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A B S T R A C T

A high density 10wt% ZrB2 and 1wt%. CNT-reinforced mullite-based composite was prepared by spark plasma
sintering (SPS) at temperature of 1350 °C, average heating rate of 60 °C/min and a soaking time of 5min. Under
these conditions, the sintered composite obtained a high hardness (16.24 ± 0.12 GPa), fracture toughness
(4.18 ± 0.51MPam1/2) and flexural strength (488 ± 21MPa). The results of FESEM images showed a uniform
distribution of the reinforcement particles in the composite. The resulting CNTs survived the sintering process
and did not undergo any transformation. A transgranular fracture was predominantly observed in the fractured
surface micrographs of the composite. The CNTs pullout and crack-bridging toughening mechanisms were also
observed in the composite, which could have a significant contribution to the fracture energy and the interfacial
adhesion.

1. Introduction

Mullite ceramics have been used for a long time in various appli-
cations such as high-temperature applications, thermal barrier coatings,
corrosion resistant coatings and refractories due to such unique prop-
erties as high-temperature resistance, high creep resistance, excellent
thermal shock resistance, chemical stability and high dielectric constant
[1–4]. Because of the proper properties and affordable price, mullite is
suitable and non-replaceable option for extensive use in various in-
dustries [5,6].

Various sintering methods have been utilized to make mullite
components suitable for high-density parts. Conventional pressureless
sintering [7], hot pressing [8], microwave sintering [9] and spark
plasma sintering (SPS) [10] are the most commonly used methods
employed for sintering mullite bodies. The conventional pressureless
sintering of mullite requires a high heating temperature for a long time
which lead to waste of energy and time and also to weakening of me-
chanical properties due to abnormal grain growth [7,11–15]. There-
fore, the use of fast sintering processes such as microwave sintering and
SPS methods can ensure high efficiency in reaching the high-density of
mullite bodies without any excessive grain growth [9,16]. SPS is one of
the fastest and newest sintering methods. This technique is carried out

by applying pressure and electric current during the process [17].
Therefore, it is possible to achieve high-density parts (almost near
theoretical density) of refractory materials at lower sintering tem-
peratures by SPS method as compared to other conventional sintering
methods [13,18–23].

On the other hand, the use of monolithic mullite ceramics involves
some limitations due to such problems as low fracture strength and
poor toughness while using an appropriate reinforcement phase can
greatly reduce these problems [24,25]. Several studies have been re-
ported to improve the mechanical properties of mullite ceramics by the
addition of a second phase as the reinforcing particles which can act as
barriers to crack propagation and in some cases, abnormal grain
growth, which can be effective in determining the final properties of the
resulting composites [26]. Several investigations have been conducted
to improve mechanical properties of mullite-based composites at low
and high temperatures. For example, mullite composites containing
TiB2 [27], SiC [28], ZrB2/Al2O3 [29], CNT [30]and MoSi2 [4] re-
inforcement particles have been prepared by various sintering methods
such as combustion synthesis-direct sintering and hot pressing. Among
above-mentioned reinforcement phases, the use of CNT represents un-
ique properties, for example, the addition of 5 vol% CNT to the mullite-
based composite prepared by hot pressing method led to a 10% increase
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in flexural strength and a 78% increase in fracture toughness [30].
Recently, much attention has been paid to the sintering of Mullite-

composites by using the SPS method. Studies have shown that mullite-
matrix composites containing reinforcement phases when prepared by
the SPS method, display appropriate mechanical properties such as
bending strength, fracture toughness and hardness. For example WC
[31,32], SiC [33–35], ZrO2 [25], TiC [36], Si3N4 [24], B4C [37], Ta2O5
[3], CNT/Fe [38] and c-BN [39] reinforcement phases were used. The
effect of WC as the reinforcement phase on the mechanical properties of
mullite matrix composites sintered by the SPS method was evaluated by
Rajaei et al. [32]. The bending strength of composite containing 10wt%
WC was obtained to be about 298MPa, which was greater than that of
the monolithic mullite (220MPa). The effect of SiC whiskers on the
mechanical properties of mullite-matrix composites prepared by the
SPS method was also studied by Huang et al. [33]. It was shown that the
fracture toughness and bending strength of monolithic mullite was
2.1MPam1/2 and 267MPa, respectively; these values were increased to

4.5MPam1/2 and 566MPa by adding 30 vol% SiC whisker to the
mullite matrix phase. In another study, a mullite-based nanocomposite
containing 5 vol% SiC nanoparticles was prepared by using the SPS
method, as reported by Gao et al. [35]. The flexural strength of nano-
composite was 466MPa, in comparison with poor strength of the
monolithic mullite (200–300MPa), although the toughness value of
composite did not show any improvement compared to the monolithic
mullite (2–2.5MPam1/2). The preparation of mullite composite con-
taining 10wt% B4C through the SPS process was investigated by Gha-
sali et al. [37]. The bending strength of 348MPa and fracture toughness
of 3.01 MPam1/2 were achieved for this composite, which were higher
than those obtained for the monolithic mullite. Mullite-Si3N4 compo-
sites were also prepared using the SPS process, as reported by Karimi
et al. [24]. It was found that the bending strength and fracture tough-
ness of the composite containing 15wt % of Si3N4 were 481MPa and
3.85MPam1/2, respectively. The fracture toughness of 3.3MPam1/2

was measured for Mullite-CNT-Fe composite prepared by the SPS
method, which was twice more than that of the monolithic mullite
(1.6MPam1/2); however no increase in the fracture strength was ob-
served [38].

Since, less information is available on the microstructure and me-
chanical properties of three-component mullite-based composites,
therefore the aim of the present work is to evaluate the simultaneous
effect of ZrB2 and CNT reinforcing particles on the microstructure and
mechanical properties of mullite-based composites prepared by the SPS
process.

2. Experimental

Nano-sized mullite powders (> 100 nm) synthesized by the sol-gel
method were used as the starting materials. A detailed description of
this method was reported by Rajaei et al. [16]. ZrB2 (Global Co., China,
mean particle size of 3 μm) with 10wt % and CNT (US Research na-
nomaterials Inc,> 95%, OD: 5–15 nm) with 1 wt % were added to the
synthesized mullite powder. At the first stage, CNT was dispersed in
ethanol. Sodium dodecyl sulfate (SDS) was added to the above

Fig. 1. Time-temperature-punch displacement curves of the SPSed mullite-
ZrB2-CNT composite.

Table 1
Physical and mechanical properties of prepared mullite-ZrB2-CNT composite.

Sample Relative density (%) Vickers micro-hardness (GPa) Fracture toughness (MPa.m1/2) Flexural Strength (MPa)

Mullite-ZrB2-CNT 99.13 16.24 ± 0.12 4.18 ± 0.51 488 ± 21

Fig. 2. XRD pattern of the SPSed mullite-ZrB2-CNT composite.
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suspension as the dispersing agent under high energy sonication for
15min to enhance the dispersion of CNT in ethanol media. After that,
mullite and ZrB2 powders were added to the obtained suspension, and
the prepared slurry was mixed using a shaker mill (Spex mixer
−8000D) with alumina balls for 10min and dried at 60 °C during
stirring. The dried mixture was placed into an oven at 110 °C for 2 h.
The obtained powders were put into a graphite die with an inner dia-
meter of 3 cm and sintered at 1350 °C using the SPS machine (SPS-20T-
10, China). The average heating rate and soaking time were 60 °C/min
and 5min, respectively. The uniaxial pressure was first set to 10MPa at
room temperature and then increased to 30MPa at temperature of
700 °C. X-ray diffraction (XRD) analysis (Philips XPert System, Cu kα)
was carried out to identify the composite phases. The relative density of
prepared composite was measured according to the C-373 ASTM stan-
dard.

The Vickers micro-hardness test (load: 500g, dwell time: 15 s) was
carried out on the mirror-polished surface of the sample to evaluate the
composite hardness according to the ASTM-C1327-08 standard, using a
microhardness tester (MVK-H21, Akashi Co.). The fracture toughness of
composite was performed using the indentation fracture technique
based on the Niihara's method [40].

A three-point flexural test was carried out to evaluate the bending
strength of the composite according to the ASTM C1161-13 standard,
using SANTAM-20 mechanical testing machine. The microstructure of
prepared composite was analyzed by field emission scanning electron
microscopy (FESEM, Te-Scan MIRA3, Czech Republic). Energy dis-
persive X-ray spectroscopy (EDS) mapping analysis was also used to
characterize the chemical composition of components.

3. Results and discussion

Heating curve as well as punch displacement of the prepared com-
posite during SPS operation is plotted in Fig. 1(a), (b). The temperature-
time and displacement-time plots can be divided into four regions. In
the first stage no change in punch displacement occurs by raising the
temperature to 700 °C. In the second region, the punch displacement
starts in the temperature range of 700 °C to 1000 °C; after that, it be-
comes stable between 1000 °C and 1200 °C. This movement in the
punch can be related to an increase in the uniaxial pressure from
10MPa to 30MPa. In the third region, the secondary punch displace-
ment takes place at 1200 °C due to the start of sintering process, which
can be generally characterized by the shrinkage of sample during the
operation. The fourth region is related to the soaking time of sample at
the maximum temperature (1350 °C). It can be seen that in the

Fig. 3. The polished surface FESEM micrographs of the SPSed mullite-ZrB2-CNT composite.

Table 2
Calculated mass absorption coefficients of mullite and ZrB2 compounds ac-
cording to μ/ρ values of their containing elements, as given in Ref. [42], for Cu-
Kα radiation.

Compound Calculatedμ/ρ
(cm2/g)

Elements μ/ρ (cm2/
g) [42]

wt.% of
elements

Mullite (Al6Si2O13) 32.07 Al 48.6 37.99
Si 60.6 13.19
O 11.5 48.82

ZrB2 117.67 Zr 145 80.84
B 2.39 19.16
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temperature range of 1200 °C to 1350 °C, the punch displacement in-
creases, eventually reaching a constant value indicating the end of
sintering process. Therefore, it can be implied that the relative density
of sample reaches its maximum value at this region.

The values of relative density, hardness and fracture toughness of
the sintered composite are given in Table 1. Based on these results, the
relative density of sintered sample approaches its theoretical density,
indicating the complete sintering process of the sample. In addition, the
Vickers micro-hardness and fracture toughness values of prepared
composite are high, as compared to those obtained in previous works
[30,38].

XRD pattern of the prepared composite is presented in Fig. 2.
Mullite phase peaks were characterized according to JCPDS # 01-079-
1453, and the peaks of ZrB2 phase were also evident based on JCPDS #
03-065-3389. It is worth mentioning that the peaks of CNT were not
found in this pattern due to its small amount in the composite. A de-
tailed investigation of the pattern presented in Fig. 2 showed that the
peaks of ZrB2 appeared to be more intense than those of mullite matrix.
This can be attributed to the higher mass absorption coefficient of ZrB2

Fig. 4. EDS map analysis of the SPSed mullite-ZrB2-CNT composite.

Fig. 5. Flexural strength plot of the SPSed mullite-ZrB2-CNT composite.
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(117.67 cm2/g) in comparison with the mullite phase (32.07 cm2/g). In
order to prove mentioned above, the mass absorption coefficients of the
mullite and ZrB2 phases were calculated using the following equation
[41]:

µ w µ
i

i
=

(1)

where wi is the weight fraction, μ is the linear mass absorption coeffi-
cient, and ρ is the density of compound elements. The calculated mass
absorption coefficients of mullite and ZrB2 compounds are given in
Table 2.

Therefore, the lower intensity of mullite peaks compared to ZrB2
peaks can be justified according to Table 2.

FESEM micrographs of the polished surface of prepared composite
in the backscattered mode are shown in Fig. 3(a–d). As can be seen, the
bright particles are related to ZrB2 phase which are dispersed almost
uniformly in the composite structure. No trace of porosity was detected
in the microstructure of composite at low and high magnifications,
indicating a high relative density of the sintered composite. The CNT
particles could not be clearly detected; the agglomerates of this phase
were observed only in some dark regions shown by an arrow. In order
to identify mullite, ZrB2 and CNT phases, EDS map analysis was per-
formed and results were shown in Fig. 4. In this figure, the bright
phases were related to zirconium and boron-rich areas which can be
attributed to the ZrB2 phase. The dark regions were related to the
carbon-rich areas, representing the CNT phase. Similarly, silicon, alu-
minum, and oxygen-rich areas were related to the mullite matrix phase
in the microstructure of the composite.

Stress-strain curve of the sintered sample plotted in Fig. 5 indicates
the brittle fracture of composite [43,44]. The flexural strength value of
sample presented in Table 1 is comparable to reported values in many
similar studies [30,31,37,45]. FESEM micrographs of the fractured
surface of composite in the secondary and backscattered electron modes
are shown in Fig. 6. The brittle fracture surface of composite is well
visible in the secondary electron mode, as shown in Fig. 6 (a), (c). In
Fig. 6 (c), the CNT phase is detectable in bright color; it appeared
darker in Fig. 6 (d). Therefore, it can be concluded that carbon nano-
tubes survived the sintering process and did not undergo any trans-
formation. In the backscattered electron images, the ZrB2 reinforcement
particles are also observable in the bright color.

High-magnification FESEM images of the fractured surface of mul-
lite composite are shown in Fig. 7. In some areas, the presence of holes
is well observable, indicating pulled-out CNTs (Fig. 7 (a)) which are
very effective in improving the toughness and strength of the composite
[46]. The pullout mechanism of the CNTs can be described by the
formation of tensile stresses parallel to the axis of CNT, leading to the
formation of cracks in the matrix phase. Therefore, the interfacial de-
bonding between the CNT and matrix caused the pull-out of CNTs from
the matrix at critical value of stress and shows a significant contribution
of the fracture energy and interfacial adhesion [46]. In most areas, it
can also be observed that the fracture was took place through the
transgranular fracture, although an intergranular fracture was also
observable in some areas (Fig. 7(b)–(d)). The crack bridging of CNT was
also observed in other areas (Fig. 8), indicating strong interfacial
bonding between the CNTs, matrix and ZrB2 reinforcement particles. It
should be noted that the bridging of CNTs has a significant effect on
improving the fracture toughness as well as flexural strength of the

Fig. 6. FESEM images of the fractured surface of the SPSed mullite-ZrB2-CNTcomposite at low magnification in (a), (c) SE and (b) and (d) BSE modes.
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composite due to the prevention of crack growth. The dominant CNTs
toughening mechanisms are schematically illustrated in Fig. 9.

4. Conclusions

The microstructure and mechanical properties of a mullite-based
composite containing 10wt% ZrB2 and 1wt% CNT as reinforcement
particles prepared by the SPS process were investigated. A high relative
density was achieved during the sintering process of composite at
1350 °C during 5min of heating. In addition, the sintered composite
obtained a high hardness of 16.24 ± 0.12 GPa, fracture toughness of

4.18 ± 0.51MPam1/2 and flexural strength of 488 ± 21MPa. The
XRD pattern of composite confirmed the crystalline phases of mullite
and ZrB2. Microstructural investigations also indicated a uniform dis-
tribution of ZrB2 in the mullite matrix. The trace of CNTs was also
observed at the higher magnifications. This proved that CNTs survived
the sintering process and did not undergo any transformation. The
micrographs of fractured surfaces revealed the dominant transgranular
fracture mechanism. The CNTs pullout and crack-bridging toughening
mechanisms were also identified in the composite, indicating a sig-
nificant contribution of the fracture energy and interfacial adhesion.

Fig. 7. FESEM images of the fractured surface of theSPSed mullite-ZrB2-CNTcomposite at high magnification showing (a) pulling out of CNTs, and (b)–(d) trans-
granular and intergranular fraction.

Fig. 8. Typical FESEM images of the fracture surface of the SPSed mullite-ZrB2-CNT compositeindicating the crack bridging of CNTs.
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