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The ultra-high temperature ablation of a polycrystalline, fully dense, predominantly single phase MoAIB ceramic
discs under an oxyacetylene flame is examined. The linear ablation rate decreases from 1.3 pm/s during the first
30s to - 0.7 um/s after 60 s when the surface temperature reached about 2050 °C (with a flame temperature
around 3000 °C). Up to 60s, the MoAIB is ablation resistant due to the formation of a protective and viscous
surface Al,O3 layer. As the ablation time is prolonged, the protective Al,05 scale becomes porous and is almost
fully destroyed at the central ablation region after 120s. This accelerates the formation of large amounts of

volatile species (mainly B and Mo oxides), resulting in a reduction in the ablation resistance.

1. Introduction

Ultra-high temperature ceramics (UHTCs) are a family of compounds
that exhibit a unique set of properties, such as an extremely high melting
point (beyond 3000 °C), a high chemical stability and an appreciable
mechanical strength at high temperatures [1-5]. UHTCs are potential
candidates for numerous high-temperature structural applications in-
cluding thermal protection materials on hypersonic aerospace vehicles,
re-usable atmospheric re-entry vehicles, specific components for pro-
pulsion, and nose cone and airframe leading edges [1-5]. However, only
a limited number of ceramics and composites made of refractory metal
borides, carbides, nitrides and oxides can survive in such extreme en-
vironments [1,2]. Among these UHTCs are borides and/or carbides of
silicon, zirconium, hafnium, tantalum and composites thereof [5-11],
which are characterized by high melting temperatures, high hardness
values and excellent thermal conductivities. However, technological
difficulties in manufacturing, including densification and machining into
complex shapes, as well as their intrinsic brittleness and poor oxidation
resistance have impeded their application.

Silicon carbide, SiC, is often added to borides to enhance their oxidation
resistance by promoting the formation of a borosilicate-based glassy pro-
tective layer, which inhibits oxidation at temperatures up to 1700 °C for
short times [1,2]. Recently, Ti>AlC, a ternary carbide belonging to the fa-
mily of MAX phases [12-14], where M is an early transition metal, A is an A
group (mostly groups 13 and 14) element, and X is either carbon and/or
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nitrogen, showed promising ultra-high temperature properties because of
the formation of an adherent Al,O5 protective surface layer [15]. Under an
oxyacetylene flame at temperatures up to a flame temperature of 3000 °C,
its linear ablation rate decreased from 0.14 um/s for the first 30 s ablation to
0.08 um/s after 180 s. Similarly, in situ formed Ti;SiC, MAX phase particles
in a C/SiC composite improved the ablation resistance of the latter due to
the formation of protective SiO, and TiO, surface layers [16].

More recently, the ternary, atomically laminated boride, MoAlB,
which has a crystal structure similar to that of MAX phases, has at-
tracted quite some attention [17-23]. The crystal structure is orthor-
hombic and consists of MoB layers interleaved by two pure Al layers.
With a Vickers hardness value ranging from 9 to 14 GPa, its hardness is
quite a bit lower than typical binary transition metal borides
[19,24-26], but, at about 2 GPa, the room temperature ultimate com-
pressive strength of dense, 90 vol.% pure MoAIB ceramic is quite high
[19]. The oxidation resistance of MoAIB is comparable to that of Al-
containing MAX phases which form protective alumina, Al,O5 layers
[27,28], such as, Ti,AlC [29,30], TisAlC, [31] and Cr,AlC [32,33].
Oxidation of MoAIB at temperatures up to 1350 °C in air resulted in the
formation of a dense and adherent Al,O3 scale. After 200 h at 1350 °C,
the Al,O3 scale was only 25um thick. The growth of this protective
oxide layer followed an approximately cubic time dependence [19,23].
The thermal shock behaviour of MoAIB ceramic [34] is comparable
with that of MAX phases [35]. However, after quenching MoAIB with
an initial strength of 307 MPa from 1400 °C into water, the residual
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strength was about 45 MPa. Compared with MAX phases, MoAIB lacks
multiple fracture energy absorbing mechanisms and the ability of
healing crack damage. MoAIB also maintained a high and nearly tem-
perature independent thermal conductivity (> 25 W/m/K) as well as a
high Young’s modulus of 319 GPa up to 1200 °C.

Although MoAIB is not an ultra-high temperature ceramic since it
incongruently melts into the binary MoB and liquid Al above 1435 °C
[22]. As noted above, it shows good oxidation as well as ablation re-
sistance at high temperatures.

In the present work, the ablation behavior of spark plasma sintered
(SPS) MoAIB ceramics exposed to an oxyacetylene flame with a flame
temperature of around 3000 °C is investigated as a function of exposure
time. The resulting compositional and microstructural changes are
analyzed, and the ablation mechanisms are evaluated in conjunction
with some thermodynamic calculations.

2. Experimental details

To fabricate dense MoAIB samples using SPS, MoAIB powder with an
average particle size of about 38 um, was used as the starting material.
Full details of the synthesis of this powder have been reported in [19]. In
brief, a powder mixture of molybdenum monoboride (MoB, 99%, Alfa
Aesar, particle size < 44 um) and aluminum (Al, Alfa Aesar, 99.5%,
particle size < 38 um) with a molar ratio of 1:1.3 was homogeneously
mixed, cold-pressed and pressure-less sintered at 1000 °C for 15 h under a
flowing Ar atmosphere. The MoAIB powder was placed between graphite
punches in a graphite die (ISO-68, Toyo Tanso, Japan) with an inner
diameter of 20 mm. Graphite foils (Papyrex Mersen, France) were used to
prevent possible reactions between the powder and the graphite die and
punches. In addition, these graphite foils were sprayed with BN on both
sides for easy removal of the sample.

The powder mixture was then processed in an SPS installation (HP D
25 SD, FCT system GmbH, Germany) at 1250 °C for 0.5 h. The applied
pressure was 50 MPa applied from the beginning of heating cycle. The
furnace was flushed with pure Ar (5N, Linde, The Netherlands).
Heating and cooling rates were about 50 °C/min. The sample tem-
perature was monitored using an axial pyrometer. The electric current
was applied following a 15/5 (on/off 3ms) pulse sequence. Finally,
after releasing the pressure, the material was cooled from the sintering
temperature to room temperature.

Electrical discharge machining was used to machine a 2mm thin
disk with a diameter of 20 mm. The disk was then cut into four quarters,
which were in turn ground using SiC emery paper starting with 800 grit
and finishing with 4000 grit. Finally, the ground surfaces were polished
with 1 pm diamond suspension on a soft cloth. After each polishing
step, the samples were ultrasonically cleaned in isopropanol and dried
by blowing with pure nitrogen, N5, gas (5N, Linde, The Netherlands).

The ablation experiments were performed in accordance with the
standard protocol for measuring the ablation properties of materials
(GJB 323A-96) [9,15,36-38] exposed to an oxyacetylene flame. The
pressure and the flow rate of acetylene were 0.095MPa and 1.116
m>h ™%, respectively. The pressure and flow rates of oxygen were fixed
to 0.4 MPa and 1.513 m®h ™!, respectively. The air-fuel equivalence
ratio (A) was 0.96; i.e. close to stoichiometric gas mixture composition.
Under these conditions, according to the literature the flame can reach
a temperature of about 3000 °C [9,15,36-38]. The actual flame tem-
perature in our experiments was also measured with a Raytek Marathon
MR1SCCF Pyrometer (Santa Cruz, CA, USA) having an accuracy of
about = 10 °C. For the conditions used, a flame tip temperature of 2800
~ 3000 °C was measured. The distance between the stationary flame
nozzle and sample surface was set at 10 mm. The flame centre and torch
were aligned perpendicular to the sample surface. The torch was ap-
plied for 30, 60, 120 or 180s. Also, the surface temperature of the
MoAIB sample surface was measured with the Raytek Marathon
MR1SCCF Pyrometer. The sample surface temperature reached up to
2050 + 200°C within 30s. Towards the end of the 180s ablation
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Fig. 1. X-ray diffractograms of (a) as received MoAIB powder, and (b) densified
by SPS.

Fig. 2. SEM backscattered electron image of pristine MoAIB sample fabricated
by SPS.

experiment, the sample surface temperature decreased by about 50 °C.
This temperature decrease is due to microstructural and phase evolu-
tions (See below). Upon prolonged ablation the formation of volatile
phases results into heat loss which decreases the ablation temperature.

The mass ablation rate (R,,) and linear ablation rate (Ry) are de-
fined, respectively, as:
my — Mo

t

Rin &)

di — do

R, =
a t

(2)

where my and m, are the sample mass before and after ablation, re-
spectively; dy and d, denote the sample thickness of at the center of the
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Fig. 3. Photographs of ablated MoAIB sample after exposure to an oxyacetylene flame for: (a) 30, (b) 60, (c) 120, and (d) 180s. Area I: central ablation region, Area

II: near central ablation region.
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Fig. 4. Ablation rates of MoAIB sample as a function of ablation time. Left
vertical-axis plots the mass ablation rate and the right vertical-axis, the linear

ablation rate.

Table 1

Ablation time (s)

Ablation properties of several high temperature ceramics and composites.

Materials

Ablation

Mass ablation  Linear References
time (s) rate (mg/s) ablation rate
(um/s)

MoAIB 30 0.23 1.3 This work
60 -13 -0.7

Ti,AlC 60 —-0.24 0.11 [15]

Cr,AlIC 60 13 44 [35]

ZrC/Cr,AlIC 60 45 2.5

C/C-SiC-Ti3SiCy 20 6.3 24 [71

composite
C/C-SiC composite 20 10.3 42
BN-MAS composites 30 25.4 87 [9]

disks before and after ablation, respectively; t is the ablation time. Note
these ablation rates are exposure time averaged values.

The phases present before and after ablation were identified with X-
Ray diffraction (XRD) analysis using a Bruker D8 Advance diffractometer
operated with Cu Ka radiation. Diffractograms were recorded in the 26

2012

range of 10-80° with a step size of 0.034°, and a counting time of 1 s per
step. The ablated samples (with 120s and 180 s ablation time) were
crushed into a powder for the XRD analysis to avoid specimen height
variation errors during the XRD scans. The diffractograms were eval-
uated using the Bruker Diffrac EVA software (Version 3.1).

The microstructure prior and after ablative testing was imaged in a
scanning electron microscope (SEM) using a JSM 6500 F (JEOL, Japan)
equipped with an energy dispersive spectrometer (EDS, Thermo-Noran,
UltraDry, USA) for X-ray micro analysis (XMA). The volume fractions of the
phases present were determined from the SEM micrographs by image
analysis (ImageJ software, version 1.49, National Institute of Health, USA).

The chemical and phase reactions during the ablation process were
evaluated in conjunction with thermodynamic calculations using
FactSage software (version 7.1) [39]. The Gibbs free energy balance of
various oxidation reactions of MoAIB in air was evaluated. The ther-
modynamic data of the oxidation products such as Al,O3;, MoO, and
MoOs; as well as boron oxides (BO, B,O3) were taken from the FToxide
database. The thermodynamic data of metallic Al and Mo were taken
from Bins database [39]. The MoAIB phase was created with the ther-

modynamic data from [22]. For the phase diagram of MoAIB-O system,
a gas mixture of Ar and O, with increasing oxygen partial pressure (in

atm.) was considered to be in equilibrium with the different oxides as
well as some precipitated phases.

3. Results and discussion

3.1. Ablation behaviour

In the as-received powder, in addition to the dominant MoAIB phase
a minor fraction of MoAls was also present; see Fig. 1(a). After densi-
fication by SPS, the MoAIB phase remained the dominant phase, while
weaker diffraction lines indicate the presences of some (3-MoB (PDF
Card: 00-006-0644); see Fig. 1(b). In addition to these phases, a minor
amount of Al,O3 was also observed in the SEM micrographs; see Fig. 2.
The phase formation of 3-MoB and Al,O3; may be due to minor oxida-
tion of MoAIB during the SPS process. The volume fractions of the Al,O3
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Fig. 5. X-ray diffractograms of ablated MoAIB sample after being exposed to
oxyacetylene flame for: (a) 30, (b) 60, (c) 120, and (d) 180s.

and MoB phases in the fully dense sample as determined by image
analysis were 7 * 1 and 3 * 1vol.%, respectively.

Fig. 3 shows images of the exterior surfaces of the MoAlB samples after
exposure to the oxyacetylene flame for different times. After 30s
(Fig. 3(a)) and 60 s (Fig. 3(b)) ablation, the sample's overall shape did not
change much. The entire surface is covered with a white layer identified as
Al,O3; see below. Some material had melted at the edges of the ablated
samples, and some large bubbles were observed. After longer ablation
times, viz. 120 s (Fig. 3(c)) and 180 s (Fig. 3(d)), the sample surface turned
black. Furthermore, a significant amount of material appeared to have
flown to the edges of the ablated samples, thereby changing their shape.
Here again, many large and small bubbles were observed.

The ablation behaviour is quantified using the time averaged linear
and mass ablation rates (cf. Egs. (1) and (2)) as a function of time and
the results are shown in Fig. 4. The mass ablation rate, Ry, (left vertical-
axis in Fig. 4) was about 0.23 mg/s for the initial 30 s, which indicates
that the oxidation induced mass gain was higher than the material loss
at this stage. However, after 60s, R, is negative (-1.3mg/s). The
change in sign implies that the sample lost weight most likely due to the
formation and volatilization of B and Mo oxides [23] as well as scouring
of the Al,O3 layer formed by the high-velocity gas flame. Upon further
ablation, Ry, increased slightly towards smaller, but still negative values
(-0.06 mg/s). This may be due to complex solid-liquid-gas reactions that
occur during the ablation process. The evaporation of volatile species
and the flow of liquid phases may have reduced the surface temperature
and consequently reduced Ry,.
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Fig. 6. Thermodynamic calculations: (a) Standard Gibbs free energy of various
possible oxidation reactions of MoAlB, and (b) Phase diagram of the MoAIB-O
system as a function of oxygen partial pressure (py,) in the 0-3000°C tem-
perature range.

The linear ablation rate, Rq, (right axis in Fig. 4) decreased mono-
tonically with time. For the initial 30s and 60s, the Ry were
0.12 + 0.02 and - 0.07 + 0.01 um/s, respectively. This indicates that
the shape of the MoAIB ceramic hardly changed and the material can
withstand the hot corrosion in the ablation process up to 60 s. However,
after 120 and 180s of ablation, Rq was significantly reduced to
-4.30 = 0.03 and -4.20 = 0.02um/s, respectively. This is due to a
significant change of the sample shape at the central ablation region
due to the hot corrosion; see Fig. 3(c) and (d).

The MoAIB ablation rates and those of other ultra-high temperature
monolithic ceramics and related composites tested under similar oxy-
acetylene flame conditions are listed in Table 1. The low ablation rate
of MoAIB, at least during the first 60s, indicates that it exhibits ex-
cellent ablation behaviour, making it a promising material for ultra-
high temperature applications.

3.2. Phase composition and ablation reactions

The phase composition of the ablated MoAIB surfaces changed with
ablation time. After the initial 30 s ablation, strong diffraction lines of
only a-Al,O3 (Corundum, PDF card: 00-010-0173) were observed,
while weak diffraction lines of MoAIB and MoB (3-MoB, PDF Card: 00-
006-0644) were detected; see Fig. 5(a). It follows that the white layer
covering the surface (Fig. 3(a)) is mainly comprised of Al,O3 and is
relatively thick. Extending the ablation time to 60s increased the
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Table 2
Phases in the MoAIB-O system in the temperature range of 0-3000 °C and oxygen partial pressures between 10~® and 1 atm.
Solid phase Liquid phase Gas phase
I a (B203+ Al;03+MoOs) - B (Ar + 03)
i a (By05 + Al,05 +MoO3) B,Os B (Ar + Oy)
11 a (B,03+ Al,03+MoOs3) B,03+ MoOs; Ar + O5+MoO3
v Al,O3 B,03 y(Ar + O2+MoO3+ B,03)
v Al,03 - y (Ar + O, +Mo0O3+ B,03)
VI - AlLO, Y(Ar + O,+MoO3+ B,03)
viI £(Al,03+ MoO3) B,03 8(Ar + MoO3+ B,03)
VIIL ¢(Al;,03+ Mo) B,O3 8(Ar + MoO3+ B,03)
X ¢(Al,03+ Mo) - & (Ar + MoO3 +MoO, +BO + B,03)
X Mo Al,03 y(Ar + Al + MoO3 +MoO,+BO + B,03)
XI - Al,O5+ Mo W(Ar + Al + MoO3+MoO,+BO + B,05)

100 pm

Fig. 7. SEM backscattered electron images of the MoAIB sample after 30 s ab-
lation: (a) central ablation region, (b) near the central ablation region, (c) cross
section of the central ablation region, and (d) inner part of the cross section.

Fig. 8. SEM backscattered electron images of the MoAlB sample after 60 s ab-
lation: (a) central ablation region, (b) near central ablation region. Inset: en-
larged SEM images of red rectangle showing evidence for volatile oxidation
products escaping from the viscous Al,O3 layer, (c) cross section at the central
ablation region, and (d) inner part of the cross section. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article).

2014

MoAIB

MoB]

20"1m

Fig. 9. SEM backscattered electron images of the MoAlB sample after 120 s
ablation: (a) central ablation region, (b) near central ablation region, (c) cross
section under the central ablation region, and (d) higher magnification of the
inner part of the section.

intensity of the MoAIB and MoB diffraction lines(Fig. 5(b)), suggesting
the thick Al,O5 surface layer started to erode. The phase compositions
after 120s and 180s (Fig. 5(c) and (d)) are similar to each other. In
both cases, with increased ablation time, in addition to the diffraction
lines belonging to a-Al,O3, the diffraction lines of the MoB phases (-
MoB, PDF Card: 00-006-0644 and 8-MoB, PDF Card: 04-007-1330)
became stronger and those of the MoAIB phase became weaker. Fur-
thermore, diffraction lines of Mo oxides, MoO,, (Tugarinovite, PDF
Card:04-007-2356) and MoO3 (PDF Card: 00-047-1081)) were detected
indicating that more Mo oxides were formed at later stages of the ab-
lation process. Interestingly, after 120 s and 180 s ablation, diffraction
lines of metallic Mo were also present. Lastly, in all recorded XRD
patterns, no diffraction lines corresponding to boron containing oxides
were observed, suggesting that any boron oxide formed was either
amorphous or had evaporated [22,23]. The evaporation of glassy BoO3
phase has been widely observed in the ablation of di-borides, such as
HfB, and ZrB, [2].

Despite the high temperatures, high pressures and high velocity
combustion gases generated under an oxyacetylene flame, it appears
that MoAIB endures a combination of thermal, chemical, physical and
mechanical actions. A series of reactions also occur between the ultra-
high temperature oxidative gas species and MoAIB. Based on our XRD
analysis, our thermodynamic calculations and the reported oxidation
mechanism of MoAIB [22,23], the following reactions are assumed to
take place during the ablation process:
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Fig. 10. SEM backscattered electron images of the MoAIB sample after 180 s ablation: (a) central ablation region, (b) near central ablation region, (c) cross section at
the central ablation region, and (d) higher magnification of the inner part of the section.

%MoAlB(s, )+ 0, — %MOB + §A1203

3
2 MoAIB(s) + 05(g) — AL Os(s, 1) + —-MoOs(s, I, g)
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2 2
—B,0s(s, 1, —Mo0O,(s, I,
+ 1 2 3(S g) + 11 o 2(S g) (4)
1 1 1 1
EMOB(S) + 0,(g) — ZMooz(S, D+ 23203(1, g+ ZMoos(S, l,g)
()
2MoO,(s, g) + O, — 2MoOs(s, g, 1) (6)
3MoO,(s, g) — 2MoOs(l, g) + Mo(s, ) 7

Here s, I, and g denote solid, liquid and gas, respectively. From the
thermodynamic calculations of the various oxidation reactions (see
Fig. 6(a)), the formation of Al,O3 according to Eq. (3) prevails. This is
in good agreement with our XRD analysis of the material after 30s
ablation; see Fig. 5(a). Upon prolonged ablation, the formation of B,O3
(melting point: 486 °C) and Mo oxides, such as MoO, and MoO;
(melting point: 801 °C), may develop according to reactions Eqs.(4) and
(5). This is also consistent with the XRD analysis of the ablated surface
after 120 and 180 s ablation; see Fig. 5(c) and (d).

Since ultra-high temperature ablation is a dynamic oxidative pro-
cess, the oxygen partial pressure (p,,) plays an important role in the
final formation of the oxidation products. The phase diagram of the
MOoAIB-O system as a function of p,, over the temperature range of
0-3000 °C is presented in Fig. 6(b) and the corresponding phases are
listed in Table 2. This diagram indicates that a(B,O3+ Al,05+MoO3)
solid oxides may form when the temperature is below 486 °C. The
glassy B,O3 phase becomes liquid at 486 °C and becomes gaseous when
the temperature is above 797 °C; cf. Fig. 6(b) and Table 2. Furthermore,
it will transform into a fully gaseous phase when the temperature ex-
ceeds 1990 °C; see section V. Concerning the MoO3 phase, the liquid
and gaseous MoOj3 phases are formed simultaneously at temperatures
above 803 °C (see section III in Fig. 6(b)), while the liquid MoO3 phase
becomes fully gaseous at temperatures above 947 °C; see section IV in
Fig. 6(b). The evolution of the gaseous MoO3 phase has also been ob-
served when oxidizing Mo in air at high temperatures [40,41]. The
MoO3 phase volatilizes by sublimation as it forms on Mo substrates.

2015

Thus, when the temperature rises above 1907 °C, large amounts of
gaseous phases most probably consisting of MoO3; and B,O3 evolve; see
section V in Fig. 6(b). When the temperature exceeds 2053 °C, liquid
Al,03 will be formed; see section IV in Fig. 6(b).

when the temperature is beyond 947 °C, MoO, will be formed at p,,
(between 10~ and 10"%2 atm.); see section VII in Fig. 6(b). This phase
will either sublimate (see section IX, X and XI in Fig. 6(b)) or undergo
complex oxidation and decomposition reactions; see Egs. (6) and (7))
[40,41]. These oxidation and decomposition reactions result in the
formation of the pure metallic Mo phase (s, [) and gaseous MoO3; when
the temperature is beyond 1637°C; see sections X and IX in Fig. 6(b).

The precipitation of Mo according to Eq. (7), agrees with the ob-
served Mo phase detected after 120 and 180s ablation; see Fig. 5(c) and
(d). Note this only happens, however, at lowp,,

In addition to the gaseous Mo oxides (MoO3; + MoO-) and B5O3, Al
(g) and BO(g) can also be formed when the temperature is above 2057
and 2627°C, respectively, and the oxygen partial pressure is low, i.e.
between 108 to 1022 atm.; see section X and XI in Fig. 6(b).

3.3. Microstructure characterization and ablation mechanisms

The observed morphologies, microstructures and chemical compo-
sitions of the MoAIB surfaces change with ablation time. After 30s of
ablation, a porous Al,O3 layer (Fig. 7(a)) forms in the centre of the
ablated region (region I in Fig. 5(a)). The pores are likely due to the
high-speed gas flow. Near the edges of the ablated region (area II in
Fig. 5(a)), a much denser Al,O3 scale in which some large bubbles are
present was observed (Fig. 7(a)). These bubbles are probably due to the
release of volatile oxidation products [42]. As noted above, exposure of
the MoAIB samples to such harsh high-temperature conditions leads to
the formation of volatile Mo oxides (MoO, and MoO3) and boron oxides
(BO and B-03). These volatile oxides are presumably captured inside
the viscous Al,O3 layer resulting in bubble formation. In this near
central ablation region, many microcracks in the Al,O5 layer were also
observed (Fig. 7(b)), whose presence is likely to be due to the mismatch
in thermal expansion between the Al,03; and the substrate upon final
cooling from the ultra-high ablation temperature to room temperature.

However, underneath the porous Al,O3 layer, a mixture of MoB and
Al,03 was formed with many pores (see Fig. 7(c) and (d)) and almost no
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Fig. 11. Schematic representation of the ablation behavior of an MoAIB sample
exposed to an oxyacetylene flame.

residual MoAIB phase was detected. When oxygen reacts with MoAIB
according to Eq. (3), the formation of MoB and Al,Oj is expected. The
remaining material consists of MoAIB with MoB and Al,O3, and a sig-
nificant amount of pores.

Extending the ablation time to 60s, the microstructure under the
central ablation region is similar to that observed after 30 s (compare
Figs. 7(a) and 8 (a)). However, near the central ablation region, this
Al,03 layer becomes quite porous; see Fig. 8(b). The bubbles seen after
30 s ablation likely burst due to the stronger volatilization of Mo and B
oxides. Underneath the porous Al,Os3 layer, in addition to MoB, a Mo-Al
intermetallic phase was also observed; see Fig. 8(c). The Mo/Al atom
ratio of this intermetallic phase is close to 2.6, which suggests it is
MosAlg. The formation of this phase is either due to decomposition of
the MoAIB phase at high temperatures [23], or due to the reaction
between Mo(s, g I) and Al(g). From the MoAIB-O phase diagram, we
conclude that Mo(s, [, g) and Al(g) will be formed at oxygen partial
pressures < 0.025 atm. The remaining material consists of MoAIB with
MoB and Al,O3, and has a significant amount of porosity, while the
amounts of MoB and Al,O3 are increased at the expense of MoAIB.

After prolonged ablation, i.e. up to 120 and 180s, the central ab-
lation region is comprised of mainly MoO, or/and MoOs, and minor
amounts of Al,O3; see Figs. 9(a)-(b) and 10 (a) - (b). The Mo oxides
covering the surface melt and the protective Al,O5 layer for the most
part no longer exists. It was either blown to the side of the ablation
centre or evaporated; see Fig. 9(b) and 10 (b). The thickness of the Mo
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oxide layer reduces with ablation time; cf. Figs. 9(c) and 10 (c). Un-
derneath the Mo oxide layers, the material consists of Mo or/and MoB
and some Al,O3 as confirmed with X-ray microanalysis. The remaining
material mainly consists of MoB with some MoAIB. Its structure is very
porous; see Figs. 9(c) and 10 (c). Note the average pore size increases
with ablation time; see Figs. 7(d), 8 (d), 9 (d) and 10 (d).

To summarize, a schematic representation of the ablation behaviour of
MOoAIB exposed to an oxyacetylene flame, is shown in Fig. 11. First, the
MOoAIB is eroded by a combination of fast heating and high thermal loads.
Initially, a relatively thick Al,Os layer is formed by oxidation of the
MOoAIB. Then, scouring of the Al,O3 layer, which turns viscous and con-
sumes most of the heat input by the flame takes place and this reduces the
high temperature erosion. This phenomenon offers early stage protection
of the MoAIB matrix. Meanwhile, volatile gas species like Mo oxides and
B,0; are also generated. The latter are trapped beneath the viscous Al,O5
layer resulting in bubble formation near the central ablation area. Upon
prolonged ablation the Al,O5; layer becomes more porous and less pro-
tective, leading to the formation of large amounts of volatile Mo oxide and
B,03; see Fig. 11(b). This, in turn, results in significant mass loss. Further
ablation is accompanied by oxidation of the core of the MoAlB material,
forming a mixture of porous MoB and porous Al,Os. At the final stage of
the ablation process, almost all the Al,Os is either evaporated or blown to
the side of the central area and the surface is mainly covered with non-
protective Mo oxides (MoO, and MoQs); see Fig. 11(c).

Thus, to further improve the ablation behaviour of the MoAlB
ceramic two different routes are proposed. Firstly, addition of a binary
carbide such as SiC to manufacture SiC-MoAIB composites that would
form a borosilicate glass layer [1] during the high temperature ablation
process. Secondly, aligning the orientation of the MoAIB grains, like
textured Ti3AlC, [43], such that the formation of alumina upon high
temperature ablation is promoted by fast diffusion of Al out of the or-
thorhombic crystal lattice.

4. Conclusions

The ablation of MoAIB exposed to an oxyacetylene flame is governed
by thermal oxidation and scouring of the various oxidation products by
the high-speed gas flow. The ternary MoAIB can survive ultra-high
temperature ablation for the first 60 s due to the formation of a protective
and viscous Al,Oj3 layer on its surface. The linear ablation rate decreases
from 1.33 pm/s for the first 30 s to -0.69 um/s after 60 s. However, after
about 120 s of high-temperature ablation, the protective Al,O5 scale is
practically lost. Then, the ablation is accelerated due to the formation of
large amounts of volatile Mo oxides (MoO, and MoO3) and B,0s.
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