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• P~~FACE

I. This report covers the work performed under Contract N00173-76-C-~1~~~
during the period 1 March 1976 through 1 March 1978. - 

—

The Program was conducted by the Materials Engineering and Research Lab-
oratory of Pratt & Whitney Aircraft Group, Corn ercial ~~ odu~ts flivision ,

- East Hartford, Connect icut. Its purpose was to investigate the role of
chlorides in hot corrosion of marine gas turbines and to develop coatings for
improved res istance to chloride-induced attack.

The contract was accomplished under the technical direction of
Dr. R. L. Jones of the Chemistry Division, Code 6130, Naval Research Lab-
oratory, Washington, D.C., 20375.

- 
- Dr. F. S • Pett it was the Program Manager at Pratt & Whitney. The late

Dr. E. J. Felten was the principal investigator during the init ial stages of
the program; Dr. R. H. Barkalow became associated with the program following
Dr Felten ’s death. The authors wish to acknowledge helpful discussions with
Dr~ G. W. Goward, Mr. 3. A. Goebel and Mr. C. S. Giggins . Technical assist-
ance was provided by T. 3. Rad~avich, C. V. Prue, and S. Russo.
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SECTION I

~~ ROD~.ETI0N

Field experience has shown that sulfate-induced hot corrosion of gas
turbine hardware is generally more severe in marine environments than for
non-marine operating conditions. The problem is obviously related to su.l-
fate deposition due to ingestion of sea salt . Less clear, however, is why
these sulfate deposits are so effective in degrading marine turbines, es-
pecially at low temperatures and on coating alloys which appear resistant
to Na25014 att ack in non-marine environments.

At the time this program was formulated, it was felt that the presence
of chlorides in sea salt was a likely explanation for the severity of marine
hot corroion. Chloride ions had been detected in salts dissolved from vanes
of’ a marine engine1, and it was known that chloride in Na2SO~ could cause
more severe degradation of some alloys than Na25014 alone2. flence it was
proposed to investigate the chloride effect by comparing hot corrosion de-
gradat ion induced by NS2SOk - NaC1 mixtures with that of chloride-free
Na2SO14 and to assess the significance of the chloride factor in marine hot
corrosion by comparing the microstructural features of Na2SO14 - NaC1 test
spec imens with those of service hardware. A one-year program to accomplish
these objectives consisted of the following three Tasks:

Task I - Develop a testing procedure involving use of
Na2SO14 - NaC1 salt mixtures which simulates the
microstructural features of service exposure in
shipboard engines.

Task II - Test and compare state-of-the-art coatings by
the procedure determined in Task I.

Task III - Attempt to develop coatings with improved re-
sistance to degradation by chloride-containing
deposits.

Coat ing of’ test specimens with a deposit of “l mg/cni2 of’ Na2SO14 - 50%
NaC1 followed by cyclic oxidat ion in air at 6149 and 899°C (1200 and 1650°F)
was found to be a useful and convenient experimental procedure for studying

• the effect of chloride on Na2SO14 - induced hot corrosion and comparing the
resistance of various a.lloys to chloride. CoC rA1Y-type alloys, currently
a bill-of-material coating for blades and vanes of marine gas turbines,
were found to be particularly suscept ible to degradation by chloride-con-
taining melts. Microstructural features of the test specimens included a
tendency for localized pitting attack similar to that observed in engine-
run hardware; as in service produced degradation, the pit was filled with
Al- and Cr-rich oxides and mounds of CoO formed above the pits. However
the structure and element distribution of the attack front differed in
important respect s from that typically observed in hardware from shipboard
engines.

- 1 -
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• Concurrently with these results, studies at the Naval Research Labora-
tory3 showed that hot corrosion microstructures very similar to those en-
countered in marine service could be developed by depositing mixtures of
Na2SO 14 - CoSOh on CoC rA1Y specimens and heating in air to temperat ures in
the range of 6149 to 760°C (1200 to 11400°F). Simila r microstructural features
were also observed at the Naval Ship Research and Development Laboratory in

• a 7014°C (1300°F) ducted burner rig test using fuel doped with i% sulfur.
In view of such results, and since the microstructures developed in the lab-
oratory test using chloride were different from service, it was concluded

• that chloride alone could not account for the severity of marine hot corro-
sion. Further work on this program was therefore redirected to consider the
effect of S0~ content of the gaseous environment on hot corrosion behavior.
The objectiv~s of a six-month extension to the original program included:

• Develop a testing procedure involving Na2SO14 orNa2SO14 - NaC1 deposits and 303 in the gas

• Test various alloys and coatings, especially those
• found to be resistant to chlorides, with Na2SO14 - SO3
• A laboratory furnace test at 6149° to 760°C with Na2SO~ salt depositsand 0.05 atm SO3 pressure in the furnace atmosphere was ±ound to prodtx~e

substantial coating degradation in short exposure times (100 hours or less);
metaflographic examination and microprobe analysis showed that the micro-
structure and element distribution at the attack front were very similar to
those of service hardware. Several coatings were evaluated in this test;
all were significantly degraded by the short exposure to Na2SO14 salt and
SO3 gas.

In the following sections, results of this program will be presented as
follows:

1. Metallography of service hardware to characterize the initial
and advanced stages of coating degradation and provide a basis
for comparison with microstructural features of laboratory hot
corrosion tests.

2. Develo~ment of a hot corrosion test utilizing sulfate-chloridesalt mixtures and cyclic oxidation in air at 6149 and 899°C.

3. Testing of state-of-the-art and modified compositions with sul-
fate chloride salts.

14. Development of a hot corrosion test utilizing S0~ atmosphere;performarr e of various coat ings and alloys in this test.

Conclusions are based on correlation of the service evaluation and data from
the hot corrosion experiments, primarily the similarity (or lack of it) bet-
ween the microstructura.l features of’ degraded engine hardware and those de-
veloped in specinen s corroded under controlled conditions in the laboratory.
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• S~~T ION II

P~~1JLTS AND DISCUSSION

1. ~ CAMfl~ATION OF TURBfl~E HARDWARE FROM GTV ASIAFBEIGIffER

a. Initial Work at Start of Program

Blades and vanes were obtained from Engine P-686 570 after 14801 hours of
operation on GTV Asiafreighter. The major se~~ient of operating time on the
engine (1100 hours) was at a low shaft horsepower where the maximum radial
average temperature of the first stage blades is expected to be in the neigh-
borhood of 675°C (12147°F). The highest SHP corresponds to a blade metal
temperature of approximately 860°C (1562°F) for 50 hours. Corresponding vane
temperatures are known to vary much more widely, since the hot and cold spots
of the burner can profiles are not averaged out by component rotation.

Sections from two blades and two vanes were examined metallographicaily.
It was observed that the hot corrosion attack was always more severe on the
concave than on the convex surfaces. Often the coating was completely con-
sumed over large areas of the concave surface, while the convex showed numer-
ous sites of localized attack but the coating was still present and protec-
tive. However, the less severely degraded sections of’ the concave surface
showed localized attack and penetration of the coating similar to features on
the convex sur face. This suggests that the degradation mode on both surfaces
is fundamentally the same, with the convex surfac e exhibiting the initial
stages of the same mechanism responsible for destruction of the coat ing on
the concave face of the airfoil.

1) Nodular Attack

Figures 1 - 3 include photomicrographs and X-ray area scans at various
magnifications which show the characteristic form of the localized nodular

• attack believed to be primarily responsible for degradation and failure of
the coating on both the blades and the vanes . The information presented in
this series of photographs is intended to illustrate the following features
which are of significance in deduc ing the mechanism of attack~ and in cozu-
paring service degradat ion with that produced in laboratory spec imens ;

a) general condition of the coat ing
b) composition of the oxides in the protrusion

and overlying mound
c) structure and element distribution at the

attack front

*Determlnation of the mechanism of hot corrosion is not an object ive of this
program, except to the extent that an understanding of mechanism is essen-
tial to development of testing procedures and interpretation of results.
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Although interpretat ion of these features is not unequivocal or

straightforward, important inferences can be drawn and either supported or
discounted by subsequent experimentation.

a) General Condition of the Coating

Except for the areas of highly localized nodular attack, the micro-
structure of the coat ing and the coating/substrate interdiffusion zones ill-
ustrated in Figure 1 are indistinguishable from those of as-processed hard-
ware. This observation restricts the thermal history of the affected zone
to a range of time-at-temperature which did not cause significant dilution
of the coating chemistry by long range diffusion . Thus the scale/met al
interface advanced at a rate which is rapid compared to diffusion of Co, Cr ,
and Al in the coating and the propagation mechanism did not involve long
range diffusion of these elements.

Note that the temperature of attack is not defined by the absence of
noticeable alteration of the coat ing microstructure; the nodular attack
could have occurred at relatively low temperatures or very rapidly during
high temperature exc urs ions which were too short to alter the general coat-
ing microstructure. The operat ing history of the engine would favor the
former possibility, and subsequent experimentation should be useful in deter-
mining whether or not the features illustrated in Figs. 1 - 3 are better
reproduced in hot corrosion tests at low or high temperatures.

b ) Composition of Oxides in the Protrusions and
Overlying Mounds

Figure 2 presents low magnification x-ray area scans showing the entire
depth of a protrusion and oxide mound. It is evident that the volume of the

• protrusion is primarily Cr2O3 with relatively little CoO; conversely theoxide mound contains CoO but very little Cr2O.~ (Figs . 2b, 2c ). Aluminum
oxide is present in both the protrusion and tl~e mound; aluminum enr~cbment
delineates the attack front in some areas and several lines of Al concen-
tration in the protrusion presumably mark prior locations of the scale/metal
interface (Fig . 2d) . Sulfur appears to be concentrated at the attack front,
although the entire boundary of the protrusion is not uniformly well defined
in X-ray images (Figure 2e) .

c)  Structure and Element Distribution at the Attac k Front

The presence or absence of a diffusion-affected z one at the scale/metal
interface is of critical importance with respect to the hot corrosion mecha-
nism. As apparent in Figure 1, however , the microstructure of the attack
front is not uniform. Some areas are characterized by a thin but unequivo-
cally recognizable ~-dep1eted zone (e.g. the right half of Figs. ib, lc);others show a type of in-situ attack of the ~-.CoAl, leaving non-continuous
areas of a-Co in contact with the scale (Figure id).

The distribution of Cr , Co , Al, S , and 0 at the scale/meta . interface
is shown by the high magnification X-ray images in Figure 3 ~the area ill-
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ustrated is approximately thet of Fig. ld ). The scan for chromium (Fig. 3b)
suggests that the a-C o phase immediat ely in cont act with the scale may be de-

• pleted in Cr , but there is otherwise no indicat ion of a Cr gradient in the
coat ing. The scale/metal interface is sharply defined by Co depletion in
the protrusion (Fig. 3c) as well as by Al enrichment (Fig . 3d); however, the
entire periphery of the protrusion is not marked by Al enrichment as prominent
as that in the area of Fig. 3d. Sulphur is likewise non-uniformly concent-
rated in the scale at the attack front (Fig. 3e), apparently in areas also
rich in aluminum. Oxygen is present up to the scale/metal interface (Fig-
ure 3f).

• Small sulfide precipitates, apparently Cr6, could be detected by care-
ful probing near the attack front (i .e. within 20 ~-i.m ), although massive in-
gress of sulfur and subsequent oxidation of sulfides was clearly not a sign-
ificant degradation mechanism.

2) Surface Degradation, Leader Defects , and Cut-Edge Attack

A second morpholo~ r of the attack front observed in several areas of the
blades was the type of surface degradation and shallow pit formation illus-
trated in Figure 14. Characteristic features were an external scale of A1.,0
(Fig. 14a, 14b) and a prominent p-denuded zone at the surface and around th~pit . The denuded zone was laced with a network of corrosion product, and
sulfur was readily detectable on the surface and around the periphery of the
pit (Fig. lic).

Also of concern in characterization of the service hardware was an
assessment of the effect of coating quality (i.e. the presence of leader
defects ) on hot corrosion behavior. Oxidized leader-type defects were some-

• times associated with coating protrusions as shown in Figure 5a, although it
cannot be concluded from such observations whether the leader defects pro-
moted nodular attack or whether the presence of the protrusion resulted in
opening and oxidation of leaders . It is clear, however, that leaders are
not a prerequisite for initiation of nodular attack, as shown by the frequent
observation of coating protrusions in the absence of any recognizable coat-
lug defect (e .g. the area of Figure 1). Also there was no indication of
significant preferential attack of the coating/substrate interface due to
oxidat ion of leaders . It is thus felt that leaders were not a significant
factor in degradat ion of the hardware being examined .

Lastly the so-called cut edge effect illustrated in Figure 5b is a
uniquely distinguishable failure mode encountered in both overlay and alumi-
nide coat ings 5. Rapid edgewise consumption of the coat ing emanates from a
local site of coating penetration, with the exposed edge characterized by
massive su.lfides and preferential consumpt ion of’ the coating rather than the
substrate. This type of attack in a laboratory furnac e coupon is shown in
Figure 6.
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b. Analysis of Salt Deposit s and Metallography of Vanes

After approximately one year 0±’ experimental effort on this program, a
set of nozzle guide vanes were obtained from P-68657O in a scheduled hot
section inspection after 2770 hours service. Salt deposits and surface

• scale, including pink crystals observed on many of the vanes, were removed by
scraping, and a soluble salt analysis was performed by washing the vane sur-
faces with a stream of water from a squeeze bottle and analyzing the wash
water for dissolved ions by standard chemical techniques.

XRD results and soluble salt analysis data are listed in Tables I and II
respectively. Of most significance in these tables are the x-ray identifica-
tion of a sodium-cobalt double sulfate Na2Co (S014)2 and the presence of Co
ions (presumably due to dissolution of the sodium-cobalt sulfate) in the wash
solution. -

One of the CoCrA1Y-coated vanes on which Na2Co(SO14) had been detectedwas prepared for metallographic examination by dry cutti~g and dry polishing;
optical and SEM photomicrographs of typical features near the leading edge
are presented in Figure 7. The coating on the leading edge itself was com-
pletely consumed and the substrate was attacked; however, the coating micro-
structure was unaffected up to the attack front and there was no diffusion

-• zone at the scale/metal interface (Figure 7a). A thin ~-denuded zone waspresent in other regions of the attack front (arrow in Fig. 7b); Fig. Tb also
shows the Co-containing sulfate salt on the surface of the vane. High mag-
nification study of a shallow but well developed protrusion showed cont inuous
a-Co in contact with the scale, although the thickness and morpholo~ r of the

~ layer suggested preferential consumption of ~ (leaving a-Co at the attackfront ) rather than format ion of addit ional areas of Q~ via a diffusion-con-
trolled transformation (Figure 7c) .

Figure 8 is X-ray images of the area of Fig. 7c. As observed on blades
examined previously, the bulk of the nodule was Cr and Al oxides (Figs. 8a,
8b). The attack front was characterized by concentration of’ sulfur in the
scale (Fig . 8c) with minimal incidence of sulfide prec ipit ation or internal

• ox idation in advance of the scale/metal interface.

Of further Interest in Figures 7 and 8 is that the corrosion products
include a zone (brackets in Fig. 7c) adjacent to the scale/metal interface
which is richer in Cr , Al, and S and leaner in Co (Fig. 8) than the oxides
comprising the bulk of the protrusion. The boundary of this zone is usually
not well defined, even in high resolution S~ 4 photomicrographs where a ghost
image of the coat ing microstructur e and a layered appearance of the scale
are very evident. The implication of this sulfur-rich zone adjacent to the
metal is that the propagation mechanism involves fo rmation at the attac k
front of an aluminum-chromium oxysulfide (i.e. a phase rich in Al, Cr, S,
and 0) and subsequent oxidation of the oxysulfide .

Also thi’crmative with respect to sulfur enrichment at the attack front
and its implication about the attack mechanism is comparison of sulfur X-ray
images of dry polished and wet polished specimens. Figure 8 (dry polished),
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for example, shows a uniform sulfur content clearly above background in the
bulk of the protrusion and further. concentration of sulfur iimnediately behind
the attack front. Figs. 2e, 3e, and 14c (wet polished) show concentration of
sulfur at the attack front, but it is questionable whether or not the remain-
der of’ the scale is emitting above-background characteristic X-rays . Pre-

• suniably the dry polished scale is soaked with residual sulfate salt and thus
appears clearly on sulfur X-ray images. Wet polishing dissolves the salt but
does not prevent delineat ion of the scale/metal interface by sulfur enrich-
ment at the attack front . Hence there must be an insoluble sulfur-containing
phase formed at the attack front which is respons ible for the sulfur concen-
tration shown in wet polished specimens .

2. DEVEWPM~~IT OF CHIORI])E-INDUCED HOT CORROSION T~~T

a. Introductory Remarks

• Any program of hot corrosion testing must compromise between realism and
cost , the cost factor involving both facilities requirements and testing time.
Nothing short of formidably expensive engine testing can hope to duplicat e
service conditions. The closest approach to service conditions is probably a
type of burner rig test , but this too is relatively expensive and it is some-
times difficult to control test condit ions . Laboratory furn ace testing is
least realistic in terms of reproducing the engine environment but generally
convenient, inexpensive, and easily controllable.

It was decided that laboratory furnace testing would be most suitable for
performing the necessary background experiments and determining the relative
resistance of various state-of-the-art and modified coatings to chloride-
induced degradat ion . Cons idered in conjunction with the metallograph~c analy-
sis of service hardware described in the preceeding section and extensive
experience with a test of this type using deposits of 100% Na2S 014, the results
were expected to be useful in defining the effect of chloride on hot corros ion
behavior and determining whether or not chlorides are likely to be a signif’i-
cant factor in degradat ion of turbine hardware in shipboard engines .

b. Development of Testing Procedure

Initial experiments were run on bulk alloys fabricated by electron beam
vapor deposition to produce microstructures similar to those of overlay coat-
Ings on superalloys . Compositions of the alloys evaluated were :

Co_25Cr_6Al_O.5Y* - selected because its oxidation and hot
corrosion had been thoroughly studied in a previous program.

Co-33Cr-l~~l-O.3Y - a second CoC rA1Y alloy of higher chro-
mium and aluminum content .

*Alloy arid salt compositions are given in weight percent unless otherwise
noted.
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Co-l9Cr-l2 . 5A1-O. 5Y, Ni-l8Cr-23Co-12 . 5A1-O. 5Y, and Ni-l7Cr-l2Al-
O.5Y - compositions of state-of-the-art CoC rA1Y, NiCoCrA1Y, and
NiC rA1Y coatings ( F,IA 68, R~JA 270, and PWA 267 respectively )
currently used in industrial, marine and aircraft turbines.

Salt was applied by spraying warm (p” 25o~C) specimens with an aqueous salt
solution to produce a deposit of approximately 1 mg/cm2. Cyclic conditions
were used to accelerate degradation by scale spaflation; the cycle consisted
of’ 50 minutes in the hot zone plus 10 minutes in the cold z one of a static
air tube furnace. Specimens were washed, examined, weighed, and recoated
with fresh salt every 20 hours . Depositsof Na2SO 14, Na2SO14 - i% NaCl, and
Na2SO14 - 10% NaC1 were utilized. Tests were run for times up to 500 hours at
temperat ures of 899, 760, and 6149°C (1650, 11400, and 1200°F).

Weight changes of all specimens in these experiments were small; SM/A vs.
time data indicated the alloys were still in the initiation stage after 500
hours and no effect of chloride was evident. Results of visual and metailo-
graphic examination were more In format ive. As observed by others , it was
evident on visual inspection during test that the presence of NaC1 in the
deposit was causing the A100.~ scales to spall more extensively. Subsequent
metallography confirmed th~t~NaCl had increased the severity of degradation ,
although the effect was not striking and was less pronounced at the higher
test temperatures than at 6149°C .

Typical features of the surface microstructure of Co-25Cr-6A1-O. 5Y pro-
duced at test temperatures of 6149 and 899°C are shown in Figure 9 and 10; the
degradation mode appears to involve dissolution and/or preferential oxidat ion
of the ~-CoA1 phase. This type of microstructu.re was observed in all of the
alloys examined (Figure 11), although Co-25Cr-6A1-O . 5Y appeared to be gener-
ally more resistant to sulfate-chloride attack than the other alloys (compare
Figure 11 and Figure 9c).

The results presented in Figure 9 - 11 showed that sulfate-chloride
melts were more aggressive than 100% Na2SO14. However, it was suspected that
the severity of the test was being decreased by loss of chloride from the
salt deposit (due to the higher vapor pressure of’ NaCi), and a more severe
test was considered necessary to shorten exposure times while better simu-
lat ing the more advanced stages of coating degradation observed in the Asia-
freighter hardware.

In an attempt to avoid the loss of L hloride from the chloride-sulfate
deposits , the use of NaC1 vapor in the furnace atmosphere was examined. It
was reasoned that the chloride vapor might fix the activity of NaCl in the
condezised deposit, thus increasing the average aggressiveness of the melt
during the 20 hour intervals between replenishment of the salt. The NaCl
vapor was introduced in a concentration of approximately 300 ppm by passing
slowly flowing air over NaC1 crystals at 760°C as described by Jones°’7 .
Specimens were coated with chloride-sulfate mixtures and heated in the
chloride-containing air at 899°C . After 20 hours , however , it was found that 

- 
-

there was no visually discernable salt deposit on the specimens.
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To isolate a possible effect of the NaCl vapor on loss of the salt
deposit , platinum coupons were coated wit h 100% Na2SO14 and exposed at 899°C
in air containing 300 ppm NaCl vapor. These coupons were observed to lose
weight at a linear rate of about 0. 14 mg/cm2/hr or about 8 mg/cm2 after 20
hours (vs . a total weight loss of about 0.08 mg/cm2 for a sulfate-coated
coupon heated for 20 hours in chloride-free air). It was therefore evident
that the NaCl vapor was caus ing the Na2SO14 to be removed from specimen sur-
faces at 899°C . This condition was observed on using either dry air (i .e.
air passed through anhydrous C aSO14) or air saturated with water vapor at
room temperature.

Subsequent to these experiments, Stearns et al8 studied the interaction
of NaC]. and I~ l vapors with condensed Na2SO14. They demonstrated the removal
of condensed Na2SO14 by vaporous NaC1 and proposed that it occurred by

Na2SO14 (1) + 2 HCl(g) -. 2NaCl(g) + H2O(g) + SO
2(g) + 1/2 02 (g)

where HC 1(g) forms from hydrolysis of NaCl by water vapor present in the gas.
It was also shown that the rate of loss of’ Na2SO14 increased with water vapor
content of the gas, but the authors pointed out that s ignificant amounts of’
I~ l would be produced by hydrolysis unless extraordinary measures were takento reduce the moisture content of the environment to sub-ppm levels .*

Accelerated loss of the salt deposit by this react ion is probably re-
sponsible for the reduced attack of fli738 in chloride-containing vs. chloride-
free air as shown in Figure 12. This alloy is known to degrade via a basic
fluxing - sulfidation mechanism, and the severity of such attack increases
with increasing amounts of the salt deposit. Hence the loss of the liquid
sulfate due to the NaCl vapor decreased the amount of hot corrosion.~~

~~he loss of the sulfate salt in the experiments of this program is therefore
attributed to the inability of the CaS O14 (Drierite) to reduce the water vaporcontent of the furnace gas to a sufficienty low level to prevent hydrolysis
of NaC1. If hydrolys is were negligible, sulfate could still be removed by a
reaction of’ the form Na2SO14(1) + Cl2 -‘2NaCl + SO2 + °2 which would proceed
to the right because of the absence of SO2. However, the reaction involving
C1~ has significance only in very dry gases and even then the rate is pro-
batly very small.

~~This example does not indicate that chloride vapor will decrease the rat e of
attack of any alloy coated with Na~,SO14. For example, more spallat ion of
Al 0 from CoCrA 1Y is encountered ~n cyclic oxidat ion when NaCi vapor is
pr~s~nt in the gas . Thus in a cyclic hot corros ion test using a thin de-
posit of Na~SO~ salt, the increased degradation resulting from poorer scale
adhesion may outweight the beneficial effect of’ less Na2SO14 and the net re-
sult could be an adverse effect of’ NaCi on the degradation rate.
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Since the use of flowing air with NaCi vapor did not produc e the desired
increase in severity of’ the test by retaining the chloride content of the
depos it , work was directed towards characterizing the rate of loss of the
chloride component and studying the attack of alloys by NaCi - Na2SOh deposits
containing more than i0% NaC1. Results of’ this work showed that negligible
loss of chloride would occur at 6149°C during the 20 hour cycles between app-
lication of’ fresh salt but virtually all of’ the chloride would vaporize from
the deposit in 20 hours at 899°C . In spit e of this loss at 899°C , it was
known from previous tests that the transient presence of chloride applied
every 20 hours was sufficient to influence the severity of hot corrosion .
Hence it was decided to continue the procedure of’ cyclic testing with reapp-
licat ion of’ fresh salt every 20 hours , but to test at 6149°C where both
Na~SO 14 and NaCl remain present in the condensed phase and at 899°C where the
initial concentration of’ chloride decreases to a very low level during the
test cycle.

The effect of chloride content of the deposit was determined from weight
change data and metallographic observations of’ 6149°C and 899°C cyclic hot - -

corrosion tests with deposits containing 0, 5, 10, 50, and 90% NaC1. The
results showed that severity of hot corrosion attack of CoC rA1Y alloys in-
creased substantially with increasing NaCl content of the depos it (e.g. the
899°C data for Co-25Cr-6A1-O.5Y in Figure 13). Equally significant is the
consistency of’ the dat a in Figure 13 with the conc ept of an initiation and
propagation stage in hot corrosion attack and the effect of chloride in
shortening the length of the initiation stage . Thus two of’ the samples
plotted in Figure 13 did not reach the propagation stage during the 300 hour
test time. The sample tested with 50% NaCl showed the same initial weight
change as with Na2SO11 and Na2SO11 - 10% NaCl but suffered onset of’ the propa-
gation stage in 26~ hours. THe sample exposed to 90% NaCl showed onset of’
propagation in a much shorter time (< 20 hours) .

The chloride effect is also dramatically illustrated in the photoniicro-
graphs of CoC rA1Y-coated fl1738 in Figure 114. Exposure for 500 hours at 899°C
produced negligible attack under a depos it of 100% Na2SO14 but aJ.most complete
~-dissolution and internal oxidation of the coating under a deposit of Na SO14-
5% NaCl (Fig. l1Th). A higher concentration of chloride in the -deposit (9~~%)

caused coating failure in only 140 hours (Fig. i14c).

c. Mechanism of Chloride Effect in Sulfate-Induced Hot Corrosion

Established at this point was that chloride-containing melts were capa-
ble of produc ing more degradation of’ CcCrA1Y-type alloys than 100% Na2SO14.Still considered desirable prior to start of coatings evaluation was a better
definition of the mechanism of the chloride effect and its role in the over-
all process of sulfate hot corrosion. Toward these objectives, several ex-
periments were run on a bulk alloy of PVD (physical vapor deposited) Co-25Cr-
6A1-O. 5Y and the specimens examined in detail by conventional meta.llography,
scanning microscopy, and microprobe analysis.
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Figure 15 shows the microstructural degradation produced by cyclic hot
corrosion testing with Na2SO14 - 90% NaCl for 100 hours at 899°C ; the boxed
areas in l5a are shown at higher magnification in 15b and l5c and in the
X-ray area scans for aluminum and oxygen in Figure 16. The specimen had been
dry polished to prevent loss of water soluble corrosion products .

S~ Y1 photomicrographs and corresponding X-ray area scans showed a rela-
tively thick layer of Al-rich oxide scale adjacent to the alloy (Figs . 15a,
l5b, 16a, 16b); the outer portion of’ the scale, which appears lighter gray in
Fig . l5a due to higher average at omic number , is primarily Cr2O3, and Co was
detected in the outermost regions of the external scale (Cr and Co area scans
not presented).

A semiquant itative line trac e through the zone of internal attack showed
that the alloy was almost completely depleted of’ aluminum, and a steep grad-
ient in the concentration of chromium was detected (Figure 17). Features in
the zone of internal attack (e .g. areas like Fig. 15b and l5c ) at first
glance appeared to be particles but on close examination looked more like
holes containing a nonmetallic phase. The nonmetallic phase in the zone ad-
jacent to the scale contained aluminum and oxygen (Figs . 16a, 16b ) and is
presumably A12O~. Deep within the attack zone, however, the holes contained
aluminum but no’~oxygen (Figs . 16c , l6d). Spectrometer scans of these areas
detected chlorine and sulfur (presumably from residual salt ) but no sodium or
chromium.

The important implication of these results is that the degradat ion se-
quence involves passage of several reaction fronts. Apparently the alloy is
penetrated by the chloride-containing melt , resulting formation of an
aluminum-rich phase which contains chlorine and possibly other elements but
relatively little oxygen. This phase is subsequently oxidized to A12O . The
remaining metal, by now substantially depleted in Al and Cr , suffers g~neral
surface oxidation.

In an attempt to learn more about the nonmetallic phase that appeared to
be forming as the init ial attack front advanced into the alloy, a specimen
was heated isothermally for 20 hours at 899°C in a cruc ible containing a
thick melt of Na~,SO14 - 90% NaCl. These conditions resulted in formation of’
a zone of intern~.l attack with cavities filled with a nonmetallic corrosion
product containing aluminum, chlorine, and oxygen (Figure 18) as well as Na ,
3, and Cr at lower concentrations. It is apparent from these results that
liquid sulfate-chloride salts are capable of selectively leaching aluminum
from CoC rA1Y-type alloys via a mechanism which leaves voids or cavities
partially filled with a corrosion product .

A ~hird experiment involved coating of a Co-25Cr-6Al-O.5Y specimen with
1 mg/cm~ of Na2SO14 - 90% NaCl and cyclic oxidation for 20 hours at 899°C .
The spec imen was then cooled in liquid nitrogen and fractured . Scanning
microscopy of the fracture surface showed that the zone of’ internal attack
is composed of a network of interconnected pores and channels (Figure 19).
The pores were of various sizes , some comparatively large but others ex-
tremely fine (Fig. i9d).
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Lastly, a short-time test was run to characterize the init ial stages of
void and pore formation. A specimen of’ Co-25C r -6A1-O.5Y was metallographic-
ally polished , coated with Na2SO4 - 90% NaC 1, and oxidized for 10 minutes at
899°C , after which the features of’ the oxidized surface were compared with
the phase morphology in the original inicrostructure. As can be seen upon com-
paring Figures 20a and 20b, strongly preferential attack has occurred and the
pattern of this attack is similar to that of the ~-CoA1 phase. Features of
the oxidized surface are illustrated at higher magnification in Figures 20c
and 20d. The general shape and distribution of’ the voids , particularly the
numerous Y-shaped triple points in Fig. 20c , clearly defines a grain boundary-
like network similar to the distribution of ~ in the CoC rA1Y microstructure.

A section through the specimen shown in Figure 20 was examined on the
scanning microscope after mounting and polishing. As expected from the stir-
face appearance, the ~ phase was observed ‘to have been preferentially removed,
leaving numerous pores near the surface (Fig. 21a). Some of’ the pores were
in direct contact with the ~-phase (Fig. 2 1b), demonstrating a direct channel
to the surface through which liquid salt could penetrate and attack the ~particle.* Also, as inferred from the surface examination documented in Fig-
ure 20, the pores were similar but not identical in shape to the s-phase
particles (Fig. 21c), indicating that the reaction by which the pores are
formed also involves redistribution of cobalt and chromium from the a’ matrix
as well as dealloying of aluminum by preferential attack of’ ~~~.

A sequence of reactions which would account for the observed features of
CoCrA1Y alloys exposed to sulfate-chloride melts is presented in Figure 22.
In order to permit a reaction between Al and Cl (i.e. to form the Al-rich
chlorine-containing phases apparently present in the samples of Figs. 15 and
18), oxygen and sulfur must be removed from the liquid salt, supposedly by
reaction with aluminum and chromium in the alloy as in reactions a) and b).
The deposit thus becomes enriched in NaCl, promoting react ion with A12O~ and
oyxgen to form sodium aluminate and chlorine gas as in c). As shown sc~e-rnatically in the sketch of Figure 23, ccnditions for enrichment of’ the melt
in NaC1 and concentration of Cl2 gas would be especially favorable at the
base of’ a pore because interdif’~us ion arid mixing of the liquid is restricted.
Concentrat ion of chlorine results in formation of an aluminum chloride phase
as in reaction d) .  As oxygen from the surface environment subsequently pene-
trates into the alloy, the aluminum chloride is oxidized to A1202 and the 

- -

chlorine is freed to react again wit h the alloy at the bottom of”the pore.
In this manner a randomly initiated site of pitting att ack tends to propagat e
into a very deep, elongated pore, and a small amount of’ NsCI can produce a
substantial effect because it is recyc led by oxidat ion of aluminum chloride.
The process is not completely self-sustaining, however, because some of the
C]2 produced in reaction e) is lost to the environment and must be replaced by
by further deposition of NaC1 salt on the surface.

*Features such as that in Fig. 21b were difficult to locate on polished spe-
cimens. However, the fractured sample illustrated in Fig. 19 would suggest
that cont inuous channels to the surface are coimnon in the three-dimensional
geometry of’ pores and ~ particles in the ~ matrix.
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The ability of the pores to grow rapidly at temperatures as low as 6149°C
is believed to be related to surface diffusion effects. Strikingly similar
pore structures have been observed at much lower temperatures as a result of
aqueous corrosion 9. In these cases , pore growth via preferential removal of 3an element was accounted for by surface diffusion of those elements not re-
acting with the liquid or by their solution in the liquid followed by pre-

• cipitation on the sides of the pore. Such effects would account for the
development of pores associated with the aluminum-rich phase in CoC rA1Y but
not having its exact shape.

The role of chromium in chloride-induced hot corrosion of CoCrAJ.Y-type
alloys is not as well understood as the observations and proposed mechanism
which appear to satisfactorily account for the dea.lloying of aluminum by sul-
fate-chloride melts. In alloys containing no aluminum (binary Ni-2OC r and
type 309 austenitic stainless steel), exposure to molten halide salts at 800-
1000°C has been shown to generate an interconnected void network due to chro-
mium loss~-°.~ Dealloying of chromium apparent ly does not occur , however, if
aluminum is present in the alloy. Simultaneous line scans for Al and Cr
through the zone of’ internal attack of’ CoC rA1Y show a generally smooth chro-
mium gradient rather than matrix depletion by formation of internal Cr-rich
phases (e.g. Figure 17). Depletion of the Cr cct~tent of CoCrA1Y thus appearsto involve long range diffusion of Cr through the zone of’ internal attack to
the Cr-rich scale, the process undoubtedly being accelerated by surface dif-
fusion due to the porous network left by dealloying of’ the Al content .

The observed effects and proposed mechanism of’ attack by chloride-contain-
ing salt deposits fit well into known characteristics of sulfate-induced hot
corrosion behavior of CoCrA1Y alloys. It is well established that CoCrAIY is
highly resistant to hot corrosion attack upon exposure in air to deposits of
l00%_Na2SO~, ; protective A120,~ scales are stable for long periods of time even
under cyclic cond itions wher~ scale spallation may occur. Eventual depletion
of’ aluminum and chromium results in format ion of less protective reaction pro-
ducts and introduction of sulfur into the alloy from the Na2SO14. Subsequent
degradation then occurs by oxidat ~on of the sulfide phases and formation of
more su.1f’ides beneath the nonprotective oxide scale.

When NaCl is added to the Na2SO~ depos it , the Al 0 scales tend to spall
more readily. In addition , and prob~b1y more importa~t~ the chloride in the
deposit causes aluminum to be preferentially removed from the alloy via the
development of a network of interconnected channels. This dealloying effect
of the chloride-containing liquid does not take place immediately but requires
a period of time for enrichment of the liquid in NaCl and depletion of oxygen
adjacent to the alloy. Thus an initially greater amount of NaCl in the de-
posit accelerates degradat ion because less enrichment of NaCl is required .

*Dealloyjng of Cr ann internal oxidation of binary Ni-148Cr and Co-148Cr by
Na2SO14 - 50% NaCl deposit s was subsequently observed in independent experi-
ments run simultaneously with the 899°C coat in gs evaluation reported in
Sect ion 3.
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Also the length of the initiation stage would be expected to depend on alu-
minum content, since higher aluminum concentrations tend to inhibit oxygen
depletion by development of a continuous barrier of’ A190,~. Eventually, how-
ever, the increase in rate of aluminum depletion due th ~cale spallat ion
and/or dealloying causes sulfur from the Na2SO14 to react with the alloy
after a shorter period of time than that in the absence of’ chloride. In the
extreme case where the deposit is primarily NaC1, the alloy will suffer rapid
~iep1etion of aluminum via development of a porous network and subsequent de-
gradation by oxidation of the porous, aluminum-depleted alloy.

1. Selection of Test Conditions for Coatings Evaluation

It was recognized at this point that the microstructural features of ser-
vice degradat ion differed in important respects from those induced by sulfate-
chloride hot corrosion testing (compare Figs . 1 -5 vs. Figs . 9 - II, 114, 15).
The most significant difference was undoubtedly the zone of internal attack
characteristic of laboratory test spec imens and the absence of significant - 

-

internal attack in service hardware. However, the potential for increased
degradation due to chloride had been demonstrated, and any knowledge of the• chloride effect would be of value in insuring that newly developed coatings
were not surprisingly susceptible to chloride-induced attack. In addition
the laboratory tests were reproducing at least some of the features of ser-
vice hardware (e.g. cut-edge attack and the tendency for development of local-
ized protrusions and oxide mounds). For these reasons and the fact that a
better testing procedure was not evident at the time, it was decided to con-
tinue working with sulfate-chloride salt deposits.

It was concluded from the weight change dat a and metallographic observa-
tions presented in the previous section that a salt mixture of’ Na2SO14 - 50
wt% - NaC1 would be most suitable for screening of’ coat ings . This composition
appeared to be sufficiently aggressive to provide for reasonable exposure
times while still allowing differentiation of relative performance. More im-
portant , in spite of the fairly high NaC1 content , the test results and pro-
posed mechanism would support the argument that the test investigates the
effect of chloride on sulfate-induced hot corros iQn rather than a chloride
effect which overwhelms the role of the sulfate. This point is important
because it is known that deposits on engine hardware are primarily sulfates,
not chlorides.

The essential features of the test procedure selected for evaluation and
ranking of coatings were :

. Cyclic furnace oxidation, each cycle consisting of 50
minutes in the hot zone and 10 minutes in the cold zone
of’ a static air tube furnace

• Salt deposit of 1 mg/cm2 of Na0SO14 - 50% NaC1 applied
every 20 hours after water wasl5.ing to remove previous
depos it ; weight change data obtained at each washing
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• Test temperat ures of 899 and 6149°C (1650 and 1200°F)

Cyclic oxidation was employed to accelerate materials degradation by scale
spallation. Two temperatures were used to investigate conditions where the
NaCi component of the deposit vaporizes rapidly and where negligible vapori-
zation of chloride takes place.

3. EVALUATION OF STATE-0F-TEE-AKI~ AND M0DIF~~D COATI~~S

a . Processing and Pre-test Microstructure of State-of-the-Art Coat ings

The following coatings, all on fl~1738 substrates*, were evaluated

• WA 273 aluminide
• LDC-2A platinum modified diffusion aluminide
• WA 68 CoCrA1Y
• FWA 68 CoCrA1Y + sputtered plat inum overlayer
• sputtered platinum underlayer + WA 68 CoC rA1Y

Processing of these coat ings and pre-test microstructures of sample coupons
were as follows :

1) WA 273 Diffusion Aluininide

The WA 273 process includes two-pack aluminizing treatments (2 hours
at 760°C , 3 hours at 10214°C ) followed by a four-hour anneal at 1079°C (1975°F )
in argon. Characteristic features of the coating microstructure on fl~738
(Figure 2 14) include an outer layer of ~-N’iAl, usually with fine refractory
metal precipitates (primarily cl_ Cr ) if the surface aluminum content is toward
the higher limits of the specification range (27 - 36%). An intermediate
layer is ~-NiA1 with substrate carbides , and the innermost diffusion zone is
a mixture of ~ and Cr-rich carbides.

2 ) Howmet LX-2A Plat inum Modified Diffusion Aluininide

The coating process includes application of a platinum layer on the
substrate followed by a pack aluminizing treatment (details of the Ho’wmet
process are not known, but similar structures and performance were obtained
later in the program by sputtering of 6 I~m of Pt followed by the WA 273
aluminizing cycle). The microstructure is similar to that of a conventional
diffusion aluminide except that the outer layer is a mixture of ~-NiAl and
platinum altaninides, possibly with a thin outer zone of single phase platinum
aluminide (Figure 25).

*Nominal composition: Ni-16.OCr-8.~Co-3,14.A1-3.14Tj-1 .7~Mo-2.6W-1 .7~Ta-0.8~Nb—O.12Zr-O~O12B
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3) WA 68 CoCrA1Y and Platinum Modifications

WA 68 is applied by electron beam vapor deposition followed by
glass bead peening and annealing for 14 hours at 1079°C . The specified corn-

• posit ion range is 15 - 214% Cr , 11.5 - 13.5% Al, 0.2 - 0.7% Y. The micro-
structure (Figure 26a) is a three-phase mixture of c l_C0, a-C oAl, and small
amounts of yttride which are usually not discernable by optical metallography
except at very high magnifications. Alloy content of the metallic phases is
approximately 3% Al, 214% Cr and 28% Al, 8% Cr for the cl_Co and ~_CoAl res-
pectively.

The plat inum-modified WA 68 coatings are illustrated in Figures
26b and 26c and in the back scattered electron images of Figure 27 where
atomic number contrast defines the platinum layers and adjacent diffusion
zones as well as the cl~Co + a-CoAl structure of the unaffected WA 68. The
platinum layers were deposited by sputtering; in the case of the Pt underlayer,

— 
the sample was annealed one hour at 1079°C prior to deposition of’ the WA 68.

b. Testing at 899°C

Duplicate specimens of each of the systems ~‘ere tested to failure or ex-posed for a total of 500 hours. Weight change data were obtained, but proved
of’ relatively little value in comparison with the information from visual in-
spec tiori and metallography. Figure 28, for example , shows only that the
CoCrA1Y coatings are losing weight due to scale spallation after 60 hours,
while the aluminides continue to show weight gains for a significantly longer
time. Beyond the time plotted, data were compromised by deterioration of the
tabs holding the samples in the furnace and hence of no value as an indicator
of rate of degradation or coat ing failure.

Visual and metallographic observations concerned with the performance of
each coating in the 899°C hot corrosion test were as follows :

i) WA 273 Diffusion Ali~ninide

Both specimens performed well in 500 hours at 899°C . Attack was
highly uniform, and there was no visually definable coating failure in either
of the specimens. Metallographic cross sections, although indicating sub-
stantial degradation (Figure 29), revealed no penetration into the substrate.
In fact , a substantial amount of a -phase was evident in one of the specimens,
indicating the coating was still protective.

Figure 29 includes x-ray area scans of the degraded coating for Al,
Ti , Cr , 0, and S. It is evident that the external scale is Al00.~; this scale
is much thicker than that which would have formed in absence o~ ~he salt de-
posit and is spalling off in numerous areas. Oxides found within the coating
are rich in Al and Ti, and chromium sulfides are also readily apparent (Fig-
ures 29b-29f). Such development of internal oxides in a coating still rich in
aluminum (i.e. still containing ~-NiAl) indicates the liquid salt must be de-
alloying localized regions of aluminum.
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2) LDC-2A Platinum-Modified Diffusion Aluminide

Performance of this coating was obviously inferior to that of WA
273, although both of the duplicate specimens were exposed 500 hours without
conclusive indication of coating failure on visual inspection. Metallographic
examination showed complete dissolution of the ~-NiAl and uniform internal
oxidation ex ~‘- ling completely through the coating (Figure 30a). Attack of
the substrate was detected on several planes of polish through the samples
(Figure 3(b).

3) WA 68 CoCrA1Y

Edge distress of both specimens was evident from the start of the -
~ 

-

test. An obvious edge failure was observed after 160 hours, and the sample
- was removed from test after 320 hours. Testing of the duplicate specimen was

terminated after 220 hours due to edge deterioration and generally poor sur-
face condition.

Edge failure and cut-edge consumption of the coating are illust-
rated in Figure 3la and protrusions of the type in Figure 31b were readily
observable in both specimens. As on the WA 273 coating, X-ray area scans 

• -

(Figure 32) showed a relatively thick external scale of Al203. At locations
where coat ing protrusions were developing, stringers of A1203 extended intothe coating and the inicrostructure was depleted of s-CoAl. Chromium sulfide
precipit ates were evident in the Al-depleted areas . The mound of scale over
the protrusion was composed of an outer zone of cobalt chromate spinel and
well defined layers of Cr203 and Al203.

14) Platinum Underlayer + WA 68 CoCrA1Y

The duplicate spec imens were exposed for the same length of time
as the unmodified WA 68 (320 and 200 hours); no difference in failure mode
or extent of degradation was discernable from visual inspection during the
test. Severe edge deterioration was observed in less than 200 hours as well
as apparent coating penetration (i.e. large oxide mounds) in other areas
after 200 to 300 hours. Subsequent metallography showed that the platinum
underlayer was not effective in stopping a developing protrusion from pene-
trating into the substrate; in fact some indication of enhanced penetration
of liquid salt along the platinum layer, perhaps due to poor adherence of the
Pt to the substrate could be detected at coating failure sites (Figure 33).

5) WA 68 CoCrA1Y + Platinum Overlayer

Performance of the CoCrA1Y coating was siguificantly improved by
the platinum overlayer; both samples were exposed for 500 hours, although
edge distress was evident in some locations after 300 hours. In spite of
oxide mounds on the surface, metallographic examination showed no penetration
of the coating except at edges of the coupons. Development of coating pro-
trusions appeared to involve the same mechanism of aluminum dealloying and
internal oxidation as in WA 68 but the coating lifet ime was extended by the
necessity of first penetrating the platinum overlayer (Figure 3 14). Pene-
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tration of the overlayer appear s to involve partial dissolution of the con-
tinuous single phase zone characteristic of the as-deposited coat ing, leaving
the surface still enriched in platinum but permitting the melt to dealloy the
cl~Cr + ~-CoA1 structure beneath the remnant s of the overlayer.

6) Ranking of Coatings and Discussion of Results

Ranking of the coatings in order of increasing resistance to the
test condit ions used (i.e. 899°C cyclic hot corros ion with Na2SO14 - 50% NaC1
deposits) would be:

• WA 68
• Pt underlayer + WA 68 the same

• WA 68 + Pt overlayer
• LDC-2A the same
• WA 273

The relative performance of the WA 68 and WA 273 was unexpected. Burner rig
tests at 899°C (1650°F) with 30 ppm of ingested sea salt had shown WA 68 to
perform better than most alumin.ide coat ings. Apparently the detrimental
effect of chloride is much more pronounced on WA 68 than on WA 273, perhaps
because of Ni-base vs. Co-base or because the two-phase 3~ + ~ structure ofCcCrA1Y is more susceptible to penetration and dealloying by chloride-contain-
ing melts than the single phase outer layer of ~-NiA l on m738/WA 273. This
ran.king thus applies only to the case of NaOSOli - 50% NaC1 and would be ex-
pected to change with chloride cont ent in t~e direct ion of improved ranking
of the CoC rAlYs with respect to the aluminides at lower concentrations of
chloride in the deposit .

c. Hot Corrosion Tests of State-of-the-Art Coat ings at 611~9°C (1200°F)

Duplicate sets of samples were tested. One set was exposed for 1000
hours ; the other was tested for various times depending on coating performance.
Weight change data were obtained but showed only that AM/A values were very

• small and that the aluminides tended to gain weight at a slightly greater
rate during the initial 300 hours of exposure (Figure 35). Visual and metal-
lographic observat ions were much more useful in characterizing coating per-

• forniance. These results were :

1) WA 273 Diffusion Aluminide

Visual inspection of both samples during test revealed edge distress,
but the extent of attack was not regarded as coating failure and general sur-
face condition was good. Metallography of the 1000 hour coupon showed attack
originat ing at the edge and spreading laterally (Figure 36a); however, there
was negligible degradation of surface away from the edges (Figure 36b). The
duplicat e spec imen was exposed for 2000 hours ; visual inspection showed no
indication of incipient failure (Figure 37a). Surface microstructure was
noticeably degraded , but attack was uniform and confined to the 30 ~m dept h
illustrated in Figure 37b.
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2) LDC-2A Plat inum-Modified Diffusion Aluminide

Visual observations suggested coating performance similar to WA 273.
Metallography after 1000 and 2000 hours showed the coat ing was still protect-
ive, although attack was generally greater and more irregular than on WA 273
(Figure 38).

3) WA 68 CoCrA1Y

One specimen was removed from test after 260 hours to examine the
initial stages of coating degradation. Extent of attack at this point was
not severe; maximum depth of dealloying and internal oxidation in some areas

— near the edge was about 75 -‘rn. The duplicate specimen developed surface pits
and edge deteriorat ion after 3140 hours but the defects did not propagate at
the low test temperature. A typical microstructure after 1000 hours exposure
is illustrated in Figure 39. Most areas were dealloyed and internally
oxidized to depths of about 25 to 50 i-’ m, and there were numerous protrusions
and areas of internal oxidation of the entire coating thic imess (as in the
right side of Figure 39).

14) Plat inum Underlayer + WA 68 CoCrA1Y

As in the tests at 899°C, the platinum underlayer did not appear to
aff ect the life time or degradation mechanism of the WA 68 coat ing. Large
mounds of oxide were observed at approximately the same time of exposure (320
to 380 hours), and post-test metallography after 1000 hours (Figure 140a)
showed microstructural degradation apparent ly equivalent in nature and extent
to that of the WA 68 coating directly applied to the 1N738 substrate. Test-
ing of the duplicate specimen was terminated at 780 hours and a typical coat-
ing protrusion (Figure 140b) examined in the microprobe.

Figure 141 includes a back scattered electron image and X-ray area
scans for oxygen, sulfur, and the major coat ing constituents. These photos ,
a line scan along the path shown in Figure 14la, and KEVEX spectra of selected
points indicate the affected area consists of a front of Al00.~ particles, a
zone of A120 and Cr6 particles, and a mixture of Cr- and A~-i’ich oxides
forming the ~olume of the protrusion. There is relatively little CoO (Fig-
ure 141d ) except for the outer layer of the oxide mound . The line scan showed
that the matrix solid solution in the zones of CrS and A10O.~ precipit at ion
was almost completely dealloyed of aluminum and a gradient df Cr content ex-
isted through this zone . This shows that the chloride-containing melt is
capable of dea.lloying the coat ing of chromium, as well as aluminum, although
the aluminum is apparently attacked first and its concentration must be re-
duced to a low level before chromium is preferentially removed from the alloy.

5) WA 68 + Platinum Overlayer

As expected from results of the 899°C test , the platinum overlayer
significantly improved the performance of the WA 68. The beneficial effect
at 6149°C was even more pronounced than at the higher temperature . One of the
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samples developed a small greenish spot at 380 hours but it appeared to be
very shallow and did not grow with cont inued exposure . Metallographic cx-
amination of this sample showed only superficial oxidat ion and possibly devel-
opnent of very small oxide stringers (arrow in Fig. 142a). After 2000 hours
the coat ing on the duplicate spec imen was still protective, although dealloy-
ing and internal oxidation could be observed in some areas (Figure 142b ) .

6) Ranking of Coatings and Discussion of Results

Ranking of the coatings in order of increasing resistance to 6149°C
cyclic hot corrosion with Na2SO14 - 50% NaC1 would be:

• WA 68 ~~the same
• • Pt underlayer + WA 68

• LDC-2A
• • WA 273 —‘ the same

• WA 68 + Pt overlayer

The relatively poor performance of PWA 68 and the ineffectiveness of the
platinum underlayer is the same as observed at 899°C. LDC-2A is ranked next
because the 1000 hour sample was more degraded than the 273 and 68 + Pt; the
200C) hour samples of LLC-2A and WA 273 were essentially the same. Degrada-
tion of the WA 68 + Pt overlay-er was negligible after 1000 hours ; of the

• three samples tested to 2000 hours , the WA 68 + Pt appeared slightly better
than the WA 273. - :1

The microstructural feat ures (and hence the mechanism ) of coating
failure at 6149°C appeared similar to that observed at 899°C ; i. e. dealloying
of the coating of aluminum by the chloride in the deposit followed by oxida-.
tion of the chromium and then the cobalt .

d. Hot Corrosion Tests Using Modified Coatings Systems

In order to attempt to develop coat ings with better resistance to chlor-
ide effects than the state-of-the-art coat ings, the following systems were
subjected to the 899°C hot corrosion test (Na2SO14 - 50% NaC 1);

• low aluminum diffusion altmitnide (WA 73)
• high aluminum diffusion aluminide (WA 273)
• chromium-modified low aluminum diffusion aluminide (WA 70 + WA 273)
• plat inum-modified high aluminum diffusion altnninide (6 ~m Pt + WA

273)
• CoC rA1Y (WA 68) + 6 w~m Pt overlayer
• CoCrA1Y (WA 68) + 12 ~rn Pt overlayer )
• aluminized CoC rA1Y (WA 68 + WA 273)
• plat inum-modified aluminized CoC rA1Y (WA 68 + Pt - WA 273)
• titanium-modified WA 68
• titanium-modified WA 273
• CoC rA1Y (WA 68 + nickel overlayer)
• preoxidized CoC rA1Y (WA 68, 1 hour at 1200°C )
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Performance of these coatings is summarized in Table III ; visual and metallo-
graphic observations were as follows :

(a) WA 73 Diffu sion Aluminide

In contrast to the favorable results obtained with WA 273 on the Th738
substrate, the lower aluminum WA 73 coating was rapidly attacked. Black
oxide mounds were observed at 140 hours and corner failure at 100 hours (Fig-
ure 143a). The typical microstructure showed ~ dissolution and internal oxid-
ation to a depth of 50 i.’m (Figure 143b), and there were several areas of com-
plete dealloying and internal oxidation of the coating (Figure 143c).

(b) WA 273 Diffusion Aluminide

Two tests verified the relat ively good performance of the WA 273 coating,
although greater microstructural degradat ion was observed than in the init ially
run tests on state-of-the-art coat ings . Figure 14i-a shows complete dissolution
of the ~-NiAl, precipitation of Cr6 , and internal oxidation of the ent ire
coating thic1~iess after 1000 hours exposure. Testing of the second sample was
terminated at 700 hours due to tab failure ; the coating microstructure was
again completely depleted of ~ -NiAl but not penetrated except for the tab
failure (Figure 144b).

(c) WA 70 + WA 73 - Pack Chromize Plus Low Aluminum Diffusion Aluminide

Chromizing did not improve the performance of WA 73. General surface
degradation on visual inspection appeared more rapid , and coating rnicrostruc-
ture after only 80 hours of exposure was almost completely devoid of B -NiA1
(Figure 145) .

(d) WA 70 + WA 273 - Pack Chromize Plus High Aluminum Diffusion Aluminide

Prior chromizing was markedly detr imental to the performance of WA 273.
Surface deterioration was evident from the start of the test , and a massive
corner failure was observed after 80 hours (Figure 146a ). The microstructure
still contained B-NiAl (Figure ~46b), but the extent of degradation after only
80 hours was comparable to that of the directly applied WA 273 after 1000
hours .

(e) Pt + WA 273 DIffusion Aluminide

This coat ing was intended to be equivalent to the Howmet LLC-2A. It was
applied by vacuum sputtering of ‘~~ 6 ~‘m of platinum at a sputtering temperature
of approximately 900°C followed by the WA 273 aluminizing pack treatments.

The sample was exposed for 1000 hours in the 899°C cyclic hot corrosion
test. Visual inspection indicated performance comparable to that of WA 273.
Subsequent metallography was puzzling and inconclusive. Small areas were
essentially unaffected (e .g. the left side of Figure 147a), while others show-
ed complete dealloylng and internal oxidation of the coat ing (Figure 147b) .
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However, there was no indication of substrate attack on either visual in-
spection or metaliographic examination.

F (f) WA 68 + Platinum Overlayer (~ 6 ~m)

This spec imen was nominally the same as that tested in the section on
state-of-the-art coatings ; it performed as expected from previous results.
Testing was terminated because of tab failure and cut-edge attack at 720
hours*; the rest of the coating was significantly degraded but not penetrated
(Figure 148).

(g) WA 68 + Platinum Overlay-er ( 3.2 ~m)

Due to the favorable results obtained with a 6 ~~ overlayer, additions.].
specimens were prepared to determine if further improvement could be realized
with thicker overlayers . Duplicate specimens showed apparently similar per-
formance, however. Metallographic observations could have been interpreted
as slightly less degradation at the same exposure t imes, but the effect was
not of significant magnitude (Figure 149) .

(h) WA 68 + WA 273 (Aluminized CoC rA1Y)

Considering the favorable performance of WA 273 on fli738, it was rea-
soned that resistance of CoC rA1Y to sulfate-chloride attack might be improved
by pack aluminizing. However, the specimen surface t urned charcoal gray
after only 140 hours and testing was discontinued after a massive edge failure
at 80 hours (Figure 50). General surface degradation away from the edge
failure was also extensive, including a thick external scale and a deal].oyed
layer with A1203 and Cr6 precipitates (Figure 50b).

A duplicate specimen also deteriorated rapidly, showing extensive spall-
ation and non alumina-forming areas from the start of the test . After 200
ho irs the microstructure was completely dealloyed of the aluminum added by
the WA 273 treatment .

(i) WA 68 + Pt + WA 273 (Platinum-Modified Aluminized CoC rA1Y )

Except for the massive cut edge attack shown in Figure 51a, the system
appeared promising. The coating was still protective after 520 hours (Fig-
ure Sib). Although one side of the coupon was more severely degraded than
the other, the depth of attack was uniform and no deeper than that illust-
rated.

~Cut edge degradation was not considered in evaluat ing coating performance,
since all Ni-base coatings and Co-base coatings on Ni-base substrates are
apparent ly suscept ible . Where testing had to be terminated because of ex-
tens ive cut edge attack, coating performance was assessed by surface cond-
ition and microstructure in areas away from the cut edge.
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A duplicate specimen was exposed 9140 hours before one side of the coupon
was almost entirely consumed by cut-edge attack. Surprisingly the microstruc-
ture of this side was unaffected except for the cut-edge attack; the other
surface was uniformly dealloyed and internally oxid ized to a depth of “ 80 ~m
(Figure 52).

( j )  Tit anium-Modified WA 68 CoC rA1Y

A modified CoC rA1Y composition containing 3.1% Ti in addition to the
specified Cr and Al caitents of WA 68 was applied by electron beam vapor
deposition. Cut-edge attack was again observed (Figure 53a), but the amount
of microstructura.]. degradat ion away from the cut edge was much less than that
of WA 68 after comparable exposure times (Figure 53b).

(k) Ti + }WA 273 (Titanium-Modified Diffusion Ali.miinide)

A thin (~ 6 ~~ layer of titanium was applied to an fli738 coupon by
vacuum sputtering prior to WA 273 aluminizing. The effect of the Ti was
apparently beneficial. Visual observations showed no indication of incipient
failure (except at the tab ) in 1000 hours . Subsequent metallography showed
internal oxidation to a depth of only about 20 t~m and retent ion of large
amounts of B -NiAl in the microstructure (Figure 514).

(i) WA 68 + Ni Overlayer

A 25 ~i.m sputtered Ni overlayer was applied on WA 68 CoC rA1Y to deter-
mine if overlayers of a metal other than platinum could produce beneficial
effects. Results were not encouraging; the nickel overlayer was rapidly
oxidized and exerted no significant effect on the coating beneath it (Figure
55).

(m) Preoxidized WA 68 CoCrA1Y

Preoxidation (i hour at 1200°C ) did not produce benefic ial effects.
Visual inspect ion revealed that the A10O.~ scale spalled extensively and black
oxide mounds were visible after the in~t fal 20-hour exposure. Coating pene-
trat ion at specimen edges was evident at 100 hours . Thick surface scale,
substantial dealloying and interns.]. precipit ation of Al00.~ and Cr6 particles
through the entire coating thickness were evident on su~sdquent metallography.

(n) Summary and Discussion of Results on Modified Systems

1) CoC rA1Y - Type Coatings

The following process modifications were found to improve the resistance
of CoCrA1Y to sulfate-chloride hot corrosion :

• Platinum overlayers
• Alloying with tit anium
• Plat inum overlayers + WA 273 diffus ion aluniinide
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Consistently favorable results were obtained with plat inum overlayers , a).-
though increasing the thickness of the overlay-er from 6 to 12 p.m did not
effect a significant improvement in performance. The addition of 3.1% Ti to
WA 68 approximately doubled the time required to dealloy and internally
oxidize the coat ing at 899°C . Performance of the 68 + Pt + WA 273 was vari-
able but unq.uestionally an improvement over convent ionally processed WA 68.

Coat ing modificat ions investigated and found ineffective were :

• Aluminized CoCrA1Y (WA 68 + WA 273)
• Platinum underlayers
• Nickel overlayers
• High temperature preoxidat ion

Since the mechanism of chloride-induced attack involves dealloying of
aluminum, it is puzzling why an increase in the surface aluminum content by
aluminizing of CoCrA1Y does not improve performance. The ineffectiveness of
the platinum underlay-er, at least against the initial stages of attack, is
more easily understandable in view of the mechanism of chloride-induced
attack. Overlay-era of metal other than plat inum do not appear promising;
apparently the less noble metals will oxidize and spall off rapidly. Like-
wise a thicker scale formed by high temperature preoxidation also appears
susceptible to penetration and spallat ion, offering no protection against the
dealloying action of the sulfate-chloride melt .

2 ) Diffusion Aluminide Coat ings

Sputtering of plat inum or titanium prior to WA 273 pack aluminizing
appears to be beneficial, although the platinum effect is not as potent as
that of the overlay-er on WA 68. Aluminide coat ings applied by the single
pack WA 73 process did not perform as well as WA 273. Chromizing prior to - -

aluminizing appeared to be ineffective and perhaps slightly detrimental
against chloride-induced attack.

e. Platinum Overlayer Effect on Na2SO14 - NaC1 Induced Attack of CoC rA1Y

To examine the role of platinum overlayers in inhibiting chloride-in-
duced degradat ion, specimens of WA 68 and WA 68 + Pt were coated with
Na2SO14 - 5C~ NaCl deposits and heated in air at 899°C for short periods. Sur- —

face condition was characterized with the scanning microscope after exposures
of 10, 20, 60, and 120 minutes; the specimen s were then run for 20 hours in - 

-

the automatic cycling furnace (1 hr/ cycle) and sectioned for inetallographic
examination.

As expected , scale spallation and surface pores were evident on the WA
68 coating after very short exposure time (Figure 56 a). After 1 hour, the
pores were larger and much more numerous (Figure 56b). After a total ex-
posure of 22 hours, the coating was dealloyed and internally oxidized to a
depth of about 100 ~.m in some areas (Figure 56c).
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Surface feat ures and a cross sect ion through the plat inum overlay-er
after the same exposure times are presented in Figure 57. A grain boundary-
like attack of the platinum aluminide phase is evident , but the depth of
attack after 1 hour is not noticeably greater than after 20 minutes (Figure
57a, 5Th) . Metallography after 22 hours (Figure 57c ) shows that the surface
features are only superficial grooves causing no discernable degradation of
the coating microstructure at the 500x magnification where substantial de-
alloying and internal oxidat ion of WA 68 were readily observable.

Ult imate degradation of the plat inum overlay-er occurs by interdiffusion
and possibly by aluminum depletion due to repeated formation and spallation
of alumina scales . Some interdiffus ion takes place during processing such
that the overlay-er contains sufficient cobalt and chromium to form small areas
of a-Co, Cr and sufficient aluminum to render it an alumina-former on high
temperature exposure (Figure ~8). Also a Pt-containing diffusion zone with a
platinum aluminide phase (apparently the same as that in the overlay-er) forms
beneath the sur face . As long as the Pt ,Al phase in the overlay-er remains
continuous, the layer is protective, apparently because reaction of chlorine
with aluminum in the platinum aluminide is not thermodynamically favorable.
When the cont inuous overlay-er Is broken up by Al deplet ion, however, the
chloride-cont aining melt is capable of dea.lloying the CoCrA1Y structure in
spite of the discontinuous Pt,A1 phase in the remnants of the overlay-er and
diffusion zone (Figure 59) .  The overlayer is thus most effective at low
temperatures where dissolution of the Pt ,A1 phase by interdiffusion is slow-
est .

Also evident from these observat ions is the ineffect iveness of a plat-
m u m  underlayer because the chloride-containing melt can dealloy the coating
of aluminum and chromium before the underlay-er enters into the reaction. -

14. HOT COBROSION TESTING USING SO
3 

IN THE ~.SE0t.E ~~VIRONMEN~

a. Introduction

As ment ioned previously, the CoCrA1Y degradation microstructures developed
in the laboratory tests us ing Na2SO14 - NaCi deposits were not a total reprod-
uction of the degradation microstructures obtained from marine service hard-
ware. Tests performed at the Naval Research Laboratory3 using de~osit s of
mixed sulfate salts (e .g. COS Ok - Na2SO14) heated In air at 6149° - 760°C (1200-
11400°F) and at the Naval Ship I~esearch and Development Laboratory14 using a
ducted burner rig test at 7014°C (1300°F) with 1% sulfur in the fuel produced
degradation microstructures of CoC rA1Y that were virtually ident ical to those
generated in the field. Such results indicate that the S0~ content of the
ga~ may play a significant role in the development of the ~ervice relatedmicrostructures. Work was therefore performed to develop a test us ing SO
which hopefully would generate degradation microstructures more similar t
those from the field, and which would then be used to evaluate various coat-
ings previously tested in chloride-induced attack.
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b. Development of Laboratory Furnace Test Us ing SO3 and Na2SO14
A WA 68/fl~’738 coupon was covered with a thick deposit of Na2S 014 - 50

mol% COSOk (about 300 mg of the mixture per square cent imeter ) and heated in
air for 141 hours at 760°C (11400°F); the specimen at that time contained
numerous coating protrusions of the type and depth shown in Figure 60. Scan-
ning microscopy of these protrusions shows a well defined ghost image of the
coat ing microstructure (Figure 60a). Microprobe analysis shows a zone of
sulfur enricimient outlining the area of nodular attack (Figure 6Oc), and
cobalt, chromium and aluminum are distributed in the protrusion arid oxide
mound as illustrated in Figures 60d, e, and f. Higher magnification (Figure
61) shows evidence of preferential attack of s-CoAl, leaving a continuous
layer of a-Co in contact with the scale. The sulfur is primarily in the
scale, although small Cr6 precipitat s can be detected in the ~Y~Co layer.
The X-ray image (Fig. 61c) suggests depletion cf Cr from the metal immediately
adjacent to the Cr-rich scale, although line traces did not show a detectable
Cr gradient in advance of the scale/metal interface. The s-denuded zone and
concentration of Al in the adj acent scale are strikingly evident in the X-ray
image for aluminum (Fig. 61d).

The photomicrographs just discussed should be compared with those of ser-
vice degradation in Figures 1-3 arid 7-8. The fund amental similarity of the
microstructure and element distribution are obvious .

The type of attack produced by thick deposits of mixed sulfates is be-
lieved to involve S0~ produced by decomposition of the metal sulf’ate*. If
such is the case , similar microstructural features should be produced by
Na SO14 depos it s heated in a furnace atmosphere containing SO3 in the gas.
This type of experiment was run in a horizontal tube furnace where atmosphere
control was achieved by flowing SO2 :02 gas mixtures at appropriate rates
over a platinum catalyst to produce a known (assuming equilibrium ) partial
pressure of SO3.

The initial experiment was run at a very high SO3 pressure (~ 0.2 atm)to determine in a short testing t ime if attack would occur at a low temp-
erature (6149°C, 1200°F) where a thin Na2SO11 deposit heated in air is known
to be innocuous . Both CoC rA1Y (WA 68) an~ a diffusion aluminide coating
(WA 273 on IN738) suffered significant microstruct ural degradation in 20
hours (Figure 62). Exc ept for a tendency to general surface degradation
rather than localized , nodular attack, the microstructure of the attack
front in the CoCrA1Y coating appeared very similar to those observed in the
mixed sulfate experiment and in service hardware.

Subsequent tests were run at a lower SO
3 
pressure obtained by passing a

mixture of 95 vol% 02 and 5 vol% SO2 over a platinum catalyst at a total

*Hence a large quantity of salt is needed to maintain a supply of SO2. The
attack is not produced by a thin deposit heated in air because a thin de-
posit cannot supply enough SO3.
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flow rate of 11.5 liters/hour; equilibrium SO pressures under these cond-
itions are approximately 0.014 atm at 6149°C (].~oo°F) and 0.01 atm at 899°C
(l6500F) respectively.

Specimens of bulk Co-2~~r-6Al were coated with 1 ing/cm2 of Na SO4 andNa2SO14 - 50% N~~l and exposed for 100 hours (5 cycles with washing a& re-
application of fresh salt every 20 hours) at 6149°C. The rate of attack was
less at the lower SO3 pressure , but the nature of the scale and the attack
front was apparent ly the same. Also significant was the virtually ident ical
degradation of the specimens coated with sulfate and sulfate -50% chloride
(F igures 63, 614), the sulfate-chloride spec imen exhibit ing substantial scale
formation but no evidenc e of the poro us zone of Internal attac k characteristic
of chloride-induced dealloying.

The lack of a discernable chloride effect in this experiment must be in-
terpr eted with caution , considering that the S0.~ pressure is still much higher
than that in the combustion gases of a turbine ~ngine and that the test cond-
it ions involved a continuous supp ly of S0.~ but deposit ion of the chloride-
containi ng salt only once every 20 hours . Thus the result does not rule out
the possib ility of a chloride effect at lower S0.~ pressure s and cont inuous
deposition of salt during operation of a marine th~gine. Demonstrated by the
observat ion, however , is that effects of gaseous sulfur oxides are capable
under certain condit ions of completely overwhelming any influenc e of chloride
in the condensed deposit , presumab ly due in part at least to removal of the
chloride by reaction s of the form

2NaC1 + SO2 + 02 — Na2SO14 + Cl2, and/or
2NaCl + 

~°2 + H20 + 1/2 02 -~~ Na2S 014 + 2HC].

as discussed by McKee, Shores , and Luthra.22

Additional experiments were performed to isolate other variable s pot-
entially involved in low temperat ure degradation of CcCrA1 Y. To check the
possibility of low t emperature oxidat ion or sulfate-induced hot corrosion in
air , specimens were exposed for 14000 hours at 6149°C ; there was no discern able
degradation of eithe r the uncoated or sulfate-coated mat eri al (Figure 65a).
Exposure of an uncoated specimen for 60 hours to the 0 - SO2 - SO gas mix-
ture also produced no observable attack (Figure 65b), ~ut significant degrad-
ation was encountered after only 20 hours exposure of a sulfate-coated spec-
imen to the SO~ - cont aining gas (Fig. 65c). Pink salt crystals , which
appe ared to have been liquid at the test temperature , were observed on the
specimen surface and subsequently Identified by XRD as Na2Co(S014)0. Post-
test met allogra phy showed numerous small pits with feature s of th~ scale !
metal interface (i .e . preferential attac k of B-CoAl) cc~mion to service-
induced degradat ion.

It is clear from these result s that the s imultaneous presenc e of Na2SO4salt deposits and SO3 in the gaseous envi ronment can produce substantial hot
corrosion of CoCrA1Y alloys at a low temperature where negligible attack
would result from exposure to the salt in sulfur-free air or the SO3-contain -
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ing gases in the absence of a salt deposit. One of the factors undoubtedly
involved in the attack mechanism is acid fluxing of the alumina scale on - 

-

CcCrA1Y, as shown by negligible attack of a salt-coated alumina tablet on
heating in air vs. dramatic etching of the surface by Na2SO4 salt equilibrated - 

— 
-

with 0.014 atm SO 3 (Figure 66) . Obviously-, however , fluxing of the external
scale is not the only important factor , especial ly at the base of an oxide
pit where the oxygen pressu re is prob ahly very small.

It was decided at this point to evaluate the performance of various
coatings under the following test conditions:

• Isothermal exposure at 6149°C (1200°F)
• Salt deposit of 1 nig/cm2 Na23014 applied every 20 hours

after water washing to remove previous deposit
• Gaseous atmosphere of 0.96 atm 02, 0.014 atm SO2 obtained

by equilibration of a mixture of SO2 - °2 at t~e test
temperature

The problem encountered ~.n testing with an SO pressure muc h higher than ex-
pected in an engine (l0~~ to l05  atm) were r~cognized , but several arguments
could be advanced for the condition s selected: —

• Conditions much more severe than the engine environment
are obviously- required to provide for reasonable testing
t imes

• Microstructural features of specimens tested at SO3pressures of 0.2 and 0.014 atm were apparently identical,
suggesting that the mechanism (although not the rate)
of attack is the same over a range of SO3 pressures

c. Testing of Coatings with Na2SO14 - 0.014 atm SO
3

WA 68 CoCrA1Y arid WA 273 diffusion aluminide were exposed 60 hours to
the test conditions described in the preceeding paragraph. Visual inspection
indic ated significant degradation, although subsequent metallography showed
less material consumption than inferred from the surface condit ion (Figure
67).

The following systems were then exposed for 100 hours in an attempt to
produce more severe degradation in a slightly longer but still experimentally
convenient testing time:

(a) WA 68 + Pt overla y-er
(b) Pt underlayer + WA 68
(c) FiJA 68 + WA 273
(d) WA 68+Pt + WA 273
(e) WA 273(r) Ti-modified WA 273
(g) PWA 73
(h) FdA 70 + FdA 273
(i) Pt ÷ WA 273
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Visual inspection again indicated substantial degradation of all speci-
mens, although attack was generally very uniform and there was no incidence of
localized coating penetration or edge failur e . The aluminides appeared to
have thim ier scales and less evidenc e of scale spallation, but the magnit ude
of the effect would not be describe d as significantly better performanc e of
the aluniinide th an the CoC rAIY-typ e coati ngs.

The specimens were sectioned for meta llographic observation. Results
were :

a) FdA 68 + Pt Overlay -er

Unfort unately - the platinum overlay-er was Ineffect ive against S0.~ - in-
duced acid attack , in contrast to its very favorable resistanc e to sulfat e-
chloride salt mixtures. Visual inspection suggested degradat ion at the same
rate as the unmod ified WA 68; post-test meta].lograph y showed complet e oxida-
tion of the overla y-er (Figu re 68a ) and numerous instance s of penetration
below the Pt-containing diffus ion zone int o the ~ + B microstruc ture (Figure68b) .

b) Pt Underl ay-er + FdA 68

The platinum underlay-er was of particular interest because of service
experience and burner rig test results from NAVS~~ which were indicating
superior performance over bill-of-material CoCrA1Y. However, a difference
between this system and WA 68 or WA 68 + Pt was not evident on visual in-
spection; after the initial 20 hour exposure cycle, the spec imen surface was
generally green in color and exhibited scale spalla tion. Post -test meta llo-
graphy (Figure 69) indicated less material consumption than the 68 + Pt over-
layer sample tested concurrently, altho ugh the differenc e was probab ly within

• the rang e of experiment al scatter and no differenc e in the microstructure of
the attack front which would account for a different rate of degradation was
discernab le.

Even though the surface microstructure and attack front were indist ing-
uishable from those of the directly app lied WA 68, microanalys is showed that
the Pt underla y-er had reduced the interd iffusion with the substrat e which
occurs duri ng the 1079°C/14 hour heat treatment in processing . KEVEX spectra
at various point s near the attack front in the sample ~1th the platinum
underla y-er contained no Ni peak s, while those from several CoCrA1Y specimens
tested earlier in the program included small but clear ly recognizable amounts
of Ni. While it is not yet clear if compositional differences due to reduced

I interdiffusion are a significant and reproduc ible effect , no other explana tion
for improved performance of engine tested vanes with Pt underlay-er + CoCrA1Y
coatings is present ly apparent .

c ) PWA 6 8 + W A  273

Visual inspection did not indicate improved performance due to aluminiz-
ing of CoCrA1Y; pink crystals were observed on the surface and edges at the
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20-hour inspection intervals, and the specimen was dark gray in color after
20 hours . Thick gray scale, spalling off in places , was evident after 100
hours .

Post-test metallography was inconclusive. Some areas showed negligible
microstructural degradation while others were corroded and/or damaged by
heavy grinding in metallographic preparation.

Performance of FdA 68 + Pt + FdA 273 was similar to that of aluminized
— FdA 68; i.e. the plat inum overlayer had no apparent effect on the extent of

visually discernable oxidation or microstructural degradation.

d) Diffusion Aluminide Coat ings

No significant difference iri performance of four specimens of diffusion
aluminide coatings (WA 273, WA 70 + WA 273, WA 73, and Ti + WA 273) on
fl~738 was discernable, except possibly for a thicker oxide and greater scale
spallation on the Ti-modified coating. Post-test nietallography showed a
similar nature and extent of attack on all of the samples (Figure 70).

Somewhat surprisingly in view of the ineffectiveness of the Pt overlay-er
on CoCrA1Y, the Pt-modified WA 273 appeared distinctly better than the other
aluminides. The initial visual inspection at 20 hours suggested relatively
little degradation, although there was some evidence of selective attack
after 100 hours . Metallographic examination showed a Pt-rich surface layer
generally unaffected except for a thin scale (Figure 71).

d. SO3 Effects at Higher Temperatures

Specimens of WA 68 coated fl~738 and bulk Co-25C r-6Al were exposed for
100 hours (5 cycles with fresh Na2SO14 salt applied every- 20 hours ) at 899°C
in a furnace atmosphere produced ~y equilibrating the input S02 :02 mixtureused in the previous experiments at the higher test temperature ; calculated
gas pressures under these conditions are pq02 ~ 0.01, P~ j2 ~ 0. 014, P~ ~ 0.95
atm. I’i spite of the higher temperat ure, ~ot’h alloys are known to be2resist-
ant to sulfate—induced hot corrosion arid would be expected to suffer minimal
degradation on heating in sulfur-free air for 100 hours.

Post-test metallography of the FdA 68 coating showed corrosive attack of
the depth and morphological form illustrated in Figure 72a. Although the
extent of corrosion is substantial, the shape of the nodules and extensive
B -depleted zone do not resemble the features observed in the service hardware
examined for this program.

• The Co-25Cr-6A 1 showed several areas of very deep, localized attack as
in Figure 72b . Again there was a substantial B-depleted zone with pre-
cipitates of Cr-rich sulfides (black arrows); a layer of corrosion product
immediately adj acent to the scale/metal interface was highly enriched in
aluminum and sulfur (area scans not presented).
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Lastly, two spec imens of WA 68-coated fl~1738, one with a platinum under-
layer, were tested at 760°C (11400°F); the equilibrated SO2 pressure at this

F temperature is about 0.02 atm. Visual observations indicated the attack was
more severe than at 6149 or 899°C , and the test was terminated after 140 hours .
Metallographic examination confirmed the extensive hot corrosion of both
specimens . The IWA 68 coating was penetrated in numerous areas of highly
localized attack, and the coating on one edge of the specimen was completely
consumed (Figure 73). General surface degradat ion and material consumpt ion
was even more extensive on the specimen with the plat inum underlay-er, and
two sites of penetration into the substrate were observed on the plane of
polish being examined . However, there was a striking tendency- for the attack
front to stop at the plat inum-containing diffus ion zone, even on the curved
edge which is almost always the initial site of localized coat ing failure• (Figure 714).

e. Summary and Discussion of Results of Na2SO14 - SO3 Experiments

These experiments have shown that the presence of Na SO14 deposits plus
SO in the gaseous environment can result in substantial ~egradat ion of coat-
in~s which are highly resistant to Na2SO14 deposit s heated in air. Also
apparent is the ability to reproduce the microstructura]. features and element
distribut ion of service degradation in short-time laboratory furnace experi-
ments involving only thin Na2SO14 deposit s arid 50

3 in the furnace gas.

A series of low temperature (6149°C ) tests with 0.014 atm S0.~ pressuredid not differentiate between the performance of state-of-the-ar~t and modified
coatings known to exhibit significant differences in resistance to sulfate-
chloride attack and Na2SO4 deposits heated in sulfur-free air . In addit ion,
the CoC rA1Y-type alloys experienced general and highly uniform surface de-
gradation rather than the localized nodular attack characteristic of service
hardware . It is suspected that the SO pressure is so high that effects
which may become important at lower pr~ssures are being masked. The potential
for such a problem is always present when a laboratory test is made severe
to shorten testing time.

In spite of these drawbacks, the incidence of substantial hot corros ion
without a zone of internal attack in advance of the scale/metal Interface and
the observation of pink, Co-containing sulfate crystals on test specimens
and service hardware are strong indications that the SO2 effects observed in
the controlled atmosphere tube furnace experiments are indeed a factor in
degradation of shipboard engines .

Pronounced nodular attack of CoCrA1Y was observed in testing with Na25014-So at 760°C (11400°F). As frequent ly encountered in service hardware, small
bu~ well developed nodules , some of them penetrating into the substrate, were
observed in areas of otherwise negligible coating degrad %t ion.

At a temperature of 899°C (1650°F), general surface degradat ion was
again observed, and there was a thick B -depleted zone ahead of the scale/
metal interface. Nodu lar attac k was super imposed on the general surface con-
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suinption, but the morphology of the nodules and the extent of the B -depletion
were markedly dissimilar to degradat ion microstructures developed in any of
the turbine hardware from the Asiafre ightex’ engine .

Testing at several temperatures (i. e. 6149, 760, and 899°C ) showed that -:
SO in the gas phase can result in substantiall y increased degradation over
th~ entire temperature range of sulfate-induced hot corrosion. However , the
features observed in a shipboard engine operated at low shaft horsepower were
more closely reprod uced at low (6149 - 76oec) rathe r than high (899°C) tamp- . 

-

eratu res. While not offering conclus ive proo f, such observat ions support
the hypothesis that the service engine experienced degradation via a low
temperat ure process involving the presenc e of condensed deposits of Na2SO14
and SO

3 
in the coithustion gases .
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SECT~0N III

SUMMARY AND CO~~LUDfl~G BEMARES

The approach to this program involved work in the following areas: 1)
examination of service hardware, 2) hot corrosion testing with sulfate-chloride
salt deposits , and 3) hot corros ion testing with SO3 gas in the furnace at-
niosphere. Conclusions drawn from each phase of the investigation and the
correlation of service experience with results of the various types of lab-
oratory tests were as follows :

i) Service-Induced Degradat ion in the Marine Environment

A significant extent of hot corrosion attack was observed in a marine
gas turbine operating at low shaft horsepower . The microstructura.l features
of the coating and substrate, both in heavily corroded and in virtually un-
affected areas, were consistent with the- relatively low metal temperatures
expected from the operating history of the engine, suggesting that most of

— the observed degradation had indeed occurred at temperatures of less than
800°C . This inference was strongly supported by subsequent experimentation
in which the inicrostructure and element distribution of the attack front were
reproduced in laboratory furnace tests in the temperature range of 6149-760°C.

— 2) Effect of NeCl on Na2SO14 - Induced Hot Corrosion

It was shown that CoCrA1Y-type alloys are highly susceptible to degrada-
tion by chloride-containing depos its ; the mechanism of attack involves de-
alloying of aluminum by the sulfate-chloride melt . Plat inum overlay-era on
CoC rA1Y significantly extend the coat ing lifet ime against this type of attack,
especially at low temperatures where dissolution of the single phase plat inum
aluminide overlay-er is slow. Alloying of CoC rA1Y with titanium also improves
resistance to chlorides, although the effect is not as dramat ic as that of
the plat inum overlay-er.

Ni-base diffusion aluminide coatings are more resistant than CoCrA1Y to
chloride-containing salt deposits, although degradation again occurs by a
type of dealloying mechanism and coat ing lifet ime is less than expected in
equivalent testing with deposits of 100% Na2SO14.

In spite of the potency of chlorides in degrading CoCrA1Y, comparison
of microstructures from sulfate-chloride hot corros ion tests with those of
service degradat ion indicate that chloride-Induced dealloying is not a sign-
ificant mechanism involved in hot corrosion of shipboard engines . The micro-
structure and element distribution of the attack front developed in the sul-
fate-chloride hot corrosion tests was fundamentally different from that ob-
served in engine hardware. In addition, service experience being accumulated
during the course of this work was showing that platinum overlay-era on
CoCrA 1Y were ineffective, in spite of the ir demonstrated resistance to
chloride-induced attack.
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3) Hot Corrosion Induced by Na2SO14 Deposits and 30
3 Gas

As shown earlier by- Navy work, microstructural features essentially the
same as those of service degradation were produced in a 760°C test with a
thick deposit of mixed sulfate salts (in which the C0SOL component served to
lower the melt ing point and supply S0.~ via its decomposition). The micro-
structure and element distribution of~the attack front in service hardware
were also reproduced in a 6149°C tube furnace test with Na~SO14 deposits and
0.014 atm SO in the furnac e atmosphere. Also in the SO tube furnace cx-
perinients, ~ink crystals of Na2Co(S014)2, equivalent to ~hose observed on
Asiafreighter vanes, were developed on CoC rA1Y specimens .

— 
The similarity of degradation microstructures and the formation of Co-

containing sulfates are strong evidence that marine hot corrosion is related
to the presence of sulfate deposit s on the turbine hardware and SO3 in the
combustion gas.

Several CoCrA1Y and aluminide coatings were evaluated in a low temper-
ature (6149°C ) test with 1 mg/cm2 of Na~S014 and 0.014 atm SO2 pressure; all
showed significant attack (but not coating penetration) in~1O0 hour exposure
t imes . The degradation mechanism is believed to involve ac id fluxing of
alumina scales . Other factors which must be invoked to fully explain the

• microstructure developed in the propagation stage of hot corrosion attack
are not well understood .

Although extreme caution must be used in drawing conclusions from a test
in which the SO pressure is much higher than that expected in the engine,
the similar per~ormance of coatings which exhibited strikingly different be-
havior in the sulfate-chloride tests strongly- implies that chloride-resistant

- - coat ings will not necessarily be resistant to SO.~ effects. An understanding
of chloride-induced hot corrosion is still essential to protect against the
possibility of this type of attack, but a different approach to develoFflent
of SO3 resistant coat ings will apparently be required .

The correlation of microstructures observed in degraded coatings from
service and from laboratory simulation tests is not straightforward , and
knowledgeable investigators may be capable of supporting different inter- - -

pretations of the same or very similar observations. However, it is main-
tam ed that two very important points have been established beyond reasonable
doubt by the work of this program and the referenced studies at other lab-
oratories :

• The presence of NaCl in condensed deposits of
Na 3014 salt will cause more severe hot corrosion
th~n the sulfate-Induced attack which would occur
in the absence of the chloride.

• Chloride effects , either alone or in combination
with Na0SO14, are not the only cause of the more
severe ~ot corrosion of turbine materials which
is usually encountered in marine service.
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While a synergistic effect of condensed or vaporous chloride phases
cannot yet be ruled out , it appears well demonstrated that hot corrosion
mechanisms related to the presence of SO2 in combustion gases play- a far
more significant role than chlorides in the hot corrosion of shipboard engines.
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Figure 2. Low magnification X-ray images showing
composition of oxides in coating protrusion and over-
lying mound. Box in (a) is area of X-ray scans.
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d. Aluminum X—rays e. Sulfur X—ray . f. Oxygen X—ray.

Figure 3. High magnification X-ray images showing
element distribution in attac k front at bottom of
coating protrusion. Area of X-ray scans (box in 3a)
is approximately that of Fig. id.
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Figure 5. Additional photomicrographs showing typical microstructura].
features developed in engine operation of CoCrA1Y-coated turbine blades:
(a) oxidized leaders are sometimes associated with nodular attack, (b)
cut—edge degradation may be observed at sites of coating penetration.
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Figure 9. Surface microstructure of Co-2~Cr-6Al-O.SY after cyclic hot
corrosion testing for SOO hours at 61~9°C (1200°F). Salt deposits were
(a) 100% NS2S%, (b ) Na2 SO~ - 1% MaCi , and (c) Na2S% - 10% MaCi,
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Figure 10. Surface microstructure of Co-2~Cr-6Al-O.SY after cyclic hot
corrosion testing for 500 hours at 899°C (1650°F) . Material , test condi-
tions, and salt deposits are tI~ same as those of Fig. 9 except for the
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Figure 11 . Degradation of state-of-the-art CoCrA1Y (PWA 68), NiCrA1Y (P~A
267 ), and N1CoCrA1Y (PWA 270) coatings (a, b, and c respectively) and an
experimental high-chr omium CoCrA1Y alloy after cyclic hot corrosion testing
for 500 hours at 6I~9°C ( 1 200°F) with Na2SO14 - 10% NaC1. 
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Figure 12. Surface condition and corresponding microstructures of uncoated
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air containing about 300 ppn NaCI vapor was less attacked than that exposed
in chloride-free air. 
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Figure 15. Cross sections through Co-2SCr-6Al-0.SY after 100 hours in
899°C cyclic hot corrosion test with Na2S0~ - 90% NaC1. Boxes in (a)are areas of X-ray images in Figure 16.
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Figure 16. X-ray images of the specimen illustrated in Fig. 15; (a) and
(c) are aluminum, (b) and (d) are oxygen. Dashed line in (c) and (d) is
interface between innermost zone of internal, attack and unaffected alloy.
Al-rich areas in top half of (c) are believed to be Cl-containing pores.
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but with Pt-rich phases in the outer layer.
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30b. Coating failure and substrate attack

Figure 30. Microstructure of LDC-2A platinum modified diffusion
aluminide coating after 500 hours in the 899°C (1650°F) cyclic hot
corrosion test with Na2S% - 50% NaCl. Note different magnification
of 30a and 30b.
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Figure 31b . Localized dealloying and internal oxidation of F4A 68,
apj~ rent ly the mechanism of coating penetration.
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36b. Typical microst ructure away from edge effect

Figure 36. I~~PIA 273 diffusion aluminide coating after 1000 hours in
6li9°C cyclic hot corrosion test with Na2 S~ - 50% NaC1.
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37b. 1~rpical microstructure

Figure 37. Surface degradation of PWA 273 diffusion aluminide coating
after 2000 hours of cyclic hot corrosion testing at 6149°C with Na2S% -
5O~~aCl salt . 
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Figure bO. Platinum underlayer between IN 738 substrate and WA 68 COCrA1Y
coating had no apparent effect on typical surface degradation or incidence
of localized coating protrusions.
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b2a. WA 68 coating with platinum overlayer suffered minimal degradation
in 1000 hour cyclic hot corrosion test at 6b9°C. Microstructures shown in
Figs. 39 and t~O were produced by the same exposure of WA 68 without the
platinum overlayer.
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b2b. Microstructure of WA 68 + Pt after 2000 hour s at 6Ls9°C

Figure Li2. Minimal degradation of microstructure of WA 68 + Pt coatin g

was observed in the 6b9°C cyclic hot corrosion test with Na2SOb 
- S0% NaC1.
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coating in 899°C (16S0°F) cyclic hot corrosion test with Na2SO1 - SO%
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exposure time = 720 hour s at 899°C. 1
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Figure Si. Surface condition and microstructural degradation (away from
cut-edge effect) of WA 68 + Pt overlayer + WA 273 coating; exposure time
= 520 hours in 899°C cyclic hot corrosion. Uniform depth of attack on
other face of coupon was about half that shown in Sib.
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Figure SLL . Microstructure of Ti-modified 1MA 273 (6,jm layer of sputtered
titanium applied prior to aluminizing) after 1000 hours of cyclic hot cor-
rosion testing at 8 99°C with Na2S0~ - 50% NaC1
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Figure %. Oxidation of Ni overlayer and dealloying of PWA 68 after 80
hours exposur e in 89900 cyclic hot corrosion test.
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Figure S6. Surface and microstructur al feature s developed on PWA 68 after
exposure to Na2 S0~ - ~D% NaC 1 at 899°C (16S0°F) . (a) Surfac e pores are evi-
dent after 20 minutes. (b) Pores are larger and more numerous after exposure
for 1 hour. (c) Transverse section after 22 hours shos~s that the porous zone
of internal attack extends deeply into the coating.
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Figure 57. Surface and microstruc tural features on P~A 68 + Pt tested con-
currently with the specimen of Fig. 56, (a) Scanning microscopy after 20
minutes shows preferential attack, apparently at grain boundaries of the Pt
overlayer. (b) Re-examination after 1 hour shows no additional attack.
(c) Tran sverse section after 22 hours shows negligible degradation of micro-
structure; compare with extensive dealloying and internal oxidation in Fig.
56c.
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61a. Secondary electrons 61b . Sulfur X-rays
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61c. Chromium X-rays 61d. Aluminum X-rays

Figure 61 . Microstructure arid element distribution of attack front in coating
protrusion developed by 760°C exposure to thick deposit of Na2 501 - 50 mol%
CoSO1 . Entire protrusion and overlying oxide mound are shown at5’lower magnif i-
cati~n in Fig. 60.
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62b. EWA 273 diffusion aluminide

Figure 62 • Attack of CoCrA1Y and Ni-base diffusion aluminide coatings
produced in 20 hour test at 6)49°C. Samples were coated with ”~1mg/cm’
deposit of Na2

S0~ and exposed to —‘0.2 atm 50
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pressure.
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63c. Chromium X-rays 63d. Sulfur X-rays

Figure 63. Hot corrosion of Co—2SCr-6AJ. produced in 100 hour (5 cycles with
fresh Na.,S% salt applied every 20 hours) test at 61i9°C with PS = 0.0~.i atm.Box in 6~a is approximate area of X-ray images showing Al- and 0?-rich scale
and concentration of S at the scale/metal interface. 
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instead of 100% Na2SOb did not produce a d~sc~rnable difference in severity
of attack or microstructure and element distribution at the attack front.
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CoCrAIY Coatin g . 
-

N~j
SO4 SO2i”O2 20Mm

Alumini de Coating
Na2SO4 SO2/02 - 20Mm-GOhrs

Figure 67. Attack of PWA 68 CoCrAI Y and F.’IA 273 diffusion aluminide
at 6!i9°C produced by 1 mg/cm2 Na2S~ 1 salt deposit and O.OI~ at4n SO-%
pressure (from equilibration of mix:Eure of flowing SO2 : 0 at the test
temperature). White arrows mark features which appear tg be 3nall
metallic globules sometimes observed in the inner layer of the scale,

- S. 
- -~~. 5



-

~~~~~~~~~
- 

-.-
—

~~~~ —-—

• - 5 - - - 
•
~~ 

5
It ~~~~~ C UI .’ _ S ~~

~~~
• 

-‘ ~ 
~~~~~ •• _ - - -

r~~~~~~~~
: ~~~~~~~~~~~~~~~~~~~~

b ’C 4i S. 

-

- 
‘
r

: 
~~; ~ ~~~~~~~~~ 40Mm

68a. typical extent of surface degradatidn

_ _  

-r--
I r ’~~ ~~~~~~~~~ 

-

- 

~~~~~~ -: • - - 
-

•,•~ 
-
~: 

• 
- 

• 
• :‘~

i—I

~~~~~~~~~~~~

- • S
-

- 
~~ •

• ;
5 5* ’ • -  ~~~~~~ 

-
- 

- - -‘- ‘- - 555 
-

•:~~~ ,~~~~
-

- , 
•:-
~•~ 

•
, ~ 

4 — 
________
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Figure 68. P.~1A 68 + Pt overlayer coating exposed 100 hour s
at 61i9°C (1200°F) with Na2 SO?4 salt deposit and SO3 gas .
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Figure 71 • S~~ photomicrographs of sputtered platinum + PWA 273 diffusion
aluminide coating tested concurrently with the specimens of Fig. 70. Residual
salt and surface scale are evident on the dry-polished sample, but a Pt-rich
surface layer (arrow) is still intact and there is minimal dealloying of the

~—NiAl. 
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Coating Relative Remarks
____________________  

Lifetime ________________________________________

Sputtered Ti + EWA 273 6 Mechanism of titanium effect not understood;
microstructura]. degradat ion slower

EWA 68 + Pt ovez-layer 3 Overlayer must be partially dissolved and
penetrated before melten salt can dealloy
the CoCrA1Y coat ing

I~A 68 + p-~ + ~~A 273 3 Performance variable ; one surface looked
very good, others were oxidized

Sputtered Pt + IWA 273 2 Variable microstructural degradation; 
-

lifetime essentially the same as IWA 273

I-WA 273 2 Ni-base coat ings appear to be more resist-
ant than Co-base to chloride-induced de-
alloying

Ti-alloyed CoC rA1Y 2 Mechanism of Ti effect not understood;
microstructural degradation slower

EWA 68 CoCrA1Y 1 Chloride-containing liquid salt deposit de-
alloys the coating of aluminum

Pt underlayer + I-WA 68 1 Underlayer is ineffective against initiation S

of attack and penetration of developing pro-
trus ion

I-WA 68 + F.’IA 273 1/li. Suscept ible to general surface oxidation and
edge failure

Preoxidized F~A 68 i/li. Oxide spalls off in cyclic hot corrosion S

I-WA 68 + Ni Overlayer i/li- Overla~rer oxidizes and spalls off S

EWA 73 <i/li Rapid dealloying and sulfidation

I-WA 70 + F.~lA 273 < 1/li- 1? 55 St

IWA 70 + EWA 73 it it

TABLE III. Relative performance of various state-of-the-art and modified
coatings in 899 C cyclic hot corrosion test with Na2S% - 50% NaC1. Est-
imated lifet ime, in multiples of lifetime of F.-IA 68, is based on visual
observations and post-test metallographic characterization of general sur-
face degradation and localized attack.
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