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ARTICLE INFO ABSTRACT

Keywords: The effects of adding SiC as a reinforcement and TiN as an additive on TiB,-based composites fabricated by the
SPS spark plasma sintering (SPS) technique were investigated. SPS was implemented at the sintering conditions of
M_icmsmlcmre 1900 °C temperature, 7 min holding time and 40 MPa pressure. Adding these two secondary phases had no-
T_‘B2 ticeable effects on the microstructure of TiB,-based composites. A relative densities of 99.9% was obtained for
_illf\] TiB,-SiC-TiN composite. Detection of in-situ formed phases and investigation on them were done using SEM,

BN nano-platelets

XRD, EDS and thermodynamic assessment. These evaluations proved the formation of in-situ phases of TiC, BN

nano-platelets, TiSi and B,4C in the TiB,-based composite codoped with SiC and TiN. Formation of these in-situ
phases had fascinating effects on the sinterability and ultimate microstructure of titanium diboride.

1. Introduction

Over recent years, design and fabrication of advanced materials
which are stable at high temperatures have been attracted lots of con-
sideration among researchers. Ceramic materials including carbides,
nitrides, beryllides, borides and silicides, due to their remarkable
hardness and presentation of good properties at harsh thermal condi-
tions, are the best candidates for high-tech structural applications.
However, thanks to poor mechanical properties, the use of monolithic
ceramics, even the fully dense ones, is limited in practical cases. Adding
secondary phases, namely production of ceramic matrix composites
(CMCs), offer many noticeable advantages such as better fracture
toughness in comparison with unreinforced ceramics [1-10]. Moreover,
recent research works have shown that the formation of in-situ phases
during reactive sintering methods exhibits additional benefits com-
pared with composites which are processed conventionally. Among the
chief advantages of in-situ processing techniques, improved mechanical
characteristics, the possibility of unique microstructure production, the
simplicity of the process and cheap raw starting materials can be
mentioned [11-20].

Because of a combination of properties like high hardness, high
melting temperature, remarkable chemical stability, high strength, ex-
cellent abrasion resistance and high electrical and thermal conductivity,
titanium diboride has been considered as a promising material for a
wide range of applications [21-31]. Bio-coating on pure titanium,
crucibles, cutting tools, cathodes and abrasion-resistance parts are
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among the most important applications of this fascinating ceramic
[21,22,26,28-30]. Nevertheless, besides the inherent brittleness of
purely sintered titanium diboride, the low sinterability is an obstacle
toward the use of this material in some applications [32-40]. This poor
sinterability comes back to the strong covalent bonding between tita-
nium and bore atoms and the fairly low self-diffusion coefficient. In
addition, the oxide layers covered the surface of TiB,, namely B,O3 and
TiO,, implement a harmful effect on the consolidation process
[27,28,41]. On the other hand, sintering at high temperatures leads to
exaggerated grain growth and consequently lower fracture toughness
[27,30,38].

Over a recent couple of decades, lots of efforts have been done to
surmount these limitations. Investigation of the influence of sintering
aid materials and also the development of new production techniques
were among these admirable endeavors. In the term of additives, the
effect of a wide range of ceramic aids, including carbon nanotubes
(CNTS), SIC, AlN, 513N4, MOSiz, TIC, A1203, NbC, B4C, WC, TiSZ, ZrBz,
TaC, TiN, etc., and metallic sintering aids, such as Cr, Co, Cu, Fe, Ni, Al,
Ti, Ta, etc., on the mechanical properties and microstructure of TiB,-
based composites have been scrutinized [36,37,42-49]. Moreover, an
advanced fabrication method named spark plasma sintering (SPS) has
been developed to obtain finer grain ceramic materials at relatively
lower temperatures compared with other conventional methods
[50-64].

Several studies have been implemented on the fabrication para-
meters and role of additives on mechanical characteristics and
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Table 1
Technical information of initial powders.

Material Supplier Particle Size (um) Purity (%)
TiB, China (Xuzhou Hongwu Co.) 3-8 99.9
SiC China (Xuzhou Hongwu Co.) < 0.5 99.0
TiN China (Xuzhou Hongwu Co.) 1-3 99.5

microstructure of titanium diboride-based ceramics. Adding Si3N4 as a
lonely sintering aid as well as Si3N4 and SiC at the same time on the
improvement of the relative density of SPSed TiB, at the sintering cir-
cumstances of 1900 °C and 7 min dwell time were investigated and the
figures of 99.7% and 99.9% were reported, respectively [65,66]. It was
shown that use of TiC as a sintering aid led to a better fracture
toughness because of achieving a finer microstructure [67]. The effect
of sintering temperature on the grain growth was evaluated on mono-
lithic TiB, and a comparison was done between the SPS technique and
the conventional method on the mechanical properties of undoped ti-
tanium diboride [68,69]. AIN was added to TiB, to fabricate cutting
tools and about 6.5 MPa m'/? fracture toughness and relative density of
92% was obtained when the sample sintered at 1800 °C by SPS tech-
nique [70,71]. Moreover, the use of Ti as a metallic sintering additive
was examined and a fascinating combination of fine microstructure and
mechanical properties (microhardness of ~27 GPa, fracture toughness
of ~6 MPam'/? and flexural strength of ~560 MPa and) were obtained
by SPS technique at 1650 °C for 5 min under 50 MPa pressure [72].

In this research, the influences of TiN as an additive on the relative
density and the microstructure of TiB,-SiC system were evaluated. Two
samples of TiB,-SiC (20 vol%) and TiB,-SiC (20 vol%)-TiN (5 wt%) were
densified through the SPS method under the sintering conditions of
1900 °C, 7 min dwell time and 40 MPa external pressure. Study on the
microstructure and chemical reactions over the sintering stage were
done by SEM, EDS, XRD and thermodynamic evaluations using HSC
software.

2. Experimental
2.1. Materials and process

As it is presented in Table 1, commercially available titanium
diboride, as the matrix, and silicon carbide and titanium nitride as a
reinforcement and a sintering aid, respectively, were used as initial
powders, according to the information introduced by the suppliers. All
powders were weighted to prepare two different mixture of powders,

(a) ©TiB,
| SiC
ATIO,

Intensity

International Journal of Refractory Metals & Hard Materials 81 (2019) 119-126

namely TiB,-SiC (20 vol%) and TiB,-SiC (20 vol%)-TiN (5 wt%) Then,
the mixtures were dispersed in a WUC-D10H ultrasonic bath (Daihan,
Korea) in ethanol for 0.5h. The processes of heating and drying the
prepared slurries were done using a MR 3001 K hot plate agitator
(Heidolph, Germany) at the temperature of 120 °C for 3h and a Uni-
versal Oven Um (Memmert, Germany) at 110 °C for one day, respec-
tively. Afterward, the fully dried mixtures were crushed by a mill (both
balls and cup fabricated of zirconia) and passed through a 100-mesh
sieve. Fig. 1 shows the XRD spectra of prepared powder mixtures.
Eventually, for producing the disk-shaped specimens (12 mm in radius
and 5mm in height), prepared mixtures were loaded into a die fabri-
cated of graphite and sintered at the conditions of 1900 °C, 7 min
holding time and 40 MPa pressure by an SPS machine (Nanozint 10i,
Khala Poushan Felez Co., Iran) under the vacuum.

2.2. Characterization

The theoretical density was computed using the rule of mixtures and
Archimedes' principles were applied for measuring the bulk density of
produced composites. The relative density of as-produced ceramics was
determined by the ratio calculation of the bulk and theoretical den-
sities. Microstructural evaluations on the samples surfaces (both po-
lished and fracture ones) of as-produced specimens were implemented
via a Mira3 FESEM (Tescan, Czech Republic). For determination of
grain size and check the accuracy of the figures obtained for the relative
densities, an image analyzer software, namely ImageJ software ver.
1.52a (Wayne Rasband, USA), was used. In addition, the phase analysis
of prepared composites was done using an XRD (Philips PW1730). For
carrying out of the elemental analysis of as-sintered samples, an EDS
(DXP-X10P) attached to SEM was used. Ultimately, HSC software
(Outokumpu, Finland) was utilized for checking the possibility of
chemical reactions occurred during the sintering stage.

3. Results and discussion

A relative density of 99.9 was obtained using a reinforcement of SiC
to the TiBy-based composite. In comparison with the monolithic TiB,
spark plasma sintered at the same sintering circumstances [65] (relative
density of 96.7%), adding SiC reinforcement led to a significant im-
provement in densification. Using TiN as a sintering aid also resulted in
a fully dense composite (relative density of 99.9) at the same sintering
conditions, showing TiN additive did not have a harmful effect on the
densification. Fig. 2 shows the SEM images captured on the polished
surfaces of sintered TiB,-SiC (20 vol%) and TiB, -SiC (20 vol%)-TiN
(5wt%). Looking into these images, no porosity was detectable,
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Fig. 1. XRD patterns of prepared powder mixtures (a) TiB,-SiC and (b) TiB,-SiC-TiN.
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Fig. 2. SEM images (polished surfaces) of specimens sintered at 1900 °C (a) TiB,-SiC (20 vol%) and (b) TiB,-SiC (20 vol%)-TiN (5 wt%).

Fig. 3. SEM fractographs of specimens sintered at 1900 °C (a) TiB»-SiC (20 vol%) and (b) TiB-SiC (20 vol%)-TiN (5 wt%).
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Fig. 4. XRD patterns of SPSed specimens (a) TiB»-SiC (20 vol%) and (b) TiB»-
SiC (20 vol%)-TiN (5 wt%).
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showing a complete densification stage. The black-colored regions
which are observed in the micrographs are related to polishing artifacts
including pulling out of hard grains and phases. As it is obvious, grains
in both samples are utterly connected to each other, presenting the
perfect sinterability of TiB, doped with 20 vol% SiC as a reinforcement,
regardless using TiN as an additive.

Fig. 3 presents the SEM fractographs of TiN-free and TiN-doped
TiB,-SiC composite specimens. According to the size of initial TiB,
powders (3-8 um), it can be seen that no significant grain growth
happened over the SPS process because of the size of most grains in
both samples which are < 8 um. The average grain size for the mono-
lithic titanium diboride was reported 9.2 um at the same sintering cir-
cumstances [65] which shows the beneficial influence of SiC re-
inforcement on the inhibition of grain growth in the TiB,-based
composite. As a result, it can be concluded that in addition of short
dwell time which leads to a fine microstructure in SPS method, using
SiC can obtain a finer microstructure and consequently better me-
chanical properties, thanks to the formation of several in-situ phases.

X-ray apparatus was utilized for phase characterizing of the TiB,-SiC
sample and the one doped with TiN additive. The patterns related to as-
sintered composites are depicted in Fig. 4. According to Fig. 4a, crys-
talline phases of TiC, SiO, and B,4C as in-situ SPS products were iden-
tified in TiN-free sample, besides peaks related to TiB, and SiC as the
initial materials. It should be noted that some part of detected SiO, in
the XRD pattern (Fig. 4a) can be related to the presence of such oxide
impurity on the surface of ultra-fine SiC particles as a starting material.
Microstructural, phase and elemental characteristics of the as-pur-
chased SiC powder are presented in Fig. 5. The SEM image, shown in
Fig. 5a, verifies that the size of particles is submicron. Detection of some
SiO5 peaks in the XRD spectrum (Fig. 5b) and oxygen element in the



M. Shahedi Asl, et al. International Journal of Refractory Metals & Hard Materials 81 (2019) 119-126

(b} | SiC
[ @ 5i0,
B
g
g
=
Je] i I
* _J2)\2 s "
20 0 40 50 60 0 &0

20 (degree)

5005 .
1 Point A: TiB: Ti Element|wt.%
1 . : B_[38.7
000] C 59
] (0] 33
| Ti 512
=00
2000-]
15007
1000
] T
o:m— eV
5

(©) (d)

s] Point B: SiC [Eement[wt.% iPoint C: TiC Ti  [Hementlwi%
] Si 0| 05 000 [ ]
4000 Si |46 (] 38
= T | 145 ] Si | 36
%600 o] T |s87
0003 ]
5 00
EDQ_: .
mn_: 1500
= "
10003 1 i
Ti 0 ¢ Si Ti
Ti ke D‘E LOA‘- ke
s 5

Fig. 6. SEM micrograph of the polished surface of TiB»-SiC (20 vol%) and related EDS results.
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Fig. 7. SEM micrograph of the fracture surface of TiB,-SiC (20 vol%) and related EDS result.

EDS spectrum (Fig. 5c) verifies the presence of SiO, in the starting
material. Germi et al. [66] reported the formation of TiO, and B,0s3
oxide layer on the surface of initial titanium diboride powders. More-
over, the sintering process led to decrease the oxygen level in the final
product due to the chemical reactions among starting combinations.
The feasibility of the reaction between the TiO, oxide layer and SiC
which can result to TiC and SiO, products was investigated by HSC
chemical software (Eq. (1)). AG of this reaction is —80 kJ, indicating
favorability of it in the term of thermodynamics. The in-situ formation
of SiO, and TiC phases, which are visible in the XRD pattern shown in
Fig. 4a, proves the validity of the reaction.

SiC + TiO, = SiO, + TiC (@]

In addition, the formation of SiO, during the sintering process can
lead to densification improvement in the as-sintered composite through
the liquid phase sintering mechanism. The oxide layer of B,O3; melts
and boils at the temperatures of 450 °C and 1860 °C in the standard
condition of 1 atm, respectively. Thanks to the level of vacuum of the
sintering environment, evaporation of B,O3 takes place at the tem-
peratures below 1600 °C. Eventually, the B,O3 vapor reacts with SiC,
based on Eq. (2), producing B4,C and some other byproducts in the
gaseous phase. In the term of thermodynamics, the reaction mentioned
in Eq. (2) is favorable at the temperatures higher than 1750 °C. Looking
into the XRD pattern in Fig. 4a, B,C formation over the sintering pro-
cess is clear and other gaseous phases can evacuate because of the va-
cuum circumstances into the sintering chamber [66].

4B,0; (g) + 7SiC = 2B,C + 75i0 (g) + 5CO (g) @)

Fig. 4b illustrates XRD pattern when 5wt% TiN was added to the
composite sample. As it is obvious, adding both TiN and SiC at the same
time to TiB, was resulted in the formation of B4C, TiSi, BN and TiC, but
SiO, phase seen in the TiN-free sample was not detectable in the TiN-
doped sample. TiC phase, as it was discussed before, can produce base
on the Eq. (1): the product of interaction between SiC and TiO, phases
during spark plasma sintering process. According to Egs. (3)-(4),
adding TiN as a sintering aid to the TiB,-SiC composite, has led to some
other reactions resulted to consume all SiO, content formed with TiC
based on Eq. (1). According to Egs. (3)-(4), the reaction of SiO, with
TiO, and TiN can result in the formation of TiSi and SizN, and some
other gaseous products, respectively. These two reactions are favorable
at ultrahigh temperatures (> 5205 °C and 3396 °C, respectively) in the
standard conditions. Due to the application of high pressure during the
SPS process and also the possibility of locally reaching to such ultrahigh
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temperatures under the SPS process, progressing of Egs. (3)—(4) are
utterly possible. The formation of TiSi phase was already proved by the
XRD investigation.

SiO, + TiO, = TiSi + 20, (g) €))

C)

In addition, TiB, and TiN can react with each other under certain
circumstances. According to Egs. (5)—(7), when these two phases would
place in close vicinity under the high temperature condition, titanium
nitride loses N and titanium boride loses B, and consequently, the for-
mation of hBN would be possible [73].

38i0, + 6 TiN = Si;N; + 6 TiO (g) + N, (g)

TiN = TiN_, + a(1/2) N, %)
TiB, = TiB,_p + bB (6)
A (1/2)N, + AB = ABN (A = min (a,b)) )]

Fig. 6 shows a magnified view of the composite of TiB, modified by
SiC captured by SEM. As it is clear, three different phases are visible in
this image. The EDS results of these phases are also presented in Fig. 6.
The bright area labeled by A letter is related to the TiB, matrix with a
high concentration of Ti and B elements. Two other areas labeled by B
and C are contributed to SiC and in-situ TiC phase which are rich in Si/
C and Ti/C as major elements, respectively. Fig. 7 also presents a close
view of the fracture surface of TiB,-SiC ceramic, captured by SEM,
showing the in-situ formed B4C phase over the SPS process.

As it was discussed before, adding TiN to the TiB,-SiC system led to
the formation of various new phases over the SPS process, including
TiC, BN, TiSi and B,4C. Fig. 8 indicates SEM micrograph of the polished
surface of TiB,-SiC-TiN composite. The related EDS results of different
regions are also shown in Fig. 8 for a better estimation of the micro-
structure. The area labeled by A letter which is rich in Ti and B elements
is attributed to the TiB, matrix. The small region surrounded by tita-
nium diboride matrix, shown by B letter, may be associated with in-situ
formed TiSi phase due to the elemental analysis. The area rich in Si and
C, labeled with C letter, is related to the unreacted SiC initial phase.
Finally, point D presented an area with a high concentration of Ti, C
and B elements which may be representative of TiC and B,C phases
formed in-situ. Fig. 9 shows SEM fractograph of TiN-doped composite
and the associated EDS spectra, indicating the formation of hBN nano-
platelets in this sample. Unfortunately, other secondary formed phases
could not be found in SEM micrographs because of their negligible
contents.
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Fig. 8. SEM micrograph of the polished surface of TiB,-SiC (20 vol%)-TiN (5 wt%) and related EDS results.

4. Conclusions

The influences of adding SiC as a reinforcement and TiN as a sin-
tering additive was examined on the relative density, microstructure
and formation of in-situ phases in TiB,-based composites. Two different
samples of TiB,-SiC and TiB,-SiC-TiN were sintered using a SPS tech-
nique and sintering conditions of 1900 °C, 7 min dwell time and 40 MPa
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pressure. After the SPS process, both specimens reached their theore-
tical densities. Various in-situ phases were formed in each composite:
TiC, SiO, and B4C in TiN-free sample and TiC, BN, TiSi and B4C in the
doped one. The presence/formation of SiO, phase had a positive role
during the sintering process: as a liquid phase in the TiN-free ceramic
leading to a better sinterability and as a reactant for forming in-situ TiSi
phase in the TiB,-SiC-TiN composite.
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