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Abstract 
Finite element (FE) models that simulates the ductile fracture process in a tool steel has 
been developed in order to determine the influence of the carbides on the ductility. The 
studied steel is an uphill ingot cast, Electro Slag Refined (ESR) and hot worked tool 
steel with a low fraction of carbides, so called matrix type tool steel. The microstructure 
consists of a steel matrix with high toughness and brittle carbides, which are 
approximately half a µm in size with an almost spherical shape. 
 
An experimental four-point bending test has been carried out in order to establish the 
ductility properties of the steel and a FE-model of the four-point bending test has been 
designed for the calculations of the macroscopic deformations. A subsequent FE-model 
of the microstructure of the material has been designed based on Scanning Electron 
Microscopy (SEM) pictures. The matrix has been modelled as elastic-plastic and the 
carbides have been considered to be elastic. A failure criterion has been applied to the 
matrix, which eliminates an element from the mesh when the plastic strain exceeds a 
critical level. The FE-model of the microstructure has been loaded so that cracks have 
been generated and the load has been applied until total failure. 
 
SEM pictures of the fracture surface show that carbides above a critical size crack 
during the fracture process while smaller carbides remain intact. Different models of 
describing the failure at the carbides have been evaluated: 

• intact carbides fixed to the matrix, 
• intact carbides with no cohesion to the matrix and 
• carbides with internal cracks. 

Several combinations of the failure models have been simulated. Failure curves from 
the simulations of the microstructure model have been evaluated in order to establish 
the strain at failure, which has been compared to the strain at failure of the FE-model of 
the four-point bending test. 
 
A very satisfactory agreement between the experimental ductility and the simulations 
has been obtained. 
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1. Introduction 
In three preceding master theses [1, 2, 3], the ductile fracture process in a four-point bending 
test of tool steels was simulated with finite element (FE) models. The analysed materials 
were two powder metallurgical (PM) steels called Vanadis4 and Vanadis10, a spray formed 
(SF) steel called Weartec and two conventionally cast tool steels called Sverker21 and 
Sleipner. The materials consist of a steel matrix and one or two types of carbides. Due to the 
manufacturing process, the size, shape and distribution of the carbides differ among the 
materials. 
 
Carbides are a determining factor of the ductility since cracks and cavities can be formed in 
and around the carbides during a failure process [7]. The carbide distribution in tool steel 
can be designed with great variety which gives the opportunity to optimise the ductility. The 
FE-models were created in order to predict the ductility in the materials and thus be a useful 
tool in the optimisation process. 
 
In this master thesis, the matrix type tool steel Caldie was analysed. It has a low carbide 
fraction with small carbides and is therefore very ductile, since the low carbide fraction 
gives good ductility properties [4]. The purpose of this thesis was to investigate how the 
ductility of Caldie is influenced by the carbide distribution. 
 
The ductility was determined with an experimental four-point bending test, which was 
simulated with a FE-model in order to predict the stress-strain history in a test specimen. 
The carbide distribution was determined based on Scanning Electron Microscopy (SEM) 
pictures and FE-models of the microstructure of the steel Caldie were designed to simulate 
the fracture process. The result from the model of the microstructure were evaluated as 
failure curves in order to establish the strain at failure, which was compared to the strain at 
failure from the FE-model of the four-point bending test, and the crack propagation was 
analysed. 
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2. Material 
The material Caldie is an uphill ingot cast, Electro Slag Refined (ESR) and hot worked tool 
steel with a low fraction of carbides, so called matrix type tool steel. The material is suitable 
when chipping and cracking are the predominant failure mechanisms and high compressive 
strength is necessary. Caldie is therefore advisable for cold work applications, e.g. cutting 
and forming steel with very high strength. 

2.1 Processing of tool steel 
The final properties of tool steel is produced by austenitising, martensite formation and 
tempering. The process begins with melting the steel and casting it into uphill ingot moulds. 
The steel is then electro slag refined, i.e. the steel is remelted in a protected environment, in 
order to lower the level of unwanted particles. After hot working and annealing the resulting 
metal, bars of steel are produced. During the solidification of the ingot, segregation of 
varying degree occurs and carbide networks are formed. These carbides are compounds of 
carbon and alloys and are characterised by very high hardness. When the steel is 
austenitised, the carbides are partially dissolved in the matrix which is transformed from 
ferrite to austenite and, after a rapid quenching, into martensite. To ensure that toughness is 
improved after microstructural changes, double tempering is applied to the steel. The result 
is a matrix with an alloying content that gives a hardening effect without becoming coarse 
grained and brittle [5, 6]. 

2.2 Microstructure 
An analysis of the carbide distribution of Caldie has been performed in a previous study [7]. 
SEM pictures of the microstructure (Figure 1) were taken in a cross section of a test 
specimen parallel to the fracture surface [7]. The microstructure consists of a steel matrix 
with high toughness and brittle chromium (Cr) rich carbides, which are black in Figure 1. 
The few white particles appearing in the picture are molybdenum (Mo) rich carbides but the 
total number is extremely low compared to the black carbides and were not analysed [7]. 
 
 

 

 
Figure 1. SEM picture of the carbide microstructure of the tool steel Caldie. 
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The steel was austenised at 1025°C and tempered twice at 525°C resulting in a hardness of 
61,5 Hardness Rockwell C (HRC) and in a carbide fraction of 1,29 %. The average size of 
the carbides is 0,4 µm, though rather large carbides of size <2 µm were found in the analysis 
of the carbide distribution. In an analysis of the fracture surfaces even larger carbides of size 
>20 µm were found, but they were rare. Due to the small average size the carbides have an 
almost spherical shape [7]. The chemical compositions of the steel and the microstructure 
were calculated with ThermoCalc and are shown in Table 1. 
 
 
Table 1. Chemical analysis in weight %. 

Material Fe C Cr Mo V Mn Si W 
Caldie - 0,75 5,02 2,36 0,50 0,48 0,26 0,005 
Matrix 92,0 0,56 4,20 2,20 0,30 0,48 - - 
M7C3 36,0 8,44 37,9 8,78 8,52 0,35 - - 
 
 

2.3 Material properties 
The steel matrix was considered to be elastic-plastic and the carbides, which have a 
metal/carbon proportion of M7C3, were assumed to be strictly elastic. The main metal 
contribution of the carbide is iron (Fe) and chromium (Cr) according to Table 1 and it is 
often assumed that the carbides consist only of these two metals along with carbon. The ratio 
of the metals are calculated as 36,0/(36,0+37,9)=0,49 for Fe and 37,9/(36,0+37,9)=0,51 for 
Cr. 
 
2.3.1 Density 
The notation M7C3 implies that the carbide has seven metal atoms for every three carbon 
atoms. The unit cell of the carbide is of the type hexagonal close packed (HCP) which has 
six metal atoms [8]. In order to maintain the same ratio, the carbide has six metal atoms to 
every 2,57 carbon atoms. The atomic weight, uuc, of the unit cell is determined by 

CCrFeuc uuuu ×+×+××= 57,2)51,049,0(6 ,   (1) 

where uFe=55,847 u, uCr=51,996 u and u=1,66057×10-27 kg. The density, ρ, of the carbide is 
given by 

uc

uc

V
uu ×

=ρ ,      (2) 

where the volume of the unit cell is Vuc=2,461×10-28 m3 [1]. The result is listed in Table 3. 
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2.3.2 Young’s modulus and Poisson’s ratio 
The material parameters of the M7C3 carbide were defined from the carbides M2C and M3C 
and the values of Young’s modulus and Poisson’s ratio of the latter two carbides are found 
in Table 2 [1]. 
 
 
Table 2. Material parameters of the carbides M2C and M3C [1]. 

Carbide Chemical 
compound 

Young’s modulus 
E [GPa] 

Poisson’s ratio 
υ 

Cr2C 319 0,23 M2C 
Fe2C 219 0,23 
Cr3C 320 0,27 M3C 
Fe3C 200 0,27 

 
 
The average values in Table 2 were used to estimate the parameters of the carbide M7C3. 
The Young’s modulus is given by 

average
Cr

average
FeCM EEE ×+×= 51,049,0

37
.    (3) 

The values of the material parameters are shown in Table 3. 
 
 
Table 3. Material properties of the matrix and the carbide M7C3. 

Material Density 
ρ [kg/m3] 

Young’s modulus 
E [MPa] 

Poisson’s ratio 
υ 

Matrix 7820 213000 0,30 
M7C3 2390 266100 0,25 
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3. Experimental four-point bending test 

3.1 Experimental procedure 
An experimental four-point bending test was carried out at Uddeholm Tooling AB in 
Hagfors. The test specimen was a cylindrical bar with the geometry as in Figure 2 and with a 
total length of 65 mm and a diameter of 5 mm. Three samples were subject to an increasing 
load until failure and the deflection of the test specimen was measured. 
 

 
Figure 2. Principle layout of the four-point bending test. 

 
The experimental result of the four-point bending test is shown as a force-deflection curve in  
Figure 3. The curve is rather linear until some effects of plastic deformation can be seen 
above 4 kN. 
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Figure 3. Result of the experimental four-point bending test. 

 
 
The test specimens were manufactured both parallel and transverse to the rolling direction, 
which is illustrated in Figure 4 (the shape of the carbides is exaggerated oblong). In a test 
bar produced parallel to the rolling direction, the fracture surface will be transverse to the 
rolling direction and therefore yield a transverse carbide size distribution of the fracture 
surface. Vice versa, a test bar produced transverse to the rolling direction will have a 
fracture surface that is parallel to the rolling direction. The transverse fracture surface has 
larger carbides compared to the parallel surface and hence the carbide size distributions 
might differ. The total surface fractions of the different directions, though, are equal since 
they originate from the same material. There is no difference in the carbide size distribution 
between the different directions in the steel Caldie of carbides that are smaller than 1,5 µm 
due to the almost spherical shape [7]. Therefore, only the samples that are parallel to the 
rolling direction were analysed in this thesis. 
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Figure 4. Orientation of the carbides in the test specimen relative the rolling direction. 

 
 

3.2 Fracture surface 
The fracture surfaces of the test samples of the steel Caldie have been analysed in a previous 
study [7] and it was found that the fracture was initiated by large primary carbides, 
inclusions or possible grinding marks. However, the primary cause to the fracture process 
was the large primary carbides which have cracked internally due to their brittle behaviour 
[9]. These primary carbides, of size >20 µm, have not been broken down satisfactorily 
during the hot rolling process and they are very rare. None was found in the carbide 
distribution analysis that was taken in a cross section parallel to the fracture surface (section 
2.2), only in the analysis of the fracture surfaces [9]. The analysis of the fracture surfaces 
also showed that the large primary carbide was surrounded by rather large carbides with 
sizes >1 µm, which all seemed to have cracked too [7]. 
 
When a load is applied, the crack propagation is initiated in the primary carbide and in the 
carbides which are above the critical size, i.e. larger than 1 µm. As the load is further 
applied, there will be high stress concentrations in the matrix close to the crack tip of the 
cracked carbides which leads the crack propagation to continue in the matrix. The carbides 
that are smaller than the critical size are released from the matrix, so called decohesion. This 
creates cavities in the interface between the matrix and the carbides, which grow together 
and eventually fracture occurs. The smaller carbides remain intact, i.e. no cracks are formed 
inside the carbides. Instead, the crack propagates in the matrix in the interface or just outside 
the carbide, which is released from the matrix on one fracture surface resulting in a dimple 
in the matrix. On the other surface the intact carbide is found in the centre of the dimple. 
 
In Figure 5, a SEM picture shows a fracture surface of Caldie from a four-point bending test. 
The arrow on the left hand side points at an intact carbide <0,5 µm in the centre of a dimple, 
the middle arrow shows a cracked carbide of size 2 µm and the arrow on the right hand side 
points at an empty dimple. 
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Figure 5. Fracture surface of the matrix type tool steel Caldie from a four-point bending test. 
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4. FE simulation of four-point bending test 
A FE-model of the four-point bending test was designed in a preceding thesis [2]. It was 
used to calculate the macroscopic deformation in the most strained fibre in the surface of the 
test specimen, where the fracture process was initiated. 

4.1 FE-model of four-point bending test 
The FE-model was designed with ABAQUS/Standard of version 6.2, which is a FE solver 
that is suitable for stress analysis. The geometry was the same as in the experiment (section 
3.1) but due to symmetry, only half of the experimental arrangement was modelled as shown 
in Figure 6. The test specimen was modelled as a solid homogenous with no carbides to 
reduce the computational time. The supports were modelled as cylindrical rigid shells, where 
the outer support has rigid constraint with no movement in any direction and the inner 
support is free. The experimental applied force was modelled as a displacement at the inner 
support in order to simulate the deflection of the specimen. The material properties of the 
steel were the parameters of the matrix in Table 3. 
 
 

 
Figure 6. FE-model of the four-point bending test. 

 
 
By considering a cross section of the test bar, it experiences compression in the upper half of 
the test bar as a load is applied and the lower half experiences a tensile deformation. This 
yields a high stress gradient through the thickness of the bar and a high resolution is desired. 
ABAQUS evaluates the material response at each integration point in each element of the 
mesh. In the preceding thesis [2], the elements were modelled as three-dimensional solid 
eight-node linear elements with reduced integration (C3D8R), i.e. each element has one 
integration point which is located in the centre of the element. In order to receive more 
accurate results the FE-model was improved with three-dimensional solid twenty-node 
quadratic elements with full integration (C3D20), where each element has 3 integration 
points in each direction. The mesh had about 7800 elements. 
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4.2 Fitting of flow curve to experiment 
The data obtained from the experimental bending test generates a good approximation of the 
flow properties of the material but, since the force-deflection curve in Figure 3 is rather 
short, there is not enough information on how the steel matrix will behave. In order to 
estimate the shape of the flow curve, experimental results of two other materials were used. 
One material was another heat treatment of Caldie, namely 1000°C/550°C, resulting in a 
more ductile material that did not breake during a four-point bending test. The other material 
was a powder metallurgical material called Vanadis4Extra, which has larger carbides and 
higher carbide fraction and therefore a lower ductility compared to Caldie. The curve of 
Caldie 1025°C/525°C (Figure 3) was extrapolated to continue between and with the same 
shape as Caldie 1000°C/550°C and Vanadis4Extra, as shown by the triangular dotted curve 
in Figure 7. 
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Figure 7. Extrapolated curve of Caldie 1025°C/525°C. 

 
In order to be able to compare the material Caldie with the materials in the previous thesis 
[3], the same flow properties were used. The flow properties are listed in Table 4 and the 
flow curve is plotted in Figure 8, which shows an elastic-almost ideal plastic tendency. 
 
Table 4. Material flow properties [3].  
Strain [mm] Stress [MPa] 

0 2000 

0,002 2200 

0,01 2400 

0,02 2500 

0,03 2520 

0,04 2520 

0,05 2520 
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 Figure 8. The flow curve. 
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The test bar in the FE-model of the four-point bending test was designed not to break. The 
simulation was therefore executed until a deflection of 7 mm, which was the total average 
deflection of the experimental test specimens of Caldie 1000°C/550°C. The result from the 
FE-model was compared to the extrapolated experimental curve (of Caldie 1025°C/525°C), 
i.e. the triangular dotted curve in Figure 7. The comparison is presented in Figure 9. Around 
the yield point the two curves show a similar behaviour. The curves begin to deviate from 
each other at 2,7 mm and the experimental test specimens broke at a total average deflection 
of 2,8 mm. The reason of the deviation might be that the carbides, that are above the critical 
size (section 3.2), in the experimental test specimen crack during the failure process. This 
results in a reduced area that is applied to the load, which was not modelled in the FE-
model. The large deviation at the end would hence be due to cavities between the carbides 
and the matrix and cracks in the matrix. 
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Figure 9. Result of the four-point bending test of the experiment and the FE-model. 

 
 

4.3 Evaluation of strain at failure 
The elastic strain in a four-point bending test can be approximated based on elasticity theory 
but, since the material has an elastic-plastic tendency according to the force-deflection curve 
in Figure 3, pure elasticity is not applicable. Instead, the FE-model of the four-point bending 
test has been a tool to obtain both the elastic and the plastic strain, i.e. the total strain. 
 
The maximum strain at failure of the test specimen is found in the most strained fibre 
between the two points where the load is applied (Figure 2). The results from the FE-
simulation of the four-point bending test are presented in Figure 10 and Figure 11, where the 
total strain in the most strained fibre in the cross section is plotted against the deflection and 
the force, respectively. The last part of the curve in Figure 10 indicates that the deformation 
in the outer fibre ceases around a deflection of 4 mm and the deformation spread in the 
specimen instead. During the first part of the bending process in the FE-model, the strain 
increases uniformly between the inner support and the outer fibre, as is shown by the first 
part of the curve in Figure 10. As the deformation continues, the strain increases only in an 
area right underneath the inner support while the strain in the outer fibre remains constant. 
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An analysis of the experimental specimens of Caldie showed that the fracture in all samples 
was initiated underneath the inner support where a primary carbide was located, that was 
described in section 3.2. 
 
The total average deflection at 2,8 mm yields a total strain at failure of 3,3% (Figure 10), 
which in turn yields a maximum force of 7824 N (Figure 11). The simulation also yielded a 
maximum stress of 2450 MPa. 
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Figure 10. Strain in the outer fibre versus the deflection. 
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Figure 11. Strain in the outer fibre versus the force. 
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5. FE-model of fracture process 
A FE-model of the microstructure of Caldie was created in order to simulate the fracture 
process. The two-dimensional FE-model was designed with ABAQUS/Explicit of version 
6.5-1, which is suitable for dynamic and highly nonlinear problems, for instance material 
degradation and failure. The elements were linear triangles with plane stress (CPS3) which 
means that the out-of-plane stress, σ33, is zero and they are suitable for modelling thin 
structures [10]. The mesh contained about 19000 elements and is shown in Appendix A. The 
matrix was modelled as elastic-plastic and the carbides as elastic with no possibility to yield.  

5.1 Geometry 
The basis of the FE-model (Figure 12) was part of a SEM picture (Figure 13) of the carbide 
distribution of the material. The geometry was two-dimensional of size 16×45 µm with a 
unity thickness. The model consisted of 51 carbides with a smallest and a largest equivalent 
diameter of 0,3 µm and 1,8 µm, respectively. 
 
 

 

 

 
Figure 12. FE-model of the carbide distribution 
with boundary conditions and displacement. 

Figure 13. SEM picture of the carbide 
distribution in Caldie. 
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5.2 Boundary condition and loading 
The FE-model represents a very small part of the test specimen and is assumed to be situated 
at the surface of the test specimen, where the fracture process is initiated. This is illustrated 
in Figure 14, where the FE-model is strongly exaggerated. Since the out-of-plane stress is 
zero (section 5), there are no stresses perpendicular to the surface. The boundary conditions 
were chosen so that a finite duplication of the geometry would represent the whole part. The 
left hand and the bottom sides in Figure 12 were therefore prevented from moving in the 1-
direction and the 2-direction, respectively. The right hand side and the top side were 
constrained to have the same displacement as the reference point in the upper right corner. 
The experimental load was modelled as a displacement and was applied at the reference 
point in the 1-direction. A smooth amplitude curve (Figure 15) was used in order to prevent 
large accelerations in the load step. 
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Figure 14. Position of the FE-model in the test 
specimen. 

Figure 15. Amplitude curve. 

 

5.3 Shear failure criterion 
To simulate the crack propagation, an element deletion model was required. 
ABAQUS/Explicit offers two different failure models that allow element deletion. The 
model used in this thesis was the shear failure model, which must be used in conjunction 
with a metal plasticity material model. It provides a ductile failure criterion, which is 
suitable for high-strain-rate deformation of metals, and is applicable to dynamic problems. 
 
The shear failure model is based on the value of the equivalent plastic strain at element 
integration points. Failure is assumed to occur when the damage parameter exceeds 1. The 
damage parameter, ω, is defined as 

pl
f

pl

ε

ε
ω ∑∆
= ,     (4) 

where plε∆  is an increment of the equivalent plastic strain, pl
fε  is the strain at failure and the 

summation is performed over all increments in the analysis. If the shear failure criterion is 
met at an integration point, all the stress components will be set to zero and the point fails. 
When all the integration points in an element fail, the element will be removed from the 
mesh [11]. 
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5.4 Failure in and around carbides 
Microscopic pictures of the fracture surface show that carbides that are above a critical size 
crack internally during the failure process while smaller carbides decoher from the matrix 
and remain intact in the centre of a dimple (see section 3.2). In order to simulate this, three 
different cases of the crack formation in the vicinity of the carbides were modelled: carbides 
with no cohesion to the matrix, carbides that were fixed to the matrix and carbides with 
internal cracks. 
 
The tie constraint ties two separate surfaces together so that there is no relative motion 
between them. The carbides were chosen to be the master surface and the matrix as the slave 
surface, since the carbides are harder than the ductile matrix. Equation constraints describe 
linear constraints between individual degrees of freedom. A contact interaction property was 
defined with friction with a penalty formulation and a normal behaviour with hard contact, 
i.e. the surfaces separate when the contact pressure between them becomes zero or negative 
and the constraint is removed [12]. 
 
5.4.1 Carbides with no cohesion to matrix 
In the model where the carbides have no cohesion to the matrix, the carbides were assumed 
to be intact during the failure process while the interface between the carbides and the 
matrix was allowed to decoher as soon as a tensile normal load occured over the interface, as 
illustrated in Figure 16. The contact condition between the matrix and the carbides was 
defined with friction, which allows separation at an early stage of the deformation process. 
The friction coefficient was estimated to µ=0,5 [1]. This represents the opening of cavities in 
the matrix during the crack propagation, which leads to the formation of dimples. 
 
 

 
Figure 16. Carbide with no cohesion to the matrix. 
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5.4.2 Carbides fixed to matrix 
The intact carbides were modelled as fixed to the matrix and thus the carbides were 
completely tied to the matrix with no possibility to separate. The crack propagated in the 
matrix around the carbide as elements in the matrix was removed when the plastic strain 
reached a critical level, which is shown in Figure 17. This prevented the carbides from 
detaching from the matrix until later in the failure process. The model simulates the forming 
of a dimple with an intact carbide in the centre of the dimple in one fracture surface and an 
empty dimple in the other fracture surface. 
 
 

 
Figure 17. Carbide fixed to the matrix. 

 
 
5.4.3 Carbides with internal cracks 
The shear failure criterion, which allows elements to fail as they reach a critical plastic 
strain, was not applicable to the carbides since they were assumed to be strictly elastic. To 
force the crack to be initiated in the carbide, the carbides were initially modelled as two 
halves, i.e. an internal crack existed from the beginning of the deformation process as seen 
in Figure 18. Each carbide half was tied to the matrix while the contact condition between 
the two halves was friction (µ=0,5). 
 
 

 
Figure 18. Carbide with an internal crack. 
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When a carbide cracks, the stress concentration at the crack tip forces the crack propagation 
to continue in the matrix. In the FE-model, the nodes at the crack tip of a carbide half were 
constrained to have the same displacement as the closest nodes on the contact surface in the 
matrix, which is illustrated in Figure 19. 
 
 

 
 

Figure 19. Constraint of the nodes at the interface of the carbide crack and the matrix. 
 
 
The node at the end of one carbide half (the bottom blue node in Figure 19) was connected 
with an equation constraint to the closest node in the matrix (the upper blue node in Figure 
19), which resulted in equal displacement. Vice versa for the nodes of the other carbide half 
(the red nodes in Figure 19). When a displacement is applied to the model, the matrix is 
expanded, and causes the two carbide halves to separate which, in turn, results in a stress 
concentration in the matrix element closest to the carbide crack. As the failure criterion is 
met, the matrix element will be eliminated. Consequently, the crack propagation will begin 
at the carbide and proceed into the matrix. 
 
In the FE-model of the microstructure, 10% of the carbides were above the critical size and 
therefore were modelled with predefined cracks (see the FE-model with cracked carbides in 
Appendix B). In section 3.2 it was stated that the fracture initiating primary carbide was 
surrounded by carbides that were larger than the general carbide size. Hence, the FE-model 
represents a fracture surface with smaller intact carbides and larger cracked carbides but 
with the absence of the large primary carbide. 
 
In the previous thesis [3], it was suggested that in some materials the carbides might crack at 
a later stage in the fracture process. In order to simulate this, two cases of separation were 
modelled. In one case, the carbides were simulated to crack at an early stage. The 
displacement was applied during one load step and the contact condition between the two 
carbide halves was friction with allowance to separate. The crack propagation in the carbides 
will therefore be initiated at the beginning of the simulation. In the other case, the carbides 
were simulated to crack at a later stage in the failure process. The simulation was divided 
into three load steps. In the first step, the load was ramped with a smooth amplitude curve 
(Figure 15). The purpose of the second step was to delay the crack initiation in the carbides, 
where the contact condition was friction with no allowance to separate. During the third 
step, the fracture was initiated in the carbides with a friction which allowed separation. 
Thus, the two carbide halves will not begin to separate until later in the failure process. 
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6. Results 
Different FE-models of the microstructure of the tool steel Caldie were simulated in order to 
investigate the ductility of the material. Several combinations of the models stated in section 
5.4 were created and additional models of the matrix without the carbides and of a matrix 
crack, which represents a large primary carbide, were designed. A FE-model with plane 
strain elements was also investigated. Since the FE-model of the four-point bending test was 
improved (section 4.1), the material models from the previous thesis [3] were resimulated. 
 
To verify the results from the simulations, the strain at failure from the FE-models of the 
microstructure were compared to the results from the FE-model of the four-point bending 
test. The latter predicted failure at 3,3% strain and a maximum stress of 2450 MPa (section 
4.3). 

6.1 Shear failure criterion 
The FE-model of the four-point bending test was used for simulations in the previous thesis 
[3], where three-dimensional eight-node linear elements with one integration point were 
used (section 4.1). Further, the FE-models of the microstructure were used for simulations 
with a shear failure criterion of 10% except Vanadis4, which had a shear failure criterion of 
15%. The maximum strain at failure from the simulations of the two FE-models is plotted in 
Figure 20 [3]. In all the models but Vanadis4 the carbides that exceed a critical size were 
modelled as cracked while in Vanadis4, all carbides were intact and fixed to matrix. All 
materials seem to correlate well according to Figure 20. In this thesis, the FE-model of the 
bending test was improved due to the use of three-dimensional quadratic elements with 
twenty nodes and 27 integration points (section 4.1). The materials in the previous thesis [3] 
and Caldie were simulated with the improved FE-model and with the same shear failure 
parameter (10%), resulting in a less satisfying correlation as can be seen in Figure 21. 
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Figure 20. Comparison of the strain between the 
FE-simulations from the bending test and the 
microstructure [3]. 
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Figure 21. Comparison of the strain between the 
improved bending test model and a shear failure 
of 10%. 
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In Table 5 the total number of carbides, the number of cracked carbides and the geometry of 
the models in Figure 21 are listed. 
 
Table 5. Overview of carbides and geometry of the models in Figure 21, partly from [3]. 

Steel Number of 
carbides in model 

Number of 
cracked carbides

Carbide size 
[µm] * 

Model size 
[µm] 

Sverker21 48 48 4 - 48 170×170 
Sleipner 50 50 6 - 163 600×600 
Vanadis4 69 5 0,2 - 1,8 10×30 
Vanadis10 68 16 0,2 - 2,7 10×30 
Weartec 65 40 0,4 - 10 30×90 
Caldie 51 5 0,3 - 1,8 16×45 
* Length/width for Sverker21 and Slepner. Equivalent diameter for the others. 
 
In the previous thesis [3], different methods to improve the material models were 
investigated and it was found that the shear failure parameter has an effect on the result. 
When the material models, including Vanadis4, were simulated with a shear failure 
parameter of 20% the correlation was improved for all materials, which can be seen in 
Figure 22. The reason for the small deviation of Caldie and Vanadis4 might be that the 
carbides crack at a later stage in the failure process, due to a small carbide size according to 
Table 5. 
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Figure 22. Comparison of the strain between the improved bending test model and with a shear 
failure of 20%. 
 
Simulations of a microstructure model of Caldie with the different shear failure parameters 
(10% and 20%) was further compared in a failure diagram, which is presented in Figure 23. 
The maximum stress remained almost the same while the strain at failure increased with a 
larger shear failure parameter. The conclusion was that a shear failure criterion of 20% was a 
better description of the plastic behaviour in the matrix and was therefore used in all the 
simulations. 
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Figure 23. Failure curves of Caldie with the different shear failure criterions. 

 

6.2 Definition of failure 
In the previous thesis [3], the definition of failure was investigated. The failure curve at 
three different levels; 75%, 50% and 25% of the maximum load, was investigated and it was 
decided that the material was most likely to fail at 50% of the maximum load. The failure 
curve drops drastically around that point and the cracks should have propagated half the way 
through the material. 
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Figure 24. A typical failure curve with different evaluated levels of the maximum load. 

 
Figure 24 shows a failure curve, where the different levels are indicated, and Figure 25 
illustrates how far the simulated crack path has reached at the different levels. The definition 
that the material was considered to have failed at 50% of the maximum load applied for 
Caldie as well. 
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Figure 25. Crack paths in Caldie at different levels of the maximum bending load. 
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6.3 Simulations of matrix with no carbides and carbides 
fixed to matrix 

In the model of section 5.4.2, the crack propagated in the matrix around the carbides that 
were intact and fixed to the matrix. The following four models were simulated in order to 
see how the steel behaves with and without the carbides: 
 

a. matrix with no carbides, 
b. all carbides were fixed to the matrix, 
c. all carbides were fixed to the matrix, where the carbides had the same material 

properties as the matrix (homogenous material) and 
d. all carbides were fixed to the matrix, where the carbides had a low Young’s modulus. 

 
In case c, the carbides were given the same material properties as the matrix resulting in a 
homogenous ductile material and thus the shear failure criterion applied to the carbides as 
well. This was another way of describing a matrix without carbides (case a). In case d, the 
carbides were modelled as very soft, i.e. the Young’s modulus was 1000 times lower 
compared to Table 3, which symbolises cavities in the matrix. The results from the 
simulations are presented in Table 6. 
 
Table 6. Results from the simulations of the cases a–d. 

Model Maximum stress [MPa] Strain at failure [%] 
Case a 2434 10,8 
Case b 2438 5,4 
Case c 2434 7,7 
Case d 1821 2,0 

 
The results from the simulations are also presented as failure curves in Figure 26. The 
maximum stress and the strain at failure from the FE-model of the bending test are indicated 
with the dotted horizontal and vertical lines, respectively. The dot on the failure curves 
indicates the load drop at 50% of the maximum load, where fracture is assumed. 
 
The cases a - c predicted the load capacities very well since they agreed with the maximum 
stress from the FE-model of the bending test, while the strains at failure exceeded the 
bending test result (Figure 26). Since there were no predefined cracks or cavities in the 
models, there would be no stress concentrations at an early stage that can initiate a crack 
propagation. The homogenous model (case c) showed a lower strain at failure compared to 
the matrix with no carbides (case a). The absence of the carbides in the matrix resulted in an 
even mesh and the crack propagation took longer time to complete. In case d, the presence 
of the soft carbides reduced the area that was applied to the load and both the maximum 
stress and the strain at failure became lower compared to the results from the four-point 
bending test. 
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Figure 26. Failure curves of matrix without carbides and of different models where the carbides are 
fixed to the matrix. 
 
In order to illustrate how the crack propagated through the material, the crack paths at 
complete failure are shown in Figure 28 - Figure 31 for the four cases. A comparison of the 
crack path of case b (Figure 29) and case d (Figure 31) shows that the crack propagates 
mostly in the matrix in the former case while, in the latter case, the crack propagates via the 
cavities. The equivalent plastic strain (PEEQ) is also presented in the figures and the scale of 
the PEEQ is shown in Figure 27. Additional pictures of the crack path at 50% of the 
maximum load of each case and the PEEQ at the beginning of failure of the cases a - c are 
shown in Figure C1 – Figure C4 in Appendix C. 
 
When the plastic strain reached the value of 20% in the integration point of an element, the 
element was removed and in that way the path of the crack propagation can be illustrated. In 
Figure 28 - Figure 30, the pictures of the PEEQ of the cases a - c show high concentrations 
of the plastic strain as a rather symmetric pattern, so called deformation band, which the 
crack path tend to follow. The deformation bands appeared only in the models where no 
cracks or cavities were modelled, i.e. the cases a - c. For instance, the case with modelled 
cavities (case d) did not show any deformation band, as can be seen in the picture of the 
PEEQ in Figure 31. The deformation bands appear at a strain larger than 4%, that is past the 
strain at failure of the four-point bending test and might be due to low deformation 
hardening. 
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Figure 27. Scale of the PEEQ. 

 

  

 

  
Figure 28. Crack path and PEEQ at 
complete failure in the matrix with no 
carbides (case a). 

 Figure 29. Crack path and PEEQ at 
complete failure where the carbides are 
fixed to the matrix (case b). 

 

  

 

  
Figure 30. Crack path and PEEQ at 
complete failure in a homogenous material 
(case c). 

 Figure 31. Crack path and PEEQ at 
complete failure where the carbides have 
low Young’s modulus (case d). 
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In order to see the behaviour of the deformation band, the FE-model was enlarged to the 
double size as in Figure 32. The carbide distribution in Figure 12 was translated to the extra 
matrix area in order to receive asymmetry of the carbide distribution around the middle. All 
carbides were intact and fixed to the matrix, as in case b. The failure curve of the enlarged 
model is shown in Figure 33 (the failure curve of case b is included for comparison), where 
the maximum stress is 2439 MPa and the strain at failure is 4,3%. In Figure 34, the crack 
path and the PEEQ at complete failure of the enlarged FE-model are shown along with the 
PEEQ of the model of case b for comparison, which was presented in Figure 29 (see the 
scale of the PEEQ in Figure 27). The failure curve of the enlarged model yielded a load drop 
earlier in the failure process compared to case b. The reason might be the crack path of the 
enlarged model (Figure 34), which propagated along the upper left border of the model. 
 
The deformation band of the enlarged model showed a rather symmetric pattern (the picture 
of the PEEQ in the middle in Figure 34) but was not similar to the pattern of case b (the 
picture of the PEEQ on the right hand side in Figure 34). The angle of the deformation band 
relative the load direction is the same in both cases and since the failure curves are almost 
similar, the pattern of the deformation band does not seem to have a large effect on the 
results. 
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Figure 34. Crack path (left) and PEEQ at complete failure (middle) of the enlarged FE-model. The 
PEEQ of case b (right) is included for comparison. 
 
 

6.4 Simulations of carbides with no cohesion to matrix 
In section 5.4.1, the formation of dimples was described. The carbides stayed intact 
throughout the fracture process while the interface between the carbides and the matrix was 
allowed to decoher. Three subsequent models were simulated, which differed in the number 
of carbides that had no cohesion to the matrix: 
 

e. 2% of the carbides had no cohesion to the matrix, 
f. 10% of the carbides had no cohesion to the matrix and 
g. 100% of the carbides had no cohesion to the matrix. 

 
In case e, the largest carbide of the model had no cohesion to the matrix and in case f, the 
carbides which exceed the critical size (section 5.4.3) had no cohesion to the matrix. The 
remaining carbides were fixed to the matrix. In case g, all of the carbides had no cohesion to 
the matrix. The results from the simulations are listed in Table 7. 
 
Table 7. Results from the simulations of the cases e-g. 

Model Maximum stress [MPa] Strain at failure [%] 
Case e 2308 3,9 
Case f 2189 2,5 
Case g 1833 1,8 

 
In Figure 35, the resulting failure curves are presented which clearly shows that with higher 
number of decohering carbides, the results become less satisfying since both the stress and 
strain decrease. The maximum stress became lower with higher amount of decohering 
carbides because as the load was applied, the carbides detached from the matrix which 
created cavities in the matrix. The more carbides that had no cohesion to the matrix, the less 
was the area of the matrix that could take up the load. 
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Figure 35. Failure curves of the different models where the carbides have no cohesion to the matrix. 

 
In Figure 36 - Figure 38, the crack paths at complete failure are shown for the different 
cases. With less carbides that have no cohesion to the matrix, the crack propagates in the 
matrix rather than via the fixed carbides. Additional pictures of the crack path at 50% of the 
maximum load and the PEEQ at complete failure of each case are shown in Figure C5 – 
Figure C7 in Appendix C. 
 
 

   
Figure 36. Crack path at 
complete failure where 2% of 
the carbides have no cohesion 
to the matrix (case e). 

Figure 37. Crack path at 
complete failure where 10% of 
the carbides have no cohesion 
to the matrix (case f). 

Figure 38. Crack path at 
complete failure where 100% of 
the carbides have no cohesion 
to the matrix (case g). 
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6.5 Simulations of carbides with internal cracks 
In the model of section 5.4.3, the carbides which were larger than a critical size crack during 
the failure process. These carbides were modelled with predefined cracks and the crack was 
allowed to propagate through the cracked carbides. It was suggested that the crack 
propagation was initiated either at an early stage or later in the failure process depending on 
the material. This was simulated with one load step, which represents the crack initiation at 
an early stage, and by dividing the process into several load steps the crack initiation was 
delayed. 
 
6.5.1 Simulation of early crack initiation in carbides 
The simulation of the crack propagation was executed during one load step and the contact 
condition between the carbide halves was friction with allowance to separate. Thus the crack 
propagation was initiated in the carbides at the beginning of the process. The FE-model was 
loaded until it reached a displacement of 10% of the length of the model. Three models were 
simulated, where 
 

h. the smallest carbide was cracked, 
i. the largest carbide was cracked and 
j. 10% of the carbides were cracked, i.e. those above the critical carbide size. 

 
The remaining carbides were intact and fixed to the matrix. The results from the simulations 
are presented in Table 8. 
 
Table 8. Results from the simulations of the cases h-j. 

Model Maximum stress [MPa] Strain at failure [%] 
Case h 2302 4,9 
Case i 2276 3,5 
Case j 2239 2,7 

 
The failure curves are plotted in Figure 39 and the model where all carbides were intact 
(case b) is included for comparison. The predicted load capacity was not affected by the 
amount of predefined cracks and agreed well with the FE-model of the bending test. The 
strain at failure increased with a lower number of cracked carbides and agreed well too. 
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Figure 39. Failure curves of the different cases where the carbides have internal cracks. The failure 
curve of the model with intact and carbides (case b) is included for comparison. 

 
 
The crack paths at complete failure are shown in Figure 40 - Figure 42, where the arrows 
point at the smallest and the largest cracked carbide. Additional pictures of the crack path at 
50% of the maximum load and the PEEQ at complete failure of each case are shown in 
Figure C8 – Figure C10 in Appendix C. 
 

   
Figure 40. Crack path at 
complete failure where the 
smallest carbide is cracked 
(case h). 

Figure 41. Crack path at 
complete failure where the 
largest carbide is cracked 
(case i). 

Figure 42. Crack path at 
complete failure where 10% of 
the carbides are cracked 
(case j). 
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6.5.2 Simulation of delayed crack initiation in carbides 
In order to delay the crack initiation in the carbides, the simulation was divided into three 
load steps. Only the model where 10% of the carbides were cracked (case j) was considered. 
The displacement was applied with a velocity and a smooth amplitude curve (Figure 15) was 
used in the first step in order to prevent large accelerations in the beginning of the 
simulation. In the second step, the contact condition between the carbide halves was friction 
with no allowance to separate so that the carbide halves were tied together throughout the 
step. In the third step, the contact condition was friction with allowance to separate and the 
internal cracks were hence initiated in the carbides. 
 
This process was controlled by the time period of the second step, which was set by the user. 
The longer time period of the step, the longer the carbides were tied together and the later 
the cracks were initiated in the carbides. The results of the simulations of different time 
periods are shown in Figure 43 with the notations I – IV and were compared to the model 
where 10% of the carbides were cracked (case j) and to the model where all of the carbides 
were fixed to the matrix (case b). The sudden decrease of the stress in the cases I – III was 
due to the transition between two steps, where the contact condition between the carbide 
halves changed from being tied to being allowed to separate. The time period of the case IV 
was long enough for the crack propagation to complete during the second step, i.e. the 
carbides were tied together throughout the process, and therefore there was no sudden stress 
drop. The difference between case IV and case b was the carbides, which were modelled 
with predefined cracks with no separation in the former case and as intact in the latter case. 
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Figure 43. Comparison of the failure curves with delayed crack initiation in the carbides. 

 
As the failure curves of case I and case IV were similar to the failure curves of the models of 
case j and case b, respectively, dividing the simulation into three load steps was an accurate 
model. Since this model was very user dependent, it was possible to attain a strain at failure 
which exactly agreed with the strain at failure from the FE-model of the four-point bending 
test (the vertical line), which is shown with the failure curve of case II in Figure 43. 
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In Figure 9 the force-deflection curves of the experimental four-point bending test and the 
FE-model of the bending test were presented. The curves separated at a deflection of 2,7 mm 
and it was suggested that the deviation was due to crack initiation in the carbides (section 
4.2). A simulation of the FE-model with delayed carbide crack initiation at the 
corresponding time was made and the result is illustrated with the failure curve of case III in 
Figure 43. The comparison of case III and case j, where the carbides were initially cracked, 
showed that the delayed model could predict a more accurate maximum stress and strain at 
failure. The conclusion was made that the carbides probably crack at a later stage in the 
failure process. 
 
It is today not known when the carbides begin to crack or at what value of the maximum 
stress in the carbide the crack is initiated. When this is possible in the future, this model can 
predict a more accurate crack propagation compared to the models in section 6.5.1. The 
stress in the largest carbide of the FE-model in the cases I – IV was evaluated and plotted 
against the elastic strain in the carbide, which is shown in Figure 44. The straight drop of 
each curve indicates at what stress level in the carbide the crack propagation was initiated. In 
Figure 45 the stress in the carbide is plotted against the total strain of the FE-model. 
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Figure 44. Stress and strain in a carbide at different levels, when the carbide begins to crack. 
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Figure 45. The stress in a carbide versus the strain in the FE-model at different levels, when the 
carbide begins to crack. 
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6.6 Simulations of models with crack in matrix 
In section 3.2, it was stated that the crack propagation was initiated due to a large primary 
carbide. When the primary carbide has cracked, there will be high stress concentrations at 
the tip of the crack that will lead the crack propagation into the matrix. This was modelled in 
the FE-model as a matrix crack of the same size as the equivalent diameter of an assumed 
primary carbide, where the crack propagation will be initiated at the tip of the matrix crack. 
Hence, the matrix crack represents a cracked large primary carbide. An additional model 
with a disturbance of a small matrix crack was also designed. The carbides were intact and 
fixed to the matrix in both models. The simulated FE-models were hence: 
 

k. a small matrix crack of size 0,4 µm and 
l. a large matrix crack of size 10 µm. 

 
The matrix crack was placed in the middle of the FE-model transverse to the direction of the 
displacement. Figure 46 shows the FE-model with a large matrix crack (case l). The small 
matrix crack (case k) was placed at the same place in the middle of the model. The results 
from the simulations are presented in Table 9 and the failure curves are shown in Figure 47 
along with the failure curve of case b for comparison, which did not have a crack in the 
matrix. 
 
 
Table 9. Results from the simulations of the cases k-l. 

Model Maximum stress [MPa] Strain at failure [%] 
Case k 2437 5,2 
Case l 1821 3,0 
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Figure 46. FE-model with a 
large crack in the matrix. 

Figure 47. Failure curve with the presence of cracks in matrix. 
The failure curve of case b is included for comparison. 
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The presence of a large matrix crack (case l) showed an accurate strain at failure but the 
predicted load capacity was low, due to the smaller area of the matrix that could take up the 
load. The small matrix crack (case k) caused no severe defect to the material and therefore 
yielded higher stress and strain. The crack paths at complete failure are illustrated in Figure 
48 - Figure 49, where the arrow points at the matrix crack. Additional pictures of the crack 
path at 50% of the maximum load and the PEEQ at complete failure of each case are shown 
in Figure C11 – Figure C12 in Appendix C 
 
 
 

 

 

 

 

 Figure 48. Crack path at 
complete failure with a 
small matrix crack 
(case k). 

 Figure 49. Crack path at 
complete failure with a 
large matrix crack 
(case l). 
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6.7 Simulation of plane strain 
All the FE-models so far have been modelled with plane stress formulation (see section 5). 
In order to evaluate what effect plane strain would have on the material, the case where the 
carbides were intact and fixed to the matrix (case b) was modelled with plane strain 
formulation as well. Plane strain elements assume that the out-of-plane strain, ε33, is zero 
and they can be used to model thick structures [10]. In the plane strain formulation, the FE-
model was assumed to be situated as shown in Figure 50 but inside close to the surface of 
the specimen. 
 

 
 

Figure 50. Position of the FE-model in the test specimen when plane strain is assumed. 
 
The plane strain model was allowed to contract in the 2-direction and therefore it was 
prevented from moving only in the 1-direction, compared to the plane stress model in 
section 5.2 which had fixed boundary conditions in both directions. The failure curve of the 
plane strain formulation is presented in Figure 51 and is compared to the plane stress 
formulation (case b). The plane strain model resulted in a load capacity of 2864 MPa and a 
strain at failure of 8,7%, which were higher than the results of the plane stress model listed 
in Table 6. 
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Figure 51. Failure curve of plane stress (case b) and plane strain, where the carbides are intact and 
fixed to the matrix. 
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The crack path and the PEEQ (see the PEEQ scale in Figure 27) at 50% of the maximum 
load of the plane strain model are shown in Figure 52, where the crack propagation already 
had completed through the material. By comparing with the crack path of the plane stress 
model (case b) in Figure 29, where the crack had propagated half the way through the matrix 
at 50% of the maximum load, the plane strain model did not seem realistic. Also, by using 
the plane stress model, the load capacity and the strain at failure would not be overestimated. 
Hence, the plane strain model was not further evaluated. 
 
Additional pictures past the completed crack propagation are shown in Figure C14 – Figure 
C15 in Appendix C. 
 
 
 

  

 

 Figure 52. Crack path for the plane strain 
formulation at 50% of the maximum load. 
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6.8 Comparison of results 
The FE-models of 

• case d: carbides with a low value of the Young’s modulus, 
• case g: all carbides with no cohesion to the matrix and 
• case l: a large crack in the matrix 

were compared to each other and the failure curves are presented in Figure 53. Case g and 
case d both represent many small cavities in the interface between the matrix and the 
carbides while case l had one large crack in the matrix. The predicted load capacity was low 
in all three cases compared to the FE-model of the four-point bending test due to the large 
reduced area that was applied to the load. The strain at failure of both case g and case d 
yielded a lower result than the bending model while the strain of case l agreed well. The 
difference depends on how the cracks propagated. In the two former cases, the crack started 
in the vicinity of and propagated via the carbides, as can be seen in Figure 31 and Figure 38 
(the crack paths half way through the failure process are shown in Figure C4 and Figure C7 
in Appendix C). The crack path in the model of case l propagated mostly in the ductile 
matrix, which can be seen in Figure 48 and in Figure C12 in Appendix C, and therefore 
yielded a larger strain at failure. 
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Figure 53. Comparison of the failure curves of the cases g, d and l. 

 
The FE-models of 

• case b: all carbides were intact and fixed to the matrix, 
• case e: 2% of the carbides with no cohesion to the matrix, 
• case f: 10% of the carbides with no cohesion to the matrix, 
• case h: the smallest carbide was cracked, 
• case i: the largest carbide was cracked, 
• case j: 10% of the carbides were cracked, i.e. those above the critical size, and 
• case k: a small crack in the matrix 

were compared to each other and the failure curves are presented in Figure 54. The load 
capacity of all models agreed well with the predicted maximum stress of the bending model. 
Case k and case b showed the best agreement due to a small predefined crack in the matrix 
or no crack, respectively. The strain at failure spread around the result of the four-point 
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bending test. Case f and case j, where the carbides that were above the critical size had no 
cohesion to the matrix or had internal cracks, yielded about similar strain at failure and had 
the lowest value of the strain of the compared cases. In case j, the internal cracks were 
defined in the beginning of the simulation. If the carbides crack later in the failure process, 
the strain at failure would increase which was shown in section 6.5.2. In case i and case e the 
largest carbide had an internal crack or no cohesion to the matrix, respectively, and yielded 
about the same strain, which was a little larger than the strain of the bending model. The 
remaining three cases (h, k and b) showed even higher strain at failure due to even smaller 
predefined cracks or no cracks at all. The difference between the model where the smallest 
carbide was cracked (case h) and the model with a small crack in the matrix (case k) was the 
material surrounding the cracks. The latter crack was surrounded by ductile matrix and the 
model predicted a higher strain compared to the former crack, which was in the brittle 
carbide.  
 

0

500

1000

1500

2000

2500

3000

0 2 4 6 8 10 12
Strain [%]

St
re

ss
 [M

Pa
]

f) 10% no cohesion
j) 10% cracked
i) largest cracked
e) 2% no cohesion
h) smallest cracked
k) small matrix crack
b) fixed

 
Figure 54. Comparison of failure curves of several cases stated in the figure. 

 
In Figure 55, the correlation of the strain at failure from the FE-models of the microstructure 
and the FE-model of the four-point bending test are presented. The model where the matrix 
had no carbides (case a) and the homogenous model (case c) deviate rather much while the 
other models spread around the correlation line. Figure 56 shows the correlation of the 
predicted load capacity from the FE-models of the microstructure and the FE-model of the 
four-point bending test. The models where the carbides had low Young’s modulus (case d), 
100% of the carbides had no cohesion to the matrix (case g) and the matrix had a large crack 
(case l) show a little lower maximum stress while the other models predict the maximum 
stress very well. 
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Figure 55. Correlation of the strain at failure from the FE-models of the microstructure and the 
four-point bending test. 
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Figure 56. Correlation of the maximum stress from the FE-models of the microstructure and the 
four-point bending test. 
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7. Conclusions 
A FE-model of the uphill ingot cast, ESR and hot worked matrix type tool steel Caldie was 
designed based on SEM pictures of the microstructure. The model simulated the crack 
propagation in the material due to an applied load with the purpose of analysing how the 
carbides influence the ductility of the material. The crack propagation was simulated with a 
shear failure method, which removes elements in the steel matrix as the plastic strain reaches 
a critical level, and several ways of describing the fracture process were investigated. An 
experimental four-point bending test was carried out in order to establish the ductility 
properties and a FE-model of the bending test was designed, which was used as a 
verification of the results from the FE-model of the fracture process. 
 

• A shear failure criterion, which removes elements from the mesh as they fail, of 20% 
gave a good description of the plastic strain in the steel matrix. 

 
• The FE-model of the four-point bending test predicted a maximum stress of 2450 

MPa and a strain at failure of 3,3%. 
 

• It has been shown that carbides which are above a critical size of 1 µm crack 
internally during the failure process while smaller carbides stay intact [7]. The FE-
model of the microstructure which simulated initially cracked carbides (case j) 
resulted in a lower maximum stress and strain at failure compared to the bending 
model. The simulation of a delayed crack initiation in the carbides (case III) 
predicted a maximum stress and a strain at failure that agreed well with the bending 
model. The conclusion was made that the initiation of internal cracks in the carbides 
occurs at a later stage in the failure process. The carbides begun to crack when the 
model was strained to about 3%. 

 
• The FE-models of the microstructure predicted a load capacity which agreed very 

well with the maximum stress of the four-point bending model. No model yielded a 
load capacity that exceeded the result from the bending model, whether different 
predefined deformations were modelled or if the matrix had no carbides at all. The 
FE-model of the microstructure predicted a load capacity in the range of 1821-2438 
MPa. 

 
• The FE-models of the microstructure predicted a strain at failure that ranged from 

1,8-10,8%. The less predefined cracks and cavities that were modelled, the higher the 
value of the strain became. 

 
• The simulation of a large crack in the matrix (case l), which represents a single large 

cracked primary carbide, predicted a lower load capacity compared to the model of 
the four-point bending test, while the strain at failure showed a good agreement. A 
small crack in the matrix (case k) yielded higher values of both the maximum stress 
and strain. 
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8. Suggestions for future work 
An analysis of the fracture surface of the matrix type tool steel Caldie has shown that 
carbides, which exceed a critical size, crack internally during the failure process (section 
3.2). When these carbides were modelled with predefined cracks, i.e. the carbides were 
cracked from the beginning of the FE-simulation of the microstructure (case j in section 
6.5.1), the results deviated some from the predicted stress and strain of the FE-model of the 
four-point bending test. The model that simulated delayed carbide crack initiation (section 
6.5.2) agreed well with the model of the bending test. Hence, the initiation of the internal 
crack in the carbides probably occurs at a later stage in the fracture process. Today, there is 
no information of when in the process or at what level of stress the carbides crack. An 
analysis of the fractured material at a cross section transverse to the fracture surface would 
show how far from the fracture surface the carbides crack internally. This would yield a 
better understanding of the cracking process in the carbides. 
 
Test specimens of the steel Caldie were manufactured both parallel and transverse to the 
rolling direction. An analysis showed that the carbide size distribution was independent of 
the rolling direction of carbides that are smaller than 1,5 µm (section 3.1) and therefore only 
the samples parallel to the rolling direction were analysed in this thesis. The size of a large 
primary carbide exceeds 1,5 µm and the carbide size distribution of the fracture surface is 
hence dependent of the rolling direction. In order to design a model that is as realistic as 
possible, an analysis of the test specimens that are produced transverse to the rolling 
direction would yield valuable information. Further analysis on how a single large particle 
influences the result should also be performed.  
 
Modelling various carbide distributions would improve the FE-model of the microstructure 
along with further investigation of the effect due to the shear failure criterion, which is a 
measurement of the ductility of the matrix. The influence the mesh density might have on 
the model should also be evaluated. 
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Appendix A Mesh 
The mesh of the FE-model of the microstructure is illustrated. 
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Appendix B FE-model with 10% cracked carbides 
The FE-model of the microstructure, where the carbides that exceed a critical size have been 
modelled with predefined internal cracks, is shown. 
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Appendix C Crack path and PEEQ 
The crack path at 50% of the maximum load is presented in Figure C1 – Figure C12. The 
PEEQ at the beginning of the failure process is shown in Figure C1 – C3. The PEEQ at 
complete failure is shown in Figure C5 – Figure C12. The scale of PEEQ is presented in 
Figure 27 in section 6.3. Figure C13 – C14 shows the crack path and the PEEQ after the 
level of 50% of the maximum load was reached. 
 
 

  

 

 
Figure C1. Matrix with no carbides (case 
a). Crack path at 50% of maximum load and 
PEEQ at the beginning of failure. 

 Figure C2. Fixed carbides (case b). Crack 
path at 50% of maximum load and PEEQ 
at the beginning of failure. 

 
 

 

 

 
Figure C3. Homogenous material (case c). 
Crack path at 50% of maximum load and 
PEEQ at the beginning of failure. 

 Figure C4. Low Young’s 
modulus (case d). Crack path 
at 50% of maximum load. 
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Figure C5. 2% of carbides have no 
cohesion to the matrix (case e). Crack 
path at 50% of maximum load and PEEQ 
at complete failure. 

 Figure C6. 10% of carbides have no 
cohesion to the matrix (case f). Crack 
path at 50% of maximum load and PEEQ 
at complete failure. 

 
 

  

 

  
Figure C7. 100% of carbides have no 
cohesion to the matrix (case g). Crack 
path at 50% of maximum load and 
PEEQ at complete failure. 

 Figure C8. Smallest carbide cracked (case h). 
Crack path at 50% of maximum load and PEEQ 
at complete failure. 
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Figure C9. Largest carbide cracked (case i). 
Crack path at 50% of maximum load and 
PEEQ at complete failure. 

 Figure C10. 10% of carbides are cracked 
(case j). Crack path at 50% of maximum 
load and PEEQ at complete failure. 

 
 

 

 

  
Figure C11. Small matrix crack (case k). 
Crack path at 50% of maximum load and 
PEEQ at complete failure. 
 

 Figure C12. Large matrix crack (case l). 
Crack path at 50% of maximum load and 
PEEQ at complete failure. 
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 Figure C13. Crack path and PEEQ for the 
plane strain model past the time of 
complete failure. 
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