
*0 A071 055 PRATT NC WHITICY AIRCRAFT S*O~P WEST PALM BEACH Pt. S—ETC F’s nnNARIIC 5*5 TLMSDC HOT CORROSION O€PEPCENcE ON INSCSTED SALT LE—LTC uji
t*CLASSIPICD 

APR 75 RHSAS*I.OWp F S PCTTIT N00173e77eC..oRos

__

ro;
~
oomrn

L1flDDD! ... D~iD~



11111 1.0 L~~ 28 ~ 2.5

~~ OOI~ 2

I . I ~L:: ‘‘~ 10020

((((( 1 .8

11111’ .25 IIIHi~ ~
MICROCOPY RESOLUTION TEST CHART

NATIONAL BUREAU OF STA NOARDS -1 963 -A



MARINE GAS TURBINE HOT C ORROSION
DEPENDENCE ON INGESTED SALT LEVELS

D D C

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



• 
Report No. FR-U5I~

1 Contract N00].73-77-C-0206

. 1
MARINE GAS TURB~~E HOT CORROSIONL DEPENDENCE ON INGESTED SALT LEVELS

I

I

United Technologies Corporation U U~~~~Tt1~~~
‘ 

Prat t & Whitney Aircraft Group
~overnment Proth~~ts Division
West Palm Beach , FL 331~02

1 
16 April 1979

I Final Report: 29 July 1977 to 31 Oct 1978

Approved for public release; distribution un].fmited

I
I Prepared for:

Naval. Research Laboratory
Washington, DC 20375

PRATT & WHITNEY AIRCRAFT GROUP
1 i, Government Products Division 

~~~~ Palm Beach Roride 33402

~~ WUT~~1’q~~~i’ T~~HNO~~CI~$ ~

I i u of A. .  
I ~~



I 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE (U~i... D.t. EnI.,.d)

REPORT DOCUMENTATION PAGE BEFORE COMPLETIN G FORM
I. REPORT NUMBER 2. GOVT ACCESSION NO 3. RECIPIENT S CATALOG NUMBER

4. TI[t ~ 1~~~~ — - ~~~ i~~i L~~~ U — .  - 

~~~~~~~~~~~ w El OSION 
_ _  

29 1 ‘
~7 31 Oct

f ~+h-~/A ~~~115~~~~
7. AUTHON(.) ( .. .... ...— -‘~.M1R~ OR GRANT NUMBER( s)

I ~~~~~ H.)Barkalow~~~~ F. S~~Pe~~~t ~~ ~~~ 73 77 c~~~~~7~~~

I ,. PERFO~~~ING O R G A NIZ A TION  NAM E AND ADDRESS 10. PROGRAM ELEMENT. PROJECT , TA SK

United Technologies Corporation A R E A  & WORK U N I T  N U M B ERS

Pratt & Whitney Aircraft Group
Government Product s Division

I 
West Palm Beach, Florida 331.1.02

I I . CONTROLLING OFFICE NAME AN D AODR ESS .~L ~~~~~~~~
Naval Research Laboratory 16 AP~~~~~7~J ~

f 14. MONITORING AGENCY NAME S AODR ESS( • ~~~~~~~~~~~~ IS. SECURITY CLAS S. (of hi. rapoof)

I 
(~~~~iJ~~j  UNCLASSIFIED

IS.. OECLASSIFICATION/OOWN GRA OING
SCHEDULE

16. ~~STRI UTION S T A T E M E N T  (of ski. R.port)

I
Approved for public release ; distribution unlimited

51. DiST RIBUTION STATEMENT (of lb. abstract .nt.r .d in Block 20. ii dilIør..e t from Rsport)

I
J IS. SUPPLEMENTARY NOTES

IL KEY WORDS (Ccnl&nu. on r.v.ra. .id. if n.c..aasv mid id.n lily by block ntmib.r )

‘ 
Hot Corrosion Sulfur Trioxide
Salt Ingestion NaC1 - SO3 Interactions
Salt Deposition

$ 3.~~~_ ?~g 2 ~2i~’(
I ABSTRACT (Ca.ff iiu. on r.v.t.. .id. if n.c...~~y and ld.ntify by block ,e.mib.r)

Turbine section hardware in marine engines is susceptible to hot corrosion

J attack induced by salt deposition. In attempting to control this type of
materials degradation, it is necessary to examine the dependence of hot cor-
rosion on ingested salt level and to determine the deposition rate below which
hot corrosion attack will be negligible. ~.si t1~ s ~rt~grnm . test specimens

I ( uncoated and aluminized Mar-MSO9 and IN 792, CoCrA1Y-coatecl’IN 792) were
exposed at 700 and 900°C in laboratory tube furnaces to conditions which induce

( DO 
~~~ 

1473 EOITION OF I NOV 65 5 OBSOLETE
uNCLA~cSIPT_ En

SECURItY CLASSIFICATION OF THIS PAGE (~~~
mi Data j,w.,. ~~

p



/

UNC IASSIF lED
SECURITY CLASSIFICATION OF THIS PAGE(Whan Dala &,t•rad)

20. ABSTRACT (continued)

ot corrosion attack. The microstructures developed in these tests were com-
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X-ray diffraction, electron probe microanalysis5.~~A test at 700C with a salt
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closely duplicate the degradation microstructure most c~~~ on in hardware from
marine service Burner rig tests at 700°C with SO3 in the combustion gas were
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SECTION I

ThTRODU~T]DN AND I~ 0GRAM PI~ N

The objective of this program is to estimate the amount of sea salt
which can be ingested into a marine gas turbine without unacceptable rates
of hot corrosion.

The objective is formidably challenging, in spite of the apparent
simplicity of limiting hot corrosion variables to the amount of salt in-
gested into a burner rig or test engine and extrapolating the data to an

ingest ion rate where hot corros ion is acceptably slow. The challenge is
presented by the fact that materials degradation in any experimental or

marine service situation will be strongly dependent on interactions between

several major environmental variables in addition to quantity of salt:

1) Metal temperature

2) Salt chemistry
a, Condensed chlorides

b. Mixed sulfates

c. Vanadium and/or heavy metals
3) Gas chemistry

a. SO
3 

pressure
b . Chloride vapors

Thus the problem is not to determine hot corrosion versus Ingested salt
level but to select relevant environmental conditions for the experiments

and to be capable of predicting the effect of deviations from these cond-
itions (e .g. operation of the engine at higher shaft horsepower , use of
higher sulfur fuel, etc .).

In principle, for example, the objective of this program could be
achieved by ingesting Imown amounts of salt into a shipboard engine and

periodically disassembling It for metallur~~.cal inspection of the hot
section components. However, the engineering data so obtained would be

- 1-

I



applicable only to the ccmbination of throttle settings (i.e. shaft horse-
power output) and fuel chemistry which fix the component temperatures and
reactive environment of the test. Different throttle settings would simul-
taneoua ].y alter metal temperatures, the amount and c~ nposition of the salt
deposits which condense from the c~ nbustion gases and/or spa.U from the
compressor, and the partial pressure of sulfur oxides in the gaseous en-
vironment. The resultant effect of interrelated changes in several environ-
mental variables on the rate of hot corrosion attack is not evident .
Further, the dependence of hot corrosion on ingested salt level would be
expected to vary with sulfur content of the fuel, and, lastly, an effect of
transient condit ions during start-up or shut-down of the engine is a
possible factor.

In spite of these complications, the objective of determining marine
hot corrosion dependence on ingested salt level under relevant envirornnent a.1
conditions is amenable to scientific and engineering study. One aspect of
analyzing the problem is controlled service use of marine turbine hardware,
including document ation of the time-at-temperature history of blade and
vane sections as a function of engine power output and the relative temp-
erature of various portions of the airfoil (i.e. the tip, midspan, and root
sections). Visual inspection and metallographic examination can then

establish the nature and severity of hot corrosion attack at high versus
low engine power and in the relatively hot versus relat ively cool sections
of the airfoils. Information of this type has been compiled by the U.S.
and Royal Navies and the major engine manufacturers (Refs . 1-6). Of major

significance and relevance to this program are the following observations :

i) Substantial hot corros ion was encountered in the

relatively cpol sections of t urbine airfoils and

in hardware from engines whose operating history

had been restricted to low shaft horsepower -

hence low metal temperatures where hot corrosion

had previously been thought to be inconsequential.

- 2 -
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2) The low temperature corrosion was typically of nodular
morphology and consumed CoCM1Y-type coatings without
significant preferential attack of either the a-Co or

f ~-CoA i phase. A thin a-denuded zone with a few small
sulfides was somet imes observed, but the attack front
in many cases was a sharp separation between all
metal and all scale with no discern able diffustcm
zone or interns], oxidation.

The second aspect of studying marine hot corrosion is to conduct lab-
oratory tests which reproduce the microstructural features (and by infer-
ence the attack mechanism) of service induced degradation. Testing of this
type has been done by many investigators, who have independently shown that
the types of coat ings being used in marine gas turbines are susceptible to
low temperature (approximately 650 to 750°C ) attack induced by condensed
sulfate salt deposits and gaseous 303 (Refs . 6-ll). The importance of 803,
as well as the condensed salt, has been demonstrated by the rapid attack of
coatings known to be highly resistant to salt deposits heated in sulfur-
free air . Regardless of whether the 303 was supplied by thermal decorn-
position of mixed sulfates, addition of bottled gas to furnac e atmospheres
or burner rig air streams, or combustion of sulfur-doped fuel , micro-
structural features were apparently the same and essentially equivalent to
those of low temperature service-induced degradation.

Conclusions and inferences from the service evaluation and laboratory
test results summarized in the preceeding paragraphs were the basis of

formulating the test plan for this program as outlined in Figure 1. The
plan includes tube furnace experiments to provide basic data on the effects

of import ant hot corrosion variableø and burner rig ~esting to determine

severity of hot corrosion versus ingested salt level. Implicit in both

types of experiments is the assumption that the partial pressure of $0
3 
in

the gaseous environment is a critical parameter, Hence, except for base-

line furnace exper iments to compare sulfur-containing versus sulfur-free

air, all test ing is done at controlled values of 803 pressure.

— 3 -



The initial series of furnace experiments attempted to evaluate quant-
itatively (by we ight change dat a and metallography) the effect of PSO on
the hot corrosion produced by a given salt deposit (1 mg/cm2 of Na2S%) on

various materials (CoC rA1Y coatings and on IN 792, uncoated and aluminized

Mar-M5O9 and IN 792). Such data would be useful in predicting the effect
of sulfur content of the fuel on the lifetime of turbine components, since
this parameter would influence the value of p

30 in the ccii~bustion gas but
probably have no significant ef f ect on other ho~ corros ion variables.
Also, for the purpose of this program, the data were used to select a value
of pQ0 for subsequent experiments designed to investigate possible inter-

actions between SO3 and other parameters which might influence hot corrosion

behavior. In this respect, it is necessary to know if the characteristic
features of marine hot corrosion are produced only in a relat ively narrow
range of 303 pressures, or if the corrosion mechanism and microstructura].

features (although not necessarily the rate of attack) are similar over a

broad spectrum of 
~~C) values .

3
The experiments in block 2 were concerned with condensed and gaseous

chlorides and a possible interaction of SO
3 

and vaporous NaC1. A primary

effect of NaCl - previously suspected to be a major factor in marine hot

corrosion - has been lar gely discounted because the microstructural feat-
ures characteristic of chloride-induced attack (pore format ion, substantial
dealloying and internal oxidat ion ) are rarely observed in corroded hard-
ware from shipboard engines . Nevertheless the ability of NaCl to aggravate
sulfate-induced hot corrosion has been repeatedly demonstrated, and it is

especially important to establish whether or not a synergistic effect of
NaCl and 803 is likely to be involved in corros ion of marine engines.

The final series of tube furnace experiments,listed in block 3, was

concerned with mixed sulfates. As discussed in greater detail in pre-

senting the results, it is known that some metallic sulfates, when present

in Na2SO~ , may affect the hot corrosion process by depression of the melt-

ing point or thermal deccmiposition.

- 1~~-



Results of the furnac e experiments were considered in selecting the
type of salt and other environmental variables for burner rig tests which
determined severity of attack versus amount of salt ingested . Gaseous sul-
fur oxides in the burner rig flame were provided by mixing SO2 with the
primary air. The amount and canpos it ion of salt deposited at a given in-
gestion rate was determined by chemical analyses of depos its frcsn the
specimens and from an inert plat inum probe of identical geometry. Furnace
experiments to compare burner rig and furnace hot corrosion and to determine
the dependence of furnac e hot corrosion on amount of applied salt were per-
formed as considered necessary.

AU specimens from furnace and burner rig testing were examined
visually and by conventional metailography; more sophisticated techniques
(S~~4, microprobe, and XJ~D) were used on selected specimens. Primary
emphasis was placed on characterizing the severity of attack and degradat ion
microstructures of CoCM1Y-coated IN 792, since this coat ing/substrate
system is widely used in marine gas t urbines. The uncoated and aluminized
IN 792 and Mar-M509 were examined to compare the ..elative performance and
mechanism of attack of Ni- versus Co-base systems under various cou~ inaticms
of temperature and chemical environment.

Data in the following sections are presented in the order discussed
above, although some of the work was done in different sequence for cx-
perlmenta]. convenience.
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S~~T ION II

R~3ULTS AND DISCUSSION

1. ~U~’FECT OF SO
3 

PRESSURE ON SULFATE-IN1jX~EI) HOT CORJ~)S ION

a. Equipnent and Procedure

All tests were performed in the horizontal tube furnace illustrated in
Figure 2. The input gas was mixed from bottled SO2 and 02 with flowmeters
capable of providing ratios as low as 0.0001 volume fraction SO2 ; total
flowrate was U.5 liters/hour. A catalyst of sputtered plat inum on DuPont
To~~ X~ honeycomb alumina was maintained at the same temperature as the
specimens, which were suspended on platinum wires from a ceramic tube. The
specimens were coated with 1 mg/cm2 of Na

2SO11, exposed for 20 hours, water
washed, and recoated with fresh salt for continued testing. Total exposure
t ime was 100 hours unless sooner terminated because of severe attack.

Test conditions are listed in Table I. The rate of attack at 7014°C -
of maximum relevance to the problem of low temperature marine hot corrosion -
was determined at three values of SO3 pressure, computed from data in the
JANAF tables assuming equilibration of the input gas mixture at the test
temperature, The Input gas composition was then adjusted to provide the
same equilibrated 50

3 pressure at a higher temperature, so that comparison
with the 7014°C results would define the effect of metal temperature on the
rate and microstructura]. features of 303-induced corrosion.

704°C (1300°F) 899°C (1650°F)

input equilibrium input equilibrium
SO :02 SO pressure SO :02 80 pressure
re.~io (a~mospheres) ra~io (a~mospheres)

0.0050 3.5 x lO~~ - -

0.0010 7.1 x lO~~ 0.0029 7.1 x l0~~
0.0002 1.Ii x 10~~ 0.0006 1.4 x 1O~~
TABLE I. Temperatures and gas compositions used in tube furnac e
experiments to determine the effect of 503 pressure on the rate of
sulfate-Induced hot corrosion.
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b . $03 - Induced Attack at 7014°C (1300°F)

Surface photographs and weight change data showing severity of attack
vers us SO

3 
pressure are presented in Figures 3 - 8. Except for an unusually

large weight loss of one of the specimens (uncoated IN 792) at the inter-
mediate value of p~0 , all observations and AN/A data indicate strong and

consistent dependenc~ of severity of attack on 303 pressure.

The surface photographs In Figures 3 - 7 are those taken of each spec-
imen at the initial examination after 20 hours exposure , where the differ-
ence in surface condition as a function of 80

3 
pressure was most evident .

The effect of SO
3 

pressure on severity of attack - especially at 0.004
versus 0,0007 atm - was not well illustrated by black and whit e surface
photographs after longer exposure times, although the difference In degrad-
ation of the coated specimens at 0.0007 versus 0.0001 atm was apparent
(Figure 8).

Post-test met allography showed that the }WA 68 CoCrA1Y coating tested
at 0.0014 atm 30

3 
was penetrated or almost penetrated in numerous locations ,

with most areas showing general surfac e degradation as well as localized

nodul ar attack (Figure 9) .  The uncoated alloys in the same test (Figure s
lOa, lob ) showed highly irregular surfaces reflecting the substantial

material consumption and scale spallat ion inferred from visual inspection
and the large weight losses ; however , there was no ind ication of alloy de-

pletion , sulfid e precipit at ion, or internal oxidati on in advance of the
scale/met al interface. The FWA 28 aluminide coating on Mar-M5O9 was almost
canpletel:r consumed; the heavy scale shown in Figure lOc was spalled off In
most area~; and substrate attack was observed. In contrast, the }WA 273 on

the Ni-base IN 792 was heavily attacked but still protective (Figure lOd).

Less severe attack, especially of the Co-base coat ings, at P~0 =

0.0007 atm is evident from comparison of Figures 11 and 12 versus Figures 9
and 10. The CoC rA ].Y and the Co-base aluminide both failed in the 100-hour

test at 0. 0014 atm ; at the lower 80
3 

pressure , both were substantially cor-

roded but still intact , at least over most of the area of the specimen .
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Microstructural degradation of all of the test materials was substan-
tia.lly less at Pso = 0.0001 atm (Figures 13 and 114 versus Figures 9 - 12),
possibly excepting a relat ively thick scale on aluminized IN 792 which was
comparable to that observed at 0.0007 atm. Attack of the CoCrA1Y was
limited to the depth shown in Figure 13, obviously much less than that of
the higher SO

3 pressures but very siguificant in consideration of the neg-
ligible degradation produced by low temperature exposure of sulfate-coated
CoCrA1Y in atmospheres free of gaseous sulfur oxides . Degradation of the
FiiA 28 Co-base aluminlde was also very slight, and the uncoated alloys were
only moderately attacked (Figure 114).

CoCrA1Y specimens tested at the three values of p were examin ed by
scanning microscopy; typical features of the corrosion fron t and element
distribution in the corrosion products are illustrated in Figures 15 - 18.
At the maximum rate of attack, produced by p50 = 0.004 atm, there is an
extremely well def ined ghost image of the coat~ng microstructure at the
base of developing protrusions and the complete absence of a a -depleted
zone in most areas of the attack front (Figure 15). The volume of the pro-
trusion Is Cr- and Al-rich oxides , and sulfur enricbment at the attack
front is readily observable in X-ray area scans . At p80 = 0.0007 atm, the
attack is of similar nodular morphology, although SE~4 ex~niination shows a
thin but uneq.uivocally recognizable ~-dep1etion zone at the attack front
(Figures 16, 17). The composit ion of oxides in the developing prot rusion
is again Cr- and Al-rich. Comparison of the X-ray maps in Figure 15 versus
Figure 17 implies a difference in sulfur distribution, but the effect is
possibly attributable to wet versus dry polishing as discussed below. At
p~~ = 0.0001 atm, a well defined p-denuded zone at the scale/metal inter-
fac~ is typically of the thickness shown in Figure 17. A nodular morphology
is not yet evident in aU areas although X-ray niaps again show the Cr- and
Al-containing oxides and a characteristic presence of sulfur in the scale.

In considering the significance of sulfur in the corrosion products,
It is important to note that the specimens of Figure 15 ari d 18 were pre-

pared for metallographic examination by conventional wet polishing, which
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wc~ 1d remove wat . :-soluble salt s from the scale. Hence the conc ent rat ion
of sulfur at the attack front must be due to an insoluble compound - perhaps
an aluminum-chromium oxysulfide, or a type of complex sulfate or sulfite* -
and ~‘o~ simply an accumulation of unreacted residual sulfate salt . Con-
versely, t~~. sample ~f Figures 16 and 17 was dry polished and shows a more-
or-less uniform distribut ion of both Na and S in the bulk of developing
protrusions. This suggests that the corros ion products in the protrusion
were soaked with sulfate salt during the test , and advance of the attack
fr ont involved reaction of this salt under the cond itions of low oxygen
act ivity which exist at the scale/metal interface.~~

Similar microstructure and element distribution over a range of SO3
pressures - excepting only a narrow ~ -depleted zone whose presence can be
rationalized by slower attack at low 303 pressure - implies that the hot
corrosion mechanism is essentially the same at the three values of SO3
pressure used in these experiments. If such is the case, the rate of
attack, measured in suitable units, should exhibit a systematic dependence
on P~o~~ 

Since the characteristic microstructure and failure mode of
CoCrA1Y coatings in marine service is generally a form of localized nodular
attack , the rat e of hot corros ion was expressed by estimating the t ime to
penetrate the 125 ~m (5 mil) coatings on the samples from these tests ,
assuming a linear increa se in the depth of attack wit h increasing exposure
time. The result s, plotted in Figure 19, suggest an approx imately linear
dependence of log failure time on p~~ suc h that coating life can be ex-
pressed by an equat ion of the form

log (time to penetrat ion ) = n log p303 
+ log C

*X_ray profiles for Al, Cr , 0, and $ peak simultaneously at attack front ,
suggesting the corros ion product is a phase containing all four elements.

~~Wet polished specimens have somet imes shown a general ly broad distribution
of sulfur (but not sodium) rather than the concentration of sulfur at the
attack front as illustrated in Figure 15. Conversely it has been observed
that dry polished specimens somet imes show a well defined sulfur-rich band
at the attack front rat her than the uniform distrib ution of sulfur shown
in Figures 16 and 17. Easily detectable sulfur is invariably present ,

( however , and the sulfur-containing scale is a characteristic feature with
import ant implications regar ding the mechanism of SO~-induc ed attack , even
though the su lf ur distribution (i. e. uniform ly in th~ volume of the pro—
trusion or concentrated at the attack front ) may be variable and not well
understood.



or time to penetration = C .p ~0 
r~

3
Although the graph of Figure 19 must be interpreted with caut ion because of
the limited testing and crude approximat ion of failur e t imes, it is clear
that severity of attack, under otherwise constant environmental cond itions ,
is a strong function of 803 pressure .

c. $0
3 
- Induced Attack at 899°C (1650°F)

As discussed in the introduction and the descript ion of experimental
procedure at the start of this section, it was known that a test tempera-
ture near 700°C with 303 in the gaseous environment would produce hot

corrosion with microstructural features similar to those of low power

marine hot corrosion. However, to insure a wise selection of test condi-
tions for the rest of this program - both from the point of view of experi-
mental convenience and relevanc e to the problem of marine hot corrosion -
it was necessa ry to investigate the effect of metal temperature on the

severit y and micros t ruc tural features of SO3 - induced hot corrosio n.

Two approaches to specifying SO3 pressures for comparing low tempera-
ture versus high temperature hot corrosion in tube furnace testing could be

advocated :

1) Maintain constant SO
3 

pressure at the two test temperatures
by increasing the 302 :02 rat io in the input gases to com-

pensate for the temperature dependence of the so2/so3/o2
equilibr ium.

2) Ma intain the same SO2 :O2 ratio in the input gases , thus
fixing the total sulfur content of the gaseous environment

but allowing the 303 
pressure to reach the lower equilibrium

value characteristic of the higher temperature.

Since the results of the previous experiments had shown that 303 pressure

is a critical variable in the hot corrosion process, it was decided that

the former of these approaches would provide the more useful information
with resp ect to the program objectives. Hence, as listed in Table I on
page 6, the input gas compositions to the tube furnace were adjusted to

provide two value s of 303 pressure (0.0007 and 0.0001 atm ) equal to those

- 10 -
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used at 7OI4 DC . Results of the two high temperature tests were compared via

surface condition, weight changes, and metaflography to determine the in-
fluence of p30 on severity of hot corrosion attack at 899°C. Also the
899°C data wer~ compared with 7O1~°C results to determine the effect of
metal temperat ure on rate of attack and microstructural features at fixed
values of p~~

3
In the initial high temperature test at p30 = 0.0007 atm, the IWA 68

CoCi~ 1Y was significantly attacked (Figure 20a ), although half of one s ur-
face was still adherent alumina (Figure 2(b ) and a very small weight change
(about 1 n,g/cm2 in 100 hours ) suggested much less attack than that produced
by the same 80

3 pressure at 701.i °C . At 0.0001 atm, attack of the CoC rA1Y

was limited to the very small spots of blue spinel shown in Figure 20c ;
post-test metallography showed no discernable mic rostructural degradation.

Microstructural features of the 0.0007 atm CoC rA1Y specimen are shown
in Figures 21 and 22. Optical photomicrographa of randomly selected areas

(Figure 21) illustrate the varying severity of attack inferred from the
surface condit ion. SE~4 examination of a more severely degraded area (Fig-
ure 22 and correspond ing X -ra~y maps in Figure 23) shows a highly irregular

scale/metal interface and a ve~’y prominent s-denuded zone . There is strong
concentration of sulfur in the scale as well as sulfur-containing part icles

in the two-phase ~ 4 ~ structure in advance of the s-denuded zone . Line
profiles along the path marked in Figure 22 show a slight gradient in Al
and Cr content.

For the uncoated and aluminized alloys tested concurrently with the
PWA 68 CoCrA1Y, the most striking result was the severe attack of the Ni-
base ~ iA 273 diffusion aluminide . Penetrat ion of the coat ing at several
sites was observed after the initial 20-hour exposure at both SO

3 
pressures

(Figure 21~). Attack of both specimens was highly localized, however, and

unaffected microstructure still exh ibited the characteristic purple color

of as-processed 8 -NiAl. Copious sulfide precipitation associated with the

localized attack may reflect cut-edge degradation, although results pre-

sented in the following paragraph show that the uncoated alloy is sus-

cept ible to gross sulfidat ion under these environment al cond itions.

-11 -
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Mic rostructural features developed by 100-hour exposure of uncoated and
aluminized Mar-M509 and uncoated IN 792 are illustrated in Figures 25 - 27;
Figure 25 also shows the degradation produced by 80-hour exposure of a
duplicate specimen of aluminized IN 792 which replaced the initial coupon
sectioned for metallography after 20 hours. At p30 = 0.0007 (Figure 25),
the uncoated Mar-M509 showed a relat ively uniform e~ternal scale, preferen-
tial oxidation of interdendritic eut ectic, and a few shallow protrusions
typically of the depth in Figure 25a. The aluminide coating on Mar-M5O9

was substantially degraded but still protective; substrate attack was
limited to the slight preferential carb ide oxidation shown in Figure 25b .
Consumption of the coating apparently involved ~-dep1etion and sulfide pre-
cipitation.

In contrast to the moderate attack of the Co-base systems, Figures 25c
and 25d show the almost catastrophic hot corrosion of IN 792 under the same
test conditions. The uncoated alloy (Figure 25c) was severely sulfidized
and the aluminide coating was completely consumed in approximately 80 hours
or less. Figure 25d includes a remnant of the destroyed coating; the oxi-
dized coating was spalled off in most locations, and depth of sulfide

penetration was essentially the same as that of the uncoated alloy.

At p30 = 0.0001 atm, uncoated and aluminized Mar-M509 were less
attacked, a’though the variation in severity of hot corrosion wit h SO

3
pressure was not as pronounced as that observed for these alloys at 70~ °C .
Nevertheless the scale thickness and dept h of preferential oxidation were
clearly less at 0.0001 atm (Figure 26a vs . Figure 25a), and examination of
several areas of the aluminide-coated s pecimen showed there was generally
more ~ -CoA1, less sulfide precipitation, and less material consumption
(Figure 26b vs . Figure 25b).

The effect of p50 on 99°C hot corrosion of uncoated IN 792 was very
pronounced , as shown b~ weight change data and metaflography (Figure 27).

Characteristic features of the degradation microstructure appeare d essenti-
ally the same, however , except for the difference in severity of attack .
The exterual corrosion product was a mixture of metal and scale, and there

was substantial alloy depletion and sulfide precipitation.
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d. Temperature Effect at Constant SO3 Pressure

The following discussion, supported by Figures 28 through 30, summa-
rizes results of the 7014 and 899°C hot corrosion experiment s in terms of
relative performance versus temperature and SO

3 pressure.

1) IWA 68 CoC rA1Y Coating

It is clear that S0
3-

induced hot corrosion of CoCrA1Y is less severe

at 899 th an at 7014°C. Although 100-hour exposure at 899°C and p~~ = 0.0007
atm produced substantial microstructural degradation in some areas3(e.g.
Figure 22), examination of the test coupons after 20 hours showed extens ive
corrosion at 7014°C versus negligible attack at 899°C , and weight changes
were much less at the higher temperature (Figure 28) . At 0.0001 atm, the
negligible 899°C att ack indicated by surface con dit ion (Figure 2Oc ) and

post-test metallography contrasts with the significant extent of corrosion

shown in Figures 13 and 18.

2)  Mar-M509

Weight change dat a for uncoated Mar-M5O9 at p30 = 0.0007 atm are also
dramat ically greater at 7014°C (Figure 29a), although3corresponding metallo-
graphy (Figure 25a) showed greater attack at 899°C than implied by the
relatively small weight changes . At p30 = 0.0001 atm, small weight changes
and moderat e surface degradat ion at both test temperatures were not signif-
icantly different .

Somewhat surprisingiy in view of the per formance of CoC rA1Y and the

uncoated Co-base Mar-M509, the aluminide coating on Mar-M509 was more

severely attacked at 899 than at 7014°C . Figure 29b shows a relatively

large 899°C weight loss at 0.0007 atm; at the lower 803 pressure, Figure
26b versus Figure 114b again indicates greater microstructural degradation

at 899°C , perhaps resulting from coating-substrate interdiffusion.

3) 1N 792

At p30 = 0.0007 atm, uncoated IN 792 suffered large weight changes

at both 70143and 899°C (Figure ~Oa). Although the weight loss at 7014°C may

have been anomalously large (Figure 6), it is clear from corresponding

- 13-
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metallography that high temperature promoted gross si.ilfidation (Figure 25c )
in contrast to r e ~~ igible intern al attack at 7014°C (Fit ~e ]2b). At 0.0001
atm , a small but clearly measurable weight gain at ~99°C (Figure 3(b) again
suggests more sLbstant ial ingress of sulfur into the alloy due to the
higher test temperature.

The aluminide coating on IN 792 was resistant to SO
3 

effects at 7014°C;
although significant weight losses and surface degradation were observed,
the coat thg was not penetrated even by 100 hours at 0.0014 and 0.0007 atm

(Figure 10, 12). Conversely, exposure to 303 at ~99~C caused rapid sul-

fidation and penetration of the coat ing after only 20 hours (Figure 2 14).

e. Summary and liscussion of Effects

Of obvious relevance to the problem of marine hot corrosion are the

following results of service experience and laboratory testing:

• Substantial hot corrosion has been observed in shipboard
engines operating at low shaft horsepower - hence low metal
teriLerat ares

• The typical degradation microstr~cture in these engines was

apparently producel by in-situ corrosion of the CoCrA1Y
coating ; i.e. there was minimal alteration of coating

chemistry by long range diff us ion and min imal internal

attack in advance of the scale/metal interface

• ‘icrostructural feat ures of low power marine hot corrosion
can be reproduced in a low temperature (approximately 650
to 750°C ) laboratory ftrn ace test using only Na2SO14 salt
and 303 in the gaseous environment

• Coatj r~ c resistant to Na2SO14 deposits heated in sulfur-free
air are substantially aegraded when the at ia~sphere contains

~~~~ The degradat ion rate is proportional to the partial

press’~re of 803
- The 30

3 
effect is observed at temperatures as r~igh as

899°C, although microstruct rai features produced in

~estthg a~ this te!nterature show impo rtant dissimilarities

(primarily t~ e pror.o~nced s -denuded zone) from those

developed in low power marine ser- .-~~ e
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- At fixed SO
3 
pressure, CoCrA1Y is more severely degraded at

7014 than at 899°C

Probably the most critical item in establishing the relevance of
laboratory test results to service experience is comparison of degradation

microstructures. Unfortunately the comparison is not always straightforward,

and inferences from a one-time destructive metallographic exam ination of
service hardware must be drawn with extreme caution (e.g. did the observed

corrosion occur at a more-or-less uniform rate during typical operating
conditions, or rapidly during brief excursions from the normal operating
profile of the engine?). Hence it must be understood that similarity of

degradation microstructures in engine hardware and laboratory test specimens
is not conclus ive proof that test cond itions have reproduced the causes

and mechanism of the hot corrosion which occurred in service. On the other

hand, the mic restructures observed in hardware from many marine engines

does uneq.uivocally restrict their time-at-temperature history to conditions

which caused no alteration of the coating microstructure by long-range
diffusion and likewise eliminates any combination of metal temperature and
corrosive agents which results in substantial alloy depletion or internal
oxidation in advance of the attack front .

Based on this reas oning and the informat ion summarized in the bullet
items just listed, it is strongly believed that hot corrosion of the type

illustrated in Figure 31 is due to low temperature (i .e . about 750°C or
below ) exposure to condensed Na2SO14 salt and SO

3 
in the combustion gases .

2. CHLORIDE EFFEX~TS AND CHLORIDE - 30
3 

INTERACTIONS

a. Objective and A pproach

The objective of the work in this section is to determine if the sulfate-

30
3 type of hot corros ion attack believed to be the primary mechanism of de-

gradation of shipboard engines is significant ly affected by NaC1. The ex-

perimental approach was to compare weight change dat a and microstructural

degradation from three types of tests:

- 15-



i) Sulfate - SO
3 

hot corros ion in the absence of NaC1

(i.e. the work in Section 1)

2) Condensed and vaporous chloride effects in the ab-
sence of SO

3 
gas

3) Sulfat e - 30
3 

- NaCi hot corrosion testing at con-
centrations of 30

3 and NaCi selected from results
of the preceeding experiments.

As described in the preceeding sect ion, the sulfate-SO
3 

experiments
were run at 7014 and 899°C to compare severity of attack and degradation
microstructure at two temperatures. The chloride experiments were done at

899°C with high concentrations of condensed and/or vaporous NaCl to
accelerate testing; low temperature experiments were considered unnecessary
because earlier work (Ref . 6) had shown similar degradation microstructures
and comparable behavior at 6149 and 899°C except for more rapid attack at

the higher temperature . The SO
3 
- NaC1 interaction experiments were again

run at both 7014 and 899°C, since the relative severity of NeC )..- and 803
_

induced degradation would be expected to vary s ignificantly with temperature.

b. Condensed and Vaporous Chloride Effects

The five test materials (IN 792/PWA 68 CoC rA1Y, uncoated and aluminized

Mar-M509, uncoated and aluminized IN 792 ) were concurrently exposed at 899°C
to the following combinations of condensed and gaseous ox idants :

Salt Deposit Furnace Gas

None Air

None Air with 300 ppm NeCi
1 mg/cm2 Na2SO14 Air
1 m g/cm2 Na2SO14 Air with 300 ppm NeC1

1 m g/cm2 Na2SO 14 - 50 wt% NaCl Air

1 mg/cs? Na2SO 14 - 50 wt% NaC1 Air with 300 ppm NaCi

The air experiment s were performed in a vertical tube furnace ; those in-

volving NaC1 vapor were run in the horizontal furnace of Figure 2 by in-

serting a salt-filled boat upstream of the specimens. Material behavior
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1

was evaluated by visual inspection and weighing at 20-hour intervals and by
post-test mneta.llography. The salted specimens were washed and recoated with
fresh salt at the 20-hour inspections .

Results are summarized in Table II . Metallography and weight change
data of selected specimens are presented as considered necessary in the

following discussion :

1) Effect of Chloride Vapor on Simple Oxidation (compare Column 2 vs.

Column 1)

The term simple oxidat ion indicates the lack of condensed corrodent
on the material surface.

• In the 200-hour testing time of these experiment s , the effect of the
chloride vapor was not dramatic. On visual inspect ion, only the uncoated
Mar-M509 was considered unequivocally more degraded as a result of the
chloride vapor, although subsequent metallography suggested slightly
greater preferential oxidation of carb ide phases in the Co-base alunitnide

coating as well. There was no discern able difference in the nature or
extent of attack of the CoC rA1Y or the Ni-base materials in chloride-con-
tairiing versus chloride-free air .

2) Sul fate-Induced Hot Corros ion in Clean Air (Column ~ vs. Column 1)

The term clean air indicates the lack of significant con centrat ions of
gaseous reactant s other thr.ri oxygen.

Hot corrosion is generally defined as inc reased oxidation due to the
presence of condensed salt deposits on the material surface, and, as ex-
pected , all of the specimens were more degraded in hot corrosion than in

simple oxidation . However the extent of attack could at most be described

as moderate; none of the coatings failed, and microstructural degradation

of CoCrA1Y was negligible.

3) Effect of Chloride Vapor on Sulfate-Induced Corrosion (Colu~~i 14
vs. Column 3)

Significant differences in hot corrosion behavior were observed under

ident ical test conditions except for the presence of 300 ppm NaCi vapor.
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Uncoated Mar-M509 was substantially more degraded in the experiment
with NaCl vapor (Figure 32). The effect is believed to be real, although
the relatively slight degradation of the specimen tested in air is of
quest ionable reproduc ibility and the chloride effect might not be as pro-
nounced as the results of these two experiments suggest. For the Co-base

coatings, observat ion of a number of randomly selected areas on the entire
cross section would support the conclusion that degradation was slightly

greater due to the NaC1 vapor, especially for the aluminized Mar-M509. The
CoC rA1Y coatings were only light ly attacked in both tests and the difference
mi~~t have been within experimental scatter.

The concurrently exposed Ni-base alloys were less corroded in the
chloride-containing atmosphere, as shown in Figure 33 by surface condition
and metall-’graphy of uncoated IN 792. Visual inspect ion of the aluminized
sample indicated minimal attack except for a massive edge failure which is

not attributed to the chloride vapor; post-test metallography confirmed

minimal microstructural degradat ion except for cut-edge attack.

14)  Sulfate-Condensed Chloride Hot Corros ion in Clean Air (Column 5
vs. Column 14 )

As expected , the addition of 5(* NaCi to the condensed salt deposit

caused severe hot corrosion of all the specimens except the aluminized
IN 792. Both Co-bas e coat ings failed , and degradat ion micro-

structures showed the extensive dealloying, pore formation, and internal

oxidat ion characteristic of chloride-induced attack.

5)  Effect of Chloride Vapor on Sulfate-Condensed Chloride Corrosion

(Column 6 vs. Column 5)

Again as expected fran trends of the previous experiments, the com-
bination of condensed chloride in the salt deposit and 300 ppm NaC1 vapor
in the furnace atmosphere produced very severe degradation, including

attack of the Ni-base aluminide which was res istant to sulfate-chloride

deposits heated in air. The B’~A 68 CoC rA].Y was also substantially more

‘ 
degraded than in the equivalent test with sulfate-chloride salt in clean

air .

- 19-

1



c. Chloride - 50
3 Interactions

It is evident from the trends shown in Table II - as well as from the
work of other investigators* - that NaCl tends to promote cracking and
spallat ion of protective scales, thereby accelerating the onset of the pro-
pagation stage of oxidation or hot corros ion attack. Such an effect could

significantly aggravate hot corrosion, even in the case where condensed
or vaporous chloride is a minor spec tea and the mechanism of attack is that
characteristic of another corrodent (i. e. Na2SO14 - 30

3). Hence the following
work was carried out to compare the rate of attack observed in the experi-
ments of Section 1 wit h that produced by the same salt deposit and 503
pressure plus a small concentrat ion of vaporous sodium chloride .

The horizontal tube furnace described in Section 1 was modified as
shown in the sketch of Figure 314 to permit exposure of the test specimens to
both 303 and NaC1 vapor. Gas flow rates and 502 :02 input ratios were the
same as those of the preceeding experiments with 303 gas, but it W&ø
necessary to int roduce the 

~°2 down stream of the NaCi boat to prevent
consumption of the 302 via reaction with the solid NaCl. Tests were run at
an 303 pressure of 0.0007 atm, s ince degradation produced by this concen-
tration was known to be substantial but not sufficiently catastrophic to
overwhelm a possible effect of the chloride. A chloride vapor concent ration
of 30 ppm - maintained by heat ing the NaCl to 677°C (12500F) - was arbitrar-
ily selected .

i) NaCl - SO
3 

Effects at 7014°C

The five test materials were concurrently exposed as described pre-
viously. The test was terminated after 60 hours, when it was felt that
visual inspection and weight changes had indicated a similarity or difference
in the extent of attack versus the equivalent test in Sect ion 1 with the
same salt deposit and SO

3 
pressure but no chloride vapor.

*Foui.teen papers on Combustion Processes and Kinet ics and the Influence of
Halides in Hot Corrosion are included in the Proceedings of’ the Symposium
on High Temperature Metal Halide Chemistry, D. L. Hildenbrand and D. D.
Cubicciotti, Eds ., Proceedings Volume 78-1, The Electrochemica.]. Society,
Princeton, N.J. 085140.
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I Visual inspection after the initial 20-hour exposure cyc le suggested

increased attack of all of the specimens except the uncoated Mar-M509, al-
though the effect was not dramat ic . After 60 hours, consistently larger
weight losses of Mar-M 509 and aluminized IN 792 (Figure 35) apparently re-
fleet increased scale spallat ion due to the chloride. Weight changes of
the other test materials were not significantly different in chloride-con-
taining versus chloride-free atmospheres .

Post-test metallography showed an unusual superposition of micro-

structural features characteristic of low temperature S0
3
-induced attack

and chloride-induced dealloying . The mixed microst ructure was especially
- 

prevalent in the CcCrA1Y coat ing, where adjacent areas showed a sharp

- 
transition between the complete absenc e of internal oxidat ion typical of

- 503 effects and the substantial dealloying and pore formation typical of

- chloride corros ion (Figure 36). Areas with the S0
3
-type morphology were

also characterj~ ed by sulfur in the scale (Figure 37a, 37b); other areas

- 
showed variations in the composition and ghost microstructure of the scale
which suggested that attack may have oscillated between S0

3
_ and chloride-

type (Figure 37c).

In spite of the simultaneous operation of two types of’ corrosion mech-
anisins indicated by these microstruetures , there does not seem to have been

- 
a synergestic effect between SO

3 
and NaCi. Dept h of attack was not greater

than that attributable to the same SO
3 pressure acting alone .

In the case of the other test materials, microstructural effects of
the chloride vapor were not evident in Mar-M509 (Figure 38a), although the
concurrently tested IN 792 (Figure 38b ) exhibited many areas of internal
oxidation ( arrow ) which were not observed in degradation microstrnctures
produced by SO

3 
only. Both aluminide coat ings showed a more or less uniform

microstructure of the attack front with chloride-type dealloying and internal

oxidat ion proceeding the nodular attack typical of SO3 (Figures 38c, 38d).
As in the case of the CoCrA1Y, depth of penetration was not significantly

greater than that expected from 303 alone.

I - 2 1 -
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2) NaCi - SO
3 

Effects at 899°c

AU specimens were exposed for 100 hours . The most apparent effect on
visual inspection was generally greater surface degradation of CoC rA1Y, in-
cluding slight but clearly noticeable attack after 20 hours versus the neg-
ligible degradation observed after the same exposure t ime in the equivalent
test without NaCi vapor. In the opposite direction, uncoated Mar-M509 and
aluminized IN 792 appeared to be less severely attacked with NaCi vapor .
Uncoated IN 792 and aluminized Mar-M509 experienced much smaller weight
changes with the NaCi vapor, although visual inspection suggested consider-
able attack.

In spite of the greater surface attack and a slightly larger weight
loss, post test metallography showed that depth of penetration of the CoC rA1Y
coat ing was no greater than observed without NaCl vapor. Mic rostructural
features (Figure 39) included an aluminum-rich si~1f’ur-containing corrosion
product at the scale/metal interface and metallic sulfide in the two phase
zone, apparently the same phases observed in the previous 100 hour test at
this SO3 pressure (compare Figure 39 with Figures 21 and 22) . in contrast
to the 7014°C experiment at the same 303 and NaC1 vapor concentrations,
there were no microstructural effects clearly attributable to the presence
of the chloride vapor.

Mic rostructures of the uncoated and aluminized alloys exposed to NaCi
and 303 at 899°C are presented in Figure 140.; comparison with the structures
developed at the same temperature with 60

3 
alone (Figure 25) shows substant-

ially less attack in the experiment with NaCl vapor . The Co-base system

(uncoatea and aluminized Mar-M509) shows no features attributable to NaCl,
while the concurrently tested Ni-base system apparent ly exhibits the type
of internal oxidat ion cha~racteristic of chlorides .

d. Sui~nary and Discussion of Chloride Effects and NaC1 - 30
3 

Inter-

actions

It appears conclusively established that chloride-induced dealloying,

such as that produced by condensed deposits of’ Na2SO 14 - 50% NaCl in the ex-

periments described in one of the preceeding subsections, is not the mechazi-

- 22 -
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ism of marine hot corros ion . It is felt that microstructural dissimilarity
alone is sufficient to justify this conclusion, even though arguments can be
advan ced that small concentrations or a transient presence of chloride can
affect hot corrosion.

Unfortunately this question of whether or not small concentrations of
chloride significantly aggravate a mechanism of attack determined by another
corrosive species is far more difficult  than the rather unequivocal inter-

f pretation of laboratory tests with high concentrations of chloride and
comparison of these result s with service microstructures. In princ iple, the
approach used in this program - namely to compare the severity of attack
produced by a given temperature , salt deposit , and SO

3 
pressure with th at

of the same conditions except for the addition of a small concentrat ion of
NaCl - should demonstrat e a negligible effect or the aggravation of attack.
However the scatter normally encountered in hot corrosion experiments may

render interpretat ion difficult, unless , or course , a marked synergistic
effect is clearly observed .

Such an effect , if present, would almost surely have caused a substan-
tially increased degradation rat e of the samples in Figures 35 to 140, where
a relatively high 60

3 
pressure and a relatively high concentrat ion of NaCl

vapor left microstructural features characteristic of both processes . Indeed,
as mentioned in presenting the results, the degradation of several of the

specimens did appear greater than in the corresponding test at the same SO3
pressure but without chloride vapor. However the difference was probably
within experimental scatter, or at most could be considered an additive
effect of increased scale spallation and S03-induced attack. The depth of

attack in no cas e was significantly greater than that attributable to the

SO3 pressure alone.

In the 899°C experiment with 30
3 

and NaC1, visual inspection suggested

increased attack of CoC rA1Y in the form of general surface degradation, and

post-test metaUc ~raphy showed features of both S0
3
-induced nodular attack

and chloride-type internal oxidation of the Ni-base alloys. However the
depth of attack of all of the spec imens was less than that observed at the

same temperature and SO
3 

pressure in the absence of NaCi vapor.

- 2 3 -
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In evaluat ing the results of the 30
3 - NaC l interaction experiments,

it is critical to bear in mind the distinction between the initiation stage
(where a protective reaction product barrier reduces the rat e of attack) and
the propagation stage (where a less protective reaction product allows more

rapid material consumption) of the hot corrosion process . A potentially
important effect of chloride vapor - even at the relatively low’ concentrations
expected in the gas turb ine environment - is to shorten the initiation stage
by promoting scale spallat ion . Such an effect was clearly observed on some
of the specimens in the experiments just described. However an increase in

the rate of hot corrosion propagation due to a synergistic interaction bet-
ween SO

3 
and NaC1 vapor was not encountered, even though the test conditions

appear to have been extremely favorable for inducing such an interaction.

Hence it is felt that the chloride effect observed in these experiments
involved a role of NaC1 vapor in hastening the onset of SO

3 
- induced pro-

pagation rather than an 30
3 
- NaC1 synergism which increased the rate of

attack in the propagation stage of hot corrosion.

e. Choice of Conditions for Mixed Sulfate Experiments

The results at this point seemed to support emph as is on testing at
7014 rather than 899°C , since SO

3 
effects - at least in the case of the

CoC rA1Y coating whose corrosion behavior is of most direct relevance to
degradation of shipboard engines - were more pronounced at this temperat ure

and microstructural features better reproduced the narrow B -denuded zone

usually observed in service hardware. Of the SO
3 
pressures used in the

preceeding experiments, the intermediate value - namely 0.0007 atm - st ill

appeared to induce the severe but less than catastrophic corrosion which
offered the optimum compromise between accelerated testing and minimum danger
of overwhelming other potentially significant factors .

In spite of the belief that the 30 p~~ NaCi vapor used in the ini~~diate1y

preceedthg tests was not of major significance, there appeared to be no

compelling reason for removing it from the system prior to initiating the
mixed sulfate exper iments , especially since small amounts of N aCi vapor

would be present dur ing service operation of shipboard gas turbine engines.

- 214 -



3. MD~~D SULFATE EFFECTS AT 7014°C

a. Introductory Remarks and Experimental Procedure

There are several reasons to suspect that a mixture of Na2SO14 and
metallic sulfates may be a significant factor in low temperature marine hot
corrosion .

Most evident is that contamination could readily occur from such sources
as impurities in the f u e l, the metallic content of ingested sea salt , rust

or paint in the ductwork leading to the engine , as well as formation of co-

balt sulfate during corrosion. These impurities would lower the melting

point of the salt deposit, thus tending to promote corrosion which might

otherwise be negligible because the salt deposit was not molten .

Slight ly more sophisticated thermomechanical considerat ions show that

mixed sulfates formed or deposited at low temperatures may influence the

hot corrosion process by supplying 30
3 

on decompos ing at higher metal

temperatures . Indeed the nodular morpholo~~’ and characteristic element
distribution of low power marine hot corrosion was first reproduced in the

laboratory by heating in air of specimens with very thick deposits of

Na2SO14 - Co8014 which supplied SO
3 

by decomposit ion of the CoSO14 at 760°C .

To determine if mechanisms other than lowering of the melting point

and thermal decomposition are involved in mixed sulfate hot corrosion,

samples of PiIA 68 CoC rA1Y were coated with a 1 mg/cm2 deposit of Na2SO14 -
50m% CoSO14 and Na23014 - 50m% ZnSO14 and exposed under the same environmental

conditions (t = 7014°C, p~~ = 0.0007 atm, 30 ppm NaCi vapor) as in a pre-

ceeding experiment where t~e applied deposit was 100% Na2SO14. Included in

the same test was a mixture of Na2S014 - CoO on CoC rA1Y and Na2SO 14 - CoSO14
on an aluminized nickel-base alloy. The former was to investigate the
possibility of accelerated formation of Co8014 via reaction of the CoO and

SO
3

; the latter, to determine the effect of applied Co8014 versus that which
could form during corrosion of a Co-base material.

Isolated tests were also run to look at other potentially important

factors :

i) a thick deposit (5 mg/cxn~ ) on CoCrA 1Y

- 2 5 -
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2) a vapor honed surface on CoCrA1Y

3) a thin deposit of Na2SO14 on a tablet of o~.,Al20
3

14) a thin deposit of Na
2
3014 - Co8 014 on a tablet of ~~ A1

2
O
3

b. Test Results

i) Effect of C0SO14 and Zr~SO14 on CoCrA1Y

In comparison to the equivalent test with io0% Na2SO14, the mixed sul-
fate samples experienced more surface degradation (i.e. more of the surface

was black CoO after comparable exposure time ) but smaller weight losses .
Depth of nodular attack as determined by post-test metallography was charac-
teristic of the SO

3 
pressure and apparent ly not increased due to the mixed

salt deposit. The structure of the attack front showed evidence of both

SO
3 

- and NaCl-induced corrosion. To optical metallography, the Co- and
ZnSO 14 specimens were indistinguishable from each other , and there was no
apparent effect of the mixed sulfates versus 100% Na2SO14 (Figure li i ).

2) Salt - Cobalt Oxide Mixture

A deposit of approximately 2 mg/cm2 
- intended to be equal parts by

weight of salt and oxide - was applied by spraying with a water-base slurry.
The specimen was tested concurrently with those which experienced the re-

latively deep nodular attack shown in Figure 141. However both visual in-

spection and small weight changes during test suggested only superficial
surface oxidation, and post-test metallography confirmed that microstructural

degradation was limited to the narrow n-denuded zone and fine sulfide pre-
cipitation shown in Figure 142 . Presumably the lack of significant hot
corrosion is because the CoO was effectively gettering the SO

3
; if the

deposit s had been left until all the CoO was converted to Co3014, normal
S0
3
-induced corrosion would have been observed.

3) Na2SO 14 - Co~ O14 on Ni-Base A luminj de

Visual inspection and weight changes during test indicated an extent of

attack comparable to that previously observed with Na2SO14 deposits exposed
in the s~ me gaseous environment . Metallographic examination also showed the

- 26 -



substant ially corroded but still intact coating observed previously (Figure
143) . Somewhat surprisingly, there was no indication of the chloride-type

attack observed in concurrently tested specimens and in the sample of
aluminized IN 792 exposed to 30 ppm NaCi vapor in a previous test.

14) Thick Deposit and Vapor Honing Effects

Testing of a CoC rA1Y specimen coated with a 5 mg/cm2 salt deposit was

terminated after 20 hours because visual inspection indicated substantial

corrosion; surface condition before and after water washing and dept h of
attack revealed by sectioning the specimen are shown in Figure 4.4 . Note
the chloride-type attack, in spite of the very thick salt deposit .

The specimen was replaced with one prepared by masking half of the
surface with tape and vapor honing the other half;  Figure 145 shows the pre-
test surface condition and the dramatic difference in extent of attack after
20 hours exposure. Sectioning of the spec imen showed material consumption
to a dept h of about 100 ~m on the vapor honed half versus a maximum dept h
of about 50 ~m on the masked surface.

5) Na~SO 14 and Mixed Sulfate Deposits on Alumina

Deposits of 1 mg/cm2 of Na2SO 14 and Na2SO14 - 50% CoSO14 were applied to
single crystal tablets of high purity alumina. On visual inspection after
a 20-hour exposure , the Na2SO 14 deposit was of uniform thickness except for
small areas where flakes of salt had spalled off; there was no clear evidence

that the deposit had melted (Figure 1i~5a). In striking contrast, the mixed

sulfate depos it was small globules of solidified liquid (Figure 146b).

After water washing to remove the residual salt, the surfaces of both
tablets appeared to be lightly etched. However there was no measurable

weight loss and’no aluminum was detected in the wash solution.

c. Summary and Discussion of Mixed Sulfate Experiments

No effect of mixed sulfates, other than depression of the melting point

of a salt deposit, was observed in these tests.

Depression of the melting point may be extremely important, however,
and intimately connected w ith SO

3 
effects. The experiment with salt deposits

- 2 7 -



on high purity alumina has important implications in this respect . The
deposit of 100% Na2SO14 barely (if at all) melted,* while that of mixed
Na2SO 14 - CoS O14 was highly fluid . Yet in previous experiments there is
apparently no question that depos its of 100% Na2SO4 applied to metallic
specimens were definitely molten at the 7014°C test temperature, even at
0.0001 atm SO

3 
pressu re. The correlation of all of these observations

sugg est s that a deposit of  Na 2SO 14 at 7014°C must react with a metallic im-
purity before it melts. The only reasonable source of such an irr iurity

in these experiments is transient oxidation products, such that cobalt (or

nickel) sulfate is formed via CoO + SO
3 
-. CoSO14, which serves to lower the

melt ing point of the deposit.

More rapid melting of an applied deposit which already contained
sufficient metallic sulfate to depress its melting point would explain the
observation that the CoS O14 and ZnS O14 specimens showed significantly greater
surfac e degradation (versus previous tests with Na2SO 14) in the initial 20-
hour exposure cycle. However b t h  the weight changes and post-test metal-
lography showed no increase in the rate of the propagation stage of hot
corrosion due to the mixed sulfates.

14. PI~~LThtINARY BURNER RIG TE~STING

Controlled atmosphere tube furnace testing of the type so far described
in this report has the advant age of low cost, experimental convenience, and
generally good cont rol over test condit ions . Obvious ly, howeve~ , burner
rig testing better s imulates the cond it ions experienced by turbine hardware -
i.e. condensation of salt from a combustion flame and hot corros ion induced
by the condensed salt and gas chemistry. Hence, one of the purposes of the

furnace testing so far described was to select conditions for burner rig

experiment s in which the only test variable would be the amount of salt in-
gested into the combustor. Although a linear correlation between ingestion

rate and deposition rate would not necessarily be expected, the deposition

*An experiment performed on another program with Na
2
3O~ salt on platinum

foil showed that the 803 pressure alone (0.0007 at 7014°C) was not sufficient
to melt pure Na

2SO14.

- 28 - 
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rate, in principle at least , is eas ily measured with an inert probe in
the gas stream, and severity of attack, determined by visual inspection,
weight changes , and met aflography as in the tube furnace experiments, can
be evaluated as a function of depos it ion rate.

It was decided to perform all burner rig tests at 7014 °C , since both
exper imental results and service experience show that hot corrosion near
this temperature can be severe . The most suitable salt appeared to be
ASTM standard sea salt , having been widely used by other investigators
and the results of the tube furnac e experiments present ing no compelling
reason for choosing anything else.

A high velocity ducted burner rig (Figure 147) previously used for
oxidation and hot corrosion testing at relatively high temperatures (870 to

1000°C ) was equipped with provision for mixing SO2 with the primary air
supply . To achieve the lower test temperature desired for this program,
the burner rig operating parameters (primary air pressure, secondary air
pressure, and fuel pressure) were adjusted empirically until a suitable
temperature distribution on dummy specimens was measured with a calibrated
infrared pyrometer. Testing was initiated using a salt ingestion rate of

approximately 0.9 grams/hour, based on experience from a previous program.
An SO2 flow rate of 30 liters/hour was arbitrarily chosen to compromise

between a desire for high SO
3 
pressure to accelerate testing and environ-

mental considerations which dictated minimizing the SO
3
/SO2 

effluent to
the atmosphere .

The initial experiment was terminated after 26 hours because a large
mass of carbon was build ing up inside the burner rig and small amounts
appeared to be depos it ing on the specimens as well. However a cross section

of the CoC rA1Y coat ing showed nodular attack of morpholo~~r resembling that

of the 7014°C tube furnac e tests (Figure 148), in spite of the low SO
3

pressure (calculated as 5.3 x lO~~ atm , assuming 0.1 wt% sulfur in the fuel

and equilibrium at the specimen temperature) and operating conditions in

which carb on was being deposited on the burner liner and probably on the
test specimens.

- 2 9 -



Fortunately a new fuel nozzle and minor changes in air pressures
eliminated the coking problem, and testing was resumed using a salt solution
of MgSO14 - Na

2
SO14 and a higher flow rate of SO2 (60 liters/hour). The

sulfate salt was used to avoid any possibility of reducing the SO3 pressure
by sulfidation of the chloride content of the sea salt . These condit ions
resulted in relatively little surface degradation but substantial and

apparently deep pitting attack as shown in Figure 149. A lthough the type
and severity of this attack seemed appropriat e, it was discovered dur ing
the test that the electronic Hastings gage being used to monitor the SO2
flow rate was apparently being affected by the burner rig vibration. Test-

ing was therefore interrupted to install a ball flowmeter in the SO2 line
to confirm the Hastings gage reading.

Metallographic examination of the CoC rA1Y specimen tested with the
Mg-Na2SO 14 salt mixture confirmed deep pitting after only 10 hours ex-
posure time (Figure 50). Since the SO

3 pressure at the 60 liter flow
rate was apparently high enough (calculated as 5 x i o 5  atm) to promot e
substant ial attack, it was decided to resume testing with the ASTh sea salt
for the compat ib ility with other progr ams which was originally the reason
for choosing it .

5. HOT C ORROS ION - SALT DEPOSITION DE PENDEN~E TFBTS

a. Ducted Burner Rig

Four ducted burner rig tests were run under nominally identical condi-

tions except for the salt ingestion rat e. The initial rate was that used

in a previous program and in the preliminary exper iment s to set up the

rig for this work; the other three were chosen based on results of the
preceeding test .

Ingestion rates, calculated salt fluxes, and measured deposition rates

are listed in Tab le III. Considerable dcatter in deposition rate measure-

ments was encountered, especially at the high deposition rate where salt
tended to spall off and at the low rate where weight changes of the platinum

probe were small. Further, the deposit was not of uniform thickness and

the area covered by salt was not restricted to the exposed gage section be-
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Concentration of
Salt Solution Flow Rate Ingestion Rate Salt Flux Deposition Rate
grams/liter liters/hr gramsJhr ~~ /cm2/hr mg/~cm2/hr

3.78 0.227 0.585 142.33 0.3
18.90 I I  14.290 211.614 5.0

0.714 0.168 8.29 0.1
0.36 0.082 1# .o14 Not Measurable

Table III . Conditions for hot corros ion - deposition rate dependence tests
in ducted burner rig. Ingestion rate = concentration x flow rate and was
varied by adjusting the concentration of the salt solution. Salt flux =

ingestion rate area of burner rig nozzle . Deposition rate was measured
by weighing an inert platinum probe exposed concurrently with the specimens .

cause of leakage around the oversize holes for insert ion of the specimens
into the transition duct. It is clear, however, that only a small fraction
(of the order of i~ ) of the total salt flux deposited on the lead ing edges
of the spec imens, and there was no visually discern able salt on the trail-
ing edge .

Weight change dat a for the three tests in which L~M/A was measurable
are plotted on the same scale in Figure 51 to show parallel behavior of the
CcCrA1Y and X-140 which indicates that the dat a are internally consistent .
Maximum attack was encountered at the intermediate deposition rate. At the

lower rate, geheral surface degradation was much less extensive, but small
pits were observable after the first hour of testing.

Depth and morpho1o~ ,r of hot corrosion attack of the CoC rA1Y specimens

was determined by conventional metallography of cross sect ions through the
exposed portion of the cylinder. The X-140 was not examined, since per-
formance of the uncoated alloy was of limited practical concern.

• Photomicrographs showing the nature and severity of attack of the
CoCrA1Y specimen at the 0.3 mg/cm2/hr deposition rate are presented in

Figure 52. As expected , the cross sect ion through the cylinder showed a

marked angular dependence of severity of attack, with the portions of

the leading edge exposed to high angle impingement of the salt-containing

gas stream being more deeply corroded than the sections which experienced

low angle gas impingement. The trailing edge showed no discernable micro-

V 
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structural 1egra—~ation, apparently indicating that the temperature and gas

chemistry of the test were innocous in the absence of a condensed salt de-

posit.
L.

In the second test , at a higher deposition rate, the general surface
degradation and localized pitting a~~ack shown in Figure 53a were observed
after 28 hours , and a deposit of the thickness shown in Figure 53b built up
during the final overnight run prior to termination of the test. Detailed

examination of the surface condition after 147 hours showed that many of the
small pits observed at 28 hours apparently had not grown on further exposure;
also the final weight loss was not as large as expected from the projection
of the curve established by previous weighings. Such behavior - i.e. the

failure to sustain a rate of hot corrosion propagat ion apparently established

in previous exposure periods - is not uncommon in burner rig test ing but

is rarely observed under the more precisely controllable conditions of tube
furnace experiments. An obvious possibility is a decrease in the severity

of the reactive environment due to random fluctuations in burner rig operat-

ing cond itions, with a ducted rig being perhaps especially suscept ible to

random variations in SO
3 pressures . Also, especially in the case of this

test , the large ingest ion rat e n~~r have built up a deposit of such thickness
that the innermost salt/metal interface was protected fran the effects of
the reactive gaseous environment. Neither of these rationalizations, how-
ever, is supported by the large weight loss of the concurrently tested X-140
(see Figure 51).

Post-test metallography on three sections through the CoCrA1Y specimen

showed maximum attack of about 50 ~m and evidence of substantial chloride-

induced dealloying in some areas (Figure ~1 4) .  Of course it was init ially

suspected that the large amount of salt was not completely sulfated, but

simple calculation showed t hat the moles of 
~°2 added to the burner rig

air supply was almost two orders of magnitude greater than the moles of

chloride in the ingested sea salt and chemical analysis of the deposit

washed frc~n the sample indicated no detectable chloride.
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I At the 0.168 g/hr ingestion rat e, surface degradation of both CoCM1Y

and x-14o were detectable after 1 hour of test ing , and small but clearly
measurable weight losses of the X-li.O indicated cont inuing corros ion dur ing
a 61-hour exposure . Post-test metallography of the CoC rA1Y showed less
attack than ant icipated from the surface condition ; microstructural
degradat ion in most areas was negligible and the deepest pit observed on
several planes of polish was about 20 p.m (Figure 55) .

I Based on the result just presented , it was decided to run the burner

rig at the lowest reas onable salt ingest ion rat e and determine if detectable

I corrosion could be observed in exposure t imes comparable to those of the
previous tests . The last value in Table III corresponds to only 22 grams of

I sea salt in the 16 gallon (60 .5 liter) tank being used to feed the solution

into the burner .

4 Visual observation of the CoC rA1Y specimen after 2 hours of testing
I and careful water washing to remove rig spatter showed small green areas

where the oxidation product was not the uniformly protective alumina

I uharacteristic of the trailing edge. Testing was continued, and the sur-
face condit ion doc umented after a total exposure time of 6 hours (Figure ~6).

I Continued exposure for a total of 21 hours resulted in slightly increased

darkening of the leading edge surface, and careful examination with binoc-

ular and metallurgical microscope showed small pits of depth and frequency

greater than attributable to oxidation in the absence of a condensed salt

deposit .

No apparent differences in the general surface condition of the leading

and trailing edges were evident on post-test scanning microscopy. Also the
dull green areas observed on visual inspection were not discernable on the

S~24, even though the transition between a greenish-colored area and the
surrounding gray alumina had been marked with a microhardness indenter.
However the line of fine dots marked in Figure 56 was found to be a series

of small pits, typically of the size, depth, and morphologj shown in
- 

Figure 57. Examinat ion of randomly selected areas suggested that the entire
leading edge was characterized by numerous pits of this type (of the

order of 100 per cm2) ,  and no features of this nature were observed on the
trailing edge.

IL 33
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The specimen was cut for metaflography approximately in the center of
the test zone . Metal consumption up to 5 p.m was observed in several areas
(e .g. Figure 58a), and the corros ion products were rich in sulfur (Figure
58b).

The surface features in Figures 56 - 57 and the sulfur enrichment in
the shallow pit of Figure 58 are considered unequivocal indicat ion of hot
corrosion attack induced by salt condensed from the burner rig flame. Such
attack occurred even though the salt deposition rate was barely discernable
by visual inspection. Moreover the fact that degradation of this extent
was observable after a relatively short testing time is Lelieved to re-
present an unacceptable rate of hot corrosion.

b. Tube Furnace Test with Various Deposit Thicknesses

To supplement the results of the burner rig experiments on severity of
hot corrosion versus salt deposition rat e, the effect of depos it thickness

on furnace hot corrosion was studied by applying deposit s of 1/8, 1/14, 1/2,
and 1 mg/cm2 of Na2SO 14 on CoCrAIY and exposing the samples at 7014°C and
P50 = 0.0007 atm, a total exposure time of 100 hours was accumulated in
f i v~ 20-hour cycles with washing and reapplication of fresh salt after each

cycle. A fifth specimen with 1 mg/cm2 of salt was exposed continuously

without washing and application of fresh salt ( although it was removed from
the furnac e with the others every 20 hours).

Visual inspection after 20 hours showed an obvious dependence of

severity of attack on amounts of applied salt (Figure 59). The difference
in surface condition became less apparent as all of the specimens continued
to degrade on further exposure, although weight change data remained

remarkably consistent up to 100 hours (Figure 59). Post-test metallography

showed that even the specimen with the thinnest deposit had suffered con-

sumption of up to hal f of the coating thickness.

A previo~~ test of this type with salt deposits of 1/14, 1/2, 1, 2, and

5 mg/cm2 was suspect because of furnace contam ..nation with condensed SO3.
Nevertheless, the samples had been concurrently exposed to the same temper-
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ature and atmosphere, so the comparison of their relative performance as a
f unction of deposit thickness should be valid. At 1/14, 1/2, and 1 mg/cm2,
severity of attack clearly increased with increasing deposit thickness,

but the specimens with 2 and 5 mg/cm2 of salt experienced smaller weight

losses and less penetration than with the thinner deposits.

Finally, the case in which a specimen was continuously exposed with-

out reapplication of fresh salt has interesting implications. A sin gle
weighing after 100 hours showed a loss of 22 mg/cm

2 (versus a total weight

loss of 77 mg/cm2 for the specimen where a fresh deposit of the same thick-

fi ness had been reapplied every 20 hours), and post-test metallography also
showed less attacks Experiments on another program, however, are suggesting

that an initially applied salt deposit will be an effective corrodent for a
substantial period, as long as 503 

is continuously supplied by the gaseous

environment. Hence the primary effect of applying fresh salt may be the

scale spallation due to washing and mechanical handling rather than a

necessity of supplying fresh salt to maintain continuing corrosion. Such a.

hypothesis suggests that any salt deposit, no matter how small or thin, is
capable of causing siguificant corrosion .

c . Summary and Discuss ion of Hot Corrosion-Salt Deposition Dependence

Both the burner rig tests with varying deposition rate and the tube

furnace experiments with varying thickness of applied deposit show a strong

dependence on severity of attack on the amount of salt. Under conditions

where the rate of attack is influenced by a partial pressure of gaseous

sulfur trioxide maintained by an external source (rather than decomposition

of a salt deposit on thermal cycling), it appears that maximum corrosion

• will occur at intermediate deposit thicknesses of the order of 0.1 to 1

mg/cm2. With in this range, severity of attack will cons istently and

reproducibly increase with increasing deposit thickness. Amounts greater

than 1 mg/cm2, however, will not significantly increase the severity of

attack.

In the direction of thinner deposits and low deposition rates, an

amount of salt at which hot corrosion can be regarded as negligible will be
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very difficult  - if not impossible - to define. It is unlikely, for
example, t hat a very small amount of salt will be uniformly distributed
over a large area. More likely, a small area will be covered with a
deposit of sufficient thickness to affect oxidation behavior, and any ad-
verse effect of any detectable salt deposition cannot safely be neglected.

‘I
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I S~X~TION III

SUMMP.RY AND CONC LIVE IO~~

1 1. DE~~ND~ iCE OF HOT CORRC~ ION ATTACK ON SO3 PRE~SUBE

I Specimens of uncoated and aluminized Mar-M509 (Co-base), uncoated and
aluminized IN 792 (Ni-b ase), and CoC rALY-coated IN 792 were exposed in a
controlled atmosphere tube furnace at 7014 and 899°C (1300 and l6500F) and
SO
3 
pressures from 3.5 x lO~~ to 1.14 x 1O~~ atm. All specimens were coated

with a salt deposit of 1 mg/cm2 of l0(~ Na2SO14. Testing times up to 100

I hours consisted of 20-hour cycles with washing and reapplication of fresh
salt after each cycle.

I A stron g dependence of severity of attack on SO
3 
pressure was observed

on all materials. At a fixed 50
3 
pressure, the Co-base systems were more

severely degraded a.t 7011. than at 899°C, excepting only the case of aluminized
Mar-M509, where degradation of the relat ively thin coat ing may have been

I influenced by dissolution of the ~-CoA1 layer by inward diffusion. Con-
versely, the Ni-base alloy, especially with an aluminide coat ing, was
more resistant to SO3 effects at 7014°C but suffered almost catastrophicI sulfidation at 899°C and high SO

3 
pressure.

I The degradation microstructures of the CoC rA1Y coat ings tested at 7014°C
were apparently indistinguishable from the features characteristic of low
power marine hot corrosion (i.e. a tendency for nodular attack, a ghost
microatructure in the scale, negligible or at most minimal B -depletion at
the attack front). At 899°C, the corrosion products at the scale/metal
interface appeared to be the same as at the lower temperatures, but there
was a wide (about 25 p.m) B-depleted zone and sulfide precipitation which
are not typical of service-induced degradation.

2. CHLORIDE F~X~1~ AND CHLORIDE-SO
3 
INTEBACTICI4~S

I As expected, a high concentration of chloride in the condensed salt
deposit (Na2SO14 - 50% NaCi) produced severe corrosion, but microstructural

I features were markedly dissimilar from those typical of service degradation

I
I
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of shipboard engines. Also as expected, chloride vapor was observed to
produce increased attack by shortening the initiation period for the onset
of hot corrosion propagat ion . However , the rate of attack in the pro-
pagation stage was not increased by an SO

3
-NaCl synergism, even though a

relatively high concentrat ion of chloride vapor (30 ppm) resulted in micro-
structural features characteristic of both corrodents.

3. MIXED SULFATE E~TEI~TS AT 7014°C 
V

A conceptual difficulty in considering mixed sulfate effects is that a

deposit of pure Na
2
SO14 becomes contaminated with metallic ions as soon as

S0
3
-induced hot corrosion starts to occur. The practical question thus

reduces to whether metallic sulfates deposited from an external source
(e .g. metallic impurities in the fuel , metallic chlorides in sea salt ,
etc.) cause more severe hot corrosion than would result if the in itially

applied or deposited salt was essentially pure Na
2
SO14.

A key point in this report is that mixtures of sodium and metallic
sulfates will have a lower melt ing point than pure Na2SO 14. Hence the ser-

vice or test conditions could be such that a deposit of externally mixed
sulfates would melt immediately, while a deposit of higher purity Na2

SO14
would remain solid or highly viscous until it reacted with transient
oxidation products . Longer exposure to a more fluid. depos it would tend to
cause increased attack, and it is felt that such an effect was observed in

this program in the case where mixed sulfate deposits with 50rr~o Co- and
Zm9014 produced more surface degradation in the initial 20-hour test cyc le

than in the equivalent test with a deposit of 100% Na2SO14. Once the deposit

was effectively molten, however, there was no indication of a change in rate

or mechanism of attack due to the high concentration of metallic sulfate in

the applied deposit .

The conclusion that mixed sulfates have no effect other than depression

of the melting point applies only to the case of relat ively thin deposits

where the SO
3 
pressure is maintained by the gaseous environment rather than

thermal decomposition of the metallic sulfate (as may occur upon thermal

cycling).
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14. DI~~TED BURNER RIG EXIER24EWTS

Degradation microstructures apparently the same as thos e generated in
the 7014°C tube furnac e experiment s were produced at the same metal temper-
ature in a high velocity ducted burner rig. Gaseous sulfur oxides were

provided by mixing 302 
with t~ e primary air, and trial exper iments were run

wit h ASTh sea salt (approximately 58% NaC 1, 26% MgC12, 10% Na2SO14) and a

eutectic mixture of Mg~ k~-Na2SO 14. There was no apparent difference in the

microstructures produced by the sea salt and the magnesium-sodium sulfate,

suggesting that the chloride in the sea salt did not play a significant

role in the hot corrosion mechanism.

5. DEPENDFNC~ OF HOT CORRC~~ION ON AMOUNT OF SALT

Ducted burner rig tests were run over an order of magnitude range of

salt deposition rates, and severity of attack versus amount of applied salt
was determined in tube furnac e experiments wit h varying depos it thicknesses.

The flux of sea salt in the four burner rig experiments was 212, 142, 8,
and 14 mg/cm2/hr; accumulat ions of salt observed on the specimens and on an

inert platinum probe showed that approximately 1% of the salt flux condensed,

even at the very low ingestion rates. Maximwn hot corrosion was observed

in the test with 142 nig/cm2/hr flux (0.3 mg/cm2/hr deposition rate) ;  a sub-

stant ially thicker salt depos it did not increase the severity of attack.
Surface degrad at ion and dept h of nodular attack were much less at the lower

values of salt flux . However, the extent of hot corros ion att ack, even at~
the ingestion rate where salt deposition was barely discernable, cannot

reasonably be considered negligible.

Tube furnace tests with 30
3 

in the gaseous environment also demonstrated

substantial hot corrosion with the thinnest deposit considered experimentally
2feasible (approximately 0.1 mg/cm ).

Limitations of time and scope of this program precluded a detailed

examination of hot corrosion behavior at low deposition rates which might

well be the subject of furt her studies . The results so far obtained support
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the suspicion that ~~~ salt deposit will cause unacceptable hot corrosion,
providing, of course, that the component temperature and SO

3 
pressure in

the gaseous environment are within the regime where hot corrosion can be
induced by liquid sulfate salts . Hence a safe ingestion rat e at which hot

corrosion is negligible is that which does not produce any condensed

deposit on the turbine ccinponents.
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a. Na2 SO)4 - 50m%C0SO)4 salt deposit

V 
- 

~~

- ,

-- 40Mm
b. Na2SO)4 - SOm%ZnSO)4 salt deposit

Figure hi . I~rpical dep-th arid microstructure of hot corrosion attack
p’oduced by 100-hour cyclic exposure of CoCrA1Y at 70)40 with 

~SC) 
=

0.0007 atm arid 30 ppii MaCi vapor . 3
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Figure L2. Negligible inicrostructur al degradation of CoCrA1Y coating covered
with a 2 mg/cm’ mixture of Na2SO 1 and CoO and exposed for 100 hour s concurrently
with the specimens of Fig. li i (7~bC , PSO3 

= 0.0007 atm, 30 p~ ii NaC1 vapor) .

- 
V

SS 

W

40Mm

Figure )43. Nodular attack of P.’JA 273 Ni-base al~~ninide coating produced by a
salt deposit of Na2S0~ - ~0m%CoS0)4 and cyclic exposure for 100 hours at 70)40,

= 0.0007 atm, an~ 30 pp~t MaCi vapor.
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Figure 146. Deposits of 100% Na2S% and Na2SO14 - S0!n%CoS0j~ exposed 20 hours
at 701.~C with p

~~ 
= 0.0007 attn.
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Figure 147. Schematic diagram of ducted burner rig and cylindrical test speci-
men used for hot corrosion - salt deposition rate dependence tests. (Aqueous
salt solution was injected into the primary combuator through hypodermic tubing
near the fuel nozzle ; provision for particle injection and specimen cooling
were not utilized on this program.)
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Figure 148. Nodular attack developed in preliminary burner rig test with ASTM
sea salt and S0~ gas mixed with the primacy air . Ebcposure time = 26 hours at
7014C, caicuiatea SO3 pressure = S.3 x iO~~ atm.

I
Figure 149. Salt deposit and oxide mounds (inset: pits after remove], of mounds)
on CoCrA1T specimen exrsed 10.5 hour s to Na2 SO14 - S~ n%MgSO14 salt, Calculated
SO3 pressure - x 10 atm.
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011€• 1

.0CoCrA1Y
0.1 mg/cm2/hr

i CoCrA].Y
~ mg/cm2/i~r

I -v

I.
-i

- CoCrA1Y[ 
-~~~~~~ 0.3 mg/cm2/hr

Ii
-5.0

I x-14o
I S mg/cm~hr

-6uCi
0.1 ing/cm2/hr

F -7.0
I •

, 
X-140, O.3 mg/cm2/hr

10 20 30 40 50 60
I TIME

Figure ~1 • Weight change data showing effect of deposition rate on severity
of attack of CoCrAl! coating and uncoated X-140 (conc urrently exposed at eachj deposition rate) in 7014C ducted burner rig h9t corrosion test with ASTh sea
salt and equi libri ~in SO3 pressure of S x 1O~~ atm.
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a. Maximum attack at about 70° gas/salt impingement

W%7WF

• •s .l 
________

- _____

- 
- 

• - - 
________

• - _____

- 
a ~

•‘~ 
_________

b. 1~pical structure at approximately 100 impingement

Figure S2. Depth and typical morpholo~ r of hot corrosion attack of CoCrAl t
coating tested in ducted burner rig with ASTM sea salt and S02/303 ga’. Total
exposure time = S2.7 hours at 7O14C; calcu~ated SO3 pressure - S x 10-’ atm;
measures salt deposition rate = 0.3 mg/cm /hr .
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a. Chloride-type morpholo~ r near tip of specimen

b. Nod ular attack near center of hot zone

Figure Sli . Hot corrosion of CoCrA1Y coating exposed 147.1 hours in ducted
burner rig; envirormiental conditions were as described in Fig. S2 except for
salt deposition rate of 5 mg/cm2/hr. Extensive chloride-induced dealloying
and internal oxidation as in top photo was not cczinnon; typical degradation
microstructure was S03-type nodular attack.
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a. Surface condition
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b. Depth of attack

F
I

Figure 55. Hot corrosion of CoCr AIY coating exposed 61 .1 hour s in ducted
I burner rig; environm ental conditions were the same as for the specii~ens of
I Figs S2 - S14 except for salt deposition rate of less than 0.1 mg/cm /hour .
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a. Back scattered electron image

101” !
b. Sulf ur X-rays from above area

Figure S8. Metallographic cross section presumably through a small pit
of the type shown in Fig. 57.
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