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Abstract

Research on the phase analysis of ceramic materials is less abundant than research on the microstructure. In this
paper, Al,O;-TiN-TiC ceramic materials with different Ni content were fabricated by means of the hot-pressing
technique. The effects of the content of Ni on the phase composition and the mechanical properties of sintered ceramic
materials were investigated. The results showed that there were many diffraction peaks corresponding to the products
of Niin the range of 40°<26<45°, and the phases containing Ni element changed from spinel structure to intermetallic
compounds. After sintering, many new phases appeared, such as TigCs, TiCg 51N 12, TiN{ 90, MgAl,O,4, A1;Mg,, and
MoC. As the Nicontentincreased, both the flexural strength and the fracture toughness firstincreased then decreased,
with the maximum values occurring when Ni content was 3 vol% However, the hardness decreased continuously as
the Ni content increased. When the content of Ni was 3 vol%, the ceramic materials had optimum comprehensive
mechanical properties at room temperature, the flexural strength, toughness and Vickers hardness reached 658.5 MPa,
7.0 MPa-m!/2 and 19.8 GPa, respectively. The relationship between phase composition and the mechanical properties

was also analyzed, and the phases beneficial to each of the three mechanical properties were obtained.
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I. Introduction

High-speed machining technology is widely applied in
the field of mechanical processing, owing to its high cut-
ting speed and surface-machining accuracy 1-5. The fab-
rication of cutting tools is one of the key technologies for
high-speed machining. Al,O; ceramic materials have been
used for high-speed machining cutting tools for a long
time. They are best suited for the high-speed machining of
hard and brittle metal materials 6=10, such as chilled cast
iron and hardened steel. The cutting conditions in high-
speed machining demand excellent high-temperature and
frictional wear performance of the cutting tools, which
promotes the development of Al,O3-matrix ceramic ma-
terials. These materials usually contain additives that can
improve mechanical properties such as strength, hardness,
and toughness. The additives commonly used include re-
inforcing and toughening phases (e.g. TiC, SiC, TiN) 516,
sintering aids (e.g. MgO, Y,03) 17-20 and binding agents
(e.g- Mo, Ni, Co) 21-26,

To date, many studies have been conducted on the ef-
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fect of the secondary phases on the microstructure and
mechanical properties of Al,Oj3-matrix ceramic mate-
rials. TIC 11,12 and TiN 11-15 are the most commonly
used secondary phases of Al,O3-matrix ceramic materi-
als. The melting temperature of TiC and TiN are 3 343 K
and 3203 K22, respectively. Therefore, the composites
exhibit good cutting performance for high-temperature
and high-speed machining conditions 8-10 when TiC and
TiN are introduced into alumina ceramics. Moreover,
TiC particles improve the strength and hardness on ac-
count of the pinning effect on the crack front. Shalaby >
investigated the wear mechanisms of several cutting tool
materials in hard turning of high-carbon-chromium tool
steel, concluding that Al,O3-TiC ceramic material is a
chemically stable tool material with high red hardness and
good toughness. TiN particles, on the other hand, reduce
the friction coefficient, increase the hardness and improve
the wear resistance. Al,O3-TiN ceramic materials exhibit
better thermal shock stability and toughness than Al,O5-
TiC ceramic materials. Moreover, TiN has excellent chem-
ical stability and a low friction coefficient in contact with
ferrous and Ni-based alloys, so it can be used as a wear-
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resistant component and cutting tool insert. The electrical
conductivity of Al,O3-TiN materialis 3.34 x 107 Q-cm at
room temperature, so the ceramic composite can be made
by means of electrical discharge machining at low cost.
The authors of this work have investigated Al,O53-TiN-
TiC ceramic cutting tools for several years %>10,15-18,21
and have shown that, with a proper composition of the
starting material and appropriate sintering parameters,
the ceramic cutting tools demonstrated better cutting per-
formance than L'T55 when cutting quenched steels.

Niis one of the prominent metallic binding agents in brit-
tle alumina matrix ceramic materials owing to its high duc-
tility 23-33. Verma et al. 27 mentioned that Ni could pro-
mote the densification of the composites via liquid phase
sintering, and the relative density of the composites could
be increased. Fahrenholtz et al. 28 demonstrated that Ni
could enhance the fracture toughness of the composites
through crack deflection and crack bridging. When the
size of Niparticleis very small, the particles can slow down
the mobility of the grain boundaries owing to the pinning
mechanism, while 2 minimum amount of Ni addition can
refine the Al,O3 matrix grains, and the strength of Al,O;
matrix is consequently enhanced 29-31. As a result of the
mismatch of the thermal expansion coefficient between Ni
and Al,03 22,32 Ni addition can cause micro-crack and
crack-bridging, which can improve the toughness.

In the field of materials research, the microstructure and
its relationship with mechanical properties have always
been the focus of research. Optical microscopy (OM),
scanning electron microscopy (SEM), transmission elec-
tron microscopy (TEM) and other methods are used to
observe the microstructure at different scales. In fact, the
phase composition and phase structure also have signifi-
cant impacts on the subsequent mechanical properties.

To date, the effect of adding Ni on alumina matrix ce-
ramic materials has been mainly referred to the Al,O3-
Ni system 23, 24,26, 28-30_ A ot of research has been done
on the microstructure of this system, in order to ascertain
the relationship between the microstructure and mechan-
ical properties 23-26,28,29 However, there are few inves-
tigations of the effect of Ni addition on the Al,O3-TiN-
TiC material system. Meanwhile, it seems necessary to do
more research to enable better understanding of the rela-
tionship between the phase composition and mechanical
properties.

In this work, Al,O3-TiN-TiC ceramic materials with
different Ni content were fabricated by means of the hot-

Table 1: Physical properties of the raw materials 14

pressing technique. The effects of the Ni content on the
phase composition and mechanical properties were inves-
tigated. The relationship between different phases and the
mechanical properties was also analyzed.

II. Experiments

(1) Starting materials and sample preparation

The physical properties and specifications of the raw ma-
terials are listed in Table 1 and Table 2, respectively. The
Al,O3 powders are used as the matrix, TiC and TiN pow-
ders are selected to be the reinforcing and toughening ad-
ditives. MgO powders are added as the sintering agent. Mo
and Nipowders act as the metal binding additions. The av-
erage size of the a-Al,O3 matrix is 0.5 um (purity: 99.9 %,
Zibo, China), the average size of the TiC is 0.5 pm (puri-
ty: >99 %, Hefei, China), the average size of the TiN is
0.5 um (purity: >99 %, Hefei, China), the average size of
the MgO is 1.52 um (purity: = 98 %, Tianjin, China), the
average size of the Niis 2.3 um (purity: = 99.5 %, Beijing,
China) and the average size of the Mo is 2.3 um (purity:
>99.7 %, Beijing, China).

The samples were prepared according to the following
method: The powders were mixed using ethyl alcohol as
the solvent, they were dispersed ultrasonically for 15 min-
utes using an SB5200 ultrasonic instrument and D-7401-
III motor stirrer. Then the slurries were ball-milled with
alumina balls for 48 hours to reduce the particle size and
make the mixture more homogeneous. After that, a vac-
uum dry-type evaporator (Moder ZK-82A) was used to
dry the mixture. The dried powders were passed through
a 100-mesh sieve; then the powders were placed into a
graphite die and were compacted by a jack. The final com-
posites were fabricated by means of the hot-pressing tech-
nique in a ZRC85 - 25T sintering furnace, with an applied
pressure of 32 MPa, a sintering temperature of 1600 °C
and the holding time of 10 minutes.

Four sets of samples were prepared, all of them had the
same volume content of TiC (20 %), TiN (10 %), MgO
(1 %),and Mo (1 %). The samples were distinguished from
one another based on the composition of Ni, with the Ni
volume content being 0 %, 1%, 3 % and 5 %. For sim-
plicity, the samples were named AC2UNi0, AC2UN:il,
AC2UNi3, and AC2UNIi5, respectively. Table3 shows
the composition of the four samples in this experiment.
The preparation processes were repeated three times, with
one set of samples being prepared each time.

Original Density Melting point Vickers Elastic modulus Coefficient of ~ Poisson‘s ratio
phases (g/cm3) (°C) hardness (GPa) thermal expansion
(GPa) (106.K-1)
Al,O5 3.98 2047 21 400 8.4 0.26
TiN 5.43 2930 20.7 590 9.3 0.22
TiC 4.93 3160 32 460 7.4 0.19
Ni 8.902 1453 0.638 197 13.3 0.31
Mo 10.2 2610 1.53 336 5.43 0.38
MgO 3.58 2852 0.91 208 13.8 0.18
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Table 2: Specification information on the raw materials

Material Purity Average particle size (um) Density (g/cm3) Manufacturer
Al,O, 99.9 % 0.5 3.99 Zibo, China
TiC > 99 % 0.5 4.93 Hefei, China
TiN >99 % 0.5 5.43 Hefei, China
MgO >98% 1.52 3.58 Tianjin, China
Mo >99.7 % 23 10.20 Beijing, China
Ni >99.5 % 23 8.90 Beijing, China
Table 3: Material composition and proportion (volume content).

No. ALO, TiC TiN Ni Mo MgO
AC2UNI0 68 % 20% 10% 0 1% 1%
AC2UNil 67 % 20% 10 % 1% 1% 1%
AC2UNI3 65 % 20% 10 % 3% 1% 1%
AC2UNi5 63 % 20 % 10 % 5% 1% 1%

(2) Characterization techniques

The sintered compacts were cut into bars with a diamond
slice machine (J5060CE1), then the bars were ground and
polished to obtain rectangular specimens with the size
4 mm x 3 mm x 30 mm. 4 ~ 5 bars could be obtained
from each specimen. The room-temperature mechanical
properties test was performed on a universal test machine
(WDW-50E), the flexural strength of the materials was
calculated in a three-point-bending test, with a span of
20 mm and a loading velocity of 0.5 mm/min. Two parts
were obtained from the test of each bar. A Vickers-hard-
ness-testing machine (HVS-50) was used to make an in-
dention on the polished surface of the samples, with aload
of 196 N and a loading holding time of 15 seconds. 2 ~ 3
indentions were obtained from the separated bars after the
three-point-bending test. Then, the Vickers hardness and
fracture toughness of the materials were calculated with
the direct indentation method.

The phase composition of the sintering body was deter-
mined by means of X-ray diffraction (XRD) on a diffrac-
tometer (D/max-rb) with copper Ka radiation. The typ-
ical microstructures of the polished and fracture surfaces
were observed by means of SEM with energy-dispersive
spectrometry (ZEISS SUPRA-55). Both XRD and SEM
were applied on at least three specimens. Line scanning,
areascanning and EDS (Energy-Dispersive Spectrometer)
were applied for each specimen.

I1I- Results and Discussion

(1) Phase composition

Fig. 1 shows the X-ray diffraction results of the samples.
Fig. le) is the comparison diagram, it indicates that with
the addition of Ni, there are more diffraction peaks in
the range of 20=40°~45° and the new diffraction peaks
become stronger with the increment of Ni content. The

phase identification indicates that these diffraction peaks
are attributed to Ni contributions.

Table 4 shows the details of the consequent phase com-
position of the specimens.

Firstly, it can be seen that all the specimens have the
Al,Oj3 phase with the same lattice structure.

Secondly, when the content of Ni is less than 5vol%,
TiCis transformed into TigCs (rhombohedral system) and
TiN is transformed into osbornite-TiN (cubic system).
When the Ni content is 5vol%, TiC and TiN dissolve
completely and generate TiCy 51N 1, (hexagonal system),
while the remaining TiN is changed to TiN g (cubic sys-
tem). TigCs has been observed in the Ni-Ti-C system 32.
Additionally, the research of Rotella et al 34 have indi-
cated that TigCs is more porous and has slightly different
properties from TiC. TiCq 5Ny 1, is one kind of TiIC,N,,
phase. It is known that, when the sum of x and y is equal
or close to one, the mechanical properties of the ceramic
materials are excellent. However, when the sum of xand y
is less than one, the excess Ti elements and the liquid phase
generate brittle phase, which reduces the strength of ce-
ramic materials.

Thirdly, the addition of MgO leads to two kinds of the
MgAl, O, phases, one is the spinel of the cubic system and
the other is the orthorhombic system. When there is no Ni
addition in the initial powders, the MgAl,O 4 phase of or-
thorhombic system structure is the dominant form. When
the Ni contentis 1 vol%, MgO in the initial powders turns
into Al3Mg, (cubic system) with a large volume expan-
sion. When the Ni content is 3 vol%, MgO in the initial
powders turns into MgAl,Oy of the cubic system with a
smaller cell volume; the volume change could make the
density higher, which would be beneficial to the desired
mechanical properties. When the Ni content is 5vol%,
MgO also exists in the MgAl,O, phase of the cubic sys-
tem. Different lattice structure and cell volume cause dif-
ferent density, which can affect the properties of the phase.
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There is a host of literature 3537 investigating Al;Mg,
(B-Samson) because of its special crystal structure feature,
which is called “one of the most complicated crystal struc-
tures in intermetallic compounds of alloys”, but the rela-
tionship between structure and properties is still an unan-
swered question. Kim ez al. 38 and Huang et al. 39 con-
cluded that MgAl,O, could control the transfer rate of
grain-boundaries, which is beneficial to the microstruc-
ture and mechanical properties of ceramic composites.
Moreover, the addition of Mo leads to the interstitial
phase MoC (cubic system) when there is no Ni addition
in the initial powders. When the Ni content is 1 vol%, Mo
element exists in the form of MoC (hexagonal system) and
the cell volume becomes bigger. When the Ni content is
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3vol%, Mo exists in the form of Al{;Mo (cubic system)
and the cell volume is bigger than hcp-MoC. When the
Ni content reaches 5 vol%, Mo exists in the form of MoC
(cubic system) again.

Last but not least, when the Ni content is 1 vol%, Ni el-
ement exists in the form of NiAl,O, (cubic system), so-
called spinel. Konopka et al. 40 indicated that the branch-
ing cracks by NiAl,O, spinel particles could improve the
fracture toughness of Al,O3-Ni composites. Konopka et
al. 41-42 3]s0 concluded that a small amount of NiAl,Oy4
spinel formation was beneficial to crack bridging. When
the Ni content is 3 vol%, Ni element and Al element gen-
erate Al gNij 5, (cubic system). The lattice structure of
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Fig. 1: X-ray diffraction patterns of the Al,O3-TiC-TiN-Mo-MgO samples with 0 a), 1 b), 3 ¢) and 5 d) vol% Ni additions and their

comparison e).
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Table 4: Phase composition of Al,O3-TiN-TiC ceramic materials with different Ni content.

No. Al O34 TiC TiN Mo Ni MgO
AC2UNi0 AL, O, TigCs osbornite-TiN MoC — MgAL, Oy
(rhombohedral) (cubic) (cubic) (cubic)
AC2U Al, O3 TigCs osbornite-TiN MoC NiAl,O, AlsMg,
(rhombohedral) (cubic) (hexagonal) (cubic)
ACZUNI.?’ A1203 Ti8C5 osbornite—TiN AlleO Alo'gNi3'22 MgA1204
(rhombohedral) (cubic) (orthorhombic)
ACZUNIS A1203 TiCO.SlNO.lz TiNO.9O MoC N13A1 MgA1204
(hexagonal) (cubic) (cubic) (orthorhombic)
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Fig. 2: The mechanical properties of the ceramic materials with different Ni additions, in which a) is the flexural strength, b) is the Vickers
hardness and c) is the fracture toughness.

Aly gNij 5, is the same as that of Ni;Al, but the non-stoi- (2) Mechanical properties
chiometric features will cause the point defects of antisite
defects. When there is surplus Ni, Nianti-position defects
tend to maintain L1, structure 43-44, which can improve
the strength and toughness of the materials. When the Ni
contentis 5 vol%, Niand Al elements generate intermetal-

Fig. 2 illustrates the effects of Ni content on the mechan-
ical properties of Al,O;-TiN-TiC ceramic materials. The
results from previous work %10 suggest that they all have
ideal mechanical properties, which makes them good can-
didates for use as cutting tools, enabling them to be used

lic compound Ni;Al and the diffraction peak of NisAlis to cut quenched steels.

strong. Most intermetallic compounds are hard and brit- From Fig. 2b), it can be seen that with the increment of
tle #5-46s0 the mechanical properties of ceramic materials the Ni content, the Vickers hardness decreases continu-
will be poor when there are too many intermetallic com- ously and quickly. This can be explained by the fact that

pounds. the inherent hardness of Ni (0.7 GPa) is lower than that of
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the Al,O3 matrix (21 GPa) and the additives TiC (32 GPa)
and TiN (20.7 GPa). As indicated in Fig. 2a) and Fig. 2¢),
the flexural strength and the fracture toughness change in
the same way. When there is no Ni, both of these reach the
minimum values. With the increment of Ni content, both
the flexural strength and the fracture toughness increase up
to a maximum value and then decrease. When the Ni con-
tentis 3 vol%, the flexural strength and the fracture tough-
ness reach the maximum values.

To sum up, when the Ni content is 3 vol%, the com-
prehensive mechanical properties of the ceramic materi-
als are the best, the flexural strength is 658.5 MPa, the
Vickers hardness is 19.8 GPa and the fracture toughness is
7.0MPa-m1/2.

Fig. 3 shows typical SEM results of AC2UNI3.

Fig. 3a) shows that there are various core-shell structures
in AC2Ni3 (as marked by the red circles). Fig. 3b) shows
theline scanning photos of Fig. 3a), the results indicate that
the bright white part in Fig. 3a) is the binding phase gen-
erated by Ni and the light grey part in Fig. 3a) is the hard
phase TiC. The wetting angles of Ni with Al,O; and TiC
are 128°and 30°, respectively 46. As a consequence, liquid

Date :23 Jun 2011
Time :14:27:29

EHT = 15.00 kv Signal A = SE2
WD =11.4mm Mag= 500 KX

e
Signal A= SE2
Mag= 1.00 KX

10pm EHT = 15.00 kv
WD =114 mm

Date :23 Jun 2011
Time :14:23:04

Ni can wet TiC much better than Al,O3 during the sinter-
ing process, therefore the Ni products distribute around
hard phase in the sintered body. The various core-shell
structures indicate that the hard phase is sufficiently wet-
ted by Ni particles, which could enhance the mechanical
properties.

Fig.3c¢) is the topography on the polished surface of
AC2Ni3 and Fig. 3d) is the topography on the polished
surface of AC2Ni3. Fig. 3c) shows that Ni production is
more dispersed, and the particle size is bigger at the grain
boundary than inside the grain. The dispersion at the grain
boundary can restrain crack propagation, which can im-
prove the fracture toughness of the material 47. On the oth-
er hand, the small particles distributed in Al,O; matrix
can improve the density of the material. As indicated in
Fig.3d), there are both intergranular fracture and trans-
granular fracture in the fracture surface, and the fracture
morphologies are mainly transgranular fracture, there-
by enhancing the fracture toughness. The grains are uni-
form, and the grain size is small, which could improve the
strength and hardness according to the Hall-Patch rela-
tionship.

b) The result of line scanning photos

Signal A= SE2
Mag= 3.00 KX

Date :23 Jun 2011
Time :14:39:07

¢) SEM micrographs of the polished surfaces, 1000x

d) SEM micrographs of the fracture surfaces, 3000x

Fig. 3: SEM results of AC2UN:i3 17, in which a) shows the typical core-shell structures, b) shows the line scanning photos of a), c) shows the
micrographs of the polished surface and d) shows the micrographs of the fracture surfaces.
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(3) The relationship between different phases and me-
chanical properties

In a comparison of the phase composition with mechan-
ical properties, the relationship between some phases and
specific mechanical properties can be found. The rela-
tionship between certain phases with specific mechanical
properties can be inferred from Table 4 and Fig. 2.

When Mg element exists in the form of orthorhombic-
MgAl,Oy, the flexural strength of the ceramic materials
is worst (599.7 MPa), which means spinel-MgAl,O,4 and
Al3Mg, can improve the flexural strength of Al,O3-TiN-
TiC ceramic materials. When the Ni contentis 3 vol%, the
flexural strength and fracture toughness reach the maxi-
mum values (658.5 MPa and 7.0 MPa-m1/2, respectively),
which means that the generated phases AlygNi; 5, and
Al{,Mo can improve the flexural strength and fracture
toughness. All mechanical properties decrease when the
Ni content increases to 5vol%, it can be concluded that
the generated phases TiNg 9g and TiCq 51Ny 1, cause the
decrease in the comprehensive properties. This conclusion
isin agreement with the analysis and discussion of the spe-
cific phases in the first part of the Results and Discussion.

IV. Conclusions

The addition of Ni can improve flexural strength and
fracture toughness, but reduces hardness. With sintering
process parameters of 1600 °C, 32 MPa and 10 minutes
holding time, the best comprehensive mechanical proper-
ties are obtained when the Ni content is 3 vol%. The flex-
ural strength, Vickers hardness, and fracture toughness are
658.5 MPa, 19.8 GPaand 7.0 MPa-m /2, respectively.

With the increment of Ni content, the Ni element in the
ceramic materials causes a change from spinel structure
(NiAl,Oy, with the Ni content of 1 vol%) to intermetallic
compounds (Aly 9Nij ,; and NizAl, with the Ni content
of 3vol% and 5vol%, respectively), which reduces the
hardness owing to the defect of intermetallic compounds.
Orthorhombic-MgAl,O, is not desirable for the flexu-
ral strength of the Al,O3-TiN-TiC ceramic materials. The
generated phases Alg gNis 5, and Alj;Mo can improve the
flexural strength and fracture toughness, whereas the exis-
tence of TiN g9 and TiC 51 Ng 1, causes a decrease in the
comprehensive properties.
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