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Two types of cemented carbides have been elaborated from three mixtures of WC and
Co powders containing 3, 5 and 6% of cobalt mass. Three samples of these mixtures have

been obtained by liquid phase sintering and three others of the same composition have
been sintered then densified by hot isostatic pressing (HIP). Observations by scanning
electronic microscope have allowed to note that the samples elaborated by sintering
followed by an HIP densification have a more homogeneous structure than that observed
in the sintered samples. Under the compression, the WC grains flattens and interlock
more easily from one another which gives a uniform surface appearance. Energy
dispersion analysis shows that these samples contain a very small voluminal fraction of
graphite and residual porosities, these are more pronounced in sintered samples,
especially in the case of alloys with a low Co content (3 and 5%). X rays diffraction
analysis allowed to show clearly the existence of cobalt type carbide in the sintered
samples. Measurement of the closed porosity allows to observe that the sintering process
followed by densification by HIP leads to the elaboration of alloys with a low rate of
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closed porosity. Microhardness of these samples have improved hardnesses.

1. INTRODUCTION

WC-Co cemented carbides are characterized by a unique
combination of mechanical and chemical properties. Among
these remarkable properties sought after for a large number of
industrial applications we have: high compressive strength
associated with good behavior against abrasion, high hardness,
good dimensional stability, high modulus of elasticity,
resistance on impact, appreciable toughness and ultimately
good corrosion resistance [1, 2].

Users exploit these good properties of these WC-Co
cemented carbides for the machining of materials (metallic
and non-metallic), woodworking, or even the cutting or
blasting of rocks. Such materials are most suitable for cutting
tools and drilling tools [3, 4].

These alloys (cemented carbides) are produced by powder
metallurgy [5]. The process most often used is sintering with
a liquid phase [6-8]. However, the products obtained are not
very dense, especially for the low volume fractions of the
binder [9]. This results in a limitation and a dispersion of the
mechanical characteristics of the material thus obtained [10].

The aim of this work is the search for an innovative solution
in some fields of exploitation which consists in going towards
other ways of densification of WC-Co mixtures to optimize
the mechanical properties of these cemented carbides with low
cobalt content.

To get closer to the desired solution, our choice fell on the
hot isostatic pressing (H.1.P) densification process [11, 12].

The use of the H.I.P method consist in improving the
densification and the microstructure and mechanical
properties for this material [13, 14]. Therefore the decrease in
the residual porosity an the inclusion of carbon improves the
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homogeneity of the final product which improves the
mechanical properties of the material [15].

As part of this work two types of tungsten carbides
containing 3, 5, and 6% by weight of cobalt were elaborated
by liquid phase sintering, their properties are compared with
those of samples sintered than densified by hot isostatic
pressing (HIP).

2. EXPERIMENTAL METHOD

The preparation of WC and Co powders took place in the
laboratory of the ERIS industrial unit in Batna (Algeria).
Cobalt powder is prepared by reduction with hydrogen at
800°C of cobalt oxide.

Tungsten powder is made by reducing tungsten trioxide at
750°C in a fluidized bed of hydrogen. The carburization of the
tungsten grains is carried out using a predetermined amount of
carbon black to obtain a WC powder of stoichiometric
composition. The W-C mixing is done in a ball mill. It is then
placed in graphite boats swept by a continuous flow of
hydrogen in an oven where the temperature must be between
1350 and 1500°C.

The mixing of WC and Co powders is made by wet grinding
in order to optimize homogenization. The obtained product is
dried to form a two-component powder, a mixture of WC and
Co, which will be used to elaborate WC-Co composites. WC
and Co powders grains sizes are less than 5 pm.

Powder mixtures sintering is prepared under hydrogen
atmosphere in three steps.

In a first stage, the mixture is brought to a temperature of
800°C for four hours to remove the binder used for shaping the
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samples by cold uniaxial compression. During this step, before
reaching the sintering bearing temperature, the first contacts
between the particles are created and the necks begin to grow
which leads to a reduction in interfacial energy of more than
50% and low densification.

During the second step, the temperature is gradually
increased from 800°C to 1450°C for two hours to bind the WC
grains with melted Co. This experience lasts two hours and get
a gradual enrichment of cobalt from 1280°C on, according to
the WC-Co equilibrium diagram [16].

The third rise in temperature is the agglomeration step with
liquid phase. The temperature is increased to 1450°C to melt
cobalt.

A HIP 6 type press is used for HIP tests at Pprime Institute,
Poitiers (France). H.1.P is used to densify and to form powders.
We obtain massive metal pieces of sizes and shape more or
less complex and whose microstructure is uniform and
controlled. In our case, this process consists in submitting a
previously sintered material to heat treatment under hot
isostatic pressure, the pressure can reach 400 MPa and the
temperature 2000°C. The pressure is applied via an inert gas
(Argon or Nitrogen) to the material. Under the simultaneous
action of pressure and temperature, the material redensifies to
form again a solid whose density is close to the theoretical
value. In the liquid phase sintering process, one of the
constituents of the powder mixture changes to the liquid phase.
However, solid phase densification can also occur. Once the
phase reaches the lower melting point it becomes liquid, the
grain rearrangement step is activated. Which then generates,
an adjustment of the shape, the grains which leads to a
significant elimination of the pores. Finally, during the last
step, microstructural growth is observed, during which the
average grain and pore size continuously increases.

In contrary sintering, H.1.P allows densification at lower
temperature thus limiting the magnification of grains, hence
the interest in developing materials with improved properties.
In fact, the applied stresses activate the diffusion at the level
of the particulate contacts at relatively low temperatures
compared to sintering in the liquid phase, which can cause
plastic deformation. The dislocations thus created generate an
increase in the internal energy stored and further accelerate the
phenomena of diffusion.

3. EXPERIMENTAL RESULTS AND DISCUSSION

The morphological study was conducted by electron
microscopy in backscattered electron-mode. The surfaces of
the materials were prepared by mechanical polishing in
succession to the diamond paste of 10 to 0.25 um. Considering
the size of the WC grains, the micrographs presented below
were all realized at a magnification of 4500 to 5000.

The micrographs in Figure 1 represent the structures
observed in the samples obtained by liquid phase sintering of
mixtures of powders of tungsten carbide and cobalt. The
micrographs in Figure 2 correspond to the structures observed
in the sintered samples, followed by densification by hot
isostatic pressing.

The micrographs in Figure 1 show that the deformation of
the WC grains is less easy realized, moreover the faceted
grains interlock more difficultly with each other, which has the
consequence of forming a much less uniform surface with
open porosities more and more obvious especially, in the case
of samples with low Co content (3 and 5%).
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Figure 1. Microstructures observed in samples obtained by

liquid phase sintering at 1450°C
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Figure 2. Microstructures observed in the sintered samples,
followed by densification by HIP at 1450°C

It is noted, however, that WC grains flattened under
compression (Figure 2). They also seem to have quite easily
slipped relative to each other in order to best fill the space,
giving the most uniform surface appearance of the entire series
of samples. However, it is found that the tungsten carbide
grains are very fine and difficult to distinguish with sizes less
than or equal to one micrometer. Note that these grains
develop in two shades, one in light gray and the other in darker
shade.

Microscopic  observations revealed residual carbon
inclusions in the samples obtained by liquid phase sintering.
They may correspond to the residual graphite remaining after
the carburizing step or to the carbon which forms by
precipitation during the duration of the sintering operation. On
the other hand, it is noted that the volume fraction of these
inclusions is very low in the sintered samples followed by
densification by H.l.Pand it is almost non-existent in the
samples containing 5 and 6% by weight of cobalt.

To distinguish the residual porosity from the possible
inclusions of graphite, we realized an energy dispersion
analysis on an area of the sample WC-3% Co elaborated by
liquid phase sintering. The results obtained are represented by
the cartography of Figure 3.

The simultaneous presence of porosity and inclusions of
graphite is noted. The samples sintered and densified by H.1.P
have a low volume fraction of graphite and residual porosities.
Therefore, the amount of cobalt used is insufficient to
completely dissolve residual graphite in cobalt despite the high
pressure applied.

Indeed, during the rise in temperature and pressure,
interdiffusion zones develop at the level of the contacts
between the WC and Co grains and are gradually enriched in
tungsten and carbon as well as diffusion mechanisms by solid
phase. At this point some areas will likely reach critical
composition and melt at this processing temperature. Tungsten
and carbon diffuse easily if presence of a sufficient quantity of
cobalt in the liquid phase. This phenomenon is explained by
the fact that cobalt is carburogenic (great affinity towards
carbon) which allows it to fix carbon and thus prevent the
formation of graphite. Otherwise, residual graphite may
remain in this type of sample.

The identification of the nature of the inclusions is obtained
by a qualitative X analysis by performing an experimental
survey targeted at the area indicated by a cross in Figure 2 (a).
The spectrum obtained shows that the analyzed inclusion
consists essentially of carbon. These inclusions may
correspond to the residual graphite which remains after the
carburizing step or else to the carbon which precipitates during

the sintering operation given that it is an alloy with a low Co
content (WC-3%Co) (see Figure 4).

Figure 3. Cartography realized on the mixture WC-3% Co
elaborated by simple sintering
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Figure 4. EDS-X analysis spectrum of WC-3% Co sintered,
followed by densification by H.1.P at 1450°C
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Figure 5. X-ray diffraction spectrum of WC-6% Co sample:
a/sintered b/ sintered followed by densification by CIC



X-ray diffraction analysis was used in order to identify the
different phases contained in the alloys. The characteristic
spectrum of both types of samples are shown in Figure 5. X-
ray diffraction analysis allows to demonstrate the existence of
cobalt-type carbide in the sintered samples.

The measurement of the theoretical or true density of the
raw or compacted powders was carried out on a helium
pycnometer. The principle consists of measuring the volume
occupied by the known mass samples. The use of helium has
two advantages: it penetrates the microporosities of the order
of a few angstroms and behaves like a perfect gas. The closed
porosity of each sample is obtained from the difference

between the theoretical density p,, of the WC-Co mixture

and that of the measured density p,, by helium pycnometer

on the samples. The samples were tested eight times in
succession; the given costing is the average of the eight
different experimental results. The amount of closed porosity

is given by the following relationship:

& (%) = 100. 20 =P 3nd the results obtained are shown
Prtn

in Table 1.

Table 1. Closed porosity rate in both types of elaborate

alloys
Samples Sintering Sintering followed by
densification by H.1.P
¢ ¢
Prh Pm %) P Pm (%)
WC-3%Co 15.16 14245 6.03 15.16 14915 161
WC-5%Co 14946 14436 3.41 14946 14946 0.34

The results obtained show that for the same cobalt content,
the sintered alloys, followed by a densification by H.I.P, have
a closed porosity rate much lower compared to those obtained
by conventional sintering. It is noted that this porosity rate
decreases with the increase of the cobalt content in both types
of samples.

This is due to pressure sintering mechanisms such as plastic
deformation, creep, and diffusion material transport
mechanisms which cause stirring and diffusion welding of the
WC grains in contact.

Microhardness tests were performed on both types of
samples. The hardness determines both the resistance of the
material to abrasion and wear. It is at the same time according
to the cobalt content and the size of the WC grains [17]. In
cemented carbides the hardness is measured by pyramidal
diamond indentation tests (Vickers hardness, HV). This type
of test is carried out on polished flat surfaces with loads of 500
kg.

The set of results relating to the tests carried out is presented
in Table 2.

Table 2. Micro harnesses of the three types of alloys

produced
Samples sintering at Sintering followed
1450°C by densification
by HIP at 1450°C
WC-3%Co 1279 1444
WC-5%Co 1448 1704
WC-6%Co 1590 1600
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The results obtained show that the process of densification
by sintering followed by densification by H.I.P allows to
obtain cemented carbides WC-Co with improved mechanical
properties compared with those elaborated by conventional
sintering.

4. CONCLUSIONS

In the context of this work, we sought to optimize the
homogeneity of cemented carbides by densification of basic
mixtures by hot isostatic pressing. This powerful process is
used to elaborate WC-Co cemented carbides with high
performance mechanical properties. The comparative study of
the properties of cemented carbides obtained by the two
techniques: liquid phase sintering and sintering followed by
densification by H.1.P could be realized.

Microstructural characterization by scanning electron
microscopy allowed us to compare the microstructures of the
samples elaborated by liquid phase sintering with those of the
sintered samples, followed by densification by H.I.LP. The
tungsten carbide grains appear homogeneously distributed in
the sintered samples followed by densification by H.I.P. The
samples elaborated by conventional sintering are characterized
by a non-homogeneous distribution of the carbide phase.
Indeed, there are zones in the form of clusters of WC and Co
grains.

These samples also contain isolated inclusions of residual
graphites formed by decarburization during the sintering
process and also contain residual porosity in significant
quantities, especially in samples with low cobalt content (3
and 5%). This level of porosity is lower in the sintered samples,
followed by densification by H.1.P.

X-ray diffraction analysis revealed the existence of cobalt-
type carbide in samples elaborated by conventional sintering.
The mechanism of dissolution precipitation is probably at the
origin of the appearance of this phase. The long duration of
liquid phase sintering treatment favors this phenomenon. The
WC grains dissolve and the released carbon atoms diffuse
through the liquid phase and react with Co to form a new
cobalt carbide phase. The measurement of the closed porosity
with helium pycnometer allows to observe that the sintering
process followed by densification by H.I.P leads to the
elaboration of alloys with a low rate of closed porosity
compared to those obtained by conventional sintering.

The determination of mechanical properties was made from
Vickers microhardness tests. It is found that the microhardness
is significantly higher in the sintered samples, followed by
densification by H.1.P. the improvement of the microhardness
is certainly due to the homogeneity of the distribution of the
binder phase in this type of samples.

In the future it will be interesting to use nanometric powders
of WC to optimize the parameters of cycles H.I.P.
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NOMENCLATURE

o theoretical density, g/cm?
On measured density, g/cm3
£c rate closed porosity, (%)





