ELSEVIER

Available online at www.sciencedirect.com
ScienceDirect

Ceramics International 34 (2008) 1811-1817

CERAMICS

INTERNATIONAL

www.elsevier.com/locate/ceramint

Elastic properties of spark plasma sintered (SPSed)
ZrB,—ZrC-SiC composites

Shugi Guo™*, Yutaka Kagawa *®, Toshiyuki Nishimura ¢, Hidehiko Tanaka °

4 Composites and Coatings Center, National Institute for Materials Science, 1-2-1 Sengen, Tsukuba, Ibaraki 305-0047, Japan
® Research Center for Advanced Science and Technology, The University of Tokyo, 4-6-1 Komaba, Meguro-ku, Tokyo 153-8505, Japan
¢ Nano Ceramic Center, National Institute for Materials Science, 1-1 Namiki, Tsukuba, Ibaraki 305-0044, Japan

Received 12 February 2007; received in revised form 18 May 2007; accepted 17 June 2007
Available online 10 August 2007

Abstract

This study investigates the elastic moduli of ZrB,—ZrC-SiC (ZZS) composites with or without AIN and Siz;N, additives consolidated by spark
plasma sintering. The effect of the additives on the properties is assessed. The soundwave velocities in the longitudinal and transverse modes were
measured. The elastic moduli were calculated from the sound velocities and densities. The results indicate that the elastic moduli of ZrB,—ZrC-SiC
materials depend on additives and porosity. This dependence is described by a linear relation between the elastic moduli and the longitudinal
soundwave velocity. The obtained elastic moduli of the fully dense ZrB,—ZrC-SiC materials with AIN and Si3;N, additives are the following:
E =459 GPa, G =196 GPa, v=0.17 for ZZS, E =418 GPa, G = 178 GPa, v =0.18 for ZZS + AIN, and E = 462 GPa, G = 197 GPa, v = 0.17 for

Z7S + SizNy.
© 2007 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Diborides of zirconium (ZrB,)-based composites have
extremely high melting point (>3000 °C), high thermal and
electrical conductivities, chemical inertness against molten
metals, and great thermal shock resistance [1,2]. These unique
mechanical and physical properties have never been achieved
by other ceramics materials, e.g. Al,O3, ZrO,, Si3Ny4, and SiC.
Thus, the ZrB,-based composites have become an important
class of materials for structural applications at ultra high
temperatures. Recently, the ZrB,-based ceramics composites
are being considered for use as potential candidates for a variety
of high-temperature structural applications, including furnace
elements, plasma-arc electrodes, or rocket engines and thermal
protection structures for leading-edge parts on hypersonic re-
entry space vehicles at over 1800 °C [1-5].

The major problems encountered with ZrB,-based ceramics
composites involve densification [6] and high temperature
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oxidation [7,8]. Sintering of pure ZrB, ceramics to full density
is difficult because the low self-diffusivity of the covalent
material does not allow densification by classical solid-state
sintering technique. To improve sinterability, nitrides, like AIN,
SizNy, ZrN, are added to pure ZrB, [9-11], producing the
formation of an intergranular secondary phase that aids the
densification of ZrB,. In addition, spark plasma sintering (SPS)
is one the most recent processing techniques developed for
densifying ceramic materials, including poorly sinterable
compounds [12,13]. Previous studies in ZrB,-based ceramic
materials showed that SPS enhanced densification and refined
microstructure in very short processing cycles [14,15]. This is
attributable to the presence of the electrical field during SPS
which caused faster diffusion due to the enhanced speed
migration of ions [16].

Recently, the fully dense ZrB,-based composites with AIN
and SizN, additives were consolidated by hot-pressing and/or
spark plasma sintering, and the obtained composites showed
high flexural strength and good fracture toughness as well as
high oxidation resistance [9,14,15,17]. This shows that AIN and
SizN, are the suitable additives for improving the sinterability
as well as the flexural strength of pure ZrB, ceramics. However,
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the elastic properties of ZrB,-based ceramic materials are little
known. In particular for the ZrB,-based materials consolidated
by SPS, the elastic properties and the effect of additive remain
to be seen. The elastic properties are one the important
mechanical properties of the ZrB,-based ceramic materials for
structural design, and they are closely linked with composition,
microstructure and additives. Therefore, it is important to learn
the elastic properties of the ZrB,-based ceramic materials and
the effects of AIN and Si3;N, additives on these properties. In
this study, the ZrB,—ZrC-SiC composites with AIN and SizNy
additives were consolidated by spark plasma sintering. The
microstructure was characterized by field emission scanning
electron microscopy. The elastic properties of the obtained
composites were measured by using ultrasonic measurements.
Also, the effects of additives and porosity on the elastic
properties of the composites were discussed.

2. Experimental procedure
2.1. Materials

The starting materials used in this work are commercially
available ZrB, (Grade F, Japan New Metals Co., Ltd., Tokyo),
ZrC (Grade F, Japan New Metals Co., Ltd., Tokyo), SiC (Grade
UF-25, H.C. Starck, Berlin, Germany), a-rich SizN4 (SN-E10,
UBE Industries, Tokyo, Japan), AIN (Grade E, Tokuyama Soda
Co., Tokyo, Japan). Three batches of powder were wet mixed,
one containing 26.18 wt.% ZrB,, 59.87 wt.% ZrC and
13.95 wt.% SiC, other two adding 5 wt% AIN and 5 wt.%
Si3N, additives, respectively, in order to assess the effect of the
additive. The compositions for each material are shown in
Table 1. The mixing was conducted in ethanol for 24 h using
SiC milling media. The mixtures were then dried using a
rotation evaporator. Before sintering, the dried mixtures were
sieved through a metallic sieve with —60 mesh screen size. The
powder mixture was put into graphite die lines with graphite
foil and sintered using DR. Sinter (SPS-1030, Simitomo Coal
Mining Co. Ltd., Tokyo, Japan). The sintering was performed at
different temperatures between 1700 °C and 1900 °C for 5 min
in argon atmosphere, using a heating rate of ~430 °C/min and a
pressure of 30 MPa. Changes in temperature and sintering
displacement were recorded by a computer during the entire
sintering process. Final sintered specimen size was 15 mm
diameter pellets with a thickness of ~3.0 mm.

The density, p, of the composites was evaluated by the
Archimedes method with distilled water as medium. The
sintered composite pellets were then polished with a diamond
paste up to 0.5 pm. The morphology of the composites

Table 1
Compositions of the three composites used in this study

Samples Compositions (wt.%)

ZrB, ZrC SiC AIN SizNy
778 26.18 59.87 13.95 0 0
Z7S + AIN 24.87 56.88 13.25 5.00 0
778 + SizNy 24.87 56.88 13.25 0 5.00

microstructure was characterized by field emission scanning
electron microscopy (FE-SEM), and the crystalline phase
compositions were identified by X-ray diffractometry (XRD).
Hereafter, the three series of ZrB,—ZrC-SiC compositions
compacts are denoted as ZZS, ZZS + AIN, and ZZS + SizNy,
respectively.

2.2. Measurement of elastic properties

The elastic moduli measurements of the composites were
determined using ultrasonic equipment (TDS 3052B, Tektronix
Inc. Beaverton, OR, USA) with a fundamental frequency of
20 MHz. Young’s modulus, E, shear modulus, G, and Poisson’s
ratio, v, are given by [18,19].

3V2 —4V2
E=pVi =L—* 1
(=) .
E
v=sro (3)

where p is the density, V; and V, are the longitudinal and
transverse soundwave velocities, respectively. V| and V; are
determined by

2h
=3 )

2h
V=4, 5)

where £ is the specimen thickness, A# and At are the elapsed
times between the pulse and the echo of the longitudinal and
transverse waves, respectively. The accuracy of the soundwave
velocity measurement was better than 1%.

3. Results and discussions
3.1. Densification behavior

In Fig. 1, typical examples of the shrinking curves
obtained during the SPS cycle for the three compositions are
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Fig. 1. Shrinking curves of the three composites consolidated by SPS at
1850 °C during the SPS cycle.
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presented. The densification process of the three composites
progressed very rapidly. Once activated, the densification was
completed within a narrow temperature interval ranging from
1500 °C to 1900 °C. This means that the densification was
completed within ~2 min. The onset temperature of densifica-
tion, at which a measurable shrinkage behavior is observed, was
approximately 1580 °C for the ZZS powder. The onset
temperature of densification for the ZZS + Si;N, powder
was ~1550 °C, whereas in the case of the ZZS + AIN powder
this temperature was about 100 °C lower than that of ZZS. This
suggests that AIN additive was more effective for lowering the
onset temperature of densification of ZZS than Si;N, additive.
In addition, the three compositions show nearly the same
shrinking rate at the initial stage of densification, regardless of
the additives. However, the shrinking rate is different at the later
stage of densification depending on the additives, and the rate
has the order ZZS + AIN > ZZS > ZZS + SisN,. These obser-
vations indicated that the AIN additive lowered the onset
temperature of densification as well as maintained the high
shrinking rate, while the Si;N, additive lowered only the onset
temperature of densification. Thus, the AIN additive is more
effective for promoting densification of ZrB,-based composites
than the SisN4 additive.

The measured densities for the three composites materials
consolidated by SPS between 1700 °C and 1900 °C are
summarized in Table 2. The theoretical densities of the
composites were calculated according to the rule of mixtures.
From this table, it is found that the relative densities exceeding
95% were obtained at 1800 °C for the ZZS + AIN powder, and
at 1850 °C for both the ZZS and ZZS + Si;N, powders with a
holding time of 5 min under a pressure of 30 MPa. This
indicated that the AIN additive significantly accelerated the
densification of the ZrB,—ZiC-SiC composite during the
sintering. The Si3;Ny additive, although promoted the densifica-
tion, was not more effective than the AIN additive. This is
consistent with the previous observations reported by
Monteverde and Bellosi [9,11], who showed nearly-fully dense
ZrB, compacts with AIN and Si;N4 hot-pressed between
1750 °C and 1850 °C.

Table 2
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Fig. 2. X-ray diffractions of the three composites consolidated by SPS, (a)
before sintering, and (b) after sintering.

3.2. Microstructural characterization

The phase contents of the mixture powders after the milling
and the composite compacts consolidated by SPS were examined
by X-ray diffraction; some examples are shown in Fig. 2. In the
case of the mixture powders (Fig. 2(a)), the crystalline phases
consisted of ZrB,, ZrC and a-SiC for the ZZS composition, ZrB,,
ZrC, a-SiC, and AIN for the ZZS + AIN composition, ZrB,, ZrC,
a-SiC and a-Si3Ny for the ZZS + Si;N4 composition. This means
that after 24 h mixing the phase of the starting powders did not

Densities, soundwave velocities and elastic properties measured in the three composites consolidated by SPS

Samples Processing conditions Theoretical Measured Relative Soundwave velocity (m/s) Elastic properties

density density density

(g/em?) (g/em?) (%TD) Vi Vi G (GPa) E (GPa)
Z77S-1 1800 °C/30 MPa/5 min 5.68 5.19 91.5 8604 5450 154 360 0.17
778-2 1850 °C/30 MPa/5 min 5.68 5.46 96.1 9125 5678 176 417 0.18
77S8-3 1875 °C/30 MPa/5 min 5.68 5.57 98.1 9132 5756 185 432 0.17
778-4 1900 °C/30 MPa/5 min 5.68 5.67 99.9 9326 5876 196 459 0.17
Z7S + AIN-1 1700 °C/30 MPa/5 min 5.47 4.65 84.9 7344 4545 96 228 0.19
778 + AIN-2 1750 °C/30 MPa/5 min 5.47 4.92 89.9 8177 5045 125 299 0.19
ZZS + AIN-3 1800 °C/30 MPa/5 min 5.47 5.34 97.7 8974 5630 170 398 0.18
778 + AIN-4 1850 °C/30 MPa/5 min 5.47 5.44 99.5 9115 5713 178 418 0.18
Z7S + SizNy-1 1700 °C/30 MPa/5 min 5.50 4.57 83.2 7911 4883 109 260 0.19
778 + SizNs-2 1750 °C/30 MPa/5 min 5.50 4.92 89.5 7808 5000 123 284 0.17
778 + SizNy-3 1850 °C/30 MPa/5 min 5.50 5.25 95.4 9219 5762 174 411 0.18
778 + SizNg-4 1900 °C/30 MPa/5 min 5.50 5.52 100 9481 5798 197 462 0.17
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changed. After SPS (Fig. 2(b)), X-ray analysis revealed the
reflections of ZrB,, ZrC, a-SiC for the three compositions.
However, traces of neither AIN nor a-Si3;N, could be detected for
the ZZS + AIN and the ZZS + SizN,4 compositions. This suggests
that AIN and o-SizN, disappeared after SPS due to reaction
although an appreciable amount of any other crystalline phases
was not detected for both the ZZS + AIN and the ZZS + SizNy
composites.

In Fig. 3, typical FE-SEM images of the three compositions
consolidated by SPS are presented. A homogeneous micro-
structure was observed for the three compositions consolidated
by SPS at 1850 °C and 1900 °C, and porosity is almost absent.
SEM-EDX analysis shows that the BN is present between
the ZrB, and the SiC grains for the ZZS + AIN and the

Fig. 3. FE-SEM images of the three compositions materials consolidated by
SPS, (a) ZZS-4, (b) ZZS + AIN-4, and (c) ZZS + SizN,-4.

Z7S + SizN4 compositions, but no other product was observed
for the ZZS composition. The presence of BN in the ZrB,-based
ceramics with AIN and Si;N, additives is well documented in
the literature. Monteverde and Bellosi [9,11] showed the
presence of BN in the hot-pressed ZrB, with AIN and SizNy
additives, as a result of the reaction of B,O5 with AIN and SizN,
during sintering according to the following reactions:

B,0; +2AIN = 2BN + Al,O; (6)

2B,0; + SizNy = 4BN + 3Si0, 7

The mentioned reactions are characterized by negative Gibbs
free energy: —270 kJ/mol at room temperature for reaction (6)
and —304 kJ/mol at 1500 °C for reaction (7). Similar reactions,
although SPS instead of hot press, are expected for the ZrB,—
ZrC-SiC composites with AIN and Si;N, additives investigated
in this study. This suggests that AIN and SizN,4 are consumed
during the sintering due to the mentioned reactions above
leading to a complete disappearance of both additives in the
X-ray reflections.

3.3. Elastic properties

The measured soundwave velocities and calculated elastic
moduli for the three compositions investigated consolidated by
SPS at various temperatures are summarized in Table 2. It is
found that longitudinal and transverse soundwave velocities
increased with density for the three compositions. This finding
suggests that the soundwave velocities of the composite are
closely linked to additives and porosity, because they may
affect the measured density of the sintered composites. The
effect of additives is stronger for the longitudinal soundwave
velocity than for the transverse soundwave velocity. This
suggests that the longitudinal soundwave is more sensitive to
additives than the transverse soundwave. The largest value of
the longitudinal soundwave velocity was measured in the fully
dense ZZS + SizN, composite. Although this value is
significantly larger than that of the ZZS + AIN composite,
no significant difference was observed compared with the ZZS
composite. On the other hand, the largest value of the transverse
soundwave velocity was measured in the fully dense ZZS
composite, and the value is significantly larger than that of the
Z7S + AIN, but no significant difference was shown compared
with the ZZS + SizN,. The changes of the soundwave velocities
with porosity are presented in Fig. 4. It is found that the
soundwave velocities of the composites decreased linearly with
porosity for every case. This indicated that the soundwave
velocities strongly depended on the porosity in the materials.
These results demonstrate that the soundwave velocities for an
incompletely dense composite are mostly dominated by
porosity. This is in consistence with Roth et al. [20], who
showed a linear relation between the soundwave velocities
measured and the volume fraction of porosity in the materials.

On the other hand, the calculated shear and the Young’s
moduli for the three compositions showed that the moduli
linked with the additives and porosity (Table 2). However,
Poisson’s ratio is almost constant for the three compositions
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Fig. 4. Plots of the soundwave velocities vs. the porosity for the three
composites consolidated by SPS: (a) longitudinal sound velocity, and (b)
transverse sound velocity.

(Table 2), regardless of the additive and the porosity. This
indicates that Poisson’s ratio is insensitive to additives and pore
content in the materials. The moduli for the fully dense ZZS and
Z7S + SizN, composites are nearly the same, and they are
significantly larger than those of the ZZS + AIN composite. For
a full dense composite, Young’s modulus of the composite, E.,
may be described by the rule of mixture as follows [21].

E.= ;E fi (8)

where E; is Young’s modulus of ith constituent phase, and f; is
volume fraction of ith constituent phase, and r is total number
of constituent phases. With E;=540GPa (ZrB,),
E, =400 GPa (ZrC), E; =480 GPa (SiC) [22], E, =316 GPa
(AIN) [23], and E5=321 GPa (SizNy) [24], Eq. (8) yields
E. =454, 442, and 440 GPa for the ZZS, ZZS + AIN, and
Z7S + SizNy, respectively. Obviously, for the ZZS the Young’s
modulus predicted is in agreement with the measured one. This
agreement showed that the Young’s modulus of pore-free ZZS
composition obeyed the rule of mixture. For both the
Z7S + AIN and ZZS + Si3N4 compositions, the Young’s mod-
uli predicted were inconsistent with those measured. This
discrepancy may be attributed to the reactions of added AIN

and Si3;N4 with the B,O3 which is present on the surface of ZrB,
particles.

The changes of the shear modulus and the Young’s modulus
with porosity for the three material compositions are presented
in Fig. 5. The elastic moduli, including shear modulus and
Young’s modulus, for the three compositions decrease linearly
with porosity. This strong relation demonstrates that the elastic
moduli of the pores-containing composites are mostly
dominated by the porosity of the materials. The empirical
dependence of elastic moduli on porosity is reported in various
materials. For ceramic materials, the linear empirical depen-
dence has been recommended. Assuming that the effect of pore
structure and shape on elastic moduli is neglected, the elastic
moduli, M (G and E) can be given by [25].

M = Moy(1 — kP) 9)

where M is the elastic moduli (G and E) of pore-free materials,
k a constant, and P is volume fraction of porosity in the
materials. The M, and k values are obtained from the M—P
plots shown in Fig. 5. The obtained data for the theoretical
moduli, My, and the constants, k, are listed in Table 3. It is found
that the elastic moduli of pore-free materials are the same for
the ZZS + SizN, and ZZS composites being larger than that of
the ZZS + AIN.
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Fig. 5. Plots of the elastic moduli vs. the porosity for the three composites
consolidated by SPS: (a) shear modulus, and (b) Young’s modulus.
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Table 3
The obtained theoretical elastic moduli for the three composites consolidated by
SPS

Materials Shear modulus, G Young’s modulus, E
(GPa) (GPa)
GO 8 E() e
778 195 2.49 459 2.52
Z7S + AIN 182 3.11 427 3.05
778 + SizNy 195 2.86 457 2.83

In Fig. 6, the change of the Young’s modulus with
longitudinal soundwave velocity for the three compositions
is presented. It clearly shows that all the measured data
points, regardless of their compositions and pressing route,
lie along a line, showing very close correlation (> = 0.974)
between the Young’s modulus and the longitudinal sound-
wave velocity. This linear correlation means that the Young’s
modulus of the composites strongly depended on the
longitudinal soundwave velocity. The relationship between
the Young’s modulus and the longitudinal soundwave
velocity was described by

_ a1 Y
EC—EO[I 5(1 Vo)} (10)

where E; is the Young’s modulus of the pore-free ZZS com-
posite (=459 GPa, Table 3), B a constant and it is determined
from Fig. 6 (8 = 2.35), V, the longitudinal soundwave velocity
of the pore-free ZZS material, and V| is the longitudinal
soundwave velocity measured in the ZZS materials with addi-
tives. This suggests that the Young’s modulus of the materials
could be predicted by the longitudinal soundwave velocity
measured. This is in agreement with Yeheskel and Tevet
[18], who showed a linear relation between the elastic modulus
and the longitudinal soundwave velocity in hot isostatic press-
ing high purity Y,05; and 10 mol% La,0O3-strengthened Y,0O;
ceramics materials.
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Fig. 6. Changes in the Young’s modulus in the three composites consolidated

by SPS vs. the normalized longitudinal soundwave velocity, showing a linear
relationship between the Young’s modulus and the sound velocity.

4. Summary remarks

Nearly-fully dense ZrB,—ZrC-SiC (ZZS) composite was
consolidated by spark plasma sintering at 1900 °C with a
holding time of 5 min under a pressure of 30 MPa. The AIN and
SisNy additives lowered the onset temperature of densification
and promoted densification of the ZZS composites. This
improvement was more significant for the AIN-containing ZZS
than for the Si;Ny-containing ZZS. The density exceeding of
97% was obtained at 1800 °C for the ZZS + AIN powder. The
microstructure of the resulting composites was fine and
homogenous for the three composites.

The elastic moduli of the ZrB,—ZrC-SiC materials
depended on the additives and porosity. The elastic moduli
measured for the ZZS and ZZS + SizN, are nearly the same
and they were higher than those of the ZZS + AIN. In
addition, the elastic moduli of the three compositions
lowered linearly with porosity. However, Poisson’s ratio
was almost constant for the studied materials, regardless of
the additives and porosity. The obtained elastic moduli of the
fully dense ZrB,—ZrC-SiC materials with AIN and SizNy
additives were the following: E =459 GPa, G =196 GPa,
v =0.17 for the ZZS, E = 418 GPa, G = 178 GPa, v=0.18 for
the ZZS + AIN, and E = 462 GPa, G = 197 GPa, v=0.17 for
the ZZS + SizNy.
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