
ATO100440
P. Warbichler et al. HM 9 65^

15" International Plansee Seminar, Eds. G. Kneringer, P. Rodhammer and H. Wildner, Plansee Holding AG, Reutte (2001), Vol. 2

EFTEM-EELS Characterization of VC and Cr3C2 Doped Cemented Carbides

Peter Warbichler*, Ferdinand Hofer*, Werner Grogger* and Andreas Lackner+

* Zentrum fur Elektronenmikroskopie Graz und

* Forschungsinstitut fur Elektronenmikroskopie, Technische Universitat Graz, Graz, Austria
+ Plansee Tizit AG, Reutte, Tyrol, Austria

Summary

Structure-property correlation plays an important role in the design of advanced
materials which are increasingly based on sub-micrometer and sometimes even
nanometer grains. In this respect, analytical electron microscopy (AEM) offers a
comprehensive range of characterization techniques which are particularly well suited
for hard materials: Electron diffraction and high resolution electron microscopy for
obtaining crystallographical information and especially new emerging techniques
such as energy-filtering TEM (EFTEM) and electron energy-loss spectroscopy
(EELS) which enable nearly atomic resolution analysis.
In this paper we concentrate on EFTEM and HREM investigations of both WC
precursor-powders and sintered WC-Co composites doped with vanadium and
chromium carbides in order to control the grain growth during the sintering of the
ultra fine WC powders. The aim was to locate the distribution of the doping elements
in the powders and in the sintered materials.
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1. Introduction

Cemented carbides and cermets are materials commonly used in wear parts and
cutting tool application. One way of gaining a better understanding of their
behaviour is to study their complex microstructures and relate them to the fabrication
process parameters and the mechanical properties. This has been done previously
using above all scanning electron microscopy (SEM) with energy-dispersive and/or
wave length-dispersive x-ray spectrometry (EDXS or WDXS). Unfortunately, this
method has its limitations in quantitative microanalysis, as it lacks the resolution



66 HM9 P. Warbichler et al.
15" International Plansee Seminar, Eds. G. Kneringer. P. Rddhammer and H. Wildner, Plansee Holding AG, Reutte (2001), Vol. 2

needed for the fine-scale microstructure of these materials. As the hard material
industry moves towards the fabrication of super- and ultrafine WC/Co grades with an
average grain size ranging from 0.2 to 0.5 |im and with vanadium carbide or
chromium carbides as grain growth inhibitors, their structure-property optimisation
needs high resolution microanalysis, such as atom probe field ion microscopy
(APFIM) and analytical transmission electron microscopy (AEM).
The atom probe technique is well suited for this type of materials where a fine scale
microstructure requires a high spatial resolution, e.g. for characterising single
precipitates or grain boundaries (1). However, due to the needle-shaped specimen
which are necessary for the atom probe, the investigated volume is limited to some
nm3. This is not always enough to get representative information on the chemical
composition of a larger specimen volume.
Analytical electron microscopy (AEM) is a very efficient and powerful tool for
characterising all kinds of materials, because it allows to study morphological,
crystallographical and chemical information. Especially energy-filtering electron
microscopy (EFTEM) in combination with electron energy-loss spectrometry (EELS)
has many advantages for characterising cemented carbides, hard metals and related
materials, that no other technique can quite match (2,3,4). It combines the advantage
of large area view (some 10 |im) with high spatial resolution (down to a few nm).
The aim of the present paper is to highlight the possibilities of AEM and to
demonstrate how the AEM based techniques can be used to examine the role of VC
and &3C2 addition in the grain growth of micro-grained cemented carbides.

2. Analytical Electron Microscopy and its Information Content

In contrast to the traditional AEM investigations which are based on acquiring TEM
images, focusing a small electron probe on the specimen area of interest and
recording energy-dispersive x-ray spectra (EDX), EFTEM makes it possible to
acquire images showing the two-dimensional intensity distribution of the electrons,
which have lost a certain amount of energy due to inelastic scattering in the
specimen. These electrons form the electron energy-loss spectrum (EELS) of the
forward transmitted beam providing information on physical properties and chemical
composition of the specimen (5). Some of the advantages of EELS are:

• Qualitative and quantitative analysis of the elements ranging from lithium to
uranium with high sensitivity especially for the light elements.

• Chemical bonding information such as coordination numbers, oxidation states
and bonding lengths from nanometer regions.

• EELS information is available with resolutions from some [xm to ~1 nm.
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• EFTEM provides all the EELS information in a spatially resolved character
which makes it particularly well suited to the exploration of the local chemical
and also electronic properties of materials with nanometer resolution.
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Fig.l: Schematic illustration of the main
compoments of an energy-filtering transmission
electron microscope, capable for recording of
EELS-spectra and EFTEM elemental maps.
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Energy-filtering microscopy has become well established only during the last few
years, largely because of the availability of high performance commercial filters (6).
The most widespread type of energy-filter is the post-column filter which bends the
electron beam by 90° and which is mounted below the TEM column (fig.l). The
energy-filtering TEMs first form an unfiltered image (or diffraction pattern), then
transform the image into an electron energy-loss spectrum, select a specific part of
the spectrum, and finally transform the spectrum back into an energy-filtered image
(or diffraction pattern). An unfiltered image can be simply obtained by withdrawing
the energy-selecting slit. Because the images are formed in parallel, elemental maps
can be acquired in seconds to tens of seconds rather than tens of minutes to hours as
required by the pixel-by-pixel scanning TEM approach. Besides energy-filtered
images it is also possible to acquire EELS-spectra in parallel.
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3. Experimental work

The starting materials were WC powders with an average grain size of 0.5 \xm doped
with vanadium carbides and cemented carbides sintered at 1350°C from micro-
grained WC-Co hard metals which have been doped with vanadium and chromium
carbides.
Powder samples were embedded in resin between alumina plates. The specimens
were prepared by cutting a 120 |im thin plate from the hard metal followed by
ultrasonic cutting of 3 mm diameter discs and pre thinning by grinding and lapping
the discs to 80 um. These discs are further thinned in the centre to a thickness of 10
jim and in the final step they are thinned by low angle ion milling (Ar+ with 4-5°).
The EELS-spectra and the energy-filtered images presented in this work were
recorded using a Gatan Imaging Filter (GIF) mounted on a Philips CM20/STEM
operated at 200 kV with a LaB6 cathode. The spectra were acquired in TEM image
mode using a probe half angle of 1.5 mrad and a collection half angle of 7.6 mrad.
For EFTEM elemental mapping the signal-to-noise ratio (SNR) were optimised
according to previously published recommendations (7,8).
Since the investigated specimens were not sensitive to radiation damage, the emission
current was set to a current density of about 15 A/cm2 and consequently short
acquisition times of about 2 to 10 seconds were possible. Image and spectra were
processed with Gatan's Digital Micrograph software package. All images and spectra
were corrected for dark current and gain variation, however, they were not corrected
for the blurring caused by the point spread function of the detector. Drift between
successive images was corrected using a cross-correlation algorithm.
For elemental mapping it is necessary to remove the background contribution to the
image intensity. This has been done with the three window technique (9) and
subsequently we calculated jump ratio images by dividing the post-edge image by a
pre-edge image (9). The jump ratio images have the advantage of an improved signal-
to-noise ratio and disturbing diffraction effects are mostly eliminated. Therefore, in
this work we only present the jump ratio images which have nearly the same
information content as the elemental maps (calculated with the three window
technique).

4. Results and Discussion

The TEM images in figure 2 exhibit typical microstructures of sintered WC-Co hard
metals. In both cases the main phases WC and Co can be easily recognized; tungsten
carbides appear as crystals and the Co binder fills the small gaps between the crystals.
These micrographs clearly show the difference in the morphology of WC/Co
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interfaces between the two alloys, i.e. WC/Co interfaces look like straight and smooth
in the non-doped alloy (fig.2a). However, if the hard metal is doped with vanadium
carbide the microstructure changes significantly (fig.2b): The surfaces of WC at the
WC/Co interfaces of the VC-doped alloys are finely facetted and consist mainly of
two kinds of crystal planes, (1010) and (0001). Steps appear in the WC/Co interface
along <1120> directions of WC.
Since conventional TEM images do not allow to locate the doping elements, EFTEM
elemental mapping has to be employed.

Figure 2: TEM images of two different hard metals sintered at 1350°C; a. hard metal
with micrometer sized grains; b. hard metal doped with vanadium carbide with sub-
micrometer tungsten carbide crystals revealing growth steps.

Micro-grained cemented carbides are interesting for their high hardness and high
transverse rupture strength. For production of these alloys, it is necessary to retard the
grain growth of WC during sintering of ultra fine WC powders by adding small
amounts of carbides such as VC, Cr3C2, NbC and TaC (10). Among these inhibitors,
VC is known to be by far the most effective and reliable dopant in micro-grained
alloys, so as to be most commonly used either alone or in combination with others,
e.g. Cr3C2.
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4.1. EFTEM investigation of WC coated by Nano-Co and doped with Nano-VC

In order to get a better understanding of this special Co-coating process and its
influence on the final microstructure, the investigation was started with ultra fine
WC/Co-coated powder which have been directly doped with nanometer sized
vanadium carbides. EFTEM investigations of various specimen regions revealed the
distribution of the doping compounds; a typical example is shown in fig.3. The Co
and V maps show that vanadium rich particles with diameters ranging from 5 to 30
nm are evenly distributed on the Co and WC particles. EELS-spectra have been
recorded from the bright regions in the V map revealing that the bright particles are
vanadium carbides.

Figure 3: EFTEM investigation of WC/Co-coated powders and doped with
nanometer sized VC-particles; a. TEM image; b. Superimposed V and Co distribution
maps, bright = VC, gray = Co; c. Co L2j3 jump ration image; d. V L2j3 jump ratio
image revealing the distribution of VC.
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4.2. EFTEM investigation of a cemented carbide doped with VC and Cr3C2

Previous studies have already shown the presence of sparsely dispersed, small VC
precipitates in interfaces between WC ciystals and cobalt (4) and segregation of V
along the interfaces (11).
In this work, we have studied the distribution of VC and Cr3C2 in a cemented carbide
prepared by sintering a WC-Co powder at 1350°C. Figures 4 and 5 show typical
specimen regions with facetted WC-crystals and elemental distribution maps
recorded with the EFTEM technique.

TEM

Figure 4:
EFTEM investigation of a
cemented carbide doped
with vanadium and chro-
mium carbide;
C, Co, V and Cr maps
revealing the phase distri-
bution.

Figure 5: EFTEM investigation of a cemented carbide doped with VC and Cr3C2; a.
TEM image of facetted WC crystal; b. V jump ratio map recorded with V L2j3 edge.
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The carbon map reveals the distribution of the WC phase and between the WC
crystals a carbon rich phase is found which corresponds to the bright regions in the Cr
and V maps, respectively. The Co map shows the distribution of the Co binder phase.
From these images it is easily possible to locate the doping compounds. Bright lines
in the V map indicate vanadium rich layers along the WC/Co interface. These
vanadium rich lines even penetrate into the WC/WC boundaries, although there is no
evidence in the Co map for a layer of Co binder between WC crystals. Furthermore,
chromium is distributed in the Co binder phase with a concentration of about 5 at%
Cr, but V is not dissolved in the binder phase (from EELS-spectrum in fig.6). Small
vanadium carbide precipitates are found in the junction between two WC crystals in
the corner of cobalt pockets. In figure 5 we find small V enrichments at the facets of
a facetted WC crystal and thin vanadium rich layers along several WC/Co interfaces
indicating a V segregation of a thickness of 1-3 nm. However, it is also possible to
find larger vanadium carbide particles in the space between the WC grains. As shown
in the spectrum (fig.6), this phase consists only of Cr, V and C and quantification of
this spectrum yields a composition of 43 at% C, 44 at% V and 13 at% Cr. In the
conventional TEM images these particles look quite similar to the Co binder phase.
Consequently, they are easily overlooked, but can be visualized with EFTEM.
As already pointed out in previous work, the formation of the WC skeleton in the
alloy is impeded by the presence of VC on the surface of the WC crystals. During the
liquid stage sintering phase the VC layer hinders the atom exchange between the
liquid phase and WC and reduces the rate of WC grain growth (11).

COL2,3
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Figure 6 EELS spectra of the specimen regions shown in fig. 4; (1) V-carbide phase
with a small Cr concentration; (2) Co-binder phase with 5 at% Cr (surface oxidation)
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4.3. EFTEM investigation of a cemented carbide doped with Cr3C2

From the present investigation and from previous studies the effect of doping with
VC is quite clear. However, the influence of Cr3C2 is still under discussion. Recently,
it has been claimed that the addition of Cr3C2 alone has a limited effect on the
retardation of carbide grain growth in both solid and liquid-stage sintering. Therefore,
we have performed experiments to try to locate the chromium dopant in a cemented
carbide which has been doped only with chromium and sintered at 1350°C.
EFTEM and EELS investigations revealed that Cr is evenly distributed in the WC
crystals; no segregation or precipitation of Cr could be observed. As shown in fig.7,
HREM-investigations confirm these findings: It is not possible to see any crystalline
phase between WC and Co. However, Cr dissolves in the Co binder phase with a
concentration of about 5 at%.

Figure 7: HREM-image ofthe interface of a WC-crystal to the Co binder phase
viewed along [1210] direction.

5. Conclusions

In this study, we have shown that EFTEM and EELS are powerful tools for
characterizing the distribution, chemistry and quantitative composition of dopants in
hard metal powders and cemented carbides as well. EFTEM is the ideal technique to
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map relatively high local concentrations of elements at high spatial resolution
distributed over large areas of the specimen.
From EFTEM and EELS-analysis we have been able to locate the doping compounds
such as VC and Cr3C2.
In case of a VC and Cr3C2 doped cemented carbide we have found the following:
• VC layers with an average thickness of a few nanometers have been found along

WC/Co interfaces and even in boundaries between WC crystals.
• In the space between the WC crystals we have also found larger vanadium carbide

precipitates.
In case of a cemented carbide which has been doped with Cr3C2 alone, we could not
reveal Cr enrichments in interfaces and boundaries, but we have found that Cr is
evenly distributed both in the WC crystals and in the Co binder phase.
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