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ABSTRACT

A multicomponent coating has been developed to protect Nb-base alloys
from high-temperature oxidation. A solid solution of molybdenum and tungsten
disilicide, (Mo,W)Si, provided the best results. This alloy composition was
~shown to support a slow-growing protective silica scale in service. Germanium
additions made during the coating process helped to improve the cyclic
oxidation resistance by increasing the thermal expansion coefficient of the
silica scale. Germanium also helped to avoid "pesting" (accelerated Tow
temperature oxidation) by providing better sealant coverage at low
temperatures. The results of cyclic oxidation tests performed on coated Nb
coupons at 900°C, 1370°C, and 1540°C in air are presented. The coated Nb
successfully passed 200 one-hour cyclic oxidation tests at 1370°C and 60-h at
1540°C. Neither generalized accelerated low temperature oxidation or "pest"
oxidation occurred when the coatings were exposed to isothermal conditions of
up to 200-h in air in the temperature range 500-700°C.



INTRODUCTION

Niobium can be alloyed to improve its high temperature strength[1] and
to some extent oxidation resistance.[2,3] If, compared to other structural
alloys developed for oxidation resistance, niobium exhibits inherently poor
‘high-temperature oxidation behavior because its oxide is not compact or |
impervious to permeation by molecular oxygen. The inward diffusion of oxygen
anions results in a large molar volume increase at the metal/scale interface,
which accumulates strain energy and leads to scale cracking. Since adequate
resistance to high-temperature scaling cannot be achieved by alloying alone; a
protective coating is necessary for any high-temperature application where
niobium or niobium base alloys are expected to be used in oxidizing
environments.

A multicomponent, redundant, protection approach must be employed if a
long service 1ife and cyclic oxidation resistance are both to be achieved.
Essential components are: (a) a niobium-base alloy with good high-temperature
creep strength and adequate inherent oxidation resistance to prevent
catastrophic attack should the protective coating fail, (b) an effective bond
1ayek/diffusion barrier to attach the protective coating and prevent inward
diffusion of damaging interstitials (e.g. H, N, C, and 0), (c) a compatible
coating that serves as a reservoir for the protective component to support the
growth of a compact oxide layer, and (d) a protective oxide layer that will
continue to grow with time and prevent the ingress of oxygen.

BACKGROUND

Molybdenum disilicide (MoSi,) was chosen as a reservoir from which a
protective Si0, layer could be grown in service. The excellent high-
temperature oxidation resistance of MoSi, has been previously
established.[4,5,6] Coatings based on MoSi, have seen limited use, to date,
because they are relatively brittle at room temperature and have Tow strength
at high temperatures (>1250°C).[7] In early studies involving impure
material, "pest" oxidation, which is catastrophic oxidation at relatively low
temperatures (300-700°C), was observed.[8,9] The mismatch in thermal



expansion coefficient between MoSi, and its thermally grown Si0, scale also
led to spalling (i.e. decreased coating life) under thermal cycle conditions.

Potential solutions to these limitations are as follows: Tungsten (W)
can be added to strengthen MoSi, at high tamperatures.[10] This solid
solution is currently used in high temperature furnace elements
(Superkanthal™), which exhibit excellent oxidation resistance and sufficient
high temperature strength. To increase the cyclic oxidation resistance and
prevent pesting, germanium (Ge) additions have been effective.[6,11]
Germanium forms a glass at lower temperatures than silicon, and therefore
protects MoSi, in the Tower temperature range where pesting is possible. The
Ge0, solute will decrease the Si0, glass viscosity at higher temperatures as
well, but it also increases the coefficient of thermal expansion (CTE). The
Targer CTE minimizes the mismatch between the MoSi, coating and the protective
silica layer.[12] Germania additions to the Si0, film grown on MoSi, coatings
have been shown to increase cyclic oxidation 1ife by one order of
magnitude.[13,14]

In this study, a two-step process was developed to produce
(Mo,W)(Si,Ge), diffusion coatings for the protection of Nb-base alloys.[15]
In the first step, the deposition of a molybdenum layer (50-85um) or
codeposition of molybdenum with 30 at% tungsten was performed by triode
sputtering. The second step was the codeposition of silicon and germanium
using a halide-activated pack cementation process to produce either Mo(Si,Ge),
or a solid solution of (Mo,W)(Si,Ge),. Pack cementation is a self-contained
chemical vapor deposition process in which the reactive vapor species are
generated in situ. This process is carried out at high temperatures (900°C-
1200°C) under an inert or reducing atmosphere to avoid oxidation of the
substrate and the powdered masteralloy.

The substrate is embedded in a powder mixture or "pack", and sealed into
an alumina crucible. A typical pack consists of three components: (1) a
masteralloy or pure metal powder containing the element(s) to be incorporated
into the substrate, (2) a halide activator salt (e.g. NaF, NaCl, etc.) and (3)
an inert filler (e.g. A1,0,, Si0, or SiC). The activator initially reacts




with the masteralloy, producing volatile metal halides. These volatile
species diffuse to the substrate surface, driven by the chemical potential
gradients of the elemental components between the pack and substrate, where a
variety of reactions can contribute to the deposition of the coating
element(s). The two most probable types of reactions are illustrated in Egs.
(1) and (2) for the siliconizing of molybdenum using a NaF activator.

4 SiFy(v) = ST (in HoSi,) +3 SiFy(v) M

SiFy(v) +3 Na(v) =S7 (in MoSi,) + 3NaF(¢) (2)

Reaction (1) is a disproportionation-type reaction whereby a lower
halide (SiF;) reacts to form a higher halide to deposit silicon. In Eq. (2),
a reaction occurs which deposits Si and a thin film of the 1iquid activator at
the substrate surface. Because the volatile species in the Si-F system
include major proportions of SiF,, SiF;, and Sif,, depending on the local
activity for molecular fluorine, the deposition reaction can involve all of
these volatile species.

EXPERIMENTAL APPROACH

Coating Development

A pure niobium rod was cut into disk coupons (16mm in diameter and 6mm
in thickness) and these were sputter coated with pure Mo or a solid solution
of Mo and W to a thickness of 50-85 um. The measured and weighed coupons were
embedded in a powder mixture containing between 7.5 and 17 wt.% pure Si powder
(=325 mesh from AESAR), 3 wt% NaF (reagent grade from Alfa), and between 74.5
and 80 wt% SiC powder (120 grit from Metallurgical Supply Co.).

The substrate coupons and pack materials were placed into alumina
crucibles and sealed with an alumina 1id using an alumina-base cement. The
sealed crucibles were then inserted into a combustion tube in an electric tube
furnace, and pure Ar was introduced at a flow rate of approximately 100
mi/min. After the inert atmosphere had been established, the packs were



heated at 1150°C (+3°C) for various times. After diffusion, the packs were
cooled back to room temperature in the Ar atmosphere. The coupons were then
removed from the pack, and washed in hot water and ultrasonically cleaned in
acetone to remove any salt condensate and loosely embedded pack material.
Weight losses of the coupons after water-rinsing showed that some water-
soluble substancz, probably the NaF activator salt, was removed. Thickness
and weight measurements were made on the cleaned coupons.

To codeposit two (Si plus Ge) or more elements by pack cementation, the
partial pressures of gas species in the pack for the elements to be deposited
must be comparable. If the gas specie(s) of one element is dominant,
codeposition of the other specie(s) would be suppressed. The SOLGASMIX-PV
calculation for the pack used in this study is reported elsewhere.[15] At
1400°K the partial pressure for SiF; and SiF, are 6.86x10™* and 8.29x10° atm.,
and the partial pressure for Gef, is 2.04x107° atm. Since the gas diffusivity
for all species is on the magnitude of 0.1 cmz/s, the mass flux in the gas
phase for a given drop in activity should be much greater than that in the
solid phase where the diffusivity has a magnitude of about 107'° cm?/s.
Therefore, the coating process should be nominally controlled by the solid-
state diffusional growth of the silicide layer, which has been confirmed by
kinetics analysis.[15] A Si-Ge alloy is also expected to form in the pack
by the melting of Ge (melting point for Ge is 937°C). Thus, the activities of
Si and Ge in the pack should each be less than unity, and will depend upon the
original Si-to-Ge ratio in the pack.

Cyclic Oxidation Testing

Cyclic oxidation studies were conducted in air at 925°C, 1370°C, and
1540°C. The 925°C tests were performed at the NASA Lewis Research
facilities.[16] The cyclic conditions consisted of a one hour soak period in
air at temperature followed by a 20 minute cool down. The 1370°C tests were
performed at the Ohio State University in an electric furnace with
Superkanthal™ heating elements. The coupons were placed in a recrystallized
high-purity alumina boat, and the boat was set on a high-alumina firebrick
which was manually removed from the furnace during oxidation testing. The



thermal cycle program was one hour hot (at 1370°C) plus a half hour cool
(setting outside the furnace). The weight-change of each coupon was measured
by a Mettler™ AE163 digital balance.

Two coupons were tested at 1540°C at the Naval Air Development Center.
These were performed using an automated balance and vertical tube furnace
heated with Superkanthal™ elements. The specimens were contained within a
high purity alumina crucible and suspended in the hot zone by an alumina rod.
The heating cycle consisted of one hour at temperature in the hot zone and
then the coupons were removed from the furnace and allowed to cool thirty
minutes before reinserting. Weight gain was recorded at the end of pre-
selected cycles. :

, Selected coupons were taken from the 1370°C oxidation test group and
examined by X-ray diffraction in a Sintag diffractometer. Photomicrographs
were also obtained from cross-sections prepared by standard metallographic
procedures. A JOEL JXA-35 Scanning Electron Microscope (SEM) equipped with an
Energy Dispersive Spectrometer (EDS) was used to examine the microstructures
and compositions of the coatings. A CAMECA Electronprobe Microanalyser (EPMA)
with Wave Dispersive Spectrometer (WDS) was also used to examine composition
profiles. These analytical methods were especially useful for differentiating
the silicon K-alpha radiation from tungsten M-alpha radiation, which are not
distinguishable by EDS analysis.

RESULTS AND DISCUSSION

Coating Development

The coatings produced by pack cementation generally consisted of two layers: a
thick outer MoSi, layer with a columnar morphology, and a very thin inner

Mo .Si, Tayer. Parabolic growth kinetics were observed for the MoSi, layers
grown on pure Mo substrates at 1150°C. The rate constant was 9.31x107'° em?/s,
and the activation energy for this process (900-1150°C) was calculated to be
58.3 kcal/mole, which is consistent with solid-state diffusion as the rate-



limiting step. This value agrees with the values (50-59 kcal/mole) reported
for silicon diffusion in MoSi,.[17,18]

Germanium additions to MoSi, tended to retard coating growth. The
morphologies of the duplex (Si,Ge) coatings were similar to those obtained for
pure Mo, except that the thin Mo.Si; intermediate layer formed on pure Mo was
not present in the Mo-W disilicide. The germanium content was also lower at
the external surface. An increase in the growth rate of the coating occurred
when tungsten was added. Microhardness results showed that the room
temperature hardness (and presumably the strength) also increased with
increasing W content.

Cyclic Oxidation Testing

A summary of the cyclic oxidation results for coupons tested in air at
925°C is presented in Table I. Several samples failed prematurely due to
oxidation in the holes that were drilled through the coupons for purposes of
holding the button-shaped coupons during the sputtering process (this problem
was corrected before further higher temperature testing continued). The
coated areas looked very good with virtually no evidence of attack and one
sample exceeded 200-h (cycles) of exposure. A photomicrograph of the coating
at a corner section after 200-h is shown in Figure 1. A crack extends all the
way to the niobium surface, but no serious oxidation has occurred indicating
that the base of the crack is effectively sealed. The initial formation of
Kirkendall porosity can be observed as a consequence of silicon
redistribution. This porosity will grow with temperature and time as
discussed in later sections.

Cyclic oxidation tests performed on coated Mo coupons and conductc' in
air at 1370°C showed that the germanjum additions improved oxidation
resistance. The Ge-doped coatings exhibited only a small weight gain, see
Figure 2, and protected the Mo substrate, while the MoSi, coating without Ge
suffered a significant weight loss, indicating a loss of volatile MoO, after a
few cycles.



Cyclic oxidation tests were conducted on Mo(Si,Ge), and (Mo, W) (Si,Ge),
coated niobium coupons for up to 200 one-hour cycles in air at 1370°C. Weight
gains as a function of vt are presented in Figure 3. The kinetics indicate
parabolic behavior following a transient oxidation period. The upper envelope
curve (highest wt. gain) for (Mo,W)(Si,Ge), coincides with the Towest envelope
curve for Mo(Si,Ge),. From these results, it is clear that the Mo-30 at% W
alloy coating has better oxidation resistance than the coating without
tungsten. The Towest weight gain curves for the Mo,W alloy at 1370°C
correspond to Bartlett’s results[8] at 1330°C, but both are higher than the
results Fitzer[11] reported at 1400°C. ‘

A few of the coupons developed pin-holes at less than 50 cycles and a
white oxide appeared on the surface. Analysis by X-ray and EDX showed this
oxide to be Nb,0,. The Nb,0; reacted with the Si0, on the surface to form a
white glassy film with continued testing. These samples were removed at this
point and not subjected to extended testing, although they appeared capable of
surviving many additional hours. The occurrence of the pinholes was found to
coincide with the absence of an inner Mo Si, or Mo layer as seen in the Figure
1 micrograph and is primarily a coating layer uniformity problem. Two out
of eight Mo(Si,Ge), coated coupons (no tungsten) exceeded 200h; and six out of
eight (Mo,W)(Si,Ge), coated coupons (30 at.% tungsten) also passed 200-hour.
The net weight gains for these coupons were in the range of 1.2-1.6 mg/cm2
after a total of 200 one-hour cycles at 1370°C.

A corner section micrograph of a Mo(Si,Ge), coating after twenty five
hours at 1370°C is shown in Figure 4. The radial crack has been arrested by
the inner silicide layer and deflected laterally. Cracks in the corner region
are more severe due to the compliance required to accommodate the curvature.
No oxidation has occurred in the niobium substrate due to the ability of the
glass forming layer to effectively fill and seal the crack. A thick layer of
protective (Si,Ge)0, on the surface provides evidence that this glass layer
was able to resist spallation.

The weight gain kinetics for two (Mo,W)(Si,Ge), coated coupons tested in
ajr at 1540°C are shown in Figure 3, where a combination of transient and
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parabolic oxidation behavior is again observed. These samples were terminated
in good condition following 55-60-hours of cyclic exposure. The transient
oxidation period is similar to 1370°C behavior, but the parabolic rate
constant as defined by the linear portion of the curve of wt. gain vs vt [19]
is higher, as expected.

A corner section micrograph of -a niobium coupon coated with
(Mo,W)(Si,Ge), after 60-hour of cyclic oxidation in air at 1540°C is shown in
Figure 5. The crack was deflected laterally in the underlying (Mo,W).(Si,Ge),
and sealed by the (Si,Ge)O2 glass. Porosity in the original (Mo, W) (&1,Ge),
has grown into a significant fraction of the coating volume compared to the
Jower temperatures, see Figures 1 and 4. While this porosity provides
additional strain tolerance to thermal cycling, it aiso reflects a significant
Toss in the silicon reservior needed to support continued Si0, growth.

Low Temperature Oxidation

Early reports of low temperature "pest" oxidation were attributed to the
oxidation of microcracks[8] or diffusion of oxygen down grain boundaries.[9]
However, recent work by Meschter[20] performed on high density, well
characterized, good purity material did not observe "pesting" in either dry
air, wet air, or oxygen between 400°C to 600°C.

New work by Meier, et al.[2]1] reports another type of generalized attack
at low temperatures. Weight gains in excess of 5 mg/cm2 after 80-hour of
exposure in either air or oxygen were observed at 500°C. This phenomenon was
attributed to the high volatility of MoO, at this temperature. The Si0,
growth rate is too slow to be protective. Preoxidation at temperatures above
1000°C only delays the eventual onset of this generalized accelerated
oxidation. At temperatures greater than 600°C, Si0, forms a protective film
and suppresses MoO, vaporization. Oxidation thei occurs at a very slow rate
because the silica Tayer is continuous.

Three (Mo,W)(Si,Ge), coated coupons were exposed to low temperature
isothermal oxidation to determine if the coating was susceptible to either the
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"pest" oxidation or generalized accelerated attack. After 192-hour of
isothermal exposure at 500°C, 600°C, and 700°C in air, the recorded weight
gains were 0.06, 0.16, and 0.10 mg/cm2 respectively. The low weight gains and
the good appearance of the test coupons suggest that the coating is not
susceptible to either type of low temperature attack with the caveat that the
data base is very limited.

X-Ray Diffraction Results

A partial X-ray diffraction pattern of the oxidized surface of a coupon
coated with Mo(Si,Ge), is shown in Figure 6. The third axis corresponds to
the square-root of exposure time at 1370°C. Evidence of cristobalite forming
at 1370°C under the cyclic exposure is seen although amorphous S10, is still
the dominate phase. The growth of the Si0, scale reduces the silicon content
in the Mo(Si,Ge), coating, and the lower si]icidé, Mo.Si,, forms underneath.
After mechanical removal of the outer protective silicide layer, the x-ray
pattern of the inner layer revealed the expected a Mo Si, structure. This
Tayer exhibited a preferred orientation with very strong (002) and (004)
peaks, indicating that the c-axis of the tetragonal structure is perpendicular
to the surface of the coating.

SEM and EPMA Analysis

A cross-section of a coated Mo(Si,Ge), coupon (no tungsten) oxidized at
1370°C for 10 one-hour cycles is shown in Figure 7a. Cracks that penetrated
through the outer layer were stopped at the inner Mo.Si, layer and sealed by
the glass film. The EPMA compositional scan across this area (remote from
cracks) is shown in Figure 7b. The coating is composed of two layers: an
outer MoSi, layer containing some dissolved Ge and an inner Mo,Si, Tayer with
less germanium. A sharp drop in silicon content at the surface indicates a
local depletion of silicon due to the formation of the silica scale.

The cross-section of a (Mo,W)(Si,Ge), coated coupon (30 at% tungsten)
oxidized in air at 1370°C Tcr 26 one-hour cycles is shown in Figure 8a, and
the associated EMPA compositional scan in Figure 8b. A two-layer morphology
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was also developed, and again the cracks that penetrate the outer Tayer are
also stopped by the inner layer. A larger number of voids were formed in the
(Mo,W)(Si,Ge), compared to the coatings with no tungsten. A schematic of
these voids is illustrated in Figure 9. The voids form within a lighter
appearing phase composed of (Mo,W),Si,, which is rich in tungsten. This
optically light phase was found in the outer layers of tungsten-containing
coatings and was continuous with the silicide in the inner layer. The
tungsten rich composition is similar to that of the inner layer.

“Silicon diffusion through the silicides requires a counterflow of
vacancies in the silicon sublattice, or along phase interfaces. A large
number of voids are thereby introduced into the lower silicide through vacancy
condensation. The growth of the continuous phase inside the disilicide is
aided by the short diffusion distance which results from the highly irregular
morphology. A similar "interwoven" two-phase morphology has been observed for
a certain type of solid-state displacement reaction, in which the forward
motion of phase growth is repeatedly blocked by the accumulation of reaction
products.[22,23] The irregular reaction interface can only occur in a system
containing more than two components. In a binary system, a flat reaction
interface is always required by the Phase Rule.

The voids formed within this coating should provide sites for stress
relaxation (decreasing the effective Young’s modulus of the coating layer)
which may reduce the strain energy induced by thermal cycling and help
interrupt crack propogation. In fact, the crack densities (number of cracks
per unit length of surface) for the W-containing coupons were less than those
for the coupons without tungsten by factor of 1.5. This observation suggests
that tungsten additions provide both a reduced strain energy and a
strengthening effect in the coating. In addition, the composite structure
provides fast diffusion channels for transporting silicon to the coating/scale
interface, where maintaining a sufficiently high Si activity is critical for
exclusive growth of silica.

The microstructure of a (Mo,W)(Si,Ge), coating (30 at% tungsten) after a
total of 500-hour oxidation in air at 1370°C is shown in Figure 10(a). The
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outer layer has become very pbrous compared to the inner layer, and is similar
in appearance to Figure 4 which represents a shorter time at a higher
temperature. A composition profile for this coating is shown in Figure 10(b).
The outer layer is a two-phase structure, containing (Mo,W)(Si,Ge), and a
Tower silicide (Mo,W).(Si,ue), which is the 1ight phase. The inner Tayer is
also a two-layered structure, with the outer portion consisting of a 60um-
thick (Mo,W,Nb).(Si,Ge), and the inner portion is a 80um thick and composed of
Nb(Si,Ge),. A significant amount of Ge (7at%) was found in the Nb,(Si,Ge),
compound. There is no distinct boundary between the two niobium containing
silicides.

During oxidation, the silicon activity gradient in the as-grown
disilicide is reversed, so that the thermodynamically stable Mo.Si, is able to
develop. Thus Mo, Si, grew at the expense of both the outer disilicide and the
original (Mo,W) layer. When the (Mo,W) layer is consumed, reaction between
the Tower silicide and the Nb substrate occurs. Niobium silicide Nb.Si, was
not prevalent at the lower-silicide/substrate interface for coupons exposed at
1370°C for short times; however, after extended exposure to high temperature
(1370°C for 500h), the Nb.Si, layer had developed. From the thicknesses of
the Nb silicides and the exposure times, a parabolic rate constant for the
growth of the Nb silicide at 1370°C was estimated at 2.0x107'em?/s. This
value is an order of magnitude smaller than that for Mo Si, (5x10”°cm2/s) at
the same temperature.{17] A lower rate constant for Nb.Si, growth means that
this coating structure should have a longer diffusional service life than a
MoSi, coating on pure Mo. A Tower growth rate for a (Mo,Nb).Si, layer than
that for Mo.Si, was also reported by Fitzer et al.[24]

CONCLUSIONS

A two-step coating process was used to produce a (Mo, W) (Si,Ge), coating
on niobium. After exposure to high temperatures, a Tower silicide layer forms
underneath and is effective in arresting cracks. The oxidation weight-gain
kinetics are parabolic following an initial transient period. Test coupons
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coated with (Mo,W)(Si,Ge), passed 200 one-hour cycles at 1370°C and 60 one-
hour cycles at 1540°C. These results, along with evidence of a thick
protective glass layer, suggest that the germanium additions help cyclic
oxidation resistance. The beneficial effects of the tungsten include the
formation of microvoids, which provides a lower effective elastic modulus, and
mechanical strengthening. No accelerated low temperature or "pest" oxidation
was observed in the temperature range between 500-700°C. Thus, a

(Mo,W) (Si,Ge) multicomponent silicide coating offers.significant promise for
the protection of Nb-base alloys exposed to cyclic oxidizing environments over
a broad range of temperatures.
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Table I. Summary of Cyclic Oxidation Results for

Niobium Coated (Mo,W)(Si,Ge), Tested in Air at 925°C

“Internal  oubstrate  Sputier  TNICKness Pack _ Minimum ~Fallure
Code Material Layer {microns)  Cementation Cycle Life Mode
1 C-103 Mo * 67.31 Si 80 Hole Oxidation
2 Nb Mo - 30 W 44.45 S >200 No Fallure(+ 1.25 mg/cm2)
3 Nb Mo - 50 W 63.61 - Si 200 Edge Oxidation + Ncdules
4 Nb Mo * 69.85 Low Ge 200 Hole Oxidation
5 C-103 Mo -30W™* 74.93 Low Ge 60 Hole Oxidation + Nodules
6 WC3009 Mo -30W* 6477 High Ge 40 Hole Oxidation

* Specimen contained holes used to hold the coupons for the sputter coating process.

Figure Captions

Figure 1 Mo(Si,Ge), coated niobium oxidized for 200 one-hour cycles at
925°C in air.

Figure 2 Cyclic oxidation behavior of MoSi, coatings substrates with and
without Ge additions on pure Mo at 1370°C in air.

Figure 3 Oxidation kinetics for Mo(Si,Ge), and (Mo,W)(Si,Ge), coatings on
niobium.

Figure 4 Mo(Si,Ge), coated niobium after 25 hours of cyclic oxidation
testing in air at 1370°C.

Figure 5 A (Mo,W)(Si,Ge), coating after 60 hours of cyclic oxidation at

| 1540¢C.

Figure 6 X-ray diffraction pattern of an oxidized (Mo,w)(Si,Ge)z coupon,
showing cristobalite formation during oxidation at 1370°C.

Figure 7a  Cross section of a Mo(Si,Ge), coating after 10 one-hour cycles at

1370°C in air.
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EMPA composition profile of coating in Figure 7a.
Cross section of a (Mo,W)(Si,Ge), coating on niobium, after 26
one-hour cycles in air at 1370°C.
EMPA composition profile of coating shown in Figure 8a.
Schematic illustration showing void formation together with growth
of the optically light (Mo,w)SSi3 phase into the outer disilicide
Tayer.
Microstructure of a (Mo,W)(Si,Ge), coating on niobium oxidation in
air at 1370°C for a total 500-hours (inciuding 144 one-hour
cycles).

EMPA compositional profile of coating shown in Figure 10a.
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