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Abstract—(Ti,W)C-based cement tool materials with c-BN particles as additive phase are fabricated
by the hot press sintering. The effect of c-BN addition on the microstructure and mechanical proper-
ties of (Ti,W)C-based cement tool materials are investigated. With the addition of c-BN, the fracture
mode of composite transform from intergranular to transgranular fracture. The main toughening
mechanism is particle bridging, crack deflection and crack bifurcation, which improve the fracture
toughness of cement tool material. The proper addition of c-BN can improve the mechanical proper-
ties of the composites. When the content of c-BN is 1.5 wt %, (Ti,W)C-based cement tool materials
reaches the optimum comprehensive mechanical properties. The hardness, the flexural strength and
the fracture toughness is 19.78 GPa, 987 MPa and 9.44 MPa m'/2, respectively.
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1. INTRODUCTION

Cermets are the important engineering composites and have been used for cutting tools, abrasive slurry
nozzles, mechanical seal rings, bearings, and forming dies because of their high mechanical properties,
outstanding wear and oxidation resistance and thermal stability. Cermets are composed of ceramic phase
which provides high hardness and metal binder phase which bonds the ceramic phase and contributes to
toughness and ductility. Ceramic phases have carbides, nitrides, oxides, carbonitrides of titanium, molyb-
denum, tungsten, and tantalum, while cobalt, nickel, molybdenum alloys, etc., are usually applied as the
metal binder [1, 2].

(Ti,W)C-based carbides are generally fabricated by liquid phase sintering, whose hard phase is dis-
persed in tough metal binder phase. The relevant studies showed that the mechanical properties can be
improved by the optimized composites and the surface treatment. (Ti,W)C-based cemented carbides with
15 wt % Co binder phase have the best comprehensive mechanical properties [3]. Nam [4] found that the
toughness of (Ti, W)C—Co hard materials is enhanced by the additive of a thin platelet (Ti,W)C phase. Lin
[5] found that Mo,C additive can improve the sinterability and the mechanical properties of (Ti,W)C.
Chen [6] reported that finer microstructures were obtained and the hardness and transverse rupture
strength of (Ti,W,Ta)C improved with the increase of Mo addition. Prokopiv [7—11] found out that ther-
mal compression treatment of WC—(Ti,W)C—Co cemented carbide reduces residual microporosity,
eliminates pores and has the formation of the elongated-shape phase in the microstructure, which is ben-
efit for the improvement of the tool life and cutting properties. WC—(Co,Ni,Al) film, improving the oper-
ational properties, can be formation with the Ni;Al and the WC—7(W,Ti)C—10Co cemented carbide at
1530°C in a vacuum on the cutting plate surface [12]. (Ti,W)C-based carbides are usually used for tool
materials in high-speed machining, semi-finishing, and finishing work for both carbon and stainless steels
[4, 13—16]. The fracture toughness of tool materials is one of the most important factor for the life and
reliability of cutting tools. Meanwhile, the wettability is poor between (Ti,W)C hard phase and Co binder
phase, which leads to low densification, abnormal grain growth and degradation of the mechanical prop-
erties during sintering [5, 14]. In order to improve the strength and fracture toughness of ceramic-matrix
composites, various toughening methods was developed, such as platelet strengthening [ 17], whisker rein-
forcements [ 18, 19], grain bridging [20], and second-phase particle toughing [21, 22].
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Table 1. Characteristics of raw powders

Powders Particle size, um | Theoretical density, g/cm’ [Thermal expansion, 10~¢ K~!| Elastic modulus, GPa
(Tig 5, Wo 5)C 1-3 9.49 5.58 570
c-BN 0.1-0.3 3.49 4.7 700
Co 1-3 8.9 6.8 213

Table 2. The content of cermet tool materials (wt %)

Samples (Ti,W)C Co c-BN
CTO 85 15 0
CTl1 84 15 1.0
CT1.5 83.5 15 1.5
CT2 83 15 2.0
CT3 82 15 3.0

The cemented carbides with the additive second-phase have attracted much attention because the sec-
ond-phase particles could enhance wettability and sinterability, impede grain growth and improve micro-
structure. It is well known that the mechanical properties of cemented carbides are close related with their
microstructure. The addition of the second phase particles in the material can effectively improve the
mechanical properties of the composites [23—26]. Cubic boron nitride (c-BN) has the second greatest
hardness and is less reactive with ferrous materials, which makes it the appropriate enforcing additive
phase for the tool material in material removal applications for ferrous workpieces [27]. c-BN is applied
to the preparation of various composite tool materials, such as Al,O;—cBN, -Sialon—cBN, TiN—cBN,
mullite—cBN and other composite tool materials [28—32]. Zhang et al. [33] studied WC—Co—c-BN
composites and found that the additive of c-BN can improve the Vickers hardness and fracture toughness
of the material. Chiou et al. [34] studied the effects of c-BN contents on the mechanical properties of c-
BN/TiC composite ceramics and found that the Vickers hardness of the ceramic composites was the high-
est at the molar ratio of c-BN/TiC of 2 : 1. Zhang et al. [35] proposed that c-BN improve the mechanical
properties of Ti(C,N)-based cermet. Klimczyk et al. [36] fabricated Al,O;—c-BN composites by spark
plasma sintering (SPS) and high pressure high temperature (HPHT) and found that the relative density
and Vickers hardness of the composites prepared by SPS were slightly lower than those prepared by
HPHT. The improvement of c-BN@AI,O; as the additive on the microstructure and mechanical was
investigated by our group [37]. However, the preparation of c-BN@AI,O; is complicated and time-cost.
It is also useful to analyse the effect of c-BN without surface modification on the grain growth and mate-
rial performance of (Ti,W)C-based cement composites for the development of the novel type cermet tool
materials.

In this paper, to explore the effects of c-BN addition on the grain growth and material performance of
(Ti,W)C-based cement composites, (Ti,W)C-based cement tool materials was fabricated by using
(Ti,W)C as matrix, Co as binder, c-BN particles as additive phase by the hot press sintering. The influence
of the c-BN addition on the microstructure, grain size, fracture mode and mechanical properties of
(Ti,W)C-based cermets were investigated.

2. EXPERIMENTAL

The particle sizes, stoichiometries and oxygen contents of the raw powders used are given in Table 1.
The content of cermet tool material is shown in Table 2. The c-BN powder was dispersed with sodium
dodecyl sulfate as a modifier in order to prevent its agglomeration. The pre-weighted (Ti, 5,W, 5)C, c-BN,
Co and WC powders were mixed in the anhydrous alcohol by the mechanical milling with WC—Co balls
for 48 h at the speed of 70 rpm and the ball-to-powder ratio of 10 : 1. The tool materials was fabricated by hot
pressing sintering with the mixed powders. The sintering temperature, holding time and sintering pressure were
1450°C, 60 min and 30 MPa, respectively. The dimensions of the specimen is 3 X 4 X 30 mm.

Archimedes’ method was employed to measure the density of the sintered compact. The microstruc-
ture of the material was observed using an emission scanning electron microscope (SEM). EDS mapping
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Fig. 1. Fracture morphologies of cement tool materials for the different contents of c-BN.

was used to analyze the composition of the sample. The grain sizes of (Ti,W)C-based cermets were deter-
mined using ImageJ based on the SEM images. More than 200 particles were measured to obtain statisti-
cally meaningful results. The flexural strength was measured by the three-point bending method. The
hardness was investigated with a load of 300 N and a holding time of 15 s. The fracture toughness (K;¢)
was calculated using the following expression [38]:

1/2

Ko =0.15 % , (D

>

where H,;, is the Vicker’s hardness (N/mm?) under 300 N, /; is the length of the crack tip from the hard-
ness indent (mm).

3. RESULTS AND DISCUSSION
3.1. Microstructure

Figure 1 is the fracture morphologies of (Ti,W)C-based cement tool materials with the different c-BN
content. The sintering temperature, holding time and sintering pressure are 1450°C, 60 min and 30 MPa,
respectively. The occurrence of a mixed intergranular-transgranular fracture mode was found from the
fracture surfaces. The fracture steps can be found at many positions, which is the typical micromorphol-
ogy feature of the transgranular fracture. Smooth grain boundaries can be also found, which is the signif-
icant micromorphology feature of the intergranular fracture. It can be seen from Fig. 1 that the micromor-
phology feature of the transgranular fracture which has c-BN phase is more than that which has no c-BN
phase. The fracture mode of Figs. 1b, 1c is mainly the transgranular fracture, accompanied by the inter-
granular fracture. In the process of fracture, more fracture energy will be consumed by the transgranular
fracture, and the mechanical properties of the composites will be enhanced.

It was also observed that the microstructure of the cemented carbides varied in porosity, agglomeration
status and particle sizes. The microstructure of the composites with no c-BN phase in Fig. 1a significantly
exists the abnormal growth grain and the gain size is uneven. Comparing with Figs. 1a—1e, the most uni-
form distribution of particles in the composites was obtained with the c-BN content of 1.5 wt %.

It is shown in Fig. 1 that the number of voids is smallest in Fig. 1¢, which indicates the influence of the
content of c-BN on the densification process. The microstructure has an important influence on the frac-
ture behavior of the composite. Comparing Fig. 1¢ with Figs. 1a, 1b, 1d, 1e, not only the number of pores
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Fig. 3. SEM images and EDS mapping of the etched surface of CT1.5.

is least, but also the grain size is the most uniform in Fig. 1¢, which can enhance the mechanical properties
of composite materials.

Compared with the microstructure in Fig. 1, the grain size in Fig. 1c is smallest. The mean grain sizes
for the different contents of c-BN were obtained by using ImagelJ software, as shown in Fig. 2. It was
observed that the mean gain size decreases firstly and then increases. The minimum mean grain size of
CT1.5is5.23 um and the maximum mean grain size of CT3 is 5.99 um, which implied the proper content
additive to impede the grain growth and refine the grain. However, excessive additive is not beneficial to
grain refinement during sintering. Grains grow (or shrink) by the addition (or removal) of atoms that are
transported to (or away from) the grain by capillary driven diffusion, which lead to the change in the posi-
tion of a grain boundary as volume is transferred from one grain to another. The second particles can
impede the mobility of boundary. In order to further investigate the effect of c-BN on the microstructure,
the EDS mapping of the etched surface of CT1.5 are given in Fig. 3. As shown in Figs. 3a, 3b, B and N
elements are found, which indicates that the grain is c-BN. c-BN particle lies in triple junction, which can
hinder (Ti,W)C grain growth during the sintering. According to the von Neumann-Mullins rule for
growth in two-dimensional systems, the angles among the triple truncation follow the Eq. 2 when the
boundary equilibrium is reached during grain growth [39, 40].

o o oo o T ©)
sino, sino, Ssinoy

where o, are the dihedral angles between boundaries and v,,_,, are the specific surface energies. As long as
the grain boundary energies are isotropic, the dihedral angles of the equilibrium of grain growth are 120°.
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Fig. 5. SEM and EDS mapping of the fracture surface of CT1.5.

As shown in Fig. 3a, the dihedral angles of point a, b and ¢ are approximately 120°, which indicates
that the boundary equilibrium is reached. However, the dihedral angles of point e and f are 36.5° and
92.3°, respectively, which means that the boundary equilibrium is not reached because of the inhibition
of c-BN particle during the sintering. The evolution of grain size and microstructure is governed largely
by grain boundary migration process during sintering. The second particles can inhibit the grain growth
which is named Zener pinning, can affect grain-boundary migration behavior and can change the grain-
growth rate [41, 42]. c-BN particle as the pinning particles which lies in the triple joint can inhibit the grain
boundary migration and slow down the grain growth, which is beneficial to the grain refinement.

1

According to the Hall-Petch principle, 6 = 6, + Kd 2, where G is the yield stress; 0, is the lattice fric-
tion resistance generated when moving a single dislocation; Kis a constant; and d is the mean grain diam-
eter. The reduction in the grain size can significantly improve the mechanical properties of cermet tool
materials.

Figure 4 shows the crack propagation of CT0 and CT1.5. It is observed that there is the intergranular
crack propagation and crack deflection in Fig. 4a. Comparing with Fig. 4b, it is also found in Fig. 4a the
path of the crack propagation is straighter, which is without c-BN particles. When c-BN particles are
encountered in the crack propagation process, it tends to crack bifurcation, crack bridging, tansgranular
crack propagation and crack deflection which are beneficial to the improvement of the mechanical prop-
erties of the (Ti,W)C-based cemented carbides.

Figure 5 shows the SEM micrographs and EDS analysis results of the fracture surface of CT1.5. As shown
in Figs. 5a, 5b, B element was found, which indicates that the grain is c-BN particle. There exists the transgran-
ular fracture mode around c-BN particle. It is further proven that the fracture mode is prone to change from
the intergranular fracture to the transgranular fracture because of the effect of c-BN particle.

3.2. Density and Mechanical Properties

3.2.1. Material density. The effect of c-BN content on the volume density and relative density of
(Ti,W)C-based cement tool materials was shown in Fig. 6. With the increase of c-BN content, the volume
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Fig. 6. Density and relative density of (Ti,W)C-based cement tool materials at different c-BN content.

density of (Ti,W)C-based cement tool materials decreased because the theoretical density of c-BN is only
3.49 g/cm?. However, the relative density firstly increases and subsequently decreases. The relative density
reaches the maximum of 98.72% when the content of c-BN is 1.5 wt %, which is good agreement with
Fig. 1 because of the least number of pores in Fig. 1c. The relative density is affected by the amount of
liquid present, contact angle, particle size and solubility of solid in the liquid sintering [44]. c-BN has
small particle size and can be dissolved in the binder. The proper contents of c-BN contribute to the rear-
rangement and grain shape accommodation during the initial and intermediate stage in liquid sintering,
which could lead to the pore elimination and increase the densification and the relative density of the tool
materials. When the content of c-BN increases more than 1.5 wt %, the densification process is hindered
because of the heavy agglomeration and the poor sinterability of c-BN, which results in a large number of
pores and decreases in the relative density of the tool materials and is an good accordance with the micro-
structure as shown in Fig. le.

3.2.2. Mechanical properties. The hardness, flexural strength and fracture toughness of (Ti,W)C-based
cement tool materials with different c-BN content are presented in Table 3. The hardness without the second
phase is 17.74 = 0.54 GPa. Compared with the hardness of (Ti,W)C-based cemented carbides without the
second phase, the hardness of (Ti,W)C-based cemented carbides with c-BN particles is improved because
of the influence of the second greatest hardness of c-BN particles. When the content of c-BN reaches
2 wt %, the hardness reaches the maximum value of 20.15 & 0.61 GPa. CT1.5 materials shows the highest
flexural strength and fracture toughness and the second greatest hardness, which have the good comprehensive
mechanical properties. Compared with the CTO, the hardness, the flexural strength and the fracture toughness
increases from 17.74 to 19.78 GPa, from 873 to 987 MPa, from 8.12 MPa m'/? to 9.44 MPa m'/?, respectively.
The increase rates of harness, flexural strength and fracture toughness are 11.5, 13.1 and 10.2%, respec-
tively.

The mechanical properties of (Ti,W)C-based cement tool materials are significantly influenced by
c-BN additives. When c-BN content is 1.5%, the optimum mechanical properties of (Ti,W)C-based
cement tool materials is achieved, which is good consistent with the above analysis.

Table 3. Mechnical properties of cermet tool meaterials with different c-BN contents

Samples Hardness, GPa Flexural strength, MPa | Fracture toughness, MPa m'/2
CTO 17.74 £ 0.54 73 + 38 8.41 +£0.28
CTl1 18.76 £ 0.57 889 + 32 8.52£0.25
CTL.5 19.78 = 0.52 987 + 34 9.27+0.2
CT2 20.15 £ 0.61 845+ 43 8.82+0.24
CT3 18.13 = 0.58 815 + 46 8.32+0.26
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4. CONCLUSIONS

(1) (Ti,W)C-based cermet tool meaterials with the different c-BN contents have been prepared by hot
pressing sintering with the sintering temperature, holding time and sintering pressure of 1450°C, 60 min
and 30 MPa respectively.

(2) c-BN particles can refine the grain effectively, improve the density and reduce the defects. With the
addition of c-BN, the fracture form of composite can change from intergranular fracture to transgranular
fracture.

(3) The addition of c-BN can significantly improve the mechanical properties of the composites. When
c-BN content is 1.5%, (Ti,W)C-based cement tool materials possesses the optimum comprehensive
mechanical properties. The hardness, the flexural strength and the fracture toughness is 19.78 GPa,
987 MPa and 9.44 MPa m'/2, respectively.
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