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Figure 5.10. Microstructure of ZrB, after sintering at
2100°C/1 h at different magnifications. (a and b)

Colloidal processing_and PS;_(c and d)_dry processing
and PS; (e and f)_colloidal processing and HP; (g_and

Figure 5.11. Shrinkage for ZrB, samples as a function

of the processing_route and type and temperature of
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and diameter of the samples tested; in the case of the
average of their height only, since the diameter is
constrained by die dimension.)

Figure 5.12. 7ZrB, Leading_edge. (a)_Green body

pressureless sintering_at 2100°C/1 h; (c)_after
oxytorch testing.
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MeSi, composites: SEM micrographs showing_(a)

ZrB,-MoSi,, (b)_ZrB,-WSi,, and (c)_HfB,-ZrSi, (d),

high-resolution TEM image of the interface between

interface showing low angle grain boundaries [41].
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Chemistry v.6.1, 1 bar (a and b) or 1 mbar (c and d)_of

kmol): 0.9 ZrO, + 0.8 B,03 (a and ¢), 0.9 ZrO, + 0.8
B,0; + 1.2 SiC + 0.05 SiO, (b and d).

Figure 6.6. Hot pressing_of ZrB,-based compositions

temperatures are indicated for each system.

Figure 6.7. Polished section of a hot-pressed ZrB,-

Figure 6.8. Polished sections from hot-pressed ZrB,-

based ceramics with 5 vol% (a)_ and 20 vol% SiC
particulates (b).

Figure 6.9. (a) Relative density (rd)_versus

temperature (1) of ZrB, + 15 vol% SiC with (ZS15M),
or without MoSi, (ZS15): onset temperatures are




indicated. Polished sections by SEM from hot-pressed

Figure 6.10. Isobaric multiphase equilibrium amount
(kmol)_versus temperature (7)_calculated using HSC
Chemistry v.6.1, 1 mbar (a)_or 1 bar (b)_of total
equilibrium pressure, and 0.9 ZrO, + 0.8 B,O3 + 1.2
SiC + 0.4 B,C + 0.05 SiO, of starting_composition (in
kmol).

xWC composition (vol%)_using_high-energy milled (x
= 2 for ZSWC-HM up to T max=_1900°C)_or only
mixed ZrB, (x = 5 for ZSWC up to T) pax-=1930°C):

T maxand 75 paxEFor ZSWC, uniaxial pressure was
applied at the constant value of 30 MPa from RT,
while in three steps for ZSWC-HM.

Figure 6.12. Polished regions by SEM of hot-pressed
ZrB,-15SiC-2WC composite (see ZSWC-HM in Fig.

Figure 6.13. Strength (g) versus displacement (x)
curves recorded during 4-pt flexure test at 1500°C in
air using_different ceramics sintered by hot pressing

vol% SiC (ZS15) with B,C, WC, or MoSi,_as sinter
additive.

Figure 6.14. ZrB,-based composites hot-pressed
with different MeSi, (Me = Mo, Ta, W,_Zr): average




flexural strength data (g) measured at different
temperatures (7). (a)_MeSi, < 5 vol% [13, 15, 33, 57,

80],(b)_ MeSi, > 10 vol% [17, 19, 32]. For the sake of
comparison, the composite containing SiC and B,C is
also reported, as one of the most refractory

compositions.

onset temperatures and final relative densities are
also reported on each curve.

Figure 6.16. Examples of microstructures of MC
sintered with MeSi,: SEM micrographs showing_(a)

HfC-MoSi, showing_the cleaning_effect of the silicide
trapping HfO, and reduced to SiOC, (b) HfC-ZrSi,
showing _multiple core-shell grains, (¢)_ TEM image

showing_dislocation between core and shell in TaC-
TaSi,, (d) TEM image of a complex triple point in

HfC-TaSi,, (¢) HR-TEM showing_clean interfaces in
ZTC—TaSiz;
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Figure 7.1. Schematic of the matrix microstructure
formation mechanism of an RMI Cf-ZrC composite.
,(5)_growth and grouping_of ZrC grains at 1950°C;_(g),'
coalescence of ZrC grains and trapping_of liquid Zr at

coalescence, growth of ZrC, and trapping_of B-Zr as
temperature decreases (above 1835°C);_(f)
transformation of liquid Zr into the eutectic phase at
1835°C; (g)_phase transformation of B-Zr into a-Zr at
1159°C and (h)_final microstructure at room



temperature, showing ZrC particles with a-Zr + ZrC
and a-Zr inclusions. The eutectic phase composed of
a-Zr + ZrC and o-Zr serves as the grain boundaries in
areas of densely distributed ZrC particles.

Figure 7.2. Comparison of C/C-UHTC composites
ablated for a 30 s period under a 3920 kW m=2 heat
flux: (a)_C/C-ZrB,, (b)_C/C-4ZrB,-1SiC, (c)_C/C-
17rB,-2SiC, (d)_C/C-2SiC-1ZrB,-2HfC, (e) C/C-2SiC-
17rB,-2TaC, and (f) C/C.

Figure 7.3. Cross section of a 30 mm diameter X 20
mm thick UHTC composite showing the distribution
of UHTC powder.

Figure 7.4. UHTC composites after 60 s oxyacetylene
torch testing.

Figure 7.5. The 30 mm diameter X 20 mm thick, C{-

at >2500°C showing negligible surface erosion.

Figure 7.6. Electron image and EDS mapping on the
cross section of a Cf~HfB, composite subjected to 60

Figure 7.7. Microstructure of polished sections of
ZrB, plus 20 vol% SiC plus SCS-9a fibers composite

matrix porosity.

Figure 7.8. Microstructures of the ablated HfC
coating on a C/C composite in different regions: (a).

Figure 7.9. Cross-sectional microstructure of a hybrid
UHTC composite. The bonding_between the



composite and monolith layers are fundamentally
good as seen in the higher magnification image.
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Figure 8.1. Room-temperature elastic modulus as a
sintering aids [11-14, 16, 17, 20-23, 25-29, 31-35,

37-39]. Line represents fitted relationship of elastic
modulus to porosity according_to Nielsen's

Figure 8.2. Room-temperature flexure strength as a
function of grain size for ZrB, (left) with and without
sintering_additives [11-14, 16-29, 31, 33, 34, 36, 37,
48]. Line is not fitted to data, and is meant to guide
the eye.

Figure 8.3. Room-temperature flexure strength as a
function of SiC cluster size (equivalent area
diameter) for ZrB,-30 vol% SiC ceramics produced

Figure 8.4. Room-temperature flexure strength,
elastic modulus, and Vickers hardness as a function

The dashed line indicates the microcracking
threshold that occurs at an SiC cluster size of

Figure 8.5. Room-temperature flexure strength [16,
22, 26, 37, 50, 57] and fracture toughness [16, 22,

26, 37, 50, 57] as a function of SiC concentration for

pressureless sintering.

Figure 8.6. Thermally etched cross section of ZrB,-30

vol% SiC. The image shows the crack path from a



Vickers indent with arrows indicating predominantly
transgranular fracture for the ZrB, grains and crack

deflection near the ZrB,-SiC interfaces.

Figure 8.7. Elastic modulus as a function of additive
content for selected hot-pressed ZrB,-based

have been corrected for porosity using_a linear
relationship and b = 2.0.

Figure 8.8. Room-temperature flexure strength and
fracture toughness as a function of disilicide

Figure 8.9. Room-temperature flexure strength and
fracture toughness as a function of SiC content for

88,89].

Figure 8.10. Elevated-temperature elastic modulus of

25,29].

Figure 8.11. Elevated-temperature elastic modulus of

69]. B

Figure 8.12. Elevated-temperature flexure strength of
selected hot-pressed ZrB, ceramics with and without

Figure 8.13. Elevated-temperature flexure strength of
selected hot-pressed ZrB,-SiC ceramics with and

without additives in argon [25, 69, 90, 91].




Figure 8.14. Elevated-temperature flexure strength of
selected hot-pressed ZrB,-SiC ceramics with various

65-67, 79, 82, 83].

Figure 8.16. Elevated-temperature fracture

ceramics [30, 69].
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Figure 9.1. Thermochemical and experimental heat

capacity (C,)_values for ZrB, [8, 14-17, 24, 26, 27].

Figure 9.2. Historic thermal conductivity as a
function of temperature for ZrB,. Data for Clougherty
changed testing method at 1000°C [6-12].

Figure 9.3. Current thermal conductivity as a
function of temperature values for ZrB,. 2Data

corrected for p. 2Data corrected for C,[13-18, 20-23]

(Jason Lonergan, Missouri University of Science and
Technology,_personal communication).

Figure 9.4. Thermal conductivity as a function of
temperature for ZrB, with solid solution additions.

Figure 9.6. Thermal conductivity as a function of
temperature for historic and current HfB,. 2Data

corrected for p[9, 10, 14, 18, 37, 39, 40].




Figure 9.7. Thermal conductivity as a function
temperature for ZrB, with SiC additions ranging_from

5 to 50 vol%. (Note: Clougherty changed testing

18, 36, 41-45].

Figure 9.8. Thermal conductivity as a function of
temperature for ZrB, with additions of carbon,

MoSi,, or ZrC. Clougherty changed testing methods

Figure 9.9. Thermal conductivity as a function of
temperature for ZrB,-SiC-based composites with

Figure 9.10. Thermal conductivity as a function of
temperature for HfB,-SiC with SiC contents ranging

from 2 vol% to 30 vol%. Clougherty changed testing

28, 36, 39, 78].

Figure 9.11. Thermal conductivity as a function of
temperature for HfB, with additions of B,C (x = 3 or
12), C, or SiC with C or B,C. Clougherty changed

testing_ methods at 1000°C. €Data corrected for o [8,
18, 54, 75].

conductivities as a function of temperature for ZrB,
and HfB,. 4Data corrected forp [15-17, 20, 79].

Figure 9.13. Thermal conductivities as a function of
temperature for ZrB,-SiC and HfB,-SiC, including

separation of the electron and phonon contributions



84].
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Figure 10.1. (a)_Elastic constants for ZrB, as a

function of temperature as measured by Okamoto et
al. [12] and (b)_the average Young’s modulus, E,

(filled squares); shear modulus, Gﬂg_(ﬁlled triangles);

and bulk modulus, K (filled circles),_as a function of
temperature using the same data. Also shown are the
variation of Young's modulus as measured in flexure

by Neuman et al. (half-filled diamonds) [16]_ and

Figure 10.2. Young's modulus versus temperature for
a range of UHTCs. Closed symbols are measurements
based on vibration, whereas open symbols were
obtained from flexural tests. Data from Refs. [18, 20-
23].

Figure 10.3. Hardness of two types of zirconium
diboride (100% dense with addition of 20 vol% SiC
and 90% dense with no additions) as a function of the

Figure 10.4. Hardness as a function of load in a ZrB,
containing SiC and B,C. Data taken from Ref. [32].

Where indents were apparently made in a single
phase, they have been grouped accordingly.

Figure 10.5. TEM bright-field micrograph of a cross
section through a Berkovich indent in ZrB,

containing SiC. It appears that the SiC has resisted
deformation more and has been pushed into the ZrB,



