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Abstract

Al>,03-Ti(C,N) ceramics were fabricated via carbothermal reduction nitridation method
with high-titania special-grade bauxite as the raw material. The formation mechanism of
in-situ Ti(C,N) phase and its effect on the properties of materials are discussed. After nitrided
at 1700 °C, Ti(C,N) phase could be formed in-situ with appropriate C/TiO2 molar ratio. Due to
the residual stress field formed by Ti(C,N) particles, the path of crack propagation is changed,
leading to the crack deflection and pinning. Therefore, the mechanical properties of the
materials are improved by forming in-situ Ti(C,N) phase. With a C/TiO2 molar ratio of 2.2 and
nitridation temperature of 1700 °C, Al,Os-Ti(C,N) ceramic with a hardness of 13.9 GPa, a

fracture toughness of 8.28 MPa m*? and a flexural strength of 387 MPa could be fabricated.
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1 Introduction

Because of the low cost, good chemical stability, excellent mechanical strength and
outstanding high-temperature thermodynamic stability of alumina ceramics, they have been
proverbially employed as armor systems, refractory crucibles, coatings, thermal insulators, and
dental prostheses [1,2]. However, the application range of alumina ceramics has been
restricted by its unsatisfied fracture toughness [3]. Therefore, numerous studies have been
conducted for improving the fracture toughness of alumina ceramics. Generally, two main
approaches are currently used in the reported works:

(i) Microstructure refinement. The fracture toughness of alumina ceramics could be
enhanced by adjusting the shape or size of grains and the amounts of defects [4,5]. For
example, toughness enhancement of alumina ceramics could be achieved by elongated or
coarse grains, decreasing the grain size and avoiding the formation of defects.

(i) Introducing some additives or second phases to form composites. By adding metals,
intermetallics, ceramic particles, whiskers or fibres, the fracture toughness could be enhanced
due to plastic deformation, crack bridging and crack deflection toughening mechanism [6].

In general, composite formulations create better performance improvements than
microstructure refinement. SiC, SisN4, B4C, Ti(C,N) are the popular second phase additives in
alumina based ceramics [7-12]. Among that, Ti(C,N) ceramic is expected to exhibit superior
toughness, hardness, wear resistance and thermal shock resistance, therefore, is now very
attractive for the reinforcement of alumina. Using gas pressure sintering, Al2Os-Ti(C,N)

composite was obtained by Yang et al. [13], the composite exhibited a hardness and fracture



toughness of 19.6 GPa and 5.82 MPa m*?, respectively. Al,0s-Ti(C,N)-ZrO2 nanocomposites
with a hardness of 21 GPa and toughness of 5.5 MPa m*? were developed by Chakravarty et al.
[14]. However, the Al>Os-Ti(C,N) composites were usually prepared by adding Ti(C,N)
powder into alumina powder. The cost of Ti(C,N) powder is typically very high. And more
importantly, the densification of Ti(C,N) particles is very difficult, requiring pressure sintering
or SPS to achieve sintering densification [15,16].

The sintering difficulty of Al,Os-Ti(C,N) composites might be avoided by forming in-situ
Ti(C,N) in alumina system. It is well recognized that Ti(C,N) phase could be obtained from
carbothermal reduction nitridation of TiO> [17,18]. Using anatase TiO2 and electrode graphite
powder as raw materials, Ti(C,N) powder was synthesised by Yang et al. through carbothermal
reduction-nitridation at 1380 °C [17]. High-titania special-grade bauxite is a widespread
natural raw material, whose main chemical composition is Al0s and TiO,. By adopting
carbothermal reduction nitridation method, the TiO2 in high-titania special-grade bauxite
would transform into in-situ Ti(C,N) phase. Consequently, in this work, Al2Os-Ti(C,N)
ceramics were fabricated with high-titania special-grade bauxite as the raw material. The
formation mechanism of in-situ Ti(C,N) phase and its effect on the properties of ceramics are

investigated.
2. Experimental

2.1 Starting materials

High-titania special-grade bauxite and carbon black were selected as the starting

materials. Carbon black is supplied by Wuhan Kebon New Materials Co., Ltd., Wuhan, China.



The carbon content of nano carbon black is >99.5 wt%, and the average particle size is 30 nm.
The chemical compositions of high-titania special-grade bauxite are shown in Tables 1.
Besides small amounts of SiO», Fe.Oz and CaO, the high-titania special-grade bauxite consists
mainly of alumina and titania. The total content of Al2Os and TiO2 is up to 97.83 wt%. As
provided in Fig. 1 (a), the particle size of bauxite showed multi-peak distribution, and the
median particle diameter was 3.44 um. As for the TG and DSC traces of bauxite given in Fig.
1 (b), a weight loss of approximately 16 % was measured from 25 °C to 1500 °C. Due to the
eliminating of immobilized water in diaspore and kaolinite, a large weight-loss was detected in
the temperature range of 450-550 °C. One endothermic peak, around 505.1 °C, was observed,

which is caused by the water removal of weight-loss diaspore and kaolinite.

Table 1. Chemical compositions of high-titania special-grade bauxite

. Chemical compositions/wt%
Raw materials

AlOs  MgO  SiO2 Fe03 K:O NaO TiO, CaO IL

Original composition 79.71 011 072 039 0.01 001 399 037 1445
Composition without IL ~ 93.17 0.13 084 046 0.01 0.01 466 0.43 -
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Fig. 1. (a) Particle size distribution and (b) thermal analysis results of bauxite
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2.2 Sample preparation



The theoretical reaction equation for the carbothermic reduction nitriding of TiO: is
shown in Equation (1). Depending on the element ratios in target product, the molar ratio of
C/TiO2 is usually in the range from 2 to 3. Theoretically, when the C/TiO2 molar ratio (CTMR)
is 2, the reaction product would be TiN phase, and TiC would be obtained when the CTMR is

3.

TiO2+ (3—X) C+§ N2 — Ti(C1_Nx) +2CO (1)

In this study, since the target product in this experiment is Ti(C,N) phase, the CTMRSs in
samples were set as 2, 2.2, 2.5 and 2.8, respectively. High-titania special-grade bauxite and
nano carbon black were wet-milled for 30 minutes to produce slurry. The slurry was dried at
110 °C for 24 hours and followed by 200 mesh sieving. With 1 wt% polyvinyl alcohol as the
binder, the sieved powder was then uniaxially pressed into green bodies at 150 MPa. After
being dried at 110 °C for 24 hours, the green bodies were heated at 1700 °C for 3 hours in a

nitrogen-atmosphere electric furnace.

2.3 Characterisation

The dimensions of samples before and after sintering were measured to calculate the
linear shrinkage. The bulk densities and open porosities were determined based on the
Archimedes’ method. The true densities of sintered samples were measured by a helium
pycnometer analyzer using 325 mesh-sieved powder.

Phase identification was carried out by means of an X-ray diffractometer. The
microstructure of specimen was analyzed by a scanning electron microscope and their element
distributions were tested with an attached energy dispersive X-ray spectrometer.

Three-point flexural strength test was carried out on the samples with a span of 30 mm.



The Vickers hardness of sintered samples were tested on the polished surfaces using Vickers
hardness tester (HV-50A, Laizhou Huayin Testing Instrument Co., Ltd., China) equipped with
a diamond pyramid indenter. The tested load was 5 kg and the loading duration is 10 s,
according to Echeberria and Yu’s works [19,20]. As shown in Fig. 2, the Vickers hardness and

fracture toughness of samples then could be calculated using the following equations:

1.8544P
v=— 2
102d? @
K, =0.028x HV*® x E** xa® xc*® (3)
E=EV,+EV, +--- 4)

where Hy is the Vickers hardness (GPa); P is the loading load (kg); d is the average value
of di and dz (mm); Kic is the fracture toughness (MPa m*?); E is the elastic modulus (MPa); a
is half length of d; c is the crack half-length (m); E1 and E> are the elastic modulus of each
component in the sample (MPa); V1 and V are the volume fraction of each component in the

sample.

Fig. 2. Schematic diagram of indentation and cracks caused by Vickers

3. Results



3.1 Phase compositions
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Fig. 3. Phase compositions of nitrided samples with different CTMRs
The XRD patterns of nitrided samples with various CTMRs are provided in Fig. 3. After
nitridation, the sample with a CTMR of 2 is mainly composed of corundum and TiN phases,
indicating the TiO2 component in bauxite reacts with nitrogen to generate TiN phase. With the
increased introduction of carbon, the phase of TiN was transformed into Ti(C,N), the peak of
TiN phase disappeared and the peak of Ti(Co7No.3) was detected. Moreover, the peak intensity

of Ti(Co.7No.3) phase increased with increasing CTMR.

As provided in Table 2, the XRD patterns were refined using a Celref calculation
software (Beta Version 2000, Grenoble INP, France) to determine the lattice constants of
Ti(Co.7No3) phase in different samples. The lattice constant of Ti(Co.7No.3) phase increased
with increasing CTMR. This may be attributed to the increased solid solution of C into
Ti(Co.7No.3) phase. Since the C atom has a greater atomic radius than that of N atom, the solid

solution of C would lead to increased lattice constant of Ti(Co.7No.3) phase.



Table 2. Lattice parameters of Ti(Co.7No.3) phases in various samples

CTMR al A b/ A c/ A
2.2 4.2927 42927  4.2927
2.5 4.2947 42947  4.2947
2.8 4.2953 42953  4.2953

3.2 Microstructure

SEM microphotographs of the polished surfaces of nitrided samples with different
CTMRs are shown in Fig. 4. In accordance with the XRD results, for the sample with a CTMR
of 2, the TiN phase was formed in situ after nitridation. The TiN phase, bright points in Fig. 4
(@), was uniformly dispersed in the sample. As given in Table 3, the energy spectrum results
suggested that a small amount of O element was dissolved in the TiN phase. Several pores

could be found between the grains.

With respect to the specimen with a CTMR of 2.2, it showed a lower porosity and
increased density (Fig. 4 (b)). As shown in Table 3, the Ti element mainly existed in the form
of Ti(C,N) phase. With the CTMR further increased to 2.5, the content of C in the Ti(C,N)
phase was accordingly raised. Nevertheless, the porosity of the sample increased instead (Fig.
4 (c)), which may be caused by the densification difficulty of Ti(C,N) material. Fig. 4 (e)
provides the mapping scanning result of the area in the red dotted square in the upper right
corner of Fig. 4 (c). The distribution of Ti, C and N elements is relatively overlapping,
indicating the generation of Ti(C,N) phase. With the CTMR further increased to 2.8, the
content of C in the Ti(C,N) phase further augmented while sample compactness further

decreased (Fig. 4 (d)).



Fig. 4. SEM images of polished surfaces of samples with different CTMRs: (a) 2, (b) 2.2,

(c) 2.5, (c) 2.8; (e) element distribution of selected area in the top right corner of figure

(©)



Table 3. Energy dispersive analyses of various samples

Points Ti/wt%e C/wt% N/ wit% O/ wt% Possible phase
1 81.7 0.3 16.9 11 TiN
2 81.6 6.1 11.. 0.8 Ti(C,N)
3 80.1 8.9 10.1 0.8 Ti(C,N)
4 76.2 11.0 11.9 0.8 Ti(C,N)

3.3 Sintering properties

Sintering properties of the samples nitrided at 1700 °C with various CTMRs are shown in
Table 4. For the sample with a CTMR of 2, it has a relative density of 91.3 %, while the total

porosity was 8.7 %.

The transformation of TiN into Ti(C,N) phase may affect the densification behavior of
materials from two aspects. On the one hand, since the C atom has a greater atomic radius than
that of N atom, with the solid solution of C into TiN, it has been reported that the Ti(C,N)
phase possesses a lower theoretical density than that of TiN [21]. Therefore, a certain volume
expansion would be occurred during the transformation, which may fill in the pores, resulting
in a lower porosity. On the other hand, by comparing the effects of TiN, TiC and Ti(C,N)
additions on the properties of alumina-based ceramics, several published works have already
pointed out the Ti(C,N)-added ceramic showed the worst sinterability, when being compared
to ceramics containing addition of TiN or TiC [22,23]. Thus, in this case, an excessive content

of Ti(C,N) phase might lead to poor densification.

When the CTMR increased to 2.2, the TiN phase in the sample transformed into Ti(C,N)

phase, accompanying with a certain volume expansion, which may fill in the pores. Therefore,



the bulk density and linear shrinkage of the sample increased, while the total porosity
decreased. However, with the CTMR further increased to 2.5 and 2.8, the amount of generated
Ti(C,N) phase consequently increased. The impact caused by poor sinterability of Ti(C,N)
phase would be more significant. Therefore, the linear shrinkage and bulk density reduced,

while the total porosity increased.

Table 4. Sintering properties of samples with different CTMRs

CITiO2 Linear shrinkage  Bulk density True density  Total porosity

molar ratio (%) (g/cmd) (g/cmd) (%)
2 20.9 3.46 3.79 8.7
2.2 21.8 3.54 3.81 7.2
2.5 21.1 3.48 3.81 8.7
2.8 204 3.34 3.82 12.7

3.4 Mechanical properties

Fig. 5 provides the mechanical properties of various samples. With the introduction of
carbon, the mechanical properties of nitrided samples showed a trend of increased initially and
then decreased. With respect to the sample with a CTMR of 2.2, the TiN phase transformed
into Ti(C,N) phase, leading to raised density and decreased porosity (Table 4). Since the
Ti(C,N) phase possesses a better hardness than TiN phase [24,25], the hardness of the samples
was improved. Although it has been pointed out that the fracture toughness of Ti(C,N) phase is
slightly lower than that of TiN phase [24,25], the toughness and strength of the sample are
increased when the CTMR increased to 2.2. This may be due to better sintering degree and

lower porosity in the sample.



With CTMR further increased to 2.5 and 2.8, the relative density of the samples
decreased and the porosity increased, which has a negative effect the mechanical properties of

the materials.
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Fig. 5. Mechanical properties of samples with different CTMRs

4. Discussion

4.1 Formation of Ti(C,N) phase

In order to understand the formation process of Ti(C,N) phase, thermodynamic
calculations were carried out to predict the equilibrium phase by using the ‘Equilibrium’
module of FactSage 6.4. The predicted equilibrium solid phases in TiO.-C-N2 system at

different CTMRs are shown in Fig. 6.
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Fig. 6. Predicted solid phase compositions in TiO2-C-Nz system with different CTMRs at

1700 °C

It should be pointed out that, since Ti(C,N) phase is the solid solution of TiC and TiN, the
Ti(C,N) phase was represented in the form of TiC and TiN during the thermodynamic

calculations.

When the CTMR is equal to 0, the only solid phase in TiO2-C-N. system is TiOs,
indicating the reaction between TiO2 and will not occur without the involvement of carbon.
With the CTMR increases to 0.1, the TiO> disappears and transforms into TigO17 and Ti1oO1.
With the CTMR further increases to 0.2 and 0.3, TigO17 and Ti10O19 has not been found, they
all converte to Ti3Os and TisOg. When the CTMR reaches 0.4, TiN phase appears for the first
time, only Ti3Os and TiN are generated in the TiO2-C-N2 system. For the CTMR in the range
from 0.4 to 1.9, the type of solid phases in system remains unchanged, consisting of TizOs and

TiN. With the increasing CTMR, the content of TisOs decreases while the TiN content



increases. When the CTMR increases to 2, the TisOs phase disappears and TiN phase is the
only solid phase. With the CTMR further increases, TiC phase begins to appear in the system.
With the increase of CTMR, the content of TiC in equilibrium phase increases and the content

of TiN decreases.

A large number of studies have been carried out on the behavior of carbothermal
reduction nitridation of TiO. The reaction in this work was carried out in a closed system in
an atmosphere furnace, therefore it is considered that the carbothermal reduction reaction in
the early stage occurred by the solid-solid reaction between TiO2 and C. According to our
experimental results and thermodynamic calculations, the formation process of Ti(C,N) phase

could be roughly classified into the following three stages.

(1) The first stage, the carbothermal reduction of TiO2 occurs, and the products are series

of intermediate titanium oxides, TinO2n-1.
NTIO2+C —> TinO2n-14+CO (5)

3TinOzn -1+ (N —3) C — nTiz0s + (N —3) CO (6)

As shown in Equation (6), at a lower temperature, TiO2 will undergo a reduction reaction
with C to form the intermediate titanium oxide, TinO2n.1. The intermediate titanium oxide
TinO2n1 IS easily to be converted into TisOg, Ti10019, TigO17 and other intermediate titanium

oxides. Among which, TizOs is the most stable intermediate titanium oxide in N2 atmosphere.

(2) In the second stage, the intermediate titanium oxides disappears and Ti(C,N,O) phase

is formed.



TisOs+(5—-3z1) C+ % N2 — 3Ti(Ny1,0 ) +(5-321) CO @)

Ti30s + (5+3%1—322) C — 3Ti(Cx, O 22) + (5—322) CO (8)
Ti(Nyl,Ozl)+Ti(Cxl,OzZ) —)Ti(CxZ, Ny2,0z3) (9)

With the increase of temperature, N2 begins to participate in the reaction, and Ti3Os reacts
with N2 and C to form Ti(N,O) and Ti(C,0O), respectively. Through the reaction of Equation (9),

Ti(C,N,O) phase is generated form the reaction between Ti(N,O) and Ti(C,O) phase.
(3) In the third stage, C atoms replace O in Ti(C,N,O) phase to gengrate Ti(C,N) phase.

Ti(Cxz, Nyz, 0 23) + C — Ti(Cxs, Nya) + CO (10)

As the reaction continues, C in the reactants replaces O in the Ti(C,N,O) phase,

transforming the Ti(C,N,O) phase into Ti(C,N) phase.
4.2 Effect of in-situ Ti(C,N) on mechanical properties of materials

Aiming to understand the formation of in-situ Ti(C,N) phase on the properties of
materials, bauxite was sintered in air to set as the control specimen, and the properties of
control specimen were listed in Table 5. For the sample with a CTMR of 2.2 and 2.5, although
they exhibited higher porosities than that of the control specimen, the mechanical properties
were surprisingly improved. These results indicated the formation of in-situ Ti(C,N) has a
positive impact on the mechanical properties of samples. With the CTMR further increased to

2.8, the sample showed lower hardness and flexural strength due to a too high porosity.



Therefore, the effect of in-situ Ti(C,N) on properties of materials are discussed in the

following.
Table 5. Properties of the control specimen
Bulk density Total porosity Vickers Fracture toughness Flexural
(g/cm®) (%) hardness (GPa) (MPa m*?) strength (MPa)
3.71 2.8 11.2 6.05 312

Owing to the difference in thermal expansion coefficient and elastic modulus between
Ti(C,N) and Al>O3, significant residual internal stress would be produced between Ti(C,N)

particles and Al,O3 matrix.

The stress P on the second phase particle can be calculated by using Equation (11) [26]:

o_ 2AaATE E|
E,1+v,)+2E, (1-2v,)

(11)

where Ada is the thermal expansion coefficient difference between the second phase
particles and matrix; A7 is the temperature difference during the cooling stage; Em, vm and Ep,vp
are the elastic modulus and Poisson's ratio of the matrix and the second phase particles,

respectively.

This internal stress will form a radial tensile stress or and the circumferential tensile stress

ot In the matrix [26]:

R 3
o =—P[—j (12)

P(RY
O-t:E ? (13)

where R is the radius of inclusion; r is the distance.



According to Equations (12) and (13), the magnitude of residual stress is related to the

distance between this point and the center of inclusion particle.

The elastic strain energies stored in the second phase particle and its surrounding matrix

can be obtained [26]:

P (1-2v,) R’

Up=27r Ep (14)
P (1+v
Um:ﬂ%W (15)

m

The linear expansion coefficient of Ti(C,N) is 8.35x10%/°C, while that of Al,O3 is
8.237x10°%/°C [27]. According to Equation (11), 4o and P are greater than 0. Based on
Equations (12) and (13), a tensile stress will be generated inside the second phase particle, and
radial tensile stress and tangential compressive stress will be generated in the surrounding

matrix.

As shown in Fig. 7, cracks always propagate along the weak link of the stress field,
parallel to the compressive stress and perpendicular to the tensile stress. When the cracks
extend around the second phase particle, they will propagate towards the second phase particle.
Since the closer to the second phase particle, the greater the residual stress, the cracks will be

pinned to or deflected towards the second phase particle.

G, T‘sile stress

Crack propagation path

" 6, Compressive stress
v

[

Fig. 7 Effect of inclusion particle residual stress on the crack propagation path



According to Taya’s model, the increased fracture toughness enhanced by the residual

stress, Aic, could be described using Equations (16)-(17):

A =2P 24-d) (16)
T

~1.085d

N

where 2 is the center distance between inclusions; d is the diameter of inclusion; f; is the

A

17

volume fraction of the inclusion.

In order to give a quantitative description on the mechanical properties change of samples,
the residual stress in the control specimen and the Al>O3-Ti(C,N) sample with a CTMR of 2.2

were calculated using Equation (11). The parameters during the calculation are listed in Table

6.
Table 6. The parameters during the calculation of residual stress
. Linear expansion . . .
Materials coefficient (x10°/°C) Elastic modulus (GPa) Poisson's ratio
Al203 8.237 [27] 465 [29] 0.234 [29]
Al2TiOs 1.5[30] 250 [31] 0.25[31]
Ti(C,N) 8.35 [27] 570 [29] 0.19 [29]

By introducing the parameters in Table 6 into Equations (16)-(17), the value of 4ic was

calculated to be 2.408 MPa m*2, which is similar to the experimental results.

Fig. 8 shows the SEM photos presenting the effect of in-situ Ti(C,N) particles on the
crack propagation path, in which the bright-colored particles are Ti(C,N) particles. Owing to

the residual stress field formed by Ti(C,N) particles, the path of crack propagation is changed,



leading to the crack deflection and pinning. The energy of crack propagation is absorbed and
consumed, the driving force of forward propagation is reduced, therefore, the fracture
toughness is improved. At the same time, due to the advantages of high hardness (over 23 GPa)
and high elastic modulus (over 570 GPa) of Ti(C,N) particles [29,32], it acts as a
reinforcement particle in the matrix of alumina, the hardness and flexural strength of the

materials are also subsequently improved.
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Fig. 8. Effect of in-situ Ti(C,N) particles on the crack propagation of samples

5. Conclusions

(1) After nitrided at 1700 °C, TiN phase was formed in situ in the sample with a CTMR
of 2. With the CTMR increase to 2.2, the TiN phase in the sample transformed into Ti(C,N)
phase, the bulk density and linear shrinkage increased, leading to improved mechanical
properties. However, when CTMR is further increased to 2.5 and 2.8, the bulk density of the
samples decreased, while the total porosity increased. Therefore, the mechanical properties of

the samples degraded instead.



(2) Due to the residual stress field formed by Ti(C,N) particles, the path of crack
propagation is changed, leading to the crack deflection and pinning. The energy of crack
propagation is absorbed and consumed, and the driving force of forward propagation is
reduced. Moreover, Ti(C,N) particles have the advantages of good hardness and high elastic
modulus. Therefore, the materials are toughened by forming in-situ Ti(C,N) phase.

(3) With a CTMR of 2.2 and nitridation temperature of 1700 °C, alumina-Ti(C,N)
ceramic with a bulk density of 3.54 g/cm?®, Vickers hardness of 13.9 GPa, fracture toughness of

8.28 MPa m*? and flexural strength of 387 MPa could be fabricated.
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