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Abstract

The focus of the present thesis is to provide a sound basis and methodological foundation
for the knowledge-based design and optimization of uncoated WC-Co hardmetals for machining
processes. Cyclic and step-loading creep tests at 700 °C and 800 °C were used to establish a
correlation between experimental data, limit stresses, damage indicators, and early damage
formation. Special attention was paid to application-relevant loading conditions occurring in the
cutting edge region of milling inserts for steel and titanium work pieces.

Various studies were carried out so far and reported in literature for WC-Co hardmetals
under creep, monotonic increasing and cyclic loading conditions at elevated temperatures.
However, no study was conducted to identify limits of endurable stresses and diagnose damage
development at elevated temperatures.

To fill this gap, six WC-Co hardmetal grades were investigated under uniaxial step-loading
creep tests as well as in cyclic tests at stress ratios of R = Omin/ Omax = -0 and R = -1 up to different
stress ranges at 700 °C and 800 °C in vacuum. The investigated hardmetal grades differ in their
WC grain size: 0.4 pm to 2.0 pm and Co-content: 6 wt.% to 12 wt.%. Furthermore, microstructural
changes were inspected by scanning electron microscopy and by electron backscatter diffraction.

Based on the presence of advancing strain ratcheting above a critical stress range at
R = -0, limit stresses were determined associated with microdefect formation, such as nanopores
and cavities. Damage indicators were determined from cyclic tests at R = -1 using stress-strain-
hysteresis loop parameters. An increasing hysteresis loop area and tension-compression-strain
asymmetry with increasing number of load cycles can be associated with the formation of
microdefects. Step-loading creep tests also revealed a tension-compression-strain asymmetry as in
cyclic tests. Physically, the strain asymmetry can be attributed to faster microdefect formation
under tension than under compression. Further, limit stresses and the onset of increase of damage
indicators were observed to decrease with increasing temperature. Additionally, strain ratcheting
occurred under cyclic loading at R = -1, as observed at R = -0 at 700 °C and 800 °C. Hence,
stress-strain-hysteresis loop area, tension-compression-strain asymmetry as well as strain

ratcheting are reliable and meaningful damage indicators for bulk material damage.

Keywords: WC-Co hardmetal; Uniaxial compression and tension step-loading creep test; Uniaxial

cyclic test; Elevated temperature; Damage indicator; Electron microscopy;

VI






Kurzfassung

Ziel der vorliegenden Arbeit ist es, eine fundierte Basis und methodische Grundlage fiir die
wissensbasierte Auslegung und Optimierung von unbeschichteten WC-Co-Hartmetallen fiir die
spanende Bearbeitung zu schaffen. Durch zyklische Versuche und Kriechversuchen mit
stufenweiser Belastung bei 700 °C und 800 °C wurden Zusammenhénge zwischen experimentellen
Daten, Grenzspannungen, Schidigungsindikatoren und Vorschiddigung hergestellt. Besonderes
Augenmerk wurde auf anwendungsrelevante Belastungszustinde gelegt, wie sie im
Schneidkantenbereich von Friseinsitzen fiir Stahl- und Titanwerkstiicke auftreten.

In der Literatur wurden {iber verschiedene Studien zum Verhalten von WC-Co
Hartmetallen zu kriechenden, monoton steigenden und zyklischen Belastungsbedingungen bei
erhohten Temperaturen berichtet. Es wurden jedoch keine Studien vorgenommen, um die Grenzen
der ertraglichen Belastung zu ermitteln und die Schadensentwicklung bei erhohten Temperaturen
zu diagnostizieren.

Um diese Liicke zu schliefen wurden in dieser Arbeit sechs WC-Co-Hartmetallsorten in
einachsigen Kriechversuchen mit stufenweiser Belastung sowie in zyklischen Versuchen bei
Spannungsverhéltnissen von R = Omin/Omax = -0 und R = -1 bis zu verschiedenen
Belastungsspannungen bei 700 °C und 800 °C im Vakuum untersucht. Die untersuchten
Hartmetallsorten unterscheiden sich in ihrer WC-Korngrofle: 0,4 um bis 2,0 pm und ihrem
Co-Gehalt: 6 Gew.-% bis 12 Gew.-%. Dariiber hinaus wurden mikrostrukturelle Verdnderungen
mittels Rasterelektronenmikroskopie und die Verdnderung der WC- und Co-Phase mittels
Elektronenriickstreubeugung untersucht.

Basierend auf der fortschreitenden Dehnungszunahme oberhalb eines kritischen
Spannungsbereichs bei R = -0 wurden Grenzspannungen bestimmt, die mit der Bildung von
Mikrodefekten, wie Nanoporen und Hohlrdumen, in Zusammenhang stehen. Schadensindikatoren
wurden aus zyklischen Versuchen bei R = -1 anhand von Parametern der Spannungs-Dehnungs-
Hysterese-Schleife ermittelt. Eine Zunahme der Hystereseschleifenfliche und der Zug-Druck-
Dehnungs-Asymmetrie mit zunehmender Anzahl von Belastungszyklen kann auf die Bildung von
Mikrodefekten in Verbindung gebracht werden. Kriechversuche mit schrittweiser Belastung
zeigten ebenfalls eine Zug-Druck-Dehnungsasymmetrie wie zyklische Versuche. Physikalisch

gesehen kann diese auf eine schnellere Bildung von Mikrodefekten unter Zug als unter
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Druckbelastung zuriickgefiihrt werden. AuBBerdem wurde beobachtet, dass die Grenzspannung und
der Beginn des Anstiegs der Schadensindikatoren mit zunehmender Temperatur abnehmen.
AuBlerdem trat bei zyklischer Belastung bei R = -1 eine fortschreitende Dehnungszunahme auf, wie
sie bei R = -o0 bei 700 °C und 800 °C beobachtet wurde. Daher sind die Hystereseschleifenflache,
die Zug-Druck-Dehnungs-Asymmetrie sowie die fortschreitende Dehnungszunahme zuverlissige

und aussagekréftige Indikatoren fiir die Schiddigung von Werkstoffen.

Schliisselworter: WC-Co Hartmetall; Uniaxialer Druck- und Zug-Stufenbelastungs-
Kriechversuch; Uniaxialer zyklischer Versuch; Erhohte Temperatur; Schadensindikator;

Elektronenmikroskopie;
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1. Introduction

Hardmetals are composed of a hard material phase and a ductile metal matrix phase. Hence,
they are classified as metal-matrix composites or dispersion hardened materials due to their brittle
hard phase and ductile metal phase. Usually Tungsten carbide (WC), Titanium carbide (TiC) or
Tantalum carbide (TaC) are used as a hard phase, which are embedded in the metal phase. The
metal phases, also called binder phases, are usually Cobalt (Co), Iron (Fe) or Nickel (Ni) based.
The most practical hardmetal composition is WC-Co, due to the good high-temperature properties.

This composition is investigated in more detail in the current thesis at 700 °C and 800 °C.

To merge hard- and binder phase into a compact, mainly pore-free material, hardmetals are
produced by liquid phase sintering (Schedler 1988). During production, the binder phase is molten
and encloses the solid hard phase. Additionally to the two phases, additives are added, for instance
vanadium- or chromium carbide to inhibit grain growth of the carbides. Due to additives, the WC
grain boundaries and molten binder phase contain a certain amount of foreign atoms, which
influence the crystal structure due to precipitation or disadvantageous microstresses after sintering
at room temperature (Marshall et al. 2013, 2015, Weidow et al. 2009a). Further, the hard phase
causes high strength and the binder phase results in higher ductility of the hardmetal over a wide
temperature range. Hence, the hard- to binder phase ratio influences the hardmetal properties, as

the strength and hardness decrease with increasing binder phase content.

Based on the hardmetal properties, they are used in various areas like chipping, wear
protection, metal forming, stone-, wood- or plastics machining. Main application is chipping of
metals, non-metals and composites as well as wood by various types of tools or as components for
chipless forming (Bose 2011). Figure 1 shows some hardmetal tools for drilling, turning and
milling applications. During chipping, as in metal cutting, hardmetal tools are used for several
production steps. They are applied to manufacture products from solid materials to the finished
product with high quality (Ferreira et al. 2009). Due to diverse hardmetal tools for chipping, they
are intensively investigated in scientific research to understand and improve them as well as to

increase their service life.
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Figure 1: Various hardmetal tools for drilling, turning and milling applications. Source: By
courtesy of the company Ceratizit Austria GmbH (Ceratizit Austria GmbH 2021).

Hardmetal components have to withstand different mechanical and thermal loads
depending on their application. Loads acting on tools depend on various parameters: tool geometry,
material being machined, cutting parameters, duration of use, temperature variations, machine tool
vibrations, chip sticking and loosening, chip breaking during the cutting process, cutting
interruptions, hardmetal composition and tool coating (Adjam et al. 2019, Ferreira et al. 2009,
Schleinkofer et al. 1995). Due to load and temperature variations in the binder phase, a phase
transformation from the face-centered cubic (fcc) to the hexagonal close-packed (hcp) crystal
structure is possible at room temperature as well as elevated temperatures (Schleinkofer et

al. 1996a, Kindermann et al. 1999, Miyake et al. 1968).

Cyclically and monotonically increasing thermomechanical loads act simultaneously at the
cutting tool edges (Komanduri 1993, Ferreira et al. 2009). Hence, knowledge about static and
cyclic properties of hardmetals is necessary to optimize tools. Since elevated temperatures occur
in tools during service, high-temperature investigations are necessary next to room temperature

investigations to understand thermal activated processes in WC-Co hardmetals (Schedler 1988).
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Three complementary investigation directions can be used to enable diagnostics of practical
service life and further development of hardmetal tools (Ferreira et al. 2009): 1.) Determination
of mechanical and thermal loads acting on tools, 2.) Numerical calculations of stress, strain and
heat fields, 3.) In-operando investigations of the hardmetal behaviour. To perform all directions of
investigation is time-consuming. Based on experiment and finite element simulations of tools
during cutting in literature, very high stresses up to 1000 MPa (Nemetz et al. 2019, Kagnaya et
al. 2009) and at elevated temperatures up to 1200 °C (Kagnaya et al. 2011) were observed or
predicted at tool cutting edges.

In the current thesis, investigation into the material behaviour under application-relevant
stresses and temperatures occurring on the cutting tool edges during chipping of steel and titanium
work pieces is considered. For this purpose, different uncoated WC-Co hardmetal tool substrates
are analysed under uniaxial cyclic loading at elevated temperatures and uniaxial step-loading creep
tests. The results are summarized in five publications, which are linked by similar results from
step-loading creep and cyclic tests regarding material behaviour, endurable limit stresses as well
as damage development diagnosis in WC-Co hardmetals at 700 °C and 800 °C. The selected
temperatures are below the usual temperature range in literature, but are typical for many hardmetal
application areas. Results and data from the current thesis are important contributions to further
development of simulations and better understanding of damage development in WC-Co hardmetal

tools.






2. Theoretical Background

WC-Co hardmetals have good high-temperature properties which allow them to be used in
various areas of material processing to withstand different mechanical and thermal loads. However,
their material properties and response to mechanical loading are influenced by their chemical
composition and microstructure. Additionally, precise knowledge about operating conditions and
behaviour are required to understand the material- and failure behaviour of WC-Co hardmetal tools.
Hence, various studies are carried out in literature under creep, monotonic increasing and cyclic
loading conditions at room temperature and elevated temperatures. From these studies, a
knowledge base for WC-Co hardmetals has been established. In the following sections, the
fundamentals of fracture, creep and cyclic behaviour at elevated temperature are discussed in more
detail. At the same time, gaps in the state of the art are pointed out and related to the available

publications in this thesis.

2.1. Fracture Mechanisms

Various defect types are formed during processing or operation in hardmetals (Jonke et
al. 2017, Roebuck et al. 1988, Suzuki et al. 1975, Casas et al. 2001, Pugsley et al. 2001, Goez et
al. 2012). They act as failure origin in components and cause defect-controlled fracture behaviour
(Rice et al. 1978, Jonke et al. 2017). The various defects of different size and shape were identified
by fracture surface studies (Jonke et al. 2017, Kliinsner et al. 2010a, Obrtlik et al. 1992, Kotas et
al. 2017, Krobath et al. 2018): pores, large carbide grains above the average carbide grain size,
microcracks, carbide or binder phase accumulations, foreign phase inclusion accumulations and
surface treatment damage. Figure 2 shows two examples of internal defects as fracture origin on
fracture surfaces: WC-grain- and foreign phase inclusion accumulations. The largest defects in the
hardmetal volume often serve as starting points for cracks, because they reduce stress and/or strain
required for cracking (Munz et al. 1989). Due to defect-controlled fracture behaviour of hardmetals,
specimens made of the same type of compound exhibit different mechanical behaviour (Danzer et
al. 2008, Gonzalez et al. 2020), e.g. different number of load cycles to failure during cyclic tests
(Obrtlik et al. 1992, Li et al. 2013).
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Figure 2: Scanning electron microscope micrograph showing fracture origin on fracture surfaces
due to internal defects like (a.) WC-grain-accumulations, and (b.) foreign phase inclusion

accumulations (black) in the microstructure of cyclic loaded WC-Co hardmetals in backscatter
electron (BSE) contrast mode. Source: Micrograph originates from own results.

Particularly important for the fracture behaviour of WC-Co hardmetals are the hard WC
carbide phase and the ductile Co-phase, which behave differently under mechanical load. Hence,
deformation and damage mechanisms have been identified in WC-Co hardmetals: elastic
deformation, plasticity due to dislocation movements, transgranular fracture of binder- and/or
carbide phase, stress-assisted mass transport of binder phase, cracking or sliding of WC/Co phase
boundaries or WC/WC grains boundaries, cavity formation at interfaces as well as within the binder
phase (Yousfi et al. 2015, Sigl et al. 1987, Ostberg et al. 2006a).

Due to local stress concentrations at internal defects and reaching of a critical stress, cracks
form at weak spots in the microstructure. Weak spots could be the Co-phase, WC phase or
interfaces between the phases. With increasing crack length material resistance rises due to the
formation of a process zone near the crack tip, which is attributed to intrinsic and extrinsic
mechanisms (Suresh 1991, Fett et al. 1992, Ritchie 1988). Intrinsic mechanisms are defined as
processes that occur in front of the crack tip, see Figure 3: microcrack formation, plastic zone
formation and phase transformations. Extrinsic mechanisms are processes that occur behind the

crack tip: crack flank wedging, ligaments and fibre bridges formation.
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Extrinsic mechanisms: Intrinsic mechanisms:
formation of ligaments phase transformation
fibre bridges plastic zone
microcrack formation

Crack tip

Figure 3: Illustration of the crack tip (red) with intrinsic and extrinsic mechanisms. Intrinsic
mechanisms are processes occurring in the vicinity of the growing crack tip, like phase
transformation (green-dark grey), the formation of a plastic zone (blue) or microcrack formation
(small black lines). Extrinsic mechanisms are processes behind the crack tip, such as the ligament
formation (light grey) or fiber bridges (violet). Source: Own representation based on (Suresh 1991,
Ritchie 1988).

Additionally to deformation mechanisms in WC-Co hardmetals described above, fracture
paths and damage formation were investigated in literature (Sigl et al. 1984, Fischmeister et
al. 1988, Sigl et al. 1987). Brittle fracture was observed on the macro scale and on the micro scale,
ductile fracture of the binder phase was noticed next to brittle fracture of carbide grains
(Fischmeister 1983, Gurland 1988, Johannesson et al. 1988, Mari et al. 1999, Sigl et al. 1987).
Further, an increasing number of internal interfaces is present due to the two phases, in contrast to
single-phase materials. Hence, four possible fracture paths are identified (Sig/ et al. 1987, 1984,
Fischmeister 1983, Chermant et al. 1976, Hong et al. 1983, Lea et al. 1981, Nabarro et al. 1968):

1.) Transgranular fracture through the Co-phase (,,B%),

2.) Transgranular fracture through the WC-phase (,,C*),

3.) Cracking/sliding/fracture of WC/WC grain boundaries (,,C/C*),
4.) Cracking/sliding/fracture of WC/Co phase boundaries (,,C/B%).
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In general, there are three steps that ultimately lead to the fracture of the material: 1.) crack
initiation; 2.) subcritical crack growth, and 3.) catastrophic crack propagation. A crack is termed
critical if a critical stress intensity in front of the tip causes catastrophic propagation and ultimate
failure of the material. For hardmetals no subcritical crack growth was observed at room
temperature tests. Hence, at room temperature conditions, they exhibit brittle fracture at the macro
scale with only two fracture steps: crack initiation at internal defects or microstructure and
catastrophic crack propagation (Johannesson et al. 1988, Sigl et al. 1987, Roebuck et al. 1988,
Exner et al. 2001, Osterstock et al. 1983). In case of purely elastic deformation, the WC-phase
carries a higher proportion of external stresses, due to the higher volume fraction as well as due to
the higher Young's modulus compared to the Co-phase, "elastic zone" in Figure 4 (Sigl et al. 19584).
After elastic deformation, crack formation and growth occur at internal defects or at weak spots in
the hard phase. Weak spots can be, for example, WC/WC contact regions with reduced cohesive
strength due to misorientation angles between contacting carbide grains (Csanadi et al. 2020,
Deshmukh et al. 1982, Exner 1983, Ostberg et al. 2006b, Weidow et al. 2009b), the negative
influence of various chemical elements at the carbide interfaces (Christensen et al. 2003, Henjered
et al. 1986, Ostberg et al. 2006a, Vicens et al. 1994, Weidow et al. 2011), or large carbide grains
(Almond 1983, Fischmeister 1983, Kursawe et al. 2001, Roebuck et al. 1988, Suzuki et al. 1975,
Almond et al. 1977). The propagation of cracks in the hard phase is primarily trans- or
intercrystalline on the fracture paths “C” and “C/C”.

After the hard phase has fractured, stresses are redistributed into the Co-phase in front of
the crack tip. Exceeding the yield strength of the Co-phase during stress redistribution, the
Co-phase starts to flow plastically. At the crack tip and in the hard phase, a plane strain state exists.
Further, adhesion forces between WC grains and Co-phase are strong (Schedler 1988), which help
in combination with the plane strain state to prevent failure of the Co-phase by detachment from
the hard phase and simultaneous necking in front of the crack tip (Sig/ et al. 1984). Considering
the volume constancy, plastic deformation of Co leads to pore formation, pore growth and pore
coalescence (Spiegler et al. 1992). Consequently, binder phase bridges form behind the crack tip,
holding the crack flanks together, causing a reduced stress concentration at the crack tip. This type
of crack tip zone is characteristic for crack propagation in hardmetals and is defined as
"multiligament zone", see Figure 4, (Sig/ et al. 1984, Sigl 1986). Formation of binder ligaments is
estimated to dissipate between 80-95% of the total energy required to fracture WC-Co hardmetals,



Kathrin Maier Theoretical backeround

depending on their composition (Schmauder et al. 1989). Note that the carbide accounts for about
96% to 70% of the total mass, which is significantly higher than the proportion of Co-phase.
Consequently, a significant part of the hardmetal toughness is due to the plastic deformation of the
binder phase.

With continued loading, ligaments behind the crack tip in the Co-phase rupture and open
crack flanks are formed, see "fracture zone" in Figure 4 (Fischmeister 1983, Fischmeister et
al. 1988, Gurland 1988, Sigl et al. 1984, 1987, Fischmeister et al. 1989, Spiegler et al. 1992).
Multiligament fracture of the Co-phase shifts the stress concentration in the material, leading to

repeated crack initiation at weak spots in front of the crack tip until ultimate specimen failure.

I11.) Fractured zone I1.) Multiligament zone I.) Elastic zone

<

Figure 4: Classification of the crack tip region in WC-Co hardmetals under static loading: I.) Elastic
zone without pore formation in the Co-binder phase. II.) Multiligament zone with nucleation and
growth of pores within the Co-binder phase. IIl.) Fractured zone with coalescence of pores and
growth of microcavities within the Co-phase. The WC-phase is visible in light grey, the Co-phase
in dark grey and microcracks as well as pores in white. Source: Own representation based on
(Fischmeister et al. 1988, Sigl et al. 1988).

As mentioned above, milling causes monotonous and cyclic loads with development of
elevated temperatures in WC-Co hardmetals. Due to the thermal influence, in addition to
mechanical processes, creep processes occur in the Co-phase (Mingard et al. 2021, Yousfi et
al. 2015, Smith et al. 1968). Fatigue tests at room temperature and at elevated temperature as well

as creep tests of WC-Co hardmetals exhibit subcritical crack growth after crack initiation in
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contrast to static tests (Johannesson et al. 1988, Roebuck et al. 1988, Schmid et al. 1988, Almond
et al. 1980, Suresh 1991, Schleinkofer et al. 1995, 1996a, 1996b). During subcritical crack
growth, a crack with a certain initial crack length grows stepwise due to continuous energy supply.
When the crack opens, Co-phase bridges deform plastically behind the crack tip (Sig/ 1986), while
crack closure leads to compression of these bridges. Therefore, the crack can propagate piecewise
if the binder phase bridges fail, see Figure 4. After reaching a critical crack length unstable crack
growth follows and ultimate specimen failure occurs.

Fatigue tests at room temperature (Kindermann et al. 1999, Schleinkofer et al. 1996b,
Obrtlik et al. 1992, Fry et al. 1988, Llanes et al. 2002, Sailer et al. 2001, Li et al. 2013) and above
600 °C (Kindermann et al. 1999, Tritremmel et al. 2017), as well as creep tests above 800 °C
(Yousfi et al. 2015, Mingard et al. 2021, Lay et al. 1987, Ueda et al. 1975) have revealed defects
and crack paths occurring mainly intergranular and in the Co-phase volume. Additionally,
examining fracture surfaces at room temperature of cyclically loaded specimens have exhibited
less smooth surfaces, which is attributed to multiple fracture origins under cyclic loading (Li et
al. 2013). Further, subcritical crack growth has been identified to result in different crack paths
than without subcritical crack growth. In case of the former, the crack grows through the Co-phase,
while failure without subcritical crack growth results in crack growth through the Co-phase and
carbide phase.

Failure behaviour of hardmetals at room temperature (Spiegler et al. 1992, Schleinkofer et
al. 1995, Sigl et al 1987) and partly for elevated temperatures has been widely studied
(Kindermann et al. 1999, Tritremmel et al. 2017, Mingard et al. 2021, Yousfi et al. 2015).
Knowledge of damage mechanisms under cyclic or creep loading is based on fracture surfaces,
microstructural changes near the fracture surface and by examining the crack path. Only a few
investigations examined pre-failure damage mechanisms and their appearance in WC-Co
hardmetals. Therefore, the current thesis focuses on investigations of the early stages of damage in
WC-Co hardmetal specimens prior to specimen failure and critical crack growth for step-loading
creep tests (see Publication II and Publication IIl) and for cyclic loading at stress ratios of

R = Omin/ Omax= -0 and R = -1 (see Publication IV and Publication V) at 700 °C and 800 °C.

10
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Co-Phase Transformation in WC-Co hardmetals

Fracture surfaces of WC-Co hardmetal specimens subjected to cyclic loading indicate a
failure at low plastic strain with brittle character (4/mond et al. 1980, Schleinkofer et al. 1995,
Erling et al. 2000). The low plastic strain at fracture was also attributed, among other factors, to
binder phase embrittlement, since a diffusionless phase transformation was observed in the
Co-phase during the deformation process under cyclic as well as under creep (Mingard et al. 2021,
Almond et al. 1980, Roebuck et al. 1984, Schleinkofer et al. 1995).

At room temperature, pure Co exhibits a hep crystal structure, which is stable up to 417 °C.
Above 417 °C, the hcp crystal structure transforms into the fce crystal structure due to Shockley
partial dislocations (Seeger et al. 1958). Due to the dislocation movement on every other close
packed (111)-plane, the stacking sequence of the close packed plane of the fcc crystal structure
changes to the hcp crystal structure (Seeger et al. 1958). By transforming the crystal structure of
pure Co from hep to fcc, a volume expansion of about 0.27 to 0.36 was observed (Davis 2000).

In various WC-Co hardmetal grades at room temperature, only the fcc crystal structure was
detected after liquid phase sintering (Schaller et al. 1988, Miyake et al. 2004). The fcc crystal
structure forms during liquid phase sintering due to the formation of a solid solution with tungsten,
carbon or other additives, which stabilize the fcc crystal structure in the Co-phase. Another reason
for the presence of the fcc crystal structure is the shape change limitation during phase
transformation due to the WC grain boundaries (Vasel et al. 1985). However, at room temperature,
WC-Co hardmetals can simultaneously contain the fcc and hep crystal structures in the Co-phase
(Mingard et al. 2013, Marshall et al. 2013, Mingard et al. 2011). If both crystal structures are
present, the hcp Co-phase can be identified as twinning structure in the fcc crystal structure, see
Figure 5. The Co-phase crystal structure depends on various factors: dissolved elements due to
manufacturing processes (Roebuck et al. 1984, Marshall et al. 2015, 2013, Weidow et al. 2009a,
Eizadjou et al. 2020), WC grain size (Marshall et al. 2013) and stresses resulting from differences
in the thermal expansion coefficients of WC and Co-phase (Adjam et al. 2020). Also, the
transformation of the fcc to the hep crystal structure in hardmetals was not observed below 417 °C
as in the case of pure Co. Due to the high dissolved element concentration in the Co-phase, the

fce-hep transformation transition temperature shifts to 750 °C (Jia et al. 1998).
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- NN : :
Figure 5: (a.) Scanning electron microscope (SEM) micrograph showing the microstructure of a
virgin WC-10 wt.% Co hardmetal grade with an average WC grain size of 2.0 um in secondary
electron (SE) contrast mode. The WC-phase is visible in light grey, the Co-phase in dark grey and
hcp-Co twins in the fcc Co-phase are marked by white triangles. (b.) EBSD phase distribution map:

WC grains in red, fcc Co-phase in blue, and hcp Co-phase in green for the same image section as
in (a.). White triangles in the EBSD map are at the same positions as in the SEM micrograph.
Source: Micrograph and EBSD phase distribution maps originates from own results.

Experiments at room temperature under monotonic increasing (Schleinkofer et al. 1996b,
Kindermann et al. 1999, Sarin et al. 1975, Roebuck et al. 1988) and cyclic loading (Schleinkofer
et al. 1996b, Kindermann et al. 1999, Miyake et al. 1968, Otsuka et al. 1989) revealed that the
phase transformation of Co is a stress and/or strain controlled process (A/mond et al. 1980). In
addition, influences on mechanical properties have been observed due to the Co-phase
transformation (Roebuck et al. 1988, Kursawe et al. 2001, Sarin et al. 1975) leading to decreasing
fatigue strength (Roebuck et al. 1984) and decreasing fracture toughness (Schleinkofer et al. 1996b)
and increasing magnetic coercivity (Beste et al. 2001). Experiments under cyclic loading
conditions at room temperature revealed that phase transformation is also an important damage
mechanism (Schleinkofer et al. 1996b, Sarin et al. 1975, Otsuka et al. 1989), and that the amount
of hcp Co-phase is directly proportional to the number of load cycles (Miyake et al. 1968). The hcp
crystal structure has a lower ductility compared to the fcc crystal structure thus ductility of the
Co-phase decrease with increasing number of load cycles. The lower ductility is associated with a
reduction of possible slip systems from twelve for fcc to three for the hcp crystal structure
(Jackson 1991). A slip system change due to crystal structure change causes a reduction in plastic
strain up to the fracture of the Co-phase. The phase transformation was detected during cyclic

loading at room temperature (Kindermann et al. 1999) as well as during creep tests above 800 °C
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based on microstructure studies (Mingard et al. 2021, Yousfi et al. 2015). However, the role of the
fce to hep Co-phase transformation at elevated temperatures is unclear.

As mentioned above, volume expansion occurs in pure Co due to the crystal structure
transformation from hcp to fce. A volume change has also been observed in WC-Co hardmetals,
although different opinions exist in literature in terms of a volume increase or decrease (Roebuck
et al. 1984, Vasel et al. 1985, Kindermann et al. 1999). As mentioned above, additional elements
are present in the Co-phase, which have to be rearranged during phase transformation affecting the
unit cell volume per atom (Roebuck et al. 1984).

Phase transformation of Co from fcc to hcp crystal structure has been studied in various
research works in cyclic an creep tests revealing an influence on the mechanical properties of
hardmetals (Roebuck et al. 1988, Kursawe et al. 2001, Sarin et al. 1975). However, no
investigations focused on phase transformations in Co prior to the failure of the WC-Co hardmetal
specimens and its influence on the damage evolution.

Therefore, the current thesis investigates into the change in phase transformation in
Publication II for step-loading creep tests as well as in Publication IV and Publication V for cyclic
loading at stress ratios of R = -0 and R = -1 at different stages of deformation before specimen

failure and critical crack growth.
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2.2, Creep Behaviour

The following section covers the basics of creep of WC-Co hardmetals and relevant topics. The
description of the behaviour in WC-Co hardmetals during creep is essentially based on
Publication I, Publication II and Publication III, which are included at the end of the current thesis.
The thesis deals with uniaxial compression and tension step-loading creep tests at 700 °C and
800 °C. Therefore, the state of the art for creep investigations of WC-Co hardmetals below

1000 °C and for uniaxial loading conditions is highlighted in more detail in the current section.

Applications of hardmetals, as chipping of various materials, include stresses above 1000 MPa
and temperatures between 600 °C and 1000 °C (Nemetz et al. 2019, 2020, Kagnaya et al. 2011,
Schedler 1988). At room temperature, WC-Co hardmetals exhibit high strength and ductility.
However, at increased temperatures, the strength decreases and thermally activated processes have
to be considered, which cause time dependent effects. Hence, an engineering based understanding
of the creep properties of WC-Co hardmetals is necessary next to an understanding of time-
independent properties.

Literature defines creep as time-dependent plastic deformation at constant stress and
temperature (Roesler et al. 2007). Usually the temperature influence on creep is expressed as ratio
of applied temperature 7' to melting temperature 7m, which is used to calculate the temperature
where creep processes are expected to be active. For metals, it is well known that creep processes
are active at temperatures above 30% to 50% of absolute Tm (Biirgel et al. 2011). In case of
ceramics and two-phase composites, they are activated at temperatures greater than or equal to 50%
of absolute Tw (Biirgel et al 2011, Sherby et al 1968). According to section "Fracture
Mechanisms", creep-loaded specimens exhibit subcritical crack growth and deformation is mainly
carried by the Co-phase. Hence, the point at which creep processes are active in WC-Co hardmetals
is estimated based on the 7 of the Co-phase. However, the Co-phase contains additional elements,
primarily tungsten and carbon atoms. Hence, the Tn is used from the composition of W-C-Co with
Tm = 1280 °C (1553.1 K) (Schedler 1988). The critical temperature, above which creep processes
must be considered in WC-Co hardmetals, is 500 °C (773.15 K), corresponding to a 7/T ratio of
about 0.5.
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In literature, creep has been studied in WC-Co hardmetals starting at 500 °C up to over
1000 °C. Investigations were performed under bending (Lay et al. 1987, Schmid et al. 1988, Lay
et al. 1984, Han et al. 2009, Ostberg et al. 2006a, Buchegger et al. 2013, Ueda et al. 1977),
uniaxial compression (Smith et al. 1968, Useldinger et al. 2017, Roebuck et al. 1982, Sakuma et
al. 1992, Yousfi et al. 2015, Lay et al. 1987) and tensile loading (Ueda et al. 1975, Mingard et
al. 2021, Doi et al. 1984, Wirmark et al. 1986, Lee et al. 1997, Roebuck et al. 2015) as well as
indentation (Zunega 2013, Roebuck et al. 1988, 1982). Tests were mostly performed as standard
creep tests, where the specimens are loaded under constant stress and temperature for a period of
time.

To consider the effect of load or temperature variations during creep experiments, tests with
gradually increasing loads, cyclic mechanical loading or temperature gradients were performed for
metallic and ceramic materials (Dowling 2012, Giannopoulos et al. 2011, Miller 2000, Goti et
al. 2012, Kim et al. 2017, Mingard et al. 2021, Roebuck et al. 2015). To observe the creep
behaviour of WC-Co hardmetals, step-loading creep tests, which are performed by incrementally
increasing the mechanical stress and holding it constant for a specified time at each stress step,
were used (Mingard et al. 2021, Roebuck et al 2015). Individual stress steps from creep
experiments are similarly examined in standard creep tests. A detailed description of creep test
with stepwise loading is presented in Publication I. This test procedure is used to investigate the
creep behaviour of WC-Co hardmetals in Publication II and Publication III. Step-loading creep
tests allow to analyse the creep behaviour of materials under different applied stresses in a time-
efficient single measurement.

Standard creep tests measure length changes of the specimen over time at constant stress
and temperature. Recorded creep curves can be classified into three regions, as shown in
Figure 6(a.). The first region corresponds to primary creep, where the creep rate € decreases
continuously, see region I in Figure 6(b.). During primary creep, the predominant mechanism is
assumed to be the generation of numerous dislocations that cannot be degraded by recovery
processes. Due to increasing dislocation density, the dislocation movements are hindered, which
leads to material hardening. Hence, the € decrease during primary creep are caused by strain
hardening effects due to the setup of a stationary dislocation structure (Biirgel et al. 2011). The
second region is called secondary creep, where the € stabilizes with increasing test time and

remains constant, see region II in Figure 6(b.). Dislocation density and strain hardening of the

15



Kathrin Maier Theoretical background

material increase to a maximum until an equilibrium is reached between externally applied load
and internal stresses due to dislocations. The dislocation density reaches a dynamic equilibrium
and stays constant over time. With increasing strain, pores and cracks form in the material
(Granacher 1991). & is determined by the region of constant slope (secondary creep stage), see
Figure 6(a.), and is used to determine further creep parameters: stress exponent » and activation
energy Q. Also, & is a measure of the materials creep strength (Kassner 2015). The & and the
creep strength are inverse proportional to each other. The last region in the creep curve is called
tertiary creep. In this region, the strain and ¢ increase again, which is attributed to microcrack
formation starting from pores and cavities, weakening structural integrity of the material (Biirgel
et al. 2011). Due to crack formation and increasing crack growth, the creep test ends with fracture
of the specimen, see the cross in region III in Figure 6(a.) and Figure 6(b.) (Kassner 2015). The
creep curve shape at one temperature and stress value depends on the test parameters: temperature,
stress and material. To investigate time-dependent processes, using creep tests for one temperature,

one stress level and one material, hours to years are often required as testing time.
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Figure 6: (a.) Creep curve defined as plot of the total strain & over time ¢ with three stages of creep
for constant temperature and stress condition: 1.) primary creep, II.) secondary or steady-state
creep, and IIL.) tertiary creep. The linear slope of the creep curve defines the secondary creep rate
& = de/dt at the stage of secondary creep. With increasing time and within the tertiary creep
stage, strain increases rapidly followed by specimen failure, marked with a cross. (b.) Displaying
the creep rate € as a function of time ¢ with the three stages of creep. Source: Own representation
based on (Roesler et al. 2007).
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Investigations of the mechanical behaviour below 1000 °C and uniaxial loading conditions
for WC-Co hardmetals are limited in literature (Smith et al. 1968, Ueda et al. 1975, Mingard et
al. 2021, Doi et al. 1984, Roebuck et al. 2015, Useldinger et al. 2017, Wirmark et al. 1986).
Compression (Smith et al. 1968, Useldinger et al. 2017) and tension (Ueda et al. 1975, Doi et
al. 1984, Mingard et al. 2021) creep tests were performed up to maximum 750 MPa. Comparing
maximum creep stresses investigated in literature with occurring operating stresses, these from
literature are far below operational stresses, for example, about 1000 MPa occur during milling
(Nemetz et al. 2019). Further, WC-Co hardmetals of different compositions, hard phase to binder
phase ratio, react differently to external loads, hence not all types of WC-Co hardmetals are suitable
for certain practical applications (Schmid 1987). In literature, various WC-Co hardmetal grades
have been investigated with respect to creep behaviour: grades with WC grain sizes from
submicron to coarse (0.5 pm to 5.0 um) with Co-contents up to 20 wt.% (Smith et al. 1968, Roebuck
etal. 1982, Useldinger et al. 2017, Ueda et al. 1975, Doi et al. 1984, Wirmark et al. 1986, Mingard
etal. 2021). Figure 7(a.) and Figure 7(b.) show WC-Co hardmetal grades for uniaxial compression
and tensile creep tests up to 1000 °C from literature in comparison to investigated grades of the
current thesis. Grades with 12 wt.% Co and WC grain sizes smaller than medium are still lacking
in literature. Further ultrafine WC-Co hardmetal grades were hardly studied under creep. Thus, the
current thesis investigates into the tension and compression creep behaviour of WC-12 wt.% Co

hardmetals with an average WC grain size of 0.4 um, 0.7 pm and 2.0 pm.

Creep deformation and mechanisms occurring for metals as well as for hardmetals are
related to the steady-state (secondary) creep rate &. The following Equation (1) is often used to
describe the creep behaviour of different materials at steady-state &g (Kassner 2015):

gg=Aom e /RT (1)
with the material constant 4, o the applied stress, the stress exponent n, Q the activation energy,

R the gas constant and 7 the test temperature.
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Figure 7: Investigated WC-Co hardmetal grades in literature under uniaxial (a.) compression- and
(b.) tension creep tests between 600 °C and 1000 °C compared to investigated grades in Publication
IT and Publication III at 700 °C and 800 °C in the current thesis (blue - circle). Uniaxial compression
creep tests were performed by Smith1968 (Smith et al. 1968) between 800 °C to 1000 °C, by
Roebuck1982 (Roebuck et al. 19582) at 600 °C and by Useldinger2017 (Useldinger et al. 2017)
between 800 °C to 950 °C. Uniaxial tensile creep tests were performed by Uedal975 (Ueda et
al. 1975) between 750 °C to 950 °C, by Doi1984 (Doi et al. 1984) between 750 °C to 900 °C, by
Wirmark1986 (Wirmark et al. 1986) and by Mingard2021 (Mingard et al. 2021) between 800 °C

to 900 °C.
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Stress exponent n and activation energy Q are used to estimate which creep mechanism is
dominant at which stress o and temperature 7. To determine » and Q, € is plotted over o or 1/T in
double logarithmic manner. However, the dominant creep mechanism depends on the applied o, T
and material composition (Kassner 2015).

Creep mechanisms of WC-Co hardmetals have been identified based on studies on
hardmetal microstructure, creep rates, stress exponents and activation energy. The following
presents the state of the art on understanding creep mechanisms of WC-Co hardmetals for
maximum uniaxial compression and tension stresses up to 750 MPa (Ueda et al. 1975, Doi et
al. 1984, Wirmark et al. 1986, Smith et al. 1968) between 750 °C to 1000 °C. Below 1000 °C, in
the case of uniaxial creep tests, a distinction is made between low-stress creep (load stresses below
400 MPa) and high-stress creep (load stresses above 400 MPa) (Ansell et al. 1959).

At low-stress creep, a stress exponent value of n = 1 has been observed, which has been
associated with diffusion processes in the Co-phase around WC grains (Ueda et al. 1975, Smith et
al. 1968, Lay et al. 1987). At low stresses only a low dislocation density develops, hence creep
deformation due to dislocations can be neglected (Biirgel et al. 2011). Diffusion creep is based on
vacancy migration where grain boundaries serve as sources and sinks for vacancies. Diffusion
creep can be classified as Coble- and Nabarro-Herring creep. The former refers to diffusion of
vacancies and atoms along grain boundaries, while Nabarro-Herring creep refers to lattice diffusion
in the grain volume. Both depend on temperature and grain size of the material. At low
temperatures, Coble-creep dominates in materials because lower activation energy is required for
grain boundary diffusion. In contrast, at high temperatures Nabarro-Herring creep dominates
(Biirgel et al. 2011).

n-values from 2 to 6 were observed at high stress creep, which are associated with WC grain
boundary sliding at n = 2-3 and dislocation creep with looping as well as dislocations climbing
around WC grains for n = 3 (Ueda et al. 1975, Smith et al. 1968, Useldinger et al. 2017, Doi et
al. 1984, Wirmark et al. 1986, Lay et al. 1987, Biirgel et al. 2011). Diffusion creep and grain
boundary sliding depend on the WC grain size of the investigated WC-Co hardmetal grade. The

coarser the grains, the lower the proportion of grain boundary creep.
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WC grain size and Co-content have been noticed to influence the £ of WC-Co hardmetals
(Lay et al. 1987, Lee 1995, Sakuma et al. 1992, Lay et al. 1984, Smith et al. 1968, Doi et al. 1984,
Osterstock 1983, Wirmark et al. 1986). The & directly relates to the amount of Co-content in
WC-Co hardmetals (Smith et al. 1968, Osterstock 1983, Wirmark et al. 1986). The Co-phase
creeps faster than the WC grains (Lay et al. 1984). As mentioned above, the material’s grain size
influences diffusion creep and grain boundary sliding. Hence, with decreasing WC grain size the
amount of grain boundary areas per unit volume increases, which is favourable for diffusion
processes at WC grain boundaries. However, the influence of the WC grain size on &g is related to
applied temperature and applied stress (Smith et al. 1968, Lay et al. 1987, Roebuck et al. 1988, Doi
et al. 1984, Useldinger et al. 2017, Wirmark et al. 1986). & increases with increasing WC grain
size up to 400 MPa and below 900 °C (Osterstock 1983, Wirmark et al. 1986, Doi et al. 1984, Ueda
et al. 1975, Abe et al. 2008). Above 900 °C and stresses up to 400 MPa, & increases with
decreasing WC grain sizes (Osterstock 1983, Wirmark et al. 1986, Doi et al. 1984, Smith et
al. 1968).

The creep mechanisms, as described above, were identified by standard creep tests for
WC-Co hardmetal grades with different average WC grain size and varying Co-content at
temperatures up to 1000 °C under compressive or tensile stresses up to 750 MPa. Different n-values
were observed at different applied stresses, which indicates a change in the creep mechanism when
varying the load stress. In literature, differences between tensile and compressive creep tests below
1000 °C are not discussed. Deviations between stress-strain creep behaviour in tension compared
to compression loading of WC-Co hardmetals has only been investigated by Roebuck et al.
(Roebuck et al. 2015) in alternating uniaxial tension and compression tests on WC-Co hardmetals
at 1000 °C. An asymmetric behaviour was observed by Roebuck et al., where € under tension was
significantly higher than under compression for the same load. However, no microstructural studies
were performed (Roebuck et al. 2015). Hence, responsible mechanisms for the strain asymmetry
in the WC-Co hardmetal microstructure are not known. However, cavities are reported to form at
WC/Co phase boundaries during tension and compression creep tests above 800 °C (Mingard et
al. 2021, Ueda et al. 1975, Yousfi et al. 2015). Also, formation of Co-phase lamellae at WC/WC
grain boundaries was observed (Yousfi et al. 2015). Further, strain asymmetry was noticed in
ceramics and attributed to accelerated specimens failure under tension (Hoffmann et al. 1994,

Morrell et al. 1973, Wiederhorn et al. 1991, 1988, Birch et al. 1978). For WC-Co hardmetals,
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except at 1000 °C, no publications have been found that compare compression and tension creep.
However, such investigations are necessary to understand the existence of varying n-values at
different applied stresses below 1000 °C. Hence, Publication II of the current thesis investigates
the tension-compression strain asymmetry at 700 °C and 800 °C for a WC-10 wt.% Co hardmetal
grade. Temperatures of 700 °C and 800 °C were selected to mimic realistic temperatures during
applications in milling operations. Besides compression and tension creep tests, Publication II, the
microstructure at the onset of strain asymmetry was investigated using scanning electron
microscope and electron backscatter diffraction.

As described above, creep behaviour of WC-Co hardmetal grades between 500 °C and
elevated temperatures was investigated in literature, but only low stresses, far below the range of
tool application, were considered. Also, only a few results from uniaxial tests above 750 MPa under
compression or tension are available. Figure 7(a.) and Figure 7(b.) show investigations on WC-Co
hardmetal grades with 12 wt.% Co and WC grain sizes smaller than medium are still lacking.
Further ultrafine WC-Co hardmetal grades were hardly studied under creep. Thus, Publication I1I
in the current thesis investigates into the creep behaviour of WC-12 wt.% Co hardmetals with an
average WC grain size of 0.4 pm, 0.7 pm and 2.0 pm. Tests were performed at 700 °C as well as
800 °C under uniaxial tension and compression step-loading creep tests in vacuum. Further, the
ultrafine-grained WC-Co hardmetal grade microstructure was analysed under compression creep
tests at 800 °C after defined stress levels with respect to creep mechanism and damage development

prior to failure.
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2.3. Cyclic Behaviour at Elevated Temperature

The following section deals with relevant topics on cyclic tests, hysteresis loops and damage
indicators, which are necessary to understand the results of the current thesis. Description of
fatigue, characteristics of cyclic stress-strain-hysteresis loops and damage indicators used for
diagnose damage development is based on explanations in Publication IV and Publication V

included in the current thesis.

New materials and faster processing push WC-Co hardmetal tools to their property limits.
Hence, several research groups studied their mechanical properties (Ostberg et al. 2006a, Novikov
et al. 2007, Teppernegg et al. 2016), deformation mechanisms (Buss 2004, Ueda et al. 1975, Han
et al. 2009, Lay et al. 1987), microstructure changes (Ueda et al. 1977, Gottschall et al. 1980, Lay
et al. 1987) and performance characteristics (Nemetz et al. 2018, Amin et al. 2007) at elevated
temperatures under various test conditions. Hence, material behaviour of WC-Co hardmetals and
damage development via monotonically increasing or cyclic loading at room temperature has been
extensively studied. At elevated temperature, cyclic tests were carried out via bending at R = -1 up
to 900 °C in air (Kindermann et al. 1999) and uniaxial loading under R = -o0 at 600 °C and 700 °C
in vacuum (Tritremmel et al. 2017). Cyclic tests were carried out to investigate into fatigue material
behaviour and fatigue material strength (Gee et al. 2014, Roebuck et al. 1988, Schleinkofer et
al. 1996a, Llanes et al. 2014, Kliinsner et al. 2010b, Kindermann et al. 1999).

Fatigue is defined as progressive and localized damage in materials which occurs during
cyclic loading (Biirgel et al. 2011), these cracks originate and grow at small loads, which are below
monotone failure loads. Fatigue behaviour of WC-Co hardmetals is evaluated by plotting the cyclic
stress over the number of load cycles to failure, which is known as Wohler curve. This
characteristic is used to determine the fatigue material strength, which is the maximum stress a
material withstands fatigue failure for a given number of load cycles.

However, no study analysed early stage of damage in WC-Co hardmetals, like nanopore or
cavity formation, during cyclic loading. To evaluate early stages of damage under cyclic loading,
parameters are required that allow to diagnose fatigue processes in materials. Following parameters
are often mentioned for this purpose in literature: stiffness, hysteresis loop area, plastic strain
amplitude or strain asymmetry over cyclic loading duration. These parameters are also referred to

as damage indicators, for diagnose damage in materials at an early stage, as they are regarded as
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driving forces for damage (Chowdhury et al 2018, Orth et al 1993, Tan et al 2010,
Lemaitre 1984). Therefore, technical terms and phenomenological considerations on the behaviour
of material response under cyclic loading are presented in the following.

During cyclic tests, specimens are cyclically loaded: strain-controlled or stress-controlled.
Closed cyclic stress-strain-hysteresis loops are recorded until specimen failure, see Figure 8, from
which certain characteristic parameters can be measured, calculated and related to common
material behaviour. Measured parameters are for example maximum and minimum applied test
stress (Omax and Omin) Or strain (&max and &min), While calculated characteristics are mean stress
Om = (Omax T Omin)/2, stress range Ac = Omax - Omin, Stress amplitude oz = Ao/2, mean strain
&n = (&max T &min)/2, total strain range As = &max - &min, Strain amplitude & = Ag2 or

Young’s modulus E.
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mean strain &m, stress range Ao or total strain range Ag, stress amplitude oa or strain amplitude &
and Young’s modulus E. Source: Own representation based on (Biirgel et al. 2011, Christ 1991).

By applying symmetric loading, a well-known material response is hardening or softening.

Which one of the two effects is observed depends on the mechanical history of the material.
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Materials that are annealed or soft prior to cyclic loading exhibit tendencies of hardening, which is
caused by formation and accumulation of mobile dislocations, at immobile dislocations and large-
angle grain boundaries. Higher stresses are required to further move dislocations and thus deform
the material, due to hindered dislocation mobility, pinning effect. In contrast, massively pre-formed
material tend to soften due to cyclic testing (Merkel et al. 2008).

Figure 9(a.) to Figure 9(f.) show the two different materials responses for stress-controlled
and strain-controlled experiments based on the time histories of stress and strain, influence on the
stress-strain-hysteresis loop and cyclic deformation curves. In case of a stress-controlled test and
material softening (hardening), an increase (decrease) of the plastic strain amplitude A&, (width of
the hysteresis loop at o = 0) with increasing number of load cycles can be recognized. In
strain-controlled tests, decreasing (increasing) elastic strains are a result of softening (hardening)
processes causing a decrease (increase) in stress amplitude (Fancher 1968, Reik et al. 1979,
Schmiedt-Kalenborn 2020).

In addition to changes in the plastic strain amplitude, also the hysteresis loop area changes,
see Figure 9(b.) and Figure 9(e.). According to Fancher et al. and Kliman et al., the area of the
stress-strain-hysteresis loop is defined as: "Specific damping energy is the amount of energy
dissipated in a unit volume of material per cycle and is simply the area inside the stress-strain
hysteresis loop (Fancher 1968)” and "A cyclically loaded material absorbs a certain amount of
energy AW in every cycle, which is usually characterized by a hysteresis loop area (Kliman et
al. 1984)”. From a physical point of view, the energy dissipation occurs mainly by diffusion of

point defects and the movement of dislocations (Roesler et al. 2007).

24



Kathrin Maier Theoretical backeround

Stress-controlled

(a.) (b.)

GT/\/\/W%,
VUL

AG = const

Strain-controlled

(d) €) | ot .4 (f)

€
NN Y | fdeni
‘ \/ \/ \/ t L7 & el softening

raid

Ag = const.

Figure 9: (a.) to (c.) is a stress-controlled and (d.) to (f.) strain-controlled experimental setup for
cyclic testing. (a.) and (d.) represent the time evolution of strain and stress. (b.) and (e) show the
influence on the hysteresis loop in a stress-strain-diagram. Blue coloured hysteresis loop after
higher number of cycles compared to the white coloured hysteresis loop indicates cyclic hardening.
(c.) and (f.) summarize the changes of stress and strain amplitudes due to cyclic loading in case of
material hardening and softening. Source: Own representation based on (Reik et al. 1979).

Another effect is cyclic creep, called ratcheting, by asymmetric cyclic loading under stress-
controlled experimental conditions (Christ 1991, Biirgel et al. 2011). In this context, asymmetric
means the experimental procedure is carried out with a mean stress greater than zero. Generally,
cyclic creep is defined as gradual accumulation of inelastic strain, cycle by cycle, which is
attributed to time-independent and time-dependent plasticity mechanisms during the loading and
unloading process (Chaboche et al. 1989, Lin et al. 1969). When cyclic creep occurs under cyclic
loading, the hysteresis loops between the stress limits shift along the strain axis with increasing
number of load cycles. Hence, the strain increases without stabilization at a certain strain value
(Weif3 et al. 2004). Figure 10 shows cyclic creep, based on the time histories of strain and stress,
and the influence on the stress-strain-hysteresis loop. In literature, the occurrence of cyclic creep
is considered to be a significant factor in material failure (Chaboche 2008, Kang et al. 2006), which
is associated with pores and cavities formation (Rider et al. 1995, Weifs et al. 2004).
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Cyclic creep or ratcheting

(a.) (b))

const.

Ao

Figure 10: (a.) to (c.) stress-controlled experiment with mean stress greater than zero under cyclic
testing and occurrence of cyclic creep. (a.) and (c.) represent the time evolution of stress o and
strain & respectively. (b.) shows the influence on the hysteresis loop in a stress-strain-diagram.
Source: Own representation based on (Christ 1991).

Another effect on strain with increasing number of load cycles during cyclic loading is the
tension-compression-strain asymmetry, as mentioned in the section “Creep Behaviour”. With
increasing number of load cycles, higher strains are reached faster under tension than under
compression within one load cycle. Due to the fast increase of tensile strain, a stress-strain-
hysteresis loop tilting occurs under tensile loading, see Figure 11, which is linked to a Young's
modulus £ change with increasing number of load cycles (Lemaitre et al. 2005). Thereby, the
decreasing in stiffness with increasing number of load cycles is caused by microdefects, such as
pores and cavities. Further, strain asymmetries are attributed to accelerated microdefect formation
under tension compared to compression, as reported for ceramic materials in (Hoffmann et al. 1994,

Morrell et al. 1973, Wiederhorn et al. 1991, 1988, Birch et al. 1978).

max

Stress o [MPa]

— o-¢-hysteresis loop

min

Strain & |

Figure 11: Tension-compression strain asymmetry evolution within 10 load cycles under
stress-controlled cyclic loading with mean stress om = 0 MPa and test temperature at 800 °C.
Source: Stress-strain hysteresis curve originates from own results.
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In literature, the aim of the cyclic loading tests and the understanding of fatigue in WC-Co
hardmetals was on the one hand to improve the performance of components and on the other hand
to predict their lifetime. However, less cyclic tests at elevated temperature under uniaxial
conditions have been performed in literature to analyse the cyclic stress-strain behaviour of
hardmetals. The stress-strain response for one hardmetal grade for only three load cycles at R = -1
at 1100 °C were investigated in (Roebuck et al. 2015). During the three load cycles a small
maximum stress of 110 MPa was applied. Additionally, at 600 °C and 700 °C, stress-strain
hysteresis was investigated for one WC-Co hardmetal grade up to 5000 load cycles at R = -c0 up to
high applied stress ranges of 2900 MPa and 3500 MPa (Tritremmel et al. 2017). Cyclic stress-strain
hysteresis loop changes over testing time are only reported in (Kliinsner et al. 2010b, Tritremmel
et al. 2017). Both research works performed cyclic tests at R =-co, but at different temperatures.
Investigations at room temperature were performed in (Kliinsner et al. 2010b) and at elevated
temperatures in vacuum in (7ritremmel et al. 2017). Based on cyclic stress-strain hysteresis loops,
strain ratcheting was observed and additionally, in (Tritremmel et al. 2017), the damage behaviour
after cyclic tests was examined.

Besides various studies on fatigue strength, only a few studies on cyclic stress-strain
hysteresis loop changes, such as strain ratcheting, are available in literature for WC-Co hardmetals.
In addition, there are no data available on limit stresses beyond which changes in the characteristic
features of the stress-strain hysteresis loop occur, such as loop area, amplitude of plastic strain, or
strain asymmetry. Further, no investigations were performed on damage development under cyclic
loading, including creep at elevated temperature. Hence, Publication IV and Publication V of the
current thesis focus on damage development before specimen failure under cyclic loading for two
stress ratios at R = -oo and -1 at 700 °C and 800 °C. To diagnose damage development before
specimen failure, the damage development which may lead to failure of the component was

associated with different measurement data, as loop area or plastic strain amplitude.
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3. Aims and Main Tasks of the Thesis

The aim of the thesis was to experimentally investigate the mechanical response and
damage behaviour of six WC-Co hardmetal grades during subcritical crack growth before specimen
failure. Tests were performed under uniaxial cyclic loading conditions at R = -0 and R = -1 and at
700 °C as well as at 800 °C in vacuum. Additionally, step-loading creep tests were used to test the
WC-Co hardmetal specimens at the same temperatures in vacuum. Special attention was paid to
application-relevant loading and temperature conditions occurring at the cutting edge of milling
inserts for steel and titanium work pieces. The thesis is composed of five own publications. Goals,
challenges, methodological approaches and results for each publication are explained in more detail

below.

Publication I - Uniaxial step-loading test setup for determination of creep curves of

oxidation-sensitive high strength materials in vacuum under tensile and compressive load

Publication I focused on a test setup for high strength materials to apply monotonic
increasing or cyclic loads as well as to perform uniaxial step-loading creep tests at elevated
temperatures. Special attention was paid to uniaxial tension and compression step-loading creep
tests for one WC-Co hardmetal grade, which were performed using a specific specimen geometry.

A detailed understanding of the creep behaviour under high load and elevated temperature
is required for evaluating materials in case of long-term applications. Different test types are used
in literature to perform creep experiments: bending, tension, compression or indentation at constant
stress and temperature conditions. However, WC-Co hardmetal tools are repeatedly loaded and
unloaded as well as exposed to load and temperature fluctuations during applications. Additionally,
special test setups are required for high-temperature testing due to the high oxidation tendency of
WC-Co hardmetals in ambient atmospheres and high strength.

Uniaxial tension and compression step-loading creep tests were performed via a servo-
hydraulic testing machine under isothermal conditions at 700 °C in vacuum for a WC-12 wt.% Co
hardmetal grade with an average WC grain size of 0.7 um. Induced eddy currents and
thermocouples were used for heating and temperature control within the specimen gauge length.

Compared to conventional creep tests, mechanical stress is increased stepwise and the stress is kept
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constant for 500 s at each stress step. Strain gauge length was contactless measured with a laser
extensometer.

A specific geometry with a non-constant specimen diameter was used to avoid buckling
under compression. Hence, the specimen cross-section changes over the test range, the
experimentally determined strain values were corrected using finite element simulations. Under
tensile and compressive loading, creep rates were determined at each stress level. Creep rate
minima were observed under tension above a stress of 500 MPa and under compression above
-700 MPa, which were interpreted as secondary creep rate. Step-loading creep tests allow to

investigate creep behaviour of high-strength materials in a time-efficient single measurement.

Publication II - A physical reason for asymmetric creep deformation behaviour of

WC-Co hardmetal under tension and compression loading at 700 °C and 800 °C

Aim of Publication II was the experimental determination of strain asymmetry in uniaxial
step-loading creep test according to Publication I, which leads to different stress-strain response of
WC-Co hardmetal grades under tension and compression loading at elevated temperature. At
stresses above the limit stress, tensile strain values were observed to be higher than compressive
strain values with increasing stress, resulting in a tension-compression strain asymmetry. Special
attention was paid to microstructural changes just prior and above the onset of the strain asymmetry
and the associated physical reasons for the strain asymmetry at the microstructural scale.

WC-Co hardmetals are used as tool material for chipping different kinds of materials,
whereby high temperatures occur during the machining process. A few studies available in
literature have investigated strain asymmetry at temperatures below 1000 °C for WC-Co
hardmetals under uniaxial loads. Unfortunately, they did not consider the microstructural changes
that are believed to be the cause of strain asymmetry in the WC-Co hardmetals.

Hence, Publication II focused on investigating the strain asymmetry of a WC-10 wt.% Co
hardmetal grade with an average WC grain size of 2.0 um after tension and compression uniaxial
step-loading creep tests at 700 °C and 800 °C. Two test series were performed, where specimens
were loaded to defined strain limits for both investigated temperatures and specimens were loaded
in steps up to 300 MPa under tension and compression at 800 °C, respectively. To investigate the
physical reasons of the strain asymmetry, the specimen microstructure for the latter test series was

analysed by scanning electron microscopy (SEM) and electron backscatter diffraction (EBSD).
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Strain asymmetry for tensile and compressive stresses was observed when exceeding a limit
stress of 600 MPa at 700 °C and above 250 MPa at 800 °C. From microstructural analyses it can
be concluded, that the physical reason for strain asymmetry was a larger number of cavities formed
at WC/WC interfaces and at WC/Co phase boundaries under tension than under compression.
Additionally, step-loading creep tests revealed that parts of the fcc Co-phase have transformed into
hep Co-phase. Next to phase transformation of the Co-phase, plastic straining were observed to be
mainly carried by the Co-phase. However, no indications for plastic strains or changes in the crystal

orientation of the WC phase were observed.

Publication III - Creep behaviour of WC 12 wt.% Co hardmetals with different WC grain

sizes tested in uniaxial tensile and compression step-loading tests at 700 °C and 800 °C

In Publication III, the creep mechanisms and creep resistance under tension and
compression were experimentally investigated by performing uniaxial step-loading creep tests,
according to Publication I for three different WC-12 wt.% Co hardmetal grades at 700 °C and
800 °C. For all investigated hardmetal grades a time-dependent creep behaviour with stationary
secondary creep was observed for stresses above =150 MPa at both temperatures. Special attention
was paid to the WC grain size influence on creep resistance with increasing temperature and the
damage evolution with increasing stress levels. Creep strength of WC-Co hardmetal grades
strongly depends on the WC grain size, as mechanism changes were noticed at low stresses with
increasing temperature.

Depending on the WC grain size and the Co-content and due to differences in the chemical
composition and microstructure of hardmetals, different material properties such as strength or
creep resistance are observed. Creep studies under uniaxial conditions and temperatures below
1000 °C, have been performed on grades with WC grain sizes ranging from 0.5 pum to 4.5 um with
Co-contents ranging from 3 wt.% to 20 wt.%. However, there are only sparse concerning creep
behaviour of WC-Co hardmetals under 900 °C and uniaxial loading conditions above 750 MPa.
Literature also lacks on results at grades with 12 wt.% Co and an average WC grain size smaller
than 2.5 pum.

Hence, in Publication III uniaxial tension and compression step-loading creep tests were
performed for three WC-12 wt.% Co hardmetal grades with an average WC grain size of 0.4 um,
0.7 pm, and 2.0 pm at 700 °C and 800 °C in vacuum. Further, the ultrafine-grained
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WC-12 wt.% Co hardmetal was investigated under compression at 800 °C up to different maximum
stress levels of -350 MPa, -950 MPa and -1350 MPa using three single specimens in order to
investigate the microstructure changes in detail.

During creep tests at 700 °C and 800 °C, two stress exponent intervals were observed,
where a value of 1 was determined at low stresses and values between 4 and 6 above a critical
stress level. A stress exponent of 1 was associated with diffusion processes in the Co-phase around
WC grains and above 4 with dislocation creep in the Co-phase. At 700 °C and 800 °C, the
medium-grained grade exhibit the highest creep rates & compared to submicron- and
ultrafine-grained grades. Additionally, a shift of the & values to higher values was observed for
the ultrafine-grained grade at low stresses at 800 °C, resulting that the submicron-grained grade
has the highest creep resistance at 800 °C. The increase in &g of the ultrafine-grained grade was
attributed to the large number of grain boundary area per unit volume compared to the
submicron-grained grade, promoting vacancy diffusion at grain boundaries. Further, under tensile
loading, all specimens creep faster than under compressive loading, since cavities are preferentially
formed, as reported in Publication II. Microstructural analyses of the ultrafine-grained grade
revealed that above the investigated stress levels of -950 MPa and -1350 MPa, damage occurs in
the form of nanopores as well as cavities, and these are larger and numerous when loaded up to the

latter level.

Publication IV - Strain ratcheting limit stresses as a function of microstructure of
WC-Co hardmetals under uniaxial cyclic loads under a stress ratio of R = -0 at elevated

temperatures

The goal of Publication IV was the experimental determination of limit stresses for different
WC-Co hardmetal grades, above which advancing strain ratcheting is observed during uniaxial
cyclic compression tests at 700 °C and 800 °C. Special attention was paid to microstructural
changes which are connected with the onset of advancing ratcheting and on the resulting
development of damage at the microstructure scale. At stresses below the limit stress, plastic strain
per cycle decreases and plastic strain accumulation (strain ratcheting) stops after a characteristic
number of load cycles. Above the limit stresses, advancing strain ratchetting was observed where
strain stabilization does not occur and promotes the formation of cavities and nanopores at phase

triple points, WC/WC grain boundaries and WC/Co interfaces.
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To study mechanical properties of WC-Co hardmetals, monotonically increasing and cyclic
loads at room temperature and elevated temperatures were carried out in literature. The fatigue
behaviour of hardmetals was reported in literature for various stress ratios R = Omin/ Omax. However,
no detail results are available regarding the limit stresses above which strain ratcheting occurs
under cyclic compressive loading at elevated temperature.

Hence Publication IV investigated the influence of increasing stresses, the WC grain size
and the Co-content on the strain evolution. For this purpose, six WC-Co hardmetal grades were
tested under uniaxial cyclic compression at a stress ratio of R = -o0 and varying stress ranges Ao at
700 °C as well as 800 °C in vacuum. The investigated grades differ in their WC grain size (0.4 pm
to 2.0 um) and Co-content (6 wt.% to 12 wt.%). SEM was used to investigate the microstructural
changes of the WC-10 wt.% Co (WC size 2.0 pm) hardmetal grade and the response of the WC-
and Co-phase by EBSD at loading stresses below and above the limit stresses for advancing
ratcheting at 700 °C.

Strain stabilization was observed in low stress ranges, whereas advancing strain ratcheting,
without strain stabilization, occurred with increasing number of loading cycles above a critical
stress range Aoe. In this way, lower and upper cut-off values of limit stresses were determined for
all investigated WC-Co hardmetal grades. At 700 °C, the highest limit stress, 4o = 2500 MPa, was
reached for the grade with the lowest Co-content and submicron-sized WC grains. While at 800 °C
the limit stress drops to about 4o = 1000 MPa for the three investigated submicron-grained
hardmetals with Co-contents between 6 wt.% and 12 wt.%. Specimens with the lowest limit stress
range at 700 °C and 800 °C are WC-Co hardmetal grade with highest Co-content and medium-
grained WC grain size. Beside nanopores and cavity formation, Co-phase transformation from fcc
to hcp was observed at stress ranges exceeding the limit stress range, but no plastic deformation
occurs in WC grains.

Additionally, a continuously advancing strain ratcheting was observed for the ultrafine-
grained WC-12 wt.% Co grade at smaller Ao than for the submicron-grained grade at 800 °C. The
smaller limit stress was attributed to a mechanism change due to the smaller WC grain size than in
the submicron-grained grade. A mechanism change was also observed in Publication III for creep
experiments for the same WC-Co hardmetal grades below 1000 MPa at 700 °C and 800 °C, see

comparison between cyclic and creep tests in Figure 12(a.) to Figure 12(d.).
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Figure 12: (a.) and (b.) Residual strain &es at zero stress after loading with R = -oo for three WC-Co
hardmetal grades at 700 °C and 800 °C over load cycles N, respectively. The specimens were
loaded at stress ranges Ao = 750 MPa, 1000 MPa, 1500 MPa and 2000 MPa at 700 °C and at
Ao =500 MPa, 750 MPa, 1000 MPa at 800 °C. (c.) and (d.) show compression step-loading creep
curves at 700 °C and 800 °C of the same three WC-Co hardmetal grades as for the cyclic test,
respectively. In addition to the step-loading creep curves in (c.) and (d.), the corresponding applied
stress levels (grey lines) are shown; grey dotted arrows indicate the final stress level.

The letters in the material abbreviations refer to the average WC grain size: U = ultrafine
(blue - star), S = submicron (red - circle) and M = medium (dark yellow - triangle), according to
the ISO standard (ISO 4499-2 2008), and the numbers after the letters indicate the Co-content: 12
wt.%. Source: The images originates from own results. Similar representations of (a.) and (b.) are
published in Publication III as Figure 3(a.) and Figure 3(b.). (c.) and (d.) are published in
Publication IV as Figure 2(a.) and Figure 2(b.).
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Publication V - Damage indicators for early fatigue damage assessment in WC-Co

hardmetals under uniaxial cyclic loads at a stress ratio of R = -1 at elevated temperatures

Publication V focused on experimental development of stress-strain-hysteresis loops for
determining damage indicators for uniaxial symmetric cyclic tests, using the test setup described
in Publication 1. Special attention was paid to microstructural changes with increasing number of
load cycles in correlation with stress-strain-hysteresis loop parameters and the resulting damage
development at the microstructure scale. From observed results, the hysteresis loop area as well as
the tension-compression-strain asymmetry increased with increasing stress amplitudes,
temperature and number of load cycles. Further, the increase of both parameters with increasing
number of load cycles could be related to the nanopore and cavity formation at WC/WC interfaces
as well as at WC/Co phase boundaries. Hence, the hysteresis loop area and the strain asymmetry
are reliable and meaningful damage indicators for bulk material damage.

A better understanding of the failure mechanisms of WC-Co hardmetals under chipping
application conditions and the ability to diagnose damage development are key factors to
understand the limits of endurable cyclic loads at a certain temperature. However, studies in
literature are missing about examination of stress-strain hysteresis loops and damage indicators
under cyclic loading at elevated temperature.

Publication V discusses the damage formation with increasing number of load cycles and
the effect on stress-strain-hysteresis loops for two WC-10 wt.% Co hardmetal grades with an
average WC grain size of 0.7 um and 2.0 pm. For this purpose, specimens were loaded under
uniaxial cyclic tests at R = -1 at 700 °C and 800 °C in vacuum. The microstructure of the grade
with an average WC grain size of 2.0 um was analysed by SEM and EBSD after cyclic testing up
to defined numbers of load cycles at a stress amplitude of 1000 MPa at 800 °C in order to study
damage evolution at microstructure level.

Based on stress-strain hysteresis loops, increasing loop areas and tension-compression-
strain asymmetries with increasing number of load cycles were observed for specimens which
failed during cyclic testing at 700 °C and 800 °C. Further, at 800 °C specimen failure occured
earlier than at 700 °C. Besides increasing in hysteresis-loop area and strain asymmetry, cyclic creep
was also clearly observed at 800 °C. In addition to the correlation of microdefect formation with
increasing hysteresis-loop area and strain asymmetry with increasing load cycles, EBSD data

revealed that the fcc Co-phase transformed into hcp Co-phase under cyclic loading.
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4. Summary and Conclusions

The focus of the present thesis is to provide a sound basis and methodological foundation

for the knowledge-based design and optimization of WC-Co hardmetals for machining processes.

Cyclic and step-loading creep tests were used to establish a correlation between
experimental data, limit stresses, damage indicators, and early damage formation. Table 1 lists the
damage indicators determined and their relationship to the experimental data and material response
during loading. Figure 13 shows the determined limit stresses, above which strain ratchetting
occurs, at R = -oo for both investigated temperatures 700 °C and 800 °C. These values are selected,
because they are below the usual investigated temperature range in literature, but are typical for
many WC-Co hardmetal application areas. Damage development at the microstructure scale during
cyclic- and step-loading creep tests showed evidence of early damage at phase triple points,
WC/WC grain boundaries and WC/Co interfaces. Based on defined limit stresses, limit stress maps
of damage initiation in the bulk material were developed in order to optimize WC-Co hardmetal
for chipping processes. Additionally, the similar material behaviour under creep and cyclic loading
of the ultrafine WC-12 wt.% Co hardmetal grade between 700 °C and 800 °C was particularly
noteworthy.

Table 1: Summary of observed damage indicators from cyclic as well as creep tests at 700 °C and
800 °C to diagnose damage development without microstructure analysis.

Load condition Effects Material behaviour

Damage indicator

Reduction of stiffness
under tension compared to
compression due to
microcracks and micro- or

Faster increase of
strain and creep rate
under tension than

Tension-compression | Cyclic at R =-1,

strain asymmetry Creep

under compression

nanocavities.

Stress-strain-
hysteresis loop area

Cyclicat R =-1

Plastic strain
amplitude and loop
area increase

Material hardening or
softening due to cyclic

plastic straining
Continuous accumulation
of ratcheting strain; crack
initiation and propagation
without stabilization at a
certain strain value.

Hysteresis loops shift
between stress limits
along mean stress

Cyclic at R = -1
and R = -

Strain ratcheting /
Cyclic creep
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A --/\ Upper limit stress - Onset of strain ratchetting

WV—-/ Lower limit stress - Strain stabilization

Figure 13: Determined limit stresses, above which strain ratchetting occurs, for six investigated
WC-Co hardmetal grades studied at R = -oo and 700 °C as well as 800 °C. The letters in the material
abbreviations refer to the average WC grain size: U = ultrafine, S = submicron and M = medium,
according to the ISO standard (ISO 4499-2 2008), and the numbers after the letters indicate the
Co-content: 6 wt.%, 10 wt.% and 12 wt.%. The lower limit stress (triangle facing downwards) and
upper limit stress (triangle facing upwards) for a certain loading situation are defined by the
maximum and minimum stress range values at which strain stabilization or start of strain ratcheting
were observed, respectively. However, it should be considered that the true limit stress ranges are
close to experimentally determined limit stress ranges, since stress steps of
250 MPa below 1000 MPa and stress steps of 500 MPa above 1000 MPa were used.
Source: This image originates from own results and is published in Publication IV as Figure 4(a.).

Highlights of the results from each publication are summarized briefly hereafter:

Publication I presented a uniaxial test setup for high strength materials, to perform step-
loading creep, monotonic or cyclic loading tests under tension or compression at elevated
temperatures and vacuum conditions. A hourglass shaped specimen geometry ensured that under
compressive loading specimen buckling was avoided. The application of a non-constant specimen
diameter resulted in local variation of the actual strain along the specimen length, so that
simulations have to be performed to correct the measured strains. Additionally, special attention

was paid to uniaxial tension and compression step-loading creep tests for WC-Co hardmetal grades
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at 700 °C. Performing step-loading creep tests via the uniaxial test setup, creep behaviour for
operation relevant conditions up to 3000 MPa can be investigated in a time-efficient single
measurement. The test setup was used in up-following publications to study creep and cyclic

behaviour of various WC-Co hardmetal grades.

In Publication II, uniaxial tension and compression step-loading creep tests were
performed for WC-10 wt.% Co hardmetal grade with an average WC-grain size of 2.0 um at
700 °C and 800 °C to experimentally determine strain asymmetry. The onset-stresses above which
strain asymmetry occurs at a given temperature were determined. In addition, the stresses under
compression were twice as high to achieve a similar value of creep rate as under tension at 800 °C,

which was attributed to the faster formation of microdefects under tension.

Besides strain asymmetry studies, creep mechanism and creep strength studies were
performed in Publication III. Investigations were performed under tension and compression step-
loading creep tests for three WC-12 wt% Co hardmetal grades with WC grain sizes ranging from
ultrafine to medium size at 700 °C and 800 °C. These investigations revealed stress exponents 7 of
n = 1 at low stresses and between n =~ 4 and 6 above a critical stress level. Thereby, low n-values
are associated with vacancy diffusion and high n-values with grain boundary sliding and
dislocation creep. Also, the creep rate of WC-Co hardmetals with medium and submicron WC
grain size was less affected by increasing temperature than of the ultrafine grade creep rate. Further,
microstructure analysis of the ultrafine-grained grade showed that the number of microdefects and

microdefect size increased at high stresses.

In Publication IV, cyclic tests were performed for six WC-Co hardmetal grades at a stress
ratio of R = -c0 at 700 °C and 800 °C to experimentally investigate the limit stresses for advancing
ratcheting. From microstructural analysis, it can be concluded that applied stresses above the limit
stress for the onset of advanced strain ratcheting result into nanopores and cavities formation as
well as Co-phase transformation from fcc to hep crystal structure. Therefore, it was deduced that
advancing strain ratchetting can be considered as an important indicator for the detection of early
damage. Further, limit stresses for the onset of advanced strain ratcheting for all investigated
WC-Co hardmetal grades decreased with increasing temperature. In connection with Publication
I11, also a mechanism change was assumed to occur depending on the WC grain size with increasing

temperature for the ultrafine and submicron-grained WC-12 wt.% Co hardmetal grades.
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In Publication V, the feasibility of using the evolution of stress-strain hysteresis loops as
an indicator of damage evolution was investigated for two WC-Co hardmetals at a stress ratio of
R = -1 at 700 °C and 800 °C. Microstructural analysis revealed that increasing stress-strain-
hysteresis loop areas and tension-compression-strain asymmetries correlate with the formation of
nanopores and cavities in the Co-phase and between WC/WC grain boundaries as well as with the
fce to hep Co-phase transformation. A strain asymmetry was also found in Publication II by step-
loading creep tests, caused by faster microdefect formation under tension. The results suggest that
the area of the stress-strain hysteresis loop and the tension-compression-strain asymmetry can be
considered as important damage indicators. Further, ratcheting, also called cyclic creep, was
observed with increasing temperature, which also contributed to damage formation, as reported in

Publication IV.
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5. Outlook

In the current thesis, the creep as well as the cyclic material behaviour of different WC-Co
hardmetal grades were examined at 700 °C and 800 °C. However, not all six hardmetal grades were
studied via creep, cyclic test or microstructural analysis. Hence, some research is still required to
more accurately interpret the material behaviour of the missing grades under creep and cyclic

loading.

Investigations at 700 °C and 800 °C showed that the ultrafine-grained WC-Co hardmetal
grade exhibited a significant material behaviour change at 800 °C compared to 700 °C during creep,
which was associated with vacancy diffusion due to the ultrafine WC grain size. Further
investigations for the ultrafine-grained grade, as well as for other grades, would be cyclic tests at
R =-1 and R = -0 to determine whether there is a different material behaviour compared to creep.
Additionally, in-situ tests would be useful to investigate directly the processes taking place in the
Co-binder and at WC/Co phase boundaries. To understand better the temperature influence on the
material behaviour of WC-Co hardmetals, experiments at other temperatures, such as 600 °C,

750 °C or above 800 °C, would be interesting.

To verify the identified damage indicators and the microstructure influence, further cyclic
tests at R = -1 would be useful, including other WC-Co hardmetal grades with different average

WC grain size and Co-content.

Based on the identified damage indicators, investigations regarding the residual strength of
loaded and thus pre-damaged specimens compared to virgin specimens are also of interest, as the
Co deformation behaviour has also been altered, e.g. by increasing the dislocation density, in
addition to damage such as formation of nanopores and cavities between WC/Co phase boundaries.

To this end, residual strength studies using in-situ micromechanical tensile tests would be useful.

In the WC-10 wt.% Co hardmetal grade with an average WC grain size of 2.0 pm, in
addition to the occurrence of damage at the microstructure level, an increase in hcp Co-phase at
the expense of fcc Co-phase was also observed. Thus, further studies of hardmetal grades with a
pure fce Co crystal structure (and thus a more stable fcc crystal structure) before loading would be
interesting to determine material behaviour and the differences of the damage behaviour. Since no

consistent studies of Co phase transformation due to different loading conditions were performed
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in the present work, it would be useful in the future to investigate dependencies of temperature,
composition of WC-Co hardmetal grades or loading conditions on phase transformation. One way
to investigate the temperature influence is for example in-situ high temperature testing, which
provide direct insight into temperature-dependent microstructure changes of the Co-phase and

influences by the surrounding WC grains during testing.
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