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Abstract

The thermal stability of a 80-vol.% HfB, +20 vol.% MoSi, composite is tested under oxidizing environment. Oxidation tests are carried out in
flowing synthetic air in a TG equipment from 1000 to 1400 °C with exposure time of 30 h. At temperatures >1200 °C the silica resulting from
oxidation of molybdenum disilicide seals the sample surface, preventing hafnium diboride from fast degradation. Analysis of the kinetics is carried
out through fitting of the thermogravimetric curves. Between 1200 and 1400 °C, the kinetic curves deviate from a parabolic behaviour, being more

close to a logarithmic—parabolic behaviour.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Hafnium diboride is gaining increasing attention as a highly
refractory compound with superior properties at high temper-
ature. Nowadays the design and production of new materials
suitable to withstand high temperatures are stimulated by an
increasing demand for applications in the field of thermal pro-
tection systems and for several industrial sectors like foundry.
HfB,-based composites display a number of unique properties
including hardness, high thermal and electrical conductivity and
chemical stability.!~12 HfB,—SiC composites are able to with-
stand very high temperatures’~’ and can maintain their room
temperature strength up to 1500°C in air.5” The addition of
MoSi; to borides seems to be very promising as it allows the
densification of composites by pressureless sintering and the
resulting composites retain their strength up to 1500°C.10-!!
HfB>-MoSi; composites have also been tested in an arc jet
facility at 1900 °C showing excellent stability due to the develop-
ment of a silica-based scale.!? So far, oxidation studies reported
in the literature have concerned pure HfB,,!>14 HfB,-SiC>8
materials, and HfB>—SizNy 15 materials. Oxidation data for pure
HfB; between 1200 and 1700 °C could be fitted to a parabolic
rate equation. Around 1700 °C there was an abrupt increase of
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the oxidation rate due to transition from monoclinic to tetrago-
nal HfO,.'3 More recently, a mechanistic model that interprets
the oxidation behaviour of Zr and Hf borides in the range
1000—1800 °C has been formulated.'* At temperature below
1400 °C, the rate limiting step is the diffusion of dissolved oxy-
gen through liquid boria, while at higher temperatures boria is
lost by evaporation and the oxidation rate is limited by diffusion
of molecular oxygen between columnar blocks of HfO,.!#Silica
has very low diffusivities for oxygen and is a very protective
scale at moderate temperatures. Hence, SiC, Si3N,4 and transition
metal silicides are considered very useful additives for improv-
ing the oxidation resistance in the middle temperature range.
HfB,—SiC materials>® were reported to withstand temperatures
as high as 1700 °C thanks to the formation of a borosilicate glass
containing HfO, crystals, which is an effective barrier against the
inward diffusion of oxygen. For HfB,—Si3N4 materials oxida-
tion studies were carried out' up to 1400 °C. At temperatures in
the 900-1200 °C range, the main oxidation products were HfO,
B»03 and borosilicate glass. In the 1200-1400 °C range, SiO»
and HfSiO4 were detected. Kinetic curves recorded at 1450 and
1600 °C were shown to be parabolic.In this work, the oxidation
behaviour of a HfB,-20 vol.% MoSi, composite is tested in the
middle temperature range, i.e. between 1000 and 1400 °C. Actu-
ally, MoSi, was already found to be beneficial for improving the
oxidation resistance of ZrB,—20 vol.% MoSi, composites in the
same temperature range. 618
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Fig. 1. (a) Polished microstructure and (b) X-ray diffraction of as-sintered HfB,—20 vol.% MoSi;.

2. Experimental procedure
2.1. Material

Commercial powders were used for the preparation of the
composite material: HfB, (Cerac Incorporated, Milwaukee,
USA), particle size range 0.5-5 wm. Impurities: Al (0.07%),
Fe (0.01%), Zr (0.47%); MoSi; (<2 wm, Aldrich, Milwaukee,
USA), mean particle size 2.8 pm and oxygen content of about
1 wt.%. Dense pellets were prepared by pressureless sintering
at 1950°C. Details on the material’s processing are reported
elsewhere.!!

2.2. Oxidation tests

Rectangular plates sized 9.0 mm x 8.0 mm x 1.0 mm were
cut from the sintered pellet. The specimens were cleaned in ultra-
sonicated acetone bath, dried and weighed (accuracy 0.01 mg).
The oxidation tests were carried out in a thermogravimetric
analyser (model STA449, NETSCH, Geraetebau GmbH, Selb,
Germany), in synthetic air (composition: 80 vol.% N> + 20 vol.%
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Fig. 2. Thermogravimetric curves of the HfB,—20 vol.% MoSiy composite in
the range 1000-1400°C.

0,, with 30 ml/min gas flow) between 1000 to 1400 °C with
isothermal exposure time of 30h for each experiment, heat-
ing rate 30 °C/min and free cooling. The fast heating-up stage
prior to the isothermal period was applied to minimize oxidation
effects before reaching the target temperatures. The mass varia-
tion was recorded continuously with 10~ mg of sensitivity. The
TG measurements evaluation was performed with the subtrac-
tion of Buoyancy effect corrections. As-sintered and oxidized
sample surfaces were analysed by X-ray diffraction (Cu Ka radi-
ation, Miniflex Rigaku, Tokyo, Japan). Surfaces and polished
cross-sections were analysed by scanning electron microscope
(SEM, Leica Cambridge S360, Cambridge, UK) and energy dis-
persive microanalysis (EDS, Model INCA energy 300; Oxford
Instruments, High Wycombe, UK).

3. Results
3.1. Microstructure of the as-sintered material

The sintered material contained a low amount of residual
porosity, 2%, as ascertained by SEM analysis and density mea-
surements. Crystalline HfB;, MoSi, and traces of HfO, were
identified by X-ray diffraction (Fig. 1a). An example of the pol-
ished section is displayed in Fig. 1b. HfB, grains have a rounded
shape while the MoSi, phase has a very irregular morphology
with very low dihedral angles. This peculiar characteristic indi-
cates that MoSi; was very ductile at the sintering temperature
or could have formed a liquid phase, which is not surprising
since the sintering temperature was close to its melting point
(2020 °C). The analysis of secondary phases by EDS confirmed
the presence of HfO,, HfC and traces of a Mo—B phase. Further
details are reported elsewhere.!!

3.2. Oxidation curves

Thermogravimetric curves recorded during the oxidation of
the composite 80 vol.% HfB; +20 vol.% MoSi, are displayed
in Fig. 2. With the exception of the curve collected at 1100 °C
showing a mass loss, in all of the cases a weight gain was
recorded. The weight gain after oxidation at 1200°C was
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lower than after oxidation at 1000 °C. It was found that none
of the recorded kinetics followed a simple law, i.e. linear or
parabolic. Hence, kinetic curves were fitted according to a mul-
tiple law model including a linear, parabolic and logarithmic

contribution!8:
AW 12
—~ = Kpar - t7° + Kijin - t + Kiog - log(?) (1

where AW/S is the weight gain per unit surface, Kpar, Kiin, Kiog
are the parabolic, linear and logarithmic term, respectively. The
physical meaning of Eq. (1) is that different phenomena can
simultaneously take place during oxidation, such as diffusion of
inward and outward species, rupture of the scale, crystallization
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of new phases inside the scale, evaporation of scale material,
etc.!® Ceramic composites are highly unlikely to show a simple
oxidation behaviour, thus a multiple regression analysis seems
to be more suitable for the interpretation of experimental data.
With the exception of the linear term (Kj;,) which can be nega-
tive when significant development of gaseous products occurs,
negative K parameters do not reflect a physical reality.

The experimental data and the fitting curves are displayed in
Fig. 3a—f. Kinetic parameters and fit goodness values, R%, are
reported in Table 1. The oxidation kinetics recorded at tem-
peratures of 1000 and 1100°C cannot be properly fitted by
Eq. (1) either because the R? values (fit goodness) are too low
or because K parameters assume negative values. The most
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Fig. 3. (a—f) Fitting of the thermogravimetric curves in the range 1000—1400 °C. The model is the sum of the linear, parabolic, logarithmic contributions.
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Table 1

Kinetic parameters of the oxidation fitting curve, relatively to linear (Kii,), parabolic (Kp,,) and logarithmic (Kjog) contributions and R? (fit goodness) values.
Oxidation temperature (°C) Kijin (mg cm~2min~!) Kpar (mg cm~2 min~12) Kiog R?
1000 6.6 x 1073 - - 0.905
1100 —2x 1073 0.960
1200 (0 < ¢ < 800) —8x107 - - 0.975
1200 (> 800 min) —8x 1073 - 0.49 0.994
1300 I1x1074 0.003 0.16 0.988
1350 - 0.015 0.09 0.997
1400 - 0.022 0.12 0.992

reasonable solution is a linear behaviour starting after a tran-
sition stage, as shown in Fig. 3a and b. During oxidation at
1000°C a weight gain is observed, while at 1100 °C the neg-
ative linear term indicates that an overall mass loss occurs,
i.e. reactions leading to mass loss prevail on reactions lead-
ing to mass gain. The interpretation of the kinetic curve at
1200 °C is quite difficult. The fit with Eq. (1) produces a nega-
tive logarithmic term which is not physically acceptable. The
data seem to indicate that two subsequent stages occur dur-
ing oxidation. The fit with Eq. (1) however does not allow
for a shift in time after which a new law acts exclusively, but
interprets the data in terms of different kinetics acting at the
same time. Thus, in Fig. 3c the experimental data are inter-
preted in terms of a linear stage occurring for 100 < ¢ < 800 min
and a logarithmic stage occurring for #>800 min. The curve
recorded at 1300°C was successfully fitted by Eq. (1), as
displayed in Fig. 3d. The plot shows the separate contribu-
tions of the linear, parabolic and logarithmic term and their
sum, which is overlapped to the experimental data. As can
be seen, the 1300 °C kinetics is dominated by the logarithmic
term. At 1350 and 1400 °C, the data can be fitted by Eq. (1),
but the linear term assumes negative values. Assuming that at
these temperatures no significant loss of gaseous species occurs
due to formation of a stable oxide, a logarithmic—parabolic
curve is the best fitting solution for the experimental data
(Fig. 3e and f).

3.3. Oxidation product

The crystalline phases formed after oxidation are shown
in Fig. 4. The morphological evolution of surfaces and cross-
sections is reported in Figs. 5Sa—d and 6a—d.

For samples oxidized in the temperature range
1000-1200°C, monoclinic HfO, was the main crystalline
product due to oxidation. In the 1300-1400 °C oxidation range,
beside HfB, from the bulk, HfO, and HfSiO4 were detected.
A slight reduction of HfB; peaks intensity was observed upon
oxidation at 1400 °C, due to thickening of the surface scale, as
illustrated later.

In the investigated temperature range, all the sample surfaces
were covered by a continuous borosilicatic glassy layer, in which
small crystals (HfO,/HfSiO4) were dispersed (Fig. 5). This layer
had a thickness of less than a few micrometers and completely
sealed the sample surface. The presence of boron was clearly

detected by EDS after oxidation at 1300-1400 °C, (see inset in
Fig. 5¢). Increasing wrinkling of the surface oxide was observed
with increasing the oxidation temperature, due to formation of
gaseous products.

The polished cross-sections (Fig. 6) give further indications.
Upon oxidation at 1000°C, a 1-pwm thick silica-based layer
forms. The coverage is irregular and hafnium oxide crystals are
observed. Upon oxidation at 1100 and 1200 °C, the surface scale
has a thickness of about 2—4 pwm. In the 1300-1400 °C range,
formation of bubbles on the surface becomes more evident and,
despite the presence of the surface oxide, subsurface oxidation
takes place. The surface borosilicate glass has a very irregular
thickness of about 5-10 pm, irrespective of the oxidation tem-
perature. The subsurface modified layer has a thickness which
increases from 10 to 20 wm increasing the oxidation temperature
from 1300 to 1400 °C. In this intermediate layer penetration of
the glassy phase and formation of molybdenum oxide (MoO) or
MoB or a mixed MoOB phase is observed, as shown in Fig. 6.
The morphology of these phases suggests solidification from a
liquid phase.

4. Discussion

In this paragraph a correlation between TG curves, XRD data
and SEM analyses is attempted. The oxidation reactions occur-
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Fig. 4. X-ray diffraction of the sample after oxidation in the range
1000-1400°C.
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Fig. 5. SEM analysis of oxidized surfaces at: (a) 1100 °C, (b) 1200 °C, (c) 1300 °C and (d) 1400 °C. Inset: EDS spectrum of the surface.

ring in the HfB>—MoSi, composite during high-temperature
treatments in air depend on the oxidation reactions of the two
constituent phases and on further interactions among their oxide

products. HfB, oxidizes according to the following reactions!?:

HfBa(s) + (5/2)02 (g) = HfOy (s) + B203 (), (1)

B;03 (1) = B20O3 (9. ()

At temperature >1100 °C, liquid boria starts to vaporize.'3

The oxidized surface is constituted of a hafnia-based layer.
MoSi, has an excellent oxidation resistance at temperatures
>1000 °C because of a protective silica surface layer!”:

MoSi» (s) + (7/2) O» (g) = 28i0, (s) + MoO3  (s).

3)

In the subsurface layer, at 7> 1300 °C, liquid boria from
reaction (1) can further react with MoSi,, to form MoB or MoOB
or MoO species, in agreement with SEM observations.

Inthe composite of the present work, according to microstruc-
tural observations, the oxidation during isothermal runs in the
tested temperature range can be explained as follows.

e 1000 °C: The oxidation of HfB; into HfO, according to reac-
tions (1 and 2) and formation of silica from reaction (3) are
the dominant effects. Liquid B,O3 is known to have a pro-
tective effect, while HfO, is semi-protective due to its anion

deficiency.'® Due to the low thickness of the oxidized layer,
loss of volatile species cannot be ruled out. The roughly linear
behaviour suggests that the scale is not fully protective.
1100 °C: The negative linear kinetic curve indicates that loss
of volatile species prevails. The evaporation of liquid boria is
thought to play a major role at this temperature (reaction (2)).
The morphology of the oxidized layer and X-ray diffraction
data indicate the formation of a glassy layer embedding hafnia
crystals. The glassy layer, however, is probably too thin to
exert an efficient protective action.

1200 °C: As previously observed, the weight gain at the end
of the isothermal stage is lower than at 1000 and 1100 °C.
At this temperature, evaporation of liquid boria should be the
dominant mechanism but SEM analyses demonstrate the for-
mation of a continuous surface glassy layer. During the first
stage controlled by linear kinetics (for 100 min <z < 800 min)
the formed scale could be too thin to effectively protect the
sample from mass loss due to evaporation of liquid boria,
hence weight gain and weight loss phenomena occur simulta-
neously. During the second stage (> 800 min), the formation
of a stable silica-based scale starts to limit gas evolution and
hence the kinetics has a decelerating feature, being the super-
imposition of a negative linear term and a positive logarithmic
term.

1300-1400°C: In this temperature range, the major contri-
bution to the weight gain comes from the formation of a
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Fig. 6. SEM analysis of oxidized sections at: (a) 1100 °C, (b) 1200 °C, (c¢) 1300 °C and (d) 1400 °C.

SiO;-rich glass that increases in thickness with increase of ~ composite, which was tested in oxidizing environment using the
the oxidation temperature. Furthermore, we have observed  same experimental conditions of the present work.”? Compared
the formation of hafnon crystals. Since HfO; crystals are  to the ZrB;-based system, the weight gain after 30 h of isother-
embedded in a continuous and partially amorphous silica-rich mal run is notably reduced. At 1200 °C it is about 1/2 of the
layer, further reaction can occur among the oxidation prod- ZrB, weight gain, at 1300 °C 1/4, at 1400 °C 1/5. A direct com-
ucts to form crystalline HfSiO4. Similar to the mechanism  parison of the weight gain after isothermal stage at 1400 °C is
of formation of zircon,?° when HfO, grains are embedded

in a silica layer, interstitial silicon diffuses and dissolves into

crystalline hafnia until the solubility limit is reached, there- 1400°C

after HfSiO4 crystals precipitate. The decelerated kinetics -
at 1300 °C contains a strong logarithmic term. Logarithmic ] ZrB,+20MoSi,
oxidation is thought to set in when the oxide begins to crys- 6
tallize because the decrease of the amorphous phase leads to a ”g
decrease of the effective oxidation cross-section, thus reduc- o 51
ing the oxidation rate constant.'®2! In the composite analysed, E
the logarithmic term could account for the crystallization of g 4 i
hafnon from HfO, and glassy silica. The kinetics recorded _‘% 3
at 1350 and 1400 °C are still far from a parabolic behaviour, =
but it can be observed that the logarithmic component tends o 2
to decrease and the parabolic component to increase. The 2 HfB_+20MoSi,
parabolic term can be explained in terms of diffusion of oxy- L VA e S
gen through the glassy layer.'® The logarithmic contribution . e
— T T T T T T T T T T T T T T T

. . . :
derives from the crystallization of hafnon in the glassy scale. 0 G00 .400 600 ‘B0 000 206 400 “800 800

t (min)
Oxidation data collected for the HfB»-20 vol.% MoSi, com- Fig. 7. Comparison of weight gain behaviour between ZrB,—MoSi; and
posite, can be compared with data from a ZrB>—20 vol.% MoSi; HfB,-MoSis composites.
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shown in Fig. 7. Since the secondary phase type and amount is
the same for the two composites, it must be concluded that the
higher stability of the HfB,-composite is related to the oxidation
resistance of the matrix. This feature was already found in the
study of monolithic ZrB; and HfB2.13 Besides, for both systems,
the weight gain at 1200 °C is lower than at 1000 °C due to for-
mation of the protective silica scale. Other similarities concern
the formation of MoB in the subsurface layer and the formation
of zircon (hafnon) in the silica scale at 1300-1400 °C. How-
ever, differently from the logarithmic curves displayed by the
HfB,-MoSij system, the kinetics of the ZrB,—MoSi, system
are mostly parabolic in the 1200-1400 °C temperature range,
indicating that the dominant mechanism is diffusion of oxygen
through the silica-based oxide layer and that other phenomena
such as crystallization of the scale play a minor role.

5. Conclusions

Oxidation tests carried out in a thermogravimetric analyser
proved that the composite 80 vol.% HfB; + 20 vol.% MoSi, can
withstand temperatures up to 1400 °C under oxygen-containing
environment. At lower temperatures (1000-1200 °C), Hafnium
oxide is the main oxidation product. At temperatures >1200 °C,
owing to the oxidation of MoSi;, appreciable amounts of glass
form, which improves the oxidation resistance of the material.
The kinetic curves generally deviate from a parabolic behaviour,
being more close to a logarithmic—parabolic behaviour, which
is the result of the complex reactions occurring in the scale.
Compared to the previously analysed ZrB;-20 vol.% MoSi,, the
HfB;-based composite shows a higher stability.
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