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ABSTRACT

Ceramic–metal composite powders (Ti,M)C-Ni (M = Mo, W and Ta) were pre-

pared from elemental powders using a one-step mechanochemical synthesis

method through high-energy ball milling. The microstructure and mechanical

properties of the resulting cermets were also investigated. The analytical results

revealed that ball milling of Ti-M-C-Ni elemental powders triggered a com-

bustion reaction between Ti and C. The reaction resembled a fast sintering

process which facilitated alloy elements atoms dissolve into the newly formed

TiC, synthesizing the (Ti,M)C-Ni composite powders. The microstructure of the

sintered (Ti,M)C-Ni cermets consisted of the core-rim structure grains and

homogenous grains. High-resolution transmission electron microscope analysis

results revealed that there was a misorientation between the ceramic phase and

the binder phase in the cermets, but the interface between the core and the rim

was coherent. The cermets exhibited mechanical properties that were compa-

rable to conventionally produced cermets, particularly in fracture toughness

which was as high as 12.45 MPa m1/2. The excellent cohesion between the Ni

binder and the (Ti,M)C solid solution and the reduction in the interfacial stress

in ceramic grains were believed to be responsible for the enhanced toughening

of the cermets.
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Introduction

TiC/Ti(C,N)-based cermets are promising material to

replace WC–Co cemented carbide for high-speed

cutting and metallic hot forming tools due to the

lower cost and excellent properties which include

high melting point and hardness, improved thermal

conductivity, oxidation resistance, creep resistance

and a low friction coefficient with metals [1–5].

Typically, the cermets consist of TiC/Ti(C,N) ceramic

grains embedded in a Ni and/or Co alloys which act

as the binder. A variety of secondary carbides such as

Mo2C/Mo, WC and TaC/NbC are used to improve

the specific properties of TiC/Ti(C,N)-based cermet,

such as sinterability, hot hardness and thermal shock

resistance [6–9]. These additives also resulted in

producing typical core–rim ceramic grains in the

cermets. The core of the grains is undissolved TiC/

Ti(C,N) particles and the rim is (Ti,Me)C/

(Ti,Me)(C,N) solid solution (Me = Mo, W, Ta, Nb,

etc.) [10–16]. In general, the rim phase can be divided

into two regions, an inner rim close to the core–rim

boundary which is richer in heavy metals and an

outer rim close to the rim-binder phase boundary

with less heavy metal content than the inner rim

[10–16].

Although TiC/Ti(C,N)-based cermets have many

advantages over WC-based cemented carbide,

including hot hardness, thermal conductivity, oxi-

dation resistance, creep resistance [3–6], the cermets

exhibits lower fracture toughness than the cemented

carbide, which limits the cermets’ industrial appli-

cations. The inferior fracture toughness of the cermet

is attributed to both the poor wettability of liquid Ni

on TiC/Ti(C,N) and to a large quantity of highly

strained core-rim interfaces in the ceramic grains

[4, 17, 18]. The use of pre-alloyed single-phase and

homogeneous solid-solutions such as (Ti,W)C,

(Ti,W)(C,N) as the hard phase has been proven to be

effective for improving the toughness of cermets

[17–20]. However, the aforementioned carbides or

carbonitride solid solutions are generally prepared

using a carbothermal reduction method, which is

time-consuming and requires a high-temperature

vacuum furnace and other expensive instruments

[21].

Recently, mechanochemical processing has been

used as a powerful manufacturing technique for the

synthesis of several novel powder materials [22–27]

and offers advantages over other methods such as

low cost, small particle sizes and narrow size distri-

bution [27]. Researchers have reported that carboni-

trides solid solutions such as (Ti,Nb)(C,N),

(Ti,Ta)(C,N) and (Ti,Nb,Ta)(C,N) were synthesized

by mechanochemical processing under high-pressure

nitrogen atmosphere [24–26]. Nevertheless, as a kind

of inert gas, nitrogen was difficult to be captured

during the mechanochemical process due to the

instantaneous high temperature. As a result, the

acquired solid solutions deviated their designed

ingredients significantly and the metals powders

remained, which caused the generation of inter-

metallics during the mechanochemical reactions and

the subsequent sintering process and deteriorated the

mechanical properties of cermets.

The element N in Ti(C,N)-based cermets system

plays a role of refining the grain size and improving

the mechanical properties [8]. However, in view of

the difficulty of the capture of N from the nitrogen

atmosphere by the mechanochemical method, other

approaches should be sought to refine grain size and

avoid a potential generation of intermetallics. On the

other hand, only a small amounts of Ta and Nb are

usually added in the cermets system in order to

improve the hot hardness and thermal shock resis-

tance [6, 7]. Instead, W and Mo are the most impor-

tant and commonly used alloy elements for

eliminating pores and refining grain size [5, 10, 17].

To date, however, there are few researches concern-

ing the mechanochemical synthesis of carbides solid

solutions that contain W or Mo, which are essential

elements for improving the performance of the cer-

mets. Besides, the cermets prepared by the

mechanochemical method did not exhibit accept-

able mechanical properties due to the existence of

intermetallics in the binder phase [24–26]. Thus, there

are many issues need to explore concerning the

preparation of superior cermets by means of the

mechanochemical method. In this reported work,

three types of cermets (Ti,W)C-Ni, (Ti,Mo)C-Ni and

(Ti,Ta)C-Ni were prepared from elemental powders

using a mechanochemical processing combined with

the pressureless sintering, and the synthesis process

of the composite powders, mechanical properties and

microstructures of the cermets were also investigated.
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Experimental procedures

Commercial Ti powder (purity 99%, particle size

45 lm, oxygen content 0.25 wt%), Mo powder (purity

99.9%, particle size 2.80 lm, oxygen content

0.25 wt%), W powder (purity 99.9%, particle size

3.80 lm, oxygen content 0.15 wt%), Ta powder (pu-

rity 99.5%, particle size 38 lm, oxygen content

0.18 wt%), Ni powder (purity 99.8%, particle size

2.25 lm, oxygen content 0.14 wt%) and graphite

powder (purity 99.9%, particle size 5.50 lm) were

used in this study. Table 1 lists the nominal compo-

sition of the four raw powder mixtures, they are

labeled P1–P4, respectively. P1 is a comparison

among these four samples.

The synthesis procedure consisted of placing mix-

tures and WC–Co balls with diameter of 8 mm into

stainless steel vials which were then filled with

highly pure argon (99.999%). The outer diameter,

inner diameter and height of the stainless steel vials

are 130 mm, 100 mm and 150 mm, respectively. The

powder mixtures with the weight of 50 g for every

system were then planetary ball-milled with a ball-to-

powder weight ratio of 30:1 and a rotation speed of

400 rpm. During milling, the external temperature of

the vial was monitored using an infrared ther-

mometer (F62Max, Fluke, China). As the temperature

abruptly increased by 60 �C, the MSR was ignited.

After ignition, the milling process was continued to

reach four hours so that homogenous products were

obtained. The phases of milled products were iden-

tified using XRD (XRD-7000, Shimadzu, Japan). The

powder specimens milled with different durations

for XRD are obtained by uninterrupted ball milling.

The morphology of the milled powders was exam-

ined using SEM (Nova Nano 450 and Quanta 200,

FEI, USA) equipped with an EDS (EDAX, USA).

In order to improve the powder yield, the com-

posite powders were obtained by several minutes of

wet ball milling using alcohol. The slurry was then

sieved by 325 mesh and dried in a vacuum oven. All

of the dry powders were broken and then sieved by

200 mesh without the addition of forming agent. The

synthesized composite powders were compacted in a

rectangular mold with a uniaxial pressure of

300 MPa and then sintered at 1445 �C under vacuum

(10–3–10–2 Pa) for 1 h. The sintered specimens were

grinded by diamond wheels using a machine tool to

remove the surface scale before the mechanical

properties tests. The transverse rupture strength

(TRS) of the cermets was determined using a uni-

versal material testing machine (Zwick/Roell Z020,

Germany) employing the three-point bending

method (span 14.5 mm, strain rate was 0.5 mm/min).

The dimension of the rectangular bar specimen was

20.00 mm 9 6.50 mm 9 5.00 mm. The TRS values

were averaged for five specimens.

After the TRS tests, the fractured surfaces of the

specimens were grinded to flat and then polished by

different grades of diamond abrasive papers and

diamond pastes to mirror surfaces for XRD analysis

and SEM observation. The interfacial structure of the

cermets was observed using FTEM (Tecnai G2 F30,

FEI, USA). The TEM samples were prepared by a

Focused Ion Beam (FIB, FEI Helios NanoLabG3 CX).

A protective platinum with the thickness of 1 lm was

deposited on the surface before digging out the piece

by FIB. The ion beam with the voltage of 30 kV and

the current of 2.5–9.3 nA was used in the digging

process. Then the voltage of 30 kV and the current of

0.79 nA was used in the rough thinning process, and

the voltage of 2–5 kV and the current of 23–41 pA

was used in the fine thinning process.

Porosity of the polished specimens was evaluated

using ISO 4505. The hardness was measured by a

Vickers hardness tester (432 SVD, Wolpert Wilson

Instrument, China) with an indenter load of 30 kg

over 15 s, and fracture toughness (KIC) was calcu-

lated from the crack lengths caused by the indenta-

tions using the expression derived by Shetty et al.

[28].

Table 1 Starting composition,

ignition time and characters of

the synthesized powders

Sample Target composition Ignition time (min) Ceramic phase Lattice constant (nm)

P1 TiC-20 wt% Ni 98 TiC 0.43265

P2 (Ti,W0.05)C-20 wt% Ni 106 (Ti,W)C 0.43239

P3 (Ti,Mo0.1)C-20 wt% Ni 107 (Ti,Mo)C 0.43207

P4 (Ti,Ta0.05)C-20 wt% Ni 86 (Ti,Ta)C 0.43311
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Results

Synthesis of the composite powders

An abrupt increase in temperature of the milling vials

was observed in each system after milling for a while,

which indicated that a mechanically induced self-

sustaining reaction (MSR) occurred in these four

mixtures. The MSR appeared to be instantaneous as

is the case in the self-propagating high-temperature

synthesis (SHS) process. The average ignition time,

i.e., activation period, for each system is shown in

Table 1 and it was reproducible within ± 3 min.

Figure 1 shows XRD patterns of P1–P4 after milling

for different durations. The phase composition of the

products consisted mainly of a TiC/TiC-type phase

and Ni. This was attributed to the high adiabatic

temperature of TiC (Tad = 3210 K [27]), which caused

an occurrence of the self-sustained reaction (P4 also

contained some TaC due to its high adiabatic tem-

perature 2700 K [27]). The XRD data were used to

estimate the lattice parameters of the carbide phases

using the Nelson–Riley extrapolation function [29]

and the results are provided in Table 1. By comparing

the lattice parameters of the TiC and TiC-type phase,

it is reasonable to conclude that the TiC-type phases

in P2, P3 and P4 were (Ti,W)C, (Ti,Mo)C and (Ti,Ta)C

solid solutions, respectively. However, some Mo, W

and Ta powders were residual in the systems after

MSR from the XRD patterns, which indicated that

complete solid solutions had not resulted. As the

milling time was prolonged, W and Ta remained in

the mixture system, but Mo disappeared. Meanwhile,

the diffraction peaks of WC abrasives from the

Figure 1 XRD patterns of the mixtures after milling for various times: a Ti-C-Ni; b Ti–W-C-Ni; c Ti-Mo-C-Ni; d Ti-Ta-C-Ni.
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milling balls were observed in the XRD patterns. The

morphology of the resulting composite powders is

shown in Fig. 2a.

Besides the ultrafine composite powders, it also

can be found some irregular porous blocks as shown

in Fig. 2c with the size of 1–15 mm in the four mix-

tures after the MSR was ignited. These blocks had a

phase composition similar to the composite powders

(Fig. 1). The surface of the block is full of pores in

which an abundance of smooth spherical ceramic

particles can be observed. From the microstructure of

the block shown in Fig. 3, the spherical ceramic

grains were distributed uniformly in Ni binder

phase. However, there was a difference in the

ceramic grain microstructures between the Ti-C-Ni

system and the Ti-M-C-Ni systems (M = W, Mo, and

Ta, hereinafter inclusive). The former only exhibited

homogenous TiC grains while the latter exhibited a

core-rim structure grains, as shown in Fig. 3b–d. The

EDS analyses suggested that both the core and the

rim in Fig. 3b–d were (Ti,M)C solid solutions but the

concentration of the heavy alloy elements in the rims

was higher than that in the cores. These core-rim

structures grains were similar to those found in

conventional TiC/Ti(C,N)-based cermets, which are

formed by a liquid sintering process. Consequently,

the appearance of the blocks with the morphology

and microstructure also suggested that a liquid phase

Figure 2 Micrographs of the synthesized composite powder and

the block: a the ultrafine composite powders; b The EDS analysis

result of the synthesized TiC-Ni composite powder; c the block

and its enlarged close-up; d The EDS analysis result of the binder

phase in the block from Ti-C-Ni system.
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had formed during the MSR [30]. In addition, some

TaC particles with very bright contrast due to high

atomic number were also included in the Ti-Ta-C-Ni

blocks as shown in Fig. 3d, which is consistent with

the XRD patterns in Fig. 1. The impurities from the

vials were also detected in the synthesized composite

powder and blocks by EDS as shown in Fig. 2c, d,

and the results indicated only trace amounts of

impurities (about 2–3 at.% Fe) remained in the

systems.

Microstructure of the cermets

The P1–P4 composite powders after 4 h of ball mil-

ling were used to fabricate cermets and were labeled

as C1–C4. The phase compositions and microstruc-

tures are shown in Figs. 4 and 5, respectively. The

XRD patterns indicated that the four kinds of cermets

consisted of TiC/(Ti,M)C hard phases and Ni-based

binder phases which contained dissolved alloy ele-

ments. It also can be observed two types of ceramic

grains from the microstructures shown in Fig. 5, one

was core-rim structure grain (but without an inner

rim) while the other was homogenous (single-phase)

grains without a core-rim structure. The phase

composition of the ceramic grains in the microstruc-

tures was analyzed by EDS and the results are shown

in Table 2. Both the cores and the rims in C2-C4

cermets were (Ti,M)C solid solution but with differ-

ent Ti/M atomic ratios. This case was similar to the

microstructures of the blocks. Obviously, the syn-

thesized (Ti,M)C solid solutions particles acted as the

hard phase of the cermets.

The phase composition of the ceramic grains in the

cermets (Table 2) suggested that the concentration of

the alloy elements in the rims was higher than that in

the cores, which was caused by a dissolution and

precipitation process. During the liquid-phase sin-

tering, the remnant alloy elements (Ta and W), the

secondary carbides TaC and WC (from ball abra-

sives), and the partial (Ti,M)C solid solution ceramic

particles dissolved in the liquid Ni binder and then

precipitated in the form of another TiC-based solid

solutions on the undissolved (Ti,M)C ceramic parti-

cles, forming the rim phases. This is the widely

accepted Ostwald ripening mechanism, which has

been described as being responsible for the formation

of the grains with the core-rim structure in conven-

tional TiC/Ti(C,N)-based cermet systems [10–16]. As

shown in Fig. 5c, the (Ti,Mo)C-Ni cermet shows an

Figure 3 SEM-BSE image

and EDS analysis of the blocks

formed in different systems

during MSR: a Ti-C-Ni; b Ti–

W-C-Ni; c Ti-Mo-C-Ni; d Ti-

Ta-C-Ni. The composition of

the phases was indicated by

elemental atomic ratio.
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inconspicuous core-rim structure, which was attrib-

uted to the similar composition (Ti/Mo atomic ratio)

between the core and the rim (Table 2). However,

unlike the formation mechanism of the core-rim

structure grains, the single-phase solid solution car-

bide grains, having a similar composition to the rims,

probably precipitated directly from the liquid Ni due

to constitutional supercooling, which occurred

during the cooling stage of the sintering. Conse-

quently, this kind of ceramic grains lacked the core-

rim structure [19].

It’s worth noting that the content of the impurities

in the binder phase of the sintered cermet was higher

than that of the block, as shown in Figs. 3d, 6. This

was related to the formation mechanism of the

impurities. As the cemented carbides balls are harder

Figure 4 XRD patterns of the cermets: a the common patterns of the four kinds of sintered bodies; b the local detail of the XRD pattern

for C3.

Figure 5 Microstructure of

the cermets sintered at

1445 �C for 1 h: a TiC-Ni;

b (Ti,W)C-Ni; c (Ti,Mo)C-Ni;

d (Ti,Ta)C-Ni. The

homogenous grains were

indicated by yellow arrows.
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than the stainless steel vials, the vials are grinded and

scratched by the balls during ball milling collision.

Thus, majority of the stainless steel material was

adhered on the balls surfaces and only slight stainless

steel material mixed into the powders. As a result, the

blocks that generated from the mixed powders con-

tained a small amount of stainless steel impurities. In

the following process, the composite powders were

obtained by several minutes of wet ball milling using

alcohol in order to improve the powder yield. Con-

sequently, the adhered stainless steel impurities on

the ball surfaces were transferred into the composite

powders, which gave rise to the high content of

impurities in the sintered cermet. Nevertheless, the

high content of the impurities was regarded to be

detrimental to the hot hardness and corrosion resis-

tance of the cermets.

Figure 7 shows the HRTEM images of the inter-

faces in the (Ti,W)C-Ni solid solution cermet. The

interface between the binder phase and the ceramic

phase was incoherent and had a misorientation angle

of 55� (Fig. 7a). Numerous studies have shown that

the ceramic phases and binder phases were randomly

oriented at their interfaces without a fixed orientation

relationship in Ti(C,N)-based cermets [31–34]. The

interfaces between the two phases could be coherent

or incoherent [35], and this depended on the lattice

mismatch between them. From the XRD data and the

HRTEM images in Figs. 4 and 7a, the interplanar

spacings for (200) plane of the ceramic phase d1 and

(111) plane of the binder phase d2 were 0.2145 nm

and 0.2063 nm, respectively. Thus, the mismatch

(d ¼ d1�d2

d1
) was calculated to be 3.82%, which was

large enough to result in the formation of incoherent

interface and misorientation. Previous studies also

have claimed that there was a slight misorientation

between the core and the rim in conventional TiC/

Ti(C,N) cermets, which led to the generation of dis-

locations at the interfaces [31, 35, 36]. However, the

interface between the core and the rim in Fig. 7b was

coherent due to the remarkably similar compositions,

and the lattice mismatch between the core and the

rim could be calculated to be 0.09% based on the XRD

pattern data shown in Fig. 4b, which suggested a low

interfacial stress in the cermets prepared via the

mechanochemical technique.

Mechanical properties of the cermets

The porosity and mechanical properties of the

(Ti,M)C-Ni solid solution cermets are shown in

Table 3. The low porosity of the cermets indicated

that the composite powders prepared by MSR were

easily sintered to obtain dense bulks by pressureless

sintering. The hardness and TRS of the materials

were comparable to those of chemically similar,

conventionally produced cermets, but the fracture

toughness (KIC) of the materials was higher. In par-

ticular, the fracture toughness of the (Ti,W)C-Ni

cermets was as high as 12.45 MPa m1/2. By contrast,

Table 2 Chemical

composition of the various

phases in the cermets (carbon

cannot be accurately quantified

by EDS; therefore, only the

relative atom fraction of

metallic constituents was

provided from the average

value of five points)

Element TiC-Ni (Ti,W)C-Ni (Ti,Mo)C-Ni (Ti,Ta)C-Ni

Core Rim Core Rim Core Rim Core Rim

Ti 100 97.30 96.06 90.81 91.76 87.25 96.97 91.11

W – 2.70 3.94 9.19 – 1.10 – 0.59

Mo – – – – 8.24 11.65 – –

Ta – – – – – – 3.03 8.30

Ti/M – 36.04 24.38 9.88 11.14 7.49 32.00 10.98

Figure 6 The EDS analysis result of the binder phase in the

sintered TiC-Ni cermet. The EDS site is indicated by a red cross in

Fig. 5a.
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the value of conventional TiC/Ti(C,N)-based cermets

is usually less than 10 MPa m1/2

[13, 14, 19, 21, 37, 38]. Generally, transgranular frac-

ture was predominant while intergranular fracture

was infrequent in conventional TiC/Ti(C,N)-based

cermets [18, 20]. However, the two kinds of fracture

modes are both observed in Fig. 8 that shows the

cracks propagation path of the (Ti,M)C-Ni solid

solution cermets caused by Vickers indenter with

30 kg load. The presence of intergranular fracture

indicated that cracks propagated in the ductile binder

phase, which toughened the cermets by crack bridg-

ing and deflection effect.

Discussion

The formation mechanism of the solid
solution composite powders

The microstructure of the blocks formed in this study

was the same as that of the cermets prepared by

Dunmead et al. [39] and Zhang et al. [40] through

SHS method. They have confirmed that the spherical

TiC grains were formed via the dissolution and pre-

cipitation mechanism [39–41]. In this study, the ball

milling process of the Ti-C-Ni system can be descri-

bed as the four stages shown in Fig. 9. At the early

stage, all powders are refined and mixed uniformly.

The metal powders experienced severe plastic

deformation and generated plenty of defects such as

Figure 7 The HRTEM

micrographs of the phase

boundaries in the (Ti,W)C-Ni

cermets: a the interface

between ceramic phase and

binder phase; b the interface

between the core and the rim.

Table 3 Porosity and

mechanical properties of the

cermets

Cermet Porosity Hardness (GPa) TRS (MPa) KIC (MPa m1/2)

TiC-Ni A04B00 13.3 ± 0.3 1542.4 ± 49.5 8.28 ± 0.63

(Ti,W)C-Ni A02B00 14.0 ± 0.2 1644.5 ± 52.5 12.45 ± 0.69

(Ti,Mo)C-Ni A02B00 13.7 ± 0.2 1581.0 ± 69.0 11.74 ± 0.85

(Ti,Ta)C-Ni A04B00 14.2 ± 0.2 1559.0 ± 42.0 12.02 ± 0.53

Figure 8 Crack propagation

path of the cermets prepared

by MSR: a (Ti,W)C-Ni;

b (Ti,Mo)C-Ni. White arrows

indicated the trace of

intergranular fracture.
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vacancies, dislocations and grain boundaries. The

refining of the particles also increased the stored strain

energy, contact area and activity of the reactants. After

a period of the milling, the small graphite fragments

attached to the Ti and Ti-inserted Ni powders over

lager area. When each particle reached a critical

lamellar thickness (fully activated), the reaction

between Ti and C was ignited by an instantaneous

collision at a certain site and spread quickly through

the whole system like the SHS process.

A huge reaction heat raised the temperature

abruptly and melted the Ni powders, which acted as

the diluent, hindering the MSR and giving rise to a

longer activation period. The formation of the liquid

phase improved the atoms diffusion rate of the sys-

tem by dissolving, which promoted a rapid formation

and a substantial precipitation of TiC (the spherical

particles shown in Fig. 2c). Nevertheless, the released

heat lasted a short time and the temperature of the

system dropped sharply due to the high frequency of

milling balls impact. As a result, the milling balls

impacted the solidifying melts which encased TiC

grains and divided into many pieces, most of which

was refined and became ultrafine composite

powders. However, some melted liquid phase which

located at the bottom of the vials were only divided

into several large pieces and solidified soon due to

the insufficient ball collision at the bottom sites, and

eventually became the blocks. Therefore, the ultrafine

composite powders were actually the broken form of

the blocks.

In the Ti-M-C-Ni systems, the alloying elements W,

Mo and Ta were able to dissolve in the liquid phases

by means of the large amount of heat released by the

MSR (the MSR which occurred in P4 also involved

the combustion reaction between Ta and C). Mean-

while, these alloying elements can also diffuse into

the newly-formed TiC grains and formed (Ti,M)C

solid solution ceramic grains. As the liquid phase

solidified, the W, Mo and Ta precipitated in the form

of another (Ti,M)C solid solutions on the ceramic

grains. Since the dissolution or diffusion rate of the

alloy elements in the liquid phase was greater than

that in solid phase, the rims exhibited higher con-

centrations of the alloy element than the cores, lead-

ing to a different contrast in the SEM images, i.e., the

core-rim structure. Nevertheless, the instantaneous

high temperature was responsible for the residual

Figure 9 The schematic

diagram of Ti-C-Ni system

during ball milling. a Initial

powders are mixed uniformly.

b The powders were refined

and activated. c The heat

released by the initial formed

TiC ignites the combustion

reaction and the melts appears.

d The melts merge and

solidify during the cooling

stage and form porous block.
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alloy elements, which resulted in low concentration

of alloy elements in (Ti,M)C solid solutions after the

MSRs. However, among these alloy elements, Mo

was easier to dissolve into the TiC lattice, which also

can be confirmed by Mo completely dissolving into

TiC through the long ball milling [42, 43]. Conse-

quently, there were inconspicuous core-rim structure

grains in the Ti-Mo-C-Ni system.

The toughened mechanism of the cermets

In general, conventional TiC/Ti(C,N)-based cermet

systems have a core-inner rim and inner rim-outer

rim interfaces besides ceramic grains-Ni binder

interface. The interfaces between TiC/Ti(C,N) core

and inner rim and outer rim can be highly strained,

depending on the composition between these phases.

These interfaces are potential sites for crack initiation

and propagation [17, 18, 24], which leads to trans-

granular fracture of the ceramic grains and low

fracture toughness in the materials. In the

microstructure of the (Ti,M)C-Ni solid solution cer-

mets prepared in this study, however, the core-rim

grains did not involve any inner rims and the

homogenous grains did not involve any interfaces,

thus the interface areas in the cermets reduced sig-

nificantly. Furthermore, the HRTEM image in Fig. 7b

indicated that the stress level of core-rim grains in the

(Ti,M)C-Ni solid solution cermets was not as high as

that in conventionally produced cermets [18, 35, 36].

In this instance, the transgranular fracture tended to

be reduced, while the intergranular fracture

increased. Consequently, the (Ti,M)C solid solution

exhibited an improved fracture toughness.

On the other hand, the degree of adjacency (namely

the contiguity value) of ceramic grains,Cc, was also

estimated by using the formula [44–46]

Cc ¼
2Ncc

2Ncc þNcb

where Ncc and Ncb are the average number of inter-

cepts of a line with random direction of unit length

with traces of ceramic phase—ceramic phase inter-

faces and ceramic phase—Ni binder phase interfaces,

respectively. The degree of adjacency of ceramic

grains was estimated by ImageJ� software based on

the SEM micrographs shown in Fig. 5. The contiguity

values of ceramic grains for C1–C4 were 0.27, 0.24,

0.32 and 0.23, respectively. Compared to the higher

contiguity values (0.35–0.47) in conventional TiC/

Ti(C,N)-based cermets [44–46], the lower degree of

adjacency of ceramic grain suggested a well distri-

bution of ceramic grains in binder phase, which is

beneficial to crack intergranular propagation and can

result in the higher toughness.

Conclusions

TiC-based solid solution cermets were prepared

using a mechanochemical method and subsequent

pressureless sintering. The ball milling of Ti-M-C-Ni

elemental powders triggered a combustion reaction

between Ti and C. The heat of reaction promoted the

dissolution of alloy elements into the newly formed

TiC, which resulted in ultrafine (Ti,M)C-Ni compos-

ite powders. The heat released by the combustion

reaction also caused a fast liquid sintering process

and resulted in the formation of the blocks. There was

a misorientation between the ceramic phase and the

binder phase, but the interface between the core and

the rim was coherent and the stress level of core-rim

grains in the (Ti,M)C-Ni solid solution cermets was

lower. Consequently, the (Ti,M)C-Ni cermets pre-

pared in this study exhibited mechanical properties

that were comparable to conventionally produced

cermets, particularly in fracture toughness which was

as high as 12.45 MPa m1/2.
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