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Zusammenfassung

Die mikromechanischen Mechanismen der Rissausbreitung unter statischer Belastung
in WC-Co (Hartmetallen) sind bereits ausgiebig untersucht und verstanden worden.
Untersuchungen zur Rissausbreitung unter schwingender Beanspruchung werden hin-
gegen vorwiegend auf experimenteller Basis auf Bauteilebene und selten unter Be-
ricksichtigung der mikrostrukturellen Einflisse auf die Mechanismen der Rissausbrei-
tung in Hartmetallen durchgefiihrt. Weiterhin werden selten numerische Studien zur
Rissausbreitung unter zyklischer Beanspruchung durchgefiihrt.

Experimentelle Beobachtungen weisen darauf hin, dass sich das Schadigungsverhal-
ten von Hartmetallen aus den friihen Stufen der Mikrorissausbreitung ableiten lasst.
Unter Berticksichtigung dieser Erkenntnis wurde eine numerische Methode zur Unter-
suchung der Rissausbreitung in Hartmetallen unter schwingender Beanspruchung ent-
wickelt.

Auf Basis dieses Hintergrunds wurde ein kontinuumsmechanisches Schadigungsmo-
dell in Kombination mit einer Technik zur Element Elimination in ein kommerzielles
Finite-Elemente-Programm implementiert, um die Rissausbreitung in WC-Co-
Hartmetallen zu simulieren. Hierzu wurden unterschiedliche Schadigungshypothesen,
welche auf der Annahme von sprédem Versagen und Werkstoffermidung beruhen,
zur Beschreibung des Werkstoffverhaltens der einzelnen Werkstoffphasen WC und Co
eingesetzt. Die Materialparameter fir die Karbidphase wurden aus der Literatur ent-
nommen, wo hingegen die Parameter fir die Binderpahse experimentell an einem Mo-
dellbinderwerkstoff auf Co-Basis bestimmt wurden, dessen Zusammensetzung als re-
prasentativ fur die Binderphase in kommerziell erhaltlichen Hartmetallen angesehen
werden kann.

Zur Verifikation des numerischen Ansatzes wurden numerische Modelle basierend auf
realen (vorgeschadigten) und kinstlichen Mikrostrukturen erstellt. Als Ergebnis wird
festgehalten, dass das Modell die Rissausbreitung in WC-Co-Hartmetallen unter zyk-
lischer Beanspruchung in zufriedenstellender Ubereinstimmung mit experimentell be-
obachteten Rissverldufen vorhersagen kann.






Abstract

WC-Co cemented carbides (hardmetals) are a group of composite materials exhibiting
outstanding combinations of hardness and toughness. As a consequence, they are
extensively used for highly demanding applications, such as cutting and drilling tools,
where cyclic loading is one of the most critical service conditions.

The micromechanics of fracture in hardmetals under static loads is well investigated
and understood. Studies regarding failure by fatigue on the other hand, is mainly lim-
ited to experimental investigations conducted at a component scale and seldom refer
to the influence of microstructure on the failure mechanism. Moreover numerical stud-
ies evaluating the mechanisms of fatigue crack growth in hardmetals is also scarce.

Experimental observations indicate that, the overall fatigue performance of hardmetals
can be predicted from the early stages of the microcrack evolution. Taking this into
consideration, a numerical methodology for evaluating the fatigue crack propagation
in hardmetals was developed.

Within this context, a model based on a continuum damage mechanics approach to-
gether with an element elimination method was implemented in a commercial finite
element software for simulating the crack propagation in the material. Separate dam-
age laws, based on brittle failure and fatigue, were used for describing the mechanical
response of WC and Co phases, respectively. Material parameters for the carbide
phase were taken from literature, whereas those for the metallic phase were experi-
mentally determined in a model binder-like Co-base alloy, i.e. one with a composition
representative of the binder phase within a commercial hardmetal grade.

In order to validate the approach used, numerical models based on both the real (dam-
aged) and artificial microstructures was generated. It is found that, proposed model is
capable of capturing damage evolution with cyclic loading in WC-Co, as numerical re-
sults reflect satisfactory agreement with real crack pattern resulting from experiments.






Acknowledgements

This thesis work is the result of many nice coincidences in my life, which lead to me for
a Ph.D. study in Germany. Coincidences alone however, would not help me accom-
plish this challenging task without the support of many valuable people, whom | would
like to emphasize my thanks and gratitude.

First, I would like to thank my dear wife Mrs. Sibel Sener Ozden for her intensive sup-
port and love towards me over the years. Without her encouragement and endless
support, | would not find the motivation to pursue such a challenging task. Thank you
Sibel, | am very lucky to have you in my life.

| would like to greatly acknowledge and thank Prof. Dr. —Ing. Christoph Broeckmann
for his belief in my motivation and his long lasting guidance and support towards real-
izing this thesis. In this regard, | would as well like to thank my friend and my colleague
Dipl. —Ing. Alexander Bezold, who was always there to help me, with whatever chal-
lenge | have encountered throughout my study in Germany.

This thesis would not be realized in the first place, if Dr. —Ing. Atilim Eser did not en-
couraged and supported me towards a Ph.D. study in Germany. From the first day my
arrival to Germany, he was always there to support me. Therefore, | would like to thank
my very best friend for his never-ending support along this way.

| had the opportunity to work with some very talented and hardworking individuals over
the years. In this regard, | would like to thank my former assistants M.Sc. Geng Chen,
M.Sc. Serhan Kurtaraner and especially M.Sc. Keng Jiang for their friendship and the
great work they have conducted over the years.

| would like to give my special thanks to Prof. Luis Llanes for his willingness to serve
on my thesis defense committee and for his support and guidance during the prepara-
tion of this work. In this regard, | would also like to acknowledge my colleagues Dr.
Alvaro Mestra and M.Sc. Jose Maria Tarragd from CIEFMA UPC for their support with
some of the experimental work conducted in this thesis.

Special thanks go to all my colleagues and staff members in IWM, for their kindness
and support with many technical and administrative topics. It has been a great pleasure
for me to work with such distinguished individuals.

I would like to thank the members of my family, without whom none of these would be
possible. In this regard, | would like to thank my uncle Mr. Cihan Dag, my aunt Mrs.
Nuran Tanircan, my grandmother Mrs. Hatice Dag and my late father Mr. Hasan Ozden
for their endless support.

Finally, | see myself one of the luckiest individuals to have a great brother and a caring
mother. In this respect, | would like to send my gratitude to my brother Mr. Ufuk Ozden
and my mother Mrs. Sitkran Ozden for their never-ending love and support through all
stages of my life.






Contents

Table of Contents

LTSS o T 0= iii
List Of TABIES ....cueieeiececicr s ix
NOMENCIALUre.......cecece X
1 INtrodUCtioN......ceeiieir e ———————— 1
1.1 BaCKGrOUNG ......ceiiiiiiiie ettt e e e e e e e e e nnnaeeees 1
1.2 MOtIVaLION ... 2
1.3 Outline of the Thesis ... 3
2 WC-Co Hardmetal ..........ccceeiriiiimiiiiiniin s 5
2.1 Production 0f WC-CO0 .......ccoiiiiiiiiii e 8
2.1.1  Production and Properties of WC...........ccccveviiiieeiiiee e 8
2.1.2  Production and Properties of CO ........cceevcviviiiiiiieniie e, 11
2.1.3 Consolidation and Densification of WC-Co
2.1.4 Sintering and Finalization WC-CO ..........ccccooiiiiiiiiiiiiciiecciees
2.2 Mechanical Properties of WC-CO.......cccceeiiiiiiiiiiie e 16
2.2.1  Studies on Hardness and Strength ............cccoooiiiiiiiiiiicece, 16
2.2.2  Studies on FatiQUe ........cooouiiieiiiie e 21
2.2.3 Influence of Residual Stresses..........cccooeiiiiiiiiiiiiieiieseeeieee 30
2.2.4 Modelling and Simulation of WC-CO .........cccceiiiiiiiiiiiiiiiciees 31
3 Objectives and Working Hypothesis...........ccconiimiiiniiinnsinncinninininas 35
3.1 Scientific ODJECVES .......ccciuiiieiciiie et 35
3.2 Working Hypothesis and Workflow.............cccooiiireiiiiiiinie e 36
4 Modelling Approach and General Principles .........cccoovceiiieinisssennsssnsensnsnnns 39
4.1 Stress-Strain Diagram ..........cccooiiiiiiiiii e 42
4.2 EIGSHCIY c.eoveieeceice s 43
4.3 PlIaSHCItY ..o 45
4.4 Yield Criterion........oooiiiiii e 45
4.4.1  Tresca Yield Criterion........ccceeiiiiiiiiiiieeie e 46
4.4.2 von Mises Yield Criterion .........cccocoiiiiiiiiiiii e 47
4.5 Hardening LAWS ......cooiiiiiiiiiiiiiii e 48

451  IsotropiC Hardening ........ccooiiiiiiiiiiiiia e 48



Contents
4.5.2  Kinematic Hardening.........ccoeeoiiiiiiiiiiiie e 49
4.5.3 Combined Isotropic/Kinematic Hardening ..............ccccccoeiiiiiins 51
4.6 Continuum Based Damage MOdEIS..........cccccueeeiiiiieeiiiieeiieee e 51
4.6.1 Isotropic Brittle Damage Model forthe WC ............ccovvveiiiinennee. 52
4.6.2 Isotropic Ductile Damage Model for the Co......cceevvvievviiiiieennen. 52
EXpPerimental WOTK ... cecccssseee e e s ssssmse e e s s smnnn e s e s e nnnn 59
5.1 Determination of Material Parameters for WC and Co .............cccccoeeiee 59
5.2 Hardmetal Samples and Fatigue Crack Growth Experiments.................... 65
Implementation of the Damage Model ..........cccveceeemrricreressser e 71
6.1 User Defined Material Model.............c.cooiiiiiiiiiiicec e 71
6.2 Verification MOdEl...........ccoiiiiiiiiii 73
Results and DiSCUSSION ........cccciiiiiiiinnin e 77
7.1 Results Based on Literature ..............cccoociiiiiiiiiiiiii 77
%0 T B S - 44T =0 = B OSSR 77
712 SAMPIE B2 83
7.1.3 Sensitivity Study based on Sample B2...........c.ccoiiiiiiiiiiiiiiies 89
7.2 Results Based on Own EXperiments..........ccoooiiiiiiiiiiiiiiie e 92

7.2.1  Numerical Simulation of FCG Specimens A2 and A4

7.3 Results Based on Artificial Microstructures ..............ccccoooeiiiiiiiicnee.
7.3.1 2D Attificial MOEIS ......ccoouiiiiiiiiiiiiieeicce e
7.3.2 3D Artificial MOdEl ........oooiiiiieiiiie e 115

7.4 Concluding DiSCUSSION ........ceieiiiiieeiiiiie e et e e et e e e eaea e e e eneneeenes 118

Conclusion and OULIOOK ... e 121

=31 0T T [ T o] 2 372 R 123

B0 Y o 1Y 4 e [ PP 139



Contents

jii

List of Figures

Figure 1-1:

Figure 2-1:

Figure 2-2:

Figure 2-3:

Figure 2-4:

Figure 2-5:

Figure 2-6:

Figure 2-7:

Figure 2-8:

Figure 2-9:

Figure 2-10:

Figure 2-11:

WC-Co components used in different applications, (a) swaging hammers
for a rotary cold forging machine (courtesy of Ceratizit S.A.), (b)
percussion drill bits made of hardmetal (courtesy of Element Six Limited),
c) saw tooth (courtesy of Sandvik)...........ccccccoiiiiiiiiiiiiii 2

Examples of WC-Co grades, (a) extra coarse [16], (b) medium grade and,
(c) ultrafine grade [17]. ..o 6

Examples of novel WC-Co components based on latest trends in
research, (a) FGHM with a Ti(C,N)/Al203/TiN multilayer coating [6], (b)
Laminated WC-Co subjected to a bending experiment [22]. ................. 8

SEM micrographs of, (a) APT powder [13], (b) tungsten trioxide powder
(WOB) [18 ]ttt ettt 9

(a) SEM micrograph of the WC powder [13], (b) hexagonal crystal lattice
[3], (c) Ideal WC grain under microscope [27] and, (d) crystallographic
representation [3]..... ..o 10

(a) Schematic representation of the ideal stages of liquid phase sintering
[36] (b) formation of the carbide clusters and the elongated intercluster
pores and simultaneous shrinkage during rearrangement stage
74 USRS 15

(a) Transverse rupture strength (TRS) with respect to mean free path [49]
(b) Effect of cobalt content on the strength and hardness [7] (CRS =
Compressional rupture strength). ..., 18

(a) Schematic representation of the MLZ model [53], and (b) SEM
micrograph of a ruptured Co ligament (circled area) during fracture

(a) Typical Palmqvist cracks around a Vickers indentation [85] (b) A
microbeam sample of ulta-fine grained WC-Co fractured under bending
LB 7] ettt 21

Applied force on a regular sinusoidal wave form (T = period, Fm = mean
force, Fa = force amplitude, v = frequency). .......cccocveeevciieeeieee e 23

(a) Schematic representation of an ideal Wohler diagram [60], (b) Typical
Wohler diagram for the hardmetals having high carbide fraction (in this
example 86.5 Wt. % WC) [89]. ..coeiuiireeiiiie e 24

(a) Schematic representation of an ideal FCG rate diagram (the gray
areas indicate transition zones) [60], (b) a typical FCG rate diagram for
WC-Co having 90 wt. % WC under different load ratios [21]. .............. 26



iv

Figure 2-12:

Figure 2-13:

Figure 2-14:

Figure 2-15:

Figure 2-16:

Figure 2-17:

Figure 2-18:

Figure 4-1:
Figure 4-2:
Figure 4-3:
Figure 4-4:
Figure 4-5:
Figure 4-6:
Figure 4-7:
Figure 4-8:
Figure 5-1:
Figure 5-2:

Figure 5-3:

Figure 5-4:

Figure 5-5:
Figure 5-6:
Figure 5-7:

Contents

FCG rate diagrams for 94 wt. % WC hardmetal, (a) as a function of AK,
(b) as a function of Kmax, (c) R-normalized FCG rate as a function
OF KMMAX [10B]. .t 27

Fatigue sensitivity in hardmetals with respect to (m/n) and mean free
path of the binder [106].......c..uvii i 28

FESEM micrograph showing a FCG through thickness of hardmetal
sample generated by sequential FIB tomography [116]. ..........ccc... 28

EBSD map of WC-Co indicating the phases of Co near the fatigue crack
(courtesy of J.M. Tarragd and L. Llaness 2014). .......ccccceeecvveeviineennns 29

(@) SEM micrograph of a hardmetal having high carbide fraction, (b)
distribution of the in plane residual stresses (X + oY) [129]. ............. 31

Early examples of FEM simulation in hardmetals, (a) Idealized WC-Co
microstructure [130], (b) simulation of void formation under static loads
(132, e 32

Simulation results showing the different phases of void growth and
coalescence in Co binder based on an element elimination technique.
The black region growing within the consecutive images indicates the

crack path [140]. ... 33
Numerical methods referring to different length scales [152]............... 40
A typical stress-strain diagram for a metallic material.......................... 43
Projections of yield surfaces in 61 — 06362 — o3 plane. ......cc..ccceeenneee. 47
Projections of yield surfaces in m-plane. ..........cccccoeviiiiiniii i, 48
Yield surface in the case of isotropic hardening. .........ccccccooeveeeeiienn.n. 49
Bauschinger effeCt..........cooiii i 50
Yield surface in the case of kinematic hardening. ............cccccceeviiee.n. 51

Effective stress concept and the hypothesis of strain equivalence. ..... 53
(a) HIP procedure; (b) results of the XRD measurements. .................. 60

Schematic representation of the test specimens for the representative

DINAEr @llOY. ... 60
Stress-strain diagram for the three test cases of the representative binder
AlIOY. ..o 61
The strain controlled cyclic test result for the representative binder
AlIOY . . e 62
Calibration of the kinematic hardening parameters. ..............ccc.ccccee.. 63
XRD measurement for the E10 samples. ...........ccoocveeeeiciieeiiiee e 66
Schematic representation of the E10 test specimens.............cccccee.. 66



Contents

Figure 5-8:

Figure 5-9:

Figure 5-10:

Figure 5-11:

Figure 6-1:

Figure 6-2:
Figure 6-3:

Figure 6-4:

Figure 6-5:

Figure 6-6:

Figure 7-1:

Figure 7-2:

Figure 7-3:

Figure 7-4:

Figure 7-5:

Figure 7-6:

Figure 7-7:

FCG rate diagram for E10 grade with the corresponding data table
(courtesy of L. LIanes, 2014). .....cueiieiiiie e 68

Fatigue precracking of E10 notched specimens, (a) notch generation by
EDM (~200 pm), (b) sharpening of the notch by the razor blade (~8 ym),
(c) nucleation of the microcracks under cyclic compression (reverse
bending), (d) propagation of the micro cracks under cyclic tension (tensile
bending) (courtesy of L. LlIanes, 2014). ......ccccvveiiieeiiiiee e 69

Fatigue observed near the notch region of E10 specimen, (a) on the
surface and, (b) through the thickness. .........ccccccooiiiiiiiiii 69

Microcracks observed on the front and back surfaces near the notch
region for, (a) Sample A2 and, (b) Sample A4 (AK = 7.2 MPa.m'2, N =

LS T0 0100 ) ISP URR 70
The general flow diagram of the subroutine for the WC phase............ 72
The general flow diagram of the subroutine for the Co phase.............. 72

The configuration of the verification model (red squares indicate
investigated elements from both phases). .........ccccccovvieiiiiiieiiiieees 73

Evolution of damage in the verification model at (a) 50 cycles, (b) 100
cycles, (c) 223 cycles, (d) 224 CYCIES. ....uuvveeiiiieeiiiiee e 74

Evolution of the damage and the mechanical parameters in WC (element
TN FIGUIE 6-3). ..o 75

Evolution of the damage and the mechanical parameters in Co (element
20N FIQUIe 6-3). ....oeeiiiiiiie et 75

SEM micrograph of the hardmetal sample showing the evolution of the
FCG in the microstructure [96]. .........ccoeiiiiiiiiiiiiic e 78

Schematic representation of the four point bending specimen subjected
to cyclic bending for sample B1 [96]. ........oooiiiiiiiiiiiiiiceecee 79

FE model based on the four point bending specimen (sample B1) and its
relation to the mesoscale model. ...........cooviiiiiiiiiiiii e, 79

(a) Micrograph of the damaged microstructure of sample B1, (b) FE
model generated based on the micrograph. ..........cccocccviiiiiieiiinenns 80

Evolution of damage in the mesoscale model (sample B1) at (a) O cycles,
(b) 1000 cycles, (c) 1800 cycles, (d) 1860 cycles. .......cccevvvveerieeeennnns 81

Accumulation of the equivalent plastic strain after 1750 cycles in sample

Evolution of the total crack length with respect to number of cycles for
ES= 10 o] L= = SRS 82



Vi

Figure 7-8:

Figure 7-9:

Figure 7-10:

Figure 7-11:

Figure 7-12:

Figure 7-13:

Figure 7-14:

Figure 7-15:

Figure 7-16:

Figure 7-17:

Figure 7-18:

Figure 7-19:

Figure 7-20:

Figure 7-21:

Figure 7-22:

Figure 7-23:

Contents

Comparison between the real and simulated crack patterns for sample

(a) Schematic representation of the DCB loading mechanism and, (b) and
the DCB specimen for sample B2 [117]...cccoccieeiiiiieeiee e 84

(a) FE model based on the DCB specimen (sample B2) and its relation
to the mesoscale Model............cooiiiiiiiiiiiiii 85

(a) Micrograph of the damaged microstructure (sample B2), (b) FE model
generated based on the micrograph............ccccocciiiiiiiii, 86

Evolution of damage in the mesoscale model (sample B2) at (a) 50
cycles, (b) 117 cycles, (c) 244 cycles, (d) 245 cycles. ........ccovveeeunenn.n. 87

Accumulation of the equivalent plastic strain in sample B2 (a) before and,
(b) after the unstable crack growth. ............ccccoiiiiie 88

Evolution of the total crack length with respect to number of cycles for
SAMPIE B2, ..o 88

Comparison between the real and simulated crack patterns and various
zones of crack propagation for sample B2. ..........cccceeiviiiiiiiieeeiiieee 89

Simulation results for different sensitivity case studies on sample B2,
(a,b) Case 1, (c,d) Case 2, (,f) Case 3......ceveeiiiieiiieee e 91

FE model based on the SENB specimen for samples A2 and A4, (a)
standard four point axial bending configuration, (b) critical hexahedral
element for the macroscopic StresSes. ........cocvvvevviieeeiciie e 92

Mesoscale FE models and the corresponding boundary conditions based
on the SEM images near the notch region, (a) Sample A2, (b) Sample

Direct components of the macroscopic stress tensor observed from the
critical element, (a) first order element with single integration point, (b)
first order element with full integration, (c) second order element with full
integration. (Note: the length of the arrows indicate magnitude on a fixed

Extensive failure in the models after an increase in the force components
approximately 1.5 times the original, (a) Sample A2, (b) Sample

Evolution of damage in the mesoscale model (sample A2) at (a) 15
cycles, (b) 33 cycles, (c) 307 cycles, (d) 308 cycles. .......cccoevveveeieennnn. 97

Comparison between the real and simulated crack patterns and various
zones of crack propagation for Sample A2.........cccccceveiiiieeviiiee e 97

Evolution of damage in the mesoscale model (sample A4) at (a) O cycles,
(b) 300 cycles, (c) 330 cycles, (d) 332 cycles. ......cceevvvereaiciieeeiiieees 98



Contents

Figure 7-24:

Figure 7-25:

Figure 7-26:
Figure 7-27:

Figure 7-28:
Figure 7-29:

Figure 7-30:

Figure 7-31:

Figure 7-32:

Figure 7-33:

Figure 7-34:

Figure 7-35:

Figure 7-36:

Figure 7-37:

Figure 7-38:

Figure 7-39:

Figure 7-40:

Figure 7-41:

Figure 7-42:

vii

Comparison between the real and simulated crack patterns and various
zones of crack propagation for Sample Ad.........cccceveiciieeviieee e 98

Evolution of the total crack length with respect to number of cycles for

SAaMPIES A2 aNd Ad. ... 99
WC inclusion geometry and the resulting 3D microstructure. ............ 101
2D models based on the 3D digital model, (a) 60WC, (b) 80WC
(Reference), (C) QOWC. ....coeeiieeeieee ettt 102
Boundary conditions applied on the artificial models. ........................ 102
Evolution of damage in the 60WC for R=0.1 at (a) 144 cycles, (b) 732
cycles, (c) 852 cycles, (d) 853 CyCles. ......ocoviiiviiiiieeeiee e 103
Evolution of damage in the 80WC for R=0.1 at (a) 1000 cycles, (b) 2700
cycles, (c) 4335 cycles, (d) 4336 CYClES. ...cccuvvverriieeeciiee e 104
Evolution of damage in the 90WC for R=0.1 at (a) 1000 cycles, (b) 1500
cycles, (c) 1658 cycles, (d) 1659 cycles. .....cccvevvieereiiiieeeeee e 105
Crack length versus number of cycles under constant load ratio for the
samples 60WC, 80 WC and 90WC. ........ooeoviiieriiiieeeieee e 106
Evolution of damage in the 60WC for R = 0.3 at (a) 150 cycles, (b) 500
cycles, (c) 516 cycles, (d) 517 cycles. .....ooevviieeiiieeiee e 107
Evolution of damage in the 80WC for R = 0.3 at (a) 1000 cycles, (b) 2000
cycles, (c) 2092 cycles, (d) 2093 CYCIES. ....ccuvvveriiiireeiiiee e 108
Evolution of damage in the 90WC for R = 0.3 at (a) 1000 cycles, (b) 2553
cycles, (c) 2554 cycles, (d) 2555 Cycles. ....cccvvevviiereiiiiieeeiieee e 109
Evolution of damage in the 60WC for R = 0.5 at (a) 10 cycles, (b) 27
cycles, (c) 40 cycles, (d) 41 CYCleS. ...covveereiiiee e 110
Evolution of damage in the 80WC for R = 0.5 at (a) 215 cycles, (b) 630
YIS . e a e 111
Evolution of damage in the 90WC for R = 0.5 at (a) 52 cycles, (b) 61
YIS . e e 111

Crack length versus number of cycles under different load ratios for the
samples 60WC, 80WC and 90WC. ......c.evveviiieeiiiiee e 112

Crack growth rate diagrams for 60WC at different load ratios (R) with
respect to0 AK and Kmax. ......ccuueieieiiiiiiiiiieieec et 113

Crack growth rate diagrams for 80WC at different load ratios (R) with
respect t0 AK and Kmax. ......ccuuveieiiiiiiiiiiiieieece e 114

Crack growth rate diagrams for 90WC at different load ratios (R) with
respect to0 AK and Kmax. ......ccc.eveeiiiiiiiiiiiiiiieee e 114



viii Contents

Figure 7-43: Dependence of the number of cycles for instability (Ny) to global stress
(Zm) for the samples 60WC, 80WC and 90WC.........ccceeeviivveerienrens 115

Figure 7-44: Different views of the FE model for the simulation of FCG in 3D....... 116

Figure 7-45: Evolution of damage in the 3D model at (a) 2 cycles, (b) 150 cycles, (c)
388 cycles, (d) 395 CYCIES. ..ueiiiiiiee e 117

Figure 7-46: Evolution of the main crack plane in the 3D model at (a) 2 cycles, (b) 150
cycles, (c) 388 cycles, (d) 395 CyCleS. .....oovvviiieeiiieeeceee e 118



Contents ix
List of Tables
Table 2-1:  Industrial applications of WC-Co based on composition [21]................. 7
Table 2-2: Summary of fatigue investigations [21].........ccooceiiiiiiiii, 22
Table 5-1:  Material properties for the WC phase. ...........ccccceeveviiiiiiiiee e 59
Table 5-2: Material properties determined from the tensile test specimens.......... 61
Table 5-3: Material properties for the Co phase. .........ccccocceviiiciii v 64
Table 5-4: Physical properties of the E10 grade
Table 7-1: Value of the selected mechanical properties for the sensitivity case
STUAIES. 1.t 89
Table 7-2: Comparison between the change in cycles to failure with respect to
change in the mechanical parameters.............ccccceiiiiiiiiiice, 92
Table 7-3: Maximum and minimum loads applied on samples A2 and A4. .......... 93
Table 7-4: Loads applied on the macro- and mesoscale models for samples A2 and
A ettt 93
Table 7-5:  Global stress components and the micro forces applied on the artificial
0T o L= PRI 103
Table 10-1: The calculated FCG parameters for 60WC at R=0.1 (bold values indicate
unstable crack growth). .........ccooooiiiiiiiee e 139
Table 10-2: The calculated FCG parameters for 60WC at R=0.3 (bold values indicate
unstable crack growth). .........ccoooiii i 143
Table 10-3: The calculated FCG parameters for 60WC at R=0.5 (bold values indicate
unstable crack growth). .........cccoiiiiiiii e 146
Table 10-4: The calculated FCG parameters for 80WC at R=0.1 (bold values indicate
unstable crack growth). .........cccoooiiiiiiie e 147
Table 10-5: The calculated FCG parameters for 80WC at R=0.3 (bold values indicate
unstable crack growth). .........ccooiiiiiiiiee e 149
Table 10-6: The calculated FCG parameters for 90WC at R=0.1 (bold values indicate
unstable crack growth). .........ccoooiii i 151
Table 10-7: The calculated FCG parameters for 90WC at R=0.3 (bold values indicate

unstable crack growth). .........ccoeoeee e 152



Nomenclature

Scalars —

Alphabetical Symbols
a

A

da/dN

dWC

]|

H
I, 1,13

]11]2']3

k

Contents

Crack length

Area

Contiguity

Kinematic hardening modulus
Material constants for crack growth
Crack velocity

Average WC grain size

Damage indicator

Damage flag

Elastic modulus

Force

Shear modulus

Strain energy release rate
Unified damage law exponent
Energetic damage law parameter
Invariants of the Cauchy stress
Invariants of the deviatoric Cauchy stress
Thermal expansion coefficient
Yield stress in pure shear

Stress intensity factor

Fracture toughness

Length



Contents

Nt
Nwejco

Nwewe

Uy

Sp
T
T

Ux,Uy,Uz

Material constants for crack growth
Material constants for crack growth
Number of cycles

Number of cycles for instability
Number of WC-Co interfaces
Number of WC-WC interfaces
Isotropic hardening variable
Isotropic hardening stress

Load (stress) ratio

Ultimate stress

Triaxility function

Specific entrophy

Virgin area

Resisting area

Damaged area

Period

Temperature

Displacement in the x, y and z directions

Frequency
Volume fraction of the Co
Strain energy

Geometric correction factor

Xi



Xii

Scalars —

Greek Symbols
&

Aco

01,0y, 03
OH
gy,

OR

Ty

Yr

¥p
Vpt
AK
Al

AKyp,

Rupture strain

Mean free path of the Co binder

Stress

Principal stresses
Hydrostatic stress
Fatigue strength
Rupture stress

Yield stress

Initial yield limit
Thermal state potential
Elastic specific free enthalpy
Plastic hardening
Plastic dissipation
Stress intensity range

Deformation

Threshold stress intensity range

Energy density release rate
Dynamic rate of backstress
Strain

Stress triaxility

Lame’s first parameter
Poisson’s ratio

Density

Contents



Contents

Y

Symbols — Matrices,
Vectors, Tensors

z

@

Superscripts and
subscripts
X
Xo
Xc
xD

Xa

Xeng

Xkk
xm

xm ax

Helmholtz free energy

Back stress tensor

Elasticity matrix of moduli
Elasticity matrix of compliances
Strain tensor

Elastic strain tensor

Plastic strain tensor

Internal variables

Stress tensor

Macroscopic (global) stress tensor

Kinematic hardening variable

Effective value of x
Original value of x
Critical value of x
Deviatoric part of x
Amplitude of x
Engineering value of x
Equivalent of x

Trace of x

Mean value of x

Maximum value of x

Xii



Xiv

Xmin
Xref
Xtrue
Xxxr Xyyr Xxy
Abbreviations
APT
cBN
CDM
CT
CVvD
DCB
f.c.c
FCG
FCGR
FEM
FGHM
h.c.p
HCF
HIP
LCF
LEFM
MLZ
PEG
PVD

SEM

Contents

Minimum value of x
Reference value of x
True value of x

Components of x

Ammonium paratungstate
Cubic boron nitride

Continuum damage modelling
Compact tension

Chemical vapor deposition
Double cantilever beam

Face centered cubic

Fatigue crack growth

Fatigue crack growth rate
Finite element method
Functionally graded hardmetals
Close-packed hexagonal

High cycle fatigue

Hot isotactic pressing

Low cycle fatigue

Linear elastic fracture mechanics
Multi ligament zone
Polyethylene glycol

Physical vapor deposition

Scanning electron microscope



Contents

SENB

SHS

SPS

TRS

VUMAT

wit.

XRD

XV

Single edged notched beam
Self-propagating high-temperature synthesis
Spark plasma sintering

Transverse rupture strength

User defined material subroutine

Weight

X-ray diffraction



