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Abstract: Dense Co- and Ni-bonded Ti(C, (N, ,) matrix cermets with secondary carbides, i.e., WC, Mo,C, and NbC, were prepared by

liquid phase sintering in vacuum for 60 min at temperatures ranging from 1410 to 1490 °C. The detailed microstructural and phase

analysis was performed by scanning electron microscopy, electron probe microanalysis, and X-ray diffraction. The effect of sintering

temperature on the microstructure, mechanical properties, and machining performance of cermets was investigated. The results show

that sintering temperature has a significant impact on the microstructural characteristics of (Ti, W, Mo, Nb)(C, N)-(Co, Ni) cermets.

The total carbon content of cermets decreases with increasing the sintering temperature and a carbon-deficient phase (M,C) is ob-

served in the cermet sintered at 1490 °C. The cermets sintered at temperatures of up to 1470 °C are composed of an fcc solid solution

metal binder and two types of core-rim structured grains, i.e., cubic carbide solution and cubic Ti(C, N) solution phases. The best ma-

chining performance on continuous/interrupted turning is found in the cermet sintered at 1470 °C because of an optimum combination

of hardness and transverse rupture strength.
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Recently, the demand for cutting tool materials has con-
siderably increased because of the continuous upgradation of
advanced machining equipment. Ti(C, N)-based cermet tools
have attracted considerable attention because of their good hot
hardness, excellent wear resistance and chemical stability, as
well as low cost of raw materials"*. Although Ti(C, N) cer-
mets exhibit advantages in high speed machining and high sur-
face finishing, these cermets are prone to tool chipping when
they are faced with large processing capacity or interrupted
cutting operations because of the inherited brittleness. Gener-
ally, the poor wettability between Ti(C, N) and binder phase is
one of the primary reasons for the low fracture toughness of Ti
(C, N) cermets®'. Improved toughness and transverse rupture
strength (TRS) are reported by modifying chemical composi-
tions!"""! starting powders®*¥, and sintering conditions®®*".,
The microstructure and performance of Ti(C, N)-based cer-
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mets are considerably influenced by adding secondary car-
bides (WC/Mo,C/NbC/TaC)™. A small amount of NbC or TaC
addition to Ti(C,,N,;)-Ni systems can improve the interrupted
cutting performance by retaining hot hardness and increasing
the thermal shock resistance at higher temperatures®'. Dur-
ing liquid phase sintering, carbides/nitrides added to Ti(C, N)
cermets lead to the formation of core rim structure of Ti(C, N)
grains as well as core rim structure of carbide-rich solution
grains. Both the ceramic grain size and composition of core-
rim grains can be influenced by the sintering tempera-
ture"***"1. For a given composition, the sintering of Ti(C, N)
cermets at high temperatures generally improves the fracture
toughness and reduces the hardness®*”\. At present, there is lit-
tle available information on the machining performance of
Ti(C, N)-based cermet tools which are obtained at different
sintering temperatures. In this study, the effect of sintering
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temperature (i.e., 1410 °C to 1490 °C) on the evolution of mi-
crostructure, total carbon/nitrogen content, and especially the
machining performance of (Ti, W, Mo, Nb) (C, N)-(Co, Ni)
cermet tools was studied.

1 Experiment

1.1 Material preparation

In this study, the starting powders included commercial
powders of Ti(C, N, ,), WC, Mo,C, NbC, Co, and Ni. Table 1
lists both chemical composition and particle size of the pow-
ders.

A powdered mixture with the compositions of Ti
(CysNyy)-20WC-10Mo,C-5NbC-8Co-7Ni (wWt%) was prepared
by the conventional powder metallurgy technique. The theoret-
ical density was estimated to be 6.8 g/cm’, and the mixture
had a total C and N content of 8.0wt% and 5.1wt%, respective-
ly. The as-received Ti(C,(N,,) powder was initially milled for
72 h in ethanol using WC-Co milling balls to break the ag-
glomerates, and then it was dried in a vacuum drying oven.
The powder mixture was mixed on a multi-directional mixer
in ethanol for 24 h using WC-6wt%Co milling balls. The ball-
to-powder mass ratio was 4:1, and the slurry was then dried in
a vacuum drying oven at 110 °C. The dried powder was
sieved, and then compacted into rectangular-shaped bars and
TNMG160404 standard inserts at 147 MPa. As shown in
Fig.1, the compacts were sintered in a graphite heating vacu-
um furnace using the sintering cycle. The samples were sin-
tered for 1 h at 1410, 1430, 1450, 1470, and 1490 °C under a
vacuum pressure <20 Pa.

1.2 Characterization

The bulk density of sintered cermets was measured in eth-
anol. The magnetic saturation (M,) of cermets was measured
using a SM-8100/LDJ-702 coercive force and magnetic satura-
tion measurement instrument manufactured by Leco (St. Jo-
seph, MI, USA). Phase identification in the sintered cermets
was detected using an X’ Pert PRO X-ray diffractometer (PA-
Nalytical, Eindhoven, Netherlands). The microstructure of the
cermets was obtained by a Hitachi S-4800 scanning electron
microscope (Hitachi, Tokyo, Japan). The elemental analysis of
polished cross-sections were conducted by electron probe mi-
croanalysis (JXA-8530F, JEOL Ltd., Japan), equipped with a
wavelength dispersive analysis system. The total carbon and
nitrogen content of the powder mixture and sintered cermets
were measured by LECO-C230 high-frequency infrared ana-

Table 1 Characteristics of the starting powders

Powders ?;i:;f; Purity/wt% ¢ cv(:/i;oem/ N tﬂ:nt/
Ti(Cy¢Ny,) 1.3 99.6 11.20 10.10
wC 1.3 99.6 6.14 -
Mo,C 1.2 99.8 5.90 -
NbC 1.5 99.9 11.00 -
Co 1.0 99.6 ; )
Ni 12 99.9 ; )
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Fig.1 Representative sintering cycles of the investigated samples

lyzer (St. Joseph, MI, USA) and EGMA-620W oxygen-nitro-
gen analyzer (HORIBA, Paris, France). The Vickers hardness
(HV,,) and fracture resistance (K,.) of the alloy were deter-
mined by a Tukon2100B hardness tester (Instron, Grove City,
PA, USA) according to the ISO 28079:2009 standard (Hard-
metals-Palmqvist Toughness Test). The HV,, was measured
under an indentation load of 294 N for 15 s at room tempera-
ture. The K. was calculated from the length of the radial
cracks around the Vickers indentations using the formula pro-
posed by Shetty et al®™. The transverse rupture strength (TRS)
was measured on polished specimens with dimensions of 6.5
mmx5.25 mmx20 mm by a CMT5305 universal testing ma-
chine (MTS, Shenzhen, China) according to the ASTM B406
standard (Standard Test Method for Transverse Rupture
Strength of Cemented Carbides). The reported values of HV,,
K., and TRS are the mean and standard deviation of five mea-
sure values. Moreover, thermodynamic simulations were per-
formed to estimate the phase constitution of the sintered cer-
mets using Thermo-Calc® and a commercial Ni-based data-
base TCNIS.

The performance of cutting tool was assessed via a dry
longitudinal cylindrical turning of C45 (HBI140) steel, and
continuous cutting was performed with a turning speed of 250
m/min, feed rate of 0.2 mm/rev, and depth of cut (ap) of 1
mm. After dry turning for 25 min, the maximum flank wear
width (VBmax) was used to evaluate the wear resistance. The
interrupted cutting was performed with a turning speed of 150
m/min, feed rate of 0.2 mm/rev, and depth of cut (ap) of 1.5
mm. Furthermore, the failure time of interrupted cutting was
recorded, and the cutting tests were performed using three dif-
ferent inserts of each grade.

2 Results and Discussion

2.1 Microstructure

Fig.2a shows a representative microstructural feature of a
core-rim structured Ti(C, N) cermet. Because of the addition
of secondary carbides, these Co and Ni bonded Ti(C, N) cer-
mets are primarily composed of three phases: hard phase, met-
al binder phase, and surrounding phase. As reported in several
studies®™*"" in TiCN-based cermets, there is commonly a core-
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rim structure; sometimes, the rim comprises two parts: the out-
er rim and the inner rim. The composition of the core in (Ti,
W, Mo, Nb)(C, N)-(Co, Ni) cermets, namely, the hard phase,
is believed to be TiCN, which is deemed to be the residue of
un-dissolved raw materials. Furthermore, the rim, i.e., the sur-
rounding phase, is a type of complicated (Ti, W, Mo, Nb)(C,
N) solution, which has a similar crystalline structure with the
core but much more heavy metal atoms than the core'.

Fig. 2b~2f show the microstructures of the (Ti, W, Mo,
Nb) (C, N) - (Co, Ni) cermets, sintered for 60 min at 1410,
1430, 1450, 1470, and 1490 °C. In addition to the bright metal-
lic binder, two types of core-rim structure grains, i.e., the grey
contrast carbide solution grains and dark contrast Ti(C, N)
rich grains, are detected in these cermets. A closer inspection
of the microstructures indicates that the change in sintering
temperature has a significant effect on the structural character-
istics. When the sintering temperature is 1410 °C, because of
the low sintering temperature, there are still a small number of
pores in the material, which indicate that the densification pro-
cess is not complete. As shown by the white arrows in Fig.2b,
there is aggregation of binder phase in the alloy because of the
insufficient flow of the binder phase Co and Ni at a lower sin-
tering temperature. This will result in the uneven distribution
of the binder phase in the alloy. When the sintering tempera-
ture increases to 1430 °C, the phenomenon of uneven distribu-
tion of binder phase is improved. Moreover, the binder phases
are distributed in a network around the surrounding phase pri-
marily because of the increase in sintering temperature, which
promotes the fluidity of the binder phase. At this time, the
pores in the materials disappear and the structure of the alloy
is densified. Furthermore, after sintering at 1450 °C, the size

of hard phase reduces and becomes more uniform because of
continuous dissolution, and then the surrounding phase around
the hard phase is uniform and continuous. As the sintering
temperature increases to 1470 °C, the thickness of surrounding
phase (rim) increases because the solubility and dissolution
rate of the hard phase increase. At the sintering temperature of
1490 °C, the thickness of surrounding phase in the material
continues to increase, and the color contrast of the core phase
becomes lighter because additional Ti(C, N) grains dissolve in-
to the gray surrounding phase.

2.2 Phase analysis

Fig.3 shows the XRD patterns of (Ti, W, Mo, Nb)(C, N)-
(Co, Ni) cermets sintered at different temperatures. Fig. 3
shows that Ti(C, N), (Ti, W, Mo)C and (Nb, Mo)C phases are
present in the (Ti, W, Mo, Nb)(C, N)-(Co, Ni) cermets at tem-
peratures of 1410~1490 °C. WC, Mo,C, and NbC components
that are added in the composition completely disappear
through a solid solution reaction before 1410 °C. Thus, from
Ref.[4], it can be inferred that (Ti, W, Mo, Nb)(C, N) solid so-
lution forms with increasing the sintering temperature. Both
NbC and Mo,C tend to form a (Nb, Mo)C solid solution,
while the binder phase is primarily in the form of TiCo, with-
out a significant diffraction peak. Moreover, Fig.3 shows that
Mo,C is easy to form solid solution with other carbides in the
component before the liquid phase appears, which improves
the wettability between carbides and the binder phase!.

Note that the sintering and densification of Ti(C, N) -
based cermets involve complex thermodynamic and kinetic
phenomena. Moreover, multiple factors, such as alloy compo-
sition and sintering cycle, have a significant influence on the
microstructure, phase constitution, and properties of cermets.
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Fig.2 Microstructures of and Ti(C, N)-based cermet (a) and (Ti, W, Mo, Nb) (C, N)-(Co, Ni) cermets sintered at different temperatures
for 60 min: (b) 1410 °C, (¢) 1430 °C, (d) 1450 °C, (e) 1470 °C, and (f) 1490 °C
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Fig.3 XRD patterns of (Ti, W, Mo, Nb) (C, N)-(Co, Ni) cer-

mets sintered at different temperatures

In this study, a thermodynamic simulation was performed to
assess the influence of the sintering temperature on the phase
constitution of (Ti, W, Mo, Nb)(C, N)-(Co, Ni) cermets. Fur-
thermore, TiC, TiN, WC, Mo,C, NbC, Co, Ni, and C were de-
fined as input compounds for the calculation and the vacuum
pressure was set as 20 Pa. Fig.4a shows the calculated phase
constitution of the (Ti, W, Mo, Nb)(C, N)-(Co, Ni) cermets
sintered at different temperatures. The estimated phase consti-
tution, i.e., the coexistence of Ti(C, N), (Ti, Nb, W, Mo)C, and
binder phases, is consistent with the characterization results of
phase composition in Fig.3. The sintering temperature is pri-
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marily affected by the content of carbide solution and binder
phase. With increasing the sintering temperature, an additional
liquid phase is formed, whereas the amount of (Ti, Nb, W, Mo)
C solution phase is decreased. The experimental study by
XRD (Fig.3) shows that the sintered (Ti, W, Mo, Nb)(C, N)-
(Co, Ni) cermets contain a (Nb, Mo)C solid solution, which
corresponds to the calculation results of Mo,C and NbC as the
primary components of carbide solution (Fig. 4c). Fig. 4d
shows that the sintering temperature influences the composi-
tion of the liquid phase. With increasing the sintering tempera-
ture, more and more WC and Mo,C dissolve in the liquid
phase, whereas almost no NbC dissolves in the liquid phase.
This behavior is related to the characteristics of NbC. Cubic
NbC has a high surface energy, and the higher the surface en-
ergy of the material, the lower the solubility in liquid met-
al®*¥. Furthermore, NbC has a very high melting point
(3520 °C) and can resist high temperature softening and adhe-
sion wear. Studies have reported that the yield strength of
NbC at 1000 °C is considerably higher than that of WCP,
2.3 Composition and properties

Table 2 shows the composition and properties of (Ti, W,
Mo, Nb) (C, N)-(Co, Ni) cermets sintered at different tempera-
tures. According to Table 2, the total carbon of the alloy slight-
ly decreases with increasing the sintering temperature. When
the sintering temperature reaches 1490 °C, the total carbon of
the alloy significantly decreases, while the variation of mag-
netic saturation strength (M,) is consistent with that of total
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Influence of temperature on phase constitution of investigated cermets: (a) phase compositions, (b) composition of Ti(C,N),

(¢) composition of carbide solution, and (d) composition of liquid phase
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Table 2 Compositions and properties of (Ti, W, Mo, Nb) (C, N)-(Co, Ni) cermets sintered at different temperatures

Sintering C content/ N content/ . HV,,/ K/
plg-em’ Porosity M /KA m? ’ TRS/MPa
temperature/°C wt% wt% x10 MPa MPa-m'?

1410 7.77 4.72 6.79 A02B00C00 2.0+0.2 1689+30 7.8+0.3 2356+45
1430 7.71 4.72 6.79 A02B00C00 1.8+£0.2 1620+28 7.9+0.2 2405+43
1450 7.72 4.73 6.79 A02B00C00 2.0+0.2 1610+£22 7.9+0.1 2683+38
1470 7.71 4.87 6.80 A02B00C00 1.6+0.2 1609+£19 8.0+0.1 2830+35
1490 7.49 4.88 6.81 A02B00C00 0.2£0.1 1530431 7.5£0.3 2053452

Note: total C and N content of powder mixture is 8.0wt% and 5.1wt%, respectively.

carbon of the alloy. Note that the nitrogen content of the alloy
gradually increases with increasing the sintering temperature.
This behavior may be attributed to the aggravation of the ef-
fect of nitrogen atmosphere on the alloy with increasing the
sintering temperature.

In terms of the effect of sintering temperature on mechan-
ical properties, with increasing the sintering temperature, HV,,
of the alloy decreases, while K. and TRS of the alloy gradual-
ly increase. Note that HV,,, K., and TRS of the alloy signifi-
cantly decrease when the sintering temperature reaches 1490 °C.
The variation of K. and TRS of (Ti, W, Mo, Nb)(C, N)-(Co,
Ni) cermets sintered at different temperatures, as shown in Ta-
ble 2, can be understood as follows. With the increase in sin-
tering temperature, the solid solution reaction between car-
bides and the dissolution and precipitation reaction of carbides
in the binder phase are fully carried out. This behavior is bene-
ficial to forming the surrounding phase and strengthening the
bonding strength between the hard phase and binder
phase%, thus improving the K,. and TRS of the alloy. With
further increase in sintering temperature, when the thickness
of surrounding phase exceeds a certain critical value, both K.
and TRS of the alloy significantly decrease because of the brit-
tleness of the surrounding phase®”. Furthermore, according to
the characterization results of carbon content (Table 2), the
carbon content of the alloy significantly decreases when sin-
tered at 1490 °C. Moreover, it can be inferred that there is de-
carburized phase ( phase) in the alloy. Therefore, (Ti, W, Mo,
Nb)(C,N)-(Co,Ni) cermets have an optimal mechanical proper-
ties at a specific sintering temperature, and the comprehensive
mechanical properties of the cermet are the best when sintered
at 1470 °C.

To further confirm the variation of mechanical properties
of (Ti, W, Mo, Nb)(C, N)-(Co, Ni) cermet sintered at 1490 °C,
electron probe microanalysis was performed by a wavelength
dispersive analysis system to analyze the micro-area composi-
tion of the alloy sintered at 1470 and 1490 °C.

Fig.5 shows the backscattered electron imaging of mor-
phology of (Ti, W, Mo, Nb)(C, N)-(Co, Ni) cermets sintered at
1470 and 1490 °C. Fig.5a shows that the black hard phase is
uniform and round, the grey surrounding phase is developed,
and the grey-white binder phase is uniformly distributed in a
network around the surrounding phase. In addition to the typi-
cal structure of cermets, a large number of white-bright phases

Fig.5 Backscattered electron imaging of morphology of (Ti, W,
Mo, Nb)(C, N)-(Co, Ni) cermets sintered at1470 °C (a) and
1490 °C (b)

are dispersed in the matrix phase of the alloy sintered at
1490 °C, as shown by the white arrows in Fig.5b.

The results of micro area composition analysis through
wavelength dispersive spectrometer (WDS) of the alloy (Table
3) show that the total content of Ti, W, Mo and Nb in the bind-
er phase of alloy sintered at 1470 °C is 40.5wt%, whereas that
of alloy sintered at 1490 °C is 68.1wt%. Ref.[38] shows that
the aggregated areas of heavy metals in cermet will be present-
ed in the form of white-bright contrast in a back scatter elec-
tron diffraction mode, which is consistent with the character-
ization results in Table 3. Generally, the white-bright contrast
structure under the backscatter electron diffraction mode is the
decarburized phase ( phase) because of the aggregation of
heavy metal elements, resulting in insufficient carbon content
in cermet system. Indeed, the formation of decarburized phase
(17 phase) leads to the deterioration of the mechanical proper-
ties of alloys sintered at 1490 °C, and HV,,, K., and TRS of
the alloy significantly decrease.
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Table 3 WDS analysis of (Ti, W, Mo, Nb) (C, N)-(Co, Ni)

cermets (Wt%)

Element 170c Element 14907C
Core Rim Binder Core Rim Binder
Ti 69.0 433 141 Ti 672 40.8 159
w 3.8 193 133 w 42 196 257
Mo 2.1 105 103 Mo 1.9 103 235
Nb 1.2 77 2.8 Nb 22 115 3.0
C 86 9.6 3.0 C 87 89 3.5
N 153 9.6 118 N 158 89 104
Co 0 0 22.7 Co 0 0 11.8
Ni 0 0 22.0 Ni 0 0 6.2

Total 100 100 100 Total 100 100 100
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Fig.6  Flank wear of TNMG160404 inserts sintered at different tem-

peratures during continuous cutting

2.4 Machining behavior

The (Ti, W, Mo, Nb) (C, N) - (Co, Ni) inserts (TN-
MG160404 type) sintered at 1410, 1470, and 1490 °C were se-
lected for comparing the cutting performance. The experimen-
tal machine is Quick Turn Nexus 300-1l MAZAK NC turning
machine. Fig. 6 shows the flank wear of the TNMG160404
type inserts sintered at different temperatures during continu-
ous cutting. Moreover, Fig.6 shows that after continuous cut-
ting for 25 min, the flank wear of the inserts sintered at
1410 °C is the smallest, followed by that of the inserts sintered
at 1470 °C and that of the inserts sintered at 1490 °C, which is
the largest. Fig.7 shows the morphologies of the worn flank
edges of the TNMG160404 type inserts sintered at different
temperatures. From Fig.7a and 7b, it can be seen that the flank
wear of inserts is considerably small, and the edge of inserts is
even and smooth. However, the flank wear of the inserts in
Fig.7c is heavily worn, and the flaw is visible at the edge of
the inserts. According to the properties of the alloys sintered at
different temperatures in Table 2, the wear resistance of cer-
met inserts under continuous cutting conditions is directly re-
lated to their hardness.

Under the interrupted cutting tests, the shock resistance
of inserts is considered to fail if the cutting edge cracks occur
within 5 min. Table 4 shows the results of interrupted cutting
tests of TNMG160404 type inserts sintered at different tem-
peratures. From Table 4, the shock resistance of TN-
MG160404 type inserts sintered at 1470 °C is the best. Ac-
cording to the actual performance of cermet inserts sintered at
different temperatures under continuous and interrupted cut-
ting conditions, the comprehensive cutting performance of cer-
met inserts sintered at 1470 °C is the best in practical applica-

Fig.7 Morphologies of worn flank edges of the TNMG160404 inserts sintered at different temperatures during continuous cutting: (a) 1410 °C,

(b) 1470 °C, and (¢) 1490 °C

Table 4 Results of interrupted cutting of TNMG160404 cermet

inserts sintered at different temperatures

Sintering temperature/°C Cutting time Result
1410 325" Fail
1470 5 Qualified
1490 128" Fail

tion conditions. This result is consistent with the optimal char-
acterization results of the comprehensive mechanical proper-
ties of cermets sintered at 1470 °C, which are listed in Table 2.

3 Conclusions

1) Note that sintering temperature has a significant effect
on the structure of (Ti, W, Mo, Nb)(C, N)-(Co, Ni) cermets.
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With increasing the sintering temperature, the color contrast of
hard phase (core) becomes lighter, the thickness of surround-
ing phase (rim) increases, and the solid solubility of Co(Ni)
binder phase increases.

2) The total carbon of the (Ti, W, Mo, Nb)(C, N)-(Co,
Ni) cermets decreases with increasing the sintering tempera-
ture. When the sintering temperature reaches 1490 °C, the to-
tal carbon of the cermets significantly decreases, resulting in a
decarburization phase (1 phase) in the structure and reduces
the Vickers hardness (HV,,), fracture resistance (K., and
transverse rupture strength (TRS) of the cermets.

3) The comprehensive cutting performance of (Ti, W,
Mo, Nb)(C, N)-(Co, Ni) cermet inserts sintered at 1470 °C is
the best for practical conditions. This result is consistent with
the optimal characterization results of the comprehensive me-
chanical properties of cermet sintered at 1470 °C.
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BR4EmE X (Ti, W, Mo, Nb)(C, N)-(Co, Ni) & /B M BB L5 TN M BERI LN

TUEAG, ZARERTV2, BKARS, W RS, diham s
(L AN R MPRLRLS: 5 TSR, H g 481 350116)
(2. fRER TR e MER S TARERE,  HREE AR 350118)
(3. WEA PR &L BOE B HE st s, M 48 350118)
4. BB ML TR, W A8 %K 1000)

# E: LTI, W, Mo, Nb)(C, N)-(Co, Ni)ZE4)EMEAMENEF R, WS IR X & @B IRy O L ZUR ) 2 MR i
S, WEPERB S WO S MR G R . AREM: RAREX(TI, W, Mo, Nb)(C, N)-(Co, Ni)k:&: )& W& HIFEH
BEWEW; A4K MRS RIEE AR I mE R, Sbein A 1490 CH, & &8RN SRIFEE, SEE S0 H I
WAl GpdD, WML A SR (HV,) BRI (Ko FPLE s/ (TRS) B&{%; 1470 CHLEE T, (Ti, W, Mo, Nb)(C,
N)-(Co, Ni)H:4EMEKE G &M HV, KA TRS FUCHLSAE, 7ESLPRRH LN 1 4EA b e St .
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