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Abstract:

The focus of the present work is the investigation of the influence of polymer-derived ceram-
ics, used as sintering aids for preparing ZrB,-based monoliths, on their high temperature oxi-
dation behavior. For the preparation of the monoliths, ZrB, powder was coated with polymer-
derived SiCN, SiZrCN or SiZrBCN and subsequently densified via hot-pressing at tempera-
tures as low as 1800 °C. To investigate the oxidation kinetics, thermogravimetric analysis
(TGA) was performed at 1300 °C in synthetic air with exposure times of 50 h and 100 h. A
detailed study of the materials oxide scale and subsurface microstructure was conducted us-
ing optical microscopy, electron probe micro analysis, scanning electron microscopy, and X-
ray diffraction. The experimental findings were compared to thermodynamic equilibrium
calculations using the CALPHAD method, which led to a better understanding of the oxida-
tion mechanism. In comparison to the literature data of ZrB,-SiC, the results show improved
oxidation resistance for all three investigated materials. The formation of gaseous species
during oxidation, in particular CO, CO,, B,0s;, and SiO, within the oxide scale of the mono-
liths was rationalized via CALPHAD calculations and used to explain the oxidation behavior
and kinetics and also the formation of bubbles in the subsurface region of the oxidized spec-

imens.
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1. Introduction

ZrB, has undergone extensive research for applications in extreme environments such as
aero-propulsion, atmospheric re-entry, or hypersonic flight due to its unique combination of
properties, such as high melting temperature, low theoretical density, thermal shock re-
sistance, and chemical resistance.' These properties make ZrB, also an attractive material
for applications in the temperature range between 1200 °C and 1400 °C.

In most applications, the oxidation resistance at high temperatures is paramount to guarantee
structural integrity in service, which have been comprehensively reviewed by several
authors® . Monolithic ZrB, shows passive oxidation protection at temperatures below ~ 1100
°C due to the formation of a continuous B,0O; layerH. However, increasing the temperature
above 1100 °C leads to evaporation of liquid B,Os and therefore decreasing oxidation re-
sistance due to the poor protection of the remaining porous ZrO, layer’ .

The inclusion of SiC as an additive to ZrB, improves the oxidation resistance by the for-
mation of a borosilicate glass scale'®'* during oxidation. Moreover, the incorporation of SiC
into ZrB; leads to enhanced sinterability through inhibition of ZrB, grain growth and liquid

1,12-14

phase sintering . The most common way to add SiC to ZrB, is by mixing the crystalline

powders and subsequently hot pressing the resulting powder mixture'>'°.

The particle size of the incorporated SiC influences the oxidation resistance and mechanical
properties of the ZrB,-SiC composites. Hwang et al."” reported that the addition of nano-sized
SiC particles enhanced the oxidation resistance and the densification behavior of ZrB, ceram-
ics. Also, Guo et al.'” showed that nano-sized SiC improved the bending strength of ZrB,.
Both presumed further improvement in oxidation resistance and strength through uniform
dispersion and size reduction of SiC grains. A drawback of using mechanical mixing proce-

dures is the agglomeration of the nano-sized particles, which hinders homogenous

dispersion'>!". However, using polymer-derived ceramics (PDCs) as SiC-based additives to
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ZrB, is a possible way to prevent agglomeration'*. PDCs are typically synthesized from
preceramic polymers, which are commonly silicon-based and can be converted into a ceramic
via cross-linking at lower temperatures (100-400 °C) followed by a ceramization via pyroly-
sis at higher temperatures (1000-1400 °C) resulting in an amorphous ceramic.”'*"* Modify-
ing preceramic polymers for PDCs with metal alkoxides or acetyl acetonates leads to single
source precursors for the synthesis of polymer-derived nanocomposites (PDC-NCs)*'®, which
consist of nano-sized secondary phases (e.g. metal oxides, (carbo)nitrides or silicides) finely
dispersed within a PDC matrix. Compared to their PDC counterparts, PDC-NCs exhibit im-
proved oxidation and corrosion resistance™'®*°.

Recently, some publications reported on introducing silicon based polymer-derived ceramics
as an alternative to conventional SiC into ZrB, ceramics'**!2%, However, there are only a few
reports published dealing with the oxidation behavior of ZrB,-SiC processed with
PD(C2325:26.

The synthesis of SiZrCN and SiZrBCN single-source precursors was recently published'”,
which were used as sintering aids for the preparation of dense monolithic ZrB,-based
UHTCs”. The main focus of the present work is to examine the oxidation behavior of ZrB,-
based ceramic monoliths by using the aforementioned PDC(-NC)s as a replacement for SiC
powder. Therefore, three PDCs, i.e. SICN, SiZrCN, and SiZrBCN were used to prepare dense
ZrB, monoliths (open porosity < 0.5 vol.%"’) via hot pressing. The oxidation kinetics were
evaluated using thermogravimetric analysis (TGA). A detailed study of the microstructure of
the oxide scales was conducted and thermodynamic equilibrium calculations were performed

to understand the experimental findings.
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2. Materials and methods

2.1. Sample preparation

Monoliths were produced using ZrB, powder with > 97% purity and an average particle size
of 0.5 um (H.C. Starck, Goslar, Germany) and vinyl-substituted polysilazane (Durazane1800,
Merck KGaA, Darmstadt, Germany) as the preceramic polymer. The processing technique of
PDCs is based on preceramic polymers, which are commonly silicon-based. Chemical modi-
fication of Durazanel1800 with Zr as well as with Zr and B resulted in the synthesis of poly-
meric precursors for SiZrCN and SiZrBCN. For further details on the synthesis as well as the
microstructure and the chemical composition of the pyrolyzed samples the reader is referred
to Feng et al.*’.

The ZrB, powder was coated with the respective preceramic polymer for the preparation of
the ZrB,/SiCN, ZrB,/SiZrCN, and ZrB,/SiZrBCN monoliths. The content of ZrB, powder
was set to 85 wt.% relative to that of Si(Zr)(B)CN, based on the ceramic yield of the precur-
sors upon pyrolysis. Further details on this first step were recently published by Feng et al.*’.
The subsequent polymer-to-ceramic conversion involves cross-linking of the polymer at
moderate temperatures, 3 h at 200 °C in this case, resulting in a shape-retaining thermoset
and afterwards ceramization via pyrolysis for 2 h at 1100 °C in an argon atmosphere. The
coated ZrB, powders were ground, sieved (particle size < 100 pum), and afterwards hot
pressed in a graphite die (o = 10 or 20 mm). The hot-pressing was conducted for 40 min at
1800 °C in a nitrogen atmosphere using a pressure of 55 MPa?’. During hot-pressing at 1800

°C the densification of the monoliths occurs, along with the crystallization of the amorphous

PDC used as the sintering aid'*".

For the thermogravimetric analysis (TGA) the samples were cut into pieces with surface sizes

from 0.4 cm? to 1.1 cm?. Subsequently, the ceramic monoliths were ground with SiC paper
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with a final grain size of 22 pm (P800 grit / ANSI #400). The sample edges were rounded, as
preliminary oxidation tests showed increased oxidation at the sample edges. Afterwards, the
samples were cleaned for 10 min in acetone using an ultrasonic bath. The surface areas of the
pyrolyzed monoliths were measured by taking images with a stereo microscope (MZ16 A,
Leica Microsystems GmbH, Wetzlar, Germany) equipped with a camera DMC 2900 (Leica
Microsystems GmbH, Wetzlar, Germany). The images were evaluated by using an image

processing program” (ImagelJ, National Institutes of Health, USA).

2.2. Thermogravimetric analysis

Oxidation experiments of two to three pyrolyzed monoliths of each material were performed
by TGA using a vertical furnace (RHT04/17S, Nabertherm GmbH, Lilienthal, Germany)
equipped with an analytical balance (B24, SETARAM Instrumentation, Caluire, France). The
furnace was calibrated at 1300 °C and two baselines with an empty Al,O3 crucible were
measured, one before and one after the experimental series. The samples were placed in an
AlL;O3 crucible with air slots and oxidized at 1300 °C with exposure times of 50 h and 100 h
in a synthetic air atmosphere (79.5 vol.% N, / 20.5 vol.% O,, ALPHAGAZ 1, L’Air Liquide
S.A., Paris, France) with a gas flow of 4 1/h (gas velocity of 9.4 cm/min). Heating was con-
ducted using a heating ramp up to 1000 °C with 15 K/min, a heating rate of 10 K/min until
1290 °C, and 5 K/min until reaching the target temperature of 1300 °C. After the end of the
exposure time the samples were cooled down to room temperature by switching off the heat-
ing, which results in a cooling rate of ~ 32 K/min in the temperature range from 1300 °C to
900 °C, =7 K/min in the temperature range from 900 to 300 °C, and = 1.5 K/min from 300

°C to room temperature.
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2.3. Characterization methods

Metallographic cross sections of the oxidized samples were prepared to investigate the micro-
structure and morphology. The samples were first mounted in epoxy resin (SpeciFix-40,
Struers, Copenhagen, Denmark). Subsequently, the specimens were ground with SiC paper
and afterwards polished using diamond suspension up to a surface finish of 1 pm.

The phase compositions of the samples before and after oxidation were identified by record-
ing X-ray diffraction (XRD) patterns (D8 Advance, Bruker Corporation, Billerica, USA) us-
ing Ni-filtered Cu K-a radiation and the PDF database®’. The step size was 0.01° with 1 s per
step in the measurement range from 26 = 10° to 90°.

Scanning electron microscopy (SEM) (Flex SEM 1000 II, Hitachi, Tokyo, Japan) equipped
with an energy dispersive X-ray spectrometer was used to investigate the surface of samples
before metallographic preparation and the microstructure of the cross-sectioned specimens.
Secondary electron and backscattered electron images were made for all samples. An accel-
eration voltage of 20 kV and a spot size of 50 um were used. The samples were sputtered
with an electrically conductive layer (carbon 5-10 nm).

Furthermore, the microstructure and morphology were investigated using electron probe mi-
cro analysis (EPMA) (JXA-8100, JEOL, Akishima, Japan) equipped with a wavelength dis-
persive X-ray spectrometer (WDX). Elemental concentrations were investigated by 242 (2 x
11 x 11 matrix with 1 um distances) quantitative EPMA point measurements and linescans up
to a depth of 50 um from the oxide scale surface using the following standards: FesN (as

standard for N), Cr;C; (standard for C), Zr, Al,O3 (as for O), LaBg (for B), and Si.
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2.4. Thermodynamic analysis

Thermodynamic calculations were performed using the CALPHAD method (CALculation of
PHAse Diagram) to obtain the phase equilibria in relation to the oxygen activity using Ther-
moCalc software™. The calculations were performed at 1300 °C at 1 bar (100000 Pa) in the
equilibrium module POLY 3 using the database of Markel et al.*”. The stability calculations
were performed for the crystalline compounds found in the sample prior to oxidation experi-

ments (ZrB,, SiC and, Zr,CN).
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3. Results

3.1. Thermogravimetric analysis

The TGA results obtained after 50 h and 100 h in synthetic air at 1300 °C are shown in Fig-
ure 1. As known from other studies the oxidation kinetics between 1100 °C and 1400 °C re-
flect paralinear characteristics resulting from the evaporation of B,Os (mass loss) and the

formation of ZrO, and B,0O; (mass gain)lz’31

. To obtain an impression of the oxidation kinet-
ics the weight gain curves were fitted assuming paralinear kinetics (Equation 1)*'. Ignoring

the linear mass changes deriving from the formation of ZrO, and B,0O; and using parabolic

kinetics instead, the accuracy was found to be much less.

(ATm)=Ja—kv-t (1)

Am/4 is the surface-specific weight change, &, the parabolic mass gain and &, the linear mass
loss rate constant. The paralinear fitting curves are depicted as dotted lines in Figure 1. An
overview of the calculated fitting parameters for all three materials are given in Table 1
(paralinear). Uncertainties are given based on the measurement setup. Variation in the meas-
ured baselines for the TGA measurements was + 0.1 mg and measurement uncertainty for the
sample area S was estimated to be = 5 % caused by the rounded sample edges, which results

in variations for &, values up to =9 % for each curve.

The coefficients of determination R’ are greater than 0.997 for each sample. ZrB,/SiCN
shows the lowest mass gain of all three materials with only a small linear mass change (k, = -
0.9-10® g cm™s™). Interestingly, a negative value for &, is observed for ZrB,/SiCN and
ZrBy/SiZrBCN (k, = -0.9-10® g cm™s™ and &, = -3.6:10® g cm™s™) indicating a total change
in oxidation kinetics compared to the typical paralinear oxidation behavior’>. This is ex-
plained by a rather linear mass gain instead of mass loss as is described in detail above. With

the addition of Zr and B into the material (ZrB,/SiZrBCN), the portion of the linear mass
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change was found to have increased, which leads to the highest mass gain of all three materi-
als after 50 h at 1300 °C (14.60 mg/cm?). As both materials, ZrB,/SiCN and ZrB,/SiZrBCN
showed the lowest and highest mass changes, both compositions were chosen for investiga-
tions with extended exposure time of 100 h at 1300 °C in synthetic air. For the longer oxida-
tion time of 100 h, ZrB,/SiCN also shows a smaller mass gain of 13.67 mg/cm? after 100 h,
which is less than the detected mass gain of ZrB,/SiZrBCN after 50 h, with a lower linear
mass change than ZrB,/SiZrBCN. Again, the ZrB,/SiCN was found to show rather parabolic
kinetics with a comparable low deviation from the measurements (compare 50 h and 100 h).
In contrast, the oxidation of ZrB,/SiZrBCN is dominated by a linear mass gain (see Table 1).
The comparison of the 50 h and 100 h measurements as well as the preliminary oxidation
tests show higher deviations in the oxidation kinetics of ZrB,/SiZrBCN compared to
ZrB,/SiCN.

3.2. Characterization of oxide scales and microstructural evolution

For a detailed analysis of the microstructure and the chemical composition of the pyrolyzed
samples the reader is referred to Feng et al.”’. Figure 2 shows macroscopic images of the
samples after oxidation at 1300 °C for 50 h in synthetic air. After oxidation a glassy outer
scale was visible on all samples, which indicates an amorphous borosilicate oxide

12,16,31,33,34
layer

. The ZrB,/SiCN sample shows a continuous glassy oxide scale, whereas
Z1B,/SiZrCN and ZrB,/SiZrBCN show local white areas indicating the formation of ZrO; at
the sample edges. As well, local defects, such as bubbles, are also visible on the samples sur-
face interrupting the glassy scale. Furthermore, the oxide scale of ZrB,/SiCN appears to have
less defects unlike ZrB,/SiZrCN and ZrB,/SiZrBCN, which tend to show increased bubble

formation. In particular, ZrB,/SiZrBCN appears to form a relatively increased number of

bubbles.
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Representative SEM images of the surface of the oxidized samples show the presence of
bubbles in the oxide scale of all three materials. Thus, in Figure 3, a SE and BSE images of
ZrB,/SiZrCN sample surface are depicted, taken at the exact same position. They show a
glassy bubble in the oxide scale (Figure 3 left). It can be seen that underneath the glassy bub-
ble a brighter phase formed (Figure 3 right). EDX measurements reveal that the brighter
phase is ZrO,.

Figure 4 (a) shows the cross section of an oxidized ZrB,/SiZrCN (50 h) sample. Further anal-
ysis of two selected areas was performed using EPMA element maps: area 1 (Figure 4 b) dis-
plays the plane oxide scale and area 2 (Figure 4 ¢) shows a bubble in the oxide scale.

To understand the beginning of the attack mechanism EPMA investigations were conducted
on a filled bubble. The qualitative EPMA element maps show that the top layer is a borosili-
cate containing Si, O, and B. Underneath, there is a thin layer (= 2 pm) consisting of Si, O, B
and, Zr (see Figure 4 and Figure 5). This area most likely consists of ZrO, and Si-O-B as it is
reported for comparable systems elsewhere®'*>2®. The Si signal shows a depletion zone of
several um thickness (= 19 um). In areas showing bubble formation, the Si-O-B top layer
thins on top of the bubble (see Figure 4(c)). The bubbles areas (area 2 in Figure 4) show in-
creased concentration of O, C, and N in the subsurface zone. Hence, increased reaction with
the surrounding atmosphere is assumed here (uptake). Underneath, a Si depletion zone of
several um thickness (= 38 um) can be detected.

To further characterize the bubbles and the oxide scale SEM images of all bubbles in each
cross section and at least five images of plane oxide scale for each sample were taken. The
sample edges and short sides of the sample were excluded from investigations. The bubble
size of each bubble 1, and the Si-O-B thickness was measured using the image processing

program ImagelJ. The results for the Si-O-B scale thickness, mean bubble size, maximum
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bubble size and the bubble ratio of the 50 h samples are shown in Table 2. The bubble ratio is

calculated according to equation 2.

Bubble ratio = & 100 % (2)
T L+ 1L, 0

The comparison of the three materials shows the lowest bubble ratio for ZrB,/SiCN (30.2 %)
and the highest bubble ratio for ZrB,/SiZrBCN (65.8 %). Also, the mean and maximum bub-
ble size are the lowest for ZrB,/SiCN (288 £ 99 um and 473 pm), whereas ZrB,/SiZrBCN
shows higher values (542 + 229 pm and 942 pm). The Si-O-B scale thickness is the highest
for ZrB,/SiCN with 39 + 11 pm. ZrB,/SiZrCN shows the lowest Si-O-B scale thickness with
13 £ 5 wm. These results support the impression of Figure 2, that the oxide scale of
Z1rB,/SiCN tends to have less defects and that ZrB,/SiZrCN as well as ZrB,/SiZrBCN show
an increased bubble formation.

A quantitative EPMA linescan for the detection of the elemental concentration of area 1 is
depicted in Figure 5. For the sake of clarity, the N signal which was also measured, is not
shown in Figure 5. It can be seen that in a depth of around 25 pm a decrease in the Si signal
appears from 20 at.% to 1 — 2 at.% up to a depth of 50 um. In the same area of around 26 —
27 um the Zr signal increases up to = 12 at.%. Also, the C signal increases in this area to
~ 15 at.%. In general, quantitative WDX-measurements of light elements such as N, B, O or
C are associated with extremely high uncertainties. In addition, the cross sections were
ground using water as a coolant, which leads to a decrease of the content of the water-soluble
B,0; in the borosilicate glass layer’*. Hence, the quantitative B analysis is not considered for
the discussion. The samples were coated with C to provide electric conductivity, explaining
the C signal in the first = 25 pm.

Figure 6 depicts an EPMA measurement of a white area with increased oxidation, which is

shown in Figure 2. The results show overlapping Zr and O signals in these areas. As ZrO,
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3738 the formation of 710, is assumed to lead to

usually has a translucent whitish appearance
the white areas and hence increased ZrO, formation is located at the sample edges (see mac-
roscopic images of the samples in Figure 2). This indicates a lower oxidation resistance in
these areas, as ZrO, offers poor oxidation protection’ *. The Si signal shows only small and
thin areas of Si and therefore less formation of glassy phases, which would suppress ZrO;
formation.

In Figure 7, SE images of the ZrB,/SiZrBCN samples tested for 50 h and 100 h are compared
to each other. The 100 h sample has larger bubbles, which are often connected to each other,
whereas the bubbles in the 50 h sample tend to be smaller and isolated. In addition, the bub-
ble inside shows an increased loss of material for the 100 h sample (right image in Figure 7),
whereas the 50 h sample shows besides bubbles which appear to be rather hollow, also filled
bubbles. The coalescence and the amount of the bubbles impede the quantification of the
bubble size. The measured Si-O-B scale thickness is 55 + 21 pm for ZrB,/SiCN and 64 + 9
um for ZrB,/SiZrBCN. However, the bubble formation strongly influences the measured
scale thickness *°.

The XRD patterns of the sample surfaces before and after oxidation are shown in Figure 8.
Before oxidation (Figure 8 (a)), the XRD patterns show the presence of ZrB,, minor amounts
of monoclinic and tetragonal zirconia (m-ZrO; and t-ZrO,), and B-SiC. The findings are con-
sistent with previous investigations on the microstructure of the ceramic monoliths which are
described in more detail in®’. At around 20 ~ 27.2° the XRD patterns of ZrB,/SiCN and
Z1B,/SiZrCN show a broad peak, which reveals the presence of the turbostratic BCN phase.
Its structure consists of a turbostratic sp”-hybridized carbon phase, which contains boron and

15,3942

nitrogen . There appears to be diffusion of boron from ZrB, grains to the turbostratic

15,27,39,41,42

carbon phase. In comparison to reports in the literature the pattern of

ZrB,/SiZrBCN does not show any BCN. However, TEM investigations of Feng et al.”’ re-
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vealed the presence of BCN in all three materials. Hence, this effect might be caused by a
lower concentration of this phase in ZrB,/SiZrBCN. Si3N4 was not detected, which indicates
conversion of SizN4 via carbothermal processes into B-SiC27. The XRD pattern of
ZrB,/SiZrCN shows an additional phase. Due to the EPMA element maps and the original
composition it is assumed in the following that the detected phase consists of a mixture of
ZrN and ZrC. As ZrN and ZrC have the same crystal structure they form solid solutions,
hence Zr,CN. The C and N-atoms occupy the interstitial sites of the Zr lattice™**.

All three materials show the presence of monoclinic and tetragonal ZrO; and a broad reflex at
~ 27.2° after oxidation (Figure 8 (b)). The latter could arise from t-BCN or amorphous con-
tributions. For all three materials no crystalline phase of SiO, could be detected after oxida-
tion, supporting the assumed presence of a glassy borosilicate scale, as borosilicate does not

show any XRD pattern® and for pure SiO; a crystalline phase would be expected after oxida-
y

tion at 1300 °C*+,

3.3. Thermodynamic analysis

Thermodynamic calculations were performed to elucidate the stability of the phases and the
oxidation reaction in relation to the oxygen activity, bubble formation and the Si-depleted
zones in the investigated samples. As starting compositions, the phases that were detected in
the XRD measurements before the oxidation experiments (see Figure 8), i.e., ZrB,, SiC and
Zr,CN were chosen. The equilibrium phases in relation to the oxygen activity evolving from
the respective starting compositions are given in Figure 9. Dashed lines represent gaseous
species and dotted lines stand for liquids.

It is found that Zr,CN forms ZrO,, graphite and N, with increasing oxygen partial pressure.
The graphite then reacts to form CO which oxidizes to CO, at elevated oxygen partial pres-
sures. ZrB; oxidizes to ZrO; and liquid B,O3 at an oxygen activity of 1.7- 107" atm. The latter

two products remain stable under increasing oxygen partial pressure. SiC reacts with oxygen
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to form minor amounts of gaseous SiO and CO at low oxygen partial pressures. With increas-
ing oxygen partial pressure, SiO oxidizes to form solid SiO; and graphite becomes stable in a
small oxygen activity range between 9.2-10° atm and 6.8-10™'° atm. At higher oxygen partial
pressures, Si0O; and CO; are the stable products. SiO; forms a glassy oxide scale with liquid

B,03 while CO, and N, evaporate.
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4. Discussion

4.1. Microstructural evolution

Prior to oxidation the measured XRD patterns of the pyrolyzed samples (see Figure 8 (a))
show the presence of ZrB,, t-BCN, and B-SiC. In addition, small amounts of monoclinic and
tetragonal ZrO, were detected due to oxidation during pyrolysis. Furthermore, the XRD pat-
terns of the pyrolyzed samples interestingly reveal the presence of the phase Zr,CN for the
composition ZrB,/SiZrCN. Recently, Markel et al.** investigated the phase composition of
SiCN with 12-23 wt.% of ZrB,-powder as filler material. They proposed a mechanism for the
formation of ZrCyN, during pyrolysis in N, containing atmospheres. ZrCyNy is a solid solu-
tion resulting from the diffusion of graphite, which is inherent in the SiCN matrix, into ZrN.
ZtN is previously formed through a nitriding reaction of ZrB,*:. Recently, Zr,CN was ob-
served in polymer-derived SiZrBCN-based ceramic nanocomposites'. In addition, Feng et
al.?” found ZrC in Z1B,/Si1ZrCN and also minor amounts in ZrB,/SiZrBCN were found. It was
concluded that a reaction between ZrB, and the sp>-hybridized carbon of the SiCN phase is
unlikely for ZrB,/SiCN, whereas ZrB,/SiZrBCN shows minor amounts of ZrC, which has the
same crystal structure Fm3m (225) as ZrN. Feng et al.”’ stated that the reduction of the
amount of ZrC is caused by suppression of the crystallization through the incorporation of B
in SiZrCN. The role of Zr,CN during oxidation will be addressed below.

After oxidation, m-ZrO,, t-ZrO,, and t-BCN were detected (see Figure 8 (b)). The monoclinic
and tetragonal ZrO, derives from the oxidation of ZrB, and the zirconium containing PDC-
NCs SiZrCN and SiZrBCN?. Crystalline Si0, was not found, which explains the amorphous
glassy oxide scale. The role of the t-BCN phase for the oxidation process is unclear and could
not be resolved in the present study. Therefore, further detailed investigation of the phases

and compositions of the oxidized samples is planned using TEM.
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4.2. Mechanism for the formation of the Si depletion zone
The EPMA measurements show a Si depletion zone for all investigated materials after oxida-
tion below the glassy Si-B-O layer formed (see Figure 6). In the literature, Shugart et al.*’

proposed a mechanism for Si depletion at temperatures below 1627 °C. At low partial pres-

sures of oxygen, SiC oxidation takes place following the reaction:

SiC + %02 (g) = Sio(g) + C (s) (2)

The oxidation of SiC and the formation of gaseous SiO at low oxygen partial pressure could
be verified by the thermodynamic calculations as depicted in Figure 10. The gradient in oxy-
gen partial pressure within the sample leads to gaseous Si-transport from the side of low oxy-
gen partial pressure to the side with higher oxygen partial pressure in the material via SiO
(see Figure 11). At higher oxygen partial pressures in the subsurface zone of the sample, SiO
oxidized to solid Si0,. The EPMA results and the linescans (Figure 4 and Figure 5) support
the proposed reaction above (Reaction 2), as they show a Si depletion zone, whereas C can
still be detected within the Si depletion zone. Regarding the evaluation of the C content, it has
to be mentioned that the EPMA samples were embedded in a polymer and coated with a thin
C layer for investigation, which results in a C signal all over the measured areas. However,
relative differences can be seen. The comparison of the EPMA measurements of area 1 (b)
and area 2 (c) in Figure 4 shows that the Si depletion zone in the area with a continuous
glassy oxide scale is only half (= 19 um) of the Si depletion zone in the bubble area (= 38
um). The bubble formation leads to a thinning of the protective oxide scale on top of the
bubbles, which facilitates the diffusion of oxygen into the material. This explains the higher
oxidation in this area, resulting in a thicker ZrO,-Si-O-B layer in bubble areas. The thicker
oxide scale acts as an effective diffusion barrier for oxygen, which leads to a steep gradient in

oxygen concentration within the scale, explaining the thinner Si depletion zone and its posi-
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tion closer to the surface (= 45 pm distance to the surface). The Si depletion zone in the bub-

ble area begins at a depth of around 150 um, which indicates a less steep oxygen gradient.

4.3. Oxidation kinetics

A comparison of the oxidation kinetics of the three investigated materials shows the highest
parabolic portion and the smallest mass gain for ZrB,/SiCN (see Table 1). Through incorpo-
ration of Zr (ZrB,/SiZrCN) and B (ZrB,/SiZrBCN), the linear mass gain increases while the
parabolic portion decreases. ZrB,/SiCN (50 h) and ZrB,/SiZrBCN (50 h and 100 h) do not
show typical paralinear oxidation kinetics. Instead of a linear mass loss (positive k,) the mate-
rials show a linear mass gain (negative k,). The oxidation kinetics are the result of a superim-
position of parabolic kinetics (protective oxidation behavior through the formation of borosil-

. 4,10,12,31
icate™'*!%”

), linear mass gain (ZrO, formation by the oxidation of ZrB, and Zr containing
PDC-NCs) and linear mass loss (evaporation of liquid B,Os3 and other gaseous products). It
can be seen that in these measurements the linear mass gain by the formation of ZrO, exceeds
the mass loss by the evaporation of B,O3 and other gaseous products, such as CO; and Nj. It
has to be mentioned that in this case paralinear fitting is used as a technical approach based
on the measured mass changes. All effects leading to a mass gain and effects leading to mass
losses are superimposed, respectively, and cannot be distinguished.

For a comparison of the measured oxidation kinetics with literature results of conventional
hot-pressed ZrB,-SiC, the parabolic fitted k, values and the weight gain after 100 min and
600 min for the 50 h samples were listed in Table 3. A parabolic fitting was used to ensure a
better comparability to the in most cases parabolic fitted literature data. It can be seen that
the investigated materials in this work show lower &, values and weight gains. Shugart et al.*
measured a k, value of 1 1.1-10" g’em™s™ and a weight gain of 2.57 mg/cm? for ZrB, with 30

vol.% SiC (= 18.4 wt.%) oxidized for 100 min at 1300 °C. The highest measured &, value in

this work after 100 min was 9.7-107'° g?em™s™ for ZrB,/SiZrCN and the highest weight gain
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after 100 min was 2.53 mg/cm? (ZrB,/SiZrCN). It can be seen, that ZrB,/SiZrCN shows the
highest &, values for 100 min and 600 min. This reflects the observed higher mass gain for
ZrB,/SiZrCN in the first 30 h (see Figure 1). With increasing exposure time ZrB,/SiZrBCN
exceeds the mass gain of ZrB,/SiZrCN due to a higher linear contribution to the mass gain.
Z1B,/SiCN (100 h) had a k, value of 5.4-10™"° gcm™s™ after 100 h, which is less than half of
the literature values. Nevertheless, increasing the SiC content improves the oxidation re-
sistance of ZrB,-SiC'"'"*®. Possible explanations for the improved oxidation resistance are the
finer SiC particles produced by using PDCs instead of SiC powder and the chemical modifi-
cation of SiC. The reduction of grain-size of SiC (< 0.5 pm*’) without agglomeration results
in improved oxidation resistance and enhanced hot-pressing densification (open porosity <
0.5 vol.%"")">!7. Also, using PDCs as a Si source leads to a more homogenously distribution
of the Si containing phase'®. Overall, the results show significantly improved oxidation re-
sistance by using PDC-NCs instead of SiC powder. For a direct comparison samples of ZrB,
powder coated with polymer-derived SiC and conventionally produced ZrB,/SiC will be oxi-
dized for longer exposure times and compared in the near future.

Comparison of the parabolic and linear constants &, and &, of the 50 h and 100 h experiments
(see Table 1) reveals variations in k, values up to 1.8- 10"%¢*cm™s™ (ZrB,/SiZrBCN). Shugart
et al.* investigated the mechanisms for the variability of the oxidation kinetics of ZrB, — 30
vol.% SiC at temperatures between 1300 °C to 1550 °C and exposure times from 30 s to 100
h. They found variations up to a factor of 2.4 in the specific weight gain for the same testing
conditions. In addition, the oxide layer formed varied in thickness up to 80 % from the aver-
age. They proposed that the formation of bubbles in the glassy oxide layer is the main source
of the variability, which was also observed in this work (Figure 2, Figure 3, Figure 4, and
Table 2). The higher deviations of the measured oxidation curves for ZrB,/SiZrBCN can be

ascribed to the increased bubble formation (see Figure 2 and Table 2) compared to
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ZrB,/SiCN, which shows less deviations. The TEM investigations of Feng et al.*” show that
the pyrolyzed samples consist of larger ZrB, grains of several um in size with multi-grain
junctions filled with ZrO,, ZrC(N), B-SiC, BCN, and an amorphous Si-rich residual phase
originating from the PDC-NC material. It was concluded that the presence of ZrO,, BCN, and
especially the amorphous Si-rich phase lead to a lower hardness of all three materials com-
pared to ZrB,/SiCY. Furthermore, it was found that the amount of ZrO, phase increased in
this area with the addition of Zr to the SiCN precursor. The larger amount of ZrO, within the
multi-grain junctions of ZrB,/SiZrCN and ZrB,/SiZrBCN could explain the decreased oxida-
tion resistance of these materials compared to ZrB,/SiCN. The ZrO, facilitates the oxygen
diffusion in between the ZrB, grains, acting as an oxygen conductor by enabling oxygen in-
ward diffusion via lattice vacancies >>*.

4.4. Formation of bubbles in the oxide scale

The formation of bubbles is assumed to occur due to the high partial pressure of the gaseous
species formed. The bubbles occur locally and have a large influence on the oxidation behav-
ior. The expansion of the surface area through the bubble formation leads to thinning of the
protective borosilicate scale on top of the bubbles. The thin borosilicate layer is less protec-
tive compared to the thicker scales in the areas without bubble formation as the diffusion path
for oxygen decreases, which in turn leads to an increased ZrO, formation in the bubble areas.
The same effect can be observed at the sample edges, where the curvature leads to a thinning
of the borosilicate scale®. The partial pressure of the gaseous species formed is high enough
for the growth of bubbles. However, the pressure is not sufficient to burst the formed bubbles.
The thermodynamic calculations performed in this study confirm the formation of various
gaseous species during the oxidation reaction. The oxidation of SiC leads to the development
of CO, which oxidizes to CO; at higher oxygen partial pressures. Possible sources for higher

amounts of gaseous CO are the larger SiC particles within all samples (see Figure 7), which
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could lead to locally increased CO formation. Another source for the formation of gaseous
products is Zr,CN. The oxidation of Zr,CN leads to release of CO, CO,, and also N,, which
contributes to the observed bubble formation. ZrB, oxidizes and forms B,0s, which has a
tendency to evaporate at high temperatures®”. The comparison of the macroscopic images of
the oxidized samples (see Figure 2) and the measurement of the bubble size (see Table 2)
shows less bubbles on ZrB,/SiCN. ZrB,/SiZrBCN shows the highest amount of bubble for-
mation. Presumably, the higher amount of B in ZrB,/SiZrBCN supports the formation of
bubbles by reducing the viscosity of the borosilicate® and the enhanced formation of gaseous
B,0;. In addition, incorporation of Zr leads to a higher formation of ZrO, in the multi-grain
junctions between the ZrB, grains, as shown in a previous publication”’. The ZrO, in the mul-
ti-grain junctions is facilitating oxygen diffusion within the bulk leading to increased oxida-
tion and as a result ZrO, formation.

The formation of bubbles during oxidation of ZrB,/SiC is widely described in the

35,47,56-60 035,47,48,59

literature , caused by the formation of gases, such as C , and a reduced vis-

cosity of the oxide scale due to B20360’61

. Bursting of these bubbles was reported, which leads
to areas with very small or no borosilicate coverage resulting in localized higher
oxidation®>®. To the best of the authors knowledge bubble formation at temperatures of 1300
°C has not yet been observed.

Gangireddy et al.” proposed and calculated an onset temperature of 1450 °C for bubble for-
mation during the oxidation of ZrB, + 15 vol.% SiC caused by CO (g) formation. They also
saw a temperature dependent “delay time” for bubble formation. It required a certain time of
heating before bubbles could be observed. With increasing temperature this delay time de-
creased”’. Shugart et al. 47 found remnant C in the 710, scale and stated that CO could not be

the reason for bubble formation during oxidation of ZrB, + 30 vol.% SiC at temperatures

below 1627 °C. Recently, Li et al. ®* investigated the oxidation of ZrB, + 20 vol.% SiC + 5-
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10 mol.% WB at 1500 °C for 3-6 h. They found, that B,Os played a central role in bubble
formation since it reduces the viscosity of the liquid outer oxide layer® and shows high volat-
ilization due to its high vapor pressure.

Comparison of the samples oxidized for 50 h with the 100 h samples (see Figure 7) shows
thicker oxide scales and coalescence of bubbles with increasing dwell time. Due to the dou-
bling of exposure time more gaseous products such as CO,, N,, and SiO accumulate under
the borosilicate scale. This leads to increased bubble formation and as a consequence more
inward oxygen diffusion due to thinning of the protective oxide scale resulting in higher oxi-
dation. The promoted oxidation also leads to enhanced ZrO, formation.

5. Conclusion

Dense ZrB,-based monoliths were prepared using three different PDC-NCs (SiCN, SiZrCN
and SiZrBCN) as a sintering aid and the oxidation behavior was investigated at 1300 °C for

50 h and 100 h.

e SiCN showed the lowest mass gain of all three materials. It was shown that incorporation of
Zr and B leads to an increased mass gain with a higher portion of linear oxidation kinetics.
This effect is mostly attributed to a higher ZrO, concentration in the multi-grain junctions
between the ZrB, grains.

e For all three materials paralinear oxidation behavior was observed. Overall, the usage of
SiCN, SiZrCN, and SiZrBCN as sintering aids for ZrB, showed an improvement in oxidation
resistance compared to conventional ZrB,/SiC.

e Formation of bubbles in the oxide scale was observed, which strongly influences the result-
ing oxidation. EPMA measurements showed the development of a Si depletion zone in the
subsurface region of the materials. Both phenomena were explained with thermodynamic
calculations using ThermoCalc software. It was shown that the gaseous products (mainly N,

and CO,) formed during the oxidation of the phases Zr,CN and SiC most likely lead to the
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formation of bubbles. Furthermore, oxidation of SiC at lower oxygen partial pressures induc-
es the development of gaseous SiO, which oxidized at higher oxygen partials pressures to
form Si0,. The resulting Si transport leads to the formation of the Si depletion zone.

The use of PDC-NCs as a sintering aid for ZrB, is a promising way to improve the oxidation
behavior of these UHTCs. Due to the flexibility in chemical structure of PDC-NCs, further
improvement of the oxidation behavior and modification of the microstructure is an interest-

ing option for future investigations.
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Figure Caption List:
Figure 1: Specific mass change as a function of exposure time for ZrB,/Si(Zr,B)CN mono-

liths at 1300 °C in synthetic air for 50 h (left) and 100 h (right). Paralinear fits are depicted as

dotted lines.
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Figure 2: Macroscopic images of the samples after oxidation at 1300 °C for 50 h in synthetic
air. (a) ZrB,/SiCN, (b) ZrB,/SiZrCN and (c¢) ZrB,/SiZrBCN.
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Figure 3: SE (secondary electron) image (left) and BSE (backscattered electron) image (right)
of the surface of the oxidized ZrB,/SiZrCN sample after 50 h at 1300 °C in synthetic air.
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Figure 4: Cross section of a monolithic sample (ZrB,/SiZrCN) after oxidation at 1300 °C for
50 h in synthetic air. In (a) an overview image of the whole sample is depicted, where two

areas are highlighted: (b) area of plane oxide scale (Area 1 in (a)) and (c) bubble within the

oxide scale (Area 2 in (a)). For both areas BSE images and EPMA element maps are shown.
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Figure 5: Linescan measuring the elemental concentration over the distance from the samples

surface at a cross section of ZrB,/SiZrCN oxidized at 1300 °C for 50 h in synthetic air (area
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Figure 6: EPMA measurement of cross section of an edge of ZrB,/SiZrBCN oxidized for 50
h at 1300 °C.
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Figure 8: XRD measurements of the monolithic samples before (a) and after oxidation (b) at

1300 °C in synthetic air for 50 h.
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Figure 9: Thermodynamic calculations of the phase stability and evolution of SiC, ZrB, and

Zr,CN at 1300 °C in dependence of the oxygen activity.
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Figure 10: Thermodynamic calculation of the phase stability and evolution of SiC in relation

to of the oxygen activity (magnified section of the SiC diagram in Figure 9).
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Figure 11: Schematic representation of the formed layers in oxidized ZrB,/Si(Zr,B)CN at
1300 °C (after Fahrenholtz™).
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Table Caption List:
Table 1: Paralinear fitting parameters of the monolithic samples oxidized at 1300 °C for 50 h

and 100 h in synthetic air.

Table 2: Si-O-B scale thickness, mean bubble size, maximum bubble size and bubble ratio of

the samples oxidized at 1300 °C for 50 h.

Table 3: Literature results of ZrB,/SiC oxidized in synthetic air. Please note that the exposure

times are listed in minutes.

Table 1: Paralinear fitting parameters of the monolithic samples oxidized at 1300°C for 50 h and 100
h in synthetic air.

Paralinear fitting parameters Paralinear fitting parameters
50h 100 h
Samples in 11(5’10 in lﬁ)’g Rson in 11(8’10 in 11((V)’11 Resoon
gzch‘s’1 g cm ’s! ) g,;cm%s’1 g cm s )
Z1B,/SiCN 43+04 -0.9+0.1 0.998 5.9+0.6 0.2+0.1 0.998
Z1B,/SiZrCN 123+ 1.1 1.3+0.2 0.999 - - -
Z1B,/SiZrBCN 3.6+04 -3.6+04 0.999 1.8+0.2 -2.0+0.2 0.999

Table 2: Si-O-B scale thickness, mean bubble size, maximum bubble size and bubble ratio of the
samples oxidized at 1300°C for 50 h.

ZrB,/SiCN ZrB,/SiZrCN ZrB,/SiZrBCN
Si-O-B scale thickness [pm] 39+11 13£5 27+5
Mean bubble size [pm] 288 £99 546 £ 116 542 £229
Max. bubble size [pm] 473 709 942
Bubble ratio 30.2 % 392 % 65.8 %
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Table 3: Literature results of ZrB,/SiC oxidized in synthetic air. Please note that the exposure times

are listed in minutes.

SiC content Temperature Time Weight Parabolic
in vol.% in°C in min change e Reference
in mg/cm? in 10" "gcm”’s
1300 100 2.57+0.4 11.1
1400 100 336+08 20.6 3
30 1500 100 273+08 12.2
1550 100 3.14+05 12.2
1500 600 5.9 - »
1327 10 1.25 13.6,17.5
50 2.0 50,51
20 100 2.5
1400 60 4.5 - 32
10 1500 600 16.4 - #
25.2 1300 100 1.25+0.1 20+0.2
SiCN 600 426+ 0.4 44+04
25.2 1300 100 253+03 9.7+0.9 his work
SiZrCN 600 6.25+0.6 11.0£ 1.0
25.2 1300 100 1.63+0.2 3.8+0.3
SiZrBCN 600 4.96+05 6.1+0.6
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