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Abstract 

(Ti0.95Ta0.05)(C0.5N0.5)-Co complete solid solution cermets (CSCs) were developed by a 

mechanochemical synthesis process and a pressureless sintering method. The effect of 

different percentages of graphite used as a sintering additive on the nature of the binder 

phase and the mechanical properties of the cermets was investigated. Microstructural 

and mechanical characterisations were carried out by X-ray diffraction, optical 

microscopy, scanning electron microscopy, transmission electron microscopy, energy-

dispersive X-ray spectroscopy, Vickers hardness, indentation fracture toughness and 

nanoindentation. The addition of graphite modified the carbon activity during sintering, 

reducing the dissolution of carbonitride ceramic particles into the molten binder. The 

amount of Ti and Ta remaining in the binder after sintering gradually decreased as the 

amount of graphite added increased, which induced a change in the nature of the binder 

phase. When no graphite was added, the binder consisted of the brittle TixTa1-xCo2 



 

intermetallic phase. With the increase in the amount of graphite added, the formation of 

more ductile phases, such as TixTa1-xCo3 and -Co, was observed, causing a significant 

improvement in the toughness of the cermets. 

Keywords:  Titanium carbonitride; Cermet; Toughness; Nanoindentation; Graphite; 

Intermetallics. 
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1. Introduction. 

Cermets are ceramic-metal composites currently used in the production of 

tungsten-free cemented carbides for cutting tools [1]. Typically, cermets consist of 

titanium carbide (TiC) or titanium carbonitride (Ti(C,N)) ceramic particles embedded in 

a Co/Ni metal alloy that acts as a binder [2-5]. Cermets combine the advantages of 

ceramics and metals [3]; the ceramic phase must mainly provide hardness and wear 

resistance, whereas the binder phase provides fracture strength and impact resistance 

[6]. For the hard component, other binary carbides, such as TaC, NbC, Mo2C, WC, 

HfC, VC and ZrC, are added to improve specific properties, for example, thermal shock 

resistance, hot hardness, chemical stability at high temperature, oxidation resistance and 

high-temperature creep resistance [7-11]. The binder phase can also contain other minor 

metallic components (Al, Cr, Mo, Fe, Mn, V or Ce) to support microstructure 

refinement, particulate dispersion, hardening of the binder and improvement of 

corrosion resistance [12, 13]. 

Some of those good chemical, physics and mechanical properties makes cermets 

positively compared with conventional bulk and coated hard metals (WC-Co). They 

possess a superior cutting performance such as high cutting speeds at moderate chip 



 

cross-sections, performance reliability, surface quality of the machined piece, etc [7]. 

Particularly, the typical applications for cermets based on titanium carbonitride include 

high performance cutting and forming tools, high-speed milling, semi-finishing and 

finishing works of carbon steel and stainless steel, high-corrosion resistance coatings for 

molten metal containers, thermal barriers in fusion and chemical reactors and diffusion 

barriers in semiconductor technologies [14, 15]. 

For fabricating cermets, the different starting materials are generally mixed by wet 

milling, and the resulting powder mixture, after being dried, is compacted and sintered 

in an inert atmosphere (Ar, He, N2) or in vacuum at a temperature of 1400-1500 ºC for a 

period of 1 to 3 h [1, 16, 17]. It is well known that during liquid-phase sintering ceramic 

particles in cermets develop a characteristic core-rim microstructure via a dissolution-

reprecipitation process. The core corresponds to the undissolved original Ti(C,N) 

particles, and the rim is a newly formed carbonitride solid solution phase, (Ti, Mt1, 

Mt2,…)(C,N), which contains Ti and the other transition metals added as binary 

carbides [18]. The core-rim microstructure has a strong influence on the mechanical 

properties of cermets, and it is believed that the rim phase is the most responsible for the 

good mechanical behaviour of the final material. For this reason, the use of these 

carbonitride solid solution phases as raw ceramic materials in the manufacture of 

cermets has been proposed [19]. Furthermore, the development of so-called complete 

solid solution cermets (CSCs), in which the ceramic particles are composed only of a 

homogeneous solid solution single phase (without the core-rim microstructure), has 

been anticipated as the only way to approach the toughness values characteristic of hard 

metals because the strain developed at the interface between the core and rim phases, 

which facilitates crack propagation during machining, can be avoided [20]. 



 

In a recent study [21], CSCs based on (Ti,Ta)(C,N) single phase were developed 

by exploiting the ability of the mechanochemical process referred to as mechanically 

induced self-sustaining reaction (MSR) [22] to yield homogeneous carbonitride solid 

solution powders [23-25]. This method uses the strong exothermic character of 

carbonitride formation from the starting materials to promote self-propagating reactions 

by the mechanical energy supplied by high-energy ball mills.  

Planetary mills are the typical devices used at laboratory scale to carry out these 

combustion reactions [23, 26]. However, there are now some industrial planetary mills 

[27, 28], with a really high capacity, where it would be possible to implement those 

reactions by a simply and efficiently way at industrial scale.  

After sintering, the resulting binder in these CSCs was observed to be a TixTa1-

xCo2 intermetallic phase instead of the initial elemental Co. The presence of 

intermetallics in cermets, which precipitate during cooling, is not a new phenomenon [2, 

29, 30] and has been associated with the excessive dissolution of the ceramic particles 

in the molten binder, causing Ti enrichment. Although some authors have shown that 

ductile intermetallic alloys, especially aluminides, are good candidates for binders 

because the mechanical properties of cermets can be retained at high temperature [31, 

32], the formation of brittle intermetallics during sintering, such as TixTa1-xCo2, can be 

extremely harmful for cermets, greatly damaging the fracture strength and toughness 

[8]. 

The effect of carbon activity on the coarsening of WC grains during liquid phase 

sintering has been extensively studied in hard metals [33, 34]. Moreover, it has been 

observed in Ti(C,N)-based cermets that the grain growth rate of ceramic particles 

depends on the particles’ solubility in the binder, which in turn depends on the C/N 



 

ratio, decreasing with a decrease in carbon content [35]. In this respect, it has been 

reported that the use of carbon as an additive can modify the microstructure and 

mechanical properties of cermets, as the dissolution of ceramic particles is affected [36, 

37]. Some authors have indicated that the presence of intermetallic phases observed in 

cermets is the consequence of the considerable dissolution of Ti in the molten binder 

promoted by denitridation processes, especially when sintering is performed under low 

nitrogen partial pressure [38]. 

In this context, the aim of this study was to develop (Ti,Ta)(C,N)-Co CSCs with 

high fracture toughness using the MSR mechanochemical process and carbon as a 

sintering additive. This goal was achieved, preventing the formation of brittle 

intermetallics via the reduction of the driving force (carbon activity) of ceramic 

dissolution during liquid phase sintering. In this study, different amounts of graphite 

were added to a cermet powder mixture, and after sintering, the chemical composition, 

microstructure and mechanical properties were characterised to relate the nature of the 

binder to the mechanical behaviour of the cermets. 

2. Experimental. 

2.1. Development of cermets. 

Ti (99% purity, < 325 mesh, Strem Chemicals), Ta (99.6% purity, < 325 mesh, 

Alfa-Aesar), graphite (< 270 mesh, Fe ≤ 0.4%, Merck) and Co powders (99.8% purity, 

< 100 mesh, Strem Chemicals), together with N2 (H2O and O2 ≤ 3 ppm, Air Liquide), 

were used as raw materials to develop the (Ti,Ta)(C,N)-Co CSCs. First, the ceramic 

phase, i.e., the Ti-Ta carbonitride solid solution with nominal composition 

Ti0.95Ta0.05C0.5N0.5, was synthesised from the starting materials by the mechanochemical 

MSR process using a planetary mill (Pulverisette 4, Fritsch) that allowed for operation 



 

at a constant gas pressure and for the detection of self-propagating reactions during 

milling [39]. This composition was chosen according to a previous study that showed 

that the presence of Ta significantly improves the oxidation resistance of cermets [40], 

which is of crucial importance for high-temperature applications.  

Concretely, 46.5 g of an elemental Ti, Ta, and graphite powder mixture with an 

atomic Ti:Ta:C ratio of 0.95:0.05:0.5 were placed together with thirteen tempered steel 

balls (d =20 mm, m = 32.6 g) in a 300 ml tempered steel vial (67Rc) and ball milled 

under 6 atm of N2 at a spinning rate of 400 rpm, for both the rotation of the supporting 

disc and the superimposed rotation in the direction opposite to the vial. After detecting 

ignition, milling was prolonged for 5 min to ensure full conversion [21]. 

Subsequently, the carbonitride solid solution phase was mixed by dry milling 

(Pulverisette 7 planetary mill, Fritsch) with 20 wt.% or 30 wt.% of Co and different 

small amounts of C in the form of graphite from 0 wt.% to 2.2 wt.% to obtain the 

powdered cermets. They were introduced together with seven tempered steel balls (d = 

15 mm, m = 13.7 g) in a 45 ml tempered steel vial (67Rc) and ball milled under 6 atm 

of high-purity helium gas (H2O < 3 ppm, O2 < 2 ppm and CnHm < 0.5 ppm, Air Liquide) 

at a spinning rate of 600 rpm. The mixture was milled for 30 min, which was the 

minimum time necessary to produce the optimal homogenisation of the powdered 

cermets, as required to achieve an optimal densification after sintering [21] . 

The nominal compositions of the different cermets studied in this work are 

presented in table 1. Cermets were labelled as xCoyG, where x and y are the nominal 

weight percentages of Co and graphite, respectively.  

The powdered cermets were shaped in a uniaxial press (2 tons-5 min) using a 

stainless steel die and compacted by cold isostatic pressing (200 MPa-10 min). The 



 

green bodies were sintered at 1500ºC for 60 min (heating and cooling rate = 5 ºC/min) 

under argon flow (H2O ≤ 8 ppm and O2 ≤ 2 ppm, Linde) in a horizontal tubular furnace 

(IGM1360 model no. RTH-180-50-1H, AGNI), yielding cylindrical cermets measuring 

13 mm in diameter and 9 mm in height. 

2.2. Chemical, microstructural and physical characterisation. 

The bulk density of the samples was measured using Archimedes’ method with 

distilled water impregnation (ASTM C373-88) due to the procedure’s experimental 

simplicity and reliability. Measurements were performed on five representative test 

specimens for each cermet. 

X-ray diffraction (XRD) patterns of cross-sectional polished surfaces were 

obtained with a PANalytical X’Pert Pro instrument equipped with a θ/θ goniometer, 

using Cu Kα radiation (40 kV, 40 mA), a secondary Kβ filter and an X’Celerator 

detector. The diffraction patterns were scanned from 20º to 140º (2θ) in step-scan mode 

with a step size of 0.02º and a counting time of 275 s/step. Silicon powder (Standard 

Reference Material 640c, NIST) was used for calibration of the diffraction line 

positions. The space group symmetry as well as the lattice parameters of the ceramic 

and binder phases were calculated from the complete set of peaks in the XRD diagrams 

using the Fullprof Suite software program, which features the Dicvol, WinPLOTR and 

FullProf software programs. The elucidated structures were compared with those in the 

PDF-4+ database from the International Centre for Diffraction Data (ICDD). 

Scanning electron microscopy (SEM) images of cross-sectional polished surfaces 

were obtained on a Hitachi S-4800 field emission SEM in secondary electron mode at 

an acceleration voltage of 5 kV. The Ti, Ta and Co contents in both the ceramic and 

binder phases were measured by X-ray energy dispersive spectrometry (XEDS) with a 



 

detector coupled in the SEM using an acceleration voltage of 20 kV. For each phase in 

the cermets, 10-20 measurements were performed. SEM images at different 

magnifications (1 kX, 2 kX and 5 kX) were employed to evaluate, by Image Analysis 

(IA) using the Image-Pro Plus 6.2 software program, the average ceramic particle size 

(d), the volume percentage of the binder phase (BF) and the volume percentage of 

porosity (p). 

Transmission electron microscopy (TEM) images and selected area electron 

diffraction (SAED) patterns were obtained on a 200-kV Philips CM200 TEM equipped 

with a SuperTwin objective lens and a LaB6 filament (point resolution = 0.25 nm). Thin 

discs of cermets with  = 3 mm were prepared by cutting, polishing, dimpling and ion 

milling, successively. JEMS software was used to resolve the structures obtained by 

SAED. Semi-quantitative XEDS-TEM analyses were carried out using a Gatan detector 

coupled to the TEM. 

2.3. Mechanical behaviour. 

Hardness measurements were carried out on polished surfaces at an indentation 

load of 5 kgf (HV5) using a Vickers diamond pyramidal indenter (Zwick 3212). No 

artefacts from the indentation load effect were observed at 5 kgf. The indentation time 

was 15 s. Ten indentations were made for each cermet.  

The fracture toughness, KIC, was evaluated by the indentation microfracture (IM) 

method using the crack length produced at the corners of Vickers indentations and the 

equation from Niihara [41]: 

    2
1

2
1

40889.0 lPHVK IC  , 

where P denotes the load, l the crack length and HV the estimated hardness. 



 

This method has proved to give reasonable estimates of KIC in cemented carbides 

up to values of approximately 15 MPam
1/2

 with maximum deviations of 20% compared 

with fracture toughness data obtained from single-edge-notched-beam specimens [42]. 

A load of 50 kgf was used to produce cracks with at least half the length of the 

indentation diagonal, which is the minimum length required to obtain KIC values 

independent of the load [43]. Accurate measurements of crack lengths were made using 

optical (Epiphot 200, Nikon) and scanning electron microscopy. 

Nanoindentation tests were conducted to determine the hardness (H) and Young’s 

modulus (E) of the ceramic and binder phases and were performed on polished surfaces 

using a commercial nanoindenter (Nano Indenter XPTM, MTS Systems Corporation, 

Oak Ridge, TN, USA) fitted with a Berkovich diamond tip. The response from 

individual phases was measured using the grid method, in which 200 indentations were 

made with maximum load of 5 mN. The indenter was continuously loaded up to the 

peak load in 15 s and immediately unloaded without a holding time. Both H and E were 

calculated using the data acquisition software equipped with the nanoindenter, which is 

based on Oliver and Pharr’s model [44]. A Poisson ratio of 0.3 was used to calculate E. 

The raw load-displacement data were automatically corrected for the machine 

compliance and thermal drift by the software. The area function of the indenter tip was 

calibrated using a standard fused silica specimen before testing. 

3. Results and discussions. 

3.1. Synthesis and sintering of CSCs. 

A Ti, Ta and C powder mixture with an atomic ratio of 0.95/0.05/0.5, 

corresponding to a nominal composition of Ti0.95Ta0.05C0.5N0.5, was ball-milled under a 

N2 atmosphere in a Pulverisette 4 planetary mill. After 35 min of milling (ignition time), 



 

the occurrence of a self-sustaining reaction inside the vial (MSR process) was detected 

and associated with the formation of the carbonitride ceramic phase, as observed in 

previous works [21, 45]. The milling was prolonged for 5 min after ignition to ensure 

the completion of the reaction. The XRD pattern of the obtained powder (figure 1a) 

confirmed the formation of a single phase with a cubic structure and Fm-3m space 

group symmetry. The 2θ position of the reflections, which lay between those of the Ta 

and Ti carbides and nitrides (reference patterns TiN (38-1420), TiC (32-1383), TaC (35-

0801) and TaN (49-1283)), indicated the formation of a Ti-Ta carbonitride solid 

solution. 

The carbonitride phase was then mixed by dry milling in the Pulverisette 7 

planetary mill for 30 min with Co and graphite in different proportions to obtain the set 

of powdered cermets listed in table 1. The XRD patterns of different powdered cermets 

were identical, showing only the presence of the carbonitride and Co phases. As 

representative samples, the powdered cermets 20Co1.8G and 30Co1.8G are shown in 

figures 1b and 1c. The absence of reflections corresponding to graphite in the XRD 

patterns is due to the small amount of graphite added and the high capacity of high-

energy milling for introducing defects and disorder into the lamellar structure of 

graphite [46]. Concerning the ceramic phase, less intense and broad reflections were 

observed as a direct consequence of the second milling treatment that induced a refined 

microstructure and the creation of defects. No chemical or crystallographic modification 

was observed. 

The XRD patterns of the cermets after sintering (figure 2) again revealed the 

reflections corresponding to the carbonitride phase, which remained practically at the 

same 2θ positions as those of the powdered cermets independently of the amount of 

added graphite, suggesting no significant compositional modifications. The most 



 

significant effect induced by the addition of graphite was observed for the reflections 

associated with the binder phase. The changes shown in figure 2 for both the 20CoyG 

and 30CoyG series clearly indicate variations in the characteristics of the binder as the 

amount of graphite was increased. The structure and stoichiometry of different phases 

acting as a binder were elucidated using DICVOL software, Ti-Co, Ta-Co and Ti-Ta-Co 

phase diagrams [47, 48] and PDF-4+ files from the ICDD. 

For the 20CoyG series (figure 2a), the presence of the TixTa1-xCo2 intermetallic 

compound with cubic structure and Fd-3m space group symmetry was observed for the 

cermet to which no graphite was added (20Co0G). The position of the (311) reflection 

for this compound at 2θ = 44.80º between the positions of the reflection for TiCo2 (2θ = 

45.02º) and TaCo2 (2θ = 44.48º) agrees with the solubility of Ta in the TiCo2 structure 

and the formation of an intermetallic solid solution. Moreover, the presence of Ti and 

Ta in the binder phase was determined by XEDS-SEM and XEDS-TEM, as will be 

discussed later. When a small amount of graphite was added, 0.5 wt.% (20Co0.5G), no 

differences were observed in the binder phase, and the same TixTa1-xCo2 intermetallic 

compound was observed. 

However, after the addition of 1 wt.% of graphite (20Co1G), two different binder 

phases were detected. Again, a TixTa1-xCo2 intermetallic compound with 1:2 

stoichiometry, but in this case with hexagonal structure and P63/mmc space group 

symmetry, and a TixTa1-xCo3 compound (1:3 stoichiometry) with cubic structure and 

Pm-3m space group symmetry were observed. When a greater amount of graphite was 

added (20Co1.4G), the binder evolved in such a way that the content of the TixTa1-xCo3 

phase increased at the expense of that of the TixTa1-xCo2 phase. In cermets 20Co1.8G 

and 20Co2.2G, only the TixTa1-xCo3 intermetallic phase was detected.  



 

A similar trend was observed for the 30CoyG cermet series (figure 2b). Whereas 

for 30Co0G, the abovementioned cubic TixTa1-xCo2 intermetallic compound was 

detected, TixTa1-xCo3 and -Co were observed in the binder phase of 30Co1.4G. For 

30Co1.8G, the relative proportion of -Co increased, and for 30Co2.2G, the binder 

phase consisted only of -Co. The small 2θ displacement (0.07º for (111) reflection) 

detected in -Co reflections with respect to the reflections of pure cubic Co was due to 

small amounts of Ti and Ta dissolved in the structure, as will be discussed later in terms 

of the XEDS-SEM results. 

All of aforementioned results suggest the following sequence of transformations 

in the binder with increasing graphite content: TixTa1-xCo2 → TixTa1-xCo3 → -Co. This 

evolution of the binder towards phases richer in Co (and therefore phases poorer in Ti 

and Ta) must be related to a decreasing tendency of Ti-Ta carbonitride particles to 

dissolve in the molten binder during sintering in the presence of C. The only difference 

between the 20CoyG and 30CoyG series was that binder phases with lower Ti and Ta 

contents were achieved in 30CoyG at lower graphite contents. For example, -Co was 

the only phase detected in 30Co2.2G, whereas TixTa1-xCo3 was observed in 20Co2.2G. 

This finding is related to the amount of Co and greater number of ceramic particles that 

must be dissolved in 30CoyG than in 20CoyG to produce the same binder phase. 

3.2. Microstructure and phase stoichiometry. 

To assess the quality of the sintering process and evaluate certain microstructural 

parameters of interest for the mechanical properties of cermets, SEM micrographs at 

different magnifications were studied by IA. Representative SEM images at 2kK are 

shown in figures 3 and 4 for the 20CoyG and 30CoyG cermets, respectively. Table 2 

reports the bulk density, volumetric porosity, average carbonitride particle size and 



 

volumetric fraction of the binder phase (BF) for cermets 20CoyG and 30CoyG. A 

porosity of approximately 2 vol.% was determined for all of the samples, in accordance 

with the similar densities observed for cermets with the same amount of Co (table 2). 

Cermets containing 30 wt.% Co showed higher densities as an obvious result of the 

higher density of Co (8.9 g/cm
3
) with respect to the density of the ceramic phase (~ 5.6 

g/cm
3
). 

The presence of binder occluded into the carbonitride particles was observed in 

both series of micrographs (figures 3 and 4), which is clear evidence that grain growth 

not only occurred by dissolution-reprecipitation but also by coalescence. During 

sintering, particles of different sizes come into contact, resulting in the formation of a 

neck with a grain boundary, which later migrates through small grains to form single 

large particles. If multiple points of contact are possible, the coalescence process can 

lead to the entrapment of binder within the large ceramic particles, as observed in SEM 

micrographs. It is well established that coalescence tends to broaden the grain size 

distribution [13, 21]. This broadening is clearly visible in figures 3 and 4, in which a 

bimodal size distribution can be observed with mainly small rounded particles and large 

faceted particles grown by coalescence. The number of small particles appears to be 

more important in 30CoyG cermets, perhaps caused by a higher percentage of binder 

resulting in less opportunity for particles to come into contact. The calculated average 

ceramic particle size (table 2) reflected this difference with values between 2.1-2.4 μm 

for the 20CoyG cermets and 1.3-1.7 μm for the 30CoyG cermets. 

An important effect related to microstructure was the gradual reduction in BF 

when graphite was progressively added (table 2), which is linked to the aforementioned 

modification of the nature of the binder phase. Because graphite reduces the dissolution 

of the ceramic phase into the binder, new phases (TixTa1-xCo3 and -Co) with lower Ti 



 

and Ta contents were formed, which induced the evolution observed in BF. Logically, 

BF was higher in 30CoyG due to the higher Co content in the nominal composition. 

Only 20Co0G and 20Co0.5G showed no differences in BF because both cermets had 

identical binder phases (figure 2). The theoretical BF value calculated for a cermet with 

a nominal composition 70 wt.% Ti0.95Ta0.05C0.5N0.5-30 wt.% Co agreed well with that 

determined by IA for 30Co2.2G containing only -Co as the binder phase (23.7 vol.% 

and 22.8 vol.%, respectively). 

Semiquantitative XEDS-SEM analyses (table 3) were carried out to obtain 

information about the Ti, Ta and Co contents in the ceramic and binder phases. For all 

cermets, ceramic particles presented Ti and Ta atomic percentages corresponding to the 

nominal starting composition. Mean values of Ti = 95.4 ± 0.4 at.% and Ta = 4.6 ± 0.4 

at.% were observed, which indicated that there was no variation in chemical 

composition during sintering. Furthermore, binder compositions (table 3) confirmed the 

reduction in the Ti and Ta contents (from approximately 35 at.% to 10 at.%) in the 

binder as the graphite content increased, and the results were in good agreement with 

the phases identified by XRD (figure 2). Although the accuracy of measurements and 

the interference from neighbouring phases have to be taken into account, this trend 

(enrichment in Co) was observed even for the same phase. For instance, in the TixTa1-

xCo3 intermetallic, Co/(Ti+Ta) ratios of 2.4 at.%, 2.9 at.%, 3.3 at.% and 4.0 at.% were 

obtained for 20Co1G, 20Co1.4G, 20Co1.8G and 20Co2.2G, respectively. A Co/(Ti+Ta) 

ratio different from the stoichiometric value of 3 should not be surprising based on the 

binary phase diagrams of Ti-Co and Ta-Co [47], which indicate that the phase possesses 

a non-stoichiometric compositional range. 

To corroborate the structure and chemical composition of the binder phases 

observed when graphite was added, 20Co1.8G and 30Co1.8G cermets were studied by 



 

TEM using SAED (figure 5) and XEDS-TEM (table 3). Only a binder phase with cubic 

structure and Pm-3m space group symmetry was observed in the 20Co1.8G cermet; 

three SAED patterns oriented along the [101], [112] and [111] zone axes are shown in 

figure 5a. By XEDS-TEM (table 3), a stoichiometry close to TixTa1-xCo3 intermetallic 

phase was confirmed. For the 30Co1.8G cermet (figure 5b), two different binder phases 

were detected, corresponding to cubic phases with Pm-3m (SAED patterns along [103] 

and [101] zone axes) and Fm-3m (SAED patterns along [112], [101] and [111] zone 

axes) space group symmetries, which according to XEDS-TEM were associated with 

TixTa1-xCo3 and -Co, respectively. The results obtained by XEDS-SEM and XEDS-

TEM were in close agreement for the two cermets (table 3). 

3.3. Mechanical behaviour. 

Vickers hardness values for 20CoyG and 30CoyG cermets are shown in table 4. 

These hardness values are of the same order of magnitude as those reported for cermets 

with similar binder contents [5, 49]. A nearly constant value of approximately 14 GPa 

was obtained in the 20CoyG cermets, whereas a small decrease was observed in the 

30CoyG cermets when the amount of graphite was increased. This behaviour could be 

considered inconsistent with the reduction of the BF content because of the 

corresponding higher ceramic phase content is expected to produce higher hardness. 

However, the variation in the composition of the binder phase that accompanies the 

addition of graphite must also be taken into account to explain the evolution of 

mechanical properties. In this respect, the hardness values in table 4 can be explained if 

it is assumed that not only -Co but also the TixTa1-xCo3 intermetallic phase are more 

ductile [50], and consequently less hard, than TixTa1-xCo2. 



 

To confirm this hypothesis and determine the mechanical properties of different 

phases acting as binder, nanoindentation tests were conducted in cermets 20Co0G, 

20Co1.8G and 30Co2.2G containing TixTa1-xCo2, TixTa1-xCo3 or -Co, respectively, as 

the sole binder phase. The size of indentation marks (figures 6a-c), their H values (table 

5) and the characteristic load-displacement curves (figure 6d) confirmed that hardness 

decreases in the order: TixTa1-xCo2 >> TixTa1-xCo3 > -Co. A similar trend was also 

obtained for E (table 5), with the highest value observed for TixTa1-xCo2 and the lowest 

one for -Co. The H and E values of TixTa1-xCo3 and -Co were similar to those 

observed for constrained Co in WC-Co hard metals [51, 52] and therefore characteristic 

of ductile metal phases. However, the high H and E values observed for TixTa1-xCo2, 

closer to those observed in ceramics, suggests that this phase is fragile. H and E were 

also determined for the ceramic particles in these cermets (figure 7 and table 5), and as 

expected, similar mechanical properties and load–displacement curves were obtained 

because the carbonitride chemical composition was identical in the three cermets. 

The modification of the nature of the binder phase had the most remarkable effect 

on the indentation fracture toughness of the cermets, as shown in table 4. Cermets 

without graphite (20Co0G and 30Co0G) showed low toughness due to the presence of 

the hard and brittle TixTa1-xCo2 intermetallic compound. As the amount of graphite was 

increased in the 20CoyG cermets and TixTa1-xCo2 was continually substituted by the 

more ductile TixTa1-xCo3 intermetallic, a significant increase in KIC was observed, 

reaching maximum values in those cermets containing only TixTa1-xCo3 as binder. The 

same trend was observed in the 30CoyG cermets, in which the disappearance of TixTa1-

xCo2 and the formation of TixTa1-xCo3 and -Co were also accompanied by an increase 

in KIC. As previously indicated with respect to the hardness results, the observed 

improvement in KIC becomes more significant if the BF decrease is considered because 



 

it is the binder phase that confers toughness to cermets. The maximum values observed 

for the two series were 8.8 MPam
1/2

 for 20Co1.8G and 10.7 MPam
1/2

 for 30Co1.8G. 

The higher KIC observed in 30Co1.8G was due to the higher proportion of binder, and 

no significant differences were observed between cermets containing TixTa1-xCo3 or -

Co. This finding is in accord with the nanoindentation results, which showed that both 

phases have similar mechanical properties. 

4. Conclusions. 

Complete solid solution (Ti,Ta)(C,N)-Co cermets were developed by exploiting 

the ability of the MSR mechanochemical process to yield titanium-tantalum 

carbonitride solid solutions. The presence of graphite in the binder as a sintering 

additive was necessary to reduce the extent of the dissolution of carbonitride ceramic 

particles during liquid phase sintering and avoid the formation of undesirable 

intermetallic compounds after cooling. As graphite was progressively added, a 

continuous decrease in the contents of Ti and Ta in the binder was observed, resulting in 

the formation of phases richer in Co, from TixTa1-xCo2 (without graphite) to TixTa1-xCo3 

and finally to -Co. 

Changes in the nature of the binder had a significant effect on the mechanical 

properties of the cermets, particularly their toughness. The formation of ductile phases, 

TixTa1-xCo3 and -Co, instead of brittle TixTa1-xCo2 produced an outstanding 

improvement in toughness, while maintaining high hardness values, such that it was 

possible to reach an optimal combination of both properties. 
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FIGURE CAPTIONS. 

Figure 1. X-ray powder diffraction diagrams of the Ti-Ta carbonitride solid solution 

obtained via the MSR process (a) and the powdered cermets 20Co1.8G (b) and 

30Co1.8G (c) after mixing the carbonitride ceramic phase with Co and graphite. () 

Ti0.95Ta0.05C0.5N0.5; (♥)  Hexagonal Co. 

Figure 2. X-ray powder diffraction diagrams of 20CoyG (a) and 30CoyG (b) sintered 

cermets. () Ti0.95Ta0.05C0.5N0.5; () Cubic TixTa1-xCo2; () Hexagonal TixTa1-xCo2; () 

TixTa1-xCo3; (♥) -Co. 

Figure 3. SEM micrographs of 20CoyG cermets. 

Figure 4. SEM micrographs of 30CoyG cermets. 

Figure 5. SAED patterns of binder phases in cermets 20Co1.8G (a) and 30Co1.8G (b). 

Continuous line = TixTa1-xCo3; dotted line = -Co. 

Figure 6. Nanoindentations in binder of cermets (a) 20Co0G (binder phase: TixTa1-

xCo2), (b) 20Co1.8G (binder phase: TixTa1-xCo3) and (c) 30Co2.2G (binder phase: -

Co). (d) Characteristic load–displacement curves of indents in these binder phases. 

Figure 7. Nanoindentations in ceramic particles of cermets (a) 20Co0G, (b) 20Co1.8G 

and (c) 30Co2.2G. (d) Characteristic load–displacement curves of indents in these 

ceramic particles.  



 

Table 1. Nominal composition of cermets. 

Cermet wt.% Ti0.95Ta0.05C0.5N0.5 wt.% Co wt.% G 

20Co0G 

80 20 

0 

20Co0.5G 0.5 

20Co1G 1.0 

20Co1.4G 1.4 

20Co1.8G 1.8 

20Co2.2G 2.2 

30Co0G 

70 30 

0 

30Co1.4G 1.4 

30Co1.8G 1.8 

30Co2.2G 2.2 

 

Table 2. Bulk density (), porosity (p), average carbonitride particle size (d) and 

volumetric fraction of binder phase (BF) for cermets 20CoyG and 30CoyG. 

Cermet  (g/cm
3
) p (%) d (μm) BF (%) 

20Co0G 5.97 ± 0.03 2.1 ± 0.4 2.4 ± 0.8 22.0 ± 1.2 

20Co0.5G 5.92 ± 0.06 2.3 ± 0.6 2.3 ± 0.9 22.1 ± 0.8 

20Co1G 5.94 ± 0.04 2.4 ± 0.3 2.4 ± 1.1 20.7 ± 0.6 

20Co1.4G 5.95 ± 0.02 2.1 ± 0.6 2.2 ± 1.2 19.3 ± 1.1 

20Co1.8G 5.93 ± 0.03 2.2 ± 0.2 2.1 ± 0.9 18.3 ± 0.9 

20Co2.2G 5.91 ± 0.05 2.2 ± 0.3 2.2 ± 0.8 16.6 ± 1.1 

30Co0G 6.28 ± 0.07 2.2 ± 0.3 1.7 ± 1.0 33.4 ± 1.3 

30Co1.4G 6.15 ± 0.03 2.3 ± 0.6 1.3 ± 0.9 25.4 ± 0.5 

30Co1.8G 6.12 ± 0.06 2.3 ± 0.5 1.5 ± 1,1 23.9 ± 1.2 

30Co2.2G 6.06 ± 0.08 1.8 ± 0.3 1.7 ± 0.9 22.8 ± 0.8 

 

 



 

Table 3. Ti, Ta and Co contents (at.%) in ceramic particles and binder for 20CoyG and 

30CoyG cermets determined by XEDS-SEM and XEDS-TEM and corresponding binder 

phase in agreement with these contents and XRD results. 

XEDS-SEM 

Cermet 
Ceramic Binder 

Ti Ta Ti Ta Co Co/(Ti+Ta) XRD Phase 

20Co0G 95.2 4.8 28.0 6.6 65.4 1.9 TixTa1-xCo2 (c) 

20Co0.5G 95.4 4.6 28.6 4.9 66.5 2.0 TixTa1-xCo2 (c) 

20Co1G 96.0 4.0 
29.4 

28.1 

2.0 

1.6 

68.6 

70.3 

2.2 

2.4 

TixTa1-xCo2 (h) 

TixTa1-xCo3 

20Co1.4G 96.0 4.0 
31.6 

24.5 

1.6 

1.1 

66.9 

74.4 

2.0 

2.9 

TixTa1-xCo2 (c) 

TixTa1-xCo3 

20Co1.8G 95.5 4.5 22.4 1.0 76.6 3.3 TixTa1-xCo3 

20Co2.2G 95.3 4.7 17.3 2.8 79.9 4.1 TixTa1-xCo3 

30Co0G 95.4 4.6 33.0 4.0 63.0 1.7 TixTa1-xCo2 (c) 

30Co1.4G 94.8 5.2 
21.7 

14.5 

2.9 

3.2 

75.4 

83.3 

3.1 

4.7 

TixTa1-xCo3 

-Co 

30Co1.8G 95.0 5.0 
19.2 

11.2 

1.9 

2.1 

78.9 

86.7 

3.7 

6.5 

TixTa1-xCo3 

-Co 

30Co2.2G 96.0 4.0 8.7 1.6 89.7 8.7 -Co 

XEDS-TEM 

20Co1.8G 95.3 4.7 21.8 1.3 76.9 3.3 TixTa1-xCo3 

30Co1.8G 95.1 4.9 
18.6 

11.4 

2.9 

1.7 

78.5 

86.9 

3.7 

6.6 

TixTa1-xCo3 

-Co 

 

  



 

Table 4. Vickers hardness (HV5) and indentation fracture toughness (KIC) for cermets 

20CoyG and 30CoyG. 

Cermet HV5 (GPa) KIC (MPa·m
1/2

) 

20Co0G 14.5 ± 0.5 3.9 ± 0.2 

20Co0.5G 15.3 ± 0.4 4.1 ± 0.4 

20Co1G 14.1 ± 0.7 4.8 ± 0.3 

20Co1.4G 14.1 ± 0.3 6.7 ± 0.3 

20Co1.8G 13.8 ± 0.2 8.8 ± 0.2 

20Co2.2G 14.4 ± 0.8 8.3 ± 0.2 

30Co0G 13.9 ± 1.0 4.1 ± 0.5 

30Co1.4G 12.0 ± 0.5 10.6 ± 0.4 

30Co1.8G 12.0 ± 0.5 10.7 ± 0.6 

30Co2.2G 10.3 ± 0.7 10.4 ± 0.7 

 

 

 

Table 5. Nanohardness (H) and Young’s modulus (E) for binder and ceramic phases in 

20Co0G, 20Co1.8G and 30Co2.2G cermets. 

Cermet 

Binder phase Ceramic phase 

Observed 

by XRD 
H (GPa) E (GPa) 

Observed by 

XRD 
H (GPa) E (GPa) 

20Co0G TixTa1-xCo2 17.2 ± 1.3 317 ± 7 Ti0.95Ta0.05C0.5N0.5 36.0 ± 2.2 530 ± 15 

20Co1.8G TixTa1-xCo3 10.2 ± 1.7 280 ± 4 Ti0.95Ta0.05C0.5N0.5 36.8 ± 3.2 533 ± 16 

30Co2.2G -Co 8.6 ± 1.8 264 ± 12 Ti0.95Ta0.05C0.5N0.5 35.7 ± 3.5 521 ± 24 
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Figure 7. 
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