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Abstract 

In this work the influence of different colloidal processing routes on the mechanical behavior of 

several Ti(C,N)-based cermets has been studied. The materials were designed with a Ti(C,N) 

content ranging between 80 and 85 vol. %, in a Fe-Ni alloy matrix (with and without carbon 

addition). Three processing techniques were investigated: (i) Slip Casting (SC), (ii) Slip Casting 

+ Cold Isostatic Pressing (SC+CIP), and (iii) Spray-Dry + Uniaxial Pressing (SDP). Biaxial 

strength distributions were determined in all samples using the ball-on-three-balls (B3B) method 

on disc-shaped specimens. Results were interpreted in the framework of Weibull theory. The 

characteristic strength ranged between 1090 MPa and 1870 MPa. A fractographic analysis 

performed on selected specimens showed different critical flaws, depending on the processing 

route, related to the composition and porosity level in each case. Single Edge V-Notched Beam 

(SEVNB) specimens fabricated with SDP were tested under 4-point-bending, in order to identify 

the effect of Fe-Ni content and carbon addition on their fracture resistance. Detailed 

fractographic analyses revealed slightly different mechanisms of fracture associated with the 

Fe-Ni and carbon content. Fracture toughness values ranging between ~12 and ~14 MPa∙m1/2 

were measured. Based upon these findings the SDP route is proposed to improve both the 

strength and toughness of Ti(C,N) cermets, which can be enhanced by the addition of carbon 

during the colloidal processing. 

Keywords 

Colloidal Processing; Powder Metallurgy Techniques; Ti(C,N)-based cermets; Biaxial Strength; KIc; 
Fracture 

 
1. Introduction 

Among the ceramic-metal composite materials, titanium carbonitride based cermets have drawn 

great attention in an attempt to replace the traditional WC-Co hardmetals. Notwithstanding their 

relatively lower bending strength as compared to hardmetals, Ti(C,N)-based cermets have an 

excellent and unique combination of physical properties such as high melting point, hardness at 

high temperature, wear and oxidation resistance and thermal conductivity [1,2]. All these 

characteristics make cermets well adapted to the requirements for high performance wear parts 

and semi-finishing or finishing cutting tools. This fact offers the opportunity to use relatively 

cheap and abundant raw materials, thereby reducing the dependence on critical raw materials 

such as W or Co. 
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The mechanical properties of these composites are largely influenced by different parameters, 

such as the composition of the binder phase, the addition of secondary carbides, the size of the 

starting powders as well as the processing route. 

In most Ti(C,N)-based cermets, the binder phase is mainly composed of Ni [3–8], Co [9,10] or a 

combination of both [11,12]. However, there is an interest to find alternative binder compositions 

to replace them totally or partially, due to its classification as critical raw materials and the health 

risks. There are several studies that propose the use of Fe as a metal matrix for cermets [13–

16], as it is non-toxic and cheaper than the other routes as well as strengthened by heat 

treatment [17]. However, despite the considerable amount of research carried out, the 

application of such cermet systems is limited, mainly due to two major issues: The poor 

interfacial cohesion between the metallic phase and the ceramic particles [16] and the low 

toughness values resulting from the coarsening of the carbides. To overcome such limitations, 

the addition of alloying elements and compounds such as WC, Mo2C, TaC, NiB, VC, Ta, C, Cr 

or Mo has been proposed [18–22], aiming to improve the wetting behavior between both phases 

during the liquid phase sintering as well as to hinder the ceramic particle growth. Xiong et al. 

[18] described the effect of WC, Mo2C and TaC additions on the microstructure and mechanical 

properties of ultrafine Ti(C,N) cermets. The addition of Mo2C and WC improve the hardness and 

the strength, whereas TaC additions have a positive effect on the high temperature properties. 

However, an excessive addition was found to be detrimental for the mechanical properties of 

cermets. Guo et al. [17] reported the influence of the addition of Mo2C as secondary carbide to 

the composition of Ti(C,N)-Fe cermets processed according to conventional powder metallurgy 

techniques. Although the Mo2C slightly affects the grain size due to the nature of the Fe binder, 

these cermets showed enhanced mechanical properties, including hardness (~15 GPa) and 

transverse rupture strength (TRS) (~1560 MPa). Naidoo et al. [7] found that the addition of Ta 

to Ti(C,N) cermets can result in grain refinement and thus improving hardness (from ~16 GPa to 

~18GPa) and fracture toughness (from 5.5 to 6.9 MPa·m1/2). Yang et al. [8] demonstrated that 

the transverse rupture strength of Mo-free Ti(C,N)-WC-Cr3C2-C-Ni-xCr cermets had a peak 

value of  ~2200 MPa with an addition of 7.6 wt. % of Cr, and that the Vickers hardness was 

improved from ~9 to ~11 GPa with the Cr content. Acharya et al. [23] reported improved 

mechanical properties of TiC-Ni cermets by the addition of 10 wt. % of NiB, reaching hardness 
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values of ~27 GPa and fracture toughness of ~9 MPa·m1/2. They ascribed such improvement to 

the fine and dense microstructure developed as a consequence of the low melting point of the 

boride phase. In a recent work, Chen et al. [16] studied the effect of the carbon addition on the 

microstructure and mechanical properties (hardness and TRS) of Ti(C,N) based cermets. It was 

found that the addition of extra carbon powders can enhance the rearrangement of Ti(C,N) 

particles during liquid phase sintering and thus increase their mechanical properties, which is 

associated with the higher relative densities. A summary of the mechanical properties (i.e. 

hardness, fracture toughness and bending strength) of the different cermets mentioned above 

with optimized secondary carbides addition is given in Table 1. 

Table 1. Mechanical properties of cermets with different secondary carbides of optimal amount 

addition 

System 
Secondary 

Carbide 

Optimal 

amount 

[wt. %] 

HV 

[GPa] 

KIC 

[MPa·m1/2] 

Bending strength* 

[MPa] 
Ref. 

Ti(C,N)-Ni 
WC 

25 14.2 8.8 --- [3] 

Ti(C,N)-NiCo 15 17.5 --- 1500 [18] 

Ti(C,N)-Fe 
Mo2C 

15 14.7 --- 1560 [17] 

Ti(C,N)-NiCo 10 17.7 --- 1300 [18] 

Ti(C,N)-Ni Ta  38 17.8 6.9 --- [7] 

Ti(C,N)-NiCo TaC 7.0 16.9 --- 1580 [18] 

Ti(C,N)-Ni Cr 7.6 10.5 --- --- [8] 

TiC-Ni NiB 10  27.1 9.0 --- [23] 

Ti(C,N)-Fe C 1.0 9.9 --- 2480 [16] 

*
 Bending strength may have been measured by different methods; the mean value is reported for comparative 

purposes. 

Other investigations have focused on the effect of the reduction of the Ti(C,N) initial particle size 

on the microstructure and mechanical properties of Ti(C,N)-WC-Ni cermets, where the small 

sizes were achieved either by using ultrafine powders or through mechanical milling. Jeon et al. 

[3] reported improved hardness as well as fracture toughness in the ultrafine system, as 

compared to conventional coarse Ti(C,N)-based cermets. Joardar et al. [4] studied the effect of 

nanocrystalline Ni binder on the mechanical properties of ultrafine Ti(C,N) cermets. Cermets 

with nanocrystalline Ni showed a considerably improved microstructure over cermets with 

commercial coarse grade Ni, exhibiting higher Vickers hardness values (~16 GPa), along with a 

fracture toughness value of ~9 MPa·m1/2. Finally, Park et al. [5] prepared ultrafine cermets from 

(Ti,W)C-Ni and (Ti,W)(C,N)-Ni nanocrystalline powders obtained by carbo-thermal reduction. 
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Full density cermets obtained from these powders showed significantly improved fracture 

resistance, ranging between 11 and 14 MPa·m1/2. 

In addition to the above, the processing route may also have a significant influence on the 

mechanical properties of these materials. Although the most common route used for the 

preparation of cermets powders is still the traditional mechanical milling, cermets have been 

also processed through spark plasma sintering (SPS) [9], hot pressing (HP) [10,12], self-

propagating high-temperature synthesis (SHS) [24–26], mechanical induced self-sustaining 

reaction (MSR) [9,10], hot isostatic pressing (HIP) or a combination of sintering and HIP, under 

vacuum, nitrogen or argon atmosphere [27]. In 2015, Liu et al. [25] prepared dense TiC1-xNx-

Ni3Ti cermets directly by one step SHS. The as-prepared cermets showed a homogeneous 

microstructure and a Vickers hardness of ~12 GPa. Córdoba et al. [9] proposed a combination 

of MSR and SPS techniques to obtain highly dense TixTa1-xC0.5N0.5-based cermets. Samples 

exhibiting smaller ceramic particles showed an optimal combination of microhardness and 

fracture toughness. In this regard, Chicardi et al. [10] employed successfully the MSR for 

manufacturing cermets based on Ti, Ti-Ta and Ti-Nb carbonitrides using Co as binder phase 

and Mo2C as sintering additive obtaining smaller ceramic grains after sintered and reaching 

Vickers hardness values up to 15.8 GPa with KIC of 3 ‒ 4 MPa·m1/2 and flexural strengths of 300 

‒ 400 MPa. Table 2 shows a summary of the mechanical properties obtained in different 

cermets processed through various techniques. The data reveal a relatively wide range of 

reported hardness, fracture toughness and bending strength values depending on the material 

and processing route employed. This has been associated with the different microstructure of 

the materials. In fact, it is very challenging to get uniform and homogeneous microstructures, as 

well as to avoid the grain growth and hard phase cluster formation by the aforementioned 

techniques. 

Table 2. Properties of cermets via different processes 

Processing System 
Ti(C,N)Size 

[μm] 

HV 

[GPa] 

KIC 

[MPa·m1/2] 

Bending 

strength 

[MPa] 

Ref. 

PM Route Ti(C,N)-WC-Ni 
UF < 1 

3-5 

[13.6-14.5] 

[7-7.5] 

[7.3-8.8] 

--- 

--- 

--- 
[3] 

PM Route 
Ti(C,N)-WC-nano Ni 

Ti(C,N)-WC-Ni 
0.7 

[12.5-16.1] 

[13.6-14.5] 

[8.4-9.1] 

[7.3-8.8] 

--- 

--- 
[4] 

PM Route (Ti,W)(C,N)-Ni 
UF ~ 0.4 

3-4 

[11.2-12.2] 

[8.8-9.0] 

[12.0-12.6] 

[7.0-7.2] 

--- 

--- 
[5] 

PM Route Ti(C,N)-Fe 7.5 [5.6-7.0] --- --- [15] 
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PM Route Ti(C,N)-Mo2C-Ni 2.3-3.6 [12.1-14.9] [10.3-14.2] --- [6] 

SPS (Ti,Ta)(C,N)-Co --- [14.0-17.4] [3.2-5.6] --- [9] 

PM Route Ti(C,N)-WC- Mo2C-NiCo 0.5 ~ 11.1  ~ 9.4 ~ 1850 [11] 

HP 
A. Ti(C,N)-(WC-Mo2C)-NiCo 

B. Ti(C,N)-(WC-TiC)-NiCoMo 
0.5 

~ 17.1 

~ 13.7 

~ 6.0 

~ 9.0 

~ 1125 

~ 1125 
[12] 

PM Route 
~ 11.8 

~ 11.8 

~ 11.0 

~ 11.0 

~ 1375 

~ 1250 

HP (Ti,Mt)(C,N)-Mo2C-Co Mt=Ta,Nb  [9.6-15.8] [3.1-4.6] [230-485] [10] 

PM Route Ti(C,N)-Mo2C-Cr3C2-Fe 5.13 [3.1-7.7] --- [1000-2055] [16] 

PM Route: Uniaxial pressing + Pressureless Sintering (PLS) 

UF: Ultrafine 

 

As an alternative to the above-mentioned processing techniques, colloidal processing has 

emerged as an attractive and affordable approach to be successfully implemented for the 

fabrication of cermets. [28–30].  

This technique is a simple, low-energy and costly efficient procedure that provides 

homogeneous composite materials, minimizing processing defects, from high solid content 

aqueous suspensions of powders with fine particle size distribution (micrometric range). The 

success of this processing approach is based on two main interrelated factors. The first one is 

the control of the interparticle potentials in order to achieve high repulsion among particles, 

preventing the agglomeration and obtaining good dispersions [31]. The second factor is the 

rheology optimization of the suspensions, which depends on the level of repulsions of the 

particles in the media as well as on other variables such as solid content and processing 

additives [32,33]. 

In previous works, colloidal and powder metallurgy techniques were successfully combined to 

obtain cermet bulk samples with compositions in the system Ti(C,N)-FeNi [30]. Preliminary 

hardness measurements revealed a correlation between microstructure and hardness with the 

processing route, which was associated with the amount of porosity and metallic binder (FeNi). 

In the present paper, the effect of the processing route, as well as the effect of the metal binder 

and carbon content on the strength and fracture toughness has been investigated. Biaxial 

strength was measured in all samples using the ball-on-three-balls (B3B) method on disc-

shaped specimens. Single Edge V-Notched Beam (SEVNB) specimens were tested under four-

point-bending (4PB) in order to determine the fracture resistance. Microstructural and 

fractographic analyses were performed on selected specimens to interpret the experimental 

results.  



 

6 
Cite this article as: M. Dios, I. Kraleva, Z. González, P. Alvaredo, B. Ferrari, E. Gordo, R. Bermejo, “Mechanical 
characterization of Ti(C,N)-based cermets fabricated through different colloidal processing routes”, J. Alloys Compd., 
732, 806-817 (2018). DOI: 10.1016/j.jallcom.2017.10.274. 

 

 

 

2. Experimental 

2.1 Materials and characterization of samples 

Powders used in this study were titanium carbonitride (Ti(C,N), Ti(C0.5,N0.5) Grade C) and iron 

(Fe, Fe SM) both provided by H.C. Starck (Germany) and nickel (Ni, Ni 210H) supplied by INCO 

(Canada). Particle size and specific surface area of the powders were determined with a laser 

analyzer (Mastersizer S, Malvern instruments Ltd. UK) and by one point N2 absorption 

(Monosorb Surface Area, Quantachrome Corporation, USA), respectively. Density of the as-

received powders was measured using a Monosorb Multipycnometer (Quantachrome 

Corporation, USA). Results are shown in Table 3. 

Table 3. Characterization of the as-received powder 

Characteristics Powder 

Ti(C,N) Fe Ni 

Dv50 (µm) 2.1 3.5 1.7 

Density (g/cm3) 5.1 7.8 8.9 

 

From these commercial powders, Ti(C,N) and Fe/Ni high solid content suspensions were 

formulated using water as dispersion media, as described elsewhere [30]. After milling by a 

simple volumetric mixing, both stable suspensions were mixed to fit the desired final 

composition of the ceramic/metal composites (85/15 and 80/20 vol. %). The metallic binder 

phase was designed with a fixed Fe/Ni composition of 85/15 wt. %. In order to evaluate the 

effect of a small addition of carbon, a graphite suspension (10 g/L in ethanol) using Black 

Carbon (ISTAM, Germany) was added to fit the different compositions labeled in Table 4. 

These suspensions were processed to obtain samples through a combination of colloidal and 

powder metallurgical techniques. The three processing routes selected were: (a) Slip Casting 

(SC), (b) Slip Casting followed by Cold Isostatic Pressing (SC-CIP) to evaluate the effect of 

increasing the green density on the final mechanical properties of the sintered materials, and (c) 

Spray-Dry and Uniaxial Pressing (SDP) where high solid content suspensions were sprayed-
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dried in order to obtain spherical granules able to be shaped by uniaxial pressing using a 

Labplant SD-05 (North Yorkshire, UK).  

Subsequently, all green compacts, listed in Table 4, were sintered in vacuum (10-5 mbar) at 

1450 ºC for 120 min. All thermal treatments included a dwell of 30 minutes at 800 ºC. Density 

and porosity measurements can be found in previous work [34]. 

 

 

 

Table 4. Formulation of sintered specimens 

Sample 
Ceramic 

reinforcement 
Ti(C,N) vol.% 

Metal matrix 
reinforcement 
Fe/Ni vol.% 

Carbon addition* 
wt.% 

SC 15FeNiC 85 15 (85/15 wt.%) +0.5 

SC-CIP 15FeNi 85 15 (85/15 wt.%) - 

SC-CIP 15FeNiC 85 15 (85/15 wt.%) +0.5 

SDP 15FeNi 85 15 (85/15 wt.%) - 

SDP 15FeNiC 85 15 (85/15 wt.%) +0.5 

SDP 20FeNi 80 20 (85/15 wt.%) - 

SDP 20FeNiC 80 20 (85/15 wt.%) +0.5 

* Carbon addition with respect to the weight of matrix 

 

Carbide contiguity and binder mean free path were deduced from best-fit equations, attained 

after compilation and analysis of data published in the literature (e.g. [35,36]), on the basis of 

empirical relationships given by Roebuck and Almond [35] but extending them to include 

carbide size influence [37,38]. 

 

2.2 Evaluation of biaxial strength 

The biaxial strength was measured on disc-shaped samples using the ball on three balls (B3B) 

method [39–41], where the specimen is supported on three balls and loaded symmetrically by a 

fourth ball (Figure 1a). In this loading situation, the three-point support guarantees well-defined 

three point contacts (see Figure 1b), thus enabling even the testing of specimens with non-

parallel surfaces (e.g. as-sintered specimens). This test has been recognized to be very tolerant 

for some out of flatness of the disc and also for other small geometries or some misalignment 

[40], and has been also successfully used in hardmetals (see for instance [42]). The main 

advantages of the B3B testing method are the high accuracy, easy testing in different 

environments and avoidance of edge effects (e.g. fracture of bending bars from the edges). 
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Furthermore, friction is much smaller than in the commonly used bending tests. For these 

reasons, the B3B-test can also be used in as-sintered and small specimens [43] . Compared to 

standard 4PB or 3PB, the B3B requires less material to be tested, and the fracture is located 

away from the applied load and well localized (i.e. easy to identify the failure origin). It is very 

useful for comparing for instance the strength of materials with slightly differences in 

compositions (e.g. the ones used in our work), and avoid that measurement uncertainties 

associated with the testing procedure might mask the results (see [44] for more details). In the 

B3B method a small surface (and volume) of the specimen (i.e the midpoint of the disc surface, 

opposite to the loading ball) is set under a well-defined biaxial stress field during the test. The 

corresponding area under tensile stress contributes to the so-called “effective surface”; the 

same applies for the volume, referred to as “effective volume”. Figure 1b shows a view of the 

B3B-jig with the specimen between the four balls. In our case all four balls had a diameter of 

9.524 mm and 6.350 mm depending of the diameter of the samples, giving a support diameter 

of 10.997 mm and 7.332 mm, respectively [39]. The tensile loaded surfaces of the B3B 

specimens (disks of ~1.20 mm in thickness and 13.75 mm in diameter for the SDP and ~1.20 

mm in thickness and 9.00 mm in diameter for the SC and SC-CIP) were carefully ground and 

polished in diamond to 1 microns finish on one side to reach the same surface quality. 

Nevertheless, one limitation of the method is associated with the small tested area (or volume). 

The corresponding stress distribution in the disc during biaxial loading is shown in Figure 1b. 

The maximal stress is located in the center of the three balls. It can be inferred that only the 

central region, i.e. approx. 1/20 of the support radius, is stressed by more than 90% of the 

maximal stress. As a consequence, some potential critical defects (lying off the stressed region) 

might not be activated during the test.  
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Figure 1. (a) Schematic of the ball-on-three-balls testing jig; (b) stress distribution in a plate during 

biaxial loading [39]. The maximal stress is concentrated in the center of the specimen surface. 

 

All tests were performed in a universal testing machine (Zwick Z010, Zwick/Roell, Ulm, 

Germany). A pre-load of 10 N was applied in all cases. The tests were conducted under cross-

head displacement control at a rate of 1 mm/min (environmental conditions of 23 ºC and relative 

humidity of 34 %). The load was increased until fracture, and the fracture load, F, was used to 

calculate the maximum tensile biaxial stress in the specimen. In order to ensure statistical 

significance in the Weibull analyses, between 13 and 28 specimens were tested for each 

sample. All results were interpreted in the framework of Weibull theory according to the EN-843-

5 standard [43] under the assumption that the materials exhibit a brittle behavior. The failure 

stress was calculated after testing from the maximum tensile stress σmax, given by:  

       Eq. (1) 

where t is the specimen thickness and f is a dimensionless factor depending on geometrical 

conditions of the testing setup and the specimen’s Poisson’s ratio, calculated using finite 

element analysis [45]. For instance, considering averaged dimensions of 13.75 mm and 9.00 

mm diameter, with a thickness of 1.20 mm (taken Poisson’s ratio as ~0.2), the calculated factor 

resulted in f~1.9 and f~1.7, respectively. 

 

2.3 Evaluation of fracture toughness 

The fracture toughness (KIc) of the different SDP composites was determined using the Single 

Edge V-Notch Beam method (SEVNB) on standard specimens (7 specimens from each class) 

max 2
  

F
f

t
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of dimensions 3x4x27 mm3. A razor blade automatic machine was utilized to create the notch, 

which was sharpened to a radius of less than 5 m in order to minimize the influence of notch 

radius on KIc values [46]. Typical notch corresponding to one of the four different SDP samples 

can be seen in Figure 2. It can be appreciated that the notch radius is below the size of the 

microstructural unit of the cermet. 

   

Figure 2. Typical notch tip of the SEVNB samples fabricated by the SDP process. The size of the notch 

tip radius is below 5µm, in the order of the Ti(C,N) grain size. 
 

The notched specimens were then fractured in four-point bending tests under a cross-head 

displacement rate of 0.1 mm/min (environmental conditions of 22.5ºC and 25% RH) on a 

universal testing machine (Zwick Z010, Zwick/Roell, Ulm, Germany) according to EN-843-1 [47]. 

 

2.4 Fractographic analyses 

In order to identify the fracture origin in the B3B samples, selected broken specimens were 

analyzed with both an optical stereo microscope (Olympus SZH10, Olympus Ltd., Tokyo, 

Japan) and a Scanning Electron Microscope (Jeol JCM-6000Plus Neoscope™, Jeol Ltd., 

Tokyo, Japan). Furthermore, the fracture surface of selected SEVNB SDP-samples used for 

toughness measurements were also analyzed with the SEM, aiming to identify differences in the 

fracture mechanisms related to different carbon addition and matrix volume content.  

 

3. Results and discussion 

3.1 Strength distribution 

Figure 3 shows the results of the B3B tests conducted in the different cermets. The biaxial 

strength distribution for every sample is represented in a Weibull diagram, where the probability 

of failure, Pf, is plotted versus the failure stress, σf (calculated for every specimen according to 

SDP 

20FeNiC 
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Eq.(1)). The Weibull parameters σ0 (characteristic strength) and m (Weibull modulus) of each 

sample were calculated according to EN-843-5 standard [43]. The full lines represent the best fit 

to the strength data using the maximum likelihood method and the 90% confidence intervals. 

The Weibull parameters (σ 0 and m) and their corresponding 90% confidence intervals are listed 

in Table 5. 

 
Figure 3. Biaxial strength distributions for the different cermet samples represented in a Weibull diagram. The full lines 

represent the best fit to the strength data using the maximum likelihood method, together with the 90% confidence 
intervals. 

 
 

Table 5. Characteristic strength, σ0, and Weibull modulus, m, for the different cermet samples, along with the 90% 

confidence intervals. The porosity determined for the specimens (in vol. %) is also given for comparison, as taken 
from [34] 

Sample 
Charact. Strength 

σ0 [MPa] 
Porosity 

(%) 
Weibull modulus 

m [-] 

SC 15FeNiC 
1088 

[1059 – 1118] 
7.80 

19 
[12 – 24] 

SC-CIP 15FeNi 
1374 

[1314 – 1437] 
2.75 

12 
[8 – 17] 

SC-CIP 15FeNiC 
1375 

[1321 –1432] 
3.66 

13 
[8 – 16] 

SDP 15FeNi 
1529 

[1497 – 1562] 
1.15 

17 
[12 – 21] 

SDP 15FeNiC 
1528 

[1495 – 1562] 
1.81 

16 
[12– 20] 

SDP 20FeNi 
1529 

[1493 – 1566] 
0.44 

15 
[11 – 19] 

SDP 20FeNiC 
1867 

[1832 – 1903] 
0.99 

19 
[14 – 23] 
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The tensile strength is associated with the presence of flaws, which are distributed within the 

specimens or in their surface. The strength of a specimen is determined by the most critical 

defect (which is, in general, the largest one in the most highly stressed location). Therefore the 

strength has to be described by a distribution function, which reflects the size distribution of 

flaws in the specimens. In Figure 3 it can be observed that all cermet samples follow a Weibull 

distribution, indicating an underlying flaw size frequency function in all cermets of the type    

𝑔 ∝  𝑎−𝑝 , with m = 2(p-1) (see [43] for more details). The scatter of strength in each sample 

can be related to the different size of the critical flaw causing the failure. Figure 4 represents the 

characteristic strength versus the Weibull modulus for all cermets tested.  
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Figure 4. Biaxial characteristic strength versus Weibull modulus 
 

Figure 5 shows the characteristic biaxial strength versus the porosity (in %) for all materials 

tested to analyze the correlation between these two parameters. The main observation is that 

the lower the porosity, the higher the strength, as it was expected. As a consequence, the 

materials processed by SDP show the highest values of strength. It is worth pointing out the 

significant difference in strength between 20FeNiC and 20FeNi (with and without C addition, 

respectively). Nevertheless, such a difference cannot be observed between 15FeNiC and 

15FeNi cermets. 
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Figure 6a shows a Weibull diagram comparing the strength distribution of 15FeNiC samples 

fabricated by different processing routes, i.e. SC, SC-CIP and SDP. For a given composition, for 

example 15FeNiC, bulk pieces processed by SC showed a relatively lower sintered density 

(92.20%) and lower strength values (~1090 MPa) than samples obtained by the other 

processing methods, SC-CIP (96.34%, ~1380 MPa) and SDP (98.19%, ~1530 MPa). The same 

trend was observed for the 15FeNi specimens.  

Figure 6b shows a Weibull diagram of the strength distribution of the two 20FeNi samples, with 

and without carbon addition. It is interesting pointing out that only in the case of 20FeNi samples 

a clear difference can be appreciated in the strength, the carbon addition improving the 

mechanical behavior. For the case of 15FeNi, no difference could be observed (see Table 5). 

As it can be seen in the reported bibliography, the values of transverse rupture strength of 

sintered Ti(C,N) cermets depends strongly of the binder phase used and its volume faction, the 

addition of secondary phases as well as the carbon addition. However, the measured σ0 and m 

values are comparable to the formulation reported in the literature for the Ti(C,N) based 

cermets, or a similar composition, processed by other techniques and/or using other binders 

[10–12,16–18]. 
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Figure 5. Biaxial characteristic strength versus porosity for SC, SC-CIP and SDP cermets. 
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In order to identify the size, location and type of critical flaw, a fractographic analysis was 

performed in selected specimens corresponding to each cermet composition. 
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Figure 6. Weibull diagrams representing strength distributions: a) comparing the three processing routes 

(SC, SC+CIP and SDP), and b) showing the effect of carbon addition for the SDP 20FeNi samples. 

3.2 Failure analyses on B3B samples 

Figure 7a shows a typical broken specimen after B3B biaxial bending. The fracture origin is 

located in the center of the disc. Typical volume flaws, which may act as fracture origins, are 

pores, impurity inclusions, lakes of binder, agglomerates, etc. In order to identify the type of 

critical defect, a fractographic analysis was performed in selected samples. Figures 7b to 7h 

show representative critical flaws corresponding to the different cermet samples tested under 

B3B. The top side in the figures correspond to the tensile side. An inset of the broken sample is 

also given to illustrate the macroscopic fracture. The broken lines indicate the fracture direction. 
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Figure 7. a) Typical fractured disc specimen after the B3B test, b) to h) fracture surfaces of cermets tested under 

B3B. The inserts show the macroscopic fracture, with the broken (white) lines pointing toward the fracture origin. 

 

In most of the samples investigated in this work, the fracture origin resulted to be a large pore in 

the surface and/or subsurface of our materials, which can be modelled by a spherical cavity with 

a diameter of about 25 µm. Macroscopic brittle fracture was controlled by the extension of small 

flaws that were dispersed in the material and which behave like cracks. As it was explained in 

the previous section, there is a strong correlation between the processing route and the 

appearance of critical flaws (see Figure 5). As a consequence of that, the biaxial strength of the 

Ti(C,N)-FeNi composites fabricated through the SDP process showed a relatively high 

characteristic strength value compared to the characteristic strength of the SC-CIP and SC. 

However, the effect of carbon was not so evident in the fractography. 

3.3 Fracture resistance and failure analyses on SDP samples using SEVNB method 

The fracture toughness was evaluated following the VAMAS procedure on pre-notched 
specimens [48]: 

𝐾𝐼𝐶 =  𝑌′ ∙ 𝜎 ∙ √𝑎 =
𝐹

𝐵√𝑊
∙

𝑆𝑂−𝑆𝑖

𝑊
∙

3√𝛿

2(1−𝛿)1.5 ∙ 𝑌    Eq. (2) 

where  is the failure stress, F the fracture load (in N), So and Si are the outer and inner spans 

respectively (in m), B and W are the specimen width and thickness respectively (in m) and Y is 

a geometric factor defined for an edge crack of length a, defined as: 

𝑌 = 1.9887 − 1.326 ∙ 𝛿 −
(3.49−0.68∙𝛿+1.35∙𝛿2)∙𝛿∙(1−𝛿)

(1−𝛿)2     Eq. (3) 

with:  

𝛿 =
𝑎

𝑊
       Eq. (4) 

SDP 20FeNi SDP 20FeNiC 

g) 
h) 



 

17 
Cite this article as: M. Dios, I. Kraleva, Z. González, P. Alvaredo, B. Ferrari, E. Gordo, R. Bermejo, “Mechanical 
characterization of Ti(C,N)-based cermets fabricated through different colloidal processing routes”, J. Alloys Compd., 
732, 806-817 (2018). DOI: 10.1016/j.jallcom.2017.10.274. 

Additionally, to account for the contribution of the metallic matrix to the fracture energy of the 

cermets, the work-of-fracture (WOF) was determined from the area under the stable load-

displacement curves divided by twice the area of the un-notched part of the cross-section of the 

samples1, according to [49]. As it can be seen in Table 6, there is a positive correlation between 

WOF, KIc and the FeNi content. The FeNi content was evaluated in terms of mean free path and 

contiguity. 

Table 6. Fracture toughness and work of fracture of the SDP samples. 

Sample 
Grain Size 

(μm) 
Mean Free path 

(μm) 
Contiguity 

Fracture toughness 
KIc [MPa m1/2] 

Work of fracture  

WOF [J/m2] 

15FeNi 2.21 ± 0.3 0.74 ± 0.09 0.470 12.2 ± 0.3 1514 ± 241 

15FeNiC 2.30 ± 0.2 0.76 ± 0.06 0.470 11.9 ± 0.4 1314 ± 115 

20FeNi 2.23 ± 0.3 0.95 ± 0.12 0.413 13.5 ± 0.4 1584 ± 251 

20FeNiC 2.19 ± 0.3 0.93 ± 0.13 0.413 13.8 ± 0.2 1720 ± 105 

 

Figure 8 shows the load vs. cross-head displacement curves corresponding to the four SDP 

specimens. All specimens show a typical brittle behavior (i.e. crack propagates unstable when 

the applied stress intensity factor overcomes the fracture toughness of the material). It should 

be noticed that in this plot  the slope of the 15FeNi specimens is similar to that of the 20FeNi 

samples, but with a lower fracture load (for both samples with or without carbon addition) as it 

can be seen in the work of fracture (Table 6). This behavior indicates that the higher fracture 

toughness value in 20FeNi samples (~14 MPa·m1/2) must be related to higher metal content. In 

fact, as it can be inferred from the microstructures, for such composites, the Ti(C,N) is better 

surrounded by FeNi metal phase. The carbon addition did not significantly affect the measured 

fracture toughness of the materials. However, the strength results revealed a significant 

improvement in the 20FeNi specimens formulated with carbon. Table 6 also shows the ceramic 

contiguity and the binder mean free path, which were calculated to compare the proposed 

formulations and rationalize the effects of their microstructures on its mechanical behavior. The 

two parameters exhibited an opposite trend, i.e, the contiguity increased and the mean free path 

decreased with increasing the volume fraction of ceramic phase. In this case KIc measurements 

were found to be directly and inversely proportional to the binder mean free path and ceramic 

contiguity respectively [50].  

                                                           
1 It is assumed that all the work done was consumed in the growth of the crack and no significant elastic 
energy was stored in the specimen during testing. 
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Figure 8. Load (in N) versus cross-head displacement (in mm) of the SEVNB samples corresponding to 

the a) 15FeNi, b) 15FeNiC, c) 20FeNi, and d) 20FeNiC cermets, respectively. SEM micrographs of the 
KIc notches are plotted for illustrative purposes. The shadow area in one of the specimens is used to 

calculate the work-of-fracture. 

 

The macroscopic effect of the metal phase on the crack propagation can be seen in Figure 9. A 

very slightly difference can be recognized between the two binder compositions in terms of 

crack path. Whereas fractured 15FeNiC specimens show straight crack propagation, a slightly 

more tortuous crack path can be identified in the 20FeNiC ones. As expected, the WOF 

measured for the 20FeNiC cermets is relatively higher than the 15 FeNiC ones. Very interesting 

is the difference between composites formulated with carbon. Whereas the 15FeNiC shows the 

lower value of WOF (~1300 J/m2), the 20FeNiC reveals a relatively high level of WOF (~1500 

J/m2).  
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Figure 9. Macroscopic crack propagation during bending on SEVNB specimens corresponding to SDP 15FeNi 

and SDP 20FeNi samples, with and without carbon addition. 

 

This may be explained by observing the fracture surfaces of the SEVNB specimens. Figure 10 

shows microfracture features from the four SDP specimens. All cermets exhibit brittle fracture 

behavior on the macroscale, but on the microscale both the brittle fracture of the ceramic phase 

and the ductile fracture of the binder phase can be distinguished. This brittle fracture of the 

ceramic phase follows the transgranular mode of fracture characterized by the typical “river-like” 

pattern. This pattern occurs when the crack direction deviates from the crystallographic lattice 

plane of the Ti(C,N) phase. The cleavage fracture path through the carbide can either follow the 

SDP 20FeNiC SDP 20FeNi 

SDP 15FeNi SDP 15FeNiC 
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crystallographic plane with relatively smooth surface that increases the deviation from the crack 

direction or return closer to the crack direction by jumping between the crystallographic planes, 

yielding the river-like ripples or steps on the surface. On the other hand, the fracture along the 

carbide-binder interface has remnants of the plastically fractured binder phase with shallow 

dimples on the smooth surface of the carbide. It is also important to notice the low amount of 

close porosity found in all cases, which is indicative of the proper sintering process.  

It is worth mentioning that not all fractures were identical, revealing differences among the 

different compositions. It is clear how a greater concentration of dimples appears as the metal 

content increases in the composition of the cermet (from 15 vol.% to 20 vol.%). This 

phenomenon suggests that the material had broken through the ceramic/metal interface while 

retaining the hardness [30]. As reported in measurements of biaxial resistance, the addition of 

carbon causes a slight modification related to the strengthening of the ceramic/metal interface, 

as it happens in the case of the SDP 20FeNi materials (~1530 MPa without carbon and ~1870 

MPa with carbon addition). These results are in agreement with that reported by Alvaredo et al. 

[51] in which a thermodynamic simulation using ThermoCalc software was done to calculate the 

effect of carbon additions in the phase diagram of Ti(C,N)-Fe cermets. The results obtained 

showed a significant influence of the carbon percentage on the solidus temperature, which 

influences sintering behavior, leading to changes in the Ti(C,N) particles shape and 

composition, due to changes in the stoichiometry of the Ti(C,N). The experimental results 

obtained in this work constitute proof evidence that the appropriate carbon addition to cermet 

compositions is to be reflected in the cermet microstructure and mechanical properties. 
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Figure 10. SEM micrographs of the fracture surfaces of SEVNB SDP samples with different composition: a) 15FeNi, 

b) 15FeNiC, c) 20FeNi, and d) 20FeNiC, respectively. 

 

Based on the hardness values [30], strength results and fracture resistance behavior (KIc and 

WOF) supported by the crack paths observed on the fractured specimens, it can be concluded 

that SDP 20FeNiC specimens formulated with 0.5 wt.% of carbon are good candidates to 

improve the mechanical behavior of Ti(C,N)-based cermets. 

4. Conclusions 

Ti(C,N)-FeNi cermets with different compositions were prepared combining powder metallurgy 

and colloidal techniques, to investigate the influence of the processing route, the ceramic/metal 

balance and the carbon addition on the mechanical properties. The major conclusions are 

summarized as follows: 

+ Considerably improved biaxial strength was observed in the samples obtained through SDP 

when compared to other techniques such as SC and SC-CIP, due to the increase of density of 

sintered specimens (from 92.2% to 99.0%). Comparing the biaxial strength of the different 

cermets investigated, it was found that the difference in strength is determined by the remnant 

porosity obtained depending on the processing method. 

+ The addition of a higher amount of metal binder (from 15 vol.% to 20 vol.%) improved the 

biaxial strength (from ~1530 to ~1870 MPa with carbon addition) 

+ The effects of the addition of carbon on the mechanical properties of sintered Ti(C,N) cermets 

were also investigated. The addition of 0.5 wt.% of carbon with respect to the weight of matrix 

enhances the rearrangement of Ti(C,N) particles during liquid-phase sintering and then their 

densification after the thermal process. The designed cermet processing and formulation 
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generates a homogeneous distribution of Ti(C,N) within the microstructure, which promotes the 

trans-granular fracture of the specimens. The addition of carbon increases the fracture 

toughness, being this effect more evident in the cermets processed with a higher proportion of 

metal binder (20FeNiC). 

+ The SDP 20FeNiC cermet exhibits enhanced mechanical properties with a biaxial strength of 

1867 [1832 – 1903] MPa, a fracture toughness of 13.8 ± 0.2 MPa·m1/2 and a work-of-fracture of 

1720 ± 105 J/m2, being the best composite candidates to improve the mechanical performance 

of the proposed Ti(C,N)-based cermets meeting the requirements for tool materials. It may be 

presumed that the ceramic contiguity is deleterious for biaxial strength and fracture toughness 

of Ti(C,N)-based cermets. 
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