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Abstract - Novel approaches allowing one to overcome the trade-off between hardness, toughness and wear-resistance of hard 
materials and new advanced hardmetals developed on their basis are described. The new hardmetals include functionally 
graded WC-Co materials, hierarchical hardmetals with nanograin reinforced binder and nanograined (near-nano) hardmetals. 
The new advanced hardmetals are presently fabricated in industry on a large scale and commercially available. Hardmetal 
articles of complicated geometry and shape can be produced by use of a novel technology of additive manufacturing based on 
selective electron beam melting. 
 
Keywords - Additive Manufacturing, Advanced Hard Metals, Selective Electron Beam Melting, Technology 
 
I. INTRODUCTION 
 
The discovery of WC-Co metal-ceramic composites, 
hardmetals, in the 1920s was one of the most 
important technological revolutions of the last century 
[1, 2]. Such functional hard materials possess a unique 
combination of strength and fracture toughness on the 
one hand, and hardness and wear-resistance on the 
other hand as a result of combining a hard ceramic 
phase, tungsten carbide, with a ductile and tough 
cobalt binder [3]. Nevertheless, presently, for many 
applications there is a need for hardmetals with a 
significantly improved combination of hardness, 
toughness and wear-resistance.  However, traditional 
wisdom indicates that hardness and wear-resistance 
are contradictory and incompatible material properties 
when compared to toughness, so that in conventional 
hard materials an increase of hardness and 
wear-resistance can be achieved only at the expense of 
fracture toughness [4, 5].  
 
How can a dilemma known as the 
hardness/toughness/wear-resistance trade-off be 
overcome? Recently, several up-to-date materials 
science approaches, allowing one to overcome the 
trade-off, were elaborated resulting in the 
development and implementation of advanced 
hardmetals of the new generation. 
 
II. RESULTS 
 
A number of new approaches to fabrication of novel 
hardmetal grades with improved combinations of 
hardness, fracture toughness and wear-resistance were 
elaborated and implemented in industry on a large 
scale.  
 
One of these approaches is based on creating 
functionally graded WC-Co hardmetals, known as 
“Gradient Carbides”, with a tailored gradient of Co 

contents from the surface towards the core region, 
which is illustrated in Fig.1. The novel WC-Co 
materials comprise a hard surface layer containing 
much ceramic phase (tungsten carbide), and a tough 
core containing lots of metallic binder phase (cobalt), 
which allows obtaining an exceptionally high 
combination of hardness and toughness. One of the 
novel Gradient Carbide grades intended for mining 
applications comprises a hard surface layer having a 
fracture toughness of nearly 20 MPa m½ and hardness 
of about 14 GPa, so that it is super-tough and 
extremely hard at the same time. Its fracture toughness 
is close to that of metals, whereas the hardness is 
typical for ceramic type materials (cermets and 
hardmetals). The functionally graded hardmetals are 
fabricated by a fundamentally new patented 
technology of self-assembly during liquid-phase 
sintering due to obtaining a drift of liquid Co-based 
binders from the surface towards the core. The Co drift 
during the self-assembly is caused by creating 
capillary forces due to regulating the wettability of 
WC grains by Co melts with different carbon contents.  
 

 
Figure 1. Insert of Gradient Carbide for mining tools (right) and 

its microstructures in the surface layer and core region (left, 
tungsten carbide grains are grey and cobalt binder interlayers 

among them are red). 
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Numerous laboratory and field tests indicated a 
significant prolongation of life of different tools for 
mining applications (by a factor of up five) when 
employing Gradient Carbides instead of conventional 
hardmetal grades.  
 
The second approach ensuring the 
hardness/toughness/wear-resistance trade-off to be 
overcome is based on employing nanotechnology. A 
range of novel hardmetals known as Mastergrade™ 
with nano/micro hierarchical structure were developed 
and are presently widely employed in the construction 
industry. As it can be seen in Fig.2 the hierarchical 
structure of such hardmetals comprises ultra-coarse 
WC grains with a mean grain size of about 5 µm and a 
nanostructured Co-based binder phase reinforced and 
hardened by hard nanoparticles of roughly 2 to 5 nm in 
size. The nanoparticles consist of a metastable 
W-Co-C phase with the cubic crystal lattice of the 
Cu3Au lattice type. 

 
Figure 2. Hierarchical structure of Mastergrade™ comprising 

WC grains of about 2 to 10 µm (left - EBSD image) and 
nanostructured binder containing hard nanoparticles of 

roughly 2 to 5 nm in size (middle – dark-field TEM image and 
right – HRTEM image with two nanoparticles indicated by red 

dashed circles). 
 
The unusual combination of the ultra-coarse-grained 
microstructure structured on the µm-level and the 
binder phase structured on the nm-level was found to 
provide an extraordinary combination of both 
transverse rupture strength/fracture toughness, and 
hardness/wear-resistance.  
 
For example, a novel hardmetal grade for the 
construction industry is characterized by a transverse 
rupture strength of about 2500 MPa, which is nearly 
20% higher than that of a hardmetal grade, and a 
nearly threefold increased wear-resistance resulting in 
its revolutionary improved performance properties.  
Recently, nanostructured materials with grain sizes of 
roughly 100 nm became common for many 
applications. The general trend of employing finer and 
finer WC powders in the cemented carbide industry 
with the objective to enter the region of nanomaterials 
resulted in the elaboration of nanostructured 
hardmetals, or so-called “near-nano hardmetals” with 
a WC mean grain size of about 150 nm (Fig.3).  

        
Figure 3. Microstructure of the near-nano hardmetal (left - 

EBSD image) and elemental map of the WC/binder interface in 
the hardmetal comprising a Co-Cr binder (right). 

 
The near-nano hardmetals are characterized by a 
significantly improved combination of hardness, 
wear-resistance and fracture toughness in comparison 
with conventional ultra-fine hardmetal grades.  The 
wear-resistance of the novel near-nano hardmetals is 
exceptionally high due to their high hardness and 
extremely low thickness of Co interlayers among WC 
grains. For example, the near-nano grade with 10% Co 
has a hardness of nearly 19 GPa compared to 16 GPa 
for a conventional submicron carbide grade. As a 
result, the difference in wear-resistance between these 
two materials is about 7 times, which is achieved 
almost without sacrificing the fracture toughness.  
 
The development of nanostructured hardmetals is 
based on novel approaches to their interfacial design 
on the atomic level, which allows supressing the grain 
growth of WC nanopowders without weakening 
WC/Co grain boundaries. It was established that 
alloying the Co binder with large amounts of 
chromium leads to the segregation of chromium at 
WC/binder interfaces, which is illustrated in Fig.3 
(right), resulting in the formation of interlayers of 
mixed carbides of several atomic monolayers. Such 
interlayers can effectively suppress the WC grain 
growth without degradation of fracture toughness and 
transverse rupture strength of nanostructured 
hardmetals. 
 
- Additive manufacturing is a powerful tool for rapid 
prototyping and fabricating metal articles having a 
complicated geometry.  This method is known to be 
used almost solely for the manufacture of articles 
consisting of pure metals and alloys.  A new 
technology for fabrication of hardmetal articles based 
on selective electron beam melting was developed. 
This technology allowed obtaining fully dense 
hardmetal articles with complicated geometry shown 
in Fig.4. Such articles are produced by a one-step 
additive manufacturing process and characterized by 
uncommon layered microstructure shown in Fig. 5 
(right) and a reasonably high combination of hardness 
and fracture toughness.  
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Figure 4. Typical appearance (left) and microstructure (right) 
of a hardmetal article produced by additive manufacturing.  
 

Thus, the novel advance WC-Co hardmetals are 
characterized by improved combinations of 
hardness/wear-resistance and toughness/strength, 
which ensures their dramatically prolonged lifetime in 
mining, construction and wear applications. 
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