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A B S T R A C T

A near fully dense mullite-TiB2-CNTs hybrid composite was prepared successfully trough spark plasma sintering.
1 wt%CNT and 10wt%TiB2 were mixed with nano-sized mullite powders using a high energy mixer mill. Spark
plasma sintering was carried out at 1350 °C under the primary and final pressure of 10MPa and 30MPa, re-
spectively. XRD results showed mullite and TiB2 as dominant crystalline phases accompanied by tiny peaks of
alumina. The microstructure of prepared composites demonstrated uniform distribution of TiB2 reinforcements
in mullite matrix without any pores and porosities as a result of near fully densified spark plasma sintered
composite. The fracture surface of composite revealed a proper bonding of TiB2 with mullite matrix and also
areas with CNTs tunneling and superficies as a result of pulling-out phenomenon. The flexural strength of
531 ± 28MPa, Vickers harness of 18.31 ± 0.3 GPa, and fracture toughness of 5.46 ± 0.12MPam−1/2 were
achieved for prepared composites as the measured mechanical properties.

1. Introduction

Desirable toughness, low thermal expansion coefficient, proper
thermal shock resistance, good creep resistance, and superior chemical
and thermal stability have made mullite-based composites high-tem-
perature structural materials over the past decades [1–4]. While
monolithic mullite ceramics show very inadequate fracture toughness,
normally, in the order of 1.5–2.5MPam1/2, using reinforcing agents
such as zirconia and alumina can improve a limited fracture by ap-
proximately up to 4.5–5MPam1/2 [5,6]. Among different mullite-based
composites, zirconia is a popular reinforcement that has attracted much
attention of researchers due to its enhanced fracture toughness, desir-
able creep and flexural strength, and simple and early production
process of the reaction sintering of alumina and zircon [7,8]. Moreover,
the effect of other reinforcement particles such as B4C [9], Ta2O5 [10],
TiO2 [11], SiC [12], Si3N4 [13], WC [14], TiC [15], etc., on mechanical
properties of mullite has been frequently studied by researchers. Re-
cently, graphene nano plates (GNPs) [16] and carbon nano tubes
(CNTs) [17], which provide proper mechanical properties and superior

applications for mullite composites including ceramic membranes [18],
electrically conductive ceramics [16,19] and heavy metal ions removal
[20], have been regarded as another advanced reinforcement in mullite
materials.

In an attempt to reduce the brittleness and at the same time to
maintain attractive mechanical properties, hybrid reinforced compo-
sites have been considered as a promising candidate to improve the
mechanical properties of mullite-based materials [21,22]. Meanwhile,
using particle reinforcements alongside CNTs can ensure the ad-
vantages of two types of reinforcement in one product [23]. TiB2, as a
nonoxide ceramic, can serve as a useful part in the reinforcement phase,
as shown in the research work [24]. C. T. HO [25], for example, pre-
pared a mullite-TiB2 composite through combustion synthesis from
blends of TiO2, boron and carbon powders, finding that 20 vol% of TiB2
in mullite matrix led to a fracture toughness and bending strength of
4.3MPaml/2 and 427MPa, respectively. On the other hand, regarding
the reports, CNTs as reinforcement can admirably improve the me-
chanical behavior of mullite-based composites. J. Wang et al. also in-
vestigated the microstructural and mechanical characteristics of
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mullite-CNTs composites fabricated through hot press method; they
showed the highest fracture toughness for 5 vol% CNTs addition. In
addition, A. Weibel et al. [26] addressed the preparation of a mullite-
iron-CNT composite through reduction in H2–CH4 and consolidation in
a spark plasma sintering (SPS) process. They compared the mechanical
properties of prepared composites with monolithic mullite ceramic.

Modern sintering methods such as spark plasma and microwave
heating have been broadly used for the production of structural ceramic
materials [27–29]. Spark plasma sintering, as a pressure-assisted
method with unique advantages, includes vacuum condition, fast
heating rate, sparks between particles, Joule's heating, etc.; it is con-
sidered as the proper process to consolidate a wide range of composites
[30–33]. Various studies have been conducted on the influence of SPS
process on the final properties of mullite-base composites; most of the
researches have obtained a proper densification by using this sintering
method [34–37].

To the best of our knowledge, no attempt has yet been made to
prepare a mullite-TiB2-CNT hybrid composite through spark plasma
sintering. Moreover, in the present work, a simple route was applied to
obtain the almost uniform distribution of reinforcement components.
Also, the microstructure of prepared composites was studied in detail
by the polished and fractured surfaces after the bending test.

2. Experimental procedures

The synthesis of mullite nano-sized powders has been reported in
the authors' previous work [9] through a sol-gel method of tetraethyl
orthosilicate (Merck: 800658), Al(NO3)3.9H2O (Merck: 101086) and Si
(C2H5O)4 as the staring mullite powders. Fig. 1 shows FESEM micro-
graphs of as-synthesized nano-sized powders. First, 0.15 g of MWCNTs
(OD: 5–15 nm,>95%, US Research nanomaterials Inc.) was dispersed
in ethanol. After that, sodium dodecylbenzene sulfonate (SDS) was in-
serted into the mixture and high-energy ultrasonication was used to
intensify the dispersion of carbonaceous nano-additive in ethanol, ac-
cording to the authors' previous work [38]. 1 wt% CNT and 10wt% of
titanium diboride powders (US Research nanomaterials Inc, purity:>
98%, 2–12 μm mean particle size) were added to the mullite nano-sized
powders and the mixing was carried out using a high-energy mixer mill
in ethanol media with five alumina balls in a polyethylene container for
10min. The mixture was dehumidified on a heater-stirrer at 70 °C. In

order to fabricate SPS (SPS-20T-10, China) samples, the dried mixtures
were inserted directly into a graphite die and sintering process began in
a vacuum condition (25 Pa) under an initial load of 10MPa and fina-
lized at 1350 °C under the applied load of 30MPa. The densitometry
(Archimede's principle), three bending strength (Santam-STm 20) and
microhardness (MKV-h21, Microhardness Tester) analyses were done
on prepared samples. In the case of bending strength test, samples were
then cut into pieces of 5×5×25mm in dimension and the three point
bending strength measurements were done for three samples with
18mm gage length and loading rate of 0.5 mm/min at room tempera-
ture. The X-ray diffraction (XRD) test (Philips X'Pert: Cu kα) and field
emission scanning electron microscopy (FESEM: MIRA 3 TESCAN,
Czech Republic) were then implemented to identify the phases and
microstructures of as-sintered mullite-based composites. Indentation
fracture toughness was also estimated from the measurement of crack
lengths after 10 successful indentations based on ISO 28079:2009, ac-
cording to the following formula:

= P
a

K 0.0028 (H ) ,IC v
1/2

1/2

where Σa is the total crack length (in mm), Hv is Vickers hardness (in
MPa), and P is the load of indentation (in N).

3. Results and discussion

Fig. 2 presents FESEM micrographs of powder mixtures after high
energy milling and drying process. As can be observed, an almost
uniform distribution of TiB2 was obtained at this mixing process.
Moreover, the enlarged area with EDS elemental mapping at Fig. 2
shows the presence of TiB2 and CNTs with mullite powders.

Fig. 3 demonstrates XRD pattern of sintered (SPSed) hybrid compo-
site at 1350 °C. Regarding Fig. 3, the dominant peaks of mullite and TiB2
were identified as the crystalline phases. The phase identification was
carried out using XRD data ICDD cards (01-089- 2644 (mullite), 01-075-
0782 (Al2O3) and 01-089-3923 (TiB2)). Also, the tiny peaks related to
alumina were realized from the corresponding patterns. As the use of
synthetic mullite powders with almost complete mullitization has been
reported from the authors’ previous work, it seemed that the presence of
alumina could be related to the nature of SPS process. SPS process deals

Fig. 1. FESEM micrographs of the synthesized mullite nano-sized powders.
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with the advantages of vacuum conditions and sparks between particles.
Moreover, there are some contradictions regarding the formation of
plasma during sintering [39,40]; however, it seems that complex events
take place at the microscopic level in sintering process. In the case of
mullite sintering, one of the critical issues is assumed to be SiO2 de-
composition (reducing condition) and its turning to SiO with its volati-
zation at high temperatures [41]. In other words, the sparks can prepare
a local temperature higher than that detected by a pyrometer [42];

therefore, there is a high possibility of the evaporation phenomenon of a
component such as mullite (3Al2O3·2SiO2) with a comparatively high
vapor pressure at the solid solution [43]. By decreasing the SiO2 content
of mullite, Al2O3 could appear in the XRD pattern.

Fig. 4 depicts displacement, displacement rate and temperature vs.
time during spark plasma sintering process. Regarding the curves pre-
sented in Fig. 4, a tiny shrinkage at the first level of sintering could be
related to degassing air between powders as temperature was raised
(red dashed circle). The second level could be followed by an increase
in temperature, but the constant shrinkage up to 25min (almost related
to 1000 °C) showed the warmed powders. Afterwards, the components
of green body showed the first stage of sintering process with the for-
mation of necks and their growth. This trend continued with an in-
crease in shrinkages aligned with sintering time and temperature (red
dashed oval). Finally, a noticeable change in shrinkage due to the in-
crease of applied load from 10 to 30MPa at a maximum sintering
temperature of 1350 °C could be detected in Fig. 4 (blue dashed oval).
Meanwhile, this increase in pressure helped to complete a normal
densification by mass transportation in the sample. Finally, with regard
to typical sintering temperature of a sample and the constant amount of
shrinkage at soaking time, the densification reached the highest level
unless sample had more complex reactions or needed a higher sintering
temperature far from the applied temperature [42,44,45].

Fig. 5 displays backscattered (BSE) and secondary electrons (SE)
Fig. 3. XRD pattern of the mullite-TiB2-CNT composite fabricated by spark
plasma sintering.

Fig. 2. FESEM images of mullite, TiB2 and CNTs mixture after high-energy milling and the corresponding EDS elemental mapping.
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Fig. 5. FESEM micrographs of the polished surface of mullite-TiB2-CNT composite.

Fig. 4. Displacement, displacement rate and temperature variations vs. sintering time of SPS route.
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FESEM micrographs of the polished surface of mullite-TiB2-CNT com-
posite at different magnifications. The bright phases with a higher
density and uniform distribution represent TiB2 phases at BSE images.
On the other hand, the gray phase as mullite matrix depicted a proper
densification. However, there were some dark areas which looked like
porosities, but SEM images at the same region showed that this dark
area was formed as a result of the height difference and particles
pulling-out during surface polishing [46,47].

Fig. 6 reveals FESEM micrographs and corresponding EDS elemental
mapping of mullite-TiB2-CNT composite. As can be observed, bright
phases showed the presence of Ti and B elements as TiB2 compounds. It
is worth mentioning that the detection of B is difficult by EDS elemental
mapping, but the presence of Ti can be assumed as TiB2 particles

considering this fact that there is no detected reaction product between
mullite and TiB2 regarding to XRD patterns [48–50]. Moreover, the
gray matrix demonstrated mullite phase in the presence of Al, Si and O
elements. Also, there were some dark regions with higher carbon con-
tent. It seemed that CNTs were present in these regions or the polishing
process with diamond paste, resulting in carbon remaining in these
areas.

Figs. 7 and 8 display FESEM fractographs of mullite-TiB2-CNT
sample at low and high magnifications, respectively. With regard to
Fig. 7, the flat fracture surface of prepared composite could be attrib-
uted to the ceramic nature of mullite as the matrix in composite.
However, at higher magnification images, as shown in Fig. 7, particle
pulling-out could be seen at the mullite matrix. Moreover, it seemed

Fig. 6. FESEM micrograph and corresponding EDS elemental mapping of mullite-TiB2-CNT composite.
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that TiB2 reinforcement had a proper bonding to the mullite matrix
after fracture. Fig. 8, with high magnification FESEM images from the
fracture surface of prepared composite, demonstrates two different re-
gions in the presence of CNTs and the affected area with CNTs pulling-
out tunnels, as well as superficies patterns. According to Fig. 8, the
configuration of CNTs and their positions could affect the fracture
surface of composite. Meanwhile, CNTs parallel to the fracture direction
(fracture force) created superficies at surface. The agglomerate region
led to the formation of areas with different heights; furthermore, CNTs
with an angle perpendicular to the force direction left tunnels at the
fracture surface of composite. All of the above mentioned phenomena
could lead to the introduction of different mechanisms of fracture, re-
sulting in an increase in fracture toughness due to the fact that each of
the events would use the required energy of fracture.

Fig. 9 illustrates FESEM images of the indent diagonal impressions

of prepared composite after Vickers hardness test. As shown, the di-
agonal at BSE image could not be detected, but SE images showed the
diagonal with cracks. The straight crack path showed a brittle nature of
mullite matrix composite. However, it seemed that the crack length was
influenced by the presence of TiB2 as reinforcement. On the other hand,
Fig. 9 demonstrates another indent diagonal impression which was an
imperfect shape at the right side of diagonal. It could probably happen
due to the presence of CNTs at this area which looked like deformation
at the sides of diagonal.

Table 1 depicts the physical and mechanical properties of spark
plasma sintered mullite-TiB2-CNT composite. As can be seen, the high
Vickers harness of 18.31 ± 0.3 GPa was obtained from prepared
composite in comparison to the literature, as a result of using SPS
method with low grain growth and nearly full densification, as well as
TiB2 reinforcement as a hard ceramic [5,51]. In the case of flexural

Fig. 7. FESEM micrographs of the fracture surface of mullite-TiB2-CNT composite at low magnifications.
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strength and fracture toughness, the prepared hybrid composite showed
proper mechanical properties which seemed to be higher than reported
values in other works [52–55]. So, the nearly full densification, ultra-
low water absorption and the use of TiB2 and CNT as hybrid re-
inforcement could lead to the preparation of mullite-based hybrid
composite and superior mechanical properties, as compared to mullite
composite reinforced with either TiB2 or CNT separately [25,56].

Fig. 10 reveals the force-extension curve and adsorbed energy
during the bending strength test. As can been seen, the acceptable
fracture load and extension were obtained for prepared composite, as
compared to the authors’ previous work. Moreover, the remarkable
adsorbed energy as a result of using a hybrid reinforcement was cal-
culated for SPSed composite [9,10].

4. Conclusions

Mullite-TiB2-CNT hybrid composite was prepared successfully
through spark plasma sintering. The XRD patterns showed the presence
of composite component with tiny amounts of alumina, probably as a
result of SiO2/SiO volatization at high temperatures and the special
sintering condition of SPS process. The fracture surface of prepared
composite demonstrated different areas such as: particles pulling-out,
CNTs remaining tunneling, superficies, and some agglomeration of
CNTs, while the polished surface of composite depicted uniform dis-
tribution of TiB2 reinforcement. The superior mechanical properties of
produced composite, including the flexural strength of 531 ± 28MPa,
Vickers harness of 18.31 ± 0.3 GPa, and fracture toughness of
5.46 ± 0.12MPam−1/2, could suggest using both TiB2 particles and
CNTs to produce the hybrid composite.

Fig. 8. FESEM micrographs of the fracture surface of mullite-TiB2-CNT composite at high magnifications.
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