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1. Introduction

The cemented carbides are usually known as the hard metals. They are typically two phase
composite materials, in which a hard refractory carbide phase is bonded by an iron-group
metal, usually metallic cobalt (Thiimmler e Oberacker, 1993). This is due to its ability to
wetting the carbide particles, which allows the agglomeration of particles, giving the
material toughness. The tungsten carbide (WC) due to its metallic nature presents an
excellent thermal conductivity. Thus, the cemented carbide is a typical example of
composite material.

The properties of cemented carbides are related to a combination of the properties of
individual constituents. Thus, the attractive properties of such materials are related to the
carbide hardness combined with toughness of the binder metal. When compared to other
systems, WC-Co exhibits the best combination of mechanical strength, wear resistance and
good toughness (Schwarzkopf and Kieffer, 1986). Considering this fact, WC-Co is an unique
system in this field of materials.

The demands of the industrial and economical development worldwide at the beginning of
the twentieth century resulted in the development of the cemented carbide (Williams, 1998).
Since that time the cemented carbide is a class of materials of great technological
importance, whose main applications are in machining operations and as tooling for metal
forming or cutting. In addition, the cemented carbides can also be applied in drawing dies,
drawing, stamping and metal forming, mining and wear-resistant pieces. Thus, these
materials are applied in those activities that require high abrasion resistance, hardness and
impact resistance, such as heavy machining and drilling.

The properties of the cemented carbides can be modified from changes in the proportions of
the materials used in its manufacture. There are several cemented carbide compositions in
which the cobalt phase can vary from 3 to 30 wt.%. However, the most usual composition
and of high interest in this chapter is that based on 90 wt.% tungsten carbide (WC) and 10
wt.% cobalt (Co) (German, 1994).

The cemented carbide is conventionally produced by powder metallurgy processing via
liquid phase sintering. The elemental powders are comminuted, mixed, compacted, and
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380 Sintering of Ceramics — New Emerging Techniques

sintered under various conditions. The processes commonly used are pressing/sintering,
hot pressing, and sinter/hot isostatic pressing (HIP) (North et al., 1991, White, 1998).
Recently, an unusual process for the production of cemented carbide using a high
pressure technique has been investigated (Rodrigues et al., 2006). On the other hand, the
effect of the rare-earth elements addition on the sintering behavior of cemented carbide
has also been investigated. In particular, the beneficial effects of the rare-earth elements
on the mechanical properties, microstructure and cutting performance have been
extensively investigated (Li et al., 1986; Yao et al., 1987; Liang et al., 1989; Shan, 1990; Luo,
1991; Liu et al., 1992; Chenguang, 1992; Pan, 1993; Yang et al., 1993; Deng, 1993; Li et al,
1993; He et al., 1994; Li et al, 1994; Yan et al., 1995; Cheng and Yu, 1995; Yuan et al., 1995;
Li, 1996; He, 1996; Ji et al., 1996; Xu et al., 2001; Gomes, 2004). However, the production of
cemented carbide doped with rare-earth elements using a high pressure technique is still
to be investigated.

This chapter focuses on the possibility of production of WC-10wt.%Co doped with rare-
earth elements under high pressure and high temperature (HPHT) conditions. Emphasis is
given on the effects of the rare-earth additions on the densification behavior and physical
and mechanical properties of the end product.

2. Preparation and testing of the cemented carbide
2.1 Materials and mixture preparation

The materials used in powder form were: tungsten carbide (WC), cobalt (Co), cerium oxide
(CeOy), lanthanum oxide (LaOs), calcite (CaCOs), and graphite.

The tungsten carbide powder of high purity used was provided by Wolfram Bergbau-Und-
GmbH, whose main characteristics are presented in Table 1. The cobalt powder of high
purity was provided by Vetec Quimica Fina, whose grain size is < 400 mesh. The rare-earth
oxides (> 99 %) were provided by Vetec Quimica Fina. The calcite and graphite were used in
assembling the reactive cell in the high-pressure experiments. The graphite powder of high
purity was provided by Nacional Grafite.

Characteristic Range
Total C, wt. % 6.15
Free C, wt.% 0.04
Density, g/cm3 15.65
Mean particle size, um 1.07
Specific surface (BET), m2/g 0.42

Table 1. Characteristics of the WC powder.

Several WC10wt.%Co mixtures containing up to 2 wt.% of La,Os and CeO, of the cobalt
phase were prepared (Table 2). The samples of dry powders were mixed and homogenized
in a laboratory mixer during 1 h.
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Samples WC10wt.%Co Rare-earth
LaxOs3 CeO;
ALl 100.0 - -
AL2 99.5 0.5 -
AL3 99.0 1.0 -
Al4 98.5 1.5 -
AL5 98.0 2.0 -
AL6 99.5 - 0.5
AL7 99.0 - 1.0
ALS8 98.5 - 1.5
AL9 98.0 - 2.0

Table 2. Composition of the cemented carbides doped with rare-earths.

2.2 High pressure sintering of the cemented carbide

The mixed powders initially were submitted to a single action die-compaction step using a
hydraulic press (Danpresse, model DC 20) in a cylindrical 7 mm diameter steel die without
lubrificants at 800 MPa. The compact dimensions were 7 mm in diameter and 7 mm in
height. After uniaxial compaction, the consolidated samples were pressed under high
pressure and high temperature (HPHT).

The high pressure compaction needs an apparatus that can stably generate a pressure of
more than 1 GPa. A toroidal type high-pressure device was used in the experiments. Fig. 1
shows a typical drawing of the high-pressure device (Ramalho, 1998). This device allows the
compaction tests in cylindrical powder samples until 7 mm of diameter and 9 mm of height.
The high-pressure tests were carried out in a special hydraulic press
(Ryazantyashpressmash, DO 138B model). The tests were carried out as follows: the pre-
compacted mixed powder sample was placed without slackness into central aperture of the
deformable capsule (Fig. 1). The deformable capsule is made of a calcite based powder
compact (95 % CaCO; + 5 % (S5iO2, AlOs3, FexOs)). The calcite based material is a solid
pressure medium well known in the field of ultrahigh pressure technology (Vianna et al.,
2001). For effective heat conduction in the sample, the capsule was covered with two caps
composed of 50 % of graphite and 50 % of calcite. A high pressure anvil made of hard metal
was used as mould, where the capsule was fixed in its concavity, and then sealed with the
outer side of the mould. Finally, the complete device was axially placed in the mobile table
of the press. When the force is applied, the capsule is deformed with concomitant formation
of a gasket and the generation of a high pressure. A high pressure of 5.5 GPa was applied to
the samples. The high pressure into the compression chamber was transmitted to the
cemented carbide powder samples by the capsule. The high pressure level reached was
maintained for 30 s, and then the temperature was raised to 1400 °C. These conditions of
high pressure and high temperature were maintained for a time of 40 s.
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21,4 son

Fig. 1. Anvil type high pressure device with toroidal concavity for press of 630 tonnes:

a) the high pressure device without applying pressure; and b) the high pressure device with
application of pressure. 1) Anvil of WC; 2) multi-rings; 3) deformable capsule; 4) sample of
WC10wt.%Co; 5) disk of protection; and 6) gasket (Ramalho, 1998).

2.3 Characterization of the cemented carbide pellets

After high pressure sintering, the cylindrical pellets (6 mm in diameter and 4 mm in height)
were removed from the capsule. The surface in contact with the graphite was clean and was
later made a grinding surface resulting in parallel tops and cylindrical side.

For metallographic analysis, the sample was embedded in thermosetting polymer resin and
then was made polishing in diamond paste. The metallographic analysis was made using an
optical microscope (Zeiss, model Neophot-32) that contains an image capture system with
CCD camera attached.

Scanning electron microscopy operating at 10 kV (model SSX 550, Shimadzu) was used to
examine the gold-coated fracture surfaces of the sintered cemented carbide pellets via
secondary electron images (SEI). EDS also was used to identify the constituent elements of
the sintered samples.

The crystalline phases after sintering were investigated between 26 = 20° and 26 = 90° via X-
ray diffraction analysis (Shimadzu, model XRD 7000) with Cu-Ko radiation (40 kV, 40 mA).
The phases were identified from peak positions and intensities using reference data from the
JCPDS handbook.

The following properties have been determined: apparent density, relative density, coercive
force, mechanical strength, elasticity modulus, microhardness, and wear resistance.
Archimedes method of immersion in water was used to determine the apparent density. For
this purpose, the cemented carbide pellets were weighed at dry state (M1), then boiled in
water for 2 h, cooled, and weighed again a second time in water (M2). The pellets were
weighed again at the saturated wet state (M3). The apparent density (p.) of pellets was
determined according to:
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pa=M1/M3 - M2 (1)

The relative density (p;) was determined according to the following expression:

Pr=Pa/ P )

in which p, is the apparent density (g/cm?® and p; is the theoretical density of the
WC10wt.%Co (14.53 g/cm?3).

The coercive force of the pellets was determined using a coercive force meter, which create a
magnetic field. The test of coercive force was performed as follow. Initially, the coercive
force meter was reset. The pellets were placed in the polarized magnetization devices. It was
then made to read the display of the coercive force.

In this work the mechanical strength of the pellets was evaluated through axial compression
strength due to the size of the pellets obtained. This means that the values of mechanical
strength of the samples obtained in this work are for comparison only among themselves.
The axial compressive strength (o) was determined using an universal testing machine
(EMIC, model DL - 10000) at a loading rate of 0.5 mm/min according to

o.=4P / nD2 3)
in which P is the load at rupture and D the specimen diameter.

The axial compressive elasticity modulus (Eca) was determined using the stress-strain curve
according to

Eca=o0ac/ ¢ (4)
in which oc is the axial compressive tension and ¢ is the relative deformation.

The Vickers microhardness tests were performed using a microhardness apparatus coupled
to an optical microscope according to

HV =0.189 P / d2 (5)

in which P is the applied load (kgf) and d is the average length of the impression diagonal
(mm).

The abrasion wear tests were performed using an abrasion meter (AROTEC, model
AROPOL E) with maximum speed of 620 rpm and disk of carborundun. The following
procedure was adopted: i) the sample is weighed before the wear test; ii) the sample was
fixed in a chuck property for the test; iii) the disk is rotated and applied a vertical load on
the sample fixed; iv) the sample was kept fixed in a straight line for 10 min; and v) the
sample is weighed after the test for determining the mass loss. Thus, the wear resistance of
the sintered pellets was determined according to

AM =m; - m¢ / m; x 100 (6)

in which m; is the initial mass (g) of the pellets and m is the final mass (g) obtained after the
wear test.
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3. Results and discussion
3.1 Structural characterization

XRD patterns of the WC10wt.%Co samples are presented in Fig. 2. As expected, the results
showed that at room temperature (Fig. 2a) the mixed powder is composed of the crystalline
phases WC and Co. The low intensity of the peaks of cobalt may be related to Cu-Ka
radiation used. When the mixed powder is sintered under high pressure and high
temperature (5.5 GPa and 1400 °C), as shown in Fig. 2b, characteristic peaks of WC, Co and
Co3W3C are identified. In addition, a small amount of the y phase was also identified.
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Fig. 2. XRD patterns of the WC10wt.%Co: a) before sintering; and b) after sintering.

The XRD analysis showed the formation of intermediate phases such as CosW3C and vy.
These phases formed are undesired because they are harmful to the mechanical properties
of cemented carbide. The appearance of these phases during sintering is consistent with the
binary diagram of WC-Co (Silva, 1996). It is possible that these phases can be related to the
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following factors: i) sensitivity of the WC to the loss of carbon as consequence of their low
formation energy; ii) sintering atmosphere with characteristic oxidant; and iii) the presence
in the starting powders of compounds that react with the carbide, consumining the carbon.
Another important aspect that must be considered is that the HPHT sintering process is very
fast. This can take the carbon to react with the adsorbed oxygen also quickly, resulting in
decrease or loss of carbon of the WC. The consequence is not having a good dissolution of
free carbon in the liquid phase, so new phases can occur by diffusion.

Figures 3 and 4 show the X-ray diffraction patterns of the cemented carbide samples doped
com rare-earth elements.
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Fig. 3. XRD pattern of the WC10wt.%Co doped with 2 % of La;O; sintered under HPHT.
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Fig. 4. XRD pattern of the WC10wt.%Co doped with 2 % of CeO, sintered under HPHT.

As can be observed, the samples doped with rare-earth elements (La;O3 (Fig. 3) and CeO;
(Fig. 4)) had a phase composition very similar to that of the rare-earth free samples. It is
noticed that only small differences in the peak intensities occurred. This means that the
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formation of these intermediate phases is not associated with the rare-earth elements
incorporated in the cemented carbide studied.

3.2 Densification

The apparent density of the pellets of WC10wt.%Co doped with rare-earth elements
sintered under HPHT is shown in Fig. 5. It can be observed that the samples containing rare-
earth elements showed higher apparent density. The highest values were obtained for
samples containing 2 % LaxO3 (14.00 g/cm3) and 0.5 % CeO; (13.53 g/cmd).
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Fig. 5. Apparent density of the cemented carbides sintered under HPHT.
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Fig. 6. Relative density of the cemented carbides sintered under HPHT.

The densification behavior of the cemented carbide as a function of the content of rare-earth
elements is shown in Fig. 6. The value of theoretical density for the cemented carbide used
(WC10wt.%Co) was 14.54 g/cm3.
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According to the literature (Arbilla et al., 1996), the manufacturing of cemented carbide
(WC10wt.%Co) is basically the liquid phase sintering of powder mixture of tungsten carbide
and cobalt at a temperature of approximately 1400 °C. At this temperature, the cobalt
becomes liquid and diffuses into the structure and, after cooling, the desired properties are
obtained. In this work, however, an unusual process was used for the production of
cemented carbide doped with rare-earth elements.

The results in Fig. 5 indicated that the WC10wt. % Co-free rare-earth elements showed a low
value of apparent density (10.56 g/cm?3), reaching a densification of about 73 % (Fig. 6).
Whereas the samples studied were subjected to the HPHT process, it was expected a higher
value. Furthermore, this value is lower than in the cemented carbide densification obtained
in industrial routines (Gomes et al., 2004).

The sintering when performed via the HPHT process tends to promote greater adhesion
between the particles and higher densification in the material. However, the actions of certain
factors must be taken into account because they can lead to some variations such as (Rodrigues
et al., 2006; Bobrovnitchii, 2001): i) the presence of gradients of temperature and pressure in the
compression chamber of the DAP may result in residual stresses and cracks in the samples;
and ii) the rapid reduction of pressure and temperature can cause defects in the samples.

It can also be seen in Figure 6 that the samples containing rare-earth element showed a high
densification. In particular, the samples with higher degree of densification were those
containing 2 % of LaxOs (96.63 %) and 0.5 % of CeO: (93.10 %) in relation the cobalt phase.
Importantly, all cemented carbide samples obtained had the same procedure of
manufacture. This fact confirms that the rare-earth elements incorporated into the
WC10wt.%Co contribute effectively to the high densification of the pellets sintered under
HPHT conditions. This result is consistent with the literature (Xu et al., 2001; Gomes, 2004).

According to the literature (Ji et al., 1996), the addition of rare-earth element leads to
decreased porosity of the cemented carbide. As the cemented carbide is a fragile PM
material, porosity always causes great tension, which is a source of fracture. There is a direct
relationship between mechanical strength and porosity of the cemented carbide, in which
fewer pores and smaller pore size results in higher mechanical strength. During the
sintering cycle, gaseous impurities, for example, oxygen and sulfur in cemented carbide is
partially released in gaseous form. If they are not partially removed such defects as pores
will take shape. Since the form of sulfide and oxide compounds of rare earths, which are
stable at high temperatures, gaseous impurities are reduced and thus reduce the possible
formation of pores. However, reducing the temperature required for the liquid phase by the
addition of rare-earth element implies that under the same conditions of sintering, the
sintering time by liquid phase has been extended, which leads to significant displacement of
material, filling of pores with the liquid phase and decrease in number and size of pores.
This fact is combinated with the effect of high pressure and high temperature that promote
the filling of empty spaces by the binder metal.

3.3 Coercive force

Figures 7 and 8 present the values of coercive force (Hc) of the cemented carbide produced
via HPHT as a function of the rare-earth elements added. The results show that the addition
of rare-earth elements in the structure of the cemented carbide influences the coercive field.
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This magnetic property is very sensitive to microstructure and chemical composition of the
cemented carbide.
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Fig. 7. Coercive force of the cemented carbides doped with lanthanum oxide sintered under
HPHT.
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Fig. 8. Coercive force of the cemented carbides doped with cerium oxide sintered under
HPHT.

As observed in Figs 7 and 8 there is variability in the values obtained for the coercive force.
However, this variability is also observed in the literature (Brookes, 1998) for the cemented
carbide. The coercive force values obtained in this work are also within the range of Hc for
the cemented carbide (WC10wt.%Co).
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The measures of coercive force of the sintered pellets indicated an increase in the coercive
field of the WC10wt.%Co doped with rare-earth elements. This increase in the coercive field
may have been influenced by the WC grain size resulting from the refinement of the
microstructure caused by the rare-earth elements. It is reported in the literature (Xu et al,,
2001) that these elements inhibit the grain growth of WC thereby making thinner. The
values of Hc increase with the refinement of microstructure, because this makes it difficult
to magnetization of the material in the direction of the applied field. Thus, it is necessary to
generate higher coercive force to magnetize the WC10wt.%Co. The high value of Hc
indicates that the cemented carbide studied corresponded to the class of magnetically hard
materials, the application it is intended for light machining. The results also showed that the
lanthanum oxide (La2Os) was the most effective in increasing the coercive field of the
WC10wt.%Co. The sample with 0.5 %of lanthanum oxide reached the highest value of Hc
(14.0 - 20.8 kA/m). In the case of addition of cerium oxide (CeO,), the sample with 0.5 % of
CeO, reached the highest value of Hc (9.2 - 18.5 kA/m).

3.4 Axial compressive strength

The behavior of the axial compressive strength as a function of the rare-earth content of the
pellets of cemented carbides sintered under HPHT is shown in Fig. 9.
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Fig. 9. Axial compressive strength of the cemented carbides sintered under HPHT.

The effect of the addition of rare-earth elements was to increase the compressive strength of
the pieces of WC10wt.%Co. This is mainly associated with increased densification of the
cemented carbide containing rare-earth during the sintering process. In addition, the rare-
earth additive can inhibit the martensitic phase transformation of Co phase (e-Co), which
weakens the material resulting in the increase of o-Co (CFC) that contributes directly to
increased mechanical strength (Xu et al., 2001).

The results of Figure 9 also showed different behavior for the axial compressive strength,
depending on the rare-earth added. The highest values of mechanical strength of the
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cemented carbide doped with rare-earth elements were obtained for the samples containing
1 % of LayO3 (1055 MPa) and 1 % of CeO; (943 MPa). In addition, the complex variation
observed for the mechanical strength may be associated with the fact that some samples did
not show regular cylinder geometry (Fig. 10).

Fig. 10. Appearance of the pellets of WC10wt.% Co obtained via HPHT.

3.5 Axial compressive elasticity modulus

The axial compressive elasticity modulus of the cemented carbides obtained from the
tension-deformation curve resulting from axial compression tests is shown in Fig. 11.
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Fig. 11. Axial elasticity modulus of the cemented carbides sintered under HPHT.

The cemented carbides are characterized by a high modulus of elasticity. In a way similar to
the axial compressive strength, it is observed that the axial compressive elasticity modulus
increased with the incorporation of rare-earth oxides. This is mainly due to higher
densification of the cemented carbide doped with these additives.
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The results of Figure 11 also showed that the highest values of axial compressive elasticity
modulus of the cemented carbide doped with rare-earth elements were obtained for the
samples containing 1 % of La;O3 (9095 MPa) and 1 % of CeO; (8573 MPa).

3.6 Microhardenss

Figure 12 shows the values of microhardness for the pellets of WC10wt.%Co doped with
rare-earth elements. The results show that the microhardness increases with the addition of
rare-earth elements. This increase may be due to increased densification with the rare earth
added. On the other hand, the complex variation in microhardness values may have been
influenced by the geometric irregularity at the top and bottom of the samples caused by the
sintering process as previously described.
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Fig. 12. Microhardness of the cemented carbides sintered under HPHT.

It can be seen in Fig. 12 an increase in microhardness when 0.5 % of LayOs; is added. A
decrease in microhardness occurs with the addition of 1 % of La,Os. With the addition of 1.5
% of La;Os, the microhardness increases again and back to decrease with 2 % of La;Os. For
cemented carbide containing cerium oxide, there is an increase with the addition of 0.5 %
and a subsequent decrease between 1 to 1.5 %. An increase occurs again with the addition of
2 % of CeO,. It can also be observed that the highest values of microhardness of the

cemented carbide doped with rare-earth elements were obtained for the samples containing
0.5 % of LaxOs (2609 HV) and 0.5 % of CeO; (1979 HV).

3.7 Wear resistance

Table 3 presents the values of wear resistance for the pellets of cemented carbide doped with
rare-earth elements obtained under HPHT conditions. The results indicated that all samples
of cemented carbide containing rare-earth elements showed less mass loss compared to the
reference sample (WC10wt.%Co). This was expected, since the decrease in grain size caused
by the rare-earth elements and also the positive influence of high pressure leads to increased
microhardness and, consequently, to reduce the wear.
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Samples Wear resistance (%)
ALl 7.7
AL2 3.7
AL3 0.2
Al4 0.1
AL5 0.1
AL6 0.1
AL7 1.7
ALS8 0.2
AL9 0.3

Table 3. Wear resistance of the cemented carbides sintered under HPHT.

The results in Table 3 also show that the best samples in terms of wear resistance are those
with 1.0 to 2.0 % of LaxO3 and 0.5, 1.5 and 2.0 % of CeO..

3.8 Microstructural analysis

Optical micrograph of the sample of WC10wt.%Co free of rare-earth sintered under HPHT
is shown in Fig. 13. One can observe a non-homogeneous distribution of WC by the
structure, indicating a possible change of the sintering conditions. On the other hand, there
is a good distribution of cobalt for samples containing rare-earth elements (Figs. 14 e 15).
This means better mixing or influence of the rare-earth about the process.

SEM micrographs of the fractured surfaces of the samples of WC10wt.%Co with and
without rare-earth additives are presented in Figs. 16 - 18. It may be noted that the
appearance of the fractured surface is typical of brittle fracture for all samples.

Fig. 13. Optical micrograph of the AL1 sample sintered under HPHT.
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Fig. 15. Optical micrograph of the AL6 sample sintered under HPHT.
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Fig. 16. Fracture surface of the of the AL1 sample sintered under HPHT.
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Fig. 17. Fracture surface of the of the AL5 sample sintered under HPHT.
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Fig. 18. Fracture surface of the of the AL7 sample sintered under HPHT.

Line spectrums for the samples of cemented carbides determined using EDS are shown in
Figs. 19-21. The following constituent elements of the cemented carbides sintered under
HPHT were detected: W, C, Co, La, and Ce.

The sintered microstructures of the AL5 (2 % LaxOs3) and AL7 (1 % CeO;) samples obtained
via SEI/SEM are shown in Figs. 22-23, respectively. One can clearly observe the formation of
cobalt lakes surrounding the tungsten carbide grains and pore possible. This may be related
to different factors: i) mixing process inefficient; and ii) HPHT processing. According to
North et al. (1992), high pressure applied continuously during the heating cycle can provide
in some regions the formation of cobalt lakes, which persist at high temperatures even with
some structural rearrangement of the WC.

www.intechopen.com



High Pressure Sintering of WC-10Co Doped with Rare-Earth Elements 395

[Newsanplal] |
| [Peak)

"~ Wetsauplez] |
-----q---fPeak]- |
|

[NepSauples] |
[Peak]

Fig. 21. EDS spectrum for the AL7 sample sintered under HPHT.
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Fig. 22. SEM micrograph of the AL5 sample sintered under HPHT.
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Fig. 23. SEM micrograph of the AL7 sample sintered under HPHT.

4. Conclusion

In this chapter the cemented carbide (WC10wt.%Co) powder doped with different rare-earth
elements (LaxO3; and CeO») sintered under HPHT conditions was investigated. The method
used can be an alternative for WC10wt.%Co dense pellets processing. High final densities near
theoretical density have been obtained. It was also found that the incorporation of rare-earth
elements positively influenced the physical and mechanical properties of the cemented
carbide. These properties include increased densification, increase in coercive field, axial
compressive strength, axial elasticity, microhardness and wear resistance. This behavior is due
to the addition of rare-earth elements leads to decreased porosity of the cemented carbide.
Moreover, it was observed that the lanthanum oxide (LaxOs3) was more effective in improving
the properties of the cemented carbide investigated.
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