analysis was performed on planar polished sections of each material. 
Correlation between carbide microstructure and ductility performance was obtained. The 
fracture mechanisms were investigated with fractography on all fracture surfaces. A 3D FE-
model was used to simulate the four-point bending tests and thereby analyse the matrix flow 
curve used for all materials, see Figure 31. Also the strain at failure was analysed for each 
material when simulations were performed based on experimental data. SEM-images of each 
materials carbide microstructure were used to create representative 2D FE-models of these 
materials. The models simulated crack initiation and propagation by removing elements in the 
steel matrix as the plastic strain reached a critical level, see Figure 32. With three variants, 
simulations of crack initiation and propagation at carbides were investigated. That was 
carbides with no cohesion to matrix, carbides fixed to the matrix and carbides with internal 
cracks. Comparison of strains at failure for the 2D and the 3D FE-models for each material 
showed good correlation, see Figure 33. 
 

 
Figure 31. The 3D FE-model of the four-point bending test 
 

 
Figure 32. The 2D FE-model of crack initiation and propagation 
 

 
Figure 33. Comparison between the strain in the 3D bending test model and the 2D material model 
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Summary of paper III 
The axial fatigue strength at two million cycles was experimentally determined for two 
conventionally cast tool steels and successfully compared with results from a fatigue limit 
model. Fractographic analysis of failed specimens showed that large carbides had caused 
fatigue failure, see Figure 34, which was also predicted by the model. The model uses the size 
distribution of carbide or inclusion particles as input data and calculates the probability that at 
least one particle will be present in the material volume having a size larger than the threshold 
value for crack propagation. 
 

 
Figure 34. Large carbide, dark,  in fracture surface causing fatigue failure 
 
Specimens were tested both in the rolling and transverse direction and showed large 
differences in fatigue properties due to the segregated carbide microstructure, see Figure 35. 
 

 
Figure 35. SEM image of carbide microstructure in Sverker 21 
 
Rolling direction specimens experienced higher fatigue strength than the transverse direction 
specimens, see Figure 36. This due to smaller carbides present in the load affected cross 
section of the rolling direction fatigue test bars compared to the load affected cross section of 
the transverse direction fatigue test bars. 
 

 
Figure 36. Comparison of experimental and calculated model results 
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12. Appendix A. Fatigue predicting model for single particles (from 
[13]) 

 
 
Based on the knowledge of the overall distribution of different particles it is possible to 
estimate the expected number λc of critical defects in a volume of material. Knowing this 
expected number, the probability to find a certain number of critical defects, n, in a volume of 
material can be expressed using Poisson’s statistics 
 

λ−⋅
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 , n=0,1,2,3,…   (1) 

 
and as mentioned above the failure probability is 1-p(n=0), i.e. 
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where λc is the expected number of defects that eventually will cause failure. This expected 
number comprises all types of critical defects such as internal inclusions and carbides, surface 
inclusions and carbides, pores and surface defects etc. λc is the sum of the numbers of critical 
defects of all those types. However this model only deals with inclusions and carbides. 
 
Finally for the total failure probability due to the combination of all considered particles the 
following expression is used: 
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where i is the sum over all types of considered particles. 
 
As mentioned above, a defect becomes critical as the stress intensity at its rim exceeds the 
threshold value for propagation. Using linear elastic fracture mechanics, the conditions for 
crack propagation can be described by a formula for calculating the stress intensity. From 
fractography studies it can be seen that around the rim of an inclusion a crack is formed 
perpendicular to the loading direction, and in some cases the inclusion itself is cracked in half. 
Fracture surface analysis have shown that fracture initiating carbides almost in all cases split 
in two. Hence it is reasonable to use the rim of the particle as the size of the initiating crack. 
In most cases the form of the section of this initiating particle is not circular. However 
measuring its area and calculating the equivalent diameter of a circle of equal area, the 
following formula [23] for calculating the stress intensity can be used with some 
approximation; 
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Hence the critical size of such a particle versus the applied stress range will become: 
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where ΔKth is the stress intensity threshold level for crack propagation. Now we need to know 
the expected number of critical defects which is obtained through: 
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where D)D(gV δ  is the number of particles, per unit volume, having a diameter in the range 
[D,D+δD]. By use of [19], [20], gV(D) for circular section inclusions is expressed as 
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gA(D)δD is the number of particle sections that, per measured unit area of a sectioned 
specimen, have a diameter in the range [D,D+δD]. k is a constant explained by equation (9). 
gA(D)δD is obtained through 
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where NA(D) is the cumulative distribution function that is fitted to the discrete data of the 
measured cumulative size distribution NA(i). Often an exponential solution to the fitted data 
 
can be used for NA(D) of the form: 
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where f and k are constants obtained from the curve fit. Using eqs. (6)-(8), eq. (5) becomes 
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13. Appendix B. Application of fatigue predicting models and FEM 
modelling of ductility 

 
The fatigue predicting models and the FE-modelling of ductile fracture under static loads 
could be used in research when developing new materials, optimising existing materials with 
respect to carbide size distributions or increase knowledge of potential causes that initiate 
fracture in tool steels. 
 
Fatigue 
The used models have proven to predict the fatigue limit well when compared to experimental 
fatigue strength tests. Both PM, SF and conventionally ingot cast tool steels have been 
analysed and tested [18]. 
 
In Figure 37 is both the experimental and model results presented for a PM tool steel. The 
fatigue strength at two million cycles was 1300 MPa (nominal stress range with R = 0.05), 
indicated by the dashed line. The cause for fatigue failure in all test samples of this PM tool 
steel which fractured before two million cycles were reached was non-metallic oxide micro 
inclusions. The results from the fatigue models are also presented. Based on the size 
distribution of inclusions the model predicted a fatigue limit of approximately 1225 MPa, at R 
= 0.05. The difference in experimental and model result was then only 6 %, which were 
considered very well. Also seen in Figure 37 is that the models predicted a fatigue limit of 
approximately 1295 MPa for single carbide particles and approximately 1530 MPa for carbide 
clusters. 
 
The model results presented as failure probability curves should be interpreted in such a way 
that at a failure probability of 0.5, i.e. 50 %, the fatigue limit is read. At a failure probability 
of 0, no test samples will fail, and at a failure probability of 1, all test samples will fail. The 
curve lying most to the left, i.e. has the lowest predicted fatigue limit at a failure probability 
of 0.5, will be the cause for fatigue failure out of the three possible causes, single carbide 
particles, single inclusion particles or a cluster of carbides. 
 

 
Figure 37. Experimental fatigue strength for a PM tool steel compared to fatigue limit predicting 
model results based on the materials inclusion and carbide size distribution respectively 
 
Normally inclusions cause fatigue failure in PM tool steels. This since the sizes distribution of 
inclusions compared to carbides results in a much higher probability that the largest particle 
present in the material volume of consideration will be an inclusion. Work on optimisation of 
tool steel performance therefore often includes lowering of the inclusion content in the 
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finished material. The question then will of course be what possible gain in fatigue properties 
could be achieved if the inclusion content could be lowered. 
 
The PM tool steel presented in Figure 37 showed a predicted fatigue limit of 1225 MPa for 
inclusions and 1295 MPa for carbides. With the aid of the developed fatigue limit models it 
was therefore possible to calculate the increase in fatigue properties to be less than 6 % if the 
inclusion content were lowered to such a degree that carbides would be the new dominating 
cause for fatigue failure. In this case a very expensive research program to lower the inclusion 
content during the manufacturing process of the material would not be interesting. 
 
Lowering the inclusion content though is not that specific. In Figure 38 an experimentally 
established inclusion size distribution from a PM tool steel is shown together with two 
hypothetical curves. The first hypothetical curve has 10 times more inclusions in total 
numbers, though the slope of the curve is three times steeper compared to the experimental 
curve. The second hypothetical curve has only one tenth of the total numbers of inclusions 
compared to the experimental curve, though the slope is the same. Using these size 
distributions as input data in the fatigue predicting model shows some interesting facts. 
 
If 90 % of all inclusions could be removed, evenly distributed over the whole size range (i.e. 
the same slope of the curve), the increase in fatigue limit would be 22 %, from approximately 
1135 MPa to 1385 MPa respectively, see Figure 38. On the other hand if the total numbers of 
inclusions increased 10 times but the slope were three times steeper, i.e. more small but fewer 
large inclusions, the resulting increase in fatigue limit would be 41 %, from approximately 
1135 MPa to 1605 MPa respectively, see Figure 38. This shows clearly the impact large 
particles have on the fatigue limit, though strongly coupled to the occurrence per area, or 
volume, unit. 
 

  
  a)   b) 
Figure 38. Variation in inclusion size distribution (a) and the resulting fatigue limit prediction (b), one 
experimentally established inclusion size distribution in a PM tool steel and two hypothetical 
 
A necessity for the developed fatigue limit model is a size distribution curve must be at hand 
as input data. When the cause for fatigue failure has not been analysed regarding its size 
distribution or when the cause was extremely scarcely distributed within the material so it 
could not be found the prediction of course failed when compared to the experimental results. 
Two examples of this are presented below. 
 
In some test samples of conventionally ingot cast tool steels large macro inclusions, 
preferably aluminium oxides, caused fatigue failure. They could be as large as up to 500 – 
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600 μm in length, though the micro inclusion classifier method only focuses on the small 
inclusions. Therefore no data existed regarding the size distribution of these macro inclusions. 
 
In a PM tool steel experimentally fatigue tested it was found that large single primary 
carbides, some 20 – 30 μm in diameter, caused fatigue failure in all test bars. Theses 
unwanted primary carbides had survived unmelted in the steel melt during the powder 
manufacturing process. Analysis performed afterwards of polished sections of the material no 
large primary carbides were detected, there were too few of them to be found even if large 
areas were scanned. If on the other hand much work is put into finding these particles, the 
result may be just a few detected, the statistics might be very poor. The slope of the resulting 
size distribution curve might not give a good description of the real occurrence of the particles 
and as was shown earlier the resulting fatigue prediction is strongly correlated to the curve 
slope. 
 
Ductility 
The developed FE-modelling of the ductile fracture process have proven to predict the 
maximum strain and stress at total failure well when compared to experimental four-point 
bending tests. Both PM, SF and conventionally ingot cast tool steels, both in rolling and 
transverse direction, have been analysed and tested, see Figure 39. 
 

 
Figure 39. Comparison between the strain in the 3D bending test model and the 2D microstructure 
model 
 
From experimental observations of fracture surfaces there seemed to be a threshold size for 
each material under which the carbides did not crack, instead the void nucleated at the 
interface between carbide and matrix. Carbides larger than the threshold value then cracked, 
or were pre-cracked, see Figure 40, which influenced the response of the material when 
subjected to static loads. The evaluated strain at failure from the FE-model correlated well 
with the experimental results if carbides larger than a certain size, specific for each material, 
were modelled as cracked. 
 

 
Figure 40. FE model of crack propagation through SF tool steel under static load with pre-cracked 
carbides, red is steel matrix, white is carbide particles and blue is crack at total failure 
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Ignoring cracked particles gave a fault of to high strain and stress at total failure in the FE-
model compared to experimental results. Cracked carbides lowered the load bearing capacity 
of the tool steels. By optimising the carbide size distribution, e.g. lowering the maximum size 
or minimising the number of the largest carbides present, but still have the same carbide 
fraction in both cases, it could be possible to decrease the amount of cracked carbides in the 
material and thereby improving the ductility properties. It is also possible to improve the 
ductility properties by removing one of the carbide types present if more than one exists in the 
material. In some tool steels two major carbide versions are present, V and Cr rich carbides 
respectively. With changes in alloying content one of the carbides could be removed, small 
changes in heat treatment and in the hot working process afterwards could change the size 
distribution of the other carbide still present in the material. By testing these two alternative 
carbide microstructures in the FE-model a relatively good prediction of the ductility 
properties could be made without experiments. By this the FE-modelling of the ductility 
properties could be a valuable tool when developing new materials and the need for expensive 
experiments could be lowered. 
 


