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Abstract

Indexable inserts are nowadays non-replaceable tools in machining metals and they are
composed of hard carbide particles and a soft metallic binder. Mostly tungsten carbide
which is embedded in cobalt as a binder is used. These compositions are called cemented
carbides. Especially the excellent wear resistance of cemented carbides makes them
interesting for machining. In their field of work indexable inserts should be reliable and
accurate. Accuracy is achieved by surface treatments like grinding. However, during
operation it can be observed that ground cemented carbides may possess a shorter life
time than unprocessed cemented carbides.

An overview about the known wear mechanism in tungsten carbide, cobalt and in
compound of these is given. Surface investigations of ground and unprocessed cemented
carbides starting with optical microscopy, scanning electron microscopy and atomic force
microscopy were performed. Fracture of the grains as well debris could be seen at the sur-
face. X-ray diffraction was used to determine strain in the material via peak broadening
showing an increase of strain in the ground samples. Furthermore cross-section inves-
tigation with scanning and transmission electron microscopy were performed. Binder
phase depletion at the surface and subsurface as well as fracture and slip planes in the
grains were observed. Via (S)TEM energy-dispersive X-ray spectroscopy and energy
filtered transmission electron microscopy a tribofilm formation at the surface can be
assumed.
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Kurzfassung

Wendeschneidplatten aus gesintertem Hartmetall sind in der Zerspanung von Metallen
ein unersetzbares Werkzeug. Hartmetall ist ein Sinterwerkstoff und besteht aus harten
Carbid-Teilchen, die in einer metallischen Matrix, welche weich und zäh ist, gebunden
sind. Zumeist wird Wolframcarbid und Cobalt als Binder verwendet. Die hohe Ver-
schleißfestigkeit und der Härtegrad von Hartmetallen sind die idealen Eigenschaften in
der metallzerspanenden Industrie. Dabei muss stets die Zuverlässigkeit und Genauigkeit
der Wendeschneidplatten hoch gehalten werden. Erhöhte Genauigkeit wird durch Ober-
flächenbehandlung wie z.B. Schleifen erreicht. Diese geschliffenen Wendeschneidplatten
können aber gegenüber ungeschliffenen eine verkürzte Standzeit aufweisen.

In dieser Arbeit wird ein Überblick über die bekannten Verschleißmechanismen von
Wolframcarbid, Cobalt und WC-Co Hartmetall gegeben. Oberflächenuntersuchungen
von geschliffenen und ungeschliffenen Hartmetallen wurden durchgeführt. Lichtmikro-
skopie, Rasterelektronenmikroskopie und Rasterkraftmikroskopie wurden verwendet. Riss-
und Bruchbildung sowie kleinere Bruchstücke von Hartmetallkörnern ergaben sich an der
Oberfläche. Röntgenbeugung zur Bestimmung von Eigenspannungen über die Linien-
verbreiterung ergaben eine Erhöhung von Eigenspannungen im geschliffenem Hartmet-
all gegenüber dem ungeschliffenen. Weiters wurden Querschnittsuntersuchungen mit
Raster- und Transmissionselektronenmikroskopie durchgeführt. Neben Rissbildung und
Versetzungen konnte eine Verarmung des Binderanteils an der Oberfläche sowie in ober-
flächennahen Bereichen festgestellt werden. (S)TEM energiedispersive Röntgenspek-
troskopie und energiegefilterte Transmissionselektronenmikroskopie lassen die Bildung
eines „Tribofilmes“ an der Oberfläche vermuten.
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1 Introduction and Motivation
Indexable inserts are widely used in industries for processing metals. Today these inserts
are the workhorses in all areas of the manufacturing industries. An indexable insert is
a symmetric cutting bit that has multiple cutting edges. Once a cutting edge is worn,
it can be indexed to another edge or completely replaced easily (see figure 1.1). Tools

Figure 1.1: Different shapes of indexable inserts which can be screwed onto a tool holder
[1]

for cutting should possess a high hardness and resistivity to obtain reliable, efficient
and economical products. There are several different materials commonly used for these
tools. The most common one consists of tungsten carbide (WC) particles which are
embedded in cobalt (Co) as a binder phase. Tungsten carbide is a hard and brittle
material but in combination with a soft binder it is an excellent tool for cutting, turning,
drilling and milling of metals. These compounds are also called hard metals or cemented
carbides.

The mechanical properties of such WC-Co alloys are dependent on various parameters.
In hard metal the most important properties are the wear properties. They are related
with the mechanical properties of the used materials such as hardness, ductility and
fracture toughness. A lot of investigations were done to improve the wear properties of
hard metals.

Most of the cemented carbide tools get ground to ensure close dimensional tolerances
and good surface finish. In action it emerges that ground cemented carbides may possess
a shorter life time than cemented carbides without this surface treatment.
The main objective of this study was to figure out why ground cemented carbides may
have a shorter life time than unprocessed cutting tools that are fabricated from the same
material.
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2 Materials

The properties and manufacturing of the material used in this study is going to be
explained. Furthermore an overview of defect formation processes, which were discovered
by previous research, is given.

2.1 Cemented Carbide

Cemented carbides, also called carbid metal or widia (acronym for „WIe DIAmant“= like
diamond), are wear resistant materials which are used for machining metals. They are
combining hardness, strength and toughness at the same time. With a few exceptions
their main component is tungsten carbide (WC). Titanium (Ti), tantalum (Ta) and
niobium (Nb) as a carbide can also be present in the composition. These carbide grains
get embedded in a ductile binder phase which is usually cobalt (Co). The binder phase
can also be represented by an alloy of iron (Fe), chromium (Cr), nickel (Ni), molybdenum
(Mo) and several other alloys.

In this study tungsten carbide (WC) with cobalt (Co) as a binder was used.

2.1.1 Tungsten Carbide (WC)

The Frenchman Henri Moissan produced W2C in 1896 for the first time by using an
electric furnace and around 1898 P. Williams produced tungsten monocarbide (WC) [2].
WC can be prepared by reaction of tungsten metal and carbon in a hydrogen atmosphere
or in vacuum at 1400-2000℃ [3]:

W + C ⇀ WC.

WC forms particles with varying sizes. The properties of tungsten carbide are determined
by the purity and grain size. To receive fine grained powders (< 1µm) small amounts of
vanadium (V), chromium (Cr) or tantalum (Ta) are added to the tungsten and carbon
powders before carburization [4].

Tungsten monocarbide has a simple hexagonal crystal structure with two atoms per
unit cell and with the lattice parameters a = 0,2906 nm and c = 0,2837 nm [5]. It melts
at a temperature of T = 2776℃ [3] and has a density of ρ = 15,63 g/cm3 at 18℃ [6].
Stoichiometrically tungsten carbide has a carbon content of 6,13wt%. WC is about
three times stiffer than steel, possesses a high hardness, but it is brittle. Due to the
extreme hardness (1700-2400 Hv = Vickers number [7]) it is used in a compound as a
cutting tool for machining .

2



2 Materials

Deformation mechanisms in WC

In tungsten carbide grains several slip planes are able to plastically deform the grain with-
out the occurrence of brittle fracture. TEM investigations on bulk samples suggested
that the slip planes are of the (101̄0) type and the possible slip directions are <0001>,
<112̄0> and <112̄3> [8–10]. Unit dislocations with the Burgers vectors <0001>,
1
3
<112̄0> and 1

3
<112̄3> have been observed and said to be glissile on a number of dif-

ferent planes [11]. In the recent past another study claimed that only the (101̄0)<112̄3>
system which produces slip equivalent to (101̄0)<112̄0> and (101̄0)<0001> is active in
the WC [12]. There is only a four slip system available and this would limit the deforma-
tion of polycrystalline WC and can cause interfacial cracks. Nucleation of microcracks
in WC grains can also be caused by glide of 1

6
<112̄3> partials and is usually associated

with slip in intense shear bands [13–15].

2.1.2 Cobalt (Co)

Cobalt has an atomic number of 27, was discovered by Georg Brandt in 1735 [16] and
is found naturally only in chemically combined form (copper and nickel mineral ores).
Due to reduction with carbon cobalt is produced as a byproduct of copper (Cu) and
nickel (Ni):

Co3O4 + 2C ⇀ 3Co+ 2CO2.

At temperatures below T = 417℃ cobalt possesses a hexagonal close-packed structure
and in between T = 417℃ and its melting point T = 1493℃ it has a face-centered
cubic structure [17]. Cobalt is a ductile metal and has a density of ρ = 8,90 g/cm3 at
T = 20℃ [18]. Mostly it is used as an alloying element to improve the high thermal
stability and wear resistance of alloyed steels and as a binder phase in cemented carbides.
In cemented carbides cobalt provides high densities because of its wetting or capillary
action during sintering [19]. Another characteristic property that makes cobalt such an
effective binder metal for cemented carbide is the relatively low melting temperature of
cobalt-tungsten carbide and the solubility of tungsten carbide in cobalt [20].

Deformation mechanisms of Co as a binder in WC-Co alloys

The structure of the binder Co in WC-Co alloys is mainly fcc but this structure is un-
stable at room temperature. In the undeformed state the binder has numerous stacking
faults. During deformation a martensitic transformation from fcc to hcp (hcp binder
lamellae) takes place to lower the energy in the binder and is accompanied by twin for-
mation [21–23]. In WC-Co alloys a complete transformation has never been observed.
Since the fcc structure is unstable at room temperature the stacking fault energy be-
comes very low and therefore dislocations and stacking faults are the prominent feature
in deformed samples [11]. In a previous study it was estimated that less than 10% of
the binder transforms before fracture of the material takes place [24].

3



2 Materials

2.1.3 Production and Properties of Cemented Carbide WC-Co

As already mentioned only tungsten carbide (WC) with cobalt (Co) as a binder will be
discussed.

It was in 1932 when Karl Schröter filed a patent for the production of a sintered WC
infiltrated with Co [25]. Since then a huge market opened and today cemented carbides
are the workhorses in all areas of the manufacturing industries.

General cemented carbides are sintered materials in which the brittle refractory car-
bides are bound by a soft ductile metal binder. The overall process to manufacture
cemented carbides is called powder metallurgy (PM) and there are a lot of different
production technologies. Mostly they involve the following steps:

1. Powder production,

2. Mixing of powders,

3. Forming/molding of the mixed powder,

4. Sintering to enhance integrity and strength

5. Secondary operations or rework.

How WC and Co are produced was already described in section 2.1.1 and 2.1.2. The
mixing of powders is done in ball mills or attritors and has to be intense to ensure a good
blending. Milling is done in the presence of a milling liquid (ethanol, acetone etc.) to
prevent oxidation and minimize heating of the powder. Afterwards the milling liquid is
removed by a spray-drying process. The forming of the powders is achieved by pressing
to obtain a green compact with sufficient strength to withstand further handling opera-
tions. Before pressing an organic binder (paraffin wax) is added to the powder to improve
the pressing properties and to impart strength to the pressed powder [4]. In the next
step the organic binder is removed by heating the compact to about T = 500℃. Then
sintering is performed, which can be done in vacuum or under atmospheric pressure with
protective gas. The amount of the cobalt binder defines the final sintering temperature
(mostly between T = 1350 − 1500℃ [26]). During this process the cobalt melts and
wets the tungsten carbide totally. The solids receive a shrinkage of 17-25% producing
virtually pore-free, fully dense products [4]. Secondary operations include further press-
ing, grinding and coating. They are used to ensure close dimensional tolerances, good
surface finish and an increase in life time.

The properties of the cemented carbide WC-Co are critically dependent on their final
composition and structure [27]. Of course there are a lot of different properties of WC-Co
so in this study just the most important are pointed out.

Hardness

The hardness of a material is the ability to withstand penetration by a surface contact,
through a combination of plastic flow and brittle fracture. This property is the most im-
portant one when it comes to abrasion resistance. Both composition and microstructure
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affect the hardness, therefore cobalt content and WC grain size have to be considered.
For example at a given cobalt content the hardness increases with decreasing WC grain
size(see figure 2.1(a)) [4]. Another value which affects the hardness is the contiguity.
Contiguity is defined by the ratio of the grain boundary area shared by carbide grains
to the total surface area of the grains [28].

Fracture Toughness

Fracture toughness describes the ability of a material featuring a crack to resist fracture.
It is a measure of the energy required for mechanical failure. Since the binder phase is
ductile the binder absorbs energy via plastic deformation. To increase fracture toughness
a larger grain size is required (see figure 2.1(b)).

(a) (b)

Figure 2.1: Schematic diagrams of a) the hardness as a function of the carbide volume
fraction and grain size and b) fracture toughness as a function of the carbide
volume fraction and grain size (adopted from [29])

Transverse Rupture Strength

The transverse rupture strength (TRS) is determined by bending the cemented carbide
until failure and is used to measure the fracture strength. The relationship between
microstructure and TRS is not well established. A higher content of Co and smaller
WC grains yield an increase in fracture strength [30,31]. It was also shown that within
a hardness range of 800 < Hv < 1500 kg/mm2, TRS appears to first increase and then
decrease as the hardness increases [32].

Density and Porosity

The density of cemented carbides is very sensitive to composition and porosity in the
specimen and is widely used as a quality control test [4]. Desirable are high densities to
avoid pores which degrade the mechanical properties. Pores are caused by low carbon
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content, inhomogeneous blending of the powders, trapped gases and impurities [33].

The carbon content is not only responsible for pores. If the phase diagram of the
W-C-Co system is considered so called η-carbides with the composition (W,Co)6C can
be formed. These phases are brittle and that is why the carbon content in WC-Co
materials has to be treated carefully [34].

2.2 Friction and Abrasive Wear of WC-Co Hard
Metals

WC-Co hard metals have been employed in a wide variety of fields since they were first
developed. The hard metals are used in many wear resistant applications and that is
why the processes and mechanisms of wear are a matter of scientific interest.

Up to the present there were a lot of studies of abrasive wear behaviour of WC based
hard metals [35–49]. One of the first investigations used X-ray diffraction to examine
plastic deformation in tungsten carbide [50]. Nowadays a lot of other techniques can be
used to determine wear of cemented carbides. It has been shown that the abrasive wear
rate of WC-Co hard metals mainly depends on the carbide/cobalt ratio and the size of
the carbide grains [51]. The wear rate increases in proportion with the increase of the
cobalt content [35–43] and the size of the carbide grains [41–49].

In previous studies several wear mechanisms under different conditions were discov-
ered using various techniques. Their occurrence depend on a lot of parameters like the
experimental technique, the intensity of the wear and which specimen was used. To
receive an overview about the wear mechnisms some results of previous investigations
are listed.

Residual Stress

In almost every material residual stress is present. There are various reasons from
where they originate, including plastic deformations, temperature gradients during heat
treatment or structural changes. Residual stress can be measured via several different
techniques, which can be classified into non-destructive and destructive methods.

One of the first investigation of wear on blocks of sintered tungsten carbide was done
with X-ray diffraction. Broadening of the peaks was observed and analysed by different
methods. To obtain a distribution of the induced microstrain layers of the sample
were electrolytically etched away and the observed peaks were analysed by the variance
method [52,53]. This distribution for microstrain normal to the (101̄1) planes can be seen
in figure 2.2(a) [50]. This result in comparison with previous studies on milled powders
shows that an increase of plastic deformation was taking place. The deformation extends
to several microns below the surface. The plastic deformation causes work hardening,
which results in the surface layers becomeing brittle and fracturing [50].

Another study which used X-ray diffracation to examine residual stress in WC-Co due
to grinding obtained the same results [54]. The method was non-destructive without

6
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(a) (b)

Figure 2.2: a) Distribution of microstrain ε below a worked surface (adopted from [50]);
b) SEM image of the cross section at the ground surface including a graph
of the intensity of the reflected X-rays as a function of depth I(z) (adopted
from [54])

etching and the sin2ψ method was used to calculate the stress. For the (201) reflection
an increase of the stress could be measured and also for the average stress an increase
was obtained [54]. It was also revealed that 50% of the measured radiation comes from
the first 0,9 µm and that 95% appears from a depth of < 3,9 µm [54](see figure 2.2(b)).

The increase of the stress in WC-Co alloys can also be seen in TEM investigations. If
WC-Co samples get prepared damage and defects can be induced. One sample prepa-
ration method is wedge polishing where mechanically electron transparent areas are
achieved. Due to mechanical polishing the WC grains receive an increase of the defect
density in comparsion to an ion polished sample (see figure 2.3(a) and 2.3(b)). TEM
high resolution images (see figure 2.4) are showing that the crystalline structure of the
grains is disturbed.

Similar results were observed at deformed cutting edges of WC-Co inserts. TEM
observations showed a considerable deformation of the WC grains and some infiltrated
grain boundaries were facetted along low energy planes (see figure 2.5(a) and 2.5(b)) [56].
Not only dislocations, stacking faults or twin formation could be found but also hcp
binder lamellae. These hcp lamellae originate from the martensitic transformation of
the binder (see also section 2.1.2). Examples of binder phase lamellae can be seen in
figure 2.6. In figure 2.7 a binder lamella at higher magnification can be seen [56].
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(a) (b)

Figure 2.3: TEM BF image of a WC-Co alloy a) wedge polished and b) ion thinned
sample (adopted from [55])

Figure 2.4: TEM high resolution BF images of a polished WC-Co alloy. Defects in the
crystal structure can be seen (adopted from [55])
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(a) (b)

Figure 2.5: TEM images of a plastically deformed WC grain; a) grain seems to be de-
formed along two plane directions, b) slip lines and steps have formed at
grain surface (arrows) (adopted from [56])

Figure 2.6: SEM images of an [a] undeformed and [b] deformed WC-Co, examples of
binder phase lamellae are marked with arrows (adopted from [56])
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Figure 2.7: TEM image of a binder lamellae marked with an arrow (adopted from [56])

The new hcp structure possesses only one slip plane and further deformation becomes
increasingly difficult.

Microcracks and Fracture

If the deformation progress proceeds the binder can not any longer prevent cracks because
of the constrained movement of the slip plane in the hcp structure. This causes a crack
formation in the binder and a simultaneous break up of the WC grains. There are
actually four different types of fracture paths which can be distinguished in WC-Co
alloys [57]:

1. transgranular fracture through the carbide grains,

2. along carbide grain boundaries,

3. transgranular fracture through the binder phase (Co) and

4. along binder/carbide boundaries.

A general agreement is that most of the fracture energy is dissipated into transgranular
fracture through the binder phase. Usually the carbide fracture precedes binder fracture
and therefore determines the direction and type of path the crack takes [57]. In previous
work of wear under dry abrasive conditions microcracks can be seen at the worn surface
[58](see figure 2.8(a)). Another study used a diamond abrasive wheel with a water-oil
emulsion as a coolant. Slip lines and cracks in the WC grains at the surface could be
observed (see figure 2.8(b)).
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(a) (b)

Figure 2.8: SEM image of a worn surface of a WC-Co hard metal a) with 6,09% Co
content (adopted from [58]) and b) with 10% Co content, 1) slip lines and
3) cracks found in a WC grain (adopted from [54])

Binder Phase Extrusion, Carbide Grain Fall-out and Tribofilm Formation

During wear studies it was found out that a binder depletion takes place [46, 59, 60].
This extrusion can be explained by a network of microcracks through which the binder
is pushed out. A binderless subsurface is left and fall-out of carbide grains appears. In
several studies a layer covering the surface was observed [54,61–63]. This layer is called
tribofilm and consists of small carbide grains and some binder phase. In figure 2.9(a) a
ground WC-Co surface can be seen with areas of debris which is covering the surface.
Cross section analysis can be seen in figure 2.9(b). The size of the carbide grains in such

(a) (b)

Figure 2.9: SEM image of a worn WC-Co hard metal: a) surface (15% Co content); b)
cross section with tribofilm (25% Co content) (adopted from [63])

11



2 Materials

a tribofilm is remarkably small in comparsion to the usual size and the binder content is
lower than in the bulk region. Also it showed up that there is a sharp transition between
the smooth outer surface and the unevenly worn WC grains beneath the tribofilm (see
figure 2.9(b) and 2.2(b)).

Further investigation via TEM revealed that the carbide grains in a tribofilm receive
a round structure (see figure 2.10(a) and 2.10(b)) [62]. These small grains originate from
fracture or fall-out of WC grains and get re-embedded onto the surface. With proceeding
wear they get rounded. Same results were obtained with AFMmeasurements. Tribofilms

(a) (b)

Figure 2.10: TEM images of worn hard metal a) bulk material b) top view on tribofilm
(adopted from [62])

can act like a lubricant and therefore they can reduce the wear rate.

2.3 Grinding of Hard Metals

As already mentioned in the section about the production of cemented carbides (see
section 2.1.3) sintered WC-Co hard metals might receive different types of rework to
ensure close dimensional tolerances, good surface finish and an increase in life time.
However, here just the grinding process is going to be pointed out because the effect of
grinding onto the hard metal is the major task of this study.

Mainly grinding is performed to ensure close dimensional tolerances and surface fin-
ishing. During sintering the hard metal receives shrinkage and this causes deviations of

12
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the desired shape of about ±3% [64]. Therefore grinding is used to satisfy the dimen-
sional tolerances. Especially the cutting edge has to be accurately shaped to obtain the
required tolerances and surface quality. Also during operation worn cutting edges can
be ground to reuse them.

Grinding is done with CNC grinding machines equipped with diamond disks. As
coolant water, oil or synthetic based fluids can be used. All of them possess different
properties and have a different application. It should be pointed out that some water
based coolants can leach the cobalt out of the cemented carbide.

Due to improving the forming and sintering process of cemented carbides grinding
is not so often necessary than in the past. However, during operation it can be ob-
served that ground cemented carbides may possess a shorter life time than unprocessed
cemented carbides.

13



3 Fundamentals and Methodology

First of all a short description about different techniques which can be used to determine
defects in the specimen is given. More precisely the method to examine crystal defects
with a transmission electron microscope and with X-ray diffraction are specified.
Also specimen preparation techniques are going to be explained shortly.

3.1 Methods of Investigation

3.1.1 Transmission Electron Microscopy

In transmission electron microscopy (TEM) electrons get emitted by an electron source
(field emission gun or thermionic gun) and transmitted through a very thin specimen
(around < 50− 100 nm) [65]. Within the specimen the electrons interact with the mate-

Figure 3.1: Occuring interactions of the electrons with the specimen

rial (scattering, diffraction, transmission and backscattering) and can give information
about the structure and the chemical composition (see figure 3.1). This 3D-information
gets projected on a viewing screen (fluorescent screen, CCD-camera or photographic
film). So a TEM presents a 2D image of a 3D object and all of this information gets
averaged through the thickness of the specimen. The guidance and focusing of the elec-
trons is done by various electromagnetic lenses and the whole microscope operates in
vacuum to increase the mean free path of the electrons outside the specimen.

There are two different imaging modes in TEM, bright field (BF) and dark field (DF).
For obtaining a BF image a small aperture gets inserted to intercept the diffracted
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beam which only allows the transmitted beam to form an image. Alternatively, the
aperture can be displaced from the optic axis and only the diffracted beam forms the
image, which is called DF imaging. If an image is formed without the aperture the
contrast will be poor. But there is also the possibility to do spectrometry, like energy-
dispersive X-ray spectroscopy (EDXS), electron energy loss spectroscopy (EELS) and
energy filtered transmission electron microscopy (EFTEM). In a different adjustment of
the lenses a diffraction pattern of the specimen can be obtained. This is called diffraction
pattern (DP) but usually a selected area electron diffraction (SAED) aperture is inserted.
Imaging combined with spectrometry is called analytical TEM (AEM).

It is also possible to use a convergent electron beam and scan over a defined area of
the specimen (scanning transmission electron microscopy, STEM). This offers the option
to obtain BF-, annular dark field- (ADF) and high-angle annular dark field (HAADF)
images. It is also possible to obtain point analyses of the specimen with EELS and EDX.

Selected Area Electron Diffraction

When a beam of electrons passes through a crystalline specimen diffraction takes place.
It creates a diffraction pattern (DP) on the viewing screen by the elastically scattered
electrons. With the DP basic crystallographic information can be provided such as the
orientation of the specimen, orientation relationships between crystals and the distance
between the atomic planes. Using a SAD aperture determines the analyzed specimen
area.

X-Ray Spectroscopy

The accelerated electrons in the microscope can eject an inner shell electron from an
atom of the specimen. When this shell gets filled by outer, higher-energy shell electrons
characteristic X-ray emission may occurs. These characteristic X-rays can be measured
by an energy-dispersive spectrometer and the elemental composition of the specimen
can be determined. EDXS works best for heavier elements. The beam electron, which
ejected the shell electron, loses energy but continues through the specimen (inelastic
scattering).

Electron Energy Loss Spectroscopy

For EELS the inelastically scattered electrons get bent by a magnetic prism inside an
EEL spectrometer. This prism seperates the electrons according to their energy loss.
With an energy loss caused by an inner shell ionization one can determine the atomic
composition and the chemical bonding. EELS tends to work best for light elements and
is therefore a complement to EDXS.

Energy Filtered Transmission Electron Microscopy

In EFTEM the electrons get also seperated according to their energy but an additional
energy selecting slit gets inserted. With aligning the energy selecting slit to specific
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energy values it is possible to just let pass electrons with a certain loss of energy which
is specific for an element. This means one can determine the elemental distribution of the
specimen as long as it is very thin. A thickness map can also be achieved by computing
an image formed by the „zero loss“ electrons and an image without an energy selecting
slit.

For obtaining an elemental distribution map the three-window or the jump-ratio
method can be used. In the three-window method two pre-edge images and a post-edge
image are acquired. With the two pre-edge images the background can be calculated and
gets subtracted from the post-edge image in order to obtain an elemental distribution
map. The jump-ratio method uses the ratio between the post-edge and the pre-edge
image, which significantly reduces diffraction contrast.

High-Angle Annular Dark Field

For obtaining high-angle annular dark field (HAADF) images the TEM has to be oper-
ated in STEM mode. The detector has the shape of an annulus and detects high angle,
incoherently scattered electrons. Z-contrast is achieved because this technique is highly
sensitive to variations in the atomic number of atoms.

3.1.2 Crystal Defects and Image Contrast in TEM

There are three main different contrast formation mechanisms in TEM:

• mass thickness (incoherent elastic scattering),

• diffraction (coherent elastic scattering) and

• phase contrast.

Diffraction contrast is a dominant mechanism for imaging dislocations and defects in
crystalline specimen, but also phase contrast and a change in effective thickness can
occur [66]. Especially if there is a high defect density the strain fields overlap and a proper
analysis is quite difficult. Characterization should always start from the diffraction
pattern followed by bright and dark field imaging. To receive the best contrast the
specimen should be tilted in such a way that only one diffracted beam is strong and the
direct beam is the other strong spot (two-beam criterion) [67]. Therefore a double tilt
holder is essential.

The most important microstructure features and crystal defects include [66]:

1. Changes in orientation with or without change in structure composition (grains,
twins, structure of boundaries)

2. Lattice defects (point-, line-, planar- and volume defects)

3. Multiple-phase systems (changes in composition or structure or both).
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Most of these defects can be observed by diffraction contrast without operating the
microscope at the highest resolution, which is a huge advantage. A diffracted beam is
formed if the Bragg equation is satisfied

nλ = 2dsin(θ) (3.1)

where λ is the wavelength of the incident radiation, d the spacing of the atomic planes,
θ the angle between the incident radiation and the atomic planes and n is an integer.
To receive the image contrast a calculation of the intensity of the direct and diffracted
beam is necessary. But these calculations are difficult to handle because re-diffraction
of the diffracted beam can occur. As a solution a two beam dynamical theory of image
contrast has been developed [68], but mostly the kinematical theory [69], which is not
dealing with re-diffraction, fits well with the experimental results.

Using the kinematical theory the intensity of the diffracted beam oscillates as a func-
tion of the thickness. A crystal imperfection is implied with a displacement R of the
unit cell from its lattice position. The resulting difference is just a term g ·R, where g
is the position of the diffracted beam. This is the g · R criterion and the visibility of
most defects can be understood by this term. If there is for example a dislocation and
the displacement R is perpendicular to g then g ·R = 0 so the dislocation is invisible.

Of course in real specimen the determination is not so easy but there is a lot of
literature which offers classifications of different defects and some combinations of these
[66,67].

3.1.3 X-Ray Diffraction

X-ray diffraction is a fast and non-destructive method to measure the chemical compo-
sition and crystallographic structure of a material. When a monochromatic X-ray beam
is projected on a crystalline specimen diffraction takes place if Bragg’s law is satisfied
(equation 3.1). By tilting the specimen the angle can be varied so that different Bragg
conditions are satisfied. Detecting and plotting these occuring peaks via the angular po-
sition allows determination of the material because the peaks are characteristic for each
material. The limiting factors are the X-ray source, which should be monochromatic,
and the wavelength of the X-rays.

XRD can be used to determine the strain density and the crystallite size of the scanned
specimen due observed peak broadening. There are mainly three factors which cause
peak broadening:

1. Instrumental broadening,

2. Crystallite size broadening and

3. Strain broadening.

Instrumental broadening has its origin in non ideal optics, wavelength dispersion, sample
transparency, axial divergence, flat sample effects and in the detector resolution. The
crystallite size broadening increases with decreasing crystallite size. Strain in materials
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can be uniformly and non-uniformly distributed. For uniformly distributed strain the
unit cell expands in an isotropical way and this causes peak shifting but no broadening.
If the strain is non-uniformly distributed it causes broadening due to defects in the
material.

Scherrer showed at first how to calculate the mean crystalline size D using the line
broadening at half the maximum intensity (FWHM) [70]. Later on Stokes and Wilson
also used a relation with the FWHM for determining the lattice strains η [71]. Williamson
and Hall then used these two equations to develop an equation which can seperate the
size broadening and strain broadening effect [72]:

B · cos(θ) =
kλ

D
+ η · sin(θ) (3.2)

where B is the peakwidth (FWHM), θ is the angle between the incident and the scattered
ray and k is the Scherrer constant and has a value of 1 in case of a θ/2θ scale. If then
B · cos(θ) is plotted against to sin(θ) it will yield a straight line with a y-intercept equal
to wavelength divided by crystallite size and a slope equal to the value of the microstrain.

Later on Wilson [73] modified this equation by using the integral breadth β of a peak
instead of the FWHM B

β =
A

I
(3.3)

where A is the area beneath the peak and I is the height of the peak.

3.1.4 Scanning Electron Microscopy

A scanning electron microscope (SEM) is used for compositional and topographical imag-
ing and to determine the chemical composition of the specimen. Electrons get emitted
from a cathode, are focused by electromagnetic lenses and are scanned over the surface
of the specimen. These electrons then cause signals, like back-scatterd electrons (BSE),
secondary electrons (SE), characteristic X-rays, light and specimen current, resulting
from interactions between the electron beam and atoms at or close to the surface (see
figure 3.1). SE and BSE are commonly used for imaging specimens.

SE are low energy electrons (< 50 eV) and originate from a thin surface layer. They
get ejected by the incident electron beam through inelastic sacttering and are detected
by an Everhart-Thornley detector. So they provide information about the topography
of the specimen.

BSE are high energy electrons and these electrons originate from the beam which
got backscattered by the sample and they penetrate deeper into the specimen. BSE
can provide information about the distribution of elements (atomic number contrast).
Material specific information can be obtained because heavier elements yield more BSE
than lighter ones. The detection is done by solid-state devices, which have a ring-like
shape and are located above the specimen.
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3.2 Specimen Preparation

The first step to obtain good images and results with SEM and TEM requires a proper
specimen preparation. There is a large variety of common preparation techniques so
only the applied techniques will be listed (further information in [74]).

Which preparation is going to be used depends on the applied material and on the
desired areas of investigation. In case of the ground cemented carbide a study of the
surface and the cross-section is worthwhile, but not all methods of investigation require
preparation.

Plan View Preparation

The plan view preparation is a technique which is used for TEM studies and it allows a
investigation of the specimen surface.

First a disc of 3 mm diameter has to be cut out of the material. This can be done by
an ultrasonic disc cutter. Afterwards the disc gets mechanically ground from the bulk
side to a thickness of about 120 µm and then it will be dimpled to about 16 µm at the
thinnest area. Finally electron transparent areas are formed by ion milling from the bulk
side with two argon guns under a low angle.

Sandwich Cross-Section Preparation

This technique is much more time consuming than the plan view preparation and has
a lot of different steps. As the name already mentions the observation direction will be
transversal (cross section) to the surface.

A TEM sandwich compound exists of a ceramic, aluminium(III) oxide Al2O3, ring and
a ceramic cylinder with a slit. This serves as a mechanical stabilisation of the sandwich.
Inside the slit two plates with the surface of interest are glued together. From this tube
250 µm thin discs are cut off, which are then prepared as described above. As a next
step a dimpler thins the disc from one side to a thickness of 16 µm. The final thinning
is done by ion milling with two argon guns under a low angle.

Ion Beam Cross-Section Polishing System

This is a device to perform specimen cross-section preparation for SEM [75]. Argon
atoms are used for polishing the specimens. First the specimen has to be placed with
the surface of interest onto a blade by a conductive silver paste with a slight overhang
around 70 µm. It has to be ensured that the conductive silver paste is not covering the
edge of the blade to prevent contamination of the specimen. This blade is placed into
the ion beam polishing system. The angle of the incident ion beam and the accelerating
voltage can be chosen. Lower accelerating voltages ensure as gentle as possible polishing
of the specimen, but also increase the polishing time. In figure 3.2(a) a schematical
drawing of the polishing process can be seen. From the source the argon beam diverges
and hits the specimen and the blade. Material of the specimen as well of the blade gets
sputtered off. In figure 3.2(b) a shematical drawing of the polished area can be seen.
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(a) (b)

Figure 3.2: a) Schematically drawing of the polishing process; b) top view of the polished
area

Due to a small gap in between the blade and the specimen, sputtered off material can be
trapped there and cause re-deposition. The surface of the specimen can be coated prior
to the polishing process to distinguish between the real surface and the re-deposited
material. It is also possible to place the specimen with the bulk surface onto the blade
and polish through the whole specimen. This avoids re-deposition on the specimen
surface of interest without coating the specimen, but it prolongs the process.

The advantage of this preparation technique is that a huge cross-section area (several
100 − 1000 µm2) can be exposed within a short time. Repolishing after an observation
is easily possible.

Focused Ion Beam Lamella

Focused ion beam (FIB) specimen preparation is an interesting technique for TEM
specimen preparation because it is possible to select the area of examination precisely.

To obtain a TEM lamella for cross section investigation the specimen is placed into
the FIB chamber. The size of the specimen can be quite small because the measures of
the lamella are in µm the range. Platinum is placed over the region of interest to cover
and protect the surface of the specimen. In a next step the lamella is produced by FIB
milling and is lifted out with a fine needle. Afterwards the FIB lamella is fixed on a
TEM grid and is now fit for use [76].
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4.1 Materials

The materials, which were used for investigation, were manufactured by „TRIBO Hart-
metall“. All of these conventional cemented carbides are used for indexable inserts and
possess a composition as shown in table 4.1. Four different samples were investigated

Table 4.1: Composition and properties of the investigated materials

Material notation Grain size WC content Co content Ground
µm % %

WC1G 0,6 90 10 X
WC1 0,6 90 10
WC2G 2,5 89 11 X
WC2 2,5 89 11

according to their grain size. WC1 and WC1G possess fine grained tungsten carbide of
d = 0,6 µm. WC2 and WC2G possess a coarser tungsten carbide grain size of d = 2,5 µm.
For each material there is a sample which received no surface treatment and are so called
sinter raw (WC1 and WC2). The other samples were ground with a diamond disk and
metallic emulsion as a coolant (WC1G and WC2G). All of these cemented carbides were
delivered as slices with a dimension of about 10 mm x 30 mm x 250 µm. These slices
were cut off by electrical discharge machining from the inserts.

4.2 Surface Analysis

In all surface studies a preparation was not required and so the specimens were not
affected by a preparation step. SEM and AFM were the two methods which were used
for surface analysis. XRD was carried out as well and also here no preparation is required.

To obtain an overview of all sepecimen surfaces first an investigation with an optical
microscope was performed. In figure 4.1 all surface images of the specimen can be seen.
The fine grained cemented carbides WC1 and WC1G show no differences at this magnifi-
cation. Both surfaces possess an uneven topography and WC1G shows no evidence that
a grinding process has happened. For the coarser cemented carbides WC2 and WC2G
a clear distinction is possible. The unprocessed cemented carbide WC2 shows a stained

21



4 Experimental

surface with darker and brighter spots. Clearly grinding grooves due to grinding can be

Figure 4.1: Optical microscope images at 20x magnification for (1) WC1 (2) WC1G (2)
WC2 (4) WC2G

seen at the surface of WC2G and the stained surface is not anymore present.

4.2.1 SEM

SEM images were acquired at two different magnifications (1000x and 4000x).
The SEM measurements were performed on a FEI ESEM Quanta 600 FEG and the

obtained data were analysed with the xT microscope control software.

Material: WC1 and WC1G

First the cemented carbide specimen with the finer grain size WC1 and WC1G were
examined (see figure 4.2(a) and 4.2(b)). A solid state detector (SSD) is used to show
elemental contrast. At this magnification a difference between the raw and ground
specimen can not be seen. Both of them show a surface which is mostly covered by the
binder phase (Co) and some spots where the tungsten carbide (WC) grains can be seen.
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(a) (b)

Figure 4.2: SEM images (BSE) with elemental contrast of the cemented carbides a) WC1
and b) WC1G

(a) (b)

Figure 4.3: SEM images (SE) with topographical contrast of the cemented carbides a)
WC1 and b) WC1G

Also flaws are characterising the surface of both of the cemented carbides. These flaws
can originate from the manufacturing process. Before sintering the mixed up powders
are uniaxially pressed into shape. Because the pressing process is uniaxial a fraction
of the applied pressure is transmitted to the walls of the form. These frictional forces
between the powder and the form lead to pressure gradients within the insert and after
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releasing the pressure this can cause flaws at the surface. Also in the images 4.3(a)
and 4.3(b), which are showing topographical contrast, no significant difference can be
observed.

At higher magnification basically similar results were obtained (see figure 4.4(a) and
4.4(b)). So no difference between these specimen can be seen, neither in different contrast

(a) (b)

Figure 4.4: SEM images (BSE) with elemental contrast of the cemented carbides a) WC1
and b) WC1G

nor at different magnification.

Material: WC2 and WC2G

For the coarser cemented carbide WC2 and WC2G images with the same magnification
were acquired (see figure 4.5(a) and 4.5(b)). In figure 4.5(a) of the sinter raw cemented
carbide WC2 are also two characterising features. There are areas on the surface which
are covered by the binder phase (Co) and areas where the tungsten carbide can be
seen. Large areas (several µm2) with binder phase on top are called cobalt lakes (see
figure 4.5(a)). This can happen during routine vacuum sintering and is caused by the
incomplete distribution of cobalt in the sintering process. In this condition the binder
is squeezed into macrovoids and forms this enrichments of cobalt.

The ground cemented carbide WC2G does not has these specific areas (see figure
4.5(b)). All over the surface the contrast is quite homogenous and the cobalt lakes are
not visible. To show the characteristic features of WC2G a different detector is used,
which shows topographical contrast (see figure 4.6(a) and 4.6(b)). With this detector
the grinding grooves from grinding the cemented carbide in comparison to the sinter raw
cemented carbide can be seen (arrows in figure 4.6(b)).
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(a) (b)

Figure 4.5: SEM images (BSE) with elemental contrast of the cemented carbides a) WC2
and b) WC2G

(a) (b)

Figure 4.6: SEM images (SE) with topographical contrast of the cemented carbides a)
WC2 and b) WC2G

At higher magnification the difference between WC2 and WC2G can be seen even
more clearly (see figure 4.7(a) and 4.7(b)). In case of the unprocessed cemented carbide
WC2 the WC grains are showing no defects or remarkable features and the binder phase
(Co) can be seen(see figure 4.7(a)). All of the grains possess sharp edges.

Also at this magnification the binder phase is not visible for the ground specimen (see
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(a) (b)

Figure 4.7: SEM images (BSE) with elemental contrast of the cemented carbides a) WC2
and b) WC2G

figure 4.7(b)). The edges of the WC grains are rounded. On the surface some areas
with significantly smaller grains are observable (marked areas in figure 4.7(b)). These
are fractures of WC particles and they get embedded in sinks which was also reported
in other studies [46, 54, 61, 77]. Because of the size and the gathering of the debris it
can be excepted that these particles are just the remaining part of WC grains which
were located at the top of the surface. The obtained material contrast shows black areas
between the WC grains which indicates holes or areas with low Co content. To ascertain
this conclusion further investigations are required.

4.2.2 AFM

As a next step AFM measurements were performed to obtain a three-dimensional sur-
face information and to receive roughness values of the sinter raw and ground speci-
men surface. An advantage over the SEM is the fact that AFM measurements provide
topographical data of the specimen where SEM meausurements just can give a two-
dimensional image.

These measurements were done for the WC2 and WC2G material. For the interpre-
tation of these images the intensity bar is defining the colour which is correlated to a
height (topographical contrast).

The AFM measurements were performed on a Veeco Dimension 3100 AFM / SPM
and the obtained data were analysed with the NanoScope v720r1 Analysis software.

26



4 Experimental

Material: WC2

As seen before in the SEM images the cemented carbide with the coarser grains WC2
has two different representative areas (see figure 4.8(a) and 4.8(b)). With the recorded

(a) (b)

Figure 4.8: AFM images of WC2; a) tungsten carbide area (WC) b) binder phase area
(Co)

data it is possible to perform a 3D-reconstruction (see figure 4.9(a) and 4.9(b)). The
images 4.8(a) and 4.9(a) are representing the areas with WC grains at the surface. All
of the grains have sharp edges which matches with the SEM results. Some of the WC
grains are covered by a foamy layer (marked area in figure 4.8(a))which is the binder
phase.

The images 4.8(b) and 4.9(b) are representing the pure binder phase areas (Co). As
mentioned before the structure is foam like and there are no sharp edges or transitions
within these areas. This feature could not be seen within the SEM results.

Roughness analyses were done on an area of 10 µm x 10 µm to provide representative
results (see table 4.2). Ra is the average roughness of absolute values and Rmax is the

Table 4.2: Evaluated roughness values of the sinter raw cemented carbide WC2

Material Grain size Ra Rmax

µm nm nm

WC2 2,5 251 2244

maximum roughness.

27



4 Experimental

(a) (b)

Figure 4.9: AFM 3D-reconstruction of WC2; a) tungsten carbide area (WC) b) binder
phase area (Co)

The average roughness is the sum of the absolute values of all the areas above and below
the mean line divided by the sampling length and the maximum roughness is the highest
measured peak to valley distance in the profile. From the values in table 4.2 it can be
seen that Rmax has the order of the grain size of the cemented carbide (approximately
2,5 µm).

Material: WC2G

In case of the ground cemented carbide WC2G different results were observed (see figure
4.10(a) and 4.10(b)). It can be seen that the WC grains do not show anylonger sharp
edges. The structure of these grains is rounded and the transitions are smooth. Also a
lot of smaller grains, which distributed mostly in sinks, can be seen. All of these features
are matching the SEM results.

After grinding the cemented carbide the tungsten carbide grains feature round struc-
tures and fragments of these get embedded on the surface. These debris grains have
a size of about d = 200 nm which is quite remarkable compared to the original grain
size of 2,5 µm. Again roughness measurements were done on an area of 10 µm x 10 µm
(see table 4.3). Compared to the values from sample WC2 (see table 4.2) all roughness

Table 4.3: Evaluated roughness values of the smoothed cemented carbide WC2G

Material Grain size Ra Rmax

µm nm nm

WC2G 2,5 133 1024
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(a) (b)

Figure 4.10: AFM image and 3D-reconstruction of WC2G; a) AFM image (WC) b) 3D-
reconstruction

results decreased about the half as expected. A clear conclusion that there is no or less
binder phase (Co) present can not be drawn from these results because it is not possible
to distinguish the binder from the tungsten carbide.

4.2.3 XRD

Another method for analysing the surface and subsurface of a crystalline material is
X-ray diffraction. It can be used to determine strain levels in materials and crystal sizes
(see section 3.1.3). These measurements were done for the WC2 and WC2G material.

The XRD-measurements were performed on a Siemens D501 in Bragg-Brentano ge-
ometry and the obtained data were analysed with the DIFFRAC.EVA software.

Material: WC2 and WC2G

θ/2θ-scans were performed for the samples WC2 and WC2G from 25◦ to 80◦ and the
recording time was t = 0,02 s per 0,02◦ step. In figure 4.2.3 the measured XRD spectra
of WC2 (red line) and WC2G (black line) is shown. In both spectra the background
signal was substracted and the curves were smoothed with algorithms available in the
software.

The detected peaks were identified as tungsten carbide with hexagonal crystal struc-
ture and lattice parameters of a = b = 2,90631 Å and c = 2,83754 Å. In comparison
of these two recorded spectra it can be seen that line broadening is appearing in the
processed cemented carbide WC2G and also that the intensity of the received signal is
lower (see close up in figure 4.2.3). To analyse the strain density a Williamson Hall
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Figure 4.11: XRD profiles of the cemented carbide WC2 and WC2G with one peak as a
close up

plot was created (see equation 3.2). Because the sinter raw WC2 and the ground ce-
mented carbide WC2G were measured in the same device and due to the fact, that just
a comparison is made between these hard metals, the instrumental broadening can be
neglected. For obtaining figure 4.12 the „modified“ Williamson Hall plot was calculated
from the integral breadth. If the slope of both cemented carbides is considered, the
ground sample WC2G has about a 263% higher inhomogeneous lattice strain than the
sinter raw material. This means that the grinding process is inducing strains into the
lattice of the cemented carbide. To determine the sampling depth of the XRD analysis
the mass absorption coefficient µ for WC (µ = 161,78 cm2/g) and the Lambert-Beer Law
is needed

I = I0e
−µz (4.1)

which describes the intensity relation between the diffracted beam I and the incident
beam I0. z is the distance covered by the diffracted beam in the material. For example
the sampling depth of the WC(100) peak at a bragg angle of θ = 17,8◦ is d = 1,5 µm [78].
Overall it is worth noting that the depth of XRD analysis is approximately d = 1,5 µm
in the 2θ region from 30◦ to 55◦ [79].
The intercept of the linear fit offers information about the crystallite size, but the

use of this broadening due to crystallite size is generally limited to cases where the
average size is ≤ 1 µm [80]. However, it can be noted that the intercept of the ground
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Figure 4.12: Williamson Hall plot of the cemented carbide WC2 and WC2G

cemented carbide WC2G is increasing in comparsion to the sinter raw WC2. This would
corresponds to a decrease of the average crystallite size at the surface and subsurface
because most of the signal information originates from a depth of around d = 1,5 µm.
The decrease of the average crystallite size from XRD investigation confirmes the surface
results from SEM and AFM. There small debris which is covering the surface can be
seen. Information about the grain size in the subsurface regions will be given in the
cross-section analysis chapter (see following chapter).

4.3 Cross-Section Analysis

As a next step cross-section investigation were performed with different devices and dif-
ferent preparation techniques (SEM, TEM). Cross-section measurements require speci-
men preparation, which is a destructive method and could affect the specimen. So the
obtained results should be analyzed with care.

4.3.1 SEM

Instead of mechanical polishing all specimen were prepared by an argon ion beam (see
section 3.2). Cross-section preparation was done with the Gatan Ilion+™Model 693. To
prevent re-deposition the polishing was performed from the bulk towards the surface.
Also a shoot out of material (especially Co) at the surface can be prevented with this
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polishing direction. Because the specimen has a thickness of around d = 250 µm, the
polishing time at an accelerating voltage of U = 4 kV was about t = 24 h.

An important issue of this specimen preparation technique is known as „curtaining
effect“. This effect consists of the formation of striations across the polished area and
originates of different chemical compositions or uneven topography of the specimen. In
case of the cemented carbide the WC grains often cause this „curtaining effect“ because
of their high hardness. Co is much softer and therefore it is favoured during polishing.
The thicker the cross section is, the more distinct this „curtaining effect“ gets. To reduce
the „curtaining“ effect the polishing time or the accelerating voltage can be increased.
In case of the cemented carbide a significant reduction of this effect is not possible.

The SEM measurements were performed on a FEI ESEM Quanta 600 FEG and the
obtained data were analysed with the xT microscope control software.

Material: WC1 and WC1G

The obtained cross-section images of the cemented carbide specimens with finer grain
size can be seen in figure 4.13(a) and 4.13(b). The surface of WC1 and WC1G illustrates

(a) (b)

Figure 4.13: SEM images (BSE) of cross-section samples of a) WC1 and b) WC1G

at this magnification to be the same. Both are showing areas of binder phase at the
surface and some areas where the WC grains are at the top. It can be confirmed that
the average grain size of these cemented carbides is 0, 6 µm. Also at higher magnification
no differences can be seen (see figure 4.14(a) and 4.14(b)). The WC grains do not show
any deformation and no grinding grooves can be seen. These results match with the
obtained surface results (see section 4.2.1).

From the foregoing it follows that the cemented carbides WC1 and WC1G are showing
no difference and they match in each feature. As confirmed later with the manufacturer
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(a) (b)

Figure 4.14: SEM images (BSE) of cross-section samples of a) WC1 and b) WC1G

WC1G actually had no ground surface and was the same sample as WC1.

Material: WC2 and WC2G

For the samples WC2 and WC2G with the coarser grains images at the same magnifica-
tion were acquired (see figure 4.15(a) and 4.15(b)). Both specimens were prepared using
the same technique and the same parameters. In the image of WC2 it can be seen that

(a) (b)

Figure 4.15: SEM images (SE) of cross-section samples of a) WC2 and b) WC2G
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the surface consists again of areas with binder phase and some areas with WC grains on
top, as for the cemented carbide WC1. Also the curtain effect, which originates from
preparation, can be seen all over the cross section (for example marked areas with white
arrows see figure 4.15(a)).

In case of WC2G the surface is showing no binder phase covered areas. The surface is
composed of WC grains of different size and at the subsurface a depletion of the binder
phase can be seen. Whether the binder phase is totally removed can not be judged from
these images. Also regions with clusters of small grains can be seen. To differentiate these
features images at higher magnification were acquired (see figure 4.16(a) and 4.16(b)).
Image 4.16(a) from the sinter raw cemented carbide confirms the previous results. The

(a) (b)

Figure 4.16: SEM images (BSE) of cross-section samples of a) WC2 and b) WC2G

thin layer (arrow in figure 4.16(a)), which covers the binder phase and the WC grains
results from a sputter process and can be neglected.

At higher magnification a lot of features can be seen for the ground specimen WC2G.
Therefore this features are going to be numbered in figure 4.17 and explained below.
Additional cracks in the WC grains (white arrows in figure 4.17) and again fragments
(number 2 in figure 4.17) can be identified in the cemented carbide WC2G. Cracks can
be seen even in deeper regions way below the surface (white arrow with number 1 in
figure 4.17). Areas close to the surface have a brittle appearance (marked area 2 in figure
4.17). The fragments occur mostly close to the surface and there are two possible ways to
explain this circumstance. Re-embedding of fragments in the material can occur during
further contact of debris with the surface or the binder phase gets extruded or pushed
out through the network of cracks that is formed in the WC grains [46, 59, 60]. Which
mechanism happened here is not fully clear. To analyse these areas more precisely an
analytical TEM investigation was necessary (see section 4.3.2).

As already mentioned the binder phase can be pushed out through a network of cracks
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Figure 4.17: SEM cross section of specimen WC2G (close up of figure 4.16(b))

in the WC grains. This mechanism supports an observed formation of Co containing
layer on the surface after wear tests in previous studies. This layer is called tribofilm
and consits of small fragments of WC grains and some binder phase [54, 61, 62]. This
would explain why these brittle areas are still held at the surface. Tribofilms were not
be seen in SEM investigations. Therefore a TEM investigation is necessary to ensure if
there is any tribofilm present.

At higher magnification it can be seen that the depletion of binder phase is distinct
over a wide area at the subsurface of the cemented carbide WC2G (red arrows in figure
4.17). The depletion takes place until a maximum depth of dmax = 4,3 µm (red arrow
with number 3 in figure 4.17). Averaged over a distance of 30 µm the depletion depth
amounts to da = 2,8 µm. This extrusion or removal of binder phase was also discovered
in previous studies of different wear tests [37, 59–61, 81, 82]. As already mentioned the
binder phase depletion takes place via a network of cracks formed by a combination of
plastic deformation (micro cracks) and micro-abrasion [51]. It could be possible that the
extrusion of binder is favoured during the grinding because a metallic emulsion is used
as a coolant, which is chemically reactive to the binder. But also in previous dry sliding
studies an extrusion of binder phase was observed [37,61]. In image 4.16(b) another type
of plastic deformation is present, slip lines (number 4 in figure 4.17). This deformation
also was reported in previous studies of wear in tungsten carbide [54].
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4.3.2 TEM

To receive more detailed informations TEM investigations were performed at even higher
magnification. The most difficult part for TEM investigations is the specimen prepa-
ration which is time-consuming and not always successful (see section 3.2). Several
techniques were tried:

• Plan view preparation,

• Sandwich cross-section preparation and

• FIB preparation.

The TEM measurements were performed on a Philips CM 20 with a LaB6 as an elec-
tron source and on a FEI Tecnai F20 with a field emission gun with a monochromator
additionally equipped with an external scan unit (Digiscan II). The Philips CM 20 uses
a Noran high purity Germanium (HPGe) EDX detector with ultrathin window, which
is able to detect elements from Z > 6 (qualitatively and quantitatively). X-ray spectra
were acquired and processed using NORAN System Six (NSS).The FEI Tecnai F20 uses
a EDAX Saphire Si(Li) detector and EFTEM analysis were performed with the high
resolution GIF. All obtained data were analysed by using DigitalMicrograph™ (GMS
2.1).

Plan View

In case of the plan view preparation several attempts were necesseray and for all spec-
imens electron transparent areas could be obtained. All specimen were mechanically
ground and dimpled from the bulk side to keep the surface side unaffected.

(a) (b)

Figure 4.18: Optical microscope images at 20x magnification of the plan view prepared
specimen a) WC2 b) WC2G
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(a) (b)

Figure 4.19: TEM BF images of the plan view prepared specimen a) WC2 b) WC2G

The technique itself is quite easy and the preparation of the specimen is finished fast
(about t = 8− 10 h)(see figure 4.18(a) and 4.18(b)). But the fact that in TEM it is just
possible to observe and research areas with a thickness of only a few tens of nanometers
it is not possible to receive representative „cross-sections“(see figure 4.19(a) and 4.19(b)).
In case of the sinter raw specimen WC2 it could be possible that just the Co, which is
covering the surface, can be seen because just a few WC grains are at the top of the
surface. It can be noted that the structures in image 4.19(b) of WC2G look like the
results out of literature (see figure 2.10(b)). Compared to the SEM results of the depth
of damage this circumstance let to foresee further investigations with this preparation
technique.

Sandwich Cross-Section

The sandwich cross-section preparation with a dimpler and ion milling (see section 3.2)
was much more difficult and time-consuming (about t = 16− 20 h). For the successfully
prepared specimen it was found out that the investigatable electron transparent areas
are much too far away from the original surface area of the specimen (see figure 4.20(a)
and 4.20(b)) and the transparent areas are to small. At the maximum an investigatable
area with a width of about 250 nm was achieved (see figure 4.21(a) and 4.21(b)). This
is just half of the finest WC grain size. A reason for the narrow electron transparent
band could be the brittle structure close to the surface. While ion milling this brittle
structures get thin and unstable and fall apart. Because of these issues this preparation
technique seems to be not a recommendable approach for the required investigation of
the surface region of the specimens.
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(a) (b)

Figure 4.20: Optical microscope images at 50x magnification of the sandwich cross sec-
tion prepared specimen a) WC1 b) WC1G

(a) (b)

Figure 4.21: TEM BF images of the sandwich cross section prepared specimen a) WC1
b) WC1G

FIB-Lamella

It became apparent that preparing a lamella via FIB shows the best results. The FIB
TEM specimen preparation is quite time-consuming, but highly successful. Electron
transparent areas up to several µm are reached, which is in comparsion to conventional
methods a huge advantage. However, considering the results obtained via SEM cross-
sections, this method offers the possibility to extract a TEM sample from a selected
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region of interest to verify and refine the information gathered so far with additional
techniques with higher resolution and analytical capabilities.

Material: WC2G

The advantage of the FIB preparation is that the surface of the specimen can be observed
first via SEM to precisely determine the area of interest. In the SEM image 4.22(a) the

(a) (b)

Figure 4.22: SEM images of the FIB prepared TEM lamella; a) Chosen area for the
lamella b) Lifted out lamella before thinning

chosen area, which is already covered with platinum as a protection, can be seen. Based
on the information about specimen stability gained in the preceding investigations the
lamella was prepared more wedge like with the thicker area close to the specimen surface.
This should prevent that the lamella is falling apart because of the brittle structure of
the subsurface. After the lift out the lamella is fixed onto a copper grid and thinned to
electron transparency (see figure 4.22(b)). The result can be seen in the HAADF image
4.23(a) done with FEI Tecnai F20 in STEM mode. The lamella is upside down in figure
4.23(a) as indicated, therefore the surface region is at the bottom of the image. At the
right lower edge of the lamella some residual platinum can be seen, which originally
covered the whole surface. The bright areas in the lamella are representing WC grains
and the darker areas the binder phase Co (labeled areas in figure 4.23(a)). In the
immediate subsurface region the WC grains are brighter because the lamella is thicker
there, hence more electrons get scatterd. The relative thickness map (see figure 4.23(b))
illustrates the thickness variances within the lamella. A thickness value in the region
of one mean free path or smaller of the electrons that travel through the specimen is
required to perform accurate investigations. This is just true for some areas in the
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(a) (b)

Figure 4.23: FIB prepared TEM lamella; a) HAADF overview image b) relative thickness
map

bulk and surface (arrows in figure 4.23(b)). For the other regions EELS and EFTEM
investigations are not viable and post-thinning would be necessary.

In image 4.23(a) it can be seen that the binder phase is totally removed in some
regions since the contrast is fully black (red arrows in figure 4.23(a)). Even for some
subsurface regions until a depth of d = 2,4 µm, which is in the order of the WC grain
size, the binder is not present anymore. This can be confirmed at higher magnification
(see figure 4.24). At the surface debris, resulting from the grinding process as described
in the SEM investigation (see section 4.3.1), can be seen (white ellipse in figure 4.24).
Two regions were chosen (see labeled positions in figure 4.24) for closer investigation.
Positon 1 (see figure 4.25(a)) shows a lot of small debris with a size of about 200 nm.
The different contrast in the left half of the image in comparsion to the right half is
caused by the varying thickness of the lamella. At the left side the lamella is getting
slightly thicker.

Position 2 (see figure 4.25(b)) shows also some debris but not so much as in position
1. There are two possible explanations. Either this spot represents an area where no
debris enrichment was taking place or through the thinning of the lamella debris was
dropping out. In comparison position 2 is thinner than position 1. Additional micro
cracks in the WC grains can be identified. No edges do show sharp transitions, they are
rather rounded.
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Figure 4.24: HAADF image of the lamella

(a) (b)

Figure 4.25: HAADF images; a) position 1 and b) position 2

Same results for position 2 were obtained with the Philips CM 20 in TEM BF mode
(see figure 4.26(a) and 4.26(b)). Using BF for imaging shows that the debris is embed-
ded in a thin layer.
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(a) (b)

Figure 4.26: TEM BF images; a) area marked with white ellipse in figure 4.24 and b)
position 2

In previous studies of wear with cemented carbide often a tribofilm, which covers the
surface, was detected [54,61,62,83]. This tribofilm is formed during grinding or scratch-
ing the surface and usually consists of debris from the WC grains and some binder phase.
To clarify the circumstance for the ground specimen WC2G STEM EDX analysis was

Figure 4.27: TEM BF image with the two labeled areas for STEM-EDX
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performed.
An EDX determination of two chosen areas was performed with the Philips CM 20 in

STEM mode. The chosen areas are labeled in figure 4.27. For both areas the acquisition
time was t = 30 s and the results can be seen in figure 4.28 and 4.29. In both spectra

Figure 4.28: STEM-EDX result of area 1

Figure 4.29: STEM-EDX result of area 2

tungsten and copper can be identified, but no cobalt peaks were detected. The copper
peaks originate from the copper grid onto which the lamella is fixed. This means that
just tungsten can be found in the specimen. In comparison area 1 possesses a higher
intensity than area 2 because a thicker area is analysed.
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Because the areal STEM EDX analysis did not reveal any binder phase at the surface
STEM EDX point analyses were performed. The point EDX spectra were done on the
FEI Tecnai F20. For more precise analysis area 2 from figure 4.27 was chosen. Three
different spots in this area were selected (see labeled spots in figure 4.30). For all three

Figure 4.30: HAADF image with the three labeled spots for STEM EDX

spots the acquisition time was t = 50 s. In figure 4.31 the spectrum for the first spot can
be seen. Again copper can be identified which originates from the copper support grid.

Figure 4.31: STEM-EDX result for spot 1

Tungsten was also identified because spot 1 lies completely on a tungsten carbide debris
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grain. The obtained C peak has to be treated carefully because the carbon could also
originate from contamination and not from the carbon in the tungsten carbide debris
grain. Much more interesting is the fact that some iron and some cobalt was detected.
This result has to be treated carefully as well, because in each EDX spectra recorded
with the FEI Tecnai F20 Fe and Co peaks can be found. If these two peaks have the same
intensity they most likely originate from the objective lens pole pieces of the microscope
and can be neglected. In spectrum 4.31 the Fe and Co have the same intensity and
therefore they do not originate from the ground cemented carbide WC2G.

The second and third spots are not located on a grain and should give some information
about the film which surrounds the grains. In figure 4.32 the X-ray spectrum for the
second spot can be seen. Although spot 2 lies not on a tungsten carbide grain a small

Figure 4.32: STEM-EDX result for spot 2

peak of tungsten can be seen. This signal is caused by stray radiation from neighbouring
grains. If the recorded Fe and Co peaks are considered it can be seen that they do
not anymore have the same intensity. A significant Co signal is given, but the overall
intensity is quite small. This assumes that some binder is present. Again a C peak is
obtained but the intensity is much larger than in spot 1. Partially the signal originates
from contamination but some C has to be present, because the acquisition time in both
spectra of spot 1 and 2 are the same. Where the oxygen peak originates from could not
be figured out.

For the X-ray spectra at spot 3 almost the same result is seen (see figure 4.33). Again
a small amount of Co is present. With these two results from the spectra of spot 2 and
3 it can be said that some binder phase is present in the surface region. This would
match with the results from previous research about the tribofilm.
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Figure 4.33: STEM-EDX result for spot 3

To specify and make the previous results more reliable EFTEM analyses were made.
The EFTEM measurements were performed on the FEI Tecnai F20. In figure 4.34(a)
the observed area can be seen. For recording an elemental map the observed area of the

(a) (b)

Figure 4.34: a) TEM BF image of the observed area for EFTEM analysis b) relative
thickness map

specimen has to have a limited thickness. The limitation for obtaining elemental maps

46



4 Experimental

is given by the mean free path of the electrons in the given material and should be in
the range of 0, 5 < t/λ < 1, 5 [84]. This circumstance is fulfilled for the surface and a
few of the subsurface regions as well for some areas in the bulk (see figure 4.34(b)).

Each element which interacts with the electron beam produces a characteristic change
in energy of the scattered electrons. The ionization edges for elements contained in the
cemented carbide WC2G can be seen in table 4.4. Both methods (three-window and

Table 4.4: Ionization energies for occuring elements in cemented carbide WC2G

Element Z Edge Ionization energy
eV

C 6 K 284
Co 27 L2,3 779
W 74 M4,5 1809

jump-ratio) were tried (see section 3.1.1). The best results were achieved with the three-
window method. In table 4.5 the imaging filter settings for the three-window EFTEM
method for C and Co can be seen. Due to the high energy loss of tungsten, no elemental
map could be calculated. The recorded images of W showed a too high noise level. For

Table 4.5: Imaging filter settings of EFTEM for the three-window method

Element Pre-edge window 1 Pre-edge window 2 Post-edge window Slit width
eV eV eV eV

C 252,0 272,0 294,0 20,0
Co 721,5 756,5 796,5 35,0

both elements C and Co the acquisition time was t = 60 s per window. Because the
acquisition time per image is quite long, specimen drift could have happened between
the exposures. To avoid artifacts in the elemental maps by spatial drift, a drift correction
had to be performed. This drift correction was done with a DigitalMicrograph™ script
called statistically determined spatial drift (SDSD) [85]. The obtained drift corrected
elemental maps of C and Co can be seen in figure 4.35(a) and 4.35(b).

In the bulk region the binder phase and the tungsten carbide can be distinguished
easily. The slight and homogenous distribution of carbon is representing the tungsten
carbide (yellow arrows in figure 4.35(a)). At the surface region a lot of carbon can be
seen. Considering the previous EDX analysis of the marked region (white arrow) in figure
4.35(a) it can be excluded that the carbon could originate from platinum coverage. Also
a contamination due to observations of this area can be excluded, because this would
yield to dot-shaped contamination. It looks like that during grinding the surface an
enrichment of carbon was taking place at this area.
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(a) (b)

Figure 4.35: Acquired drift corrected elemental maps of a) carbon and b) cobalt

The brighter regions in the C map at the edges of the WC grains can be attributed
to computational artifacts during drift correction. Therefore the alleged higher carbon
content at the edges can be neglected.

In the obtained cobalt map just a region in the bulk shows clearly that there is cobalt
present (red arrow in figure 4.35(a) and 4.35(b)). Also in the region of interest at the

Figure 4.36: Re-adjusted elemental map of Co
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surface a slight gathering of cobalt could be assumed (white arrow in figure 4.35(b)).
In the rest of the observed area just noise can be seen. To ensure this statement a re-
adjustment in DigitalMicrograph™ for the brightness, contrast and gamma control can
be done to amplify regions with lower cobalt content. In figure 4.36 the re-adjusted image
can be seen. With slight amplifying the slight gathering of Co can be seen better (arrow
in figure 4.36). But still the signal is quite weak which indicates a low concentration of
cobalt.

Combining the results from EDX and EFTEM it can be assumed that in the surface
region some binder phase is left. This would match with the results about tribofilm
formation in cemented carbide in previous reserach but here the appearance of the
binder is too small.
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5 Conclusion

The objective of this master thesis was to figure out why ground indexable inserts may
possess a shorter life time in comparison to sinter raw indexable inserts fabricated from
the same base material. To achieve this, investigations were made with different micro-
scopes from the macroscopical to the microscopical scale as well as with X-ray diffraction.

The specimens consisted of tungsten carbide with cobalt as binder. Surface and cross
section analysis of the cutting tool surfaces of unprocessed and ground tools of base
material with two different grain sizes were performed. Four different samples were
examined. However, two of them were the same. Therefore, only the results of the
coarser grained material WC2 and WC2G are listed here. The main conclusions and
observations for the ground specimen are as follows:

• Parts of the tungsten carbide grains are cracked off from the surface and are getting
re-embedded. This emerges in SEM and AFM surface analysis as small debris
which is mostly located in sinks (see section 4.2.1 and 4.2.2).

• Fracture of the tungsten carbide grains at the surface and subsurface can be iden-
tified in SEM and TEM cross-section analysis (see section 4.3.1 and 4.3.2).

• Slip lines appear in the tungsten carbide grains which indicates strain. XRD
measurements confirmed an increase of strain of the ground specimen (see section
4.2.3) and slip lines can be seen in SEM cross-section analysis (see section 4.3.1).

• Binder phase extrusion appears up to a depth of about the WC grain size. This
can be seen in SEM and TEM cross-section analysis (see section 4.3.1 and 4.3.2).

• The formation of a tribofilm can be assumed with TEM EDX and EFTEM analysis
(see section 4.3.2). This film holds together the small debris at the surface.

These observed deformations, especially the fracture of the tungsten carbide grains and
binder phase extrusion, cause a brittle surface and subsurface. This may yields a reduced
endurance of the ground indexable inserts when compared to the average lifetime of a
sinter raw tool.
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