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Abstract

Mechanical properties of ZrB,—SiC and ZrB,—ZrSi,—SiC ceramics in the temperature range from 20 to 1400 °C were studied. It was found that the
introduction of zirconium silicide resulted in pore-free ceramics having bending strengths of 400-500 MPa over a wide range of boride—carbide
compositions. Zirconium silicide additive did not lead to significant strength and hardness changes at low temperature, but essentially increased
Weibull modulus, and, therefore, the reliability of the ceramics. However, zirconium silicide additions resulted in noticeably reduced bending

strength in ZrB,—SiC based composites at 1400 °C.
© 2010 Published by Elsevier Ltd.
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1. Introduction

Ceramic borides, such as hafnium diboride (HfB,) and
zirconium diboride (ZrBj), are materials which have been
referred to as Ultra High Temperature Ceramics (UHTCs). A
large number of studies have been devoted to a search for
additives to the diborides acting as sintering activators and cor-
rosion inhibitors. In studies of diboride based UHTCs, recent
research has demonstrated that mechanical properties and high-
temperature oxidation/ablation resistance are enhanced with the
addition of silicon carbide (SiC) over a wide range of SiC
content.!™ The addition of some nitrides (Si3Ny, AIN, ZrN),
silicides (MoSiy, ZrSiy) and carbides (B4C, WC) in small quan-
tities (up to 5%) have also been shown to enhance sintering of
ZrB,—SiC composites.>~!2 The research until now was focused
on assessing the impact of silicide additives on the rate of high-
temperature oxidation of ZrB,—SiC ceramics. It was shown that
additions of silicides (ZrSiz, MoSi,, TaSi,, etc.) improve the
oxidation resistance of ZrB,—SiC ceramics.!3"!° The effect of
additives of silicides on the mechanical properties of ceramics
was investigated to a lesser extent.

A wide combination of technical requirements is imposed on
high performance structural ceramics materials. Sufficiently low
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creep rate, as well as high resistance to high-temperature oxi-
dation and corrosion, and a high level of strength and fracture
toughness are among the most important ones. This complex set
of material property requirements, in turn, leads to a combination
of contradictory and often incompatible demands to the struc-
tural state and composition of ceramics. Therefore, development
of structural ceramics always involves optimization of the struc-
tural state and composition on the basis of some compromise in
properties.

In this paper, the dependence of basic mechanical properties
on composition and structure characteristics of ZrB,—SiC(ZrSi;)
ceramics was investigated. A number of experiments on sin-
tering in this system, with variations in the ZrB,—ZrSi» and
ZrB,—SiC ratios have been carried out in order to optimize the
composition.

The peculiarities of raw materials, conditions of charge prepa-
ration and hot pressing as well as structure, phase formation
and resistance of ceramics to high-temperature oxidation are
discussed in another paper in this volume.?’

2. Materials and methods

The a-SiC powder used in the study was UF10 grade pro-
duced by the H.C. Starck Company, Germany. The ZrB, and
ZrSi, powders were synthesized at the Institute for Prob-
lems in Materials Science of National Academy of Science
(Ukraine) using carbon-thermal reduction reactions of the appro-
priate oxides. The obtained powders were characterized using
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XRD and chemical analyses. Typical ZrB, powder contained
78.8wt.% B and <0.1 wt.% O. The powder batches contained
up to 0.7 wt.% C which corresponded to 3.5% B4C. ZrSi, pow-
der with particles size D5y =30 pwm had the following chemical
composition: 61.0 wt.% Zr, 37.0 wt.% Si, and <0.1 wt.% Fe.

Grinding of powders was carried out using an acetone
medium and ZrB, grinding balls. Grinding balls were made
of pure powders by hot pressing. The lining of the mill was
fabricated out of a caprolactone wear-resistant polymer. Grind-
ing was carried out to obtain a starting average particle size of
~3 pwm. Optimum particles dispersions were achieved by plan-
etary milling, providing sufficiently small grain sizes for hot
pressing (from 1.1 to 2.5 wm), as determined by a laser particle
size analyzer (Laser Micron Sizer, Japan).

Hot pressing was conducted using an induction heating unit
in graphite dies. The temperature of isothermal sintering under
load was in the range of 1800-2150°C, pressure 26-30 MPa,
time of isothermal densification 10-40 min, heating rates up
to 100 °C/min. Sintering studies were performed in order to
obtain ceramics with an average grain size of about 15-20 pm
to minimize creep at high temperatures.

Bending strength of the samples (4—12 specimens per data
point) was measured by both three and four-point bending using
spans of 30mm and 20 mm x 40 mm. For high-temperature
measurements of strength in air in three- and four-point bending,
a special fixture was fabricated from hot-pressed silicon nitride.
The maximum testing temperature was 1400 °C.

The Vickers hardness was measured at loads in the range
of 2-300N. Hardness of brittle materials measured with a
sharp indenter under small loads is a characteristic of mate-
rial resistance to elastic—plastic deformation. With higher loads
the role of fracture is increasing and hardness decreases. Hard-
ness number in this case characterizes resistance of material
to elastic deformation, brittle fracture and compaction of frac-
tured material. For the certification of obtained ceramics we
used indentation methods to determine not only hardness but
also strength characteristics as well as fracture toughness. A
new model of indentation of brittle heterophase materials was
developed,21 in which macrohardness is considered as a charac-
teristic of resistance of materials to fracture and, consequently,
it depends on both strengths under uniaxial compression (Y)
and tension (o), as well as on the so-called microstructural
strength22 (8§=Yos(Y —0p)). The indentation fracture tough-
ness was determined according to ref. [23]. Method?® uses the
Lawn relation?* Kjc = ﬂ(P/C3/ 2), where B is determined analyt-
ically. Values of Kjc, determined by this method are similar in
magnitude to the values obtained by the SEVNB (single-edge
V-notched beam) method, although less than that determined by
other methods, e.g., IF (indentation fracture) method.?

3. Results and discussion
3.1. UHTC structure and composition optimization
The region of brittle fracture of ceramics under study extends

up to 1600-2000 °C. At higher temperatures (2000-3200 °C),
mechanical behaviour is determined by plastic deformation that

Table 1
Some properties of zirconium diboride and silicon carbide?’.

Phases E(GPa)  Poisson’sratio,v  «(x107%/K)  Kijc (MPam!/?)
ZrB, 495 0.121 6.2 4
SiC 460 0.17 45 3

can also lead to fracture. The peculiarity of ceramic materi-
als, where relaxation of internal stresses is absent in the first
interval and stress relaxation is impeded in the second, is deter-
mined by the extreme importance of stress concentrators and
non-homogeneities. This is the reason why the analysis of the
stress—strain state of the ceramic composite is so important for
investigation of dependence of fracture characteristics on non-
homogeneous fields of internal stresses.

The present analysis considers thermal residual stresses,
stipulated by the difference in linear expansion coefficients
(a) of composite phases. Taking into account the material’s
macroscopic homogeneity and isotropic distribution of phase
components, one can make an assumption as to the hydro-
static nature of the tensile and compressive stresses in each of
its phase (011); = (022); = (033); = G;, governed by the condi-
tions of stress equilibrium ) ¥;5; = 0. Calculation of internal
thermal stresses in composites was performed on the basis of
a statistical approach,® using physical characteristics for each
phase (see Table 1) and the following relations:

14
= — X
KK+ (K)y

{(K1 — K2)ps —3K1 K [(a1 — o) AT + (1 — )]},

(0ij)| = Yandij,  (oij), = —Y1ndij, 1

r=(4)(6). (6)=1Gi+1:Ga,
(K) =Y1K1 + Y»2K>

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

(U) = Y1{U1) + Y2(U2)
The internal energies of components are defined as:

n’Y; Y7
(U1) = 5=, (Ur) = 57—,
2K, 2K»>
where Gj is the shear modulus of ith phase, E is the Young’s
modulus; v is the Poisson’s ratio, Y; is the volume fraction of ith
phase, «; are the coefficients of linear temperature expansion, K;
is the modulus of bulk compression of ith phase, /; is the specific
volume of ith component, p; is the external pressure at sintering,
and U; is the internal energy of elastic strain of ith phase.
Atknown values of elastic and thermal characteristics of com-
posite phases, the value of internal stresses is determined by the
AT - temperature difference between the temperature of the
viscous—elastic transition Ty, and the final temperature, down to
which the material is cooled after hot pressing (typically, room
temperature).
From the results of calculations (Fig. 1), the internal stresses
are tensile in ZrB, and compressive in SiC. With an increase of
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Fig. 1. The dependencies of internal stresses and specific energy of elastic strains
U in SiC and ZrB, composite phases versus ZrB, content.

any phase content, stress level in it decreases. The dependencies
of specific energy of elastic deformation on composition are
presented in Fig. 1. The values of specific energies of elastic
deformation of the phases are maximized in the range of 25-40%
of the same phase content. Thus, the total specific energy of
elastic deformation of the composite (Uyorary) Was found to have
a maximum at the equivolume phase content. This determines
the tendency of the ceramics to spontaneously fracture due to
thermal residual stresses.

An increase of composite fracture toughness and strength can
thus be achieved by appropriate selection of components, such
as the ratios of their volume fractions and grain sizes, when
the matrix, subjected to the effect of residual thermal stresses,
will be in a compressed state, and the isolated second phase
inclusions are in a tensile state. The crack would than be forced
to propagate in a compressed matrix, coming around the second
phase due to the peculiarities of a non-homogeneous stress field.

In this study, a mathematical formulation for the fracture
toughness criteria in a ceramic matrix composite, and an opti-
mization method for composite structure and composition,?®
was used to take into account the fields of internal thermal
stresses.

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

Ky = Kic = min(a; | (Kic — Do),
1
and optimum composition is determined by the criteria:

K = MéXMIN(ai_l(K{C — Do'y),
l
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Fig. 2. Influence of grain size and composition on the fracture toughness of
ZrB,—SiC ceramics.
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where o™ is the residual thermal stresses, G; is the shear modulus
of ith phase, C is the typical size of initial defects (cracks), Kj
is the stress intensity factor for normal fracture (opening mode),
and K {C is the fracture toughness of ith component of composite.

Composite parameters used in calculation of Kjc, are elastic
phase characteristics, fracture toughness values of composite
components and parameter D.

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

Results of the calculations are presented in Fig. 2. According
to the calculations, the compositions based on silicon carbide
matrix appear to be the preferable ones. For the purpose of these
calculations, the size of the microcracks was assumed to be equal
to the average grain size, the latter considering the same for both
phases of the composite. In the ZrB,-SiC system, differences in
elastic characteristics and coefficients of thermal expansion are
moderate. The calculations show that high fracture toughness
can be achieved in a range of high zirconium diboride content
(45-50 vol.%) with a small grain size (~2 pm). With an increase
in grain size, the fracture toughness maximum shifts in the direc-
tion of lower zirconium diboride content while the minimum of
fracture toughness forms in the range of equivolume content
of components. For example, at defect sizes of approximately
30 wm (this size can match the size of grains or agglomerates
of ZrB») fracture toughness in the range of 45-50 vol.% ZrB;
decreases to values near zero. This corresponds to the criterion
of spontaneous fracture of ceramics under the action of thermal
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Table 2

The composition of some ZrB,—ZrSi>—SiC ceramics and regimes for their hot pressing.

Samples Charge composition (vol.%) Bending strength/standard deviation® (MPa) Porosity (%)
SiC ZrB, ZrSiy
USl1 0 100 0 325/35 10
Us2 17 83 0 460/46 0
Us20 18.6 81.4 0 499/52 0
Us3 23 71 0 465/54 0
Us4 50 50 0 365/42 6
UsS6 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 49 474 3.6 400/30 0
USS43 49 43.9 7.1 420/44 3
USS44 49 413 9.7 451/30 3
USS45 49 38.8 12.2 340/37 6
USS46 49 37.2 13.8 354/35 6
USS6 60 37 3 380/40 6

2 Bending strength of the samples was measured in four-point bending using 30 mm base.

residual stresses.

o 2

o, K

2C,, = 2MIN | | —L =€ ,
< i (2//m)o"

where C,, is the critical grain size for spontaneous failure under
the effect of thermal stresses.

It is well known that reduction of grain size is accom-
panied by a strength increases at ambient temperature. At
present, there are technological sintering processes which indeed
allow manufacture of ZrB,—SiC ceramics with an average grain
size of 2 wm or less. In the region of equivolume phase con-
tents thermo-mechanical model predicts a maximum in both
fracture toughness and strength values due to both peculiari-
ties of the internal stress—strain state and fine grain structure
(dgs ~ 1-2 pm). However, at high temperatures fine grain size
is expected to increase both creep and high-temperature oxi-
dation rate.?3* Powders used for this study were selected to
provide a grain size of about 10—15 pm, which ensured a basic
level of properties over a wide temperature range. In order to
preserve the necessary level of low-temperature fracture tough-
ness at such grain size (compensating for a certain decrease
of strength because of structural roughening), ZrB, content
should be reduced to 25-30%, i.e. composites became SiC-based
instead of being ZrB,-based.

3.2. Mechanical properties at room temperature

3.2.1. The influence of ZrSiy additives on sinterability and
strength characteristics

Compositions of ZrB,-SiC and ZrB;—ZrSip—SiC ceramics
for identical regimes of fabrication (temperature of isothermal
sintering under load was 2150 &£ 25 °C, pressure 30 MPa, time
of isothermal densification 10—15 min) are given in Table 2. The
values of bending strength and sample porosity are also pre-

sented in the table. Samples of the US series did not contain
ZrSiy additives; in samples USS1-USS6 the content of silicon
carbide was varied at a fixed ZrB;:ZrSi, ratio (92:8). Samples of
the USS series had a fixed content of silicon carbide (49 vol.%)
and a variable ratio of ZrB,:ZrSi5.

The introduction of zirconium silicide, all other factors being
the same, widens the range of silicon carbide concentrations
where formation of pore-free materials can be obtained. For
ZrB»-SiC ceramics, non-porous samples were achieved at SiC
contents of about 20 vol.%. For the ZrB,—ZrSi;—SiC system,
non-porous ceramics were obtained in the range of SiC con-
tents from 20 to 50 vol.% (Table 2). Analysis of ceramics of the
USS41-USS46 set shows that small amounts of ZrSi, additives
(2-4%) are sufficient for sintering activation. Further increases
of ZrSi, content, up to 14%, was accompanied by an increase
of porosity due to interaction of ZrSi; with components of the
ceramics. Bending strengths of ZrB,-SiC and ZrB,—ZrSi,—SiC
systems had similar values (Table 2).

It was found that the hardness of zirconium boride (US1-
sample) with a porosity level up to 10% falls from 16.5 to 9 GPa
with increasing indentation load from 2 to 300N (Fig. 3a).
These results are consistent with well-known data3! for ZrB,
(HV1.0=8.7 GPa) and ZrB, + 5% SizN4 (HV1.0=13 GPa).

At the same time, the introduction of zirconium disilicide into
zirconium diboride in the amount of 6.5% (USS1-sample) led to
a significant decrease in the hardness of zirconium diboride to
the range of 6.5-12 GPa corresponding to indentation loads in
the range of 2-300 N (Fig. 3b). Hardness decrease was associ-
ated with the interaction of zirconium boride and silicide during
sintering with the formation of a new phase ZrBC of variable
composition and other intermediate compounds (see paper in
this issue).

Studies of the mechanical behaviour of ZrB,-SiC—ZrSi;
ceramics, under fixed SiC content, were carried out on the
USS41-46 compositions. The results of hardness measurements
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Fig. 4. Hardness of (ZrB,—ZrSi3)—49 vol.% SiC ceramics (US4, USS41-USS46
samples) versus ZrSi; 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
loads (100-300N). Decreasing the indentation load to 2N
resulted in an increase in hardness up to 18-25GPa for all
samples. At even higher indentation loads the hardness changed
only slightly with little variance at the highest load. Composites
containing 2—-10vol.% ZrSi, were characterized by maximum
hardness. The data obtained are higher than those of ceramics
ZrB,-SiC (USS4, see Fig. 4), as well as higher or comparable
with published data (HV1.0=14.2-14.6 GPa for ZrB,-SiC
ceramics  with  Si3Ny-additives®!; HV10=15.2-16.7 GPa
and HV10=19.9-21.3GPa for ZrB;-SiC ceramics with

10.5N

Aodqdron

Inln 1/(1-F)

SiC grain sizes 0.8-1.8um and 80nm respectively’?;
HV1.0=17.7-18.2GPa for Zr(Hf)B,-SiC ceramics®®  and
HV0.2=17.5-20.7 GPa for ZrB,-SiC ceramics with different
starting SiC particles sizes (SiC-UF05, UF10 and UF25
powders4).

Using hardness measurements and length measurements for
radial cracks formed near a hardness indent, Weibull statisti-
cal distributions for the contact strength?!-3> of ZrB,—SiC and
ZrB,—ZrSip—SiC composites were built (Fig. 5a). In the major-
ity of cases the distributions proved to be bimodal, i.e. they
contained two straight line regions corresponding to two differ-
ing crack populations — “long” and “short” cracks. The nature
of long versus short crack formation has been discussed previ-
ously in the literature.>> The Weibull modulus for “long” cracks
of ZrB,—SiC ceramics varied in the range of 9-16. Statistical dis-
tributions for the contact strength of ZrB,—SiC—ZrSi, ceramics
are presented in Fig. 5b. The Weibull modulus m determined
for the cracks varied in the range of 17-24. Higher values of
Weibull modulus of ZrB,—SiC—ZrSi, ceramics point to its higher
structural homogeneity in comparison with ZrB,—SiC ceramics.

With increasing load the length of the “long” cracks was
found to increase (Fig. 5a). The displacement of the Weibull
distributions to the left is direct evidence for decreasing con-
tact strength. A separate analysis of the population of “long”
cracks showed that with increasing load contact strength
decreases sharply and reaches approximately constant value in
the 200-300N load range (Figs. 6 and 7). This decrease in
contact strength with increasing load is due to a scale effect
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Fig. 5. Weibull statistical distributions for contact strength: (a) ZrB,—65 vol.% SiC (US4) and (b) ZrB2—4 vol.% ZrSi»—49 vol.% SiC (USS4) composites.
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Fig. 7. Contact strength in tension of (ZrB,—ZrSiz)—49 vol.% SiC ceramics
versus indentation load.

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

As in the case of hardness, zirconium diboride has a minimum
contact strength throughout the range of indenter loads (Fig. 6).
Contact strength of zirconium diboride (240 MPa at indenter
load 300 N) decreases to 215 MPa in the samples with additions
of zirconium silicide. Consequently, zirconium silicide additives
reduce contact strength and hardness of zirconium diboride.
However, in ZrB,—SiC ceramics the opposite phenomenon is
observed — zirconium silicide additives help to increase con-
tact strength from 400 to 550-600 MPa at high indentation loads
(300N) (Figs. 6 and 7). The difference in the behaviour of
ZrB,—7rSi; and ZrB,—ZrSi;—SiC ceramics are attributed to dif-
ferences in phase composition of these materials — the presence
of a large quantity of ZrBC phase in the first ceramics accord-
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Fig. 8. Fracture toughness of ceramics versus SiC content: (a) ZrB,-SiC (US1,

with ZrB,:ZrSi, ratio equal 92:8).

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

3.2.2. The influence of SiC content on mechanical
properties

Hardness in the range of loads of 10-300 N in nearly pore-
free ZrB>—20% SiC ceramics is high enough and is equal to
15-16 GPa (Fig. 3a). In accordance with discussion in Section
3.1 and Fig. 2, there is a maximum in hardness with increasing
content of silicon carbide up to about 60-70 vol.%. But with
the increase in SiC content the porosity level also increases,
and at about 50 vol.% SiC the porosity level of material is more
than 5%. Nevertheless, at this porosity level the composite hard-
ness is sufficiently high (16-18 GPa) and even exceeds that of
the pore-free material. For the ZrB,—ZrSi»—SiC system, within
the 20-50% range of SiC concentrations, porosity is approx-
imately constant (less than 1%) and the hardness achieves a
maximum at high SiC contents (Fig. 3b). Thus, the increase of
hardness up to 18—19 GPa (for loads in the range of 10-300 N)
at 20-50 vol.% SiC reflects the influence of silicon carbide only
on the composite properties. Further increases in SiC content,
up to 60-65 vol.%, is accompanied by a decrease in hardness
to 8.5-11.5 and 14-17 GPa in ZrB,-SiC and ZrB,—ZrSi»-SiC
ceramics, respectively (Fig. 3).

The results of the fracture toughness measurements on
ZrB,-SiC and ZrB,—ZrSi,—SiC composites are presented in
Fig. 4. The increase in SiC volume content in both ZrB,-SiC
and ZrB,—ZrSi,-SiC composites (Fig. 8) resulted in an increase
in fracture toughness (2-3.4 MPam!/?). Such behaviour in the
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Fig. 10. Stress—strain curves (four-point bending, spans of 20 mm x 40 mm) for the US20 samples at RT (a) and 1400 °C (b).

ZrB,—7ZrSi>—SiC composites is caused by both stress redistribu-
tion between the phases and effects of mesoscopic mechanisms
of toughness (cracks tilting near inclusions of secondary
phases).!> However, increasing ZrSi» content did not markedly
affect fracture toughness, with toughness remaining in the range
of 2-3.4MPam'”2.

The results of the calculations of contact strength in tension
(o) and compression (Y), as well as the measured microstruc-
tural strength of ZrB,—SiC and ZrB,—ZrSi,—SiC composites,
are presented in Fig. 9. Increased values of contact strength
in compression for the ZrB,—SiC system were reached over
a wide range of compositions. For the ZrB,—ZrSi;—SiC com-
posites the maximum in contact strength in compression was
observed for high silicon carbide contents. The dependence of Y
on the SiC content is similar to dependencies of hardness (Fig. 3)
and is in accordance with the results and discussion from Sec-
tion 3.1. Composites in the ZrB,—ZrSi>—SiC system, compared
to the ZrB,—SiC composites, exhibited a higher level of contact
strength in tension and microstructural strength. Microstructural
strength is the strength of ceramics in micro-volumes and it can
be interpreted, for example, as grain-boundary strength. Thus,
the introduction of SiC in both types of composites increased
microstructural strength and decreased the damage of the mate-
rial under the application of thermal and mechanical loads.

As a whole, the dependencies of the mechanical proper-
ties on silicon carbide content, for both the ZrB,-SiC and
ZrB,—ZrSip—SiC systems, are in good agreement with the con-
clusions from the thermo-mechanical model (see Section 3.1).
Consequently, the field of interfacial thermal residual stresses

determines the mechanical behaviour of the studied ceramics, at
low temperatures.

3.3. High-temperature strength

Bending strength at temperatures up to 1400 °C were mea-
sured and compared to the bending results at room temperature
(Fig. 10). A stress—strain curve for one of the compositions in
the ZrB,—SiC system (US20: 81.4 vol.% ZrB, + 18.6 vol.% SiC)
at room temperature was practically linear (Fig. 10). Young’s
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
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Fig. 11. XRD pattern of USS46 sample with halo of amorphous phase and
crystalline phases: ZB (ZrB,, 34-423); Si (Si-etalon, 27-1402); SC (SiC,6H,3C);
C (Zr(BQC)); S (ZrSiy, lattice parameters increased on 32-1499).
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Fig. 12. Fracture surfaces of ceramics: (a) ZrB»—49 vol.% SiC-2 vol.% ZrSi; and (b) ZrB;—49 vol.% SiC-14 vol.% ZxSi;.

exhibits significant nonlinearity. The use of zirconium silicide as
an additive for sintering activation and enhancing resistance to
high-temperature oxidation?” is connected with the presence of
grain-boundary amorphous layers. Usually, amorphous layers at
the grain boundaries are responsible for grain-boundary creep of
the composite and nonlinearity in the stress—strain curve at high
temperatures, with the creep rate (and rate of growth of microc-
racks at creep) having a functional dependence on the thickness
and viscosity of grain-boundary layers, as well as grain size.3¢
The equilibrium phase diagram for the Zr—Si system points out
to a peritectic type of ZrSi; decomposition with the appearance
of a liquid Zr-Si phase at hot pressing temperatures exceeding
1620 °C. The interaction of the Zr—Si liquid with the basic phases
of the composite leads to the formation of a new phase, based on
the ZrC lattice, as well as enrichment of the liquid with boron.
The XRD data indicate the essential reduction of lattice param-
eters of the new phase,”’ compared with zirconium carbide, due
to formation of solid solutions in the Zr(C,B) system. The vol-
ume content of this new cubic phase does not exceed 3%, which
qualitatively corresponds to microscopic observations. The lin-
ear dependence between ZrSi, and Zr(C,B) contents exists only
at small ZrSi, contents. XRD shows that in ceramics with higher
ZrSiy contents (>8—10 vol.%), residual Zr-Si liquid is partially
crystallized during cooling as zirconium silicide ZrSiy with
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Fig. 13. Temperature dependence of bending strength for ZrB,—SiC and
ZrB,—ZrSi>—SiC ceramics.

higher lattice parameters (compared to the initial state), and par-
tially remains in an amorphous state (Fig. 11). Thus, at small
amounts of silicide additives the liquid phase is almost entirely
consumed by the Zr(C,B) phase. However, the higher zirconium
silicide contents leads to an excess of Zr—Si—-B—(O) liquid phase,
which on cooling transforms into residual amorphous phase and
modified crystalline zirconium silicide. The presence of these
phases even leads to grain-boundary porosity (Fig. 12) which
would be expected to influence the mechanical behaviour of
these ceramics at high temperature.

The Young’s modulus from the linear portion of the curve is
still reasonable (510 GPa). The bending strength of this compo-
sition at 1400 °C, compared to that at room temperature, remains
almost constant (~410 MPa). Thus, the US20 ceramics, which
is regarded as a base material, has satisfactory bending strength
and mechanical stability over a wide temperature range.

The temperature dependences of the bending strength for
some of the other US and USS compositions are presented in
Fig. 13. As can be seen from the data, incorporation of ZrSi,
into the composite led to an essential softening of the ceram-
ics above 1000 °C. The softening of the composites with ZrSi
additives is connected to a grain-boundary amorphous phase
with insufficient viscosity at high temperatures.

The presented results show that the introduction of zirconium
disilicide, as a sintering activation addition, is accompanied by
an improvement of some mechanical properties at lower temper-
atures (hardness, contact strength, Weibull modulus), but loss of
strength at elevated temperature (1400 °C).

4. Conclusion

The mechanical properties of ZrB,-SiC and
ZrB,—SiC—ZrSi, hot-pressed ceramics (with grain sizes
10-15 pm) in the composition range 0-60 and 0-14 vol.% of
SiC and ZrSij, respectively, were studied. The introduction of
SiC improves mechanical properties (hardness of 18-20 GPa,
fracture toughness of 3.5MPam'2, bending strengths of
400-500 MPa, contact strength in tension of 400-650 MPa)
at low temperature. Further, the maximum in the strength
characteristics is formed at high SiC content. ZrB,—ZrSi>,—SiC
ceramics preserved high hardness values over a wide loading
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range, and in the range of 100-300 N the hardness did not vary
significantly. The dependencies of mechanical properties of the
ceramics on silicon carbide content are in good accordance with
the conclusions of a thermo-mechanical model for mechanical
properties of heterogeneous ceramics.

The introduction of ZrSi, (all other factors being the same)
assists in activating sintering and therefore reduces porosity
in ZrB,-SiC based ceramics and widens the range of silicon
carbide concentrations where formation of pore-free materi-
als have been observed. The addition of ZrSiy (up to 4 vol.%)
slightly affects the bending strength of ceramics but essentially
improves the contact strength and homogeneity characteristic
(Weibull modulus m =17-24) at low temperature. However, at
high-temperature (1400 °C) strength decreases to 320 MPa for
ceramics with ZrSi, additions.
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