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FOREWORD

Thia report describes the vesults of a study of the fundamental rub
behavior of experimental sprayed materials and currently used compressor—
clearance materials. The investigation was conducted frow July 1976 through
August 1980. In addition to the authors, the following General Electric
Company personnel made significant technical contributions to this effort:
W.P. Foster, J.P. Young, R.E. Bates, and J.C. Nickley in conducting the seal
rub tests; W.R. Butts for directing in-house plasma spray operations; and Dr.
W.R. Stowell and Dr. I.I1. Bessen for technical guidance in analysis of the
data. Dr. S.0. Brennom, while an employee of General Electric Company (cur-
rently with Union Carbide Corporation in Houston, Texas), contributed sig-
nificantly to the overall effort.
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Ten metals were selected for the Task I, Phase I study of fundamental
rub behavior on titanium ccmpressor blades. A wide range of metallurgical
characteristics (crystal structure, density, composition, and mechanical
properties) and thermophysical properties (melting point, specific heat,
thermal conductivity, and thermal expansion coefficient} were covered b, the
materials selected. These were Al, Fe, Cu, Zn, Cu-10Zn, Cu-5Al, Cn-9Al,
Fe-6Al, Fe-13Cr, and Ni-13Cr. Such properties as impact strengih, thermal
conductivity, and melting point appear to play significarnt roies in rub be-
havior but do not completely account for the di€fcrences - served.

A number of current, cowmpressor-clearance-control coatings were in-
vestigated in Task 1, Phase II1. These included Al, Metco 601, AlBronze/NiCg,
89/20 NiCg, AB-1, Feltmetal 515B, Al top coat over Feltmetal, and AlBronze
top coat over Feltmetal. Results for the aluminum were in reasonable agree-
ment with the data from Pb- "e I. The only waterials which caused blede wear
were the AlBronze/NiCg anc .he 80/20 NiCg. On the basis of both Phases I
and II, it was found that rub energy cannot be used as a screening test for
compressor-clearance-control coatings.

As a result of Phases I and II, Cu-9A] was identified as the most
promising clearance~control-coating material. In Phase III of Task [, Cu-9Al
was studied at two porosity levels (with 20 and 40% Ekonol added) with a
Feltmetal (FM) 515B underlayer and without the FM 515B underlayer, Ttz 20%
poroeity material exhibiced good rub characteristics botk sith and without
the Feltmetal 515B underlayer for the Cu-9Al; therefore, :t was selected for
further evaluation.

In Task Il an aluminum bronze (AlBr) alloy was used since it was ex-
pected to give similar rub behavior (composition: Cu-9.5Al-1Fe) and was
more readily available than the Cu-9Al. Rub tests were conducted at 2.54,
25.4, and 254 um/sec (0.000!, 0.001, and 0.01 in./sec) incursion rates at
coom temperature and 755 K (900° F) with 48 blades and with 12 blades. It
was found that for the low in ursion rate hot rubs were more severe than cold
rubs, but at the higher incursion rate cold rub. were more severe than hot

rubs. The presence of the Feltmetal 515B was beneficial in reducing blade
wear.

Tcsk 111 was an effort to more fully develop the AlBr/Ekonol msterial
system into an acceptable seal material., Issues such as erosion resistance,
thermal~cyclic ability, elevated-temperature stability, and smooth surface-
finist capability were addressed. These properties [as well as room tempera-
ture, 755 K (900° F), and 867 K (1100° F) rub performance with Ti-6Al-4V and
Inconel 718 blades] were determined over a range of compositions from AlBr +
20% Ekonol to AlBr + 5% Ekoncl (about 30 to 70 vclume percent metal in the
deposited coating). In general, the titanium alloy blades alwavs experienced
more blade wear than Inconel 718 blades; blade wear was higher for as-spraved



coatings than for exposed coatings, and the elevated-temperature rubs sucwed
less blade wear but were less predictable in rub behavior features such as
scabbing, scouring, blade pickup, and compaction of the porous coatings. A
final powder-blend composition of AlBr + 12.5X Ekonol was recammended for rig
rub testing under conditions closely simulating the engine operating environ-
ment. Blade wear was excessive both for Inconel 718 and for Ti-6A1-4V blades.




2.0 RECOMMENDATIONS

Future efforts to develop shroud seal aaterials should:

1.

Contentrate on balanced~property, composite, sesl materials con-
sisting or a metal matrix with some porosity pius an inert, friable,
filler material to add stability to the abradable coating.

Simultaneously addr>ss the bl..se-tip properties through use of tip
treatments aimed at reducing f{rictional heat genaration and pre-
serving high blade-tip yield strengths durirg rub interactioms.

Further address the wear mechanisms through detailed rub-energy and
heat-flow measurements carried out under conditions closely simu-
lated compressor-rub conditions.

Establish with greater certainty whether the meiting points of
copper-base alloys are sufficiently high to avoid sticky-debris
problems under compressor-rub conditions. '



3.0 INTRODUCTION

A major factor in the progress of aircraft-engine development has been
continued improvement in performance. In turn, many performance improvements
have been dependent upon advancements in materials and process technology.
Improved compressor-clearance control has contributed to performance improve-
ment through the application of abradabie, gas-path-seal materials. These
materials have included thermal-sprayed alumisum and nickel graphites, Felt-
metals, and silicone rubbers.

Compressors for advanced turbine engines are designed to utilize higher
pressure ratios, fewer stages (higher loading per stage), and higher rip
specds than prevail in current-production engines. Under these cordi. omns,
leakage over compressor blade tips results in substantial performance losses.
Efforts to reduce those lcsses by decreasing tip clearances are frequently
thwarted by excessive tip rubs czused by such events as transient compressor
stalls, gyroscopic flight loads, and engine inlet distortion. These rubs
lead to: (1) blade wear and consequent increased clearance, (2) blade-tip
fatigue failures caused by excitation from rubbing, (3) generation of par-
ticulate debris that clogs air passages in cooled turbine hardware downstream,
sticks to blades, and decreases peiformance, and (4) occasional thermal
damage to rotor and stator components made of titanium alloy. Significant
performance improvements could be made, both in current and future engines,
with the development of rub coatings or rub materials that (1) are abradable
under high-speed rubs and produce minimal damage to blade tips, (2) retain
tight clearances, and (3) generate a nonsticking, nonreacting, rub debris.

Clearance-control seal materials have assisted designers in improving
compressor efficiency; however, current materials are not adequate for ad-
vanced engines. Blade wear, erosion resistance, debris character, and/or
surface-finish aspects are deficient. Plasma-sprayed aluminum, used on some
engines, can wear blades or can be scoured depending on engine conditions.
Flame-spraved nickel graphite coatings, used in other engines, can wear
blades or erode excessively depending on the composition and strength of the
coating, and good surface finishes are difficult to obtain.

All of the materials that rub well, i.,e., that produce little or no
blade wear, display either of two characteristics: (1) they have low cohesive
strength, or (2) they are easily, plastically deformed. The low-cohesive-
strength materials wear by internal fractures under the biade rub; the plas-
tically deformed materials visually and microscopicolly ook smeared. Cu so
called "hot rubs," the blade tips are worn and show similar plastic flow.
Both fracture stress and flow stress are temperature dependent; therefore, the
wear phenomena are intricately dependent on the generation of heat during a
rub and the rate of heat loss from the :subbing interfaces.

The low-cohesive-strength materials have two inherert deficiencies: low
erosion resistance and lack of good surface-finish capability., To date most
dense materials have caused blade wear, blade-tip fatigue cracking, and/or



sticky debris. But they have inherently good surface-finish and erosion prop-
erties and offer great potential for improved performance in compressor shroud
seals if the deficiencies can be eliminated. 4 basic understanding of the de-
formation processes occurring at the rub surfaces is needed in order to effec-
tively identify solutinns to blade-wear and fatigue-associated problems with
dense rub materials., This is especially true with Ti-base blades.

The objectives of this program were: (1) to observe the rub behavior of
titanium blades against dense, sprayed materiels and determine the significant
mechanical and physical properties, (2) to select dense materials, on the
basis of the deduced properties, and subject them to a series of tests de-
signed to meet compressor-clearance rub-material requirements, (3) to assess
the effects of adding porosity to these materials, and (4) to evaluate the
basic coating requireménts imposed on a porous, abradabie seal by the com-
pressor environment.

The program was divided into three tasks. Task I consisted of three
phases. In Phase I, 10 materials, displaying a range of metallurgical prop-
erties, were selected to evaluate the hot and cold rub-test behavior of the
dense, sprayed coatings in order to determine the properties significant to
rub behaviur. Current-engine compressor-seal coatings were evaluated in
Phase II and compared to the results of Phace I. Two experimental coating
systems were selected based on the results of Phases I and II for use in
Phase II1 where the effect of porosity on the coating rub behavior was ex-
amined.

For Task II, two coating systems were selected from Task I results.
Further performance verification of the two systems was uadertaken. Consider-
ation was given to a wide range of rub-test parameters. The parameters being
varied included ambient test temperature, number of blades used, and incursion
rate.

Task III involved two interdependent effeorts that broadened the Task II
effort:

i. Consideration of such performance factors as thermal-shock resis-
tance, the effects of long-term temperature exposures, erosion re-
sistance, and smosth-surface-finish capabilities,

2. Determinatiou of processing and material composition effects on
rub performance.

Taking these effects into consideration, an AlBr + 12.5Y Ekonol coating
composition was selected for final evaluation in the Evendale Compressor Rub
Simulator.

5



4.0 TEST PROGRAM

The test program was designed to identify a potential material system(s)
as an improved compressor-cledrance coating. To this end, a study was made
of the rub behavior of a variety of dense, sprayed materials and current-
engine compressor coatings. A flow chart for the test program is given in
Figure 1.

4.1 TEST PROCEDURES, TASKS I AND I1

The rub tester consisted of a steam—driven, rotating-blade fixture (Fig-
ure 2) capable of holding up to 48 blades and producing a maximum blade speed
of 152 m/sec (500 ft/sec). The blade axis is parallel to the rotation axis.
The shroud material is located on a static speciwmen (Figure 3) with the rub
face in a plane perpendicular to the rotating axis or (intentionally) tilted
at a small angle. The rub is made by translating the static member into the
rotating blade tips. The ambient temperature of the rig can be set as bhigh
as 922 K (1200° F) with a drift in temperature of less than 11 K (20° F). A
dynamometer stage mounted on the srator is capable of measuring shear forces
as low as 2.2 N (0.5 1bf)., The specimen substrate temperature and the rub
force (dynamometer) were continuously monitored and recorded on a strip
chart during the rub tests (Figure 4).

4.2 TASK I - FUNDAMENTAL RUB BEHAVIOR

4.2.1 Phase 1 - Significant Property Identification

4.2.1.1 Material Selection and Preparation

Basically, when a blade rubs into a seal the stronger material will re-
sist wear, and the weaker material will take the wear. If one material has a
low fracture strength, it will break awsy in pieces while the material with
higher fracture strength remains intact. Similarly, if one material has a
tendency to flow plastically (i.e., a low flow stress), it will wear hy smear-
ing while the other may not deform plastically at all. Complexities arise
when one congiders the effects of fracture stress and flow stress due to
changes in the temperature of the rubbing members. There is never a certain-
ty that both rubbing members are at the same temperature during a rub. Al-
though all blade materials have high fracture strengths, they do not always
have high flow stresses. Titanium alloys, in particular, lose strength rap-
idly with increasing temperature, and plastic flow sets in across Ti blade
tips quite readily to produce burrs when the tip is overheated. Titanium
blades that have been severely worn have shown a blue oxide across the tip,
indicating that excessive temperatures have been experienced due to the
energy dissipated during the rub.



TASK |

Phase | - Fully Dense Material Dovelopment

Materials Selection _(32)
Material Meiting Point, K (° F) Structure
Al 931 (1215) FCC
Cu 1356 (1980) FCC
< J-5Al 1333 (1940) FCC
Cu-9Ai 1316 (1908) FCC
Cu-10Zn 1317 (1910) FCC
Ni-13Cr 1703 (2606) FCC
Zn 659 (727) HCP
Fe 1808 (2795) BCC
Fe-6Al 1803 (2785) BCC
Fe-13Cr-0.1Cb 1794 (2770) B8CC

\
Materials Fabrication
Ten Thermal-Spray Lots - One Spray Each

1
Rub Testing
Two Rubs/Material - One Cold, One Hot
Material Characterization
Computer Literature Chemical Properties
Search - 10 Metallurgical Properties
Materials Cr staliograpkic Properties

Deduction of Significant Chemical,
Metallurgical and Crystaliographic Features

Figure 1. Test Program Flow Diagram.



TASK |
Phase il - Testing of Currently Used Rub Coatings

Materials Selection

Y

Materials Fabrication (Thermal Spray)

|

Rub Testing

Two Rubs/Material - One Cold, One Hot

|

Materials Evaluation

Hardness, Roughness,
Metal’ography

Y

TASK |
Phase il - Mixed, Easy-Shear, Porous Materials

Selection of Two Materials
Based on Results of Phases | and il

Y

Material Fabrication

Two Materials

Four Thermal-Spray Lots .
Two Porosity Levels

Y

Materiais valuation

Hardness, Roughness, Metallography

Figure 1. Test Program Flow Diagram (Continued).




TASK Il
Rub-Test Parameter Evalustion

Selection of Two Materials trom
Task | Resuits

Y

Materials Fabrication

Two Thermal-Spray Lots

Rub Testing

Parameters Studied.

Two Temperatures

Two Incursion Rates

Two Solidities (i.e. Number of Blades)

Materials Evaluation

-

Hardness, Roughness, Metallograishy

Figure 1.

Test Program Flow Diagram (Continued).
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Task 1l - Porous Aluminum Bronze Development

Select Materials Systems (2)

Y

Fabricate Specimens

Y

Tests/Evaluation/Modification
— (Abradability, Erorion, Thermal Shock,
Oxidation. Surface Finish)

Y

Select Systems for Further Testing

Y

Fabricate Rub Liner (And Fatigue) Specimens

Y

Tests/Evaluation
(High-Temperature, High-Speed Rubs)

(Two iterations)

Figure 1. Test Program Flow Diagram (Concluded).
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Analysis of blade rubbing requires dynamic consideration. Due to the
heat generated at the blade tips during rubbing, there are probably competi-
tive reactions such as work-hardening versus recrystallization. However, in
the Lynn rub tester at blade tip speeds of 152 surface m/sec (500 ft/sec),

a rub occurs every 2 msec, and recrystallization will not be kinetically
favored unless the tempersture is high enough for rapid lattice diffusion,
Potential for recrystallization will be limited to a very thin, surface layer
early in a rub but may extend a finite depth into the coating later in the
rub., Specific parameters, such as depth of bite per blade and rub duration,
will determine the extent that each competing interaction develops in a piven
rub.

Work-hardening will depend upon solute effects (lattice atomic size mis-
match) and crystalline structure {number and efficiency of slip planes, cross-
slip tendency, and stacking-fault energy). These parameters can be explored
by varying alloy compositions while maintaining the same crystal structur:
and by studying materials with different crystal structures.

Considering the facts above, the following 10 materials were selected:

1. Al (FCC) - Aluminum is known to display easy shear when rubbed.
It is a good ref.rence material with a flow stress lower than
Ti alloys.

2. Cu (FCC) - Copper provides higher working temperatures than alumi-
num although it will work-harden more due to lower stacking-fault
energy. Copper also provides reference material for Cu-Al alloys.

3. Cu-5A1 (FCC) - Aluminum addition adds oxidation resistance to cop-
per, but it also reduces the stacking-fault energy (may increase
work-hardening).

4., Cu-9Al (TCC) - .nis alloy, when sprayed as a mixture with nickel
graphite, has shown good rub behavior with Ti-base blades. Stack-
ing-fault energy is lower than Cu-5Al.

5. Cu-10Zn (FCC) - Zinc has a small mismatch effect on copper and
should give additional information on alloying effects.

6. Ni-13Cr (FCC) - Ni-20Cr has been shown to wear Ti-base blades.
The flow stress will be lowered by dropping the chromium content.

7. Zn (HCP) - Zinc is known to rub well and should be a good reference
material for ideal rub beha' ior even though the low melting point
makes it impractical for engine use.

8. Fe (BCC) - BCC crystals have more slip systems than FCC or HCP crys-
tals, and iron (low in interstitial carbon and nitrogen) will have a
relatively low flow stress even though the temperature capability is
higher than that of the copper and aluminum alloys,

13




9. Fe-6Al (BCC) - Aluminum will add oxidat ion resistance to the irom
while maintaining BCC structure.

10. Fe-13Cr-0.1Cb (BCC) - Chromium will add more uxidation resistance
to the iron, and columbium will minimize carbide and nitride solute-
hardening by forming columbium carbide and nitride precipitates.

Selected bulk properties, from the literature, of the 10 coating materials
are compiled in Table I,

The surfaces of all rub-test panels were grit-blasted and thermally
sprayed with a 0.1 to 0.2 mm (4 to 8 mil) bond coat of Metco 450 (nickel
aluminide) to promote good adhesion of the 1.3 to 1.5 mm (0.050 to 0.060 in.)
thick top coating. The as-sprayed coating densities were determined by water
immersion (Table II), The low densities of the Fe-base alloys were due to
porosity caused by incomplete particle melting during spraying. All coated
panels were annealed prior to rub testing.

4.2.1.2 Dense-Coating Rub-Test Results

The rub parameters used for all the tests were:

Blade material: Ti-6A1-4V

Number of blades: 48

Blade thickness: 0.63% mm (0.025 in.)

Incursion rate: 254 um/sec (0.010 in./sec)

Incursion depth: 0.508 to 0.762 mm (0.020 to 0.030 in.)
Blade tip speed: 152 surface m/sec (500 ft/sec)

Ambient temperature: 310 and 755K (100 and 900° F)

The rub-test results are tabulated in Table 111. Examination of the
results revealed the follow:ing trends:

® All of the dense coatings with melting points greater than Al
produced blade wear.

] Cu~base alloys caused more severe scabbing and blade wear than Fe-
or Ni-base alloys during room-temperature tasts. During elevated-
temperature rubs, Cu-base alloys with Al additions showed a marked
improvement in rub behavior. Cu-9Al coating was the most sbradable
(most coating wear) of all the materials with melting points greater
than aluminum.

. For a given material, elevated-temperature rubs exhibited lower
shear forces (rub energy) than those observed during room-tempera-
ture rubs, but the lower forces did not always result in proportion-
ately reduced blade wear.

14
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Table 1. Bulk Properties of Phase I Coating Materials.
. foon temperstute values unlate othervise stated
{1181 Al Ly Ie -] SuciOpe | Cu-3AL L Cu-AL | Fe-8Al [ Pe-idCr  IWi-1XCe { Weluresse ]
Atomic Composicion, ¥ -~ - —— --- $. 7n 11.0A1 18.%A) 11. 741 13.9Cr 14 .4Cr 1
Crystal Strwcture 3% 4 " | |~ nwr rec cc ¢ ®e ®Kc 1424 2
Lattice Constant (A} :
. 0 | 1418 1066 | 68y | 3em 3. 441 1644 2.8 .80 1.5
¢ --- . — 497 | --- -—- .- Jles e --- H
Malting Point, K " 1387 1808 [L 1t 13 1316 1803 179 1rm
on (1220) | (1983) | (2199 | (786) | (L) | (190 C1eos) | (178%) (2110 (2804) ]
Density, Mg/n} 1.70 8.9 7.47 7.13 5.80 517 7.9 7.0 1.1 [RYIN .
Specific Meat, R2/kgek~i] 0.900 | 0,389 0.480 | 0.38 | 0.3 [T A WY} 0.4:703) | o.ae0f2) | 0,43 #
(cal/ger1) (0.213)] 0.082) | (0,110} (0.092)| (0. 080) | (n.0%®) (9.108) | (9.114) (0.110) (0.104) “3
Thermet Comductivity,
[ T 11N 1385 | L9y o.748 | 1230 1 .08 o.028 0.4n2 0.301 0.228¢1) | 0.%11(1)
(catrom™ /K rse~t) (0.370}] (0.981) | (0.178)] (0.270)| {0.450) | (0.198) (0.164) | (0.07D) 0.0%4) (0 138) [N
Therne! Expansion §
Coeff, wmiuek"l 1.8 1.3 1.7 3.7 8.4 16.3 16.% 131 [RTt]) 11542} a1
Young's Modulus, GPa [3] ii0 197 [} 17 11 17 200 200 HY
(108 pei) 3 (16) (0.3 | (3.6, | N un an (29) $13) (31) [N )
Shear Modulus, CPa 3 sl 80 » A “h A A1) % "
(o® poid {3.4) {s) (11.8) (3.4) (6.4) (6.4} (8.&) aw {11) (e Calculated from 10
Tensile Strengt. [} 12t 241 1 262 448 LYY ] 304 So ks . |
{Annealed Condition), |(6.8) : (323 %) (z.81 | (38) “*3, (8%} (1N (r4) s) &,15,12,1)
wra (103 pai) 1
Yield Strength 12 ) L 1.4 8 112 112 612 103 276 '
(Anneales Condition}, [(1.7) | (10} as . L an (2%) an (59,1 o w0y 6, 10,12,13
APs (107 par}
Tlongation, %
(Annealed Condition) 1% 43 40 -—- S0 3% 40 FE] F] 4] 4,11,12,1%
Kardness, WN/ml
Annealed 196 5% 1.1 % 480 [1%) 0 - 1410 1390 [T
Hard %3 1225 1960 M3 1400 1960 1980 3260 3920 2180
Mot -dorking 333 1033- .en - 1013~ 1nes- 107:- 1678 1478 .78 4,5,1%,18
Range. X (* 1) 781 1164 114k 144 1197
(300~ {1400~ {1400~ {1300~ {1410~ (2200} (7200} 121080)
939) 1600} 1600) 1600 1648%
Recrystalliization 61~ 512 &7 bLA] L1 1Y LI 347 LY .- - s02,1
Temperature, X (° ¥F) 589 875
{550~ 370} 1193 {30y (700 (880} 1S TN (1100 -—— .-
£00) 0183
Stacking-Fault S0~ 40~ -—- - I “ e - - .- 1,18, 19
Lnergy, »l/n’ ALY 1
1gad Impact Straagth, -——— al- e - 4t - le~ .- - -
J (te-1bp) 54 i1}
.- €30 - .- [§14] .- 1o .- .- -
1 ) IR R
i Calculested from ‘atlice constante
2. Eatimatell from Reference «
3. Fotimated from rule of Dulong and “etit.
Table 11. Densities of the Sprayed Coavings.
Material Spray Technique | As-5praved Density
Al Wire 90
Cu Wire 86
Fe Wire 80
Zn Wire 90
Cu-10Zn Wire 8h
Cu-5A1 Plasma® 86
*
Cu-9A°’ Plasma 86
Fe-6Al Plasma® 73
Fe-13Cr-0..Ch Plasma® 80
Ki-13Cr Plasma® 82

*Powder

Size:

-140/4325 Mesh
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Substrate temperatures measured during rubs could be misleading,
when making sample-to-sample comparisons, because of differences
in rub-path lengths and depths caused by variances in scabbing
and blade wear.

The Phase 1 materials can be grouped into three basic categories
based on rub behavior: (a) Al and Zn produced smooth rub paths and
no blade wear; (b) Cu-base alloys (except for Cu-9Al hot rub) pro-
duced rough, scabbed, rub surfaces and blade wear; and (c) Fe- and
Ni-base alloys produced blade wear but only light scabbing.

4¢.2.1.3 Coating Appearance and Microstructure

Al and Zn Coatings

The coatings were densified in areas beneath and adjacent to the rub
path.

Heavy plastic deformation was obvious in both coatings. Subsurface
flow lines were visible even without etching.

No blade metal was transferred to the coating surface.

Cu-base Coatin&i

The coatings were densified in areas beneath the rub path.

Significant amounts of blade metal transferred to the coating
surface (scabbing).

Although the rub surfaces were oxidized, oxidation of the coating
beneath the rub paths was minimal.

Cracking (probably thcrmal) was evident in the scabbed areas
(Figure 5).

The blade tips were heavily burred on the edges; this is an indica-
tion of plastic deformation of the blades (Figure 6).

React ions between the transferred blade metal and the coating were
evident in the variety of phases present in the microstructure of
the scabbed area (Figure 7). The reaction zones of Cu~5Al and
Cu-9Al coatings were primarily at the edges and corner of the rub
paths where scabbing usually initiated. Microprobe analysis normal
to the surface and under the rub paths indicated that the phases
ranged in composition from pure coating to pure tlade metal. The
Cu/Ti ratios in the intermediate regions were similar to that of
the Cu-Ti eutectic. Exact phase identification was not attempted
because the coating/blade-metal mixtures were quaternary alloys with
unknown phase diagrams.



. Forty~Eight Ti-6A1-4V Bladcs, 0.635 mm (0.025 in.)
0.254 mm/sec (0.010 in./sec} 3
0.508 mm (0.020 in.) to 0.762 ma (§
152 Surface m/sec (500 ft/sec) i

. Incursion Rate:
] Incursion Depth:

. Blade Tio Speed:

Table II1I.

Phase I Rub-Test Dl

Ta» TA-b,(l) Tkax,(Z) Maximum(4) Minimm(5) | Maximum(6) | Maximm(7)
Melting Ambient Maximum Temperature- Shear Shear Force~Rise

Point, | Temperature, Temperature, AT,(3) TMax Rise Rate, Force, Force, Rate,
Coat ing K K K K Tm K/sec N N N/sec
Zn 629 311 400 29 0.61 52 — <2.2 -—
Al 931 297 611 4 0.66 — 7.1 10.2 6.2
Al 93} 731 731 0 0.78 ) _— 6.7 0.7
cu* 1356 317 633 n7 0.47 117 16.5 22.2 15.6
cu* 1356 694 831 136 0.61 53 1.8 4.3 4.1
Fe* 1808 328 383 56 0.21 10 4.9 9.3 14.2
Fe 1808 766 944 178 0.52 62 -— 0.6 0.2
Cu-5A1 1333 317 1039 122 0.78 150 18.2 32.0 64.1
Cu-5A1 1333 766 894 128 0.67 50 4.9 6.2 10.7
Cu-9A1 1316 317 1000 683 0.76 144 17.3 33.8 34.7
Cu-9A1 1316 706 1022 317 0.78 83 9.3 14.7 23.6
Cu-10Zn* 1317 333 456 122 0.34 49 14.2 22.7 34.7
Cu-10Zn* 1317 764 936 192 0.71 88 -— 2.8 1.8
Fe-6A1* 1803 328 550 222 0.30 90 _— 21.4 21.4
Fe-6A1* 1803 772 914 162 0.51 100 -—- 2.6 0.1
Fe-13Cr* 1794 328 533 205 0.30 96 -— 12.5 16.5
Fe-i3Cc* 1794 811 972 161 0.54 78 -— 2.2 1.6
Ni-13Cr* 1703 322 364 42 0.21 7 -— 10.7 10.2
Ni-13cr* 1703 719 786 67 0.46 16 -— 5.8 2.2

*Blade contacted only part of specimen surface
Temperature measured at the start of a test by a control thermocouple (T/C) embedded in the substrate 1.52 mm (0.06 in.) |
Maximum temperature measured by control T/C during a test. '

TMax = TAmb-

Maximum slope of the temperature/time trace of the control T/C during a test.

Highest shear force recorded during test, usually occurring as a peak at the beginning of the test.

Maximum slope of the force/time trace during a test.
Average length change of three randomly selected blades.

1
2
3
4
5. Lowest shear force recorded after the peak force was obtained.
6
7
8
9

Area under the force/time curve of a test multiplied by the velocity of the blades.

10. Rub energy divided by unit volume of coating removed.
11. Varied from 0.127 to -0.508 mm (0.005 to ~0.020 in.).

12. Coating del-minated.
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Phase 1 Rub~Test Data.

£ 0.635 mm (0,025 in.) thick
v’ (0.010 in./sec)
£.020 in.) to 0.762 mm (0.030 in.)
f m/sec (500 ft/sec)

Maximm(7) | Average(8) Average
Force-Rise Blade Depth Coating | Rub-Surface Rub(9)
Rate, Wear, of Rub, { Hardness | Roughness Energy, E/v,(10)
N/sec wm ma Ry sy rms, um kJ J/m3 Rub-Surface Appearance
——— <0.025 -0.762 84 1.02-1.14 - ——- Smooth
6.2 <0.025 -0.914 89 1.27-1.52 3.701 3.38 Smooth
0.7 <0.025 -0.787 —— - 0.968 0.99 Smooth
15.6 0.965 0.152 88 >7.62 11.762 —--- Heavily Scabbed
4.1 0.660 0.178 85 3.30 1.396 —-— Heavily Scabbed
16.2 0.508 0.076 9% 1.27 2.068 - Lightly Scabbed
0.2 0.635 -0.203 9 >7.62 0.141 0.58 Lightly Scabbed
64.1 1.194 0.432 91 >7.62 10.442 -—— Heavily Scabbed
10.7 0.559 -0.406 91 >7.62 2,203 4.51 Moderately Scabbed
34.7 0.660 Note 11 94 >7.62 10.548 1.72 Moderately Grooved and Scabbed
23.6 0.356 -0.711 81 1.91 7.240 0.85 Lightly Grooved and Scabbed
34.7 0.559 0.203 93 1.65 2.329 —— Heavily Scabbed
1.8 0.660 0 82 3.05 1.171 -— Heavily Scabbed
21.4 0.457 -0.178 90 >7.62 3.676 17.15 Lightly Scabbed
0.1 0.279 -0.178 82 2.03 0.639 2.98 Lightly Scabbed
16.5 0.483 -0.127 —-— - 2.800 18.40 Lightly Scabbed
1.6 0.483 -0.203 92 2.03-2.29 0.449 1.84 Lightly Scabbed
10.2 0.381 Note 12 -——- - 2.904 -— Lightly Scabbed
2.2 0.330 0.178 — 3.05 1.960 -—= Lightly Scabbed

rate 1.52 mm (0.06 in.) below the rub coating.

FOLDOUT FRAME (.
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Table I11. | Phase I Rub~Test

Forty-Eight Ti-6A1-AV Blades, 0.635 sm (0.025

[ ]
o  Incursion Rate: 0.254 sm/sec (0.010 in./sec) j
. Incursion Depth: 0.508 mm (0:020 in.) to 0.78
e Blade Tip Speed: 152 Surface m/sec (500 fr/se
Tas Thb’(‘) 1".:’(2) H‘xm(b) ](ini-(S) ngi-(6) H.gi“(7)
Melting Ambient Maximum . Temperature- _Shear Shear Force-Rise
- Point, | Temperature, | Temperature, AT,(J) Tnax Rise Rate, Force, ‘Force, Rate,
Coat ing °F M ‘F °F ™ *F/sec 1bf 1bf 1bf/sec
2n 727 100 260 160 23 93 — <0.5 —
Al 1215 75 640 565 -— —_— 1.6 2.3 1.4
Al 1215 855 855 0 0 0 — 1.5 0.16
cu* 1980 110 680 570 210 210 3.7 5.0 3.5
cu* 1980 790 1035 245 96 96 0.4 0.96 0.92
Fe* 2795 130 230 100 18.5 18.5 t.1 2.1 3.2
Fe 2795 920 1240 320 112 112 — 0.13 0.04
Cu=5A1 1940 110 1410 1300 270 270 4.1 7.2 14.4
Cu~5Al1 1940 920 1150 230 90.5 90.5 1.1 1.4 2.4 9
Cu=9A1 1908 110 1340 1230 260 260 3.9 7.6 7.8 3
Cu~9Al 1908 810 1380 570 150 150 2.1 3.3 5.3 3%
Cu-102n* | 1910 140 360 220 88.5 88.5 3.2 5.1 7.8 %
Cu~-10zn* 1910 880 1225 345 158 158 -— 0.64 0.4
Fe-6A1" 2785 130 530 400 162 162 -— 4.8 4.8 3
Pe-6A1% 2785 930 1185 255 180 180 -— 0.58 0.015 1
Fe-13Cr* 2770 130 500 370 172 172 — 2.8 3.7 3
Fe-13Cr* | 2770 1000 1290 290 141 141 —~— 0.5 0.36
Ni-13cr® | 2606 120 195 75 13 13 — 2.4 2.3
Ni-13cr* | 2606 835 955 120 28.5 28.5 — 1.3 0.49

*Blade contacted only part of specimen surface

1. Temperature measured at the start of a test by a control themmocouple (T/C) embedded in the substrate 1.52 mm (0;

2. Maximum temperature measured by control T/C during a test.

- TMax = Tamb-
. Maximum slope of the temperature/time trace of the control T/C during a test.

Highest shear force recorded during test, usually occurring as a peak at the beginning of the test.

3
4
S. Lowest shear force recorded after the peak force was obtained.
6
7

. Maximum slope of the force/time trace during a test.
8. Average length change of three randomly selected blades.

9. Area under the force/time curve of a test multiplied by the velocity of the blades.

10. Rub energy divided by unit volume of coating removed.
11. Varied from 0.127 to -0.508 mm (0.005 to -0.020 in.).

12. Coating delsminated.
'-}ﬁ'f;:f"‘!ﬂw
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(0.010 in./wec)

jse I hub~Test Data. (Concluded)

s, 0.633 mm (0.025 in.) thick

i 0.020 in.) t070.762 mm (0.030 in.)
e a/sec {500 fi/sec)

m(6) | Maximom(7?) | Average(®) | Aversge- :

Porce-Rise Blade Depth Coating | Rub-Surface Rub(9)
Rate, Wear, of Rudb, | Hardness Roughness Energy, IIV,“O)

1bf/sec in. in. Risy | rms, upin. | ft-1bf (Btu){ fe-1bf/in.3 Rub-Surface Appearance
— <0.001 -0.030 84 40-45 — —-— Smooth
1.4 <0.001 -0.036 89 50-60 2730 (3.49) 152,000 Smooth
0.16 <0.001 -0.031 — —-— 74 (0.914)] 44,600 Smooth
3.5 0.038 0.006 88 >300 8675 (11.1) —— Heavily Scabbed
0.92 0.026 0.007 85 130 1030 (1.32) — Heavily Scabbed
3.2 0.020 0.003 9% 50 1525 (1.95) - Lightly Scabbed
0.04 0.025 -0.008 94 >300 104 (0.133){ 26,000 Lightly Scabbed
14.4 0.047 0.017 91 >300 7702 (9.85) — Heavily Scabbed
2.4 0.022 ~-0.016 91 >300 1625 (2.08) 203,000 Moderately Scabbed
7.8 0.026 Note 11 9% >300 7780 (9.96) 77,600 Moderately Grooved and Scabbed
5.3 0.014 -0.028 81 75 5340 (6.83) 38,100 Lightly Grooved and Scabbed
7.8 0.022 0.008 93 65 1718 (2.2) — Heavily Scabbed
0.4 0.026 0 82 120 864 (1.10) —— Heavily Scabbed
4.8 0.018 -0.007 90 >300 2711 (3.47) 772,000 Lightly Scabbed
0.015 0.011 -0.007 82 80 471 (0.603)] 134,000 Lightly Scabbed
3.7 0.019 -0.005 -—— —-— 2065 (2.64) | 828,000 Lightly Scabbed
0.36 0.019 ~-0.008 92 80-90 331 (0.425)| 82,800 Lightly Scabbed
2.3 0.015 Note 12 -— -— 2142 (2.74) - Lightly Scabbed
0.49 0.013 0.007 —— 120 1446 (1.85) —-— Lightly Scabbed
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Figure 5.

Trailing
Edge

Thermal Cracking in Scabbed Area of Cu
Coating After Cold Rub. 10X

Leading
Edge

Ti-6A1-4V Blade Used for
50X

6, Burring ol
Cold Rub of Cu.
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Present. 100X
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7. The as-sprayed and annealed coatings had lamellar structures typical
of thermally sprayed materials. After rubbing, the Cu~5Al coating
showed evidence of recrystallizatioun and twinning, but the lamellar
structure was still present (Pigure 8). The Lamellar structure was
absent in the Cu-9Al coating after rubbing (Figure 9). The grain
size of the coating was smaller and more uniform than the Cu-5Al
coating; this indicates that extensive cold-working and recrystalli-
zation had occurred during the rub.

Fe and Ni-base Coatings

1. The coatings were densified beneath the rub paths.
2. Only light scabbing was evident.

3. . Cracking (probably thermal) of the coatings occurred perpendicular
to the rub direction (Figure 10).

4, The blade tips were burred - indicating plastic deformation during
the rub (Fipuie 11).

5. Reaction zones in the costings were similar to, but less extensive
than, those of the Cu-base coatings. As with the Cu-base alloy,
microprobe examination revealed that the Fe/Ti ratios in the inter-
mediate regions were close to that of the Fe-Ti eutectic.

4,2,1.4 Blade Microstructures

EDAX (Energy Dispersive X-ray) analysis in the scanning electron micro~
scope (SEM) of blade tips from the Cu, Cu-10Zn, Cu-9Al, and Fe rubs indicated
that, for the Cu-9Al and Fe rubs, significant coating material was transferred
to the blade tip; the blades rubbed against Cu and Cu-10Zn were clean.

All blade tips, except those from the Zn and Al (hot) rubs, contain mar-
tensite. This indicates that the temperatures of the tips exceeded the 8-
transus temperature of Ti-6Al-4V = 1278 K (1840° F) during the rubs. When
this occurs, the yield strength of the titanium alloy is drastically reduced,
and blades wear more. A typical etched blade tip is shown in Figure 12, The
extent of the martensitic zones was readily determined by optical microscory,
and measurements of the linear depth of martensitic transformation in the
blade tips (in the directir. perpendicular to the rub surface) are compiled
in Table IV. As shown ir the table, the blade tips from Cu-9Al rubs exhibit
martensite zones that are significantly smaller than the zones associated
with rubs of any of the other Cu-, Fe~, or Ni-base coatings. Assuming that
the martensitic-zone size will be proportional to the highest temperature
attained at the blade-tip/rub-surface interface during a rub, the Cu-9Al
coating appears to be producing lower rub temperatures.
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Figure 8. Microstructure ot Cu-5A1 Coating (Hot Rub) in
Scabbed Area Showing the Lamellar Nature of
the Coating and the Scab. 250X

Figure 9. Microstructure ol Cu-9A1 (Hot Rub) Near Edge
of Rub Path Showing a Light Scab and thLe

Nenlamellar Nature of the Coating. 250X
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Trailing
Edge

Figure 11. Burring in a Ti-6A1-4V Elade used in Fe
Celd Rub (Typical of Fe- and Ni-Based
catings. 10X

|

Figure 12. Structure of Ti-6Al1-4V Blade Tip, from

Room-Temperature Rub of Fe Coating,
Showing Complete Transformation to
Martensite. 250X



Table IV. Martensitic Transformation Depths.

Depth of Martensitic Zone at
Rub Coating | Awbient Test Temperature Blade Tip, mm

Min. Max.
Zn Room Temperature 0 0
Al Room Temperature 0 <0.1
Al Rot 0 0
Cu Room Temperature 0.5 0.6
Cu Rot 1.0 1.2
Fe Room Temperature 0.7 0.8
Fr Hot 1.3 1.4
Cu-5Al1 Room Temperature 0.6 1.1
Cu-5Al Hot 0.4 0.9
Cu=9Al Room Temperature 0 0.3
Cu-9Al Hot 0 0.4
Cu-10Zn Room Temperature 0.3 0.6
Cu~-102n Hot 0.5 0.9
Fe-6A1 Room Temperature 0.8 0.9
Fe-6Al Hot 1.1 1.2
Fe~13Cr Room Temperature 0.8 1.1
Fe-13Cr Hot 1.5 1.7
Ni-13Cr Room Temperature 0.2 0.3
Ni-13Cx Hot 1.4 1.6

Table IV shows that for all coatings except Al and Cu-5Al there is a
clear increase in martensitic-zone size (blade-tip -temperature) as the ambient
test temperature is increased. Phage I rub-test data (Table III) showed that,
for a given material, as the ambient test temperature was increased thke rub
energy decreased. A comparison of data from Tables III and IV leads to the
conclusion that, in most cases, the reduction in rub energy with increased
temperature (ambient test or blade tip) may merely be a reflection of the
general inverse flow-stress/temperature relationship of most materials. In
the case of the weaker coatings (Al and Zn), the flow stress of the coatings
would be expected to drop more rapidly with temperature than the flow stresses
of the Ti-6Al1-4V blades. 1In the case of the stronger coatings (Cu-, Fe-, and
Ni-base), the extreme tcmperature sensitivity of the flow stress of Ti~6Al-4V
at temperatures above 811 ¥ (1000° F) may be the dominant factor. This gen-
eral type of behavior w.uld explain why low-energy rubs cannot always be ex-
pected to produce low blade wear. Unfortunately, improved rub coatings cavrnnt
be identified on the basis of elevated-temperature mechanical properties alone
since it has become evident tkat, in many cases. metallurgical reactions can
occur during rubs.
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4,2,1.5 Property Considerations

Property differences between Cu and Cu-Al alloys have been examined in
an effort to identify key features which might account for the improvement in
rub behavior produced by Al additions to Cu. Selected properties of the
Phase I waterials are compiled in Table 1. Ao shown in the table, the pri-
mary property differences between Cu and Cu-Al alloys occur for melting
point, thermal conductivity, tensile and yield strengths, hardness, recrys-
tallization tewperature, stacking-fault energy, and impact strength. It
should e noted that the bulk-material properties will apply to spray-coating
materials on a microscopic basis, bul on a macroscopic basis coating proper-
ties such us tensile strength, hardness, and thermal conductivity will be
iower thaw bulk properties due to the lamellar structure and porosity asso-
ciated with spray coaiings,

Possible effects of the property differences on the rub behavior of
coatings are discussed below:

Thermal Conductivity, Melting Point ~ The lower thermal conductivities
of the Cu-Al alloys as compared to pure copper woula be expected to produce
hotter cubs due to the decreased ability of the coatings to conduct friction-
ally generated heat away from the vub paths. The rub and microstructural
data showed that temperatures reached by Cu-Al coatings and substrares di-
rectly beneath the rub paths were higher than those reached by Cu coatings,
but temperatures reached by blade tips during rubs (martensitic-zone size)
indicated that the actual rub surfaces of i he coatings may have been hotter
than the rub surfaces of the Cu-Al coatings. These datd are consistent be-
cause the Cu coatings would be able to conduct more heat away from the rub
prth in lateral directions, thus, resulting in lower temperatures directly
beneath the rub path.

There has been somc evidence that high-speed, sliding contact between
two materials may result in the formation of a thin molten layer at the rub
interface; this could act as a lubricant to reduce the friction coefficient
and subsequent wear damage (Refercnce 20). If this phenomenon had occurred
during the rub tests, the temperatures reachied by blade tips would have been
proportional tu the melting points of the coating materials. Blade-tip tem-
peratures {as indicsted by martensitic-zone size) reached during rubs of Cu,
Cu-5Al1, and (u-9Al coatings were of the same order as the melting points of
the coatings (Table V). Examination of the blade tips and coatings revealed
that some melting had taken place (complicated by eutectic reactions). How-
ever, Cu-102n, which has the same melting point as Cu-9Al and a lower thermal
conductivity than Cu, did not show anjy significant improvement over Cu when
rubbed; this indicates that the improved rub behavior of Cu-Al alloys cannot
be attributed solely to melting-point and thermal-conductivity differences,

Tensile Strength, Yield Strength, Hardness - The higher tensile and yield
strengths and hardnesses of the Cu-Al alloys show that these materials are
stronger and more difficult to plastically deform than Cu., Because of the
higher strengths, Cu-Al alloys would be expected to require more force (ener-
gy) for deformation, and rub-force (shear) data from Phace I tests show that
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higher forces were generated during rubs of Cu-Al alloys. However, Cu rubs
caused more blade wear than Cu-9Al rubs, indicating that sechnizal strength
differences cannot account for the improved rud behavicr of Cu~Al alloys.

Table V. Melting-Point/Martensitic~Depth Relationships.

Coating
Melting Point, Msctensite Depth
Coating K (*F) In Blade Tips, ma
Cu 1357 (1983) 1.0 to 1.2
Cu~-5Al 1333 (1940) 0.4 to 0.9
Cu-9Al 1315 (1908 0.0 to 0.4

Recrystallization Tewperaiure Stacking-Fauit Energy - The recrystalli-
zation temperatur~s and stacking-fault energies of Cu and Cu~Al alloys are
significantly different. however, the combined effects of these properties
(along with recrystallization, wocrk-hardening, and recovery rates) resu!t in
good hot-working characteristics and hot-working temperature ranges, 1033 to
1200 K (1400 to 700" F), that are similar for Cu and Cu-Al alloys. This
indicates thet general hot-working characteristics are not obvious causes of
the observed differences in rub behavior.

Impact Strength - Impact strength is the only mechanical property exanm-
ined that indicates Cu-Al coatings should benhave differently than either Cu or
Cu-10Zn coatings. As shown in Table I, the impact strengths of Cu and Cu-!0Zn
are approximately ? to 3 times as large as the impact strenpth of Cu-9Al (at
room temperature). Since impact testing .mposes high strain rates (103/sec)
on materials and rub-test blades "impact" a coating at high speeds, it is pos-
sible that the response of a dense coating to shock loading may be an important
factor in rub behavior,

In Summary - Examination of the rub test, metallographic, and phys.cal-
property data from Phase I materials revealed no obvious key features for
abradable, high-meiiing-point materials although Al additions to Cu improved
the rub behavior of dense, spray coatings,

R.C. Bill has proposed a "Figure of Merit" to rank rub performance of

materials based on the adiabatic heating of seal materials by rub-induced
defcrmation until hot~working tecperature range is reached:
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Figure of Merit = (Tensile Strength) o (Elongation) e oCp o (Thy - Tamp)
whare: B .
p = density
Cp = specific heat
Thy = hot-working temperature
Tgmh = ambient temperature

The "Figure of Merit" wac calculated for each of the coatings, using the prop-
erties listed n Table I, and plotted against a rub performance tactor (coating
wear minus blade we:r) for each test in Figure 13. It appears that the rub.
pe. formances of the materials do show some correlation with the "Figure of
Merit," but different wear wechanisms are indicated depending on the degree

of abradability/abrasiveness of the coating.

Several areas which warrant further attention have been identified:

1. The apparent ability of Al additions to Cu to reduce Cu-Ti eutectic
reactions during rubs.

2. The potential for easy plastic deformat ion of near-eutectoid Cu-Al
alloys.

3. The potential for surface melting/lubrication during rubs.

4. The role of impact behavior on the response of a material to high-
velocity rubs.

5. "Figure ¢f Merit"/rub-performance correlations which include the
blade material properties and heat partitioning between coating and
blade.

4.2.2 Phase II - Current Compressor-Clearance Coatings

4,2,2.1 Material Selection and Preparation

There are two major types of compressor-clearance coatings currently in
use: (a) the easily plastically deformed coatings and (b) the low-cohesive-
strength coatings. Table VI lists the coatings used for Phase II rub testing.
Plasma-sprayed Al was chosen as an example of a plastically deformable coating
currently in use. The low-cohesive-strength coatings were chosen to cover a
wide range of abradability among the current compressor coatings.

The Feltmetal uaderlayer was added to some of the Phase I coatings in
order to study the effect of a compliant layer underneath the rub coatings.
The Feltmetal pad has low thermal conductivity due to high porosity, and the
effect of this cn the rub of the coatings was also to be assessed.
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4.2.2.2 Rub-Teat Results

The results of the rub tests of Phase 1I coatings are presented in
Table VII. Ounly two materia.s, AlBr/RiCg and 80/20 NiCg, caused blade wear.
Microstructural exsminatioa .f these coatings revealed that the rub surfaces
of the samples which caused blade wear were compacted to various degrees dur-
ing the rubs (Figures 14 and 15). The 80/20 NiCg cold-rub specimen which did
not wear blades did not have a compacted surface. Some surface compaction
also occurred in Feltmetal 515B specimens (PFigure 16); however, the compac-
tion was less than that observe? for AlBr/NiCg and 80/20 NiCg specimens, and
the FM 515B specimens did nt wear blades.

Table VI, Phase 11 Rub-Test Coatings.

Plastically Deformable Coatings

e Al (Dense, Plasma Sprayed)

Low-Cohesive-Strength, Abradable Coatings

¢ Metco 601

e Alumirum Bronze/Nickel Graphite (AlBr/Nicg) | Porous, Thermal
e 80/20 Nickel Graphite (NiCg) Sprayed

e AB-1 } Porous,

e Feltmetal 515B Sintered

Modified Phase I Coatings

¢ Plasma-Sprayed Al Over Feltmetal
e Plasma-Spraved AlBr Over Feltmetal

The lowest rub forces were observed for the Metco 601, AB-1, and Al/Felt-
metal rubs. The highest rub forces were produced during AlBr/NiCg and 80/2
NiCg rubs where blade wear occurred, but the force associated with the cold
Al rubs, which did not wear blades, was also high., The rub energies c=zicu-
lated from the rub~force/time curves appear to support the Phase I observation
that rub-force/energy and blade wear do not correlate with respect to differ-
ent materials. Even when rub energy has been adjusted on a unit-volume basis
(last column of Table VII), there are no obvious tvends to the blade wear and
rub-energy data except that the denser Phase II materials (Al, AlBr/NiCg, and
80/20 Nilg) cause higher rub force and energy generation in most cases.

The AlBr/NiCg and 80/20 NiCg specimens were the only materials that
produced significant substrate temperature rises during both hot and cold
rubs. Heat discoloration on the surfaces of these samples was quite obvious.
Discoloration alsy indicated that the rub surfaces of the FM S515B and AlBr/
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Table VII.

Forty-Eight Ti-6A1-4V Blades,
0.254 mm/sec
0.508 mm (O
152 Surface

Incursion Rate:

Incursion Depth:

Blade Tip Speed:

Phase 11 Rub-Test D

0,635 mm (0,025 i
(0.010 in./sec)
.020 in.) to 0.762
m/sec (500 ft/sec

TAmb, | TMax» 4T,

Coat ing K K K

Al 319 561 242
Al 728 783 56
Metco 601 311 381 69
Metco 601 756 756 ]
AlBr/NiCg 311 742 | 431
AlBr/NiCg 756 964 | 208
80/20 NiCg 322 617 | 294
80/20 NiCg 769 978 | 208
AB-1 322 322 0
AB-1 756 756 0
Feltmetal 515B 311 339 28
Feltmetal 515B 783 783 0
Al/Feltmetal(l) 311 339 28
Al/Feltmetal(l) 742 742 0
AlBr/Feltmetal(l) 756 756 0

Mexinuam Maximum Maximum Average Average
Terparature— Shear Force-Rise | Depth of Blade Coat i
f.-e Rate, Force, Rate, Rub, Wear, Hardn
1 K/sec N N/sec mm mm R} 5y
p— - — L
1i0.0 14.7 13.92 0.686 <0.025 73
24.7 4.4 1.01 0.711 <0.025 73
24.4 1.8 1.51 0.940 <0.025 56
— <l.1 — 0.914 <0.025 55
166.7 17.8 25.35 0.737 0.102 74
37.2 8.0 10.36 0.584 0.152 72
119.4 12.0 7.83 0.660 <0.025 57
161.1 18.7 19.13 0.432 0.102 50
— <1.1 - 0.889 <0.025 <0
—-—— <1.1 -— 0.737 <0.025 <0
10.7 6.7 7.56 0.711 <0.025 <0
- 4.0 4.54 0.508 <0.025 <0
8.3 1.8 3.02 0.787 <0.025 -
- <1.1 -— 0.660 <0,025 <0
-— 4.0 7.34 0.660 0(3) ---

1. Specimens were prepared by NASA.
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Feltmetal was tco soft for hardness reading.
Pickup of 0.025 mm.




lVII. Phase II Rub-Test Data.

-4V Blades, 0.635 mm (0.025 in.) Thick

. 254 mm/sec (0.010 in./sec)

0.508 mm (0.020 in.) to 0.762 mm (0.030 in.)
%52 Surface m/sec (500 ft/sec)

Average Average Rub Energy/
Depth of Blade Coating Rub-Surface Rub Unit Volume
Rub, Wear, Hardness Rougness Energy, | of Coating Removed,
mm m R1s5y rms, um kJ J/m3 Rub-Surface App:arance

0.686 <0.025 73 1.27-1.52 4,128 5.02 Smooth, dense

0.711 <0.025 73 1.52 0.938 1.10 Smooth, dense .
0.940 <0.025 56 >7.62 0.828 0.73 Deeply grooved

0.914 <0.025 55 1.27-1.52 -— -— Lightly grooved

0.737 0.102 74 3.05-5.08 7.469 8.44 Lightly scabbed

0.584 0.152 72 >7.62 2.817 4.02 Lightly scabbed
0.660 <0.025 57 2.79-7.62 4.219 5.31 Smooth, porous

0.432 0.102 50 7.62 3.543 6.82 Lightly scabbed
0.889 <0.025 <0 7.62 -— -—- Smooth, porous

0.737 <0.025 <0 4,57 - -— Smooth, porous

0.711 <0.025 <0(2) 1.78-2.03 1.588 1.86 Smooth, porous

0.508 <0.025 <0(2) 2.54-3.81 0.940 1.54 Lightly grooved

0.787 <0.025 -—- -—- 0.719 0.76 Lightly grooved

0.660 <0,025 <0(2) 1.27-1.40 _— -— Lightly grooved

0.660 0(3) - -—- 0.823 1.04 Smooth, spalled in some areas
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Table VII. Phase II Rub-Test
° Forty-Eight Ti-6A1-4V Blades, 0.635 mm (0.025 in.;
* Incursion Rate: 0.254 mm/sec (0.010 in./sec)
° Incursion Depth: 0.508 mm (0.020 in.) to 0.762 =
° Blade Tip Speed: 152 Surface m/sec (500 ft/sez)
Maximum Maximum Maximum Average Aveuge:
Temperature- Shear Force-Rise | Depth of Blade
Tambs | TMaxs| AT, Rise Rate, Force, Pute, Rub, Wear,
Coating *F *F °F * F/sec 1bf 1bf/gec in. in.
Al 115 550 435 198.0 3.3 3.13 0.027 <0.001
Al 850 950 100 44 .4 1.0 0.226 0.028 <0.001
Metco 601 100 225 125 43.9 0.41 0.340 0.037 <0.001
Metco 601 900 900 0 — <0.25 —— 0.036 <0.001
AlBr/NiCg 100 275 775 300.0 4.0 5.7 0.029 0.004
AlBr/NiCg 900 1275 375 175.0 1.8 2.33 0.023 0.006
80/20 NiCg 120 650 530 215.0 2.7 1.76 0.026 <0.001
80/20 NiCg 925 1300 375 290.0 4.2 4.3 0.017 0.004
AB-~1 120 120 0 -— <0.25 —— 0.035 <0.001
AB-1 900 900 0 -—— <0.25 -— 0.029 <0.001
Feltmetal 515B 100 150 50 19.2 1.5 1.70 0.028 <0.001
Feltmetal 515B 950 950 0 —— 0.9 1.02 0.020 <0.001
Al/Feltmetal(l) 100 150 50 15 0.41 0.68 0.031 <0.001
Al/Feltmetal(l) 875 875 0 - <0.25 -— 0.026 <0, 001
AlBr/Feltmetal(1) | 900 900 0 — 0.9 1.65 0.026 0(2)

1. Specimens were prepared by NASA.
2. Feltmetal was too sof* for hardness reading.
3. Pickup of 0.001 in.
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%’fVII. Phase II Rub-Test Data. (Concluded)

jurface m/sec (500 ft/sec)

flades, 0.635 am (0.025 in.) Thick
o/ sec (0.010 in./sec)
A’- (0.020 in.) to 0.762 mm (0.030 in.)

I Average Average Rub Energy/

~Rise | Depth of Blade Coating Rub-Sur face Rub Unit Volume

e, Rub, Wear, Hardness Roughness Energy, | of Coating Removed,

Bec in. in. Risy rms, pin. fr-1bf ft-1bf/in.3 Rub-Surface Appearance
3 0.027 <0.001 73 50~60 3045 226,000 Smooth, dense

1226 0.028 <0.001 73 60 692 49,400 Smocth, dense

£340 0.037 <0.001 56 >300 611 33,000 Deeply grooved

- 0.036 <0.001 55 50-60 -— — Lightly grooved

7 0.029 0.004 14 120~-200 5509 380,000 Lightly scabbed

£33 0.023 0.006 72 >300 2078 181,000 Lightly scabbed

[76 0.026 <0.001 57 110-300 n12 239,000 Smooth, porous

: 0.017 0.904 50 300 2613 307,000 Lightly scabbed

3 0.035 <0.001 <0 300 -— ——— Smooth, porous

r 0.029 <0.001 <0 180 -—- -— Smooth, porous

§70 0.028 <0.001 <0(2) 70-80 1171 83,600 Smooth, porous

02 0.020 <0.001 <0(2) 100-150 693 69, 300 Lightly grooved

b8 0.031 <0.001 -—- -— 530 34,200 Lightly grooved

3 0.026 <0.001 <0¢2) 5055 -— - Lightly grooved

§65 0.026 o(2) S— — 607 46,700 Smooth, spalled in some areas
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a. Cold Rub, 311 K (100° F)

Surface

b. Hot Rub, 756 K (900° F)

Figure 14. Cross Sections of Rub Paths Showing
Compaction of AlBr/NiCg. 100X
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15. Cross Sections of Rub Paths of 80/20
NiCg Showing Compacted .und Noncompacted
Surfaces. 100X
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Feltmetal specimens were hotter than the 755 K (900° F) smbient test temper-
ature, but the low thermal conductivity of the Feltmetal caused the substrate
temperatures to remain virtually unchanged.

Microexamination of blade tips revealed only one unexpected feature:
approximately 25.4 um (1 mil) of pick~up on blades from the AlBr/Feltmetal
rub (Figure 17). The material on the tip is dense and uniform; this indicates
that severe deformation or possibly melting took place during the rub., Since
Cu-9A1 wore blades (Phase I testing) and the ALBr (Cu-9Al-1Fe)/Feltmetal did
not, it is apparent that the addition of the Feltmetal layer between the spray
coating and the substrate is reducing the severity of rubs,

The most distinctive coating microstructure was that of the Al/Feltmetal
and AlBr/Feltmetal materials supplied by NASA, The spray materials on the
Feltmetals remained essentially intact during rubs and resulted in smooth,
dense, rub surfaces with only minor compaction of the supporting Feltmetal
(Figure 18). It is notable that the Al/FM rubs resulted in lower shear
forces than did either Al or FM alone; this indicates a possible synergistic
effect for the Al/FM combination. For the AlBr/FM, approximately one-half of
the AlBr spalled from the Feltmetal during the rub, but the remaining material
had a smooth finish. The reason for the AlBr spallation has not been estab-
lished.

A comparison of data from Phase I and Phase II tests on aluminum (Table
VIII) shows that for the same test conditions the measured temperatures,
shear forces, and rub-energies are in reasonable agreement.

As shown in Table IX, blade tips from rub tests which resulted in blade
wear exhibited martensite (in agreem:nt with Phase I results); blade tips
from rubs which did not cause blade wear do not contain martensite with the
exception of blades from the §0/20 NiCg (cold) and AlBr/FM (hot) rubs. The
presence of martensite in all blade tips which were worn during Phase I and
Phase II rubs indicates that blades are wearing only when tip temperatures
exceed 1278 K (1840° F). At these elevated temperatures, the flow stress of
Ti-6A1-4V is known to be leus than 34.5 MPa (5 ksi), indicating it may be
necessary for a dense rub coating material to have a very low bulk flow stress
at 922 K (1800° F) or higher if wear of Ti-base blades is to be avoided during
rubs,

In summAary, the only Phase I and Phuse 11 materia's which have produced
the target goals (no blade wear and smooth, dense, rub surfaces) are Al and
Al/Feltmetal. Cu-9Al produced a smooth rub surface during hot rubbing but
wore blades; however, AlBr(Cu-9-Al-1Fe)/Feltmetal produced a rub that did not
wear blades. And AlBr spalled during the rub, indicating that some modi-
fication of the AlBr/Feltmetal system might also produce a material capable
of providing smooth, dense, rub surfaces.
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Figure

L7

Blade Tip from AlBr/Feltmetal
Showing Uniform Pickur .. er

Hot Rub
of AlBr.
250X
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a. Al/Feltmeta! Cold Rub, 311 K (100° F)

b. AlBr/Feltmetal Hot Rub, 756 K (900° F)
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Table IX. Martensitic Transformation Depths.

Depth of Hartenanttc Zone
Blade Hear, at Blade Tip, =mm -
Rub Test um (in.) ~ Min Max
Al (cold) <25.4 (0.001) 0 0
Al (hot) <25.4 (0.001) 0 0
Al/Feltmetal (cold) <25.4 (0.001) 0 0
Al/Feltmetal (hot) <25.4 (0.001) 0 0
AlBr/NiCg (cold) 102 (0.004) 0.4 0.5
AlBr/Nicg (hot) 152 (0.006) 1.0 1.1
AlBr/Feltmetal (hot) | -25.4 (0.001)* 0.1 0.5
80/20 NicCg (cold) <25.4 (0.001) 0.4 0.5
80/20 Nicg (hot) 102 (0.0C4) 0.9 1.1
Feltmetal 515B (cold)}! <25.4 (0.001) 0 0
Feltmetal 515B (hot) | <25.4 (0.001) 0 0
AB-1 (cold) <25.4 (0.001) 0 0
AB-1 (hot) <25.4 (0.001) 0. 0
Metco 601 <25.4 (0.001) 0 0
Metco 601 <25.4 (0.001) Q 0
*Pickup

4.2.3 Phase III - Purosity Effects

4.2.3.1 Material Selection and Preparation

Coating wear (depth of rub) minus blade wear was used to rank the rub
performance of the Phase I coatings (Tabie X) and to select & coating for the
study of porosity on rub behavior.
In the case of the Cu-9Al hot rub, a depth of rub and
a rub surface similar to pure Al (Figure 19) were exhibited.

and Ni-based coatings.

Cu-9Al ranked the highest of the Cu-, Fe-,

Phase II results indicated that a Feltmetal layer under sprayed AlBr coat-
ings tended to reduce blade wear.

were selected t5 study

Therefore, the following coating systems

the effects of porosity on rub behavior:

(la) Cu-9A1 + 20 volume
(1b) Cu-9Al1 + 40 volume
(2a) Cu-9A1 + 20 volume
(2b) Cu-9Al + 40 volume

percent Ekonol
percent Ekonol

perce
perce

nt Ekonol/Feltmetal 515B
nt Ekonol/Feltmetal 515B

Ekonol, a polyester powder marketed by Metco Inc., as Metco 600, was se-
iected as the nonmetallic component to be sprayed with the Cu-9Al powder to
reduce the density of the spray deposit (introduce porosity) because it is
similarly used in other rub coatings such as Metco 601.
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Table X. Rub Performance Ranking, Phase I Coatings.

Coating Wear-
Blade Wear,
Ranking Coating - (ia.)

1 Al (C) 0.914 (0.036)
2 Al (H) 0.787 (0.031)
3 2o (C) 0.762 (0.030)
4 Ccu=9al (R} 0.356 (0.014)
5 Fe-6A1 (H) -0.102 (-0.,004)
6 Cu-9Al (C) - -0.152 (~0.006)
6 Cu-5A1 (H) -0.152 (~0.006)
8 Fe-6Al1 (C) -6.279 (-0.011)
8 Fe-13Cr (H) -0.279 (-0.011)
10 Fe~13Cr (C) =0.356 (-0.014)
il Fe (H) -0.432 (-0.017)
12 Ni-13Cr (H) -0.508 (~0.020)
13 Fe (C) -0.586 (-0.023)
14 Cu-10Zn (H) -0.660 (-0.026)
15 Cu=-102n (C) -0.762 (-0.030)
16 Cu (H) -0.838 (-0.033)
17 Cu (C) ~-1.118 (-0.044)
18 Cu-5Al1 (C) -1.626 (-0.064)

Prior to spraying, rub-test panels without Feltmetal were grit-blasted
and sprayed with 0,127 mm (0.005 in.) of Metco 450 bond coat; panels with
brazed-on Feltmetal were very lightly grit-blasted with an §.S. White Model D
air abrasive (dental type) and cleaned ultrasonically in methyl ethyl ketone
{MEK) to remove any entrapped grit. Approximately 0.29 mm (0.035 in.) of coat-
ing was applied to panels without Feltmetal., The surfaces of the spray coat-
ings were somewhat uneven due to the traverse fixturing and rates used; there-
fore, the surfaces of all coatings were evened by gentle abrasion with 140
grit SiC paper. Final coating thicknesses were 0.76 to 0.89 mm (0.030 ro
0.035 in.) for panels without Feltmetal and 0.38 to 0.51 mm (0.01l5 to 0.020
in.) for panels with Feltmetal.

The spray parameters used for both the 20X and 40X Ekonol mixtures were:

Gun ~ Metco 3MB

Console - Avco

Powder Feeder ~ Plasmadyne

Nozzle - GH

kW = 21 (550 amp/38 volts)

Powder Port - No. 1

Spray Distance ~ 7.62 cm (3 in.)

Spray Angle - 90°

Spray Rate - 2.5 kg/hr (5.5 lbm/hr)

Primary Gas - Ar at 2.83 m3/hr, 0.69 MPa (100 ft3/hr, 100 psi)
Sacondary Gas - Hp at 0.l m 3/hr, 0.55 MPa (5 ft3/hr, 80 psi)
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b. Cu-9A1

Figure 19,
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Comparison of Cu-9A' Rub Surface and the
Al Rub Surface After Hot Rubs. 2X



4.2.3.2 Rub-Test Results

Phase III rub-test conditions were identical to those used in‘Phases

I and 1I.

The results are tabulated in Table XI (page 49). The following

trends were derived from Phase 1II rub-test results:

1.

Significant substrate temperature rises occur only when measursble
blade wear or pick-up occurs (this generalization is complicated
by the low thermal conductivity of Feltmetal).

Significant substrate temperature rise rates occur only for Cu-9Al +
207 Ekonol specimens.

The highest rub forces are associated with either blade wear or
pick-up.

The presence of a Feltmetal underlayer does not cause a significant
reduction in rub forces in relation to the spray-coating materials.

Cu-9A1 + 20X Ekonol spray coatings with and without the Feltmetal
underlayer yielded partially or completely smooth, smeared, rub
surfaces, = 3.81 ym (150 yin) rms, after 755 K (900° F) rubs
(Figure 20).

Metallographic examination of c oss sections of the rub specimens yielded
the following information:

|

Cu-9A1 + 20% Ekonol and Cu-9A + 40X Ekonol coatings with or without

the Feltmetal underlayer have not been compacted under the rub paths
(Figure 21).

Coatings with the Feltmetal underlayer were not pushed into the felt
aduring rubs.

In smooth, rubbed areas there is only a thin layer of smeared ma-
terial. At very high magnification, there appear to be some small
Cu-Ti eutectic zones in the smeared areas.

Substantial amounts of Ekonol have been lost from hot-rub specimens
and from areas adjacent to the rub paths of cold-rub specimens with
Feltmetal underlayers.

Metallographic examination of etched blade tips revealed thin zones of
martensite, <25.4 pm (1 wil), in blade tips from rubs which caused blade
wear or pick-up. These zones are much smaller than those observed in blade
tips from rubs of CuAl or AlBr materials (no Ekonol) in Phase I and Phase
11 tests, indicating that tip temperatures were not greatly in excess of
the B-transus temperature of =1278 K (1840° F) for Ti-6Al-4V. It may be
postulated that, where scabs are not formed on rub surfaces, the surface
temperature during rubs will be limited by the melting point of the rub
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a.

b.

Beneath Rub Path

Away from Rub Path

Figure 21. Cross Sections of
Ekonol Coating.

Cu-9A1 +

20%
50X
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coating; in the case where scabs are formed, the temperature at the rub sur-
face would be expected to be somevhere between the melting point of the coat-
ing and the melting point of Ti-6Al-4V, 1922 K (3000° F), depending on the
extent of scabbing.

The pickup measured by micrometer on blade tips from Cu=9Al + 20X Ekonol/
Feltmetal rubs was clearly evident microscopically. 1In addition, minor pickup
not measurable by micrometer was observed on blade tips from Cu~9Al + 20X
Ekonol rubs; the coating material picked up on the blade tips appeared to have
reacted with the bl..e tips to form a Cu-Ti eutectic., Examination of the blade
tips in the SEM and microprobe reveal the presence of Ti (Figure 22) in the
pickup material. The presence of detectable amounts of titanium in the coat-
ing pickup indicates that a significant amount of diffusion occurred during
the rub and gives further support to previous evidence that the temperature
of the rub surfaces approached or exceeded the melting point of Cu-9Al, =1314 K
(1910° F), since only a few seconds were available for the diffusion process.

Because of the encouraging, smooth, rub surfaces observed for hot rubs of
Cu-9Al + 20% Ekonol systems, preliminary erosion tests were run to determine
if materials with this degree of porosity would provide adequate erosion re-
sistance. Standard, room-temperature, erosion tests showed the erosivity num-
bers [seconds to erode 25.4 um (1 mil) of coating] to be 15.4 for Cu-9Al + 20%
Ekonol and 6.9 for Cu-9Al + 40% Ekonol. Based on erosion resistance of cur-
rently used coatings, the Cu-9Al + 20X Ekonol would appear to have adequate
erosion resistance in the es-sprayed condition, but the ercsion resistance of
the Cu-9Al1 + 40% Ekonol would be marginal.

The conclusions that can be drawn from evaluation of the Phase III rub
data are:

1. The addition of porosity to Cu-9Al coatings significantly reduced
blade wear in relation to the wear observed for dense Cu-9Al in
Phase 1 tests.

2. Cu-9A1 + 20X Ekonol spray coatings, particularly with a Felt-
metal interlayer, have demonstrated tt. capability for yielding
smooth rub surfaces under one set of rub-test conditions and have
demonstrated erosion resistance considered acceptable in relation
to spray coatings curcently used in engine applications.

3. Cu-9A1 + 40X Ekonol coatings are highly abradable. However, they
have rougher rub surfaces than Cu-9Al + 202 Ekonol coatings, and
they have marginal resistance to erosion.

4., Good rubs of the sprayed Feltmetal specimens cannot be explained by
reduced shear forces. The compliance or low thermal conductivity
of the Feltmetal may be more important factors than reduced rub
forces.
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4.3 TASK I1 - RUB-TEST PARAMETERS

4.3.1 Material Selection and Preparation

Cu-9Al + 20% Ekonol with and without the Feltmetal underlayer demcustrated
the capability of yielding smooth rub surfaces with a significant reduction in
blade wear over the dense coatings; this was coupled with erosion resistance
considered acceptable for engine applications. These two coating systems were
therefore selected to determine the effect of rub parameters in Task 1I.

AlBr (Metco S1F) powder was used in preference to Cu-9Al because of avail-
ability. The nominal composition of Metco 51F is Cu~9.5Al-1Fe. The rub be-
havior of Metco 517 was expected to be similar to Cu-9Al.

The spray parameters for the coatings were identical to those previously
used in Phase III, Task I.

Prior to spraying, rub-test panels without Feltmetal were grii-blasted
and sprayed with 0.127 mm (0,005 in.) of Metco 450 bond coat; panels with
Feltmetal were very lightly grit blasted with an S.S. White Model D air abra-
sive (dental type) and cleaned ultrasonically, Approximately 0.762 =m (0.030
in.) of the AlBr + 20X Ekonol coating was applied to all panels, and they were
sprayed in one operation to ensure uniform coating properties.

4.3.2 Test Results

The test parameters selected for study were: (a) the incursion rate,
(b) the solidity (i.e., number of blades used), and (c) the test temperature.
Two different incursion rates [2.54 and 25.4 um/sec (0.0001 and 0.001 in./
sec)], two solidity variations (48 and 12 blades), and two test temperatures
[RT and 755 K (900° F)] were examined. The remaining test parameters were
identical to those of Task I,

The test results are listed in Table XII. The following trends were
obsersed from the Task Il rub-test resuits:

1. The maximum rub temperatures exceed those observed for 0.254 wm/sec
(10.0 mil/sec) rubs of Cu-9al + 20% Ekonol durirg Phase III, Task I
testing.

2. The wmaximum shear forces also exceed those observed for 0.254 mm/sec
(10.0 mil/sec) rubs of Cu-9Al1 + 20X Ekonol during Phase III, Task I
testing.

3. Some rub-force curves show cyclic force versus time behavior during
part or all of the tests.

4. At 2.54 ym/sec (0.0001 in./sec) incursion rates, hot rubs are more

severe than cold rubs; at 25.4 um/sec (0.001 in./sec) incursion
rates, hot rubs are less severe than cold rubs,
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Table XI. Phase III Rub-Test lg

E
a
3
]
é
3

° Pocty-Eight Ti-6A1-4V Blades, 0.635 sm (0.025 in.) 'ﬂuck
° Incursion Rate: 0,254 mm/sec (0.01 in./sec)
° Incursion Depth: 0.508 mm (0.020 in.) to 0.762 wm (0. 0
® Blade Tip Speed: 152 surface m/sec (500 ft/sec). ,
Max. Force- | Average
Tambs> | TMax» | AT, | Max. Temperature- | Max. Shear | Rise Rate, Depth of
Coating Syitem K K K Rise Rate, K/sec Force, N N/sec Rub, mm
Cu=9A1 + 20% Ekonol 322 672 350 250 12.5 16.5 0.533
Cu-9A1 + 20X Ekonol 767 850 83 78 2.8 2.6 0.381
Cu=-9A1 + 40X Ekonol 7 333 17 8 <1.1 — 0.711
Cu=9A1 + 40% Ekonol 769 769 0 3 1.l ——— 0.406
Cu-9Al + 20X Ekonol/Feltmetal 28 367 56 16 11.6 14.2 1.067
Cu=-9A1 + 202 Ekonol/Feltmetal 761 772 11 7 4.9 9.8 0. 406
Cu~9Al1 + 40X Ekonol/Feltmetal 28 28 0 0 <1.1 -—— 1.016
Cu-9A1 + 40% Ekonol/Feltmetal 761 772 11 5 1.9 18.7 0.635
Max. Force- | Average
TAmbs | TMaxs | 2T, | Max. Temperature- Max. Shear | Rise Rate, | Depth of
Coating System ‘F * * F| Rise Rate, * F/sec| Force, 1bf | 1lbf/sec Rub, in.
Cu-9A1 + 20X Ekonol 120 750 630 450 2.8 3.7 0.021
Cu-9A1 + 20X Ekonol 920 1070 150 140 0.64 0.58 0.015
Cu-9A1 + 40 Ekonol 110 140 30 15 <0.25 — 0.028
Cu=-9A1 + 40X Ekonol 925 925 0 5 €0.25 ——- 0.016
Cu-9A1 + 20X Ekonol/Feltmetal 100 200 100 29 2.6 3.2 0.042
Cu-9A1 + 20% Ekonol/Feltmetal 910 930 20 12 1.1 2,2 0.016
Cu-9A1 + 40X Ekonol/Feltmetal 100 100 0 0 <0.25 — 0.040
Cu-9A1 + 40X Ekonol/Feltmetal 910 930 20 9.1 0.42 4.2 0.025
1. Pickup of 0.102 mm (0.004 in.) on blade tip.
2. Pickup of <0.025 mm (0.001 in.) on blade tip.
3. Feltmetal too soft for hardness reading.
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L. Phase 1II Rub-Test Results.

(C.01 in./sec)
.020 in.) to 0.762 mm (0.030 in.)

0.635 om (0.025 in.) Thick
E n/sec (500 ft/sec).

Max. Force- | Average Average Coating Rub-Surface
Rise Rate, Depth of | Blade Hardness | Roughness
N/sec Rub, mm Vear, mm Ry sy ™ms, um Rub-Surface Appearance
16.5 0.533 0.102 58 3.81-4.32 Lightly grooved, scabbed
2.6 0.381 0.051 43 2.54-7.62 Smooth, pullout in some areas
- 0.711 <0.025 -—- —— Smooth, porous, pullout in some areas
- 0.406 <0.025 ——— ——— Porous, pullout in some areas
14,2 1.067 o(1) <o0(3) 2.54-5.08 Lightly grooved, scabbed, Feltmetal pullout in some areas
9.8 0.406 0(2) -—- --- Smooth, « 3.8l ym (150 win.) rms
-—- 1.016 | <0.025 <e(3) >7.82 Rubbed into Feltmetal
18.7 0.635 | <0.025 <0(3) 7.62 Rubbed into Peltmetal

Max. Force- | Average Average Rub Surface
Rise Rate, | Depth of Biade Roughness
1bf/sec Rub, in. Wear, in. rms, uin,

3.7 0.021 0.004 150-170
0.58 0.015 0.002 100-300
| - 0.028 <0.001 -
d -—— 0.016 <0.001 —-——
3
1 3.2 0.042 o(1) 100-200
1 2.2 0.016 | - ol2) -
' — 0.040 <0.001 >300
4.2 0.025 <0.001 300
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Table XII.

Task II Rub-

Ti~6Al-4V Blades, 0.635 mm (

[ J
. Rub Depth: 0.508 mm (0,020
. Blade Tip Speed: 152 surfac
Incursion A
No. of Rate, TAmb s TMax AT, Max. Shear,
Coating System Blades um/sec K K K Force, N
AlBr + 20% Ekonol 8 2.48 322 728 | 406 15.1(1)
AlBr + 20% Ekonol 48 2.48 733 994 | 261 15.1(1)
AlBr + 20% Ekonol 48 24.8 322 700 378 13.3
AlBr + 20% Ekonol 48 24.8 761 1061 300 9.3
AlBr + 20% Ekonol 48 248 744 967 222 —
AlBr + 20% Ekonol 12 24.8 317 506 189 12.5(1)
AlBr + 20% Ekonol 12 24.8 694 978 228 6.7(1)
AlBr + 20% Ekonol/Feltmetal 48 2.48 317 367 50 9.3(2)
AlBr + 20Z Ekonol/Feltmetal 48 2.48 744 861 61 1.8
AlBr + 20% Ekonol/Feltmetal 48 24.8 322 378 56 7.6
AlBr + 20% Ekonol/Feltmetal 48 24.8 739 783 44 3.6
Incursion . A
No. of Rate, Tambs | TMax, | AT, Max. Shear,
Coating System Blades in./sec *F *F *F Force, 1bf
AlBr + 20% Ekonol 48 0.0001 120 850 | 730 3.4(1)
AlBr + 20% Ekonol 48 0.0001 860 1330 | 470 3.4(1)
AlBr + 20% Ekonol 48 0.001 120 800 680 3.0
AlBr + 20% Ekonol 48 0.001 910 1450 540 2.1
AlBr + 207 Ekonol 48 0.0l 880 1280 400 ---
AlBr + 20% Ekonol 12 0.001 110 450 340 2.8(1)
AlBr + 20% Ekonol 12 0.001 890 1300 410 1.5(1)
AlBr + 20% Ekonol/Feltmetal 48 0.0001 110 200 90 2.1(1)
AlBr + 202 Ekonol/Feltmetal 48 0.0001 880 1090 110 0.4
AlBr + 20% Ekonol/Feltmetal 48 0.001 120 220 100 1.7
AlBr + 20% Ekonol/Feltmetal 48 0.001 870 950 80 0.8

1.
2.

Frow cyclic force versus time curve.

Feltmetal too soft for hardness reading.

FOLDOUT FRAME




le XI1.

Task II Rub-Test Results.

4V Blades, 0.635 mm (0.025 in.) Thick
0.762 mm (0.030 in.)

th:

ip Speed:

0.508 mm (0.020 in.) to
152 surface m/sec (500 ft/sec).

|
Average Average Coating Rub-Surface
Max. Shear, | Depth of | Blade Hardness Roughness
Force, N Rub, mm Wear, mm Rysy rms, um Rub-Surface Appearance
15.1(1) 0.737 0.076 57 3.81 Light scabbing
15.1(1) 0.279 0.356 48 2.29-2.41 Heavy scabbing, light pullout
13.3 0.635 0.127 54 3.81 Light scabbing
9.3 0.330 0.025 70 2.54~5.08 Light scabbing
-— 0.457 n.152 72 2.29-2.54 Smooth, no scabbing
12.5(1) 0.381 0.483 58 2.54-6.35 Very light scabbing
6.7(1) 0.152 0.178 63 2.03-2.4i Light scabbing
9.3(1) 0.991 0.051 <0%2) >7.62 Spalled
1.8 0.457 0.051 <0(2) | o0,89-1,27 Heavy scabbing with surface cracking
7.6 0.711 0.229 <0(2) 3.81 Moderate scabbing, some pullout
3.6 0.356 <0.025 <0(2) 3.81-4.06 Light scabbing, moderate pullout
. Average Average Rub-Surface
Max. Shear, | Depth of | Blade Roughness
Force, 1bf | Rub, in. Wear, in. rms, pin.
3.4(1) 0.029 0.003 150
3.4(1) 0.011 0.014 90-95
1.0 0.025 0.005 150
2.1 0.013 0.001 100-200
-— 0.018 0.006 90-100
2.8(1) 0.015 0.019 100-250
1.5(D) 0.006 0.007 80-95
2.1 0.039 | 0.002 >300
0.4 0.018 i 0.002 35~50
1.7 0.028 ' 0.009 150
0.8 0.014 i <0.0C1 150-160




5. More blade wear was produced in 12-blade tests than in 48-blade
tests, but maximum temperatures and shear forces are lower for
the 12-blade tests,.

6. Blade wear for 48-blade tests of AlBr + 20X Ekonol is comparable to
blade wear observed for Phase 111, Task I tests of Cu=9Al + 2(%
Ekonol except for the hot, 2.54 um/sec (0,000l in. /sec) rub, but
more scabbing is evident with the AlBr + 20X Ekonol.

7. Blade wear is reduced when a Feltmetal underlayer is present.

The martensitic transiormations of the Task II rub blades, determined
metallographically (Table XIII), were deeper than those obrerved in Phase
111, Task I. This is in accord with the higher shear forces, amcount of blade-
wear, and maximum rub temperatures observed.

All Task II blades had a uniforwm pickup of coatiny material at the tip
(Figure 23) ranging from 1.27 to 5.08 uym (0.00005 to 0.0002 in.). Blades with
martensite depths of greater than 25.4 ym (0.1 mil) tended to show heavy
burring on the trailing edge but very iittle coating pickup on the leading
edge. No burring was observed on the blades tha. had !'ess than 2.54 m
(0.1 mil) martensite (Figure 24), and there was coating pickup on the tip.

The increased temperatures, forces, depth of martensitic transf.rmation
and scabbing ohserved for AlBr + 20% Ekonol tests with respect to Cu-9Al +
20X Ekonol tests could be attributed tc the eifects of changing incursion
ratcs during tests and/or a slightly decreased abradability of the AlB + 20%
Ekenol. Rub results for AlBr + 20% Ekonol and Cu-9Al + 20% Ekonol from nearly
duplicate tests at the 254 ym/sec (0.0l in./sec) showed nearly the same coat-
ing wear, but the blade wear was 0.152 mm (0.006 in.) for the former and cunly
0.051 mm (0.002 ir.) for the latter. The following evidence points to proba-
ble decreased abradability of the AlBr + 20% Ekonol as compared to the prior
Cu-9Al1 + 20% Ekonol material,.

1. The erosivity number (seconds required to erode 25.4 ym (1 mil) of
coating) of the AlBr + 20% Ekonol is =20 versus =!3 for the Cu9Al +
20% Ekonol tested in Phase III, Task I.

2. The microstructure of the AlBr + 202 Ekonol, while not grossly dif-
ferent from that of the Cu-9Al + 20% Ekonol, shcws the AlBr matrix
to be slightly denser and more contiguous than the “u-9Al matrix
(Figure 25).

Prior experience with abradable coatings has shown that increased erosion
resistance and highcr densities will be accompanied by decreased abradability.

The reason for the higher erosion resistance and density of the AlBr + 20%
Ekonol, which was sprayed with the same parameters as the Cu9Al + 20%{ Ekonol,
is believed to be the finer size distribution of the AlBr (Metco 51F). As
shown in Table XIV, the size distribu.ion of the AlBr is shifted toward the
-325 mesh size range; the Cu-9Al size distribution is centered about the -270
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Table XIII.

Martensitic Transformation Depths, Task II Coatings.

Number Incursion
of Rate, Amb ienc Depth of Martensitic Zone
Rub Coating Blades | um/sec (in./sec) | Test Temperature at Blade Tip, mm
Min. Max .
AlBr + 20X Ekonol 48 2.54 (0.0001) Room Temperature 0 0
AlBr + 20% Ekonol 48 2.54 (0.0001) Hot 0 0
AlBr + 20X Ekonol 48 25.4 (0.001) Room Temperature 0 <0.1
AlBr + 20% Ekoaol 48 25.4 (0.001) Hot 0 <6.1
AlBr + 20% Ekonol 48 254 (0.010) Hot | 0 0.1
AlBr + 20Z Ekonol 12 25.4 (0.001) Room T aperature | <0.1 0.1
AlBr + 20% Ekonol 12 25.4 (0.001) Hot ¢.1 0.9
AlBr + 20% Ekonol/Feltmetal 48 2.54% (0.0001) Room Temperature 0 <0.1
AlBr + 20X Ekonol/Feltmetal 48 2.54 (0.0001) Hot <n.l 0
AlBr + 20% Ekonol/Feltmetal 48 25.4 (0.001) Room Temperature 0 0
AlBr + 20X Ekonol/Feltmetal 48 25.4 (0.001) Hot u 0.1
e Forty-Eight Blades h
e Incursion Rate: 25.4 um/sec
(0.001 in./sec)
° '
Figure 23. Pickup of Coating Material on Blade Tip
During Cold Rub of AlBr + 20% Ekonol/
Feltmetal, Typical of All Task II Blades.
- 500X
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a. No Martensite

Trailing
Edge

Leading
Edge,
Coating
Pickup

b. Martensite Zone ——— >1

Leading

Edge

Trailing
Edge

Fieure 24. Ti-6Al-4V Blade Apperance for Rubs in

Which (a) No Martensite Formed and (b)
Martensite Did Form. 100X



a. Cu-9A1 + 20% Ekonol

b. AlBr + 20%Z Ekoncl

Figure 25, Microstructures of Cu-9A1 + 207 Ekonol and
AlBr + 207 Ekonol Showing the Slightly In-
creased Density of AlBr + 207 Ekonol. 100X
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Blade Wear,

Forty-Eight Ti-6A1-4V Blades,
0.635 mm (0.025 in,) Thick

Incursion Depth: 0.508 to 0.762 mm
(0.020 to 0.030 in.)
Blade Tip Speed: 152 Surface m/sec (500 ft/sec)

O AlBr + 20% Ekonol at Room Temperature
@ AlBr + 20% Ekonol at 755 K (900° F)

& Cu-9A1 + 20% Ekonol at Room Temperature
& Cu-9A1 + 20% Ekonol at 755 K (900° F)

Incursion Rate, in./sec

0.0001 0.001 0.01 0,0001 0.001 0.01
0.4 J
Without |7 With 0,015
. Feltmetal Feltmetal
0.3
. —0.010
(o)
0.2
®
o [ ~0.005
0.1 O
o l
Al®
ot |
0 b { B ,4.»0
2,54 25.4 254 2,54 25.4 254

Incursion Rate, um/sec

Figure 26. Blade Wear Versus Incursion Rate.
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versus 152 m/sec (750 versus 500 ft/sec) but was limited to room-temperature
rub testing. The abradable material was sprayed on curved rub panels matched
to the blade tip radius of a rotating wheel holding up to 30 blades. During
the test, after the desired rotational speed of the wheel has been attained,
the platform is slowly raised to allow incursion of the blades into the abrad-
able material. This rate of incursion can be varied from 2,54 to 254 um/sec
(0.1 to 10 mils/second) and approximuter “a3t of the rotor/stator incursion
rates experienced in a typical engi: . t Task I1II, incursion rates of 2.54,
25.4, and 254 um/sec (0.1, 1.0, ana ¢ ..a/sec) were used with six blades in
the wheel. The duracion of the ~e¢sc 1s» vsually controiled to give a 381 to
508 uwm (15 to 20 mil) total i1 m oi blades into the seal material [e.g.,
15 to 20 seconds at 25.4 um/sec ) mil/sec)].

The second additional rub test used in Task III utilized the Evendale
Compressor Rub Simulator (Figure 28). It is a modified B-29 turbosupercharger
with the compressoc impeller machined smooth, to act as a flywheel, and a re-
machined turbine disk with replaceable blades., The shroud, which is both seg~
mented and replaceable, is hydraulically actuated at variable incursion rates
in either of two selected modes (uniform and single point). The turbine is
driven by a regulated shop-air supply. Air heating is provided by a control-
lable, in-line combustor fueled by propane gas. The entire vehicle is oper-
ated by one man from a remote control panel.

The capabilities of the Compressor Simulator are summarized as follows:

° Rub Velocities - 0 to 356 m/sec (1500 ft/sec)
. Test Temperature - 60 to 922 K (80 to 1200° F)
] Blade -
- Stagger Angle - 45°
~ Thickness - 0.889 rm (0.035 in.)
- Solidity - 1.2
- Tip Radius - 16 cm (6.3 in.)
- Chord - 2.5 cm (1.0 in.)
- Uniform Rub (360°) - 0.508 mm (0.020 in.) Depth
° Single Point Rub - 0.76 mm (0.030 in.) Depth
. Variable Incursion Rates
- Uniform - 0.508 to 1.524 mm/sec (20 to 60 mil/sec)
° - Single Point - 0.54 ym/sec to 2.54 mm/sec (0.1 to 100 mil/sec)
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npressor-Rub Simulator.
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Evendale

rure 28.
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The rub test was selected for final evaluation of the vecommended coating
composition because it can closely match compressor temperatures, blade tip
speeds, number of blades, incursion rates, and geometry over a wide range of
conditions typical of General Electric engines.

A cold particle-erosion test was also employed in Task III. Fifty-
micrometer Al;03 particles were jetted through a standard nozzle at 276
kPa (40 psi) air pressure with a 20° impingement angle onio a 2.54 x 5.08
em (1 x 2 in.) specimen set 10.16 cm (4 in.) from the nozszle. Like most
particle-evosion tests, it provided a bench mark of material density, cohe-
sive strength, and hardness by measuring pit depth in a standard length of
time from which an erosivity number [seconds to erode 25.4 ym (1 mil)] can be
calculated. Usually the more resistant materials, being dense, are less

permeable to gas penetration and more resistant to gas erosion.

Coating cohesive strengths of Task III materials were evaluated in a stan-
dard tensile bond test by including a set of 2.54-cm (1l-in.), round buttons of
the appropriate substrate material in each spray run. Some of the coated ten-
sile bond buttons were preexposed at 755 or 867 K (900 or 1100° 7) for 50 hours
prior to testing. The as-sprayed and preexposed buttons were bonded to 2.54-cm
(1-in.) mandrels with FM123-5 adhesive, A hydraulically loaded Baldwin Tensile
Machine was used to pull the ccatings in uniaxial tension at a constant loading
rate of 5.3 to 6,2 kN (1200 to 1400 1bf) per minute. The average value of three
tests has been reported for each coating.

The ability of the coatings to wirhstand oxidation and thermal cycling
was also considered in Task III. A standard, thermal-cycie test, used at GE,
that has been of use in screening abradable coatings, involves depositing the
coating material on the appropriate substrate material and giving it up to 50
thermal cycles, The substrate material chosen for the current work was M152
steel (new CF6 compressor-casing material). The thermal cycle consis.ed of
placing the room-temperature sample into a 755 K (900° F) furnace, holding it
a sufficient time r¢ achieve thermal c¢gquilibrium (about one hour), removing
it from the furnace, and force-cooling it by a large fan for the first 30
minutes after removal from the furnace. The samples were inspected under a
30X stereomicroscope every five cycles for evidence of thermal cracking,
spallation, and blistering. Samples which exhibited one of these conditicns
or which successfully completed 50 thermal cycles were sectioned, metallo-
graphically prepared, and inspect=d at higher magnifications.

4.4.2 1Initial Materials Selection and Preparation

The AlBr + 20X Ekonol and AlBr + 20X Ekonel/Feltmetal 515B were initially
selected for further evaluation. The first approach to restoring the good
abradability characteristics of Fask I, Phase III was to purchase a special
cut of aluminum bronze power (Lot 3223) that closely matched the seive analy-
sis of thc fu-9Al used in Task I, Phase I1I. The mesh size distributions of
these pow lots are given in Table XV. (Also included in Table XV is Lot
3322A whic.. was used in subsequent portions of Task IIV.)
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Table XV. Particle Size Distribuiions for Task I, Phase III and
Task III Powders.

Cu-9A1 AMI 332
Sieve Fraction Lot 189 lot 3223 Lot 3322A
+170 7.7 5.7% 7.3%
-170/+200 15.6% 8.8% 8.5%
=200/+270 32.0% 13.5% 19.2%
-270/+4325 23.72 51.9% 42,22
=325 19.4% 18.92 22.8%

The specimens were fabricated by an outside vendor in the same manrer as Task
11 specimens. The spray parameters used were:

Gun - Metco 3MB

Console - Avco

Powder Feeder - Plasmadyne

Nozzle - GH

kW - 21 (460 amp. 45 V)

Powder port - No. 1

Spray Distance - 7.62 cm (3 in.)

Spray Angle - 90°

Spray Rate - 2.5 kg/hr (5.5 lbm/hr)

Primary Gas - Ar at 2/83 m3/hr (100 ft3/hr)
Secondary Gas - Hy at 0.14 m3/hr (5 ft3/hr)

These parameters varied slightly from those used in Task I, Phase III and Task
II in that a higher voltage and lower curvent were used to obtain the 21 kW
power setting.

The specimens fabricated included Evendale room-temperature rub-test
panels; !.ynn elevated-temperature rub-test panels, particulate-erosion speci-
mens, machinability samples, and thermal-shock samples.

4,4.3 Test Results

The Evendale (room temperature) rub-test results are summarized in Table
XVI. Rubs were made on as-spraye’ and coatings preexposed at 755 or 867 K
(900 or 1100° F)/150 hours. The only tests showing blade wear were the 2.54
and 25.4 um/sec (0.00Ci and 0.001 in./sec) incursion rates with Ti-6Al-4V
blades, on panels with no Feltmetal. The first-iteration paneis rubbed by
Ti-6A1-4V are shown in Figure 29. The most noticeable feature on these rub
panels was material pullout in layers. This was particularly severe on those
panels with the Feltmetal 515B underlayer. The panels rubbed by Incone: 718
were similar in appearance.
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a. Rub Paths; Six Blades, 229 Surface m/sec (750 ft/sec)

AlBr + 20% Fkonol AlBr + 20% Ekonol/Feltmetal
50-Hour
Prcexposure: As Sprayed 755 K (90U° F) As Sprayed 755 K (900° F)
Rub No.: 309 31 312 315
Rate, um/sec: 2.54 2.54 2.54 25.4
(in./sec) (0.0001) (0.0001) (0.0001) (0.001)
Blade Wear, mm: 0,1043 0 0 0]

(in.) (0.0045)
¢ R

.
s,

e
Rub No.: 310 314 311 316
Rate, um/sec: 25.4 25.4 25.4 25.4
(in./sec) (0.001) (0.001) (0.001) (0.001)
Blade Wear, mm: 0.6G508 0 0 0

(in.) (0.002)

These rubs were not evaluated.

PET N

Rub No.: 344 343 340 339
Rate, um/sec: 254 254 254 254
(in./sec) (0.01) (0.01) (0.01) (0.01)
Blade Wear, mm: O 0 0 0

b. Enlargement of Rub 340 Showing Layering
from Material Pullout 6X

Figure 29. Room-Temperature Rub-Test Panels, AlBr + 207 Ekonol, from Ti-6Al1-4V
Blade Rubs With and Without Feltmetal 515B Underlaver.



The layeriig effect seen on the rub paths is related direccly to the
coating microstructure. The aluminum bronze and Ekcnol were deposited in
layers wita the Ekonol showing up primarily as coarse particles or clumps of
particles (note layered structure in Figure 30). Subsequent examination of
the spray-process records showed that periodic pulsing occurred in the powder
flow as 2 result of powder-clogging problems. The layering :n the coating
microstructure probably originated from the pulsing.

The Lynn (elevated temperature) rub-test results are summarized in Table
XVII. No blade wear oczurred for either Ti-6A1-4V or Inconel 718 blades under
the test conditions investigated., These rub panels (Figure 31) also exhibited
the layered material-pullout effect seen in the room-temperature rub tests.
Rub-force measurements were included in the Lynn tests, Measurable shear
forces of 1.8 to 3.1 N (0.4 to 0.7 1bf) were observed for all the 254 ym/sec
(0.01 in./sec) incursions into rub panels, with and r.ithout Feltmetal 515B
underiayer, but no measurable shear forces occurred during rubs at the 25.4
and 2.54 ym/sec (0.001 and 0.0001 in./sec) incursion rate. It must be as-
sumed that the shear forces are related to thke higher volume of material re-
moved during a single blade encounter (i.e., greater bite per blade) since «»
evidence for differences in coating compaction or frictional heating was
observed between the high incursion rate and the two lower incursicn rates.

Particulate-erosion resistance was also considered since abradable coat-
ings must have the ability to maintain an aerodynamically smooth finish over
a long period of time under dust-ingestion conditions encountered in field
service. The erosivity tests were conducted on 2.54 x 5.08 cm (1 x 2 in.)
flat panels in the manner described earlier (Section 4.1). The results on
as-sprayed and preexposed coatings are summarized in Table XVIII. The as-
sprayed Albr + 20% Ekonol showed an erosivity number of 12.9 [seconds to
remove 25.4 uym (0.001 in.) of coatingl; this is similar to that of Task I,
Phase IIl material. Howevir, the as-sprayed AlBr + 20% Ekonoi/Feltmetal had
a low erosivity number (=7). The preexposed coatings with and without Feit-
metal produced erosivity numbers ranging from 5.9 to 7.9 and were completely
penctrated (see Figure 32).

Thermal-shock samples showed nc evidence of cracking, spallation, or
blistering on the Al3r + 20% Ekonol or AlBr + 20X Ekonc'/Feltmetal coatings.
Figure 30 shows macro- and microphotographs of * :'rmal-shock samples. The
layered coating structure discussed earlier was particularly evident in the
macrophotograph; the microphotograph was typical of the bond-line integrity
seen after 50 thermal cycles. Note in the microphotograph that there is
little cvidence of oxidation even though the Ekonol has burned out completely.

The ability to produce an aerodynamically smooth finish on fabricated
matarial has beer an important consideration in selecting seal materials at
General Electric., Therefore, machinability was investigated by single-pcint
turning and precisior-grinding processes. Figure 33 shows the tooling set-
up, and Table XIX gives the machinability test plan that was investigated.
The best results ob.ained by each method are shown in Figue 34. Grinding
produced the best finish on the as-sprayed coatings: 1.37 and i.45 um (54
and 57 microinch) AA. The best finish obtained by turning was 4.95 um (195
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a, Ti-6A1-4V Blades (48), 152 Surfac~ m/sec (500 ft/sec) Tip Speed,
755 K (900° F); Preexpcsure was 50 Hours at 755 K (900° F)

Without Feltmetal With Feltmetal
Rub Rate,
um/sec
(in./sec) As Sprayed Preexposed As Sprayed  Preexposed
254
(0.01)
25.4 —
(0.001) z ] E
2.54
(0.0601)

b. TInco 718 Blades (48), 152 Surface m/sec (500 rt/sec) Tip Speed,
867 K (1100° F); Preexposure was 50 Hours at 867 K (1100° F)

Without Feltmetal With Feltmetal
Rub Rate,
um/sec
(in./sec) As Sprayed Preexpesed
25.4
(0.001) o

Figure 30. Elevated-Temperature Fub-Test Panels, AlBr + 207 Ekoncl,
With and Without Feltmetal Underliner.
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No Feltmetal

With Feltmetal Underliner

Figure 31. Ercsion Samples of AlBr + 20% Ekonol.

Table XVIII. Erosion Test Results.

. All tests conducted a* room temperature using 600 g
of “0-ym Al203 powder with a 20° impingement angle.

Temperature of [
50=Hour Coating
Preexposure, !
Coating K (" F) | Erosivity®

! |
AlBr + 20 Ekonol i - - | 12.9
AlBr + 20% Ekonot | - - | 129
AlBr + 20% Ekonol 755 (900) ! 1
MBr ¢ 20. Ekono! 755 (900) 6.7
AlBr + 201 Ekonol 867 (1100) " 7.2
AlBr + 202 Fkonol 867 (1100) ' 7.7

|
AIlBr + 20% Ekonol/Feltmetal - - | :
{Br + 207 Ekonol/Feltmetal | - = | 7l
AlBr + 205 Tkonol/rFeltmetal | 755 (900) | 5.9
AlBr + 207 Fkonol/Feltmetal | 755 (900) [ 5.9
AlBr + 20% fvonol/I>ltmetal | 867 (1100) 7.0
AlBr ¢ 201 Fkonol/Fe tmetal | 867 (1100) h.9

* c
Seconds to ervade 25.4 ym (1 nd



a. Macrophotographs: Note Layered Structures 2X

AlBr + 20% Ekonol,
M152 Substrate

AlBr + 207 Ekonol,
Feltmetal 515B,
M152 Substrate

b. Microphotograph: AlBr + 20% Ekonol Showing Bondline 50X

AlBr + 20% Ekonol

a
}M~50 Bondcoat

M152 Substrate

Figure 32. Thermai-Sheck Specimens.
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Grinding
Wheel

e TN

LA

Travel

Carbide Tooul

5x5cm (2 x2 in.) Block
Specimen-)ﬁ == 90° Fixture
]

61 cm (24 in.) Ref. Dia.] | l

(

Table i

Figure 33.

N

Single-Point Turn and Precision Grind.,
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a. AlBr + 20% Ekonol, b. AlBr + 20% Ekonol/Feltmetal,
Turned, 4.95 um Turned, 4.95 pym (195 pin) AA
(195 pin) AA

c. IBr + 20% Ekonol,

Ground, 1.45 pm d. AlBr + 20% Ekonol/Fel:imetal,
(57 pin) AA Groend, 1.37 um (57 puin) AA

Figure 34. Best Finishes by Turning and Grinding. AlBr + 20% Ekonol.
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Table XIX. Machinability-Test Plan.

Single-Point turni!) Precision Grind(2)
Test No.| Material Hork Speed, "Yeed, Work Speed, Teod,
Surface m/sec (ft/min) | mm/Rev (in./Rev) ] Surface m/sec (ft/min) | mm/Rev (in./Rev)
1. AlSr Bkomol 1.02 (200) 0.127 (0.00%) 0.2% (50) 0.762 (0.030)
2. AlBr Ekonol 2.54 (500) 0.127  {0.005) 0.2% (50) 2,50 (0.100)
3. AlBr Ekonol 1.02 {200) 0.25%  (0.010) 0.51 (100) 0,762 (0.030)
b, AlBr Ekanol 2.5 (500) 0.25% (0.010) 0.5 (100) 2.540 (0.100)
S. AlBr Ekonol Opc ional _— Opt ional ——
6. AlBr Ekonol/
Teltmetal 1.02 (200) 0.127  (0.005) 0.2% (50) 0.762 (0.030)
1. AlBr Ekonol/
Feltmetal Opt icnal —— Opt ional -—-

microinch) AA.

lows:

The conclusions drawn

Deptn of cut:
toolholder:

Whecl dpeed:

0.:27 mm (0.005 in.), coolant:
Style A; TPG433 Grade 883 carbide insert.

dry, work diameter:

0.6l m (24 {u.),

13.7 surface mfsec (2700 fr/min) with a 152 mm (6 in.) diameter,

25.4 own (1 in.) wide, Grade A46K10V grinding wheel; 0.000 to 0.102 sm (0.004 in.)
in-feed traverse, dry coolant; grinding wheel trued by diamond dressing and edges
hand-radiused thereafter.

The recommended machining conditions for consistently obtain-
ing smooth surface finishes less than 1.60 ym (63 microinch) AA are as fol-

Equipment : Precision Grinder

Work Speed : 254 Surface mm/sec (50 tt/min)

Wheel Speed : 13.7 Surface m/sec (2700 ft/min)

Wheel Grade : A46 J8V (or equivalent)

In-feed : 0.000 to 0.102 mm (0.004 in.) Traverse
Traverse : 0.406 mm (0.016 in.) per Revolution
Coolant : Dry

Truing : Diamona-dress and hand-radius edges

from the first-iteration testing of AlBr + 20%

Ekonol with and without the Feltmetal 515B underlayer were:

1. The sprayed-coating microstructure needs to be improved.
Ekonol particles and layering of the aluminum bronze and

The large
Ekonol re-

sulted in an unacceptably rough rub surface.
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2. The aluminum bronze powder mesh analysis was still different from
the targeted mesh analysis, but it resulted in coatings with good
abradability at room temperature and 755 K (900° F) for Ti-6Al-4V
blades and room temperature and 867 K (1100° F) for Inconel 718
blades.

3. The erosion resistance of the AlBr + 20X Ekonol coating was marginal
at best, and after exposure it deteriorated to unacceptable levels
due to the Ekonol burning out. The erosion resistance of the AlBr +
20X Ekonol/Feltmetal 515B was unacceptable in the as-sprayed and
preexposed conditions. The iow thermal conductivity of the Felt-
metal underlayer apparently insulated the AlBr/Ekonol from the sub-
strate enough to allow a temperature rise sufficient to soften the
Ekonol, This eliminated the beneficial structural support the
Ekoncl provided to the otherwise porous aluminum bronze structure.

4, The coatings had good thermal-cycle capability and oxidation resis-
tance.

5. Smooth-surface-finish capability was very good when the coating was
ground in the as-sprayed condition.

4.4.4 Second-Iteration Coating

The second-iteration coating ended up as an AlBr + 152 Ekonol (by weight)
composition as a result of an effort to improve the coating microstructure.
It was recognized that careful control of coating microstructure would be
essential for the success of a purous aluminum bronze abradable-seal material.
In first-iteration testing, the layering of AlBr and Ekonol adversely affected
rub-surface finishes and may have played a role in the marginal erosion resis-
tance. The goal of obtaining a homogeneous microstructure in the aluminum
bronze/Ekonol spray coating was approached by: (1) reducing the powder size
for the Ekonol and (2) spraying the coatings in the new Material and Process
Technology Laboratories (MPTL) thermal-spray facility at Evendale where closer
process control was maintained.

Preliminary efforts defined handling problems with Ekonol powder and the
blended aluminum bronze/Ekonol powders. These were caused by static-charge
buildup and excessive moisture retention in the Ekonol. The corrective mea-
sures applied included:

1. The Ekonol (polyester plastic) was treated with a home-laundry
antistatic solution such as thuse used on polyester clothing.

2. The treated Fkonol powder was thoroughly dried at temperatures in
excess of 339 K (150° F) for a minimum of several hours.

3. The Ekonol was screened to obtain -200 mesh powder.
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4. The blending time and subsequent handling of the blended, dry
powders were minimiged.

A quick hand-spray evaluatiou was made using the Jask Iy, Phase III spray
parameters (Section 4.2.3.1). The resulting AlBr + 20X Ekonol coating micro-
structure (Figure 35) exhibited good homogeneity of the Ekonol component. How—
ever, checks c. the coating density (2.50 Mg/m3), coating cohesive strength
[3.1 MPa (462 psi)], and erosivity number (8.5) indicated that a reduced Ekonol
content was necessary. On that basis, a second blend of AlBr + 15 Ekonol was
prepared and sprayed following the newly developed procedures. Specimens pre-
pared included Evendale and Lynn panels, density/erosion panels, tensile-bond
buttons, and thermal-shock samples. Typical microstructures of the as-sprayed
and preexposed [755 K (900° F)/50 hours] second-iteration coatings are shown in
Figure 36. The density of fhe as-sprayed coating was 3.06 Mg/m3, and the de-
sired homogeneous Ekonol distribution was achieved. The microstructure of the
867 K (1100° F) preexposed coating was similar to that of the 755 K (900° F)
preexposed coating; both showed complete burnout of the Ekonol. (The resultant
porosity has been epoxy-filled during the mounting for metallographic prepara-
tion.)

The results of erosivity and coating-cohesive-strength iests, summarized
in Table XX, indicated the as sprayed coating had an erosivity of 10 to 11
seconds per 25.4 ym (0.001 in.) of material removed and a strength of 4.0 MPa
(595 psi). The lower erosivity number for the 15 Ekonol coating relative to
the first-iteration (20% Ekonol) coating can be attributed to not having to
penetrate dense aluminum bronze layers periodically. The preexposed second-
iteration coating erosion samples showed the same erosivity numbers as those
from first-iteration tests (6.5 to 7.5), but the numbers by themselves were
misleading. The AlBr + 15% Ekonol erosion samples (Figure 37) clearly had a
much smaller volume of material removed than the AlBr + 10X Ekonol (Figure 32)
even though the penetration rate was nearly the same. The AlBr coating
strength decreased as a result of burning out the Ekonol during the preexpo-
sures. More will be said about the effects of preexposure on erosion resis-
tance and coating strength in Section 4.5.

Thermal-shock samples were run as described prueviously, No evidence of
cracking, spallation, or blistering were seen after 50 thermal-exposure cycles.
Metallography confirmed the excellent bond-line integrity at the AlBr/M450
bond coat and the M450/M152 substrate interfaces (Figure 38).

A set of as-sprayed snd preexposed AlBr + 15 Ekonol samples were ma-
chined by the grinding parameters established for the first-iteratiom coat-
ing. The as-sprayed coating consistently gave excellent surface finishes of
0.635 to 1.270 wm (25 to 50 microinch) AA. The preexposed [755 K (900° F)/
50 hours] samples exhibited rough areas [9.78 um (385 uin.) AA] covering up
to 50Z of the ground surface on some samples. The remainder of the surface
was a smeared aluminum bronze layer with a (0.885 to 1.016 um (35 to 40 win.)
AA) finish, Figure 39 shows typical machined surfaces on as-sprayed and pre-
exposed coatings.
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Figure 35. Preliminary, Hand-Sprayed, Second-Iteration
Al1Br + 20% Ekonol Showing a More Homogeneous
Microstructure.

50X

Table XX. Ercsion and Coating-Cohesive-Strength
Test Results for AlBr + 157 Ekonol Coating.

. All erosion tosts were conducted at room temperature
using 600 g ot 50-um Alp0; powder with a 20°
impingement angle.

° Cohesive-strength data are average

one spraying.

of three samples from

Temperature o«
5N0-Hour Coat ing Cobesive
Preexposure, Strength,
K (*F) Erosivity* MPa (psi)
- 10.20 4 10 (595)
-—— 10.93
755 (900) 7.30 1,45 (500)
755 (900) 7.40
755 (900) 6.60
867 (1100) 6.65 3.16 (458)
867 (1100) 7.05
867 (1100) 6.93
*Seconds to erode 25.4 ym (1 mil).
l”{[(',- v
il 1,}\‘\_[‘ P ~
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a. As-Sprayed; Well-Distributed Ekonol Phase

b. Preexposed at 755 K (900° F)/50 Hours;
Complete Ekonol Burnout

Figure 36. AlBr + 15% Ekonol Coatings. 50X



b. Preexposed at 755 K c. Preexposed at 867 K
a. As Sprayed (900° F)/50 Hours (1100° F)/50 Hours

Figure 37. AlBr + 157 Ekonol Ernsion Samples.

Figure 38. AlBr Thermal-Cycle-Panel Bond Lines. 250X



a.

b. Preexposed at 755 K
(900° F)/50 Hous,
1.89 to 0.92 um
(35 to 40 pin) AA in
Smeared Areas and

Typically 9.78 um
As Sprayed, 0.635 to 1.27 um (385 pin) AA in

(25 to 50 pin) AA Rough Areas

Figure 39. AlBr + 157 Ekonol Machinability Samples.

77



The Evendale room-temperature and Lynn elevated-temperature rub results
are given in Tables XXI and XXII, Titanium blade wear against the as-sprayed
AlBr + 152 Ekonol was higher than for the AlBr + 202 Ekonol in room-tempera-
ture ruba. This titanium blade wear decreased as the incursion rate increased
and was eliminated for all except the 2.54 ym (0.0C0l in./sec) incursion rate
in the preexposed coatings where the Ekonol was burned out. Ko blade wear
occurred for any of the Inconel 718 blade room-temperature rubs.

In the Lynn elevated-temperature tests, some difficulties in temperature
control resulted in two of the 755 K (900° F) Ti-6Al1-4V blade tests being con-
ducted at 810 K (1000° F). The as-sprayed AlBr 15X Ekonol coating showed zero
blade wear at the 2.54 ym/sec (0.0001 in./sec) incursion rate and 50.8 m
(0.002 in.) of blade wear at the 25.4 um/sec (0.001 in./sec) incursion rate;
prior to the latter test, a l5-minute exposure to a large overtemperature was
experienced and may account for this unexpected result.

The preexponsed sample tested at the 2.54 ym/sec (0.0001 in./sec) incur-
sion rate showed 127 ym (0.005 in.) of blade wear. Inspection of the rub
sample indicated the incursion depth was sufficient to penetrate the AlBr/
Ekonol, rub the M450 bond coat, and wear the blades.

The as-sprayed coating was also tested at 867 K (1100° F) with Incone!
718 blades. The incursion rate was 25.4 ym/sec (0.001 in./sec), and it cave
50.8 um (0.002 in.) of blade wear. Metaliographic studies werc conducted on
the AlBr + 15% Ekonol rub naths. Tue appearance of the second-iteration,
room-temperature rub surfaces (Figure 40) was improved over the AlBr + 20%
Ekonol; material pullout due to the layered microstructure was eliminated.
Areas urnder the rub paths show compaction of the coating in room-temperature
rub tests. Coating microstructures from rub areas of the 254 um/sec (0.0l
in./sec) incursion-rate tests at room temperature are shown for Ti-6A]-4V
blades in Figure 41 and Inconel 718 blades in Figure 42, Little or ny coat-
ing densification and scabbing were seen at the rub surfaca even when sig-
nificart blade wear occurred. Tris was apparent from the secticns through
the rub path for t e 2.54 ym/sec (0.0C0l in./sec) iuncursion-race, as-sprayed-
coating, room-temperature, rub test with Ti-6Al-4V blades (Figare 43).

This was not always the case with the clevatud-temperature rubs (Lynn
rub tests). For the 2.54 ym/sec (0.0001 in./sec) incursion rate with Ti-6Al-
4V bladzs on the as-sprayed coating, little or nc compaction was observed at
the rub surface (Figure 44). The titanium »iades showed a very thin AlBr
transfer layer across most of the blade tip and an extremely small plastic-
deformation zone on the leading edge only (Figure 45). In contrast, Figure 46
shows the longitudinal and transverse sections taken through the rub path of
the 25.4 um/sec (0.001 in./sec) incursion-rate, rlevated-temperature rub test
on the as-sprayed coating with Ti-6A1-4V blades. Scabbed aveas over compacted
roating regions are evident in these microphotographs. The titanium blades
from this test showed buildup on the leading edges 2ad a small amount of
martensite formation on the trailing edges (Figure 47).

78



Table XXI. AlBr + 151 Ekonol Room~Temperature Rub Test.

. Antistatic-Treated, -200 Mesh Ekonol Powder

' Six Blades at 228 Surface m/sec (750 ft/sec) Tip Speed

Temperature

of 50-Hour

Coating

Preexpoture, Incursion Rate, | Coating Wcar, Blade Wear,

Blade X (*F) um/sec (in./sec) ym {in,) ym (in.)

Ti-6A1-4V —-— 2.5 (0.0001) | 0.229 (0.009) 0.216 (0.0085)
Ti-6Al-4V -—- 25.4 (0.001) 0.406 (0.016) 0.089 (0.0035)
Ti-6Al-4V ——— 254 (0.01) 0.533 (0.021) 0.¢13 (0.0005)
Ti~-6A1-4V 755 (900) 2.54 (0.0001) 0.533 (0.021) 0.013 (0.0005)
Ti-6Al1-4V 755 (900) 25.4 (0.901) 0.533 (0.021) 0.000
Ti-6Al-4V 755 (900) 25.4 (0.001) 0.762 (0.030)* 0.000
Inco 718 - 2.54 (G.0001) 0.533 (0.021) 0.000
Inco 718 —— 25.4 (0.001) 9.533 (0.021) 0.000
Inco 718 -—— 254 (0.01) 0.686 (0.027) 0 200
Inco 718 755 (900) 2.54 (0.0001) 0.559 (0.022) 0.000
Inco 718 755 (900) 25.4 (0.001) 0.553 (0.021) 0.000
Inco 718 867 (1100) 2.54 (0.0001) 0.58 (0.023) 0.000

*AlBr pickup on blade tips; 0.711 mm (0.028 in.) incursion.

Table XXII. AlBr + 152 Ekonol Elevated-Temperature Rub Test.
. Antistatic-Treated, -200 Mesh, Ekorsl Powder
° Forty-Eight Blades at 152 Surface m/sec(500 ft,/sec)
Tip Speed
Temperature
of 50-Hour
Loating Test(l)

Bladr Precxposure Incursion Rate, Temperature Costing Wear, Blade Wear,
Materisl XK (" F) ua/sec (in./sec) K _(*F) va (in,) ym (in.)
Ti-6A1-4V —— .54 10.0001) 755 (900) 1.067 (0.042} 0.009
Ti-6A1-4V - 25.4 (0.001) 811 (1000)(2) 1.016 (0.040) | 0.05! (0.902)
Ti-6ALl-4V 755 (900) 2.54 (7,0001) 81l (1000) 0.813 (0.032) | 0.127 (0 ny5)(3)
Inco 718 -— 25.4 (0.001) 867 (1100) 0.584 (0.023) | 0.051 (0.002)
l. Tempersture-control prcblemu encountered.

2. Sfample underwent a 15-winute, high-overtemperature exposure,
3. B:ades were through the coating, into the bond coar; t & (=ised blade wear.
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a. Uniform Rub Paths; Six Blades, 229 Surface m/sec (750 ft/sec)

Ti-6A1-4V Blades Inco 718 Blades

50-Hour
Preexposure:

Rub No.:

Rate, um/sec:
(in./sec)

Blade Wear, mm:

(in.) 4
Rub No.: 2

Rate, um/sec:
(in./sec)

Blade Wear, mm:
(in.)

Rub No.:

Rate, um/sec:
(in./sec)

Blade Wear, mm:

(in.) ;

Rub No.:

Rate, um/sec:
(in./sec)
Blade Wear, mm

As 755 K As 755 K 867 K
Sprayed (900° F) Sprayed (900° F) (110v° F)
491 493 514 515 520
2.54 2.54 2.54 2.54 2.54
(0.0001) (0.0001) (0.0001) (0.0001) (0.0001;
0.2159 0.0127 0 0 0
(0.0085) (0.0005)

! YauEe

5 A i !

E o (o=t

492 494 Test 516

25.4 254 Not 25.4

(0.001) (0.01) Valid (0.001)

0.0889 0.00 0

(0.0035)

496 495 517 518

254 2.54 2.54 254

(0.01) (0.001) (0.001) (0.01)
0.0127 0.00 0 0

(0.0005)

519
254
(0.01)
0

b. Enlargement of Typical Rub Shows Absence

of Layered Jurface (See Figure 29) 6X

Figure 40.
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AlBr + 157 Ekonol Room-Temperature-Rub Panels.

v



a.

Bs

As Sprayed

Preexposed

at

755 K (900° F)/50 Hours

Figure 41,

Rub Paths for AlBr + 15% Ekonol
Blades at Room Temperature, 254
(0.01 in. /sec) Incursion Rate.

Rub Surfuce

‘ Rub furface

with Ti-6Al1-4V

am/ssoec

100X
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a. As Spraved

“nub Surface

b. Proexposed at 755 K (900° F)/50 Hours

Surface

Figure 42. Rub Paths for Al1Br + 15% Ekonol with Inco 718
Blades at Room Temperature, 254 um/sec
(0.01 in./sec) Incursion Rate. 100X



Figure 42

li-6A1-4V Blades, Area Under Rub Path for
Room-Temperature Rub on As-Sprayed AlBr +
15% Ekonol at the 2.54 um/sec (0.0001

in./sec) Incursion Rate. 100X
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4.

Edge of Rub Path

Center of Rub Path

Elevated-Temperature Rub with Ti-6A1-4V Blades at the 2.54 pm/sec

(0.0001 in./sec) Incursion Rate. 50X
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a. Thin AlBr Layer at Tip 250X
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Figure 45, i-6A1-4V Blade trom 2.54 pum/sec (0.0001 in./sec)/
/ (900° ) Rub on AlBr + 15% Ekonol.



a. Transverse Section Under Rub

b. Longitudinal Section Under Rub

}Scabbing

1

Figure 46. Elevated-Temperature Rubs on AlBr + 15°

)

Fkonol with Ti-6A1-4V Blades at 25.4

ec (U.001 in./sec) Incursion Rate. 50X
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a Blade Tip with Leading-Edge Buildup 100A

Leading
Edge

Trailing
Edge

b. Martensitic Formation at Trailing Edge 00X

v

/

Figure 47. Ti-6A1-4V Blade from 25.4 pm/sec (0.001 in./sec)
Rub on AIBr + 152 Ekonol at 755 K (9007 ¥).



The conclusions drawn from second-iteration testing of the AlBrv + 15X
‘konol were:

l. The sprayed-coating microstructure was improved by the Ekonol
antistatic treatment and reducing the Ekonol mesh size.

2. The coating showed good abradability with Inconel 718 blades at room
temperature and 867 K (1100° F) but required burnout of the Ekonol
to achieve acceptable abracability at room temperature with [i-6Al-4V
blades. The abradability was good at 755 K (900° F) with Ti-6ai-4V
blades. All rub surfaces were improved over the first-iteration
coating.

3. The erosion resistance of the as-sprayed coating was still marginal
and deteriorated to unacceptable levels after Ekonol burnout by pre-
exposure.

4, The coatings had good thermal-cycle capability and oxidation resis-
tance.

Ve The as-sprayed coating gave excellent surface finishes by the grind-
ing methods established in first-iteration testing. The preexposed
coating did not grind smoothly over the whole surface. This might
be improved with different grinding practices or by increasing the
metal content in the coatings.

4.4.5 Third-Iteration Coating

An AlBr + 10% Ekonol coating compositiecn .as selected for full-scale,
third-iteration testing after a prelimirary evaluation of 5% and 10% Ekonol
compositions. The thrust of third-iteration testing was to determine the
Ekonol content required in an AlBr + Ekonol coating to achi:ve a desirable
balance of properties between abradability and erosivity. The erosivity at
the abradabilitv limits for Ti-6Al1-4V blades had been establisned as unaccept-
able with as-sprayed coatings. It remained to be seen if this were true for
Ti-6Al-4V blades rubbing preexposed, lower Ekonel-containing, aluminum bronze
coatings and for Inconel 718 blades rubbing both as-sprayed and preexposed
coatings since these blade/coating pairs remained abradable ac the 15% Ekonol
spray-blend composition.

The preliminary evaluation consisted of room-temperature rubs selected
on the basis of trends established in the first- and second-iteration coat-
ings, determination of erosion resistance and coating cohesive strength, and
microstructural examinations of the sprayed AlBr + 5% Ekonol and AlBr + 10%
Ekonol. The coating densities obtained for these preliminary spray runs were
5.09 and 4.48 Mg/m3, respectively, for the 5% and 10% Ekonol coatings. The
as-sprayed microstructures (Figure 48) were homogeneous. Metallography on
preexposed samples showed complete Ekonol burnout and interconnected porosity.
Results on the selected room-temperature rub tests showed excessive blade
wear in all AlBr + 5% Ekonol rubs. The 755 K (900° F) preexposed AlBr + 10%
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a. AlBr + 10% Ekonol

b. AlBr + 5% Ekonol

Figure 48. Preliminary, Third-Iteration, Spray-
Coating Microstructures.
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Ekonol sliowed zerc blade wear for the 2.54 um/sec (0.0001 in./sec) incursion
rate with Inconel 718 blades. Significant blade wear occurred at the cthar
conditions tested.

The erosion resistance was excellent; Lynn erosivity numbers were grea.er
than 20 in all tests. The 755 K (900° F) preexposed AlBr + 102 Ekonol coating
gave the lowest result (20.8 average), and the 755 K (900° F) preexposed AlBr +
5% Ekonol gave the highest result (=30.5 average). The coating cohesive
strengths were 7.58 MPa (1100 psi) for the as-sprayed and preexposed AlBr + 10%
Ekonol. The AlBr + 5% Ekonol had significantly higher cohesive strengths that
were judged to be excessive even for use with Inconel 718 blades based oun past
experience at General Electric. The erosivity and cohesive-strength data for
these preliminary spray runs are summarized in Table XIIII.

The AlBr + 10X Ekcnol coating was selected for full evaluction for the
following reasons:

Ls It exhibited some abradability in room-temperature rubs and was
expected to be better in elevated-temperature rubs on the basis
of first- and second-iteration tests which wore blades.

2. The erosion resistance was good.

3. The cohesive strength did not change drastically as a result of
the Ekonol burnout.

The AlBr + 10Z Ekonol samples were sprayed using the standard spray param-
eters and procedures established earlier. Samples sprayed included Evendale
room-temperature rub panels, Lynn elevated-temperature rub panels, MI52 thermal -
shock panels, tensile-bond buttons, and machinability samples. The as-sprayed
AlBr + 107 Ekonol coating exhibited a homogeneous microstructure (Figure 49).

Results of the Evendale room-temperature rub tests are summarized in Table
XXIV, and Figure 50 shows the vubbed panels. Significant blade wear occurred
in all tests. The as-sprayed coating rubbed by Ti-6A1-4V blades showed the
most wear at the 254 um/sec (0.0l in./sec) incursion rate and the smallest
amount of wear at the 25.% um/se-: (0.00l in./sec) incursion rate.

The titanium blade wear with the preexposed, 755 K (900° F)/50 hours,

AlBr + 102 Ekonol also showed th» least wear at the 25.4 um/sec (0.001 in./
sec) incursion rate. The preexposed coating gave nearly equal blade wear for
the 25.4 and 254 wvm/sec (0.001 and 0.0l in./sec) incursion rates. Transverse
sections taken from the rub paths of these preexposed coatings are shown in
Figures 51 through 53. Figure 51 shows the 25.4 um/sec (0.001 in./ sec) rub
gave little or no coating densification at the rub surface. Figures 52 and
53 clearly show evidence of nearly equal amounts of coating densification at
the rub surfaces of the 2.54 and 254 um/sec (0.0001 and 0.0l in./sec) rubs.

The interpretation of the results for the 2.54 um/sec (0.0001 in./sec)

incursion rate is that frictional heating over the longer test time (200 sec-
onds) 1s able to significantly lower the flow stress of the AlBr so that
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Table XXIII.

Erosion and Coat ing-Cohesive-Strength

Test Results.

° All erosion tests were conducted at rrom temp-ra-
ture using 600 g of 50-um Al;09 powder with a
20° impingement angle.
° Cohesive-sirength data are average of threc rests
from one spray run.
Temperature
of 50-Hour
Coating Cohesive
Preerxposure Strength,
Coating kK (*F) Erosivity® MPa (psi)
AlBr + 5% Ekonol o= 29.35 10.84 (1573)
AlBr + 54 Enonol —— 29.135
AlBr + 5% Ekonol 755 (906) 29.35 12.38 (1795)
AlBr + 5% Ekono) 755 (900) 31.70
AlLr + 102 Ekonol ——- 22.53 7.67 (1112)
AlBr + 102 Ekonol —- 23.15 |
AlBr + 102 Ekonol 755 (900) 20.53 7.69 (1115)
AlBr + 102 Ekonol 755 (900) 21.05

*Seconds to erode 25.4 ym (1 mil)

Table XVIV.

e Antistactic-Treated, -200 Mesh Ekonol Powder

AlBr + 10% Ekonel Room-Temperature Rub Test.

¢ Six Blades at 228 Surface m/sec (759 ft/sez) Tip Speed

Temperature of
50-Hour Coating

Blade Preexposure, Incursion Rate, Coating Wear, Blade Wear,

Material K (*F) um/sec (ir./sec) mm (in.) m (in.)

Ti-6Al-4V -— 2.5 (0.0001) 0.127 (0.005) 0.279 (0.011)
Ti-6A1-4V —— 25.4 '0.001) J.076 (0.003) 0.216 (0.0085)
Ti-6AL-4V _— 254 (0.01) 0.229 (0.009) 0.4 .016)
Ti-6Al-4V 755 (900) 2.5 (0.0001) 0.205 (0.008) 0.25% ...010)
Ti-6Al=4V 755 (900) 25.4 (0.001) 0.178 (0.007} 0.165 (0.0065)
Ti-6Al-4V 755 (%00) 254 (0.01) 0.152 (0.006) 0.229 (0.009)
Inco 718 — 2.54 (0.0001) 0.203 (0.008) 0.165 (0.0065)
Inco 718 -— 25.4 (u.o0l) 0.356 (0.014) 0.127 (0.005)
Inco 718 — 254 (0.01) 0.27% (0.011) 0.127 (0.005)
Inco 718 755 (900) 2.5 (0.0001) 0.254 (0.010) 0.064 (0.0025)
Inco 718 755 .900) ?5.4 (0.001) 0.178 (0.007) 0.203 (0.008)
Inco 718 867 (1100) 2.54 (0.000') 0.127 (0.005) 0.178 (0.007)

-
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Figure 49.

As-Sprayed AlBr + 107 Ekonol Microstructure

from Third-Iteracior Coating Spray Run.
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a. Room-Temperature Rubs, 229 Surface m/sec (750 ft/sec)

Ti-6A1-4V Blades

Inco 718 Blades

50-Hour As 755K As 755K 867 K
Preexposure: Sprayed (900° F) Sprayed (900° F) (1100° F)
EFub No.: 80-6 80-1 80-11 80-12
Rate, pm/sec: 2.54 254 254 2.54
(in./sec) (0.0001) (0.01) (0.01) (0.0001)
Blade Wear, mm: 0.2794 0.2286 0.1270 0.1778
(0.007)

(in.) Q (0.011)

Rub Ne.: 80-2

Rate, um/sec: 254
(in./sec) (0.01)
Blade Wear, mm: 0.4064

(in.) ‘

Rub No.: 80-3
Rate, um/sec: 25.4
(in./sec) (0.001)
Blade Wear, mm: 0.2159
(in.) (0.0085)

(0.016)

005)

sk OB

(C.009) (0.

¥
o

80-4 80-8
25.4 25.4
(0.001) (0.001)
0.1651 0.1270
(0.0065) (0.005)

80-5 80-7
2.54 2.54
(0.0001) (0.0001)
0.2540 0.1651
(0.010) (0.0065)

Invalid Test .

80-9
25.4
(0.001)
0.2032
(0.008)
s

=

3
b

e

80-10
2.54
(0.0001)
0.0635
(0.0025)

b. Elevated-Temperature Rubs, 152 Surface m/sec (500 ft/sec)

Blade Material:
Test Temperature: 755 K

50-Hour (900° F)
Preexposure: As Sprayed
Rate, um/sec: 2.54
(in./sec) (0.0001)
Coating Wear, mm: 0.6096
(in.) (0.024)
blade Wear, mm: 0.2794
(in.) (0.011)
*Indicates

Pickup

Figure 50.

Ti-6A1-4V

Ti-6A1-4V  Ti-6A1-4V
755 K 755 K
(900° F) (900° F)
As Sprayea 755 K
25.4 2.54
(0.001) (0.0001)
0.6096 0.0508
(0.024) (0.002)
0.3048% 0.6350%
(0.012)* (G.025)*

Inco 718 Inco 718
867 K 867 K
(1100° F) (11920° F)
As Sprayed 867 K
25.4 25.4
(0.001) (0.001)
0.6858 0.6858
(0.027) (0.027)
0.0508%* 0.0508*
(0.002)*

(0.002)*

AlBr + 107 Ekonol Rub Panels.

93



‘ Rub Surface

Figure 5i. Transverse Section Through Preexposed, 755 K (900° F)/50 Hours,
A1Br + 10% Ekonol Rub Path Tested with Ti-6A1-4V Blades, 25.4
ium sec (0.001 in./sec) Incursion Rate, Room Temperature. 50X

‘Rub Surface

Figure 52. Transverse Section Through Preexposed, 755 K (900° F) /50 Hours,
AlBr + 10% Ekonol Rub Path Tested with Ti-6A1-4V Blades, 2.54
m-sec (0.0001 in. /sec) Incursion Rate, Room Temperature. 50X
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Figure 53.

Transverse Section Through Preexposed
AlBr + 10% Ekonol Rub Path Tested with
im/sec (0.01 in./sec) Incursion Rate,

755 K (900° F)
I'i-6A1-4V Blade

Room Temperature.

‘.Rub &

urface

‘50 Hours,

s, 254

50X



densification occurs. Visual s.pport for this interpretation is seen in the
as-sprayed rub panels (Figure 50) .:2re charring of the Ekonol occurs over a
more extensive region for the lowest incursion rate. 1In the case of the 254
um/sec (0.010 in./sec) incursion rate, the depth of bite for each blade en-
counter is an order of magnitude larger than for the 25.4 um/sec (0.001 in./
sec) rate: 1.5 versus 0.15 nm (5.9 versus 0.55 microinches). Thus the rub-
surface densification in this case may be directly related to crushing of the
coating by impacting blades.

The Inconel 718 blades showed less wear in general than the Ti-6Al-4V
blades. The 25.4 um/sec (0.001 in./sec) incursion rate showed the most blade
wear for the as-sprayed coating, but the lowest blade wear for the preexposed
755 K (900° F)/50 hours coatings. Figures 54 and 55 are transverse sections
of the 2.54 and 25.4 wm/sec (0.000] and 0.00l in./sec) incursion-rate rub
panels of the preexposed 755 K (900" F)/50 hr coatings. These coatings are
highly densified at the rub surfaces and appear to have more overall, uniform
compaction than the titanium blade rubs. Once again the extent of densifica-
tion at the rub surface correlates to the amount of blade wear. The greater
rub panel coating densification and lower blade wear with Inconel 718 probably
result from higher flow stress for Inconel 618 blades than for the Ti-6Al-4V
blades.

The Lynn elevated-temperature rub-test data are summarized in Table XXV,
and the rub panels have been included in rigure 50. The Inconel 718 blade
rubs at 867 K (1100° F) (Figure 56) were unworn over most of the blade tips
except for some localized notching in rubs against the preexposed (867 K
(1100° F)/50 hr] rub panels. Typical features of the Inconel 718 blades from
these rubs are shown in Figure 57. An aluminum bronze pickup layer on one of
the unworn blades was evident for the unetched blade (top photo). The same
area did not show a heat-affected zone (middle photo) after etching. Most of
the transfecred aluminum bronze was removed by the acid etch (100 cm3 metha-
nol, 80 cm3 HC1, 40 cm?d acetic acid, 10 em3 HF, and 10 cm? CuCl2). A trans-
verse section (i.e., perpendicular to the rub direction) through one of the
Inconel 718 blade tips rubbed against the preexposed aluminum bronze rub
liner showed localized notching up to 0.2 mm (0.008 in.) deep (bottom photo)
and located near the blade corner. The preexposed rub panel exhibited com-
plementary deep-groove formation at the rub-path edge. No groove formation
like this was scen on the earlier AlIBr/15% Ekonol preexposed coating.

The Ti-6A1-4V blad» rubs at 755 K (900° ¥) (Figure 58) showed varied re-
sults. Both as-sprayea coatings wore 0.635 mm (0.025 in.) but gave 0.279 mm
(0.011 in.) blade wear for the 2.54 bm/sec incurion rate and showed 0.305 mm
(0.012 in.) of localized AlBr pickup for the 25.4 um/sec (0.001 in./sec)
incursion rate. In contrast to this the 755 K (900° F)/S0 hours preexposed
coating tested at 2.5 wa/sec ‘0.0001 in./sec) incursion rate showed 0.635
(0.002 in.,) of scab buildup on the rub panels. Figure 59 shows one of the
Ti-6A1-4V blades wsith the AlBr pickup that caused grooves. One of the In-
conel 718 blades is also shown ‘or comparison purposes. Figure 60 shows fea-
tures seen on the Ti-6Al-4V blades. The top microphotograph showed the exten-
sive martensitic formation that accompanied the high blade wear seen for the
2.5 'wm/sec (0.0001 in./sec) incursions into as-spraved and preexposed coatings.
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Densified
Rub Surface

Figure 54. Transverse Section Through Preexposed, 755 K {900° F)/50 Hours,
Al1Br + 10% Ekonol Rub Path Tested with Inco 718 Blades, 2.54
um/sec (0.0001 in./sec) Incursion Rate, Room Temperature. 50X

Densified
Rub Surface

Uniform
Compaction
Region

Figure 55. Transverse Section Througzh Preexposed, 755 K (900° F) /50 Hours,
Al1Br + 10% Ekonol Rub Path Tested with Inco 718 Blades, 25.4
imvsec (0.001 in./sec) Incursion Rate, Room Temperature, 50X
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a. As Sprayed

b. Preexposed 867 K (1100° F)/50 Hours

Figure 56. AlBr + 10% Ekonol Rub Panels from 867 K
(1100° F) Test with Inco 718 Blades,
25.4 um/sec (0.001 in./sec) Incursion

Rate. 2X



a. Thin, Transfered
AlBr Laver on
Unetched Blade

400X

b. No Noticable
Heat-Aftected
Zone Was Seen
After Etching

400X

¢c. Transverse Section
Showiny Localized
Grooves up to
0.203 (0.008 in.)
Usuallv Occuring
Near the Blade
Corner Where Heat-

] 1
I'ranster Condit ns
Were Ditterent
y(ON
Figure 57. Inco 718 Blades from 867 K (1100° F) Rub Tests.
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a. As-Sprayed, 2.54 um/sec
(0.0001 in./sec) Incursion Rate

b. As-Sprayed, 25.4 um/sec
(0.001 in./sec) Incursion Rate

The 25.4 ym/sec (0.001 in./sec) rub was
fairly smooth with some grooving, but
the 2.54 ym/sec (0.0001 in./sec) rub
was rougher due to more scabbing.

¢. Preexposed at 755 K (900° F)/
50 Hours, 2.54 um/sec
(0.001 in./sec) Incursion Rate

Figure 8. AlBr + 10% Ekonol Rub Panels from 755 K (900° F) Test
with Ti-6A1-4V Blades. 1.5X
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Inco 718 blade, 867 K Ti-6A1-4V blade, 755 K

(1100° F) test; note (900°F) test; note large

slight grooving and local buildups that caused

edge buildup. 7X deep notching on the rub
panels. 7X

Figure 59.

Blade Tip

Side Profile

Elevated-Temperature Rub-Test Blades from As-Sprayed AlBr +
10% Ekonol Rubs, 25.4 um/sec (0.001 in./sec) Incursion Rate.

Cnr s 101



a. Extensive Martensite
Formed at the Blade
Tip When Blades Wore

b. Transverse Section
from Blades Where
Excessive Localized
Pick-Up Ocurred

The arrow indicates shrink
pores formed by the cool-
ing of molten material.

c. Longitudinal Section
from the Same Blade
Shows No Martensite
in Other Areas

Figure 60. Ti-6A1-4V Blades from 755 K (900° F) Rub Tests. 400X
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Table XXV.

e Antistatic-Treated, -200 Mesh Ekonol Powder

e Forty-Eight Blades at 152 Surface m/sec (500 ft/sec)

Al1Br + 10% Ekonol Elevated-Temperature Test.

Tip Speed

Temperature of

50-Hour Coat ing Ambient Test
Blade Preexposure, Incursion Rate, Temperature, | Coating Wear, Blade Wear,
Material K('F) um/sec (in./sec) K(*"F) mn (in.) mm (in.)
Ti-6Al-4v -— 2.54 (0.0001) 755 (900) 0.610 (0.024) 0.279 (0.0H)'
Ti-6A1-4V -—— 25.4 (0.001) 755 (900) 0.610 (0.024) 0.305 (0.012)
Ti-6A1-4V 755 (900) 2.54 (0.0001) 755 (9C0) 0.051 (0.002)* | 0.635 (0.025)
Inco 718 — 25.4 (0.001) 867 (1100) | 0.686 (0.027) 0.051 (0.002):
Inco 718 867 (1100) 25.4 (0.001) 867 (1100) 0.686 10.027) 0.051 (0.002)
*Pickup

The middle microphotograph shows a transverse section through the localized
aluminum bronze blade pickup shown in Figure 59. The small, shrinkage pores
at the blade tip were dramatic confirmation that molten metal was present when
the pickup was initiated. This further confirms the importance of eutectics
or other metallurgical interactions during rubs. The bottom microphotograph
was taken from a longitudinal sec*ion through the same blade at an ares away
from the localized pickup. The martensite was formed in these areas when
blade wear did not occur.

The erosion and tensile-bond test results for the AlBr + 10X Ekonol
coating are shown in Table XXVI. The Lynn erosivity numbers [seconds to
erode 25.4 um (0.00l in.) of material] were 19.50 to 23.00 depending on
coating condition. These values are as expected based on prior experience
with the preliminary AlBr + 10% Ekonol spray run. Figure 61 shows the
erosion-test panels. The cohesive strength of the coatings was also as
expected for the as-sprayed condition, 8.225 MPa (1192 psi), but was higher
than expected for the 755 K (900° F)/50 hours preexposed coatings, 111.902
MPa (1725 psi). This indicated that long-term exposure effects of abrad-
ability must be looked at more closely before the AlBr + Ekonol system can be
used in hotter compressor stages.
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Table XXVI. Erosion and Coat ing-Cohesive-Strength
Test Results for AlBr + 10Z Ekonol Coatiung.

® All erosion tests conducted at room temperature useing
600 g of 50-um Al;03 powder with a 20° impingement
angle.
) Cohesive-strength data are average of three tests from one
spray run.
Temperature of
50-Hour Coat ing Cohesive
Preexposure, Strength
K (° F) Erosivity® MPa (psi)
-— 22.33 8.22 (1192)
— 21.83
755 (900) 20.05 10.35 (1501)
755 (900) 19.50
867 (1100) 22.63 11.89 (1725)
867 (1100) [ 23.00

*Seconds to erode 25.4 wm (1 mil).

b. Preexposed at 755 K c. Preexposed at 867 K
a. As-Sprayed (900° F)/50 Hours (1100° F)/50 Hours

Figure 61. Erosion-Test Panels for AlBr + 107 Ekonol, Third-
Iteration Coating. 50X
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Machinability tests were also conducted on AlBr + 10% Ekonol coating.
The machining consisted of precision-yrinding as-sprayed and preexposed [755
K (900° F)/50 hr] samples using the grinding parameters estblished in earlier
work. A slight modification in fixturing was incorporated for easier posi-
tioning of the curved panels. The as-sprayed panels gave aurface-finish
values of 0.533 to 1.524 um (21 to 60 win.) AA; the preexposed samples gave
values of 9.965 to 1.600 uin. (38 to 63 wMin.) AA. The preexposed 10%Z Ekonol
coating gave a uniform, smear-ground surface finish with a fine crazing pat-
tern. No rough areas remained after grinding; this represents an improvement
over the preexposed 15% Ekonol coatirg. Figure 62 shows typical as-sprayed
and preexposed panel surfaces after gzrinding.

Thermal-cycle tests consisted of placing samples in a hot furnace &
755 K (900° F) for one hour and then force-cooling, with a large fan, to room
temperature. After 50 cycles no cracking, spalling, »r edge uplifting were
seen., Figure 63 is a typical metallographic section showing the bond-line
integrity.

The conclusions drawn from third-iteration testing were:

L Excessive blade wear occurred in room-temperature rud tests for
Ti-6A1-4V and Inconel 718 blades due to coating densification and
scabbing.

2.  Ti-6Al1-4V blades gave unpredictable behavior in 755 K (900° F) rub
tests. They either wore excessively and formed thin scabs on the
seal, or they showed localized aluminum bronze pickup that scoured
deep grooves in the seal. Both behavior patterns were unacceptable
for engine use.

3. Inconel 718 blades showed some alumirum bronze transfer in 867 K
(1100° F) rubs but gave fairly smooth rub paths with some grooving,
particularly near corners.

4. The erosion resistance was excellent and exceeded engine needs tased
on General Electric's background experience in this area.

O The thermal-shock ard oxidation resistance were acceptable.
6. Machinaoility was exellent for as-sprayed and preexposed coatings

using the precision-grinding methods established in the first iter-
ation of Task III.

~4

The coating microstructure and density indicated good process con-
trol over a substantial range of AlBr/Ekonol blend rates.
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b. Preexposed at 755 ¥ (900° F)/

a. As-Sprayed, 0.53-1.52 um 50 Hours, 0.96-1.60 um
(21-60 uin) AA (38-63 uin) AA
s

Figure 62. AlBr + 10% Ekonol Machinability Samples. 50%

AlBr
Coating

} Bondcoat

Substrate

Figure 63. AlBr + 10% Ekonol Thermal-Cycle Panels Showed No
Cracking or Spalling. 50X
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4.4.6 Final Coating Recommendation and Testing

4.4,6.1 Material Selection and Preparation

Abradability and coating properties t2re reviewed after the completion of
third-iteration testing. The room-temperature Ti-6Al1-4V blade wear increases
steadily with decreasing amounts of Ekonol for the as-sprayed coatings. For
preexposed coatings, titanium blade wear was acceptable at all but the lowest
Ekonol content (10%) where it wore blades almost as severly as the as-sprayed
coating. The room-temperature Inconel 718 blade wear was zero for the as-
sprayed and preexposcd 20% and 15% Ekonol compositions, but it was unacceptably
high for the as-sprayed and preexposed 10%Z Ekonol compositions. This data has
been summarized in Figure 64. The limited elevated-temperature rub data did
not lend itself to clear graphical presentation. In :eneral, however, the
inconel 718 blades performed well in 867 K (1100° F) ruls with all coating
compositions in the as-sprayed and preexposed conditions. The Ti-6A1-4V blade
rubs at 755 K (900° F) showed zero wear wich as-sprayed and preexposed AlBr +
20% Ekonol coatings and little or no wear for the as-sprayed AlBr + 15% Ekonol
coatings. There was inconsistent behavior for the as-sprayed and preexposed
AlBr + 10% Ekonol ccatings; they varied from excessive Ti-6Al-4V blade wear to
extreme scouring of the seal coatings (caused by localized blade pickup).

The coating properties considered in making a final power-blend composi-
tion recommendation were erosivity, cohesive strength, and deposited density.
Only those coatings which were spraved with standard parameters and -200 mesh
treated Ekonol were considered. These properties are summarized in Figure 65.
The as-sprayed coating showed a linear relationship between powder-blend com-
position and all three of these benchmark properties over the 5% to 15% Ekonol
range. Quantitative microscopy on these coatings indicated a range of about
55% to 30% metal (by volume: 'n the deposited coatings. However, the as-
sprayed AlBr + 20%Z Ekonol coating deviated from the linear relationship. This
could have been caused by the fact that this coating was hand-sprayed; how-—
ever, a more likely explanation is the powder-blend composition exceeded the
point where that portion of the heat partitioned to the Ekonol during dwell
time in the plasma flame was sufficient to cause softening of the Ekono! par-
ticles. As a result, the deposition characteristics of the blend were changed.

Erosivity and cohesive strength both showed significant variations with
preexposure. The 15% Ekonol coating exhibited prcperty losses, and the 57
and 10% Ekonol showed property increases. In general, the changes in co-
hesive strength were quite dramatic and were probably a major factor in the
increased Inconel 718 blade wear seen with the AlBr + 10% Ekonol coating.

Based on the above review of Task III efforts, a final coating composition
of Albr + 12.5% Ekonol was recommended for the planned Evendale Compressor Rub
Simvlator tests at 755 K (900° ¥) and 366 m/sec (1200 ft/sec). The reasons for
this recommendation were:

1; It appeared that a composition between 15% and 10%Z would give

stabilized coating properties at temperatures encountered in the
compressor section of gas-turbine engines.
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Density, Ig/-3
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0
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— — [ (3]
< w (=] o

Erosivity, sec/25.4 um (sec/0.001

(5]

Volume % Metal in Deposited Coaving
80 70 60 50 40 30

T I T T T T T

O As Sprayed
0O 755 K (900° F)/50-Hour Preexposure
& 867 K (1100° F)/50-Hour Preexposure

Solid symbol represents a preliminarv.

hand-sprayed, second-iteration coating.
A
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<}

Cohesive Strength, MPa
x
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|
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Weight % Ekonol in Powder Blend

Figure 65. Coating Properties of AlBr Ekonol Compositions Examined
Under Task III.
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2’ A comparison of abradability trends for room-temperature and
elevated-temperature tests indicated Inconel 718 blade wear shonld
be acceptable at this composition, and Ti-6Al-4V blade wear might
be acceptable for preexposed coatings.

3. The erosivity data indicated this composition represented the maxi-
mum Ekonol content consistent with the desired erosion resistance
for an abradable seal material.

Test hardware was sprayed with the AlBr + 12.5X Ekonol powder bleud using
the standard spray parameters and powder-handling procedures developed earlier.
The hardware included Evendale Compressor Rub Simulator case liners, sufficient
curved panels for selected room-temperature i1ub tests, tensile-bond test
buttons, and erosion/density panels for coating-property characterization.

4.4.6.2 Property Evaluation and Selected Room Temperature

Abradability Tes ing

Characterization of the AlBr + 12.5% Ekonol coating selected for final
testing included metallography on the as-sprayed coating (Figure 66), tensile-
bond strength, erosivity, and selected room-temperature rubs. The standard
229 m/sec (750 ft/sec) and 0.5 mm (0.020 in.) incursion tests included 2.54
and 25.4 ym/sec (0.0001 and 0.001 in./sec) incursion rates ou preexposed coat-
ing [50 hours at 755 K (900° F) for Ti-6Al-4V blade rubs and 867 K (1100° F)
for Inconel 718 blade rubs]. The 2.48 pm/sec (0.0001 in./sec) rate gave more
severe blade wear than the 25.4 ym/sec (0.001 in./sec) rate with titanium
blades. For both incursion rates, the Inconel 718 blades showed about half
the blade wear of the lowest wear for the titanium blades. These data are
summarized in Table XXVII.

Table XXVII. AlBr + 12.5% Ekonel Room-Temperature Test.

e Six Blades at 228 Surface m/sec (750 ft/sec) Tip Speed

Temperature of
50-Hour Coating

Blade
Material

Preexposure,

K (" F)

Incursion Rate,
um/sec (ia./sec)

Coating Wear,
mm (in.)

Blade Wear,
mm (in.)

Ti-6A1-4V
Ti-6A1-4V

Inco 718
Inco 718

755 (900°)
755 (900)

867 (1100)
867 (1100)

2.54 (0.0001)
(0.001)

2.54 (0.0001)
25.4 (0.001)

0.102 (0.004)
0.279 (0.011)

0.051 (0.002)
0.051 (0.002)

0.330 (0.013)
0.203 (0.008)

0.305 (0.012)
0.356 (0.014)




Figure 66.

As-Sprayed AlBr + 12.5% Ekonol

Microstructure.
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The coating density (3.58 Mg/m3) was on target, and the erosivity was
about as expected. The as-sprayed coating erosivity number was 17.4, and co-
hesive strength was 7.93 MPa (1150 psi). The 755 K (900° F)/50 hour pre-
exposed-coating erosivity vas 15.5, and the cohesive strength was 8.96 MPa
(1299 psi). The 867 K (1100° F)/50 hour preexposed coating had an erosivity
of 19.5 and a cohesive strength of 9.24 MPa (1340 psi). These data, summa-
rized in Table XXVIII, show the erosivity numbers were about as expected, but
the cohesive strengths were unusually high and were reflected in the higher
than expected blade wear. These data also indicated an instability in the
structure of the metal matrix - possibly due to some of the initial stages of
sinteving.

Table XXVIII. FErosion and Coating-Cohesive-Strength
Test Results for AlBr + 12.5% Ekonol
Coating.

. Erosion tests at room temperature using 600 g of 50-uym
Al703 powder with a 20° impingement angle

° Cohesive-strength data are average of three tests from
one spray run.

Temperature of

50-Hour Coating Cohesive
Preexposure, Strength,
K (° F) Erosivity® MPa (psi)
—— 16.83 7.93 (1192)
-—- 18.05
755 (900) 17.90 3.88 (1288)
755 (900) 5.10
867 (1100) 19.83 9.24 (1340)
867 (1100) 19.18

*Seconds to erode 25.4 um (1 mil).

4.4.6.3 Compressor Simulative Rub Testing

Compressor simulative rub tests were conducted in the single-point rub
mode. The ambient test temperature was 755 K (900° F), and a blade tip speed
of 298 u/sec (1200 ft/sec) was employed. Forty-four blades were used, and the
target incursion was 0.5 mm (0.020 in.) for all tests.



Four tests were conducted under tne above conditions. Figures 67 and 68
show the tested rub liners and detailed features of the rub paths; Figures 69
through 72 show typical blades from each test. In the first test, the es-
sprayed coating was rubbed by Inconel 718 blades at the 24.8 ¥m/sec (0.001
in./sec) incursion rate. Blade wear was high, 0.4l to 0.58 mm (0.016 to 0.023
in.), and most severe on the forward blade corner. (The blade tips are in-
clined relative to the axis of rotation and so that one corner of the blade
passes a reference point on the rub liner before the other passes the same
reference point.) There was a large amount of transferred aluminum bronze
on the leading edge, and Tempil Laq on the back side of the case liners indi-
cated temperatures during the rub were 867 and 922 K (1100° and 1200° F).

The second rub test was on a preexposed [755 K £900° F)/50 hr] rub liner
segment by Inconel 718 blades at the same 25.4 Wm/sec (0.001 in./sec) incur-
sion rate. The blade wear and aluminum bronze pickup were not as severe in
this test as in the first test, but the blade wear was still high, 0.013 to
0.048 mm (0.005 to 0.019 in.). Due to a miscalculated rotor growth, two
attempts were needed to obtain the 0.5-mm (0.020-in.) incursion. Tempil Laq
indicators showed the rear of the rub-liner segment exceaded 867 K (1100° F)
on the first incursion and fell between 978 and 1033 K (1300 and 1400° F) on
the second incursion. This observation was consistent with limited laboratory
experience which suggests that multiple incursions to obtain a given total in-
cursion depth are more severe than single incursions to obtain the same total
incursion depth.

The third rub test was on a preexposed [755 K (900° F)/50 hr] rub liner
segment with Inconel 718 blades at an incursion rate of 2.54 um/sec (0.0001
in./sec). Blade wear was about the same as in the first test; however, these
blades did not show as much aluminum bronze buildup on the leading edge as
did those of the first test. Tempil Laq once again indicated a temperature
in excess of 867 K (1100° F) on the rear face of the rub-liner segment.

The fourth rub test was on a preexposed [755 K (900° F)/S0 hr] rub-liner
segment with Ti-6Al1-4V blades at the 25.4 Mm/sec (0.00l in./sec) incursion
rate. Blade wear was more severe than for Inconel 7!8 blades under the same
test conditions. leading-edge buildup of the aluminum bronze was comparable
to that seen for the first test. The blade trailing edges were also burred,
and this was not seen with Inconel 718 blades. Tempil Laq indicated a rear
rub-liner temperature in excess of 1078 K (1500° F). This was significantly
hotter than was seen with Inconel 718 blades but was not unexpected. The
thermal conductivity of Ti-hAl-4V is much lower than that of Inconel 71% and
should force a larger fraction of the frictional heat to partition to the rub
liner.

The above results, summarized in Table XXIX, clearly indicate unaccertable
rub behavior in a compressor environment. All tests gave at least some areas
of blade material scabbing onto the rub coatings, areas of coating pull-out,
and leading-edge aluminum bronze buildup. Metallography typical of these fea-
tures is i1llustrated in Figures 73 through 77. Figure 73 snows a transverse
section of a titanium blade with aluminum bronze rub debris buildup on the
leading edge. Figure 74 1s a higher magnification of t.e same blade tip after
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a, Looking Down on Tip

S e i i

b. Looking in at Front Edge

Figure 69. Blades from AlBr + 12.57% Ekonol As-Sprayed
Vs. Inco 718 Blades, 25.4 um/sec (0.001
in./sec) Incursion Rate. 4X



a. Looking Down on Tip

b. Looking in at Front Edge

Figure 70. Blades from AlBr + 12.57% Ekonol Preexposed
at 755 K (900° F)/50 Hours Vs. Inco 718
Blades, 2.54 um/sec (0.0001 in./sec)
Incursion Rate. 4X
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Looking Down on 1 P

a.

b. Looking in at Front Edge

igure 155 Blades trom AlBr + 12.5 IFkonol !'['L't‘XPUS\'d
«t 755 K (900° F)/50 Hours Vs. Inco 718
Blades, 25.4 um/sec (0.001 in./sec)
4X

Incursion rote.



a. Looking Down on Tip

b. Looking in at Front Edge

Figure 72. Blades from AiBr + 12.57 Ekcncl Preexposed
at 755 K (906° F)/S50Hours Vs. Ti-6Al1-4V
Blades, 25.4 um/sec (0.001 in./sec)
Incursion Rate. 4X
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Coating was preexposed for 50 hours at 755 K
(900° F). Note extreme build-up of AlBr rub
debris on the leading edge.

Trailing Edge

Leading Edge

Figure 73. Ti-6A1-4V Blade Tip from 755 K,
298 m/sec (900° F, 1200 ft/sec)
Rub Against AlBr + 12.5% Ekonol
at 25.4 uym (0.001 in.) Incursion
Rate. 50X

Leading Edge

Thin
AlBr

Buildup
cn Rub
Surface

ZNR .
s
¢

Figure 74. Same Blade After Etching. 200X
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Transverse Section of Inconel 718 Blade
ruhbed Into AlBr + 12.5% Ekonol Preexposed
>0 Hours at 755 K (900° F); Rub Conditions
Included 755 (900° F) Ambient Temperature,
298 m/sec (1200 ft/sec) Blade Tip Speed,
and a 0.508 mm (0.02 in.) Incursion at

2.54 um/sec (0.0001 in./sec) 50X

s Heat-Affected Zone

b. Longitudinal Section 50X
Heat-Atfected Zone \ ’ o
" e

!"l\'.lll e 75. Heat=-Atd ected Zone.



b.

a. Compacted Surface Layer with Pullout Area

Scab Formation Has Apparently Been Pushed ILi.to
Porous Coating and Caused Additional Compacting

Figure 76. AlBRr + 12.5% Ekonol Rub Liner trom
the 755 K (900° F), 298 m/sec
(1200 tt/sec) Tip Speed Test with
Titanium Blades at the 2.54 jm/sec
(0.001 in./sec¢) Incursion Rate. 50X

Densified
Rub
Surface



a. Scabbing on a Compacted Surfuoce Layer in a

Region of Shallow Rub Dept's (High Blade Wear)

b. GCeneralized Coating Compzaction in a Region
of High Rib Depth (Low Blade Wea:)

Figure 77. AlBr + 12.5% Ekonol Rub Liner from
the 755 K (900¢ F), 298 m/sec
(1200 ft/sec) Tip Speed Test with
Inco 718 Blades at the 25.4 um/sec
(0.001 in./sec) Incursion Rate.



etching. The most noticeable features are the lack of martensite at the tip
and the different appearance of the thin layer of transfer material across the
tip when compared to the leading-edge buildup of aluminum bronze.

Figure 75 shows one of the Inconel 718 blades from the 2.54 um/sec
(0.0001 in./sec) incursion into preexposed AlBr + 12.5% Ekonol. The most
noticeable features here are the lack of the transferred layer of aluminum
bronze, the burr formation on the trailing edge of the blade tip, the uneven
wear in the transverse section (not seen on the titanium blades), and a 2.54
to 5.08 mm (0.01 to 0.02 in.) deep heat-affected zone.

Figure 76 shows typical rub-liner features seen on the titanium blade rub
at 755 K (900° F), 298 m/sec (1200 ft/sec) and 25.4 pym/sec (0.001 in./sec) in-
cursion rate. The top photograph shows the formation of a compacted surface
layer of the right and left sides. 1In the center region, the compacted layer
appears to have been pulled off. This suggests the tip buildup layer seen in
Figure 73 may be formed initially by adhesive transfer. The bottom photograph
shows a scabbed area. 1t appears that scab formation has been initiated on a
cont inuous, compacted, aluminum bronze layer. Once initiated, the scab has
cont inued to grow and was pushed down into the porous structure veneath it.
This caused more extensive densification of the aluminum bronze immediately
beneath that portion of the scab pushed down into the coating.

Figure 77 shows typical rub-liner features from the Inconel 718 blade rub
at 755 K (900° F), 298 m/sec (1200 fc/sec) and 25.4 uym/sec (0.00l in./sec) in-
cursion rate. The top photograph shows a typical scabbed area where little
densification of the underlving coating has occurred beneath the initially com-
pacted surface laver. The bottom photograph shows a region where considerable
rub depth was achieved. Apparently, much of this was compaction of the porous
structure rather than wear.

4.5 DISCUSSION

The disappointing results of the Task III effort to develop a porous,
aluminum bronze, abradable seal pointed out several basic problems. The first
of these was the conflict between the material properties required for good
abradability and the desirable features of a coating that is stable i1n the com-
pressor environment. Good erosion resistance, low oxidation and corrosion
rates, and nonsticky debris are material-property requirements that are often
divergent from those required by abradability considerations. The most obvious
example in the current work was the conflict between abradability and erosion

resistance.

This comes as no surprise since treatments for wear and erosion both in-

dicate an inverse dependence on flow stress for ductile materials. Archard's

Law of Wear (Reference 22) 1is:

W, = KLD




where

Wy, = Wear Volume
K Wear Coefficient
L = Normal Load
D = Sliding Distance

P = Material Flow Stress

For erosion of ductile material, Finny (ibid) has found the following ex-
pression to be useful:

2
Q:_Ml_ .L f(a)
2 P

where
Q = Volume removed by erosion
M = Total mass of the eroding particles
' = Particle velocity
P = Material Flow Stress
f(a) = A geometric factor dependent on the attack angle of the particles

According to these equations, improving the abradability (increasing W,)
by varving the coating strength will also result in a decreased erosion resis-
tance (increased Q) because both Q and W, are inversely proportional to P.

The conflicts between abradability and oxidation resistance of nonsticky
debris are perhaps less obvious. The oxidation resistance of metals is im-
proved by alloying; however, this also increases the strength of the metal
and is thus deterimental to abradability according to Task 1 results.

The nonsticky-debris requirement 1s imposed by compressor design. The
compressoc stall margin 1s drastically reduced by the adherence of sticky debris
to airfoil leading edges. However, nonsticky debris requires a high-melting-
point coating. This, once again, decreases abradability since metal flow
strengths are roughly proportional to melting temperature.

The second area highlighted by Task 11 results was the metallurgical and
microstructural stability requirements for the abradable seal. This was most
effectively printed out by the correlation between blade wear and coa’ ing
strength. The 5, 10, and 12.5% Ekonol coatings ai' had relativeiy high ten-
sile strength (compared to the 15% Ekonol coating), and all produced wear on
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blades. The tendency for the tensile sirength of the 5, 10, and 12.5% Ekonol
compositions to increase with increasing exposure temperatures caused concern
that some of the early stages of siutering may be occurring in these coatings.

The initial metal-particle bonding in these plasma-sprayed coatings re-
sults in flattened individual particles with microvoids at the junctions.
The radius of curvature at these junctions would be quite small. Thus, one
of the early stagzes of sinteriug, neck-rounding, could occur even at fairly
low temperatures since the driving force for neck-rounding is proportional to
the neck radius. The neck radius should increase with increasing temperature
or time. This could increase the coating strength, from a fracture mechanics
point of view, without appreciably affecting the coating density. A cursory
examination of as-sprayed and preexposed coatings at high magnifications in-
dicated there could be some validity to the above ideas, but they were not
pursued further under the scope of this work.

If such a mechanism were verified, it could reflect on the third area of
concern seen in Task III. Metallographic examinations of longitudinal and
transverse sections through the rub path indi. ated all of the following may
occur in a given rub test:

l. Uniform coating densification and/or even wear.
2. Localized surface densification only.

3. Scabbing at surface densification.

4, Material pullout at surface densification.

This amounts to unpredicatable coating response to a rub, depending on
which of the above evoents is initiated first. The explanation lies in local
coating microstructural details too fine to control through thermal-spray
processes at these porositv levels. Based on the above discussion of sintering,
one could easily envision local plastic instabilities in the deformation pro-
cess at the coating surtace causing random responses of the types listed above.
The changes in porous properties and unpredictable rub behavior suggest the
porous microstructure needs to be further stabilized., This might best be
accomplished by a coating with a lower volume fraction of metal centent where
coating strength is too low to show etfects like the proposed strengthening by
the early stage of sintering. Included in this open structure would be an
inert, friable, filler material that retains its basic characteristics in the
compressor environment. This would provide structural stability in the coat-
ing. The controlled process parameters would then provide the required prop-
erty and microstructural control.

The final area highlighted by Task 11l was the difference in the
abredable-seal material performance with different blade materials. The
titenium alloy blades always experienced more wear than the Inconel 718 blades.
Two tactors intluence this:
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1 Heat-partitioning effects and the resulting thermal gradients
in the blade and seal materials.

2. The relative flow strengths of the two alloys as a function of
temperature.

The partitioning of the available frictional heat under a given rub situ-
ation is determined by the relative thermal conductivities of the blade and
seal materials. The thermal conductivity of Ti-6A1-4V is about 60% that of
Inconel 718. This causes the frictional heat generated by the rub to be more
localized at the surface for titanium blades than for Inconel blades. Thus,
the resultant surface temperatures should be higher for titanium blades. On
this basis alone, one would expect Inconel blades to rub better than titanium
blades since the flow strength decreases with temperature. However, more de-
tailed examination of the flow strengths shows the situation to be even worse.
The flow strengths of Inconel 718 and Ti-6A1-4V are similar at room tempera-
ture, 1.128 and 0.896 GPa (165 and 130 ksi) respectively, but at 811 K (1000°
F) (a temperature easily attained during rub interaction) Inconel 718 has lost
only 15% of its strength while Ti-6A1-4V has suffered a 65% strength loss that
further enhances the tendency to wear.

This suggests that a change of blade material is necessary for further im-
provements in compressor blade-tip-to-casing gas seals. Specifically, blade
tips that retain high flow strengths at temperature and result in lower heat
generat ion or less severe thermal gradients may have a better chance of success.
This would have to be accomplished by a tip treatment since it is not immedi-
ately feasible to change the blade material without redesigning the entire
compressor. This could be accomplished by either a case-hardening treatment or
a coating. The following three approaches could be taken:

L A high-flow-strength, low-friction tip that would be wear resistant.
2 An abrasive tip that would efficiently cut the scal material and
alter heat partitioning such that a significant portiou of it

goes to the seal material and rub debris.

3 A combination of the above.



10.

13.

5.0 CONCLUSIONS

Physical and mechanical properties of bulk materials help explain some
of the features of the rub behavior of dense coatings but do not com-
pletely account for the differences observed in the various alloys
studied.

Rub energy does not correlate with blade wear and cannot be used as a
screening test for coating materials.

All additions to Cu reduced botn hlade wear and scabbing.

An interlayer of Feltmetal between the substrate and coating was found
to r>duce the severitv of rubs (in terms of blade wear) but did not sig-
nificantly affect the rub force or energy. However, it also reduced
erosion resistance.

The addition of porosity to the coating produced smooth rubs but also
reduced the erosion resistance ot the coating.

Significant substrate temperature rises occur only when measurable blade
wear or oick—up occurred. The higher rub forces were also associated
with blade wear or pick-up.

Subtle changes in sprayv parameters, powder size distributions, and rub
conditions were found to affect the performance and acceptability of the
coatings.

Best spray parameters and use of treated -200 mesh Ekonol gave a con-
trolled microstructure over a large range of coating composition.

If the Ekonol 1s not burned out of the coating it wears titanium blades
at all compositions investigated.

Titanium alloy blades always wore more than Inconel 718 blades due to
the combined effects of heat partitioning and temperature dependence of
flow strengths.

At compositions where the erosion resistance and surface-finish capa-
bility of the coating were considered adequate after Ekonol burnout,
blade wear was high.

Initiation of scabbing and blade wear on porous coatings were associated
with formation of a dense, plastically flowed layer of aluminum bronze

at the coating surface.

Coating cohesive strength provided the best indicator of when blade wear
would occur.
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14. Even short-time exposures at temperatures encountered in the latter com-
pressor stage causes significant coating cohesive-strength increases.

LS5 Final compressor simulative rub testing indicated excessive aluminum

bronze debris buildup on the leading edges of blades. This may indicate
a sticky-debris protiem.
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