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Abstract

Directionally Solidified 72.8 mol% ZrB- 27.2 mol% SiC (equivalent to 20 vol%)
composite was fabricated using a crucibleless-ngeliechnique. Microstructural and
XRD analyses confirmed the texturing of grains kmdellar structure. The Lotgering
(00I) orientation factor was as high as 0.97. Thiekhess of the lamellae was about
5um. Bright-field TEM images confirmed that the ediecomposite has continuous
ZrB, and SiC phases. Electron diffraction patterns flmth the ZrB and SiC phases
were indexed as hexagonal and 3C-cubic structuespectively. Line defects such as
dislocations, stacking faults and twins were obsérin the SiC. Oxidation studies
performed at 1873K for 1h demonstrated that the ptesnobtained by melting
showed an improved oxidation resistance compareaBe SiC composites obtained
via sintering due to the formation of a passivaticwntinuous Si@ layer. The
oxidation mechanisms are discussed, the orientaimahSiC lamellae as acted as an
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effective barrier to the inward oxygen flux and ydd a key role in retarding

oxidation.
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I ntroduction

Ultra high temperature ceramics (UHTCs) are carididgaaterials for a variety
of aerospace applications owing to their unique lwoation of properties, including
high melting temperature (>3273K), high strengthg digh elastic modulus[1-5].
However, their oxidation resistance (especiallyddditive free materials) is a major
issue in the development of transition metal boriolesed UHTCs for high
temperature applications as the oxidation produgd;Bevaporates resulting in a
porous and non-protective columnar Zi® HfO, grain structure.[6—9]

Most developments to increase the oxidation resistanf UHTCs are based on
the addition of 20-30 vol% SiC to produce a pratecsilica (silicate) layer on the
surface during oxidation. To further improve theidation resistance of ZeBSIC
composites, transition metal borides such as,,TiBaB, and VB have been
added.[10-12]Other approaches adopted to enharcextation resistance include
adding silicides, which increase the viscosity loé tiquid silica layer[13—17] by
making the different liquid phases immiscible.[1@}1Another approach is to
fabricate dense ZrOlayers via liquid phase sintering, thus reducingygen
penetration and its diffusivity.[18,19]

Using a different approach, the-situ development of solid refractory oxide
protective layers by adding rare earth (RE) oxitbeZrB,/SIC composites was also
proposed in Refs.[20,21] Addition of RE oxides fe@dnRE zirconates as an outer
protective layer that has higher melting point dader oxygen diffusivity when
compared with silicates or oxides. Chetnal. developed the eutectic composition of
LaBs-ZrB, and investigated its oxidation behaviour.[22] lasvexpected that the
absence of low energy grain boundaries in the &ateuicrostructure would

contribute to improved oxidation resistance. Howetlge oxidation studies at high
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temperatures showed that the Directionally SokdifiDS) LaB-ZrB, was not a
sustainable candidate for UHT applications in aécduse of its poor oxidation
resistance in spite of its excellent creep rest&and other mechanical properties.[22]
Directionally Solidified LaB-ZrB, exhibited parabolic oxidation kinetics below
1373K with 80 minutes holding time and behaved {haearly above this
temperature due to the rapid evaporation gdBand the separation and run-off of
lanthanum borate liquid in the scale, which offeleds of a barrier to oxygen
diffusion. Furthermore, preferential oxidation cdBs occurred in the composite and
appeared more aggressive at low oxygen partiatpres.

Although previous oxidation results on DS UHTCgeveot encouraging,[22] it
is expected that DS materials might exhibit beterdation resistance at high
temperatures. Melt grown eutectics have microstinest with a three-dimensional
continuous network of elongated mono-crystal phagéisout grain boundaries. At
present, various microstructure design techniqueas lbeen employed to fabricate
textured ZrB-based ceramics. These methods include: hot fofg@Bigtemplate grain
growth;[24] strong magnetic field alignment;[25]damelt solidification.[26] Among
all these methods, the oxidation resistance of madde produced via melt
solidification has not yet been reported. For tt@ason, this work was focused on

textured materials obtained via melt solidification

Experimental Details

The DS composite was produced by a floating zone methodedaon
crucibleless zone melting of the compacted powderglescribed by Loboda[27].
Cylindrical billets of powder mixtures of ZpESiC, and boron 10 mm in diameter and
140 mm long (porosity 35- 40%) were compacted usimgxial pressing. The ingots
were subjected to zone melting with induction hegtin a Kristall-206 unit in an
atmosphere of ultrapure helium (99.999 mass%) @easure of 1 atm. The billet
was melt using an induction heating at a rate @uald000 K/min under constant
power, the speed of movement (relative to the italiovas 2 mm per minute.

Directionally solidified ZrB-SiC with a molar composition of 80:20 vol% and a

3



relative density close to 99% was obtained. Z@ade B with average particle size
of 2.4 um supplied by Starck (Germany) containimgurities of C 0.13; O 0.8; N
0.21; Hf 1.77, wt % was used as starting matefiae SiC starting powder used for
this investigation was UF-1@-SiC with average patrticle size of 0.7 um produced
by H.C. Starck (Germany). The purity of the staytpowder was 98.5 wt%. The main
impurities were O (<1.1 wt%),Al(<0.03 wt%), Ca (80.wt%) and Fe (<0.05 %wt).
The bulk density of sintered samples was measusetyuhe Archimedes’ method
with distilled water as the immersion fluid and theoretical density was calculated
from the rule of mixtures.

Spark plasma Sintering experiments was done usingRs furnace (FCT HPD
25; FCT Systeme GmbH) under vacuum (~5 Pa), heasitegwas 100 K/min dwell
time at 2373 K of 10 minutes and pressure of 40 MPa

The oxidation studies of the DS ZBIC sample were carried out using a
conventional open-hearth bottom loading furnacet&wegular bars of dimension 4 x
5 x 5 mni machined from a DS ZgBSiC ingot were placed on an alumina boat so
that there was minimal contact to maximise airflover the samples. In the TG-DTA
experiments, a rectangular bar of same size (4 x5 mnt) was kept standing
vertically along the airflow. Phase analysis wasdited for zone melted ZsE5iC
samples before and after oxidation with X-ray diffion (PANalytical MRD; Almelo,
The Netherlands). X-ray diffraction signals werdlaxtied using Cu K radiation and
measured with a 0.03° step. The samples testedxidation had relative density of
99% and were prepared from the same starting pewder

Samples for scanning electron microscopy (SEM)eweounted in epoxy resin
and polished in successive steps using diamond asitepdiscs and slurries. In
addition, a final polishing step was conducted gsanvibratory polishing machine
(VibroMet 2, Buehler; Lake Bluff, 1ll., USA) for 24. Microstructural analysis was
performed using a scanning electron microscope igaurCarl Zeiss; Oberkochen,
Germany). Backscattered electron (BSE) and secgrelactron (SE) images were
taken at an acceleration voltage of 15 kV and efgate@nalysis conducted using an

Energy Dispersive Spectroscopy (ED8hit (X-Max 20, Oxford instruments;
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Abingdon, UK). Samples of 3 mm diameter were catrfrthe zone melted sample
and polished to 3@m thickness using a disc grinder, dimpled usingnapté grinder
(Gatan 656 Dimple Grinder, Abingdon, UK) witluth paste to a thickness of gl
and ion-polished using a Precision lon Polishingt&y (PIPS, Gatan 691, Abingdon,
UK) to an electron-transparent finish. Transmissglactron microscopy (TEM)
analysis was conducted at an operating voltage06f R/ using a JEOL FX2100
(Tokyo, Japan) fitted with EDS (X-Max 80, Oxfordstruments; Abingdon, UK).
Selected area electron diffraction (SAED) pattemese indexed using single crystal
diffraction patterns from Williams and Carter[9]antEM diffraction analysis

software (SingleCrystal, CrystalMaker Software |Begbroke, UK).

Results and Discussion

Figure 1 shows the phase diagram of Z88C. Tuet al[28]fabricated a series of
compositions of DS ZrBSIiC samples and demonstrated that there is a teutec
composition at 58.5 mol% Zg11.5 mol% SiC. A eutectic composition with close t
50mol % composition tends to produce a more homeges eutectic structure. In the
present study, the reference composition of 72.B4rB, - 27.2 mol% SiC (20 vol%
SiC), which has been widely used in most of theviptes studies on UHTCs, was

investigated.
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Figure 1 Phase diagram of ZgBSiC[23]Eutectic composition: 41.5Z3B 58.5SiC
(mol%); Eutectic melting point: 2570 K.

An ingot obtained using crucibleless zone meltechhique is shown in Figure 2, the
cross section was 6 mm in diameter and the length 8 mm. The zone-melted
ZrB,-SiC sample was nearly 99% of theoretical denkiigure 3 shows BSE images
of an ingot at the ipoeutectmmposition of 72.8 mol% ZrB 27.2 mol% SiC melt
grown parallel (Figure 3(a)) and perpendicular (iFgg3(b)) to the growth direction,
which is the c-axis of ZrB The ZrB-SiC eutectic consisted of uniformly distributed
and aligned ZrB and SiC phases. In Figure 3(b) eutectic regioad @rrows) and
ZrB, rich regions (blue arrows) are evidenced. Theuraxg of grains is evidently
seen in the SEM image taken parallel to the groditection (Figure 3(a)). The
continuity of the two different contrasting phasesvell evident. The dark phase is
SIiC and the bright phase BB,. Phase analysis of the zone-melted sample using
XRD (Figure 4) confirmed the significant texturiogserved in the SEM images. The
top of the sample shows a very high intensity & dhffraction (00) peaks for the
ZrB, and SiC, while the side of the sample shows peeteal (00) ZrB, diffraction
peaks. The high level of texturing is producedhsy thermal gradients generated in

the process. The (00Lotgering orientation factor was as high as 0.97.



Figure3 Back-scattered electron image of a DS Z&8C sample (a) side view and
(b) top view (c-axis) (as described in inset irufigg5). The red arrows point at the
eutectic region while blue arrows point at the ZriBh region which is thprimary

phase formed during the cooling from the melt.
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Figure4 XRD patterns from the side and top surfaces ofx8esample are also

shown. The inset clarifies the sample orientation.

Figure 5 shows a bright field TEM image of the A®C eutectic made by the
melting technique. The bright phase is SiC anddduk phase is ZrB The lamella
thickness is about pm. SAEDs were taken from regions labeled (a) (bpa (d) in
Fig. 5. SAEDs of the SiC phase along the [111] zaxie can be indexed as cubic and
corresponds to the 3C-SiC polytyfeJiC) in the eutectic composition. Although, the
SAEDs were taken from different regions, all of thénave the same orientation,
which confirms the single crystalline nature of tamellae. Similarly, SAEDs taken
from regions (c) (d) and E along the [0001] zonesazxonfirm the hexagonal
symmetry of the ZrBgrains. HRTEM of a ZrBSiC interface is shown in Figure (e),
revealing an impurity-free grain boundary. The levef crystallographic
misorientation is minimal and this is a typicaltiea of DS materials, resulting in low

energy grain boundaries.
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Figure 5 Bright-field(BF)TEM image of DS ZrBSiC respective regions in brackets
corresponds to: (a) and (b) are SiC and (c),(d)(ehdre ZrB;(a) , (b) — SAED taken
from the labeled regions of (a) and (b), respebtive the zone axis [111] in the BF;
TEM image (c),(d) — SAED taken from the labeledioag of (c) and (d), respectively
in the zone axis [0001] in the BF; TEM image (&Jigh resolution TEM image of a
ZrB,-SiC interface showing clean boundary and correspgnSAEDs taken from
respective region.

Figure 6a shows a typical bright-field TEM imageaoZrB,-SiC DS sample observed
in another region of the sample. SiC is sandwidtesd/een dark ZrBregions. A high
magnification image of the square drawn in Fig.G&)shown in Fig. 6(b). The
bright-field TEM image reveals bend contours, whielm be an artifact of the sample
preparation or produced by internal stresses. BEidfysis of the region in the square
confirms it as SiC. SAEDs were taken from differeagions within the square.
Figure 6(c) is an SAED taken along the [111] zoxig,aconfirming cubiB-SiC. The
double diffraction spots in the SAED pattern shawifrig.6(d) might be attributed to
twins or they could be produced by the epitaxiating of different polytypes, which

is common in SiC. The streaking in the SAED confirthe presence of stacking



faults. Figure 6(e) shows the SAED taken from a &i&in in a different region. The
SAED shows a superlattice structure, which couldifmexed as 6H-SIC. This
observation shows that during rapid solidificat®1iC may crystallise into different
polytypes. DS phases are grown directly from thé atevery high temperature above
3000°C, and the eutectic reaction leads to theeation of two phases with strong
interfacial bonding and different thermal expansamefficients (SiC — 4 x 19°C
and ZrB — 6.7 x 1¢/°C). The thermal expansion mismatch between,znd SiC
induced thermal strains as the material cools, kvbannot be relaxed because plastic

deformation in the ceramic is limited, giving rigelarge thermal residual stresses.

Z.A.[0001] ZrB, SiC with twinning B6H-SIC with stacking faults

Figure 6 Bright field images of DS ZrBSiC and corresponding SAEDs.

Oxidation studies

The oxidation studies of DS ZsEBIC were carried out using a conventional furnace
at temperatures up to 1600°C with 1h holding. Wiith aim of identifying the role of
processing with respect to the oxidation resistarseenples made with different
processing techniques (DS sample, and sample eltdiy SPS of milled as received

powders, sample obtained by SPS of powder derik@d trushed DS ingots) were
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studied.

The surface microstructures of the DS ZBC oxidised at 1873K for 1h are shown
in Fig.7. The surfaces are smooth and there aree stifferences in the surface
morphology depending on the sample orientatidhe number bright zirconia
particles in Figure (b) is crealy larger than igutie (a). The bright rounded grains are
zirconia (EDX spot A) while the dark smooth surfasesilica (EDX spot B)).
Individual zirconia grains are surrounded by ecailiilm. In the DS ZrB-SiC ingot,
both ZrB, and SiC phases are interlayered and homogenedisthbuted. During
oxidation, ZrB oxidizes to Zr@ and BOs; above 1073K. With further increase in
temperature, SiC oxidises to Si@nd CQ. B,Os; can either react with silica to form
borosilicate glass and form a protective film ambumdividual ZrQ grains, if BOs is
not available locally silica by itself can form eofective silica glass. The side of the
sample contains a prevalence of silica, while thg $ection has a prevalence of
zirconia. This can be explained by looking at therostructure of a DS sample
( Figure 3 (a) and (b)) where on the side thera montinuous SiC layer which is

converted to silica (Figure 8 (a)), while on the tsurface ZrB is converted in

zirconia (Figure 8 (b)).

Figure 7 SEM of oxidised surface of DS Z+BiC for 1h at 1873K: (a) side and (b)
top views. The white arrows shows the sample sarsabjected to oxidation.
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Figure 8 shows polished cross-sections showingrticeostructure of ZrB-SiC after
oxidation for 1h at 1873K prepared using differeathniques. The measured oxide
scales is given in table 1. Fig 8(a) shows a thi6gum) oxygen-rich layer is formed
on the side of DS sample. The lamellae orientat@sa strong effect on the oxidation
resistance because the continuous layer of Sidaitie inward oxygen diffusion
resulted in formation of a silica layer which wasedfective barrier. The formation of
a SiC continuous lamella of the DS sample side prasnoted by the preferential
solidification of SIiC because of its lower meltidgtomposition temperature
compared ZrB

On the top side the zirconia layer did not offdeetive protection against oxidation
and the scale thickness was about 205 pum, whichngparable to that reported for
pure ZrB.[29] A sample prepared by crushing DS samplesgregpas detailed in
Ref.[30] have a random orientation with respedh®winward oxygen flux. The scale
formed on this sample was 160 um thick, as expetttisdthickness is intermediate
between that for the DS top and its side. Compaalh@f the DS samples seen in
Figures 8 reveals that the SiC front facing theardvoxygen flux has a dominant role
in controlling the thickness of the oxide layer.cAoding to Zhu et al.[31] the
oxidation resistance in ZgBSIC is improved by having finely dispersed (dis&n
between SiC particles of about 10 um) SiC partigheshe matrix because of the
improved tendency of fine particles (<3 um) to foarcontinuous silica protective
layer. As a result the SPS samples prepared at R3@8ults had a scale thickness of
80 um. Cross sections of solid state sintered sesriphd a morphology of the scale
similar to that described in a recent review.[32)eTsample side had quite a
distinctive oxidation behavior which was not prawsty reported as the oxygen
inward flux was retarded by the SiC/ZrBamellar structureThe composition of
borosilicate glass formed during the oxidation picidis difficult to determine
because of the difficulties in measuring B cont@ni.the side surface the silica layer

the layer formed from SiC continuous lamella isshkto contain a reduced boria
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Figure 8 Comparison of oxidation oxide scale (top side bk tfigure) of
20vol%SiC-ZrB after oxidation at 1873K for 1 h. Samples werecpssed using
various techniques: (a) Side of the DS sample awdrlapped EDX mapping, (b) Top
of DS sample, (c) sample obtained by SPS of miledeceived powders (d) sample
obtained by SPS of powder derived from crushed Dgpts. High magnification
images are available in the supplementary section.

Table 1 Oxidation layer thickness of UHTC samples after ddidation in air at
1873K

| Sample | Oxidation Layer Thickness (um) ‘
13




ZrB,/SiC(the top of DS sample) 205+3.8
ZrB,/SiC(the side of DS sample) 65+4.3
ZrB,/SIC(SPS sample) 8015.1
ZrB,/SIC(DS+SPS sample) 160+3.2
Conclusions

A novel design of a eutectic engineered microstmectimproved the oxidation
resistance of ultra-high temperature ceramic (UH€@nposites. Oxidation studies
of solidified melt processed ZsESIiC with eutectic microstructures show that they
could guide the design of UHTCs with improved oxioia resistance. The silica
protective layer formed in directional solidifiedeximen was continuous and it was
formed by the oxidation of SiC layers. Melt progegscould add a further degree of
freedom in designing the properties of UHTCs, imtipalar, low energy grain

boundaries might further improve oxidation resistan
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