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bstract

echanical properties of ZrB2–SiC and ZrB2–ZrSi2–SiC ceramics in the temperature range from 20 to 1400 ◦C were studied. It was found that the
ntroduction of zirconium silicide resulted in pore-free ceramics having bending strengths of 400–500 MPa over a wide range of boride–carbide

ompositions. Zirconium silicide additive did not lead to significant strength and hardness changes at low temperature, but essentially increased
eibull modulus, and, therefore, the reliability of the ceramics. However, zirconium silicide additions resulted in noticeably reduced bending

trength in ZrB2–SiC based composites at 1400 ◦C.
2010 Published by Elsevier Ltd.
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. Introduction

Ceramic borides, such as hafnium diboride (HfB2) and
irconium diboride (ZrB2), are materials which have been
eferred to as Ultra High Temperature Ceramics (UHTCs). A
arge number of studies have been devoted to a search for
dditives to the diborides acting as sintering activators and cor-
osion inhibitors. In studies of diboride based UHTCs, recent
esearch has demonstrated that mechanical properties and high-
emperature oxidation/ablation resistance are enhanced with the
ddition of silicon carbide (SiC) over a wide range of SiC
ontent.1–5 The addition of some nitrides (Si3N4, AlN, ZrN),
ilicides (MoSi2, ZrSi2) and carbides (B4C, WC) in small quan-
ities (up to 5%) have also been shown to enhance sintering of
rB2–SiC composites.6–12 The research until now was focused
n assessing the impact of silicide additives on the rate of high-
emperature oxidation of ZrB2–SiC ceramics. It was shown that
dditions of silicides (ZrSi2, MoSi2, TaSi2, etc.) improve the
xidation resistance of ZrB2–SiC ceramics.13–19 The effect of
dditives of silicides on the mechanical properties of ceramics

as investigated to a lesser extent.
A wide combination of technical requirements is imposed on

igh performance structural ceramics materials. Sufficiently low
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reep rate, as well as high resistance to high-temperature oxi-
ation and corrosion, and a high level of strength and fracture
oughness are among the most important ones. This complex set
f material property requirements, in turn, leads to a combination
f contradictory and often incompatible demands to the struc-
ural state and composition of ceramics. Therefore, development
f structural ceramics always involves optimization of the struc-
ural state and composition on the basis of some compromise in
roperties.

In this paper, the dependence of basic mechanical properties
n composition and structure characteristics of ZrB2–SiC(ZrSi2)
eramics was investigated. A number of experiments on sin-
ering in this system, with variations in the ZrB2–ZrSi2 and
rB2–SiC ratios have been carried out in order to optimize the
omposition.

The peculiarities of raw materials, conditions of charge prepa-
ation and hot pressing as well as structure, phase formation
nd resistance of ceramics to high-temperature oxidation are
iscussed in another paper in this volume.20

. Materials and methods

The �-SiC powder used in the study was UF10 grade pro-
uced by the H.C. Starck Company, Germany. The ZrB2 and

rSi2 powders were synthesized at the Institute for Prob-

ems in Materials Science of National Academy of Science
Ukraine) using carbon-thermal reduction reactions of the appro-
riate oxides. The obtained powders were characterized using

dx.doi.org/10.1016/j.jeurceramsoc.2010.03.022
mailto:oleggrig@ipms.kiev.ua
mailto:ism@voliacable.com
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Table 1
Some properties of zirconium diboride and silicon carbide27.

Phases E (GPa) Poisson’s ratio, ν α (×10−6/K) KIC (MPa m1/2)
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RD and chemical analyses. Typical ZrB2 powder contained
8.8 wt.% B and <0.1 wt.% O. The powder batches contained
p to 0.7 wt.% C which corresponded to 3.5% B4C. ZrSi2 pow-
er with particles size D50 = 30 �m had the following chemical
omposition: 61.0 wt.% Zr, 37.0 wt.% Si, and <0.1 wt.% Fe.

Grinding of powders was carried out using an acetone
edium and ZrB2 grinding balls. Grinding balls were made

f pure powders by hot pressing. The lining of the mill was
abricated out of a caprolactone wear-resistant polymer. Grind-
ng was carried out to obtain a starting average particle size of

3 �m. Optimum particles dispersions were achieved by plan-
tary milling, providing sufficiently small grain sizes for hot
ressing (from 1.1 to 2.5 �m), as determined by a laser particle
ize analyzer (Laser Micron Sizer, Japan).

Hot pressing was conducted using an induction heating unit
n graphite dies. The temperature of isothermal sintering under
oad was in the range of 1800–2150 ◦C, pressure 26–30 MPa,
ime of isothermal densification 10–40 min, heating rates up
o 100 ◦C/min. Sintering studies were performed in order to
btain ceramics with an average grain size of about 15–20 �m
o minimize creep at high temperatures.

Bending strength of the samples (4–12 specimens per data
oint) was measured by both three and four-point bending using
pans of 30 mm and 20 mm × 40 mm. For high-temperature
easurements of strength in air in three- and four-point bending,
special fixture was fabricated from hot-pressed silicon nitride.
he maximum testing temperature was 1400 ◦C.

The Vickers hardness was measured at loads in the range
f 2–300 N. Hardness of brittle materials measured with a
harp indenter under small loads is a characteristic of mate-
ial resistance to elastic–plastic deformation. With higher loads
he role of fracture is increasing and hardness decreases. Hard-
ess number in this case characterizes resistance of material
o elastic deformation, brittle fracture and compaction of frac-
ured material. For the certification of obtained ceramics we
sed indentation methods to determine not only hardness but
lso strength characteristics as well as fracture toughness. A
ew model of indentation of brittle heterophase materials was
eveloped,21 in which macrohardness is considered as a charac-
eristic of resistance of materials to fracture and, consequently,
t depends on both strengths under uniaxial compression (Y)
nd tension (σf), as well as on the so-called microstructural
trength22 (S = Yσf/(Y − σf)). The indentation fracture tough-
ess was determined according to ref. [23]. Method23 uses the
awn relation24 KIC = β(P/C3/2), where β is determined analyt-

cally. Values of KIC, determined by this method are similar in
agnitude to the values obtained by the SEVNB (single-edge
-notched beam) method, although less than that determined by
ther methods, e.g., IF (indentation fracture) method.25

. Results and discussion

.1. UHTC structure and composition optimization
The region of brittle fracture of ceramics under study extends
p to 1600–2000 ◦C. At higher temperatures (2000–3200 ◦C),
echanical behaviour is determined by plastic deformation that

w
t

a

rB2 495 0.121 6.2 4
iC 460 0.17 4.5 3

an also lead to fracture. The peculiarity of ceramic materi-
ls, where relaxation of internal stresses is absent in the first
nterval and stress relaxation is impeded in the second, is deter-

ined by the extreme importance of stress concentrators and
on-homogeneities. This is the reason why the analysis of the
tress–strain state of the ceramic composite is so important for
nvestigation of dependence of fracture characteristics on non-
omogeneous fields of internal stresses.

The present analysis considers thermal residual stresses,
tipulated by the difference in linear expansion coefficients
�) of composite phases. Taking into account the material’s
acroscopic homogeneity and isotropic distribution of phase

omponents, one can make an assumption as to the hydro-
tatic nature of the tensile and compressive stresses in each of
ts phase (σ11)i = (σ22)i = (σ33)i = σ̄i, governed by the condi-
ions of stress equilibrium

∑
Yiσ̄i = 0. Calculation of internal

hermal stresses in composites was performed on the basis of
statistical approach,26 using physical characteristics for each
hase (see Table 1) and the following relations:

σij〉1 = Y2ηδij, 〈σij〉2 = −Y1ηδij, η = γ

K1K2 + 〈K〉γ ×

{(K1 − K2)ps − 3K1K2[(α1 − α2) 	T + (l1 − l2)]},
γ =

(
4
3

)
〈G〉, 〈G〉 = Y1G1 + Y2G2,

〈K〉 = Y1K1 + Y2K2

The intensity of internal stresses could be characterized by
nternal energy, which relates to the unit of microvolume

U〉 = Y1〈U1〉 + Y2〈U2〉
he internal energies of components are defined as:

U1〉 = η2Y2
2

2K1
, 〈U2〉 = η2Y2

1

2K2
,

here Gi is the shear modulus of ith phase, E is the Young’s
odulus; ν is the Poisson’s ratio, Yi is the volume fraction of ith

hase, αi are the coefficients of linear temperature expansion, Ki

s the modulus of bulk compression of ith phase, li is the specific
olume of ith component, ps is the external pressure at sintering,
nd Ui is the internal energy of elastic strain of ith phase.

At known values of elastic and thermal characteristics of com-
osite phases, the value of internal stresses is determined by the
T – temperature difference between the temperature of the

iscous–elastic transition Tve and the final temperature, down to

hich the material is cooled after hot pressing (typically, room

emperature).
From the results of calculations (Fig. 1), the internal stresses

re tensile in ZrB2 and compressive in SiC. With an increase of
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Fig. 2. Influence of grain size and composition on the fracture toughness of
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ig. 1. The dependencies of internal stresses and specific energy of elastic strains
in SiC and ZrB2 composite phases versus ZrB2 content.

ny phase content, stress level in it decreases. The dependencies
f specific energy of elastic deformation on composition are
resented in Fig. 1. The values of specific energies of elastic
eformation of the phases are maximized in the range of 25–40%
f the same phase content. Thus, the total specific energy of
lastic deformation of the composite (Utotal)) was found to have
maximum at the equivolume phase content. This determines

he tendency of the ceramics to spontaneously fracture due to
hermal residual stresses.

An increase of composite fracture toughness and strength can
hus be achieved by appropriate selection of components, such
s the ratios of their volume fractions and grain sizes, when
he matrix, subjected to the effect of residual thermal stresses,
ill be in a compressed state, and the isolated second phase

nclusions are in a tensile state. The crack would than be forced
o propagate in a compressed matrix, coming around the second
hase due to the peculiarities of a non-homogeneous stress field.

In this study, a mathematical formulation for the fracture
oughness criteria in a ceramic matrix composite, and an opti-

ization method for composite structure and composition,28

as used to take into account the fields of internal thermal
tresses.

In simple cases, composite fracture toughness is expressed
y the relation:

˜ I = K̃IC = min
i

(a−1
i (Ki

IC − Dσri)),

nd optimum composition is determined by the criteria:
˜ opt
IC = MAX

Y
MIN

i
(a−1

i (Ki
IC − Dσri)),

o
d
o

rB2–SiC ceramics.

i = Gi|Yi|∑N
i=1Gi|Yi|

≤ 1, D = 2
√

C

π
,

here σri is the residual thermal stresses, Gi is the shear modulus
f ith phase, C is the typical size of initial defects (cracks), KI
s the stress intensity factor for normal fracture (opening mode),
nd Ki

IC is the fracture toughness of ith component of composite.
Composite parameters used in calculation of KIC, are elastic

hase characteristics, fracture toughness values of composite
omponents and parameter D.

Generally, introduction of a high-TEC (thermal expansion
oefficient) component into a composite increases fracture
oughness. The maximum of fracture toughness with increase
f mismatch of TEC, elastic characteristics as well as typical
ize of structural defects (microcracks) shifts to lower second
hase contents.

Results of the calculations are presented in Fig. 2. According
o the calculations, the compositions based on silicon carbide

atrix appear to be the preferable ones. For the purpose of these
alculations, the size of the microcracks was assumed to be equal
o the average grain size, the latter considering the same for both
hases of the composite. In the ZrB2–SiC system, differences in
lastic characteristics and coefficients of thermal expansion are
oderate. The calculations show that high fracture toughness

an be achieved in a range of high zirconium diboride content
45–50 vol.%) with a small grain size (∼2 �m). With an increase
n grain size, the fracture toughness maximum shifts in the direc-
ion of lower zirconium diboride content while the minimum of
racture toughness forms in the range of equivolume content
f components. For example, at defect sizes of approximately
0 �m (this size can match the size of grains or agglomerates
f ZrB2) fracture toughness in the range of 45–50 vol.% ZrB2

ecreases to values near zero. This corresponds to the criterion
f spontaneous fracture of ceramics under the action of thermal
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Table 2
The composition of some ZrB2–ZrSi2–SiC ceramics and regimes for their hot pressing.

Samples Charge composition (vol.%) Bending strength/standard deviationa (MPa) Porosity (%)

SiC ZrB2 ZrSi2

US1 0 100 0 325/35 10
US2 17 83 0 460/46 0
US20 18.6 81.4 0 499/52 0
US3 23 77 0 465/54 0
US4 50 50 0 365/42 6
US6 65 35 0 270/31 14
USS1 0 93.5 6.5 370/32 11
USS22 17.6 78 4.2 479/35 0
USS23 17.2 75.4 7.4 403/31 0
USS3 26 67 7 478/70 1
USS4 49 47 4 436/40 0
USS41 49 49 2 460/17 0
USS42 49 47.4 3.6 400/30 0
USS43 49 43.9 7.1 420/44 3
USS44 49 41.3 9.7 451/30 3
USS45 49 38.8 12.2 340/37 6
U
U

30 mm
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SS46 49 37.2 13.8
SS6 60 37 3

a Bending strength of the samples was measured in four-point bending using

esidual stresses.

Ccr = 2MIN
i

⎡
⎣
(

α−1
i Ki

IC

(2/
√

π)σri

)2
⎤
⎦ ,

here Ccr is the critical grain size for spontaneous failure under
he effect of thermal stresses.

It is well known that reduction of grain size is accom-
anied by a strength increases at ambient temperature. At
resent, there are technological sintering processes which indeed
llow manufacture of ZrB2–SiC ceramics with an average grain
ize of 2 �m or less. In the region of equivolume phase con-
ents thermo-mechanical model predicts a maximum in both
racture toughness and strength values due to both peculiari-
ies of the internal stress–strain state and fine grain structure
dgs ∼ 1–2 �m). However, at high temperatures fine grain size
s expected to increase both creep and high-temperature oxi-
ation rate.29,30 Powders used for this study were selected to
rovide a grain size of about 10–15 �m, which ensured a basic
evel of properties over a wide temperature range. In order to
reserve the necessary level of low-temperature fracture tough-
ess at such grain size (compensating for a certain decrease
f strength because of structural roughening), ZrB2 content
hould be reduced to 25–30%, i.e. composites became SiC-based
nstead of being ZrB2-based.

.2. Mechanical properties at room temperature

.2.1. The influence of ZrSi2 additives on sinterability and
trength characteristics

Compositions of ZrB2–SiC and ZrB2–ZrSi2–SiC ceramics

or identical regimes of fabrication (temperature of isothermal
intering under load was 2150 ± 25 ◦C, pressure 30 MPa, time
f isothermal densification 10–15 min) are given in Table 2. The
alues of bending strength and sample porosity are also pre-

t

c
U

354/35 6
380/40 6

base.

ented in the table. Samples of the US series did not contain
rSi2 additives; in samples USS1–USS6 the content of silicon
arbide was varied at a fixed ZrB2:ZrSi2 ratio (92:8). Samples of
he USS series had a fixed content of silicon carbide (49 vol.%)
nd a variable ratio of ZrB2:ZrSi2.

The introduction of zirconium silicide, all other factors being
he same, widens the range of silicon carbide concentrations
here formation of pore-free materials can be obtained. For
rB2–SiC ceramics, non-porous samples were achieved at SiC
ontents of about 20 vol.%. For the ZrB2–ZrSi2–SiC system,
on-porous ceramics were obtained in the range of SiC con-
ents from 20 to 50 vol.% (Table 2). Analysis of ceramics of the
SS41–USS46 set shows that small amounts of ZrSi2 additives

2–4%) are sufficient for sintering activation. Further increases
f ZrSi2 content, up to 14%, was accompanied by an increase
f porosity due to interaction of ZrSi2 with components of the
eramics. Bending strengths of ZrB2–SiC and ZrB2–ZrSi2–SiC
ystems had similar values (Table 2).

It was found that the hardness of zirconium boride (US1-
ample) with a porosity level up to 10% falls from 16.5 to 9 GPa
ith increasing indentation load from 2 to 300 N (Fig. 3a).
hese results are consistent with well-known data31 for ZrB2

HV1.0 = 8.7 GPa) and ZrB2 + 5% Si3N4 (HV1.0 = 13 GPa).
At the same time, the introduction of zirconium disilicide into

irconium diboride in the amount of 6.5% (USS1-sample) led to
significant decrease in the hardness of zirconium diboride to

he range of 6.5–12 GPa corresponding to indentation loads in
he range of 2–300 N (Fig. 3b). Hardness decrease was associ-
ted with the interaction of zirconium boride and silicide during
intering with the formation of a new phase ZrBC of variable
omposition and other intermediate compounds (see paper20 in

his issue).

Studies of the mechanical behaviour of ZrB2–SiC–ZrSi2
eramics, under fixed SiC content, were carried out on the
SS41–46 compositions. The results of hardness measurements
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Fig. 3. Hardness of ceramics versus SiC content: (a) ZrB2–SiC (US1, . . ., US6 sample
ratio equal to 92:8).
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ig. 4. Hardness of (ZrB2–ZrSi2)–49 vol.% SiC ceramics (US4, USS41–USS46
amples) versus ZrSi2 content at different indentation loads.

Fig. 4) of these materials showed that high hardness values
16–20 GPa) were preserved over a wide range of indentation
oads (100–300 N). Decreasing the indentation load to 2 N
esulted in an increase in hardness up to 18–25 GPa for all
amples. At even higher indentation loads the hardness changed
nly slightly with little variance at the highest load. Composites
ontaining 2–10 vol.% ZrSi2 were characterized by maximum
ardness. The data obtained are higher than those of ceramics

rB2–SiC (USS4, see Fig. 4), as well as higher or comparable
ith published data (HV1.0 = 14.2–14.6 GPa for ZrB2–SiC

eramics with Si3N4-additives31; HV10 = 15.2–16.7 GPa
nd HV10 = 19.9–21.3 GPa for ZrB2–SiC ceramics with

c
d
t
c

Fig. 5. Weibull statistical distributions for contact strength: (a) ZrB2–65 vol.% S
s) and (b) ZrB2–ZrSi2–SiC (USS1–USS3–USS4–USS6 samples with ZrB2:SiC

iC grain sizes 0.8–1.8 �m and 80 nm respectively32;
V1.0 = 17.7–18.2 GPa for Zr(Hf)B2–SiC ceramics33 and
V0.2 = 17.5–20.7 GPa for ZrB2–SiC ceramics with different

tarting SiC particles sizes (SiC–UF05, UF10 and UF25
owders34).

Using hardness measurements and length measurements for
adial cracks formed near a hardness indent, Weibull statisti-
al distributions for the contact strength21,35 of ZrB2–SiC and
rB2–ZrSi2–SiC composites were built (Fig. 5a). In the major-

ty of cases the distributions proved to be bimodal, i.e. they
ontained two straight line regions corresponding to two differ-
ng crack populations — “long” and “short” cracks. The nature
f long versus short crack formation has been discussed previ-
usly in the literature.35 The Weibull modulus for “long” cracks
f ZrB2–SiC ceramics varied in the range of 9–16. Statistical dis-
ributions for the contact strength of ZrB2–SiC–ZrSi2 ceramics
re presented in Fig. 5b. The Weibull modulus m determined
or the cracks varied in the range of 17–24. Higher values of

eibull modulus of ZrB2–SiC–ZrSi2 ceramics point to its higher
tructural homogeneity in comparison with ZrB2–SiC ceramics.

With increasing load the length of the “long” cracks was
ound to increase (Fig. 5a). The displacement of the Weibull
istributions to the left is direct evidence for decreasing con-
act strength. A separate analysis of the population of “long”

racks showed that with increasing load contact strength
ecreases sharply and reaches approximately constant value in
he 200–300 N load range (Figs. 6 and 7). This decrease in
ontact strength with increasing load is due to a scale effect

iC (US4) and (b) ZrB2–4 vol.% ZrSi2–49 vol.% SiC (USS4) composites.
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Fig. 6. Contact strength in tension of ceramics versus indentation load: (a) ZrB2–SiC
bars, standard deviation.
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ig. 7. Contact strength in tension of (ZrB2–ZrSi2)–49 vol.% SiC ceramics
ersus indentation load.

dependence of the strength on the sample size or the volume of
ractured material), as is usual for contact measurements.

As in the case of hardness, zirconium diboride has a minimum
ontact strength throughout the range of indenter loads (Fig. 6).
ontact strength of zirconium diboride (240 MPa at indenter

oad 300 N) decreases to 215 MPa in the samples with additions
f zirconium silicide. Consequently, zirconium silicide additives
educe contact strength and hardness of zirconium diboride.
owever, in ZrB2–SiC ceramics the opposite phenomenon is
bserved — zirconium silicide additives help to increase con-
act strength from 400 to 550–600 MPa at high indentation loads

300 N) (Figs. 6 and 7). The difference in the behaviour of
rB2–ZrSi2 and ZrB2–ZrSi2–SiC ceramics are attributed to dif-

erences in phase composition of these materials — the presence
f a large quantity of ZrBC phase in the first ceramics accord-

Z
F
a
i

ig. 8. Fracture toughness of ceramics versus SiC content: (a) ZrB2–SiC (US1, . . .,
ith ZrB2:ZrSi2 ratio equal 92:8).
(US1–US6 samples) and (b) ZrB2–ZrSi2–SiC (USS1–USS6 samples); error

ng to the X-ray phase analysis, but only a small amount of this
hase (up to 3 vol.%) and additional grain-boundary amorphous
hase in the second ceramics.20

.2.2. The influence of SiC content on mechanical
roperties

Hardness in the range of loads of 10–300 N in nearly pore-
ree ZrB2–20% SiC ceramics is high enough and is equal to
5–16 GPa (Fig. 3a). In accordance with discussion in Section
.1 and Fig. 2, there is a maximum in hardness with increasing
ontent of silicon carbide up to about 60–70 vol.%. But with
he increase in SiC content the porosity level also increases,
nd at about 50 vol.% SiC the porosity level of material is more
han 5%. Nevertheless, at this porosity level the composite hard-
ess is sufficiently high (16–18 GPa) and even exceeds that of
he pore-free material. For the ZrB2–ZrSi2–SiC system, within
he 20–50% range of SiC concentrations, porosity is approx-
mately constant (less than 1%) and the hardness achieves a

aximum at high SiC contents (Fig. 3b). Thus, the increase of
ardness up to 18–19 GPa (for loads in the range of 10–300 N)
t 20–50 vol.% SiC reflects the influence of silicon carbide only
n the composite properties. Further increases in SiC content,
p to 60–65 vol.%, is accompanied by a decrease in hardness
o 8.5–11.5 and 14–17 GPa in ZrB2–SiC and ZrB2–ZrSi2–SiC
eramics, respectively (Fig. 3).

The results of the fracture toughness measurements on

rB2–SiC and ZrB2–ZrSi2–SiC composites are presented in
ig. 4. The increase in SiC volume content in both ZrB2–SiC
nd ZrB2–ZrSi2–SiC composites (Fig. 8) resulted in an increase
n fracture toughness (2–3.4 MPa m1/2). Such behaviour in the

US6 samples) and (b) ZrB2–ZrSi2–SiC (USS1–USS3–USS4–USS6 samples
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Fig. 9. Contact strength in tension (σf) and compression (Y) as well as microstructure strength (S) of ceramics versus SiC content (load 200 N): (a) ZrB2–SiC
(US1–US6 samples) and (b) (ZrB2–8 vol.% ZrSi2)–SiC (USS1–USS6 samples).
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modulus at room temperature was determined to be 515 GPa
(with an accuracy of ∼2%), and bending strength was 420 MPa
(four-point bending with a base of 40/20 mm). At a tempera-
ture of 1400 ◦C the stress–strain curve for the same composition
Fig. 10. Stress–strain curves (four-point bending, spans of 2

rB2–ZrSi2–SiC composites is caused by both stress redistribu-
ion between the phases and effects of mesoscopic mechanisms
f toughness (cracks tilting near inclusions of secondary
hases).1,5 However, increasing ZrSi2 content did not markedly
ffect fracture toughness, with toughness remaining in the range
f 2–3.4 MPa m1/2.

The results of the calculations of contact strength in tension
σf) and compression (Y), as well as the measured microstruc-
ural strength of ZrB2–SiC and ZrB2–ZrSi2–SiC composites,
re presented in Fig. 9. Increased values of contact strength
n compression for the ZrB2–SiC system were reached over

wide range of compositions. For the ZrB2–ZrSi2–SiC com-
osites the maximum in contact strength in compression was
bserved for high silicon carbide contents. The dependence of Y
n the SiC content is similar to dependencies of hardness (Fig. 3)
nd is in accordance with the results and discussion from Sec-
ion 3.1. Composites in the ZrB2–ZrSi2–SiC system, compared
o the ZrB2–SiC composites, exhibited a higher level of contact
trength in tension and microstructural strength. Microstructural
trength is the strength of ceramics in micro-volumes and it can
e interpreted, for example, as grain-boundary strength. Thus,
he introduction of SiC in both types of composites increased

icrostructural strength and decreased the damage of the mate-
ial under the application of thermal and mechanical loads.

As a whole, the dependencies of the mechanical proper-

ies on silicon carbide content, for both the ZrB2–SiC and
rB2–ZrSi2–SiC systems, are in good agreement with the con-
lusions from the thermo-mechanical model (see Section 3.1).
onsequently, the field of interfacial thermal residual stresses

F
c
C

× 40 mm) for the US20 samples at RT (a) and 1400 ◦C (b).

etermines the mechanical behaviour of the studied ceramics, at
ow temperatures.

.3. High-temperature strength

Bending strength at temperatures up to 1400 ◦C were mea-
ured and compared to the bending results at room temperature
Fig. 10). A stress–strain curve for one of the compositions in
he ZrB2–SiC system (US20: 81.4 vol.% ZrB2 + 18.6 vol.% SiC)
t room temperature was practically linear (Fig. 10). Young’s
ig. 11. XRD pattern of USS46 sample with halo of amorphous phase and
rystalline phases: ZB (ZrB2, 34-423); Si (Si-etalon, 27-1402); SC (SiC,6H,3C);
(Zr(BC)); S (ZrSi2, lattice parameters increased on 32-1499).
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Fig. 12. Fracture surfaces of ceramics: (a) ZrB2–49 vol.%

xhibits significant nonlinearity. The use of zirconium silicide as
n additive for sintering activation and enhancing resistance to
igh-temperature oxidation20 is connected with the presence of
rain-boundary amorphous layers. Usually, amorphous layers at
he grain boundaries are responsible for grain-boundary creep of
he composite and nonlinearity in the stress–strain curve at high
emperatures, with the creep rate (and rate of growth of microc-
acks at creep) having a functional dependence on the thickness
nd viscosity of grain-boundary layers, as well as grain size.36

he equilibrium phase diagram for the Zr–Si system points out
o a peritectic type of ZrSi2 decomposition with the appearance
f a liquid Zr–Si phase at hot pressing temperatures exceeding
620 ◦C. The interaction of the Zr–Si liquid with the basic phases
f the composite leads to the formation of a new phase, based on
he ZrC lattice, as well as enrichment of the liquid with boron.
he XRD data indicate the essential reduction of lattice param-
ters of the new phase,20 compared with zirconium carbide, due
o formation of solid solutions in the Zr(C,B) system. The vol-
me content of this new cubic phase does not exceed 3%, which
ualitatively corresponds to microscopic observations. The lin-
ar dependence between ZrSi and Zr(C,B) contents exists only
2
t small ZrSi2 contents. XRD shows that in ceramics with higher
rSi2 contents (>8–10 vol.%), residual Zr–Si liquid is partially
rystallized during cooling as zirconium silicide ZrSi2 with

ig. 13. Temperature dependence of bending strength for ZrB2–SiC and
rB2–ZrSi2–SiC ceramics.
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vol.% ZrSi2 and (b) ZrB2–49 vol.% SiC–14 vol.% ZrSi2.

igher lattice parameters (compared to the initial state), and par-
ially remains in an amorphous state (Fig. 11). Thus, at small
mounts of silicide additives the liquid phase is almost entirely
onsumed by the Zr(C,B) phase. However, the higher zirconium
ilicide contents leads to an excess of Zr–Si–B–(O) liquid phase,
hich on cooling transforms into residual amorphous phase and
odified crystalline zirconium silicide. The presence of these

hases even leads to grain-boundary porosity (Fig. 12) which
ould be expected to influence the mechanical behaviour of

hese ceramics at high temperature.
The Young’s modulus from the linear portion of the curve is

till reasonable (510 GPa). The bending strength of this compo-
ition at 1400 ◦C, compared to that at room temperature, remains
lmost constant (∼410 MPa). Thus, the US20 ceramics, which
s regarded as a base material, has satisfactory bending strength
nd mechanical stability over a wide temperature range.

The temperature dependences of the bending strength for
ome of the other US and USS compositions are presented in
ig. 13. As can be seen from the data, incorporation of ZrSi2

nto the composite led to an essential softening of the ceram-
cs above 1000 ◦C. The softening of the composites with ZrSi2
dditives is connected to a grain-boundary amorphous phase
ith insufficient viscosity at high temperatures.
The presented results show that the introduction of zirconium

isilicide, as a sintering activation addition, is accompanied by
n improvement of some mechanical properties at lower temper-
tures (hardness, contact strength, Weibull modulus), but loss of
trength at elevated temperature (1400 ◦C).

. Conclusion

The mechanical properties of ZrB2–SiC and
rB2–SiC–ZrSi2 hot-pressed ceramics (with grain sizes
0–15 �m) in the composition range 0–60 and 0–14 vol.% of
iC and ZrSi2, respectively, were studied. The introduction of
iC improves mechanical properties (hardness of 18–20 GPa,
racture toughness of 3.5 MPa m1/2, bending strengths of

00–500 MPa, contact strength in tension of 400–650 MPa)
t low temperature. Further, the maximum in the strength
haracteristics is formed at high SiC content. ZrB2–ZrSi2–SiC
eramics preserved high hardness values over a wide loading
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36. Trefilov VI, Grigoriev ON, Trunov GV, Gogotsi GA, Kislyi PS. Develop-
O.N. Grigoriev et al. / Journal of the Eur

ange, and in the range of 100–300 N the hardness did not vary
ignificantly. The dependencies of mechanical properties of the
eramics on silicon carbide content are in good accordance with
he conclusions of a thermo-mechanical model for mechanical
roperties of heterogeneous ceramics.

The introduction of ZrSi2 (all other factors being the same)
ssists in activating sintering and therefore reduces porosity
n ZrB2–SiC based ceramics and widens the range of silicon
arbide concentrations where formation of pore-free materi-
ls have been observed. The addition of ZrSi2 (up to 4 vol.%)
lightly affects the bending strength of ceramics but essentially
mproves the contact strength and homogeneity characteristic
Weibull modulus m = 17–24) at low temperature. However, at
igh-temperature (1400 ◦C) strength decreases to 320 MPa for
eramics with ZrSi2 additions.
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