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ABSTRACT

A new class of ZrB, composites reinforced with 40 vol% C short fibers and containing 5
wt% SiC in combination with 5 wt% MoSi,, HfSi, or WSi, successfully withstood extreme
conditions in a oxyacetylene torch. Different responses to the torch testing were recorded depending
on which secondary phase was present; this was primarily a result of the final density which ranged
between 83 and 94% of the theoretical value. The temperatures achieved on the surfaces of the
samples tested also varied as a function of the residual porosity and ranged from 2080 to 2240°C.
HfSi, additions offered the best performance and exceeded that of the baseline material that
contained only SiC. It is believed that this was due to its ability to promote the elimination of
porosity during densification and to the refractory nature of its oxide, HfO,. In contrast, MoSi, and
WSi, formed highly volatile oxides on the surface, which did not offer better protection than the
Z10,-Si0; scale that developed in the baseline.
Keywords: Ultra-high temperature ceramics; Ceramic matrix composites; Carbon fiber;

microstructure; ablation resistance.
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1. Introduction

Structural materials possessing thermo-mechanical properties capable of withstanding
extreme conditions are always of great interest for civil and military aerospace applications. Among
the most difficult to achieve are high temperature strength, toughness and oxidation resistance,
especially simultaneously in the same material. The EU-funded project C3HARME
[https://c3harme.eu/] aims to combine the best features of ceramic matrix composites, CMCs, i.e.
mechanical reliability, with those of ultra-high temperature ceramics, UHTCs, which impart
ablation resistance, with the goal of designing, developing, manufacturing and testing a new class of
structural materials with self-healing (SH) capabilities. These are the ultra-high temperature ceramic
matrix composites (UHTCMCs). Potential applications for these new materials are propulsion
nozzles and thermal protection systems (TPSs) for Earth re-entry or hypersonic flights, in particular
near-zero erosion nozzle inserts and near-zero ablation tiles. The materials being developed consist
of a matrix based on zirconium diboride (ZrB,), which offers a balance between cost, mass and high
temperature performance, and a reinforcing phase based on continuous or short randomly oriented
SiC [1][2][3][4][5][6] or C fibers [7,8,9].

As far as the mechanical properties of these UHTCMCs containing large volume fractions of
carbon fiber, i.e. above 30 vol%, are concerned, adequate values have been achieved in terms of
strength and toughness, ranging from 300-500 MPa and 6-10 MPa m” [10,11,12,13], respectively.
However, to date their high temperature ablative behavior has been poorly explored
[14,15,16,17,18], although it is a key requirement for use in harsh environments. Previous
experiments on a novel Cf-rich ZrB, composite, machined as a throat insert and integrated into a De
Laval nozzle composed of converging and diverging graphite parts, demonstrated the capability of
such ceramics to resist successfully the effect of a supersonic flame produced by a high velocity
oxy-fuel (HVOF) torch test under a mixture of methane, oxygen and air at high temperatures and
heat fluxes [8]. The ablation behavior under highly oxidative flames and extreme temperatures also

now needs to be verified.



Since both the boride matrix and the Cf reinforcement undergo oxidation above 800°C, it
can be desirable to include a protective third phase to increase the level of protection. In this
context, silicon carbide (SiC) has largely demonstrated its positive effect on boride-based
composites at intermediate temperatures as a result of the the formation of a borosilicate glass
during oxidation at high temperatures [19,20]. However, above 1650°C and at low oxygen partial
pressure, SiC undergoes active oxidation leading to the formation of a SiC-depleted layer, which
weakens the material by creating a layered architecture containing pores and voids [21], the amount
of which depends on the size, amount and distribution of the SiC phase [21,22].

Other compounds that are able to slow down the oxidation process include the transition
metal silicides, MeSi,, which also provide a silica-based glass upon oxidation [23,24]. In addition,
they can act as sintering aids, enabling the development of dense, fine and refractory
microstructures [4,25,26]. In particular, it has recently been determined that MeSi, has a key impact
on the oxidation behavior of monolithic ZrB, ceramics via the modification of the chemistry and
nature of the glassy, vapor and crystalline phases formed. This can result in relatively effective sub-
layers depending on the temperature ranges encountered [26,27,28].

In this work, ZrB, composites were produced containing high volumes, 40 vol%, of short
carbon fiber plus 10 vol% of oxidation retardant phases. The latter consisted of 5 vol% of SiC
combined with 5 vol% of one of three different MeSi, compounds, viz. MoSi,, HfSi, or WSi,. The
selection of these silicides was based on their compatibility with high-temperature environments,
i.e. they offer melting points above 1600°C, high stiffness and, owing to their beneficial effects on
densification, high temperature strength and potential oxidation resistance improvement for borides
[23,25,26,27,28]. Additionally, a comparative material without MeSi, but containing the same total
amount of SH additives, i.e. 10 vol% SiC, was also prepared as a reference baseline. The question
posed by this work was whether the replacement of 5 vol% of SiC with 5 vol% of MeSi, would
significantly improve the ablation resistance. Thus the UHTCMCs were exposed to the flame of an

oxyacetylene torch (OAT) at temperatures above 2000°C for 60 s. The analysis of the as-sintered



and oxidized materials is presented and discussed, with the focus being on the effect of the
secondary phases in promoting the formation of an ablation resistant microstructure.
The novelty of this work lies in the production and successful testing of a new class of

UHTCMCs that can survive extreme conditions of oxidation at up to 2000°C.

2. Experimental procedure
2.1  Materials preparation
The characteristics of the precursor materials, ZrB,, SiC, MoSi,, HfSi,, WSi, and carbon fibers, are

listed in Table I. The nominal compositions were set as follows (in vol%):

(ZtB, + 10 SiC) + 40 Cf (ZBS)

(ZtB, + 5 SiC + 5 MoSiy) + 40 Cf (ZBM)
(ZtB, + 5 SiC + 5 HfSiy) + 40 Cf (ZBH)
(ZtB, + 5 SiC + 5 WSiy) + 40 Cf (ZBW)

To enable a good dispersion of the additives, the ceramic powders were initially mixed by wet ball-
milling for 4 hours, using SiC milling media in EtOH, then the chopped carbon fibers were added to
the slurry and mixed for an additional 20 hours. The slurries were dried in a rotary evaporator and
de-agglomerated. Hot-pressing cycles were conducted for all of the different materials in a low
vacuum (~100 Pa) using an induction-heated graphite die with an uniaxial pressure of 30 MPa
during the heating phase, this was increased to 40 MPa once the sintering temperature of 1900°C
was reached. After 30 min at this temperature, the furnace power was turned off and the specimens

were allowed to cool naturally.

2.2 Oxyacetylene torch (OAT) tests
Discs of 30 mm diameter and 4 mm height were cut by EDM from the sintered pellets and tested in
a custom built oxyacetylene torch facility at the University on Birmingham, UK, Figure 1. The

samples were clamped during the test using screws and a holder made of G348 ultra-fine grain



isostatic graphite (Tokai Carbon Europe, Warley, UK) oriented at 90° to the torch flame direction at
a distance of 30 mm to achieve a heat flux of 8.5 MW m™. The samples were exposed for 60 s to
the oxidizing flame with an acetylene: oxygen ratio of 1: 1.35. At the end of the testing period, the
samples were gradually moved away from the flame to avoid cracking due to thermal shock. The
back face temperature was recorded using a K type thermocouple connected to a data logger and
placed in contact with the sample through a hole drilled in the sample holder. A thermal imaging
camera (FLIR A655sc, SLIR systems AB, Sweden) and 2-color pyrometer (METIS M3,
Sensortherm, Germany) logged the sample surface temperature as a function of time. The 2-color
pyrometer (2-CP) was capable of recording temperatures from 1000 to 3000°C and the modified
thermal imaging camera (TIC) could record temperatures up to 2800°C when combined with a

neutral density filter.

2.3  Characterization

The bulk densities of the sintered pellets were measured by Archimedes’ method using
distilled water as the liquid medium.

The microstructure before and after each torch test was analyzed on the surface and cross-
section using scanning electron microscopy (FE-SEM, Carl Zeiss Sigma NTS Gmbh, Oberkochen,
DE) and energy dispersive x-ray spectroscopy (EDS, INCA Energy 300, Oxford instruments, UK).
The thickness of the oxide layer formed was measured in the center of the disc, i.e. in the area most
damaged by the flame.

The topological characterization of the as-machined and oxidized surfaces was performed
with a Contour GT-K 3D non-contact profilometer (Bruker, Germany) on areas of 6 x 24 mm? at the
center of each disc and the data was analyzed using commercial software (Vision64 Map). The
evaluation of texture was undertaken using 3D field parameters since they can provide more
comprehensive information about surface texture than 2D data. By definition, the former are less

sensitive to individual perturbations and so more stable results are generally obtained. The



evaluation of 3D texture parameters was performed on the datasets collected after de-noising
(median filter 5x5) after removing and filtering with an aerial robust gaussian L-filter.

The 4-pt bending flexural strength (o) of the as-sintered composites was measured at room
temperature and at 1500°C in a partially protective argon atmosphere according to the guidelines of
the European standards for advanced ceramics EN 843-1 and ENV 820-1 by fracturing five
chamfered bars with dimensions of 25 mm x 2.5 mm x 2 mm (length by width by thickness,
respectively). A semi-articulated alumina 4-pt fixture (lower span 20 mm, upper span 10 mm) was
used in a screw-driven load frame (Instron mod. 1195) with a 1 mm/min cross-head speed.

Phase stability diagrams were computed by means of the commercial package HSC Chemistry

v. 6.1 (Outokumpu Research Oy, Pori, Finland).

3. Results and Discussion
3.1  Microstructure and properties of as-sintered materials

The most important parameters affecting the oxidation behavior of Cf-reinforced materials
are primarily the density, i.e. the degree of porosity and whether it is connected or not, and the
nature and type of secondary phases. Therefore these will be the main focus of the results and
discussion, Table 2.

Despite the high volume fiber content, all the materials were observed to have their carbon
fibers well dispersed since no agglomeration or macro defects were detected. As confirmation of
this, both the linear and surface average roughnesses of the as-machined samples, Ray and Say, were
not significantly different, Table 3.. An example of the microstructure of a ZBS sample is shown in
Figure 2a. The fiber length was significantly reduced during processing from the initial 3000 um to
around 150-200 pm as a consequence of the ball milling. Microstructural details of the silicide-
containing composites are shown at higher magnification in Figures 2b-d.

The relative density of the Cf-reinforced composites reported in Table 2 is expressed as the

percentage ratio of the experimental and theoretical values, the latter being calculated using the rule



of mixtures for the starting compositions. The relative densities were higher than 90% for the ZBS,
7ZBM and ZBH materials, but only 83.5% for the ZBW. It should be noted that the values for
individual samples underwent slight variations due to some significant reactions between the matrix
and the sintering additives and reinforcement, as explained later.

The baseline material, ZBS (not shown at high magnification), revealed homogeneously
scattered SiC particles and about 7 vol% of residual porosity as determined by image analysis, in
agreement with Archimedes’ measurements.

For the silicide-containing composites, independent of the MeSi, used, the original ZrB,
grains of the matrix were surrounded by a solid solution with general formula (Zr,Me)B,, in
agreement with previous studies [25,27,28] and as a consequence of the densification process
involving a transient liquid phase formed by partial dissociation of the silicide [25]. This feature is
particularly visible in ZBH, Figure 2c, owing to a higher amount of Me, in this case Hf, being
dissolved in the ZrB, lattice. ~10 at% of Hf dissolved due to its similarity with Zr compared to only
~6 and 2 at% for the other two materials, ZBM and ZBW respectively. In all cases, the SiC
particles, with dark contrast, were homogeneously scattered through the matrix. In addition, further
tiny SiC particles formed at the fiber/matrix interface as a consequence of the silicide dissociation
within the hot pressing chamber, resulting in fibers with irregular profile. The material sintered with
HfSi, (ZBH), which resulted in the greatest degree of densification of the three, displayed reaction
products at the fiber edges, see the inset in Figure 2c. These tiny HfC crystals formed locally as a
consequence of a Hf-Si-C-B liquid phase running along the fibers during sintering [29].

As for the secondary phases, occasionally MoSi, or MoB phase could be detected in the
ZBM, whilst residuals of Hf-Si and W-B-C phases were found in ZBH and ZBW, respectively;
these are recognizable from the bright contrast in Figures 2b-d.

The room temperature 4-point bending strength, summarized in Table 2, was in the range of
similar materials containing high volume fractions of carbon fiber [8] and generally followed the

density trend spanning from ~100 MPa for the most porous ZBW to 136 MPa for the most dense



ZBS and ZBH. The strength at 1500°C increased for the two composites available for testing,
probably due to partial oxidation of the Si-containing species into healing silica glass. Unfortunately

for ZBS and ZBH no bars could be machined and mechanically tested.

3.2 Ocxidation behavior under OAT testing

The temperature at the front and back surfaces of the composites was monitored by both TIC
and 2-CP and, generally, the 2-color pyrometer measured temperatures very slightly higher than the
infra-red camera, see Figure 3a. The plot in Figure 3b displays the thermal profiles of the three
materials measured by 2-CP on the front surface. Although the samples were all tested 30 mm from
the torch nozzle, and hence saw the same heat flux of 8.5 MW m?, the heating rate achieved and
final maximum temperature achieved on the front and back surfaces varied. The most probable
cause was the varying thermal conductivities of the different composites, which were, in turn,
related to the residual porosities and compositions. The thickness of the oxide layer that grew
during testing will also have had an effect. The ZBW achieved 2240°C, ZBM 2170°C, ZBH
2105°C and the reference ZBS a slightly lower temperature of 2076°C. This is consistent with the
lower density samples achieving higher temperatures because they have a lower thermal
conductivity and so the heat cannot escape from the front face so easily. The mass of the samples
was also monitored before and after OAT testing. The specific weight loss shows the same trend as
the porosity and maximum front face temperatures for the silicide-containing materials, highest for
ZBW, followed by ZBM and ZBH, Table 2. This indicates a lower oxidation resistance for the
samples with higher porosity as expected, due to easier penetration of the oxygen through the pores
during the tests. It should be noted, though, that for materials with comparable volume fractions of
residual porosity, 7% for the ZBS and 6% for ZBH, different mass losses were observed. The
specific mass loss for the ZBH was approximately half that of the ZBS even though it experienced a
30°C hotter temperature, suggesting that the presence of the HfSi, improved the oxidation

resistance.



3.3  Microstructure of oxidized composites and evolution mechanism

Images of the discs before, during and after torch testing are shown in Figure 4. They all
reveal a damaged circular area, with relative extension varying from 6.0 to 8.6% of the total surface
disc, as measured by image analysis, and their aspect reflects the temperatures experienced. The
ZBS and ZBH were the least damaged, whilst that containing MoSi,, which attained a 60°C higher
temperature, shows the first signs of oxide cracking, and the sample with WSi,, which achieved
2240°C, some 164°C higher than the reference, displayed some oxide spallation. As a rule of
thumb, the whiter regions, i.e. the inner damaged circle, was composed of crystalline ZrO,, whilst
the darker colored regions, i.e. the periphery, contain the silica-based glass, as explained in detail
below.

The surface roughness of the oxidized discs is reported in Table 3, whilst Figure 5 shows the
topography maps of the silicide-containing materials for a more immediate and straightforward
comparison. Sa and Sq are the lowest for ZBS and ZBH and equally high for ZBM and ZBW, in
agreement with the appearance of the discs. The topographic images in Figure 5 reflect the degree
of damage that the discs underwent and show a more homogeneous surface in the case of ZBS and
7ZBH, the formation of craters and bubbles in the case of ZBM, and exploded craters with some
ablated material in the case of ZBW. The circumference segments identifiable in ZBS and ZBH
mark the edges of the hottest zone directly hit by the torch.

All the disc surfaces were depleted of Cf after the torch tests with the central regions
composed of only ZrO,-based crystalline phases, Figure 6a, Figure 7a, Figure 8a and Figure 9a,
whilst outside the hottest zone a SiO,-based glass filled the locations where the fibers had been
since they constituted the easiest interconnected channels for fluid flow, Figure 6e, Figure 7d,
Figure 8d and Figure 9d. In the case of ZBM, ZBH and ZBW, no clear evidence of Mo, Hf or W
was found in the silica glass, as confirmed by the EDS spectra in Figure 7e, Figure 8e and Figure

9e. The ZrO, grain morphology also followed a common behavior; in the center the grains were



coarse, partially coalesced or even melted, whilst around the edge they had a granular aspect and
retained a very fine microstructure, compare, for example, Figure 6¢&f. In addition, in all cases,
small cracks departed from the centers towards the less damaged edges. For the ZBM and ZBW,
bubbling, fissures and spallation were also clearly visible in the center, see as an example the insets
of Figure 7a and Figure 9a, whilst the surface of ZBH was smoother, consistent with the respective
temperatures experienced. In addition, in the ZBH, it was possible to identify the oxidation product
of the initial (Zr,Hf)B, solid solution of the matrix; the ZrO, grains were decorated and
interpenetrated by stable HfO, nano-inclusions, Figure 8c. For the other two silicide-based
materials, no inclusions were observed within the outermost ZrO, grains owing to the highly
volatile nature of the corresponding metal oxides [30,31]. As confirmation of the escape of volatile
species, ZrO; grains in ZBM show intragranular porosity, Figure 7b&c. It should also be noted that
the tiny bright particles visible in ZBW in Figure 9b&c were observed on the surface upon
spallation of a small portion of the outermost scale, i.e. in the first sublayers. According to the high
volatility of WOy phases [31], and in agreement with oxidation studies at 1650°C [27], it is
presumed that any W-phase that experienced the oxidizing flux at the high temperature of the torch
immediately vaporized, leaving effectively pure ZrO, grains behind.

As far as the secondary phases were concerned, no Mo-compound could be detected on the
surface of sample ZBM, while Hf-Si residuals oxidized into HfO,, Figure 8b, and W-B-C into a
WO; intergranular phase, Figure 9b, were found on the surface of samples ZBH and ZBW
respectively.

Comparative sections of the oxidized discs are shown in Figure 10. The total oxide scale in
the centre of each disc, the most damaged areas, was quite homogeneous in thickness but varied
depending on the temperature experienced and the silicide added, 95+2 um for ZBS, 1254+6 um for
ZBM, 40£3 um for ZBH and >122+6 um for ZBW. For the latter, no precise measurement of the
oxide thickness was possible owing to partial removal of the outer scale. For all systems, no C

fibers were found in the ZrO,-based scale layer, all the fibers were completely vaporized leaving

10



just their empty cavities partially filled with silica and other MeSi, oxidation products. Undamaged
carbon fibers existed only where the boride matrix was found to remain un-oxidized.

For the baseline composite, Figure 11, no SiC particles were found in the ZrO, scale, but
rather, close to the unoxidized bulk, silica glass filled the voids left by the fiber preferential
consumption, whilst moving towards the surface, their cavities were left empty, owing to SiO
vaporization, see Figure 11b&c.

For the materials containing MeSi,, the (Zr,Me)B; solid solutions of the matrices oxidized
following the typical oxidation behavior recently outlined in dedicated studies [27,28] and
expressed by reactions (1-3), resulting in ZrO, grains trapping nano-inclusions based on MoB, HfO,
and W/WOs;, depending on the most stable phase at the oxide/boride partial pressure locally

established in the sub-surface scales [28], as explained later.

(Zr0.94M00,06)B2 + 2.39502(g) — 0.9421‘02 + 0.06MoB + 0.97B203(1/g) (1)
(Zrp.90Hf).10)B2 + 2.502(g) — 0.90ZrO, + 0.10HfO, + BzO}(]/g) 2)
(Zr0.98W0.02)B2 + 24802(g) — 09821'02 +0.02W + BzO}(]/g) (3)

Details of the cross section of the ZBM disc are shown in Figure 12. The oxide layer,
partially spalled off upon fracture, is delineated by a dotted line in Figure 12a. Figure 12b-d show
the carbon fiber-depleted sites partially filled with silica and MoOs3, both oxidation products of the
MoSi, phase according to reaction (4).

MoSi; + 3.50,() — 2510, + M0Os( 4)

2MoSi; + B,03 + 5/20, = 4Si0; + 2MoB (5)

When the MoSi, was in good contact within the oxidizing boride matrix, the formation of MoB was
the most favorable product according to reaction (5). In Figure 12e it is indeed possible to identify
the oxidation products of the initial (Zr,Mo0)B; solid solution composed of ZrO, grains encasing

MoB nano-inclusions.

11



Details of the cross section of the ZBH disc are shown in Figure 13. The oxide layer did not
spall off or fracture, confirming good adhesion to the un-oxidized bulk, Figure 13a. Then in Figure
13b the oxidation products of the initial (Zr,Hf)B, solid solution composed of ZrO, grains encasing
HfO, nano-inclusions may be observed. Figure 13c&d shows the carbon fiber-depleted site partially
filled with HfSi, or HfC oxidation products, silica and HfO,, according to reaction (6).

2HfSi, + 60, = 4Si0, + 2HfO, (6)

Images of the cross section of the ZBW disc are shown in Figure 14. The oxide layer spalled
off after torch testing, probably due to both the high temperature achieved, 2240°C, and the initial
lack of densification, Figure 14a. In the residual outer oxide layer, C fibers were completely
removed leaving ZrO, grains with an intergranular WOj3 phase, Figure 14c&d. A closer view of the
ZrO, grains, however, rarely showed the formation of W-nano inclusions previously observed upon
oxidation of a similar (Zr,W)B, solid solution [27] and in contrast to the previous two materials.
This is possibly due to the local chemical environment being rich in CO/CO; from the fiber
oxidation, rather than B,0; arising from the boride oxidation reaction (equation 3). As the
temperature profile decreased from the hottest location, silica was found filling the fiber cavities
with round crystalline precipitates containing W and Zr, Figure 14e&f. Further inside, close to the
boride/oxide interface, the carbon fibers were still present but generally covered by silica-based

glass and W-oxides, identifiable by the bright contrast.

3.4  Ablation resistance of the composites

The great benefit of the introduction of a large volume fraction of fiber is clearly
demonstrated in this study, since all materials withstood the high-enthalpy torch test and the high
thermal shock associated with it and none of them shattered into pieces despite the high initial
heating rate. In addition, none of the materials led to the formation of columnar zirconia in the
oxide sub-scales, which is very detrimental to the protection of the composite. This is probably due

to the effect of scattered discontinuous fibers that hindered a straightforward gases leak and growth

12



of zirconia in vertical columnar pillars. Similar outcomes were observed when SiC short fiber were
added to ZrB; [32]. However, different responses to the oxyacetylene flame were observed in this
work depending on the nature of the secondary phase introduced, Figure 4. After these first torch
tests it seems that all the materials considered displayed similar behavior in terms of their oxidation
mechanisms, weight variation and microstructural features. However, if there is interest in using
them as reusable materials, some compositions will have more chance of success in terms of
durability. Therefore it is important to understand the causes of this different behavior between one
composition and the next. It is apparent that the replacement of 5 vol% of SiC with a silicide is not
always a benefit for the ablation behavior.

If we first consider the weight change behavior, we have to assess that it is not the most
reliable measure of oxidation resistance for such materials with different constituents forming
different volatile products (e.g. MoOs, WOs3 or SiO) and can complicate the interpretation of the
results. However, comparison of the relative weight changes for the simple oxidation reactions of
the MeSi, vs SiC additions could provide baseline information. Therefore, Table 4 collects the main
oxidation reactions for SiC and silicides and the relative weight change per mole of O,. Under the
hypothesis that silica is pure (without cation doping) and is not splashed away by the torch flux,
similar weight gain occurs for SiC and HfSi,, whilst weight loss occurs for MoSi, and WSi,
additions. This calculation only partially reflects the observed behavior (HfSi, doping is the best),
confirming that cation-doped silica glass is more beneficial for the oxidation behavior as compared
to pure silica glass.

Effect of residual porosity - The first effect of the addition of the different silicides arose
from the initial densification. The different degrees of densification achieved, 92% for ZBM, 94%
for ZBH and 84% for ZBW, can be related to the melting points of the transient liquid phases
formed during sintering that favored the mass transfer mechanism in a more or less effective
manner [25]. Establishing the exact composition of the melts and the temperature at which these

formed is out of the scope of this paper, since the large abundance of C, derived from the high

13



volume content of fiber and the hot press components, plus the oxides present as impurities in the
starting powders, make calculations too difficult. However, if the pure Me-Si systems are
considered [34], liquid phases appear at the lowest temperature in the Hf-Si system, ~1325°C,
followed by Mo-Si, ~1900°C, and W-Si, ~2000°C, in agreement with the final density achieved.
This speculation can partially justify the observed density variation of the matrices in the materials
containing MeSi,. As for the baseline material, the thin silica coating covering the SiC particles will
have efficiently promoted densification. The fact that none reached full density is certainly due to
the consumption of the liquid phases by the carbon fiber through reaction to form solid products,
such as SiC and Me-C compounds [7].

Temperatures ranging from 2076 to 2241°C were achieved on the surface, Figure 3. Given
these variations of actual temperatures experienced by the materials, it is difficult to establish a
performance ranking. However based on the similar density criterion, we can reasonably compare
the baseline ZBS with ZBM and ZBH, which possess relative densities between 92 and 94% of the
theoretical density.

Concerning the effect of the introduction of a transition metal silicide on the ablation
resistance of these ZrB,-SiC-Cf UHTCMCs, we cannot draw a universal conclusion. Figure 4
clearly displays that some additives outperform SiC, such as HfSi, which has the thinnest oxide
scale and lowest weight loss, whilst others are detrimental, such as MoSi, and WSi,. The cross
section analysis of Figure 10 further shows that although ZBS experienced the lowest peak
temperature, 2076°C, the oxide scale was more than twice as thick as that on the ZBH, which
reached 2105°C, though only 40 pm of scale resulted.

Oxide thickness and stability - The oxide thickness in ZBS was more comparable to the
ZBM which achieved 2168°C, i.e. 100°C higher than the reference baseline material. In this
perspective, modification of the chemistry of the baseline with Hf compounds are suggested for
improving the ablative properties of such fiber-rich composites. The scientific reason is

understandable looking at the phase stability diagram shown in Figure 15.
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The effect of MoSi, and HfSi,, which attained similar density levels, 92-94%, and achieved
close surface temperatures, 2105-2170°C, can be approximated. From SEM investigation of the
cross section, the oxide scale is remarkably different in the two materials, 125 and 40 pm,
respectively. It can be speculated that, beside an approximate 70°C temperature effect, the oxidation
behavior of the two additives influences the overall response of the materials.

The oxidation of these systems is mainly defined by oxygen inward diffusion through the
sample and the outward diffusion of, mainly, B,O3; and CO/CO, towards the sample surface, as a
consequence of the oxidation of the ZrB, matrix and C fibers, respectively, and of lower amounts of
Si0/Si0; due to SiC oxidation.

If the Zr-B-O system is considered, the introduction of MoSi, to a boride matrix yielded MoB
and MoOj; as oxidation products, see the blue line in Figure 15a. At high oxygen partial pressures
and low B,Oj; partial pressure, that is in the outer oxide scales, the most favorable products will
have been Mo-oxides, which are highly volatile [30]. A similar behavior was found for WSi,
additions to the boride matrix, with the formation of volatile W-oxides [31]. In contrast, according
to the predominance diagrams, HfSi, could yield HfB, and HfO, which remained solid up to
2760°C, see the red lines in Figure 15a. The presence of volatile compounds, such as Mo-oxides or
W-oxides, both within the ZrO, grains and at the triple junctions, results in pores and voids
throughout the oxide scale, which all contribute to the embrittlement of the scale. On the other
hand, solid HfO, guarantees a higher oxide density and thus less channels are available for oxygen
penetration through the bulk.

The presence of large amounts of carbon fibers complicates the system, but does not change
the overall picture. In proximity to the fiber sites, the material is locally saturated in CO instead of
B,0;, Figure 15b. For MoSi, addition, the Me-C-O predominance diagram indicates formation of
various species including Mo-oxides and carbides, which are unstable. Similar considerations hold
for WC additions. It follows that the development of bubbles and zirconia embrittlement will be

even faster in ZBM (and ZBW) as a result of rapid vaporization at high temperatures. In contrast,
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for HfSi, additions in ZBH, the higher stability of HfC, Hf-C-O and HfO, as solid products will
yield a higher density zirconia-scale, even compared to the ZBS.

So, to answer the initial question about the effect of MeSi, on the ablation behavior of this
new class of composites, the experiments performed demonstrated that not all MeSi, are to be
preferred to SiC additions. Actually, for MoSi,, HfSi, and WSi,, only the material containing HfSi,
proved superior to the baseline material owing to its increased capability to promote the elimination
of porosity during densification and to the refractory nature of its corresponding oxide, HfO,, which
remains a solid compound up to 2760°C. In contrast, MoSi, and WSi,, although form oxidation
products which are stable in the sub-scales, form highly volatile oxides on the surface which do not

offer better protection than a pure ZrO, scale developed in the presence of just SiC.

4. Conclusions

The aero-thermal behavior of ZrB, ceramics containing 40 vol% of chopped carbon fiber, 5
vol% SiC and 5 vol% of various transition metal silicides, MoSi,, HfSi, and WSi,, has been
evaluated using an oxyacetylene torch at T>2000°C and compared to a baseline composite
containing only 10 vol% of SiC. All composites successfully resisted the harsh conditions and none
of them shattered, nor developed columnar ZrO,-grains in the outer-scale, which is generally
considered the precursor step before catastrophic material oxidation. Different front and back
temperatures were achieved mainly depending on the material porosity and hence its thermal
conductivity. The thickness of the growing oxide layer may have also played a role.

The material containing HfSi, (ZBH) showed the highest capability to resist oxidation in
these demanding conditions due to the formation of an adherent oxide scale with a thickness of just
40 pm, thanks to the local formation of solid HfC or HfO,. The other two silicides allowed the
oxidation of a thicker portion of material, around 122-125 pum, owing to the formation of volatile

Mo- and W-oxides which embrittled the zirconia outer structure. The higher front and back
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temperature of ZBW compared to ZBM, despite the similar oxide scale thickness, was attributed to
the higher initial porosity of the former (17%) compared to that of ZBM (9%).

In view of these results, these new materials are believed to show promise and potential for
use in ultra-high temperature applications such as thermal protection systems and solid/hybrid-

propellant rocket nozzles.
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Tables

Powder Grade and Supplier /(:f;l f:l;:,t/z’ Mam/lvlzlltlz/l:ntles
ZrB, |B, H.C. Starck, Germany 2.3 >98 10:0.8, Hf:1.82, N:0.19
SiC |UF-25, H.C. Starck, Germany 0.42 >99 0:1.7, Fe:0.04, Al:0.03
MoSi, |<2 micron, Aldrich, Germany 2.94 >99 0:1.0
HfSi, |in-house synthesized [36] 3.5 - 10:0.1, C:0.07
WSi, |-325 mesh, Sigma Aldrich, Italy - >99.5 metal traces <6000 ppm
Cf %(ilgef,()]i p(;‘jls’ Nippon Graphite leng@tﬁ130000 - [size content: 2.9 epoxy resin

Table 1: Main characteristics of the raw powders and fiber used.

Sample | Additive | Rel.p | Porosity |Specific weight Ot’l‘lll(zf“llz:r orr | G100
/ vol% ! % ! % loss / % cm / um /MPa | / MPa
ZBS 10 SiC 92.8 7 0.007 05+2 | 13543 | na.
ZBM |5 SiC, 5 MoSi,| 91.5 9 0.012 12546 | 116=1 | 20142
ZBH |5 SiC, 5 HfSi,| 93.7 6 0.004 40+3 | 13747 | na.
ZBW |5SiC, 5 WSi,| 83.5 17 0.015 >122+6% | 102+1 | 143+1

*oxide spall-off during the torch test

Table 2: Composition, relative density (p) and residual porosity of the ZrB, materials containing 40
vol% of chopped Cf hot pressed at 1900°C for 30 min under 40 MPa, specific weight loss upon the
test, thickness of the oxide scale formed in the hottest zone and 4-point strength at room
temperature and 1500°C in Ar.
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As-machined surfaces Surface upon torch test
Sample /17331 /Sﬂn /Sl:llgl /1;?11 /i?n /i?n
ZBS 0.69+0.15 1.3 2.0 1.42+0.12 8.6 16.2
ZBM 0.43+0.12 1.2 2.1 1.30+0.14 18.6 26.7
ZBH 0.35+0.06 1.2 1.7 3.02+0.32 11.4 15.1
7ZBW 0.40+0.06 1.4 1.9 1.18+0.16 19.3 27.6

Table 3: Roughness parameters before and after torch test. Ra: mean linear roughness, Sa:
mean surface roughness, Sq: root mean squared height.

SH phase Reaction Awt%
SiC SiC + 1.507g) — Si0y() + CO(g) 50.0
MoSi, [MoSi; + 3.505) — 2Si02gy) + M0O3) | -21.0
HfSi,  [2HfSi; + 605 — 45105y + 2HTO, 40.9
WSi, | WSiy +3.505) — 28105y + WO3(g) -49.9

Table 4: Relative weight change per mole of O, for the basic oxidation reactions of the

various self-healing (SH) phases.
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Figures captions

Figure 1: Schematics of the oxy-acetylene torch experimental arrangement.

Figure 2: SEM micrographs of the short Cf composites showing a) an overview of the baseline
composite microstructure containing 10 vol% SiC and, at higher magnification, samples containing
5 vol% SiC particles and 5 vol% of b) MoSi,, ¢) HfSi, and d) WSi,. The inset in c) is an enlarged

view of the fiber/matrix interface showing the formation of HfC nano-crystals.

Figure 3: a) Plot of the maximum temperature achieved on the front and back surfaces measured by
2-color pyrometer and thermal infra-red camera during OAT testing and b) the temperature profiles

measured by 2-CP on the front surfaces for all the UHTCMC:s.

Figure 4: Images of the discs before, during and after torch testing.

Figure 5: 2D (left) and 3D (right) topographic maps of the torched discs.

Figure 6: (a-c) SEM images taken in the most damaged region of the outer surface of the baseline
disc upon torch tests, overview (a) and microstructure details (b, c). (d-e) Microstructure outlook in
the outskirt of the disc evidencing the presence of SiO,-glass at the fiber sites and nanosized ZrO,

grains.

Figure 7: (a-c) SEM images taken in the most damaged region of the outer surface of the ZBM disc
after torch testing, overview (a) and microstructural details (b&c). The inset in a) shows exfoliation
of the surface. (d&e) Microstructure outlook at the edge of the disc showing the presence of SiO,-

glass in the fiber sites with the corresponding EDS spectrum.

Figure 8: (a-c) SEM images taken in the most damaged region of the outer surface of the ZBH disc
after torch testing, overview (a) and microstructural details (b&c). The inset in a) shows the EDS
spectra of ZrO, and HfO,. (d&e) Microstructure outlook at the edge of the disc showing the

presence of SiO,-glass in the fiber sites with the corresponding EDS spectrum.

Figure 9: (a-c) SEM images taken in the most damaged region of the outer surface of the ZBW disc

after torch testing, overview (a) and microstructural details (b&c). The inset in a) shows the EDS
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spectra of ZrO, with W-based inclusions. (d-f) Microstructure outlook at the edge of the disc

showing the presence of Si0,-glass in the fiber sites with the corresponding EDS spectrum.

Figure 10: SEM images of the most damaged areas of the disc cross sections showing the

respective oxide thicknesses.

Figure 11: SEM images of the cross section of the baseline disc showing microstructural details

after torch testing.

Figure 12: SEM images of the cross section of the ZBM disc showing microstructural details after

torch testing and below the EDS spectra of MoSi, oxidation products.

Figure 13: SEM images of the cross section of the ZBH disc showing microstructural details after

torch testing with the EDS spectra of the oxidation products.

Figure 14: SEM images of the cross section of the ZBW disc showing microstructural details upon

torch testing with the EDS spectra of the oxidation products.
Figure 15: Phase stability diagrams for the Zr- (black), Hf- (red) and Mo- (blue) systems calculated

at 2000°C as a function of oxygen and a) boron oxide partial pressures or b) carbon oxide partial

pressurces.
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