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FOREWORD

This report describes the results of a study of the fundamental
rub behavior of experimental sprayed materials and currently used
compressor clearance materials. This investigation was conducted
from July 1976 through February 1979. In addition to the author, the
following General Electric Company personnel made significant tech-
nical contributions to this effort: W. P. Foster and J. P. Young in
conducting the seal rub tests, and Dr. I. I. Bessen for his technical
guidance in analysis of the data. Dr. S. 0. Brennom, while an employee
of General Electric Company (currently with Union Carbide Corporation
in Indianapolis, Indiana), contributed significantly to the overall
effort.
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1.0 SUMMARY

Ten motals were solocted for the Task T - Phase I study of fundo~-
mental rub behavior of materials by titanium compressor blade. A
wide range of metallurgical characteristics (¢rystal structure, den-
sity, composition, mechanical properties)and thermo-physical properties
] (melting point, specific heat, thermal conductivity, and thermal
oxpansion confficient) were covered by the materials selected, These
woere Al, Fa, Cu, Zn, Cu=107n, Cv~5Al, Cu~9Al, Fe=0A1l, Fe~13Cr, and
Ni-13 Cr. Such properties as impact strength, thermal conductivity,
and melting point appear to play significant roles in rub behavior,
but do not completely account for the difforences obsgerved in the
rub behavior of these materinls.

A number of current compressor clearance control coatings were
investigated in Task T, Phase ITI. These included Al, Metco 601,
AlBronzo/NiCg, 80/20 NiCg., AB-1, Feltmetal 515B, Al top coat over
Feltmetal, and Albronze top coat over Feltmetal. Results for the
aluminum were in reasonable agreemont with the data from Phase T.

3 The only materials which caused blade wear were the Albronze/NiCg
and the 80/20 NiCg. On the basis of both Phases I and T1 it was
found that rub energy cannot be used as a screening test for
compressor clearance control coating materials.

, As a result of Phases T and II, Cu~9Al was identified as ihe

9 most promigsing clearance control coating material. In Task T, Phase

: III Cu~-9Al was studied at two porosity levels (with 20 & 40% Ekonol added)
; with a I'eltmetal %515 B underlayer ond without the FM 515 B underlayer,
The 20% porosity material oxhibited good rub characteristics both with
and without the Feltmetal 515 B underlayer for the Cu-9Al since

it was expected to give similar rub Dbehavior (composition = Cu-9.5
Al-1F'e) and was more readily available than ‘the Cu9Al. Rub tests

were conducted at 060001 and 0.001 inch/sec incursion rates at room
temperature and 900 I' with 48 blades and 12 blades. It was found

that for the low incursion rate, hot rubs were more severe than cold
rubs, but at the higher incursion rate cold rubs were more severe

than hot rubs, The presence of the Feltmetal 515B was beneficial in
reducing blade wear.
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2,0 RECOMMENDATIONS

1)

3)

Work is needed to identify the reason why Al additions to Cu
improves rub behavior., Areas that warrant furthor investigation
include; a) the possibility that Al reduces the tendency of Cu~Ti
cutectic formation; b) the effect of Al on the molting point/thermal
conductivity of the alloys; and c) the possible role of impact
properties on rub bohavior since the high rub velocities appronch
impact conditions.

A bettor dofinition of the powder requirements and spray process
parameters is needed as subtle changes were found to affect rub
behavior.

Both the AlBr/20% Fkonol and AlBr/20% Ekonol over Feltmetal costings
have demonstirated acceptable abradability, blade wear and smooth rub

requirements. The next step should be to determine and/or demonstrate

the erosion, thermal shock and oxidation resistance of the coatings.
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3.0 INTRODUCTION

A major factor in the progress of aireraft .agine development has
boen continued ijwmprovement in engine porformnce. ‘n furn, many
performance improvoments have beon dependent upon sdvaticements ia
materials and process tochnology. Improved compressor elearance control
has contributed to performance improvement through the application
of abradable gas path soal materianls. These moaterials have included
thermal~sprayed aluminum and nickel graphites, Feltmotals, and
silicone rubboers.

Compressors for advanco turbine engines are designed with higher
pressure ratios, fower stagos (higher loading per stage), and higher
tip specds thon preveil in current production engines. Under these
conditions, leakage over comprossor blade tips results in substantial
performance losscs, Efforis to reduce those losses by decreasing tip
¢learances are froquently thwartoed by excegsive tip rubs cousod by such
events as transioent compressor stalls, gyroscopic flight loads, and
engine inlet digtortion. These rubs lead to: 1) blade wear and conses
quent inereased clearance; 2) blade tip fatigue fallures coused by
excitation from rubbingi and 3) generation of particulatoe debris which
clogs alr pagsages in downstream cooloed turbine hardware, sticks to
blades, and decreames performance; 4) oand sometimes thermal damage to
Ti-alloy rotor andastator comyonertd. Rub coantings or rub materialsg that
are: 1) abradable under higl speed rubs and produce minimal damage to
blade tipsy 2) that retain %ight clearances; and 9) that generate a
nonsticiking, nonreacting rub debris, will produce significant per=-
formance improvements in both current production and future engines.

Clearance control) seul materials have assisted cngine desligners in
improving the compressor efficioney of aireraft gas turbine engines.
However, current matorials arc not adeq u’.e for advanced engines,
being deficient from blade wear, orosion resistonce, debris character
and/or surface finish aspects. DPlasma sprayed aluminum used on spme
engines can weor blades or can be scoured depending on engine conditions,
Flame sprayed nickel graphite coatings used in other engines can wear
blades or erode excessivaly depending on the composition and strength
level of the coating, and good surface finishes are difficult to obtain.

All of the materials that rub well, f.e., that preduce little or no
blade wear, display either of two characteristics: 1) they have low
cohesive strength; or 2) they are casily, plastically deformed. The
low cohesive strength materials wear by internal fractures under the
blade rub; the plastically deformed materials visually and microscopi~
cally look smeared. On so called "hot rubsg!, the blade tips are worn and
show similar plastic flow. Both fracture stress and flow stress are
temperature dependent, and therefore, the wear phenomena are intricately
dependent on the gencration of heat during & rub and the rate of heat
loss from the rubbing interfaces.

The low cohegive strength materials have two inherent deficiencies,
low erosion resistance and lack of good surface capability. To date most

-3 a
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dense materials have caused blade wear, blade tip fatigue eracking, and/
or sticky debris, but they have inherently good surface Yinish and
croslon proportios »id offor great potential for improved compressor
shroud seal performancoe if their deficiem fos can bo eliminatod. A
basic undorstanding of the deformation processes occurriing at the

rub surfaces is needed in ordor to offectively identify solutions to
blade wear and fatiquo associatod probloms with dense rub materials.
T™his is ospocially true with Ti-base blades.

The objoctives of this program were: 1) to observe the rub behavior
with titanium bladeos of densoe sprayed materials and detormine their
significant mechanieal and physieal properties; 2) to scleet those
dense materials on the basis of tho deduced properties and subject thom
to a sorias of tosts designod to moot comproessor clearance rub matoerials
requirements and; 3) to assoss the offects of adding porosity to
thege materials.

The program was divided Into two tasks. Task T consisted of thrao
phages. In Phase T, ten materials displaying d range of metallurgical
proporties were selected to evaluate the hot and cold rub test behavior
of the dense sprayed coatings in order to determine thoe propertios
significant to rub behavior. Current engine compressor geal coatings
ware evaluated in Phase IT and compared to the results of Phase I. ‘Two
experimental coating systems wore selocted based on the resulis of
Phases T and IT for use in Phase T1Iwhere the effect of porosgity on
the coating rub behavior was oxamined.

For Task IT, two coating systemsg were gelected from Task I results.
Further performance verification of the iwo systems was undoertaken,
consideration being given to a wide range of rub test parameters, and
such aspect of performance as thermal shock resistance effect of long
toerm temperature and erosion resistance.

-l
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L.0 TEST PROGRAM

The test program was dosigned to identify n material system(s)
a5 a potential improved rumpregsor c¢learance coating from a study of
the rub bohavior or a variaty of dense sprayed materials and curront
engine compressor coatings, A flow chort for the test program is
given in Plgure 1.

TEST PROGRAM FLOY DIAGRAM
n) TASK T
kPHASE T = FULLY DPNSE MATERIAL DEVELODMENT

MATERTALS SPLECTION (1n)
Matorial Melting Pt Structure
Al 1215¢ FcC
Cu 1980r FcC
Cu=5A1 19h0F FcC
Cu=9hl 1908F FCe
Cu=~10Zn 1910F FCG
Ni«l13)Cr 20001 FCC
28 727F HCP
Fe 2795F Bce
Fe-0A1 2785F BCC
Fow«13Cr-,iCh 2770F BCC

L

MATERTAL FABRICATION
TEN THERMAL SPHAY LOIS = 19l EPRAY EAGH
RUB TESTING
TWO RUBS/MATERIAL - ONE COLD, ONE HOT

4

MATERIAL CHARACTERIZATION

Computer Literature Chemical Properties

Seorch ~ 10 Metallurgical Proporties
Materials

Crystallographic Properties

)
DEPJICTTION OF SIGNIFICANT CHEMLCAL
| METALLURGICAL AND CRYSTALLOGRAVIIC FEATURES

Figure 1.
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TASK I

PHASE IT ~ TESTING OI' CURRENTLY USED RUB COATINGS

[ S —— L2k SRS B SR B < T

MATERTALS SELECTION|
|

*

' ca e meew .
MATERTALS FABRICATION (THERMAL SPRAY) |

4

l

.
i

B e IR £33 SWR AT WSS TSNS ER@ T T ;’

{ RUB TESTING
TWO RUBS/MATERTAL - ONE COLD, ONE HOT __ _ ]

1
— ¥

MATERIALS EVALUATION '

HARDNESS
ROUGHNESS

v,—wq-s»_‘

METALLOGRAPHY '

l ww srw—

TASK I
PHASE ITI - MIXED EASY SHEAR POROUS MASERTALS

SELECTION OF TWO MATERTALS
BASED ON RESULTS OF PHASES T AND IT

—— e oy

R
MATERTAL FABRICATION ‘;

|

}~~ TWO MATERIALS {
I Four THERMAL SPRAY LOTS

l TWO POROSITY LEVELS !

MATERTALS EVALUATION |
HARDNESS, ROUGHNESS, METALLOGRAPHY
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RUD TEST PARAMETER EVALUATION

SELECTION OF TWO MATERIALS FROM
TASK I RESULTS

MATERTALS FABRICATION

TWO THERMAL, SPRAY LOTS

EAAA o A

3 RUB TESTING
PARAMETERS STUDIED :

! TWO TEMPERATURES
: TWO INCURSTION RATES
TWO SOLTDITY (T.E. NUMBER OF BLADES)

»

; MATERTALS EVALUATION

t HARDNESS, ROUGHNESS, METALLOGRAPHY
S
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Test Procedures

The rub tester used consisted of a steam drivon rotating blade
fixture (Figure 2) capable of holding up to 48 blades and producing a
maximum blade speed of 500 fps. The blade axis is parallel to the
rotation axis. The shroud material is located on a static specimen
(Figure 3) with its rub face in a plane perpendicular to the rotating
axis or (intentionally) tilted at n small angle. The rub is made by
translating the static member into the rotating blade tips., The
ambiont temperature of the rig can be set as high as 1200°F with a
drift in temperature of less than 20°F, A dynanometer sitage mounted
on the stator is capable of measuring shear forces as low as 0.5 lb.
The specimen subgtrate temperature and the rub force (dynamometer)
were continuously monitored during the rub tests and recorded on a
strip chart (Figure 4).

A cold particle erosion test was also employed in which 50i
A1203 particles are jetted through a standard nozzle at 4O psi air
pressure with a 20° impingement angle on a 1" x 2" specimen set at 4"
from %ie nozzle. Lixe most particle erosion tests, it provides a bench
mark of material density, cohesive strength, and hardness by measuring
pit depth in a standard length of time from which an erosgivity number
(seconds to erode 1 mil can be calculated. Usually the more resistant
materials, being dense are less permeable to gas penctration and more
resigtant to gas erosion as well.

Task T

4,2.1 Phase I ~ Significant Property Identification

4,2.1.1 Material Selection and Preparation

The basic explanation of what occurs when a blade rubs into a seal
is that the stronger material will resist wear and the weaker material
will take the wear. If one material has a low fracture strength, it
will break away in pieces in preference to the material with high fracture
strength. Similarly, if one material has an easy tendency to flow
plastically (i.e., a low flow stress), it will wear by smearing in
preference to the other which may not deform plastically at all. Com~
plexities arise when one considers the effect of fracture gtress and
flow stress due to changes in temperature of the rubbing members. There
is never a certainty that both rubbing members will exist at the same
temperature during a rub. Although all blade materials have high frac-
ture strengths, they do not always have high flow stresses. Titanium
alloys, in particular, lose strength rapidly 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 also have shown a blue oxide across the tip, indicating
that excessive temperatures have heen attained due to the energy dis-
sipated during the rub.

Blade rubbing requires dynamic consideration. Due to the heat
generated at the blade tips during rubbing there are probably competitive

-8 -
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reactions such as work hardening versus recrystallization. lowever,

in the Lymnn rub tester at blade tip speeds of 500 surface feet per
second, a rub occurs every 2 milliscronds and recrystallization will not be

kinetically favored unless the temperature is high enough for rapid
lattice diffusion. Recrystallization may occur during high speed rubs
in alloys with relatively low melting points.

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

Congidering the facts above, the following ten materials were
selected:

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

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

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

h) Cu~9A1 (FCC) - this alley when sprayed as a mixture with nickel

graphite hag shown good engine rub behavior with Ti~base blades.
Its stacking fault energy is lower than Cu-5A1.

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 behavior even though its low melting point
makes it impractical for engine use.

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

9) Fe-6A1 (BCC) - aluminum addition will add oxidation resistance
to the iron while maintaining BCC structure.

- 19 -
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10) Fe=13Cr-0.1Cb (BCC) =~ chromium addition will add more oxidation
resistance to the iron and columbium will minimize cabide and nitride
solute hardoning by forming columbium carbide and nitride precipitateas.

Selaected bulk propertioes from the literature of the ten coating
materials are compiled in Table 1.

The surfaceg of all rub test panels were grit blasted and
) thermally sprayed with a 4=8 mi) bond coat of Metco 450 (nickel
aluminide) to promote good adhesion of the 0.050-0,060" thick top
coating., The as-sprayed coating densities were determined by water
immersion (Table 2). The low densities of the Fe-base alloys were due
to porosity caused by incomplete particle molting during spraying. All
coated panels were annealed prior to rub testing.

L.2.1.2 Dense Coating Rub Test Results

%, The rub parameters used for all the tests were:

Blade material: Ti~0GAL-0V

Number of blades: L8

Blade thickness: 0.025 inch

Incursion rate: 0.010 inch/sec

Incursion depth: 0.020-0.030 inch
F Blade tip speed: 500 8T8 o

Ambient temperature: 100 and 9Q0 I

The rub test results a-e tabulated in Table 3. Definitions of the
columng of the table which are not self-explanatory are as follows:

TETTRTTERET TR T ST T TR TEe

%n Melting point of the coating
Tambient Temperature measured by the control thermocouple at
the initiation of a test; the control 1C being emhedded
in the substrate 0.060 inch below the rub coating ‘
Tmax The maximum temperature observed by the control TC i
during a test .
4
*
Max. temp.
rise rate The maximum slope of the temperature~time trace of the

control TC output during a test

Max. shear
force Highest shear force recorded during a test, usually

occurring as a peak at the beginning of the test

Min. shear
force The lowegt shear force recorded after the peak force ‘

wag attained

- 13 -
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cx e lroporty AL L
Atomic Composition=% =
Crystal Structure FCC
Lattico Constant (A)
i !04049
a -
Melting Point=Pp 1220
Density (gm/ce) 2,70
Specific lloat
(eal/gm/oC) 0,215

Thermal Conductivity
(eal/em?/em/9C/ee)

Thermal Exgunaion 23,6

o

187

Coeff (10™Pcm/em/Y%C)
Young's Modulusg 9
(106 psl)

Shear Modulus 1.4
(100 pgt) ‘

Tensile Strength
(amcaled Condicion) 6,8
(103 pat)

¥ield Strength
(Amnealed Condition) 1,7
(103 psi)

Elongation (%)
(Annealed Condition) 3%

Havdness (MN/M2)

Annenled 196

Hard 343
Hot Working 500
Range (9F) 950
Reerystallization 550
Temp (OF) 600
Stacking Fault 200
Energy (ergs/cm?) 38
Tzod Impact Strength
(Ft/Lbs)

TA”LE i
BULK PROPERTIRS OF PHASE 1 COATING MATERIALS

(Room temperature valuos unless othorwise stated)

*Cale from lattice constants

+
Lstimated from 4,

#ratimated from rule of Dulong and Petit

|

- 1l -

Cu Fo Zn Cu=10Zn Cu-5A1 Cu=9Al Fe-6Al Fe-13Cr Ni-13Cr Refaerence
- - - 9,7Zn  11,0AL 18,9AL 11,7A1 13,8Cr  14,4Cr 1
¥ee BCC Hnep Fee ree FCC BCC BCC FCC 2
3,615 2,866 2.66; 3,635 3,641 3,666 2,883 2,871 3,543 2
- - 4,94 - - - - - - g
1983 2795 786 1910 1940 1008 2785 2770 2606
8,96  7.87 7,13 B.8D B/17 7,58  7.28%  7,77% 8,62k
0,092 0,110 0,092 0,09 0,099 0,206 o0.auF o117 0,104 by5
0,941 0,178 0,27 0,45 0,398 0.144 0,072 0,054 o0,138% 4,6
16,5 14,7 39,7 1B.4 16,5 16,5 13,1 9,9  13.5% 47
16 28,5 13,4 17 17 17 29 29 ) 4,8,9
6 11,6 5.4 (] 6.4 6.4 11 1 11,7 Cale from 10
32 35 2.8 18 65 65 3.7 T4 78 4,11,12,13
10 15 0,35 12 25 25 59,7 44 40 4,11,12,13
b5 ho - 50 55 ho 25 el 30 hy11,12,19
519 686 294 480 843 990 - 1410 1590 4,14
1225 1960 343 1400 1960 1960 3240 3920 2380
1400 - - 1400 1500 1470
1600 1606 1600 1€9% 2200 2200 2200 4,5,15,16
s0 #2050 700 660 1100 1100 = - 4,12,17
,f;% - . 36 4 2 - - - 11,18,19
30 - - 30 - 10 - - -
40 15
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Material

Al

Cu

I

Zn

Cu=10%n
Cu=-5A1

Cu~9Al

Fa~GAl
Fe~114Cr-0,1Cbh

Ni-113Cr

NENSTTIES OF THE SPRAYED COATINGS

TADLE 2

Spray Technique

Wire
Wire
Wire
Wire
Wire
Plasmat
Plasma*
Plasma*
Plasma*

Plasma*

*Powder size (=140 + 325 mesh)

Ifi;I’R()m;

ORI Yiv# LAGE Ig

As-Sproycd Density
(% Theoratical)

90
86
80
90
86
86
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Max. force
rise ratoe The maximum slope of the force~time traco recorded
during n test
Rub onorgy The arca under the force~time curve of a test
multiplied by the volocity of the blades
Avg. blade
woar Average length change of three randomly sclected
blades as a result of o rub
bxaminat foa 0 50 tuk 1E prved o] e b Yeoaowe o0 te s
- ALL of the decge coad 00 Wit et ] o 0 0 0 yrence, than Al

produesd Wipde wosr

Cu~base alloye causod more sovere scabbing and blade wear than Fe
or Ni~base alloys during room temperature tosts. During clevatoed
temporature rubs, Cu-base alloys with Al additions showed a marked
improvement in rub behavior., Cu~0Al coanting was tho most abradable
(most coating wear) of all the materialswith molting peints greater
than aluminum.

For a given material, elevated tomperature vubs oxhibited shear
forcos (rub ecnergy) which were lower than tliose obaserved during

room itomperature rubs, but the lower forces did not always result
in proportionately reduced blade wear.

Substrate temperatures measuroed duving rubs could be misleading
whon 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 which produced smooth rub
paths and no blade wear; b) Cu~base alloys (cxcept for Cu-9Al

hot rub) which produced rough, scabbed rub surfaces and blade wear
and c¢) Pe and Ni-base alloys which produced blade wear but only
light scabbing.

k.2.1.3 Cooting Appearance and Microstructure

1)

2)

Al and Zn Coatings

The coatings were densified in arecas boneath and adjacent to the
rub path.

Heavy plagtic deformation was obvious in both coatings. Subsurface
flow lines were vimible even without etching.

!‘\f&"l‘l‘)!jg\’x!ga‘[‘t\il E:‘}wf (}:) }l\y’ﬂ
B AR . | ‘
Hfﬁ“«k?‘f'ﬂiﬁiPnHR
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3)

1)

3)

I)

6)

TR A e

7)

1)

L)

No blade motal was transforred to the coating surface.

Cu-basao Coatings

The coatings were densified in areas beneath the rub path.

Significant amounts of blade metal transforred to the eoating
surface (seabbing).

Although tb. rub surfaces wore oxidized, oxidation of the coating
boneath the rub paths wag minimal.

Cracking (probably thormal) was evident in the scabbed aroas
(Figuro 5).

The blade tips wore hoavily burred on the odges indicating plastic
doformation of the blades (Figure 6).

Roactions botween the transferred blade motal and tho conting

wore evident in the variety of phases presont in the microstructure
of the scabbed arcas (Figure 7). Tho reaction zones of Cu-5A1 and
Cu~9A1 coantings wore primarily at the odges and rorner of the rub
paths where scabbing usually initiated., Microprobe analysis normal to
the surface and under tho rub paths indicated that the phases found
ranged in composition from pure coating to pure blade metal, The
Cu/Ti ratios in the intormediato regions were similar to that of
tho Cu-Ti cuteectic. Exact phase {dentification was not attempted
sinco the coating-blade metal mixtures wore quatornary alloys with
unknown phase diagrams,

Tho ns=sprayed and anncaled coatings had lamellar structures typical
of thermally sprayed materials. After rubbing, the CuwB5Al coating
showed evidence of recrystallization and twinning, but the lamellor
structure was still present (I'igure 8). The lamellar structure was
absont 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 indicating that extensive cold working and recrystallization
had occurred during the rub,

e and Ni~base Coatings

The coatings were densified beneath tha rub paths.
Only light scabbing was evident.

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

The blade tips were burred indicating plastic deformation during
the rub (Figure 11).
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Figure 5, Frhermal cracking in scabbed area of Cu coating
Cold rub




Figure 6,

Burring of Ti-6-4 blade used for cold rub of Cu
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(a) Fe-~13Cr

(b) Ni-13Cr

Thermal cracking of Fe-13Cr and Ni-13Cr cold

Cracks are |)(‘l'|)('l\4ilt'lll.ll‘ to rub direction,
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Figure 11, Burring in a Ti-6-4 blade used in Fe-cold
rub which was typical of Fe and Ni base coatings
:




5) Reaction zones were avident in the coatings similar to, but less
extensive than, those of the Cu-base cootings. As with the Cu~
base alloy, microprobe cxamination revealed that the Fe/Ti ratios
in the intermediate regions were close to that of the Fe-Ti
cutectic.

k,2,1,4 DBlade Microstructures

EDAX (Energy Dispersive X~ray) analysis in the Scanning Electron
Microscope of blade tips from the Cu, Cu-~l0Zn, Cu-9Al and Fe rubs
indicated that for the Cu~9Al and Fe rubs, significant coating material
was transferred to the blade tip while the blades rubbed against Cu
and Cu~10Zn were clean.

All blade tips except those from the Zn and Al (hot) rubs contain
, martensite, indicating that the temperatures of the tips exceeded the
B~transus temperature of Ti-GAl-4V (®1840F) during the rubs. A typical
etched blade tip is shown in Figure 12. The extent of the martensite
zones could be readily determined by optical microscopy, and measure-
ments of the linear depth of martensite transformation in the blade tips
(in the direction perpendicular to the rub surface) are compiled in
Table 4. As showyn in the table, the blade tips from Cu~-9Al rubs exhibit
martensite zones which are gignificantly smaller than the zones asso~
ciated with rubs of any of the other Cu, Fe or Ni-base coatings.
Assuming that the martensite 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. '

DR et chis e <5 A

B | DR

Table 4 ghows that for all coatings except Al and Cu-5Al there is

9 a clear increase in martensite zone size (blade tip temperature) as the
ambient test temperature is increased. Phase 1 rub test data (Table 3)
showed that for a given material as the ambient test temperature was in-
creaged, the rub energy decreased. A comparison of data from Tables 3 & /4
leads to the conclusion that in mosgt 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 stress of the Ti 6-4 blades. In the case of
the stronger coatings (Cu, Fe and Ni-base) the extreme temperature
sensitivity of the flow stress of Ti 6-~4 at temperatures above 1000F may
be the dominant factor. This general type of behavior would explain why
4 low energy rubs cannot always be expected to produce low blade wear.

A Unfortunately, improved rub coatings cannot be identified on the basis

‘ of elevated temperature mechanical properties alone since it has become
evident that in many cases metallurgical reactions can occur during rubs.

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

- 26 -
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Figure 12, Structure of Ti-6-4 blade tip from room
temperature rub of Fe coating showing
complete transformation to martensite
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Rub Coating

Cu~-5A1
Cu-5A1
Cu-9Al1
Cu-9Al
Cu~10Zn
Cu-10Zn
Fe-6A1
Fe-6Al
Fe-13Cr
Fe~13Cr
Ni-l3Cr
Ni-13Cr

TABLE /

MARTENSITE TRANSFORMATION DEPTHS

Ambient Test Temp.
(Room Temp. or Hot)

RT
RT
Hot
RT
Hot
RT
Hot
RT
Hot

Hot
RT
Hot
RT
Hot
RT
Hot
RT
Hot

- 28 -

Depth of Martensitic Zona at

Blade Tip (mm)

min.

o O O

1.0
0.7
1.3
0.6
0.4

0.3
0.5
0.8
1.1
0.8
1.5
0.2
1.4

Max.

<0.1

0.6
1.2
0.8
1.h
1.1
0.9
0.3
0.4
0.6
0.9
0.9
1.2
1.1
1.7
0.3
1.6
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improvement in rub bohavior produced by Al additions to Cu. Selected
properties of ‘the Phase I matoriasls are compiled in Table 1. As shown
in tho table, the primary property diffcrencos between Cu and Cu-Al
slloys occur for melting point, thormal conductivity, tensile and yield
strength, hardness, recrystallization tempoerature, stacking fault
energy and impact strength. It should be noted that the bulk material
properties will apply to spray coating materials on a microscopic
basis, but that on a macroscopic basis, coating proporties such as
tensile strength, hardness and thermal conductivity will be lower than
bulk properties due to ‘the lamollar structure and porosgity associatoed
with goray coatings.

Possible effects of the property differcnces on the rub behavior of
coatings are disgcussed below:

) Thermal c¢onductivity, melting point = The lower thermal conduc~
tivities of the Cu~Al alloys as compared to pure copper would
be expected to produce hotter rubs due {o the decreased ability
of the coatings to conduel frictionally generated heat away fron
the rub paths. The rub and microstructural data showed that temp~
eratures reached by Cu-Al coatings and substrates directly beneath
the rub paths were higher than those reached by Cu coatings, but
temperatures reached by blade tips during rubs (martensite zone
size) indicated that the actual rub surfaces of the coatings may
have been hotter than the rub surfaces of the Cu-Al coatings.
These data are consistant because the Cu coatings would be able
to conduct more heat away from the rub path in lateral directions,
resulting in lower temperatures directly beneath the rub path.

There hag been some evidence that high speed sliding contact

between 1wo materianls may result in the formation of a thin molten
layer at the rub interface which can act as a 1ubri?g8y to reduce
the friction coefficient and subsequent wear damage = . If this
phenomenon had occurred during the rub tests, the temperatures
reached by blade tips would have bheen proportional to the melt-

ing points of the coating materialg. Blade tip temperatures,

as indicated by martensite zone gize, reached during rubs of Cu,
Cu-5A1, and Cu-9A1 coatings were in the same order as the melting
points of the coatings(Table 5), and examination of the blade tips
and coatings revealed that some melting had taken place (complicated
by eutectic reations). However, Cu~10Zn, which has the same melt-
ing point ag Cu~9A1 and a lower thermal conductivity than Cu, did not
show any significant improvement over Cu when rubbed, indicating
that the improved rub behavior of Cu=~Al alloys cannot he atiributed
solely to melting point and thermal conductivity differences.

° Tensile strength, yield strength, hardness - The higher tensile
and yield strengths and hardnesgses of the Cu~Al alloys show that
these materials are stronger and more difficult to plastically
deform than Cu. Because of their higher strengths, Cu-Al alloys
would be expected to require more force (energy) for deformation,
and rub force (shear) data from Phase I tests show that higher
forces were generated during rubs of Cu~Al alloys. However, Cu
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Coating
Cu

Cu-~5A1
Cu~9Al

TABLE 5

MELTING POINT/MARTENSITIC DEPTH RELATIONSIITPS

Coating
Melting Point
°r)

1983
1940
1908

_30-

Martensite Depth
In Blade Tips in mm

1-0"1.2
004-009
0.0"‘004
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Figure 13. Rub Performance Versus "Figure of Merit"
{ *
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rubs caused more blade wear than Cu=9A1 rubs, indicating that mechs
anieanl strength differences cannot aecount for the improved rub
behavior of Cu~Al allovya,

) Reerystallization temperature, stacking vault onergy = Thoe yeervetal=
lization tomperatures and stacking tault energies of Cu and Cu=Al
nlloys are significantly different., llowover, the combined offects
of these propertics (along with rocrystallization, work hardening
and recovery rates) result in good hot working characteristics and
hot working temperature ranges (1400=1700) whieh are similar for
both Cu and Cu~Al alloys, indicating that goneral hot working chare
acteristics arc not obvious causes ot the obaerved diffoeronces in
rub behavior.

. Impact strength - Impaet strength is the only mechanical property
cxamined that indicatos Cu~Al contings ahould behave difforently
than both Cu or Cu~’0Z1 contings., As shown in Table 1, the {mpact
strengths of Cu and Cu=10Zn are approximately 2 to 9 times as large
as the impact strength of Cu=uAl (at poom temperature). Sinee impact
testing imposes high strain rates (107/see) on materinls and rub toest
blades "impact" o coating at high speeds, it is possible 1hat a dense
contings response to shock loading may be on important factor in
rub behavior.

In summary, cxamination of the rub test, metalloqgraphic and physical
property data from Phase T materials revealed no obvious key features for
abradable; high molting point wmaterials, although Al additions to Cu im=-
provaed the rub behavior of dense apray coatings.

R. C. Bill has proposed a "Figure of Merit'" to ronk rub performance of
materials based on the adiabatic heating of seal materinls by rub induced
deformation until hot working temperature range is reachoed.

Figure of Merit o (Tensile Strength) X (Elongation) X€Cp X (Thy=Tamb)

whore: 2 o density
Cp = specific heat
Thw = hot working temperature
Tamb = ambiont temperature

The '"Figure of Merit! was calculated Tor cach of the coatings using the
properties listed in Table 1 and plotted against a rub performance Tactor
(coating wear minus blade wear) for each test in Figure 1%. TIi appears
that the rub performance of the materials do show some correlation with
the "Figure of Merit" but that differont wear mechanisms are ‘ndicated
dependings on the degree of abradability/abrasivness of the coating.
Several arcas which warrant further attention have been identified:

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

2) The potential for casy plastic deformation of near-cutectoid Cu-Al alloys.
3) Theo potential for surface melting/lubrication during rubsa.
L) The role of impact behavior on a material's responsce to high velocity rubs.

5) "Figure of Merit!"/rub performance correlations which include the blade
material properties and heat partitioning between coating and blade.
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TABLE 6

PHASE IT RUB TEST COATINGS

Plastically deformable coatings

Al (donse plasma sprayocd)

Low cohesivoystrength abradable coatings

Metco 601 A (Porous thormel
Aluminum Bronze/Nickel Grohpite (A1Br/NiCq) sprayed)
80/20 Nickel Graphite (NiCq)

AB-1 l (Pgrzus "
Feltmetal 5158 ! sintere

Modified PPhase T coatings

Plasma sprayed Al over Feltmetal
Plasma sprayed Al Bronze over Feltmetal
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4h,2.2 Phase IT = Curront Compressor Clearance Coatings

h.2.2.1 Material Selection and Preparation

There are two major types of compressor clearance c¢oatings currently
in use. They are: a) the casily plastically doformed coatings; and b) the
low cohesive strength coatings. Table 6 lists the coatings used for
Phase IT rub testing.

Plasma sprayed Al was chosen as an cxample of a plastically deformabloe

coating currently in use. The low cohesive strength coatings were chosen

to cover a wide range of abradability among the currenti compressor coatings.

Tha Teltmotal underlayer was added to some of the Phase I coatings
to study the effect of a compliant layer underncath the rub coatings.
The Feltmetal pad has a low thermal conductivity due to its high porosity,
and this effect on the rub of the coatings was nlso to be assesscd.

4,2,2.2 Rub Test Results

The results of the rub tests of Phase II coatings are in Table 7.

Only two materials, AlBr/NiCg and 80/20 NiCg, caused blade wear.
Microgtructural examination of these coatings revealed that the rub
surfaces oi the samples which caused hlade wear were compacted to
various degrees during the rubs (Figure 14 and 15). The 80/20 NiCg
cold rub specimen which did not wear blades did not have a comparted
surface. Some surface compaction also occurred in Feltmetal 515B speci-
mens (Figure 16 ); however, the compaction was less than that observed for
AlBr/NiCg and 80/20 NiCg specimens, and the FM 515B specimens did not
wear blades.

The lowest rub forces were observed for the Metco 601, AB-1 and
Al/FPeltmetal rubs. The highest rub forces were produced during AlBr/NiCg
and 80/20 NiCg rubs where blade wear occurred, but the force asgociated
with the cold Al rub, which did not wear blades, was also high. The rub
energies calculated from the rub force~time curves appear to support the
Phase I observation that rub force/energy and blade wear do not correlate
with regpect to different materials. Even when rub energy has been
adjusted on a unit volume basis (last column of Table 7) there are no
obvious trends to the blade wear and rub eriergy data except that the
denser Phase II materials (Al, AlB/NiCg and 80/20 NiCg) cause higher rub
force and energy generation in mos. cases.

The AlBr/NiCg and 80/20 NiCg specimens were the only materials which
produced gignificant substrate temperature rises during hoth hot and
cold rubs. Heat discoloration on the surfaces of these samples was quite
obvioug. Discoloration also indicated that the rub surfaces of the
TM 515B and AlBr/Feltmetal specimens were hotter than the 900F ambient
test temperature, but the low thermal conductivity of the Feltmetal caused
the gubgirate temperatures to remain virtually unchanged.

Micro-examination of blade tips revealed only one unexpected feature,
approximately one mil of pick-up on blades from the AlBr/TFeltmetal rub
(Figure 17). The material on the tip is dense and uniform indicating
severe deformation or possibly melting took place during the rub. Since
Cu~9Al 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.
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PHASE 11 JUD TEST DATA OR
Coatin T m 1. (“F)  Ap(eT, = Max Temp  Mox Shear  Mox Force  Avg Pepth  Avg Blade
v Anblent Hax T Max Rise Rote Foree(lbs) Rise Rato of Rub Wour
Anb Lont) {("1'/s0c) (1h/svc) (ibeh) (inch)
Al 115 550 h35 198 3.3 3.13 o.027 < 0,00}
M 850 950 100 W,y 1.0 0.226 0.028 < 0,00
Mirteo 601 100 fiig 15 43.9 0.h1 0.3h0 0.037 < 0,001
Meteo (0L 900 000 0 - < 0,05 - 0.036 < 0.00L
. AN LCY 100 875 775 300 b0 5.7 0.02 0.00h
MDr/NiCy 940 275 375 175 1.8 233 0,023 0.006
80/20 NiCg 120 650 530 215 2.7 1,76 0.026 < 0.001
80/20 NicCp 025 1300 375 290 h.2 hy3 0.017 0.004
A=l 120 120 0 - < 0.25 - 0.035 < 0.001
Aly=l 900 900 (¢ - < 0.25 - 0.029 < 0.001
Feltmatnl 5150 100 150 50 19.2 1.5 1,70 0.028 < 0.00L
Feltmaceal 5158 950 50 o] - 0.9 1,02 0.020 < 0.001
Al/Falimetal” 100 150 50 15 041 0.68 0.031 < 0.001
M/Feltmotal® 875 875 0 - < 0.25 - 0,026 < 0.001
AlBr/lfoltmatal* 900 900 0 - 0.9 1.65 0.026 o (1 mi}
piek-up)
Coating Rub Surface fub Supface Rub Energy  Rub Enaergy/lnit Yolume
Hardness Rouglmass Appearance (Ftelbs) of Coating Nemoved
! Rysy RMS_(miero=inch) (Fe=1bs/in")
"
73 50-00 Smooth, dense 30h5 2.:.'6x1o,"
73 G0 Smooth, donge 692 h.9hX10h
56 >300 Deeply grooved 611 3.30X10

] 55 50-60 Lightly grooved - -~ .

;- 7h 120-200 Lightly scabbed 5509 3.80X10;

7 72 . 2300 Lightly seabbed 2078 1.81x10¢
57 110-300 Smooth, porous 3112 2.398105
50 300 Ligitly scabbed 2613 3.07X10

3 <0 300 Smooth, porous - -

i <0 180 Smooth, porous - =
<0** 70-80 Smooth, porous 1171 8.36X10A
<0** 100-150 Lightly grooved 693 6.93X10h
- - Lidghtly grooved 530 3.42X10
<0'* 50-55 Lightly grooved - =
- - Smooth, spallad 607 4.,67X10

. in some areas

4

*Spoclmens prepared by NASA
“*Feltmntal too soft for havdness reading

' Blade material: Ti-6A1-4Y

Number of blades: he

Rlade thickness:
Incurgion rate:

Inzursion depth:
Blade tip apeed:

0.025 inch
0.010 inch/smec
0.020-~0,Q30
500 KPS
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Cold Rub 100 F

Figure 14,

Cross=section of

AlBr/NiCg.

b)

Hot

Rub, 900" F
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(100X)
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rub paths showing compaction of
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- RUB SURFACE

a) Cold Rub, 120°F EFPRODIICT
\IA,; ..(""[ CIBILITY Op THE
ORIGINAL PAGRE IS POOR

-~ RUB SURFACE

(100X)

b) Hot Rub, 925°F

Figure 15, Cross-section of rub paths of B0/20 NiCg showing
compacted and non-compatected surfaces
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Figure 17,

REPROD Ut o1 ITY OF THE |
("""H..l‘- AL PAGE IS POOR

Al/Br

250X

Blade tip from AlBr/Feltmetal hot rub showing
uniform pick-up layer of Al/Br
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The most unique coating microstructure wag that of the Al/Felimetal
and AlBr/Feltmetal materials supplied by NASA. The spray materials on
the IPeltmetals remained essentially intact during rubs, resulting in
smooth, dense rub surfaces with only minor compaction of the supporting
Feltmetal (Figure 18.). Approximately one-=half of the AlBr spalled
from the Felitmetal during the rub, but the remaining material had a
smooth finish. The reason for the AlDr spallation has not been est-
ablisghed,

A comparison of data from Phase I and Phase II tests on Aluminum
(Table 8) shows that for the same test conditions the measured tempera-
ture, shear force and rub energy values are in reasonable agreement.

As shown in Table 9, blade tips from rub tests which resulted in
blade wear exhibited martensite (in agreement with Phase I resuits):
blade tips from rubs wich did not cause blade wear do not contain
martensite with the exception of blades from the 80/20 NiCg (cold) and
A1Br/fM (hot) rubs. The presence of martensite in all blade tips which
were worn during Phase I and Phase IT rubs indicates that blades are
wearing only when tip temperaiuvres exceed 1840°F. At these elevated
temperatures, the flow stress of Ti-6-4 is known to be less than 5 ksi,
indicating that a dense rub coating material may have to have a very
low bulk flow stress at 1800°F or high if wear of Ti-base blades is to be
avoided during rubs.

In summary, the only Phase I and Phase II materials which have
produced the target goals, no blade wear and smooth, dense rub surfaces,
are Al and Al/Feltmetal. Cu-9Al, which produced a smooth rub surface
during hot rubbing, wore blades, but AlBr(Cu9-Al-il'e)/Feltmetal produced
a rub which did not wear blades. AlBr spalled during the rub, however,
indicating that some modification of the AlBr/Feltmetal system might
also produce a material capable of providing smooth, dense rub surfaces.

L,2.3 Phase ILI - Porosity 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 (Table 10) and to select a
coating for study of porosity on tub behavior. Cu-9Al ranked the
highest of the Cu, TFe, and Ni based coatings. In the case of the Cu-
9A1 hot rub, a depth of rub and a rub surface similar to pure Al
(figure 19) were exhibited.
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Al/Feltmetal = Cold Rub, 100°F

Figure 18,

b)

AlBr/Feltmetal - Hot Rub, 900°F

Cross=section of rub paths from metal
materials
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TABLE 9

MARTENSITE TRANSFORMATION DEPTHS

Depth of Martensite Zone

Blade Wear at Blade Tip (mm)
Rub_Test (Inch) Min Max
Al (cold) < 0.001 0 0
Al (hot) < 0,001 0 0
? Al/FM (cold) < 0.001 0 0
i AL/FM (hot) < 0.001 0 0
’ AlBr/NiCg (cold) 0.00k 0.4 0.5
: AlBr/NiCg (hot) 0.006 1.0 1.1
; AlBr/FM (hot) 1 mil pick-up 0.1 0.5
3 80/20 NiCg (cold) < 0.001 0.4 0.5
? 80/20 NiCg (hot) 0. 00k 0.9 1.1
‘ FM515 (cold) < 0,001 0 0
FM515 (hot) < 0,001 0 o ‘
AB-1 (cold) < 0.001 0 0 :
AB-1 (hot) < 0.001 0 0 '
Metco 601 < 0.001 0 0 N
Metco 601 < 0.001 0 0
;.
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Ranking

10
11
12

13
1,

16
17
18

TABLE 10

RUDB _PERFORMANCE RANKING - Phase I Coatings

Coatling

AL (C)

Al (1)

Zn (C)
Cu~9AL (i)
I*e=GAL (11)
Cu=9A1(C)
Cu=-5A1 (1)
I*e=0AL(C)
Fe-19Cr(H)
Fe~13Cr(C)
Fe (1)
Ni=13Cr(H)
e (C)
Cu=10Zn(H)
Cu~107Zn(C)
cu (1)

Cu (C)
Cu~5A1 (C)

- bl -

Coating Wear-
«036
031
.030
014

=, 0k
-, 006
-.006
=011
=011
~-.014
=-.017
-.020
-.023
-.026
-.030
-.033
~. 0k
~. 064
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Phase II rosults indieated that a Feltmotal layor under sprayed
AlDr coatings tonded to reduce blade wear,

Basod on the above roulis, the following coating systoms woere
selocted 1o siudy the offoct of porosity on rub behavior:

(1a) Cu=9Al
(1b) Cu~9A1
(2a) Cu=9Al
(2b) Cu=9Al

20 v/o Ekonol
ho v/o Tkonol
20 v/0 Ikonol/Feltmotal 5158
ho v/o Lkonol/Foltmetal 5158

+ ¥+ ¥+ ¢+

Fkonol, a polyestor powder marketed by Moteo Tne. as Metco 600, was
solected as the non-motallie component to be sprayed with the Cu=9Al
powder to reduce the density of the spray deposit (introduce porosity)
since it is similarly usod in other rub coatings such as Metco 6GO1.

Prior to spraying, rub test panecls without Feltmetal wore grit
blasted and sprayed with 0.005 inch of Metco 450 bond coaty panals
with brazed-on Feltmetnl were very lightly grit blasted with an S.S.
White Model D air abrasivoe (dental type) and cleaned ultrasonically in
methyl-ethyl-ketone (MEK) to remove any entrapped grit. Approximatoly
0.035 inch of coating was applied to panels without Feltmetel. The
surfaces of the spray coatings were somewhat uneven due te the traverse
fixturing and rates used so the surfaces of all coatings were cvened
by gentle abrasion with 140 grit SiC paper. Tinal coating thicknesses
were 0.030-0.035 inch for pancls without Feltmetal and 0.015-0,020 inch
for panels with Feltmetal.

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

Gun - Motco 3MB

Console ~ Avco

Powder Feeder - Plasmadyne
Nozzle -~ GH

KW ~ 21 (550 Amp/38 volts)
Powder Port - #1

Spray Digtance -~ 3 inches

Spray Angle - 90 degrces

Spray Rate ~ 5.5 lb/hr

Primary Gas ~ Ar (100 CFH/100 psi)
Secondary Gas - H, (5 CFH/B0 psi)

4,2,3.2 Rub Test Results

The rub test conditions used for Phase III were identical to those
used in Phases I and IT. The results are tabulated in Table 1l.

The following trends were derived from Phage III rub test results:
i) Significant substrate temperature rises occur only when

measurable blade wear or pick~up occurs (this generalization
is complicated by the low thermal conductivity of Feltmetal).

- 46 o




=~
o2
oS
o d
&
-
5
B~
—
e R Sd2 006 pasds dy3 epwig
ot C{0 00200 :3dap uoreanduy
M..U nNM EEl7lells &) (1301] 333191 uorTINI2Y
ST gt L2000 IEEMDPIYY SpPI
PR S oy igageqy jo Jagniyg
= ATYG-TL HIenIaten apulgy
- ] Baipear seaupivy oy IJes ooy [eyawiyay,
e I it
T d
-
It ey pejeme oGE Mo 00> 250 2y Zn°0 16 oz olée o 1e1amy1ag
~10UCIy NOHYIYE-nD
3T9x ;muy pagycy OmmA «> 100> CHU O - 520> Q o 0oL 00t 1eiauilay
~TOUCHI SOy TYG—n)
:
. {21 *puig vo !
{53 Cotwy Qroomy - - Apid 1o0G>l0 1<z "z ™1 2t o= ath 016 113313y
=T RO TYE N [
¢ ~=
- svaze smea uf {253 spwiy \
“, I™II%379) T eopved o danapd
: ‘paqimow “paacoul ADSBRY 00Z-001 > T %0000 £ 1ie] zL 9z [ oot o0 o AL EF
~IeEY AT IVESRD)
_, Lt ¥
UK @ prorred Yenotoy - - TR ) &) - £2°0> < o £z6 $z26 10403 K04+ T~
SP2Ie duce Gy
Anagind ‘sncucd “yieomg - - 1000 eoe - ST 0> $9 4 ot (134 o1 TOUBT LY+ V-0
SR
: soesay ysorind *Yioomy OOL-00T €2 000 S10°0 83°0 %90 oyt 39 { oot w6 10U X2+ TN
w pegein “paacens Lyigspy CLT-a51 <1 | 30243 oo FA S gz 434 3 olg (194 (144 Tauowy Oz~ IY6-n)
m *ruw, Cf PI0FITT qra (W3- L=ip [CEET) [CEETY) [EETFETY) {%31) @¥d204 [EETYFEN) LI g XUH .. IUITIQEE watelsg mzmunoo
S SBAIOINE 3934 Ipely ~Bay I o Ny IS AVIYT XV ®Iwy Isly hﬂdﬂ * (o) L A.wo~ 2
ssatney  Cujjwoy Yidag ~Cay  arzng exey *Cmay XV - 12317
arezang gry
SEIISIY 1AL /YT 1T ISV
i AT

B . S

P D R L




oE s T T e, il T T T T Ty T TR T R e e .. R A e

ﬁv 11) Siguificant substrate temperature rise rates occur only
‘ for Cu-9A1:20% Ekonol specimens.

4 ii1) The highest rub forces are associated with either blade
wear or pick-up,

iv) The presence of a Feltmetal underlayer does not causc a
slgnificant reduction in rub forces in relation to the
spray coating materials,

v) Cu-9A1+20% Ekonol spray coatings with and without the
Feltmetal interlayor yielde? partially or completely
smooth, smeared rub surfaces (5150 RMS) after 900F rubs
(Figure 20),

Metallographic examination of cross~sections of the rub spwcimens
yielded the following information:

1) Cu-9A1+20% Ekonol and Cu-9A1+40% Ekonol coatings with or ;
without the Feltmetal underlayer have not been compacfed
under the rub paths (Figure 21),

g 11) Coatings with the Feltmetal underlayer were not pushed
E into the felt during rubs.

4 §11) In smooth, rubbed arcas there is only a thin layer of smeared
5 material, Al very high magnification, there appear to be
] some small Cu-Ti eutectic zones in the smeared areas.

iv) 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 interlayers,

Metallographic examination of etched blade tips revealed thin zones
of martensite (<0,001") 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 Il tests, indicating that tip temperatures were not greatly in '
excess of the B-transus temperature for Ti6ALLV(~1840F), It may be
postulated that in rubs where scabs are not formed on rub surfaces,
the surface temperature during rubs will be limited by the melting !
point of the rub coating; in the case wherc scabs are formed, the
temperature at the rub surface would be expected to be somewhere
between the melting point of the coating and the melting point of
; Ti6AL4V( 3000F) depending on the extent of scabbing.

* e .

TEEETTITY R e

The pick-up measured by micrometer on blade tips from Cu~-9A1+20%
Ekonol /Feltmetal rubs was clearly evident microscopically, In addition,
nincy pick-up not meagurable by micromuter was observed on blade tips
from Cu-9A1+20% Ekonol rubs, the coating material picked up on the
blade tips appeared to have reacted with the blade 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 pick-up material. The

TTE R SR EATEY
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b) With Feltmetal Underlayer

Figure 20, The hot rub surfaces of the Cu-9A1 + 20% Ekonol




a) Beneath Rub Path

50X

b) Away from Rub Path

Figure 21, Cross=-section of Cu-9A1 + 20% Ekonol coating
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prosence of detectable amounts of titanium in the coating pick-up
would require o significant amount of diffusion to occur during the
rub and gives further support to previous eovidence that the
temperature of the rub surfaces approached or exceeded the melting
point of Cu-9Al (w1910F).

Bacause 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 resistance. Standard room tomperature erosion tests
showed the erosivity numbers (seconds to erode one 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 currently used engine coatings, the Cu-9Al+20%
Ekonol would appear to have adequate erosion resistance in the as-spraycd
condition whereas the erosion resistance of the Cu-9Al+40% Ekonol would
be marginal for engines.

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

i) The addition of porosity to Cu~9Al couatings significantly
reduced blade wear in relation to the wear observed for
dense Cu~9Al in Phase T tests.

ii) Cu-9ALl+20% Ekonol spray coatings, particularly with a Felt-
metal interlayer, have demonstrated the capability for
yielding smooth rub surfaces under one set of rub test
conditions and have demonstrated erosion resistance which
is considered acceptable in relation to spray coatings
currently used in engine applications.

iii) Cu~9A1+40% fkonol coatings are highly abradable. However,
they have rougher rub surfaces than Cu~9Al+20% Ekonol
coatings, and they have marginal resistance to erosion.

iv) 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.

k.3 Task IT -~ Rub Test Parameters

4,3.1 Material Selection and Preparation

Cu-9A1+20% Ekonol with and without the Feltmetal interlayer
demonstrated the capability of yielding smooth rub surfaces with a
gsignificant reduction in blade wear over the dense coatings coupled
with erosion resistance considered acceptable for engine applications.
These two coating systems were therefore selected in Task II to determine
the effect of rub parameters on their rub behavior.
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AlBr (Metco 51F) powder was used in preference to Cu-9Al because
of its availability. The nominal composition of Metco 51F is Cu-9.5A1-
1Fe. The rub behavior of Motco 51F was oxpectad to be similar to
CU"9A1 .

The gpray parameters used for the coptings were identical to those
previously used in Phasge TII, Task I.

Prior to spraying, rub test panels without Feltmetal were grit
blasted and sprayed with 0.005 inch of Metco 450 bond coat; panels with
Feltmetal were very lightly grit blasted with an S.S. White Model D air
abrasive (dental type) and cleaned ultrasonically. Approximately 0.030"
of the AlBr+20% Ekonol coating was applied to all panels which were
sprayed in one operation to insure uniform coating properties.

4,3.2 Test Results

The test parameters selected for study were: a) the incursion rate;
and h) the solidity (i.e., number of *lades used); and ¢) the test
temperature. Two different incursion rates (0.0001 and 0.00l1 inch/sec),
two solidity variations (48 and 12 blades) and two test temperatures
(RT and 900°F) were examined. The remaining test parameters were
identical to Task I test parameters.

The test results are listed in Table 12. The following trends
were observed from the Task Il rub test results:

1) The maximum rub temperatures exceed those observed for 10.0
mil/sec rubs of Cu-9A1+20% Ekonol during Phase III, Task I testing.

2) The maximum shear forces also exceed those ohserved for 10.0
mil/sec rubs of Cu-9A1+20% Ekonol during Phase IIT, Task I testing.

3) Some rub force curveg show cyclic force vs. time behavior during
part or all of the tests.

4) At 0.0001 mil/sec incursion rates, hot rubs are more severe than
cold rubs; at 0.001 mil/sec incursion rates, hot rubs are less
severe than cold rubs.

5) Twelve (12) blade tests produce more blade wear than 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+20% LEkonol is comparable to
blade wear obgerved for Phase III, Task I tests of Cu~9ALl+20%
Ekonol except for the hot, 0.0001 mil/sec rub, but more scabbing
is evident with the AlBr+20% Ekonol.

7) Blade wear is reduced when a Feltmetal underlayer is present.
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The depth of martensite transformation of the Task IT rub blades
determined metallographically (Table 13) were largor than those
observed in Phase ITII, Task I, which is in accord with the higher
shear forces, amount of blade wear, and maximum rub temperaturoes
observod.

All Task II blades had a uniform pick-up of coating material at
the tip (Figure 23) ranging from 0.00005" to 0.0002", Blades with
martengite depths of greater than 0.1 mil tended to show heavy burring
on the trailing edge but very little coating pick-up on the leading
edge. For the blades that had less than 0.1 mil martensite (Figure 24).
Ne burring was observed, and ithere was coating pick-up on the tip.

The inereased temperatures, forces, depth of martengite transforma-
tion and scabbing observed for AlBr+20% Lkonol tests with respect to
Cu-9A1+20% Ekonol tests could be attributed to the effects of changing
incursion rates during tests and/or to a slightly decreased abradability
of the AlBr+20% Ekonol. The following evidence points to probable
decreased abradability of the AlBr+20% Fkonol as compared to the prior
Cu=9A1+20% Ekonol material.

1) The erosivity number (secconds required to erode one mil of coating)
of the A1Br+20% Ekonol is 20 vs. ®15 for ‘the Cu9Al+20% Lkonol
tested in Phase III, Task T.

2)  The microstructure of the AlBr+20% Fkonol. while not grossly
different from that of the Cu~9A1+20% Ekonol, shows the AlBr
matrix to be slightly denser and more contiguous than the Cu-9al
matrix (Figure 25).

Prior experience with abradable coatings has shown that increased
erosion resistance and higher 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
A1Br (Metco 51F). As shown in Table 14 the size distribution of the
AlBr is shifted toward the -325 mesh size range in relation to the
Cu9Al size distribution which is centered about the -270 mesh size
range. Experience has shown that finer powders can be expected to
vield denser coatings if sprayed with similar parameters.

At present, the reasons for the cyclic rub force curves or for the
reversal in severity of hot and cold 48 blade rubs when changing from
0.0001 to 0.001"/sec incursion rates are not clear, although the
decreased temperatures and rub forces associated with the 12 blade
(lower solidity) rubs indicate that a complex relationship between
frictional heat generation, thermal conductivity of the coating and
possibly windage effects may be a significant factor in observed rub
behavior. The effect of incursion rate on amount of blade wear is
presented for the 48 blade tests in Figure 26 for both Tasks I and II
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Wigure 23, Pick-up coating material on blade tip during

cold rub of AlBr + 20% Ekonol with Feltmetal coating,
typical of all Task II blades (48 blades, 0,001"/sec
incursion rate)
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b) ALBr + 20% Ekonol

Microstructures of (a) Cu 9A1 + 20% Ekonol and (b) AlBr + 20
Ekonol showii t he lightly increased density of

AlBr + 20% Ekonol
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TADLE 14

Particle Size Distributions for Phasae ITI,
Task T and Task IT Powders

AlBr (Meteo 51-NS)
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and indicates that for these materials, rub performance at room
temporature and 900F are significantly different. At room tempera-

ture blade wear is maximized at the .00l in/sec incursion rate whereas
at 900F blade wear is minimized at the .001 in/sec rate.

Task II rub test results indicate that the point has been reached
where subtle changes in spray paramsters, powder size distributions
and rub conditions will affect the rub performance of AlDr +
20% Ekonol coatings. This experience is consgistent with prior
efforts in developing abradable seal materials and indicates the need
for advancing to the next developnment stage where the requirements for
erosion resigtance, thermal shock resistance, oxidation resgistance, and

innocuous debris must be superimposed on the abradability and smooth rub
surface requirements.
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1) Physical and mechanical properties of bulk materials help explain
gome of the features of the rub behavior of dense coatings but
do not completely account for the differences observed in the
variousg alloys studied.

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

3) Al additions to Cu reduced both blade wear and scabbing.

L) An interlayer of feltmetal between the substrate and coating was
faund to reduce the severity of rubs (in terms of blade wear) but
did not significantly affect the rub force or energy.

5) The addition of porosity to the coating produced smooth rubs but
also reduced the coating's erosion resistance.

6) Significant substrate temperature rises occur only when measurable
blade wear or pick=-up occurred. The highest rub forces were also
associated with blade wear or pick-up.

7) Subtle changes in spray parameters, powder size distributions and
rub conditions were found to affect the performance and accept-
ability of the coatings.

~ Powder size distribution affected the density and therefore
both the abradability and erogivity of the coatings.

8) In general, at low incursion rates hot rubs were more severe and
at high incursion rates cold rubs were more severe.
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