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ABSTRACT

A new high pressure turbine shroud material has been developed from the consolidation of
prealloyed powders of Ni, Cr, Al and Y. The new material, a filler for cast turbine
shroud body segments, is called Genaseal (GE-NASA~-seal). The development followed
the identification of oxidation resistance as the primary cause of prior shroud deteriora-
tion, since conversion to oxides reduces erosion resistance and increases spalling under
thermal cycled engine conditions, The NiCrAlY compogition (22Cr, 10Al1, 1Y) was
selected in preference to NiAl and FeCrAlY alloys, and was formulated to a prescribed
density range that offers suitable erosion resistance, thermal conductivity and elastie
modulus for improved behavior as a shroud.
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EXECUTIVE SUMMARY

A new high pressure turbine shroud material has heen developed from the consolidation of
prealloyed powders of Ni, Cr, Al and ¥, The new material, a filler for cast turbine shroud
body segments, is called Genaseal (GE-NASA-seal), The development followed the identi-
fication of oxidation resistance as the primary cause of existing shroud deterioration, since
conversion to oxides reduce erosion resistance and increases spalling under thermally
cycled engine conditions. NiCrAlY was selected in preference to NiAl and FeCrAlY alloys,
and the selected composition (22Cr, 10Al, 1Y) was formulated to a preseribed density range
that affords suitable erosion resistance, thermal conductivity and elastic modulus for im-
proved behavior as a shroud,

The program was launched in 1975 in an effort to provide improved clearance control he-
tween high pressure turbine blade tips and the shroud, a static member that defines the
outer diameter of the turbine gas path over the blades. Existing shrouds are constructed
of cast superalloy segments which contain a porous metallic filler in contact with the gas
path so as to provide a thermal barrier and overheating protection for outer support rings,
Bradelloy is the name of a NiAl filler in commercial use for such segments. If has excel-
lent thermal barrier properties, but it oxidizes {oo quickly, resulting first in filler swell-
ing (that wears down blade tips) and segment distortion, and later in erosion or spalling of
the oxide (that opens clearances further), It was expected that the use of a more oxidation
resistant filler would nct only provide longer life for the shroud, but would favorably in-
fluence performance and fule consumption,

Three types of alloy compositions (FeCrAlY, NiCrAlY, and NiAl) and a vacuum hot press
processing method for an improved shroud filler were identified by General Electric prior
to the NASA-funded development. The vacuum hot pressing technique was based toward
obtaining porous, sintered fillers that stay in the segment casting. Most materials shrink
upon sintering (Bradelloy is an exception - it expands and bonds well to the casting), and
the process must be carried out under compressive forces to achieve bonding of filler to
the segment cavity walls. These basic procedures were used in the NAS4a development,
first on a small vacuum press with single shroud segment capacity, and later in a larger
air press with special {ooling for up to six segments and argon flushing,

The program was executed in four tasks: (1) preliminary evaluation and selection of
processing methods, composition and properties, (2) laboratory rig testing of shrouds,

{3) engine tests, and (4) a first scale~up attempt to reduce process costs, The first task
made a selection of the NiCrAlY composition and the density of filler, The selection was
made on the basis of laboratory oxidation, erosion and rub fests. The effect of density for
three candidate materials on particle erosion testing is shown in Figure A compared to
Bradelloy. The curve illustrates why a 70% minimum density level was selected as one of
the material requirements, ‘The fir- fask also analyzed by finite element analysis the ef-
fect on C¥6 shroud temperatures that would result from a filler substifution of NiCrAlY for
Bradelloy,
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Figure A Effect of Density on Cold Particle Erosion Resistance of
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Task I evaluated NiCrAlY shroud segments in high veloeity oxidation and thermal shock
rigs prior to engine evaluation in Task II, In the third task CF6-50 factory engine tests
showed that NiCrAlY (Genaseal) shrouds constituted an improvement. The improvement
can be seen visually in Figure B where every <ther shroud is Genaseal, and alternate
shrouds are Bradelloy., This was a result of 1000 engine cycles under particularly severe
conditions, a technique used to accelerate field service effects. Note that the filler cavity
coniains pegs as part of the superalloy casting, These are part of the Bradelloy design
used on the CF6 engines to promote retention of the filler, TFigure C shows microstructures
alongside pegs in a Bradelloy shroud and a Genaseal shroud, Using the peg height as a
mark of the original machined filler surface, it is apparent that the Bradelloy filler has
swelled considerably during the test, a feature that tends to wear blade tips and open clear-
ances, Genaseal seems to be an improvement in this regard.

The scale-up attempt in Task IV succeeded in reducing the initial high cost of one-at-a-
time shroud fabrication in the laboratory vacuum hot press by demonstrating a six per
batch method in an argon retort-hot press techniiue; additional cost raductions and flight
service evaluations are planned under GE and USAF support to assess the cost effectiveness
and life improvement in aircraft engines,



Figure B Genaseal and Film-Cooled Bradelloy Shrouds After 1000 "C" Cycles
CF6-50L Conditions, Genaseal Numbers 1, 3 and 5, Film-Cooled;
Bradelloy Numbers 2, 4 and 6
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Figure C Typical Microstructure of Bradelloy (Left) and Genaseal
(Right) Engine Test Shrouds (50x)




INTRODUCTION

Advancement in turbine materials {echnology has been fundamental to the evolution of the

jet engine for its entire history. The desire for increased turbine inlet temperatures has
been continuous, and just as turbine bucket and vane materials are developed to meet these
needs, so are improvements in turbine shrouds reguired. Ia addition, the need for improv-
ed inefficiencies and lower specific fuel consumplion (SFC) has placed further requirements
on the materials and processing technology for turbine shroud development, This develop-
ment has ranged from the early forms of shrouds, which were simply metal rings that de-
fined the outer gas envelope, tv open face honeycomb, transpiration cooled materials such
as Porolloy and to both honeycomb and, more recently, peg-style shrouds filled with an
abradable material, Bradelloy.

Bradelloy is a low density sintered maierial made from nickel coated aluminun powder
blended with nickel powder (Bradelloy 500) or Coast Metal 50 (Bradelloy 502). Bradelloy
filled shrouds are currently operating in all CF6 engine high pressure turbines, and im-
provements, both in materials and design, over recent years have resulied in o reliable
structure for current operating temperatures, However, it is realized that the upper tem-
perature capability for Biradelloy {illed shrouds is being approached, and more oxidation
rr sistant materials are desirvable for grawth versions of enrrent engines and for longer
Iife under current operating conditions.

In order to extend shroud life or increase the temperature capability, an improved seal
material must be more resistant to high temperature oxidation and have greates dimension-
al stability. : '

Oxidation resistance in metallic materials is dependent upon the formation of an adherent,
protective scale on exposure o air at elevated temperatures, As the prevailing conditions
in practical applications have become more severe, it has become increasingly necessary
to rely on alloys forming @-Alg0g as the protective film. In addition, the alloy should
contain a sufficient conceniration of aluminum to allow reformation of the protective Al03
film, since spallation of the initial film will oceur in the hipgh velocity, cyclic oxidizing
environment of high pressure turbine (HPT) service. A series of materials has been
developed fo withstand this environment for extended periods of time (several thousands

of hours at temperatures in excess of 1100C).

For a shroud material, however, the alloy must possess not only high temperature oxida-
tion resistance, but algo the ability to inhibit metal transfer and severe wear of the turbine
bucket alloy throughout its service life. For this reason, a porous structure was examined
which is compliant and which compresses and flows when taking a bucket tip rub, At the
same time, however, a resistance to erosion, both by hot gas and particle impingement,
must ba maintained, ' -

In-house work at General Eleciriec demonstrated methods for achieving the required im-
provements in both material and processing factors. These methods were refined in the
program to be described. S .



TECHNICAL PLAN

The technical plan for the development of an improved furbine shroud material was original-
ly divided into three major tasks, Task I consisted of initial material selection, laboratory
evaluaiion, design analysis and fabrication development leading to the most suitable shroud
component material and design., Task II consisted of shroud fabrication and component rig
testing, simulative of engine condilions, to determine whether material or design modifica-
tions were neeessary. Task IOI consisted of faciory engine testing,

Material selection and initial fabrication in Task I progressed more rapidly than expected
and prompted interest in accelerated engine testing from CF6 and advanced engine groups.
As a result, the work plan was revised to provide for concurrent work on the remainder of
Task I, Task IT and Task III, In addition, Task IV, scale up of the selected fabrication
process to achieve some cost reduction was added to the program, A flow diagram showing
the sequence of events in the revised program is shown in Figure 1.
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MATERIALS AND LABORATORY SCREENING PROCEDURES

The selection of NiCrAlY, FeCrAlY and NiAl alloys as candidates for high temperature shroud

Iiller materials was based on the ability of these alloys to form a stable, protective a-Alg0s
layer, which could be reformed if the original layer were lost in the course of engine oper-
ation. An analysis of compositional variations of these alloy types constituted prior work
on in-house programs. From this, three nominal compositions were chosen for the initial
screening phase of Task I*:

1) Fe-25Cr-10A1-1Y
2) Ni-20Cr-10A1-1Y
3) Stoichiometric NiAl (8)

Conventional vacuum hot pressing was used to compact -150/+270 mesh alloy powders to a
controlled density between 55 and 70% of theoretical. Hot pressing was carried out at
1038C (1900F) with pressures ranging from 100 to 1000 psi depending on the density desir-
ed. Test samples were cut from the "master' compact using a saw or wet cut-off wheel,
Aiter sectioning the samples were cleaned and dried in an oven at 121C (250F) prior to
testing.

Three test criteria used in the initial screening phase of the candidate materials were
rub behavior, erosion resistance and high temperature (1204C (2200F)) oxidation resist-
ance. These tests, together with metallographie, scanning electron microscope (SEM)
and chemical analysis of the powders and test specimens formed the basis for further
selection of materials and for more detailed evaluation. In all tests Bradelloy 602 speci-
mens weve simultaneously evaluated as a basis for comparison,

For rub testing,the material to be tested was supported on a platform heneath the blades
(15) of a 10 inch diameter wheel rotating at=700 surface feet per second, During the test,
after the rotational speed of the wheel had been attained, the platform was slowly raised to
allow incursion of the blades info the rub material. In all tests in this program, the rate
of incursion and the duration of the test were controlled at 1 mil/sec and 15 seconds, re-
spectively, All tests were conducted at ambient temperature with fully heat treated, cast
Rene! 80 blades.

*Composition in weighf percent,



The purpose of the rub test was to rank the material compacts as fo their »ub behavior
and to optain an assessment of scabbing* tendency and blade wear. Scabbing should be
avoided because it promotes rapid, non-uniform blade wear resulting in loss of furbine
clearances.

The erosion test used in the screening work was the standard test used at General Electric
as a quality control check on all Bradelloy filled shrouds, In this test, a sample was held
normal to, and at a distance of six inches {rom the nozzle of a spray gun from which 750
grams of 50 pm alumina powder were sprayed, using a line pressure of 414kPa (60 psi).
The weight loss of the sample was measured, and this value was used as a relative measure
of the erosion resistance of the material being tested.

For Bradelloy 502 filled shrouds, a weight loss of 0.5 to 1.25 g is considered acceptable
for a test of two minutes duration. It should be emphasized that this test was used only as
an aid in ranking the new materials with respect to Bradelloy 502, and the absolute weight
loss measured was not used as an acceptance or rejection criterion in the early paris of
the program.

Dynamic oxidation flame tunnels were used foxr the first 500 hour/1204C (2200F) test of the
candidate materials, and were also used for additional testing at both 1204C (2200F) and
1316C (2400F) as the program continued, These facilities were available for oxidation
testing of selected materials under low veloeity (0,05 Mach) gas flow conditions and at
temperatures to 1371C (2500F). Heating was provided by the combustion of natural gas
(10:1 air to gas ratio), and the heating range was programmed to cycle from the test tem-
perature to below 371C (700TF) by automatically lowering the specimen fixture into a cold
air blast six times per hour. Temperature was monitored by thermocouple control and
checked optically. A test specimen fixture rotating at 5 rpm assured an equivalent exposure
for all samples, TFor this program, a specimen holding fixture was designed to allow test-
ing of up to 30 specimens simultaneously and to facilitate removal for weight change and
dimensional measurements as a function of time on test, For the 500 hour, 1204C(2200F)
test specimens were removed f{or measurement following 112, 250 and 500 hour exposures.
Small pieces of selected samples were cut at each of these intervals for metallographic
examination and possiblz additional microprobe or S. E.M. analyses,

*Scabbing is the buildup of transferred blade tip metal on the shroud.
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RESULTS

SCREENING TESTS

The Cl, Al and Y levels of the FeCrAlY and NiCrAlY powders used for initial screening
specitnens were within one-lnlf percent of the nominal Fe-25Cr-10A1-1Y and Ni-20Cr-10Al-
1Y compositions. The 29% Al content of the NiAl powder was below the nominal stoichio-
metric NiAl composition, However, the powder was still g-NiAl and the properties were
not expected to be significantly affected s0 specimens ware made from the Ni-28A1 powder,

The erosion resistances of the hot pressed compacts were ranked as poor, fair or good
with the ranking defined as:

Poor - erosion through the specimen during test
Fair -~ specimen did not erode through, but was less resistant than Bradelloy 502
Good - equivalent or greater erosion resisiance than Bradelloy 502

Table I shows the results of initial erosion testing. All compacts except NiCrAlY eroded
quite readily and were classified as poor., NiCrAlY was fair to good and exhibited an
expected trend, indicating greater erosion resistance with increased density. Typical
erosion test specimens are shown in Figure 2,

Also included in Table I are the rub test results for the three alloys. Only the most dense
NiCrAlY specimen exhibited any scabbing or blade wear. As might be expecled, this
specimen also had the best erosion resistance indicating the need to "trade-off' between
rub tolerance and erosion resistance. Typical rub surfaces are shown in Figure 3,

The 1204C (2200F) axidation test data (Table II) confirmed the predicted superior oxidation
resistance of all three candidate materials, In addition, the data indicated oxidation re-
sistance to be independent of density for the density ranges of the candidate materials
evaluated. Based on percent weight gain, the FeCrAlY and NiCrAlY appeared superior to
NiAl, Also durmg the oxidation testing, the lowest densu:y compacts of the candidate
materials (<64% theoretical density for FeCrAlY and <61% for NiAl and NiCrAlY) developed
many cracks, an indication that a lower density limit must be exceeded for resistance to
thermal eracking.

Typical structures of oxidation specimens are shown in Figure 4. As shown in Figure 4,

sporadic, complete oxidation of some FeCrAlY particles occurred, and an investigation of
this phenomenon was begun,

11




(B) NiCrAly
68,1% DENSE

(A) NiCrAlY
60,5% DENSE

SRR

(C) BRADELLOY

Figure 2 Typical Surfaces of Erosion Tested Compacts
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MATERTAL

FeCrAlY
(Lot 4915)

NiCrAlY
(Lot 4928)

NiAl
(1ot AL76)

TABLE I

INITIAL RUB AND EROSION TEST RESULTS

SPECIMEN

74-67-6
7h~72-6
74-66-6
74-68-6
7696

74-79-6
7h~-78-6
7h=71-6
Th-77-6

7482
74-80

DENSITY g/cc
4,08

4.30
k433
L.51
4,51

k.67
k.72
5.12
5.31

3.90
4.08

BLADE
% THEO. WEAR  SCAB. EROSION
6l.4 No No Poor
64.7 No No Poor
65.2 No No Poor
67.9 No No Poor
67.9 No No Pgor
59.9 No No Fair
60.5 No No Fair
66.0 No No. Fair
68.1 Yes Yes Good
65.0 No No Pgor
68.0 Ne No Poor

13



(A) NiCrAlY - GOOD RUB (B) NiCrAlY - POOR RUB, SCABBING
59,.9% DENSE 68,1% DENSE

(C) BRADELLOY - POOR RUB, SCABBING

Figure 3 Typical Surfaces of Rub Tested Compacts
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MATERTAL

FeCrAlY

NiCrAlY

NiAl

Bradelloy

FOR FeCrAlY,

TABLE II

1204C (2200F) OXIDATION TEST WEIGHT GAIN DATA

SPECIMEN
NUMBER

74-69-7a
74~69~7h
Ph-66~7

74-67-7%
7h-68-5¢

7h-66-7
74-68-59
74=-68-5b
74-69-5-1hb

74-78-7b
74-~78-7a
74-78-5a
Th~T77-T7a

74-77-5a
74-77-5b

7h-82-1
74822
7h-82-3

- 74-80-1

75-80-3
74-80-3

502~1
502-2
202-3

iCrAlY, NiAl AND BRADELLOY 502

% THEO.
DENSITY

56.9
59.3
60.0
60.5
63.8

62.8
67.7
68.0
67.2
Average

60.0
60.3
59.6
69.7
68.2
69.3

Average

60.5
60.0

57-7
63.2
6l.7
63.0

Average

-k
-
-

Average

% WEIGHT GAIN

112 Hr.

N . " . . . . [ .

-1 O\ Oy WO ;v ~N NN NN =1 VNI G YOV =)
L[ ]

[o B o) W +) Wl

L]

3o.5
3h.h
29.8

31.57
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8.35 g.21
7-93 -
8.4 9.45
9.3 11.5
B-ll: 9-11
9.4 10.0
8.4 -
8.8 10.0
8.1 9.1
8.1 9.3
8.1 10.9
8.&‘ 9.11-
8.3 8.9
8.1 10.2
8.2 9.6
15.1 20.4
11.2 21.7
17.7 30.2
10.0 18.9
17.9 28.9
11.1 2l.1
13.8 23.5
34.5 34.5
33.8 33.4%
34,2 33.8
3.7 33.9

* Density of Bradelloy 3.5 g/cec
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On the basis of the superiority of NiCrAlY and FeCrAlY in the 500 hour/1204C (2200F)
oxidation tests, NiAl was eliminated from further consideration and not included in sub~-
sequent tests.

Further lIow velocity oxidation {ests were conducted with NiCrAlY, FeCrAlY and Bradelloy
for 100 hours at 1316C (2400F). Again, NiCrAlY and FeCrAlY proved superior to
Bradelloy, and gain, FeCrAlY exhibited a wide variation in oxidation behavior within a
given sample (Figure 5),

In both cxidation tests, the rate of weight gain for FeCrAlY and NiCrAlY, Figures § and 7
top, were nearly identical and independent of density, NiCrAlY, however, exhibited
greater volume chanpe than FeCrAlY (but less than Bradelloy) at both temperatures. The
oxidation hehavior of NiCrAlY and FeCrAlY after 250 hours at 1204C (2200F) is depicted
metallographically in Figure 8 at 100X, Virtually all of the NiCrAlY particles have a
uniform oxide film and some intergranular oxidation, and only the worst areas show an
occasional particle that has been completely converted to oxide, With the FeCrAlY com-
pact there was a wide variation in behavior. The best areas showed particles with the
same uniform oxide film as the NiCrAlY particles, but, more typically, there were
scattered, completely oxidized particles as presented in the lower center photomicrograph,
Also observed were areas where breakaway oxidation had occurred, lower right,

After 500 hours exposure at 1204C (2200F), the best areas of the FeCrAlY remained
virfually unchanged, and the typical areas showed considerable attack on many particles
and more extensive breakaway oxidation. After the same exposure, the NiCrAlY showed
little change in the best areas and moderate intergranular oxidation in the typical areas,
The worst areas were at the surface where individual particles had completely oxidized,
but there was no evidence of breakaway oxidation.

The greater volume expansion of the NiCrAlY compacts versus the FeCrAlY (Figures 6
and 7) may be explained by examination of the oxide film formation on the intact particles
after exposure for 112 and 500 hours at 1000X. Figure 9 shows that a heavier film was
formed on the NiCrAlY particle after 112 hours than on the FeCrAlY, and after 500 hours,
the NiCrAlY showed the presence of a second phase, probably a sphinel, in the oxide where
the oxide film on the FeCrAlY was still single phase and somewhat thinner, The volume
expansion may therefore have been due, in part, to the expansion caused by sphinel forma-
tion.

One would assume that the breakaway oxidation of FeCrAlY would execute a greater influ-
ence in volume change than the secondary phase formation with NiCrAlY. However, the
breakaway oxidation observed was localized and represented only a small percentage of the
total mass of particles, It should also be noted that when localized breakaway oxidation
occurred the oxidation products filled in the void areas between the particles and did not
necessarily contribute to appreciable expansion.
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FeCrAly

Figure 5 NiCrAlY and FeCrAlY Compacic After Cyclic Dynamic Oxidation, Low
Velocity, At 1316C (2400F) for 100 Hours
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FeCrAlY

Figure 8 NiCrAlY and FeCrAlY Compacts After Cyclic Dynamic Oxidation, Low Velocity,
At 1204C (2200F) for 250 Hours
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Figure 9 Oxide Formation on NiCrAlY and FeCrAlY Particles After 112 and 500 Hours
Cyclic Dynamic Oxidation, Low Velocity, at 1204C (2200F)




OXIDATION MECHANISMS

a) Normal Oxidation

SEM EDAX* analyses of FeCrAlY and NiCrAlY powder particles after 1204 (2200F) and
1316C (2400F) exposures indicated that, after as little as 24 hours at 1316C (2400F), the
aluminum level at the center of the or1g1na1 powder particles dropped to a point equivalent
to background, i.e., less than 1%, leaving basically a FeCr or NiCr core surrounded by
an Al-containing rim and scale. Loss of the protective scale due to spalhng, rubbing or
erosion would be expected to result in more rapid oxidation of the remaining particle and
formation of Cra0g, Fe0, Feg03 or Ni0, Formation of Fe0 and Feg03 in the case of
FeCrAlY could then lead to breakaway oxlclatlon of adjacent particles.

b) Breakaway Oxidation

SEM EDAX analysis of a]loy powders and oxidized FeCrAlY samples, and examination of
appropriate binary ceramic phase diagrams helped to explain why breakaway oxidation
was sometimes observed in FeCrAlY and why NiCrAlY was much less susceptible to this
phenomenon,

SEM EDAX analysis of 2 normal oxide is shown at the top of Figure 10 and indicates a high
concentration of Al in the scale with lesser amounts of ytirium, chromiwn and iron.
Analysis of the oxide in the center, a product of breakaway oxidation, shows high concen-
trations of chromium and iron. Analysus of as-received FeCrAlY powders revealed that
about 20% of the particles were lower in aluminum than the other particles, The smaller
partlcles of this lower aluminum level could be readily oxidized at 2200F, thereby forming
some iron oxides. Once formed, the iron oxides tend io destroy the eﬁechveness of the
plotectwe Alg0g film of ad]acent particles by forming non-protective Fep03. Aly03. This
is shown in Figure 11, left, where Fey03 and Aly03 have a limited solubility in each other
of about six percent, hegmmng at 10000 (1840F) and increasing with temperature. This
condition would not occur to the same degree with NiCrAlY with any NiO that may have
formed at Al-lean particles, The solubility of Alp03 in Ni0 is very low at 1400C (2582T),
Figure 11, right. Thus, the oxidation of a NiCrAlY particle will proceed in situ rather
than spreading to affect adjacent particles.

Rub Behavior and Erosion Resistance of Oxidized Filler Material

FeCrAlY and NiCrAlY hot pressed compacts varying in density from 58 to 86% of theoreti-
cal were tested for rub behavior and erosion resistance as-processed, and again aiter 100
hours cyclic exposure at 1204 (2200F). Tne volume of material eroded in 120 seconds as
a function of percent theoretical density is shown in Figure 12, Also included are the
initial data for as-processed NiAl compacts. As-processed, NiCrAlY exhibited erosion
resistance equ1va1ent to the upper limit for Bradelloy at a lower density than FeCrAlY

(65 versus 73% theoretical), After high temperature exposure both materials exhibited
nearly the same erosion registance. The increased erosion resistance of FeCrAlY affer
exposure indicated possible additional sintering during the exposure or an effect of oxides,

*Energy Dispersive Analysis by X-rays.
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As-processed FeCrAlY exhibited good rub beha.vmr (no blade wear or scabbing) in the
laboratory test (700 ips) for compacts less than 71% of theorehcal density. However,
after the 1204C (2200F)/100 hour exposure, compacts at 61% of theoretical clensity ex-
hibited 1 mil of blade wear with 4 mils wear at 63%. Densities greater than 71% caused
severe blade wear and scabbing both as-processed and exposed, In the case of NiCrAlY,
as-processed compacts exhibifed good rubs at densities less than 68% 9 of theoretical.
After exposure slight blade wear (1 mil) was indicated at 63%. At 68% and above NiCrAlY
exhibited severe blade wear hoth as-processed and exposed.,

Resulis of a General Electric in-house program involving MCrAlY-filled turbine shrouds
indicated that scabbing of high density FeCrAlY and NiCrAlY filler material by the rubbing
of turbine blades might be less of a problem then indicated by the laboratory tests. In two
separate cold (CF6-6) rotor rub tests (1440 fps tip speed) incorporating a full set of turbine
blades, no blade wear was experienced during rapid incursions (1 mil/sec and 20 mil/sec)
of 20 mils. In contrast, testing in the laboratory facility (700 fps tip speed) produced blade
wear and scabbing on the denser compacts, These cold rotor rub tests of bolh hot pressed
FeCrALY and NiCrAlY {filled shroud showed unexpectedly good rubs of both filler materials
at the higher densities under more simulative test conditions (engine hardware, blade tip
speed and incursion rate). It should be noted that during the rotor tests the rub surfaces
were observed o be white hot, i.e., the test was made at room temperature with the rub
suriaces increasing in temperature substantially,

MATERIAL SELECTION

The Work Plan called for selection of one or two materials for continued development,
The requirements for an advanced shroud filler feil into two categories, necessary and
desired, as follows:

Necessary Requirements Desired Characteristics
Oxidation resistance> 3X Bradelloy Low volume expansion on pro-

longed exposure
Erosion resistance = Bradelloy No scabbing
All three candidate materials met the necessary oxidation requirements; however, NiAl
failed to meet the erosion goal (NiAl also was the poorest candidate in oxidation tests),
In the case of necessary and desired properties, the FeCrAlY and NiCrAlY are compared
to Bradelloy 502 below:

DESIRED PROPERTIES

Property FeCrAl¥Y NiCrAlY Bradelloy
Oxidation resistance Good, bul exhibits Very good Limited
(0. 05 Mach) breakaway oxidation
Erosion resistance
As-processed Good - _ Best Good
After 1204C (2200F)/ Good Good Poor
100 hrs
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DESIRED PROPERTIES (Cont, )

; Property FPeCrAlY NiCrAlY Bradelloy

T Volume expansion

' 1316C (2400T) Best Good Poor

i 1204C (22007) Good Good Poor

Scaﬁbing

| 700 fps (1ab tester) Good Best Seabs and wears blades
i 1400 ips (cold CF6  Good Good Wears blades

_} rolor

i As noted, FeCrAlY and NiCrAlY were comparable except for the occurrence of breakaway
oxidat.on with FeCrAlY, a significant factor. NiCrAlY, therefore, was the material
selected for continued development as an advanced shroud filler material,

NiCrAlY COMPOSITIONAL VARIATIONS

Tivaluations were made of NiCrAlY compositions adjusted to optimize oxidation resistance.
Compositions included 20Cr-8A1-1Y, 20Cr-10Al-1,4Y, 22Cr-10A1-1.0¥, and 23Cr-134l1-

| 1,0Y. Testing consisted of placing the alloy in powder form in ceramic boats and exposing

‘ to static air at 1204C (2200F) and 1316C (2400F). In the 1316C (2200F) tests on the basis

of weight gain (Table III) and metallographic examination (Table IV), the 23Cr-13A1-1Y com-
position was the most oxidation resistant with the 20Cr-10A1-1.4Y close behind, The

. 22Cr-10A1-1Y was slightly inferior, and the 20Cr-8A1-1Y was definitely inferior. At

. 1316C (2400F) there was a drastic shift in performance with the best performer being the

i 22Cr-10-1Y followed closely by the 20Cr-10Al1-1,4Y, Both the 23Cr-13A1-1Y and the
20Cr-3A1-1. 0¥ were inferior in performance.

PROPERTIES OF Ni-22Cr-10A1-1Y

Ni-22Cr-10Al-1Y was chosen as the most promising candidate for further development as
a shroud filler material on the basis of the oxidation test results for various NiCrAlY
compositions.

: Physical properties were determined for nominally 75% dense* Ni-22Cr-10A1-1Y compacts,
! Thermal diffusivity was measured over the temperature range 300 to 1100C (575 - 2012F)

! for NiCrAlY and Bradelloy 502, both as-compacted and after a 100 hour, 2200F oxidation
exposure. As shown in Figure 13, NiCrAlY exhibited greater thermal diffusivity than
Bradelloy 502 over the entire temperature range, In addition, NiCrAlY exhibited less of

a change in thermal diffusivity due to the oxidation exposure. ' '

i *A '75% density was selected as the approximate mean density of acceptable material
based on Figure 12,

i ' NOTE: Tables V and VI to be forwarded under separate cover.
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TABLE IIX

STATIC OXIDATION WEIGHT GAINS OF SEVERAL NiCrAlY POWDERS

NiCrAlY-Powder
Lot # 3574

Lot # 4928

Lot # 6091A
Lot # 6091B

Lot # 6179

6%

Composition (Wt%)

Lr
22.2
19.4
23.0
23.0

19.6

AL
10.1

8.0
12.7
12.7

10.0

X
0.95
0.90
0.64
0.64

1.45

Percent Weight Gain

1204 (2200F)

24k Hrs 90 Hrs
4.6 27.4
13.4 36.0
15.1 27.3
4.6 26.4
14.3 28.4

1316 (2400F)

24 Hrs 80 Hrs
17.1 32.0
19.3 31.1
33.5 37.4
33.3 39.4
15.8 32.4
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LOT KO.

357k
4928
60914
6091B

6179
357k
L9o8
6091A

6091B
6179
3574

4928

6091A
60918
6179

3574
4028
6091A
60918
6179

NOTE:

TABLE IV

METALLOGRAPHIC EXAMINATION OF OXIDIZED NiCrAlY POWDERS

IEST TEMP.
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Specific heat (C,,) data for NiCrAlY and Bradelloy 502 were used in conjunction with the
thermal diffusivity to calculate thermal conductivity (K), shown in Figure 14, The )
data were determined from the enthalpy-temperature relationship of the materials as
measured in a modified Parr adiabatic water calorimeter (drop technique), Thermal
diffusivity data were determined by 2 laser-pulse, transient heat flow technique,

Total lineayr thermal expansion of NiCrAlY was measured from 100 to 1000C (212 - 1832F)
in a Chevenard Model 50 dilatometer, and the results are shown in Fipure 15 along with
data for Bradelloy 502,

Modulus of elasticity data, shown in Figure 16, were measured by the floating beam
dyaamic resonance method employing a Magnetest FM-500 Elastomat®,

The melting point of NiCrAlY was measured by exposing as-processed compacts for 15
minutes at various temperatures (1288-1371C) in a hydrogen atmosphere, Subsequent
metallographic examination, Figure 17, indicated incipient melting at 1288C and definite
melting at 1316C.

Low velocity cyclic oxidation tests, describad earlier, were conducted for hot pressed
compacts of the selected Ni-22Cr-10A1-1Y material, A 100 hour, 1316 (2400F) test was
run for compacts in the range of 74 to 78% theoretical densities and Bradelloy 502 speci~
mens. Test results, weight gain versus time, are presented in Figure 18, Again NiCrAlY
proved to be superior to the Bradelloy types, having unoxidized material remaining after
100 hours, whereas the Bradelloy types were almost completely oxidized after one and five

hour exposures.

Mach 0, 8 high velocity cyclic oxidation tests were conducted with NiCrAlY and Bradeloy
500 specimens, Specimens, wedge shaped sections of filled CF6 shroud bodies, were
placed in an eight etation rotating specimen holder such that the hot gas stream impinged
on the specimen surfaces at a 30 degree angle. The specimens were rotated at 450 rpm
and cyeled to about204C (400F) once per hour in this test,

Two tests were conducted, one at 1204C (2200F) for 80 hours and another at 1149C (2100F)
for 200 hours. Results of both tests confirmed that NiCrAlY had better oxidation resistance
than Bradelloy. In the 1204C (2200F) test, Bradelloy was virtually all converted to oxide
after only 22 hours, whereas NiCrAlY exhibited only a thin oxide film around the particles
after 80 hours (see Figure 19). In the 1149C (2100F) test, Bradelloy was nearly completely
converted to oxides in 90 hours, while NiCrAlY particles exhibited only thin oxide films
after 200 hours. In addition, NiCrAlY exhibited superior resistance to erosion by the hot
gas stream, with Bradelloy eroding when converted to oxide,

Hot particle erosion testing of NiCrAlY, Bradelloy 500, and Bradelloy 502 was conducted

in a test facility comprised of a low velocity oxidation flame tunnel and a rotating specimen
fixture {rotational speed up to 300 rpm) with axis set at a 45° angle to the hot gas stream.

¥Magnaflux Corporation, Chicago, Illinois,
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1288C (2350F) 100X

Figure 17 Melting Point Determination of Hot Pressed Compacts from NiCrAlY Powders from
Lot Nos, 6091 and 6408, Held for Fifteen Minutes in Hydrogen Atmosphere
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Figure 19 Typical Microstructure of NiCrAlY and Bradelloy After Mach 0.8
High Velocity Oxidation Test at 1204C (2200F) for 80 Hours and
33 Hours, Respectively (250%)



The erodent was injectedl in the gas stream through a water cooled nozzle; the flow rate of
the erodent was controlled by a Plasmadyne powder feeder, Testing was initiated at

1204C (2200F) using 1000 grams per hour of 50 um Aly0g erodent at a blast pressure of
138KkPa (20 psi). Because of the high exposure temperature, weight gain due {o oxidation
exceeded the weipght loss due to erosion. Afier 20 hours the exposure temperature was
reduced to 982C (1800F) and the blast pressure maintained at 138kPa (20 psi) for a period
of five hours. The blast pressure was then increased to 207kPa (30 psi) for a 25 hour
period and to 276kPa (40 psi) for a 25 hours period, The test results are shown graphically
in Figure 20. With the reduction in test temperature to 982C (1800F) losses due to erosion
exceeded the weight gains due to oxidation, Under the latter conditions, the Bradelloy 502
was the least erosion resistant with the Bradelloy 500 second, and the effect was visible.
NiCrAlY showed little erosion loss, Total depth of erosion at the end of the test is also
indieated in Figure 20 for each material,

Ballistic impact tests were run at 1 it/lb and 5 ft/Ib on NiCrAlY, Bradelloy 500 and
Bradelloy 502 compacts in the as-processed condition and after an exposure of 100 hours
at 1204C (2200T), using an air rifle and a 0, 175 inch diameter, 0, 3576 gram steel pellet.
There was no evidence of spalling or cracking in either condition for any of the materials.

Cohesive strength measurements were made on Bradelloy 500 and NiCrAlY at room tem-~
perature and 816C (1500F). Compacts, 0.25" x 1, 0" diameter were brazed to pull-rods
for conducting ihese tests., Results were:

Cohesive Strength, psi

Material Room Temp. 816C (7 1500_]3')
Bradelloy 500 3,640 1,220
NiCrAIY | 15,300 18,800

T* > bond strength of NiCrAlY to the backing material was greater than the cohesive
strength of the NiCrAlY itself, as evidenced by the fact that all tensile failures occurred
in the NiCrAlY and not at the braze interfaces.

DESIGN ANALYSIS

Finite element analyses for temperature and thermal stress were conducted for the CFG
stdge 1 high pressure turbine shroud filled with NiCrAlY. The objective of this analysis
was to predict the effect on shroud temperatures and life due to the substitution of NiCrAlY
for Bradelloy as a shroud filler material, Four cases were analyzed using material
properties for ag-processed Bradelloy, oxidized Bradelloy, as-processed NiCrALY and
oxidized NiCrAlY, The condition analyzed was for maximum peak hot day take-off condi-
tions. Calculated temperatures are shown in Figures 21 ~ 24, Maximum calculated tem-
peratures were in the forward edge for the Rene' 77 casting and at the forward quarter
point in the filler. Due to higher conductivity, the NiCrAlY yielded lower surface tempera~
tures and lower radial gradients than Bradelloy, Bulk temperatures were unchanged.

Upon oxidation both fillers showed an increase in surface temperature and in radial gradient,
with Bradelloy showing the largest changes,
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The following procedure was used to caleulate thermal stresses. The initlal radius of

curvature is known for the neuiral axis of any given section. The average temperature and

AT across the section are obtained from the temperature analysis. The unconstrained

radius of curvature with the temperature distribution is

1

Ry = =1 T
R l1l+a(T-70)] -~ @aT

where
R 4  initial radius of curvature of neutral axis
T &  hulk temperaiure of section
AT A temperature change across the section
t &4  thickness of section

o

up

coefficient of thermal expansion of shroud

The radius of curvature as constrained by the shroud support is

R, = ﬁ['1+as{'l‘s-70)]

where
T g8 shroud support bulk temperature

coefficient of thermal expansion of shroud support

ng
From flexure theory
R .
M- - E g
= Rr2
Ry
= Fr( - L
i EI (Rl - Rz)
and
Mec
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where

M a bending moment

E a modulus

I A momentof inertia about the neutral axis
¢ 4 distance from the neutral axis

Sb 4  bending siress

Substituting for M
=Fe (o oL
8y = Fe (F7 RZ)

Thermal stress in the shroud in the given section is then

1 1
8 =EC(*—'~'—'—')
b Ru Rc

Sinee I drops out of the quation, the only section property required is the location of the
neulral axis, This analysis was done at three loeations, the forward edge, the aft edge,
and the location of maximum AT across the filler m:gerial, These locations and the-
results of the analysis are shown in Figure 25. The calculated thermal stresses in the
casting, based on the temperatures shown, are in terms of stress ratio as based on
present Bradelloy shown, are in terms of stress ratio as based on present Bradelloy
shroud stresses. In engine sermce, Bradelloy oxidizes 100% hut NiCrAlY only oxidizes
at the surface. Therefore, comparisons should be made between as-processed NiCrAIY
and oxidized Bradelloy.

Based on the analyses, the following was concluded:

a) Substitution of NiCrAlY for Bradelloy in CFG6~50 HPT Stage shrouds should have
no sipnificant effect on segment casting life,

b) The higher thermal conductivity of NiCrAlY would produce a lower shroud surface
temperature and lower thermal gradients than Bradelloy. Thus, oxidation life
should i increase, thermal stress should be less, and distortions from volume
expansion of the filler and from stresses should be less.
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SHROUD COMPONENT RIG TEST

Oxidation-thermal shock tests were conducted on NiCrAlY and Bradelloy 500* filled CF6
turbine shrouds using a test rig specially designed to simulate the high temperatures,
thermal gradients and rates of temperature change seen in engine service, The shrouds
were tested for 150 cycles under the following conditions:

Shroud face temperature 1302C (2375F)
Shroud shell backing temperature 815C (1500F)
Time at temperature per eycle 5 minutes

Cooling cycle - a maximum of 1 minute to 136C (275F) face temperature
Heating cycle - a maximum in 1-1/2 minutes to tost temperature, 1302C (23751

Close up of the shroud surfaces after teslting are shown in Figure 26. The Bradeloy
shroud exhibited heavy oxidation and spalling of the filler; by comparison the NiCrAlY
shroud exhibited litlle filler distress, confirming the design analysis predictions, Both
shrouds exhibited some thermal cracking of the aft wall of the shroud casting similar {o
that seen in engine run parts.

FABRICATION

A 1974 in-house program on MCrAlY shrouds developed the basic procedure used to
fabricate the NiCrAlY shrouds for the initial engine test. That procedure used an
intermediate nickel-base braze alloy, Ni-20Cr-108i, (GE81) between the filler material
and the CF6 cast peg, Rene' 77 shroud shell. The NiCrAlY filler was applied as a slip of
the powder and a liquid binder (Marex) by trowelling into the braze-coated shroud cavity.
Subsequently, ihe filler in the shrond segment was vacuum hot pressed at 1083C (2000F)
for 45 minutes with a hot press ram load of 18 tons (1000 psi). A quasi-fluid medium
(refractory powder) was used to transmit the press load to the specimens.

The first engine test shrouds (discussed later) exhibited filler erosion in the corners and
near the sidewalls of the shrouds which was identified as being due to lower~than-desired
filler density (<70%) in these areas. In general, the areas away from the corners and
sidewalls had the desired density and showed little, if any, erosion.

This led to extensive studies to improve the filler density in the corners, These studies
involved four major approaches:

1, DInprovement of green density by use of a different slip medium,

2. Modification of the press cycle by prolonging time at temperature.

*Bradelloy 500 rather than 502 was used since, during the course of this program, the
500 versiorn replaced 502 in the CF6 design. '
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NiCrAlY

Figure 26 Close Up of NiCrAlY and Bradelloy Shroud Surfaces After 150 Cycles in
Shroud Thermal Shock Test - (2,3X)
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3. Modification of the shroud cavity to ease trowelling in the slip.
4, Tooling modifications which allowed improved compaction in the corners,

Aspects of each of the above approaches were incorporated in a modified procedure that
resulted in the achievement of sufficient density in all parts of the filler. The modified
procedure incorporated (1) removal of four pegs from one end of the shroud cavity prior
to filling, (2) use of acetone as the slip medium, (3) use of a more rugged hot press tool
and (4) increased press cycle (105 minutes at 1093C (2000%)). The variation in filler
density could be controlled to a 70-85% range. Figure 27 compares the filler densities of
.the original and the improved procedures.

In addition, the quality conirol procedures were modified to include cold particle erosion
tests in the corners and center areas (five individual tesis per shroud) of the fabricated
shrouds to confirm that the desired result was achieved. Fipure 28 compares erosion
tested shrouds processed by the original and improved procedures. The dark stripes on
the shroud surfaces represent areas that were masked during all five erosion tests.

The improved hot press and quality control procedures were used to produce NiCrAlY
shrouds for the second and third engine tests,

Autoclaving was also evaluated as an alternative to bot pressing, These efforts were only
partially successful. Compaction of the filler was acaieved; however, good bonding of
particles was not achieved because of the inability to satisfactorily degas the can containing
the shroud prior to hot isostatic pressing (HIP). Figure 29 compares the compacted filler
for vacuum hot pressing and autoclaving., The poor particle-to-particle bonds experienced
with autoclaving were probably the result of surface oxidation of the particles due to
residual gases in the can during the HIP cycle,

FABRICATION SCALE-UP

The original procedure for vacuum hot pressing NiCrAlY into one CT6 shroud in each
vacuum hot press run, while not cost effective, was an expedient processing method cap-
able of providing test materials for NiCrAlY property determination and NiCrAlY-filled
shrouds for engine test, This was a temporary expedient which resulted in only & one-
shroud yield per shift., Upon verification of the superiority of NiCrAlY over Bradelloy 500
and 502, and with an increasing demand for NiCrAlY-filled shrouds for engine testing, a
more effoctive pilot process was needed, A program was begun which had as its goal a
limited cost reduction of NiCrAlLY to~ 2,5 times (or less) that of Bradelloy through greater
production capacity, The goal of producing at least six shrouds per press run was desired.

Two vacuum hot presses and two air hot presses were found to be available. Each facility
wasg of sufficient size that six or more shrouds could be made in a single run, Examination
of equipment complexities indicated that the air hot press would be the most flexible pro-
vided that satisfactory shrouds could be made with the use of an inert gas cover. There-
fore, an argon~shrouded press box capable of pressing two CF6 size shroud segments was
constructed*.

*All tooling was furnished te this progfa.m by General Electric Co.
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Figure 27 Comparison of Filler Densities of NiCrAlY Shrouds - 100X

Left: Original Hot Press Procedure
Right: Improved Hot Press Procedure
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Figure 28 Comparison of Erosion Tested NiCrAlY Shrouds

Top: Original Hot Press Procedure - Note Erosion
in Corners
Bottom: Improved Hot Press Procedure
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Figure 29 Comparison of Bonding of NiCrAlY Particles - 500X

Top: Vacuum Hot Pressed - Note Good Diffusion
Bonding of Particles
Bottom: Autoclave - Note Poor Diffusion Bonding of
Particles and Interface Line



Preliminary experiments were run fo determine whether the argon-shrouded press box
could produce the desired compaction of the NiCrAlY powder and satisfactory interparticle
bonding. In these experiments, two shroud segments and one quality control specimen
were fabricated in the press box (Figure 30).

Examination of the hot-pressed shroud and quality specimen showed a safisfactory metal-
lographic comparison against vacuum hot pressed NiCrAlY (Figure 31). Erosion tests run
on the shroud also showed results equivalent to vacuum hot pressed shroud materials.
Therefore, an argon hot press method was selected for the scale-up effort. This approach
offered the advantages of mechanieal simplicity compared-to the vacuum hot press and more
rapid eycling since, conceptually, the retort could be removed from the platens while still
warm and another press box inserted without fully cooling the platens, The rapid cycling
technique was not required for this program since the capacity of the press facility was

not being fuily ulilized and the production rates were not required to be high.

As a result of '~ successful two piece pressing experiments, a press box capable of
simultaneously pressing four shroud segments was constructed (Figure 32), and this box
was used for the majority of the parametric studies.

Later, after the density of shroud segments pressed in the four segment press box had been
shown to be satisfactory, a six segment press box was constructed (Figure 33). All the
press boxes had the same basic components, an inner pressure container and an argon-
containment retort,

Shroud segment. preparation prior to hot pressing in any of the various press boxes con-
sisted of grit-blast cleaning, braze coating, NiCrAlY filling and contamination shielding
against the pressing medium powder, Shroud segments represeniing each step in the
sequence are shown in Figure 34, Grit blasting with 150 mesh glass beads removed sur-
face contamination of the shroud segment cavity prior to brazing. The cleaned segment
was then spray coated with a clear lacquer which remained tacky and retained the braze
powder which was subsequently distributed over all surfaces. The shroud was then heated
(in vacumm) slightly above the braze solidus allowing the braze to wet the surface,

A form which controlled powder filling thickness was then placed around the perimeter,
and NiCrAlY powder was added and settled by tapping. A cellulose nitrate binder was
added to the powder so that the formed shape would be maintained when the form was re-
moved, Prior to pressing, the form was removed and a thin stainless steel shield was
added to prevent contamination of the NiCrAlY by the alumina pressing sand.

Before the filled shroud segments were positioned in the press box, a 0,75 inch layer of
sand was placed in the bottom of the box. The shroud segments were then placed in the
box, and 2.25 inches of sand were added to the box to cover the segments, Finally, the
presging ram, which consisted of several thick Hastelloy X plates, was placed over the
sand. A cross-section of the assembly, including the sand seal used to maintain positive
argon pressure in the press box, is shown schematically in Figure 35, Prior to heating,
air was purged from the press box with argon which was introduced through the top of the
press box. Argon flow was maintained throughout the pressing cycle and after pressure
removal until the temperature was reduced to 260C (500F),

NOTE: TFigures 36, 37, and 38 fo be forwarded under separate cover.
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Figure 30 Disassembled Two Segment Argon Retort Showing Two Shroud
Segments and QC Sample in Place
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VACUUM HOT
PRESSED
NiCrAly

ARGON HOT
PRESSED
NiCrAly

Figure 31 Microstructures of Vacuum Hot Pressed (Top) and Argon Hot Pressed
(Bottom) NiCrAlY Showing the Uniformity of Density and Inter-
Particle Bonding for Both Pressing Techniques
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Figure 33 Six Segment Press Box with Unfilled Shroud Segments in Place
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Braze Coated

Y

Grit Blasted Cavit
Cavity, NiCrAlY Filled Cavity, Shielded Segment

Ready for Pressing Operation

Figure 34 Shroud Segments in Varicus Stages of Preparation
Left to Right
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Hot pressing was carried out in the argon flushed refort mounted in the air press with
suitable insulative shielding so that temperature uniformity in the box can be attained.
Hot pressing was carried out in the 1038-1083C (1900-2000F) range with pressures varied
as a function of component geometry and pressing sand.

The reproducibility of properties was assessed from three successive batch operations
using six shroud segments, all operated under the same conditions at 1066C (1950F),

The variation in shroud filler density was measured at 36 locations on the fabricated seg-
ments and were all within the 70~85% density range, with batch variations of less than 2%,

With process reproducibility demonstrated, a fourth batch was made to verify total shroud
sepment quality control. Criteria used for judging quaiity were erosion resistance, braze
honding efficiency and particle to particle bonding,

Erosion resistance was measured at each of the corners of the six shroud segments using
the standard two minute erosion test (750 gms, or 50 pm Aly03 particles impinged on sam-
ple for two minutes at a 90° angle with 60 psi air pressure). The mass of material eroded
per unit of surface area is shown in Table V. In all cases the maximum allowable weight
Inss of 0,200 gm/in? was not exceeded.

During the braze coating operation, and prior to filling, 99% braze coverage of the casting
area was obtained, Braze bonding of the bulk of the NiCrAlY particles in contact with the
shroud casting was achieved, a factor important to filler retention during engine operation,
An example of the desired braze bond structure is shown in Figure 39. More than 50 bonds
per inch were achieved, Figure 39 also shows the degree of interparticle bonding required
to give NiCrALY its 15,000 psi cohesive strength,

In summary the six-shroud argon hot press method of fabrication is technically equivalent
to the previously used vacuum hot press method., It has been demonstrated that the new
process is acceptable in terms of product quality and reproducibility.

COST FACTORS

The principal driving forces for increasing the production rate of NiCrAlY shroud seg-
ments were two-fold; to increase the fabrication eapacity of a pressing facility, and to
reduce the cost of the individual shroud segments, An examination was made of the various
operations required to fabricate a filled NiCrAlY shroud relative fo an initial cost reduc-
tion and initial scale-up within the context of using hot pressing as the developed technique.
The original technique used a small vacuum hot press capable of holding one shroud seg-
ment and a QC piece only.

A comparison was made of the facilities available for hot pressing from 6 to 10 shrouds
per batch. Both vacuum hot presses (VHP) and argon retort hot presses were available
with sufficient capacity, Capitalization costs of the two types of equipment are dramatic-
ally different. A new argon retort hot press cost about $30, 000, with the associated in-
strumentation; a new vacuum hot press witu a similar capacity was estimated to cost
about $150, 000.
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Shroud Segment

TABLE VIT

EROSIONVTEST WEIGHT LOSS DATA
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1

2

4

Erosion (gm/inz)
Corner 1 Corner 2 Corner 3 Corner L

0.163
0.168
0.173
0.161
- 0.170

0.180

0.125
0.154
0.177
0.174
0.137

0.131

0.119
0.120
0.128
0.117
0.107

0.122

0.192
0.170
0.179
0.169
0.168
0.169
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Figure 39 Microstructure of NiCrAlY Filler at the Braze

Interface Showing Typical Braze Structure and
I, erparticle Bonding. (200X)
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The maintainability requirements were estimated to be nearly the same: The ceramic
platens (about $3,000) for the argon retort hot press require replacement every few
months; the heating elements in the vacuum hot press would last for a longer period, but
the replacement cost would be sustantially greater ($10,000 for elements for the single
shroud press). Maintenance of conventional hot presses or vacuum hot presses shows that
the added complexity of the vacuum feed throughs and bellows in the VHP would result in
slightly higher maintenance costs.

Tooling cost for both the argon retort hot press aml “he vacuum hot press were nearly
identical. Modifications of design to accommodate the argon cover gas necessitated a
slightly more complex design, which added about $500 to the initial model tooling cost over
the cost for a comparable VHP box, In the course of the work on both presses, it was found
that each of the press boxes degraded by creep., Oxidation was not a factor. It was esti-
mated that the refurbishment costs of the press boxes were about the same comparing the
vacuum and argon methods when amortized over the actual number of shrouds pressed.
Thus, tooling costs are equivalent for the two methods.

A comparison was made of the labor expended to prepare, fill, press, and check the
quality of shrouds made one at a time in the vacuum hot press, and for multiple parts in
the argon hot press, Table VIII shows the relative times required for this sequence. The
data show that a multiple part press run in argon could be made with more than double the
Jabor efficiency of the single piece vacuum hot press method, The resultant cost per
shroud in terms of labor was 19.5 man hours for the single shroud vacuum hot press, and
7.8 man hours per shroud for the six piece argon hot press, a significant improvement.

If a given shop quotes at a $10 per hour labor + overhead rate, a savings of $117 per
shroud segment looks realistic,

The new material costs for filling shroud segments are about the same for both methods,
being about $20 per shroud. ' . ’ o

In summary, the cost analysis comparing the one-per-sghift laboratory operation to a six
per batch pilot operation revealed that the argon retort hot press method with six segment
batches achieves a reduction in costs equivalent to the difference in labor, assuming all
equipment costs are already amortized. That difference is 11 man hours per shroud seg-
ment, If the labor cost is assumed to be $10 per hour including shop overhead, the cost
reduction would amount to 3117 per shroud segment.

ENGINE TESTS

During the course »f this activity, NASA suggested that Genaseal be considered as a name
for the NiCrAlY shroud. The name was adapted, and will be used hereafter to designate
this particular component.

The initial CF6 factory engine test of four hot pressed Genaseal shrouds produced localized
erosion of the filler along the trailing edge and sidewalls and particularly in the corner
regions after 501 factory engine cycles. The Bradelloy shrouds with similar engine time .
did not exhibit any filler loss due to erosion, but did show surface oxidation, filler growth,
and Jocal charring typieal of severe CF6 test engine experience. As mentioned previously,
metallographic examination of the shrouds revealed the filler loss due to erosion to be
associated with lower than desired filler density, and modifications in fabrication proce-
dures were adopted to produce the desired filler density distribution,
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LABOR COSTS FOR FABRICATING NiCrA;Y SHROUDS

TABLE VIII

Operation

Segment Preparation
Remove Corner Pegs
Clean Shroud Casting
Apply Braze Powder
Brazae Coat
Inspect

Segment Filling
Fill
Load Retort
Fill and Load QC Sample

Hot Pressing
Purge Retort
Load Press
Apply Pressure
Unload Press
Unload Retoxrt
Prepare Retort for Next Run

Quality Evaluation
Grind Surface
Erosion Test
Metallography

Total Batch Labor Hours

Labor Hours per Shroud

Vacuum Hot Press
Single Shroud
(Mant Hours)

0.08
0.08
0.25
0.33
0.17

Argon Hot Press
Six Shrouds
(Man Hours)
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Micro examination of the first engine test shrouds also confirmed Genaseal's superior
oxidation resistance over Bradelloy. The NiCrAlY particles near the surface exhibited
only a thin oxide film even in the hottest areas of the shrouds and little, if any, swelling
ahove the shroud pegs (Figure 40, bottom)., Similar areas of the Bradelloy shrouds ex-
hibited a substantial layer of completely oxidized filler and swelling above the shroud pegs
(Figure 40, top).

One shroud each of Bradelloy and Genaseal exhibited an area of blade tip rub, In the case
of Genaseal, the filler at the surface compacted and smeared (Figure 41, top), indicating
a degree of compliance nnder the rub, The Bradelloy, being more oxidized, showed no
evidence of being able to absorb the rub (Figure 41, bottom)., SEM EDAX analyses of the
two rub surfaces indicated no iransfer of blade material in the case of Genaseal, but defi-
nite blade metal pick up (scabbing) on the Bradelloy surface,

Using the modified fabrication procedures described earlier, 18 Genaseal shrouds were
produced for the second and third CF6 engine fests, Six shrouds were installed in CF6-50
engine 456~508/12 and 12 shrouds were installed in CF6-50 engine 455-504, Both engines
were run for 1000 cycles (250 hours). The cycle test schedule is shown in Figure 42.

None of the Genaseal shrouds exhibited the filler erosion problem seen in the first engine
test, demonstrating the effectiveness of the modified fabrication techniques. Figure 43
shows some of the shrouds in engine 455-508/12's turbine stator during engine teardown
after completion of the 1000 "C" cycle testing. The close-up insert in Figure 43 demon~
strates the significantly lower amount of swelling or oxide volume growth of the Genaseal
filler compared to Bradelloy for the cast peg shrouds, Other shrouds seen in the photo
represent various versions of repaired Bradelloy shrouds with replacement of the cast
pegs with honeycomhb. Figure 44 similarly shows some of the shrouds in engine 455-504/
11's turbine stator support during engine teardown. Note the loss of filler af the trailing
edge of the film cooled Bradelloy shrouds. In botih engines, the Genaseal shrouds were
cooled from the back by the standard CF6-50 air impingement method,

Micro examination of the engine test shrouds again confirmed Genaseal's superior oxidation
resistance over Bradelloy, The NiCrAlY particles near the surface exhibited only a thin
oxide film even in the hotiest areas of the shrouds and little, if any, swelling above the
shroud pegs (Figure 45, right). Similar areas of the Bradelloy shrouds exhibited a sub-
stantial oxidation of the filler and swelling above the shroud pegs (Figure 45, left).

A Genaseal shroud from engine 455-504/11 exhibited one area of blade tip rub (Figure 46,
left), As was the case of Genaseal in the first engine test, the filler at the surface com-
pacied and smeared (Figure 46, right) indicating a good degree of compliance under the
rub, In contrast to finding no evidence of blade metal transfer in the case of the first
engine test, SEM EDAX analysis of the rub surface of the -504/11 shroud showed evidence
of blade metal transfer o the shroud.

The second and third engine tests also showed the benefits of Genaseal's higher conductivity
relative to Bradelloy,. Less.thermal fatigue cracking at the segment edges and aft edge of
the shroud semment castings appeared on the Genaseal shrouds than on the Bradelloy shrouds.
Alsgo, judging from the relative amounts of distress, the 150F cooler gas path surface
temperature predicted by finite element analysis for Genaseal filled segments seemed
credible. : S : :
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Figure 40

GENASEAL

Microstructure of Bradelloy and Genaseal Engine Test
Shrouds in Hot Area of Shrouds - (50X)

Left - General Surface
Right - Next to Cast Peg
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Figure 41 Structure of Blade Rub Areas on NiCrAlY and Bradellov
Engine Test Shrouds - (100X)
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Figure 43 Genaseal and Bradelloy Shrouds After 1000 ''C" Cycles Testing in
CF6-50C Engine 455-508/12., Genaseal Numbers 11 and 14; Bradelloy
Number 10, and Repaired Bradelloy Numbers 9, 12 and 13




Figure 44 Genaseal and Film-Cooled Bradelloy Shrouds After 1000 "C" Cycles
Testing in CF6-50L Engine 455-504/11, Genaseal Numbers 1, 3 and
5, Filmcooled; Bradelloy Numbers 2, 4 and 6
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Figure 45 Typical Microstructure o
Engine Test Shrouds
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Figure 46 Blade Rub on Genaseal Shroud, Left - Surface of Shroud (1X),
Right - Microstructure Through Rub Area (100X)
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CONCLUSIONS

On the basic of rig and engine test results, a 70-85% dense shroud filler material
having good oxidation resistance provided an improvement over Bradelloy filled
turbine shrouds, That filler material is an alloy of Ni-22Cr-10A1-1Y,

Property advantages include better oxidation resistance, reduced spalling from
thermal cycles, reduced filler growth and distoriion, and improved thermal conducti-
vily that allows easier cooling of the gas path surface.

The shrouds can be filled by a hot press method that provides adequate control of filler
properties.

A multiple batch method, an initial seale-up attempt, reduced fabrication cost by the
equivalent of 11,7 man hours per shroud segment (CF6-50).





