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Two SiC-containing metal diborides materials, classified in the
ultra-high-temperature ceramics (UHTCs) group, were fabri-
cated by hot-pressing. SiC, sinterability apart, promoted resist-
ance to oxidation of the diboride matrices. Both the
compositions, oxidized in air at 1450°C for 1200 min, had
mass gains lower than 5 mg/cm?. Slight deviations from para-
bolic oxidation kinetics were seen. The resistance to thermal
shock (TSR) was studied through the method of the retained
flexure strength after water quenching (20°C of bath tempera-
ture). Experimental data showed that the (ZrB,+HfB,)-SiC
and the ZrB,-SiC materials retained more than 70% of their
initial mean flexure strength for thermal quenchs not exceeding
475° and 385°C, respectively. Certain key TSR properties (i.e.,
fracture strength and toughness, elastic modulus, and thermal
expansion coefficient) are very similar for the two compositions.
The observed superior critical thermal shock of the
(ZrB,+HfB,)-SiC composite was explained in terms of more
favorable heat transfer parameters conditions that induce less
severe thermal gradients across the specimens of small dimen-
sions (i.e., bars 25 mm x 2.5 mm x 2 mm) during the quench
down in water. The experimental TSRs are expected to ap-
proach the calculated R values (196° and 218°C for
ZxrB,+HIB,-SiC and ZrB,—SiC, respectively) as the specimen
size increases.

L

TRANSITION metal diborides (MB,) such as ZrB, and HfB,,
commonly referred to as ultra high-temperature ceramics
(UHTGCs), possess melting temperatures greater than 3200°C.
This physical characteristic enables interesting perspectives for
applications at temperatures above 1800°C, a typical tempera-
ture limit of most structural ceramics. Fields within which ZrB,
has already found utilizations include induction-heating parts,
small crucibles for molten metals, dies for wire-drawing, guides
for cold and hot-rolling of alloys and special metal sheets, and
high-temperature electrodes. Aerospace research in the past dec-
ade has been focused on UHTCs as candidate materials to in-
crease the heat resistance of structural thermal protection
systems (TPS) such as leading edges and nose-cones for a new
generation of sharp-shaped hypersonic re-entry vehicles.! In-
deed, UHTCs could potentially allow space vehicles to with-
stand during atmospheric re-entry temperatures in excess of
1800°C, that is widely accepted as the single-use temperature
limit of current hot structures materials such as SiC-coated C-C
composites.* On-ground arc-jet testing has recently shown that
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UHTC:s can be considered an effective enabling technology for
sharp-body space vehicles.>>® Among the family of materials
classified as UHTCs, ZrB, has a comparatively low density (i.e.,
6.09 g/cm®), and has been addressed as one of the most prom-
ising candidates for this specific aecrospace application.

The manufacturing of dense MB, compacts has typically
required the help of applied pressures and prolonged holds in
atmosphere-controlled furnaces at sintering temperatures above
2000°C because they own strong covalent bondings and low
self-diffusion coefficients.”® Instead, a number of studies has
shown that the addition of SiC to MB, powders has beneficial
effects not only on sinterability,”'" but also on mechanical
properties”™? and resistance to oxidation.' %1371 When MB,
is exposed to air at elevated temperatures for instance, MO,
and B,Oj3 are formed, while the volatilization of B,O5; above
1200°C leads to the formation of a MO, scale.!” SiC con-
taining M B,-based composites exhibit improved resistance to
oxidation compared with the monolithic diboride compacts,
thanks to the formation of a silica-based glassy product which
covers the faces exposed to air and provides an effective barrier
to oxygen transport.

As far as the the resistance to thermal shock (TSR) is con-
cerned, despite the significance of this physical property for the
UHTGCs group, a lack of data characterizes this subject. Dibor-
ides are referred to possess good TSR when compared with
other ceramics because of favorable characteristics like the ther-
mal conductivity (i.e., 50-100 W/m- K)*' and strengths up to
1 GPa." Instead, UHTC compositions in the ZrB,—SiC system
reported values in the range of 250°-350°C?**? that signify TSR
lower than that of a structural ceramic like Si3N4.24'25 It is wide-
ly shared that the thermal shock behavior is influenced by a
number of mechanical and thermo-physical characteristics like
elastic modulus, strength, fracture toughness, thermal expan-
sion, thermal conductivity, and heat transfer rate (i.e. surface
conductance).?® The conditions for crack initiation and propa-
gation have been extensively studied by Hasselman,?’” while a
series of parameters was defined to relate thermo-physical and
mechanical properties of the materials to their TSR, i.e the so-
called thermal stress fracture resistance parameters. The value of
thermal shock at which the scattering of the retained strength
data significantly spreads out is typically reported as critical
thermal shock ATc. Measurements of retained strengths and
elastic moduli at room temperature provide indications over the
extent of damage after thermal shock.?>?*° In addition, dif-
ferent authors argued that size and geometry of the specimens
have a substantial impact on the extent of damage induced dur-
ing thermal shock, Verifyinzg that it varies significantly from ma-
terial to material.>>2%33% A lack of quantitative agreement
between (calculated) TSR parameters and experimental
AT was repeatedly pointed out: the importance over such dis-
crepancies of factors like specimen’s size and/or geometry
and temperature dependence of the heat transfer rate coefficient
was assessed >>26-33-34
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Table I. Characteristics of the Commercial Powders Used (Source: Companies Datasheet)

Formula Company Type Density (g cm ) Particle size Oxygen (Wt%)
ZrB, H.C. Starck (Goslar, Germany) 6.09 <2 pum 2
HfB, Cerac Inc. (Bad Soden-Salmiinster, Germany) 325 mesh 11.18 1.7 pm? —
SiC H.C. Starck BF 12 3.19 11.6 m?/g* 0.9
MoSi, Aldrich (Milwaukee, WI) 6.26 2.8 um® 1

Fisher size (APS). *Specific surface area. "Mean value.

The purpose of this study was to measure and compare the
TSR of two SiC-containing MB,-based ceramics, specifically
designed as possible base materials for structural aerospace
TPSs. In addition, in-air oxidation tests were also performed.
Even though similar heat treatments do not fully reproduce the
real operative re-entry conditions, the results provided precious
complementary informations for the understanding of the oxi-
dation behavior. The materials herein examined were already
characterized in their radiative and surface catalytic behavior™>:
thanks to low catalycity and high emissivity, they showed a good
potential for the selected application.

II. Experimental Procedure

(1) Materials Processing

Two MB>,-SiC mixtures of commercial powders, amounts in
vol%,

ZrB; + 15SiC (composition ZSM)
ZrB; + 15SiC + 10HfB, (composition ZHSM)

were ball-milled in absolute ethyl alcohol for 24 h, using high-
purity zirconia milling media. A quantity <5% of MoSi, serv-
ing as sintering aid was batched into both the compositions.
Table I shows some characteristics of the raw powders used.
After drying in a rotating evaporator, the powder mixtures were
sieved through a mesh screen with 250 pm openings.

The powder mixtures were uniaxially hot-pressed in vacuum
using an inductively heated graphite die, lined with a BN-
sprayed graphitized sheet. Peak temperatures/dwell times/ap-
plied pressures were 1820°C/15 min/30 MPa for ZSM, and
1900°-1940°C/45 min/40 MPa for ZHSM, about 20°C/min av-
erage heating rate. The temperature was measured by means of
an optical pyrometer focused on the graphite die.

(2) Materials Characterization

(A) Microstructure: The bulk density (dg) and the theo-
retical density (dry) were evaluated using the Archimedes meth-
od (water as immersing medium) and the rule-of-mixture,
respectively. The relative density (RD) was calculated dividing
the bulk density by the theoretical density . The phase compos-
ition was analyzed with an X-ray diffractometer (XRD, Ni-fil-
tered CuKo radiation, model D500, Siemens, Karlsruhe,
Germany) and a scanning electron microscope (SEM, model
S360, Leica Cambridge, Cambridge, UK) combined with an en-
ergy-dispersive X-ray microanalyser (EDX, model INCA Ener-
gy 300, Oxford Instruments, Abington, UK). Polished sections
of the as-sintered materials were prepared with successively finer
diamond-based abrasives ranging from 50 to 0.25 pm. A quali-
tative estimate of the grain size was made oft from SEM images
of fracture surfaces.

(B) Properties

(a) Mechanical: The Young’s modulus (£) and Poisson’s
ratio (v) were measured on a 28 mm x 8mm x 0.8 mm plate us-
ing the resonance frequency method. Micro-hardness (HV1.0)
was evaluated by a Vickers indenter, using a 9.81 N applied load
for 15 s. Flexure strength (o) in a 4-pt. configuration was tested
(model Z050, Zwick/Roell—Ulm, Germany) at room tempera-
ture (five specimens) on 25 mm X 2.5 mm X 2 mm chamfered
bars using 20 mm and 10 mm as outer and inner span, respec-

tively, and a cross-head speed of 0.5 mm/min. The surface finish
of the bars, measured using a contact stylus type profiler (model
Talysurf Plus, Rank Taylor Hobson, Leicester, U.K.), was
R,=0.14+0.01 pm, R, being the arithmetic mean deviation
of the assessed profiles. Fracture toughness (Kj.) was measured
through the chevron notched beam method at room tempera-
ture (three specimens) using 25 mm x 2 mm X 2.5 mm bars on
the same jig used for the flexure strength (cross-head speed 0.02
mm/min). The bars were notched with an 0.08-mm diamond
saw; the chevron notch tip depth and the average side length
were about 0.12 and 0.8 times the bar thickness, respectively.
The “slice model” equation of Munz et al. 3® was used for the
calculation of Kj..

(b) Thermo-Physical: Thermal expansion up to 1300°C
was evaluated using a dilatometer (model DIL 402E, Netzsch
Gerdtebau GmbH, Selb, Germany) in a stream of argon, 5°C/
min heating rate. Thermal diffusivity (Dry) up to 1200°C was
measured through the laser flash method (model LFA-427,
Netzsch Geritebau GmbH), and following the standard EN
821-2 as guideline. Heat capacity (Cp) was measured using a
modulated differential scanning calorimetry (model MDSC, TA
Instruments, New Castle, DE).

The TSR was studied through the method of the retained
flexure strength after water-quenching (20°C of bath tempera-
ture and 50°C of thermal quench step). Chamfered bars
25 mm x 2.5 mm x 2 mm were used for testing. The experimen-
tal critical thermal shock AT was determined using the guide-
lines outlined by the standard prEN820-3. In particular, AT
was identified using a linear interpolation between points that
first reduce the average flexure strength of the quenched bars by
more than 30% of the mean strength of the as-sintered material.
For each quench temperature, at least three specimens were
tested. In addition, the variation of the elastic modulus (£y;) on
the thermal shocked specimens was estimated using the load-
deflection method, and following the standard prEN 843-2 as
guideline. A cross-head displacement (recorded during the load-
ing cycle) from 50% of the peak load to 90% of the peak load
was selected in order to minimize strong non-linearities.

(¢) Resistance to Oxidation: The resistance to oxidation
was tested in flowing dry air (20 cm®/min) at 1450°C for 1200
min, 30°C/min of heating rate and free cooling, using a thermo-
gravimetric analyser (model STA449 Jupiter, Netzsch Gerite-
bau GmbH, 10~° mg of accuracy) equipped with a vertically
heated Al,O5; chamber. Spacers of zirconia were placed between
the specimens (dimensions 14 mm x 2.5 mm x 2 mm) and the
Al,O5 holder with minimal contact area. The specimen’s mass
was measured before and after exposure. XRD and SEM tech-
niques were used to analyze the microstructures of the oxidized
samples.

III. Results

(1) Microstructure Development

Table II shows processing parameters and some microstructure
features of the hot-pressed materials. The bulk densities dp
of the as-sintered ZSM and ZHSM compacts were 5.61 and
6.06 g/cm 3, respectively. These values of density correspond to
relative densities of 99% ZSM and 98.2% ZHSM. The fracture
surfaces observed by SEM displayed the grain structure of
both the composites, with regularly faceted diboride grains
(maximum size 5 pm). Representative regions of fracture sur-
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Table II. Processing Parameters and Microstructure Features
of the Hot-Pressed Materials: Peak Temperature (7°), Dwell
Time (), Maximum Applied Pressure (P), Theoretical (dyy)

and Bulk Density (dg), Relative Density (RD), and Grain
Size (GS)

Processing parameters Microstructure features

Density

Sample T (°C) ¢ (min) P (MPa) dpy (g/em’) dg (g/em®) RD (%) GS (um)

ZSM 1820 15 30 5.67 5.61  99.0 2
ZHSM 1940 45 40 6.17 6.06 982 3

faces revealed also a high percentage of transgranular versus
intergranular fracture between the diboride grains in both the
compositions. The XRD analysis of the ZSM compact identified
the main phases ZrB, and SiC, and an amount of monoclinic
zirconia <1 vol%. Instead, in the ZHSM compact, obvious
changes in the starting composition took place during sintering.
XRD analyses showed the formation of ZrB,/HfB, solid solu-
tions, hereafter indicated as (Zr,Hf)B,. Such solid solutions up-
hold the hexagonal structure of the initial ZrB,, but host at the
same time Hf atoms. The presence of (Zr,Hf)B, solid solutions,
which very often appear as shells around ZrB, cores, is exactly
confirmed by the typical configuration of the diboride grains
structured in core-shell (Fig. 1). The formation of such
(Zr,Hf)B; s.s. was further assessed through localized EDX anal-
yses on polished surfaces. Furthermore, the polished section
examined by SEM highlighted the SiC particulates distributed
intergranularly within the diboride matrices, in ZSM sometimes
in agglomerates (maximum size 5 pm). At the same time, SEM
observations do not provide evidence of residual porosity.
Compared with the ZSM composition, the addition of HfB,
into the ZHSM composition enhanced refractoriness of the in-
itial powder mixture. In fact, higher peak temperature and long-
er hold were necessarily applied so far to complete densification:
during the hold of 45 min, temperature drifted from 1900° to
1940°C. Such conditions led the grain structure of the ZHSM
composition to increase in the average size more than that of the
ZSM composition (Table II). Moreover, in ZHSM a partial
sintering of the intergranular SiC agglomerates took place.
Processing, densification behavior, and microstructure deve-
lopment of similar systems are described in several earlier

9-11,21,24,37
papers.

(2) Mechanical and Thermo-Physical Properties

Tables III and IV and Figs. 2-4 show the experimental data for
selected properties. Average values of flexure strength at room
temperature (Gro) of 795 and 765 MPa for the as-sintered ZSM
and ZHSM materials, respectively, result better than for a sim-
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ilar system composed of ZrB, mixed with 15 vol% SiC and then
hot-pressed.’” The co-existence of very hard components like
MB; and SiC, along with the fine and dense structure, favored
high levels of micro-hardness. However, 4.1 MPa - ml/2 as mean
value of fracture toughness in both the materials is typical for
this family of (brittle) ceramics.>* 122437

The behavior of the retained strength (o) after water-quench
is shown in Fig. 2. The oy data of the thermal quenched bars in
Fig. 2 indicate that a thermal shock severity AT as high as 385°
and 475°C were sustained by ZSM and ZHSM, respectively,
before losing more than 30% of their initial mean flexure
strength oo (Table III). Just for comparison, a ZrB, material
containing 15 vol% SiC (95% relative density and 235 MPa
mean flexure strength), tested using the water-quenching meth-
od, reported a TSR of 350°C.23 1t should also be noted that the
ZSM specimens quenched above AT have an evident scatter of
strength values above and below the reference threshold (i.e.,
70% of the initial mean strength). On the contrary, the ZHSM
material seems to follow Hasselman’s theory,?” which predicts a
sharp drop in strength at a critical thermal shock temperature
difference. The plots in Fig. 3 show the elastic modulus (Eys) of a
thermal shocked specimen against its og. A substantial decrease
in strength was very often accompanied with a significant re-
duction in elastic modulus.

In order to confirm that the decrease in flexure strength after
quenching was actually an effect of the thermal shock, four
specimens of ZSM were heated up to 500°C (5°C/min heating
rate), held at that temperature for 15 min to establish thermal
equilibrium, and then left cooling freely inside the furnace in-
stead of quenching them into the water bath at 20°C. The re-
tained flexure strength, 850+15 MPa mean+1 standard
deviation, measured at room temperature on the heated (and
not-quenched) ZSM specimens, did not show significative dif-
ferences, if compared with or( of the pristine material (Table
III). This suggests that the decay in flexural strength measured
after quenching is primarily caused by thermal shock-induced
effects.

The conditions for failure in the pristine material during a
thermal quench is usually predicted by setting the maximum
permitted thermally-induced stress equal to its tensile or bend
strength. Table IV lists two TSR parameters calculated from
Egs. (1) and (2)

R=c(1-v)/(aE) ()

R = RKtn 2

where o, v, o, E, and Kty represent modulus of rupture, Pois-
son’s ratio, coefficient of thermal expansion, elastic modulus,
and thermal conductivity, respectively. The comparison of the
TSR values in Table IV shows that the calculated R values are
much lower than the experimental A7c.

Fig.1. Polished cross-sections of ZSM and ZHSM (SEM micrographs, secondary electrons); dark features are SiC particles. The core (C)- rim (R)

structure in ZHSM is indicated.
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Table III. Mechanical Properties of the Hot-Pressed ZSM and ZHSM Materials: Elastic Moduli E (Resonance Frequency Method)
and Eyqy (Load-Deflection Method), AE = (E-Ey)/E, Poisson’s Ratio v, Micro-Hardness HV1.0, Fracture Toughness Kj., and
Flexure Strength at Room Temperature oy

Sample E" (GPa) Eno* (GPa) AE (%) v *HV1.0 (GPa) ‘K. (MPa,/m) ioRo (MPa)
ZSM 480+4 44445 7.5 0.12 17.7+0.4 4.14+0.05 795+105
ZHSM 508 +4 47349 6.9 0.128 18.2+0.5 4.14+0.75 765+ 75

+Unccrtainity. fMean+ 1 standard deviation.

Table IV. Thermo-Physical Properties and TSR Parameters (R and R’) of the Hot-Pressed ZSM and ZHSM Materials: Linear
Coefficient of Thermal Expansion o (25°~1300°C), Thermal Conductivity Ky, and Critical Thermal Shock AT¢

Kru(W/m-°C) TSR parameters
R (kW/m)
Sample @ (107°/°C) 30°C 500°C 1000°C 1200°C R (°C) 30°C 500°C ATc (°C)
ZSM 6.68 62.5 64.5 65.1 65.2 218 13.6 14.0 385
ZHSM 6.74 79.9 83.5 84.2 85.0 196 15.7 16.4 475

Calculated using ogg in Eq. (1). TSR, resistance to thermal shock.

Discrepancies between calculated R values and observed AT
have been reported previously by many investigators,>>26-33-3%
and may indicate that cracks initiate under the so-called soft
thermal shock. These conditions imply that the interior of the
specimens cools before the surface, resulting in the need for a
stress reduction factor determined using the so-called Biot
modulus B = Lh/Kry (L characteristic specimen’s length, Kty
thermal conductivity, and h surface heat transfer coefficient be-
tween specimen and cooling medium). The R parameter cap-
tures the initiation of thermal shock cracking under hard
thermal shock conditions (i.e., values of B >20?%): higher values
of R are in favor of greater resistance to fracture initiation dur-
ing quenching. Differences between R and AT are particularly
evident for water-quenching thermal shock tests, primarily be-
cause of the dramatic reduction in heat transfer coefficient after
the formation of protective steam bubbles at the water/specimen
interface: such a phenomenon would mitigate the severity of
thermal shock, and result in overestimated AT values, com-
pared to the expected R parameter.’

The thermal conductivity (Kty) was calculated using the ex-
pression Kty = Dty Cpp, where Dry, Cp, and p represent ther-
mal diffusivity (Fig. 4), heat capacity (Fig. 4), and density,
respectively. Within the interval 30°-1200°C, the calculated
data indicate that ZHSM tends to dissipate heat faster than
ZSM (Table 1V). Just for comparison, such values of Kty result
lower than that reported for a ZrB,+20%SiC, i.e., 103.8 W/
m°C at RT.?® In the present case of small sized specimens and
significant Kty (i.e., low values of B), the TSR ranking is more
adequately determined by the R’ parameter (Table TV). It is,
however, expected that in increasing L (i.e., the minimum heat
transfer (specimen) dimension or its thickness in the case of
standard flexure bar) the observed AT values begin to ap-
proach the correspondent R parameters (see Table IV), mini-
mizing the differences between the two tested compositions.

(3) Resistance to Oxidation

The graphical trends of the specific mass change (w) versus time
(?) during the 1200 min exposure at 1450°C is plotted in Fig. 5,
3.4340.02 and 4.88+0.02 mg/cm? being the final w values for
ZSM and ZHSM, respectively. Offsets equal to 0.47+0.02 and
0.440.02 mg/cm?, which account for some oxidation prior the
1200 min hold, were respectively subtracted from raw data of
ZSM and ZHSM. Some data processing was done by calculat-
ing the dummy constant Kp = w?/r (Fig. 6). Such an exercise
points out that during the isothermal exposure obvious para-
bolic kinetics (i.e., slope of the log K equal to zero) were never
established. In addition, the analysis of the very early stages of

the isothermal hold (see inset in Fig. 5) shows however prevail-
ing mass loss mechanisms over mass gain mechanisms, which in
turn become typical for the remaining exposure.

The XRD analyses on the surfaces exposed to air revealed
monoclinic MO,, M = Zr for ZSM, and Zr/Hf for ZHSM, while
the cross-sections emphasized a structure that consists of an
outermost glassy layer on top of a sub-scale composed of MO,
crystals (partially embedded within the same glass), which ex-
tends up to the unoxidized bulk (Fig. 7). The glassy layer, whose
composition analysed by SEM-EDX falls in the Si—O system,
adheres to the sub-scale, even though its thickness varies from
few to some tenths of microns. The values of about 50 and 100
um are grossly representative of the oxide sub-scale thickness for
ZSM and ZHSM, respectively. In addition, EDX analyses as-
sessed that, in proximity of the interface between oxide sub-scale
and unoxidized bulk (Fig. 8), sites formerly occupied by SiC
particulates now appear occupied by a carbon-based solid com-
pound. Such an oxidation by-product, whose occurrence was
already reported,10 was connected to the active oxidation of SiC,
which induces a partial depletion of SiC close to the inner ox-
idation front facing the virgin bulk. Such an oxidation mecha-
nism creates so far porosity within the sub-scale formerly
mentioned.

IV. Discussion

(1) Microstucture and TSR

Contrary to the well-known limitations connected to the densi-
fication of M B,-based materials,>* % the obtainment of near
full dense compacts was allowed by SiC which substantially en-
hanced densification of MB, during hot-pressing. Similarly to
powders of TiB,,***! MO, and B,O; were assumed as the main
oxygen carriers upon the surfaces of MB,, M = Zr and Hf. Such
a contamination by oxygen promotes vapor phase transport
(and thus coarsening) at temperatures below which mass trans-
fer mechanisms like boundary/volume diffusion, which are
much more effective than vapor phase for densification, start
taking place: the anticipated coarsening decreases the driving
force for densification at higher temperatures. Densification of
SiC-containing MB, powder mixtures initiates at lower tem-
peratures compared with pure MB,'%** as reactions with SiC
are deemed to remove the oxide coatings separating MB, par-
ticles from mutual contact.

As far as the TSR evaluated through the retained strength
after water-quenching is concerned, the superior ATc in the
ZHSM material, compared with that of ZSM material, was at-
tributed to more favorable heat transfer parameters conditions
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Fig.2. Retained flexure strength (ogr) vs. thermal shock (T) of ZSM and ZHSM in water bath at 20°C; full lines connect mean oy values at each T
tested. Horizontal dashed segments: 70% oro of ZSM and ZSM and ZHSM (see Table III).

that induce less severe thermal gradients across the specimen
during the quench down test in a 20°C water-bath. Being all the
specimens tested of the same (small) dimensions, the different
Kty (Table IV) was deemed to modify the actual Biot moduli of
the two composites during quenching. It can at first be noticed
that large fracture toughness (Kj.) to strength (o) ratios repre-
sent a favorable material’s characteristic for minimizing the ex-
tent of the crack propagation, but stands in direct contrast with
the requirement of hiégh strain-to-failure necessary for prevent-
ing crack initiation.?®*”** Hence, the combination of large E
and o values which pertains the present materials may induce
deleterious damage resulting from fracture if it does occur upon
severe thermal shocking, i.e., above AT. It was in fact observed
that, for thermal quench above AT, a ZSM specimen spalled
into a number of pieces, i.e., it had no measurable retained
strength. This situation very likely arose because of the sudden
release of the large thermal strain-energy required to initiate a
crack from very small flaws in the material.

The observed AT for ZSM and ZHSM, respectively, seem to
contradict the expected ranking based on the calculated R pa-
rameters. Lewis has stressed the importance of selecting the
most appropriate value for strength so that meaningful rankings
can be settled.* In addition, Becher e al. argued that, as does
the size dependence of the strength of ceramics, the temperature
dependence of thermal conductivity and surface heat transfer
coefficient varies with temperature for different materials.>> Un-
fortunately, surface heat transfer coefficients usually are not
known precisely and have been shown, moreover, to vary over
three orders of magnitude within the typical temperature range
of water-quench tests. Therefore the actual AT values for es-
sentially all materials are function of the heat-transfer condi-

1000
| & RT + 300°C >'<a
800 F x 350°C m 400°C u‘,-
L a 450°C e 500°C «
goe00r ™l
2 i ]
5 400 .
L . | ] a
200 | N
t ZSM A A -
0 1 1 1 1 1 1 1 1 L

200 250 300 350 400 450
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tions, and are not solely dependent on materials characteristics.
Furthermore, the determination of adequate strength values,
such as the Weibull lower limiting strength, is known to require
extensive testing. On the other hand, when extensive strength
data from appropriately sized specimens are unavoidable (this is
the present case), reasonable success can be obtained by taking a
characteristic strength as the mean value less two or three stand-
ard deviations.* Calculated R values and experimental ATc
under regimes of soft thermal quenchs have been repeatedly
correlated through empirical expressions AT =f(B)- R which
try to approximate the thermal stress solutions for specific sam-
ple geometries of rod, plate, or bar.2>2630-3334 Also for the pres-
ent study, an empirical approach was adopted (damping factor
f(B)=1+B/B, 0<1/f(B)<1, B= Lh/Krty, h surface heat transfer
coefficient, L minimum specimen dimension, Kty thermal con-
ductivity, and B shape factor). According to the Lewis criteri-
on,® the mean strengths ogo less three standard deviations
(named ozspm and ozysy in Fig. 9) were used for calculating
corrected R parameters for ZSM (Rzsm) and ZHSM (Rzusm),
respectively. By setting L =2 mm, B=4, and Kty = 83.4 W/
m- K at 475°C for ZHSM, an effective i of 67 kW/m2 -°C was
inferred, being f= 1.6 in correspondence of AT equal to 475°C.
This guess for the /s parameter, though merely practical for such
a comparison, falls anyhow very close to the typical range of
values for ceramics during water-quenching thermal shock
tests,>** in particular 50 kW/m?-°C for TiB, at 500°C of ther-
mal water-quench.** Keeping the same values of 4 and L for
ZSM, the reduced Kty value of 64.2 W/m - °C at 385°C (that
means 3 approaching 2.1) induces more severe thermal gradients
in the quenched specimens, leading to a less effective capacity to
withstand thermal stresses (i.e., AT¢ approaching 385°C). Being

1000
| o RT = 400°C L
800 |- 4 450°C & 500°C n®"
A
S 600 . S
S I
g 400} ° .
200 | .
- ZHSM
0 1 1 1 1 1 1 1
300 350 400 450 500
Em, GPa

Fig.3. Retained flexure strength (og) vs. residual elastic modulus (Ey) of bars thermal shocked in water bath at 20°C. Horizontal dashed segments:

70% oRro of ZSM and ZHSM (see Table III).
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Fig.4. Heat capacity (Cp) and thermal diffusivity (Dry) vs. temperature (T) of ZSM and ZHSM up to 1200°C.

the dimensions of the specimens nominally identical, such a dif-
ference in AT¢c can thus be connected to the superior thermal
conductivity that in the ZHSM material modulates a more fa-
vorable damping factor f{B) through the Biot number. It is also
expected that, having both the composites levelled characteris-
tics like strength, Poisson’s ratio, fracture toughness, thermal
expansion and elastic modulus, the observed AT parameters
approach the calculated R values of about 200°-220°C in com-
ponents of larger dimensions.

In Fig. 3, the sharp reduction in elastic modulus Eys was very
often accompanied with a significant decrease in the retained
strength or. The general agreement between the reduction of
flexure strength to coincide with a loss of elastic modulus makes
such combined measurements a useful tool to correlate the se-
verity of the damage introduced during a thermal quench with
the capacity to withstand further external loads. Experimental
data in Fig. 3 clearly show that o results more susceptible than
E\ to the influence of newly formed flaws during thermal shock.
According to the Griffith relation among strength o, fracture
toughness Kj. and flaw size ¢, 6~ Kj./+/c, the initiation and
growth in size of just a single flaw after thermal shock have more
obvious effects on strength than on elastic modulus.*® Evidence
of it is in both the compositions, when the elastic modulus de-
clines less or not at all, compared with the corresponding Gg
values which exceeded an absolute loss of more than 30% org
(Table III). Therefore, for apparent drops of the elastic modu-
lus, the corresponding strength decay is very likely connected to
a substantial damage initiated and grown during thermal shock
in form of random network of cracks.

A significantly larger scatter in retained strength differentiates
ZSM material from ZHSM material (Fig. 3). Also, the strength
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= 0.2
£ 2t o
£
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1+ E
-0.1
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0 1 1 1 1 1 1 1 1 1 1 1
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Fig.5. Specific mass change (w) vs. exposure time (t) during oxidation
at 1450°C. The inset expands the very early stages of the isothermal hold.

scatter is associated to concurrent large scatter in retained elastic
moduli: there is no thorough explanation for this. On one hand,
to the authors’ knowledge, a similar behavior in analogous
systems was not verified. In ZSM material, the concomitant oc-
currence of large scatter in retained values of strength and elastic
modulus (Figs. 2 and 3) may be indicative of a non-uniform
growth in cracks density and/or size due to sub-critical crack
propagation in the water quench bath. On the other hand, the
quench experiments have some well-recognized limitations. The
TSR tests herein adopted require for instance sample geometries
that are amenable to subsequent mechanical testing, and many
specimens should be tested to assure the significance of the re-
sults. In addition, the specimens are tested destructively: this
implies that initiation sites and sub-critical thermal damage are
difficult to identify. Thermal stress gradients across the small
sized specimens may therefore contribute to the variability of the
retained strength after quenching above AT due to the prob-
ability of a initiation site being positioned in the high stress lo-
cations. It is known in fact that the flexure strength testing
reaches the maximum stress only close to the specimen’s surface.
The combination of the thermo-mechanical characteristics in the
ZHSM material is somewhat more beneficial for a superior TSR
as compared with that of the ZSM material, especially for the
small specimens herein tested. However, the absence of a large
scatter in retained strength and elastic modulus with increased
thermal shock seen for the ZSM composite offers a real advan-
tage for the ZHSM material. More extensive testing and char-
acterizations would assist in identifying the difference in damage
mechanisms and the benefits of such behavior.

(2) The Resistance to Oxidation
The negative oxidation rate along the very early stages of ex-

posure at 1450°C (see inset in Fig. 5) discloses that the oxidation
of MBZ

MB2+5/202(g) :M02+B203(/) 3)
is however dominated by the volatilization of boron oxide
B,0;(/) = B20s(g) )

from the specimen’s surfaces exposed to the air-atmosphere.
Reactions 3 and 4 describe mechanisms of weight gain and
weight loss, respectively.

With increasing exposure time, the resistances to oxidation of
both the composites, due to SiC which is known to start oxi-
dizing more slowly than MB,, begin taking advantage from the
ongoing formation of a glass coating on the faces exposed to air
(Fig. 7). Generally SiC, according to the reaction

SiC + 3/204(g) = SiO, + CO(g) 5)
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Fig.6. Dummy parameter Kp, vs. exposure time (t), Kp = w/t.

reacts with ox;'gen and prov1des silica. Similarly to other ZrB,—
SiC systems, >61013:15:16.2447 qionificant amounts of silica com-
bine with the available B,O3 and yield a borosilicate glass. Such
a glassy oxidation product is deemed to lose progressively the
B,0; component, but is capable of providing better protection
against ox1dat10n than an MO,-based scale covered with only
boron oxide.® Although the borosilicate glass behaves as excel-
lent oxidation barrier below 1600°C, it softens, due to the di-
minished viscosity. The undulating pattern of the external glass
is ascribed to the reduced viscosity.

The marked difference of the thermo-gravimetric curves in
Fig. 5 is still a matter of reasoning. The evaluation of the specific
weight changes could have been underestimated because of phe-
nomena connected to simultaneous gains and losses of mass,
which a previous work on the ZrB,-SiC system firmly assert-
ed.'® The initial faster mass gain rate in ZHSM was attributed to
an inadequate provision of protective glass, compared to ZSM,
coupled with an easier diffusion of oxygen along short-circuited
paths through the forming (Zr,Hf)O, sub-scale. Next, the reason
why, compared to ZHSM, ZSM better resisted against oxida-
tion remains unclear. Having both the compositions the same
nominal content of SiC and negligible levels of porosity, the
core-shell structure of (Zr,Hf)B, solid solutions in ZHSM sup-
posedly was thought to offer less resistance to the inward dif-
fusion of oxygen, compared to ZrB,.

Even though an oxidation process governed by the oxygen
diffusion through a glass that fits parabolic kinetics seemed a
logic expectation, departures from an ideal parabolic pattern
were instead of not marginal significance (Fig. 6). A number of
factors is indicated responsible of such deviations: the evolution
of volatile products (B,Os3, CO), non-steady state behavior due
to faster oxidation of MB, compared with SiC, and the active

¢..-External'glass

Fig.7. Fracture cross-section of the ZHSM material after 1200 min at
1450°C in air (SEM micrograph, secondary electrons). An oxide sub-
scale (100 m thick) underlying the external glass (25 m thick) is indicated.

Vol. 90, No. 4

Fig.8. ZHSM material after 1200 min at 1450°C in air; SEM micro-
graph, secondary electrons. SiC particles and carbon-based by products
(arrows) near the oxide sub-scale/unoxidized bulk interface are shown.

oxidation of SiC. The last factor remains being explained thor-
oughly. The examination through the SEM-EDX technique of
the sub-oxide scale/diboride interface (i.e across the inner
oxidation front) revealed inclusions containing carbon (Fig. 8).
Being the size, shape, and distribution referable to the SiC par-
ticulates in the unoxidized material, these carbon-based struc-
tures were associated with an active oxidation mechanism of
SiC. Unlike some authors who claimed the complete volatiliza-
tion of SIC through active oxidation in SiC-containing MB,
matrices,>!>?* the detection of C in such solid inclusions led to
consider the following thermodynamic equilibrium

SiC + Si0, « 2Si0(g) + C (6)

as the transition mechanism by which SiC starts experiencing the
active decomposition.*® The reason why SiC transforms in
agreement with equilibrium 6 is not fully understood. Most re-
cently, Fahrenholtz developed a thermodynamic analysis of the
ZrB,-SiC oxidation*”: once SiC starts oxidizing according to
reaction (7)

SiC + 0, < SiO(g) + CO(g) o)

CO may further reduce to solid C at the so called sooting limit
(see reaction &)

2C0O(g) < C+0a(g) ®)
21k GZSM = 480 MPa
’ RZSM = 132 MPa
1.9
w ZSM ZHSM
1.7F
GZHSM = 540 MPa
I Rzusm = 138 MPa
1.5 1 1 L 1 1 1 L L 1 1
370 390 410 430 450 470

R f(3), MPa

Fig.9. Biot number B vs. R parameter corrected via damping factor
f(B) = 1+4/B. According to Lewis criterion,*® 6zgm and Ozuswm, are
GRro of ZSM and ZHSM, respectively, less 3 standard deviations (see
Table IIT). Rzspm and Rzpsy are obtained by using 6zsy and 6zusm
in Eq. (1).
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In both cases, it is as much as plausible that conditions
of high temperature and low oxygen partial pressure inside the
oxidized scale were met for the active oxidation of SiC.5#-%
Furthermore, once SiO(g) diffuses outward and encounters a
higher oxygen partial pressure, it would further convert into the
condensed silica phase. Glass pockets inside the oxide sub-scale
but in the vicinity of the external glass may be convincing
evidence of the phenomenon just described. It should also be
considered that the lack not only of open porosity but also of
easily-oxidizable secondary phases is a favorable condition that
does not offer preferential paths like pores or grain-boundary
channels to the inner transport of oxygen. As a consequence, the
oxygen partial pressure Pp, inside the bulk remains at a level
sufficiently low to induce the active oxidation of SiC. The Po,
parameter in fact is widely recognized as one of the primary
factors controlling the active-to-passive oxidation transition of
SiC.*3! Such an instability of SiC could have not negligible
influence on MB,—SiC systems in oxidizing conditions, dictating
limited durability for prolonged services in thermally harsh ap-
plications.

V. Summary

The present work explored the resistance to thermal shock and
to oxidation of two ultra-high-temperature MB,+15 vol% SiC
composites, M = Zr and Zr+Hf, brought to full density via hot-
pressing. The microstructures were rather uniform (2-3 pm
grain size), with SiC incorporated intergranularly within the di-
boride matrices. The presence of SiC promoted the resistance to
oxidation of the diboride matrices through the coverage of a
silica-based glass which behaved as an effective barrier against
oxidation at high temperature. Both the compositions, oxidized
at 1450°C for 1200 min, had specific mass gains lower than 5
mg/em®. Deviations from parabolic oxidation kinetics were
seen, and attributed to evolution and release of volatile prod-
ucts, to non-steady state behavior based on the faster oxidation
of MB, compared with SiC, and to active oxidation of SiC. The
passive-to-active transition in the oxidation behavior of SiC
makes the durability of these SiC-containing diborides-based
composites in long-term thermally severe applications an issue.
The TSR, tested through the retained strength after water-
quench, showed that the ZrB,-SiC and (ZrB,+HfB,)-SiC ma-
terials retained more than 70% of their initial mean strength
(i.e., ATc) once the thermal shock has not exceeded 385° and
475°C, respectively. On the contrary, the calculated R parameter
for the ZrB,-SiC and (ZrB,+HfB,)-SiC materials were 218°
and 196°C, respectively. The improved AT7c in the
(ZrB,+HfB,)-SiC was explained in terms of more favorable
heat transfer parameters conditions that establish less critical
thermal gradients across the specimens of reduced dimensions
(i.e., bars 25 mm x 2.5 mm x 2 mm) during a quench down test.
Having both the composites key characteristics like strength,
fracture toughness, elastic modulus, and thermal expansion very
similar, the critical resistance to thermal shock of larger speci-
mens is expected to approach the calculated R parameters.
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