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Cemented carbides of the WC-Co-Re system represent a new class of hard materials having a signiﬁcantly increased Young's modulus, hot hardness and high temperature creep resistance. The WC-Co-Re phase diagram
was evaluated and compared with the corresponding WC-Co phase diagram. Physical and mechanical properties
of such composites were measured at room and elevated temperatures and compared with those of conventional
WC-Co cemented carbides. Microstructures of the WC-Co-Re cemented carbides at diﬀerent carbon contents,
binder contents and WC grain sizes were examined. Rhenium being dissolved in the Co-based binder is found to
be a very strong grain growth inhibitor with respect to WC coarsening during liquid-phase sintering. The Young's
modulus, hot hardness and high temperature creep resistance of the WC-Co-Re cemented carbides are greater
than those of conventional WC-Co cemented carbides. Due to their unique properties the WC-Co-Re materials
can ﬁnd applications in use in high-pressure high-temperature components for synthesis of diamond and c-BN
and cutting Ni-based super alloys and other heat-generating workpiece materials.

1. Introduction
It is well known that high-pressure high-temperature (HPHT)
components such as anvils and dies employed for the synthesis of diamond, polycrystalline diamond (PCD) or cubic boron nitride (c-BN) are
subjected to harsh operation conditions. They include ultra-high pressures (above 5 GPa) and relatively high temperatures (of above
1400 °C). Presently, there is a general trend to fabricate diamond and cBN by so-called direct conversion, which enables the synthesis of diamond or c-BN out of graphite or hexagonal boron nitride without employing catalysts [1,2]. As a result, nano-structured diamonds and c-BN
with exceptionally high hardness values can be obtained. However,
direct conversion is only achievable at extremely higher pressures exceeding 12 GPa. Such unfavorable conditions inevitably lead to the
deformation of HPHT components and, if the deformation exceeds a
certain level, the components fail. Currently, the large-scale fabrication
of superhard materials at pressures above 12 GPa is limited by relatively short lives of HPHT components made of conventional WC-Co
materials. Therefore, the development and research of novel cemented
carbides with improved high temperature properties currently can be
considered as a topic of great interest. Prolonging the lifetime of HPHT
components can generally be achieved by improving the deformation
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resistance of the composite materials, which in turn is dependent on its
Young's modulus and high-temperature creep resistance.
It is well understood that additions of Re to binders of WC-based
cemented carbides allows improvement of their high-temperature
properties [4–10].
Cemented carbides containing rhenium were ﬁrst patented in 1949
[3]; however, at this time no information regarding potential advantages of partial substitution of Co by Re in the cemented carbide
binder for high temperature applications was available.
WC-Co-Re cemented carbides characterized by particular Re to Co
ratios were developed for fabricating cutting tools in the Soviet Union
[4–8]. Although, it was established that such cemented carbides are
characterized by signiﬁcantly higher hot hardness and improved performance at elevated temperatures in comparison with conventional
WC-Co materials, such composites were not applied in HPHT applications.
Cemented carbides containing Co-Re binders and mixed (W,Re)C
carbides were examined in refs. [9, 10]. It was found that rhenium
added to the Co-based binder phase forms a solid solution with cobalt
decreasing the stacking fault energy of the binder phase, which leads to
the stabilization of the hcp Co modiﬁcation. Tungsten and rhenium
were found to form mixed carbides having diﬀerent compositions.
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Waldorf et al. examined the performance of WC-Co-Re cemented
carbides in machining Ni-based superalloys and established that their
tool lifetime is prolonged by up to 150% in comparison with conventional WC-Co carbide grades [11].
The major objective of this work was to optimize fabrication conditions of WC-Co-Re cemented carbides, produce such cemented carbides with diﬀerent compositions and WC mean grain sizes, and examine their physical and mechanical properties at room temperature
and elevated temperatures.
2. Experimental procedure
A number of laboratory batches of WC-Co-Re cemented carbides
with diﬀerent carbon contents, WC mean grain sizes, binder contents
and ratios between Re and Co were produced and examined. WC
powders with mean grain sizes of 3 μm and 0.8 μm, a Co powder with a
grain size of about 1 μm and a Re powder with a grain size of 1–3 μm
were milled in hexane with diﬀerent amounts of carbon black and 1.8%
paraﬃn wax by use of attritor-mills and ball-mills. The batches produced from the medium-coarse WC powder with a mean particle size of
1.7 μm were designated as “medium-grain cemented carbides” and
those obtained from the ﬁne-grain WC powder with a particle size of
0.6 μm were designated as “submicron cemented carbides”. After
drying a slurry obtained in such a way, carbide samples were pressed
and sintered in a laboratory Sinter-HIP furnace at a temperature of
1520 °C for 1 h followed by cooling at rates varying from 0.5 degrees/
min to 4 degrees/min. The Vickers hardness was measured according to
the ISO 3878 standard at a load of 300 N. The transverse rupture
strength (TRS) was measured according to the ISO 3327 standard. The
compression strength was measured according to the ISO 4506 standard
at room and elevated temperatures. The hot hardness and length of the
Palmqvist cracks were measured at a load of 300 N at temperatures of
300 °C, 500 °C and 800 °C in an Ar atmosphere. The Young's modulus
was measured with the aid of the ultrasonic method by means of
measuring the transverse and longitudinal components of the speed of
sound through the material. The high temperature creep resistance was
examined at a temperature of 800 °C according to the procedure described in Ref. [12]. The XRD measurements were carried out on a
Bruker D8 Advance instrument using a Co anode.

Fig. 1. Vertical sections of the W-Co-Re-C phase diagram (red lines) at 9 wt%
Re + 6 wt% Co in comparison with the W-Co-C phase diagram at 10 wt% Co
(black lines). The WC-Co diagram is redrawn from Ref. [13]. (For interpretation
of the references to color in this ﬁgure legend, the reader is referred to the web
version of this article.)

above approx. 1430 °C. This means that if the WC-Co-Re cemented
carbides with medium-low and low carbon contents are fast cooled
from sintering temperatures, they could contain η-phase, which did not
decompose to the thermodynamically stable mixture of WC + Co/Re.
Therefore, after sintering WC-Co-Re cemented carbides have to be
cooled down at relatively low rates to ensure a full decomposition of the
η-phase, which co-exists with WC and liquid phase at temperatures of
above 1420 °C. This is illustrated in Fig.2, which shows that the microstructure of the WC-Co-Re batch with a medium-low carbon content
comprises inclusions of η-phase after fast cooling and is free of η-phase
as a result of slow cooling.
The special features of the W-Co-Re-C phase diagram and the presence of large amounts of Re dissolved in the binder of WC-Co-Re cemented carbides lead to some peculiarities of their microstructure and
properties.
Figs. 3 and 4 show the typical microstructure of the medium-grain
WC-Co-Re cemented carbide in comparison with that of a conventional
WC-Co material obtained from the same grade of WC powder. As one
can see in Fig.3, the microstructure of the WC-Co-Re cemented carbide
is signiﬁcantly ﬁner than that of the conventional WC-Co cemented
carbide. Therefore, Re acts as a strong WC grain growth inhibitor
suppressing the WC coarsening process. According to the results of Ref.
[14] Re segregates at WC/binder grain boundaries of WC-Co-Re cemented carbides. It can therefore be supposed that the phenomenon of
suppressing the WC grain growth in WC-Co-Re materials is similar to
the well-known inhibition eﬀect of conventional grain growth inhibitors segregating at WC-Co grain boundaries [15,16].
The grain growth inhibiting eﬀect of Re is quite important with
respect to fabricating submicron cemented carbides usually employed
for HPHT components, as there is no need for adding conventional
grain growth inhibitors to the ﬁne- grained WC-Co-Re cemented carbides. Figs. 4 and 5 show microstructures of the submicron WC-Co-Re
cemented carbide not containing grain growth inhibitors, which are
quite ﬁne and uniform, and do not comprise abnormally large WC
grains. Note that this cemented carbide was sintered at a temperature of
1520 °C, which is noticeably higher than temperatures usually employed for sintering submicron WC-Co grades.
Another unusual microstructural feature can be observed when fast
cooling WC-Co-Re composites at medium-low carbon contents. The ηphase inclusions that formed as a result of fast cooling after sintering

3. Results and discussion
Fig. 1 schematically shows the W-Co-Re-C phase diagram at 9 wt%
Re + 6 wt% Co, which was elaborated based on the results obtained in
the literature (Ref. [6]) and experimental results of the present work, in
comparison with the corresponding WC-Co diagram at 10 wt% Co redrawn from Ref. [13]. When taking into account that Re has a signiﬁcantly higher density than Co, the WC-Co Re cemented carbide with
the binder containing 9 wt% Re and 6 wt% Co is characterized by nearly
the same percentage of the binder phase by volume in comparison with
a WC-Co material containing 10 wt% Co.
It can be seen in Fig. 1 that the W-Co-Re-C phase diagram diﬀers
from the W-Co-C phase diagram. The following special features of the
W-Co-Re-C phase diagram should be mentioned.
First, all the melting points in the W-Co-Re-C diagram are shifted
towards higher temperatures. Therefore, WC-Co-Re cemented carbides
have to be sintered at signiﬁcantly higher temperatures in comparison
with conventional WC-Co materials.
Second, to the two-phase region not comprising η-phase and free
carbon for WC-Co-Re cemented carbides is slightly shifted towards
higher carbon contents. The shift is relatively insigniﬁcant, but still
should be taken into account when fabricating the WC-Co-Re cemented
carbides. Note that the width of the two-phase region in the W-Co-Re-C
phase diagram is close to that in the W-Co-C phase diagram.
Third, additions of Re to the binder noticeably broaden the region,
where WC + η-phase + liquid are in equilibrium at temperatures of
248
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mixed (W,Re)C carbides according to Ref. [10]. Nevertheless, the exact
composition and stoichiometry of the η-phases forming in the WC-CoRe cemented carbides are subjects of a separate study.
Results XRD analysis of the WC-Co-Re cemented carbide shown in
Fig. 7 indicate the absence of fcc Co. The peaks corresponding to the
binder phase lie between those of hcp-Co and hcp-Re. Thus, it can be
assumed that the binder consists of a Co-Re solid solution having a
hexagonal crystal lattice, as Co and Re are known to form an uninterrupted series of solid solutions.
Large amounts of Re dissolved in the Co-based binder of WC-Co-Re
cemented carbides have a strong inﬂuence of their magnetic properties.
Fig. 8 indicates the dependence of the coercive force and the magnetic
moment on the carbon content in the WC-Co-Re cemented carbides.
Both the coercivity and the magnetic moment are almost independent
on the carbon content unlike conventional WC-Co materials, which
makes it diﬃcult to determine the phase composition and WC mean
grain size of WC-Co-Re cemented carbides based on their magnetic
properties.
WC-Co-Re cemented carbides are characterized by a high combination of hardness, fracture toughness and TRS at room temperature,
which is comparable with that of conventional WC-Co cemented carbides. As it can be seen in Fig. 9, a point indicating the combination of
hardness and fracture toughness of the medium-grain carbide grade
containing 9 wt% Re + 6 wt% Co lies on the baseline for conventional
WC-Co cemented carbides. Its TRS (2920 MPa) is also comparable with
that of a medium-coarse WC-Co mining grade with 10 wt% Co
(2800 MPa, see Ref. [18]).
It was found that the WC-Co-Re cemented carbides have signiﬁcantly improved physico-mechanical properties at elevated temperatures. The curves shown in Fig. 10 provide evidence that the
hardness reduction as a function of temperature (20–800 °C) of the WCCo-Re material is less signiﬁcant than that for conventional WC-Co
cemented carbides. The hardness reduction of the WC-Co-Re cemented
carbide is nearly two times smaller in comparison with the conventional WC-Co material at temperatures of 300 °C and 500 °C, which are
typical for the operation of HPHT components. The improved hot
hardness is thought to be decisive for the fabrication of machining tools
for Ni-super alloys or other heat generating materials that require a
high degree of thermal and mechanical stability of cutting edges.
Results on the compression strength, which plays an important role
when operating HPHT components, of the submicron WC-Co-Re cemented carbide and conventional WC-Co material shown in Fig. 11
indicate that the diﬀerence in the compression strength values is marginal.
Fig. 12 shows the temperature dependence of the Palmqvist crack
lengths for the submicron WC-Co-Re cemented carbide. It can be seen
that the WC-Co-Re carbide is characterized by only slightly longer
Palmqvist cracks at elevated temperatures compared to room temperature. The Palmqvist crack measurement is thought to be inﬂuenced
by the elasto-plastic behavior of the WC-Co-Re cemented carbides,

Fig. 2. Microstructures of the medium-grain WC-Co-Re cemented carbides
containing 9 wt% Re + 6 wt% Co with the total carbon content of 5.45 wt%
cooled at diﬀerent rates from the sintering temperature (1520 °C) down to
1300 °C: a – cooling rate of 4 degrees per minute and b – cooling rate of 0.5
degrees per minute (light microscopy after etching in the Murakami reagent).

are not fully etched by the Murakami reagent and exhibit a brown color
after long etching (Fig. 6). As Co and Re form a solid solution as well as
Re and W form mixed (W,Re)C carbides [11], not only the binder but
also inclusions of the η-phase will comprise Re (see EDX measurements
in Fig. 6a), resulting in an improved corrosion resistance of both phases
in diﬀerent aggressive media including the Murakami reagent. It was
clearly established that the large inclusions shown in Fig. 6a comprise
just the η-phase, as they become dark after etching in the Murakami
reagent for 5 min. Numerous EDX measurements of diﬀerent large inclusions of the η-phase in the WC-Co-Re samples indicated that they
contain roughly 40 to 50 at.% Co, 10 to 20 at,% W and 30 to 40 at.% Re.
Based on these results it can be supposed that the η1-phase is present in
the samples with the approximate composition of Co3(W,Re)3C, so that
tungsten atoms in the η-phase are partially substituted by Re atoms.
This can be expected when taking into account that both W and Re form

Fig. 3. Microstructures of the medium-grain WC-10%Co cemented carbide (left) and medium-grain WC-Co-Re cemented carbide containing 9 wt% Re + 6 wt% Co
(right). Sintering at 1520 °C followed by slow cooling down to 1250 °C. (light microcopy after etching in the Murakami reagent).
249
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Fig. 4. Microstructure of the medium-grain WC-Co-Re cemented carbide containing 9 wt% Re + 6 wt% Co (left) and the submicron WC-Co-Re cemented carbide
containing 5.5 wt% Re + 3.7 wt% Co (right) (EBSD).

Fig. 5. Microstructure of the submicron WC-Co-Re cemented carbide containing 5.5 wt% Re + 3.7 wt% Co (light microcopy after etching in the
Murakami reagent.

resulting in shorter cracks when increasing temperature; this phenomenon is also observed in WC-Co cemented carbides.
One of the most important parameters aﬀecting the performance of
HPHT components is Young's modulus of cemented carbides indicating
their stiﬀness. As shown in Fig. 13, the Young's modulus of the WC-CoRe materials increases as a result of the partial substitution of Co by Re,
while keeping the volume percentage of the binder constant.
When taking into account the noticeably higher hot hardness of WCCo-Re cemented carbides in comparison with conventional WC-Co
materials mentioned above it can be supposed that the Re-containing
cemented carbides are characterized by improved high temperature
creep resistance. Indeed, as it can be seen in Fig. 14 the same values of
compression strain rates are obtained for WC-Co-Re cemented carbides
at noticeably higher loads than for the conventional WC-Co material,
indicating that the Co-Re binders have a signiﬁcantly improved hightemperature creep resistance.
In spite of high prices of Re powders and consequently higher
production costs of the WC-Co-Re cemented carbides they can ﬁnd
applications in ﬁelds, where their unique high temperature properties,
namely signiﬁcantly improved creep resistance, increased and hot
hardness, play a decisive role. These are primarily HPHT components
for diamond and c-BN synthesis and cutting tools for machining superalloys and other heat-generating workpiece materials.
In HPHT applications, the increased Young's modulus of the WC-CoRe cemented carbides should also play an important role. It is well
known that HPHT components are completely recycled after operation.
It was reported in ref. [19] that WC-Co-Re cemented carbides can be
recycled in a similar way as conventional WC-Co materials, therefore,
Re contained in the WC-Co-Re cemented carbides can be recycled and

Fig. 6. Microstructure of the WC-Co-Re cemented carbide (13.5 wt% Re + 9 wt
% Co) containing inclusions of η-phase at a low carbon content: a– HRSEM
image indicating a Co pool comprising round inclusions of η-phase and the
corresponding Re:Co ratios (at.%) obtained by EDX, and b - light microscopy
image with inclusions of η-phase (marked by arrows) having a yellow-brown
color after etching in the Murakami reagent for 5 min. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

re-used many times. Thus, when taking into account the high price of
Re, only an initial large investment is needed for the fabrication of
HPHT components made of WC-Co-Re cemented carbides, which is
thought to make their employment in the ﬁeld of diamond and c-BN
synthesis feasible. It is expected that using WC-Co-Re cemented carbides in HPHT components operating at extremely high pressures of the
order of 15 GPa needed for obtaining diamond and c-BN by direct
conversion without employing catalysts might be essential.
It should be noted that the Re to Co ratio of 60 wt% Re to 40 wt% Co
250
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Fig. 7. Diﬀraction pattern of the WC-9wt%Co-13.5wt%Re cemented carbide.

Fig. 9. The combination of hardness and fracture toughness of the WC-Co-Re
cemented carbide (9 wt% Re + 6 wt% Co) in comparison with the baseline for
conventional WC-Co cemented carbides according to ref. [17].

Fig. 8. Dependencies of a – magnetic coercivity and b - magnetic moment on
the carbon content for the medium-grain WC-Co-Re cemented carbide containing 9 wt% Re and 6 wt% Co.

was mainly used in this study based on the results of Refs. [7, 8], in
which diﬀerent compositions of the binder phase (the Re to Co ratios)
were examined. In particular, in Refs. [7, 8] it was established that at
the Re to Co ratio of 60:40 the binder comprises only the hcp phase and

Fig. 10. Hardness reduction as a function of temperature of sub-micron WC-CoRe cemented carbide containing 5.5 wt% Co and 3.7 wt% Re in comparison
with conventional submicron cemented carbide with 6 wt% Co.
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Fig. 11. Compression strength of the ultraﬁne WC-Co Re cemented carbide
containing 5.5 wt% Co and 3.7 wt% Re in comparison with the conventional
submicron grade with 6 wt% Co at room temperature and elevated temperatures.

Fig. 14. Dependences of strain rates for the WC-Co-Re and WC-Co cemented
carbides on the compression stress at a temperature of 800 °C.

grain boundaries [14]. The W solubility in the binder is not signiﬁcantly
inﬂuenced by Re additions, as the tungsten content measured in large
Co-Re pools by EDX was found to be about 5 to 10 at.% at low carbon
contents. This tungsten content is close to that in WC-Co cemented
carbides with low carbon contents, so that the impact of carbon activity
on the tungsten solubility in the Co-Re binders appears not to be signiﬁcant.
It should be noted that another addition to WC-Co cemented carbides is known to be ruthenium (see e.g. [20,21]). The hardness of WCCo materials with Ru additions is found to increase and toughness is
found to decrease when increasing the ruthenium content leading to
improved abrasion resistance of cemented carbides containing Ru.
Nevertheless, there is no information in the literature on high temperature properties of cemented carbides containing Ru additions, so
that it is not possible to evaluate whether additions of Ru would be
useful for fabricating HPHT components. Also, it was established in Ref.
[20] that adding even relatively insigniﬁcant amounts of Ru (3 wt% Ru
to WC-10 wt% Co) resulted in a noticeable decrease of fracture toughness (up to 30%). Therefore, mechanical properties of cemented carbides containing Ru at room temperature appear to be inferior in
comparison with those of cemented carbides containing large additions
of Re.
It is well known that cutting tools for machining superalloys and
other heat-generating workpiece materials are subjected to extremely
high cutting temperatures [11]. When taking into account the signiﬁcantly increased hot hardness of WC-Co-Re carbide grades, they can
be eﬀectively employed in machining Ni- and Co-based superalloys,
which was established in Refs. [7, 11]. Another advantage of WC-Co-Re
cemented carbides in this application is the possibility of their fabrication as submicron and ultra-ﬁne grades without employing conventional WC grain growth inhibitors, as Re acts as a very strong grain
growth inhibitor, which ensures obtaining cutting inserts with extremely ﬁne and uniform microstructure.

Fig. 12. Temperature dependence of the Palmqvist cracks' length for the submicron WC-Co-Re cemented carbide containing 5.5 wt% Co and 3.7 wt% Re.

4. Conclusions

Fig. 13. Young's modulus of WC-Co-Re cemented carbides as a function of the
Re percentage in the binder phase.

1. The W-Co-Re-C phase diagram noticeably diﬀers from the W-Co-C
phase diagram, which requires the need for the elaboration and
optimization of special fabrication conditions for obtaining WC-CoRe cemented carbides with suitable microstructure and properties.
2. Rhenium acts as a strong WC grain growth inhibitor suppressing the
WC coarsening process, so that no additions of conventional grain
growth inhibitors are needed in the fabrication of submicron WCCo-Re grades with ﬁne and uniform microstructure.
3. The Young's modulus, hot hardness and high-temperature creep
resistance of the WC-Co-Re cemented carbides are noticeably
greater than those of conventional WC-Co cemented carbides.

the corresponding WC-Co-Re cemented carbides are characterized by
the best combination of high-temperature TRS, hot hardness and performance in metal-cutting. The high Re additions of 60 wt% was found
to be mandatory for the optimized high-temperature properties and
performance in metal cutting. At lower Re to Co ratios the martensitic
fcc to hcp transformation also occurs, but its rate is signiﬁcantly lower.
A solid-solution hardening eﬀect is thought to be the major mechanism
explaining the established improved high-temperature creep resistance.
The other mechanism can be the suppression of grain boundaries'
sliding at elevated temperatures, as Re is known to segregate at WC/Co
252
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4. Potential applications of the WC-Co-Re cemented carbides are related to their signiﬁcantly improved high-temperatures properties.
Therefore, the cemented carbides with Co-Re binders can arguably
be employed for HPHT components for diamond and c-BN synthesis,
and cutting tools for machining superalloys and other heat-generating workpiece materials.
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