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Rapid Oxidation Characterization of Ultra-High Temperature Ceramics
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Here, a novel method for testing ultra-high-temperature ceram-
ics (UHTC) at a high temperature, rapidly, at a low cost is in-
troduced. A self-supported, self-heated ribbon specimen is used
with a table-top apparatus to achieve the necessary high tem-
peratures. This method enables a large temperature—time—com-
position parameter space to be covered by rapidly producing a
large set of postoxidation samples for analysis. The complex
oxide scale known to form during oxidation of UHTC materials
is shown to be easily reproduced using this method. A ZrB,—SiC
(15 vol%) UHTC material was tested at 1700°C for 15 min.
The oxide scale consists of a thin outermost silica (SiO,) layer
and a zirconia (ZrQO;) columnar layer with small amounts of
SiO, embedded between the ZrO, columns. A region of SiC-
depleted zone was observed between the unreacted core and the
Zxr0O; layer. The measured thickness of the oxide scale was 102
pm and ~ 120 pm for the SiC-depleted zone.

L

ECENTLY, interest in ultra-high temperature ceramics

(UHTC) has increased significantly due to the drive to pro-
duce a reusable thermal protection system and other compo-
nents for future generations of hypersonic aerospace vehicles.!
Most modern designs of hypersonic vehicles incorporate sharp
aero-surfaces to increase aerodynamic performance. These de-
signs require materials capable of operating in an extreme re-
entering environment, such as an oxidizing atmosphere at tem-
peratures above 1700°C and corrosive gases at high velocities.”
Today, there are few fully developed materials that meet the
needs of thermal protection systems for sharp aero-surfaces and
so UHTC are receiving more attention as the solution.

UHTC are a class of refractory materials including transition
metal borides, carbides, and nitrides. The refractory borides, i.e.
ZrB, and HfB,, have extremely high melting temperatures,
>3000°C, high thermal conductivity, high hardness, and re-
tained strength and chemical stability at elevated temperatures.®
As early as 1953, ZrB,- and HfB,-based composites were iden-
tified by Hoffman,* followed by groups led by Berkowitz-Mat-
tuck® and Kaufman et al.,® as the most promising material for
hypersonic applications. In the 1970s, Kaufman et al.”® showed
that by addition of SiC to ZrB, and HfB,, the oxidation resis-
tance could be greatly improved. Tripp® and Tripp and Gra-
ham'® confirmed Kaufman’s results and provided additional
information such as microstructural studies of the oxide scale.
Past studies by Levine et al.,'' Nguyen ef al.,'*> Opila et al.,"?
Monteverde et al.,'*'® Scatteia et al.,'® Monteverde and Bel-
losi,?® Fahrenholtz Hilmas and colleagues,ﬂ’22 and others>?*
have also shown that addition of SiC to ZrB, and HfB, increas-
es densification, thermal shock, and oxidation resistance of the
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composites. These researchers have discovered that ZrB,—SiC
and HfB,—SiC composites form a complex oxide scale after ox-
idation at elevated temperatures. The oxide scale is composed of
refractory oxide skeleton and amorphous glass components that
provide oxidation resistance of the composites at high temper-
atures.

Despite the fact that it has been almost 50 years since re-
searchers started to explore UHTC materials the oxidation mech-
anisms of these materials are still not well understood. This is
primarily due to the complexity of the oxide scale and limited
information. Also, much of the oxidation experiments that have
been conducted were at temperatures below 1700°C. The main
exception is NASA’s Arc Jet Facility used to simulate acrody-
namic heating. It is capable of reaching temperatures from 1700°
to 2500°C.121-2513 Arc jet testing is expensive due to the high
power used during testing (40-75 MW), and the facilities are op-
erated primarily to support the government aerospace research
and developmental testing.> Nongovernmental groups can ap-
ply for its use, but it is both time consuming and complicated.?®

Here, we report a novel method for testing UHTC materials
at high temperatures rapidly at low cost. A self-supported, self-
heated ribbon specimen is used with a table-top apparatus to
achieve the necessary high temperatures for UHTC oxidation
experiments. The present work introduces the design of the sys-
tem and function. Also, the complex oxide scale that forms dur-
ing oxidation of UHTC is shown here to be easily reproduced
using the ribbon method.

II. The Ribbon Method

(1) The Self-Supported Ribbon Specimen

The design of the table-top apparatus is based on the fact that
the UHTC materials are metallic conductors. A miniaturized
self-supportive UHTC specimen is resistively heated by passing
a modest current. The specimen is fabricated by reducing the
thickness of a matchstick-size sample in the center to make a
ribbon with a thickness of 400-500 um. The ribbon, herein
called the hot zone, can reach very high temperatures when the
current is passed into the thicker ends of the specimen. The
thicker ends of the specimen will remain relatively cool, while
the hot zone can reach the desired temperature. With this ge-
ometry the specimen is self-supportive (Fig. 1). The hot zone is
thus not in contact with foreign material. This is important, be-
cause at these high temperatures, the specimen may react with
the materials it contacts. The specimen is in open air during
testing, and it has a small heat load, and so diagnostics can be
brought close to it during oxidation.

(2) The Table-Top Apparatus

A table-top apparatus provides the current and controls the
temperature of the specimen. The control unit of the apparatus
consists of a control panel (MHI BPAN-O™, Micropyretics
Heaters Int., Cincinnati, OH), and a programmable tempera-
ture controller (Model 2416, Eurotherm, Leesburg, VA). The
power controller is a single-phase silicon (Si)-controlled rectifier
(SCR) with an advanced current limit and a soft start feature. A
stepdown transformer is a part of the apparatus and is connect-
ed to the controller to give the desired secondary current in the
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Fig.1. Digital image of the self-supported, self-heated ribbon specimen.

range of 0-125 A. The power input used to heat the ribbon
specimen to temperatures from 900° to 2000°C is around 90125
W, where the voltage across the specimen is on the order of 1 V
and the current ranges from 90 to 125 A.

The temperature sensor of the apparatus is a micro optical
infrared pyrometer that can measure temperature from 900° to
3300°C with a fast response time (minimum 1 ms). The micro
pyrometer is a single-color pyrometer with a wavelength of 1 pm
and a bandwidth of 0.7-1.1 um. The micro pyrometer is focused
on the hot zone of the specimen and provides the temperature
signal to the temperature controller. The amount of current
passed through the sample is controlled with the power control-
ler to obtain the desired temperature-time schedule. The UHTC
specimen can be quickly heated and cooled due to the fast re-
sponse of the temperature controller and the pyrometer and the
size of the miniaturized sample. Any time-temperature profile,
cyclic, or static oxidation can be conducted using the pyrometer
signal as the control variable. With the table-top apparatus and
the ribbon specimen, oxidation experiments at temperatures
in the range of 900°—2000°C can be performed, without creating
a difficult-to-manage heat load in the surroundings due to the
small size of the specimen. A similar approach was used by
Cabrera and Kirner®’ for the design of a cyclic metal-oxidation
apparatus. Cabrera and Kirner”’ resistively heated thin Si-coated
steel foils, 50-um thick, but these were only capable of reaching
temperatures in the range of 400°—~1000°C.

Figure 2(a) shows the self-supported miniaturized specimen
connected to the table-top apparatus. Figure 2(b) shows the
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specimen sitting on a simple (copper) Cu/(silver) Ag bridge fixed
with alligator clips, which can serve as voltage probes. The
bridge consists of Cu plates that hold up Ag sheets where the
thicker ends of the specimen sit. The Cu plates are connected to
the current leads and fixed to a thermal insulation base plate
(Transite” HT, Monaco, MI). Ag was used for connecting the
specimen to the Cu plates due to its high conductivity and ox-
idation resistance (Cu was not suitable due to its poor oxidation
resistance). Thin alumina (Al,O3) sheets were used between the
alligator clips and the sample as heat shields, to avoid over
heating of the alligator clips.

Temperature, current, and voltage are recorded by a LabView
DAQ. An AC clamp on adapter is clamped on the secondary wire
in the circuit to detect the current going through the specimen, and
then transfers it to a data acquisition card (DAQ) (NI USB-6009,
National Instruments Corporation, Austin, TX) connected to a
computer. The temperature measured with the micro pyrometer is
transferred to the computer through a RS-232 cable. To process
the data from the DAQ and the RS-232 cable, LabVIEW from
National Instruments is used. A LabVIEW program was de-
signed to collect and save the temperature, current, and voltage
data sampled during testing. The LabVIEW program samples the
signal from the DAQ and the RS-232 cable (connected to the py-
rometer) and plots the RMS current versus time and the temper-
ature versus time. The data are collected at a sampling frequency
of 4 Hz, i.e. the sampling time is 250 ms. Figure 3 shows an ex-
ample of a temperature and a current profile of a ribbon specimen
tested in the apparatus at 1600°C for 15 min.

III. Experimental Procedure

(1) Material Fabrication

The UHTC material, ZrB,—15 vol% SiC, used in this work was
provided by The Institute of Science and Technology for Ce-
ramics (CNR-ISTEC) in Faenza, Italy. Details of the proyerties
and processing are presented in more detail elsewhere.”® The
fabrication of the self-supporting specimens is performed in two
steps. Firstly, the bulk material is cut with a wire-EDM machine

Step down transformer ﬂ'” “EE_“
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Fig.2. (a) The self-supported ribbon specimen (white box) and its table-top apparatus, (b) the specimen sitting on a copper (Cu)/silver (Ag) holder

(magnification of the white box in the lower left corner of (a)).
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Fig.3. (a) Temperature profile, (b) and a current profile of a specimen tested at 1600°C for 15 min.

into 2.3 mm X 2.0 mm x 25 mm bars. The bars are then reduced
in thickness in the center with a mechanical grinder (220 grit—
diamond wheel) to make the thin ribbon hot zones, with a
thickness of 400-500 um; see Fig. 1.

(2) Ocxidation Testing

To verify whether the ribbon specimen method could reproduce
the complex oxide scales that form during high-temperature ex-
periments on UHTC, ZrB,-SiC specimens (CNR-ISTEC, Italy)
were tested in the high-temperature apparatus. The specimen
was tested at 1700°C in stagnant ambient air for 15 min, at a
heating rate of 480°C/min and free cooling (767°C/s). The fast
cooling rate is due to the fast thermal response time (2.98 ms at
1700°C) of the specimen, which is dependent on the thickness of
the specimen (=420 pm) and its thermal diffusivity
(1.41 x 107> m?/s at 1700°C). The fast heating minimizes the
oxidation before the isothermal run at 1700°C.

The tested specimen was stored in moisture-free desiccators.
A cross section of the oxidized specimen was prepared for mi-
crostructural analysis by nonaqueous polishing procedures
down to a 1 pum finish. The composition and morphology of
the multilayer oxide scale formed after the oxidation test were
characterized by scanning electron microscopy (SEM; Philips
X130, Hillsboro, OR), backscattering electron microscopy
(BSE; Philips), X-ray energy dispersive spectroscopy (XEDS;
UTW Si-Li Solid State X-ray Detector with integrated EDAX
Phoenix XEDS system, Mahwah, NJ), and electron microprobe
analyzer (EPMA; Cameca SX100 Microprobe, Gennevilliers,
France). Analyses were performed on the surface of the speci-
men and cross section.

IV. Results and Discussion

When monolithic ZrB,(s) oxidizes an oxide scale composed of
zirconia, ZrO5(s), and boron oxide liquid, B,O3(/), forms by the
reaction

Z1B;(s) 4+ 5/20,(g) — ZrOs(s) + B,0s(/) (1)

The liquid B,O5; forms a continuous passive layer acting as a
barrier to oxygen (O) diffusion, which results in passive oxida-
tion of ZrB, and a parabolic oxidation kinetics below ca.
1000°C. Above 1000°C, the oxidation resistance of ZrB, is
poor due to volatilization of B,05.2! The kinetics is then con-
trolled by the competition between mass gain (ZrO,(s) and
B,O3(/) formation) and mass loss (B,O3(g) vaporization). At
higher temperatures, ZrB, actively oxidizes due to volatilization
of the B,O; liquid, and results in a porous, nonprotective ZrO,
layer.>1%21"2* Researchers have reported that by adding SiC to
ZrB», the oxidation resistance of the composite above 1200°C is
improved by the formation of a less volatile silica (SiO,)-rich

glass on the exposed surface'-'%2!!1-13:18;

SIC(s) + 3/20,(g) — SiOs(s) + CO(g) @)

The SiO,-rich layer has been reported to provide passive ox-
idation resistance to at least 1500°C due to the lower volatility of
SiO, compared with B,Oj3 at these temperatures.

Figure 4 shows an SEM image of the surface of the tested
ZrB,-15 vol% SiC specimen. The bright peaks shown in
Fig. 4(a) indicate ZrO, peaks embedded in a SiO,-rich glass
matrix, verified by XEDS analysis (Fig. 4(b)). A BSE image of
the cross section of the specimen (Fig. 5) shows that the oxide

Fig.4. Surface view of the ZrB,/SiC composite tested at 1700°C for 15 min, (a) zirconia (ZrO,) peaks embedded in a silica (SiO,) glass matrix, (b) X-ray

energy dispersive spectroscopy analysis of the surface.
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Fig.5. Image of a cross section of a ZrB,/SiC composite tested at 1700°C for 15 min. Multilayer oxide scale, consisting of an unaffected substrate, a
SiC-depleted zone, a columnar zirconia (ZrO,) layer, and a thin superficial layer of silica (SiO,) glass.

scale of the specimen is multilayered and multicomponent. The
chemical composition of the oxide scale was characterized by
XEDS and EPMA techniques. The oxide scale consists of a thin
superficial layer of a SiO, glass containing a small amount of
particulate ZrO,; the second layer mainly consists of columnar
710, grains. The columnar ZrO, layer has a small amount of
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i

200 pm

Si0, glass embedded between the ZrO, columns. The thickness
of the oxide scale was measured to be on average 102 pm. A
region of the SiC-depleted zone was observed between the un-
reacted core and the ZrO, layer. The SiC-depleted zone is large
ca. 120 um, which results in a small region of unreacted material
(core). This is evident from the elemental maps from the EPMA

o
e S L ey W
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Fig.6. (a) Backscattering electron microscopy (BSE) image of the cross section of the ZrB,/SiC specimen tested at 1700°C for 15 min, (b) O map,
showing the oxygen distribution in the silica (SiO,) and zirconia (ZrO,) scales, (c) Zr map, (d) Si map, showing the large SiC-depleted region and the thin
strip of the unreacted core, () B map, showing the thickness of the oxide scale and the unreacted ZrB, in the SiC-depleted zone. The white dashed line in
(b—e) outlines the thickness of the specimen. The white color in the maps indicates the higher intensity of X-rays detected for each element, while the

black region represents zero detected intensity of the element.
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analysis (Fig. 6). The existence of a SiC-depleted layer in oxi-
dized ZrB,/HfB,-SiC com];z)osites has been reported by other
researchers in the field.!*!7-2!:3

The EPMA analyses were performed on the cross section
shown in the BSE image in Fig. 6(a). The analyses were mainly
performed to verify the results from the XEDS on the distribu-
tion of the elements: Si, O, zirconium (Zr), and boron (B). Also,
B could not be detected with the SEM/XEDS machine used;
thus, EPMA analyses were performed to give us information on
whether there existed any borosilicate glass or B,Oj3 in the oxide
scale. B,O5 was not detected in the SiO,-rich scale or in the ZrO,
columnar region with EPMA; this is likely due to the small
amount of B,O; existing in the oxide scale, which could not be
detected with the scanning speed (20 ms) used for the EPMA
analysis. The small amount of B,Oj3 is expected due to the high
temperature (1700°C) that the specimen experienced. B,Os is
believed to start volatilizing extensively at temperatures above
1200°C for a monolithic material.'® Also, the outermost layer,
the thin SiO»-rich scale, will not have the same effective role in
limiting O diffusion at 1700°C as at lower temperatures. The use
of SiO,-forming ceramics at high temperatures has been report-
ed to be limited to a maximum of 1725°C because of rapid ox-
idation, potential volatility, scale melting, and scale/substrate
reactions of the SiO, formed.?

From the O, Zr, and Si maps (Figs. 6(a)-(e)), the small
amount of interstitial SiO, glass in the ZrO, columnar layer
can be easily identified. These maps also show clearly the thin
outermost SiO,-rich layer (Figs. 6(b)—(d)). As mentioned above,
the SiO, scale contains small amounts of particulate ZrO,. A
higher magnification of the SiO»-rich scale and the particulate
Zr0, is shown in Fig. 7; small peaks of the particulate ZrO, are
clearly evident. These peaks were also observed from the surface
of the specimen (Fig. 4(a)). The nature of the particulate ZrO,
peaks and their formation mechanism are discussed elsewhere.*

Our results are consistent with the results reported by other
researchers in the field. Levine et al.'' found that the oxide scale
of a ZrB,-SiC (20 vol%) composite, tested in air at 1927°C for
ten 10-min cycles, was composed of large ZrO, grains in a SiO,-
rich glassy phase, where the outermost part of the oxide scale
contained less SiO, glass than the inner most part of the scale.
They also found that after oxidation testing in air at 1627°C for
ten 10-min cycles (total 100 min), the oxide scale of the com-
posite was composed of two layers: an outer SiO, layer and a
Zr0,+Si0, layer. A porous SiC-depleted layer was also ob-
served beneath the oxide scale. Gasch er al.> performed testing
on HfB,-SiC (20 vol%) composites in a simulated re-entry en-
vironment using the NASA Ames Arc Jet Facility. The speci-
mens were tested at 1690°C for two 10-min cycles. Gash et al.?
concluded that, for the two conditions, a passive oxidation of
the SiC plays a role in determining the steady-state surface tem-
perature below 1700°C. This is consistent with our results; the

210, peaks -
. -

Fig.7. Backscattering electron microscopy (BSE) image of the silica
(SiO,) outermost layer containing zirconia (ZrO,) particulate peaks.
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oxide scale of the ZrB,—SiC (15 vol%) specimen tested at 1700°C
for 15 min consisted mainly of a ZrO, columnar layer with a
small amount of SiO, embedded, and a thin outermost SiO,
layer. The large SiC-depleted zone observed for the specimen
indicates that the SiO, layer does not provide enough protection
for a passive oxidation at 1700°C. This is consistent with the
prediction by Jacobson?® about the limited use of SiO,-forming
ceramics at higher temperatures (maximum 1725°C).

V. Conclusion

The complex oxide scale known to form during oxidation of
UHTC is shown to be easily reproduced by using the ribbon
specimen method. The oxide scale of a ZrB,—SiC (15 vol%)
specimen tested at 1700°C for 15 min consisted of a thin out-
ermost SiO, layer and a ZrO, columnar layer with small
amounts of SiO, embedded between the ZrO, columns. A re-
gion of SiC-depleted zone was observed between the unreacted
core and the ZrO, layer. The measured thickness of the oxide
scale was 102 pm and the ~ 120 pm for SiC-depleted zone.

The table-top apparatus with its ribbon specimen enables us
to perform oxidation experiments at temperatures above 900°C
and as high as 2000°C with power input only around 100 W,
without creating a difficult-to-manage heat load in the sur-
roundings due to the small size of the specimen. This new de-
sign is a valuable alternative for exposure of UHTC to high
temperatures.
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