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Abstract

Zirconium diboride toughened by silicon carbide and zirconia fiber (ZrB2–SiC–ZrO2f) was prepared by using planetary ball mill and

the effect of milling time was investigated. The results showed that both the length of fiber and particle size of ZrB2–SiC-matrix were

reduced as the ball milling time increased. When milling time varied from 8 h to 12 h, the accumulated fibers and agglomerated particles

were observed. The production of a homogeneous ceramic could be successfully achieved by using a combination of 20 h milling time

and hot-pressing at 1850 1C for 60 min under a uniaxial load of 30 MPa. The optimal flexural strength and fracture toughness of the

hot-pressed ZrB2–SiC–ZrO2f ceramics reached 1084 MPa and 6.8 MPa m1/2, respectively. The main toughening mechanisms were fiber

debonding, fiber pull-out and transformation toughening. The results indicated that the ball milling technique was proposed as a

potential and simple method to obtain usable quantities of ZrB2–SiC–ZrO2f ceramic.

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

Because of the unique properties of Zirconium diboride
(ZrB2) based ultra-high temperature ceramics (UHTC),
such as high melting point (43000 1C), high thermal and
electrical conductivities, chemical inertness against molten
metals, and great thermal shock resistance [1–3], it is a
potential material for high-temperature structural appli-
cation, including furnace elements, hypersonic aircraft,
plasma-arc electrodes, reusable launch vehicles, or rocket
engines and thermal protection structures for leading edge
parts on hypersonic reentry space vehicles at over 1800 1C
[4,5]. However, monolithic ZrB2 ceramic is difficult to get
densified due to the strong covalent bonding and low self-
diffusion of Zr and B [6,7]. Besides, the intrinsic brittleness
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is another obstacle for ZrB2 ceramic to be used widely,
especially for applications in severe environment [8]. In our
previous research, it has been indicated that ZrB2 tough-
ened by silicon carbide particle (SiCp) and zirconia fiber
(ZrO2f) exhibits more excellent properties than that of
either individual component [9,10].
As one of the special family of ceramic fibers, stabilized

polycrystalline ZrO2 fiber exhibits high strength from 1.5 to
2.6 GPa, which attributes to the absorption of fracture energy
caused by the stress-induced martensitic phase transformation
toughening of ZrO2 from tetragonal (t-ZrO2) to monoclinic
phase (m-ZrO2) in the stress field of propagating cracks
[11,12]. Because of high melting point and mechanical proper-
ties, ZrO2 fiber has been widely applied as the reinforcement
of metals, plastics, ceramics and high temperature insulating
materials [13,14]. Obviously, it is advantageous to couple the
fiber toughening and transformation toughening together in
order to improve the toughness of matrix material.
Ball milling is a universal raw material preparation

involving cold welding and fracturing of powder particles,
and it is viable for large-scale production as well as
convenient [15]. Aim to obtain the appropriate particle
ll rights reserved.
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size, required phase and structure of the final product, it is
necessary to optimize the parameters in the ball milling
process, such as milling machine, milling speed, milling
time, charge ratio, chemical composition of the powder
mixture, temperature nature of milling atmosphere, etc.
[16] Above all parameters, milling time is one of the
most important variables to be studied. With increasing
the ball milling time, the particle size of raw powder is
decreased, the specific surface area and surface reactivity
are increased, so as to lower sintering temperature and
accelerate the sintering. But too long milling time will lead
to excessive heating of the vessel, lower powder yields and
increase wear of milling medium causing increased con-
tamination [17,18]. Moreover, ZrO2 fiber is chosen as
reinforcement in the present work, and the collision and
extrusion between grinding balls will cause fiber breakage.
So it is important to investigate the effect of milling
process on the microstructure of fibers.

The previous work proved that ZrB2 added with
20 vol% SiC and 15 vol% ZrO2f (ZSZ) had good compre-
hensive properties [9]. On these bases, the effect of milling
time on the powder morphology, particle size, phase
structure and phase formation of ZSZ ceramics were
investigated. The milling parameters were optimized to
coordinate with milling time. The purpose of this work was
to find the most suitable milling time for the ZSZ ceramics.
2. Experimental procedures

Commercially available ZrB2 powder (2 mm, purity4
99.5%, Northwest Institute for non-ferrous metal research,
China), SiC (1 mm, purity499.5%, Weifang Kaihua Micro-
powder Co., Ltd., China.) and ZrO2 fiber (Mean diameter and
length are 5–8 mm and 200 mm, respectively, purity499%,
Shandong Huolong Ceramic Fiber Co., Ltd., China) were
used as raw materials. The powders were weighed in propor-
tion to the stoichiometric ratio to yield ZrB2–20 vol% SiCp–
15 vol%ZrO2f and then homogeneously mixed in a polyethy-
lene bottle using zirconia balls and ethanol as the grinding
media. Ball milling was performed using a QM-1SP4 planetary
ball mill at a rotation speed of 220 rpm. A ball to powder
weight ratio of 1071 was selected to ensure high efficiency.
Different ball milling times were used: 8 h, 10 h, 12 h, 16 h,
20 h and 24 h (Table 1). The resulting powder mixtures were
Table 1

Materials and relative densities of sintered composites.

Samples Milling time (h) Sintering condition

Temperature (1C) Pressure (MP

ZSpZf8 8 1850 30

ZSpZf10 10 1850 30

ZSpZf12 12 1850 30

ZSpZf16 16 1850 30

ZSpZf20 20 1850 30

ZSpZf24 24 1850 30
hot-pressed at 1850 1C for 60 min under a uniaxial load of
30 MPa in Ar atmosphere.
The phase composition was determined by X-ray dif-

fraction (XRD; Rigaku, Dmax-rb, CuKa¼1.5418 Å).
According to the formula of Toraya et al. [19], the volume
fraction of the m-ZrO2 (Vm) was calculated by measuring
the intensities of (111) and (111 _ð Þ) reflections of the mono-
clinic phase and the (111) peak of the tetragonal phase:

Vm ¼
1:311Xm

1þ0:311Xm

ð1Þ

Xm ¼
Imð111ÞþIm 111

� �

Imð111ÞþIm 111
� �

þItð111Þ
ð2Þ

where, Xm denotes the integrated intensity ratio, Im and It

are the peak intensities of the m-ZrO2 and t-ZrO2,
respectively. Furthermore, the obtained Vm was individu-
ally normalized to the volume fraction of ZrO2 (VZrO22) in
each composite as follows:

Vmtot ¼Vm � VZrO2
� 100% ð3Þ

Therefore, the result of Vmtot on the fracture surface minus
the one on the polished surface equaled to the transfor-
mation fraction from t-ZrO2 to m-ZrO2 during fracture
(i.e., t-ZrO2 transformability).
The bulk density of the specimens was measured by

the Archimedes method. The microstructural features and
fragmented surfaces of the hot-pressing composite were
observed by scanning electron microscopy (SEM, FEI
Sirion, Holland) with simultaneous chemical analysis
by energy dispersive spectroscopy (EDS, EDAX Inc).
Flexural strength (s) was tested in three point bending
on 3 mm by 4 mm by 36 mm bars, using a 30 mm span
and a crosshead speed of 0.5 mm min�1. Each specimen
was ground and polished with diamond slurries down to a
1 mm finish. The edges of all the specimens were chamfered
to minimize the effect of stress concentration due to
machining flaws. Fracture toughness (KIC) was evaluated
by a single-edge notched beam test with a 16 mm span and
a crosshead speed of 0.05 mm min�1 using 2 mm by 4 mm
by 22 mm test bars, on the same jig used for the flexural
strength. All flexural and fracture bars were cut with the
tensile surface perpendicular to the hot-pressing direction.
A minimum number of six specimens were tested for each
experimental condition.
Density (g cm�3) Relative density (%)

a) Time (min)

60 5.35 97.0

60 5.38 97.4

60 5.46 98.9

60 5.44 98.6

60 5.45 98.8

60 5.34 96.7



Fig. 1. Typical XRD spectra of (a) ZSZ mixed powders and (b) the polished surfaces of sintered ZSZ ceramics with different milling times.
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3. Results and discussions

The XRD spectra of ZBZ mixed powders are shown in
Fig. 1a. Phase analysis confirmed that for unsintered
powders the main phases were ZrB2, SiC, t-ZrO2 and
minor m-ZrO2. With increasing milling time, the initially
sharp diffraction peaks got wider and the absolute inten-
sity decreased. This was due to powder crystallite size
refinement and internal strain increase which was induced
by the mechanical treatment. However, as shown in
Fig. 1b, there appeared a trace of ZrC on the polished
surfaces of sintered ZSZ ceramics after hot-pressing, which
was attributed to the reaction of SiC with ZrO2 [9]. And no
m-ZrO2 could be detected (Fig. 1b), which indicated that
m-ZrO2 had sintered to t-ZrO2 at 1850 1C. Theoretically,
if more t-ZrO2 transformed to m-ZrO2 during fracturing
process, the transformation toughening will be enhanced.

Fig. 2a–f shows scanning electron micrograph of the
ZSZ powders with different milling times. Combined with
the inserted analysis of EDS, the rod-like phase was ZrO2

fiber in Fig. 2 a–f. When milling time was 8 h, the length
of fibers changed from �20 mm to �100 mm. Meanwhile,
the aggregation of some fibers appeared. At this stage of
milling, fibers were reduced in different degree by shear
and friction between the grinding media, the predominant
mechanism in this stage was plastic deformation and
fracture. With increasing milling time to 12 h, fracturing
and welding became a significant process since the ability
of the fibers and matrix particles to accept further plastic
deformation was diminished, which led to a progressive
reduction of the fiber length and particle size resulting in
an increase of the specific surface area. At this stage, the
length of fibers was finally equal to the other, but along
with the intensification of agglomeration. With further
milling to 20 h, the fiber length remained unchanged
basically (�20 mm). Moreover, the agglomerated particles
were subjected to continuous fragmentation to form finer
particles and the accumulation of fibers was scattered by
mechanical force with uniform distribution in the matrix.
But when milling time was increased to 24 h, fibers were
almost broken into particles, which was supposed to have
poor fracture toughness and is discussed later.
Fig. 3a–f shows SEM micrographs of the fractured

surface of specimens for testing fracture toughness. On
the fractured surface, some short fibers fractured were
detected when milling time was short (from 8 h to12 h).
This was due to the random distribution pattern which
made fibers lapped with each other. With increasing
milling time (from 16 h to 20 h), it could be seen that
fibers were well distributed in ZrB2 matrix. On the other
hand, the fracture surface was rough, which was attributed
to the effects of fiber debonding and pull-out. As known,
the fracture toughness was related to the fracture model.
The fracture model here was mixed in a inter/trans-
granular mode which would lead to a higher fracture
toughness. As shown in Fig. 3f, when milling time was
increased to 24 h, no fibers were found on the fractured
surface so that fiber toughening mechanism had no effect.
The ZrB2 grain sizes of ZSZ ceramics with different

milling times are plotted in Fig. 4a, which are determined
from SEM images of the fractured surface using an image
analysis software package and estimated by measuring
at least 120 grains. The size of ZrB2 grains decreased
gradually with increasing milling time and tended to be
stable after milling for 20 h, since welding and fracture
mechanisms reached equilibrium. According to the
classical Hall–Petch relationship given by the formula
s¼ s0þkd�1=2(s is the strength of materials, s0 is the
strength of materials without any defect, k is material
constants, d is grain size), the grain size related with the
mechanical properties.
In order to understand the transformation toughening

mechanisms of ZrO2f, Fig. 4b shows the calculated results
according to Eqs. (1) and (2). The trend of development
of t-ZrO2 transformability was consistent with the change
of mechanical properties. The dispersion of fibers in the
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Fig. 2. SEM micrographs of the polished surface of ZSZ ceramics with different milling times: (a) ZSpZf8 (b) ZSpZf10 (c) ZSpZf12 (d) ZSpZf16 (e)

ZSpZf20 and (f) ZSpZf24.
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matrix was quite homogeneous, which was favorable to
load-sharing under a testing load and could promote the
t-ZrO2 to m-ZrO2 transformation. According to previous
study [21,22], when subjected to the external load, stress
concentration in the ceramic would bring the phase
transformation from t-ZrO2 to m-ZrO2 with the volume
expansion (4–5%), which would hinder the crack growing
or propagating and exhaust the fracture energy. If more
t-ZrO2 transforms to m-ZrO2 during fracture, the trans-
formation toughening would be increased.

Fig. 5 shows the flexural strength and fracture toughness
of ZSZ ceramics with different milling times. It is well known
that strength decreases exponentially as the porosity increases
for ceramic materials [20]. When a combination of density
measurements (Table 1) and SEM analysis was used, no
obvious pores were found (relative density 496%), so the
effect of porosity could be ignored. Results exhibited some
fluxion undulation that the flexural strength and fracture
toughness decreased with the increase of milling time till 12 h,
then increased with the further increase of milling time until
20 h, and at last decreased as the milling time was 24 h, which
was consistent with the analysis of the SEM microstructure.
The strength of the ceramics is a combination of matrix
strength, reinforcement strength, interface strength and the
residual stress induced by thermal expansion mismatch.
Obviously, the accumulated fibers and agglomerated particles
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Fig. 3. SEM micrographs of the fractured surface of ZSZ ceramics with different milling times: (a) ZSpZf8 (b) ZSpZf10 (c) ZSpZf12 (d) ZSpZf16

(e) ZSpZf20 and (f) ZSpZf24.
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are not beneficial to the fiber debonding and pull-out,
which would reduce the mechanical properties. The optimal
milling time was 20 h, and the flexural strength and
fracture toughness could reach 1084 MPa and 6.8 MPa m1/2,
respectively.

4. Conclusions

The effect of milling time on the synthesis of ZrB2 added
with 20 vol% SiC and 15 vol% ZrO2f was investigated by
using a wet mechanical balling technique carried out in a
planetary ball mill. The resulting powders had a range of
fiber length and particle size, depending on milling times.
When the milling time was shorter than 12 h, the accumu-
lated fibers and agglomerated particles were observed. On
the other hand, when the milling time was too much such
as 24 h, the fibers were broken to particles, which was also
harmful for improving the mechanical properties. The
optimal production of a homogeneous ceramic could be
successfully achieved by using a combination of 20 h
milling time and hot-pressing at 1850 1C for 60 min under
a uniaxial load of 30 MPa. The flexural strength and
fracture toughness reached 1084 MPa and 6.8 MPa m1/2,
respectively. The toughening mechanisms were fiber
debonding, fiber pull-out and transformation toughening.
The potential of ball milling technique was proposed as a



Fig. 4. ZrB2 Grain size (a) and t-ZrO2 transformability during fracture (b) for ZSZ ceramics with different milling times.

Fig. 5. Flexural strength and fracture toughness of ZSZ ceramics with

different milling times.
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simple method to obtain usable quantities of ZrB2–SiC–
ZrO2f ceramic.
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