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Vapor-Deposited Emittance-Catalysis Coatings for Superalloys
in Heat-Shield Applications
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Results are presented for dynamic oxidation tests of Inconel 617 and MA 956 superalloy specimens prepared
with aluminosilicate coatings formulated to have a high emittance and a low catalytic activity. Results indicate
that coated MA 956 has a much lower catalytic activity after 52 h (19 cycles to temperature) of exposure at
temperatures near 1370 K than does uncoated MA 956. The net effect of emittance-catalysis enhancement
coatings on MA 956 is 2 100% increase in the energy input required to produce a surface temperature of 1370 K.
The net effect of the coating on Inconel 617 is a 50% increase in the energy input required to produce the same
surface temperature. This lesser effect for Inconel 617 results from interaction between the coating and the ox-

ides of the Inconel 617 alloy.

Nomenclature

H..H, =total enthalpy of equilibrium air at ambient
and wall temperatures, respectively, J/kg

H, =total boundary layer edge enthalpy at the
stagnation point, J/kg

P =model stagnation pressure, Pa

deew deqw = catalytic cold and hot wall heating rate,
respectively, W/m?

GcoND =conduction heat loss from the specimen,
W/m?

Ry, R =radius and effective radius of model, respec-
tively, m

T = surface temperature, K

€TH =total hemispherical emittance of the surface

o = Stephan-Boltzman constant
(5.67x10-8 W/m2K*)

Introduction

WO alloys of potential interest for Thermal Protection
System (TPS) applications are Inconel 617 and MA 956.
Inconel 617, a nickel-chromium superalloy, has been shown to
meet the high-temperature strength, oxidation resistance, and
high emittance criteria for use in TPS applications.' MA 956,
an oxide-dispersion-strengthened iron-base superalloy, also
has good high-temperature strength and very good oxidation
resistance,* but it has a relatively low emittance.
In addition to strength, oxidation resistance, and emittance,
a parameter of major importance in considering materials for
TPS applications is the catalytic activity of the surface to
recombination of dissociated oxygen and nitrogen, which are
present at significant levels in the boundary layer of entry
vehicles during peak heating for Space Shuttle-like trajec-
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tories. Surface catalysis experiments on Space Shuttle flights
STS-2 through STS-5 showed that high surface catalytic activ-
ity can result in surface temperatures along the lower
centerline of the vehicle that are 110 to 275 K higher than those
of the high-temperature reuseable-surface insulation tiles used
on the current Space Shuttle.’

The purpose of this research was to investigate the feasibil-
ity of using vapor-deposited coatings to increase the emittance
and decrease the catalytic activity of superalloys exposed to
dynamic oxidation conditions representative of a re-entry en-
vironment. Statically oxidized specimens of Inconel 617 and
MA 956 superalloys were prepared with micrometer-thick
layers of aluminosilicate coatings. Specimens were exposed to
dynamic oxidation conditions followed by radiative and
metallurgical analyses.

Experimental Procedure
Test Specimens
Test specimens (2.5-cm-diam disks) of Inconel 617 and MA

' 956 were stamped from commercially available sheet material

of 0.8- and 0.3-mm thickness, respectively. Table 1 gives the
chemical analysis of both alloys as provided by the vendor.

The specimens were prepared for coating with a thorough
cleaning. The Inconel 617 specimens were then oxidized in
static air at 1255 K for 10 h; the MA 956 specimens were
lightly grit-blasted with 120-mesh alumina followed by static
oxidation at 1370 K for 2 h. The oxidized Inconel 617
specimens were coated with a layer of evaporated aluminum
approximately 1 um thick.

The coatings (developed by Lockheed Missiles and Space
Company) were deposited directly onto the MA 956 superalloy
and onto the aluminum layer previously evaporated onto the
Inconel 617 superalloy using a chemical vapor deposition pro-
cess. The specimens were subsequently heat-treated in air to
oxidize the layer and complete the reactions within the
coating. This resulted in the formation of a layer of an
aluminosilicate-type composition on the order of 1 pm thick in
both cases.

Exposure of Specimens

Selected specimens were exposed to a series of short-
duration tests (1 to 3 min) at different conditions to provide
heating rate/temperature data for comparison of coated and
uncoated specimens of both alloys. To test the longer-term
performance of the coatings, specimens were exposed to cyclic
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tests of about ¥2 h each at constant temperatures for total ex-
posure times of up to 8 hs.

Specimens were exposed to dynamic oxidation conditions at
surface temperatures ranging from 1090 to 1480 K in the
Langley Research Center Hypersonic Materials Environmen-
tal Test System (HYMETS), which is a 100-kW constrictor-
arc-heated wind tunnel.® The range of aerothermal heating
conditions utilized is given in Table 2. The test conditions did
not provide for full simulation of any current or projected re-
entry environment. The heat flux—the most critical response
parameter—was representative of the levels encountered dur-
ing peak heating for Space Shuttle-like trajectories. The sur-
face pressure and freestream enthalpy were one-half to one-
fourth the levels expected during such trajectories. The surface
temperature of specimens during simulated re-entry testing
was monitored using a narrow-band radiation pyrometer with
emittance correction.

Table 3 gives the nominal flowfield composition for two en-
thalpy levels. The data are based upon boundary layer edge
conditions calculated using the Aerotherm Chemical
Equilibrium (ACE) code.” The data indicate that oxygen in
the test stream is nearly completely dissociated, whereas
nitrogen is only partially dissociated even at the higher en-
thalpy level.

Materials Analysis Techniques
Assessment of Catalytic Activity

A direct assessment of the catalytic activity of TPS
materials under dynamic oxidation conditions cannot be
made. Two indirect means that may be utilized to qualitatively

Table 1 Inconel 617 and MA 956 analyses

Inconel 617 MA 956
Element Wt. % Element Wt.%
Ni Balance Fe Balance
Cr 22.63 Cr 19.30
Co 12.33 Al 4.28
Mo 9.38 Y 0.49
Al 1.15 Ti 0.39
Fe 0.76 Ni 0.28
Ti 0.27 (e} 0.20
Si 0.15 Si 0.11
Cu 0.06 Mn 0.09
C 0.05 Co <0.05
Mn 0.02 N 0.032
S 0.001 C 0.021
Cu <0.01
P 0.009
S 0.003
Table 2 Range of conditions for dynamic oxidation
exposure of superalloys
Specimen surface temperature, K 1145-1480
Surface pressure, Pa 490-815

Free stream Mach number 3.5

Free stream enthalpy, MJ/kg 3.7-10.5
Catalytic hot-wall heating rate,
kW/m? 80-360

Table 3 Nominal test stream composition

Mole fraction at
H,=6.6 MJ/kg H,,=8.4MJ/kg

Chemical species

N, 0.664 0.643

0, 0.230x 107! 0.604x 1073
N 0.305x 1073 0.112x107!
e} 0.294 0.340

NO 0.182x 107! 0.553x 1072
NO, 0.270x 106 0.800x 10~%
N,O 0.839x 1077 0.238x 1077
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judge the catalytic activity of materials are 1) comparison of
heating rates and equilibrium surface temperatures for dif-
ferent materials and 2) comparison of the surface catalysis
ratios for different materials. The basis for these comparisons
is the fact that the heating rate to a catalytic surface in a given
environment consists of a convective component and a
catalytic component (which results from recombination of
dissociated species). The heating rate to the surface of a
material with a low catalytic activity will include only a por-
tion of the available energy due to recombination reactions.

For the present study the surface catalysis ratio was defined
as the ratio of the net aerothermal heating rate, expressed as
the sum of the surface-equilibrium-radiative heat loss and con-
duction loss, and the catalytic hot-wall heating rate.? It was
calculated using

Surface CatalysiS ratio = [GETH T 4 + qCOND] /qCHW (1)

where ey was obtained by correlation from the measured
total normal emittance values, gconp Was obtained from tran-
sient cooling data from a thermocouple attached to the
specimen, and gcyw was calculated using

H, —
__eo_lzw__ )
HeO—ch
The catalytic cold-wall heating rate for a stagnation point
model® is givén by

decw =3.60% 1()_“(Pleo —-H,) R 3)

eff

dcuw =4dccw

where R.;=3.78 R, for a flat-face model at low Mach
numbers.® For the 15.9-mm-radius flat-face model utilized
herein, Eq. (3) was rearranged to obtain an approximate ex-
pression for the total enthalpy of the flowfield,

qCCW
H,y=690—=—+H
0 =690+ H, @

Analysis of Oxidation

Mass changes of specimens were determined by weighing
them before and after exposure to dynamic oxidation condi-
tions. These data were normalized by the total surface area to
obtain weight change per area. The mass change data for
coated specimens were used as a qualitative indicator of
coating stability under test conditions.

The morphologies of specimen oxides were studied using
conventional light microscopy and Scanning Electron
Microscopy (SEM). The oxide-substrate composition was
analyzed by Energy Dispersive Analysis of X-Rays (EDAX)
and by X-Ray Diffraction analysis (XRD).

EDAX eclemental line scans of polished cross sections of
specimens were performed to determine the oxide-substrate
elemental profiles.

Radiative Property Measurements

Room-temperature spectral near-normal reflectance mea-
surements were made using a Gier-Dunkle HC 300 heated
cavity reflectometer and a Cary Model 17 spectrophotometer
with integrating sphere attachment. The HC 300 reflectometer
was used for the wavelength region from 2 to 24 ym and the
Cary spectrophotometer was used for the region of 0.30 to
2.20 um. The reflectance data were used to find the
corresponding values of emittance using the relationships that
for opaque surfaces the spectral absorptance is equal to unity
minus the spectral reflectance and, by Kirchoff’s Law, the
spectral emittance is equal to the spectral absorptance at
equivalent temperatures. The spectral data were integrated
with respect to the Planck blackbody energy distribution curve
for temperatures above ambient to arrive at corresponding
elevated temperature total normal emittance values.
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Results and Discussion
Catalysis Characteristics

Figure 1 shows data for equilibrium surface temperature vs
catalytic hot-wall heating rate for short-time dynamic oxida-
tion tests of coated and uncoated Inconel 617 and MA 956
specimens. The figure also shows calculated results for the
equilibrium temperature of a fully catalytic surface given by

. . ”
T= ( dcuw qCOND) 6)
ey

The two solid curves are for emittance values of 0.87 and 0.60,
which are the nominal emittances of uncoated Inconel 617 and
MA 956.

The similarity of calculated results and experimental results
for uncoated Inconel 617 and MA 956 indicates that both
alloys in the uncoated state tend to be catalytic to the recom-
bination reaction of dissociated species in the dynamic oxida-
tion environment. The measured temperature of uncoated In-
conel 617, which was greater than the calculated result, was
probably due to error in the emittance correction used on the
pyrometer for that specimen.

The experimental data in Fig. 1 form four distinct sets. The
difference between the sets resulted from differences in emit-
tance and/or catalytic activity of the specimens. In consider-
ing data sets for coated and uncoated specimens of a single
alloy that have about the same emittance, the differences be-
tween the two sets of data for each alloy were attributed to
changes in the specimen catalytic activity the coating caused
by. The catalytic activity of the coated MA 956 specimen was
so low that it had a lower equilibrium temperature than did the
coated Inconel 617 specimen, which had a much higher
emittance. .

Figure 2 presents surface-catalysis-ratio data as a function
of surface temperature for the tests shown in Fig. 1. Again the
data are contained within four consistent groups. The surface-
catalysis ratios calculated for the uncoated specimens were
greater than 1.0 in some instances. This is the result of ex-
perimental uncertainties in the measurements of convective
heating rate and surface temperature, the accurate knowledge
of the total hemispherical emittance of the surface at all times
during the exposure to dynamic oxidation conditions, and the
calculation of gqyw (derived from calculation of H,y). A 2%
error in temperature measurement would give an 8% error in
surface radiative heat flux. Similarly an error of 3% in the
total hemispherical emittance used in calculating the surface
radiative heat loss would result in an error of 3% for the In-
conel 617 specimens and 4% for the MA 956 specimens. The
combination of these two factors gave a maximum uncertainty
of 11-12% in the computation of the surface catalysis ratios.
The results in Fig. 2 are qualitative only and were interpreted
as indicating that uncoated Inconel 617 and MA 956 were
catalytic under the dynamic oxidation conditions of the pre-
sent study. The surface catalysis ratios of coated Inconel 617
and MA 956 were much lower than their uncoated mates; in
fact, the surface catalysis ratio of coated MA 956 was about
half the surface catalysis ratio of uncoated MA 956.

The variation in catalytic activity with dynamic oxidation
time for coated and uncoated Inconel 617 and MA 956 is
shown in Fig. 3. The surface catalysis ratio for uncoated MA
956 decreased with time of exposure, reaching a value 70% of
its original level after 5% h. The surface catalysis ratios of
coated Inconel 617 and MA 956 were nearly constant with
time of exposure.

Oxidation Characterization

Results for weight change with dynamic oxidation exposure
time for representative specimens are shown in Fig. 4. The
results for coated and uncoated Inconel 617 showed a loss of
weight with exposure. The weight loss for coated alloy was
generally less than reported for uncoated alloy.!® The weight
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Fig. 4 Weight change of Inconel 617 and MA 956 during exposure to
dynamic oxidation conditions.

of uncoated MA 956 specimens was essentially unchanged by
exposure to test conditions.* However, the coated MA 956
showed a very small increase in weight with exposure.

Figure 5 shows SEM photographs of the surface oxides of
coated and uncoated Inconel 617 specimens before and after
exposure to dynamic oxidation conditions. The SEM photo-
graph of the uncoated specimen (a) shows the statically
formed oxide that was flat and uniform in topography. The
SEM photograph of the uncoated specimen after 2%4 h of ex-
posure shows the characteristic spherical oxide particles
reported in the literature for superalloys after dynamic oxida-
tion.!%-12 The SEM photograph of the coated specimen after
exposure (Fig. 5¢) shows evidence of heavy oxidation of the
coating, with some evidence of spherical oxide particles of the
type shown in Fig. 5b.

Figure 6 shows EDAX line scans of polished cross sections
of coated Inconel 617 specimens before and after exposure to
dynamic oxidation conditions. The data give a graphic
representation of the substrate-oxide-coating system. The very
high Cr level at the surface (Fig. 6a) was typical of oxides
formed on Inconel 617 in a static air environment. On ex-
posure to dynamic oxidation conditions, the Cr,P, layer
formed during static oxidation was quickly removed by oxidiz-
ing to form gaseous CrQ, '

Cr,0; +30~2Cr0, 6)

Removal of the surface layer of Cr,0; leads to accelerated ox-
idation of the alloy.!! The presence of the aluminosilicate
layer on the coated specimen was evidenced by the strong
aluminum and silicon levels at the surface (Fig. 6b).
Chromium diffused to the surface and oxidized, resulting in a
CR-depleted zone near the substrate-oxide interface. The Cr-
depleted zone was more pronounced in the post-exposure
specimen than in the specimen with no dynamic oxidation
exposure.

Figure 7 shows SEM photographs of the surface oxides of
coated and uncoated MA 956 before and after dynamic oxida-
tion exposure. The oxide of the uncoated specimen with no ex-
posure (Fig. 7a) was quite flat with some relief features. The
oxide of the uncoated specimen after exposure (Fig. 7b)
showed a blunting of the topography of the unexposed
specimen. The surface of the coated specimen with no ex-
posure (Fig. 7c) showed the presence of the coating that had
filled most of the shallow valleys of the uncoated surface. The
oxide of the coated specimen after exposure (Fig. 7d) had
more texture than the coated specimen with no exposure, in-
dicating that some oxidation of the coating occurred during
exposure.
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Fig. 5 SEM photographs of Inconel 617 specimens.
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Fig. 6a Elemental profiles near surface of coated Incomel 617
specimen with no dynamic oxidation exposure.
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Fig. 8a Elemental profiles near surface of coated MA 956 specimen
with no dynamic oxidation exposure.

Fig. 7 SEM photographs of MA 956 specimens.
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Figure 8 shows EDAX line scans of polished cross sections
of coated MA 956 specimens before and after exposure to
dynamic oxidation conditions. The high-intensity aluminum
signal at the surface indicates the presence of the very thin
layer of alumina that was formed on static oxidation of MA
956. The presence of the aluminosilicate layer at the surface is
indicated by the high-intensity silicon signal. The lower
relative x-ray intensity for silicon vs aluminum for the post-
exposure specimen (Fig. 8b) compared to the specimen with no
exposure to dynamic oxidation conditions (Fig. 8a) indicates
that the coating may have experienced a loss of silicon during
the test.
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Radiative Properties

Table 4 presents the total normal emittance of Inconel 617 0
and MA 956 specimens determined from room temperature
spectral reflectance data. The total emittance of coated and Distance, um
uncoated Inconel 617 was greater than 0.8 before and after ex- Fig. 8b Elemental profiles near surface of coated MA 956 specimen
posure to dynamic oxidation conditions. after 5 h dynamic oxidation at 1335 K surface temperature.

50

Table 4 Total normal emittance of superalloys?®

Nominal ] Total normal emittance

Spec. Surface exposure Time at at temp, K
no. coated temp, K temp, h 300 810 1090 1365
b No None 0 0.68 0.80 0.83 0.84
1-201 No 1390 2.5 0.66 0.82 0.84 0.87
1-366 Yes None 0 0.69 0.80 0.82 0.83
1-374 Yes 1340 0.5 0.77 0.83 0.83 0.84
1-369 Yes 1375 2.5 0.86 0.88 0.87 0.87
1-362 Yes 1330 5.0 0.90 0.87 0.85 0.83
1-392 Yes 1320 5.0 0.91 0.86 0.83 0.81
1-387 Yes® None 0 0.80 0.85 0.86 0.86
1-376 Yes® 1350 5.5 0.87 0.87 0.87 0.86
1-395 Yesd 1350 5.5 0.90 0.88 0.87 0.86
1-377 Yes 1345 8.0 0.87 0.88 0.88 0.88
M-0 No None 0 0.45 0.47 0.51 0.56
M-43 No 1465 1.0 0.49 0.59 0.62 0.64
M-8 Yes 1470 5.5 0.45 0.54 0.57 0.60
M-56 Yes None 0 0.68 0.65 0.66 0.69
M-1 Yes 1350 1.0 0.61 0.56 0.60 0.60
M-4 Yes 1340 2.5 0.64 0.63 0.62 0.64
M-3 Yes 1335 5.0 0.61 0.61 0.61 0.62
M-5 Yes 1335 5.0 0.68 0.64 0.63 0.64
M-25 Yes 1380 5.5 0.64 0.62 0.61 0.63

aCalculated from room temperature spectral normal reflectance data. ®Data from Ref. 3. ®Coating thickness on 2x normal
thickness for Al sublayer and for CVD layer. ° Thickness of CVD layer is 2 X normal thickness and aluminum sublayer is normal
thickness.
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Fig. 10 Variation in room temperature spectral emittance of coated
Inconel 617 with dynamic oxidation time.

The total normal emittance of uncoated MA 956 was less
than 0.6 before exposure and greater than 0.6 after exposure.
The emittance of coated MA 956 was 0.68 before exposure but
it experienced a 7% reduction to about 0.62 with exposure.
This value was approximately equal to the emittance of the un-
coated MA 956 after exposure.

The effect of the aluminosilicate coating on the normal
spectral emittance of Inconel 617 is shown in Figs. 9 and 10.
Exposure to dynamic oxidation conditions resulted in signifi-
cant increases in spectral emittance of coated specimens at
wavelengths greater than about 8 um. That increase in spectral
emittance at longer wavelengths was indicative of a NiO-rich
surface. The spectral structure observed at longer wavelengths
for the statically oxidized alloys before exposure to dynamic
oxidation conditions, either coated or uncoated, was the result
of the Cr,0; presence at the surface.®> Oxidation of the
chromia during exposure produced an excess of nickel oxide at
the surface. The NiO-rich/Cr,0O;-depleted surface layer is also
evident in the EDAX data for surface analysis of post-
exposure specimens (Table 5). Initially, the CR/Ni ratio of in-

Table 5 Summary of EDAX Cr/Ni ratios for Inconel 617

Nominal
Spec. Surface exposure Time at Ratio, counts Cr
no. coated temp, K temp, h to counts Ni
1-4 No 1390 1 1.6
1-201 No 1390 2.5 3.1
I-361 Yes None 0 10.0
1-368 Yes None 0 2.5
1-362 Yes 1330 5 0.5
1-369 Yes 1375 5 0.7
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Fig. 11 Comparison of room temperature spectral emittance of
coated and uncoated MA 956.

Spectral normal emittance

5 Note scale change
\ L | L l\l L 1
4

6 8 10 12 16 20 24

Wavelength, um

Fig. 12 Variation in spectral emittance of coated MA 956 with
dynamic oxidation time.

tensities was much greater than 1. After exposure to dynamic
oxidation conditions the ratio was 1 or less. Nickel oxide
typically has a lower emittance at short wavelengths and a
higher emittance at longer wavelengths than does chromia
when present in thin layers (on the order of 1-5 pum thick) over
a metallic substrate.

Figure 11 shows the effect of the aluminosilicate coating on
the normal spectral emittance of MA 956. The coated
specimen had a somewhat higher emittance than the uncoated
specimen over much of the wavelength spectrum, which was
the basis for higher total emittance of coated alloy compared
to uncoated alloy. This increase in spectral emittance is due to
the enhanced absorption coefficient of the aluminosilicate
layer over the alumina layer by itself.

Figure 12 shows spectral emittance data for coated MA 956
after different dynamic oxidation exposure times. The data
show an increase in spectral structure and decreases in emit-
tance, in the 5-16-um wavelength region with oxidation time.
The spectral emittance characteristics of the coated alloy ap-
proach those of the uncoated alloy with increasing oxidation
time due to the decreases in silicon relative to aluminum in the
coating layer (Fig. 8). After several hours of exposure the
outer layer is more aluminum-like and consequently similar to
the uncoated alloy surface.

Concluding Remarks

The feasibility of using vapor-deposited coatings to increase
the emittance and decrease the catalytic activity of superalloys
under dynamic oxidation conditions was investigated. The ef-
fect of aluminosilicate coatings on the TPS performance
characteristics of Inconel 617 and MA 956 was studied and the
following results were obtained:

1) Dynamic oxidation tests of Inconel 617 and MA 956 in-
dicated that both alloys were catalytic to the recombination
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reaction of dissociated oxygen and nitrogen species that are
present in Space Shuttle-like re-entry environments. Uncoated
MA 956 decreased in surface catalysis ratio (the ratio of the
specimen heating rate to the heating rate to a fully catalytic
surface under the same condition) with exposure to dynamic
oxidation conditions, reaching a stable value of about 0.8
after 5 h of exposure.

2) Vapor-deposited aluminosilicate coatings applied to In-
conel 617 and MA 956 superalloys reduced the catalytic activi-
ty of both alloys. The surface catalysis ratios of coated Inconel
617 and MA 956 were about 60% of the values for the un-
coated alloys.

3) The emittances of Inconel 617 and MA 956 were not
significantly affected by coatings of the type and thickness in-
vestigated in this program. Coated MA 956 initially had
a higher elevated-temperature total-normal emittance (eqy =
0.69) than the uncoated alloy (ery =0.56). However, the emit-
tance of coated specimens decreased to a value of 0.63 with ex-
posure to dynamic oxidation conditions, and the emittance of
uncoated specimens increased to a value of 0.64 with
exposure.

4) The vapor-deposited coating applied to Inconel 617 ex-
perienced a significant interaction with the surface oxides of
the alloy on exposure to dynamic oxidation conditions. The
aluminosilicate coating did not form a diffusion barrier to
retard loss of Cr from the alloy. MA 956 experienced very lit-
tle surface-chemistry interaction with the environment during
exposure to dynamic oxidation conditions.
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