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\EE{ ABSTRACT

Several nickel-based superalloys used in the manufacture of

gas turbine hot section components were investigated to determine
potential alloying element effects on the uncoated alloy's resist-
ance to low temperature hot corrosion (LTHC). In addition, the
nickel-based alloy I[N 738 was modified with one and two percent
concentrations of hafnium to evaluate the effect of this active
element on LTHC resistance.

The alloys were ranked into groups of good, moderate or poor,
regarding their resistance to LTHC. Relatively high chromium
contents were found to be beneficial while relatively high contents
of cobalt were unexpectedly determined to be detrimental. The LTHC
resistance of IN 738 was improved by smail additions of hafnium.

This program also showed that the Naval Postgraduate School hot

corrosion furnace reproduced the corrosion patterns seen on uncoated

alloys in burner rigs and industrial gas turbines.
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[. [IATRODUCTION AND BACKGROUND

Hot corrosion can be regarded as an accelerated oxidation attack
of metals exposed to the flow of combustion gases. It often is asso-
ciated with gas turbines operating either in a marine environment,
where sea salt is ingested, or with fuels containing sulphur or vana-
dium which can be used with turbines operated for generation of
electricity, This problem is of interest to the ilavy with its
increased commitment to gas turbine propulsion for many of its lignt
and medium displacement ships.,

The hot section components of these turbines are constructed
chiefly of nickel, cobalt, or iron-based alloys. These components,
particularly the first and second stage blade and vane airfoils,
are most susceptible to hot corrosion due to the temperatures to
whicn they are exposed, and their position with respect to the com-
bustor, Although not singuiarly life-1imiting, hot corrosion can
significantly reduce the efficiency and operational 1ife expectancy
of these components.

The contaminants which promote hot corrosion are primarily sul-
phur from the fuel and sea salts--in particular, sodium sulphate
ingested with the combustion air. A solution would be to remove the
contaminants from the fuel and filter the inlet air. Fuels used for

jet aircraft gas turbines are high-cost fuels containing very small

amounts of sulphur and vanadium. For ships, strategic and economic




reasons dictate the use of diesel and lower-grade fuels, and these
can have higher sulphur and vanadium contents.

Compared to earlier marine gas turbines, present-day engines
have more efficient multistage filtration systems built into the
air intakes and consequently salt ingestion has been significantly
reduced with a parallel reduction in the severity of hot corrosion.
However, it is still necessary to design alloys and coatings to
resist hot corrosion to further extend life and provide reliability
in case of filter failure and/or inability to obtain quality fuel.

Hot corrosion is temperature dependent, and occurs over a temp-
erature range of 593 C, to 927 C. {Ref. 1]. At temperatures below
593 C., little attack occurs because oxide scales are protective,
and contaminant deposits are solid with little propensity to form
deposits. Above 927 C., direct oxidation of alloys becomes more

important. In the intervening temperature region, two distinct

morphologies of accelerated attack occur; on this basis, hot corrosion

recently has been subdivided into the high temperature (843 to 927 C.)
regime and the low temperature (593 to 704 C.) regime. Corrosion
morphologies observed between these two regimes are often mixtures
of both types.

High temperature hot corrosion has been recognized since the
1950's, Consequently, most coatings and alloys have been designed
for high temperature strength and hot corrosion and oxidation resis-
tance. It was in 1975 that low temperature hot corrosion was
recognized aboard the GTS Callagan, a test platform used to evaluate

naval gas turbines [Ref, 2. The blades used in the first stages
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of the turbines aboard the Callagan were of Rene 30, a nickel-based
superalloy coated with BC-21, an electron beam physical vapor deposi-
tion CoCrALY overlay system. The coating was selected to minimize
high temperature hot corrosion. While at high power, blade temper-
atures were about 700 to 800 C., and hot corrosion was negligible.
When the average power was reduced, blade temperatures were about
600 to 700 C., and it was found that the coatings were attacked
severely, The morphology of attack (i.e., pitting of the coating)
was different from that of previously reported hot corrosion, and it
was gradually accepted that a low temperature form of hot corrosion
existed,

Alloys and coatings rely upon protective oxides to resist hot
corrosion and oxidation. These oxides generally are chromium or
aluminum oxides. Chromium oxide barriers are effective against hot
corrosion from low to relatively high temperatures, and aluminum oxide
is very effective against high temperature hot corrosion and, of
course, oxidation, It is through the breakdown of these oxides that
hot corrosion attacks the substrate (or coating).

Giggins and Pettit [Ref. 3] have reviewed extensively the
different mechanisms of hot corrosion. They describe hot corrosion
as occuring in two stages: an initiation stage, and a propagation
stage. Ouring the initiation stage, protective oxides (such as
chromium oxide or aluminum oxide) are degraded, which results in
the formation of less protective oxides which are more rapidly

degraded during the propagation stage.
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Three different categories of propagation are presented. In

the first category, the propagation stage proceeds by the mechanism
determined by the alloy and the gas. This could occur on alloys
with porous oxides and solids through which the gas could penetrate.
In the second category, the sait, or a product of the salt-alloy-
gas reaction, is required to be in the liquid phase. An example of
this is the S03-Na,S04 attack of virtually all alloys, depending on
the partial pressure of 503. In the third category, a component of
salt is added to the alloy such that nonprotective reaction product
barriers are formed. This can occur in the sulphur induced degrada-
tion of nickel-based alloys containing low percentages of aluminum,
where the formation of sulfides prevent the growth of protective
oxides. It is by a mechanism in the second category, labeled salt-
fluxing reactions, that cobalt-chromium=-aluminum-yttrium (CoCrALY)
coatings and substrates are degraded by low temperature hot corrosion.
CoCrALY coatings were introduced in the early '70s and are the
most widely used coatings on airfoils operating in a marine environ-
ment. As proposed by Giggins and Pettit [Ref. 4], the mechanism of
low temperature hot corrosion attack of these coatings is summarized
as follows: Hot gases containing S03 and deposits of Na,SO4 are
required, Cobalt oxides react with S03 in the gas to form CoSO4
which is absorbed by the Na,SO4. As CoS04 dissolves into NapSQq, its
melting point is reduced, until at 50 percent CoSQ4 there is a
eutectic at 560 C. [Ref, 5]. The alloy then begins to react with
components in the liquid. More specifically, oxygen is removed

from the liquid salt phase. fGradients in both oxygen potential and
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S03 are developed across the liquid with the SO3 supplying the oxygen
to react with the elements in the alloy. Aluminum is selectively
removed from the alloy and is precipitated as aluminum oxide in

areas of higher oxygen pressure, while chromium remaining in the

aluminum-depleted zone of the alloy is converted to oxides. Cobalt
dissolves in the liquid and diffuses to the outer zone of the liquid
where oxides are formed, some of which are converted to sulphates

and dissolved in the liquid. The morphology of this attack is char-

E acterized by chromium oxides close to the corrosion front, followed
| by alternating zones rich in aluminum and chromium. Cobalt oxides
and sulphates are found at the corrosion product gas interface. There
usually are no diffusion zones within the base alloy; this latter
feature is one of the key identifying features of Type 2, low temper-
ature hot corrosion attack.

Alloying elements are added to substrates and coatings to provide
high temperature strength and hot corrosion and oxidation resistance.

Unfortunately, these objectives cannot be realized simul taneously, so

* W ey~ 1T

compromises are required to design alloys with acceptable character-
N istics in these respects. There is extensive literature regarding
§LJ5¥ the effects of alloy additions on oxidation and hignh temperature hot

corrosion rates. Investigators generally agree that high chromium
contents are beneficial, and high aluminum and refractory metal
contents are detrimental. B8illingham, et. al. lRef. 6] reported that
high Ti/A1 ratios are also beneficial, but additional proof is
required.

Nickel-based alloys are strengthened to a large extent by gamma

prime (N13A1) phase precipitates. For a given chromium content ailoy,
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the more aluminum that is added, the greater the likelihood there is
of having an alumina protective oxide formed, and thus having
relatively worse hot corrosion resistance, especially if the chromium
content is low, However, titanium can replace aluminum in (Ni3Al, Ti).
Thus, if both titanium and aluminum are involved in the formation of
gamma prime, there will be less chance of the formation of an A1203
protective layer, and high temperature hot corrosion resistance may
well be better,

On the other hand, there is very little information available
regarding the effect of alloy additions on low temperature hot cofro-
sion resistance. Two significant studies were reported prior to the
analysis of data from the Callagan, but at that time their signifi-
cance was not recognized, In 1970, Umland and Voight {Ref., 7] did
studies of corrosion in alkali suplhates, and when studying cobalt
and nickel alloys reported peak corrosion rates at 700 C. to 750 C.
and large quantities of Co and Ni salts in the salt melt. Balajka
and Danék [Ref. 8] extended the work of Umland and Voight and observed
that cobalt, through cobalt sulphates, could cause accelerated
oxidation of nickel based alloys in molten alkali sulphates by a
stable redox system, (Co(II)=Co(III)), which can form in the salt
and aid electron transfer from the alloy/melt interface to the melt/
gas interface. This work had direct application to the Callagan
because it implied that salt on the airfoils should be liquid, and
that cobalt could affect corrosion rates.

Using a low pressure burner rig with diesel fuel in tests at

750 and 830 C., Conde, et. al. [Ref 9] noted that a series of




chromium containing alloys were more severely attacked at 750 C. than

at 830 C., and that the severity of attack was related to the chromium
content. The worst alloy (IN 792, 12% Cr) contained about half as
much chromium as the most resistant (IN 739, 23% Cr).

Spengler [Ref, 10] reports a type of corrosion occuring in land-
based turbines similar to that in marine gas turbines. This moderate
temperature corrosion occurs on turbine component surfaces below
760 C., and is most severe in environments subject to sea salt con-
tamination, As in low temperature hot corrosion, he reports that
CoCrALY coatings do not appear to be sufficiently resistant to this
type o corrosion, but the high Cr-Ni(Co)CrALY-family provides good
resistance,

Recent coatings studies at the Naval Postgraduate School have
found a strong substrate effect on the low temperature hot corrosion
resistance of coatings. Specifically, it has been determined that a
platinum underlayer can, in some cases, reduce LTHC attack [Refs. 11
and 12], and that small percentage additions of nafnium to a nickel-
based substrate can be beneficial to a CoCrALY overlay coating. For
aluminide coatings, depending on the type, Hf was found to be either
beneficial or detrimental [Ref., 13].

The objective of this research is to investigate the effect of

low temperature hot corrosion (704 C.) on a representative series of

uncoated commercial superalloys to determine if any alloying elements
have a dominant effect on low temperature hot corrosion resistance
in comparison to results previously found at the higher temperatures.

Also, the effect of hafnium additions on the low temperature hot

A
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corrosion resistance of uncoated IN 738 alloys will be investigated.
3 This information will be useful in alloy design, and will indicate
if it is feasible for the Navy to use a simple furnace test, as
opposed to more expensive and complicated burner rigs, in screening

new alloys for relative hot corrosion resistance.

‘ 16




i

1. EXPERIMENTAL PROCEDURE g

Cylindrical shaped pin specimens, approximately 0.5 cm in diameter,
were used in this study. Prior to preparations for testing, experi-
mental castings of the compositions of interest were given standard
heat treatments listed in Table 1. They were then centerless ground
to final shape, producing a uniform finish of about 16 uin. rms, to
provide parallel surfaces to promote uniform corrosion and to facili-
tate measurement of metal loss due to corrosion. After cutting into
specimens averaging 3.2 c¢cm in length, the pins were inspected visually
and their diameters were measured and recorded. They then were cleaned
with acetone and dried prior to application of the synthetic flux,
Initially, the specimens were placed into an oven preheated to 150 C.
After reaching this temperature, they were sprayed with a 40 moleZ
MgS04/60 mole% Na>S0,4 solution, This solution was used to ensure that
the salt flux was liquid at the 704 C. test temperature. At twenty
minute intervals, the pins were weighed and resalted. This procedure
was continued until the pins accumulated a salt coating of approximately
2 mg/cmz. Then they were placed into a specimen holder which was
inserted into the isothermal low-temperature hot corrosion (LTHC)
furnace (described in Ref, 14) with the temperature in the vicinity of
the specimens maintained at 704 C. A flow of 2000 ml/min of dry air
and 10 ml/min of sulphur dicxide (SOZ) gas (a 0.5% SO, atmosphere)
was established through the LTHC furnace. These test conditions pre-
viously have been determined to produce type two, low temperature,

hot corrosion in coatings [Ref. 15]. .
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After a 20-hour exposure cycle in the above environment, the
pins were removed from the LTHC furnace and allowed to air cool.
After cooling, the loose scale was removed from the pins by light
brushing. They then were weighed and resalted at 150 C. with a
further coating of salt (of 2 mg/cmz as described above) and then
returned to the LTHC furnace., The pins were placed in different
positions in the specimen holder during each 20-hour cycle to
average any potentially small temperature differences, and to
achieve a uniform corrosion environment for all pins. The above
procedures were repeated until a total exposure time of 100 hours
in the LTHC furnace was accumulated. This produced an average
surface attack of approximately 125 um, which is consistent with
present overhaul limits,

The study consisted of three Runs. Runs 1 and 2 were identical
Runs designed to verify that corrosion results could be duplicated
in the LTHC furnace at the Naval Postgraduate School. Run 3 was
designed to investigate the potential effect of variations in
concentrations of hafnium on the LTHC resistance of the alloy IN 738.
The compositions of the three Runs are listed in Tables 2 and 3.

The pins then were sectioned into three pieces at approximately
1/4, 1/2, and 3/4 length divisions, and prepared for microscopic
evaluation using standard metallographic procedures. Diameters were
measured and recorded at ten degree intervals on each section of
sach specimen., Two seperate measurements were made on each diameter:
specifically, determining metal loss, and depth of penetration. The

metal loss diameters were at points where the base metal appeared
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structurally sound. This measurement excluded any pits in the base
metal, since a pit could be a potential stress raiser. Penetration

readings measured the depth of intergranular corrosion. (This method

i

of determining LTHC attack is illustrated in Figure 1.) The measured

metal loss diameters for each section were averaged to obtain repre-

sentative metal loss values for each pin. The maximum penetration

¥ readings for each specimen is the maximum penetration observed in any

] section of the specimen.

] ' This method of measuring LTHC attack differs slightly from methods
used elsewhere [Ref, 16] because it considers a zone of metal/corrosion

: products ahead of the apparently structurally useful metal, and indi-
cates a potentially greater depth of attack than would be obtained
using another method. However, this method was chosen because it

recognizes the zone of metal/corrosion products and more accurately

reflects the actual attack morphology.
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ITI., RESULTS AND DISCUSSION

A, RESULTS

1. Corrosion of Runs 1 and 2

The compositions of the alloys used are listed in Table 4,
and the corrosion results for Runs 1 and 2 are listed in Table 5.
It can be seen that the extent of corrosion is slightly greater in
Run 2 than in Run 1. Using the results of both Runs, the alloys
can be qualitatively ranked as follows:
Good resistance to LTHC IN 738
IN 792
Rene’ 80
Moderate resistance to LTHC: IN 739
Nimonic 115
Poor resistance to LTHC: Udimet 700
Nimonic 105
8 1900
Three alloys exhibit minor variations in results between the
two Runs:
Udimet 500: Good Run 1; moderate Run 2
IN 713 LC : Good Run 1; moderate Run 2
IN 100 : Poor Run 1; moderate Run 2

2. Corrosion of Run 3

The corrosion results of this run are listed in Tabie 6. These

results show that small percentage additions of hafnium to IN 738 are
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beneficial in terms of total depth of attack, but a change in cor-

rosion morphology was observed and will be discussed below.

8. DISCUSSION QF RESULTS
1. Duplication of LTHC

Attacks of similar morphology as described below were noted
by Condé, et. al.[Ref, 17] in 750 C. low pressure burner rig tests,
and by Spengler [Ref. 18], in moderate temperature attack on land-
based turbines, It has been demonstrated by Busch [Ref. 19] that
the LTHC furnace used at the Naval Postgraduate School produced
pitting attack on CoCrALY coatings, as described by Aprigliano
[Ref. 20], using a burner rig (and as found aboard the Callagan in
service, and as described by Conde’ [Ref. 21] using a low pressure
burner rig). Therefore, it is found that the LTHC furnace at the
Naval Postgraduate School can be used to study the LTHC of uncoated
substrates.

2, Effect of Alloy Additions and Ranking

The ranking of the alloys generally show that high contents
of chromium are associated with good LTHC resistance. This is not
unexpected and confirms one of the basic rules of the design of
coatings and alloys for hot corrosion that "chromium is goodness".
However, high cobalt alloys tend to be worse than alloys containing
about the same amount of chromium, but less cobalt. This is somewhat
unexpected since one rule of thumb is that cobalt-based alloys are
better than nickel-based, implying that cobalt is beneficial. The
"cobalt effect" is shown by U 700, N 105, and N 115, These alloys

all contain about the same amount of chromium, but U 700 and N 105
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(which have higher cobalt contents) fall into the poor category,

while N 115 is rated as moderate. The absence of cobalt also appears
to be beneficial: IN 713 LC is rated as good or moderate, but would
be expected to fall into the poor category since it has a chromium
content between those of B 1900 and N 105, and a correspondingly high
aluminum content with low titanium, as does B 1900 and Himonic 105.

The detrimental effect of cobalt to LTHC resistance is con-
sistent with the accepted mechanism of LTHC combined with the earlier
findings of Umland and Voight [Ref. 22]. In the accepted mechanism,
cobalt oxide on the metal surface in the presence of SO; gas is con-
verted to cobalt sulfate which is absorbed by solid “apS0O, deposits
resulting in a melt at lower temperatures than would be possible with
Na2504 alone, (In this test, the initiation stage was short-circuited
by the use of a salt flux initially molten at test temperature.) Then,
the additional reaction, the redox mechanism proposed by Umland and
Voight (in Ref, 22) is in effect in the melt. This mechanism is based
on the fact that cobalt easily can be mulitivalent, and that complex
cobalt sulphate ions can exist in the melt. These jons then serve as
electron transfer agents by oxidizing cobalt at the melt/metal inter-
face and reducing oxygen at the melt/air interface. In the absence of
a multivalent element such as cobalt, the transfer of electrons becomes
more difficult. For a more detailed explanation of this mechanism,
the reader is referrea to Ref. 22.

The above mechanisms can then explain why this research found
IN 739 to have less resistance to LTHC than Conde, et. al., and
Jetroit Diesel Allison [Refs. 23 and 24]. (IN 739 is a new medium
strength alloy designed to provide increased hot corrosion resistance.)

22




It is suspected that the difference may lie in the test facilities.

LTHC tests at the flaval Postgraduate School are done in the propa-

gation stage where the salt coating of NaZSO4/MgSO4 is liquid at

704 C., and the cobalt redox mechanism can be in effect, while

other facilities are designed to operate with sea salts and simulate
the intake of combustion air which takes the alloys through the
initiation stage to the propagation stage. So, IN 739 could very
well be good in resistance to initiation, but moderate in the resist-
i ance to attack in the propagation stage because of its high cobalt

i content,

i It has been found in alloy development programs that to meet
the creep strength requirements, a decrease in chromium content and
an increase in the volume fraction of gamma prime is required. This
is accomplished with higher aluminum and refractory metal contents,
and lower concentrations of titanium. This combination results in
poor LTHC resistance, as shown by B 1900 and Nimonic 105. However,
it is difficult to separate the individual effects of chromium,
titanium, and aluminum in commercial alloys since they are designed
for specific service requirements involving strength, stability,

cost, etc,, rather than for research.

3, Variations Between Runs

This test has been shown to be extremely sensitive to varia-
tions in temperature and partial pressure of 503. Busch [Ref. 25]
observed a direct correlation between S0, input and the rate of LTHC--
tne rate increasing with the input of SU2. [t is felt that minor

fluctuations in one or both of these variables was responsible for

23
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| the slight differences in corrosion among the Runs and caused the
S variations between Runs 1 and 2,

4, Discussion of Run 3

Run 3 shows that trace additions of hafnium are beneficial
in alloy IN 738; however, the morphology of attack is altered by
increased amounts of intergranular corrosion. Hafinium additions
to alloys are usually made for strength considerations rather than
hot corrosion resistance, When added to an alloy, hafnium segre-
gates to the grain boundry and improves intermediate temperature
. ' ductility [Ref. 26], and as reported by Edwards [in Ref. 27] there
' i is an increase in the amount of gamma/gamma prime euctectic which

f ‘ improves castability, Along this line LRef. 28], it is noted that

in hafnium-enriched alloys, the morphology of the MC carbides is

altered, and the gamma prime precipitates grow dendritically,

resulting in a serrated grain boundry that resists sliding. These

effects of hafnium on the alloy microstructure, segregated at grain

bounderies and inter-dendritic areas, explain the more severe

intergranular corrosion of Run 3.

The improvement in LTHC resistance is more difficult to

explain. The presence of active elements such as hafnium are known

to improve protective scale quality and adherence in many systems.

Hafnium in the oxide also may resist basic fluxing and initial

breakdown, More detailed studies of the attack morphology are

required,



5. Microstructure Examination

The typical attack morphology observed is characterized by
a layer of oxides, then a zone of corrosion products/base wetal,
followed by a sound-base metal. There appears to Le no layer in the
base metal where the alloy is depleted, and there is no evidence of
localized pitting. This latter point is significant in comparison
with CoCrALY coatings where the apparent pitting nature of the attack
is related to the initial quality of the oxide (A1203), wnere local
penetration results in a pit-like attack. Without the presence of
this oxide, or in the case of the uncoated alloy, the attack is much
more uniform,

Micrographs from Run 1 of Rene 80, Nimonic 115, and Nimonic
105 are shown in Figure 2, These alloys were ranked good, moderate,
and poor, respectively. There are no visual correlations which relate
LTHC resistance and physical appearance of attack. For all systems,
the transition from the corrosion product/alloy zone to the sound case
alloy is distinctive.

Figures 3 and 4 show micrographs from Runs 1 and 2 of I[N 100
and [N 713 LC, alloys in which variations in ranking occured between
runs. The morphology of attack between the two runs is consistent,
There are no apparent differences in the micrographs to account for
the variations between runs.

Typical micrographs from Run 3 for [N 738, IN 738 + 1% if,
and IN 738 + 2% Hf are shown in Figures 5, 6, and 7. The attack
morphology in the corrosion product/base metal zone is similar in

all the micrographs, but more intergranular corrosion is apparent
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in the alloy plus hafnium micrographs. DOisregarding the greater
intergranular corrosion attack, the morphology of attack in this

Run essentially is the same as that in Runs 1 and 2.
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IV. CONCLUSIONS AND RECOMMENDATIONS

Based on results from the three experimental Runs using the iso-
thermal resistance furnace, the following conclusions are summarized
from the preceding chapters:

1. The LTHC resistance furnace test at the Naval Postgraduate
School is capable of reproducing Type 2 hot corrosion attack on
uncoated alloys as well as coatings.

2. Relatively high chromium contents are beneficial regarding
the LTHC resistance of uncoated alloys.

3, High cobalt concentrations appear to be detrimental to the
LTHC resistance of uncoated alloys, and can detract from, or inter-
fere with, the beneficial effects of chromium.

4, Additions of the active element hafnium to IN 738 have a
beneficial effect on the resistance of the uncoated ailoy to LTHC--
the optimum concentration being about one percent.

It is difficult to determine the effect of individual alloy ele-
ments in the LTHC studies using commercial alloys due to the com-
plexity of these systems. Simple systems should be studied to obtain
more explicit information. Along this line of reasoning, the follow-
ing recommendations for future research are offered:

1. Design a study using a series of alloys with variations in
chromium and cobalt contents with a constant concentration of aluminum
so the individual effects of these elements on the LTHC resistance of

uncoated alloys may be more closely investigated,
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2. Titanium is an important element because it has been found
to be detrimental to coatings. !lo assessment of the effect of

; ‘ titanium could be made from this study. Therefore, a study of a

simple series of alloys with variations in the concentration of

titanium should be conducted to determine its effect in uncoated

alloys.
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APPENDIX A: TABLES 1-6

TABLE 1

HEAT TREATMENTS OF SUPERALLOYS USED IN RUNS 1, 2 AND 3

1150
1000
900
700

IN 739 4 hrs , air cool
., air cool

24 hrs .

16 hrs .

air cool
air cool

DB DD
OO0

Udimet 700: 4 hrs
4 hrs

24 hrs

16 hrs

1175
1080
843
760

air cool
air cool
air cool
air cool

DD WD
OO0

e o o
- v v ®

Nimonic 115: 1.5 hes @ 1190 C., air cool
6 hrs @ 1098 C., air cool

Nimonic 105: 4 hrs
' 16 hrs
¥ 16 hrs

1150 C., air cool
1060 C., air cool
850 C., air cool

DD D

Rene 80: 1218
1093
1050
845

760

air cool
air cool
furnace cool
air cool
air cool

2 hrs

4 hrs

i+ 4 hrs
. . 6
6

'y:v LR S

hrs
hrs

@ W o @ )
OO0
» e & s o
. ® w v e

IN 792, IN 738: 2 hrs 1120 C., air cool

845 C., air cool

D D

1150
1080
760

Udimet 500: 4 hrs
hrs
16 hrs

., air cool
air cool
.y air cool

<
S
-3
e @@
OO0
:
-

@

8 1900, IN 100, IN 713 LC: 4 hrs @ 1080 C., air cool
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TABLE 2
; ALLOYS USED Id EXPERIMENTAL RUNS 1 AD 2
ﬁun I §un 2
F Alloy Average Jiameter Average Diameter
(am) {m)
'
] Nimonic 115 6.911 5.646
1
! IN 713 LC 6.944 5.639
f
3 \ IN 792 6.911 5.631
IN 739 6.911 5.613
IN 100 6.944 5.636
8 1900 6.916 5.685
Rene 80 6.371 5,652
IN 738 6.927 5,601
Nimonic 105 6.957 5.644

- Udimet 700 6.960 5.626

Udimet 500 6.37 5.649
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TABLE 3

ALLOYS USED IN EXPERIMENTAL RUN 3

Alloy Kveragzmﬂ;' ameter
IN 738 5.814
IN 738 5.596
IN 738 5.585
IN 738 5.667
IN 738 + 1% Hf 5.461
IN 738 + 1% Hf 5.461
IN 738 + 1% Hf 5.636
IN 738 + 1% Hf 5.603
IN 738 + 2% df 5.489
IN 738 + 2% Hf 5.484
[N 738 + 2% Hf 5.591

IN 738 + 2% Hf 5.631
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TABLE 6

CORROSION RESULTS FOR RUN 3

I

idetal Loss*

Maximum Penetration*

Alloy (um) (Mils) (um)  (Mils)
IN 738 165.1  (6.5) 264.2 (10.4)
IN 738 172.7 (6.8) 231.1  ( 9.1)
IN 738 154.9 (6.1) 228.6 ( 9.0)
IN 738 149.9 (5.9) 299.7 (11.8)
IN 738 + 12 Hf  149.9 (5.9) 226.1 ( 8.9)
IN 738 + 13 Hf  152.4 (6.0) 243.8 ( 9.5)
IN 738 + 1% Hf  132.1  (5.2) 200.7 ( 7.9)
IN 738 + 1% Hf 129.5 (5.1) 200.7 ( 7.9)
IN 738 + 2% Hf 149.9 (5.9) 221.0 ( 8.7)
IN 738 + 2% Hf  139.7 (5.5) 210.8 { 8.3)
IN 738 + 2% Hf  139.7 (5.5) 281.9  (11.1)
IN 738 + 2% Hf  170.2 (6.7) 254.0 (10.0)
AVERAGE RESULTS
Alloy Metal Loss* Maximum Penetration*
(um) (Mils) (um) (Mils)
IN 738 160.7 (6.3) 255.9 (10.1)
IN 738 + 12 HFf  141.0 (5.6) 217.8  ( 8.6)
IN 738 + 22 Hf  149.9 (5.9) 241.9 ( 9.5)

* Metal Loss and Maximum Penetration on a Radius.




APPENDIX B: FIGURES 1-7

Figure 1: Method of Measuring Metal Loss and Maxiumum Penetration of
alloys subjected to LTHC,

Jp: Original metal diameter measured with a micrometer.

D1: Metal loss reading measured at the transition from corrosion
product/base metal zone to sound base metal.

‘ Dr: Maximum penetration measurement based on depth of inter-
; granular corrosion.

i




(c)
Figure 2: Photomicrographs of alloys from Run 1.

400x unetched photomicrograpns of Rene 80 (a), W#imonic 115 (b),
and Nimonic 135 (c) from Run 1, ranked good, moderate, and
poor respectively, ‘lote the similar attack morphologies for
the three rankings and the distinct transition from the corro-
sion product/base metal zone to sound base metal.

S §
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(b)
Figure 3: Photomicrographs of I 713 LC from Runs 1 and 2.

400x, unetched photomicrographs of IN 713 LC from Run 1 (a)
and Run 2 (b), alloys in which variations occurred between
the runs, 'ote the consistency of the morphology of attack

between the two runs.
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(b)

Figure 4: Photomicrograpns of Il 100 from Runs 1 and Z.

400x, unetched photomicrographs of IN 100 from Run 1 (a)
and 2 (b), alloys in whicn variations occurred between
the runs. ‘lote the consistency of the morphology of
attack between the two Runs.
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Figure 5: Photomicrographs of LTHC attack of IN 738 containing no
Hf. (Run 3).

400x, unetched photomicrographs of IN 738 containing no
Hf from Run 3. Note the morphology of attack is similar
to tnat of Runs 1 and 2. (Figures 2 and 3)
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Figure 6: Photomicrographs of LTHC attack of IN 738 + 1% Hf (Run 3).

400 x, unetched photomicrographs of IN 738 + 1% Hf., Note
the intergranular corrosion (arrows) and similar attack
morphology to that of Runs 1 and 2. (Figures 2 and 3.)

40
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Figure 7: Photomicrographs of LTHC attack of IN 738 + 2% Hf, (Run 3).

400 x, unetched photomicrographs of IN 733 + 2% Hf. lNote
the intergranular corrosion (arrows), and the similar
attack morphology to that of Runs 1 and 2 (Figures 2 and 3).
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