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I. SUMMARY

The goal of this contract was to optimize rub tolerant porous structures

made from nickel-chromium_ aluminum*(NiCrAl)  for use as a transpiration -

cooled turbine shroud abradable seal. The optimized structure has been

developed. The evaluation has shown that this NiCrA l structure is abradable

and resists  oxidation at 1900° F (1040° C) by forming a stable oxide surf ~~ e

coating during the f i r s t  100 hours of exposure. During the formation of the

oxide coating , a minor reduction in the cooling gas flow rate occurs at a

constant back pressure.  After  the coating has formed , the f low-pressure

drop relationship remains constant. Although the flow throug h the abradable

layer can be stabilized by preoxidation, this is probably unnecessary as the

major pressure drop in the optimized structure is across the support structure

rather than the abradable layer . However , preoxidation also enhances

part~culate erosion resistance. Af ter  100 hours of oxidation the erosion is

equi valent to UCAR** Type AB-2 (the comparative material). A NiCrA 1 coated

support structure , tested in a 2600° F gas stream at 0. 7 Ma - i , has demon-

strated that the most efficient cooling was achieved by preferential  cooling of

the lead edge of the shroud segment . Under the same test conditions it was

demonstrated tha t the segment was mechanically stable and does not require

the use of a stronger porous intermediate layer , between the NiCrA 1 and the

support s t ructure .  Thermal stability of the braze and sinter bonded areas

has also been attained . Therefore , in addition to meeting the goal of

optimizing the rub tolerant layer , a practical support structure to which it

can be applied has also been successfully evaluated.

* The nickel-chromium-aluminum (NiCrAl)  abradable s t ructure  re fer red  to
throughout this report was made by a propr ie tary  process developed and
reduced to pract ice by Union Carbide Corporation at its own expense.

** UCAR is a reg istered trademark of Union Carbide Corporation.  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~- .-



II. INTRODUCTIO N

Present high pressure  turbine shroud s do not have a rub-tolerant

capability. If the turbine blade rub s against the outer shroud , severe blade

wear or damage could result. The app lication of rub tolerant materials to

high pressure  turbine shroud s will permit  reduction of the blade to shroud

clearances and will resul t  in a more stable performance of the engine.

To produce a rub-tolerant seal , the seal must be readily crushed ,

cut , or abraded when contacted by the rotating member of the eng ine.

Union Carbide t s past experience has shown that a structure designed to be

abradable will perform better than any other s tructure for this application.

Abradability occurs when the rotating component makes contact with the

abradable material and removes individual particles by cleanly breaking the

bonds connecting them to adjacent particles.  A distended s t ructure  permits

the particles to readily escape from the rub  area . This process results in

little or no heat generation ( expenditure of energy) and low blade wear .

The requirements for a sat isfactory abradable seal in the high

pressure  turbine are not easily met , since the temperatures encountered

are hig h enough to rap idly degrade most porous alloy metal structures.

Denser s tructures which incorporate cooling schemes are sometimes used ,

but these structures have limited rub  tolerance. Porous metal structures

with acceptable abradability can be cooled in a similar manner but are

generally less oxidation resistant.

Previous work by Union Carbide under USAF Contract

F3361 5-76-C-2 026 demonstrated the feasibility of the UCAR approach by

using a NiCrAI porous abradable laye r supported on a denser porous nickel -

chromium (NiCr)  layer . By passing sufficient cooling air into the shroud and

distr ibuting it through the porous s tructure , the s t ructure  could hold a surface

temperature of 1900°F (1040°C) while exposed to a 2600°F ( 1430°C)  gas stream.

Although tha t program demonstrated the feasibili ty of using a porous NiCrAl

s t ructure , it did not address itself to optimization of the s t ructure  for eng ine

applications.

-2-  
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This program addressed itself to the optimization of the coated shroud

assembly. The abradable material was opti .iized for ab radability, oxidation
resistance, erosion resistance, and gas flow stability. The support s t ructure

was optimized for efficient use of the cooling gas and the total shroud

- assembly was optimized for fabrication simplicity and structural  stability.
The coated shroud was tested under gradient conditions simulating those

anticipated in the engine.

-3- 
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III. .A BRA DABLE MATERIAL OPTIMIZATION

Abradability,  erosion , and oxidation tests were the three major tests
used to optimize the abradabie member of the hig h p ressure  turbine shroud .
The following sections summarize these tests .

1. Static Oxidation

The addition of aluminum (Al) to the basic NiCr  alloys enhances the
oxidation resistance of the resultant alloys. The increased oxidation resist-
ance is due to an adherent oxide shell which forms on the surface of the N 1CrA1
alloy particles. This shell , which is basically aluminum oxide (A12O3) (nickel
and chrome oxides are also present) ,  will start to form or repair itself almost
instantaneously under oxidizing conditions and is very stable. A family of
alloys based on this technology is available in the market. However , these
alloys are not all optimized for the same application. The alloy used in the
Union Carbide abradable seal has been optimized for  use as a porous s tructure.
In general , this application requires a higher Al content to avoid dep letion
during the formation of the oxide shell. As shown in Figure 1, the relationship
between the oxidation resistance of the porous structure and the Al concentra-
tion is not linear and the maximum oxidation resistance occurs when approx i-
mately 11 we ight percent Al is added .

The material which results  f rom the addition of approximately
11 percent Al to NiCr is composed of several solid solution phases. These
are listed in Table 1. The phase boundaries for  this NiCrAl  composition are
temperature dependent , and , as a result , the phases listed do not all occur
at the same time . At the fabricat ion temperature , f3 and 

~~
‘ are the equilibrium

phases of the NiCrAl  ( 1 1 percent Al )  composition. Howeve r , when the tem-
peratur e is lowered to 1900° F (1040° C),  the ~3 phase is no longer an equili-

brium phase . Diffusion to equilibrium at 1900° F (1040° C) for extensive
periods of time yields the phases y and y t .

Prolonged uses of the material at these temperatures will gradually
dep lete the s t ructure  of Al , the major metal constituent of the oxide shell.

As  a resul t  of this depletion , the composition will eventually move out of the

two phase field , ‘y plus y t , and into the sing le phase field of y.

-4- 
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Table 1

Phase Composition Comments

A solid solution based on Brittle Material
the NIA 1 structure

A solid solution of Al and Ductile Material
Cr in Ni

A solid solution of Cr and
Al in Ni based on the
Ni 3A1 structure

Because it is the oxide shell that gives the NiC rA 1 material its

oxidation resistance, the life of the material is determined by the oxidation

temperature and the particle size. The temperature determines the thick-

ness and stability of the oxide shell required to protect the underly ing

material. The particle size determines , initially ,  the reserve quantities of

the Al present and the quantity that must migrate to initially form and later

repair the protective shell. The particle size is an important consideration ,

especially for s t ructures which are not fully dense , such as those which have

abradable properties .

To evaluate materials for application in this contract , both of these

considerations were investigated. The materials tested are listed in

Table 2. All of these materials were subjected to testing at or above 1600° F

(871°C) .

Table 2

Avg . Particle Avg . Pore
Material Size Shape Size Density

A - I  85 ~m Irregular  65 ~m 2. 8 g / cc
.A-2 145 ~m Irregular 95 ~m 2 .7  g /cc

B-I  85 ~m Spherical 27 ~m 4. 3 g /cc
B-i 130 ~m Spherical 35 ~m 

4.2 gfcc

-6- 
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Material A - Materials A-i and A-i were subjected to static oxidation

testing at various temperatures between 1600°F (871°C)  and 20 1 2°F (1 100°C) .

The weig ht gain and volume growth data for these tests a re  presented

graphically in Figures 2 throug h 5. Although the initial rate of oxidation is

high , the rate is significantly reduced after 1 50 hours for temperatures  up

to slightly greater than 1900°F (1040 °C) .  Howeve r , as shown in F igures  4

and 5 , excessive oxidation rates occurred at 2012°F (11 00 °C) .

The parabolic type of curve shown in these f igures  is character is t ic

of the oxidation process for this NiCrA 1 system. As the process begins ,

there is a rap id oxidation of the particle surfaces . Af t er  an adherent oxide

film has formed around the particles , the oxidation rates begin to decrease .

Onc e an oxide shell of sufficient thickness has developed , the oxidation rates

either level off or continue to increase but at a mor e gradual rate , dependent

upon the oxidation temperature .

A direct  comparison between A-l and A-i was made at 1832°F (1000°C)

(see Figures 6 and 7). Material A-i with the larger  surface area-to-volume

ratio (smaller particle size) shows more oxidation than Material A - i .

Figures 8 and 9 show typical virgin microst ructures  of structures A - i

and A-2 respectively. As is character is t ic  of this NiC rA 1 system, a two-

phase s t ructure  exists . The rimming phase , p , is very evident in the in ter-

particle bond areas .

The effect of long-term oxidation upon the micros t ructure  is shown

in Figures 10 through 15 . Figure 10 shows the micros t ruc ture  of A - i a f t e r

1000 hour s at 1600°F (871°C) .  A thin oxide shell , which gives the NiC rAi

its oxidation resistance , has formed around the individual particles . No

signs of internal oxidation were evident , and degradation of the interpart icle

bond areas was minimal . No othe r oxidation experiments were conducted at

this temperature.
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The effect of 1000 hour s of static oxidation at 1832°F (1000°C)  upon
the Ai and A microst ructures  is shown in Figures  11 and 12 , respectively.
Insignificant amounts of internal oxidation have occurred throug hout both
s t ructures. Oxidation has occurred primari ly at the surface of the par t ic les ,
result ing in the tightly adherent protective oxide shell . Some oxidation of the
interpart icle bonds is evident , but an oxide film of suff ic ient  thickness has
developed which has minimized fur ther  degradation of the bonds.

The microstructures of A-i after 475 hours at 1900°F ( 1040°C)  is shown
in Figure 13. A thick oxide shell has developed around the particles , and some
internal oxidation has occurred . In addition , the interpart icle bonds have be-
come badly oxidized and considerably reduced in size . This condition has a
pronounced adverse effect upon the tensile strength .

Figure 14 shows the microstructure of A-i after 1200 hours at 1922°F
(1050° C). There was less oxidation damage to Material A-i than to A-I , even
though the A-i test was longer and the temperature was slightly hi gher . This
resul t  was especially true of the interpart icle bonds .

Figure 1 5 shows a micros t ruc ture  of A-i which has received 290 hours
of oxidation at 201 2°F ( 1100°C) .  The observed oxide layer is extensive and
appears to be only loosely attached to the particles . Some internal oxidation
has occurred .

The ability of NiCrA 1 struc tures to successful ly withstand long- term
oxidation has been demonstrated by their excellent s trength retention at
elevated temperatures.  Figure 16 compares the s t rength retention curve s of
A4 and A.i af ter  1000 hours at 1832°F (1000°C) .  Both s t ruc tures  exhibit
similar strength retention abi l it ies ;  a gradual tensile s trength increase is
followed by a gradual decrease . The A2 s t ruc ture  has stabilized at close to
its virg in tensile s trength level af ter  1 000 hours at 1832°F ( 1 0 0 0 ° C ) ,  and th~
A-l s tructur e appears to be decreasing in s trength at a slow rate after  this
time interva l.

- 16- 
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Figure 14: Microstructure  of Material A-i  N i C r AI  Afte r
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Figure 15: M i c r o s t r u c t u r e  of Mate rial A- L4 N i C r AJ  A f t e r
290 Hours  at 2 O 1 2 ° 1-~ (1100°C) ZOO X
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A decrease in tensile strength retention occurs for both A-i and A-i
materials with increasing oxidation temperatures . A similar tensile strength
behavior to that observed at 1832°F ( 1000°C)  occurred at 1900°F (1040°C) ,
as shown in Fi gure 17 for s t ructures  A-i and A . For the A-i material , the
strength leveled off at approximately 85% of its virgin strength . This s trength

retention was equally as good as that exhibited by the A-i s t ructur e at 1832 ° F

(1000° C). The A4 material decreased in strength to approximately 65% of

that which it had as vi rg in  material.

A comparison of the two materials , A-i and A-2, unde r static oxidation
conditions showed that A-i was the superior  material .  It had less weight gain ,
a smaller volume growth , and be tter s t rength  retention than the A-i material .
Physical propert ies  for Material A-2 are listed in Table 3.

Table 3
Composition: Nickel-Chromium-Aluminum alloy ;

nominally 70 N i - 20 Cr - 10 Al

True Density : 6. 97 g /cc
Bulk Density : 2. 5 - 2. 8 g lee
CTE (R . T . to 1832 ° F (1 000° C ); 10. 2 x 10~~ i n / i n / ° F  (5. 7 x 10 ’cm / c m / ° C )
Thermal Diffusivity (a) :  Room Temp. 1. 10 mm2/se c

1470°F ( 800°C)  2 .70 mm2 lsec

Ultimate Tensile Strength
Prio r to Oxidation : 1 700 psi ( 11 .7  MPa)
Af te r  250 Hours at 1832°F ( 1 0 0 0 ° C )  1985 psi (13. 7 MPa )
Af te r  1000 Hours at 1832°F (1000 °C)  1700 psi  ( 1 1 . 7  MPa)

Static Oxidation Volume Increase
A f t er 1000 Hours at 1 832 ° F ( 1 0 0 0 ° C )  3 . 2%
After  1100 Hours at 1922°F ( 1 0 5 0 ° C )  9 .0%
Afte r  300 Hours at 201 2 °F ( 1 1 0 0 ° C )  23. 7%

Stat ic Oxida t ion Wei ght Gain
Af te r  1000 Hours at 1832°F ( 1 0 0 0 ° C )  4 . 6%
Af te r  1100 Hours at 1922°F ( 1 0 5 0 ° C )  10. 0%
Af te r  300 Hours at 2012 °F ( 1 1 0 0 ° C )  16. 0%
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Material B - Testing of Mater ials  B-I and B-i was less extensive than

testing of Materials A-i and A-2. Most of the information generated was

wei ght gain and volume growth data.

Static oxidation data for these two s t ruc tu res  was taken at 1600° F

(871°C)  and 1900°F ( 1040°C) .  At  1600°F ( 8 7 1 ° C ) ,  there was an initial weig ht

gain of 2. 5% after 100 hour s of exposure for  both B-I and B-i (see F i g u r e  18).

An additional 1% weig ht gain occurred up to 550 hour s .

A dif ferent  trend emerged at 1900°F (1040° C). The wei ght gain cu rve ,

in Figure 19, shows that both B-i and B-i oxidize rap idly dur ing the f i r s t  ZOO

hour s , followed by a slight decrease in their continued oxidation rate .

However , B-i and B-i increased in weig h t b y 12 . 7% and 11. 5%, r espec t ively ,

after  550 hours . These same basic trends are shown in the volume growth

curves , Figures 20 and 21.

Static Oxidation Summary - A comparison of the two mater ia l  types

shows tha t the group A materials  have superior  oxidation res is tanc e to the

group B materials . Since this is especiall y important at the abradable

surface where the temperatures  a re  the hig hest , Material  A-i (the better  of

the two A materials)  was selected for  fu r ther  testing. These tests  included

dynamic oxidation , particle erosion , and abradabili t y. The other materials

were maintained as possible candidates for  use as the flow control  layer of

the shroud .

2 . Cycl ic  Oxidation

Material A-i was subjected to cyclic oxidation t e s t i ng  at 1832 °F

(1000° C). Two types of cyclic tes t  were  used . In the f ir s t  type , the segm ents

were  held at 1832° F (1000° C) for 5 minu tes  followed by 5 minutes  at room

temperature. This process  was repeated for  12 75 cycles . In the second

type of tes t , the s amples were held for at least  2 hour s at 1832°F ( 1 0 0 0 ° C )

before b r ing ing  them to room t empe ra tur e .  In bo th cases , cool ing was

achieved by removing the segments  f rom the hot f u r n a c e  and a l lowing them

to a i r  cool. The segments were  not quenched . The r e s u lts  of both of these

tests  are  shown in F igu re  22 . Within  the l imi t s  of e x p e r i m e n t a l  e r r o r . t h e

curves approxima~e the static oxidation c u rv e .

- 
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3. Dynamic Oxida t ion

Purpose - The dynamic oxidation t es t , one of the tes t s  requ i red  by

this contract , was used to de termine  if oxidation of the NiCrA l abradable or

flow control layers resulted in modification of f h e  air  flow throug h the

s t ruc tu re  during the useful life of the abradable s t ruc tu re .

P rocedur e - Th e dynamic oxidation tes t  r ig was designed to meet the

requirements  specif ied by WPAFB . A schematic of the appara tus  is shown

in Figure 23 , and the test  ri g itself is shown in F igures  24 and 25 . The

entir e appara t us , excluding gauges and meters , with the sample attached was

placed into a furnace . The furnace  was used to heat the cooling a i r  to the

speci f ied tempera ture  by mean s of co il ed tub ing ,  which acted as a heat ex-

changer . A measu red fl ow of the heated coolin g ai r , a t a constant  p r e s s u r e ,

was forced throug h the 1 in (2 . 54 cm) diameter  tes t  sample. This step

res ulted in some hea t ing of the sample . Addi t ional  heat was supp lied to the

sample by means of the natural gas-oxygen to rch  to maintain the spec i f i ed

surface temperature .

The test  r ig was designed to s imula te  the nonequi l ibr ium t e m p e r a t u r e

conditions that a t ransp i rat ion-cooled seal would encounter in an eng ine . The

surface  temperature  was held at 1900° F (1040° C) ,  and t he cooling a i r  tem-

perature  was 1200°F (650° C).  The cooling a i r  flow to achieve th i s  g r a d i e n t

was sub stan t ia lly less than that requi red  on the j et exhaust ri g tes t  due to the

lower heat input of the natural  gas -oxygen  torch . The t es t  was conducted for

500 hour s .

The N 1CrA 1 s t ruc tu re  tested was a bi layer  s t r u c t u r e . A 2400 p s i

( 16. 5 MPa) abradable layer (A-i mater ia l )  was s in te red  to a 5000 p s i

(34 . 5 MPa) flow control layer ( A-I mater ia l ) .  This b i l aye r  s t r u c t u r e  was

brazed to a si mulated support  s t r u c t u r e , shown in  F ig ures  26 and ~ 7 , w h i c h

was mounted on the test  r i g.

Opera ting t empera tu res  were  moni to red  f rom a t e s t  s tand . S u r f a c e

temperatures  were  measured by means of an optical and a r a d i a t i o n  p y r o m e t e r .

Temperatures  at the flow control  l a y e r / s u p p o r t  s t r u c t u r e  i n t e r fa c e  and at the

back of the s upport s tr uc tu re  were  de t e rmined  by means of C h r o rn e l -A l u i ie l

thermocouples . The cooling a i r  t e m p e r a t ur e  was also measu red  by a

Chromel-Alurnel  thermocouple .
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Figure 26: Dynamic Oxidation Test Segment Prior
to Testing (Abradable Surface)
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to Test ing (Support  Surface)
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The cooling air flow rate was monitored at 1 psi (6. 9 KPa) back

pressure .  The chang e in flow rate as a function of time and the change in

p ore size wer e measured . Microscop ic examination of the s truc tu re  was

also done to determine the extent of the oxidation .

Discussion and Resu l t s  - The dynamic oxidation test  successful ly

showed that , after the establishment of a protective oxide coating , no f u r t her

reduction in the por e size of the NiCrAl  s t ruc ture  occurred dur ing  500 hours

of test ing.

Figure 28 shows the change in the flow rate as a function of t ime when

a 1 psi (6. 9 KPa ) back pressure  is maintained . A s can be seen , th e curve

levels off with no fur ther  reduction in the flow after  the initial 1 50 hours  at a

minimum surface temperature of 1900° F (1040° C).

The initial pore size  was 18 ~tm for the la rges t  pore and 11 tim for  the

average pore as meas ” . -e d by the ASTM B ubble Test’~ method . These

measurements were  smaller than expected and were  attr ibuted to the braze

wicking shown in Figure  29. The b raze  used was the AMS 4777 braze . No

measurable change in pore size was observed a f te r  500 hour s of dynamic

oxidation testing.

The conditions used in thi s test , althoug h moni tore d and controll ed ,

did vary;  the surface  t empera ture , especially ,  was nonuni f orm . The tern-

per~ ture was maintaine d at a minimum of 1900° F ( 1040°C)  because of lack of

flame uniformity. Four hot spots were  observed on the sample (t he loca t ions

are pointed out in F igures  31 throug h 35). These hot spots were  cont inuousl y

at a temperature  of 1960° F (1070° C). Fi gure  36 shows a typ ica l su rf ace

particle f rom one- of these four location s . A s  can be seen , the par t ic le  is

f ree  of internal  o ddation . ( The phases p r e sen t  are  ‘
~
‘ and y ’. The v t phase

i s repr esent ed by the l ight  spots at the cen te r  of the par t i c le .  ) The backs ide

of the segment has a t empera tu re  of approximately 1550°F ( 8 4 3 ° C ) .  This

temp era tu re  var ies  with the su r f ace  t e m p e r a t u r e but a g rad ien t  of 350° F

(~~95°C~ always exists throug h the porous NiCrA 1.

The pore size  was d e t e r m i n e d  by ASTM method desi gnated  El 2 8-6 1
(reapproved 1969).  F igure  30 is a schemat ic  of the appara tus  used .
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Figure 29: Mic  r o g ra p h of 1) yri C n Oxida tion Test
Struc t u r e  Af te r ~00 I l o t i  rs  of Exposure  100X
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Figure  30: Schematic of Equi pment Used to Measur e
the Pore Size of Porous Materials
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Figure 31: Dynamic Oxidation Test Segment Afte r

75 Hours at 1900° F (1040°C)

- 

~~~~~~~~~~~

: .  ~ _ _

— - .4 .  . . - ,.

I 

~~~

Figure 32: Dynamic Oxidation Test Segment After
185 Hours at 1900° F (1040° C) 
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Figure 33: Dynamic Oxidation Test Segment Afte r
286 Hours at 1900°F (1040° C)
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Figure 34: Dynamic Oxidation Test Segment After
430 Hours at 1900°F (1040°C)
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Figure 35: Dynamic Oxidation Test Segment After
500 Hours at 1900° F (1040°C)
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Figure 36: N 1CrA I Particle Typical of One Located
on the Surface af ter  500 Hours of Dynamic
Oxidation Testing at 1900°F (1038°C)  500X
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4 . Part icle Erosion

Purpose - The particle erosion test was done to determine the degree

to which the rub-tolerant  layer would erode when exposed to a s t ream of

particles which are  propelled by the hig h p r e ssu re  gas stream.

Procedur e - The part iculate erosion test  ri g is shown schematicall y

in F igure  37. A i r  at pre s su res  up to 100 psi ( 690 KPa ) was supp lied by an

80 CFM (38 i/ s e c )  rec i procating air compressor . The hig h p r e s s u r e  air

was forced  throug h an air line , and as pirated par ti cles we r e in j ec ted into

the a i r  s tream 8 in (2 0.  3 cm) ahead of the 3 /8  in (9. 5 mm) ID nozzle . The

test segments were  placed 4 in (10 . 2 cm) from the nozzle and could be

positioned at various angles with respect  to the part icle  stream.

The room temperature te s t  consisted of imp ing ing No . 30 si licon

ca rbide (SiC ) shot onto the sur face  of several  2 in ( 5 . 1 cm) by 2 in ( 5 . 1 cm~

segments of rub-tolerant  material . The segments were  placed at a 30° ang le

with respect  to the 100 psi (690 KPa) air  s tream which accelerated the

particles . The length of the test was approximatel y 5 hour s at a pa rt i cu l a t e

feed ra t e of 0 . 05 g/  sec or until the material  became completely eroded

throug h .

Abradable  material  A-~ at s t rength  levels of 2 100 psi (14. 5 MPa) and

2400 p si  (16 . 5 MPa) sintered to a 5000 psi (34 . 5 MPa) support  layer ( A—i

mater ia l )  were  evaluated in this tes t . Bi layer  mater ia ls  were  tes ted in both

vir gin and oxidize d states . The oxidized segments were  s ta t ical l y ox id i zed

for  100 hour s at 1900°F ( 1 0 4 0 ° C ) .  This oxidation caused a s t r e n g t h  i n cr e a s e ,

as desc r ibe d in the ‘ Static Oxidation ’ sect ion . The UCAR Type A B - Z at

1050 ps i  (7. 2 MPa) was used as a comparat ive  mater ia l  in the v i r g in —~ a t & -  on ly ~~.

Although the s t rength  levels of Materia l  A-2 and UCAR Type A B - 2  w e r t - q u i i ~-

d i f f e r en t , they were  the hig hest s t rength  levels for  each m a t e r i a l  at  whiOi  t~~ i~-

ab radable prope r t i e s  are  still maintained .

* Oxidation of UCAR Type A B - 2  at 1900°F ( 1 0 4 0 ° C )  for  100 h o u r s  w~ i iId  h avi -
been d es t r u c t i v e .

The A-i. mater ial  can maintain i ts  abradab i l ity  at a hig h e r  s t r e n gth iev~ i
than the UCAR Type A B - Z  because  the Al addit ion to the N i C r  in the f r m - r
embri ttles it at room t e m p e ra t u r e . The ma te ri a l , t h e r e f o r e , d 4 c s  not show

plast ic  de format ion , a condi t i on which leads t o  smea r ing  at s t r e n g t h  leve- i s
be tween  1050 psi ( 7 . 2  MPa) and 2400 psi ( 1 6 . 5 M P a ) f o r  UCAR Type AB-~~.
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Fi gure 37: Part icle Erosion Test  R i g
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Data were  reported in grap hic form as wei ght loss versus  weig h t - o f -

part icle- impin ged and as th ickness  decrease  v e r s u s  wei g h t -o f -pa  rt icles-

impinged .

Discussion and Resul ts  - The resul ts  of pre l iminary s h o r t - t e r m

part icle  erosion testing indicated that e ros ion  res is tance  inc reased

with  material  s t rength . Th ese t es t s  indica t e that an ap p roximat ely l inear

relationship exis t s between th e am ount of e r osion and th e ma te r i al s t r e ng th

over the s t rengths  tested , as shown in F igu re  38 . The N i C r A l  m a ter ia l  tested

was: 16 50 psi (11 . 4 MPa ) and 2150 psi (14 . 8 MPa ) M a t e r i a l A - 2  and 1800 psi

(12 . 4 MPa ) and Z600 psi (17. 9 MPa) Mater ial  A - i .  Test data from the f ina l

(5 hour ) tes t ing is also included in F igure  38 . The pre l iminary  test  segments

are  shown in Fi gures  39, 40 , 41,  and 42 .

Ihe approximate linear relat ionship ( e ros ion  rate versus s t rength)  is

va lid only when NiCrA 1 mater ia ls  are us ed . For example , the comparat i-  -e

material , 1050 ps i  (7 . 2 MPa) UCAR Type A B - 2 , had bet ter  erosion ‘-esistance

than the 2400 psi (16. 5 MPa) A - 2  material .  The d i f f e r e n c e  is believed to be

largely due to the decrease  in ductil i ty caused by the Al addi t ion to the NiCr .

The long-term part icle erosion data , generated for 5 hours  with  a feed

rate of approximately 50 m g / s e c . are  presented  in graph form in F i g u r e s  43 ,

44 , and 45 . F ig ure 43 , a graph of average  dec rease  in th ickness  ove r the

entire s egment as a function of the amount of SiC used , and F i g u re 44 , a

grap h of wei ght loss over the entire segment as a function of the  amount  of

SiC used , indicated that hi gher s t rength  levels would reduc e the average rate

of erosion . A lthough this effect  can be seen when the two s t rength  levels  of -

the v i rg in  mater ia ls  a re  compared , it was de m on s t ra ted  more  dra mat ica lly

when the vi rg in mater ials  were  compared wi th  the hig h e r - s t r e n g t h  oxid ized

ma te r i a l.

Along the major  line of impingement , no d i f f e r ence  can be detec ted  in - -

the erosion ra tes  of the two s t rength  levels of virg in A - 2  ma t e r i a l ;  however ,

a dramatic d i f f e r ence  existed between the v i rg in  segment and i t s  hi g he r -

s t rength  oxidized counterpart . Th is re la t ions hip is shown in Figur e 45 .

The s t r eng th  of ma te r i a l , when oxidized , i nc reases  as 5 shown in
F igu re  16 .
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Figure 39: 1650 psi (11 .4  MPa) Mate rial A -2  N1 CrA 1 Afte r
Being Impinged by 25 g of No. 30 SiC Shot

- 4 , ~~~~~

_
_ •’ - - . -~~~ - , - - ‘i ’ -

- ~‘ - - . l  ; — . • ~~:- ~~~- - s - -.
(~~ 

9. ;

~ 
‘

~~ ‘ : 1 ‘ I ‘ a~ : 
~~~~~

, 
~~~~~~ . -. % . 4~~-:k ”~. ~~~~ • . ~~~~~~~~~~~~~~~~ -~ ‘ 
!- ~~~~~ ~

-
~.

- - fl~~ 
i ..’ ~~~~~ , - - - - ~~~~~~ ~•, .~ •

4 ~~ 
.1? 4’ 

9. 
a ‘

4 
~
‘ /~ ~~~~~ 

~ / •~ 
I

~~~~~~~~~~~~~~~~~~~~~~~ ~1, ‘I w t

~~~ ~~~~ a . - - - -
~ - ( 

-, -
1 %

4 4
1

9’ ~~~~~~~~~~~~~~ 
‘ C

I ~ V I .  4~~~~ ~~~~ 
, t
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Figure 41: 2150 psi (14. 8 MPa) Material A - 2  NiCrA 1 Af te r
Being Impinged by 25 g of No. 30 SiC Shot
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Figure 42: 2600 psi (17.9 MPa) Material A - i  N i C r A I  Afte r
Being Impinged by 25 g of No. 30 SiC Shot
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The support layer (A- i ) ,  with an initial strength of 5000 psi (34. 5 MPa),
appears relatively unaffected by oxidation and eroded at similar rates in both

virgin and oxidized states . The rate was muc h slower than that exhibited by
the A-2 material. This rate differenc e resulted in a dishing effect when the

abradable layer eroded down to the support layer .

The comparative material, UCAR Type AB-2, showed the same

erosion rate as the oxidized A-2 material.

The test segments are shown in Figures 46 through 50 after testing.

The data for the segments are summarized in Table 4.

Table 4

Thickness
decrease along
the line of major

Wt . loss af ter  impingement
Test Feed Rate impingement after imp inged

Material Time of SiC by 100 g SiC* by 100 g SiC*

UCAR Type 4 1/2 hr 41.6 g/hr 2.5 g .033 in
A B—2 1050 (.84mm)
psi(7 .  2 MPa)

A-2 2100 psi 4 hr 41.7 g/hr 7.0 g .060 in
(14.5 MPa) (1.52 mm)

A-2 2100 psi
(14.5 MPa)
Oxidized for 5 hr 42.5 g / h r 4.2 g .035 in
100 hr at (.89 mm )
1900°F(1038°C)

A - 2 2400 psi 31/2 hr 41.1 g/hr 6.0 g .065 in
(16. 5 MPa) ( 1 .6 5  mm)

A - Z  2400 psi
(16.5 MPa)
Oxidized for 5 hr 42 . 5 g / h r  2 . 5 g . 030 in
100 hr at ( . 7 6  mm)
1900°F ( 1038°C)

Comparisons of Wei ght loss and Thickness Decrease are  made a f t e r  100 g
of SiC have been imp inged becaus e at this point the A - Z  layer is nearly worn
away. Furthe r test ing , although done and grap hed in F igures  43 , 44 and 45 ,
beg ins to show the ef fec t  of the suppor t ing  Material .

-50-
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Figure 46: 1050 psi (7. 2 MPa) UCAR Type A B -2
Material Subjected to 5 Hours of
Impingement by No. 30 SiC
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Figure 47: NiCrAI  Bi-laye r After  Being Impinged by No. 30
SIC for 5 Hours (Abradable Laye r is 2100 psi
( 14. 5 MPa) Material A -Z  and the Support Layer
i s 5000 psi (34. 5 MPa) Material A - i )

Figure 48: Oxidized N iC rA 1 B I — r ~- \ t t ~ - r l~e in g  Imp inge d  by
No. 30 SiC fo r  ~ h our s  (~\b r a dab le  Laye r i s  ~ 100 psi
(14 .  ~~1~ t)  M~~t u r i a l  \ — .~ and t h e  Su np or t  l o v e r  is
3000 ps i  -

~ 1 . 5 \1 I ~ i ) 1. - Ha l  \ — I
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Figure 49: NiCrA 1 Bi-layer  Af te r  Being Impinged by No. 30
SiC for  5 Hours (Abradable Laye r is ~400 psi
( 16.5 MPa) Material A - 2  and the Supp . t Laye r
is 5000 psi (34 . 5 MPa) Material A - i )

Figure  50: Oxidized N i C r A  I B i - I C y c  r j \ I l i -  r h e  in~ I m p i n g cd  by
No.  30 SiC f o r  ~ I-Iou i- s (A l )  i~~~h t h l c  L ay er  is ~400 ps i
(1 6. 5 I’.1Pa) Mate  rial \ - and the  Suppor t  I .aye r is
5000 psi (34.  3 M l ~a )  \ t o t e  Hal .-\ - I )
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5. Abradabili ty (In-House)

The A-i and A-2 s t ructures  were  s ubjected to pre l iminary  test ing for

determination of the strength levels which should be submitted to NASA for

final testing and evaluation . These were tested on the in-house abradabili ty

tester . The rig was set up to allow an Inconel 600 alloy blade rotating at

175 f t / s e c  (53 rn/ sec )  to interact with the abradable material at a rate of

0.001 infsec (25.4 ~.L/sec) for  0.030 in (762 am) . In general, these type s of
visual cut s or rub s were produced by this test . The type of cut is dependent

upon the ease with which a material is abraded .

Abradable - Visua l appearance of the rub  path looks like the unabraded

areas .

Moderately Abradable - Visua l appearance of the cut shows br ig ht ,

shiny spots which are approximately the size of the par t ic les  used to make

the material .

Unabradable - Visua l appearance of the cut is smeared and discolored

by oxidation of the smeared surface .

Typical rubs on the A-Z structure with strengths of 1650 psi (11. 4 MPa)
and 2100 psi (14. 5 MPa ) are  shown in Figures  51 and 52 , respect ively.  Rub s

of the A-I structure with strengths of 1800 psi (12.4 MPa) and 2400 psi

(16. 5 MPa) are shown in Figures 53 and 54. The rub on the 2100 psi

(14 . 5 MPa) A-~ s t ruc ture  falls into the Abradable classif icat ion. Is

sup er io r  to that of either the 1800 psi (12 . 4 MPa) ( ra ted  as Moderately

Abradable)  or the 2400 psi ( 16. 5 MPa) ( ra ted as Unabradable) A-i s t ruc tur e .

As a resul t , the A-~ st r uctu re has been chosen a s th e abra dab le ma t er ia l. 
-

Since the 2 100 psi (14. 5 MPa) A-2 material  showed good abradabil i ty ,  it was

one of the s t rength levels chosen . The 2400 psi (16 , 5 MPa) A-2 mater ia l  was

also chosen to determine whether A~~ mater ia ls  with s t rengths  hig her  than

2 100  psi (14 . 5 MPa ) a re  still abradable .

The hig her  the s t rength  of mater ia l  that s t i l l  g ives an acceptab le rub , the
bet ter  the par t ic le  erosion res i s t ance .
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Figure 51: 1650 psi (11 . 4  MPa ) Mate rial A - 2  NiCrA 1 Afte r
a 0.030 in (762~~m) Rub with an Inconel 600 Blade
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Figure 52: 2 100 psi (14 . 5  MPa ) Mate r ia l  A - 2  N iC rA 1 Af te r
a 0. 030 in (762  pm) RUb wi th  an Inconel  600 Blade
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6 Abradabi l i ty  ( NASA) *

Purpose - The purpose of this study is to assess the rub tolerance of

one type of gas path seal material  cons idered  suitable for  hi gh temperat ure

applications which mi ght be encountered  in som e turb ine  or advanced hig h

p r e s s u r e  compressor app lications . Sin tered  NiC r Al , prepared to two

di f fe ren t  s t rength leve ls , was subjected to rub  in te rac t ions  against  s imula t e l

blade ti ps at two levels of rub speed and two  i ncu r s ion  ra tes . F r i c t i o n a l  and

radial  loads were  measured , blade ti p wear  was e s t i m a t e d , and n i i c  r o sco p ic

s tudies  of the rub sur faces  and rub debris  we re  under taken .

Procedur e - The abradabili t y test  requi red  was p er f o r m e d  on equi p-

rnent at NASA-Lewis . Rub evaluat ion s were  c onducted on the appara tus
shown in Fi gure  55. Twelve s imulated blade ti ps were  r o t a t ed  at speeds  up
to 1 0 , 000 rpm in this investi gation with assoc ia ted  rub velocities of up to
377 f t / s e c  ( 1 1 5  m / s e c) .  Drive power was provided by a 3 hp ind uction motor

coup led with a continuous speed var ia to r  which p e r m i t t e d  con t ro l  of t he rub

speed .

The gas path seal material  sample was suppor ted on a s l ideway fee

mechanism so that it could be d r iven  radially into the ro ta t ing  blade ti ps .
Radial incurs ion  r a t e s  of 0. 001 in/ sec  (25  km / se c )  and 0. 010 i n / s e c

(2 50 1Cm/sec)  were employed .

Dur ing  a rub in t e rac t ion , the ro ta t ing  speed was held constant , rad ia l
loads and f r ic t ional  torque were  continuous ly r eco rded , and the blade t i p
t empera ture  was moni tored  and r eco rded  by means of an in f ra red  pl.-r o m e t e r .
The si gnal f rom the pyrometer  provided an ind ica t ion  of the n umber of b~adt -

ti ps simul taneously par t i c i pat ing in the rub i n t e r a c t i o n  as well as the ac tual

ti p t empera tu re .

Wear debris  genera ted  dur ing  the rub inte rac t ion  was col lec ted  ,~n t h .~
f ix tu re  indicated i n Fi g u r e  55 . Debr i s  p a r t i c l e s  i mp inged on a s t r i p of ~- t i c k v

tape , thus being cap tu red  for  subsequent  examination .

Rub in te rac t ion  depths were  moni tored  d u r i n g  a l e s t  !,v m e a n s  of a

dia l  gauge i nd i ca to r  which showed the r e l a t i v e  radia l  motion of t h e  feed  s l i d e -

way c a r r i a g e  with r e spec t  to the ro ta t ing  d i sk . In t erac t ion  depths  could be
control led  to wit hin 0~ 001 in ( 2 5 .irn ) of t he  des i r ed  depth .

Data pre pared and sum m a r i z e d  by R . 13111 of NA SA , Le~~ i s  R e s e a r c h  Center .
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Prior  to test ing , the blade ti ps were  ground so that the t ip  s u r f a c e

was parallel (to the degree possible) to the supporting root. The ti p surface

finish was approximately 20 RMS (0. 5 p-rn) after conditioning. The ti ps were

then cleaned with ethanol , and the heig ht of each simulated blade ti p was

measured. Hei ght s were  maintained to wi t h ± 0 . 0002 in (4 p-rn).

Selected gas path seal material samples were epoxy bonded to a mild

steel backing which  was screwed to a c ombination specimen suppor t/ can t i l eve r

load cell. The blade tips were brought to the desired rotating speed , the

selec t ed incu r sion ra t e was se t , and the rub int era ct ion was ini t ia t ed . In

th ese tes ts  th e interact ion was conti n ued t o a 0 . 03 in (750 1-im) depth .

Rotational speeds of 187 f t / s e c  (57 m / s e c )  and 377 f t / s e c  ( 1 1 5  r n / s e c )

were  se lected for  thi s stud y. Under 187 f t / s e c  (57 m / s e c )  conditions , tes t s

were cond ucted at incurs ion  ra tes of 0 . 001 i n / s ec  (25  p-m/ sec) and 0 .0 10  i n / s e c

(250 I-Lm/sec); under 377 ft/sec (115 m/sec) conditions , only the 0.001 in/sec

( 25 p-m/ sec) incurs ion  rate was employed .

Pos t - t es t  evaluation included blade ti p and abradab le mater ia l  rub -

sur f ace microscopic examinat ion , and wea r -deb r i s  examination . A measure

of the wear (or t r a n s f e r )  to the blade ti ps was obtained by observing specimen

focus posit ion changes ove r the ti p su r face .

The blade ti p specimens used in this inves t iga t ion  were  made of

AM 355 steel , the nominal composition of which is Fe - 1 5. 5% Cr - 4 . 5% Ni -

3% Mo machined from AMS 5594 stock.

Two variat ions of s intered NiC rA l seal mater ia l  were  evaluated . Both

variat ions were  approximately 40% dense with a pa r t i c l e  s i ze  of app rox ima te ly

0. 006 to 0. 008 in (150  to 200 p-rn) and a typ ica l pore s ize  of 0. 008 to 0. 01 ~ in

(2 00 to 300 p-m). One var iat ion , t o be des i gnated ‘ Mate r ia l  A~~-2 l 0 0 , ” was

s in tered  to an approximate tensi le  s t r eng th  of 2100 psi  (14 . 5 MPa);  the  o ther

va r ia t ion , t o be des i gna ted “Mater ia l  A -2 - 24 0 0, ” was s in tered to an approxi-

F 
mate tensi le  s t r eng th  of 2400 psi  ( 1 6 . 5 MPa) .  These two s in te red  N i C rA 1

mater ia ls  a re  considered to be candidates  for  hi g h tempera ture  gas path seal

app l ica t ions  ( tempe ra tures  up to 1 800° -1 900° F (980°  - 10 4 0 ° C ) ,  suc h as m ig ht

be fo und in some turb ine  or advanced c o m p r e s s o r  l oc a t i ons .

- Sq -
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Results and Discussion - The resu l t s  of the f r i c t ion  and radial load

studies performed on materials A—2-21 00 and A-2-2400 are presented in

Figure  56 along with results for cur r en t  “s t a t e - o f - t h e - a r t”  gas path seal

material. The s t a t e -o f - the -a r t  materials are comparatively low tempera-

ture types , intended for  compr e s s o r  sea l applica t ions . A few general

observa tions pertaining to these r e s u l t s  may be ru ade . F r i c t ion  fo rces

measured  for  the A’~2 - Z l 0 0  and A-~ -2400 s e r i e s  ma te r i a l s  at a 377 f t / s e c

(1 15 r n / s e e )  rub speed were s ignif icant l y lower  t h 4 i n t hose measured  at

187 f t / s ec  (57 m / s e c ) ,  probably in dicating the rmal  sof tening effect .

Co r r e s ponding “f r ic tion coeff ic ients ” ( f r i c t i on  was very  unstead y) were  less

than 0. 1 at the hi gh speed and between 0. 1 5 and 0 . 2 at the low speed .

Surpr is ingly , increasing the incursion rate from 0. 001 i n / s e c  (25  l i -m/sec )

had only a minimal effect  on measured f r ic t ional  and radial loads . However ,

under hig h inc ur s ion ra te cond it ions , contact  was much more continuous

than under low incu r sion ra t e con d it ions . During a g iven revo lution of the

dis k , pyrometer  data revealed that virtually al l of the blade ti ps had under-

gone heavy interaction when the incursion rate was 0. 0 10 i n / s ec  ( 250 p -m/ s e c ) .

A t  0. 001 in / sec  (25  p -m / s e c )  incurs ion  rate , ~ or 3 blade t ips us ually came

into heavy contact during a typ ica l r evolut ion of the d i s k . With the exception

of the high incurs ion  rate test , f r ic t ional  and radial  loads for  the A-~ -2400

material  were  approximately 25% hig her than those for  the A-2-2 100 ser ies .

Fr ic t ional  f or c e s  and radial  loads for  the s ta te-of - the -a r t  mater ials

were  us ually 1/4 to 1/3 as hig h as for the A-.~-Z1O0 and A-Z-2400 ser ies

mater ia ls . Fr ic t ion  coef f ic ien ts  of approximate l y 0 . 1 5 were  measured .
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Wear measurements , summarized in Table 5, indicated less than

0. 0004 in (10 p-rn) of wear to the blade ti p leading edges af ter  rub inter-

action with A—2 -Z l OO and A.2-2400 materials  at 187 f t/ s ec  (57 r n / s e e )  rotating

speed under a 0.001 in/sec (2 5 p -rn / see )  incursion rate. A t  the 0 .010 in / sec

(250 p-rn/see) incursion rate (187 ft/sec (57 rn/see) rotating speed), however ,

wear of 0. 00 12 to 0. 0016 in (30 to 40 p-rn) was measured on all blade tip

leading ed ges . Also , regions of local t ransfer  of seal material to the blade

tip were observed . Wear was seen to vary considerably f rom blade ti p to

blade tip after rub interactions at 377 f t / s e c  (115 r n / s e c )  rotating speed

(0. 001 in/sec (25 p-rn/see) incursion rate); under these conditions , the maxi-

mum wear was approximately 0, 0028 in (70 p -rn),  the minimum being

0. 0012 to 0. 0016 in (30 to 40 p-rn). Leading edge wear of 0 . 002 to 0. 0024 in

(50 to 60 p-rn) was taken as being typ ical for  the 377 ft/sec (115 rn/see) rub

speed , applicable to both materials A-2-2100 and A.2-2400 .

Figures 57 , 58 , and 59 include micrographs indicating the type of

wear seen on the blade tip leading edges . Materia l removal extends to

approximately 0. 03 in (750 p-rn) behind the leading edge. It also appears that

wear took place by a mechanism of plastic dis placement or plowing of the

ti p material.

The appearance of both the A2-2100 and A.Z-2400 seal material rub

surfaces suggested that some smearing had occurred. Microscopic examina-

tion, however , revealed that the smearing rarely extended over areas of

more than a few particles (Figures 60 and 61),  nev er approaching a continu-

ously smeared condition. Figures 60 and 61 , typ ical of both A.-2-2l00 and
A.~-Z400 material rub surfaces after all interactions , 

reveals some areas of

“pull-out” where seal material was removed to a depth g rea te r  tha n the

interaction depth. These holes or pull-out regions are  a coup le of mi ls dee p

and may have some significance pertaining to seal p er f or mance .

Debris from A-2-2100 and A-2-2400 series materials , shown in

Fi gures  62 and 63 , consist of wear particles in two dis t inct  size range

classif ications. Debris particles comprising the larger size classification
are made up of one or more (often several)  s intered material part icles .

Very few of these larger  particles show any evidence of rub surface d i s t r e s s ,

suggesting that they may have been generated by secondary int eract ions wi th

particles directly knocked off by the blade ti ps . This process  may be vis ualized

as a self-scouring type mechanism, and is consistent with the “pull-out” holes

seen on the rub surfaces .
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Figure 57: Micrograph  of the Lead ing Figure 58: Mierograph of the Leading
Ed ge of an AM 355 Blade Tip A fte r E dge of an AM 355 Blade Tip After
Interaction with Material A -2  NiCrA 1. Interaction with Material A-2 NiCrA l.
Blade was rotating at 377 f t / s e e  Blade was rotating at 377 f t / s e c
( 115 rn/ s ee)  and had an incursion rate (115 r n / s e e )  and had an incursion rate
of 0. 001 in / sec  (25 p m/see) .  35X of 0. 00 1 in/sec  (25  pm/see) .  127X

Figure 59: Micrograph of the Leading Edge of an AM 355 Blade Tip
Af te r  Interact ion with Mate rial A -Z  NiCrA 1.  Blade was
rotat ing at 187 f t / s e c  (57 r n / s e e )  and had an incursion
rate of 0 .0 10  in / sec  (250 pm/see ) .  35X
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Figure 60: Micrograph of Material A - 2  NiCrA I Af te r  Interaction
with AM 355 Blade Tips Showing Smeared Areas (5X

I.

I

Figure 61: Micrograph of Mater ia l  A - Z  N i C r A 1  Af te r  Interact ion
with AM 355 Blade Ti ps Showing Areas  of Pull-Outs 35X
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The very fine particles are thought to have been generated d i rec t l y
by the rub process  and to consist of both the NiC rAl f rom which the seal
mater ia l  is made and the AM 355 blade ti p material .

The result s of this investigation indicate that:

Frictional and radial loads of the hig h strength seal mater ia l

were about 25% higher than those measured for the lower strength material .
No significant differences in blade tip wear were  observed for the two N i C r A l

seal materials.

Wear of the NiCrA 1 seal materials was characterized by
material  removal to a depth greater  than the incursion depth , indicat in g

possible scouring effects or secondary particle interactions .

Wear to the- blade ti ps was by a plowing mechanism.

IV. TRANSPIRATION-COOLED SHROUD DESIGN A N D  EVA L UATION

The transp iration-cooled shroud design calls for three functional

l ayers :  an abradable layer , a flow control layer , and a support  s t r uc tu re .
The previous section of this repor t , ”Abradable Material  Optirn izat ion ” , was
dedicated to the selection of the abradable layer . The des ign  and evaluation
of the other  two members  are  presented  in this section of the repor t .

1 . Plenum Desi gn

Pur pose - Th e pu r pose of th is t es t was t o d e te rmine  e xp e r i m e n t a lly
the plenurri desi gn which  will most  ef f ic ient l y cool the su r f ace of t he abradabl e

mater ia l  to below 1900°F ( 10 4 0 ° C )  when exposed to a 2600°F  ( 1 4 3 0 ° C )  f lame
t e m p e r a t ure . The suppor t  s t r u c t u r e  mus t  u t i l ize  the cooling a i r  e f f i c i e n t l y by
supply ing the cooling air  only to the areas  of the abradable su r face  which
woul d normal l y operate at above 1900°F ( 1 0 4 0 ° C )  in the test  r i g.

P rocedu re  - The jet exhaus t  ri g ,  s hown in Fi gures  64 and 65 , p r o v i d e s
tes t  cond i t ions  s i m i l a r  to those prod uced in an ac tual  je t  t u r b i n e  eng ine . The
je t  ex haust  r i g is a sma ll je t  eng ine c o n s i s t i n g of a b u r n e r  can wi th  a c o n v e r g e n t
exhaus t  nozz l e . 
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Fi gure  64: Jet Exhaus t  Ri g

~

Ficu r~- t~5: Je t  N o z z l e  m d  Sample
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C ombustion air , furn ished by an 80 (38 ~ / sec )  CFM reci proca ting air c o m p r e s s o r,

and Jet “A” fuel, which is injected into the b u r n e r  throug h a domestic oil fu rnace
nozz le , a r e mixed in the bu rne r . The hot gas s tream is developed by supp lying

a spark to ignite the mix. The jet exhaust rig is capable of developing a gas

stream tempera tu re  in excess of 32 00°F (1760°  C) and gas veloci t ies  up to

Mach 1 at ~h e nozz le . Fi gure  66 is a schematic of the jet exha ust r ig.

The je t  exhaust rig is a flexible p iece of eq ui pm en t whic h can be adapted

to p roduce many d i f f e r en t  test  conditions . Included in this l ist  of variable

test  conditions are :  the gas stream temperature  and velocity; the samp le

orien tation and location; and the cooling air  tempera ture , p r e s s u r e , an d flow

rate.  These variables can be controlled and/ o r  monitored at the test  stand .

As  a s tar t ing point , t he supp or t s t ruc t ure desi gned for  Contract

F 3 3 6 15- 7 6- C -2 02 6  (F igures  67 and 68) was used in some pre l iminary  tes ts .

The support  s t ructu res  were  made f rom Inconel 600 (a N i - C r - F e  alloy) and

contained three  a i r  plenums which ran from leading to t ra i l ing ed ges

( l eng thwise ) .  Each plenum was desi g ned t o be supplied with cooling air throug h

or i f i ces  of either 0 . 0 15  in (381 p -rn ) ,  0 . 018 in (457 p -rn) ,  or 0 . 0 25 in (635  p -rn)

dia mete r .  (In the initial contract , a t least four  such holes were  requi red  in

each chamber to give a relatively uniform air  d is t ribut ion . This a rra ngement ,

howeve r , d id not g ive a unif orm sur face  te mp era tu re  f ree  of hot and cold

spo t s . )~ Several changes in the plenum des ign  were  deemed necessa ry .

The orientation of the plenums was changed by rotat ing the support

st r u c t u r e  9 0° with respect  to the gas s t ream.  Thi s change made possible the

contro l of the amount of cooling a i r  d i s t r ibu ted  to each of the paral lel  reg ions

(above the plenum c hambers)  f rom the leading to the t ra i l ing  ed g e inde pendent ly

of one ano ther .

A change in the s ize  of the support  s t r u c t u r e  was made f r o m  1 1 / 4  in

( 3 . Z cm) by 3 i n ( 7 . 6 cm) to l 1 / Z i n ( 3 . 8 cm) by l l / Z i n ( 3 . 8 cm).  This

change reduced the su r f ace  area outs ide of the jet s t ream and thereb y

m inim i zed th e heat loss t h r o u g h th e su pp or t  st r u c t u r e .
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Also , it made the support  s t ructure simila r in width to actual  eng ine shroud

segments.

Unlike the support s tructure used in the i n i t t a l  c o n t r a c t  which merely

supplied cooling gas to the porous metal layers , t he support  s t r u c t u r e s  tested

in this program were in all eases the site of the major cooling gas p r e s s u r e

drop and the support; thereby control l ing the cooling gas flow. The cooling

air injection orif ices were reduced to 0 .0 10 in (250 p-rn) in size and ang led to

the base plane. The numerous smaller holes were use d to achieve a more

uniform cooling air distribution. The ang led a r r a n g e m e n t  was used to provide

a mechanism to disperse the air and reduce its velocity pr ior  to its passing

throug h the flow control layer.

An additional plenum chamber was also added because of the
increased width of the support structure. For the initial tests , two suppor t

structures  were made. Distribution of the air to the four  plenum chamber s

was in the following ratios: for  the f i r s t  support s t ruc ture,  1/4 , 1 /4 , 1/4 ,

1/4; and , for  the second support s t ruc ture ,  1, 0 , 0 , 0. These a r r angemen t s

are shown in Figures 69 through 72 .

Additional testing was done on three  othe r variations of the support

s tructure.  The f i rs t , shown in Figure 73, had only a sing le plenum chamber

at the leading portion; the second , sh own in Figure 74 , had two plenum

chambers  at the leading half of the support s t ructure ;  and the third , shown

in Figures 75 , 76 , and 77 , replaced the plenum chambers with a ser ies  of

small holes , which were located at the leading half of the support  s t ruc ture .

In all three desi gns , the cooling air injection orif ices  were located on the

back of the support  structure near the trai l ing ed ge (Fi gures 73, 74 , and 77).

By fo rc ing  the cooling air to t r averse  the length of the support  s t ruc tu re

f rom the trail ing to the leading ed ge before  being exhausted throu g h the

abradable material , the velocity of the air  is reduced and the air can be

more completely dis persed.  Also,  the cooling air  remove s heat which has

been conduc ted throug h the support  s t iu c t u r e  be fo re  being used to t r a n s p i r a t i o n

cool t he lead ed ge.

- 7 2 -  
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Figure 69: Support Structure with Uniform
Cooling Air  Distrib ution ZX

Gas Stream

1 \ H
Figure 70: Schematic of Support  S t ruc ture  with

Uniform Cooling A i r  Dis t r ibu t ion
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Figure 71: Support Structure with Preferent ial
Cooling to the Lead Chamber 2X

Gas Stream

L I I _ H H I
Figure  72: Schematic of Support  S t ruc ture  with

Preferent ia l  Cooling to the Lead Ed ge
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To complete the test shroud segments , a bi-layer structure

fabricated f rom Material A - l  and A - Z  was brazed to the five d i f ferent  support

s t ructures .  The test segments were mounted vertically at 30° with respect

to the jet  exhaust stream. A gradual temperature drop was obtained across

the sample surface f rom the leading to the trailing edge. The leading ed ge
of each test segment was positioned 4 in (10. 2 cm) f rom the nozzle ,  where

the gas temperature  was 2600° F (1430 °C)  at a calculated velocity of 0 .7

Mach. Because of the limited size of the jet  exhaust stream, a hot band

(from leading to trailing ed ges) of approximately 1 in (2. 54 cm) in width

was generated.  Of this distance , only the center 0. 5 to 0. 75 in (1. 27 to

1. 90 cm) reache s maximum temperature (for  that distance from the jet
nozzle) .  The cooling air was specified at 1200° F ( 6 5 0 ° C ) ;  t he re fo re , this

temperature was duplicated in this test.  A 30 psi ( 210 KPa) p ressu re  drop

across  the support s tructure was maintained. Thi s p re s su re  drop was
maintained by app lication of a sur face p r e s s u r e  of 5 psi g (34. 5 KPa)  and a

p res su re  on the back of the suppor t  s t ruc ture  of 35 psig (241 KPa).  The
target  flow rate for  all of the segments was 25 SCFH ( 1 1 . 8  ~ /mirl) .

Under these conditions , eac h se gment was subj ec t ed to 10 tes t cycles

consis t ing of seven minutes in the gas stream and three minutes out. An

opt ica l py r omete r and a radiation pyromete r were used to measure the

te mpera tu re  at seve ral locations f rom the leading ed ge to the t ra i l ing  ed ge

in the center  of the hot band . The sur face  tempe ratures  were  measured  for
di f f e r e n t  flows of cooling air on the d i f f e r en t  suppor t  s t ruc tu re s .  Chromel-.

Alumel thermocouples were used to measure the t e m p e r a t u r e  at the flow

con trol  l a y e r / s u p p o r t  in te r face . These  data a re  p resen ted  in g r a p hic f o r m .

Results  and Discuss ion - This test y ie lded a new suppor t  s t r uct u r e

desi gn which could be adapted to engines presen t ly using heavy cast shroud
se gments  in the high p re s su re  turbine sec t ion .  The desi gn of t his suppor t
st ruc tu r e , whic h is r e f e r r e d  to as the optimum support  s t rt i c t u r e , evolved

as a resu lt of extensive testing of severa l  p r io r  desi gns.
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In the f i r s t  test , equal quanti t ies of cooling a i r  were supplied to each

plenum of the initial test  support s t ruc tu re , shown in Figure 69, which gave a

uniform temperature drop across the abradable surface . Since the t ra i l ing  ed ge
never exceeded 1900°F ( 1040°C) under rig test conditions , any cooling a i r
supplied to plenum s 3 and 4 was not required to maintain the seal at a usable
temperature (Fi gure  78). It was c oncluded that preferent ia l  cooling to the
leading half of the surface would be a more efficient use of the cooling air .

The second support structure tested was shown in Figur e 71. This basic

design was the same as that for the initial support structure , but all of the air
was supplied to the first plenum chamber. This arrangement resulted in a

better utilization of cooling air (Figure 79),  but it still was not a.iequate.
There were som e faults with the basic design of the support s t ructure:

There were four 1/4 in (6 .35  mm) wide plenum chambers which
had to be spanned in the s upport s t ruc ture.  This design requi red  that eithe r an
abradable layer with a hig her strength be used or that a second layer be inser ted
between the abradable layer and the support structure . Although the second

choice was the most likely, neithe r was totally acceptable. Increas ing the
strength of the abradable would reduc e i t s  rub tolerance capabi l i t ies . Put t ing
in a second laye r would reduce the depth to which a good rub coul d be achieved .

Also , the support s t ruc ture  requ i red  that the a i r  be supp lied to

the plenums through or i f ices  no larger  than 0. 010 in (250 p-m) in d iameter  (see
Figures 69 and 71). This design caused two problems . F i r s t , the holes were
extremely d i f f i cu l t  to fabr ica te  into the support  s t ruc tu re . Second , once fabri-
ca t ed , they are d i f f icu l t  to keep open dur ing  the b r a z i n g  operation requ i red  to
attach the abradable layer . Also , dur ing  r ig test ing , t hey tended to become

plugged by oxide scales or other small par t ic les c a r r i e d  by the cooling a i r
stream. When the o r i f i ce  diameter exceeded the specif ied size , cold spots

developed on the abradable surface . Because of the velocit y of the cooling a i r
stream , these cold spots appeared even when a flow control  layer having a
fine r pore size was placed between the abradable layer  and the suppor t  struc-
tu re .  Increas ing the angle of the l a rger  holes to 45° wit h respect  to the
abradable sur face  did not cause suff ic ient  a i r  d i spe r s ion  to e l iminate  cold

sur face  spots.
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In addit ion , the lack of contacts  be tween  the abradable layer  and

the suppor t  s t r uc tu r e  caused a r e s t r i c t i o n  on the amount of heat c onducted

through the shroud . Dur ing  t e s t i n g ,  the unsuppor ted  sect ions of the N i C r A l

abradable layer were  hot ter  than the supported sections when no cooling air

was supplied . This  condit ion could occur  if the o r i f i c e s  s upply ing a i r  to the

plenum s became plugged , an o c c u r r e n ce which might caus e potential oxidat ion

problem s. Figures 80, 81, and 82 show the effect of conductive cooling on

s u r f a c e  t e m p e r a t u r e.

A s  a r e s u l t  of these  cons ide ra t ions, a t h i rd  suppor t  s t r u c t u r e was

desi gned , which is shown in Fi gu re 73. This s t ruc tu re  was des i gned to:

Reduce  the number of open plenum chambers f rom four  to one

and thereby reduce the number of unsuppor ted reg ions .

P r e f e r e n t i a l ly supply cooling air to the leading ed ge of the

sample .

Allow f o r  eas ie r  fab r i ca t ion  of the c ooling a i r  o r i f i c e s . Instead

of locat ing o r i f i c e s  di r e c t ly into the plenums , they w e r e  pos i t i oned  behind

severa l  ba f f l e s  ( Fig u r e  77) to allow fo r  more  complete d i s p e r s i o n  of the  a i r

pr i o r  to reaching  t h e a br a d a b l e  l ayer . The sixteen ( 1 6 )  0 . 010 in (250  p -rn)

d iameter  holes , which were  d i f fi c u l t to f a b r i c a t e , we re  replaced by t h r e e  (3 )

0. 020 in (500 p -rn) d iameter  holes . The n u m b e r  and s i z e  of holes w e r e

selected to cont ro l  the f low and p r e s s u r e  d rop  in t- he sys tem .

Prov ide  a be t t e r  heat  conduc t ion  path . With the las t  t hr e e

plenum s closed there  w e r e  more  contac t  points be tween  the abradable  layer

and the suppor t  s t ruc ture .

Al thoug h this  des ign  was c loser  to that  which was actually needed , the

area  i m m e d i a t e l y  beh ind  the t r a n s pi r a t i o n  cooled s e c t i o n  did not r e c e ve

s u f f i c i e n t  conduc t ion  cool ing to achieve  the d e si r e d  t e m p e r a t u r e  p r o f i l e . A —  ~

resul t , the second chamber  was i-eopened , g i v i n g  r i s e  t o  a f o u r t h  su p p er ’

s t r u c t u r e , shown in Fi g u r e  71. This des i gn did g ive a m o re  if l~~t - - - t - : r s

t e m p e r a t u r e  d i s t r i b u t i o n  (F i g u r e  83) .  Howeve r , it  b roug ht a ‘ I - i  nm I - -

p o t e n t i a l  problem of poor heat  t r a n s f e r  if plugg ing of the  f low -

~ t - re  to occur . A l so , th is  i n c r e a s e d  the number  of uns upp -  ‘-

porous l ayers .
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All of the data generated during the testing of the first  four support

structure designs was used to develop a fifth support structure, shown in

Figures 75 , 76 , and 77. The structure had designed into it a series of

1/16 in (1. 58 nun) diameter holes which replaced the larger plenum chambers

( 1/4  in (6. 35 mm) wide). This arrangement solved both the support problem

and the contact problem (for conductive cooling).

Although this support structure is referred to as the optimum struc-

ture , only the basic design of the structure is considered to be such. The

position of the 1/ 16 in (1. 58 mm) holes were chosen to give uniform cooling

on the test rig and may require relocation in an actual engine. Twenty-seven

(27) holes were placed into this support structure: a row of 9 at 105° ,

supplying air to the lead edge; a row of 9 at 90° , supply ing air to the area

above plenum 1; and a row of 9 at 45° , supplying air to the ari~a above

plenum 2.

It was later determined that the 90° holes provided excessive cooling

air to the area above the f i rs t  plenum and that the 105° holes did not supply

enough air to the lead edge (Figure 84). These condition s were caused by

interaction of the cooling air flow with the high velocity jet exhaust stream ,

which was apparently able to penetrate into the abradable structure.

Two approaches can be taken to minimize this inte raction:

Shield the lead edge so that the jet exhaust gas stream is im-

ping ing only on the surface (Figure 85) or ,

Change the location and direction of the 105° holes (Fi gure 86)

to that the air is exhausted through the abradable in the same direction as the

jet stream flow.

Anothe r change which may be required on an actual engine is the

location of the flow control orifices , now located near the trailing edge of the

shoe (Figure 87). Because the holes are at the trailing edge, the cooling air ,

which has been preheated to 1200° F (649° C),  is further heated before actually

being used for transpiration cooling. Therefore , placement of these orifices

closer to the leading edge may prove to be a more efficient utilization of the

cooling air .

The optimum support structure was used for the remainder of the

testing required on the jet exhaust rig.
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Figure 84: Temperature Profile Across  the Surface of the Shroud Segment
Which Utilizes the Optimized Support Structure Design
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Figure 85: Lead Edge Protection for the Shroud 2X
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Figure 86: (Top) Change in Direction of Cooling Air Holes
from the Opt imized De èign for Rig Testing (Bottom)
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Figure 87: (Top ) Location of Injection Orifices of the Optimized Support
Structure. (Bottom ) Proposed Alternative Design
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2. Thermal Cycle/Hot Gas ErosiLn
Testing for Structure Optimization

Purpose - The purpose of this test was to design a porous NiCrA1

structure for use as a part of the HPT shroud. The shroud would support the

abradable layer and control the flow of cooling air to it. This structure was

evaluated under oxidation, thermal shock, and hot gas erosion conditions to

determine the effect that these conditions had at the lead edge , the abradable

surface, the interface between the abradable and the flow control layers , and

the interfacial bond between the flow control layer and the support structure.

Procedure - Past experience (Contract F33615-76-C-2026) has indi-

cated that the abradable layer of the shrow~ may have to span large (1/4 in

(6. 35 mm) wide) open plenum chambers in the support structure. It was

required that the flow control layer provide adequate support for the abradable

layer while spanning the open plenum chambers. The flow control character-

istic was required for two reasons : first , to control the rate at which cooling

air would flow through the abradable layer; and , second , to assure that

adequate dispersion of the cooling air would prevent localized cold spots from

developing on the abradable surface. However , when used with the optimum

support structure, the flow control layer was required only to disperse the

cooling air .

Three types of simulated shroud segments were fabricated for this

test. Each of the segments had three functional areas but not necessarily

three distinctly different layers. The three areas are shown schematically in

Figure 88. The first area, at the shroud surface, was designed for rub

tolerance and was 0.060 in (0.15 cm) thick. The area directly beneath the

rub tolerant layer was also 0.060 in (0. 15 cm) thick. This zone was designed

to disperse and control the flow of cooling air being supplied to the rub

tolerant layer. The third member was the support structure optimized in the

“Plenum Design” section , approximately 0. 250 in (0. 64 cm) thick. The rub

tolerant area was chamfered 15° on the lead edge to eliminate an extreme

over- temperature  condition which was observed during preliminary test ing and

set -up of the je t exhaust ri g. ( The temperatures observed at the lead ed ge

were as hig h as 2282° F (12 50°C) . )
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Material A-Z, with a strength of 2400 psi (16. 5 KPa), was used as the

abradable structure in the first test segment. The flow control layer

(Material A-1)had a tensile strength of 5000 psi (34.5 MPa), a density of

2.8 g/ c m 3 , and an average pore size of 0. 0026 in (65 sm). The abradable
layer was direct  sintered to the flow control layer to eliminate the pore con-
str ict ion which may result  f rom brazing porous materials togethe r . This
bilayer s t ruc ture  was brazed to the Incor~el 600 support s t ruc ture .

The second s t ructure  used 2100 psi (14. 5 MPa) Material A-2* as the
abradable layer . The support/ f low control layer was considerably di f ferent
f rom tha t used in test segment 1. Spherical particles (Material B) were

used rather than i r regular ly-shaped par t ic les  (Material A) .  The resul tant
s t ructure  had a tensile strength of 7500 ps i (51 .  7 MPa), adens i ty of 4 . 2 g/ cm 3 ,
and an average pore size of 0. 0014 in (35 fLm).  T~ecaus e of the small pore

size , the support layer was direct  s intered to both the abradable layer and to
the shoe , avoiding the braze wicking problem.

The third test segment , which consisted of a sing le layer of Material
A~~, had a tensile strength of 2100 psi ( 14. 5 MPa), a density of 2. 7 g / cm 3,
and an ave rage pore size of 0. 0037 in (9 5 pm). This s t ructure , like the
bilayer structur e used in test  segment 1 , was brazed to the support s t ructure.

Data pertaining to these three segments are summarized in Table 6 .

Each of the three test  segments was individually tested under
simulated eng ine cond it ions ( i . e . , oxidation , thermal shock , and hot gas
erosion-) on the jet exhaus t rig.  The segments were  attached to the sample
holder , which supplied cooling air  to the simulated shroud segment . A
“Grafoil” ** gasket was inser ted to maintain an a i r - t ig ht seal. A schematic
of the assembly is shown in Figure 89. Temperature , p r e s su re , and flow
rate at which the cooling a i r  was supplied were  measured at the sample holder .

* The d i f fe ren t  s t rength level was used since conclusive resul ts  f rom NA SA
abradability testing were not yet available .

*1: “Grafoil” is a reg is tered t rademark of Union Carbide  Corporat ion . 
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Table 6

Pore Size
(sm) Density

Sample Composition Large Avg. (g/cc)

Abradable - Material A-Z 110 95 2. 7
2400 psi (16. 5 MPa)
structure of irregular
shaped particles

Support -Material A-i  80 65 2.8
5000 psi (34. 5 MPa)
irregular shaped
particles

2 Abradable -Material A-2 110 95 2 .7
2100 psi (14. 5 MPa)

Support - Material B-2 45 35 4. 2
7500 psi (51.7 MPa)
spherical shaped
particles

3 Abradable - Material A-2 110 95 2. 7
2100 psi (14.5 MPa)
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A 1200°F (649°C) temperature and 30 psig (205 KPa) pressure were maintained

on the cooling air during this test. The flow was varied for cooling

optimization. The sample holder was positioned at a 30° angle with respect

to the jet exhaust gas stream and at a 4 in (10. 2 cm) distance from the

convergent exhaust nozzle of the jet exhaust rig. At this location, the lead

edge of the sample was exposed to a gas stream temperature of 2600°F

( 1427°C) (as measured by a thermocouple device) at a velocity of 0.7 Mach.

All three samples were subjected to 100 test cycles. Each cycle

consisted of seven minutes in the jet stream and three minutes for  cool down.

The data taken during testing were mainly temperature related, but

microscopic examination of the sample was done at the conclusion of the

testing. Surface temperature was measured with both optical and radiation

pyr ometers. Temperature readings were taken at five points from the

leading edge to the trailing edge in the center of the hot band (see Figure 90).

Chromel-Alumel thermocouple s were used to measure the temperature

between the flow control layer and the support structure. All temperature

data are presented in graphic form. Microscopic examinations were

performed to determine the extent of oxidation of the structures. Areas of

particular inte rest were the lead edge , the surface , and the plenum areas.

The condition of the rub-tolerant/support layer and support layer/support

structure interfacial bond areas were also examined.

Discussion and Results - This test demonstrated that Material A-2

has the strength and air dispersion characteristics to act as a flow-control

layer when attached to the optimum support structure. It also has a strength

level that allows it to maintain acceptable abradability levels. Howeve r , a

protective barrie r at the lead ed ge would reduce the amount by which the

lead ed ge exceeded the recommended operating temperature. Since the

erosion damage in this area is also attributed to the tempe rature, thi s

damage would also be reduced. (Work with a prot’~ctive barrie r was done

unde r the section “Temperature Profile”).

The results of the the rmal cycle/hot gas erosion test on each test

segment are summarized in Table 7. The discussion of these results is

divided into five areas: Lead Ed ge, Abradable Surface (Beyond the Lead Ed ge),

Interfacial B onds Between Abradable and Flow Control Layers, Interfacial

B ond Between the Flow Control Layer and the Support Structure, and Gene ral.

The location of each of these areas is shown in Figure 91.
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Figure 90: Hot Band Across  the Surface of the
Test Segment on the Jet Exhaust Rig
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Lead Edge - All of the segments tested had chamfered leading edges,

as shown in Figure 91, to minimize the amount of overheating that occurs at

this location. However , overheating still occurred at the leading edge

because the jet stre am did not glance over the surface but actually impinged

on the area between the flow control layer and the support structure. The

excessive temperature experienced at the lead edge caused failure of all

interfaces bonded with AMS 4777 braze. AMS 4783 braze and all diffusion

bonded interfaces were able to withstand the over-temperature condition

without failure. The degree of overheating became exagge rated if disbonding

occurred just above the support structure. Temperatures as high as 2280° F

(1250°C) were developed at the leading edge of the surface. Figures 92 and

93 are photographs of test segment 3, which experienced these extreme

temperatures. A noticeable disbond was observed at 60 cycles (Figures 94

and 95) and the test was terminated. The extreme temperature caused

extensive oxidation to the particles at the lead edge of the surface (Figure 96),

resulting in heavy amounts of erosion, as shown in Figures 97 and 98.

Figures 99 through 103 show the leading edges of the three structures

(segments 1, 2, and 4) which were successfully tested for 100 thermal cycles

of the jet exhaust rig. (Segment 4 was a remake of segment 3 with the
exception of the braze which was changed from AMS 4777 to AMS 4783). No

disband s were observed in the area between the abradable and the flow control

layers which were bonded by the direct sinter (diffusion) technique. However ,

in segment 1 the flow control layer began to separate from the support

structure after approximately 70 thermal cycles , as shown in Figure 104.

Although the flow control layer disbonded from the support structure, it had

enough strength to minimize the distortion of the abradable layer. Segment

2 (shown in Figure 105) which was diffusion bonded to the support withstood

the over-temperature condition without disbonding. In Segment 4 the abradable

layer was attached directly to the support structure, as shown in Figure 106.

AMS 4783 braze was used and no disband was observed. Figure 107 shows

the oxidation of the particle at the lead ed ge of the surface of segment 4 and

is typical of the amount of oxidation at the same location for segments 1 and

2. Figure 108 shows the oxidation damage at the lead edge of the flow control

layer of segment 2 due to the impingement of the jet stream at that point.
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Figure 92: Test Segment 3 Prior to Testing 2X

Figu re 93: Test Segment 3 A f t e r  60 The rmal Cycles 2X
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Figure 94: Lead Ed ge of Test Segme nt 3 Prior  to  Test ing 4X

Figure 95: Lead Ed ge of Tes t  Segment  3 Af te r (~0 Thermal  Cycle s 4X
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Figure 96: Oxidation of Particles at the Lead Edge of Segment 3
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Figure 97: Lead Surface of Segment 3 Prior to Testing 4X

Figure 98: Lead Surface of Segment 3 After 60 Thermal Cycles 4X
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Figure 99: Lead Surface of Segment 1 Afte r 100 The rmal Cycles 4X
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Figure 103: Lead Surface of Segment 4 Afte r 100 Thermal  Cycle s 4X
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Figure 107: P a r t i c l e s  at l ead Ed ge of Segment 4 Z OOX
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Figure 108: Par t i c les  at the  Lead Er 1~~e of t h e  F low
C o n t r- d  Laye r of ScL ~ fl1Cf lt  ~ ~~~00X
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The lead ed ge of the three d i f ferent  segments which completed 1 00

thermal cycles are shown in Figures 104, 105, and 106. Each figure is

divided into zones. Zone “A It part icles have extensive external oxidation with

some internal oxidation . Zone “B” is a bordering layer; althoug h there was

no internal oxidation of the particles , the amount of the protective phase was

decreasing. Zone “C” particles have no internal oxidation, and the protective

phases are in quantities similar to those at the beginning of testing . As

Figures 95 and 9o show , the more severe oxidation areas and the erosion

areas were areas that were directly exposed to the jet stream i m p ingem ent .

Areas  as far back as the f i r s t  cooling chamber show more oxidation

than was expected at the support structure/flow control layer interface.

This increase was attrib uted to heat which was conducted through the support

structure and then transferred to the particles . Figures 121 and 124 show

cracks in the Inconel 600 support structure and indicate the harshness of

the test conditions .

Abradable Surface - The abradable surfaces are shown in Figures  109

through 113. Although the temperature at 1/4 in (6.35mm) from the lead

edge was 1900° F (1040 °C) ,  the extent of the s t ructure ’s severe oxidation was

limited to less than a ful l particle in depth , as shown in Figure 114. The

protective rimming phase was still present in quantities similar to those

initially present. Also, no discernible erosion occurred , indicating that the

material demonstrates good erosion and oxidation resistanc e properties when

tested at or below a maximum continuous operating temperature of 1900° F

(1040 0 C).

Interfacial  Bonds Between the Abradable and the Flow Control Layers -

There was no sign of separation between the abradable layer and the

flow control layer. The bonds between the layers in segments I and 2 were

formed by di rec t  sinte ring. (This is not app licable to segments 3 and 4 which

were formed as s ingle l a y e r s . )  Because no braze  was used between the layers

(such as occurred in the initial contract), there was no accompanying particle

growth or reduction in pore size which would reduce air  flow throug h the sample .
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Figure 109: Surface of Segment 1 After  100 Thermal Cycle s 2X
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Figure 110: Surface of Segment 2 Prior to Testing 2X

Figure 111: Surface  of Segment 2 A f t e r  100 Thermal  Cycles 2X
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Figure 114: Pa rticles at the Surface of Segment 4
1/4 in (6. 3 mm) f rom the Lead Ed ge 200X
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Figure 11 5 shows the interface near the lead edge where the oxidation was

heavy. Since this area was subjected to excessive temperature some

deterioration of the particle-to-particle bonds occurred. The deterioration

was no worse than at other areas subjected to the extreme temperature

Fig ure 116 shows the inte rfacial bond area where the temperature was
maintained below 1900°F (1040°C). Most of the material was nearly
unchanged from the initial condition.

Interfacial Bonds Between the Flow Control Layer and the Support

Structure - This area presented the most difficulty in testing. Sample 1
was attached to the support structure by AMS 4777 braze , This element

began to lift off the support structure at the lead edge (the hottest location)

after approximately 70 thermal cycles (Figur e 117). The cross-section
showed that extensive amounts of braze had wicked up into the structure

(Figures 118 and 119), causing a reduction in the number and size of contacts

between NiCrAl and the support structure. It also resulted in densification

of the area directly above the support structure. Like brazing , direct

sintering requires that maximum particle contact be made between the flow
control layer and the support structure. This is difficult  to accomplish in

either attachment method.

Brazing of sample 2 , which has a finer pore size , to the support

structure was not considered , since wicking of the braze would have

significantly restricted the cooling air path. Instead , the NiC rA 1 material was

direct  sintered (Fi gures 102 and 103).

Sample 3 (Fi gures 120 , 121 , and 122) was attached to the support

structure with AMS 4777 braze. After  60 cycles , the lead ed ge lifted and
serious erosion resulted in the unsupported areas . Cross-sect ions of this
sample also revealed braze wicking. In addition to the wicking problem , the
braze did not have acceptable oxidation resistances when it was exposed to a
temperature as hig h as 2 192 °F (12 00°C )  continuously. Another braze was
required.  The replacement braze was AMS 4783. The amount of wicking was
more easily controlled by us ing this composition . Sample 4 (the same as

sample 3, with the exception of the braze composition , shown in Figures 123
and 124), when attached with AMS 478 3 braze , survived 100 cycles without

separation at the interface. The cross-sect ion (Fi gure 125) revealed
numerous particle s bonded to the support s t ructure.
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Figure 115: Interface Between the Abradable Laye r and the
Flow Cops-rol Laye r Near the Lead Ed ge ZOOX
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Fi gure 116: I n t e r f a c e  Be tween  the Abradabl e  Layer
and the Flow Cont ro l  Laye r h a l fway
Be tween  the Leadin g and T r a i l in ~ Ed ges 200X
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Figure 117: Lead Ed ge of Segment 1 Af t e r  100 The rma l Cycles 4X
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Figure 120: Lead Ed ge of Segment 2 P r io r  to  Tes t i ng  4X
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Figure 122: Mic ros t ruc ture  of Lead Ed ge of Segment 2
After  100 Thermal Cycles 200X
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Figure 123: Lead Ed ge of Segment 4 P r io r  to Tes t i ng  4X
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Fi gure 125: M i c r o st r u c t u r e  of Segment 4 Afte r
100 Thermal Cycles 200X
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The AMS 4783 braze was used for attachment to the support structure

during the remainder of the testing.

General - The data taken and general observations indicated that

there was no advantage to using stronger layers or layers having finer pore

structures when they were properly attached to the optimized support

structure. The large pore size abradable structur e reduced the possibility

of pore size reduction and pore blockage due to oxidation that would result  in

restriction of air flow through the material. For these reasons , a single

layer of Material A - 2  is recommended to serve as both the abradable layer

and the flow control layer .

A cooling air flow of 25 SCFH (11. 8 f/ mm ) at 1200° F (649° C) and

30 psi (207 KPa) was needed to provide the necessary surface cooling per

segment.

3. Variable Flow Test

Purpose - The purpose of this test was to determine what effect an

increased or decreased flow of cooling air would have on the surface tern-

perature. The optimized flow rate established in the “Thermal Cycle/Hot

Gas Erosion Testing for Structure Optimization” section was used as a base-

line.

Procedure - This test was run on the jet exha ust rig.  The same

conditions and test parameters which were used in the “Thermal Cycle/Hot

Gas Erosion Testing for Structure Optimization” section were used to

establish the baseline. The cooling gas flows were then increased and

decreased by approximately 50%.

-130-



The test sample was the optimum s t ructure  determined in the
“The rmal Cycle/Hot Gas Erosion Testing for  Structure Optimization ” section .
This sample was a 0 . 120 in (0 .30 cm) thick abradable layer of Material A - 2 ,
selected from the “Thermal Cycle/Hot Gas Erosion Testing for Structure
Optimization” section, and the support structure designed in the “Plenum

Design ” section (approximately 0. 250 in (0. 64 cm) thick). This test was
required by the contract; howeve r , the test was also repeated on the
remaining two structures tested in the “Thermal Cycle/Hot Gas Erosion 

-

Testing for Structure Optimization ” section to obtain more comp lete data.

Temperature variations were plotted as a function of position on the
sample ’s s urface . These positions were limited to points within the confines
of the hot band which existed on the sample s urface from the leading edge to
the trai l ing edge.

Discussion and Results - Figures 126 , 127, and 128 show the cooling

curves generated in this task. The shape of the curve may be, in part, due

to the surface conf igurat iàn of the segment and , in par t ,  due to the cooling
air flow . A narrow , cool zone resul ted where the abradable s urface meets
the chamfered surface (Fi gure 129),  even when no cooling air was app lied .
As the cooling flow increased , the width of the band increased . This
variat ion affected the tempera ture  taken at position B (Fi gure 130); however ,
since this effect  was not apparent  when testing was limited to low flow rates ,
no attempt was made to take temperatures  at a different  location.

The fi gures  show that the cooling experienced with the flow rate
established in the “Thermal Cycle/Hot  Gas Erosion Testing for S t ruc ture
Optimization ” section is close to optimum and that the temperature var ia t ions
due to changes in flow are dist inct .
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Figure 127: Surface Temperature of Segment 2 as a Function of Position
for Different Flow Rates of 1200°F (649°C)  Cooling Ai r
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Figure 129: Test Segment on Jet Exhaust Ri g Showing the
Cool Area  Behind the Chamfered Surface
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4. Temperature  Profile

Purpose - The ori ginal purpose  of this task was to determine the

tempera ture  gradient  which existed throug h the optimum shroud desi gn when

subjected to simulated engine temperature. At  .he request  of Captain Vonada ,

this purpose was expanded to include determination of the temperature  profi le

which resulted when a ba r r i e r  was positioned at the lead ed ge (which shielded

the shroud segment f rom direct gas stream imp ingement).

Procedure - The determination of the temperature gradient throug h the -

optimized test shroud was carried out on the jet exhaust rig. The test  was run

in two parts . The f ir s t  part  was car ried  out by using the same test  parameters
as those used in the “Thermal Cycle/Hot  Gas Erosion Testing for Structur e

Optimization” section. The second part  called for a physical b a r r i e r  to be

placed in front  of the leading ed ge of the sample and nearly flush with the

abradable surface. The purpose of the ba r r i e r  was to simulate more closely

the c onditions which existed in an actua l eng ine where , for aerod ynamic

reasons , a segment should not jut into the combustion gas stream.

For both tests , the surface tempera tures  were measured by optical

and radiation pyrometers . Chromel-alumel thermocouples w e r e  used f or

determination of the interfacial  t empera tures .

Since the optimized porous metal s t ruc tu re  was a sing le homogeneous

layer with no interfacial areas , the thermocouples were positioned halfway

throug h the s t ruc ture  rather  than at a dis t inct  interface between the abradable

and flow control layer . This arrangement  is shown in Fi gure  131.

Discussion and Resul t s  - The f i r s t  test  part , which was run exactly

the same as the “Thermal Cycle/Hot Gas Erosion Testing for  S t ruc tu re

Optimization” sec tion , gave the temp era ture  gradient shown in Fi gure  132 .

The addition of the ba r r i e r  to the lead ed ge required some changes in

the tes t ing parameters  f rom those used in the previous section of this repor t .
With the b ar r i e r  in place , as shown in Fi gure  1 31,  the jet s tream did not

adequately heat the segment . As  a resul t , the orientat ion of the segment with

respect to the gas stream was increased f rom a 300 to a 45° ang le . Also ,

with the b a r r i e r  in place , since the chamfe r at the leading ed ge of the abradable

segment was not required , it was eliminated f rom the sample desi gn. All

other test parameters  remained the same .
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Figure  131: Thermocouple  Location fo r  Tempe ra tu re
Pro f i l e  M e a s u r e m e n t  ZX
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The temperature profile , which was determin ed by using the second

set of test conditions , is shown in Figure 133. Figure 134 shows the tem-

perature profile of a segment , without the protective barrier in place , at the

45° angle. A change in the angle of impingement by 15° improved the uni-

formity of the surface temperature and caused an overall increase in tem-

perature to a level similar to that observed when the segment was oriented at

a 30° angle without the shield ( i .e . , the uncooled surface approached 19600F

(1070° C)). The addition of the protective shield increased the effective cooling

at the lead edge by approximately 27°F (15° C), an increase of approximately

30%.

In general a temperature drop of 450° F (250° C) was observed through

the porous NiCrA l layer . This gradient varied as shown in Figures 1 32 ,

133, and 134 . The gradient observed is larger than experienced during the

dynamic oxidation testing but this was anticipated as different heat flow

conditions were used.
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V. CONCLUSION

This program has shown that a t ranspiration-cooled abradable coated

shroud can be produced that will withstand the severe environments anticipated

in the hig h p res su re  turbine section of most jet eng ines. By des igning the

support s t ruc ture  properly, sufficient physical support can be g iven to the

abradable portion of the shroud to permit use of a simple practical s t ructure.

Although simply designed this support  s t ruc ture  can be constructed to provide

transpiration cooling in critical regions and conductive cooling in less critical

regions . This permits use of the cooling gas in the most eff icient  manner.

The flow stability of the system is maximized by controlling the air flow at

the support structure and using a porous abradable layer which has a very

low pressure  drop. By using these princi ples combined with a distended

NiCrAl  s t ructure , designated in this report  as Material A -2 , a simple

efficient , abradable , erosion res is tant , coated shroud assembly has bee n

developed for  use at surface temperatures  of 1900° F (1040° C).

1. Support Structure

The optimized support s t ruc ture  is shown in Figure  77 . The cooling

gas flow is controlled by the support throug h holes large  enoug h to res is t

plugging . The larges t  unsupported span under the abradable is . 0625 in

(15 .9  mm) eliminating the need of a strong support layer in the porous

coating. The rear portion of the shroud is cooled by conductivity while the

front  portion is t ransp irat ion-s..ooled , providing for  eff icient  use of the cooling

gas.

2 . Porous Metal Layer

The porous metal layer is a simple single layer of porous N i C r A l ;

it is a distended s t ruc ture  that enhances abradabil i ty. The s t ruc tu re  res is ts

oxidation at 1900°F ( 10 4 0 ° C ) t o the extent thatonly minor changes occur in i ts

mechanical proper ties  du r ing  long term test ing.  The oxidation that occurs

only has m inor effects  on its flow proper ti es  and since it is a high flow

s t ruc tu re  and not the controlling member in the coated shroud , it has no

signi f icant  effect  on the flow throug h the shroud.

- 1 4 3-  

-~~~~~~ - _ - --~~~~~~~- -.- -~~~~ _~~ -~~~~

- 

~~~~ — ~~~~- - ~~~~~~~~~~~~~~ _ - — - -~~~~~ __



3. Porous Metal. Layer - Support Structure

The abradable seal structure attached to the support structure by

brazing was tested . AMS 4783 was the preferred braze for this application.

A protective lip at the lead edge of the abradable was desirable to protect the
F braze and the porous metal. The abradable-support structure was tested by

both gradient heating and the rmal cycling. Segment 4 of the test series is

the recommended system for further  evaluation .

VI. RECOMMENDATIONS

This program has demonstrated on test rigs that an abradable seal-

support system can be used in the high pressure turbine sections of jet

eng ines. En this program actual engine hardware was not produced or tested.

The test conf iguration was simple and should be easily adapted to permit

evaluation on current eng ine hardware. Since rig testing does not directly

duplicate eng ine conditions and optimized configuration can be readily

adapted to engine hardware , it is suggested that the next phase of this effort

be directed at testing in an actual eng ine rather than further additional rig

testing.
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