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bstract

orides and carbides of early transition metals are considered a class of promising materials for several applications, the most appealing ones being
n the aerospace and energy sectors. The present work is mostly focused on toughening of UHTCs through incorporation of SiC chopped fibers.

echanical properties of reinforced composites are compared to those of un-reinforced, whisker- and particle-reinforced materials and the effect of
ifferent kinds of sintering aids is studied. Addition of fibers allows toughness to be increased from 3–4 MPa m1/2 (for un-reinforced materials) to

.0–6.2 MPa m1/2. The high temperature behavior is also investigated both in air furnace and in arc jet facility. Eventually, a paragraph is dedicated
o potential of UHTCs as sunlight absorbers for future solar concentrating systems operating in the high temperature regime.

 2011 Elsevier Ltd. All rights reserved.
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.  Introduction

Zirconium diboride-based materials are currently considered
 class of promising materials for several applications, in par-
icular in the aerospace sector. In the last five years, research
as focused on the fabrication of dense composites possessing
igh strength (500–1000 MPa).1–11 However, the low fracture
oughness remains one of the major concerns for the application
f these materials under severe environmental conditions. From
ata reported in the literature it is evident that often the addition
f particles does not represent an effective strategy for a major
oughness improvement. In case of SiC particles, for example, it
as been shown that residual tensile stresses are developed in the
rB2 matrix, due to the difference of thermal expansion coef-
cient between SiC and ZrB2.7 As a result, particle-reinforced
rB2–SiC materials are often as brittle as other ZrB2-based com-
osites even if they display significant increase of hardness and
trength.
Spherical reinforcement can be efficaciously substituted by
longated reinforcement. The potential advantages of elongated
econdary phases over particulate-reinforced systems include
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ore effective toughening mechanisms such as enhanced crack
eflection and load-carrying capability. In addition, other tough-
ning mechanisms, such as crack bridging and pullout, are
ossible. Indeed, significant increases of fracture toughness were
btained through addition of SiC whiskers,12,13 carbon fibers14

nd more recently SiC chopped fibers.15–17

Oxidation of refractory diborides in air at elevated temper-
tures has limited their applications. One of the commonest
dditives used to improve the oxidation protection of ZrB2 is sili-
on carbide18–20 as it forms a coherent SiO2-based glass layer on
he surface of the ceramic. This continuous scale provides pas-
ive oxidation protection in the intermediate temperature regime
1100–1600 ◦C).

The aim of this work is to evaluate the efficacy of SiC chopped
bers as potential reinforcement for ZrB2 analysing several
spects, such as: the impact of the sintering technique, the effect
f the sintering aid, the high temperature stability, including
oth conventional tests in air furnace up to 1700 ◦C and arc jet
ests to simulate re-entry conditions at temperatures exceeding
000 ◦C. Furthermore, the performance of SiC fiber-reinforced
omposites is compared to that of whisker- or particle-reinforced
omposites at room, high temperature and in oxidising envi-
onment. Indeed, whether or not SiC chopped fibers can be as

ffective as SiC particles during oxidation is still an unexplored
ssue. A short paragraph at the end of the paper is dedicated to
otential application of UHTCs in the solar energy sector.

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2011.10.032
mailto:diletta.sciti@istec.cnr.it
dx.doi.org/10.1016/j.jeurceramsoc.2011.10.032
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.  Experimental

.1.  Preparation  of  SiC  chopped  fibers  reinforced  materials

Commercial raw materials were used to prepare the ceramic
omposites: ZrB2 Grade B (H.C. Starck, Germany), particle
ize range 0.1–8 �m; SiC HI Nicalon chopped fibers, with com-
osition (wt%) Si:C:O = 62:37:0.5. The dimensions are: 14 �m
iameter, 1 mm length. As sintering additives the following pow-
ers were used in amount 5–10 vol%: �-Si3N4 Baysinid (Bayer,
ermany); ZrSi2-F (Japan New Metals Co., LTD, Osaka, Japan);
oSi2 <2 �m (Aldrich, Steinbeim, Germany). The SiC fibers

ontent varied from 0 to 30 vol%. Particular care needs to be paid
or processing of fiber-reinforced materials. Homogenization
f fibers and powders was accomplished by conventional ball
illing for 24 using ZrO2 media in absolute ethanol. However,

ompaction was generally more difficult than for conventional
owder mixtures. The slurries were dried in a rotary evapora-
or and the powder mixtures underwent a slow debonding cycle
n a graphite furnace at 500 ◦C for 60 min in flowing Argon.
he powder–fiber mixtures were sintered in a graphite mould
sing a hot pressing machine at 1650, 1700 and 1750–1900 ◦C
or compositions doped with ZrSi2, Si3N4 and MoSi2, respec-
ively, with applied pressure of 40–50 MPa and holding time
f 10 min. The microstructures were analyzed using scanning
lectron microscopy (SEM, Cambridge S360, Cambridge, UK)
nd energy dispersive spectroscopy (EDS, INCA Energy 300,
xford instruments, UK) on fractured and polished surfaces. For

omparison, SiC whisker- and particle-reinforced ZrB2 com-
osites were produced. Details on their preparation are given
lsewhere.11,15

.2.  Mechanical  characterization

Vickers microhardness (HV1.0) was measured by indenta-
ion with a 9.8 N load in a hardness tester Zwick model 3212.
racture toughness (KIc) was evaluated using chevron notched
eams (CNB) in flexure. The test bars, 25 mm × 2 mm ×  2.5 mm
length by width by thickness, respectively), were notched with

 0.1 mm-thick diamond saw; the chevron-notch tip depth
nd average side length were about 0.12 and 0.80 of the bar
hickness, respectively. The specimens were fractured using a
emi-articulated silicon carbide four-point fixture with a lower
pan of 20 mm and an upper span of 10 mm on a universal testing
achine Instron 1195. The specimens, three for each compos-

te, were loaded with a crosshead speed of 0.05 mm/min. The
slice model” equation of Munz et al.21 was used to calculate
Ic. On the same machine and with the same fixture, the flexural

trength (σ) was measured at room temperature and at 1200 ◦C
n air.

.3.  High  temperature  characterization
The oxidation tests were carried out in a bottom-up loading
urnace at 1200, 1500 and 1700 ◦C for 30 min in static air on
arious compositions containing either SiC chopped fibers or
hiskers or particles. Specimens were located in the furnace
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hen the maximum temperature was reached and then removed
nd air quenched after the exposure time. Mass and bars’
imensions were measured before and after the oxidation.
icrostructural modifications induced by oxidation were

nalyzed by SEM-EDS. Flexural strength tests in four point
xture were conducted on 25 mm ×  2 mm × 2.5 mm bars after
xidation at 1700 ◦C.

Arc  jet  tests:  A composite containing 20 vol% fibers was
elected for the realization of a sharp leading edge with a radius
f curvature <0.5 mm. The experiments were conducted in an
rc-jet plasma wind tunnel at the Department of Aerospace Engi-
eering – University of Naples “Federico II”, and involved high
nthalpy supersonic flows in air with a nominal Mach number
M) around 3. The sharp wedge was locked upon an alumina
older at a distance of 10 mm from the nozzle exit. The surface
emperature of the wedge was continuously measured by a two-
olour pyrometer (Infratherm ISQ5, Impac Electronic GmbH,
ermany) focused onto a position as close as possible to the

dge of the sample. At the same time, the distribution of the
urface temperature over the wedge was monitored using an
nfrared thermo-camera (FLIR Thermacam P40, spectral range
–14 �m). Microstructural modifications induced by oxidation
ere then analyzed by SEM-EDS.

. Results  and  discussion

.1.  Microstructure  and  properties  of  materials  containing
hopped fibers

For composites containing up to 20 vol% of fibers, few or no
esidual porosity was generally observed in the microstructure
nd the fiber dispersion into all the matrices was homogeneous,
ig. 1a. A significant fraction of residual porosity (∼8%) was
oticed in the matrix containing 30 vol% of fibers (Fig. 1b),
ither in the boride matrix or at the matrix/fiber interface. It
s apparent that increasing the reinforcement content makes
ncreasingly difficult to properly process the powder mixtures
o achieve a dense matrix and a good fiber dispersion. In all the
omposites a notable reduction of the fibers dimension (max-
mum length around 300 �m) was observed, due to both the
ction of milling media and the applied pressure during sintering.
econdary phases were observed in the sintered microstructures,

ncluding residual ZrO2 particles, isolated pockets of BN, Zr–Si
hases, SiO2 and a borosilicate glass containing Zr–Si–B–N–O
istributed along grain boundaries.15,16 As for the fiber–matrix
nterface (Fig. 1c) it can be observed that a very complex sys-
em of reaction phases developed: around the original SiC fiber
ore, a Si–C–O rim was formed probably due to migration of
ntergranular phase towards the fiber surface. The latter often
eacted with the liquid phase deriving from the sintering aids
nd/or gathered various impurities present in the matrix, espe-
ially ZrO2. Fig. 1d shows the crack propagation features of
hese composites: the crack very often crosses the fibers without

ppreciable deviation due to the strong matrix/fiber interface.

The effect of SiC chopped fibers on mechanical proper-
ies of ZrB2 composites is shown in Fig. 2 for the system
ontaining Si3N4 as sintering agent. Fracture toughness was
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ig. 1. ZrB2 + SiCf + Si3N4 composites showing (a) typical microstructure of 

0 vol% fiber, showing porosity in the boride matrix, (c) fiber/matrix interface, 

mproved significantly by the addition of fibers, up to 20 vol%
5.3 and 5.6 MPa m0.5) in comparison with the reference mate-
ials (3.7 MPa m0.5) (Fig. 2a). The toughness of a reinforced
omposite can be interpreted as the sum of the unreinforced
atrix toughness plus the increment due to toughening mecha-

isms exerted by the fibers15,16:

reinforced
Ic =  Kmatrix

Ic +  �Kfiber (1)

As crack propagation behavior displayed no pullout, deflec-
ion or bridging (Fig. 1c), it was concluded that the dominant
oughening mechanism was crack bowing.16 Beside this, a sec-
nd toughening contribution deriving from thermal residual
tresses was also considered, due to mismatch between ther-
al expansion coefficients and elastic constants of matrix and
bers.22 As αSiC < αmatrix, thermal residual stresses are expected

o give a negative contribution to fracture toughness.22 In pre-
ious works16 it was shown that the toughening increment due
o crack bowing23 was much larger than the negative one from

22
esidual stresses that is almost negligible, resulting in a net
ncrease of toughness. Also, it was shown that this model is well
uited for fiber content up to 20 vol% but fails for a higher con-
ent (30 vol%). Indeed, the residual porosity negatively affected

v
d
c
t

Fig. 2. Effect of the fiber content on (a) fracture toughness and (b) 
les containing 20 vol% fiber, (b) typical microstructure of samples containing
) crack path obtained by a 9.8 N Vickers indentation.

oth the matrix original toughness (Kmatrix
Ic ) and the reinforcing

ction of the fibers (�Kfiber).
The flexural strength of fiber-containing composites

ecreased from 600 to 400 MPa for 10–20 vol% fibers and
00 MPa for 30 vol% fibers (Fig. 2b). The incorporation of
00–300 �m long elements in a fine matrix (ZrB2 mean grain
ize: 3 �m) very likely changed the defect population. Using
he Griffith equation, σ  = 1.3 KIc/C0.5, the size of the mean crit-
cal defect (C) was estimated to be about 100–200 �m, which
uggests that fibers themselves could represent critical flaws.
he flexural strength was also tested at 1200 ◦C in air (Fig. 2b).

t can be observed that the composites nearly maintained the
ame RT  value (∼400 MPa). Furthermore, the composites were
trengthened in comparison with the un-reinforced material that
xhibited a value of 240 MPa at this temperature.

.2. Effect  of  the  sintering  technique

Spark plasma sintering (SPS) is widely recognized as a

ery effective sintering technique that allows materials to be
ensified at lower temperatures and in a shorter time than in
onventional sintering. Recent contributions have shown that
his technique permits the successful densification of UHTC

4-pt flexural strength at room temperature and 1200 ◦C in air.
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Table 1
Comparison of mechanical properties between compositions containing 20 vol% fiber and 5 vol% Si3N4, obtained by hot pressing (HP) and spark plasma sintering
(SPS). KIc: fracture toughness by CNB, σRT: 4-pt flexural strength at room temperature, σ1200: 4-pt flexural strength at 1200 ◦C.

Composition,
vol%

Technique T/t/P,
◦C/min/MPa

Exp. density,
g/cm3

KIc,
MPa m1/2

σRT,
MPa

σ1200,
MPa

Ref.
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rB2 + 20 SiC fiber HP 1700/10/50 5.2 

rB2 + 20 SiC fiber SPS 1500/5/50 4.7 

eramics with reduced content of sintering aids24,25 or with addi-
ion of phases (e.g. whiskers or fibers) that are very sensitive to
egradation at high sintering temperatures.13 As already men-
ioned, composites processed in ISTEC labs were sintered by
ot pressing at 1700 ◦C. For comparison some SPS tests were
onducted in Arrhenius Lab, Stockholm University, Sweden.
he powder mixtures were sintered in an SPS furnace, in vac-
um (5–10 Pa). The sintering temperature was in the range
500–1700 ◦C and applied pressure was 50 MPa.16 Microstruc-
ural analyses confirmed that composites containing 10–20 vol%
bers were completely dense at temperatures comparatively

ower than for hot pressing, i.e. 1500 ◦C. However, despite the
ower sintering temperature and lower holding time, microstruc-
ural analysis of the fiber–matrix interface confirmed a large
xtent of chemical interaction between SiC fibers, intergranular
hases and ZrB2. Mechanical properties of an SPS compos-
te containing 20 vol% fiber are compared to those of the HP
omposite with the same composition in Table 1. The values
f fracture toughness of the hot pressed composites were close
o those of the SPS composites. This indicates that, even if a

ore efficient thermal treatment as SPS was used, the nature
f the matrix/reinforcement interface did not change notably. In
articular, the analysis of the interaction between an advancing
rack and the microstructure confirmed that the intergranular
etting phases or interface reactions prevented any possibility
f reinforcement pullout, independently of the sintering route.
lso the strength values did not indicate substantial advantage
f the SPS technique over the hot pressing route, at least for the
omposition tested.16

.3.  Effect  of  the  shape  of  reinforcement  (chopped  fibers  vs.
hiskers and  particles)

For the sake of comparison, SiC whisker- and particle-
◦
einforced composites were produced by hot pressing at 1700 C

sing the same sintering aid, Si3N4.11,15 The mechanical prop-
rties of the three kind of composites containing 20 vol% of
einforcement are summarized in Table 2. Similar to the case

r
o
i
h

able 2
ffect of the reinforcement type on mechanical properties of reinforced composites, K

1200: 4-pt flexural strength at 1200 ◦C, σret: retained strength after oxidation at 1700

omposition,
ol%

Reinforcement type Additive,
vol%

KIc,
MPa m1/2

rB2 + 20 SiC Chopped fibers Si3N4, 5% 5.65 ± 0.30 

rB2 + 20 SiC Whiskers Si3N4, 5% 5.30 ± 0.30 

rB2 + 20 SiC Particles Si3N4, 5% 4.55 ± 0.10 
5.65 ± 0.30 410 ± 20 340 ± 50 [15]
5.53 ± 0.37 370 ± 20 447 ± 23 [16]

f fiber additions, fracture toughness was improved by the
ddition of 20 vol% SiC whiskers (5.3 MPa m0.5). However,
ncorporation of whiskers did not alter significantly the strength
∼610 MPa).15 The particle-reinforced composite had a lower
oughness (4.6 MPa m0.5) and higher strength (730 MPa), as
xpected. Concerning strength test at 1200 ◦C, it can be observed
hat for particle-reinforced composites, the strength decreased
o 250 MPa, probably due to deleterious effects associated to
oftening of intergranular phases. In case of fiber and whisker
dditions, strength values were 340–350 MPa despite the pres-
nce of the same intergranular soft phases. The high-temperature
trength is affected by several factors: a – softening of amor-
hous phases that causes a strength decrease; b – change of the
efect population induced by oxidation, (the materials were kept
bout 30 min at a temperature >1000 ◦C) that causes a strength
ecrease; c – sealing of small porosities by the borosilicate
lass, that could induce a strength increase. At 1200 ◦C, all the
omposites underwent effects a–c. The fact that whisker- and
ber-containing materials resulted in higher strength suggests

hat these reinforcing elements still have a strengthening effect.
his, in turn, could be attributed to the fact that differently from
articles, fibers and whiskers underwent a slower or incomplete
xidation and continued to exert a structural function.

.4. Effect  of  sintering  aid

The choice of sintering aid affects not only the sintering
ehavior of the matrix, but also the extent of reaction between
atrix and fibers. A part from Si3N4, two silicides, namely ZrSi2

nd MoSi2, were tested. The principle behind selection of these
ilicides is related to their efficacy in promoting the densification
nd in improving the oxidation resistance of boride matrices.26

rSi2 is a relatively low melting point phase (1600 ◦C) and thus
ensification was completed at 1600–1650 ◦C. For MoSi2, that
s more refractory, densification tests were carried out in the

◦ 17
ange 1750–1900 C. In all the cases dense composites were
btained. The analysis of the microstructure revealed that at sim-
lar densification temperatures, the addition of MoSi2 promoted
igher fiber degeneration in comparison with Si3N4 or ZrSi2.

Ic: fracture toughness by CNB, σRT: 4-pt flexural strength at room temperature,
◦C/30 min.

σRT,
MPa

σ1200,
MPa

Ref. σret,
MPa

410 ± 20 340 ± 50 [15] 164 ± 8
614 ± 75 352 ± 22 [15] 180 ± 11
730 ± 100 250 ± 10 [11] 220 ± 22
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Table 3
Effect of sintering aids on the mechanical properties. KIc: Fracture toughness by CNB, σRT: 4-pt flexural strength at room temperature.

Composition,
vol%

Additive Sintering
temperature,
◦C

KIc,
MPa m0.5

σRT,
MPa

ZrB2 Si3N4 1700 3.7 ± 0.1 600 ±  90
ZrB2 + 20 SiC fiber Si3N4 1700 5.7 ± 0.3 410 ± 20
ZrB2 ZrSi2 1600 4.3 ± 0.1 808 ± 31
ZrB2 + 20 SiC fiber ZrSi2 1600 6.2 ± 0.4 385 ± 13
ZrB2 MoSi2 1750 3.5 ± 0.6 780 ± 87
Z
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rB2 + 20 SiC fiber MoSi2 1750 

rB2 + 20 SiC fiber MoSi2 1900 

icrostructural features are mirrored in the results of mechan-
cal properties, reported in Table 3. Among the different
ystems, the maximum fracture toughness increase was for the
omposition containing ZrSi2 as sintering additive, achieving
.2 MPa m0.5. No significant toughness increase was observed
or MoSi2 doped materials: the fibers degeneration occurring
uring sintering at 1900 ◦C rendered the reinforcements com-
letely ineffective. A modest increase of toughness was instead
ound after sintering treatment at 1750 ◦C. As the toughness of
he composites can be interpreted as the sum of the un-reinforced

atrix toughness plus the increment due to toughening mech-
nisms exerted by the fibers (Eq. (1)), it can be stated that the
igher toughness of the system containing ZrSi2 is due to the
igher toughness of its respective matrix. In the case of MoSi2,
he lowest values are both due to the lower toughness of the
atrix and the fiber degeneration. Finally, one could observe that

he change of sintering aid does not have a significant impact on
he strength of the composites, being all values around 400 MPa.

.5. Oxidation  behavior

The oxidation tests were carried out in a bottom-up loading
ir furnace at 1200, 1500 and 1700 ◦C for 30 min on compos-
tes containing 20 vol% fibers. After oxidation at 1200 ◦C (not
hown), a discontinuous cracked SiO2 scale with ZrO2 particles
nd damaged fibers was observed on the surface. After oxida-
ion at 1500 and 1700 ◦C, islands of ZrO2 in rounded particle
r dendrite-like shape, were immersed in a SiO2 continuous

27
cale. The polished sections of fiber-reinforced composites
xidised at 1500 and 1700 ◦C are reported in Fig. 3a and

 and they generally followed the typical aspect of oxidised
rB2–SiC: an external SiO2 layer, an intermediate coarse ZrO2

(
o
t

Fig. 3. Polished cross section of ZrB2 + 20SiC fibers + Si3N4 after oxidat
4.8 ± 0.1 380 ± 20
3.7 ± 0.3 –

artially filled with silica and a SiC-depleted layer above the
nreacted bulk. No SiC-depleted layer is present in the mate-
ials after exposure at 1200 ◦C. After oxidation at 1500 ◦C
arbon residuals were often observed around the fibers (Fig. 3c),
hich were hardly observed in oxidised SiC particle-reinforced

eramics.28,29 This indicates that active oxidation of SiC fibers
roceeds first through the reaction:

SiC +  O2 =  2SiO (g) +  2C (2)

nstead of the more frequently reported reaction28,29:

iC +  O2 =  SiO (g) +  CO (g) (3)

It is interesting to study the effect of SiC reinforcement type
n the oxidation behavior. When using chopped fibers, we intro-
uce SiC elements with typical dimensions of 100–300 �m and
iameter of 15 �m. The whiskers are typically 30 �m in length
nd diameter less than 1 �m. In composite containing particles,
iC particles tend to form agglomerates at triple points that do
ot overcome dimensions around 2–3 �m. In terms of weight
ain, parallel oxidation experiments demonstrated that all the
amples displayed similar values, in the range 1200–1700 ◦C.27

owever, when a depletion region is formed, in the case of fine
iC particles, a layer with small and fine porosity will form. In

he case of fiber additions, the SiC depletion region will contain
arge cavities. An intermediate situation is represented by SiC
hiskers. The strength degradation after oxidation at 1700 ◦C
ue to the surface modified layer is displayed in Table 2. As
an be seen, the absolute value of retained strength is lower
or the composite containing fibers (160 MPa) than for whiskers

180 MPa) and particles (220 MPa), confirming that morphol-
gy of the SiC phase can have a significant impact on the high
emperature performance.

ion at (a) 1500 and (b) 1700 ◦C. (c) Initial stage of fiber oxidation.
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Fig. 4. External surface of the model (a) before and (b) after t

.6.  Extreme  oxidation  behavior:  arc-jet  tests

The design of high-performance hypersonic vehicles requires
ointed fuselage nose-cones and wing leading edges with
ery sharp profile, i.e. radius of curvature in the order of
ew millimeters. This helps the vehicle to enhance its per-
ormances and maneuvrability by reducing the drag and also
o improve the crew safety due to an expanded down and
ross-range capability.30,31 However for sharp leading edges
he convective heating to the surface, and hence the surface
emperature, dramatically increases as the radius of curvature
ecreases.31

The composition containing 20 vol% fibers and silicon nitride
as selected for the realization of a sharp leading edge with

 radius of curvature less than 0.5 mm (Fig. 4a) to be tested
n supersonic regime. The pyrometer was focused on a 3 mm
iameter spot from the tip and the maximum average temper-
ture reached in this region was 1700 ◦C. However, according
o computational modeling, on the surface tip the temperature
ould reach values as high as 2300–2400 ◦C. The total time of
xposition including heating ramps, was 17 min. Fig. 4a and b
hows the appearance of the model before and after the test:

he shape is maintained and the colour changed from white on
he tip (presence of ZrO2 phase) to black at the base (presence
f silica-based glass). The most damaged area was obviously

i
t
a

-jet test with magnified areas of the modified microstructure.

he summit of the sample where large cavities left by SiC fibers
vaporation were well visible together with cracks (Fig. 4b).
he presence of solely ZrO2 phase was observed down to about
00 �m. Large pools of silica containing small ZrO2 precip-
tates were visible at 400 �m from the surface and at 3 mm
he predominant phase was zirconia and a discontinuous layer
f silica. At 6 mm from the tip fibers were still recognizable,
hough cracked and damaged, among ZrO2 particles. The cross
ection of the model was severely damaged by the polishing pro-
edure (Fig. 5a). However the three typical regions observed for
rB2–SiC composites were recognizable: an outermost cracked
irconia layer (40 �m), a ZrB2–SiO2 interlayer (140 �m) and

 SiC-depleted ZrB2 region (400 �m thick). The appearance of
iC fibers was very similar to the morphology observed for other
rB2–SiC fibers composites oxidised in air furnace: the core was
iC which was oxygen enriched moving outside, around the fiber

 continuous graphite layer was observed (see Fig. 3c). Although
he effect of type of SiC reinforcement needs a more in-depth
nvestigation, preliminary arc jet tests conducted on a composite
ontaining 20 vol% SiC particles with the same geometry and
n similar conditions did evidence a marked difference in the
cale morphology (see Fig. 5b). In particular the scale shape

s still sharp in the fiber-reinforced material and flattened in
he particle-reinforced material, suggesting a different extent of
blation between the two composites. This behavior can be a
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Fig. 5. Cross section of (a) SiC chopped fiber

onsequence of a different oxidation rate of fibers and particles
nd will be object of future investigation.

. UHTC  for  solar  energy  application

Beside the well known characteristics that make UHTCs
ttractive as thermal protection systems, there is a strong interest
n their applications as sunlight absorbers for solar concentrat-
ng systems that can operate in the high temperature regime.
lectricity generation from solar energy by thermo-mechanical
onversion is currently limited in worldwide implementation,
ue to the relatively low conversion efficiency and the resulting
igh cost of the produced electricity. This level of performance
nd cost is achieved today in solar thermal power plant technolo-
ies that are based on steam cycles at moderate temperatures
400–550 ◦C). A real breakthrough may occur if the conver-
ion efficiency from sunlight to electricity can be significantly
ncreased. This would require heat input at temperatures in the
ange of 1000–1400 ◦C, which in turn faces significant chal-
enges, especially concerning the key component that is the
adiation absorber located at the focus of the concentrator field.
he ideal absorber material should possess high emissivity in the
olar spectrum (up to about 2 �m) and low emissivity outside
his range to produce spectral selectivity, reasonable resistance
o stresses, high thermal conductivity to smooth local hot spots
ue to uneven distribution of incident radiation and stability to
hemical degradation caused by oxidation over long operation
ime at elevated temperature. Former materials used for vol-
metric absorbers include Al2O3, SiO2 and SiC. Concerning
HTCs, there is some evidence that these composites possess

32,33

 pronounced degree of intrinsic spectral selectivity, how-
ver, the studies of spectral emissivity characteristics of UHTCs
erformed so far refer to films and coatings and not to bulk
aterials, either porous or dense.

u
o
t
o

forced and (b) SiC particles reinforced ZrB2.

For this reason a long-term investigation about UHTC
otentialities as innovative absorber for new generation high-
emperature concentrating solar power plants, CSP, has recently
tarted in collaboration with the Italian Institute of National
ptics (INO-CNR). Preliminary studies34 have shown that
orides and carbides behave very differently from conventional
eramics such as SiC. Even with some differences among them,
ll UHTCs display a step-like increase of reflectance from visi-
le to infrared, with presence of a cut-off reflectance wavelength.
hese characteristics, in combination with other key properties
s high thermal and electrical conductivities, superior oxidation
esistance up to 1600 ◦C make unreinforced UHTC monoliths
nd composites particularly interesting for solar applications.
urther studies will be devoted to investigation of high temper-
ture optical behavior up to 1200 ◦C or higher.

. Conclusions  and  final  remarks

The addition of SiC chopped fibers has demonstrated to be
 viable method for improving the fracture toughness of brittle
rB2 ceramics as values of 5.7–6.2 MPa m1/2 can be reached for
ompositions containing 20 vol% fibers. As far as oxidation is
oncerned the stability of fiber-reinforced composites is compa-
able to that of SiC particles reinforced composites, either in air
urnaces up to 1700 ◦C or in arc jet tests from 1700 to 2400 ◦C,
t Mach 3. One drawback for these composites is the decrease
f flexural strength which passes from typical 700–800 MPa for
n-reinforced or particle reinforced materials to 400 MPa for
ompositions with 10–20 vol% of fibers. However, it should be
entioned that for strength tests at high temperature (at least

◦
p to 1200 C), flexural strength is presently higher than that
f several developed ZrB2-based materials. It was shown that
he choice of the sintering aid is a key issue, as it affects not
nly the matrix sintering temperature, but also the reactivity
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etween matrix and fiber. In turn, the presence of secondary
hases deriving from sintering aid can severely affect the high
emperature mechanical and thermal performance. Among the
ossible options, silicon nitride was found to offer the best com-
romise. Future directions for increasing UHTCs performance
nclude:

 minimization of sintering aid amount for improving high tem-
perature performance up to 1500 ◦C;

 minimization of RT  strength deterioration (optimization of
fiber amount and material processing);
improvement of thermal shock resistance.

Finally, un-reinforced UHTCs can find a novel field of appli-
ation as solar absorbers, due to their intrinsic spectral selectivity
hat is possessed only by a limited number of materials. These
haracteristics, in combination with other key properties as
igh thermal and electrical conductivities, superior oxidation
esistance make UHTC monoliths and composites particularly
ttractive for high temperature solar applications.
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