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ABSTRACT

An investigation was conducted to develop coating systems for pro-
tecting chromium base alloys from degradation in high temperature air en-
vironments. Three coating systems were studied on a Cr-7Mo-2Ta substrate.
These were: (1) titanium modified chromium silicide (Cr-Ti-Si) formed
directly on the substrate, (2) Cr-Ti-Si formed on an intermediate Cr-Mg0
barrier layer and, (3) Cr-Ti-Si formed on an intermediate Cr-Y-Mg0 barrier
layer.

Based on weight gain after 200 hours of cyclic oxidation testing in
air at 2100°F (1422°K), titanium modified chromium silicide coating formed
directly on the alloy was the most protective and the Cr-Y-Mg0/Cr-Ti-Si
the least protective.

After 100 and 200 hours exposure, the nitrogen content of the substrate
was raised from 0.0022 weight percent to typically 0.008 and 0,010 weight . ,
percent respectively. Although nitrogen contamination could be a contributing’
factor, the increase in bend transition temperature of the substrate from
about 540°F (560°K) to above 1490°F (1083°K) was attributed to an effect of
thermal treatment during coating processing.
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SUMMARY

The objective of this program was to develop and evaluate coatings
which would offer protection to chromium-base alloys from oxidation and
nitrogen contamination without substantially increasing the bend transi-
tion temperature.

A process development program was performed and coatings were prepared
for cyclic oxidation tests. Two of these coatings were titanium modified
chromium silicide (Cr-Ti-Si) formed directly on Cr-7Mo-2Ta. Two were
barrier layer coatings nominally consisting of six and twelve volume per-
cent Mg0 in chromium which were titanized and silicided. The remaining
two were barrier layer coatings consisting of nominally six and twelve
volume percent Mg0 in chromium 0.3 w/o yttrium which were titanized and
silicided.

Coated and uncoated Cr-7Mo-2Ta specimens were cyclic oxidation tested
for 200 hours in air at 2100°F (1422°K). After exposure, all of the coat-
ings had spalled to varying degrees with the Cr-Ti-Si (heavy) system show-
ing the least spalling. The total nitrogen content of the substrate was
essentially the same for all samples and was typically 0.008 weight per-
cent after 100 hours exposure and 0.01 weight percent after 200 hours ex-
posure compared to 22 ppm prior to exposure. The surface oxide on coated
specimens of Cr-7Mo-2Ta after exposure was Cr,03. In many cases Ti0p was
observed as well as unidentified compounds be%ieved to be complex silicates,
silicides or oxides.

Metallographic examination of the barrier layer coatings as-formed
and after oxidation testing revealed a region of porosity which was thought
to have resulted from an instability of the Mg0 particles during the coating
formation process.

Electron microprobe examinations were made of the uncoated Cr=-7Mo-2Ta
alloy and three coating systems: Cr-Ti-Si(light), Cr-Ti-Si(heavy), and a
Cr-12Mg0 barrier layer coating system. The as-received alloy was character-
ized by tantalum and yttrium segregation. |In the as-formed Cr-Ti-Si(light
and Cr-Ti-Si(heavy) coatings, molybdenum and tantalum were detected in the
coating layer, but were not found in the barrier-layer coating.

Measurements of the bend transition temperature showed that while un-
coated Cr-7Mo-2Ta was ductile at 1090°F (861°K), all of the coated specimens
tested after 100 or 200 hours of cyclic oxidation exposure were brittle at
1420-1490°F (1055-1083°K). An as-coated Cr-Ti-Si(light) coupon and an un-
coated coupon which were given a thermal treatment identical to that used
in the coating cycle also were brittle at 1490°F (1083°K) indicating that the
relatively high temperature associated with the coating method could have
produced embrittlement. The overall results indicated that the coating
concepts evaluated did not produce useable coatings for chromium alloys.



INTRODUCT | ON

The continued improvement of aircraft gas turbine engines requires
higher operating temperatures for increased fuel efficiency, improved
specific thrust and lower engine weights. To achieve this objective mate-
rials capable of withstanding the increasingly severe service environments
that are imposed by the higher operating temperatures must be developed.
Potential materials for blades in engines operating above 2000°F (1360°K)
are cermets, fiber reinforced metals, refractory metal alloys and chromium-
base alloys. The utility of cermets is limited by brittleness and poor
fatigue resistance and fiber reinforced materials are still in the develop-
ment stage. Refractory alloys, e.g., tantalum and tungsten are at a dis-
advantage for use as rotating hardware such as turbine blades because of
their relatively high densities. Moreover, some refractory alloys have
high ductile-to-brittle transition temperatures (DBTT) and all require
coatings for protection against oxidation.

The relatively low density of chromium (7.19 g/cm3), which is less
than that of nickel-base and cobalt-base superalloys, high melting point,
3410°F (2150°K), freedom from allotropic transformations, adequate strength
on alloying and better oxidation resistance when compared with refractory
metals make it an attractive material for use in blades and vanes. The
major limitation to the use of chromium alloys in air breathing gas turbine
engines is their susceptibility to nitrogen embrittlement, high vapor pres-
sure, and marginal oxidation resistance. Work toward reducing nitrogen em-
brittlement has followed two paths; alloying with nitride forming elements
such as yttrium, lanthanum or thorium (1, 2)™ and protection by nitridation
and oxidation resistant claddings or coatings. Based on appearance and
weight gains, gas-pressure bonded cladding of Ni-20Cr-20W foil protected
Cr-5W-0.1Y for times in excess of 600 hours at 2100°F (1420°K) (3). How-
ever, the DBTT was increased to at least 1000°F (810°K) after 100 hours
at 2100°F (1430°K) compared to 500°F (530°K) for unexposed specimens. Among
other coating systems investigated, aluminum and iron-aluminum coatings on
Cr-5W-0.1Y (4) showed the lowest weight gains after exposure to air at
2100°F (1420°K) ; however, the DBTT was raised to above 1600°F (1140°K).
Simple silicide coatings (5) protected Cr-5W-0.1Y for times to 500 hours
at 2000°F (1366°K) without oxygen or nitrogen penetration into the sub-
strate. Boride, aluminide and silicide coatings have also been investigated
on Cr-0.17Y and Cr-5W-0.18Y substrates (6). Boride coatings were unsatis-
factory due to poor oxidation and nitridation resistance. The aluminide
coatings were undesirable because the substrate was embrittled by inward
diffusion from the coating. The unmodified silicide was not promising as
a coating because the DBTT of the coated and 2100°F (1420°K) air-exposed
specimens was raised to 700°F (640°K) from the original 200°F (366°K) for



the uncoated alloy. An iron modified silicide coating was found to protect
Cr-0.17Y and Cr-5W-0.18Y against oxidation and nitridation for 100 hours

at 2100°F (1420°K). Other more highly alloyed silicide modifiers which
protected Cr-0.17Y were Fe-Mo-W, Fe-Mo-W-Ti and V-Mo-W-Ti. These results
show that specific modified silicide coatings have desirable features and
offer potential for protecting chromium, but further work is required to
achieve oxidation resistance without an accompanying increase in the DBTT.

With this as a background, TRW Inc., with the support of NASA Lewis,
undertook a program of investigation to further develop coatings for chro-
mium. Two chromium-base alloys, Cr-5W-0.1Y and Cr-7Mo-2Ta-0.1Y were sup-
plied by NASA for use in this program. In conceptual form, the coating
systems investigated consisted of two layers. An outer oxidation resistant
coating and an intermediate layer formed directly on the chromium alloy
substrate. The intermediate layer was intended to act as a barrier or sink
to prevent the diffusion of nitrogen into the substrate and also to reduce
the vaporization of chromium,

The preparation of two coating systems, a silicide-sink system and
a Kanthal (Fe-25Cr-3Co-4Al1)-sink system was investigated. The silicide
sink system consisted of an exterior titanium modified chromium silicide
separated from the chromium alloy substrate by an intermediate sink layer
of either chromium in which Mg0 particles were dispersed or prealloyed
chromium-yttrium with dispersed Mg0 particles. The Kanthal-sink system
consisted of an outer layer of Kanthal separated from the substrate by
either of two intermediate barrier layers; an iron-Mg0 dispersion alloy
or a prealloyed iron-yttrium layer in which Mg0 particles were dispersed.
In all cases a titanium-modified chromidm silicide coating, without any
intermediate sink layer, served as a reference coating for these systems,
The effectiveness of the coatings 'was evaluated by testing in an air
environment at 2100°F (1420°K).

The objective of this program was to develop and evaluate these
coatings for protecting chromium-base alloys against oxidation and nitrida-
tion at 2100°F (1420°K).



MATERIALS

The substrate alloys used in this work were supplied by NASA
Lewis. .Preliminary work was done Using a nominal Cr-GW=0.1Y-alloy (Heat
84-100) prepared under a separate NASA sponsored program (7) (NAS 3-7901
and NAS 3-7919). The material used for the major portions was a complex
Cr-7Mo-2Ta-0.09C-0.1Y alloy (Heat 140-100 and 131-100) which was also
prepared under a separately sponsored NASA program (8) (NAS 3-9417). The
analyses for both of these substrate alloys are given in Table I. The
vendor analyses of the powders used to form the intermediate coating
layers are given in Table ||, and the analysTs of the prealloyed Cr-Ti
powder, used to form the titanized layer and/the silicon powder used for
siliciding are given in Table II1I.



SAMPLE PREPARATION AND TEST PROCEDURES

The standardized procedures which were used for the initial
preparation of samples and subsequent evaluation of the applied coat-
ings are discussed in this section. Since various techniques for ap-
plying the coatings were used, each will be described in the Coating
Development section of this report.

Sample Preparation

The alloys were received from NASA Lewis as 1 inch (25.4mm) by
2 inch (50.8mm) coupons. The Cr-5W-0.1Y coupons were nominally 0.027
inch (0.69mm) thick and the Cr-7Mo-2Ta-0.09C-0.1Y coupons were nominally
0.060 inch (1.52mm) thick.

In order to provide better conditions for coating application,
corners and edges of the specimens were rounded by hand filing. The
specimens were then electropolished using the electrolytes and operat-
ing conditions given in Table IV. Before using the bath, it was condi-
tioned by polishing unalloyed chromium coupons until the color became
dark green. After electropolishing, the test coupons were vapor blasted
and rinsed in isopropanol before applying the coating layers.

Cyclic Air Exposure Testing

To evalute the oxidation resistance of the coatings, one inch
(25.4mm) by two inch (50.8mm) specimens were supported on silica pads
in a box furnace and exposed to slowly flowing air at 2100°F (1420°K).
Uncoated coupons were placed on alumina pads. The temperature was held
+ 10°F (5°K) of the control temperature. The hot zone of the furnace
was 12 X 10 X 8 inches (305 X 254 X 203mm) - and the air flow rate was
four volume changes per hour. Each coating system was tested in tripli-
cate, with one specimen being removed for evaluation after. 100 hours
exposure and the remaining samples after 200 hours exposure time had
been accumulated. For the first 20 hours the specimens were cooled to
room temperature, visually examined and weighed after successive 2 hour
exposures at temperature. Thereafter, 20 hour cycles were used between
cooling and examinations. The specimens were weighed after removal from
the furnace, lightly brushed and reweighed. After each exposure period -
the specimens were turned over so that the surface previously resting on
the pad was exposed to the furnace atmosphere. At the end of 100 or 200
hour exposures the specimens were subjected to metallographic and chemical
analysis.

Metallography and Chemical Analysis

The uncoated and coated coupons were examined as-prepared and
after oxidation testing to determine the microstructural characteristics



of the coating layers, i.e., the extent of interdiffusion of coating,
substrate,and nitrided layer. Metallographic samples were examined

as polished and after etching. The eléctrolyte etthant ‘used to detérmine
nitride precipitation in the matrix beneath the coating layers was a

10 part concentrated.sulphuric acid and 90 part water solution. Micro-
hardness profile measurements on as-coated and oxidation tested coupons
were made from the outer surface of the coating into the matrix using

a - Knoop indenter with a 50 gram load. The extent of interdiffusion of
major elements was evaluated using an electron microprobe analyzer in
the beam scanning X-ray raster mode, and the composition of the surface
oxidation products was investigated by X-ray duffractlon

Chemical analysis, using a micro Kjeldahl technique, was made
for nitrogen contamination in the substrate. Before making the analysis
the coating layer was removed by dissolution in a mixture,consisting of
1 part 60 percent hydrofluoric acid and one part water, which did not
attack the-Cr-7Mo-2Ta alloy. The coating was considered to have been
removed when no further bubbling action was observed. The oxide on the
uncoated” specimens was removed by immefsing ‘them in-a.hot: caustic -+ -
solution containing 120g/1 NaOH and 37.4g/1 KMnOhat 200°F (366°K) for
45 minutes. This was followed by an eight minute immersion in an aqueous
solution qonsnstlng of 35 volume percent concentrated HNO3 plus 14 volume
percent '"Nitradd'™., The successive treatments were repeated as many times
as necessady to completely remove the oxide.

Measurement of Bend Transition Temperature

The bend transition temperature was evaluated in accordance with
Materials Advisory Board recommended procedures (9). The test specimens
were 2 inch (50.8mm) by 1 inch (25.4mm) X 0.060 inch (1.5mm) and were
tested in the longitudinal, i.e., 2 inch (50.8mm) direction. Samples
were bent over a 4T mandrel using three=point loading, the end loading
points being one inch (25.4mm) apart. The bend equipment was contained
in an electrically heated furnace.

Proprietary trade name for a pick1ing additive produced by Turco
Products, Inc.



COATING DEVELOPMENT

The initial phase of the investigation was concerned with various
methods of applying the barrier layer to chromium and the su55equent ap-
plication of the external layer. The results: of this work provided:
the basis for the selection of the systems which were evaluated.

Three techiques, electrodeposition, plasma spray and slurry-sinter
were investigated as the means of forming the intermediate barrier sink
layers. Two barrier layer compositions were prepared. One of these con-
tained nominally six weight percent Mg0, the other twelve weight percent
Mg0. Plasma spray and slurry sinter ‘techniques were also used to investi-
gate the formation of Kanthal external coatings. The barrier layers were
titanized and silicided using a vacuum-pack cementation technique. Work
on the different methods of forming barrier layers and external coatings
was done ‘concurréntly..

Development of Intermediate |ron-Mg0 and Chromium-Mg0 Barrier Layers

‘Electroplafing

Electroplating was the first method, examined as a meais for dep05|t-

ing the iron-Mg0 and chromium-Mg0 barrier layers. For this work, 2-5
micron Mg0 particles were added to conventional iron (10) and chromlum
electroplating baths (11) having compositions given in Table V. It was not

possible to form plates containing Mg0 particles from either of these plat-
ing baths, since the acidic bath reacted with the basic Mg0 to form a thick
sludge from which the particles could not be deposited. However, in the
absence of Mg0 both iron and chromium were successfully plated onto the
Cr-5W-0.1Y allgy, dlthoughiiron plating required a prior nickel strike.

Plasma Spray

Plasma spray techniques were also investigated as a means 6f forming
intermediate layers on 0.50 inch (12.5mm) X 0.50 inch (12.5mm) Cr-5W-0.1Y
specimens. The spraying parameters are given in Table VI. In some cases,
the as-sprayed iron Mg0 coating was black or dark gray with regions of red
coloration. A photograph and photomicrograph of the coatings are shown in
Figures 1 and 2. The coatings appeared to be dense and adhered to the sub-
strate. Attempts were made to exclude air from the region of the coupon
by blanketing with flowing argon, but these attempts were unsuccessful. In
order to reduce the oxidized regions and to remove the oxide film associated
with the as-received powders, the coupons were heated in a tungsten boat in
a purified hydrogen atmosphere. After the hydrogen treatment the iron-Mg0
coatings had a cracked, mosaic appearance of poor bonding as shown in
Figure 3. Attempts were made to eliminate this cracking by heating the



plasma sprayed coatings for as long as 10 hours at 2200°F (1477°K). None

of the times and temperatures investigated eliminated cracking. As a result
no further work was done using plasma spraying as a means of depositing iron=
Mg0 intermediate layers.

A typical plasma sprayed chromium-12 Mg0 coating had an appearance
similar to the iron-Mg0 coated coupon shown in Figure 3 , except for the
green oxide Cr,0; which partially covered the surface. The microstructure
of the as—sprayea coating is shown in Figure 4. The chromium-Mg0 coated
coupons were treated in a hydrogen atmosphere to reduce Cr03. A series
of heat treatments was performed in which the times ranged from one to
five hours and temperatures from 1800°F (1255°K) to 2500°F (1588°K). Based
on examination of microstructures such as shown in Figure 5, these hydrogen
exposures only partially reduced the oxide, leaving an unreduced layer ad-
jacent to the substrate. The plasma spray technique also produced large
regions of Mg0 at the surface on which an adherent titanium coating could
not be formed. For these reasons, plasma spray was abandoned as a means
of forming the intermediate barrier layers for evaluation samples.

Slurry-Sinter

Slurry-sinter techniques (12) were also investigated as a means for
forming both types of intermediate layers. A slurry was prepared by mix-
ing 100 gm of the appropriate metal-oxide mixture with 120 ml cellulose
nitrate. This mixture was sprayed ohto the test specimen to form.a layer
approximately 0.004 inch (0.1mm) thick which was air dried at 100°F " (311°K).
After drying, the coupons were placed into a covered tungsten boat.and -
sintered in a hydrogen atmosphere to densify and bond the coating to the
substrate. ThHe inlet hydrogen had a dew point of -78°F (212°K) and an exit
dew point of -38°F (234°K).

Several different heating cycles were investigated to-form the iron-
Mg0 barrier layer. |In each case a slow rise time of four to six hours to
sintering temperature was used with the following sintering conditions:

Temperature: Time

°F - °K Hours =
1600 1144 1

1800 1255 1, 5, 8
2000 1366 5

2400 1588 1, 2

Although the iron particles sintered to form a ductile crack~free coating,
a completely adherent bond could not be formed with the substrate. Figure 6



is a typical example of the lack of adherence observed with this coating.
The poor adherence of the coating is believed to be due to the difference
between the sinterability and coefficients of thermal expansion of iron
and chromium. The values of these coefficients (16,17) are given below:

. L°F °K X106 in/in/°F
a-Fe  32-1472 273-1745 148
y-Fe. 1660-2530  1189-1661 23.0
cr 1292 973 9.0

Because of the results obtained, addtional work on iron-slurry coatings was
not .undertaken.

The slurry-sinter technique was also used ‘to form coatings of chro-
mium-Mg0. The sample preparation and coating application techniques were
similar to those used for the iron-Mg0 system. Figure 7 shows a photomicro-
graph of the chromium-12Mg0 coat.ing ‘including electron microprobe analyzer (EMP)
scans of the distribution of chromium and magnesium. The coatings were
not always completly reduced, indicating that the hydrogen atmosphere had
a varying degree of purity. This problem was eliminated by using a porous
A1,03 boat and completely surrounding the sprayed coupon with 50Cr-50Ti
granules which acted as a getter. The boat was then placed into the cold
zone of the hydrogen furnace.-Thé fiifnace wds.evaduated. to a pressure of 50
torr backfilled with high purity argon and purgedifor 5 minutes.: This
cycle was repeated :and purified hydrogen was ithen passed into.thke furnace.
After a hydrogen flame had been established at the furnace 'exit; -the boat
wa$ gradually pushed into the hot'zone at 2400°F (1588°K) over a period:
of two hours, held at temperature for two hours, immediately pushed into
the cold zone and removed from the furnace. The resulting coatings were
free of oxide and were bonded. Since this method of depositing an inter-
mediate layer appeared promising, it was used in subsequent work.

Electrophoretic Deposition

As a modification of the slurry=-sinter process, intermediate barrier
layers were also deposited by electrophoretic techniques. The methods were
an adaptation of procedures described by Ortner and Gebler (18). The dis-
persion suspending vehicle was a mixture of 1.1 parts nitromethane and one
part anhydrous isopropanol. The solid content of the dispersion was a mix-
ture of chromium + Mg0 having a concentration of 50 g/1. Cobaltous nitrate
(0.12g/1) was added to the dispersion as an activator to increase the depo-
sition rate and a small amount of zein (0.48g/1) (cern protein) was added
to increase the green strengtb of the deposit. The specimen to be coated



was the cathode in the bath which was operated at room temperature. The
anode was a 20 mesh Monel screen formed to provide an interelectrode spac-
ing of 0.75 inch (1.9mm). Electrodes were also placed 0.75 inch (1.9mm)
from the bottom and top edge of the coupon. The mixture was agitated to
prevent settling of the particles. Coatings 0.003 inch (0.076mm) thick
were deposited in one minute at 75 volts. These coatings which were sprayed
with an acrylic plastic to permit handling prior to sintering in hydrogen
for two hours at 2400°F (1588°K). These .had a more uniform thickness than
coatings formed by the slurry-sinter techniques. In other respects, the
electrophoretic and slurry-sinter chromium-Mg0 barrier layers appeared

to be identical. Figure 8 shows a photomicrograph and eléctron microprobe
analyzer raster scans of a typical electrophoretic. chromium-Mg0 coating.
Because of the previously described difficulties, iron-Mg0 barriers were
not deposited using the electrophoretic technique.

Development of Intermediate Chromium-Yttrium-Mg0 Barrier Layers

Work on development of chromium-yttrium-Mg0 barrier layers was.
essentially the same as for the chromium-Mg0 layer. The layers were
deposited by slurry-sinter and electrophoretic techniques. The as de-
posited layers were placed in porous alumina boats, completely surrounded
by 50Cr-50Ti granules and sintered in hydrogen at atmospheric pressure.

The inlet dew point was -78°F (212°K) and the exit dew point was -38°F (234°K).
After 2 hours at 2800°F (1811°K) the barrier layer had volatilized leaving

an uncoated substrate, while after 2 hours at 2600°F (1700°K) or 2 hours at-
2400°F - (1588°K) the coatings were sufficiently adherent to be handled but

could be scraped from the surface. The inability to sinter the chromium-
yttrium powder is attributed to the presence of yttrium oxide which was

not reduced with hydrogen under the experimental conditions used (19).

Development of External Oxidation Resistant Coatings:-

Kanthal Coatings

Kanthal coatings 0.003 inch (0.076mm) thick were plasma sprayed,
slurry-sinter or electrophoretically deposited on Cr-5W-0.1Y.or Cr=7Mo-2Ta
specimens and sintered for one of twd hours. in hydrogen using the techniques
and appropriate coating formation parameters previously described. Two
sintering temperatures, 2400°F and 2600°F- (1588°K and 1700°K) were in-
vestigated using a five hour rise time to each temperature. Plasma spray-
ing produced an adherent coating, which after hydrogen sintering, was exces-.
sively porous. Slurry-sinter and electrophoretic coatings showed deep
cracks extending to the chromium alloy substrate. "Adherent crack-free
coatings were formed by repeated spraying and subsequently sintering
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0.006 (0.15mm) thick layers for two hours at 2400°F (1588°K) in at-
mospheric hydrogen using a 50Cr-50Ti getter sealed retort. Preliminary
oxidation exposure of. these coatings for 2.75 hours at 2100°F (1422°K)
prduced a green oxide and a weight gain of 9.7 mg/cmz, indicating that
the coating was not protective. After the same exposure conditions, a
Kanthal rod was covered with a white oxide (A1203).

Since adherent iron-Mg0 intermediate layers could not be formed,
the applicability of Kanthal to the chromium-Mg0 layers was considered.
Intermediate chromium-Mg0 layers formed by plasma-spray and slurry-sinter
were coated with a Kanthal slurry, sintered in hydrogen for 1 hour at
2400°F (1588°K) and static oxidation tested at 2100°F (1422°K). The
results after 64 hours exposure are summarized below:

Intermediate

Coating Method Total Weight Change

Cr+Mg0 mg/ cm? Appearance
Plasma spray -3 ‘Spalled coating
Plasma spray +7 Spalled coating
Slurry spray-sinter +4 Green oxide

In view of these unfavorable results, no further work was done with the
Kanthal system.

Titanizing and Siliciding Cr-7Mo-2Ta

Work on the development of ‘parameters for titanizing Cr-7Mo-2Ta is
summarized in Table VIlI. The coating from run | was not in the desired
6-10 mg/cm2 range and was not evaluated further. The subsequent runs were
made to evaluate the effects of varying coating parameters on the ability
of the titanized layer to be silicided.

The siliciding work is summarized in Table VIIl. The first run
resulted in a blistered coating indicating that the titanized layer, which
had not been annealed, could not be silicided under these conditions. Run
2 showed that less vigorous siliciding conditions still resulted in blister-
ing. This blistering was similar to the wrinkling previously observed by
Solar (5) under Contract NAS 3-7266. The problem was eliminated by anneal-
ing for four hours at 2400°F (1588°K) in an argon atmosphere at 150 torr.
These titanizing and siliciding runs were used to select the coating para-
meters for preparing base-line oxidation test specimens (i.e., with no
barrier layer).
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Titanizing and Siliciding of Chromium-Mg0 and Chromium-Yttrium-Mg0 Barrier
Layers

Work on titanizing and siliciding the chromium-Mg0 barrier layers
was done using both alloy substrates. The results of titanizing and sili-
ciding experiments on chromium-Mg0 intermediate layers are given in Table IX.
The titanium coating had a satisfactory surface appearance, except for a
slight sintering of pack particles to the coating. These particles were
readily removed by gentle scraping. The siliciding of this coating (run 1
Table X) was not successful because of blistering and sintering of silicon
pack particles to the coating. A second titanizing run using the parameters
and heat treatments developed for coating Cr-7Mo-2Ta without the barrier
layer.  yielded a coating having a smooth metallic appearance and a weight
gain comparable to that obtained on the Cr-7Mo-2Ta substrate. When the
coating was siticided (run 2 Table X) using the parameters for Cr-7Mo-2Ta,
the silicided coating was equivalent to that obtained on Cr-7Mo-2Ta. How-
ever, the coatings spalled suggesting that too much silicon was being de-
posited. This problem was solved by using a silicon pack diluted with
-325 mesh A1,03 in the ratio of one part silicon to three parts Al203 as
shown in run 3 Table X.
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COATING SYSTEMS SELECTED FOR EVALUATION

Based on the preceding coating development activities, the following
six systems were selected for evaluation using Cr-7Mo-2Ta substrate:

Intermediate . External

Barrier Layer Layer

Cr-6v/o Mgl Cr-Ti-Si

Cr-12v/o Mgo Cr=Ti-Si
Cr-Y-6v/o MgO. Cr-Ti-Si
Cr-Y-12v/o MgO Cr=-Ti-Si '
None Cr-Ti=Si (light)™
None Cr=Ti=Si (heavy)

The barrier layers were formed by slurry-sinter and electrophoretic
deposition. - The specimens were placed in a porous Alg03 boat, surrounded
by granular 50Cr-50Ti and the layers were sintered in flowing hydrogen at
atmospheric pressure for 2 hours at 2400°F (1588°K). Adherent chromium-
Mg0 barriers were formed; however, the chromium-yttrium-Mg0 barriers were
considerably less adherent. Both types of barrier layer coatings were
diffusion annealed in an atmosphereof 150 torr argon for four hours at
2L400°F (1588°K) then titanized and silicided using the parameters given in
Tables XI, XIl and XI1l. After titanizing, the specimens were heat treated
four hours at 2400°F (1588°K) before siliciding. In order to silicide the
heavy coated specimens without causing the coating to spall, it was necessary
to use a diluted pack with an A1203:Si ratio of 3:1. The coating weight
associated with each of these sytems are summarized in the third, fourth and
fifth columns of Table XIV.

The light coating was 5.5 mg/cm2 Ti and 14.7 mg/cm? silicon.
The heavy coating was 11.6 mg/cm? Ti and 12.1 mg/cm2 silicon.
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RESULTS OF COATING SYSTEMS EVALUATION

The following evaluation tests were made on Cr-7Mo~2Ta .in the
uncoated condition and after coating with the six systems previously de-
scribed:

1) resistance to cyclic air oxidation at 2100°F (1422°K),
2) nitrogen contamination in the substrate during oxidation,
3) bend ductility transition temperature,

L) chemical composition of the surface oxidation products of coated
and uncoated specimens,

5) metallographic examination of the coating and substrate before and
after oxidation exposure,

6) the extent of interdiffusion associated with the oxidation exposure.

Oxidation Tests

Specimens of the §ix coating systems and uncoated Cr-7Mo-2Ta were
cyclic oxidation tested at 2100°F (1422°K) in air for 200 hours. The
weight change results are presented in Table XIV. Several of the coating
systems exhibited essentially equivalent weight gains. The average weight
change values, grouped according to coating systems which showed equivalent
weight changes, are summarized in Figure 9.

Uncoated specimens exhibited weight gains for the first 100 hours
exposure, then severely spalled during the next 20 hour increment and
continued to spall at a less catastrophic rate for the remaining 80 hours
exposure. All of the barrier ‘layer specimens showed some degree of spall-
ing (Table XI1V), and there were no major differences in the performance -
of systems attributable either to the use of yttrium or different amounts
of Mg0 in the preparation of the coating systems. In general the coating
systems having electrophoretically deposited barrier layers exhibited
lower weight gains than systems having slurry-sinter barrier layers. The
Cr-Ti-Si base line systems exhibited the lowest average weight change after
200 hours exposure, with the light system having greater spalling and a
slightly higher average weight gain than the heavy system. Figure 10 shows
the appearance of representative specimens from each coating system after
200 hours -exposure.

Nitrogen Contamination in Cr-7Mo-2Ta Substrate

After oxidation testing for 100 and 200 hours, specimens were re-
moved from test for nitrogen analysis. The surface oxidation products and
coating were removed from a sample of the oxidation test specimen by acid
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etching. Although the acid reagent did not react with the substrate
alloy, it did react with the diffusion zone immediately beneath the
coating so that the samples submitted for analysis were about 0.001

inch (0.025mm) thinner per side than as-received. The nitrogen de-
terminations were made using a micro-Kjeldhal techrnique and the results
are summarized in Table XV. The compositions reported represent the

total nitrogen content of the sample, i.e., the amount of nitrogen
originally present in the alloy plus the amount of contamination after air
exposure. Because the sample was dissolved during analysis, the values
are average for the entire sample.

Bend Transition Temperature Testing

After 100 and 200 hours oxidation exposure at 2100°F (1420°K) in
air, one specimen from each coating system was subjected to DBTT bend test-
ing. All of the oxidized specimens were brittle at 1420 to 1490°F, (1055
to 1083°K). However, the alloy specimens as-received from NASA were ductile
at TQ9G°F (861°K), which was the lowest temperature used for making bend tests.
This ductility was expected since the alloy prodiucer.- (8) reported a transi-
tion temperature of 548°F (560°K). In an effort to determine whether the
embrittlement was produced by the heat treatment or nitrogen contamination,
an uncoated specimen was subjected to the thermal cycle used to form the
Cr-Ti-Si (light coating) at a pressure of 150 torr-argon in a 50Cr-50Ti getter
sealed retort. This specimen was brittle at 1490°F (1083°K) as was a Cr-Ti-Si
(1ight) coated specimen. The appearance of these specimens after testing is
shown in Figure 11. Specimen of the Cr-Ti-Si (heavy) coating as well as each
of the four barrier layer systems were also brittle at 1490°F (1083°K). The
post test appearance of the fractures in these specimens was similar to the
specimens shown in Figure 11.

Chemical Composition of the Surface Oxidation Products

After oxidation exposure, the composition of the surface oxidation
products for each of the systems investigated was determined by X-ray dif-
fraction analysis. Table XV!| summarizes the results for all specimens after
200 hours exposure, except for Cr-Ti-Si (light) which was evaluated after
100 hours exposure. The compositions of the oxides were obtained by com-
parison of the experimentally observed d-spacing with tabulated values(20).
In addition to the compounds identified, other unidentified peaks were
observed which may be complex silicides, oxides or silicates not catalogued.
The only oxide detected on uncoated Cr-7Mo-2Ta was Cr03. All of the coat-
ing systems lines were indexed for Cr,0, and in some cases Ti0,. No general cor-
relation was apparent for the appearance of Ti02. For future reference,
the d-spacings and peak heights used in this analysis are compiled in
Appendix 1 to this report.
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Metallographic and Electron Microprobe Examination of the Coating Systems

Microstructural examinations were made on the as-received uncoated
alloy also after 200 hours oxidation exposure at 2100°F (1422°K). Three
coating systems having the lowest weight gains after 200 hours oxidation
at 2100°F (1422°K) were selected for comprehensive evaluation. These
were: Cr-Ti-Si (light), Cr-Ti-Si (heavy) and Cr-12 Mg0/Cr-Ti-Si in which
the Cr-Mg0 layer was electrophoretically deposited. Only one barrier
system was evaluated because of the essential similarities among all of
the barrier layer systems.

Figure 12 summarizes the light microscopy and EMP X-ray images -
obtained for the as-received Cr-7Mo-2Ta alloy. The average KHN of the
alloy was 389. Metallographic examination of the alloy revealed the
presence of two segregated phases. From the EMP examination of the alloy,
it was found that chromium and molybdenum were uniformly distributed
throughout the alloy, (Figure 12 ¢ ,d).,.as would be expected from a single
phase solid solution and that tanta]um (Flgure "12e) was segregated.
Yttrium (Figure 12f) was also segregated and the particles were elongated
in the rolling direction of the akloy. Although it could not be shown by
an X-ray scan, local examination revealed that oxygen was associated with
the yttrium segregates. '

Figure 13 presents KHN values of the indentations found in a
specimen of the uncoated alloy after 200 hours exposure to 2100°F (1422°K)
air. The absence of intergranular nitride precipitates, the low hardness
toward the center of the specimens indicate that nitrogen has not been
concentrated at the surface. An EMP scan confirmed the absence of a
nitrogen gradient. The large grain boundary segregates in the region near
the center of the photomicrograph were not identified.

Figure 14 shows a photomlcrograph of another region in the oxidized
uncoated alloy and also presents EMP images for the same region.”™ The
chromium X-ray photograph (Figure 1k4c) qualitatively shows a gradual de-.
pletion in concentration from the matrix to the oxide surface. The oxygen
X-ray image (Figure 14d) corroborates the X-ray diffraction results which
show Crp04 at the specimen surface. There is also an apparent concentra-
tion of molybdenum (Figure lhe) at the oxide-substrate interface. The
extent of the segregation of tantalum (Figure 14f) and yttrium (Figure-
14g) was not changed by oxidation exposure and local EMP examination aga|n
revealed that oxygen was associated with yttrium.

Figure 15 presents the photomicrographs and microhardness traverses
of the Cr-Ti-Si (light) coating system in the as-coated condition and after
100 hours exposure to air at 2100°F (1422°K). Figure 16 shows the EMP scans
of the same specimens. ’

In Figures 14, 16, 18 and 20 the EMP X-ray photomicrographs are direct re-
productions, whereas the optical photomicrographs are mirror imagesg of the
regions photographed. This inversion of images is caused by differences in
the optical systems of the EMP and the metallograph used to examine the
specimens.
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In the as-coated condition, the coating system was characterized
by a sharp interface between the coating and the coated substrate (Figure
15a). Approximately in the middle of the coating layer there is a region,
which appears as a spotty zone on the photomicrograph (Figure 15a) but
the EMP electron absorption image (Figure 16c) showed it to have a definite
structure. In the coating, chromium (Figure 16e) and tantalum concentra-
tions (Figure 16i) gradually decreased away from the coating-substrate
interface and the concentration of molybdenum (Figure 16f) decreased
abruptly at the coating-substrate interface. The presence of tantalum
and molybdenum in the coating indicated that these elements diffused from
the substrate during the formation of the coating. The concentrations of
titanium (Figure 16j) and silicon (Figure 16m) are highest at the external
surface of the coating. Beneath these external zones, there is a region
in which the concentrations of these elements are lower, but essentially
uniform. Titanium and silicon did not penetrate from the coating into the
substrate.

After 100 hours of cyclic oxidation exposure, a diffusion zone
(Figures 15b, 16b) had formed between the coating and the substrate. This
diffusjon zone was characterized by high hardness. The relative intensities
of the X-ray images indicated that the diffusion zone did not act as a
barrier to the outward diffusion of chromium (Figure 16g) or molybdenum
(Figure 16h). Tantalum segregation (Figure 16k) was observed at the dif-
fusion zone-substrate interface. The intensity of the respective X-ray
images indicated that titanium (Figure 161) had not penetrated into the
coating as far as the diffusion zone and that silicon (Figure 160) penetra-
ted further than titanium and into the diffusion zone. No evidence of
nitrogen contamination of either the as-coated or the oxidation tested sub-

~strates was found by microhardness measurement and EMP analyses.

Figure 17 shows photomicrographs and microhardness data for the.
Cr-Ti-Si (heavy) system as coated, and after 100 and after 200 hours
oxidation exposure at 2100°F (1422°K). The essential features of the coat-
ing are the same as for the Cr-Ti-Si (light) system; i.e., a hard coating
with an internal structure. The differences in the appearance of the
interface regions are artifacts attributed to variability in the etching
characteristics rather than to changes resulting from thermal exposure.

The EMP photographs of the as-coated specimens presented in Figure
18 shows that in the coating the concentrations of chromium (Figure 18e)
and tantalum (Figure 181) gradually decrease away from the coating-sub-
strate interface. Comparison of Figures 18k and 18m shows that for this
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specimen titanium (Figure 18k) penetrated further than silicon (Figure
18m). Yttrium (Figure 180) was again present as segregated particles.
Aluminum (Figure 18q) and oxygen (Figure 18s) were detected at the outer
surface of the coating. The source of these elements was the A1203 diluent
used during the siliciding step.

After 200 hours oxidation exposure chromium (Figure 18f) had dif-
fused to the coating surface, gradually decreased in concentration from
the substrate to the coating surface and was depleted at the coating sub-
strate interface. The concentration of molybdenum (Figure 18h) gradually
decreased towards the coating surface and there was also evidence of de-
pletion at the coating substrate interface. This coating-substrate inter-
face région was enriched in tantalum (Figure 18j). The coating-substrate
interface also appeared depleted in titanium, and titanium also penetrated
into the substrate (Figure 181). The penetration of silicon (Figure 18n)
into the substrate was less pronounced than titanium and not as far beyond
the coating-substrate interface. No aluminum was detected at the surface
(Figure 18r), possible due to the spalling of the outer coating layer
during oxidation. Oxygen (Figure 18t) was found to be associated with the
chromium and titanium at the outer surface of the coating.

Figure 19 shows photomicrographs and microhardness traverses through
the coating and substrate for the Cr-12Mg0/Cr-Ti=Si coating system as-
coated, after 100 hours, and 200 hours air oxidation exposure at 2100°F
(1422°K). The region between the dense outer coating and the alloy sub-
strate contained considerable porosity, which may have been caused by an
instability of Mg0 during the coating formation cycle. There is also a
relatively hard zone in the center of the coating which persisted through-
out the exposure life of the coating. This region was softer than the
corresponding regions in the Cr-Ti-Si systems, (Figures 15 and . 17). There
was also a relatively soft outer surface region similar to that formed on
the Cr-Ti-Si (heavy) system (Figure 17). The high microhardness value in
the substrate immediately below the coating suggests nitrogen comtamination.
However, nitride precipitates were not metallographically detected in the
portion of the specimen examined.

Figure 20 presents the EMP images of the specimen in the as-coated
condition and after 200 hours air oxidation exposure. In the as-coated
condition, there was a chromium concentration gradient (Figure 20e) in the
coating through the silicided region (Figure 20m) of the coating. The
barrier layer did not prevent the outward diffusion of either molybdenum
(Figure 20g) or tantalum (Figure 20i) from the substrate. Titanium (Figure
20k) penetrated slightly into the substrate and the titanized region of the
coating was not completely silicided (Figure 20m).



After 200 hours cyclic oxidation at 2100°F (1422°k) there was
evidence of chromium diffusion outward into the coating layer. How-
ever, the outward diffusion of molybdenum (Figure 20h) was restricted
to the barrier layer region. The barrier did not limit the outward
diffusion of tantalum (Figure 20j). However, there was evidence of
segregation near the barrier-sibstrate interface which was also the
limit of titanium penetration (Figure 201). Yttrium was again segre-
gated in the coating layers (Figure 20p). As previously found for
coatings which were silicided in a pack diluted with Al,053, aluminum
(Figure 20q,r) and oxygen (Figure 20s,t) were detected at the outer
surface of the coating.
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DISCUSSION OF RESULTS

Three coating systems were investigated for use as a means of pro-
tecting Cr-7Mo-2Ta-0.09C-0.1Y against oxidation and nitrogen - contamina-
tion from 2100°F (1422°K) air. One of these was a titanium-modified
chromium silicide formed directly on the chromium alloy. The other two
were barrier layer systems. In conceptual form each barrier layer system
consisted of two layers; an oxidation resistant exterior Cr-Ti-Si coat-
ing and, an intermediate layer formed directly on the chromium alloy sub-
strate. Two intermediate layers were ivestigated. One of these consisted
of a chromium layer in which Mg0 particles were dispersed, the other was
a prealloyed chromium-yttrium layer also containing Mg0 particles. The
nominal Mg0 content of these systems was either 6 or 12 volume percent.
Since the oxidation performance and the microscopic appearance of all
four barrier layer systems were essentially the same, only the Cr-12Mg0/
Cr-Ti-Si system was characterized by metallographic analysis.

As shown in Table X1V and Figure 9, all six of the coating systems
had lower oxidation weight changes than uncoated Cr-7Mo-2Ta alloy. Ap-
proximately equivalent weight gains were found for coatings which used
either unalloyed chromium or prealloyed chromium-yttrium powders. Lower
oxidation weight gains for electrophoretically deposited barrier layers
are attributed to the formation of a more dense and more uniform barrier
layer than was formed by slurry-spray techniques. Oxidation weight gains
for all four of the barrier layer coatings systems were higher than for
the Cr-Ti-Si(light) and Cr-Ti-Si(heavy)-coating. This result was obtained
because the Cr-Ti-Si layer on the barrier coating systems was not modified
by the presence of molybdenum or tantalum, whereas the Cr-Ti-Si(light) and
Cr-Ti-Si(heavy) coatings formed directly on the Cr-7Mo-2Ta substrate con-
tained these modifying elements which improved oxidation resistance. The
weight gain found for the Cr-Ti-Si(heavy) coating was slightly lower( and
the time-weight gain curve more uniform) than for the Cr-Ti-Si(light)
coating. The Cr-Ti-Si(heavy) coating was silicided using a pack which
was dituted with A1,03. Aluminum and oxygen were found at the surface of
the coating by EMP examination and the improved oxidation resistance is
attributed to the presence of A1203 at the coating surface.

After completion of the barrier deposition and Cr-Ti-Si coating
process, no Mg0 particles were metallographically detected in the barrier
layer. EMP raster scans from the external coating surface into the sub-
strate showed no significant radiation from magnesium. Consequently, a
magnesium X-ray photograph was not included in Figure 20. Photomicro-
graphs of the coating (Figure 19a, 20a) showeéd a porous, structured region
immediately above the substrate. |t is suggested that this was the region
which contained Mg0 and that the oxide was unstable during the titanizing
step of coating process (Figure 20b).
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The bend transition temperature of the substrate was raised by the
coating process. This may be attributed to several factors acting either
singly or in combination. Titanium or silicon penetration into the sub-
strate may have produced embrittliement. However, this does not seem likely
based on the work of Stephens and Klopp (6) which showed that titanium
and silicon coatings did not embrittie Cr-0.17Y or Cr-5W-0.18Y. Nitrogen
contamination, with consequent embrittlement, may have occurred during
titanizing or siliciding, since the Cr-Ti powder used for the getter seals,
as well as for titanizing the substrates contained about 0.045 weight per-
cent nitrogen. (See Table 3). Evolution of this nitrogen during the
titanizing step, or in the case of the barrier layer systems during the
sintering step may have resulted in nitrogen contamination of the substrate.
The thermal treatments used either to sinter the barrier layers or to dif-
fusion anneal the titanized coating layer could also have caused embrittle=
ment since a comparable thermal treatment on an uncoated specimen produced
a similar increase in the DBTT.

The development of useful coatings for chromium base alloys will
be dependent on attaining protective coatings from processing treatments
which do not depend on coating cycles that can significantly degrade the
mechanical properties of the substrate material.
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CONCLUSIONS

Based on the experimental data from this program, the following

conclusions were made.

1.

Because of the relatively high (>1490°F (1055°K) ductile-to brittle
bend transition temperature of the coated substrate, the coatings
evaluated were not considered usable as protective systems for advanced
turbine components.

Although nitrogen contamination could be a contributing factor, the
relatively high ductile-to~brittle bend transition temperature was
attributed to the effect of thermal treatment during the coating process.

After oxidation testing, total nitrogen content in the substrate was
essentially the same for each coating. After testing in air at 2100°F

the nitrogen content was typically 0.008 weight percent after 100 hours
and 0.01 weight percent after 20C hours cyclic testing compared to 0.0022
weight percent initially presént in the Cr-7Mo-2Ta.

Based on weight gain measurements after cyclic oxidation testing in air
at 2100°F (1422°K) for 200 hours, the order of increasing weight gain;
i.e., decreasing protection, provided by the six toating systems was:

Cr-Ti-Si (heavy)

Cr-Ti-Si (light)

Cr-Y-12 Mg0 (slurry), Cr-Y-12 Mg0 (electrophoretic),
Cr-Y-6 and 12 Mg0 (electrophoretic), Cr-6 and-12 Mg0
(electrophoretic

L, Cr-6 and -12 Mg0 (slurry)

W N —

Metallographic examination of the MgO barrier layer coatings as-formed
and after 100 and 200 hours of oxidation testing, revealed a region

of porosity which was believed to have resulted from some chemical in-
stability of the Mg0 particles associated with the coating formation
process., ‘
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Element

Cr

Mo
Ta

La

Al
Fe
Hf
Cb
Ni

Zr

TABLE |. - AVERAGE COMPOSITION OF CHROMIUM-BASE ALLOYS
(WETGHT PERCENT (REFS. 7-and B) \
Cr-5W-0.1Y Cr-7Mo-2Ta |
Heat 84-100 Heat 140-100 Heat 131-100
Ingot Sheet Ingot* Sheet lngot* Sheet
4.93  5.02 <0.05/ 0.05 <0.05/ 0.05
0.19  0.18 0.14/0.21 0.07/0.11
7.09/7.15 6.97/7.05
2.11/2.16 2.07/2.13
0.003  0.0012  0.089/0.103 0.103 0.098/0.091 0.099
0.12/0.12 0.04/0.0k
0.0057 0.0095  0.0128/0.0136 §;§§§§ 0.0049/0.0064  0.0049E5
0.0046 0.002%  0.0095/0.0087  J'9023  0.0005/0.0006  0.0016%5
0.0007 0.0012  0.0014/0.0032  0.0033  0.0005/0.0006  0.0016%5
0.002  0.002  <0.002/<0.002  <0.002  <0.002/<0.002  <0.002
0.004  0.002 0.0027/0.0016  <0.00] 0.0026/0.0023  <0.00]
0.002/0.002 0.007/0.007
0.003/0.003 0.003/0.003
<0.05/<0.05 <0.05/<0.05
<0.03/50,03 <0.03/<0,03
<0.001/<0.001 <0.001/<0.001
0.01/0.01 0.02/0.02
<0.001/<0.001 0.001/0.001
<0.001/<0.001 <0.001/<0.001
0.007/0.007 0.005/0.005

" Top/Bottom analysis of ingot,
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TABLE 1. - COMPOSITION OF POWDERS USED TO FORM

THE INTERMEDIATE COATING LAYERS

Material Composition

(WE1GHT PERCENT)

Element Cr Cr-Y Mg0 Fe Kgpthal
Cr 99.2 99,66 25
Y 0.34(3)
Mg 0.11(1)  <0.001 Bal.
0 0.5
Fe 0.075 0.01-0.1 01-0.1  99.9(2)  Bar,
Al 0.035 0.01-0.1 .001-0.005 L
N 0.007 -
S 0.003 -
C 0.085 - -
Si 0.01-0.1 J-1.0
Mn <0.001 0.01-0.1
Ni 0.01-0.001
Cy <0.001 0.001
v .001-0.01
Ti <0.01
B 0.05-0.5
Ca .01-0.1
Sn 0.001
Pb 0.001
Co 3
Nominal
3?;;;§;i’ 10 2-10 2-5 3.0 0.68
microns
(1) Reported as Mg0
E;i Carbonyl iron, no other values reported

Estimated by difference
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TABLE |1l --COMPOSITION OF MATERIALS.USED:TO FORM THE

TITANIZED AND SILICIDED COATING LAYERS (WEIGHT PERCENT)

Material Composition

Element 50Cr-50Ti 60Cr-40Ti 100Si
Cr 50.5 59.0
Ti kg.2 4o.6
Fe 0.122 0.5 0.50
c 0.023 0.027
N 0.0143 0.047
0 . 0.13 0.049
Si 98.67
Ca 0.07

27
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TABLE V.- ELECTROPOLISHING PROCEDURE USED TO PREPARE CHROMIUM SAMPLES

Electrolyte for Electrolyte for
Cr-5W-0:1Y Cr-7Mo-2Ta 0.09C-0.1Y
Material Weight percent : Weight Percent
Concentrated Sulphuric Acid 60 60
85 percent Ortho Phosphoric Acid 20 20
Citric Acid 10 10
Water 10 10

Operating Conditions

Current Density, amps/inZ 2.0 2.0

Temperature 120-130°F R.T.
(322-327°K)

Cathode Material lead lead
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TABLE V.~ COMPOSITION AND OPERATING CONDITIONS FOR

ELECTROPLATING BATHS

Composition oz/gal

lron Bath ~ Chromium Bath
FeSOy - 7H20 33
FeCl2 - 2H,0 4.8
NhyC1 2.7
Mg0, volume percent 0.6-2.8 0.6-2.8
Cr203 33.
S04 0.20
Additive = 1.18

Operating Conditions.

Iron Bath Chromium Bath
Bath temperature 115°F (292°K) 115°F (292°K)
Current density 23 amp/ft2 500 amp/ft2
Anode Lead Lead

* Nitradd, Turco Products, Inc.



TABLE VI.- PLASMA SPRAYING PARAMETERS FOR INTERMEDIATE BARRIER LAYERS

Powder Size, Microns

Arc Gas

Arc Gas Flow, Cu ft/hr
Argon
Hydrogen

Powder Gas

Powder Gas Flow ft/min.

Powder Feed Rate, gm/min.

Spraying Distance, in.
Arc Current, amps.

Arc Voltage, volts.

Fe Cr -
3 10
Ar+H Ar+H
Ar+H Ar+H
100 100
3.5 3.5
Ar Ar
40 40
3.5 3.7
2.5 2.5
880 880
Ly Ly

30

Ar+H
100
3.5
Ar
4o
1.7
2.5
880

il

Fet+12Mg0 Cr+12MgO
3+2-5 10+2-5
Ar+H Ar+H
Ar+H Ar+H
100 100
3.5 3.5

Ar Ar

Lo 4o

4.0 313
2.5 2.5
880 880

Ly L



L

TABLE VI). - PARAMETERS FOR TITANIZING Cr-7Mo-2Ta ALLOY

Coating Formation Parameters

Coating Properties

~Tem Average

Exp. Pack Time ——2P: . Pressure Buildup per §ide
No. Comp. w/o Activator hrs °F °K torr in_____mm

H 60Cr-40Ti 1%ZNaF 6.0 2350 1561 150 - -

2 60Cr-40Ti 1%NaF 15.0 2350 1561 150 - -

3 60Cr-40Ti IZCrC13 8.0 2200 1477 150 - -

L 50Cr-50Ti 1ZNaF 5.0 2200 1477 150 - -

5  50Cr-50Ti 1%NaF  10.0 2200 1477 1 x 107% - -

6 50Cr-50Ti 1%Na§ 10.0- 2200 1477 1 x ]0-h 0.0008 0.02

Average
Wt. Gain
mg/ cm?

Remarks

6.1

7.5
8.4

8.8
7.9

Used in silicide.Run 2
Used in silicide.Run 3

Annealed 4 hr 2400°F
and used in silicide.
Run 3

Used in silicide.Run 1

Diffusion annealed
after coating.
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TABLE Vill. - PARAMETERS FOR SILICIDING OF -Cr-7Mo-2Ta ALLOY

Coating Properties

Coating Formation Parameters

i
Temp Avetage Average
Exp. Pack Time - Pressure Buildup per side Wt. Gain
No. Comp. w/o Activator hrs °F °K torr in. " .mm mg/cm? Remarks

1 100 Si 2%KF 2.5 2200 1366 150 - - - Blistering and sintering
on unannealed Cr-Ti sub-
strate.

2 100 Si 1ZKF 4.0 1800 1255 150 - - - Blistering and sintering
on unannealed Cr-Ti sub-
strate.

3 100 Si 1%KF 3.0 1900 1311 150 - - - Blistering and sintering
on unannealed Cr-Ti sub-
strate. Smooth coating
on Cr-Ti annealed 4 hr
(1588°K).

4 100 Si 1%KF 2.0 2000 1366 1 x 10°% 0.0015 0.038 16.0 Smooth coating on Cr-Ti

annealed 4 hr 2400°F
(1588°K).
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.TABLE X,

= PARAMETERS FOR TITANIZING Cr-.5W-0.1Y ALLOY HAVING CHROMIUM-Mg0 INTERMEDJATE LAYERS

Coating Formation Parameters Coating Properties

Tem Average Average.
EXp. Pack Time _.___E;,w—_ Pressure  Buildup per side . Wt. Gain
No. Comp. w/0  Activator hrs °F °K torr in . mm mg/ cm2 Remarks
1 50Cr-50Ti 0.5%CrC13 10.0 2200 1477 150 0.0015 0.038 26.2 Slight sintering
2 50Cr-50Ti 1%NaF 10.0 2200 1477 1 x 10—4 - - 7.4 Smooth coating

TABLE X. ~ PARAMETERS FOR SJLICIDING CHROMIUM ALLOYS HAVING CHROMIUM-Mg0 INTERMED | ATE

Coating Properties -

Coating Formation Parameters

LAVERS

Tem Average Average
Exp. Pack Time L TR Pressure Buildup per side Wt. Gain
No.  Comp. w/o Activator _hrs °F °K torr in ___mp _mg/cm2
1 100 Si 1%KF 2.0 2000 1366 150 - - -
2 100 Si 1%KF 2.0 2000 1366 1 x 10~k - - 12.5
3 A|203:Si=3:l 1%KF 10.0 2000 1366 1 x IO—A 0.003 0.076 19.5

Remarks

Coating blistered
Cr-5W substrate.

Smooth coating
Cr-5W substrate

Al703 diluent pack
Smooth coating
Cr-7Mo-2Ta substrate



TABLE X! - PARAMETERS FOR TITANIZING AND SILICIDING INTERMEDIATE
BARRIER LAYERS’ON'Cr-7Moé2Ta;ALLOY ’

Coating Pack Time nggerature Pressure
Layer Comp. w/o Activator rs. 3 K Torr
Titanizing 50Cr=-50Ti 1% NAF 10 2200 1477 1 x 1074
Siliciding A1,0,:5i=3:]1 1% KF 10 2000 1366 1 x 107
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TABLE XI1 - PARAMETERS USED FOR TITANIZING AND SILICIDING
Cr-Ti-Si (light) COATING ON Cr-7Mo-2Ta ALLOY

Coating Pack Time Temperature Pressure
Layer Comp. w/o Activator hrs. °F - °K Torr
Titanizing 50Cr-50Ti 1% NAF 10 2200 1477 1 x 107"
Siliciding 100Si 1% KF 2 2000 1366 1 x 107"

TABLE X111 - PARAMETERS USED FOR TITANIZING AND SILICIDING

Cr-Ti-Si (heavy) COATING ON Cr-7Mo-2Ta ALLOY.

Coating Pack Time Temperature Pressure
Layer Comp. w/o Activator hrs. F K Torr
Titanizing 50Cr=-50Ti 1% NAF 10 2200 1477 150

Siliciding  A1,0,:5i=3:]1 1% KF 10 2000 1366 1 x 107"
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TABLE XIV. ~ NITRIDATION/OXLDAT |ON WEIGHT CHANGE DATA

System Coating Layer . n o )
or spec. Mg/Cn2. Total Wgight Change (Mg/Cm?.) At |ndicated Time (Hogr;)
Barrier No. Barrier Ti Si 2 3 3 8 10 12 14 16 18 20 4o 60 80. 100 120 140 160 180 200
Cr-7Mo-2Ta  Crl - - = 0.320.7% 0.82 0.96 1.28 1.38 1.49 1.67 1.77 1.8 2.52 2.98 3.37 3.72 -5.71 -6.56 ~6.7h -6.91 -6.88
cr2 - - - 0.921.h2 1.81 2.20 2.30 2.41 2.48 2.55 2.66 2.73 3.40. 4.04 4.36 4,72 -3,09 -h.08 -4.22 4,36 -4.22
cr3 - - - 0.85 1.21 1.38 1.63 1.77 1.95 2.09 2.38 2.52 2.59 3,30 3.76 4,18 4,65
Cr-Ti-Si 1 - 5.7 13.3 0.7“ 0.99 1.03 1.06 1.13 1.13 1.17 1.20 1.17 1.20 1.28 1.h2 1.56 1.67 2.76 2.94 2.98 2.87 2.87
LIGHT 3 - 5.5 16.1 0.67 0.92 0.92 0.96 1.06 1.06 1.06 1.10 1.13 1.17 1.35 1.56 1.77 1.95 2.76 2.8k 2.70 2.62 2.48
H - 5.5 16.1 0.67 0.89 0.89 0.96 0.99 0.99 1.03 1.06 1.10 1.13 1.31 1.49 1.74 1.84
5 - 5.5 15,6 0.60 0789 0.92 0.99 1.03 1.03 1.03 1.06 1.10 1.13 1.35 1.60 1.88 1.99 2.94 2.76.2.76 2.59 2.55
6 - 5.5 14.1 0.60 0.85 0.89 0.99  0.99 1.03 1.03 1.10 1.13 1.16 1.28 l.3§ 1.60 1.70
7 - 5.6 13.7 0.67 0.8 0.99 0.99 1.10 1.06 1.06 1.10 1.17 I.ZO 1.31 1.3B I.ED ].62 2.62 2.70 2.73 2.59 2.62
9 - 5.5 14.2 0.60 0.85 0.89 0.96 0.96 0.99 0.99 '1.06 1.06 1.10  1.20 1.38 T.GB 1.77
Cr-Ti-Si 11521 - 11.5 12.0 0.53 0.60 0.63 0.70 0.74 0.70 0.77 0.77 0.81 0.81 1.13 1.37 1.44 1.59 1.59 1.66 1.69 1.69 1.69
HEAVY 115-2. - 1.4 11.7 0.84 0.88 0.88 0.95 0.98 0.95 0.98 0.98 1.06 1.06 1.4 1.59 1.69 1.83 1.87 1.9% 1.97 2.01 2.01
115-3 - 12.0 12.7 0.84 0.88 0.91 0.95 0.98 0.95 1.02 1.02 1.06 1.06 1.27 1.90 2.12 2.26
Cr-Y-12Mg0 112-8 9.8 9.1 15.5 0.53 b.56 0.60 0.67 0.70 0.70 0.8% 0.88 0.95 1.02 1.37 2.12 2.40 2.82 3.18 3.42 3.63 3.92 4.06
SLURRY 112-9 8.9 8.3 lh.] 0.45 0,49 0.53 0.66 0.63 0.63 0.77 0.77 0.88 0.91 1.20 1.90 2.26 2.73 3.21 3.42 3.53 3.7% 3.85
112-10 9.7 15.3 ©0.42 0.49° 0.49 0.56 0.60 0.67 0.77 0.81 0.9 0.95 1.30 2.4% 2.80 3.15
Cr-Y-12Mg0 111-A 4.9 12:5 23.0 0.56 0.81 0.88 0.91 0.98 1.02 1.06 1.20 1.23 1.27 1,48 2,09 2.51 3.42
ELECTRO 111-B 10.6 9.9 20.9 0.42 0.56 0.63 0.67 0.7% 0.77 0.77 0.88 0.95 0.98 1.09 1.24 2,09 2.72 2.82 3.00 3.21 3.32 3.h6
111-C 10.7 11.1 20.9 0.38 0.56 0.67 0.70 0.74 0.8 0.84 0.95 1.02 1.06 1.20 1.80 2.26 3.03 3.21 3.42 3.64 3.78 3.95
Cr-Y-6Mg0 l]i-D 5.6 19.1 0.45 0.63 0.70 0.7% 0.77 ©.81 0.88 0.95 1.02 1.06 1.27 1.87 2.19 2.k47
ELECTRO 111-E 6.4 18.8 0.35 0.49 0.56 0.60 0.63 0.70 0.74 0.81 0.88 0.9% 1.06 1.56 2.02 2.33 2.57 2.75 2.89 3.00 3.07
111-F 6.1 19.2 0.53 0.67 0.74 0.74 0.81 0.8% 0.88 0.98 1.06 1.09 1.24 1.80 2.19 2.47 2.65 2.82 3.00 3.14 3.32
Cr-12 Mg0 110-2 20.3 10.6 19.6 0.28 .14 0.21 0.31 0.38 0.53 0.67 0.77 0.88 1.34 2.48 3.12 3.74 3.85 4.09 4,38 4.48 4.27
SLURRY 110-6 10.9 9. 23.9 0.21 0.53 0.67 0.70 0.7% 0.88 0.88 0.95 0.98 1.02 1.23 2.54 3.07 3.43 3.81 4,06 4.31 4,62 4.86
110-9 12.0 10.0 23.9 0.21 0.42 0.60 0.67 0.74 0.8% 0.8 0.917 0.95 1.02 1.23 3.00 3.25 4.03
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System

Coatijng Layer

TABLE X1V. ~ NiTRIDATION/OX IDATHON WEIGHT CHANGE DATA .(Continued)

or Spec. Ma/CM2 .

Barrier No. Barrier Tl S' 2 h
Cr-12Mg0 111-6 26.7 12.6 16.5 0.42 p.53
ELECTRO 111-H 26.7 12.6 13.7 0.42 0,53
11-1 27.0 12.9 t4.Y 0.21 0.24

Cr-6Mgo 110-1 18.1 9.6 15.5 0.24 D.60
SLURRY 110-2 . 21.5 10.8 18.5 0.38 0.74
110-3 16.9 9.6 17.0 0.38 0.70

Cr~6Mgod 112-J 31.8 13.8 11.4 0.49 0.56
ELECTRO 112-K 32.0 4.0 0.4 0.49 0.56
112-L 31.0 1%.3 11.5 0.32 0.39

oo

.70
.60
.35

77

0.88
0.84

.67
.67

0.49

Total Weight Change (Mg_/sz) At Indicated Time (Hours)

8 10 12 1 16 18 20 Lo 60 80 100 120 140 160 180 200

0.77 0.8% 0.98 0.98 1.02 1.06 1.13 1.27 2.12 2.12 2.36

0.67 0.77 0.88 0.88 0.92 0.95 1.02 1.20 2.0k 2.44 2,72 2.93 3.11 3.39 3.67 3.8
0.42 0.49 0.60 0.60 0.63 0.70 0.7/ 0.98 1.90 2.26 2.50 2.79 3.00 3.11 3.25 3.35
0.88 1.09 1.20 1.37 1.59 1.69 1.83 2.55 3.75 4.43 4,84

0.95 1.09 1.23 1.41 1.59 1.69 1.80 2.34 2.48 3.97 4.41 4.80 5.1z 5.23 5.12 h.77
0.91 1.02 1.09 1.20 1.34 1.44 1.55 1.95 2.76 3.33 3.81 4.27 4,55 L.,70 4.77 4.56
0.77 0.84 1.02 1.09 1.09 1.20 1.20 1.48 2.19 2.65 2,80 2.93 3.14 3.10 2.80 2.80
0.77 0.84 0.95 0.98 1.02 1.13 1.13 A48 1,98 2.12 2.p2

0.60 0.67 0.77 0.8% 0.91 0.98 1.02 1.4 1.4 2.22 2.4B 2.65 2.75 2.86 2.93 2.86
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System
or

Barrier

Cr-7Mo-2Ta

Cr-Ti-Si(1)

Cr-Ti-Si(h)

Cr-Y-12Mg0(s)

Cr-Y-12Mg0(e)

Cr-Y-6Mg0(e)

Cr-12Mg0(s)

Cr=-12Mg0(e)

TABLE XV - NITROGEN ANALYSIS OF SUBSTRATE AFTER AIR OXIDATION
'EXPOSURE_AT 2100°F (1422°K)
Coating Layer Total Ny
Spec. Mg/Cm2 . Change Contamination (Wt%)
No. Barrier  Ti Si Mg/Cm? 0 hr 100 hr 200 hr
- 0.0022

Cr-3 +4.65 .009
Cr-1 -6.88 0.010

9 5.5 16.1 +1.77 .006

3 12.0 12.7 +2.26 .008

1 11.5 12.0 +1.69 0.0075
112-10 9. 8.9 15.3 +3.15 .0085
112-8 9. 9.1 15.5 +4.06 0.0095
111-A 14, 12.5 23.0 +3.42 .007
111-B 10. 9.9 20.9 +3.46 0.007
111-D 5. 7.7 19.1 +2.47 .008
111-F 6. 7.9 19.2 +3.32 0.0105
110-9 12. 10.0 23.9 +4.03 .007
110-6 10. 9.4 23.9 +4.86 0.0087
111-G 26. 12.6 16.5 +2.36 .010
111-H 26. 12.6 13.7 +3.86 0.007
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TABLE XV < NITROGEN ANALYSIS OF SUBSTRATE AFTER AIR OXIDATION

EXPOSURE AT 2100°F (1422°K) - continued

System Coating %ayer
or Spec. Mg/Cm Wt. Change

Barrier No. Barrier Ti Si Ma/Cm2

Cr-6Mg0(s) 110-1 18.1 9.6 15.5 +4 .84
110-3 16.9 9.6 17.0 +4.56

Cr-6Mg0(e) 112-K 32.0 14.0 10.4 +2.02
112-L 31.0 4.3 11.5 +2.86

(1) = Tlight

(R) = heavy

(s) = slurry sinter deposited barrier

Total No
Contamination (Wt%)
O hr . 100 hr 200 hr .

0.007
0.0115
0.008

0.008
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TABLE XVI = COMPOSITION OF SURFACE OXIDATION PRODUCTS ON

UNCOATED AND COATEB Cr=7Mo-2Ta Al110Y

Composition

Coating System Spec. No. Surface
Cr-7Mo-2Ta - Cr203
Cr-Ti-Si (1light) 6 Cr03
Cr-Ti-Si (heavy) 115-2 Cr203
Cr-Y-12Mg0 (s) 112-9 Cr03
Cr-Y-12Mg0 (e) 111-C Cr203
Cr-Y-6Mg0 (e) 111-E Cr203
Cr-6Mg0 (e) 112-J Cra03
Cr-12Mg0 (s) 110-2 Cra03

(s) indicates slurry-sinter deposition of barrier layer

(e) indicates electrophoretic deposition of barrier layer

- Ti0y

- Ti02

- Ti0g

- Tidz
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View of Plasma Sprayed |ron-12Mg0 Coating.

Figure 1. External
(LX)
- 1 Coating
I I 2 Substrate
1 2
Figure 2. Photomicrograph of a Cross-Section Through a Plasma
Sprayed lron-12Mg0 Coating.
(250X Unetched)

Figure 3. Plasma Sprayed lron-12Mg0 Coating After 1 Hour in
Hydrogen at 1800°F {12559K)
(4X)

B
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1 Coating
. 2 Substrate

1 2
Figure 4. Photomicrograph of a Cross-Section Through a Plasma
- Sprayed Chromium-Mg0 Coating.
(250X Unetched)
1 Coating
; S 2 Substrate
| I
] 2
Figure 5.

Photomicrograph of a Cross-Section Through a Plasma
Sprayed Chromium-Mg0 Coating After 1 Hour in
Hydrogen at 22000F (14779K).

(250X Unetched)

L2
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Light Microscopy
(250) (550X
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c) Cr X-rays d) Mg X-rays
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1 Barrier
2 Substrate
Figure 7. Slurry=-Sinter Chromium-12Mg0 Coating on Cr-5W Alloy.
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WEIGHT CHANGE, Mg/cm
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Figure 9. Oxidation Data for Coated and Uncoated Cr-7Mo-2Ta Alloy.
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Uncoated Cr-Ti-Si (L) Cr-Ti-Si (H) Cr-Y-12Mg0 (S)
Cr-2 ] 115-2 112-9 111-¢C

L

Cr-Y-6Mg0 (E) Cr-12Mgo (S) Cr-12Mg0 (E) Cr-6Mg0 (S) Cr-6Mg0 (E)
111-E 110-6 111-4 110-2 112-J

Figure 10. Photographs of Test Coupons After 200 Hours Exposure to 2100°F (1422°K)
Air (Full Size).
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As-received coupon tested at 1090°F (861°K).

Cr-Ti-Si (light) coated, oxidized 100 hour at 2100°F (1420°K) and
tested at 1490°F (1083°K).

Uncoated coupon given Cr-Ti~Si (light) thermal treatment and
tested at 1490°F (1083°K).

Cr-Ti-Si (light) as-coated coupon tested at 1490°F (1083°K).
Cr-Ti-Si (light) as-coated coupon tested at 1090°F (861°K).

Figure 11. Post-Test Appearance of Typical DBTT Bend
Test Evaluation Coupons. (1.25 X)
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g) N X-rays

Figure 12 (Continued).

h) 0 X-rays

Photomicrograph and EMP Images of As-
Received Cr-7Mo-~2Ta Alloy.
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KHN

371

382

L2k

L3k §

L27 ¢

Figure 13. Photomicrograph and KHN Data for Cr-7Mo-2Ta After 200 Hours
Exposure to Air at 2100°F (1422°K)

(250X Etched)
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p 2 p 2

a) Light Microscopy (Etched) b) Electron Absorption

1 i 2 1 2
c) Cr X-rays d) 0 X-rays
I Oxide
2 Substrate
Figure 4. Photomicrograph and EMP Images of Cr-7Mo-2Ta After 200 Hours

Oxidation at 2100°F (1422°K).

(550x)
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f) Ta X-rays

Figure 14 (Continued).

346 €

e) Mo X-rays

g) v X-rays

1 Oxide
2 Substrate

Photomicrograph and EMP Images of Cr-7Mo-2Ta
After 200 Hours Oxidation at 2100°F (1422°K).

(550X)
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KHN

1385 1385
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1613

1490

1445
368

344

665
989
1470
1540
1170
1540
357

397

b) After 100 Hours Exposure

1 Coating

2 Diffusion Zone
3 Substrate

Figure 15. Microhardness Traverses in Cr-Ti-Si (Light) Coating.
(250X Etched)
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a) Light Microscopy (Etched) c) Electron Absorption
As-Coated As~Coated

b) Light Microscopy (Etched) d) Electron Absorption
After 100 Hours Exposure After 100 Hours Exposure

Oxide

Coating
Diffusion Zone
Substrate

W N —

Figure 16. Photomicrographs and EMP Images of the Cr-Ti-Si (Light)
Coating As-Coated and After Exposure to 2100°F (1422°K).

(550X)
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e) Cr X-rays
As-Coated

f) Mo X-rays
As-Coated

Y et it

g) Cr X-rays
After 100 Hours Exposure

Figure 16 (Continued).

h) Mo X-rays
After 100 Hours Exposure

Oxide
Coating
Diffusion
Substrate

DWW N —

Photomicrographs and EMP Images of the Cr-Ti-Si
(Light) Coating As-Coated and After Exposure to
21000F (1422°K) .

(550X)
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i) Ta X-rays j) Ti X-rays
As-Coated As-Coated

k) Ta X-rays 1) Ti X-rays
After 100 Hours Exposure After 100 Hours Exposure

Oxide

Coating
Diffusion Zone
Substrate

N —

Figure 16 (Continued). Photomicrographs and EMP Images of the Cr-Ti-Si

(Light) Coating As-Coated and After Exposure to
21000 22°K) .
F (14 K) (550X)
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m) Si X-rays
As-Coated

0) Si X-rays
After 100 Hours Exposure

Figure 16 (Continued).

n) Y X=-rays
As-Coated

p) Y X-rays
After 100 Hours Exposure

Oxide

Coating
Diffusion Zone
Substrate

N —

Photomicrographs and EMP Images of the Cr~Ti-Si
(Light) Coating As-Coated and After Exposure to

21000F (14220K) .
(550X%)
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q) 0, X-rays
As-Coated

Figure 16 (Continued).

r) 02 X-rays
After 100 Hours Exposure

Oxide

Coating
Diffusion Zone
Substrate

FWN

'

Photomicrographs and EMP Images of the Cr-Ti-Si
(Light) Coating As-Coated and After Exposure to
21000F (14229K).

(550%)
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365

] Coating

c) After 200 Hours Exposure 2 Substrate

Figure 17. Microhardness Traverses in Cr-Ti-Si (Heavy) Coating.
(250X Etched)
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| 2 I 3 | 2 ' 3

c) Electron Absorption

a) Light Microscopy (Etched)
As~Coated

As-Coated

| 2 | 3 p | 2 | 3
b) Light Microscopy (Etched) d) Electron Absorption
After 200 Hours Exposure After 200 Hours Exposure
1 Oxide
2 Coating

3 Substrate

Figure 18. Photomicrographs and EMP Images of the Cr-Ti-Si
(heavy) Coating System As-Coated and After 200
Hours Exposure to 2100°F (1422°K) Air. (550X)
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e) Cr X-rays

g) Mo X-rays
As-Coated

As~Coated

) Cr X-rays h) Mo X-rays
After 200 Hours Exposure After 200 Hours Exposure

1 Oxide
2 Coating
3 Substrate

Figure 18 (Continued). Photomicrographs and EMP Images of the Cr-Ti-Si

(heavy) Coating System As-Coated and After 200
Hours Exposure to 2100°F (1422°K) Air.  (550X)
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i) Ta X-rays k) Ti X-rays
As-Coated As-Coated

2 b3 11 2 i 3
i) Ta X-rays 1) Ti X-rays
After 200 Hours Exposure After 200 Hours Exposure
1 Oxide
2 C(Coating

3 Substrate

Figure 18 (Continued). Photomicrographs and EMP Images of the Cr-Ti-Si
(heavy) Coating System As-Coated and After 200

Hours Exposure to 2100°F (1422°K) Air. (550X)
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2 I 3

m) Si X-rays o) Y X-rays
As-Coated As-Coated

it 2 { 3 1 2 i3
n) Si X-rays p) Y X~rays
After 200 Hours Exposure After .200 Hours Exposure
1 Oxide
2 Coating

3 Substrate

Photomicrographs and EMP Images of the Cr-Ti-Si
(heavy) Coating System As-Coated and After 200
Hours Exposure to 2100°F (1422°K) Air. (550X)

Figure 18 (Continued).
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2 i 3
q) Al X-rays s) 0 X-rays
As-Coated As-~Coated

r) Al X-rays t) 0 X-rays
After 200 Hours Exposure After 200 Hours Exposure

1 Oxide
2 Coating
3 Substrate

Figure 18 (Continued). Photomicrographs and EMP Images of the Cr-Ti-Si

(heavy) Coating System As-Coated and After 200
Hours Exposure to 2100°F (1422°K) Air. (550X)
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Figure

19.

b) After 100 Hours Exposure
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Microhardness Traverses in Cr-12Mg0/Cr-Ti=-Si Coating.
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KHN

c) After 200 Hours Exposure

1 Coating

2 Substrate

Figure 19 (Continued). Microhardness Traverses in Cr-12Mg0/Cr-Ti =Si

Coating.
(250X Etched)
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a) Light Microscopy (Etched) c) Electron Absorption
As-Coated As-Coated

1| 2 | 3 i

b) Light Microscopy (Etched) d)

Electron Absorption
After 200 Hours Exposure

After 200 Hours Exposure

Oxide
Coating
Barrier
Substrate

W N —

Figure 20. Photomicrographs and EMP Images of the Cr-12Mg0/Cr-Ti-Si

Coating System As=Coated and After 200 Hours Exposure to
21000F (1422°K) Air.
(550%)
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e) Cr X-rays g) Mo X-rays
As-Coated As-Coated

(LA S S S A L A
f) Cr X-rays h) Mo X-rays
After 200 Hours Exposure After 200 Hours Exposure
1 Oxide
2 Coating
3 Barrier
L Substrate

Figure 20 (Continued). Photomicrographs and EMP Images of the Cr-12Mg0/
Cr-Ti-Si Coating System As-Coated and after 200
Hours Exposure to 2100°F (1422°K) Air.

(550X)
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i) Ta X-rays k) Ti X-rays
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2 l 3 I & . 2 i 3 by
j) Ta X-rays 1) Ti X-rays
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Figure 20 (Continued). Photomicrographs and EMP Images of the Cr-12Mg0/
Cr-Ti~Si Coating System As-Coated and After 200

Hours Exposure to 21009F (1422°K) Air.
(550X)

70



37;cC

2 | 3 ! L 2 i 3 iy

m) Si X-rays o) Y X-rays
As-Coated As-Coated

1 2 | 3 i L

n) Si X-rays ) Y X-rays
After 200 Hours Exposure After 200 Hours Exposure
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Figure 20 (Continued). Photomicrographs and EMP Images of the Cr-12Mg0)

Cr-Ti-Si Coating System As-Coated and After 200
Hours Exposure to 2100°F (1422°K) Air.

(550x)
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2 | 3 " b2 | 3 A

q) Al X-rays s) 0 X-rays
" As-Coated As-Coated

| 9 I 3 1y I 1 12 I3 | 4
r) Al X-rays t) 0 X-rays
After 200 Hours Exposure After 200 Hours Exposure
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Figure 20 (Continued). Photomicrographs and EMP Images of the Cr-12Mg0/
Cr-Ti-Si Coating System As-Coated and After 200
Hours Exposure to 2100°F (1422°K) Air.
(550X)
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APPENDIX { - SUMMARY OF d° AND PEAK H_EIGHTS

PEAK HEIGHT MINUS .BACKGROUND FOR INDICATED SPECIMENS

112-J 111-E 110-2 111-C 115-2 110-1 112-9
| 22
6 10 15 9 16
15
8 27
23 10 16 10 29
6
21 20
5
7
6
35 18 13
Lo 17 8 32
25 32 3k
10
14
17
10
16 23

73

£

30

20

20

67

4o

80

Cr-7Mo-2Ta.

83
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112-J

APPENDIX | - SUMMARY OF d° AND REAK.HEIGHTS

PEAK HEIGHT MINUS BACKGROUND FOR INDICATED SPECIMENS

111-E  110-2

111-C

115-2

110-1 112-9

N W W W W W W

.15
.13
2
.10
.09
.08
.86
.85
.73
.72
71
.67
.66
.65
.61
.59
.58
.55
.54
b9

6h

27 20

13
16

70

74

8

3.5

12

12

14

10

27

18

6

{continued)

Gr~7Mo-2Ta

57

12

10

36
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2.42
2.40
2.38
2.36
2.33
2.32
2.30
2.29
2.26
2.23
2.22
2.19
2.18
2.17
2.09

2.08

APPENDIX ! - SUMMARY OF d® AND PEAK _HEYGHTS

PEAK HEIGHT MINUS BACKGROUND FOR ANDICATED SPECIMENS {continved)

HM2-y  1H=E  _110-2  1li=C 115-2  110-1 112-9 6 Cr-IMo-2Ta
5 61
Il 67 97
3
3
7
2
8
5
5 8 10
17 6
10
7 8
7
9 20
18 19 19
7 15 23 40
2
20
L
2

75



do

112-J

APPENDIX f - SUMMARY OF .d4° AND PEAK HEPGHTS

PEAK HEIGHT MINUS BACKGROUND FOR INDICATED: SPECIMENS “(continued)

111-E 110-2 111-C 115-2 110-1 112-9 6 Lr-7Mo-2Ta

2.05

2.04

1.816
1.812
1.81

1.809
1.739
1.726
1.708
1,705
1.691
1.69

1.688
1.674
1.671
1.67

1.646
1.643
1.628
1.627

21

12

12

12 19

17 25 33
12 10
19
15 31
13 12 94

20
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APPENDIX | .» SUMMARY OF d° AND PEAK HEIGHTS

PEAK HEIGHT MINUS BACKGROUND FOR INDICATED SPECIMENS (continued)

d° 112-4  M2-E  10-2  Il1=¢ 1152 110=1  112-9 6 Cr-7Mo-2Ta
.625 - 8

622 9 9

.601 " 6

.600 18

.579 9
578

574 3
529 7

483 8 8 6

478 15

468 6 7

466 10 14 9

46l n 35
46 12 17

43k 7. 20

432 16 26 " 51
43 20 16 30

418 7

403 6

.38 6
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{RY OF d° AND PEAK HEIGHTS

PEAK HEIGHT MINUS BACKGROUND FOR INDICATED SPECIMENS (continued)

111-E 110-2 111-C. 115-2 110-1 112-9 6 Cr-7Mo-2Ta

1.379
1.374
1.370
1.363
1.360
1.355
1+.353
1.338
1.336
1.297
1.247
1.2h0
1.237
1.210

6
11

12

17
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