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Abstract

The oxidation behavior of MosSisB, (T1)-MoSi>—MoB composites fabricated by green extrusion processing was investigated
over the temperature range of 600-1600 °C in air. Low temperature experiments from 600 to 1000 °C revealed that unoxidized
material initially forms a mixed molybdenum and silicon oxide scale. The unoxidized material undergoes rapid mass loss over a
narrow temperature range of 660-760 °C, with complete disintegration of the material occurring at about 730 °C. At temperatures
above about 760 °C, a coherent glassy scale forms to protect the alloy from further oxidation. High temperature oxidation tests
from 1150 to 1600 °C show that the material forms a continuous glassy scale, 10-20 um in thickness, which protects the underlying
alloy. Steady state oxidation kinetics were not achieved until exposure at 1600 °C, due to the effect of contamination introduced
during green extrusion processing. The calculated parabolic rate constant at 1600 °C is 9.7x 1073 mg?/cm*/h, which compares
favorably to that of MoSi,-based materials. The observed oxidation behavior and kinetics over the entire temperature range were
not significantly influenced by sample porosity (79% versus 96% of theoretical density). Boron depletion of the near-surface scale
was observed at 1150 °C, leading to the formation of pure silica in the outer portion of the scale. The extent and rate of boron
evaporation increased significantly as temperature increased to 1600 °C. Formation of pure silica in the scale implies that oxygen
transport through silica must be the rate-limiting step in the high temperature oxidation of these alloys. © 2002 Elsevier Science

Ltd. All rights reserved.
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1. Introduction

Processing and development of high temperature
ceramic and intermetallic materials places an increased
burden on current-generation furnaces based on MoSi,
heating elements, which permit continuous furnace
operation to about 1700 °C. While newly refined MoSi,-
based element compositions have pushed furnace tem-
peratures to about 1800 °C, further increases are unlikely.
Element temperature is practically limited to about
1900 °C based on the o— B transformation and possible
liquid formation for off-stoichiometry compositions [1].
For operating beyond these temperatures, tungsten and
graphite heating element furnace designs are used. Fur-
naces based on tungsten and graphite heating elements
reliably operate well in excess of 1700 °C, but they suffer
from significant design constraints and require a non-
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oxidizing environment. Their cost is also considerably
more than that of current-generation molybdenum dis-
ilicide furnaces. Zirconia-based heating element fur-
naces have been designed for operation in air at
temperatures exceeding 2000 °C. However, these fur-
naces are very expensive, and zirconia heating element
performance above 2000 °C is unreliable. With very
limited demand, zirconia heating element furnaces are
only available as a custom ordered item [2].

In-situ multiphase composites of MosSi;B, (T1)-
MoSi,—MoB and T1-MosSi—-MosSiB, (T2) offer an
interesting alternative to MoSi-based alloys. These
composites have an attractive combination of higher
creep strength [3] with oxidation resistance comparable
to MoSi, [4,5]. These multiphase composites also show
improved strength compared to MoSi, [6]. Flexural
strength values as high as 700 MPa were observed at
elevated temperatures, and creep tests confirmed the
preliminary work that showed these alloys are highly
creep resistant. The room temperature fracture tough-
ness for these composites remains low, ranging from 2
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to 4 MPa m'/2, and so a considerable amount of work is
underway to study the enhancement of fracture tough-
ness of these composites by the incorporation of
molybdenum metal. Perepezko’s group has investigated
the two-phase field of molybdenum metal coexisting
with the T2 phase [7,8]. Schneibel et al. at Oak Ridge
National Laboratory (ORNL) has evaluated the
mechanical properties of the phase assemblage Mo—
Mo;Si-T2 [9,10], and also a more silicon-rich com-
position within the phase assemblage T1-T2-Mo;Si for
processing and strength [11]. Pratt & Whitney has been
working for several years to develop molybdenum metal
bearing alloys [12]. The metal phase containing assem-
blages, in particular Mo—T2-Mo3Si and Mo-T2, have
higher fracture toughness values of about 15 MPa m'/?
at room temperature. However, they also suffer from
decreased oxidative stability. The current thought for
using these materials in high temperature structural
applications is to coat a refractory substrate of the Mo-
rich alloy with a Tl-based alloy [12]. The refractory
substrate would provide enhanced elevated temperature
strength and fracture toughness while the Tl-based
coating would protect the substrate material from the
aggressive combustion environment. In this regard,
understanding the low and high temperature oxidation
of T1-based materials is crucial since development of
the T1-based material as a thermal barrier coating for
the Mo-rich compositions is foreseen.

Ames Laboratory has also worked to develop
advanced heating elements based on the T1 phase. In a
heating element demonstration of extruded Mo-Si-B
material [13], the element was heated at about 60 °C/min
to 1300 °C and held at temperature for 10 min and
allowed to naturally cool to ambient temperature. The
element demonstrated thermal shock resistance as it did
not crack after 12 similar cycles. The power loading for
the element was as high as 194 W/cm?, far in excess of
that recommended for conventional MoSi, elements.

The objective of the present work is to study the low
and high temperature oxidative stability of a Mo-Si—B
composite fabricated by the low temperature green
extrusion process. Extrusion is the technique that is
used to fabricate MoSi,-based heating elements, and so
these new compositions must be amenable to the green
extrusion process without suffering reduced oxidation
resistance. The effect of sample density on oxidation
resistance is also investigated since commercial MoSi,
heating elements are processed to less than 80% of the-
oretical density, and the susceptibility of MoSi, to
“pest” oxidation is known to depend on density.

2. Experimental procedure

Samples with a composition of approximately 70
vol% T1, 20 vol% MoSi,, and 10 vol% MoB were

produced by a green extrusion and sintering process
presented elsewhere [13,14]. Material having both low
and high relative density was prepared by sintering at
different temperatures. After sintering, the diameter of
the extruded material was about 3.3 mm, and approx-
imately 1 cm long test specimens were cut from sintered
rods. The phase assemblage of the sintered material was
quantified by analysis of the powder X-ray diffraction
(XRD) pattern using a Rietveld refinement program
(GSAS, Los Alamos National Laboratory, 1985).

To quantitatively measure the mass change of un-
oxidized material on initial heat up from room tem-
perature, sintered material was analyzed using a
commercial horizontal beam, simultaneous thermo-
gravimetric  analyzer/differential thermal analyzer
(TGA/DTA). Small samples of less than 100 mg were
contained in alumina pans and heated to 1000 °C in
flowing breathing air with an alumina powder reference.

For low temperature oxidation tests, the rods were
placed vertically in an alumina boat inside a quartz tube

Fig. 1. Optical micrograph for as-sintered material showing
(a) brightfield view of material having low relative density (79%), and
(b) Nomarski contrast view of material having high relative density
(96%). Key: 1=MosSi;B, (T1) matrix, 2=MoSi,, and 3=MoB. Bar
length is 20 um.
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Fig. 2. Results for XRD/GSAS analysis performed on a sintered high-density sample. The observed data is shown by + marks with the calculated
pattern plotted as an overlapping solid line. The || markers designate reflection positions for the three phases (T1, MoSi,, and MoB) and for the
silicon internal standard SRM640b. The bottom plot shows the difference plot between the observed and calculated patterns. Typical R, values

ranged from 0.17 to 0.21.

within a horizontal tube furnace. Samples were heated
and cooled in the ambient atmosphere at 10 °C/min.
Material was tested from 617 to 1001 °C, with samples
cooled to room temperature for mass measurement after
5, 15, 35, 75, and 155 h of cumulative exposure. Prior to
testing, samples were ultrasonically cleaned in acetone,
followed by methanol, and then dried in an oven at
110 °C for 12-24 h.

For the high temperature oxidation tests, a 0.2 mm
diameter hole was drilled through each sample by electro-
discharge machining (EDM). Samples were cleaned as
described above. Samples were then suspended from a
sapphire wire in a vertical tube TGA employing an
electrobalance sensitive to 1x107¢ g. Material was tes-
ted from 1150 to 1600 °C, with samples heated to the test
temperature at 20 °C/min under flowing compressed air at
a rate of 100 ml/min. Changes in the mass were recorded
continuously for up to 250 h at the respective temperature.

Scanning electron microscopy combined with energy
dispersive spectroscopy (SEM/EDS) was used to study
the scale microstructure. The detection of boron by
EDS is difficult, and so only the silicon and oxygen
components of the boron modified silica scale were
measured. Electron spectroscopy for chemical analysis
(ESCA) and high resolution Auger electron spectro-
scopy (AES) were used to qualitatively determine the
composition of the oxide scale, including its boron

Fig. 3. SEM image (secondary electron) of the surface of the low-
density sample, oxidized at 1150 °C for 155 h, showing an area of
titanium-rich surface contamination. Bar length is 100 pm.

content. For ESCA measurements, the depth of the
measurement into the scale was calculated from the
total etch time, using an estimate of 4.5 nm per minute
as determined from an etch rate monitor wafer of silica
on silicon. For AES measurements, elemental con-
centrations through the oxide scale cross-section were
estimated from line scan profiles. Samples were frac-
tured in-situ prior to the line scan to minimize the effect
of surface contamination such as adventitious carbon.
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Fig. 4. SEM image (secondary electron) of the surface of the low-
density sample, oxidized at 1150 °C for 155 h, showing growth of
columnar grains from the surface. Incomplete formation of the scale
around these grains is the likely cause of slow mass loss at 1150 °C.
Bar length is 1 pm.

Fig. 5. SEM image (secondary electron) of the surface of the low-
density sample oxidized at 1600 °C. Bar length is 10 pm.

3. Results

3.1. Microstructure and processing related
contamination

Fig. 1a and b show an optical micrograph of the as-
consolidated, low- and high-density material. For both
materials, MoB and MoSi, are dispersed within the T1
matrix. The extent of interconnected porosity in the
low-density material of Fig. la is evident, in contrast to
the isolated porosity and occasional grain pullout seen
in the high-density material of Fig. 1b. For these mate-
rials, Archimedes-type liquid immersion measurements
reveal that the low-density material was about 79% of
theoretical density while the high-density material was
about 96% of theoretical density, where py,~7.86 g/
cm?. Theoretical density was calculated from the phase

assemblage as quantitatively determined by XRD/
GSAS analysis of the sintered materials. Fig. 2 shows a
portion of the XRD scan from 30 to 50° 2@ and the
corresponding results of the GSAS refinement for the
high-density material. The measured phase assemblage
for both materials was very similar, ranging from 68 to
70 vol% T1, 20 to 21 vol% MoSi,, and 10 to 11 vol%
MoB.

Contamination was introduced into the material dur-
ing the green extrusion process. The extruder screws
used contain a TiN abrasion resistant coating. There
was visible deterioration of the surface of the screws
after extrusion, suggesting contamination of the extru-
ded material by the TiN coating and the alloy compo-
nents of the stainless steel screws. Fig. 3 shows an
example of the contamination found on the scale of the
high-density sample oxidized at 804 °C. The con-
tamination appears as areas of fine, micron-sized parti-
cles that are both isolated and grouped into clusters.
EDS analysis shows this debris contains significant tita-
nium and lesser amounts of iron, molybdenum, magne-
sium, and calcium. Fig. 4 shows an example of the
contamination found on the scale of the low-density
sample oxidized at 1150 °C. Frequent areas of columnar
grains are found both buried within and protruding
from the scale. EDS analysis reveals the grains to con-
tain predominantly titanium and oxygen, presumably as
rutile. The titanium-containing debris seen in Fig. 3
likely contributed to the formation of these columnar
grains at 1150 °C. Fig. 5 shows the surface of the low-
density sample oxidized at 1600 °C. The scale is exten-
sively cracked and contains particulate debris. EDS
analysis of the debris reveals that particles near or in the
crack region are rich in calcium. EDS analysis also
detected calcium within the bulk Mo-Si-B alloy under-
lying the scale. This suggests that calcium is a con-
taminate that was introduced during the extrusion
process. ESCA analysis of the scale formed on the high-
density sample oxidized at 1600 °C revealed the pre-
sence of about 0.9 at.% aluminum. The aluminum was
not detected at the interior of the underlying Mo-Si-B
alloy. The aluminum was likely introduced by incom-
plete removal of alumina powder from the surface of
the material during the process of debinding the green-
extruded material [13].

As later discussed in Section 3.3, these contaminants
do not impede the formation of a protective borosilicate
glassy scale. However, their presence does affect the
interpretation of the measured rate constants at tem-
peratures 7>1150 °C.

3.2. Low temperature oxidation behavior
Upon initial heating from room temperature, all

samples undergo a transient mass gain and subsequent
mass loss. Fig. 6 shows a typical TGA curve for this
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transient behavior for both low-density and high-den-
sity material. The TG curve is plotted as a percentage
change from the initial mass of the sample. The
increased surface area of the low-density sample is
apparent from its seven-fold increase in percentage
mass gain compared to the high-density sample. The
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maximum mass gain occurs between about 730 and
745 °C, and above this temperature both samples begin
to show a mass loss. Fig. 7 shows the simultaneous
DTA signal for the TG curves of the two samples in
Fig. 6. The DTA baseline signal for an empty sample
and reference pan heated under identical conditions has
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Fig. 6. Mass change on initial heating of unoxidized low- and high-density material in flowing compressed air.
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been subtracted from each plot. The high-density sam- plot. The magnitude of oxidation in the high-density

ple shows a discontinuity at about 400 °C, which corre- sample is below the detection threshold of the DTA. In

sponds to an increase in the heating rate from 10 to 20 °C/ contrast, the low-density sample shows two large and

min. The high-density sample shows only a slight exo- broad exothermic peaks at about 450° and 600 °C, pre-

thermic peak at about 730 °C in an otherwise eventless sumably the simultaneous oxidation of molybdenum
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Fig. 8. Oxidation of low-density material for which (a) complete oxidation has occurred by 732 °C, and (b) transitions to both accelerated mass loss
and to stable scale formation are observed.
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Fig. 9. The effect of sample density on mass loss behavior at the temperatures representing the initial onset and conclusion of accelerated mass loss

in low-density material.

and silicon to form MoO, and SiO». The peak structure
above 700 °C is less clear. The mass loss indicated in the
TG curve corresponds to the evaporation of MoOs.
This is an endothermic event, but the departure from a
flat baseline above 700 °C for the low-density sample
complicates the assignment of an endothermic peak
whose maximum is expected at around 750 °C. Simi-
larly, the small exothermic peak at 730 °C in the high-
density material is not understood.

Fig. 8 shows the specific mass change versus exposure
time for low-density material. As seen in Fig. 8a, an
increasingly large mass loss is observed from 684 to
732 °C. Also tested for comparison was a sample of
nearly single-phase T1 that was oxidized at 708 °C. The
T1 sample was synthesized by arc-melting and con-
solidated by traditional powder processing to a theore-
tical density of greater than 90% [15]. The sample
contained a T1 matrix with a small amount of hex-
agonal MosSi3. The T1 sample shows similar mass loss
behavior as that of the multiphase material, demon-
strating that the observed mass loss is dominated by the
behavior of the T1 phase. Fig. 8b shows that accelerated
mass loss began between 617 and 662 °C and concluded
between 756 and 804 °C. High-density material was also
oxidized under identical conditions at both 617 and
804 °C, since these temperatures represent the threshold
of onset and conclusion of accelerated mass loss. These
results are shown in Fig. 9, with mass change plotted as a
percentage of the starting mass. The initial mass gain of
the low-density sample at 617 °C is significantly larger

662°C 708°C

902°C

617°C

156°C 804°C

by A

TR A ...|.|,.l...|m.m.l.m T

Fig. 10. Macro-view of low-density samples following low tempera-
ture oxidation testing. The material completely disintegrated at 732 °C
(not shown).

than its counterpart, and this different behavior was
previously related to the larger initial surface area of the
low-density sample. Qualitative comparison of the rates
of oxidation from Fig. 9 shows that at 617 °C, the low-
density sample loses mass about five times faster than
the high-density sample. At this temperature, neither
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material contains a protective borosilicate glassy scale,
and so the increased rate is again attributable to the
increased surface area of the lower-density sample. At
804 °C the low-density sample at 5 h shows a net mass
gain, indicating that the rate of evaporative mass loss of
MoOs is not sufficient to offset the initial gain due to the
oxidation of molybdenum and silicon. The low-density
sample at 804 °C loses mass about one-half as fast as
that of the low-density sample at 617 °C, and thus a
continuous scale has not fully developed at 804 °C. In
contrast, the high-density sample at 804 °C shows a near
zero rate of mass change. The initial mass gain on heat
up is completely lost by the first measurement at five
hours, and the near zero rate of mass change indicates

Fig. 11. SEM image (secondary electron) of the surface of the high-
density sample oxidized at 804 °C for 155 h. Bar length is 100 pm.

that a continuous and protective scale has mostly
developed.

Fig. 10 shows several low-density samples after 155 h
of exposure at the indicated temperature. Fig. 10 illus-
trates the formation of a loosely adherent oxide and
sample degradation that progressively worsens from 662
to 708 °C. This process results in complete disinte-
gration of the sample at 732 °C (not shown). XRD
analysis of the product formed at 732 °C reveals
molybdite MoOs;, JCPDS # 35-609, with residual
MoSi,, likely from the starting alloy component.
Amorphous silica, though not detectable by XRD, is
also expected in the oxide product. Glass formation is
visible at 756 °C, and a smooth glassy scale covers the
material by 804 °C. SEM examination reveals that a
thin, coherent scale less than 10 um in thickness is
formed at 902 °C.

Fig. 11 shows the scale formed on the high-density
sample oxidized at 804 °C. EDS analysis of the smooth
areas of the scale detects predominantly silicon and
oxygen, presumably as silica glass. There are no obvious
regions of macro-porosity within the scale, and this
indicates that the borosilicate glass has sufficiently
formed and reflowed to seal most of the porosity intro-
duced by the volatilization of MoOj; formed on initial
heat up.

3.3. High temperature oxidation behavior

All samples achieve a quasi steady-state oxidation
rate following the typical initial mass gain and loss
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Fig. 12. Mass change of low-density material during oxidation in flowing compressed air at temperatures 7> 1150 °C.
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shown in Fig. 6. The isothermal mass change of low-
density material oxidized from 1150 to 1600 °C is shown
in Fig. 12, and to increase clarity, only the portion of
the TG curves for a net mass loss are displayed. At
1150 °C a steady-state mass loss is seen, while samples

Fig. 13. SEM image (secondary electron) of the cross section of the
scale formed on low-density material after oxidation for about 250 h
at (a) 1300 °C, (b) 1450 °C, and (c) 1600 °C. Key: 1=T1 matrix as
bright region, 2=raised MoB grains, 3 =Dborosilicate scale as darker
region, and 4 = glass filled pores containing trapped MoOs. Bar length
is 10 pm.

at higher temperatures experience a steady-state mass
gain. Fig. 13 shows the cross section of the scale formed
on low-density material oxidized at 1300°, 1450°, and
1600 °C. These samples form a coherent, glassy scale
with the thickness ranging from 10 to 20 um. Oxidation
within the interconnected porosity is indicated by the
presence of glass in much of this porosity. Trapped
molybdenum oxide is also visible within these glass-filled
pores. Apparently, the tortuosity of the interconnected
porosity prevented the complete escape of the volati-
lized molybdenum oxide before the flowing glass sealed
the interior pores from the external surface.

Steady-state rate constants were calculated by fitting
the oxidation data to either a linear or parabolic model.
These values are given in Table 1 for each test tempera-
ture. Table 1 also gives the time period over which the
rate constants for the isothermal mass change were cal-
culated and the mass change observed during that time
period. Samples at 1150 and 1600 °C are well described
by a linear and parabolic model, respectively. However,
samples at 1300, 1375, and 1450 °C show intermediate
kinetics, with the mass gain being underestimated by a
parabolic model and overestimated by a linear model.
Note that up to 1600 °C, the observed steady-state mass
change was less than 0.60 mg, where the average sample
surface area was about 1 cm?,

Fig. 14 compares the mass change of both low- and
high-density material at 1150 and 1600 °C. Although
the low-density material at 1150 °C undergoes a pro-
longed transient loss, the materials behave kinetically
similar at both temperatures. As described in Table 1, at
1150 °C the dense material is well described by linear
kinetics, while at 1600 °C the dense material is well
described by parabolic kinetics. Shown in Fig. 15, the
scale formed at 1150 °C on the low-density sample does
not contain visible macro-porosity. EDS of the smooth
areas indicates the scale is predominantly silicon and
oxygen, presumably as silica. A higher magnification
view of the scale, shown previously in Fig. 4, shows that
the oxide scale has not completely sealed around the
columnar rutile crystals. The underlying alloy likely
remains unprotected, and these numerous areas visible

Table 1
High temperature oxidation rate constants

Test Sample Linear Parabolic Steady-state Time
temp. density rate constant rate constant mass change period

0 (mg/em*/h)  (mg’/em?/h) (mg/cm?) (h)

1150 Low L: —1.3x1073 —0.10 100-250
1150 High L: —2.9x10~* —0.04 140-220
1300 Low L:3.4x10~* P:88x10~° +0.04 140-250
1375 Low L:8.0x10~* P:4.4x10~* +0.14 90-250
1450 Low L:1.9%x1073  P:24x1073 +0.25 80-250
1600 Low P: 1.1x10~2  +0.60 100-250
1600 High P:9.7x1073  +0.55 100-230
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Fig. 14. Comparison of the mass change of low- and high-density material on oxidation at 1150 and 1600 °C.

in Fig. 15 may account for the slow linear mass loss
measured at 1150 °C.

For the low-density sample oxidized at 1600 °C,
shown previously in Fig. 5, EDS analysis reveals that
the smooth areas that are free of the particles are pre-
dominantly silicon and oxygen, presumably as silica.
Careful analysis of the mass curve in Fig. 12 did not
reveal obvious cracking or spalling events during the
isothermal test or during cooling to room temperature
(not shown in Fig. 12). These particles likely con-
tributed to a tensile loading in the scale during cooling
that caused the external portion of the scale to craze.
Fig. 13 shows that samples oxidized from 1300 to
1600 °C have cracking at the scale surface that does not
penetrate to the scale/alloy interface. This observation is
consistent with the quasi steady-state oxidation rates
seen in the samples.

In contrast to the low-density sample at 1600 °C, the
surface of the high-density sample oxidized at 1600 °C
was very smooth and featureless. Fig. 16 shows the edge
of the sample where the scale was chipped away to
expose the underlying Mo-Si-B alloy. No particles are
visible on or in the scale, and EDS analysis shows the
scale contains predominantly silicon and oxygen,
presumably as silica.

ESCA analysis, shown in Table 2, details the loss of
boron from the scale as the exposure temperature
increases. The scale formed on the high-density sample
oxidized at 804 °C is a boron-rich borosilicate glass. The
boron content was 7.8 at.%, and the atomic ratio of
oxygen to silicon and boron was 1.83. This compares

Fig. 15. SEM image (secondary electron) of the surface of the low-
density sample, oxidized at 1150 °C for 155 h, showing no visible scale
porosity. Bar length is 100 pm.

well to Pyrex® Brand 7740 glass that was measured and
found to contain about 5 at.% boron with an oxygen to
silicon and boron ratio of 2.03. The expected value [16]
is about 7 at.% boron with a ratio of 1.97. From XRD/
GSAS analysis of the sintered material, the boron con-
tent of the underlying alloy is 8.17 at.%. This indicates
that the glass scale is nearly boron saturated with
respect to the base alloy. Starting from the boron-rich
silica scale formed at 804 °C, boron loss increases dra-
matically with increasing temperature. The near surface
of the scale formed at 1150 °C is significantly depleted
of boron, containing only 1.4 at.%. However, the con-
centration increases rapidly to 3.4 at.% at a depth of
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Fig. 16. SEM image (secondary electron) of the surface of the high-
density sample oxidized at 1600 °C. The glassy scale was chipped away
from the edge of the cylindrical sample, and the fracture surface of the
underlying Mo-Si-B alloy is visible. Bar length is 100 pm.

Table 2
ESCA analysis for boron content of silica scale after 200-250 h at
temperature

Temperature Depth O/(Si+B) Boron content
(°C) (nm) (atomic ratio) (at.%)
804 50 1.83 7.8
1150 18 2.03 1.4
40 1.99 3.4
1300 40 1.92 0.2
1450 27 1.97 0.0
1600 50 2.04 0.0
16002 50 1.88 0.8

2 1 h exposure at 1600 °C.

about 40 nm. The near surface at 1300 °C contains only
a trace amount of boron (0.2 at.%), while the near sur-
face is completely depleted at 1450 and 1600 °C. Boron
evaporation occurs rapidly, and this was demonstrated
in a sample oxidized at 1600 °C for 1 h. The near
surface contained only a minor amount of boron
(0.8 at.%).

Since the scales were too thick (10-20 pm) for
through-scale depth profiling during ESCA measure-
ments, the concentration profile for boron was esti-
mated from an Auger electron line scan profile across
the scale cross-section. Fig. 17 shows the combined AES
analysis and ESCA analysis of the sample oxidized at
1150 °C. The ESCA analysis of the near surface com-
position of the scale, already discussed, is shown with an
estimated relative uncertainty of +10%. The AES ana-
lysis of the scale cross-section ranges from an approx-
imate depth of 500 to 3200 nm below the surface.
Consistency of the data is indicated by the atomic ratio
of oxygen to silicon and boron, which ranges from 1.8
to 2.0 for all ESCA and AES measurements. The rela-
tive uncertainty of the AES analysis is rather large,
approaching 50% (error bars omitted), since a high

sensitivity mode was used for the measurement of
boron. Accordingly, the concentrations from the AES
analysis are useful only on a trend basis. However,
taken together, these data show that severe boron
depletion that occurs during oxidation at 1150 °C is
localized to about the top 50 nm of the scale. Boron
content increases appreciably at a depth of about 1500
nm. For reasons already stated, these data are not
adequate for analysis of a diffusive mechanism.

4. Discussion
4.1. Low temperature oxidation behavior

The present work agrees well with the previous
observations for a similar composition and phase
assemblage consolidated by dry pressing and sintering
[17]. Meyer et al. found that both silicon and molybde-
num oxides had already formed at 600 °C, as detected
by XRD and SEM analysis of the surface of the oxi-
dized material, and that formation of MoQO; increased
to a maximum around 725 °C. Significant sublimation
occurred by 750 °C, and by 775 °C the surface was a
porous borosilicate glass having a lacy network struc-
ture. In the present work, a transition to a significant
mass loss occurs between 617 and 662 °C, indicating the
vapor pressure of MoQO; has substantially increased.
The mass loss progressively worsened until at 732 °C,
the sample completely disintegrates. A transition from
mass loss to near zero mass change occurs between
756 °C and 804 °C, coincident with the appearance of a
glassy surface scale.

Several other authors [18-21] have studied the oxi-
dation behavior of MosSi; and shown that the binary
silicide undergoes catastrophic oxidation. However, few
studies have attempted to determine the susceptibility of
boron-modified MosSis (i.e. the T1 phase) to such cata-
strophic oxidation. The catastrophic degradation
observed at 732 °C in the material of this study is mor-
phologically similar to “pest” oxidation observed in
MoSi, at lower temperatures. Many other silicides [22]
exhibit this type of behavior, including WSi,, NbsSi;,
and MnSi,. It has been well documented that MoSi,
“pests” in the temperature range of 375-550 °C and is
the worst at about 500 °C [23-26]. It is generally
believed that pest oxidation is initiated at a structural
defect, such as a microcrack or porosity. Formation of
SiO, and MoO, oxidation products results in a large
volume increase. The large growth stresses create a
wedging action that causes crack formation, and the
continually increasing surface area accelerates the oxi-
dation process until the material catastrophically
degrades. However, “pest” oxidation is not observed in
MoSi, at or above 600 °C at which point a continuous
and protective silica layer forms.
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Fig. 17. Trend of silicon, oxygen, and boron content across the scale of high-density material oxidized at 1150 °C. Zero depth is the scale/gas interface.

The catastrophic oxidation observed in the present
work is different than the classical “pest” degradation
observed in MoSi,. The large mass loss and eventual
degradation around 730 °C for the present work is
related to the significant consumption of Mo by the
rapid formation and subsequent evaporation of MoOs.
The silicon activity in the T1 phase is low and inhibits
the formation of a continuous silica layer from 660 to
760 °C. In contrast, MoSi, forms a continuous silica
layer by 600 °C due to the higher activity of silicon in
the alloy. The vapor pressure of MoOs is much lower
near the critical “pest” temperature of about 500 °C for
MoSi,. Over the temperature range of 500-750 °C, the
vapor pressure of MoOj increases by at least four orders
of magnitude from about 1072 Pa to 10> Pa [27].
Accordingly, the role of MoOs in the catastrophic oxi-
dation of MoSi, is predominantly as a condensed phase.
On the other hand, the catastrophic oxidation of
MosSi3B, is clearly accelerated by the elevated vapor
pressure of MoOj3. Near 730 °C, the dominant vapor
species over MoQOj; are the trimer, tetramer, and penta-
mer, whose partial pressures are in the ratio of 11:8:1,
respectively [28]. Classic ““pest” oxidation as observed in
MoSi, around 500 °C has yet to be observed in the T1
phase. Huebsch [15] examined the low temperature oxi-
dation behavior of T1-based materials at 400 and 600 °C
and did not observe catastrophic oxidation. None-
theless, detailed studies below 600 °C are needed to

quantitatively assess the potential of T1-based materials
to classically pest.

Aside from the effect of increased surface area on
initial mass gain, there is no significant difference in the
low temperature oxidation behavior of this material
composition due to material density. There is scarce
data available to compare to the oxidation rates of the
present study. Meyer and Akinc [4] determined the rate
constant for a similar composition at 800 °C. The aver-
age rate constant over an exposure duration of 280 h
was about —3x10~* mg/cm?/h. The initial surface area
of the high-density sample at 804 °C can be reasonably
calculated, and the rate constant based on four mass
measurements for 7>35 h from Fig. 9 is —2x 1073 mg/
cm?/h. The limited number of data points precludes a
statistically valid comparison. However, the continued
slow, but measurable mass loss suggests the continued
evaporation of MoOj in both samples. SEM/EDS ana-
lysis did not reveal porosity or suggest MoO; formation
in the scale of either sample. ESCA measurements of the
high density sample at 804 °C did detect about 0.4 at.%
molybdenum in the scale. High resolution SEM investi-
gation of the scale is needed to better detect possible
nano-porosity that could be responsible for MoOj; eva-
poration. Meyer et al. [17] reasoned that at 800 °C, a
porous borosilicate glassy scale with fine pores on the
order of 0.1 um would exhibit Knudsen-type diffusion
of oxygen and MoOj;. The time scale for viscous flow to
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completely seal the surface would be dependent on the
viscosity of the scale, which is a strong function of its
boron content. For the present study, the material at
804 °C has a boron to silicon ratio of 0.28, and this is
similar to Pyrex® Brand 7740 glass. The viscosity for
Brand 7740 glass is given by Eq. (1), where 7 is viscosity
in Poise and T is temperature in K [29].

logn = 1.7 x 10*T ' — 7.5 x 10! (1)

The estimated scale viscosity at 800 °C is 2.6x 107 Pa:s,
and this is near the softening point for the glass. Thus
for an extended hold time, flow of the scale to seal the
surface is expected. MoO; will quickly move through
the scale when a bubble reaches a critical size that bal-
ances the capillary force due to surface tension against
the vapor pressure of MoOs;. While there is no direct
evidence of this at 804 °C for this composition, it has
been observed in Mo-rich alloys. Parthasarathy et al.
[30] observed MoO; to bubble through the scale of the
alloy Mo—-12B-12Si (at.%) oxidized at 800 °C. The high
boron content of the alloy leads to the formation of a
boron-rich scale, estimated to be 33 mol% B,Oj; in
SiO,. The lower viscosity of this scale enabled the
movement of bubbles through the scale.

4.2. High temperature oxidation behavior

Loss of boron from borosilicate glass at elevated
temperatures is well documented, while at lower tem-
peratures, the volatility is not significant. Taylor et al.
[31] investigated sol-gel derived borosilicate glasses
containing about 5.5 at.% boron and found no boron
loss during heat treatments at 840 °C. The atmosphere,
though not specified, is assumed to be ambient air. This
is consistent with our findings for material oxidized at
804 °C. Buchanan et al. [32] found that borosilicate
glass containing 9.5 at.% boron lost about 5 wt%
(absolute basis) after 20 h at 1100 °C in wet air. The
mechanism of boron loss was assumed to be the forma-
tion of volatile HBO,. Vance et al. [33] examined
French AVM-type borosilicate glasses containing about
14 at.% boron. On exposure at 1250 °C for 24 hours in
air, the fractional loss of boron was 12%, and the pre-
sumed volatilized species was an alkali-based borate.
The borosilicate scale of the present work is void of a
measurable quantity of alkali glass modifiers, neglecting
the Ca contamination, and the oxidation experiments
were performed in flowing breathing-quality air that
contains trace amounts of water. The mode of boron
loss is most likely the evaporation of a non-hydrated
borate.

The change in scale chemistry seen during increasing
exposure temperatures complicates understanding the
mechanism of oxidation for Mo—Si—B composites. At
lower temperatures, the higher boron content of the

scale aids in the initial formation of a continuous glassy
scale. Meyer did find boron depletion of the scale after
long exposures at 1000 °C. From the present work, the
high boron content at 804 °C significantly decreased as
temperature increased, and at 1150 °C, a concentration
gradient of boron was measured through the scale. The
extent of boron depletion was localized to the near sur-
face, and though not measured, the depletion zone
likely extends to a much greater depth into the scale at
higher temperatures. The outer portion of the scale
becomes pure silica, and oxygen transport through pure
silica is known to be much slower than through boron-
modified silica. Slower diffusion through the outer silica
layer should become the rate-limiting step in the oxi-
dation process. Depending on the oxidation tempera-
ture and the extent of boron enrichment of the scale
near the scale/alloy interface, the lower relative viscosity
of the glass in this area may enable the formation of
bubbles at the interface. As previously discussed, MoO;3
bubble formation was observed in a Mo-rich alloy, Mo-—
12B-12Si, whose scale was estimated to contain 33
mol% B,O;3 [30]. For the present alloys, Meyer has
shown that transport of oxygen through these scales is
sufficiently slow that elemental molybdenum can form
at the interface. MoO;5 does not form, and thus bubble
formation is minimized. The high viscosity silica near
the scale/gas interface forms a high viscosity shell that
resists the flow of the lower viscosity scale nearer to the
scale/alloy interface.

Fig. 18 shows an Arrenhius plot of the calculated
parabolic rate constants with the rates from the pre-
vious work by Meyer et al. also plotted [4,5]. Over the
temperature range of 1050-1300 °C, the activation
energy reported by Meyer was 134 kJ/mole, and the
additional data of Meyer at 1450 °C agrees reasonably
well with the extrapolated trend. Schlichting [34] deter-
mined an activation energy of 138 kJ/mol for oxygen
diffusion through sol-gel derived borosilicate glass, and
based on these data, Meyer explained the rate-limiting
step to likely be oxygen diffusion through a coherent
borosilicate glass scale. For the present work, only the
rate at 1375 °C compares well with the trend from
Meyer. It should be noted, however, that the plot for
the present work is useful only for comparative pur-
poses since the rate kinetics for the present work are
influenced by the presence of processing-related con-
taminants. In particular, the rate kinetics for the oxi-
dation of titanium are much faster and would
contribute to a rapid linear mass gain. Given the non-
negligible levels of titanium observed in the scales, the
higher rates observed at 1450 and 1600 °C likely reflect
this contribution.

More detailed diffusion studies are needed to better
understand the oxidation process in this system.
Unfortunately, measuring activation energies through
kinetic studies cannot definitively determine the probable
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rate-limiting step for oxidation in these materials. Mey-
er’s measured activation energy of 134 kJ/mol, which
agreed well with the value of 138 kJ/mol obtained by
Schlichting, is also in the range for oxygen diffusion
through vitreous silica [35]. Careful measurement of
boron, silicon, and oxygen chemistry through the scale
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as a function of oxidation temperature is needed to
better understand and model mass transport through
these scales.

Fig. 19 compares the oxidation at 1600 °C of high-
density material to that of a Kanthal Super 33® heat-
ing element (MoSi,-based material). To simplify the
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Fig. 18. Arrenhius plot comparing the parabolic rate constants calculated from the present work to that of Meyer et al. [4,5].
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comparison, the mass curve of the high-density sample
was shifted by +8 mg/cm?. The calculated parabolic
rate constant for the high-density material is actually
lower than that of the Kanthal material, demonstrating
that T1-based materials show adequate oxidative stabi-
lity as required for long term use as a heating element
material.

5. Summary

This work confirmed the excellent oxidation resis-
tance of Mo-Si-B composites based on the MosSizB,
phase that are fabricated by a green extrusion process.
These materials demonstrated excellent oxidation resis-
tance to at least 1600 °C, with rate kinetics comparable
to and even better than MoSi,-based heating element
materials. Consistent with previous results for sintered
materials, this work has shown that T1-based composi-
tions form a protective glassy scale at temperatures
above about 760 °C. These materials are susceptible to
accelerated oxidation from about 660 to 760 °C, and
complete disintegration occurs near about 730 °C. This
process differs from classic “pest” oxidation since it is
related to the elevated vapor pressure of MoO; and the
continuous loss of molybdenum from the alloy. The
scale formed at 800 °C is a boron-rich borosilicate glass,
and thus oxygen diffusion through borosilicate glass
must be the rate-limiting step near 800 °C. Boron
depletion of the scale is observed at 1150 °C with the
near surface becoming completely depleted by 1450 °C.
This boron loss has no detrimental effect upon the abil-
ity of the alloys to form protective scales at high tem-
peratures. Boron evaporation from the outer scale
results in the formation of pure silica, and this implies
that oxygen transport through silica must be the rate-
limiting step for high temperature oxidation. More
thorough studies are required to better understand the
mechanism of oxidation in these alloys.
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