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Super-strong materials for
temperatures exceeding 2000 °C

Laura Silvestroni?, Hans-Joachim Kleebe?, William G. Fahrenholtz® & Jeremy Watts®

Ceramics based on group IV-V transition metal borides and carbides possess melting points above
:3000°C, are ablation resistant and are, therefore, candidates for the design of components of next
Accepted: 09 December 2016 :  generation space vehicles, rocket nozzle inserts, and nose cones or leading edges for hypersonic

Published: 19 January 2017 : aerospace vehicles. As such, they will have to bear high thermo-mechanical loads, which makes

. strength at high temperature of great importance. While testing of these materials above 2000°C is

necessary to prove their capabilities at anticipated operating temperatures, literature reports are quite
limited. Reported strength values for zirconium diboride (ZrB,) ceramics can exceed 1GPa at room
temperature, but these values rapidly decrease, with all previously reported strengths being less than
340 MPa at 1500°C or above. Here, we show how the strength of ZrB, ceramics can be increased to
more than 800 MPa at temperatures in the range of 1500-2100 °C. These exceptional strengths are due
to a core-shell microstructure, which leads to in-situ toughening and sub-grain refinement at elevated
temperatures. Our findings promise to open a new avenue to designing materials that are super-strong
at ultra-high temperatures.
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The quest for novel materials with improved structural capabilities is always a central challenge to materials sci-
ence. In particular, high melting point compounds are required in the aerospace and propulsion fields2 ZrB, has
been widely considered a potential candidate in the ultra-high temperature regime, i.e. above 1500 °C**, thanks to
its unusual combination of physiochemical properties. However, the utilization of pure borides is limited by three
major factors: i) the strong covalent bonds hinder its densification, which has previously precluded realization of
the true potential of ZrB, as a structural material; ii) its oxidation resistance, since ZrB, oxidation generates ZrO,,
which is porous and non-protective, and B,Os, which readily evaporates; and lastly iii) it is brittle and susceptible
to thermal shock failure. The addition of secondary phases is essential to mitigate these shortcomings. During
the design of ZrB,-based ceramic composites, two main aspects have to be considered: the distribution of the
secondary phase, continuous or discontinuous, and the melting point of the second phase or eutectic tempera-
ture between ZrB, and the second phase that limit the maximum temperature at which these can be used. In this
respect, a large variety of ZrB, ceramics containing silicon carbide (SiC) or transition metal silicides have been
generated with the aim of bridging the above mentioned gaps. Using these additives, improvements have been
demonstrated’-®.

Very limited data are available on the mechanical behavior above 1500 °C, as few facilities are equipped to
perform such testing. A selected collection of recent data concerning ZrB, composites tested up to ultra-high
temperature is reported in Fig. 1. These studies show that the strength of ceramics containing 20-30 vol% SiC is
generally retained, or even increased, from room temperature up to 1000 °C. Strengths range between 500 and
700 MPa due to the formation of a continuous silica-based-glass capable of healing surface flaws’”-!!. However,
by 1500 °C, strength decreases to 200-340 MPa, owing to coalescence of micro-voids formed at triple junctions,
softening of the grain boundary phases, and grain coarsening*°.

Tungsten additions to ZrB, and HfB, based ceramics have been examined by several research groups, in view
of substantial enhancements in oxidation resistance and bending strength up to 1600 °C'?-'”. Figure 1 shows that
the addition of 5vol% of WC to a ZrB,-20 vol% SiC composite resulted in strengths above 600 MPa at 1600 °C
when measured in argon'?. Although several hypotheses have been formulated, the role of W additions has not
yet been fully explained.

In this paper, we report the flexural strength at temperatures up to 2100 °C for a ZrB, ceramic containing WC
and discontinuous SiC particles. The strength values were exceptional, having never before been achieved at such
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Figure 1. Flexural strength as a function of temperature for the highest strength ZrB,-ceramics*'>'’, or tested

at the highest temperatures in air or Argon’*!!. pw: present work.

Figure 2. SEM image showing a representative view of the as-sintered microstructure of ZS3-WC with the
core-rim structure of the boride matrix and the main secondary phases.

temperatures, as shown in Fig. 1 (red line). We suggest that W-doping plays a fundamental role in the strength
retention, as it promotes a unique combination of favorable conditions both in the outermost surface and in the
bulk. The outer surface of the ceramic is toughened by finely dispersed metal W particles in the oxide scale. In the
bulk, the microstructure is characterized by a core-shell morphology and refractory phases at triple junctions,
which result in grain refinement due to the formation of sub-grain boundaries via dislocation networks.

Microstructure of the as-sintered ceramic

Fully dense ZrB, containing 5vol% WC and 3 vol% (3-SiC (henceforth denoted ZS3-WC) was prepared by hot
pressing. The diboride matrix was uniform with a mean grain size of 1.8 & 0.6 pum, Fig. 2. The matrix developed
a sub-structure, widely known as “core-shell’, in which grains were comprised of a stoichiometric ZrB, core
surrounded by an isostructural (Zr,W)B, solid solution shell. The amount of W in the shell was in the range of
2-4 at% and the shell comprised ~30% of the volume of the ZrB,-based matrix, based on estimation using image
analysis of polished surfaces. Our ZS3-WC ceramic also contained minor phases including the added SiC parti-
cles along with WB, a mixed (Zr,W)C solution, and C that were formed during hot pressing by reactions with the
starting ZrB, powders and/or the native oxides covering them?”.

Mechanical properties
The strength of ZS3-WC as a function of temperature is plotted in Fig. 1 and, compared to previously pub-
lished data on other ZrB,-based ceramics®’->!"'>17_Qur ceramic possesses the highest strength ever reported
for a ZrB,-based ceramic at temperatures above 1500 °C. The room temperature strength of ZS3-WC was
6304 76 MPa, similar to other fully dense ZrB, or HfB, ceramics containing W-compounds or other refrac-
tory sintering additives®”~'!. Increasing the testing temperature to 1500 °C, the strength was ~700 MPa in either
air or argon. Remarkably, the ceramic had average strengths of 836 + 103 MPa at 1800 °C and 660 & 123 MPa at
2100°C, which are approximately double the highest previously reported values for ZrB,-based ceramics at those
temperatures’ 2.

Fracture toughness measured by chevron notched beam method at room temperature was 3.7 +0.9 MPa-vm.
When we tested this property at 1500 °C we did not observe a substantial increase: 3.455+ 0.4 MPa-vm in air and
4.6+ 0.5 MPa-vm, when measured in Argon atmosphere.
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Figure 3. Fractographic analysis of ZS3-WC after bending test at 1500 °C in air showing (a) an SEM image

of the cross section of the modified surface scale, (b) TEM images showing the W nanoparticles encased in
ZrO, grains with diffraction pattern and an EDS spectrum showing the cubic structure and composition of the
inclusions (arrays indicate dislocations front pinned by the nano-sized W), (c) examples of the boride grains in
the bulk with sub-grain boundaries consisting of hexagonal dislocation networks indicated by arrows,

(d) HRTEM image pointing to amorphous phase close to a SiC/SiC interface.

Fractographic analysis

Air, 1500°C - After testing in air at 1500 °C, Fig. 3a, an oxide scale ~60 pm thick formed. The outermost layer was
glassy SiO, about 7 pm thick. The next layer consisted of interconnected ZrO, grains, and was ~55 pm thick. This
layer showed intergranular fracture, in contrast to transgranular failure observed in the bulk. Within this scale,
some partially oxidized SiC grains with dark contrast and W-based particles with bright contrast were present.
The WB grains that were at the triple junctions of the hot pressed ceramic remained unaltered within this oxide
scale, because they have higher oxidation resistance than ZrB,'”8.

Looking closer in the oxide scale, we found roughly spherical W inclusions in ZrO, grains through the
whole layer Fig. 3b (for more details on the thermodynamics of the Zr-W-O system, see the Supplementary
Information). Similar to a previous study of the oxidation of a ZrB,-WSi, ceramic at 1650 °C'8, we observed that
the (Zr,W)B, solid solution oxidized to form ZrO, that encased these dispersed W nanoparticles, which ranged
from 5 to 60 nm in diameter. High resolution images, coupled with chemical and structural analyses, revealed
ZrO, to be monoclinic and chemically pure, i.e. without any trace of W in solution, which is consistent with the
negligible solubility of W in zirconia'®. Most importantly, we found that the W metal nanoparticles acted as pins
for the advancement of dislocation fronts inside ZrO,, which is highlighted by arrows in the inset of Fig. 3b.

Analysis in the bulk of the broken bars showed that ZrB, grain size remained about the same, at around
2.2+ 0.8 um. Residual carbon sheets and WB were observed to pull-out of the surface during fracture. We per-
formed further microstructural analysis on this specimen by TEM to disclose modifications in the bulk at the
nano-scale. The matrix grains in the bulk displayed hexagonal dislocation networks and generally we observed
high dislocation density across the grains, like the example in Fig. 3c. TEM images of the secondary phase
arrangement in the bulk confirmed that ZrB,, WB and SiC were tightly bonded to each other and in particular,
SiC and WB displayed systematic stacking faults contrast. Investigation of the grain boundaries in high resolution
mode revealed that, even at this temperature, interfaces between adjacent (Zr,W)B, shells and (Zr, W)B,/WB and
WB/SIC grain interfaces were free of amorphous phases. In contrast, we found traces of a glassy phase at SiC/SiC
interfaces, Fig. 3d, indicating that oxidation and grain sliding could be triggered in SiC-rich areas.

Argon, 1500-2100°C - Fractographic analysis of specimens tested in argon at temperatures of 1500 °C to
2100°C had no SiO, layer on the fracture surface. Only ~5pm of the outer surface was oxidized, presumably due
to trace impurities of oxygen in the test environment, Fig. 4a.

The morphology and thickness of the external layer did not vary notably with increasing temperature, con-
firming comparable levels of residual oxygen in the testing chamber, which has previously been estimated to be
in the range of 107!? atm to 10~'* atm®. Interestingly, ZrO, grains were adorned with W nanoparticles. In addi-
tion, WO; whiskers surrounded both ZrO, and SiC grains, Fig. 4b. The oxide scale started to display cracks upon
cooling when the test temperature was 2100 °C, Fig. 4c, probably due to the large coefficient of thermal mismatch
between the boride matrix (~7 x 107¢/K?") and the oxide zirconia (10.3 x 10~%/K??) and to the tetragonal to mon-
oclinic transformation of zirconia.
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Figure 4. Fractographic analysis after bending tests in argon at 1500-2100 °C showing (a) the typical outermost
oxidized scale upon tests at 1500 and 1800 °C, (b) WO; whiskers surrounding ZrO, and SiC grains, (c) extended
cracking in the oxidized scale after testing at 2100 °C, (d) elongation and deformation of boride grains in the
matrix after testing at 2100 °C indicated by the arrow, (e) WB pullout from the bulk and (f) SiC particle surfaces
after crack propagation perpendicular and parallel to the stacking faults, left and right respectively.

In the bulk, ZrB, grain size remained about the same as the as-sintered ceramic, ~2.2 pm. The grains also
maintained a rounded shape until ~1800 °C. Above this temperature, the microstructure of the unoxidized bulk
changed. The aspect ratio of the boride grains increased resulting in an elongated shape perpendicular to the
loading direction, as indicated by the arrow in Fig. 4d, suggesting plasticity at the test temperature. At all elevated
test temperatures, WB grains frequently pulled-out from the matrix, as shown in Fig. 4e. We also noticed that
when SiC grains were fractured perpendicular to stacking faults, the grain surface was rough and stepped, indi-
cating crack deflection at the nanostructural level, Fig. 4f left, whilst crack propagation parallel to the stacking
faults proceeded straight without deflection, Fig. 4f right.

Discussion
Ceramics tested in either air or argon had a combination of favorable features that prevented the decrease in
strength that typically has been observed as temperature increased. The following discussion describes the differ-
ent mechanisms that we believe are responsible for the experimentally observed increase in strength at elevated
temperatures.

The elevated temperature failure of fine-grained polycrystalline ceramics generally occurs by nucleation, prop-
agation, blunting and coalescence of cracks®. Cracks in ceramics nucleate preferentially at microstructural and/
or chemical inhomogeneities, where the local stress concentrations occur. In this respect, the roughness of the
tensile surface of the test specimens is of paramount importance, as flaws induced by surface finishing act as mac-
roscopic discontinuities. Other inhomogeneities that affect strength can include grain boundaries, precipitates,
or second phases. For example, grain growth at elevated temperatures or preferential oxidation of second phases
can reduce strength by increasing flaw size. Likewise, amorphous phases that are continuous or segregated at the
grain boundaries can lead to viscous flow or solution/reprecipitation mechanisms that further reduce strength?.

Strength (o) retention at high temperature has previously been attributed to various phenomena such as:
(i) release of internal residual stresses®; (ii) formation of a protective oxide scale®; or to changes in one of the
parameters of Griffith’s law (Equation 1) like (iii) an increase in fracture toughness (K,,); or (iv) a decrease in flaw
size (a) by grain refinement:

U:ch/Y\/“ (1)

where Y is a shape factor constant.

(i) Relaxation of thermal residual stresses is common for all of the testing temperatures in this study. Previous
research on ZrB,-SiC contaminated with WC showed that residual stresses only begin to accumulate as tem-
perature decreases below 1400 °C¥. As a result, residual stresses should be negligible at all testing tempera-
tures in the present study and will be ignored in this discussion.

(ii) Some previous studies have attributed an increase in strength at moderate temperatures to the formation of
a continuous oxide scale that can heal surface flaws®*-°. While testing in air at 1500 °C leads to the formation
of an outer protective layer, Fig. 3a, we dismiss this mechanism for the further increase in strength at higher
temperatures since a continuous SiO, layer did not form when we tested the ceramic in argon and its strength
also increased.
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(iii) A phenomenon common to all of the materials tested in the present study was the formation of a dense-
ly packed region of ZrO, grains containing finely distributed tungsten nanoparticles, Fig. 3b. The homo-
geneously dispersed W nanoparticles could promote ductile-phase toughening of the ZrO, layer, due to
ductile-ligament bridging in the crack wake, or crack bowing?. Tungsten exhibits a ductile-brittle transi-
tion temperature (DBTT) below which little or no macroscopic plastic deformation occurs prior to frac-
ture?8. In contrast, above the DBTT, the fracture toughness of metallic W increases abruptly, up to as high as
~100 MPa-vm?. Hence, above the DBTT, ductile W inclusions can bridge the crack and stretch as the crack
opens, thus absorbing energy and increasing fracture toughness®. Nawa et al.*! suggested that a decrease in
flaw size, associated with the interpenetrated nanostructure, combined with a stress shielding effect, created
near the crack tip by the elongated metal crystals bridging the crack, were the main mechanisms responsible
for an increase in strength and fracture toughness for a ZrO, ceramic containing nano-dispersed Mo parti-
cles. Similarly, Sekino et al. found that 5-10 vol% of finely dispersed W nanoparticles enhanced the fracture
strength of Al,O; by decreasing grain size and producing highly localized residual stresses due to the thermal
expansion mismatch between matrix and inclusions®.

While the presence of W nanoparticles in ZrO, grains is a plausible mechanism that could lead to an in-
crease in both strength and toughness with increasing temperature, all specimens tested in argon displayed
similar or even higher strengths than those tested in air at 1500 °C despite having a notably thinner scale,
about 5pm after testing in argon, Fig. 4a, compared to about 55 um after testing in air, Fig. 3a. In both cases,
the toughened material constitutes a minimal fraction of the overall test bar. However, the toughened materi-
alis located on the outer surface, i.e. where cracks initiate. In addition, as little as 5vol% of a toughening phase
(fiber, whiskers, secondary phases) can improve the toughness of brittle ceramics by as much as 30-40%%.
Because of the materials tested in argon had a thinner toughened ZrO, layer and higher strengths at increas-
ing temperatures, we believe that the toughened ZrO, layer plays only a minor role in the increased strength
with increasing temperature.

An increase in the fracture toughness of the bulk ceramic could also lead to an increase in strength with
increasing temperature. The microstructure of the bulk was not altered significantly by increasing test tem-
perature, but pullout of WB particles or C pockets, which indicate weake grain boundaries, could provide
additional toughening as temperature increases. Likewise, a peculiar fracture mode was observed for SiC
particles, which appears to be associated with stacking faults. Partial dislocations and stacking faults have
been reported to act as preferred crack nucleation sites and propagation paths during deformation, since the
bonding across the faulting plane is weakened due to the irregular rearrangement of bonds between bound-
ary atoms™%. Hence, cracks could dissipate more energy as they change direction when interacting with SiC
particles. Similar stacking fault features were also observed in WB regions. Together, SiC and WB make up
~8vol% of the ceramic where cracks could potentially dissipate more energy, if they meet inclusions in the
proper orientation. However, since these mechanisms should be equal in all of the ceramics regardless of the
testing atmosphere, this mechanism does not explain the increased strength for ceramics tested in argon.
Hence, this mechanism may be active, but it is thought not to be the main reason for increased strength with
increasing temperature. As confirmation, the fracture toughness measured at room temperature was not
statistically different to that measured at 1500 °C in air or Argon.

(iv) Grain refinement associated with the core-shell microstructure is the most plausible mechanism for the
remarkable strength at elevated temperature for the ZS3-WC ceramics. The W-rich shells make up more than
30vol% of the composite. The refractory shells appeared to pin grain growth and effectively prevent creep at
elevated temperatures. In addition, all the grain boundaries were free of amorphous phases except adjacent SiC
particles, which rarely occurred due to the low volume fraction of SiC and its good dispersion in the matrix.

The as-sintered matrix is characterized by (Zr,W)B, solid solution shells surrounding ZrB, cores. During
testing at elevated temperatures, dislocations accumulated at the interfaces between cores and shells. The core/
shell morphology is particularly suited to absorb energy during deformation according to the “core-man-
tle” model proposed by Gifkins*, which hypothesizes that dislocations movement only occurs in the mantle
region of the grain, i.e. in the region close to the grain boundaries. In ZS3-WC, this would be the (Zr,W)B,
solid solution shells. This behavior can benefit elevated temperature strength, as it enables plastic deforma-
tion through dislocation movement and accommodation of mechanical stress during loading. By this model,
secondary dislocations would interact with the pre-existing dislocations forming grids, complex tangles with
high dislocation density or polygonised dislocation walls. Each of these regions could then, in turn, act as a
new obstacle to further slip. Since each slip line is stopped at another, the dislocations should tend to cluster
into local regions forming cell structures, thus inducing sub-grain refinement as shown in Fig. 3c. Similar
behavior, leading to a Hall Petch hardening® in the rims, had been observed also in TiCN cermets®”. How-
ever, at high temperature, generally intragranular deformation occurs in the whole grain and dislocation
pile-up takes place at the rim-rim interface resulting in grains de-cohesion, which is one reason why strength
increases are not typically reported at elevated temperatures for these ceramics.

The highest average strength of 836 4- 103 MPa (maximum of 940 MPa for one specimen) was achieved at
1800°C. Above this temperature, the strength decreased to ~660 MPa at 2100 °C, which is still in the same range of
the room temperature values, 630 MPa, Fig. 1. By 2100 °C, some critical temperatures for the phases present in the
system had been passed resulting in several changes that could be responsible for the loss of strength including:

* o-SiC tends to grow along the c-direction and form platelets, which could increase the flaw size;
» the eutectic temperature between ZrO, and Zr is 2065 °C*, which could lead to liquid formation and weak-
ening of the structure;
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» other eutectic temperatures are approached or passed (between 2050 and 2100 °C for ZrB, and WB, 2230°C
for ZrB, and C, or at ~2270°C for WB and C*) which could lead to grain sliding.

In summary, ZS3-WC is a remarkable example of ceramic material that maintains its strength up to 2100 °C.
We attribute this behavior to a combination of mechanisms, the most important of which are associated with the
core-shell microstructure (grain refinement owing to hexagonal dislocation networks), but also include tough-
ening contributions from metal nanoparticles and pullout of WB and C inclusions. Average strengths as high
as ~830 MPa were observed at 1800 °C, which make this material highly attractive for applications at ultra-high
temperatures. Further, identification of the role of the core-shell structure provides a potential design criterion for
a new paradigm of ultra-high temperature structural materials.

Methods

Ceramic Preparation. A ZrB, ceramic composite containing 5vol% of WC and 3vol% of 3-SiC (ZS3-WC)
was produced using the following commercial powders: ZrB, (H.C. Starck, grade B, Germany), purity >98 wt%,
mean particle size: 2.1 pm, impurities (wt%): C 0.25, O 2, N 0.25, Fe 0.1, Hf 0.2; WC (Treibacher Industries
AG, grade SD0.5, Germany), purity 99.5 wt%, mean particle size: 0.5 pum; and SiC (H.C. Starck, grade BF-12,
Germany), purity >99 wt%, impurities (wt%): O 0.9.

The base component (ZrB,) and secondary phases (SiC, WC) were batched into a PET bottle and then
ball-milled for 24 hours in absolute ethanol using SiC milling media. Subsequently the slurries, dried using a
rotary evaporator, were sieved through a 150 pm metallic screen. A 30 mm diameter pellet was cold compacted
using a uniaxial press with 20 MPa applied pressure. The green pellet was directly positioned into the graphite
die located inside the operating vacuum chamber of the hot-press. The inner walls of the graphite die were pro-
tected by a BN-sprayed graphitized 0.5 mm thick foil. The pellet was then hot-pressed in vacuum environment
(~0.1 mbar) using an induction-heated graphite die and applying a constant uniaxial pressure of 30 MPa while
ramping up to 1930 °C using a 15°C/min heating rate. Once the target temperature was reached, the uniaxial
pressure was increased to 40 MPa and held up to 40 minutes to promote full densification. The temperature was
monitored by means of an optical pyrometer focused into a blind hole drilled on the external surface of the die. At
the end of the dwell, the furnace power was turned off and the specimen was allowed to cool naturally.

Microstructure characterization. The bulk density was measured by Archimedes’ method and confirmed
by examination of polished cross section. The microstructures of the as-sintered ZrB, ceramic and specimens
after high temperature bend testing were analyzed on fractured and polished surfaces by field-emission scanning
electron microscopy (FESEM, mod. XIGMA, ZEISS NTS Gmbh, Germany) coupled to an energy dispersive
X-ray micro-analyzer (EDS, mod. INCA Energy 300, Oxford instruments, UK).

Specimens for transmission electron microscopy (TEM) were prepared by cutting 3 mm discs from the tested
bars. The specimens were mechanically ground to a thickness of about 20 pm and then further thinned by ion
beam milling until perforations were observed by optical microscopy. Local phase analysis was performed using
TEM (JEOL JEM 2100 F) operating at a nominal voltage of 200keV and equipped with an energy-dispersive
X-ray system (EDS, mod. INCA Energy 300, Oxford instruments, UK). Electron diffraction pattern identification
was carried out through the software tool developed for Digital Micrograph*.

Key microstructural features like residual porosity, mean grain size and volumetric content of the secondary
phases were evaluated using FESEM micrographs and a commercial image analysis software package (Image Pro
Plus, v.7, Media Cybernetics, USA).

Mechanical characterization. The 4-pt flexure strength (o) was measured at room temperature (RT) and
at 1500 °C in air, using the guidelines of the European standards for advanced ceramics ENV843-1:2006 and
EN820-1:2002, or in the 1500-2100 °C temperature range in protective Ar atmosphere, following the ASTM
standard C1211. Chamfered type-A bars with dimensions 25.0 mm x 2.5 mm X 2.0 mm (length by width by
thickness, respectively) were tested at RT using a semi-articulated steel 4-pt fixture (lower span 20mm, upper
span 10mm) in a screw-driven load frame (Zwick-Roell mod. Z050, Germany), 1 mm/min of cross-head speed.
Flexure strength at 1500 °C in air was instead measured using an Instron apparatus (mod. 6025) equipped with
a 4-pt fixture made of SiC, whilst high temperature strength in Ar was measured using a fully articulated graph-
ite fixture in a mechanical testing apparatus consisting of a screw-driven instrumented load frame (33R4204,
Instron, Norwood, MA), induction heated (SI-30KWLE, Superior Induction Technology, Pasadena, CA) graphite
hot zone inside an environmental chamber. When specimens were tested in protective environment, the chamber
was purged with argon for an approximately 90 min prior to heating. Before applying the load during testing at
high temperature, a dwell of 5min was set to reach thermal equilibrium. For each testing temperature, at least 3
bars were tested. The crosshead rate was 1 mm/min at room temperature and at 1500 °C, 0.2 mm/min at 1800 °C
and 0.5 mm/min at 2100°C.

Fracture toughness (K; ) was evaluated using chevron notched beams in flexure. The test bars, 25.0mm x 2.0mm X 2.5mm
(length by width by thickness, respectively) were notched with a 0.1 mm thick diamond saw; the chevron-notch
tip depth and average side length were ~0.12 and 0.80 of the bar thickness, respectively. The specimens were
fractured using a semi-articulated alumina four-point fixture with a lower span of 20 mm and an upper span of
10 mm using the Instron screw-driven load frame mentioned above. The high-temperature tests were carried out
in argon protective gas. Before the bending test, a soaking time of 18 min was set to reach thermal equilibrium.
The specimens, three for each composite, were loaded with a crosshead speed of 0.05 mm/min. The “slice model”
equation of Munz et al.*! was used to calculate K.

SCIENTIFICREPORTS | 7:40730 | DOI: 10.1038/srep40730 6



www.nature.com/scientificreports/

References

1.
2.

3.

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.

26.
27.

28: Gludovatz, B., Faleschini, M., Wurster, S., Hofmann, A. & Pippan R. Influence of Microstructure on the Fracture Toughness of
30.
31.
32.
33.
34.
35.

36.
37.

38.
39.

40.
41.

Van Wie, D. M., Drewry, D. G. Jr,, King, D. E. & Hudson, C. M. The hypersonic environment: Required operating conditions and
design challenges. J. Mater. Sci. 39, 5915-24 (2004).

Simonenko, E. P, Sevast'yanov, D. V., Simonenko, N. P,, Sevast’yanov, V. G. & Kuznetsov, N. T. Promising ultra-high-temperature
ceramic materials for aerospace applications. Russ. J. of Inorg. Chem. 58, 1669-1693 (2013).

Wuchina, E. J., Opila, E., Opeka, M., Fahrenholtz, W. G. & Talmy, I. UHTCs: Ultra-high temperature ceramic materials for extreme
environment applications. The Electrochem. Soc. Interf. 16, 30-36 (2007).

. Fahrenholtz, W. G., Wuchina, E. J., Lee, W. E. & Zhou, Y. (Eds.). Ultra-High Temperature Ceramics: Materials for Extreme

Environment Applications. John Wiley & Sons, Inc., Hoboken, NJ, 112-143 (2014).

. Guo, S. Q. Densification of ZrB,-Based composites and their mechanical and physical properties: a review. J. Europ. Ceram. Soc. 29,

995-1011 (2009).

. Guoa, S. Q, Nishimura, T., Mizuguchi, T. & Kagawa, Y. Mechanical properties of hot-pressed ZrB,-MoSi,~SiC composites. J. Europ.

Ceram. Soc. 28, 1891-1898 (2008).

. Hu, P. & Wang, Z. Flexure strength and fracture behavior of ZrB,-SiC ultra-high temperature ceramic composites at 1800 °C. J.

Europ. Ceram. Soc. 30, 1021-1026 (2010).

. Neuman, E. W,, Hilmas, G. E. & Fahrenholtz, W. G. Strength of Zirconium Diboride to 2300°C. J. Am. Ceram. Soc. 96 47-50 (2013).
. Neuman, E. W,, Hilmas, G. E. & Fahrenholtz, W. G. Elevated temperature strength enhancement of ZrB,-30 vol% SiC ceramics by

postsintering thermal annealing, J. Am. Ceram. Soc. 99, 962-970 (2016).

Neuman, E. W, Hilmas, G. E. & Fahrenholtz, W. G. Mechanical behavior of zirconium diboride-silicon carbide ceramics at elevated
temperature in air. J. Europ. Ceram. Soc. 33, (2013) 2889-2899.

Neuman, E. W,, Hilmas, G. E. & Fahrenholtz, W. G. Ultra-high temperature mechanical properties of a zirconium diboride-zirconium
carbide ceramic, J. Am. Ceram. Soc. 99, 597-603 (2016).

Zou, J., Zhang, G.]., Hu, C.-E, Nishimura, T, Sakka, Y., Vleugels, J. & Van der Biest O. Strong ZrB,-SiC ceramics at 1600 °C. J. Am.
Ceram. Soc. 95, 874-878 (2010).

Carney, C. M., Parthasarathy, T. A. & Cinibulk, M. K. Oxidation resistance of hafnium diboride ceramics with additions of silicon
carbide and tungsten boride or tungsten carbide. J. Amer. Ceram. Soc. 94, 2600-2607 (2011).

Zhang, S. C., Hilmas, G. E. & Fahrenholtz, W. G. Improved oxidation resistance of zirconium diboride by tungsten carbide additions.
J. Am. Ceram. Soc. 91, 3530-3535 (2008).

Ma, H. B, Man, Z. Y,, Liu, J. X,, Xu, E. E & Zhang G.J. Microstructure, solid solution formation and high-temperature mechanical
properties of ZrB, ceramics doped with 5 vol% WC. Mater. & Design 81, 133-140 (2015).

Sha, J. ., Wei, Z. Q, Li, ], Zhang, Z. F, Yang, X. L., Zhang Y. C. & Dai J. X. Mechanical properties and toughening mechanism of
WC-doped ZrB,-ZrSi, ceramic composites by hot pressing. Mater. & Design 62, 199-204 (2014).

Monteverde E & Silvestroni L. Combined effects of WC and SiC on densification and thermo-mechanical stability of ZrB, ceramics.
Mater. and Design 109, 396-407 (2016).

Silvestroni, L., Sciti, D., Monteverde, E, Stricker, K. & Kleebe, H.-J. Microstructure evolution of a W-doped ZrB, ceramic upon high-
temperature oxidation. In press at J. Am. Ceram. Soc. (2017).

Chan, L. L. Y., Scroger, M. G. & Phillips, B. Condensed Phase Relations in the Systems ZrO,-WO,-WO; and HfO,-WO,-WO;. J.
Amer. Ceram. Soc. 50, 211-215 (1967).

Neuman, E. W,, Hilmas, G. E. & Fahrenholtz, W. G. Mechanical behavior of zirconium diboride-silicon carbide-boron carbide
ceramics up to 2200°C. J. Europ. Ceram. Soc. 35, 463-376 (2015).

Cutler, R. A. Engineering Properties of Borides. In: Schneider, S. J. Jr. (ed.), Engineered Materials Handbook. ASM International,
Materials Park, OH, pp. 787-803 (1991).

Stevens, R. Engineering Properties of Zirconia. In: Schneider, S. J. Jr. (ed.), Engineered Materials Handbook. ASM International,
Materials Park, OH, pp. 775-786 (1991).

Evans, A. G. High Temperature failure mechanisms in Ceramic Polycrystals. In: Tressler, R. E. & Bradt, R. C. (eds.), Deformation of
ceramic materials II. Plenum Press, New York, pp. 487-506 (1984).

Ddalgleish, B. J., Johnson, S. M. & Evans, A. G. High-temperature failure of polycrystalline alumina: I, crack nucleation. J. Amer.
Ceram. Soc. 67, 741-750 (1984).

Lange, E. E Compressive surface stresses developed in ceramics by an oxidation-induced phase-change. J. Am. Ceram. Soc. 63, 38-40
(1980).

Evans, A. G. & Rana, A. High temperature failure mechanisms in ceramics. Acta Metall. 28, 128-141 (1979).

Watts, J., Hilmas, G. E., Fahrenholtz, W. G., Brown, D. & Clausen, B. Measurement of thermal residual stresses in ZrB, -SiC
composites. J. Europ. Ceram. Soc. 31, 1811-1820 (2011).

Tiez, T. E. & Wilson, J. W. Behavior and Properties of Refractory Metals. Univ. of Tokyo Press, Tokyo, Japan (1965).

Tungsten Alloys. In: Hsia, K. J., Gokken, M., Pollock, T., Portella, P. D. & Moody, N. R. (eds.) Proceedings of Refractory Metals 2008:
Properties of Refractory Metals. TMS, The Minerals, Metals and Materials Society (2008).

Ashby, M. E, Blunt, E J. & Bannister, M. Flow characteristics of highly constrained metal wires. Acta Metallurgica, 37, 1847-1857 (1989).
Nawa, M., Yamazaki, K., Sekino, T. & Niihara K. Microstructure and mechanical behaviour of 3Y-TZP/Mo nanocomposites
possessing a novel interpenetrated intragranular microstructure. J. Mater. Sci. 31, 2849-2858 (1996).

Sekino, T,, Yu, J. H., Choa, Y. H,, Lee, J. S. & Niihara, K. Reduction and sintering of alumina/tungsten nanocomposites. J. Ceram. Soc.
of Jap. 108, 541-547 (2000).

Kleebe, H.-J., Lauterbach, S., Shabalala, T. C., Herrmann, M. & Sigalas, I. B4O: A correlation between mechanical properties and
microstructure evolution upon Al,O; addition during hot pressing. J. Am. Ceram. Soc. 91, 569-575 (2008).

Song, S. G., Vaidya, R. U,, Zurek, A. K. & Gray G. T. Stacking faults in SiC particles and their effect on the fracture behavior of a 15
Vol Pct SiC/6061-Al matrix composite. Metall. and Mater. Trans. 27 A, 459-465 (1996).

Gifkins, R. C. Grain-boundary sliding and its accommodation during creep and superplasticity. Met. Transact. A, 7A, 1225-1232
(1976).

Hirth, J. P. & Lothe, J. Theory of Dislocations, Wiley, New York, USA (1982).

Cutard, T., Vlatte, T., Feusier, G. & Benoit, W. Microstructure and high temperature mechanical properties of TiC, ;N ;-Mo,C-Ni
cermets. Mater. Sci. Eng. A, 209, 218-227 (1996).

Abriata, J. P, Garcés, J. & Versaci R. The O—Zr (Oxygen-Zirconium) system. Bull. of Alloy Phase Diagr. 7, 116-124 (1986).
Kosolapova, T. Y. (ed.), Handbook Of High Temperature Compounds: Properties, Production, Applications. Hemisphere Publishing
Corporation, New York, p. 776 (1990).

Mitchell, D. R. G. DiffTools: software tools for electron diffraction in digital micrograph. Microscopy Res. and Technique, 71, 588-593 (2008).
Munz, D. G., Shannon, J. L. Jr. & Bubsey, R. T. Fracture Toughness Calculation from Maximum Load in Four Point Bend Tests of
Chevron Notch Specimens. Int. J. Fract. 16, R137-R141 (1980).

SCIENTIFIC REPORTS | 7:40730 | DOI: 10.1038/srep40730 7



www.nature.com/scientificreports/

Acknowledgements

High-temperature tests have been performed through the NSF grant “Materials World Network Program,
Cooperative activity in materials research between USA and Italy: Dual composite ceramics for improved
properties” (DMR 1209262). The research leading to these results has received funding from the European
Community’s Seventh Framework Programme (FP7/2011-2014) under grant agreement LIGHT-TPS No.
607182. The authors are grateful to C. Melandri (ISTEC-CNR) for his support in performing mechanical testing.

Author Contributions

L.S. conceived the investigations, designed and produced the ceramic and performed the microstructural
characterization, J.W. performed the high temperature mechanical characterization, all the authors discussed the
results and wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Silvestroni, L. ef al. Super-strong materials for temperatures exceeding 2000 °C.
Sci. Rep. 7,40730; doi: 10.1038/srep40730 (2017).

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

G oy other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2017

SCIENTIFIC REPORTS | 7:40730 | DOI: 10.1038/srep40730 8


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Super-strong materials for temperatures exceeding 2000 °C
	Introduction
	Microstructure of the as-sintered ceramic
	Mechanical properties
	Fractographic analysis
	Discussion
	Methods
	Ceramic Preparation
	Microstructure characterization
	Mechanical characterization

	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                Super-strong materials for temperatures exceeding 2000 °C
            
         
          
             
                srep ,  (2016). doi:10.1038/srep40730
            
         
          
             
                Laura Silvestroni
                Hans-Joachim Kleebe
                William G. Fahrenholtz
                Jeremy Watts
            
         
          doi:10.1038/srep40730
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep40730
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep40730
            
         
      
       
          
          
          
             
                doi:10.1038/srep40730
            
         
          
             
                srep ,  (2016). doi:10.1038/srep40730
            
         
          
          
      
       
       
          True
      
   




