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Abstract

Al3BC3 was fabricated by in-situ reaction of Al, B4C and activated carbon additives, which improved both sinterability and

mechanical properties of the ZrB2 ceramics. The densification of ZrB2 was nearly completed at 17001 C using spark plasma sintering

(SPS). Both fracture toughness and flexural strength of ZrB2 ceramics increased with the content of sintering additives, which

respectively reached a maximum of 6.17 MPa m1/2 and 529 MPa at 15 wt% ABC content.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Due to its excellent thermal and mechanical properties,
zirconium diboride (ZrB2) is one of the most attractive
materials for applications in aerospace. ZrB2 or ZrB2

based composites can be used as leading edges and nose
caps in hypersonic re-entry space vehicles, rocket nozzle
inserts and air-augmented propulsion system components
[1–3]. However, the sintering of ZrB2 ceramics is difficult,
owing to the high melting point, the strong covalent
bonding and low self-diffusion coefficients [4, 5]. Recently,
many works have been carried out to improve the sinter-
ability of ZrB2. One promising approach for promoting
densification is the application of sintering additives to
ZrB2. For example, the addition of metals (e.g., Ni, Fe,
Mo) and ceramics (e.g., SiC, MoSi2, ZrSi2, Si3N4, AlN,
ZrN) can significantly promote densification and induce
microstructure through liquid-phase sintering at tempera-
tures lower than those necessary for undoped compositions
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[6–10]. Another approach to enhance densification is the
use of pressure- or field-assisted sintering techniques, such
as hot pressing, spark plasma sintering, and microwave
sintering. Among the techniques, spark plasma sintering
(SPS) has been intensively used for sintering ZrB2 ceramics
in recent years due to the combination of unique properties
such as fast heating/cooling rate and high applicable
pressure [11–13].
In recently years, Al–B–C system (mixture of Al, B4C,

and C) has been used as efficient sintering additives of SiC
because it reduces the densification temperature and
improves the fracture toughness of SiC [14,15]. Liquid
phase sintering was the main densification mechanism of
SiC containing Al3BC3 additive. Al2O3 and B2O3 at the
surface of Al3BC3 reacted with SiO2 to form a liquid
silicate phase, which caused the rearrangement and aniso-
tropic growth of SiC grains [16]. Anisotropic growth rates
of hexagonal a-SiC results in the formation of platelike
and elongated grains, which can bridge the crack and
shield the crack tip from the applied stress [17–19]. As
Al3BC3 do not melt up to 21001 C, the fracture toughness
of Al3BC3–SiC composites was found to be slightly
decreased at temperatures up to 13001 C [15,20]. The result
rved.
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Fig. 1. Shrinkage of the ZrB2–ABC ceramic composites during spark

plasma sintering.
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indicated that Al–B–C system (here after termed ABC) is a
potential additive for lowering the sintering temperature
and improving the toughness of ZrB2. However, researches
on the sintering performance and properties of the ZrB2–
ABC systems have not been reported.

In the present study, the densification behavior of the
ZrB2-based ceramics containing 5–15 wt% ABC additives
during spark plasma sintering (SPS) was investigated and
the microstructure and mechanical properties of the
sintered ZrB2 were analyzed.

2. Experimental procedures

2.1. Powder preparation

Commercially available ZrB2 (1–2 mm, purity499%;
Alfa Aesar, MA, USA), Al ( APS 11 mm, purity 99.7%;
Alfa Aesar, MA, USA ), B4C (purity 99%, particle
sizeo10 mm; Alfa Aesar, MA, USA) and carbon black
powers (S.A. 60–80 m2/g, purity 99.5%; Alfa Aesar, MA,
USA) were used as raw materials in this study. Al, B4C
and carbon were used for the synthesis of Al3BC3 and for
the ABC system. By using stoichiometric composition to
synthesize Al3BC3 (Al:B:C=3:1:3 by molar ratio), the
following compositions were selected for the present study:
ZBABC5: ZrB2þ5 wt% Al3BC3, ZBABC10: ZrB2þ10
wt% Al3BC3, ZBABC15: ZrB2þ15 wt% A3BC3.

ZrB2, Al, B4C and carbon powers were ball-milled for
4 h in a polyethylene bottle using agate balls and ethanol
as the grinding media. Then the slurry was homogenized
again by sonication for dispersion by ultrasonic for 30 min,
and was dried by rotate evaporation.

2.2. Densification

The power mixtures were loaded into a graphite mold
(inner diameter 30 mm) lined with graphite foil and
densified using SPS (Dr. Sinter 2020, Sumitomo Coal
Mining Co., Tokyo, Japan) in vacuum (�6 Pa) at
17001 C for 10 min under an uniaxial pressure of 40 MPa
( heating rate: 1001 C/min). A 12 ms-on and 2 ms-off pulse
sequence were used. The heating process was controlled
using a monochromatic optical pyrometer that was
focused on the hole of the side of the graphite mold. The
sintering shrinkage of the specimen was analyzed by
measuring the movement of the lower electrode (resolution
0.01 mm) which was connected to a computer to log the
shrinkage curves.

2.3. Property analysis

The bulk densities of sintered samples were measured using
Archimedes’ method. The theoretical densities of the sintered
specimens were calculated by the rule of mixture. The
theoretical densities of Al3BC3 and ZrB2 are 2.66 g/cm3

and 6.09 g/cm3, respectively [20]. Bending strength was
measured by a three-point bending test (test bars 3 mm� 2
mm� 25 mm) with a span of 10 mm and a crosshead speed
of 0.5 mm/min. Fracture toughness was measured by the
single-edged notch beam (SENB) method (test bars
2.5 mm� 5 mm� 30 mm) with a span of 20 mm and a
crosshead speed of 0.05 mm/min, the width of the notch
being o0.25 mm. Vickers hardness (HV) was measured by
Vickers indentation (Wolpert 430SVD, USA) with a 98 N
load applied for 15 s on polished sections. Minimum 5
specimens were tested for mechanical properties.
The microstructure and phase fraction of sintered speci-

mens were analyzed by scanning electron microscopy
(SEM, JEOL JSM-6700F, Tokyo) and X-ray diffraction
analysis (XRD, XD-3, China) using Cu Ka radiation.
3. Results and discussion

3.1. Densification behavior

Fig 1 shows the densification curves during sintering of
the ZrB2–ABC compacts at 1700 1C. The initial became
distinct with increasing the amount of the ABC additive.
This observation was due to the plastic deformation of the
aluminum particles at low temperature. The displacement
curves of the ZrB2–ABC samples were similar. Initial
extension due to the heating of the graphite punches was
followed by the moderate shrinkage. Subsequently, rapid
densification occurred until the saturation of shrinkage.
The sintering shrinkage behavior of the ZrB2–ABC sys-
tems was similar with those of the systems densified by
liquid phase sintering mechanism. As a consequence the
sintering behavior of the ZrB2–ABC could be classified
into three stages according to the slope of the shrinkage
curve: slow densification, fast densification, and solid-state
sintering. The densification curves of the ZrB2–ABC
samples shift towards lower temperatures with increasing
the amount of ABC sintering additive.
In the stage of slow densification, the rearrangement of

particles took place in the compact. The onset temperature
of shrinkage of the ZBABC10 and the ZBABC15 was



Table 1

Mechanical properties of the ZrB2–ABC ceramic composites.

Sample Relative

density (%)

Fracture

toughness

(MPa m1/2)

Flexural

strength

(MPa)

Vickers

(GPa)

ZBABC5 97.6 5.5570.13 419732 19.670.35

ZBABC10 99.3 5.9470.16 515726 18.770.36

ZBABC15 99.5 6.1770.01 52976 14.970.45

Fig. 2. XRD patents of the sintered ZrB2–ABC ceramic composites by

SPS at 17001 C.
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12431 C, which was about 301 C lower than that of the
ZBABC5 sample. The beneficial of the ABC on the initial
stage sintering was saturated above 10 wt%. During the
second regime of fast densification, the shrinkage begins at
about 14201 C. This stage was responsible for the majority
of the total shrinkage. In the final stage of sintering, the
shrinkage of the ZBABC10 and the ZBABC15 sample
stopped immediately after heating to isothermal tempera-
ture. However, the shrinkage of the ZBABC5 sample
progressed continuously at the early stage of isothermal
heating.

The relative density of the ZBABC5 composite reached
97.6% at 17001 C (Table 1). The relative density of the
ZBABC10 and the ZBABC15 composites reached nearly
100% at 17001 C (Table 1). The densification behavior of
ZrB2 was improved with increasing the amount of
the ABC.
3.2. Microstructure analysis

Fig. 2 is the XRD patterns of the sintered specimens.
The crystalline phases detected by X-ray diffraction in all
samples were ZrB2. Small peaks of Al3BC3 were detected
in the specimens containing 10–15 wt% of the ABC. This
indicated that Al3BC3 formed during densification by the
reaction of the ABC.

Fig. 3(a) presents the fractured surfaces of the ZBABC5
sample. A subsequent SEM analysis confirmed that the
level of porosity was lower than 3% (shown in Fig.1(a)).
Small amount of pores were distributed at the grain
boundary. The grain size was about 4–6 mm. The
ZBABC10 and the ZBABC15 showed fine microstructure
with less pores than the ZBABC5, as shown in Fig. 3(b)
and (c). The grain size of the ZBABC10 was about 3–5 mm,
which was larger than that of the starting ZrB2 powders.
The improvement of sinterability of ZrB2 due to the ABC
additive was associated with the formation of a liquid
phase at high temperatures. It is known that Al has a low
melting point of 6601 C. Then, in the initial stage at a
temperature just above 6601 C, metal Al melted and other
solid additives dissolved into the Al melt. The liquid phases
spread and wetted solid grains. Zhang et al. [17] reported
that Al vapor was possibly formed at high temperatures
and further coated the solid powder surface, which can
serve as a lubricant for particle rearrangement. Al and O
enrichment in grain boundary was detected by EDS
(shown in Fig. 3(d)), indicating that Al and oxides were
dispersed in grain boundaries between ZrB2 grains. B2O3

and Al2O3 films are present on the surfaces of ZrB2 and Al
particles, respectively. In the present study, B2O3 and
Al2O3 can form a solution to prevent the evaporation of
B2O3 during SPS and result in the formation of a stable
liquid phase between the grains, therefore improving
sinterability [21]. The sinterability was improved with
increasing the amount of ABC. During the densification
of SiC, the ABC are known to enhance boundary diffu-
sion, thus facilitating densification [18].
3.3. Mechanical properties

The mechanical properties are summarized in Table 1.
The hardness of the ZBABC5 was 19.670.35 GPa, which
decreased with the increasing amount of ABC. The hard-
ness of the specimens was lower than the reported values
(421 GPa) [1]. Because the hardness of Al3BC3 (11 GPa)
is lower than that of ZrB2 [22]. The room-temperature
flexure strength of the ZrB2–ABC composites was
improved with increasing the ABC content from
419 MPa (ZBABC5) to 529 MPa (ZBABC15).
The fracture toughness of ZrB2–ABC composites was

higher than the reported results of ZrB2 (3.5–4.2 MPa m1/2)
[1], and the value increased with ABC content from
5.55 MPa m1/2 to 6.17 MPa m1/2. In order to elucidate
the toughening mechanisms, the propagation path of
Vickers-indentation-induced cracks in the specimens were
observed by SEM, as shown in Fig. 4. Crack deflection and
crack bridging were observed in the ZBABC10 and the
ZBABC15 samples, which increased resistance against
crack propagation in the sample and consume more energy
for separation of the fracture surface. Therefore, crack
deflection and crack bridging were believed to be the



Fig. 3. SEM images of the fracture surface of the sintered ZrB2–ABC ceramic composites ((a) ZBABC5, (b) ZBABC10, (c) ZBABC15) and EDS data of

the grain boundary (d).

Fig. 4. SEM micrograph of the crack path on the polished and etched

surface (a. ZBABC10 and b. ZBABC15).
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primary toughening mechanism of ZrB2 sintered with
the ABC.

4. Conclusions

ZrB2 ceramics have been densified by spark plasma
sintering at 17001 C using Al, B4C and carbon as the
sintering additive. Al3BC3 formed during the sintering
process played an important role in promoting densifica-
tion and improving the sinterability of ZrB2 ceramics. Both
fracture toughness and flexural strength of ZrB2 sintered
with Al–B4C–C additives increased with increasing the
content of the additive. The observed toughening mechan-
isms were attributed to crack deflection and crack
bridging.
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