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Effects of Molding Pressure on Mechanical Properties and Microstructure of Microwave
Sintered Complex-shaped Ti(C, N) Cermet Tool

YIN Zengbin, YE Jiadong, ZHU Zhiyong, HONG Dongbo
(School of Mechanical Engineering, Nanjing University of Science and Technology, Nanjing 210094, China)

Abstract: A complex-shaped titanium carbonitride (Ti(C, N))-based cermet tool was prepared by microwave sintering. The effects of
molding pressure on density distribution and residual stress of green compact, relative density, mechanical properties, and
microstructure of the sintered compact tool were studied. The results indicated that a high-performance complex-shaped ceramic tool
can be prepared using the combined technology of molding and microwave sintering. The density of the cutting edge was lower than
that of the body of the tool. The difference increased first and then decreased with the increase in molding pressure. When the
molding pressure was lower than 200 MPa, minimal differences between rake and flank faces with respect to relative density and
mechanical properties were noted, while the relative density and mechanical properties of rake face were higher than that of flank face
when the molding pressure was higher than 300 MPa. However, excessive molding pressure resulted in cracks within the tool. The
optimal molding pressure for preparation of a Ti(C, N)-based cermet tool with three-dimensional breaker was 400 MPa.

Keywords: microwave sintering, titanium carbonitride ceramic, molding pressure, microstructure, mechanical property

cutting and the machining of difficult-to-cut materials

1 Introduction owing to its excellent abrasion good heat resistances
and chemical stability. Although its hardness is a little
Titanium carbonitride (Ti(C, N))-based cermet tool lower than that of ceramic tools made of aluminum

has great advantages in the fields of high-speed oxide (Al,O3) or titanium diboride (TiB,), it possesses

Wk H A 2020-05-11. BT HH#: 2020-06-03. Received date: 2020-05-11.  Revised date: 2020-06-03.
HenmH: HE AR IS (51875291); LI EIMTEF S First author: YIN Zengbin (1987-), male, Ph.D., associate Professor.
(BK20190070); YLIR4“7S KAA @i i J2 IR A AT K E-mail: zengbinyin@njust.edu.cn
(GDZB-016) il Hfr s vy % K& A BLWF Mk &5 2% & i 9% 4
(30920032206) % 1)«

BAEH: RIR1987—), T, A, R



48 B 12 1 ety e

+ I R R e I R 2k Ti(C, N)FE 4B M T

H Iy e, « 1907 -

preferable flexural strength and fracture toughness.
Therefore, Ti(C, N) is commonly used in the
machining of alloys and stainless steels'' ™

Modern high efficiency, high precision, highly
reliable, and specialized cutting tools are undergoing
development. In addition, complex tool structures are
also being developed. Tool edges are changing from
linear to spiral and waved edges, and tools are
equipped with either two- or three-dimensional (2/3D)
chip breakers. The complex tool structures are
beneficial not only to the machining of
complex-shaped parts, but slow down tool wear and
improve processing efficiency.

Now, Ti(C, N)-based cermet tools are commonly
prepared by pressureless sintering(PS), hot-pressing
sintering (HP), hot isostatic pressm% sintering (HIP),
and spark plasma sintering (SPS)”~"\. However, HP,
HIP, and SPS can only be used to prepare
simple-shaped ceramic tools (tools with flat rake faces
and linear cutting edges) on account of the pressure
process during sintering. Although the
complex-shaped ceramic tool can be prepared by
pressureless sintering, the mechanical properties and
microstructure of ceramic tools have difficulties
meeting the requirements of high-speed machining
owing to the high sintering temperatures, long
sintering periods, and uneven temperature fields in
traditional pressureless sintering.

Microwave sintering is a novel pressureless
sintering, whose sintering mechanisms are essentially
different from the traditional pressureless sintering.
For microwave sintering, heat is generated by the
coupling interaction between electromagnetic field and
material, which is different from the radiation heat
transfer of traditional sintering, so the whole sample is
heated rapidly and evenly, and there is no temperature
gradient within the sample®' . Furthermore, the use
of the microwave could decrease the sintering
activation energy and accelerate mass transfer of
ceramic materials, which is called microwave
effects™ !, In recent years, microwave sintering had
been used in the preparation of ceramics, such as
ALOs, silicon nitride (Si3Ng), TiB,, Ti(C, N),
zirconium oxide (ZrO,), and cemented carbides™*>",
which possess fine microstructure and high levels of
mechanical property characteristics. Therefore, due to
the characteristics of pressureless sintering and
microwave-related effects, microwave sintering shows
great potential for integrated preparation of ceramic
tools with complex structures and high mechanical
properties.

Raw property materials, molding technologies, and
sintering process are vital to microwave-sintered
ceramics. No pressure is applied to the sample in
microwave sintering; thus, the performances of green
compact tools, especially their density distributions,
have great effects on the mechanical properties of such

tools. For the die-pressed compact prepared using
single-ended uniaxial molding, uniaxial pressure plays
an important role in the density and microstructure of
green compact machines and tools. The defects in
green compact tools due to improper modeling would
lead to a sha?p degradation in mechanical properties of
these tools*. However, studies on the preparation of
complex-shaped ceramic tools using microwave
sintering and effects of molding pressure effects on
densification,  microstructure, and  mechanical
properties of microwave sintered ceramics have rarely
been reported.

In this study, Ti(C, N)-based ceramic tools with
three-dimensional (3D) chip breakers were prepared
by microwave sintering. Distribution of density and
residual stress within the green tool samples were
studied by simulation. Effects of molding pressure on
relative  density, mechanical properties, and
microstructures of rake and flank faces of ceramic tool
were studied.

2 Experimental

The cermet tool was composed of Ti(C, N) (mass
ratio C:N=7:3), tungsten carbide (WC), molybdenum
carbide (Mo,C), Mo, Ni, and cobalt (COP, and details
of the raw powders can be found in"’!. The mixed
powders were ball-milled for 24 h, and then dried at
120 °C under a vacuum. After that, the dried powders
were sieved through a 100 mesh sieve (mesh aperture
0.15mm). The green tool body was formed in a mold
with the application of axial pressure of 100~500 MPa
for 2 min. Finally, the green tool was sintered at
1 600 C for 20 min in flowing N, atmosphere in a
2.45 GHz multimode microwave furnace.

The relative density was measured by Archimedes’
method. Vickers hardness was measured with a
hardness tester with load of 196 N and holding time of
15 second. Fracture toughness was obtained by the
Vickers indentation method". The relative density,
Vickers hardness, and fracture toughness were tested
five times, and the average values were calculated.
Fractured surfaces were observed by scanning electron
microscopy (SEM) equipped with energy-dispersive
X-ray spectroscopy (EDS) from SEM, FEI Quanta
250F.

3 Results and discussion

3.1 Density distribution of green ceramic tool
during compaction

Finite-element  simulation was applied to
investigate the density distribution of green ceramic
tool in the process of compaction. In order to ensure
higher relative density of the cutting edge, the chip
breaker was made on the upper die as shown in
Fig. 1(a). The simulation of compaction of powders
was conducted by the software of MSC. Marc. The
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numerical simulation model is given in Fig. 1(b). The
length and width of the numerical simulation model
were 13 mm, and the initial loose-fitting height was
20 mm. The four-node quadrilateral element was
adopted in the mesh division of the simulation process.
Three-hundred ninety-six layers of elements in the
direction of side length, 20 layers of elements in the
direction of height, and a total of 7920 elements were
used. The elastic modulus £ and Poisson’s ratio v of
simulated material are defined as E=E, p>°*" and
v=0.5¢ #2020 regpectively, in which Eq is the
elastic modulus of the dense Ti(C, N) ceramic tool
(460 GPa), and p is the relative density. The
Shima-Oyane material constitutive model was adopted
for the yield criterion. The frictional coefficient
between the ceramic powders and mold was
approximately equal to 0.1, so Coulomb’s law of
friction was adopted!®”.

Upper die

/ Upper die

Ceramic
powders

(a) Die

(b) Simulation model

Fig. 1 Die and simulation model

The density distribution of the green ceramic tool
after compaction at pressures of 100 to 500 MPa (in
100 MPa increments) was studied. As can be seen in

Fig. 2, with an increase in compaction pressure,
relative density of the green compact tool increased
and the density gradient became lower. When the
pressure was 100 MPa, the areas near the cutting edge
and chip breaker (indicated by the arrows) possessed
the highest density (Fig. 1(a)). This process occurred
because the ceramic powders first came into contact
with the cutting edge and chip breaker of the upper die.
Thus, the ceramic powders had a longer time to flow
to reduce gaps among the particles. When the pressure
was increased to 200 MPa, the smallest density of the
green compact tool appeared in the groove, but
densities of the areas around the groove distributed
circularly and were higher than those of the groove as
shown in Fig. 2(b). The groove on the upper die was a
slope, so the particles would have flowed horizontally
with the application of pressure as indicated by the
arrows in Fig. 2(b). Therefore, the density around the
groove increased because the gaps were filled with
flowing particles. When the pressure increased to
300 MPa, the density gradient became much larger
than that at 200 MPa, whereas the areas near the
cutting edge achieved the highest density once again
(Fig. 2(c)). This phenomenon might have been due to
inhibition of particle flow in the final stage of
compaction under high pressure of 300 MPa since the
shear force between powder particles was also
enhanced®®. In this instance, densification was more
related to the elastic-plastic deformation of powders,
which was directly determined by the pressure™.
Due to the groove slope, the downward force was
much larger than the force that was perpendicular to the
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Fig. 2 Density distribution of green ceramic tools when compacted at different pressures
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slope. Thus, the highest density appeared at the cutting
edge, whereas the lowest density was at the top of the
chip breaker. When the pressure increased to higher
levels of 400 and 500 MPa, particle flow inhibition
was maintained, and the density distribution of the
green compact tool was similar to at of 300 MPa.
Higher pressure led to larger elastic-plastic deformation
and also higher density. The density of the green
compact tool that was compacted at 500 MPa was the
highest, and the density gradient was the smallest.
Residual stress within the green tools after

3.507 00
3.166 00
2.825 00
2.484 00
2.143 00
1.802 00
1.461 00
1.120 00
0.779 60 '
0.438 80

0.097 91
MPa MPa

(a) 100 MPa

(b) 300 MPa

compaction was also investigated by MSC. Marc
software system. Figs. 3(a)-3(c) shows the residual
stress distribution in the green tools compacted at
pressures of 100, 300, and 500 MPa. The residual
stress increased with the increase in pressure. The
residual stress was unevenly distributed, and the areas
with higher density had higher residual stress. Greater
elastic-plastic deformation in these areas lead to more
energy was stored there. Non-uniformity of the
residual stress became more severe with the increase
in compaction pressure.

6.8120 -.\__J"-

6.158 0
5.5030
4.8490
4.1950
3.5400
2.666 0
22310
1.577 0
0.922 6

0.268 2 e’ o
MPa

(c) 500 MPa

Fig. 3 Residual stress within green tools after compacted at different pressures

3.2 Mechanical property

The image of the complex-shaped tool prepared by
microwave sintering is shown in Fig. 4. The relative
density, Vickers hardness and fracture toughness of
rake face and flank face of the tool after microwave
sintering are given in Fig. 5.

Fig. 4 Optical picture of the tool after microwave sintering

Relative densities of both the rake and flank faces
increased as the molding pressure increased from 100
to 400 MPa, but the density of the rake face was higher
than that of flank face as shown in Fig. 5(a). This
finding was consistent with the density distribution of
the green samples (Fig. 2). Due to the axial pressure
applied during compaction of green tools, the density
of the rake face of the green tool was higher than the
flank face. Hardness and toughness of rake face were
higher than that of flank face at each molding pressure,
and the difference between rake and flank faces

became lager with the increase in molding pressure
(Fig. 5(b) and (c)). This variation trend was also
attributed to the different densities of the flank and
rake faces of the green tool. Generally, higher density
results in better mechanical properties.

It was worth noting that relative density and
hardness of both the rake and flank faces decreased
when the molding pressure was increased to 500 MPa.
Defects, such as layering, cracks, and holes were
observed in the sintered tool (Fig. 6) when the molding
pressure was 500 MPa. As an axial pressure was
applied to the green compact tool, the density and
residual stress within the green compact tool decreased
from top to bottom and became distributed in
layers'**™*"). During the molding process, the height of
the green compact decreased with the increase in
molding pressure; thus, a greater amount of elastic
deformation energy would be stored within the body.
The stored energy could be released in the de-molding
process. Thus, when the green tool was ejected from
the die, the internal defects (Fig. 6) would be produced
by the elastic-after-effect. This process could have
caused degradation of mechanical properties of the
sintered tool.

3.3 Microstructure

The microstructure of the areas near the rake and
flank faces (indicated in Fig. 7) were studied. SEM
micrographs of fractured surface near the flank face of
the tool compacted at different pressures are shown in
Fig. 8. When the molding pressures were 100 and
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Fig. 5 Mechanical properties of rake face and flank face of the
tool compacted at different molding pressure

200 MPa, densification was poor, and numerous pores
within the body existed as indicated by the arrows in
Fig. 8a and b. As the molding pressure increased to
300 and 400 MPa, the microstructure became
homogeneous, the grains contacted tightly, and the
pores disappeared (Fig. 8(c) and (d)). Moreover,
trans-crystalline  and  inter-crystalline  fractures
coexisted, which benefited the enhancement of the
mechanical properties of the ceramic materials. When
the molding pressure was 500 MPa, cracks existed in

the body as shown in Fig. 8(e) although no pore
existed. The cracks were induced by the high gradient
residual stress as discussed in section 3.2.

(b) Hole

Fig. 6 SEM micrograph of fractured surface of the sintered
tool when the molding pressure was 500 MPa

Fig. 7 Optical picture of fractured surface of sintered tool

Fig. 9 shows the SEM micrograph of fractured
surface near the flank face of the tool that was
compacted under different pressures. When the
molding pressure was 100 MPa, the flank face had
poor densification, and some particles (indicated by
the arrows) were still in powder morphology. The
grains were loosely contacted, and a lack of metallic
bonded phases among the grains as indicated by the
dotted box in Fig. 9(a) could be observed. As the
molding pressures increased to 200 and 300 MPa, the
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microstructure became dense, but some pores still
remained as shown in Figs. 9(b) and 9(c). When the
molding pressures were 400 and 500 MPa as shown
in Fig. 9(d) and 9(e), the microstructure was
homogeneous, and the grains were arranged tightly. It
was worth noting that with the increase in molding
pressure, the grains were bonded with more binder
phases, especially at 500 MPa as indicated by the
dotted box in Figs. 9(d) and 9(e).

An EDS analysis was done, and the result was
shown in Fig. 10. As can be seen from Fig. 10(a) and
(b), the binder phases (area A4 in Fig.10(a)) were
mainly the metallic phases of Ni, Mo, and Co. Thus,
it could be concluded that more metallic phase
content aggregated around the flank face with the
increase in molding pressure. To some extent, this
increase contributed to densification of the flank
face.

(d) 400 MPa

(e) 500 MPa

Fig. 8 SEM micrograph of fractured surface near rake face of the tool compacted at different pressures

(d) 400 MPa

(e) 500 MPa

Fig. 9 SEM micrograph of fractured surface near flank face of the tool compacted at different pressures
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Fig. 10 SEM micrograph of flank face compacted at S00MPa and EDS spectrum of areas 4

4  Conclusions

1) The complex-shaped Ti(C, N)-based ceramic
tool with satisfactory mechanical properties can be
prepared via microwave sintering. The density of the
green tool increased with the increase in molding
pressure, but the density of the cutting edge was lower
than that of the tool body, and the difference first
increased followed by a decrease as the molding
pressure increased.

2) The mechanical properties of the rake face were
higher than that of the flank face. The mechanical
property difference between the rake and flank faces
became lager as the molding pressure increased to
300 MPa due to the different densities of the flank and
rake faces in the molding process of the green tool.
The optimal mechanical properties of both the rake
and flank faces were optimal when the molding
pressure was 400 MPa.

3) The microstructure of the sintered tool became
homogeneous, and the grains were in tight contact as
the molding pressure increased. Cracks and holes were
produced due to the release of residual stress when the
molding pressure reached 500 MPa.
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