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ABSTRACT
Cemented carbide is a composite material used in applications like
cutting tools and rock drilling inserts. The material commonly consists of
WC grains embedded in a Co-rich binder phase and the material
properties strongly depend on the WC grain size. Hence, to tailor the
properties it is important to understand the fundamental mechanisms of grain
coarsening. At the same time, the higher demands on material properties today
also require new solutions. In the present work, some different aspects of
structural evolutions in cemented carbides have been investigated.
The first part of the work considers WC grain coarsening by means of size,
size distribution and shape. Some efforts of the work have been to evaluate
the effects of C-activity and initial WC powder size and distribution on the
coarsening behavior in the material using different characterization techniques,
e.g. scanning electron microscopy, and electron backscattered diffraction.
Additionally, two earlier developed models are used and evaluated with the
experimental data. The results indicate that the C-activity will affect size, size
distribution and shape of the WC grains. It was also observed that the initial
WC powder size and size distribution will have a large influence on the WC
grain coarsening. The statistical shape was found to fit a spherical
approximation but for individual grains both faceted and non-faceted shapes
was observed. Steps and planar defects were observed supporting that the
nucleation of new atomic layers is the main rate limiting mechanism for grain
coarsening.
The second part of this work considers the carbide phase stability in the
(Ti,Zr)C system. The phase stability was investigated after synthesizing and
aging a mixed (Ti,Zr)C using X-ray diffraction and different types of electron
v

microscopy techniques. A decomposed lamellar structure was found with a
composition variation of approximately 10% between the 50-75 nm thick
lamellas. The experimental investigations were supported by computational
work and the results were in good agreement. Additionally, two cemented
carbide related systems were studied. A miscibility gap was found in the two
investigated systems, (Ti,Zr,W)(C,N)-Co or Fe-graphite, and the effect of N2gas pressure was investigated suggesting a critical N2-gas pressure below 0.1
bar.

Keywords: Cemented carbide, (Ti,Zr)C, Coarsening, Phase separation,
C-activity, initial WC powder size, electron backscattered
diffraction, microscopy, X-ray diffraction.
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PREFACE
The present doctoral thesis will summarize the knowledge I gained during my
period as a Ph.D. student. My main topic has been physical metallurgy and the
work has been carried out at the Department of Material Science and
Engineering at KTH Royal Institute of Technology, Stockholm, Sweden. The
work has been a part of a project focused on cemented carbides and related
systems, within the Hero-m center. Hero-m is a VINN Excellence Center,
financed by VINNOVA, the Swedish Governmental Agency for Innovation
Systems, Swedish industry and KTH Royal Institute of Technology. The
Swedish industrial partners, which have been involved in the project, are
Sandvik Coromant, Sandvik Mining and Construction, Seco Tools, Atlas
Copco Secoroc and Swerea KIMAB.
This thesis will in particular discuss the following challenges:
 The WC grain coarsening in cemented carbides and in particular, the
effect of carbon activity and initial WC powder size on the grain size
distribution is studied. Results are mainly from 2D observations but
also from 3D characterization of the microstructure.
 The WC grain shape in cemented carbides and the effect of carbon
activity is studied, using different types of microscopy techniques in 2D
and 3D.
 The phase separation in the (Ti,Zr)C system, is studied experimentally
and supported by calculations.
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 The miscibility gap in the (Ti,Zr,W)(C,N) system in equilibrium with
Co or Fe and graphite and the influence of nitrogen gas pressure is
studied.
The thesis is structured as follows; in Chapter 1, an introduction and
motivation for the work are given with the aims related to the challenges listed
above. Chapters 2-5, will give an introduction to cemented carbide and a
general overview on different topics related to the work in this thesis. Treated
topics are cemented carbide, size and shape of WC, phase stability of (Ti,Zr)C
and characterization of carbides. This aims to give the reader a brief overview
of the literature on the related subjects. The reader is referred to cited works
for more details. In these chapters related results, from my work, have been
included, respectively. Thereafter, a summary of the appended papers,
concluding remarks and future prospects can be found in Chapters 6-7.
In this thesis, six papers are appended, listed below, which will be referred to
as Paper I-VI. Four conference proceedings, A-D, describing important steps
in the work to the full journal papers, are also listed but not included in this
thesis.
I hope that this thesis will give the reader a better understanding of the
material group cemented carbide and some of the structural aspects that needs
to be considered both to be able to control the material properties and in
future material development.

Ida Borgh
Stockholm, 2013-11-06
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Chapter 1

INTRODUCTION
Cemented carbide is a composite material used in applications like cutting
tools and rock drilling inserts. Traditionally, they consist of tungsten carbide
(WC) grains embedded in a cobalt (Co) rich binder phase. It is the
combination of properties, where the hard WC grains provides hardness and
wear resistance and the ductile Co-rich binder provides toughness [1], which
makes cemented carbide an important group of material.
Cemented carbide was first produced in Germany during the first World War
[1] and since then the continuous material and technique development requires
higher demands on the material properties. Due to the higher demands, there
is today a need for designing materials with tailored properties depending on
the application.
The material properties of cemented carbide strongly depend on the WC grain
size, hence to tailor the properties the mechanisms of grain coarsening, during
the production through liquid-phase sintering, are important to understand.
The understanding can partly be gained from characterization of the
microstructure of the material. By characterizing the microstructure using
different types of microscopy techniques, knowledge of WC grain size
distribution and WC grain shape can be achieved, which can be used in order
to better understand and control coarsening.
The higher demands on material properties require not only a deeper
understanding of the fundamental mechanisms of microstructure evolution
but also new solutions, which can improve the material properties. Cubic
carbides, nitrides or carbonitrides from transition metals are often added to
improve the hardness and wear resistance of cemented carbides. It has been
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emphasized that properties of such ternary carbides can be tuned, by
appropriate compositions and heat-treatment [2], due to phase stability. Thus,
phase separation in ternary carbides may be used to enhance the material
properties and this might be one new solution to improve the hardness of the
cemented carbides. However, to take advantage of the phenomenon of phase
separation the thermodynamics and kinetics needs to be well understood.

1.1 Aim
As the title of this thesis refers to, this work has been dedicated to the
investigation of different aspects of structural evolutions in cemented carbide.
One part of the work considers carbide size and shape, and a second part of
this work considers carbide phase stability.
A major part of this work has been dedicated to increase the understanding of
the WC coarsening mechanism in cemented carbide, WC-Co. In particular, the
WC grain size distribution has been investigated, focused on effects of carbon
(C) activity and initial WC powder size. Some effort of the work has also been
to evaluate the WC grain shape, both from a statistical point of view and for
separate grains. WC grain coarsening, including size and shape, is one of the
most important factors to understand in order to be able to predict the final
properties of cemented carbide. The recent technical advances, in electron
microscopy, enable new possibilities in material characterization. Techniques
like electron backscatter diffraction (EBSD) used in the scanning electron
microscopy (SEM) is an efficient tool to evaluate microstructural evolution in
cemented carbides. The EBSD technique has in this work been applied to
different WC-Co alloys mainly by two-dimensional (2D) investigations.
However, the EBSD technique has also been used to, for the first time, study
the three-dimensional (3D) microstructure in cemented carbide. Additionally,
traditional SEM has been used to study structural features. Furthermore,
evaluation of two previously developed models [3,4] have been included in the
work.
The second challenge in this work has been to investigate the miscibility gap
and phase separation in the (Ti,Zr)C system, both in a pure ternary carbide
system and in two cemented carbide related equilibria. The pure (Ti,Zr)C
system have in this work been studied for the first time and new knowledge
has been acquired on the phase separation. This may become an important
step in the process to find new possibilities to improve the hardness of
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cemented carbide. The phase separation have been characterized both by
crystal structure characterization using X-ray diffraction (XRD) and structural
characterization using different microscopy techniques, like SEM, energy
dispersive spectroscopy (EDS) and scanning transmission electron microscopy
(STEM). The experimental work has been supported by and compared with
different types of computational work.
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Chapter 2

CEMENTED CARBIDE
Cemented carbide is processed through powder metallurgical methods,
including milling, pressing and liquid-phase sintering. During sintering the
structural evolution occurs and there are several factors that need to be
considered in order to obtain a material with desired properties. The
properties will strongly depend on the microstructure of the material and is
therefore crucial to understand.

2.1

Liquid-Phase Sintering

Liquid-phase sintering is defined by German [5] as “sintering involving a
coexisting liquid and particulate solid during some part of the thermal cycle”.
In the case of cemented carbide, the Co powder will melt, forming a liquid,
while WC remains as solid grains during the liquid-phase sintering process.
The sintering process mainly consists of four parts and in Figure 2.1 a
schematic illustration is presented. First, an added pressing aid, commonly
polyethylene glycol, is removed at a relative low temperature of 350-450°C, in
the so-called debinding step [6]. Secondly, the material is heated up to the
sintering temperature. During this step solid-phase sintering occurs up to the
melting temperature of Co (approximately 1300°C) and most of the shrinkage
takes place. When the melting temperature of Co is reached, the liquid-phase
sintering will start. Thirdly, the material is heat-treated, in the sintering step, in
the range of 1300-1500°C [7], and in this step the material reaches full density
[8]. Finally, the material is cooled.
The main driving force during liquid-phase sintering is the reduction of
surface area. This leads to grain coarsening and densification. For cemented
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carbide, WC will dissolve in the liquid Co, which will act as a transport media
for tungsten (W) and C atoms. This results in fast atomic diffusion, which
favors WC coarsening. Co has good wetting and adhesion properties to WC
[1], which produces capillary attractions that pull the WC grains together and
give a rapid compaction densification.
Upon cooling, the liquid solidifies and after sintering the microstructure
consists of solid WC grains in a solidified Co-rich binder. The solubility of Co
in WC can be neglected [9]. However, as already mentioned, the Co-rich
binder phase will dissolve both W and C with an decreasing solubility during
cooling, as can be seen in the vertical section of the W-C-10wt.%Co system
presented in Figure 2.2. From Figure 2.2 it can also be seen that the melting
temperature of the Co-rich binder will decrease with increasing C content in
the material.
Each phase in the microstructure can be characterized by its shape and size
distribution, and for WC this will be further discussed in Chapter 3. However,
the final microstructure will depend on many factors and can be controlled by,
for instance, sintering temperature, time and sintering atmosphere [1].

Figure 2.1. Schematic illustration of the sintering cycle of cemented carbide. Image
after [6].
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Figure 2.2. Vertical section through the W-C-10wt%Co system calculated using
Thermo-Calc software [10] and the CCC1 database [11].

2.2

Sintering Conditions and Material Design

C-activity
One important factor during alloy design and sintering is the C-activity in the
material. Porter and Easterling [12] defines activity as ”a measurement of the
tendency of an atom to leave the solution.”. In the case of cemented carbide,
this will affect the number of stable phases in the system and is thus important
to control.
There is a range, in C-activity, where the desired two-phase structure of WC
and Co-rich binder can be produced upon cooling. For instance, at 1410C the
process window for C-activity is in the range 0.33-0.56, according to
thermodynamic calculations using the Thermo-Calc software [10] and the
CCC1 database [11]. The C-activity range will change during cooling and at
1000C, below which the composition is assumed not to change due to slow
diffusion [7], the C-activity range is 0.16-0.97. In Figure 2.3, isothermal
sections at 1410C and 1000C are presented for the W-C-Co system,
including C isoactivity lines. The different calculation scheme in the software
7
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for tie-lines and isoactivity lines makes it difficult to get a fit between these
two, however, each tie-line in the two-phase region is a part of an isoactivity
line [13]. As can be seen from Figure 2.3, the regions for stable phases changes
during cooling, changing the equilibrium. The Co(liq or fcc) region have some
range with respect to W and C solubility and the two-phase structure of WCCo can form different equilibria with the Co(liq or fcc) phase at different Cactivities during sintering.
From Figure 2.3 it can be seen that a high C-activity, at sintering, will lead to
the three-phase equilibrium of WC-Co-graphite, upon cooling, whereas a low
C-activity at sintering, will result in the three-phase equilibrium of WC-Co-η
(M6C) upon cooling. The three-phase boundary towards graphite corresponds
to a C-activity of 1 while the three-phase boundary towards η-phase
corresponds to a C-activity of 0.33 at 1410C, according to thermodynamic
calculations using the Thermo-Calc software [10] and the CCC1 database [11].
Since neither the graphite nor the η-phase is desired in commercial products a
good control of the C-activity during sintering is crucial to obtain the desired
properties of cemented carbide. The effect of C-activity on the WC grain size
distribution and shape was studied in Paper I and III.
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Figure 2.3 Isothermal sections at a) 1410C and b) 1000C. Insert of c) the Co(liq)
region at 1410C and d) the Co(fcc) region at 1000C. The isothermal sections are
calculated using the Thermo-Calc software [10] and the CCC1 database [11].
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Gradient Sintering
To achieve a higher hardness in cemented carbide, the resistance to plastic
deformation at high temperatures needs to be increased. This can be
accomplished by so-called gradient sintering, where a ductile gradient structure
is formed at the surface of the hard bulk material. The gradient is formed by
adding a cubic phase, denoted the -phase, to the WC-Co alloy, further
described in section 2.3. One of the first cubic carbonitride systems used for
the gradient formation was the (Ti,W)(C,N) and according to Schwarzkopf et
al. [14], the gradient is formed due to a connected diffusion between nitrogen
(N) and the cubic-carbonitride-forming element titanium (Ti). In this case, N
from the (Ti,W)(C,N) phase will diffuse out from the surface during sintering
in vacuum. Further, Ti have a high affinity to N, which will cause inward
diffusion of Ti when N diffuse out. A schematic illustration of the coupled
diffusion can be seen in Figure 2.4. Consequently, a gradient surface structure,
free from the hard (Ti,W)(C,N) -phase is formed. The -phase free surface
structure will be more ductile than the bulk material and the resistance to
plastic deformation will increase. The extension of the gradient structure can
be controlled by, for instance, the selection of cubic element and sintering
atmosphere.

Figure 2.4 Schematic illustration of gradient formation in the (Ti,W)(C,N) system,
due to a coupled diffusion of N and Ti forming a (Ti,W)C,N) free surface structure.
Image from [15].

2.3

Microstructure

The microstructure of cemented carbide will determine the properties of the
material and is therefore important to control. For instance, the initial
composition and initial WC powder size and distribution will affect the
evolution of the microstructure.
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The microstructure of a WC-Co cemented carbide alloy consists of hard WC
grains embedded in a ductile Co-rich binder. The content of the Co-rich
binder can vary in the range of 3-30 wt% [16]. The microstructure of a WC20vol.%Co alloy sintered at 1410°C for 1 h is shown in Figure 2.5, where the
WC grains are seen as the faceted bright phase while the Co-rich binder is seen
as the dark phase surrounding the WC grains.

WC
The WC grains, with a hexagonal crystal structure, are often found to form a
continuous skeleton in the material. In Figure 2.6a a 3D reconstruction, from
3D EBSD analysis, of the WC skeleton can be seen for a WC-20vol.%Co
alloy. The structure has been evaluated in detail in Paper II and the 3D EBSD
technique is treated in Chapter 5. The shape and grain size distribution of WC
will be further discussed in Chapter 3.

Figure 2.5. Micrograph of WC-20vol.%Co alloy, bright faceted WC phase and a
dark Co binder can be seen. The material is sintered at 1410°C for 1 h.
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Figure 2.6. Inverse pole figure colored 3D reconstructions, for 3D EBSD analysis,
of a) WC grain skeleton, b) Co(fcc)-rich binder and c) Co(hcp)-rich binder. Images
from [17].

12

Chapter 2

Co-rich Binder
The Co-rich binder phase can exist both in a face-centered cubic (fcc) and a
hexagonal close-packed (hcp) form [8] and undergoes a phase transition from
fcc into a hcp structure at 450°C upon cooling [16]. Due to the solubility of W
in the Co-rich binder, the transformation is to some extent suppressed and
often most of the Co-rich binder will have a fcc structure after solidification.
In the literature there is a lack of information on the structure of the Co-rich
binder in cemented carbide. However, recently Weidow and Andrén [18]
investigated the grain size of the Co-rich binder in different WC-Co alloys,
from cross-sections using EBSD. They found a variation in grain sizes from a
few µm to more than 100 µm. Mingard et al. [8] also investigated the Co-rich
binder structure from cross-sections using EBSD. They found Co regions with
the same orientation 50 times larger, in the range of 100-200 µm, than the
average WC grain size [8]. In both studies, the authors pointed out the
difficulties on evaluating the Co grain size from cross-sections due to the
irregular shape of the Co grains and that a 3D analysis is necessary for a true
evaluation. Moreover, Mingard et al. [8] suggested that the Co exists
predominantly as a large continuous skeleton, interpenetrating the WC
skeleton.
In Figure 2.6b and c, a 3D reconstruction from 3D EBSD analysis, of the Co
structure (fcc and hcp), in a WC-20vol.%Co alloy, is presented. The evaluation
of the structure is outside the scope of present work but from the images a
continuous network, suggested by Mingard et al. [8], can be seen for the
Co(fcc) binder.

Cubic Carbide
Exner [1] showed that the cubic carbides have a higher hardness compared to
WC. Thus, hardness and wear resistance of cemented carbides can be
increased by adding an element from the transition metal group, for instance
Ti, Ta, Zr or Nb, to the WC-Co alloy. The added carbide, nitride or
carbonitride forming element will form the cubic -phase. As described in
section 2.2 the -phase can also be used to develop a ductile gradient structure
on the hard bulk material.
The solubility of WC, in the -phase, varies with the added element but most
often there is a full mutual solubility if the temperature is high enough.
However, in some systems the solubility is limited, and a miscibility gap
13
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appears. Holleck [2] has shown that ternary carbide alloys, e.g. (Ti,Hf)C and
(V,Ta)C, have a much higher hardness compared to their binary carbides. For
a system with a miscibility gap, for instance the (Ti,Zr)C, an assumed
enhanced hardness, related to the stability of the ternary carbide, can be
expected. Mixed ternary carbide would be stable at high temperatures but
should decompose to binary carbides at lower temperatures due to phase
separation within the miscibility gap. This phenomenon was studied for the
(Ti,Zr)C system in Paper V and further discussed in Chapter 4.
The phase separation will result in the formation of two cubic phases, as
studied in Paper VI for two (Ti,Zr,W)(C,N)-Fe or Co-graphite alloys. In
Figure 2.7, a micrograph of the (Ti,Zr,W)(C,N)-Co-graphite alloy can be seen.
Besides the bright faceted WC grains and the dark Co-rich binder, two
different grey rounded carbonitride γ-phases can be observed.

Figure 2.7. Micrograph of (Ti,Zr,W)(C,N)-8wt%Co-graphite alloy with bright
faceted WC phase, a dark Co binder and two types of grey rounded carbonitride
phases can also be seen. Some of the dark areas may also be pores in the material.
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SIZE AND SHAPE OF WC
3.1

Coarsening

During liquid-phase sintering of cemented carbide, described in Chapter 2, the
average WC grain size will increase due to coarsening. In coarsening, also
called Ostwald ripening, large grains will grow at the expense of small grains,
which will dissolve.
Lifshitz, Slyozov and Wagner [19,20] studied coarsening in the classical
analysis, called the LSW-theory. The basic assumption is that the growth rate
is proportional to the driving force. It was proposed that coarsening will result
in a stationary particle size distribution, with an average size increasing with
time according to:
(3.1).
Where is the average radius, is the initial average radius, is a growth rate
constant and is the sintering time. is a constant greater or equal to 2
depending on the rate-limiting mechanism [21]. In this theory, two ratelimiting mechanisms are possible, interfacial reactions or long-range diffusion.
The constant equals 2 when the coarsening is limited by interfacial reactions
and 3 when the coarsening is limited by diffusion [20]. It can be predicted, that
systems that undergo normal coarsening will reach a steady state where the
normalized grain size distribution remains constant [22].
For the diffusion-controlled coarsening the equilibrium shape of a grain or
particle is often spherical [22]. The spherical shape indicates an isotropic
interfacial energy and a rough surface [23]. The attachment or detachment of
atoms at the rough surface is easy and, therefore, controlled by diffusion to or
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away from the surface. Normal coarsening will result in a narrow size
distribution and the diffusion-controlled coarsening will give the narrowest
distribution [19]. However, none of these theoretical treatments can predict
abnormal coarsening, often seen in systems with faceted grains, like in
cemented carbide.
So, while alloys with spherical grains undergo normal coarsening, alloys with
faceted grains often show abnormal coarsening, where a few grains grow at a
much higher rate than the average and becomes much larger. Park et al. [22]
defines the abnormal coarsening of grains dispersed in a matrix as “the case
where the grain size distribution becomes wider than those predicted by the
usual Ostwald ripening theories”. A lower coarsening rate have been observed
for faceted grains [24], compared with spherical grains, and it has been
suggested that coarsening occurs by defect-promoted mechanisms and 2D
nucleation of new atomic layers [22,25,26].

3.2

Coarsening in Cemented Carbide

Coarsening of WC grains in cemented carbide, most often result in an
asymmetric grain size distribution, with a tail for large grains. The tail can be
connected with abnormal coarsening, which often is observed in cemented
carbide [1,22,26,27]. From 2D sections it is indicated that the WC grains have
a faceted shape, which stems from an anisotropic surface energy [23], see
Figure 2.5. Due to a flat surface, the atom attachment will be restricted under
normal conditions [22] and there will be an energy barrier for nucleation [28].
Consequently, the growth rate is not limited by diffusion or interfacial
reactions. Park et al. [22] suggested that WC grain coarsening is limited by 2D
nucleation of new atomic layers, which may be aided by surface defects
lowering the activation energy. The 2D nucleation of new atomic layers is
schematically illustrated in Figure 3.1a using a so-called pill-box model [26].
Thus, if a grain contains many step-producing defects, such as screw
dislocations, the grain can grow faster and sometimes abnormally, compared
to grains with few defects, which undergo normal coarsening [26]. This
difference in coarsening may lead to a bimodal size distribution [21]. 2D
nucleation-controlled coarsening for WC is supported by observations, in
Paper II and III, of extracted WC grains from the Co-rich binder showing a
stepped structure evident on the surface of some grains. In Paper II, planar
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Figure 3.1 a) Schematic illustration of 2D nucleation of new atomic layers, using a
so-called pill-box model [26]. b) WC grains extracted from the Co-rich binder of a
WC-20vol.% Co alloy. The green arrow illustrates a stepped surface structure, the
blue arrow illustrates a terrace step and the black arrow illustrates a planar defect.

defects also were observed with an orientation similar to observed terraces, as
can be seen in Figure 3.1b.
The abnormal coarsening was investigated in Paper IV by studying the
coarsening behavior in fine WC powders with a small addition of very coarse
grains. Two bimodal WC-10wt.%Co alloys were investigated and the effect of
abnormal grains was simulated by adding 1 and 10 % coarse grains in the two
alloys, respectively. The alloys were sintered for four different times in the
range from 0.5 to 32 h at 1430°C. The abnormal coarsening was clearly seen
after short sintering times in the two alloys and the average grain size increased
compared with a unimodal powder. However, after long sintering times the
grain size distribution became more homogeneous and the bimodal
distribution may become unimodal, as suggested by Park et al. [22]. This can
be seen in Figure 3.2, where micrographs for the WC-10wt.%Co alloy with
10% coarse grain sintered for 0.5 and 32 h at 1430°C, respectively, are
presented.
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Figure 3.2. SEM micrographs of WC-10%Co alloy with 10% coarse grains added
sintered at 1430°C for a) 0.5 h and b) 32 h. The size distribution has evolved from a
bimodal to a unimodal distribution.

3.3

Theoretical Treatment of WC Coarsening

In a theoretical treatment of WC coarsening in cemented carbide a model was
developed by Mannesson et al. [4]. This model treats a special case of the
LSW-theory and the coarsening can be evaluated over time. Some of the
discussions in Paper I-IV have been based on this theoretical treatment of the
WC coarsening and the model was evaluated for abnormal coarsening in Paper
IV. The model will therefore be briefly described in the following section. For
details see reference [4].
The model is based on a mean-field approximation where WC grains (β), with
a size , dispersed in a liquid matrix (α) has a driving force for growth or
shrinkage given by:
( )

[

(3.2).

]

Where
is the average interfacial energy of the WC grain, and the critical
size. In the coarsening process, large grains grow and small grains dissolve, so
the critical size is the limit between these two stages.
For grain coarsening, three mechanisms were considered to dissipate the
driving force. The mechanisms were 2D nucleation of new atomic layers,
interface friction, and long-range diffusion through the binder phase. The
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mechanisms were coupled in series and the coarsening rate was controlled by
the slowest of the three mechanisms.
The rate for 2D nucleation of new atomic layers was given by:
̇

(

(3.3)

)

( )

where ( ) is the part of the driving force needed to form new atomic layers,
is a kinetic coefficient,
the interfacial energy associated with the
formation of one new atomic layer with the height .
The rate for interface friction was given by:
̇

(

(

( )

))

(3.4)

where ( ) is the part of the driving force needed to overcome the interface
friction,
is the interface mobility and
is the molar volume.
The rate for long-range diffusion was given by:
( )

̇
∑

(

(3.5)

)

where
( ) is the part of the driving force needed for the long-range
diffusion. and are the contents of and . is the diffusional mobility
of component in the matrix.
The available driving force will be dissipated by three different parts:
( )

( )

( )

( )=

[

] (3.6)

In the model an asymmetry between growth and shrinkage behavior of WC is
suggested. For coarsening by 2D nucleation, a complete atomic layer needs to
be filled, and the coarsening will stop and not continue until a new layer is
nucleated. This requires thermal fluctuations to overcome the activation
barrier for each nucleation. On the other hand, for a shrinking grain, atoms
will be detached until a complete layer is removed. For detachment of atoms
there is no activation barrier, since the process can always start in the corners
of the grain.
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A numerical implementation of the theoretical model developed by
Mannesson et al. [4] gives the opportunity to simulate WC grain coarsening, by
evaluating the size distribution and how the average radius evolves with time.
The model was used in Paper IV in an attempt to simulate abnormal
coarsening from a bimodal powder with coarse grains added. The simulation
showed a satisfactory prediction for short sintering times, up to 4 h, similar to
the ones used in industrial practice. However, the model could not predict the
effect of the large grains after long sintering times (4-32 h) where the
coarsening was strongly underestimated, see Figure 3.3, and further model
development is necessary.

Figure 3.3 Average grain radii as a function of sintering time. For comparison, a
powder with 0% coarse grains have been included from a previous study by
Mannesson et al [4]. Square symbol/dashed lines shows the experimental average
radii and solid lines the simulated values.
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3.4

WC Grain Size Distribution – Experimental
evaluations

Conventionally, the linear-intercept length measurement have been used to
evaluate the grain size distribution in cemented carbide, e.g. see [6,27,29–37].
In the linear-intercept method the length of random intercepts are measured
and an average grain size or distribution of intercepts can thereafter be
calculated [34]. Linear-intercept is used in the International Standard [38] to
measure grain size, however, the standard is not intended for measuring grain
size distributions. Roebuck [39], discussed the problems with the lack of
standardized methods to measure the grain size distribution, in engineering
materials. Engqvist and Uhrenius [34], discussed the measurements of grain
size distributions in cemented carbide and pointed out some disadvantages
with the linear-intercept method. For example, the evaluated grain size values
will refer to measurements from 1D when a 3D size distribution is of interest.
They suggested a method for evaluating the grain size based on volume or
mass average. Another method, used in references [3,4,40], is to evaluate a
grain size distribution by image analysis where the grains is represented with
an equivalent circle diameter. However, due to the development of
characterizations techniques, new possibilities of grains size distribution
evaluation are available, for instance the EBSD technique. This technique have
been used in references [40–43] and in Paper I-IV to evaluate the WC grain
size distribution in cemented carbide. The technique is described more in
detail in Chapter 5.
After the grain size has been evaluated, the distribution can be presented in
different ways. Either as a probability density function or as a cumulative
probability function, with respect to grain number, area, or volume probability.
As already mentioned in Chapter 2, cemented carbide do not show a Gaussian
distribution but rather an asymmetric distribution with a long tail for large or
abnormal grains. This emphasizes the importance of presenting the
distribution in a suitable way depending on which part of the distribution that
is of interest. For example, by presenting the size distribution with a number
probability density function the number density of the most common grain
size is emphasized, see Figure 3.4. However, as pointed out in Paper I, this can
be misleading for a bimodal distribution. Large grains that are very few in
number can be hard to see in the distribution tail even if they are large with
respect to volume and thus have a large effect on the properties. So, if the area
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Figure 3.4 Grain size distribution for a WC-20vol%Co alloy sintered at 1410°C for 1
h presented as a) number probability density function and b) number and area
cumulative probability distribution.

of the grains instead is of interest an area density function is preferred since
the large grains will be more emphasized. In Figure 3.4b, the difference
between a number and area cumulative probability distribution function is
presented for a WC-20vol.%Co alloy.
Correlated with the lack of standard methods, different ways have been used
to measure and describe the grain size distribution. This makes the
comparison of different studies rather complicated. For instance, a distribution
described as broad does not necessarily give any information on the
homogeneity of the distribution, e.g. the presence of abnormal grains.
Therefore, depending on which part of the distribution that are of interest,
different conclusions can be drawn.

Effect of Initial Powder Size
The initial particle size distribution of the WC powder has been shown to
affect WC grain coarsening during liquid-phase sintering. In the systematic
study of abnormal coarsening, Park et al. [22] showed that an initial powder
with a small average grain size was more prone to abnormal coarsening during
sintering compared to a powder with a larger average grain size. Chabretou et
al. [27] investigated the effect of the initial powder size on the microstructure
of different alloys and found that for coarsening from a powder with a median
size finer than 1µm the mean size evolves rapidly. Mannesson et al. [4] studied
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the evolution of the size distribution for three different initial powder sizes.
They observed that the initial grain size distribution strongly influences the
coarsening behaviour, where a fine-grained powder grows past a coarsegrained powder after long sintering times.
In Paper I, the carbon activity and the initial powder particle size was studied
as important factors to consider in order to predict WC grain coarsening. In
this work results from an alloy with high carbon activity was compared with
the results by Mannesson et al. [4]. In agreement with [4] the rate of
coarsening was found to be much higher initially for a fine WC powder size
compared to a coarse WC powder size, independent of the carbon activity.

Effect of C-Activity
There are some previous studies on the effect of the C-activity on WC grain
coarsening. Chabretou et al. [27,33] investigated the WC grain size, in alloys
with different C-activity, by measuring the mean intercept lengths after 0 to 8
h vacuum sintering. They showed that the intercept length distribution for the
WC-Co-graphite alloy was shifted towards larger grains and had a longer tail
compared to the distribution for the WC-Co-η alloy [27]. In a later work, they
reported that the grain size distribution was more homogeneous and the
coarsening rate higher in high C-activity alloys compared to low C-activity
alloys [33]. Wang et al. [30] studied the effect of the C-activity in three alloys:
WC-Co-η, WC-Co and WC-Co-graphite sintered for 0and 2 h at 1450°C,
using image analysis and the linear-intercept method. In agreement with
Chabretou et al. [27], they reported that the intercept length distribution
shifted towards larger grains and had longer tails for the WC-Co-graphite alloy
compared to the WC-Co-η alloy. However, the intercept distribution of WCCo-graphite and the WC-Co alloy was found to be rather similar [30].
In Paper I, the grain size distribution of a WC-10wt.%Co-graphite alloy was
compared with a WC-10wt.%Co alloy from [4] after different sintering times
at 1430°C. It was found that for the WC-10wt.%Co- graphite alloy, a more
homogenous grain size distribution was observed both after 0.25 and 8 h of
sintering time compared to a WC-Co alloy. The decrease in homogeneity of
the WC grain size distribution at a lower C-activity seems to lead to an
increased tendency for developing a bimodal size distribution after long
sintering times of 8 h.
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The grain size distribution was evaluated in Paper III for five different WC20vol.%Co alloys with an increasing C-activity from the WC-Co-η equilibrium
to the WC-Co-graphite equilibrium. The alloys were designed so that one alloy
should be in the middle of the two-phase WC-Co region, two alloys at the
limits towards the three-phase regions but still inside the two-phase region and
the last two in the three-phase regions in the phase diagram see Figure 2.2 or
2.3. The alloys were sintered at 1410°C for 1 h. It was found that the average
diameter and grain size distribution shows an increasing WC grain size with
increasing C-activity. A slight broadening of the grain size distribution with
increased C-activity was also indicated, as can be seen in Figure 3.5. However,
all alloys show a homogeneous grain size distribution and no abnormal
coarsening or tendency to form a bimodal distribution was observed, due to
the relative short sintering time.

Figure 3.5 Cumulative area distribution for WC-20vol.%Co alloys with different Cactivity.
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3.5

Going from 2D to 3D

As Exner [1] emphasized, the varying shapes of WC grains makes it difficult to
establish the true grain size distribution from 2D cross-sections. However,
although the properties of the material must be derived from the 3D structure,
our current understanding of WC grain coarsening has been based exclusively
on 2D experimental observations.
Recently, Jeppsson et al. [3] developed a statistical method transforming a 2D
distribution into 3D, called Inverse Saltykov method. The Inverse Saltykov
method has been used in Paper I, II and IV and will therefore briefly be
described below, for details see reference [3].
In a first step, the 2D representation of the size distribution is constructed
using kernel estimators, consisting of the sum of a number of kernel functions.
The kernel function can be any function that satisfies the condition:
∫

(3.7).

( )

Commonly, is a probability density function, e.g. a Gaussian function, and
each grain radius will be represented this function with a certain width. The
result will be a smooth function, where the limitations of histograms, e.g. by
selecting the number and spacing of bins and their position, are removed and
the size distribution can be presented as a continuous function. In Figure 3.6
an illustration of the kernel estimator, as the sum of seven data points are
presented.
Normally the kernel estimator uses the same kernel width for all radii.
However, a fixed width is not optimum for describing the asymmetric grain
size distribution, often seen in cemented carbide. A good representation of the
number density of the large grains in the tail is important, since they represent
a large area fraction in the material. Jeppsson et al. [3], overcame this problem
by choosing a two-step method, where first an approximate distribution
function is evaluated with the native kernel method, i.e. same kernel width for
all radii. Thereafter, the kernel widths will be inversely proportional to the
distribution function first evaluated. This will give narrower kernel widths
where the density is high and wider widths where the density is low, i.e. in the
tail.
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Figure 3.6. Illustration of the kernel estimator, as the sum of seven data points,
showing a smooth continuous function. Image from [3].

The grain size distribution, now presented in a good way, will thereafter be
combined with the Saltykov methodology [44]. The 3D grain size distribution
is obtained, by an optimization, including sectioning effects, and by comparing
2D experimental data with 2D sections from the 3D distribution. In the
Inverse Saltykov method the WC grains are represented with only one
diameter, e.g. as a sphere, which not is completely true for the prismatic
shaped WC grains.
However, the Inverse Saltykov method was evaluated against experimental 3D
EBSD data in Paper II. It was found that the assumed spherical shape of WC
grains during Saltykov analysis is reasonable and that the estimated 3D size
distribution is qualitatively in good agreement with the distribution estimated
from 3D EBSD. In Figure 3.7 the experimental data is compared with the
evaluated data from the Inverse Saltykov method for two different WC-Co
alloys. The number of mesh points used in the inverse Saltykov method was
500, which result in a low relative frequency for each point.
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Figure 3.7. 3D WC grain size distribution from 3D EBSD (red dashed line) and
from the 3D Saltykov method (black dashed line) for WC–6wt.% Co alloy (a) and
WC–20vol.% Co alloy (b). In the upper right corner a magnified insert of the righthand side tail of the distribution is shown. Note that 500 mesh points were used to
calculate the continuous kernel functions.

3.6

WC Grain Shape

It is important to understand how the mechanism of coarsening affects the
WC grain shape. As mentioned in Chapter 2, WC grains form a continuous
skeleton in the WC-Co microstructure. The crystal structure of WC is
hexagonal with two atoms per unit cell with a lattice parameter of
and
[1]. In the unit cell the tungsten atoms are positioned at (0 0
0) and the C atoms at (2/3, 1/3, 1/2), see Figure 3.8a. Due to the asymmetric
position of the C atoms two types of prismatic facets are formed at the
interface to Co with different number of broken W-C bonds, see Figure 3.8b.
The facets together with the basal plane form a flat, sometimes truncated,
triangular prism [30,36,45–49], schematically illustrated in Figure 3.9. From 2D
sections a faceted grain shape can be observed, see Figure 2.5 and Figure 3.2.
However, the observed WC grain shape in cemented carbides are most often
not an equilibrium coarsening shape [50] and non-equilibrium shapes are often
observed in commercially produced cemented carbide.
Delanoë et al. [36] reported a WC grain shape dependence of the amount of
Co binder. Deviations from an equilibrium shape can also depend on a low
binder-phase fraction. This leads to impingement between grains during
coarsening disturbing the evolution of an equilibrium shape [1]. However, the
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Figure 3.8. Schematic illustrations of a) the hexagonal WC unit cell structure and b)
projection of the atoms in the (0001) plane. Black atoms are W and grey atoms are C,
image after [48].

Figure 3.9. Schematic illustrations of the WC grain shape of a triangular truncated
prism. Image from [48].

effect of impingements on the coarsening are not taken into consideration in
the classical theories for growth of faceted grains presented in references
[25,28,51]. Deviations can also be observed due to grain coalescence during
coarsening [1]. Grain coalescence means that impinging WC grains with an
initially rather low misorientation will tend to rotate to zero misorientation. In
Paper II and III, it is indicated that the WC grain shape will be a function of
the grain size. The observed alloys contain a relatively low fraction of Co
binder and are assumed to be in a non-equilibrium state. At this state,
impingements will have a large influence on the WC grain shape, as
mentioned. As mentioned in Chapter 2, there is an asymmetry in the growth
and shrinkage of a grain, where the growth needs to overcome an activation
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barrier for 2D nucleation while shrinkage can proceed more easily e.g. in the
corners of the grains. As reported by Lay et al. [48], small grains show a larger
scattering of grain truncation and the shape difference may depend on the
coarsening process. This is also indicated in the 3D reconstruction of WC
grains in Paper II, where different shapes were observed.
In Figure 3.10a extracted WC grains from a WC-10wt.%Co alloy, sintered for
2 h at 1430°C, can be observed. Both faceted and non-faceted surfaces are
shown in agreement with the results in Paper II and III. The images of
extracted WC grains can be compared with the 3D reconstruction of an
agglomerate of WC grains, analysed using 3D EBSD, on a WC-20vol.%Co
alloy sintered for 1 h at 1410°C , in Figure 3.10b (for details see Paper II).
Agglomerates from reconstructed WC grains, from the 3D EBSD analysis, can
be sectioned in order to compare the shape of the sectioned grains with the
shapes seen from 2D sections. In Figure 3.11 this can be seen from some
grains in a WC-20vol.%Co alloy. Similar shapes as those seen from 2D EBSD
sections can be observed. The orientations of the grains are not taken into
consideration.

Figure 3.10 a) Extracted WC grains from a WC-10wt.%Co alloys and b) 3D
reconstructions of a WC grain agglomerate analyzed using 3D EBSD of a WC20vol.%Co alloys. Image b) from [17].
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Figure 3.11. 3D reconstructions of a WC grain agglomerate analyzed using 3D
EBSD of a WC-20vol.%Co alloys a) whole grains and b) sectioned grains. Images
from [17].

The statistical WC grain shape is important when modeling grain coarsening.
Different grain shapes have been used to evaluate the 3D size distribution
earlier [29,52]. In Paper II it was found that, from a statistical point of view,
the spherical approximation will describe the shape rather well and is a good
assumption, which can be used in modeling grain coarsening in cemented
carbide. However, the only way to come closer to the statistical picture of the
3D shape would be to describe the grains as multi-faceted spheres.

Effect of C-Activity on Shape and Size
It has been reported that the WC grain shape will be affected by C-activity
[30,33,48,50,53]. Wang et al. [30] and Lay et al. [48] studied large grains in WCCo alloys with different C-activity. In both studies, large grains were found
independent of the C-activity. However, they indicated that the formation and
shape of the large grains may depend on the C-activity [30,48]. Larger grains
with more triangular and elongated shape was measured in a high C-activity
(WC-Co-graphite) alloy, compared with a low C-activity (WC-Co-η) alloy [48].
From the observations of large grains in high C-activity alloys, the growth was
suggested to proceed by normal grain coarsening by dissolution of small grains
with random orientation. The large grains were observed partly in contact with
small WC grains and partly with the Co binder [30]. Some of the large grains
were found to have sharp corners [48]. From observations of large grains in
low C-activity alloys (WC-Co-η phase), the large grains were observed close to
the η-phase and the coarsening has been suggested to be a coupling between
the growth of WC and η-phase [30,47,48]. The coarsening of η-phase may
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locally create a high C-activity, which then should promote a rapid coarsening
of some grains [48].
The effect of C-activity of the WC grain shape was investigated in Paper III.
The Co-rich binder was removed from the surface of a WC-20vol.%Co-η alloy
(with a low C-activity) and a WC-20vol.%Co-graphite alloy (with a high Cactivity) sintered at 1410°C for 1h, see Figure 3.12. Except for an observed
difference in grain size also a difference in shape was seen between the two
alloys. In both alloys, faceted grains were observed as expected. However,
many of the smaller grains have non-faceted surfaces and show a more
spherical or ellipsoidal shape. For the WC-20vol.%Co-η alloy (Figure 3.12a)
the grain shape was more irregular and on some grains with faceted surfaces
steps were evident, in agreement with [30]. The observed steps supports the
fact that the coarsening mechanism is controlled by 2D nucleation of new
atomic layers, as suggested by Park et al. [22] However, for the WC20vol.%Co-graphite alloy (Figure 3.12b) the large grains were triangular with a
planar surface structure, in agreement with [30,48].

Figure 3.12 Alloys exposed to deep etching of Co show the WC grain shape in a) a
WC-20vol.%Co-η phase alloy and b) a WC-20vol.%Co-graphite alloy. In a) the insert
shows steps observed at the surface of some grains. The two alloys were sintered at
1410°C for 1 h.
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PHASE STABILITY OF (TI,ZR)C
In a homogeneous solution the components often have full mutual solubility if
the temperature is high enough. However, in some systems the solubility is
limited, and a miscibility gap appears, see Figure 4.1a. Inside a miscibility gap
the solution will be metastable, or even unstable inside the spinodal domain
(marked with a dashed line in Figure 4a), depending on temperature and
composition. Outside the spinodal the solution will be metastable since small
composition variations will increase the free energy. The system can only
decrease the energy by forming nuclei with other compositions than for the
solution and a phase separation will arise through nucleation and growth.
Inside the spinodal the solution is unstable with respect to composition
fluctuations over a critical wavelength and a phase separation will occur
spontaneously to a mixture of regions with the two equilibrium compositions
of the miscibility gap. This phenomenon is called spinodal decomposition.

4.1

Spinodal Decomposition

The spinodal line is defined as the locus of points where the second derivative
of Gibbs energy vs. composition is zero, see Figure 4.1b. Any given
composition within this region will undergo spinodal decomposition.
An A-B alloy with composition
at temperature
(see Figure 4.1a), will
undergo spinodal decomposition since small composition fluctuations will
decrease the total free energy of the system. The system will form A-rich and
B-rich regions until the equilibrium compositions
and
are reached. The
diffusion will go in the wrong direction and the regions will grow by so-called
up-hill diffusion, see Figure 4.1c. This can be compared with the growth of a
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Figure 4.1. Schematic illustrations of a) miscibility gap in the A-B system, b) Gibbs
free energy curve, c) composition profile for spinodal decomposition and d)
composition profile for nucleation and growth. Images from [12].

metastable composition (Figure 4.1a) by nucleation and growth, see Figure
4.1d). As can be seen the final structure will be the same and the phase
separation mechanism needs to be determined at early stages. The structure
formed by spinodal decomposition can be characterized by the wavelength
between the composition regions and the amplitude (Δx) of the regions.
The above description is true for the chemical miscibility gap and spinodal.
However, interfacial energy and coherency strains need to be considered in a
full description of spinodal decomposition. If the regions are incoherent there
will only be an additional energy change due to interfacial energy effects. This
is often referred to as the gradient energy and depends on the composition
gradient across the interface between the two regions. If the atoms in the
solution have different size, coherency strain energy will also be added. A
coherent spinodal can then be evaluated, displaced toward lower temperatures
compared to the chemical spinodal, and in practice the region of metastability
will thus be extended, see Figure 4.2. If there is a large size difference between
the atoms there will be large coherency strains and a large undercooling will be
required to overcome the strain energy effect. The first theoretical treatment
of the spinodal decomposition is considered in references [54–57].
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Figure 4.2. Solid-phase miscibility gap showing both the chemical and coherent
spinodal. Image from [58].

Phase separation are today utilized in coatings on cutting tool inserts to
improve hardness and wear resistance e.g. the (Ti,Al)N phase will decompose
into TiN and AlN, due to a miscibility gap [59].

4.2

Phase Separation in (Ti,Zr)C

One system that potentially can be used as a cubic carbide addition, forming
the -phase, in cemented carbide is the (Ti,Zr)C system. Previous studies have
shown that there is a miscibility gap in the (Ti,Zr)C system [2,60–65], which
will render the mixed carbide, metastable or unstable, depending on
temperature and composition. The mixed (Ti,Zr)C phase should be stable at
high temperatures but decompose to TiC and ZrC at lower temperatures, due
to the miscibility gap. Within the spinodal the mixed (Ti,Zr)C should
spontaneously decompose. In the initial stages of the phase separation the
decomposition product should be small units of TiC and ZrC, due to a small
wavelength, and it is believed that the small units can give an enhanced
hardness of the -phase in the bulk material. In a similar way as for the
(Ti,Al)N [59] system the decomposition of (Ti,Zr)C may also be utilized in
coatings [64] to enhance the properties.
For the miscibility gap and spinodal in the TiC-ZrC system there have been a
limited number of experimental investigations. However, there are some
earlier works [62–65] on related systems and a miscibility gap with a maximum
temperature of about 2050°C, shifted towards the TiC side, has been evaluated
[65]. In Paper V, the phase separation in the TiC-ZrC system was studied
experimentally, supported by thermodynamic and first-principles calculations.
A mixed (Ti,Zr)C powder was synthesized at 2200°C for 2 h. The mixed
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powder was aged at 1300°C for a range of 10-500 h. The samples were
investigated with XRD, further described in Chapter 5, and an asymmetric
peak for the mixed (Ti,Zr)C was found after synthesis. Upon aging the XRD
analysis showed new growing peaks for product phases of rather pure TiC and
ZrC, together with the peak for the mixed (Ti,Zr)C. The microstructure was
observed in the SEM and fine lamellar structures, of approximately 50 nm
regions, was seen in some particles. The number of particles showing a
lamellar structure increasing upon aging and the structure also got coarser. In
Figure 4.3 a micrograph shows particle agglomerates aged at 1300º for 500 h,
mounted in bakelite, with different states of the decomposed structure in
different particles. A fine lamellar structure can be found in all particleagglomerates and in the lower right corner different states of coarsening can
be seen. In Figure 4.4 the lamellar structure can be seen at a high
magnification in particle-agglomerates aged at 1300º for 500 h. The structure
was further investigated using STEM (see Chapter 5) and a STEM-EDS line
scan showed a composition variation of approximately 10 percent. The
mechanism of decomposition is not determined and further investigations
must be conducted. However, the observed structure indicate a “spinodaltype” decomposition or possibly discontinuous precipitation as found in the

Figure 4.3. Particle agglomerate mounted in bakelite for a (Ti,Zr)C sample aged for
500 h at 1300°C. Decomposition is seen in some particle at different coarsening
states
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Figure 4.4. Particle-agglomerate mounted in bakelite for a (Ti,Zr)C sample aged for
500 h at 1300°C.

Au-Ni system by Zhao and Notis [66]. Thermodynamic calculations of the
miscibility gap and spinodal were performed using the Thermo-Calc software
[10] and an internal database [67]. The predictions can be seen in Figure 4.5,
including the evaluated compositions of the mixed (Ti,Zr)C as well as the
product TiC and ZrC phases. First-principles calculations were also
performed, taking the coherency strains into account, showing good
agreement with the experimental results.
In Paper VI, the effect of N2-gas pressure (from 0.1-10 bar) on the miscibility
gap in the (Ti,Zr,W)(C,N), in equilibrium with Co or Fe and graphite, was
investigated. Two separate cubic phases were observed, see Figure 2.4b, and a
rim was formed at the surface with a thickness dependent on the N2-gas
pressure. The miscibility gap was only present when both Ti and Zr were
included. It was found that the region of the miscibility gap will change when
N was introduced to the system and a critical N2-gas pressure lower than 0.1
bar was suggested. Above this pressure homogeneous carbonitride phases
were formed. In this study, no spinodal-like structure was observed.
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Figure 4.4. Miscibility gap and spinodal calculated using the Thermo-Calc software
[10] and an internal database [67]. Experimentally evaluated compositions is included
for the mixed (Ti,Zr)C (peak 2 and 3) and for the product TiC and ZrC (peak 1 and
4).
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CHARACTERIZATION OF
CARBIDES

The microstructure of materials can be characterized using different types of
microscopy techniques and for metals this is called metallography. There are
different types of microscopes available today, for instance, light optical,
scanning electron, and transmission electron microscopes, where different
microstructural features can be studied over a wide range of length scales and
magnification levels.
One important factor when selecting which type of microscope to use is the
requested resolution. The resolution can be defined as the minimum distance
between two points, which can be seen as two separate entities [68]. Another
important factor is the depth of field, which is defined as the range of
positions for the sample for which an eye can detect no change in sharpness
[68].

5.1

Light Optical Microscopy (LOM)

The light optical microscope, LOM, have been widely used as a metallographic
tool, already since the early seventeenth century [68]. Visible light is used as
the source and a system of lenses will magnify the image. The depth of field
and the resolution will be of about the same magnitude as the wavelength of
light, around 0.2 µm [69], and thus fine features cannot be observed.
For cemented carbide, the overall microstructure can be observed using light
optical microscopy, and undesired phases like η-phase and graphite can often
easily be detected, e.g. see Figure 5.1. In Figure 5.1 a WC-10wt.%Co-graphite
alloy sintered for 32 h at 1430°C is presented with a large grain size due to the
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long sintering time. Moreover, black graphite precipitates are seen. Figure 5.1
illustrate the capabilities of LOM, where different phases can easily be
detected, however, studying for instance the WC grain size in alloys with
smaller grains, is beyond the resolution limit.

Figure 5.1. Light optical microscopy image of WC-10wt.%Co-graphite alloy.

5.2

Scanning Electron Microscopy (SEM)

The scanning electron microscope, SEM, is commonly used to investigate the
microstructure of the material surface of bulk samples. The SEM have a
higher spatial resolution and greater depth of field compared to LOM. This
makes it possible to obtain high magnification images of polished as well as
rough surfaces. A beam of electrons are used, generated by an electron gun,
and focused on the surface by condenser and objective lenses. The focused
electron beam is scanned across the sample surface and the electrons interact
with the sample surface and generate different signals, e.g. secondary electrons,
backscattered electrons and characteristic X-rays, from different depths in the
surface, see a schematic illustration in Figure 5.2. In Table 5.1 the signals that
can be used to characterize the material, the information gained, resolution
and depth of field are summarized.
In the interaction between the sample and the incident beam high-energy
electrons, i.e. backscattered electrons (BSE), will scatter back due to elastic
scattering and leave the sample. BSE signal has a strong correlation to the
atomic number of the elements in the sample and can be used to produce an
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Figure 5.2 Schematic illustration of the interaction volume for the incident beam.
Image from [68].
Table 5.1 After [69], showing different signals, gained information, resolution and
depth of field when an tungsten filament is used as source for the electron gun.
Detected signal
Information
Lateral
Depth of field
resolution
Secondary electrons Surface topography,
5–100 nm
5–50 nm
compositional contrast
(due to BSE)
Backscattered
Compositional contrast,
50 nm –1µm
30–1000 nm
electrons
surface topography,
crystal orientation,
magnetic domains
Characteristic XElemental composition,
0.5–2 μm
0.1–1 μm
rays
element distribution

image with composition contrast. This makes it easy to distinguish between
different phases, in case they have different chemical composition. In Figure
5.3a, a BSE image of a WC-20vol.%Co alloy (investigated in Paper II and III)
is shown where compositional contrast difference can be seen between the
WC grains and the Co-rich binder. In Paper V, the decomposition of (Ti,Zr)C
was investigated and a decomposed structure could easily be observed using
BSE imaging, due to compositional contrast. A structure with Zr- and Ti-rich
lamellas can be seen within a particle-agglomerate.
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Figure 5.3. a) BSE images of a WC-20%Co alloy showing the compositional
contrast between the bright WC grains and the dark Co binder. b) BSE image of a
(Ti,Zr)C particle-agglomerate showing a lamellar structure with compositional
contrast differences due to a phase separation in some particles. The bright lamellas
are rich in Zr while the dark lamellas are rich in Ti.

5.3

Electron Backscattered Diffraction (EBSD)

An EBSD system can be used as an add-on to the SEM and is a fully
automated quantitative characterization technique. The EBSD technique will
give phase and crystallographic orientation information of the sample.
When the sample is exposed to the electron beam some electrons will be
inelastically scattered effectively generating a point source of electrons.
Subsequent elastic scattering of electrons will give rise to diffraction, which
can be detected by an EBSD detector. The produced diffraction patterns are
called electron backscattered diffraction patterns (EBSP). The experimental
EBSP is analyzed by comparing with EBSP simulated for the given crystal
structure. By matching experimental and theoretical EBSP both phase and
crystallographic orientation can be determined. Thus, the resulting dataset will
contain crystallographic information of every indexed point. The technique is
described more in detail in for instance references [70,71].
The diffracted electrons can only escape from the surface layer [43] and
therefore a sample with a strain-free surface is required. The last deformed
layer after mechanical polishing can be removed by for instance ion-polishing.
To detect a large number of electrons and improving signal to noise for the
EBSP, the sample surface should be tilted about 70° relative to the horizontal
plane. The beam is scanned across the sample surface using a defined step size
and an EBSD map is generated. One pixel will have the same size as the step
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size and it is therefore important to select a step size in relation, and
preferentially smaller than, the smallest feature of interest.

EBSD and Cemented Carbide
As stated in Chapter 3, EBSD is an efficient technique when evaluating the
grain size distribution in cemented carbide. A relatively large area of a 2D
section of the material can be mapped and in a post-processing step the grains
can be evaluated from their different orientations. Also phase fractions and
WC grain shape can be evaluated from the EBSD data. In Figure 5.4 EBSD
maps are presented with different types of coloring for a WC-20vol.%Co
alloy. Figure 5.4a shows an inverse pole figure coloring map, where the WC
grains are colored depending on their orientations. Figure 5.4b shows a phase
coloring map, where the different phases have been assigned with a specific
color, in this case WC is red, Co(fcc) yellow and Co(hcp) blue. However, in
the post-processing step there are several parameters that need to be taken
into consideration. These parameters are well described in the work by
Mingard et al. [43]. In the EBSD analysis, noise will occur due to poor
indexing of the EBSP, i.e. non-indexed WC or incorrectly indexed WC. The
non-indexed pixels, so-called zero solution, arise from for example
overlapping patterns from two grains and poor pattern quality [43].

Figure 5.4 EBSD maps of a WC-20vol.%Co alloy colored in a) by inverse pole
figure coloring and b) by phase coloring.
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The noise may result in false grains, consisting of small clusters of pixels or
individual pixels, and will introduce a bias of an artificially large peak of fine
grains in the grain size distribution. The introduced bias, gives rise to the need
of defining a cut-off, in the post-processing, value that will eliminate the false
grains by excluding all grains below the cut-off. The cut-off will be the
minimum size of the allowed grains and by defining this there will be a risk of
eliminating small real grains as well. To reduce some of the noise a so-called
noise reduction can be performed for the non-indexed pixels by interpolation
of data from neighboring pixels. In the post-processing the smallest
misorientation angle between two WC grains, i.e. WC–WC boundary, needs to
be defined. A too high value will cluster grains and a too low value will split
grains. All these post-processing procedures need to be performed with
caution.
As already mentioned, the sample preparation, achieving a strain-free surface,
is important in order to get good indexing of the analyzed area. In Paper I-IV,
the samples have first been metallographically prepared by mechanical
polishing using 9 and 1 µm diamond suspensions in consecutive steps. To
remove the last deformed layer on the surface
ion beam polishing have
been used. In Paper I and IV a Gatan precision ion polishing system with an
acceleration voltage of 4 kV and 2° incidence angle was used in agreement
with [41,42]. However, in Paper II and III a JEOL SM-09010 Cross section
polisher was used with an acceleration voltage of 6 kV and 1° incidence angle.
The later method is preferred due to a less time consuming procedure where
larger areas can be polished.
In Papers I-IV, the EBSD technique has been used in order to evaluate the
grain size distribution in WC-Co alloys, as described in Chapter 3. The EBSD
analyses were performed in a LEO 1530 FEG-SEM instrument, fitted with the
HKL system [72]. In all investigations the three expected phases, WC, Co(fcc)
and Co(hcp) were included in the analyses to reduce the noise. In Paper II and
III a step size of 50 nm was used to detect small features and to get a good
resolution of the WC grain shape. In Paper I and IV two step sizes, 50 nm and
0.4 µm, were used in order to ensure significant statistics for both small and
large grains and to speed up the analyses. In Paper I-IV, the HKL Channel 5
Tango software [72] was used for post-processing of the data.
In Paper III, data from the EBSD analysis were also used to evaluate the
shape of the WC grains. Via pole figures the shape of the basal (0001) plane
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was evaluated by studying those grains with the basal plane oriented parallel to
the analyzed section. From the EBSD map (Figure 5.5a), a pole figure for all
grains is drawn (Figure 5.5b). Thereafter, only grains with their basal plane
oriented parallel to the analyzed section were selected, a small misorientation
of 6 ° was allowed (Figure 5.5c). Finally, the map of only the selected grains
was drawn and the grain shape could be evaluated (Figure 5.5d). The WC grain
shape is described more in detail in Chapter 3. However, it was found that to
get good statistics with this method large area needs to be analyzed. In an
attempt to quantitative evaluating the shape the aspect ratio of different grain
size groups were evaluated. The aspect ratio describes the relation between the
longest and shortest perpendicular axis in a fitted ellipsoid inside a grain. The
method, as used in Paper III, was lacking in statistics and also in this case
much larger EBSD maps needs to be analyzed in order to use this approach.

Figure 5.5. a) EBSD map, b) pole figure (0001), c) selection of grains oriented
parallel to the analyzed section with an allowed misorientation of 6° from the plane
and d) selected grains with their basal plane oriented parallel to the analyzed section.
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5.4

3D EBSD

Some SEM instruments are also equipped with a focused ion beam (FIB) with
Ga+ ions, a so-called dual beam instrument, and the sample can then be
investigated with ions as well as electrons. Ions will have a higher momentum
and local milling is possible. By combining the focused ion beam with an
EBSD detector in a dual beam instrument a new technique called 3D EBSD
becomes available. In Figure 5.6 a schematic of the joint FIB/EBSD set-up is
shown. More information on the 3D EBSD technique can be found in
references [73–76].
In the 3D EBSD procedure, first a thin layer will be removed by FIB milling.
Second, the sample is rotated 180°, positioning the milled surface towards the
EBSD detector. Thereafter, the material will be scanned using electrons and an
EBSD map is collected. The procedure will be repeated until a desired number
of EBSD maps have been collected. During the procedure, including sample

Figure 5.6. a) Schematic illustration of the joint FIB/EBSD set-up.
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rotation, the position of the sample is important. In order to align the sample,
a mark, for instance a cross, is milled into the sample, which will be used
during sample repositioning, see lower right corner in Figure 5.7. Figure 5.7
shows a SEM image of the sample during the procedure and the area, where
the analysis occurs, can be seen due to that several sections have been milled
away. The EBSD maps can be aligned and reconstructed into a 3D volume.
Today the procedure is automated but it is still very time consuming.
In Paper II, 3D EBSD analysis was used in order to determine the 3D WC
grain size distribution and WC grain shape in two different WC-Co alloys. The
important parameters were similar to those described for 2D EBSD, except
that also the milling step of the material needs to be considered. As already
said, this technique is very time consuming and only small volumes,
approximately 150 and 230 µm3, were analyzed, corresponding to around 60
sections. The reconstruction will consist of voxels, defined by the step size, in
this work, of 50 nm in x-y-z direction. Due to the Ga+ ion milling between
each EBSD map deformations will be introduced in all new surfaces. This will
reduce the indexing and the number of non-indexed pixels will be higher
compared with a 2D EBSD analysis. This makes it more difficult to perform
noise reduction, including interpolation of data. The long analysis time will

Figure 5.7. a) SEM micrograph of the WC-20%Co alloy during the 3D EBSD
process. The area of the analysis where a number of layers have been removed by
FIB milling can be seen as well as the mark used for calibration of the sample
position.
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also induce some drift and the alignment of the sections needs to be done with
caution.
In the post-processing, it was seen that the misorientation angles for the WCWC boundaries could be rather small and the WC-WC boundaries were thus
set to have a misorientation angle larger than 3°. This value is low enough to
limit false grain clustering, as seen in Figure 5.8a where a misorientation angle
of 10° was used. However, the value is large enough to allow natural
misorientations within the grains, as can be seen in the section in Figure 5.8b,
where a misorientation profile of one grain is shown. A reconstruction of the
different phases present in a WC-20vol.%Co alloy can be seen in Figure 2.5.

Figure 5.8. a) False grain clustering in 3D reconstruction (the box is 8.1x6.25x3.05
µm) where the minimum missorientation angle was set to 10°. b) 2D EBSD map
with inverse pole figur colored WC grains. The black line marks the position of the
misorientation profile in c). A variation of maximum 1.3° can be seen within the
grain.
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5.5

Energy Dispersive Spectroscopy (EDS)

EDS is a technique used for chemical analyses of a sample. The
characterization relies on characteristic X-rays generated from the interaction
between the incident electron beam and the sample. The energy of the
characteristic X-rays can be detected by an energy-dispersive spectrometer and
hence the chemical composition of the sample can be analyzed. However,
there are some overlaps in the X-ray energy spectra, which may be difficult to
overcome and the technique is limited. The chemical composition can be
analyzed either locally or as an average. The local composition can be analyzed
by point analysis where the composition is analyzed in one point. Data can
also be collected from a larger area giving an average composition. The
technique also offers elemental mapping, which can be used to detect where
different elements are located in the microstructure.
EDS-analysis has been used in Paper V and VI to determine the chemical
composition. In Paper V, the chemical composition of (Ti,Zr)C particles
which had a phase separated structure after aging was of interest. Therefore,
EDS elemental mapping was used to verify that the contrast variations
observed were due to composition variations. In Figure 5.9a one particleagglomerate, originally from a (Ti,Zr)C particle, with a decomposed structure
of coarse lamellas is shown. In the Ti and Zr element maps in Figure 5.9b and
c respectively it can be seen that the green areas are rich in Ti and the red areas
are rich in Zr.
In Paper VI, EDS point analysis was used to determine the composition of the
metallic elements of a (Ti,Zr,W)(C,N) in equilibrium with Fe or Co and
graphite. The system was heat-treated in the miscibility gap and the
microstructure showed two carbonitride phases for which the compositions
were analyzed. The analysis showed one Zr-rich phase and one Ti-and W-rich
phase.
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Figure 5.9 a) Micrograph of a decomposed (Ti,Zr)C particle-agglomerate with the
area for element mapping marked. b) Ti element map showing Ti-rich regions in
green and c) Zr element map showing Zr-rich regions in red.

5.6

Transmission Electron Microscopy (TEM)

The transmission electron microscopy, TEM, is based on the interaction
between an electron beam and a sample. In the TEM the interaction occurs
when the electrons are transmitted through the sample, which needs to be thin
enough to enable this. A very high resolution can be achieved and small
features can be investigated, e.g. a single column of atoms. Since the electrons
are transmitted through the sample the TEM will also give information on the
inner structure of the material rather than the external structure of the surface
seen in the SEM.

STEM
The TEM can be equipped with additional scanning coils and detectors, which
makes it possible to scan the electron beam across the sample. This is referred
to as scanning transmission electron microscopy (STEM). In STEM mode the
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electron beam is focused into a narrow spot and scanned over the sample. In
the STEM several different signals are possible to collect. Two of the most
commonly used modes are:
 High-angle annular dark-field imaging (HAADF); where signals from
transmitted inelastically scattered electrons leaving the sample at a
relatively high angle to the optical axis, are collected. HAADF is
sensitive to the atomic number of the sample and thus e.g. Z-contrast
images can be recorded.
 EDS; where characteristic X-rays are collected. It is possible to detect
chemical composition by collecting generated X-rays in a STEM-EDS
analysis.
More information regarding the STEM technique can be found in for instance
reference [77].
In Paper V, STEM HAADF imaging was used to investigate phase separation
after aging of a (Ti,Zr)C sample. In Figure 5.10, composition variations can be
seen due to phase separation as verified by elemental mapping.

Figure 5.10. STEM-EDS element map on a decomposed structure in sample aged
for 100 h showing in a) a micrograph (HAADF1) with the area of the element map
marked, b) Ti element map and c) Zr element map.
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5.7

X-ray Diffraction (XRD)

The crystal structure of a material can be determined by using X-ray
diffraction, XRD, technique. A beam of X-rays, which can be considered as
waves of electromagnetic radiation, is used. The regular arrays of atoms in a
crystal will scatter the X-rays, through the electrons of the atoms, by elastic
scattering and some of them will obey Bragg’s law:
(5.1)
where is the spacing between the crystal planes, 2θ is the angle between the
incident beam and the detector, is an integer and is the wavelength of the
beam. A schematic illustration of the diffraction is presented in Figure 5.11.
The atoms in the sample will diffract the X-rays forming a diffraction pattern.
For a cubic crystal the spacing between crystal planes is given by:
(5.2)

√

where is the lattice parameter. For a cubic crystal with an fcc structure the
Miller indices of the first two reflections are {111} and {200}. The order of
the reflections is given by the integer , and for a specific crystal plane
diffraction occurs when
The analysis procedure consists of gradual change of the 2θ angle while the
sample is exposed to the X-ray beam and the diffraction angle and intensity of
the

Figure 5.11 Schematic illustration of diffraction.

52

Chapter 5

diffracted beam is detected. This will generate a diffraction pattern where
intensity peaks can be seen when the Bragg condition is satisfied. Details of
the theory of X-ray diffraction are given by for instance Warren [78].
Hence, from a diffraction pattern the lattice parameter of a crystal can be
determined and thereafter the chemical composition by using Vegard’s law
[79]. Vegard’s law assumes a linear relation between the lattice parameter and
the concentration of the constituent element, , and for an alloy A-B the lattice
parameter is described by:
(5.3).
In Paper V, XRD was used to study a phase separation in (Ti,Zr)C by
determining the lattice parameter as well as the chemical composition of initial
and product phases. The lattice parameters were evaluated by fitting a
Gaussian function by least-squares fit to the observed peaks in the diffraction
pattern. However, there was one broad asymmetric peak, which was fitted
with two curves. An example of curve fitting of peaks from the first reflection
from an (Ti,Zr)C alloy aged for 100 h at 1300°C can be seen in Figure 5.12.
From the fitted Gaussian function, the peak center and the corresponding
angle can be evaluated. From the 2θ angle the spacing,
, between the
crystal planes was evaluated with equation 5.1 and thereafter the lattice
parameter with equation 5.2. Also, the chemical composition was evaluated
with Vegard’s law [79], equation 5.3, in order to study the phase separation.
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Figure 5.12. XRD diffraction pattern for (Ti,Zr)C decomposed upon aging for 100
h at 1300°C. Gaussian functions fitted by least-square fit are included. For the
asymmetric broad middle peak two functions were used, red and green, and the blue
curve show the sum of these.
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SUMMARY OF APPENDED
PAPERS

Paper I. Effect of carbon activity and powder particle size on WC
grain coarsening during sintering of cemented carbides
The effect of C-activity and initial WC grain size distribution on the
coarsening of WC in cemented carbide was investigated in this work. A WC10wt.%Co-graphite alloy was compared with a WC-10wt.%Co alloy (from an
earlier work) after different sintering times in the ranges of 0.25-8 h at 1430°C.
It was found that for the WC-10wt.%Co-graphite alloy, a more homogenous
grain size distribution was observed both after 0.25 and 8 h of sintering
compared to the WC-10wt.%Co alloy. The decrease in homogeneity of the
WC grain size distribution at a lower C-activity seems to lead to an increased
tendency for developing a bimodal size distribution after long sintering times
of 8 h.

Paper II. On the three-dimensional structure of WC grains in
cemented carbides
The goal in materials design is to be able to derive the material properties of
cemented carbide from a 3D structure. In this work, the grain size distribution
and shape of WC grains in cemented carbide were investigated in 3D. Direct
3D measurements, using focused ion beam serial sectioning and EBSD, were
performed and a 3D microstructure was reconstructed. The measurements
were supplemented by 2D EBSD and SEM on extracted WC grains. The data
from 2D EBSD were transformed to 3D using a recently developed statistical
method based on an iterative inverse Saltykov procedure. This stereological
analysis showed that the assumed spherical shape of WC grains during the
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Saltykov method was reasonable and the estimated 3D grain size distribution
is qualitatively in good agreement with the actual distribution measured from
3D EBSD. Although the spherical assumption was generally fair, the WC
grains have both faceted and rounded surfaces. The difference in the observed
shape was believed to be a consequence of the relatively low amount of liquid
phase during sintering, which makes impingements significant. Furthermore,
the observed terraced surface structure of some WC grains suggests that 2D
nucleation is the most important coarsening mechanism to consider.

Paper III. Microstructure, grain size distribution and grain shape
in WC-Co alloys sintered at different carbon activities
C-activity is an important factor during sintering of cemented carbide. In this
work, the effect of C-activity on WC grain size distribution and WC grain
shape was investigated in five different WC-20vol.%Co alloys with an
increasing C-activity from the WC-Co-η equilibrium to the WC-Co-graphite
equilibrium. The results show that the average diameter of the WC grains
increases with increasing C-activity. A slightly widening of the, still
homogeneous, grain size distribution was seen with increased C-activity.
Faceted grains were seen in the five alloys but a difference in WC grain shape
was observed between the WC-Co-η alloy and the WC-Co-graphite alloy. For
the WC-20vol.%Co-η alloy the grain shape was more irregular and on some
grains with faceted surfaces steps were evident. For the WC-Co-graphite alloy
a planar surface structure was observed for the large grains with a more
triangular shape.

Paper IV. Abnormal grain growth in cemented carbides —
Experiments and simulations
Abnormal coarsening is often seen in cemented carbide. In this work, the
abnormal coarsening was investigated by studying two bimodal WC10wt.%Co alloys. The bimodal distribution was achieved by mixing fine
powders with additions of 1 and 10 wt.% very coarse grains, respectively. The
alloys were sintered for four different times in the range 0.5-32 h at 1430°C..
Abnormal coarsening was clearly seen in the two alloys and the average grain
size increases compared with a unimodal powder. It was further seen that the
bimodal sample may become unimodal after long sintering times of 32 h. The
coarsening was also simulated using a recently developed model and the
simulation showed satisfactory predictions for short sintering times, similar to
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the ones used in industrial practice. However, the model could not predict the
effect of the large grains after long sintering times where the coarsening was
strongly underestimated.

Paper V. Synthesis and phase separation of (Ti,Zr)C
The phase separation in the TiC-ZrC system may be used to increase the
hardness in cemented carbide and was studied experimentally supported by
thermodynamic and first-principles calculations. A mixed (Ti,Zr)C powder was
synthesized and then aged at 1300°C in a range of 10-500 h. The samples were
investigated with XRD analysis, which showed new growing phases of TiC
and ZrC formed upon aging. The microstructure was observed in the SEM
and fine lamellar structures, of approximately 50 nm regions, was seen in some
particles. The number of particles showing the lamellar structure increasing
upon aging and the structure also got coarser. The structure was further
investigated using STEM, with imaging, STEM-EDS line scan, and elemental
mapping showed a composition variation of approximately 10 percentages.
The mechanism of decomposition is not determined and further investigations
must be conducted. Thermodynamic calculations of the chemical miscibility
gap and spinodal were performed and showed results in agreement with the
experiments. Furthermore, first-principles calculations were performed, taking
the coherency strains into account and a good agreement with the
experimental data was found.

Paper VI. Influence of nitrogen gas pressure on the miscibility gap
in the Ti–Zr carbonitride system.
The effect of the N2-gas pressure on the miscibility gap in (Ti,Zr,W)(C,N), in
equilibrium with Co or Fe and graphite, was investigated. A phase separation
was seen resulting in two separate cubic (Ti,Zr,W)(C,N) phases. The result
showed that the miscibility gap only was present when both Ti and Zr were
included and that the region of the miscibility gap will change when N was
introduced to the system. A critical N2-gas pressure lower than 0.1 bar was
suggested. Above this pressure homogeneous carbonitride phases should
form. In this study no spinodal-like structure was observed.
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CONCLUDING REMARKS AND
FUTURE PROSPECTS
The intention of this thesis has been to investigate some different structural
aspects that can aid the scientific understanding and the possibility to develop
tailored cemented carbide alloys. Cemented carbide is an important group of
materials and the structural evolution during the production is important to
understand. There are many factors that will affect the evolution and therefore
also many challenges left in order to fully predict the material properties and
to find new possible solution to improve the performance, like for instance
the hardness. The structural aspects that have been discussed in the present
thesis includes: (1) WC grain coarsening in cemented carbide alloys and how
WC size and shape can be characterized and evaluated. The experimental
results were compared with computational work. The focus has been on the
effects of initial WC powder size and C-activity on the coarsening process. (2)
Phase stability of the (Ti,Zr)C system and how it can be characterized. The
experimental results are compared with computational work showing good
agreement. The gained knowledge can further be used to find new possible
solution for an enhanced hardness in cemented carbide.
There are still challenges left before the WC grain coarsening is fully
understood. There are also challenges left before the potential use of the phase
separation as a new strengthening solution in cemented carbide is investigated.
Some of the challenges are listed below:
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 There are a limited number of experimental studies on the WC
coarsening behavior and more work is needed in order to fully
understand coarsening, including the evolution and kinetics. Of special
interest are still affecting factors like the initial WC powder size, initial
WC powder size distribution and C-activity.
 In the present thesis the 3D structure was investigated for the first
time, however, further work on 3D characterization is needed in order
to understand and predict the 3D material properties. Different alloys
and larger volumes need to be investigated. This will give information
on for instance the WC (and Co-rich binder) skeleton structure, the
grain shape, and the interfaces between the WC-WC and WC-Co
grains.
 There is a need to develop a methodology to evaluate and represent the
WC grain size distribution in cemented carbide so the whole
distribution can be described in a good way. This would make the
comparison between different studies easier and common conclusions
can be drawn.
 There is a lack of understanding on how coarsening affects the WC
grain shapes and vice-versa. To understand this first a methodology to
quantitatively determine the WC grain shape both in 2D and 3D needs
to be developed. More experimental work is also needed to investigate
by which factor the shape is affected. Additionally, more work is also
needed in order to determine both the equilibrium shape as well as the
coarsening shape, both for the grains that grows and for grains that
dissolves.
 With the new experimental and computational knowledge further
development of models to predict a 3D grain size distribution
evaluation over time in cemented carbide alloys is needed.
 In the present thesis the phase separation in the (Ti,Zr)C system was
reported for the first time and both more experimental and
computational work is needed in order to evaluate if the phase
separation can be utilized to improve the material properties of
cemented carbides. The experimental work needs to map
thermodynamics and kinetic of the phase separation, including the
equilibrium compositions in the miscibility gap. The evolution of the
60

Chapter 7
decomposed structure, including strain states and orientation
relationships need to be understood. For the computational work, for
instance, larger super-cells accounting for vacancies are needed. In
addition, with the help of other computational techniques like the
phase-field method new knowledge on the phase separation in the
(Ti,Zr)C system can be gained.
 Mechanical properties, like hardness, needs to be further investigated
for the (Ti,Zr)C in order to evaluate the possible strengthening effect.
 If the (Ti,Zr)C system should be used in a cemented carbide alloy there
will be a solubility of, for instance, W in (Ti,Zr)C and a binder phase
will also be present. These effects on the phase separation need to be
evaluated.
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