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TECENICAL NOTE WO, 11854

REVIEW OF AN IKVESTIGATION OF CERAMIC COATINGS FOR METALLIC TUHRBINE PARTS
AWD OTHER HIGH -TEMPERATURE APPLICATTORS

By W. N. Harrison, D. G, Moore, and J. C. Richmond
SUMMARY

This inveetigation waee undertaken in en effort to devalop ceramic
coatings that willl prolong the 1ife of alloys used in turbines, espécial-—
1y the blades, or permit thelr ume &t higher teuperdtiures than would

otherwise be practiceble. In order to estahlish whether or not proitective

coatings can be developed that will effect such improvement, the Tollowirg
steps were talen: Refraciory firits oif high thermal expa.usivity wore de—
signed and smelted, variocus refrecitory admixtures were incorporated in
different amounts, aud the coatings were zpplied and Tired at differcnt
temperaturee on several alloys supplied for the work through the NACA.

Coated specimens were hesated at high temperetures In ailr without
lcad, and evaluation for further study wes made on the basis of adhsrence,
resis tance to fleking, protection of the alloys egainst oxidatlon as in~
dieated by increase in woight, and resistance of the coatings to deterio—
ration as indicated by pericdic microscopic sxemination. High—tempersature
treatments were also umade under losd in air, and Iin ciyzen and steam.

Scme treatments consisted of prolcnged applica.tion of load at high tem—
peratures followed by tensile tests at room temperature or at high tem—
perature, In same cases stress-rupiure teste were mads. In addition,’
greatly accelerated test conditlons at high temperatures withcut loasd were
achleved through the use of highly corrcslve estmospheres, IS5 being no—
tably effective. '

These studles have so far led to the selection of sevsral prcmising
frite from over a hundred that were prepared and several promising coat—
ings from numercus ones prepsered by varlous refractory mill asdditions to
these frits. It was found that some of the coatings will withstand 500
hours in air at 1500° F with 1ittle visibie chenge, while serving to
eliminate or greatly reduce the oxidation that occurred on uncoated al-—
loys, which recelived the same treatmert. The high—temperature Ioad tests
Indicated that, st loads sufficiently low to permit a life of the alloy
heyond 600 houra , same of the coatings had a significently beneficilal
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effect. It was also found that soame of the coetirgs permitied alloys
S-816 and S~-590 Ho retaln spproximetely their “initilal 0.2-perceut offset
yield value under conditions that simost completely corroded the uncoatsd
alloys, nsmely, heating in an HzS atmosphere at 1350° ¥ for prolonged
pexrlods. .

The microscopic exemination of treabed spscimens indicated the lm-
portanze of working toward the elimination of pcres or other dliscontinui—
ties in the coatings, some of which are comnected with the evolution of
gas at zthe svrfaces of bthe alloys whlle the coatlings are belng fired.

INTRODUCTION

During 1942, a sbtudy was begun at the National Bureaun of Stendards
to develop & ceremic ccating that could e used to proteot ordinary steel
exhaust stacks which operate at terperatures up to & red heat and are
gubJect to gquick heating snd sometimes to sudden cooling by rain or other
water. A thin ceramic coating for steel of the SAE 1020 and similar types
to be used at temporatures up to 12500 F znet these drastic requirements
wlthout significent damsgde and "wes presented "to the armed services in
Avgust 1953, Subsegquently, following suiteble service btests, Army—Navy
aeroneuntical specificationg and Army Ordnsnce Deparitment specifications
vere promulgated which caliled for the characteristics of this coabting,
and 1t was used on the exhaust pipes of amphiblous trucks and also cn
the exhaust stacks of several models of alreraft. The success of this
development- served as a foundation Ffor.increased interest-in the develop—
ment of ¢eramic coatings for heat resisting alloys.

In May 1944, under the sponsorship and with the financial assilstance
of the National Advisory Committee for Aeronautics, the design, construc~
tlon, and asgembly of equipment to be used in development work on ceatdings
for turbine blades and similar uses was begun at the Natlonal Bursau of
Standarde. UThe present report gives, in brief suwmeary form, the progross
of the investigatlon through December 1945.

= DESCRIPTION OF EQUIPMENT

Preparation and Application of Coatings

Gas—fired pot furnances suitable for crucible batehes cof 2000 to
3000 grems wsre used for smelting all the frits. A gas-fired rotary fur—
nace for matches of 35 to 50 pounds was used to emelt larger gquantities
of the frits seiescted for the more extensive tests. Smelting temperatures
wvore contirolled manually wlth the ald of an optlcal pyrumeter.
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One-gallon jar mills and five~gallon ball mills, as needed, were used
for grinding the coatings. A& laboratory-typé sand-~blast cabinet was used
for cleaning the alloys prior to application of the ccatings., This equip~
ment was opsrated with an air pressure of 30 psi, the blasting medium be=-
ing 60 mesh glass sand. The coatings wers usually applied by spraying.

An eleotrically heated drier with forced warm-air circulstion was used

for drving the coatings after spraying. An electric furnsce Wwes used for
firing the specimens, which were suspended from a nickel-chromium rack for
the purpcse, and a recorder-controller was used to maintain the furnacse )
et the desired temperatures. . )

Testing of Frits

A Fizeau-Pulfrich interferomster (see reference 1)} was used for deter-
mination of the thermal expans.uon and softening point of‘ the frits and
coatings. _

Fusion blocks were used to study the flow characteristics or refrace
toriness of the wvaricus frits., A description of the method and equipment
is given in a publication of the Natlonal Bu”eau of Standards (reference
2). _ - .

Treatment of Specimens

Equipment for heating specimens in air without load.- The furnace
used for long-time heating in. air without load was electrically héated.
A recorder~controller was used for obtaining constant temperatures within
the range 1000° to 2200° F. The dimensions of the specimens subjected to
this treatment were approximately 0,05 by C.8 by 2 1nches, as shown in
figure 1(a). : , R

Equipmont for treating specimens at high-temperature under load.-
8ix resistance-type tube furmnaces with individual temperature controllers
were used. Temperature distribution over the gage length of the specimen
was regulated by three variagble transformers commected with separate.sec-
tions of ths furngce winding. Temperature measurements of the specimen
were made by msans of two thermeoouples, one at the shoulder above the
neck and one gt the shoulder below. The two wires of esch thermocouple
were spot welded to opposite sides of the spscimen. The temperature of
each specimen as indicated by these thermocouples was held constant
during the test to within +5° F. The specimens were 20 inches long tc
permit gripping outside the furnsaces (see fig., 1{(c)). Figure 2 shows
the furnaces and perts o1 the lever system for applying controlled loads
to the specimens while hoated.
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Egquipment for controlled—~atmosphere tests.— Two resistance—type
vitreous- gilica~tube furnaces were used for controlled—etmosphere heat—
ing tests. The inelde dlemeter of the fused silica tube was 2 inches
and s platinum hanger was so arranged that eight tensille specimens 0.05
by 0.8 by 9.0 inches (see £ig. 1(b;) could be suspended in parallel fcr
test, :

Tight fitting Pyrex glass end—caps with ‘appropriate fittings were
soaled to tho cool ends of the impervious silica tube. During testing,
gas was fed into the furnaces from storage tanks, the rate of flow being
regulated by mesns of a pressure reducer end needle valve. The tem—
porature inslde each furnece tube was automatically controlled and re—
corded with the ald of a platinum, platinum—10-percent-rhodium thermo—
ocouple inserted vhrough a sealed Joint at the top of the furnace.

Examination and Testing of Treatcd Specimens

The roor—temperature tensile propexrties of treated specimens were
determined cn a Rishle pondulum--type, hydraulically orerated testing
machine, equipped with an autcmatic stress—straln recorder. The specimen
was stretched at & rate of approximately 0.C3 inch per mimite until O.h—
to 0.6-percent elongation had occurred in the 2-inch gage length, after
vwhich the rete waes increased to 0.1 inch per minute until fallurs.

Tenslle teste at high tenperatures were mads with a Southwark—Tate-
Emery testing mechine, used in comnecticn with a furnace wound and ccnr
trolled similerly to those ghown in figure 2. . .

A Dbinocular mieroscope with megnifications up 4o 120X and a peiro—
graphis microscope, errvanged for ohlique illuminaticn so as to function es
a8 metallurgical microséope, werse used for ezamination of the specimens.
Photomiorographs of selected specimens were made with the petrographic
micrcacopa, i

EXPFRIMENTAL PROCEDURE AND RESULTS

Formulation . of Frits”

Frite ars the glassy constituente of tho ceramic coatings ard zct
as binders for the more refractory ccastituents. In' order to produce
coatings that would adhere to the high—oxpansion alloys and ot the same ~
time withstand the high cperating temperatures, it was necessary to devel-
op epecial frite with higher cceefficients of thormal expansion end greater
refractoriness than those ordinarily used in enameling cperations. The
difficulty in accomplishing these two modifications iu properties simui—
tanecusly lles in the fact that, as e generel rule, the changes in
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campcsition that contribute to the one detract from the other. Neverthe—
less, by departure from conventional compositions it was possible o
change both properties in ths d.esired. direction.

The four basic frits used as original points of d.eperture in this
dsvelopment were (1) frit 11, a typical "bard" commercial~type ground-coab
frit, (2) frit 226, a comuerc;al-ty'_pe grouni—coat frit that was very re—
fractery, but low in thermal expansivity, and (3) end ( (4) two specilal
frites, 98 and 104, cutside the ccmmercial rarge.

The refractoriness wes lncrsaged by meking systematic additions of
titenia, silica, and feldspar, and by meking substitutions of alumina
and fluorspar for scdd in the bass composition., The expansivity of the
refractory frits developed by these methods was increased by substltuting
lead cxide for boric oxide and titania for sllica. The computation of
chemicel ccupositions of the smelted frits Lrom the raw batches was sup—
plemented by chemical analysis, for which the Improvemsnt of existing
methncds was Invoived for several constituents in these many-component’
systems. love theun 100 different compeositions of frite have been smelted.

Selected frits were tested Tfor thermsl] expansion with the interfer-
cmeter (refere_.ce 1) and for refractoriness with fusioxn blocks (reference
2). These two tests served as a bosis for further selection, the most
Ppromiging frits being given further test by trials in actual coatlngs,
with varylng kinds end amounts of other constituents. Four of the frits
selected for more exhaustive tests, with various admixtures to form coat—
ings, were 228, 256, 261, and 269.

Formulation and Application of Coastings

The formulation of coatings consilsted essentislly of blending the
gepecially developed frits with varying refractory ceramic admixtures.
Other mill additions besides the refrectcry admixtures were ’
clay, water, and electrolyte. The time of grinding was conirolled %o
govern the average particle sizse.

Among the cersmic admixtures tried were slumine, chrcmium oxids,
cobalt oxlde, mangenese dioxide, nickel oxide, magnesium oxide, calcium
silicate, calcium chromate, and calcium fluorlds. The first three of
these, singly and in combination, gave most promise; most of the others
gave coatings having some characteristics that msade them undesirable,
such as lack of chemical stebility, water sclubility in the ball milling,
Or reaction with the base metal.

All coatings, after ball milling to the proper fineness, were applied
by spraying to thickmesses of 0.001. to 0.004 inch onto the cleaned alloy
surface., After spraying, the coating was drled at 230° ¥, after which it
wad Tired.
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The alloys to which the coatings were spplied mors extenmslvely are
included in the following list: 19-9DL, Incomel, 2520, 2520 + 2¢s1,,
18-85T1, 8816, S-590, and 18-8 type 30i4. .

Alwrinum-oxlde admixture .— Approximately 140 coatings were prepared
wilth variovs grades of alvmimm oxide as the principal refractory admix—
ture. Forty different frits were used in this group of coatbtings, and the
amourt of alumine added varied from 20 to 60 percint of the total woight

of frit pius alumins. 7The firing temperatures ranged from 1550° to 2300°F,

depending botk on the refractoriness of the coatlng end the degree of vit—
rificaticn mought In the cersmic coating.

Among thHe most promising coatings with alumina as the chilef admixturo
were the follcwing:

-

_AJjumina =
content
Conting Friy (percent)
Li-2A 261 .25
IF4A 261 : 35
I~6A 228 25

Combinaticng of alumina with other cxldes also gave several promlsing
coatings. OF the 66 coatings of this type, composition I-HAC was amcng
the mcet promising- This coating 1s an alumina — Shrcmic—oxide combina—
ticn conteining 70 percent frit 261, 20 percent A~1 alumina, and 10 per—
cent chromic oxide. :

Chromic~oxide admixture.— In a series of coatlngs using commercially
pure chrcmic oxide with frits 228, 256, 261, and 269, two coatings were
gelected as among thoe most prcmising. These were A--305 and I—7C, both
of which contained 30 percent Craz0s;, the A-305 using frit 269, and the
I~7C, frit 228,

Cobslt~oxide admixture.— Although cobalt oxide 1s leass refractory
t@an A1:05; or Crz0x, it was used in a series of coatings wlth frits 228,
261, 256, and 269, These coatinge were found to be outstonding in thetr

resistarce to chipping during long-time heating tests in alr, Ths follow-
ing are examples of these coatlngs:

Cotalt~ . =

S oxide content
Coating ~ Frit .__{percent)
A-205 208 : 50
A-189 261 50

A-309 269 50

i i i
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Highk-Temperature Treatment in Alr wilthout Load

In tue development work on coatings, it wes found that the majority
of the coetings when first prepared had a good gppearance end gave gcod
ccverage of the metal., When these cogtings were heated for long pe“ibds,
however, at a tempersture of 1500° F, many of thew changed considerably in
appearsnse and scme evenitually flaked off the alloy. A treatment of 500
houre at this temperature in alr was found sufficilent tc give an indication
of which coatings should be chogen for more exkheustive study. The test
was made in an electric furnsce and the egpecimens subJjected to these tests
(see fig. 1{a)) were removed and allowed to cool eack 24 hours so that
theriial gradlents would accentuate sny tendencies of the coatings to chip
or flialke off . o

Inspection of specimens, which was made periodically, coasisted of en
examinaticn bazed on (a) freedom from chipping, (b) changes in appsarance,
(c) changes in microstructuve of the coatings, and (&) changes in welght.
Any specimen on which the coating had chlpped appreciabiy when lnspected
was withdrewn from the test without further treatment. The other changes
were noted, but did not nscessarily eliminate the ccating from furiher
conslderation.

During +the 500 hours of heating there wore considerable changes in
micrcstructure of some of the coatings, whereas others showed 1little or
no change. Photomicrographs of the seame field on selected specimens wsre
taken at 120 megnification before ireatment and after 200 and 500 hours,
respectively. Figure 3 shows three such vliews of coating I~6A on alioy’
5-590, which is an example of a typs of coating that showed considerable
deterioration durinhg heating in air at 1500° F. Figurs L is a serics of
photomicrograrhs of coating A—309 applied on alloy S-816, which is an
example of s coating type that showed no appreciasbls chenge in the mlcro—
structure during the ZC0-hour heating Treatment in sir. The only vislble
change that oscurred with this specimen was a small desrease in glossiness
from a siightly gilossy original condition, Figure 5 represents coating
I-FACas applied on sllioy S—816 and illvstrates the unusnal property of
self—sealing of discontinuities thet were initially present. '

¥or the speclmens that did not undergo arpreciablie chipping and con—
sequent vitiation of the significance of the results, a comparison of the
gains in welght of uncoated specimens snd the data obtained by weighing
the coabted spscimens before end periodicelly during the heating tests
indicated the degrese of protection afforded the alloys egainst oxldation.
Figure 6 shows change—in—weight curves of the seéven ‘uncoated ailoys in-
cluded in *he latest test. Figure 7 shows similar curves of two specimens
having coating L—4A fired to different stages cf vitrification and en vn—
cogted specimen of alioy S-590. The average thickness of the 14 coatings
was approximately 1 miT while that of the scale or oxide film on the bare
alloy was sbout 0.3 mil. The adventege of the ‘more vitrified {1es8 porous)
coating is demonstratved in this figure. e
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The heating tests at 1500° F in air in all cases indicated ths impor-
tance of the thermal expansicn of the alloy in relstion to that of the

coating:- The coatings that had a tendency to chip invariahly chirpeé first
on the alloys with high thermal expaueivity. The alloys showing the grest—

est tendency to produce chipping in the coatings wers 19-9DL, 2520, and
18-8, while those of lower expausion that did not cause the sawme Aiffi-

culties from chipping were Incomnel; S-5%90, and S-81€.

High-Temperature Treatment under Losd in Various Atmospheres

Several combinations of conditlons and test metheods wore tried in a
search for those that would yileld maximun Iinformation in the shortest
tost pericd., ZExperiments confirmoed that the heat trestmwnt which the _
metal recelved during the costing process hed a distinct effect on the
tensile properties cf the metal, eas shown in tables T and II. For each
specimen oonted and tested, therefore, an uncoated svescimen was given as

nearly identlcal heat treatment as possible. The uncoated companion speci-—
men was treated in the same manner and at the same time as the costed speci—

nen.

The metal 19-9-DL was used in the sarlier tests, upun reccrmendation
of ths NACA, The initial prccedure was to hold each epeciman for a given
voriod of time at a constsnt temperature, under constant load, after which

the specimen was removed from the furnace end broken in teneion at 1350° F.

The results of a serles of_such tests on coated and uncoated epecimens
of alloyl19-9-DL are given in table I. Probably the moat striking difference

between the coated and uncoated specimens is indicated in the lest columm

of the tabie, whlch evaluates a phenomsnon deslgnated as & saw—tooth effect.
This difference is 1llustrated in figure 8. The uppearsance of theso specl-—

mens sugzests that an intergranular corrosion mey -have occurred on the unr—

coated soecimens dbut that it was provented or retarded on the coated speci~—

meus. In every casd, coated specimens in table I received en "A" rating,
indicating a virtual absence of the saw—tooth effect., The ratings for the
uncoated specimens varied from "B" to “DY, the rating eppearing to be af-
fected to soms extent by the firing treatmwent to which the specimen had
been subjected prior to the hignrtemperatu"e long—tima lcading, Unfired
specimens end those fired at 1650° F recalved, in general, poorer ratings
than those fired at highdr tomperatures. The data in table I all apply

to only one alloy, however, and, teken in comnection with other data,

are not conesidered conclusive,

© was thought that stress—-rupture tests migint bring out the effect
cf the coatings but, since the equipment shown in Figurs 2 was nobt suit—
able fcr such tests with most alloys, it was necsssary to use an alloy
which wonid fall with 1ittle elongation, and the 2520 alloy was seiected.,
By referance to table IIT and figure 9 it can be seen that, in ailr, the
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coated specimene broke somewhat sooner av the high loasds, but for the
stress range within which the alloy might be used, this relation was re—
versed. A "xnee" in the stress—rupture curve for the uncoated matal oc—
curred at 168 hours , while for the coated specimens none had occurred up
to 672 hours. The values for the I—6A ccatings and the uncoated companion
gpecimers are not compareble with those having coating I~fC as the firing
temperaturss for applying the coatings were different.

Stress—rupture tests in steam and oxygen were also made., The resulis,
glven in table III, indicete an advantage 1o the coated specimens under
the lcad conditicns so far triled. Additional data will be required, how—
ever, before definite conclusions can be drawn. -

High~Temperature Treatuent in Vaertous Atmospheres without Losd

Tests madas to secure date on the relative effectiveness of differsnt
coatings in protecting alloys heated in alx are time consuming. Coatings
that deteriorate or flake off may be discarded, tut when the ccatings do
not appreclably deterlorate in, for ezsmple, 500 hours it is difficult to
evaluate the protection they offer i the alloys themselves are resistant
to deterioration at high temperatures in seir. In order to cobtain & more
poslitive Indicaticn of the effectiveness of the coatings in protecting
the alloys from the surrounding atmosphere, while at the same time reducing
the time required to obtain such date on each coating selected for testing,
it was decidel to treat some of the specimons in an atmosphere that would
be highly corroaive to the uncoated alloys. .

Preiiminary comparative tests were made of uncoated alloy specimens
at 1350° F in atmospheres of air, oxygen, hydrogen, carbon monoxide, cear—
bon dloxide, watér vapor, chlorine, sulfur dioxide, and hydrogen sulfide.
Of these, the sulfur gss€s wore found to be more corrosive than any of
the others. Hydrogen sulfide was conslderably more corrosive than sulfur
dioxide and was selected for use in most of theses tests,

It was soon apparent that in an atmosphere of hydrogen sulfide at
1350° F all the ceramic coatings tested afford some proteotion to the
metal. In table IV 1t can be seen that the ceated specimens after treabt—
ment hed tensile properties superior to those of ths corresponding uncoated
specimens, This effect is conspicuous when specimens 1E&-1-86 and 18-2-87,
which were uncoated alloy S-816, are compsared with coated sgecimens of
the seme alloy treated simulteneously for 7L hours at 1350° F in HzS.

The uncoated specimens were completely corroded and specimens with coabting
A-189 (18-1-85B and 18-2-85B) retained over Lalf of their inltial strength.
The othor ¥wo pairs of specimens in this group, coated with T—2A and A-305,
rospectlvely, retained approximately thelr fuil initial yield valwe, as
car. be seen by comparison with values given in table II for gpecimens

18-1, 18-k, and 18-5. Unccated specimsns of alloy S-590 (19-9CB and
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19-2-90B) were virtually corroded through in 189 hours of treatment. All
the coatsd specimens of S-590 treated simultancously in the seme furnace
d1d not decrease in yield valuye, as msy be seen by comparison with the
values for specimens 19-i, 194, and 19-5 in table II. Tho heat treatment,
in fast, tended to give a moderete incresse 1n yield value accompanied by
a decrease in ultimete etrength and a marked drop in elopgation.

The fact that sealed coatings are more effeotive than porous ones is
Prought cut in bteble IV (specimens 18-3 to 18-6 and especially 19-3 to
19-6). Ccating BSAC was known 1o be very porous, and I~TC tightly sealed,
at least at the beginning of the treatment. The greater effectiveness of
coating I~7C in protecting the slloys is epparent from a comparlson of
ths tenelle properties of the specimens after treatment.

Figure 10 shcws the specimene of alloy S-£590, coated and unscated,
that were treasted in en atmoephere of HoS for 189 houre at 1350° F, At
the loft are tne uncoated specimens which were almost cerreded through;
one of them brcke of its own welght during the treatment., The couatsd
gpecinens show lncreasing degrees of protection frcm left o right.

The attack through coatings A-189 and A—-305 took the form of tuber—
cunles, consisting prohebly of sulfidee of the alloylng elements, and these
are apparent 1n figure 10 es whlbte gpecks. Very few of them, I1f any, are
vIsible on coating L—2A, The spsclmens with coating A—305 shown in figure

11 offer a favorable opportunity for a study of the mezhanism of +the atteok.

The locations of the tubercules on these specimsns correspond to the loce-
tions of discontinuities in the coating, whish were vislble under the
microsscpe befure the HpS treatment and vhich appeared to result from ges
evoelution during firing of the cogting. Figure 11{a) shows ths eppsarance
of coating A~305 at a mugnification of 30X bafore the tubsrculee had be-—
gur to form; 11(b) shows tho esrly sitages of tubercule formetion and 11(c)
a mecre advanced stage. With contlnued trestment, growth of the nodules
continues., The selective atteck cn the metal is i1llustrated in figures
12(a) and 12{b), which are photogrephs teken at 3CX after the ccating

was remouved by saundblesting. Figurs 12(a) ccrresponds to 1i{a), and 12(b)
to 11(c). Figurs 12(b) shows cavities resulting from selective &tbtack
where discontimuitiss occurred in the coating, Figure 12(c), which is a
Photemicregrapn of costing I~23 as shown in figwrs 10, illuetrates the
appearance of & coating that-gave successful protection of the alloy
sgainst the atteck by S at 1350°.F. Figure 12{c) should be contrastad
with figure 11(c).

ARALLSIS AND DISCUSSION . . ) -

The service conditions that turtine blades. are required to withstand
are hardly subject to duplication in etatic latoratery tests. The gases

n-|A||AyAi
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driving the turbine in s Jet~propelled piane must be heterogeneous and
doubtless have fiuctuating tendencies toward reducing or oxidizing condi-
tions &t any gliven location in the system. The question of erosion, due
to the high velocity of the gases relstive to the turbine bledes and to
any solid matter thet may be carried in the gas streem, is one which can
be sultably taken into account only by lestes made wnder dynsmic corditicns,
With respect to the tendency of the atmosphere toward oxidizing or reduc—
ing conditions, however, the treatments in oxygen aand in hydrogen sulphilds,
vhich wers used in this study, doubtiess include the extremes of the rangs
encountered in practice. It appears probtable that coatings which protect
the alioys well in these extrome atwospheres will also be effective in
any atmosphere encountered under service conditions. Oun the other hand,
it 1s not necessarily true that coatings which fall to give complete,
prolonged protection of the alloys at high temperatures in atmospheres

of HzS and 0- will also faill to do so unéer ssrvice ccnditicns. The
adventage is that accelereted tests, a term applicable especielly to the
H-S treatments, permit the testing of a number of coatings within a res—
sonable period of time. From the informetlcn thus gained and a due con—
slderation of the limitetions of the accelerated test methods, it is
believed that a basis will be afforded for selsction of the comparatively
fow coatings which will be practicabie to test in actural turbine instal-—
lations. The possiblie valiue of insulabting coatings ‘that would pesrmit
higher gas temperabures without increasing the operating temperatuxre of
the turbine blades 1s not to be overlooked. It 1s apparent that the
rolative effsctivensss of the coatings in protecting different alloys
varies from one alloy to another. This fect emphasizes the importence

of incliuding in this study the alloys most used and most promising for
future use in turbine bledes.

CONCIUDING REMARKS

Data s~ far obtained indicate clearly that some ceramic coatings
provide a high degree of protection for high—temperature alloys in a
strongly corrosive atmosphere at elevated temperatures. The change—in—
welght curves 1ndicate that at least soms coatings are capable of prevent-
ing or greatly retarding surface oxldation of the alloys in air at 15300 F
for at least 500 hours. OStress—rupture tests indiczate that at loads low
enough to ensure a life of over 600 hours for the unsoated alloy specimen,
some of the ceramic coatings add significently to the time required for
fallure. In sn atmosphere as corrosive as EpS several of the coatings
tested provided such effective protection that alloys S—59 and £-816
retalned approximately their initial 0.2-percent offset yield values in
high~temperature trestments which almost completely disintegrated uncoated
specimens.
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Test; procedrvres have been established, andi indications which have
been obtained as to bthe causes of failure of the coatings give promlise
. of substantiel further progress in the development of probtective ceramic
coatings, | _ - . ) - a2
Naticnal Bureaun of Stsndards, )
Wasiington, D. C., January 22, 1Gh6. e
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APPENDIX A

The following data concerning the thermal history of certaln alloys
used in this study were furnished by the manufacturcsrs:

"he S-590 and S-816 material was hot rolied at 2150,2200° F, ‘anneaied
25 minutes ‘at 2180° F, air cooled, sandhlasted, scrubbed, cold rolled one

pass, buckled and sheared.

"he 2520 + 2% Si material was hot rolled 2080/2100° F, annealed
2150° F 10 minutes, and water quenched, sandblasted, scrubbed, cold rolled
one pags, buckled and sheared.

"A11l of the inconel was furnished as standard cold rolled, soft temper,
plain finish qualiiy. The maiterisl recelved the folliowing thermsl treat—
ment after fimal cold reduction:

(a) Sort annealed in natural geo fired continucus furnsce for approxi—
mately four (4) minutes at temperatures of 1850-1900° F;

(v} Furnece cooled from annealing temperature to approximately 3000 F
in eleven (il) minutes and then withdrewn to air;

(¢) No solution treatment Hor subsequent aging trestment was used,"

-
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TABLE I,— RESULTS OF 172~FOUR TREATMENT AT 1350° F UNDER LOAD OF
5 KIPS PER SQUARE INCH, AND TERSILE TESTS FOLICWING SUCH TREATMENT ON
COATED AND UNCOATED EPECIMENS OF ALIOY 16-9DL

Tensile gest3
Elongation in at 1350" F
lcad test  |(0.2-per-
Firad Over—|Between mavks |cent off--| Saw-
" |Gage |5 nin all +otal? set yield | tooth
| Spec-{ Coat— | length! at Test |Lotal iper—istrength | rat—
imen (ing (in.}{(°F) no, {(in.)| (dn.)| cent)| (ksi) ings*
6-9 |I~7C h.5 1650 31085} ~~—]—~—{ 19.3 A
"6~B3 |None h,5 | 1650 3}1.50|—-———|---} 18,3 s}
6—1 |A=189f| 4.5 51700 hy | 19 | === === 20.4 A
6~BY |None 4.5  |B1700 y 1 38| ~==] === 20.5 c
64 |I-9AC | 4.5 185¢ 51 .09 ] === ==~ 21.7 A
6-B5 |None 4,5 [©1700 5 A9 |~ == =~ =—] 21,6 D
6-B0 | -do-—| 4.5 {Unfired] 6 | .25 | = -~ = = = =1 (7) B
6-B8 ! cdo— | 4.5 1850 6 | .09 | ———=|—-=—] 21.7 ¢
6~29 |I-TC k.5 1650 T | 451) 0.1 9.0. 19.9 A
6-~TB |None k.5 1650 T { .35 .2 7.2 18.0 ¢
6~20 [L=9AC | 4.5 1850 7T 1 .051| .03 .7 21.6 A
6-3B- | lone 4,5 850 7 1.055) (8) {———1 22.3 B
6-37 {A-189 | 4.5 |(®1700 8 | .284 .27 6.0 20.9 A
6~T0B ; None 4.5 1650 8 | .232] .18 | 4.0 20.9 D
6~16 |[B-5AC | 4.5 180C g | ,286{ .26 5.8 21.3 A
6—16B | None 4,5 1800 9 { .200] .19 4,2 21,1 B
6-23B| -do—~ | 4.5 [Unfirved| 10 | .432| (8) | ———] 20.% c
6-62B! -do— | 2,25 f--go--- 10 | .35} (8) | —-——=| 22,2 D
6-52 |I~0AC | 2.25 | 1850 11 | .019 Es) - — =] 22,8 A
6-52B | None 2.25 | 1850 11 | 071 8) | —=—~=| 24,0 C
£—21B| -do—-| 4.5 1650 1} 36| .30 6.7 21.5 D
€-60B| ~30—-| 2.25 | 1650 14 ¢ 16| .12 4.8 21.3 C

“Noninal length of the parallel sided neck between shoulders.

2Marks were made at oxr near shoulders and include at least 1 in. more
than the nominal gage length. They were placed in this position to avold
the possilblility of obliteration by chipping of the coatings as a result
of stretching in the neck. The in./in. value is computed by dividing the
total elongation between marks by the nominal gage length (% in.) on the
aggumption that the stretch occurred thers.

3Ultimate strengths are not given becauee, under the conditlons of
these tests at 1350° F, the values obtained for yleld strength were more
reliable.

“ Arbitrary rating in which A indicates virtual sbsence of saw—tooth
effect and D indicates severe saw—tooth effect (fig. 8).

5 Fired 10 min,

SFired T min,

Stress—strain graph continuously curved.

Maxks not vislble at end of tests.
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TABIE II.— RESULIS OF TENSILE TESTS AT ROCM TEMPERATURE ON "AS RECEIVED"
AND ON FIRED BUT UNTREATED ALIOY SFECIMENS

. 0.2-per—
Fired cent off—{Ultimate Elon—
5 min (Vickers |{sot ylsld!tensile [Bresking|gation
Speci— at |herdness|strength |strengthistrengthliin 2 in.
men | Alloy (°F) no. {psi) (psi) (pei} |{percent)

6—1 19-9DL 2000 186 48,100 113,000 |108,700 L6
6-4 15-9DL 1650 22k 56,200 120,100 |116,800 3

65 19-9DL - ——| 224 56,000 118,200 |116,500 31
81 Tnconel* | 2000 137 32,400 ' 91,7CC | 85,700 431
84 ——@0e | 1650 k2 36,800 91\;, 000 | 89,000 hig
&5 —-do==- |———| 150 |36,300 o4, 700 | 83,800 b1k
12-1 | 2520 2000 | 168 [u2,700 95,200 | 92,100 L6
124 25-20 1650 168 46,200 97,400 | 92,90¢C Lot
12-5 25-20 - —-—| 160 47,600 95,400 | 86,500 50%

13-1 18-88T1 2000 138 31,500 88,800 | 82,900 59%
13-4 18-8STi 1650 k2 36,200 89,700 | 83,700 5T%

13-5 188871 |- - -] 138 38,200 89,900 | 84,900 61
17-1 2520+2#81%| 2000 251 {40,300 93,800 | 86,200 6l
174 2520+2%S1 | 1650 254 45,300 94,200 | 90,200 50%
175 2520+2%S1 | — — — k7 43,900 95,100 | 65,400 51

181 | s-816% 2000 150 69,600 152,600 | 152,200 Ly

18-4 s-816 1650 148 75,100 146,300 | 146,300 21%
185 S-8i6 -==— 151 72,900 148,500 1};8,500 29
15-1 | s-590% 2000 220 57,200 126,500 | 125,500 323
194 8-590 1650 230 €k, 200 125,200 | 125,200 23
19-5 S-590 - == 215 66,600 127,800 | 127,800 18

1See appendix A for thermal history "as received."
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TABLE IIXI.— RESULTS OF SOME STRESS-RUPTURE TESTS ON COATED AND

UNCOATED SPECIMENS OF ALIOY 2520 AT 1350° F

Tensile Deration
i stress of test
Spécinen Coating (psi) Atmosphere (br)
12-1~-3 None 8,000 Air 620
121 — | 170 8,000 | —<mem PPy 672
| 1228 None 10,0060 = O~~~ 309
122 1~7C 10,00 | v do———— 293
1231 None 12,000 | ———e— do-——~ 168
123 I~7C 12,000 et 124
12~4-5 None 15,000 ————d o~~~ 62
124 I~7C" 15,000 s [ b
12-8-3 None 8,000 | -—-—- do~——- 805
"12-8 1~64 8,000 | --——- do———- 850
12-9-B None 10,000 —————do=——- 362
129 _. - I-6A 10,000 | ——m—m Fp— 31
12-16-8 None 12,000 o= 267 .
12-13 ———do--~ 15,000 | —-—— do-~-- 89
12-10-3 T Lo ST 8,000 0 555
12-10 1-6A 8,000 Oz 636
. 12~15-B None 8,000 Stean 785
12-15 . I-6A 8,000 Steen 963
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TABIE IV.— RESULTS OF TENSILE TESTS AT ROOM TEMPERATURE ON
COATED AND UNCOATED SPECIMENS THREATED FOR
VARIOUS TIMES IN HYDRCGEN SULFIDE AT 1350° F

Tensile properties®

0.2-per—
Fired (Treat— | cent off— Elon—
5 miniment set yleld | Tensile (gation
at |in HzS | value strength|in 2 in.

Specimen Alloy? | Coating |(°F) | (ar) (pst) (psi) | (percent)
183 §-816 |— — — —|[1650 62% 59,400 109,200 oLk
184 S-816 |I~TC 1650 6 80,400 131,900 8
185 S-816 | H5AC 2000 62 71,900 131,400 13
18-6 S-316 |=— — — —|2000 5: 61,400 108,100 16
193 5590 |- — — —[1650 625 44,900 80,000 T
194 S-5%0 | I~TC 1650 6 76,300 135,700 7
19-5 S-590 | HSAC 2000 62 58,100 110,300 11
19-6 5-590 |{— — — —[2000 6 40,400 75,600 17
I7-7 2520+2%6S1| A~307 {1950 101 37,400 4,200 12
17-8 252042481 — — — —|1950 | 101 19,500 23,400 2%
17-9 2520+2%581| A-309 1750 101 40,000 82,000 15
17-10 2520+2%81 — — — —|1750 | 101 15,000 15,400 1
19-7 S-590 |A—307 [1950 101 64,100 107,000 Ly
19-8 5-590 | — — — —1650 101 29,100 5k ,800 6
199 8-590 | A—-309 1750 101 76,400 120,900 b
19-10 S-590 | -~ — — —|1750 101 32,900 62,100 9%
18-1-86B 5-816 |I~24-1 (1750 LT3 68,000 109,700 6%
18-2-86 S-816 |I—2A-2 1750 471 70,400 120,900 9
18-1-85B 8816 | A-189-1 1700 ivel 47,000 63,500
18—2-858 S-816 | A-189-2{1700 471 L) ;500 65,200 5
18—2-86B s-816 | A—305—1 |1700C b1 80,100 114,700 5
18-2-85 5-816 | A—305—2 {1700 el 72,900 108,700 3%
18-2-87 5816 |— — ——|1700 | L4713 (3) ) ()
18-1-86 s-816 |- - — —|1800 471 (3) () (3)
15-50 5-590 | LI-2A-1 1850 | 189 75,700 | 118,900 5%
19-2-95 5-590 | L—2A—2 {1850 189 €5, 700 114,800 5
19-2-97B 5-590 | A—189-1 |1700 189 6k,700 T 109,000 3
19-91 5-590 | A-189-2|1700 189 71,900 11k,700 I
19-2-560 5-590 | A—305-1 /1700 189 72,500 118,800 2
19-2-96B | S-590 | A-305-2|1700 189 70,800. | 119,400 32
19-90B §-590 | — -~ ~|1700 | 189 (2) (3) (3)
19-2-90B 5-590 |—— — —]1850 189 ———— 860 | ——- —

1See appendix A for thexrmal history "as received."

2Based on dimensions of specimens prior to treatment.

®Specimen broke befors testing.




A1l specimsns approximately

Figure 1.~ 8kstch of specimens used in the investigation of eceramic ocoatings.
a Specimens uged for Leating without load,
Specimens for heating without load .followed by tensile tests at room
temperaturc
(c) Specimene for heating while under lomd. The 20-inch length provides for
grivping outside the furnace.
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Figure 3.- Furneoes and lever systems for applying loads to 30-inch apscimens.

The pair at the left are operating with a steam atmosphere supplied
by water dripping into a flask containing a filler of broken ceramic material
and heated with an electrio hot plate. The pair in the middle have an alr
atmosphere, and the palr at the right are operating with an oxygen atmosphere
supplied from separate tanks provided with regulators.
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' Figure 3.- Photomicrographs at 130X of coating
L-6A on alloy 8-580., Note the deve-

W lopment of discontinuities that did not init-

ially exist. This coating underwent consider-

M able deterioration during the first 200 bours

f_- with very little change in the next 300 hours.
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‘epo  Figure 4.- Photomicrographs at. 120X of

coeting A-309 on alloy 8-816,

x“, showing little or no change during 500
g hours of heating in air at 1500°F.
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Figure 5.~ Photomlcrographs at 130X of

coating L-5A0 on alloy 8-816,
showing a gradual healing of discontin-
uities initially present as the speci-
men was heated in air  at 15000F,
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Fign. 6,7
180
18-8
(type 304) S
Chipping l:vﬂ'--’?‘l
of oxide film
C’g
21230
S
E-
g
C] 2520 Inconel:
ey
s 7 ) N
.--"""'-F—_
ﬁ _/”
g 08 e §-818
3 —_— . > —
A —{ @830+ 21, " \1e-ent
; gilicon
5] 100 200 300 400 500

Time of heating in air at 1500°F, hours _ o
Figure &,~ Graph showing gain in weight, per unlt surface area, gf seven uncoated
alloys due t0 oxidation durinsoheatiug in air at 1500°F for 500 hours,

The gain in weight of 18-8 alloy beyond 0 hourae is not apparent because the oxide
film flaked off in suffiolent quantity to mask it.

120
8-590 - '
{no coating)
NE / L
S~
560 ————
= 8-590
P L-4A ooated
g ! (porous=-low
-l fired)
] ;
: A\
o —3
-y
% 0
§ ] 8-590 —
o L=4A corted
(vitreous—
high fired)
-80 - ; . — =
[o] 100 200 300 400 500

Time of heating in alr at 1500°F, hours

Figure 7.~ Graph showing oxidation of uncoated alloy 8-580 in terms of galin in weight,
per unit surface area, when heated in air for 500 hours at 1500°F, and the

inhibition of such oxidation when a porous coating or a sealed vitreous coating is
applied.
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Figure 8.- Coated (0) and uncoated (U) specimens of 19-9 DL
alloy held under tensile stress of 5,000 pounds
per square inch at 1350°F for 172 hours gand subsequently
broken in a short-time. tension test at 1350°F (table I,
test 5). Note irregular silhouette (saw-tooth effect) of
uncoated specimen resulting from widening of cracks pro-
duced in tenslon. - i
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O L-7C oocated 2520 alloy
© Uncoated 2530 alloy

-
Q

[
[m)

.5
Q

/:
[
/

Stress- 1000 pounds per sq. in,

\ﬂ\lrl-‘:q; S
s \hh\"‘\..__
10 ,
X_—%
5 ‘
50 100 500

Time tor rupture at 1350°F, hours

Figure 9.,- Stress-rupture curves for ungouted and L-7C coated specimens of

alloy 2520. Tesats were made at 1350°F in alr. Note thaet & "xnee"
occurs at 168 hourse for the uncoated metal, but hed not oocuvred for the
coated specimens up to 672 hours.
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Figure 10,~ Bpecluens of alloy 8=330, ooated and ungoated, which have baen treated in an

atmoaphere of Hﬁs for 189 hours at 1360°F. The uncoated speolmens ai the left
were almogt oompletely corrdded. The other three palrs of specimans have thrae different
coatings as ilndioated, single coat at tho lsft and double coat at the right in each pair.
Attack through the coatinge took the form of tubexcules, which are apparsns as light
epecks in the photograph, Hots the deoreasing number of such jubercules, indicating
improved proteotive action of the coafings, from left to right.
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{a) Oondition of coating before tubercules had
begun to form. Note disoontinuities in the
coating (probably caused largely by gas
evolution from the metal during the firing
process).
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(o) advanced stage of tubercule formation.
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(b) Early stage of tubercule formation.

i Figure 11.- Photomicrographs at 30X, showing

development of tubercules. Areas
ghown are from specimen with coating A-305
(see fig. 10), which was treated at 1350°F in
Ho8 for 189 hours. Locations of the tubercules
are controlled by the locations of the origl-

' nal discontinulties.
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(a)

_ T T T e T
Yo tuberoules yet fomed; corresponds (") JETLASS Ln the Alloy beneath the

* Hy8 atmosphere at 1350°F; corres-
ponds to figure 1le.

Figure 12,- Photomic.ographs at 30X, showing
appearance of specimens shown in

= L howial figure 11 after removal of coating by sand-

30X magnified view of coating L-34 blasting.

(sse fig. 10) which withstood

treatment with little or no form-

ation of tubercules, This photo-

micrograph should be contrasted

with figure llc, which is a mag-

nified view of ooating A-305

(see fig. 10) efter formation

of tubercules,
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