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Abstract

ZrB,-7r0O, ceramics with ZrO, content varied from 15 to 30 vol.% were prepared by hot pressing. The content of ZrO, was found to have an
evident effect on the preparation, phase constitution, microstructure as well as the mechanical properties of ZrB,—ZrO, ceramics. ZrB,-30 vol.%
ZrO, provided the optimal combination of dense microstructure (2.6 wm, as the average grain size) and excellent properties, including the flexural
strength of 803 MPa, and the hardness of 22.7 GPa tested under 9.8 N. The highest t-ZrO, transformability of 35.2 vol.% during fracture for
ZrB,-30vol.% ZrO, brought the best toughness of 6.5 MPam!? compared with any other ceramic. In addition, the dependence of toughness on
the test method as well as the hardness on the indentation load was also investigated.

© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

There is a growing interest in ZrBs-based ceramics for
their outstanding properties of high melting point, high elec-
trical and thermal conductivities, chemical inertness and good
oxidation resistance.! These properties make them attractive
candidates for high temperature applications where corrosion-
wear-oxidation resistance is demanded, such as ballistic armor,
coating on cutting tools, electrical devices, nozzle and so on.2™*
The fracture toughness of ZrB,, with and without additives, is
generally in the range of 3.5-4.5 MPam!2.! For the most appli-
cations, however, such unsatisfactory value of toughness of ZrB,
is still the obstacle to a wider range of use. The sinterability of
Z1B; is limited due to its covalent bonding, high melting tem-
perature and low self-diffusion coefficients of Zr and B. Many
densification studies reported that hot pressing with high tem-
perature and external pressure could provide the effective way
to the full densification of ZrB,.5~7

Zirconia ceramics have been investigated extensively for their
excellent fracture toughness, strength, as well as other intrin-
sic physical and chemical properties including hardness, wear
resistance, low coefficient of friction and thermal conductiv-
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ity, and so on.® Concerning ZrO,-based ceramics, the most
attractive application was in the fields of general ceramics,?1°
electrolytes or fuel cells,' 1% as well as the films or thermal bar-
rier coatings.'>!* In particular, the most dramatic increase in
the industrial applicability of ZrO, has been brought about by
the discovery of the stress-induced phase transformation tough-
ening from tetragonal to monoclinic phase.®!>1¢ Such phase
transformation toughening mechanism was further investigated
by so many researchers in the ZrO,-based composites,”!0:17-19
as well as the composites reinforced and toughened by ZrO,.20-%!
The volume fraction of t-ZrO, available to transform to m-ZrO,,
called t-ZrO, transformability, was also evaluated to quantify the
phase transformation.®!7-19

In this perspective, ZrO, was introduced to toughen ZrB,-
based ceramics. Hot pressing was applied to prepare ZrB,—ZrO»
ceramics with a content range of ZrO, from 15 to 30 vol.%. The
dependence of phase constitution, microstructure, as well as the
mechanical properties of the hot-pressed ceramics on the content
of ZrO, was analyzed.

2. Experimental procedure
2.1. Preparation

Commercially available raw materials were used to pre-
pare the hot-pressed ceramics in this work. The ZrB, powder
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Table 1

Nomenclature for the developed ZrB,—ZrO, ceramics

Constitution Designation
ZrBy—15 vol.%ZrO; 7ZB15Z
Z1rB>-20vol.%ZrO, 7ZB20Z
ZrB»-25 vol.%ZrO; 7ZB257
ZrB>-30vol.%Zr0O, 7ZB30Z

(purity >99.4%, with a trace of MgO, Al,O3 and CaO) with a
mean size of 2 wm was supplied from the Northwest Institute
for Non-Ferrous Metal Research, China. The ZrO; (1 wm, Fan-
meiya Powders Co., Ltd, Jiangxi, China) used here were 3 mol.%
Y, O3 partially stabilized zirconia prepared by co-precipitation
method (purity > 99.6%, with a trace of Al,O3 and SiO;). Four
kinds of ceramics were investigated, as listed in Table 1. The
powder mixtures were ball-milled for 8 h in a polyethylene bot-
tle using ZrO, balls and ethanol as the grinding media. After
mixing, the slurry was dried in a rotary evaporator and screened.
Milled powders were hot pressed at 1850 °C for 60 min under a
uniaxial load of 30 MPa in Ar atmosphere.

2.2. Characterization

Crystalline phases were identified by X-ray diffraction (XRD,
Rigaku, Dmax-rb). According to the formula of Toraya et al.,’
the volume fraction of the m-ZrO; (Vy,) was calculated by mea-
suring the intensities of (111) and (111) reflections of the
monoclinic phase and the (1 1 1) peak of the tetragonal phase:

_ 1311Xy
T 140311Xy
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S In(I1 D+ (11T D+ (11 1)

ey

m

m 2
where X, denoted the integrated intensity ratio, I, and I;
were the peak intensities of the m-ZrO; and t-ZrO;, respec-
tively. The final density was measured by the Archimede’s
method, while the relative density was estimated by the rule
of mixture. The microstructural features of the ceramics were
observed by scanning electron microscopy (SEM, FEI Sirion,
Holland) with simultaneous chemical analysis by energy disper-
sive spectroscopy (EDS, EDAX Inc.). The grain size of samples
was determined by the line-intercept method from the SEM
micrograph.?? Transmission electron microscopy (TEM, JEM-
2010) was applied to evaluate the interfaces in the ceramics.
Flexural strength (o) was tested in three-point bending
on 3mm X 4mm X 36 mm bars, using a 30 mm span and a
crosshead speed of 0.5 mmmin~!. Each specimen was ground
and polished with diamond slurries down to a 1 wm finish. The
edges of all the specimens were chamfered to minimize the effect
of stress concentration due to machining flaws. Microhardness
(Hv) was measured by Vickers’ indentation under three loads,
ie., 9.8, 29.4, and 49N, applied for 10s on the polished sec-
tions. Fracture toughness (Kjc) was evaluated by a single-edge
notched beam (SENB) test with a 16 mm span and a crosshead
speed of 0.05 mm min~! using 2 mm by 4 mm x 22 mm bars, on

the same jig used for the flexural strength. A minimum number
of five specimens were tested for each experimental condition.
It is noted that the toughness of ceramics is dependent on the
test techniques. Short crack techniques involved measurement
of crack lengths (radial/median) around hardness indentations
by means of various models,>>>* which was also applied to
determine the toughness of present ZrB,—ZrO, ceramics.

3. Results and discussion
3.1. Densification

The densification curves of ZB20Z and ZB30Z ceramics col-
lected during hot pressing are plotted in Fig. 1(a) as the function
of time, along with the temperature profile. The overall duration
of the thermal treatment was about 210 min. ZB30Z started to
shrink at about 1740 °C. After thermal treatment for 180 min,
the relative density reached 98.9%. It was noted that ZB20Z
needed to be treated for about 190 min to obtain the maximum
densification. Apparently, higher content of ZrO; is beneficial
for the densification of ZrB,—ZrO, ceramics.

The relative density of four ceramics is presented in Fig. 1(b).
With increase in ZrO; content, the densification of hot-pressed
ceramics shows evident enhancement from 94.3% for ZB15Z to
98.9% for ZB30Z. More amounts of ZrO; bring beneficial effect
on the densification of ZrB,—ZrQO, ceramics, which is attributed
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Fig. 1. Densification curves of hot-pressed ZB20Z and ZB30Z (a), and the plot
of relative density (%) of hot-pressed ceramics with ZrO; content increased
from 15 to 30 vol.% (b).
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Fig. 2. XRD spectra obtained from the initial powder (a), and the polished
surfaces (b) of hot-pressed ceramics, where Z, M and T denote the diffraction
peaks of ZrBy, m-ZrO; and t-ZrO,, respectively.

to the contribution of ZrO», as the second reinforcing phase with
smaller grain size.?0?!

3.2. XRD analysis

The X-ray diffraction patterns in the 26 range from 20° to
55° of the initial powder as well as the polished surfaces of
hot-pressed ZrB,—ZrO, ceramics are shown in Fig. 2. Appar-
ently, the phase analysis indicates the predominant phases for
the initial mixed powders of present ceramics are ZrB;, t-ZrO,
and m-ZrO, (Fig. 2(a)). When the volume fraction of ZrO, was

Table 2

increased from 15 to 30 vol.%, the intensity of diffraction peak
of t-ZrO, as well as m-ZrO, gets stronger. However, too much
of m-ZrO; phase has not been detected in the polished surface
of ceramics. It is mainly ascribed to the phase transformation
from m-ZrO, to t-ZrO, during hot pressing as reported.!’~1?

According to formula (1) and (2), the calculation results of the
amount (vol.%) of m-ZrO; in the polished and fracture surfaces
are listed in Table 2. Decrease in the volume fraction of m-ZrO,
can be found on the polished surfaces with increased content
of ZrO,. More amounts of t-ZrO» retained after hot pressing in
the ceramic with higher content of ZrO,, which provided the
probability that transformability from t-ZrO; to m-ZrO; during
fracture would become considerable.252¢ As shown in Table 2,
more amounts of t-ZrO, were available to transform to m-ZrO»
during fracture, which can be even up to 35.2 vol.% for ceramic
ZB30Z.

3.3. Microstructure

Fig. 3 shows the polished-etched surfaces of the hot-pressed
ceramics. Together with the fracture surface of ZB20Z in Fig. 4,
EDS patterns reveal that the microstructure is characterized by
the presence of coarser and elongated ZrB, matrix, as well as
relatively finer and equiaxed ZrO, grains. Some small pores are
distinguished in ZB15Z. With increase in the content of ZrO»,
denser microstructure was obtained as shown in Fig. 3(b)—(d).
Moreover, the fracture surface in Fig. 4 indicates that ZrB; grains
present fracture predominantly with transgranular mode, and
ZrO, grains, dispersed among ZrB, grain boundaries, are in the
intergranular mode.

The resulting average grain size of the hot-pressed ceram-
ics is graphically depicted in Fig. 5. The average grain size of
the ceramics decreases from 4.7 pm for ZB15Z to 2.6 p.m for
ZB30Z. This variation in grain size can be also observed in
the polished surface of ceramics in Fig. 3. The introduction of
smaller second phase, ZrO,, effectively restrained the growth of
grains during hot pressing, which became more significant with
the higher content of ZrO,. The restriction in grain growth could
further improve the densification,?” as described in Fig. 1.

Fig. 6 shows the bright field TEM micrograph of the inter-
face between grains of ZrB; and ZrO, in ZB30Z. EDS pattern
and the selected area electron diffraction (SAED) both reveal
the central grain is tetragonal ZrO; with c/a = 1.43 as the lattice
parameter ratio. Surrounding grains were confirmed as ZrB
with c/a~1.11. A limited content of O—-Mg-Al-Zr—Ca sec-
ondary phase, located at the triple-point boundaries of grains

XRD quantification of the amount (vol.%) of m-ZrO; presented in the polished and fracture surfaces, and t-ZrO, transformability during fracture of the hot-pressed

ZrB,-Zr0; ceramics

Samples vol.% m-ZrO, vol.% m-7ZrO, vol.% t-ZrO; transformability = (vol.% m-ZrO, in
(polished surface) (fracture surface) fracture surface — vol.% m-ZrO, in polished surface)

ZB15Z 36.2 43.1 6.9

7ZB20Z 29.1 47.5 18.4

7ZB257Z 26.4 434 17.0

7ZB30Z 26.2 61.4 352
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Fig. 3. SEM images of polished-etched surfaces of hot-pressed ZrB,—ZrO, ceramics: ZB15Z (a), ZB20Z (b), ZB25Z (c), and ZB30Z (d).

of ZrB, and ZrO,, was detected. SAED further indicates that ~ During hot pressing, the low-eutectic-point oxides phase could
the grain boundary phase is uncrystallized. Such glass phase = enhance mass transfer, accelerate densification and lead to a
was presumably related to the impurities in the initial pow- high relative density.”® Stacking faults, denoted by the small tri-
der of ZrB,, which would be reacted to produce some oxides. angles, are detected between the grains of ZrB,. Such defects
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Fig. 4. Fracture surface of ZB20Z, EDS patterns show that bigger and coarser grains are ZrB,, finer and equiaxed grains are ZrO,.
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Fig. 5. Plot of the average grain size of hot-pressed ceramics with ZrO, content
increased from 15 to 30 vol.%.

were induced by the misfit of atoms on the boundary, which is
generally associated with the stress threshold.?%-3

3.4. Mechanical properties

3.4.1. Flexural strength

The flexural strength of four ceramics, as shown in Fig. 7,
presents improvement with increase in the content of ZrO;. The
strength is only 667 MPa for ZB15Z, however, ceramic ZB30Z
exhibits the best, i.e., 803 MPa, which is partially ascribed to the
denser microstructure as shown in Fig. 4. The finer grains are
further responsible for the improved strength, according to the
Hall—Petch relationship.’!
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Fig. 7. Plots of flexural strength and fracture toughness (by SENB) of hot-
pressed ZrB,—ZrO, ceramics.

3.4.2. Toughness

As far as the fracture toughness tested by SENB is concerning
(see Fig. 7), the increased content of ZrO; plays an active role in
toughening the hot-pressed ceramics. With the content of ZrO,
varied from 15 to 30 vol.%, the fracture toughness is numerically
advanced from 5.6 to 6.5 MPam!/2. For the ceramics toughened
by zirconia, the toughening mechanism is dominantly composed
of two aspects,”32 i.e., crack deflection toughening induced by
the second reinforcing phase, and stress-induced phase transfor-
mation toughening. In the case of crack deflection toughening,
ZrO, grains, as the second reinforcing phase, hinder the crack
growing or propagating (see Fig. 8). Consequent degradation in
system energy leads to the enhancement in toughness.

According to the phase transformation toughening of ZrO»,
more amounts of t-ZrO, available transforming to m-ZrO;
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Fig. 6. Bright field TEM micrograph of grain interfaces obtained in ZB30Z.
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Fig. 8. SEM image of microcrack from Vickers’ indentation on the polished
surface of ZB25Z.

implies that greater progress was achieved to toughen the ceram-
ics. As presented in Table 2, only 6.9 vol.% fraction of t-ZrO,
was involved in the transformation for ZB15Z. Combined with
the contribution of crack deflection, unsatisfactory toughness
of 5.6MPam'? was obtained for ZB15Z. When the content
of ZrO; was varied from 20 to 25vol.% the fraction of t-
ZrO, transformability did not show evident difference. A small
range from 5.8 to 6.0 MPam'? of toughness was provided for
ZB20Z and ZB25Z. It is noted that ZB30Z exhibits a toughness
of 6.5MPam!?. Such enhancement in toughness was inter-
preted primarily with the considerable t-ZrO; transformability,
which was increased by ~100% from 17.0 vol.% for ZB25Z to
35.2vol.% for ZB30Z. Further, 30 vol.% fraction of ZrO, rein-
forced ZrB; improved the toughening contribution from crack
deflection. Both of the toughening from phase transformation
and crack deflection resulted in the great enhancement in tough-
ness of ZB30Z.

In order to further investigate the toughness of the present
ceramics, the short crack technique was also applied. Fig. 9(a)
gives a representative SEM image of Vickers’ indentation from
the polished surface of ZB20Z, which indicates the presence of
radial cracks predominantly emanating from the indent corners.
Corresponding schematic representation of a Vickers’ indent is
shown in Fig. 9(b), from which the relevant indentation data,

Table 3

Indentation data under load P=49 N, i.e., average indent diagonal length (2a)
and total crack length (2¢), as well as the fracture toughness values for the
hot-pressed ZrB,—ZrO, ceramics

Samples Indent diagonal, Crack length,  /l/a Indentation toughness
2a (um) 2¢ (um) (MPam'?)

ZB15Z 7231 173.38 140 63 +£03

ZB20Z  74.72 157.36 .11 6.7+02

ZB25Z  71.37 142.37 099 72+£03

7ZB30Z  65.75 127.86 094 79+04

i.e., the indent diagonal length (2a) and total crack length (2c¢),
are provided in Table 3. According to the range of 0.9-1.4 as the
ratio of //a listed in Table 3, Eq. (3) was chosen to calculate the
indentation toughness with 1=0.0089.23>* The dimensionless
quantity, n, is a constant for a given indenter geometry, provided
the volume is conserved within the “plastic zone” (adjacent to
the indentation).!”

EN?® P
ch=77<ﬁ) m 3)

where E is the elastic modulus, H is the Vickers’ hardness, P is
the indent load, 2a is the average indent diagonal length, 2c is
the crack length, and I=c —a.

The calculated toughness is shown in Table 3. The results
show an obvious increment from 6.3 MPam!? for ZB15Z to
7.9MPam!”? for ZB30Z, which is similar to the variation of
toughness presented in Fig. 7. Compared with the toughness in
Fig. 7, Table 3 shows the enhancement for all ceramics, which
is coincident with the reported progress.>> Such difference was
ascribed to the contribution of the phase transformation induced
at the crack tip of the indentation.'”

3.4.3. Hardness

The hardness was previously found to be affected by test
temperature, load, and so on.’*3% The dependence of hardness
on the measuring load has been extensively investigated.3>-’
Fig. 10 shows the Vickers’ hardness of hot-pressed ZrB,—ZrO»
ceramics measured under three loads, 9.8, 29.4 and 49 N. The
hardness presents the enhancement with the increased content

Cracks

Vickers’ indent

T

Fig. 9. SEM image of Vickers’ indentation (taken at 49 N) on the polished surface of ceramic ZB20Z (a), and schematic representation of a Vickers’ indent (b). The

crack propagation from the indent edge has been shown in the inset of (a).
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Fig. 10. Vickers’ hardness of hot-pressed ZrB,—ZrO; ceramics measured under
the indentation loads of 9.8, 29.4 and 49 N.

of ZrO; due to the denser microstructure. In the case of ZB30Z,
the hardness reaches 22.7 GPa measured under 9.8 N.

The load dependence of hardness is quite pronounced and
the nature of decrease in hardness with increased load is of the
same form in all ceramics, which is accordant with the previous
work.>>37 Such load dependence of hardness has been consid-
ered to originate from the fact that the measured diagonal of
an indentation at a particular load is an apparent value, which
remains associated with an uncertain amount of relaxation.®
The extent of relaxation in an indentation diagonal occurs due to
several possibility such as crack formation, dislocation activity
and elastic recovery at the tip of the indentation.?® This discus-
sion further suggests that it is necessary to estimate hardness
with methods not only the conventional procedure.

4. Conclusions

ZrB,—7ZrO; ceramics, with ZrO, content ranged from 15 to
30vol.%, could be densified by hot pressing at 1850 °C under
a pressure of 30 MPa. Higher content of ZrO; was beneficial
to decrease the grain size, which was also advantageous for
the strength. With increase in ZrO, content, decrease was pre-
sented for the volume fraction of m-ZrO; on the polished surface
of ZrB,-ZrO; ceramics. Evident increment in t-ZrO; trans-
formability was found during fracture with increased content
of ZrO,, which caused the enhancement in fracture toughness.
Further investigation of the toughness obtained by the inden-
tation method showed the coincident variation with the one by
SENB for ZrB,—ZrO; ceramics. Vickers’ hardness of the present
ceramics was found to be dependent on the testing load. In short,
ZrB>-30vol.%ZrO; ceramics provided optimal combination of
microstructure and properties.
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