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Abstract:

The unique combination of hardness, toughness and wear resistance exhibited by WC-Co
cemented carbides (hardmetals) has made them a preeminent material choice for extremely
demanding applications, such as metal cutting/forming tools or mining bits, in which
improved and consistent performance together with high reliability are required. The high
fracture toughness values exhibited by hardmetals are mainly due to ductile ligament bridging
and crack deflection (intrinsic to carbides). In this work two WC-Co grades obtained by using
the electric resistance sintering technique are studied. The relationships between the process
parameters (cobalt volume fraction, sintering current and time, die materials, etc.), the
microstructural characteristics (porosity, cobalt volume fraction, carbide grain size, binder
thickness and carbide contiguity) and mechanical properties (Vickers hardness and fracture
toughness) are established and discussed. Also the presence of microstructural anisotropy and
residual stresses is studied. The sintering process at 7 kA, 600 ms and 100 MPa, in an alumina
die, followed by a treatment of residual stress relief (800 °C, 2 hours in high vacuum), allows
to obtain WC-Co pellets with the best balance between an homogeneous microstructure and
mechanical behaviour.

INTRODUCTION

Cemented carbides (WC-Co) are materials used in wide range of applications in many
relevant industries, i.e. as cutting tools (turning, milling, drilling) for machining of metal
components in the automotive and/or aerospace industry, as components of drill bits or road
headers in the rock tools and mining area or as wear parts in wire drawing dies or punch tools,
all these applications with stringent requirements [1-3]. Regarding cemented carbides
processing, the need to implement more efficient routes than conventional liquid sintering is
one of the objectives pursued by the industrial sector. Field-assisted sintering techniques
(FAST) have gained particular interest in the last decades [4-6] because of being very quick
processes; particularly, the electric resistance sintering (ERS) process [7-9] consists in an
electrical current passing through a powder mass to be sintered at the time that pressure is



applied. The Joule effect acts heating and sintering the powders. However, despite its
potential advantages, it remains an objective to control the variables associated with the
sintering process, as well as to evaluate and rationalize the influence of these variables on the
physical and mechanical properties of the manufactured samples.

The influence of the microstructural parameters on the behaviour in service has been widely
studied by the scientific-technical community, particularly the mechanical and tribological
performance [1, 10-16]. The content and physical dimensions of each constituent phase are
the most common features for defining the microstructure [1,10,17]. Within this context, the
principal parameters used to characterize the microstructure of hardmetals are the average
grain size of WC particles (dwc) and the binder volume content. However, both parameters
are frequently varied simultaneously, and correlation between property and microstructure
requires of additional two-phase normalizing parameters. Among them, the binder mean free
path (Aco) 1s the most used one as it refers to the mean size of the metallic phase. In general,
an increase of the binder mean free path implies a rise of the fracture toughness of the
material at the expense of a decrease in hardness [17,18]. Main reason behind it is the fact that
thicker and less constrained (i.e. effectively more ductile) ligaments exist for hardmetal
grades with higher binder contents and coarser microstructures [14,15,17,19]. Also, the binder
intercept size is an outstanding microstrutural parameter because of its influence on the shear
stresses of the material (for example, in cutting tool grades of hardmetal) [20].

Fracture toughness is the most important mechanical property of the WC-Co, considering the
intrinsic fragility of these materials. There are different procedures to evaluate fracture
toughness of cemented carbides [21-25]. The conventional indentation microfracture [24] is
widely used in the literature because of its simplicity, cost and versatility. However, the
measured values depend on the equation used, surface preparation, presence of residual
stresses and the studied hardmetal grade [24,26,27]. In this context, the main objective of this
work is to establish the relationship between the microstructure, the manufacturing process by
ERS and the fracture toughness of WC-Co.

MATERIALS AND EXPERIMENTAL PROCEDURE

The starting spherical and rough WC-Co particles are suplied by Kyocera Unimerco Tooling
(Denmark) after the adequate powders mixture to achieve the desired composition (see Fig.
1). Two different grades with 6 and 10 wt% Co (binder phase) have been studied in this work.




Fig. 1. SEM images of the powders used for the sintering of hardmetals.

Table 1 shows the characteristics of the initial powders (carbon and oxygen content, size,
density and flowability of the powders, as well as the relative green density and electrical
resistivity for the compaction pressure of 100 MPa applied during electrical sintering). On the
other hand, Table 2 summarizes the variables of the electrical resistance sintering process
studied in this work.

Table 1. Chemical composition and properties of the starting powders supplied by Kyocera
Unimerco (Denmark).

Grade WC-6Co WC-10Co

C (Wt%) 5.78 5.52
O (Wt%) 0.13 0.12

di0% 86 78

. . ds0% 141 128
Spherical WC-Co particles (um) doors 275 204
Dy43 148 136
. Apparent 15.0 14.5

3

Density (g/cm°) Tap 44 40
Flowability (s/50 g) 19.2 19.7
Compressibility (%) 61 63
Electrical resistivity (Q-m) x 10 100 MPa 6.9 6.4

Table 2. Experimental parameters associated to the electrical resistance sintering of the
studied WC-Co.

Alumina and sialon of high purity and

Cylindrical die density

Materials Internal dia.meter' 12 mm

Punches High purity copper

Wafers (in powder Cu-W alloy
contact)
Compaction pressure 100 MPa applied at 100 mm/s
Pulse Square
ERS parameters Continuous electrical Frequency (MHz) 10
current wave Intensity (kA) 5-10
Time (ms) 300 - 1000

The WC-Co powder is poured into the cylindrical die. The powder mass used is 6.5 g. The
inside walls of the die are previously lubricated with graphite. A single-acting uniaxial
pressure is applied to the upper copper punch with the help of an electric actuator. The
pressure is maintained during the time that the electric current passes through the powder.
Finally, pressure is released 1000 ms after current ceases to allow for compact cooling
(Details of ERS process are described elsewhere by the authors [9,28]).

Visual inspection was used for verifying the structural integrity of the samples. Density
measurements were carried out by Archimedes’ method with distilled water impregnation due
to its experimental simplicity and reasonable reliability. The ISO 3369:2006 Standard [29]



gives the details of this protocol. Total porosity was computed from density measurements.
The hardness tests were carried out using a Vickers indenter Shimadzu (model HMV-G) at
30kgf, according to ISO 3878:1983 [24,30]. Radial cracks were induced from the corners of
the Vickers indentation and the arrested crack length was related to the fracture toughness of
the WC-Co via relationships of the type Kic = aP/ (a-['"%), were P is the applied indenter load,
a the indentation half diagonal, / the surface Palmqgvist crack length and o is an empirical,
semi-empirical or theoretical constant [31]. The crack length is extremely sensitive to surface
preparation [32]. The sectioned WC-Co samples were mounted in resin then ground and
diamond polished up to mirror-like surface finish following a 6, 3 and 1 um sequence, with a
final colloidal silica stage [33]. The cracks and porosity observation was performed using a
Nikon Epiphot optical microscope coupled with a Jenoptik Progres C3 camera. At least ten
measurements were performed per ERS parameters combination and grade material studied.
Furthermore, the WC-Co microstructure (cobalt fraction fco, binder mean free paths Aco,
carbide contiguity Cwc, the size and distribution of carbides dwc) was studied in detail by
linear intercept method using scanning electron microscopy (SEM, FEI Teneo) and image
analysis (Image-Pro Plus 6.2 analysis software). In this work, the used equation for contiguity
estimation is based on extensive data collection from literature [33].

RESULTS AND DISCUSSION

Fig. 2 shows photographs and optical micrographs of the axial surface (points 2 and 3 shown
in the scheme) of pellets sintered using well apart sintering conditions and alumina die. Also
shown are micrographs obtained at different locations of an axial section (points 2 and 3
marked on the macro). The porosity and structural integrity of the sintered pellets vary
depending on the hardmetal grade, the electric current and the sintering time. In addition, the
porosity distribution is heterogeneous, being higher in the bases and the lateral surface of the
pellets, where the punches and die walls act as heat sinks, decreasing the local temperature.
As a consequence, the sintered preforms have a relatively porous outer layer that must be
removed (ground or machined), the thickness and pore fraction of the surface depends on the
energy provided during the process and the WC-Co grade.
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Fig. 2. Structural integrity (photographs) and porosity distribution (optical images — axial
surfaces) of the pellets obtained in well apart sintering conditions with the alumina die.

Fig. 3 shows SEM images of pellets obtained using similar processing conditions as described
in the previous figure. Typical microstructure of these materials can be observed, with two
interpenetrating constitutive phases: equiaxially-shaped, hard and brittle carbides and a soft
and ductile metallic binder. Furthermore, Table 3 shows the different microstructural
parameters of WC-Co evaluated. The carbide phase contiguity is a key two-phase
microstructural parameter to describe the mechanical properties of cemented carbides. In
accordance with literature (e.g. Refs. [34,35], contiguity decreases when increasing binder
content due to a higher probability of the binder phase to surround ceramic particles. The
studied WC-Co grades show nanosized carbide grains and cobalt binder thickness (range of
parameters, see table 2). Mean carbides sizes of 300 + 30 nm and 290 + 45 nm were measured
for WC-6Co and WC-10Co, respectively; while the binder mean free paths were 90 = 8 nm
and 120 + 16 nm, respectively. In this context, the bulk densities of the sintered pellets (skin
and core) vary between 9.0 and 13.5 g/cm? for the WC-6Co, and between 9.1 and 12.8 g/cm’
for the WC-10Co. Particularly, the Figure 3 shows the presence of higher porosity when using
lower sintering energy (WC-6Co sintered at 5 kA for 300 ms) and a high density of 12.3
g/cm? for higher energy condition (WC-10Co sintered at 9 kA for 400 ms).

Table 3. Experimental parameters of the microstructure of WC-Co studied.

Grade WC-6Co WC-10Co
wt% 6 10
fCo
vol% 10.2 16.5
5 S _ Cobalt binder thickness (nm) Aco 90 + 8 120+ 16
T
g *E Carbide contiguity ([24]) Cwc 0.64 +0.01 0.50+0.02
i Carbide grain size (nm) dwc 300 + 30 290 + 45




a) 300 ms b) 800 ms
9k

Fig. 3. SEM images of the microstructure of the WC-Co blank core studied (point 3 in the
scheme in Figure 2). Influence of sintering time in WC-6Co and 5 kA [a) and b)] and
sintering current for WC-10Co and 400 ms [c) and d)].

On the other hand, Fig. 4 shows the Vickers hardness and fracture toughness values obtained
with the alumina die for the two hardmetal studied (sample core, point 5) depending on
current and time processing conditions. In general, the results of this work corroborate the
well-known inverse relationship between hardness and fracture toughness. In this context,
some other conclusions could also be indicated:

1) As expected, there is a direct relationship between the binder mean free path and the
fracture toughness, and an inverse relationship with hardness.

2) Intensive efforts have been carried out by the scientific community to increase hardness
and fracture toughness at the same time. The results obtained suggest that a moderate decrease
in the applied energy (current and / or time) during the electric sintering process allows the
attainment of this balance of mechanical properties. Up to this point, the analysis of the data
indicates that the best results were obtained for 6 kA and 500 ms, with values of 1951 HV30
and 11.04 MPa m'?2, and 1743 HV30 and 12.14 MPa m"?, for 6 and 10% Co respectively.

3) It is a fact that sintering parameters (current and time) influence the mechanical properties
(fracture toughness and hardness). In general, for similar ERS conditions, the range of values
of Kic increase with the cobalt content (path with the least difficulty to pass an electric
current), the sintering time being the most significant process parameter. In this above
context, note the greater dispersion (less grouped) of the values for the WC-10Co grade.
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Fig. 4. Relationship between Vickers hardness and fracture toughness. Experiments carried
out with a) 5-10 kA and b) 300-900 ms.



As previously shown, ERS may produce local sintering conditions (energy and temperature)
that are not homogeneous through the whole sample. Density and mechanical properties of
sintered compacts will consequently vary in different zones of the pellet (core and surfaces in
contact with punches and with ceramic die). Fig. 5 shows optical images of the indentation
cracks in three different zones of the compacts for WC-6Co (10 kA and 800 ms) and WC-
10Co (8 kA and 800 ms). It can be seen that crack size depends not only on the region of the
compact, but also on the growth direction. For instance, bigger cracks are found in the bases
(radial cracks— point 2) of the sintered compact, and in the lateral surface (axial cracks — point
4). On other hand, in the core (point 5) the cracks have an intermediate behaviour, with a
more homogenous size. From now on, the term radial toughness will be used related to
toughness value computed from crack length growing in the radial direction, the other way
around for axial toughness.



WC-10Co 8 kA and 800 ms WC-6Co 10 kA and 800 ms

Fig. 5. Optical images of Palmgvist cracks induced from the corners of the Vickers indentations at different points (see scheme in Fig. 2) of
an axial section of the WC-Co grades studied.



Fig. 6 shows fracture toughness values in radial and axial directions of the pellet (see details
in figure 5), depending on the binder phase content, sintering conditions (current and time)
and compact zones (points 2 and 4). In point 2 (closed symbols in the legend) all the Kic
values in radial direction are lower than in axial direction (values appear bellow the dashed
line), while a contrary trend is observed in point 4 (open symbols). The detailed analysis of
these results allows us to suggest an anisotropic behaviour of the fracture toughness, whatever
the material, sintering current or time.

This behaviour can be associated to the presence of residual stresses originating during the
ERS process or to microstructural anisotropy. Residual stress value and sign (tensile or
compression), as well as their distribution, depends on the energy supplied during the process
(compaction pressure, sintering current and time), and the corresponding local temperature
reached, the mechanism and the heat evacuation rate. According to the measured values,
tensile residual stresses could have been generated during the sintering process in the axial
direction, or compression in the radial direction, at the base of the pellets (point 2). The
opposite would have occurred on the cylindrical surface of the compact (point 4). However,
the presence of anisotropy in point 5 can be considered negligible. On the other hand,
microstructural anisotropy (carbide size, embrittlement of the binder phase, mean free path of
Co, etc.), could be related to phenomena (diffusion and dissolution/precipitation of ceramic
phase) that depend on the value and distribution of the energy (temperature and pressure) in
the compact during sintering.
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Within the framework of the results presented above, some of the possible causes of the
mechanical anisotropy are studied next: 1) processing technique, 2) type of electrically
insulating die, 3) microstructural anisotropy (dwc, size and ductility of the binder phase), and
4) presence of residual stress (tensile and/or compression).

Influence of the processing technique

It is worth initially noting that this anisotropic behavior has not been reported in the literature
for commercial cemented carbides manufactured by conventional powder metallurgy (PM)
technology [23,34]. In order assess this behavior, the hardness and fracture toughness of
samples obtained by ERS and by industrial PM practice of commercial powders (16F and
16M, supplied by Durit Ibérica S.L.) have been measured (see Table 4). ERS sintering
conditions of 7 kA, 600 ms and 100 MPa, and study points 2, 4 and 5 were selected for these
experiments. Results corroborate that in general the porosity and fracture toughness depend
on the zone of the compact (core or surfaces), i.e., the anisotropic mechanical behavior is
characteristic of the ERS technique, independently of the type of powder investigated (see
Table 4 and Fig. 7). In general, toughness values in the sample core after ERS processing are
similar to those obtained in compacts manufactured by conventional PM techniques. In
addition, the density of Durit pellets is lower than for WC-10Co (p = 11.2 g/cm?), for similar
ERS condition. The above discrepancy may be associated with the higher carbide size and the
content of carbon and oxygen of the commercial powder. Finally, the density reached for
both techniques are coherent with the tendencies of the mechanical properties, being the
hardness lower (Kic higher) for the electric sintering route.
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Table 4. Density, Vickers hardness and fracture toughness in commercial grades obtained by ERS (7 kA, 600 ms and 100 MPa) and by
conventional PM route [34]. Notes: 1) the average values of Kic are indicated in the table (*) and 2) including the outer porous layer (**)

16F 16M
ERS PM ERS PM
Density (g/cm’) 8.92" 14.6+0.1 8.95" 14.5+02
Point 2 11.90 14.85
HV30 (GPa) Point 4 12.79 13.0+1.1 154425 15.16 145412 14.0+2.6
Point 5 1421 13.45
. Radial 3.0 x 3.8 "
. Point 2 Axial 143 8.6 175 10.6
racture N
Toughness  Point4 —29ial 142 000 111438 106409 — 28 151" 136+45 153408
12 Axial 12.1 15.4
(MPa m™) Radial 11.1 14.6
. adla . * . *
Point 5 Axial 118 11.4 155 15.0

12



Point 2 | 100pm | | Point5 = o um

Fig. 7. Indentation cracks on a pellet obtained by ERS using commercial powder (16M
grade).

Effect of the insulating die

The influence of the insulating die (alumina vs sialon) has also been evaluated. Results show
anisotropy whatever the die type is. Nevertheless, the fracture toughness values at points 2
and 4 on both cemented carbide grades (at 9 kA and 600 ms) reveal an increase in anisotropy
when using the sialon die, reaching increases in point 2 closed to 950% and 300% for WC-
6Co and WC-10Co, respectively, while at point 4 are approximately 213% and 158%. This
difference could be related to the thermal properties of the ceramic die, with a higher thermal
conductivity in the sialon, which provokes a higher heat evacuation and lower temperatures as
compared with the sample core.

Presence of microstructural anisotropy

Thirdly, the distribution of carbides size in the relevant zones and directions (radial and axial)
of the compact were measured in detail (see Fig. 8). In addition, the characteristics of the path
followed by the indentation cracks were studied (see Fig. 9). The influence of the
microstructure on the fracture toughness may be accounted for by considering the effective
bridging of the ductile ligament and the cracks deflection (intrinsic to big enough carbides) as
prominent and operative toughening mechanisms. Bridging is dictated by the constraint
generated by the WC and the ability of plastic stretching of the ligaments of Co. Furthermore,
crack deflection is related to the presence of carbides (usually big carbides) [35,36].
Normally, in WC-Co the crack paths are transgranular through either the binder phase,
although close to the carbide-binder interface, or the carbides [12,14,35]. The literature
reports the estimation of the crack deflection effects on the nominal mode I stress intensity
factor, using a simple micromechanical model proposed by Suresh [37]. There has been also
reported the prominence of crack deflection as another operative toughening mechanism
intrinsic to coarser carbides [30]. However, it is interesting to note that a crack-microstructure
interaction is relatively uncommon in finer-grained hardmetals. i.e. crack deflection. As a
result of the influence of metallic phase and crack deflection, hardmetals are expected to
develop crack growth resistance (R-curve) behaviour. WC-Co cemented carbides exhibit a
short in length but quite steep R-curve behaviour [35,38,39]. The toughening mechanisms
depends on service conditions, for example the ductile ligaments are susceptible to be
mechanically degraded under cyclic loading, while the presence and effectiveness of crack
deflection as toughening mechanism is not affected by fatigue [19,40].

13



Fig. 8 allows to discern the presence of microstructural anisotropy, visualized as axial/radial
curves separation, being slightly higher at points 2 and 4 than at point 5. Moreover, the
differences in carbide grain size (different points and directions), as well as their potential
influence on the crack deviation (toughening mechanisms) should be analysed in detail in
probabilistic terms. The probability of finding carbides with an appropriate size to generate
the crack deviation phenomenon is different and depends on the zone and the direction
evaluated. In the context of the above discussion, we can observe that it is very different the
probability (frequency) that has a fissure to find on its way WC with an average size of 290-
300 nm, depending on the direction of propagation (radial or axial), as well as the pellet zone
(core or surfaces). A similar analysis can be made for a constant probability (for example,
50%); in this case it can be observed that there is a greater range of carbides sizes (greater
influence of the mechanism of deviation of the crack) in points 2 and 4, zones of the pellets
with significant differences in mechanical behaviour.

For instance, the number of carbides larger than 290-300 nm that will preferentially produce a
crack path diversion depends on the pellet zone and direction of propagation, as follows: point
2 (33% - axial vs 51%-radial), point 4 (29% - axial vs 43%-radial) and point 5 (42% - axial vs
54%-radial). So, concerning the toughening mechanism of crack deflexion, radial toughness
would be always greater than axial value; point 4 should show bigger toughness values, and
anisotropy would be higher at points 2 and 4 than at point 5. These considerations are only
partially supported by measured toughness values (see Fig. 6). Mean toughness value at point
4 is not the highest, but at points 2 and 4. Radial toughness is greater than axial value at point
4 and possibly 5, but not at point 2. It is true that anisotropy is lower at point 5. As a
consequence, these results point out that other mechanisms, like those suggested in the next
paragraph, should be active in determining mechanical behaviour.

On the other hand, the study of deformation phenomena (slip and twinning traces, as well as
induced phase transformation of the binder from the metastable fcc structure to the stable hcp
one) and the residual stress profile within the binder phase, required for supporting such a
hypothesis, warrants an additional detailed study of transmission electron microscopy,
electron back scattered diffraction (EBSD) and neutron diffraction, which is however out of
the scope of this work.

14
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Fig. 8. WC grain size distribution. Comparison between the radial and axial directions of a
WC10Co sample sintered at 9 kA for 600 ms at: a) point 2 (sample base), b) point 5 (sample
core), and ¢) point 4 (sample lateral surface).
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Fig. 9. Features of the path of indentatin cracks in the area near their tip. Study for the radial
and axial direction, in points 2 and 5 of WC-10Co grade sintered at 7 kA during 800 ms.

In general, the SEM images shown in Fig. 9 indicate that the indentation cracks are fine, sharp
and with periodic tilts. It is therefore suggested that the crack growth proceeds through a
compromising scenario: crack deflection through metallic binder paths and transgranular
carbides cracking (particularly for some large carbides). As a result, crack paths are rather
tortuous (non planar), mainly following the metallic binder, but exhibiting pronounced and
frequent deflections. In this scenario, straighter paths could be expected in the zones and
directions with tensile, crack-opening residual stresses, while tortuous paths will occur in the
absence of these stresses (or the presence of compressive stresses).

Study of the presence of residual stresses

Table 5 and Fig. 10 show the fracture toughness values obtained after carrying out residual
stress relief (RSR) and/or additional ERS pulse (AP) treatments. The RSR treatment has been
made in a Carbolite® STF 15/75/450 ceramic furnace with a horizontal tube, at 800°C for 2 h
using high vacuum (~5 % 10-5 mbar), while the AP consisted in a second train of sintering
after the main sintering pulse, in this case at low intensity (1 kA) during 300 ms. These results
allow to evaluate the presence of residual stresses and their influence on the mechanical
behaviour. In this context, some conclusions can be withdrawn: 1) as shown in Figure 10a by
the values after the RSR treatment being nearer the divisor line, the mechanical anisotropy
decreases after the RSR, whatever the WC-Co grade or the pellet zone, 2) the fracture
toughness decreases slightly after heat treatment, 3) as shown in Fig. 10b, applying an AP is
not recommended (the residual stresses increase), 4) neither the use of AP and RSR
significantly improve the final results, and 5) the magnitude and type (tensile or compression)
of the residual stresses accumulated during the manufacture of the pellets depend on the
sintering conditions, the area of the sample (bases and the lateral surface) and the binder
content of the cemented carbide. Note that the residual stresses (associated with ERS) are
generally greater in the surface of the pellets. However, in this work it is recommended to

17



carry out in the future a more detailed analysis (statistically representative) that allows
establishing and studying these trends, as well as the type of residual stress [41-44].
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Fig. 10. Influence of AP and RSR treatments in the anisotropic mechanical behavior.
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Table 5. Influence of residual stress relief treatments on Vickers hardness and fracture toughness.

WC-6Co WC-10Co
7 kA-700 ms 7 kA-600 ms 7 kKA-700 ms 7 kA-800 ms
ERS ERS
ERS ERS ERS + ERS ERS ERS n
+ + + + + +
ERS RSR ERS RSR AP AP ERS RSR ERS RSR AP AP
+ +
RSR RSR
Density (g/cm?) 10.8 10.8 1.1 1.1 10.9 10.9 10.9 10.9 10.8 10.8 10.8 10.8
Hardness Point 2 15.4 203 19.8 20.0 209 20.1 14.0 18.3 18.6 18.6 13.0 16.6
HV30 ]
Point 4 17.1 205 20.1 20.1 20.6 202 18.6 18.4 18.5 18.3 18.6 18.2
(GPa)
bt 2 Radial 3.4 74 102 73 8.1 7.1 32 8.8 9.1 73 2.9 38
oint
Fracture Axial 133 9.6 13.7 9.4 14.8 9.7 16.0 113 13.7 1.1 19.2 113
Toughness :
1 _ Radial  12.6 10.3 12.3 8.5 12.1 9.5 13.1 93 117 9.8 13.6 8.9
(MPam™)  point 4 -
Axial 6.1 6.7 6.4 5.4 6.8 6.3 9.0 71 8.6 6.8 10.3 78
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CONCLUSIONS

In this work two WC-Co grades obtained using the ERS technique were investigated. Based
on the main findings of the study, the following conclusions may be drawn:

1) The ERS is a fast processing route. This technique is currently effective to obtain simple
pieces or preforms of cemented carbides (WC-Co). The physical (density) and mechanical
properties (hardness and fracture toughness) of the manufactured materials depend on the
energy supplied during the electric sintering. This energy depends on the process parameters
(sintering current and time, die materials, applied pressure, etc.).

2) The fracture toughness of these WC-Co depends on the role played by the cobalt ligaments
and the deviation of the crack associated to the presence of the WC carbides (toughening
mechanisms / R-curve behavior).

3) Electrically sintered WC-Co pellets present residual stresses, porosity and small
microstructural changes (carbide grain size and cobalt binder thickness). These differences
depend on the zone (bases and the lateral surface) and the direction (radial or axial), being the
responsible of the anisotropy of the fracture toughness of the WC-Co pellets obtained by
ERS.

4) The anisotropy of the mechanical behaviour is greater if additional electrical pulses are
applied, while this heterogeneity is negligible if an adequate heat treatment of the WC-Co
pellets is carried out following the ERS.

5) Whatever the WC-Co grade studied, in this work the following manufacturing process of
the pellets is recommended: electric sintering (7 kA, 600 ms and 100 MPa, in an cylindrical
alumina die), and then a relief treatment of residual stresses (800 °C, 2 h and high vacuum).
This recommendation is made in terms of the best balance of structural integrity, density,
homogeneity and mechanical behaviour (Vickers hardness and Kic) of the pellets.
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Figure Captions

Fig. 1. SEM images of the powders used for the sintering of hardmetals.

Fig. 2. Structural integrity (photographs) and porosity distribution (optical images — axial
surfaces) of the pellets obtained in well apart sintering conditions with the alumina die.

Fig. 3. SEM images of the microstructure of the WC-Co blank core studied (point 3 in the
scheme in Figure 2). Influence of sintering time in WC-6Co and 5 kA [a) and b)] and
sintering current for WC-10Co and 400 ms [c) and d)].

Fig. 4. Relationship between Vickers hardness and fracture toughness. Experiments carried
out with a) 5-10 kA and b) 300-900 ms.

Fig. 5. Optical images of Palmqvist cracks induced from the corners of the Vickers
indentations at different points (see scheme in Fig. 2) of an axial section of the WC-Co grades
studied.

Fig. 6. Relationship between the fracture toughness measured in different zones and crack
growth directions. The different values with the same symbol correspond to current intensities
varying from 5 to 10 kA.

Fig. 7. Indentation cracks on a pellet obtained by ERS using commercial powder (16M
grade).

Fig. 8. WC grain size distribution. Comparison between the radial and axial directions of a
WC10Co sample sintered at 9 kA for 600 ms at: a) point 2 (sample base), b) point 5 (sample
core), and c) point 4 (sample lateral surface).

Fig. 9. Features of the path of indentation cracks in the area near their tip. Study for the radial
and axial direction, in points 2 and 5 of WC-10Co grade sintered at 7 kA during 800 ms.

Fig. 10. Influence of AP and RSR treatments in the anisotropic mechanical behavior.

Table Captions

Table 1. Chemical composition and properties of the starting powders supplied by Kyocera
Unimerco (Denmark).

Table 2. Experimental parameters associated to the electrical resistance sintering of the
studied WC-Co.

Table 3. Experimental parameters of the microstructure of WC-Co studied.

Table 4. Density, Vickers hardness and fracture toughness in commercial grades obtained by
ERS (7 kA, 600 ms and 100 MPa) and by conventional PM route [26]. Notes: 1) the average
values of Klc are indicated in the table (*) and 2) including the outer porous layer (**).

Table 5. Influence of residual stress relief treatments on Vickers hardness and fracture
toughness.
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