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Abstract

The contact mechanical properties of the ZrB,-30% SiC ultra-high-temperature ceramic
(UHTC) were studied from room-temperature up to 800 °C in air, by combining Hertzian
indentation tests with finite element modelling. It was found that the elastic modulus and yield
stress decrease with increasing temperature, especially above 600 °C. It was also found that the
ZrB»-30% SiC UHTC is "ductile" in the sense that its first damage mode is quasi-plasticity,
followed by cone-cracking, and eventually by radial-cracking. However, its contact-damage
resistance degrades as the temperature increases, again especially above 600 °C. Nevertheless, it
is highly damage-tolerant because the critical loads for radial-cracking are one order of
magnitude greater than these for quasi-plasticity. This is the first report on the temperature-
dependence of the Hertzian indentation of UHTCs, whose study is necessary if they are to be

used in aerospace applications.
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1. Introduction

Ceramics based on transition-metal borides, carbides, and nitrides —commonly known as
ultra-high-temperature ceramics (UHTCs)— are promising candidates for applications at
extreme temperatures in very hostile environments, one of the which is the thermal protection of
the wing leading edges and nosetips of future hypersonic flight vehicles (including sub-orbital
and earth-to-orbit vehicles for rapid global and space access missions) [1-4].

However, despite intense recent research efforts, UHTCs are still far from being utilized
routinely as hypersonic aerosurfaces because some do not have the required set of properties, and
in others the microstructure-processing-property relationship is still not well understood. This
latter is particularly true of the high-temperature mechanical properties in the creep and pre-
creep regimes because most studies on UHTCs have centred on investigating lower-temperature
sintering, resistance to oxidation and thermal shock, and room-temperature mechanical
properties [3-4]. That there is only sparse information available for the pre-creep regime, and that
this is mostly concentrated on flexure strength, is especially surprising because it is in this
temperature range that UHTCs would be required to work in most practical applications. Even in
aerospace applications where UHTCs may reach creep temperatures, mechanical stresses are
most likely to occur during the heating and cooling cycles. In this context, pre-creep contact
mechanical properties have to be considered as important factors in the design of UHTCs for
aerospace applications, as has been learned from the disaster of the space shuttle Columbia—
which was the result of the damage caused by the contact of a detached piece with the thermal
protection system of the left wing's leading edge [5]. An ideal method of evaluating pre-creep
contact-mechanical properties is by the Hertzian testing methodology, which enables one to
determine the entire evolution of the contact damage with increasing contact pressure as a
function of temperature.

Despite the unquestionable importance of studying the contact-mechanical properties of
UHTC:s to ensure their mechanical integrity under service conditions, there has as yet been no
research effort in this direction. The present study seeks to address this deficiency, and is indeed
the first attempt to systematically investigate the Hertzian-indentation response of UHTCs as a
function of temperature in air. In particular, a prototypical ZrB,-30% SiC UHTC was

characterized mechanically by Hertzian testing at moderate temperatures (25-800 °C) in air.



While this temperature range was dictated by the complexity of testing air-sensitive ceramics, it

is nonetheless the regime of greatest interest for contact-resistance aerospace applications.

2. Experimental Procedure

A powder batch was prepared, containing 70 vol.% of micrometre (2-3 um) ZrB, powder
(Grade B, H.C. Starck, Goslar, Germany) and 30 vol.% of submicrometre (0.5 pm) a-SiC
powder (UF-15, H.C. Starck, Goslar, Germany). The powder batch was attrition milled (01-HD,
Union Process, Akron, OH, USA) for 3 h at 600 rpm using WC/Co balls (6.7 mm diameter) with
a charge ratio of 24:1 to reduce particle size and promote intimate mixing. The milled powder
was hot-pressed (HP20-3560-20, Thermal Technology LLC, Santa Rosa, CA, USA) at 1900 °C
for 1 h at 30 MPa pressure. More details of the hot-pressing protocol are given elsewhere [6].
The surfaces of the hot-pressed samples were polished to a 1 um finish and sputter-coated with a
thin (~5 nm) metallic film for its microstructural characterization by scanning electron
microscopy (SEM; S-3600N, Hitachi, Japan) and mechanical characterization by Hertzian testing
[7].

Hertzian contact tests were performed in air in the temperature range 25-800 °C using a
universal testing machine (AG-IS 100 kN, Shimadzu Corp., Kyoto, Japan) equipped with a split
furnace. The indentation sequences were carried out at a constant crosshead speed of 0.05
mm/min over the peak load range 50—7000 N, using a Si3N4 half-sphere of 3 mm radius (») as
indenter. Prior to testing, the specimens were heated to the desired temperature at 6 °C/min and
soaked for 1 h in order to ensure thermal equilibrium. The contact radius (a) for each peak load
(P) was measured after each test sequence using an optical microscope, and used to construct the
indentation stress—strain curves (i.e., the plots of py=P/ra’ versus a/r) [8].

Young's modulus (£) was calculated directly from the linear region of the indentation
stress—strain curve using the Hertzian relation for elastic contacts [8,9]

Dy = 4/37 a

(l—vz)/E+(1—v'2)/E' r

where v is Poisson's ratio, and the primes indicate indenter properties [10]. The error in £ was

(M

calculated by error propagation in Eq. (1).



The strain-hardening coefficient (n) and the yield stress (Y) were determined by
reproducing the entire indentation stress—strain curve by finite element modeling (FEM) using
the following constitutive uniaxial elasto-plastic model [11]:

o=E¢ (o<Y) (2a)

o=Y(E[Y) &" (c<Y) (2b)
the validity of which has been confirmed in earlier studies [7,10,12,13]. The errors in n and Y are

their standard deviations determined by FEM. The critical loads for initiation of quasi-plasticity

(Py) were subsequently calculated from the expression [8,9]:
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The error in Py was calculated by error propagation in Eq. (3). The critical loads for initiation of
fracture in the form of radial cracks (Pg) and ring/cone (P¢) cracks were taken as the lowest
applied load at which such a cracking mode was observed during the examination of the surface
damage with the optical microscope. The error in Pc and Pr was considered to be the difference
between the load at which cracking was observed and the preceding load in the test sequence.

Finally, the room-temperature hardness and toughness were determined by Vickers-
indentation tests (load 98 N, indentation load rate 40 um/s, and dwell time 20 s) using standard
formulae [14,15].

3. Results

Figure 1 shows a representative SEM micrograph of the room-temperature fracture
surface of the ZrB,-30% SiC UHTC in the as-processed condition. As can be seen, it has the
usual microstructure of submicrometre SiC grains dispersed homogeneously in a matrix of
micrometre ZrB, grains. The room-temperature hardness and toughness measured by Vickers
testing are 20.7+0.5 GPa and 3.6+0.1 MPa-m®’, respectively, which are standard values for
ZrB»-30% SiC UHTCs.

Figure 2 shows the indentation stress-strain curves for the ZrB,-30% SiC UHTC from 25
°C to 800 °C, which is the maximum temperature at which the imprint size could be accurately
measured due to extensive surface oxidation. As can be observed, this UHTC exhibits the
Hertzian curves typical of other polycrystalline ceramics, that is, an initial linear stretch at low

contact pressures that corresponds to the elastic deformation regime, followed by a non-linear



stretch that corresponds to the quasi-plastic deformation regime. At high contact pressures the
curves tend towards an asymptotic limit, which is the corresponding Meyer's hardness. It is also
observed in Fig. 2 that as the temperature increases the slope of the linear stretch, the contact
pressure for the onset of quasi-plastic deformation, and the asymptotic limit all diminish,
indicating that the elastic modulus, the yield stress, and the hardness of the UHTC decrease with
increasing temperature.

Figure 3 shows the elastic modulus and yield stress of the ZrB,-30% SiC UHTC as a
function of temperature. As can be observed, the elastic modulus first decreases slowly up to
~ 600 °C, and then the fall accelerates. The yield stress, however, exhibits first a continuous
decrease to ~ 600 °C, then drops, and finally flattens out. The strain hardening, on the contrary,
was found to be temperature-independent, and as low as 0.17+0.02.

Figure 4 shows the critical loads for initiation of quasi-plasticity and fracture (cone and
radial cracking), as a function of temperature. As can be observed, the critical load for quasi-
plasticity (Py) first decreases from 673 N down to 381 N with increasing temperature up to 600
°C, then falls abruptly to 233 N at 700 °C to stabilize or continue declining slowly. The critical
load for cone cracking also seems to fall at 700 °C, although the large experimental errors do not
exclude a possible continuous fall from room-temperature. The critical load for radial cracking
exhibits the same trend with temperature as Py, first decreasing continuously from more than
8000 N at 25 °C down to 4500 N at 600 °C, then falling abruptly to 2000 N at 700 °C, and
finally decreasing again more slowly. It is interesting to note that critical loads for the onset of

the different damage modes follow the sequence P, < P. << P,, and that the difference between

Pc and Py increases with increasing temperature.

4. Discussion
We have investigated the Hertzian-indentation response of the ZrB,-30% SiC composite
from room-temperature up to 800 °C, representing the first study of this type on a UHTC. At 900
°C the borosilicate glass that forms the external layer of the oxide scale starts to flow under the
high pressures applied in the Hertzian tests, making it difficult to measure the contact area. In
any case, the fact that the maximum testing temperature was only 800 °C cannot be interpreted
as a serious limitation of the method because in aerospace applications impacts are more likely to

occur under the high aerodynamic forces developed during launch and first moments of ascent,



when the temperature of the UHTCs is not very high yet. Later during the flight to orbit and re-
entry into the Earth's atmosphere surface oxidation and wear become more important issues than
contact damage.

It has been observed that the elastic modulus of the ZrB;-30% SiC composite first
decreases slightly up to 600 °C, and then more rapidly (see Fig. 3). The initial moderate fall is

the typical elastic modulus dependence on temperature, E = E,(1-aT/T,) where T, is the

melting temperature [16,17]. The accelerated fall above 600 °C is attributed to the activation of
reversible grain boundary sliding [10,12,16,18,19]. Oxidation of the ZrB,-30% SiC UHTC could
also contribute in part to this fall because the so-formed ZrO, and SiO, have lower elastic
modulus than ZrB, and SiC, respectively. However, this oxidation would represent only a minor
contribution because even in the most hostile oxidation condition the thickness of the oxide scale
is less than 5% of the thickness of elastically-deformed bulk zone.

The yield stress dictates the onset of quasi-plastic deformation, which is proposed to
occur by shear-faulting along the weak ZrB,-SiC interfaces because the large thermal expansion
mismatch between the ZrB, and SiC grains generates residual stresses as high as 4.2 GPa at the
Z1B;-SiC interfaces [3]. The decreasing yield stress (see Fig. 3) simply reflects that the stress
threshold for generating quasi-plastic damage decreases with increasing temperature because the
thermal energy available is greater. Above 600 °C, grain boundary degradation is believed to
contribute to the accelerated fall of the yield stress, although this expectation remains to be
confirmed by experiments.

As the temperature increases, the asymptotic limit of the Hertzian curves also fall
significantly (see Fig. 2), indicating a marked drop in the hardness. This softening is linked to the
fall of the yield stress as the strain-hardening parameter is temperature-independent. The strain-
hardening capability is low (0.17+0.02), which can be considered as a good attribute of the ZrB;-
30% SiC UHTC as high strain-hardening values are typically accompanied by greater
susceptibility to fracture.

Let us now compare the load conditions to activate the different contact damage modes.
The ZrB,-30% SiC UHTC exhibits "ductile" contact behaviour in the whole temperature range
examined in the sense that the first damage mode is always quasi-plasticity, not fracture (see Fig.
4), a trend that is more evident as the temperature increases. This is an important attribute for any

UHTC, as it indicates a certain capacity of dissipating mechanical energy during contact without



macro-crack generation. The critical load for quasi-plasticity, however, decreases with increasing

temperature. This is explained considering simply that Py depends on the yield stress (Y) and
elastic modulus (E) as P, oc Y° / E’ [8], and that Y and E decrease with temperature as plotted in

Fig. 3. The critical load for cone-cracking also decreases with increasing temperature above 600

°C. This suggests that the toughness (K;c) of ZrB,-30% SiC UHTC decreases appreciably above
600 °C, as Pc satisfies the expression P. =8.63-10 Kfcr/E [8] and E (see Fig. 3) decreases with

temperature. Indeed, estimates performed using this expression indicate that K;- decreases
slowly from 3.6 MPa-m®" at room-temperature down to 3.3 MPa-m” at 600 °C, and then drops
to 2.7 and 2.5 MPa-m’” at 700 and 800 °C, respectively— note that the toughness calculated for
room-temperature is consistent with the 3.6+0.1 MPa-m®’ determined directly by Vickers
indentation, which lends strong credence to the toughness calculations. Assuming crack
deflection at the ZrB,-SiC interfaces, which is the case at room temperature [21], this sudden fall
in K¢ suggests again that these interfaces degrade above 600 °C. The "indentation strength" has

also been calculated from the critical loads for cone-cracking, using the expression
o=0-2v)P. / (27za*) [22]. In doing this, it is found that the ZrB,-30% SiC UHTC retains a

91% of its room-temperature "indentation strength" of 1914+£150 MPa up to 600 °C, and as much
as a 72% at 800 °C. While this reduction in strength has also been observed in flexure tests [3,4],
the "indentation strength" values are 2-3 times greater than the more typical bending strength
values because of the differences in the stress fields and deformation modes under Hertzian
indentation tests and the 4- or 3-point bending tests. Finally, it is also noted in Fig. 4 that P¢ and

Py curves split with increasing temperature, which can be explained with the input of the trends

of Kic, E and Y into the expressions P. oc K./E and P, oc Y*/E” . This splitting ensures that

quasi-plasticity will continue to be the first damage mode at higher temperatures.

With respect to the critical load for radial-cracking, it also decreases with increasing
temperature but is always much higher than Py. This is expected because radial cracks originate
due to the coalescence and growth of the microcracks nucleated at the weak ZrB,-SiC interfaces
(i.e., quasi-plastic damage), and Py decreases with increasing temperature. The important finding
is that Py is one order of magnitude greater than Py (i.e., than the critical load first damage
mode), which indicates clearly that the ZrB,-30% SiC UHTC is highly damage-tolerant. This is
doubtless an important attribute of the ZrB,-30% SiC UHTC because radial-cracking can cause



catastrophic failure, and therefore Py dictates the maximum load for ensuring mechanical
integrity in service. Note that although cone-cracking occurs well before radial-cracking, this
damage mode is not likely to cause failure except under cyclic loading conditions— which is

unlikely to occur in aerospace applications.

4. Conclusions

We have studied, for the first time, the elasto-plastic properties and contact damage
evolution of an UHTC, in particular ZrB,-30% SiC, as a function of temperature in air up to 800
°C, using to that end Hertzian indentation tests together with FEM. The elastic modulus and
yield stress decrease with increasing temperature, while the strain-hardening is constant. The
critical loads for onset of contact damage also decrease in general with increasing temperature,

and follow the sequence P, < F. << F, which indicates that the ZrB,-30% SiC UHTC is

"ductile" and damage-tolerant. Above 600 °C there occurs an important degradation of the
contact mechanical properties, which we would attribute to weakening of the grain boundaries
although this requires experimental confirmation. Finally, it is anticipated that systematic
application of this method will help identify processing guidelines with which to make UHTCs

highly contact-resistant for their use in aerospace applications.
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Figure Captions

Figure 1. SEM micrograph of the room-temperature fracture surface of the ZrB,-30% SiC

UHTC. In general, the larger grains are ZrB, and the smaller grains are SiC.

Figure 2. Indentation stress—strain curves of the ZrB,-30% SiC UHTC at temperatures in the
range 25-800 °C. Points are the experimental data, and solid curves the FEM fits. The error bars

are lower than the point size.

Figure 3. Elastic modulus (£) and yield stress (Y) of the ZrB,-30% SiC UHTC as a function of
temperature in the range 25-800 °C. The E and Y values and their errors were evaluated as

described in the experimental section. The solid lines are guides to the eye.

Figure 4. Critical load for the initiation of quasi-plasticity, cone-cracking, and radial-cracking in
the ZrB,-30% SiC UHTC as a function of temperature in the range 25-800 °C. The Py, Pc, and
Ppr values and their errors were evaluated as described in the experimental section. The solid
lines are guides to the eye, and the dashed lines denote abrupt falls. The doted line indicates that

Pr was greater than 8000 N at room temperature, and was therefore not measured.
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Figure 1
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Figure 2
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