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1.0 INTRODUCTION 

Gas turbine performance i s  greatly influenced by blade tip-to-shroud gas 
leakages, along with shroud cooling air requirements. Blade tip-to-shroud 
leakages can be minimized and cooling air requirements can be reduced by the 
introduction of stable, rub-tolerant, durable and low thermal conductivity 
materials. Presently, plasma-sprayed oxide ceramics (stabi 1 ized zirconi a) 
offer the capability to achieve these goals. 
(Zr02) flowpath surfaces when suitably secured to plasma-sprayed bond coat 
surfaces offer unique High Pressure Turbine (HPT) shroud capabilities. This 
ceramic material can yield dimensionally stable structures, can operate with 
less cooling, and can provide thermal shielding of the underlying structures, 
at a cost which is the same as or lower than the best known metallic shroud 
materials. 

Oxide ceramics such as zirconia 

Under ArmyINASA Contract NAS3-23174 a ceramic-coated shroud was developed 
which meets the above goals for production introduction on the 
General Electric T700 Helicopter Turbine Engine. 

1.1 SUMMARY 

This report summarizes the accomplishinen-s of the Army/NASA Contrac. 
No. NAS3-23174 for the Small General Electric T700 Helicopter Turbine 
Engines. This program successfully developed and demonstrated, for production 
application, the viability of a ceramic thermal-barrier coating applied to a 
metal alloy Stage 1 high pressure turbine shroud seal, as shown in 
Figures 1-1, 1-2, and 1-3. 

The type of ceramic coating which is the most durable and cost effective in 
the T700 operating environment is a sintered zirconium oxide-yttrium oxide 
powder ( Zr02-8Y203) which is applied by an air plasma-sprayed process 
developed by General Electric. The General Electric Company is the production 
ceramic coating source and has been fully qualified. 
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The new production Stage 1 shroud system for the T700 engine is shown on 
Figure 1-4. The Stage 1 ceramic shroud consists of a cast INCO 738 backing, 
which is common with the current production shroud. The cast backing is 
machined and then a 10 mil bond coat is applied. 
ceramic coating is applied. 
shroud support, the ceramic is ground to final inner diameter, leaving a 
coating thickness o f  about 30 mils. 
fabricated structure of INCO 718 and INCOLOY 903. 
Stage 1 shroud support is unchanged over the current production, except for a 
reduction in the number of cooling holes, which reduces shroud cooling flow by 
20%. 

On top of the bond coat the 
After the shrouds are assembled into the Stage 1 

The Stage 1 shroud support is a 
The configuration of the 

Shown in Figure 1-5 i s  a comparison of the current production shroud systems 
and the new ceramic shroud. 
all the current production shroud systems. The cast INCO 738 backing 
structure is common with the solid Stage 1 shroud. 

The ceramic shroud is fully interchangeable with 

A comparison of the characteristics of the ceramic shroud to the current 
production shrouds as shown in Table 1-1 clearly shows the benefit of the 
ceramic shroud. The ceramic shroud is better than all the current production 
designs in characteristics which affect performance and life except for 
erosion resistance. The erosion of ceramic shrouds would only occur in 
extremely severe sand environments. Ceramic shrouds were engine sand erosion 
tested along with the current production designs as described in this report. 

The major proven benefit which ceramic snrouds offer over the current 
production T700 Stage 1 shroud is a reduction in shroud cooling air 
requirements, due to the insulating ability of the ceramic coating. 
reduction in shroud cooling air levels improves the efficiency of the high 
pressure turbine. 
production with a 20% reduction in cooling level. Reducing the Stage 1 shroud 
cooling flow by 20% increases engine SHP at IKP by .5% and reduces SFC at 60% 
MC by .3%. This improvement in engine performance is accomplished with a 
ceramic shroud which is lower in cost than the current production stage 1 
shroud and is fully compatible with the current production shroud support. 

A 

The T700 Stage 1 ceramic shrouds were qualified for 
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.4 comparison of the  cos t  of t he  current production shrouds t o  the ceramic 
shrouds i s  shown i n  Table 1-2. 

TABLE 1-2.  Production Cost (250th Unit) of Ceramic vs 
Current Product i on. 

All of the  par t s  have six segments per engine s e t .  

Shop Cost (Per Engine Set) 

1.  Genaseal, 6053T22602 $1838 - Actual 

2. Bradelloy, 6039T07602 $1531 - Actual 

3. Sol i d ,  6055T58P01 

4. Cerami c , 6064T52P01 
G E  Coating 

$1383 - Actual 

$1476 - Estimate* 

Notes: 

We have an opportunity f o r  f u r t h e r  cost reduction of Ceramic Shrouds by 
reduction of current  inspection cos t .  Manufacturing inspection cos t  of 
ceramic shrouds i s  cur ren t ly  h i g h  due t o  the  new manufacturing processes. 

* Based on actual vendor quotes for  production shrouds 

The v i a b i l i t y  and benefi t  o f  the  T700 Stage 1 ceramic shrouds were proven by 
the successful completion of t h ree  phases of t he  Army/NASA 
cont rac t  NAS3-23174. A summary of the work completed under the th ree  phases 
of this program i s  as  follows: 

Phase I - Development of Manufacturing Process 

0 Task I - Detail Design and Analysis: 

- Selected the  i n i t i a l  ceramic shroud mater ia ls  (ceramic coat ing,  
bond coating and backing). 
process spec i f ica t ions  were determined. 

Determined the  i n i t i a l  qual i ty  assurance requirements which 
defined the  acceptable material and processing parameters. 

For these mater ia ls  the i n i t i a l  

- 

- Completed ana lys i s  of t rans ien t  and steady s t a t e  ceramic shroud 
temperatures and thermal s t r e s ses .  

9 



- Completed t h e  i n i t i a l  ceramic shroud drawings which w i l l  be used 
t o  manufacture t h e  f i r s t  se ts  o f  ceramic shrouds. 

- Completed the  i n i t i a l  l i f e  cyc le  cos t  ana lys is  o f  t he  ceramic 
shrouds. 

0 Task I 1  - Manufacture F a c i l i t v  SetuP and Process Ueveloment: 

- Determined and completed the  t o o l i n g  t o  plasma spray t h e  ceramic 
and bond coat ing  and t o  machine t h e  shrouds. Test coupons which 
were used t o  v e r i f y  t h e  manufacturing process were completed. 

Phase I 1  - Fu l l -sca le  Hardware Fabr ica t ion  

0 Task I11 - Fabr ica te  and V e r i f y  Fu l l - sca le  Components: 

- Completed t h e  manufacture o f  ceramic shrouds produced us ing th ree  
d i f f e r e n t  ceramic shroud processes: 

1. Vacuum Plasma Deposi t ion N i C r A l Y  bond coat  and composite 
(ceramic) Zr02-8Y203, powder process (GE-VPD). 
coat ing app l ied  by General E l e c t r i c .  

Shroud 

2. A i r  P1 asma-Sprayed N i C r A l Y  bond coat  and s in te red  (ceramic) 
Zr02-8Y 03 powder heat- t reated top coat  process 
(GE APSf.  Shroud coat ing app l ied  by General E l e c t r i c .  

3. Shielded Arc Plasma CoNiCrAlY bond coat  and fused (ceramic) 
Zr02-7Y203 powder heat- t reated top  coat  process 
(UC-SAP). Shroud coat ing appl ied by Union Carbide. 

- Successful ly completed thermal shock t e s t i n g  o f  the  th ree  types o f  
ceramic shrouds under engine temperature condi t ions.  

- Ordered ceramic shrouds made from the  th ree  ceramic shroud 
processes f o r  engine t e s t i n g  i n  Phase 111. 

0 Tast I V  - Update Spec i f i ca t i ons  and Cost Estimates 

- Spec i f i ca t ions  and cos t  estimates were updated t o  r e f l e c t  the  
planned f i n a l  ceramic shroud design. 

Phase I11 - P i l o t  Product ion and Q u a l i f i c a t i o n  Test ing 

0 Task V - Preparat ion o f  Hardware f o r  Engine Test: 

- Ceramic shrouds were ordered f o r  LCF and endurance engine tes t i ng .  

0 Task V I  - Engine Tests: 

- Extensive engine t e s t i n g  was completed on the  ceramic shrouds 
which proved t h e  i n t e g r i t y  and performance b e n e f i t  o f  ceramic 
shrouds. 
(GE VPD, GE APS and UC SAP). 

A l l  t h ree  types o f  ceramic coat ings were engine tes ted  

10 
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The GE APS coated shroud proved t o  be the most durable system engine testea 

ana i s  t h e  lowest-cost coa t ing  system. Based on these a t t r i b u t e s ,  GE APS was 
se lected f o r  the q u a l i f i c a t i o n  engine test ing.  

excel l e n t  c o n d i t i o n  a f t e r  q u a l i f i c a t i o n  engine t e s t  as determined by extensive 
m e t a l l u r g i c a l  examination. 

The GE HPb shroucls were i n  

1.2 Major Accomplishments o f  ArmY/NASA Contract No. NAS3-23174 

1. Development of ceramic coat ing and bond coat ing combination mater ia l  
wnich i s  durable, producib le  and cos t  e f f e c t i v e .  

2. Development of ceramic coat ing and bonu coat ing product ion a p p l i c a t i o n  
tecnniques which c o n s i s t e n t l y  apply t h e  ceramic and bond coat ings i n  a 
manner which provides h igh  d u r a b i l i t y .  

3 .  Completion o f  extensive Laboratory thermal shock t e s t i n g  which helped 
t o  determine the  best ceramic coat ing technique p r i o r  t o  engine 
tes t ing .  
i n t e g r i t y  of tne  ceramic coating W ~ S  proven by c o r r e l a t i o n  o f  thermal 
shock t e s t i n g  w i t n  engine t e s t i n g  r e s u l t s .  

V i a b i l i t y  of thermal shock t e s t i n g  t o  determine the  

4. Completion o f  extensive heat t ransfer  and 3-D f i n i t e  element s t ress 
analysis.  

5. 

b. 

Successful manufacture o f  cerdmic shrouds using product ion processes. 

Completion o f  extensive engine tes t ing ,  both endurance and low cyc'le 
fat igue, which roved tne  i n t e g r i t y  and v i a b i l i t y  o f  ceramic shrouds. 
(See Table 1-3. P 

7. Successful q u a l i f i c a t i o n  engine t e s t  o f  ceramic shrouds, which w i l l  
lead t o  product ion in t roduc t ion  by June 1987. 

1.3 Areas f o r  Fur tner  ImDrovement 

Heat t r a n s f e r  and 3-D Stress analysis iiiust be improved t o  adequately 
p r e d i c t  the l i f e  o f  the  ceramic shrouds. 

2. Methods rnust be developed t o  nondestruct ive ly  examine the i n t e g r i t y  o f  
the  ceramic coat ing.  

3 .  Af te r  engine t e s t i n g  the  ceramic shrouds are not  completely 
crack-free, although minor cracking o f  the  ceramic coat ing d i d  n o t  
a f f e c t  the i n t e g r i t y  of tne ceramic. 

4. Erosion res is tance of ceramic shroud as proven by engine t e s t i n g  i s  
not as good as current  proauction shroud types. 

11 
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2.0 PHASE I - DEVELOPMENT OF MANUFACTURING PROCESS 

2.1 TASK I - DETAIL DESIGN AND ANALYSIS 

2.1.1 Heat Transfer and Thermal Stress Analysis 

Steady-State and t r a n s i e n t  heat t rans fer  analys is  was performed on each 

element o f  t h e  ceramic shroud system (i.e., shroud backing and r a i l  support, 
ceramic bond coat and ceramic top coat). 

steady-state temperatures o f  t h e  ceramic shroud f lowpath, shroud backing and 

shroud support r a i l s .  For the ceramic shroud w i t h  the  same coo l ing  f l o w  as 
the  c u r r e n t  product ion Genaseal shroud (.872% Wc), the  shroud backing and 

shroud support are considerably cooler due t o  the i n s u l a t i n g  a b i l i t y  o f  the  

ceramic mater ia l .  When t h e  c o o l i n g  f low i s  reduced 20% down t o  .699% Wc 

(planned product ion ceramic shroud cool ing f low) ,  t h e  shroud backing and 
support s t r u c t u r e  remain as cool  as the Genaseal shroud a t  t h e  h igher  c o o l i n g  

f low. The analys is  w i t h  .699% Ws was accomplished a t  t h e  minimum ceramic 

th ickness o f  .025 inches which can occur i n  an engine a f t e r  assembly g r i n d i n g  

the  ceramic f lowpath surface. 

Shown i n  F igure 2-1 are the  maximum 

The t r a n s i e n t  thermal analys is  o f  the ceramic shroud (as shown i n  Figures 2-2 
through 2-4) was accomplished wi th  a .053-inch t h i c k  ceramic coat ing  and 

.385% Wc coo l ing  f low. These values o f  ceramic coat ing th ickness and coo l ing  
f l o w  were se lected f o r  t h e  purpose o f  ana lys is  because they represented t h e  

maximum ant ic ipa ted  c a p a b i l i t y  of the shroud system ( i  .e., maximum ceramic 
mater ia l  th ickness and minimum cool ing f low) .  This combination o f  ceramic 

th ickness and coo l ing  f l o w  produced steady-state temperatures which are c lose  

t o  the f i n a l  product ion design temperatures (see F igure 2-1). Therefore, 

t r a n s i e n t  heat t r a n s f e r  ana lys is  performed a t  t h i s  ceramic coat ing  th ickness 

and c o o l i n g  f l o w  i s  a reasonable approximation o f  t h e  expected temperature 

cond i t ions  i n  the ceramic shroud 

The ceramic shroud was extensive y analyzed using the  above t r a n s i e n t  

temperature analys is  t o  determine thermal s t r a i n s  i n  the  ceramic coat ing  us ing 
f i n i t e  element methods i n  two steps. F i r s t ,  a 2-D axisymmetric s h e l l  

13 
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CLASS/MASS model of t h e  shroud support s t r u c t u r e  and ceramic shroud was 
generated t o  ca lcu la te  the displacement boundary cond i t ions  appl ied t o  t h e  

ceramic shroud f o r  var ious t r a n s i e n t  t ime steps. 
model i s  shown i n  Figure 2-5. 

was analyzed us ing o r t h o t r o p i c  mater ia l  p roper t ies  (she1 1 elements wi thout  

hoop s t ress  c a p a b i l i t y )  t o  s imulate t h e  e f f e c t s  o f  d i s c r e t e  shroud segments on 
the support structure.  The displacements o f  the  shroud-support i n t e r f a c e  were 

ca lcu la ted  f o r  each o f  e i g h t  t ime steps: t=O ( i d l e ) ;  t=5,9 and 35 seconds 

( t r a n s i e n t  burs t ) ;  T=200 (steady s t a t e  max); t=200,225 and 255 seconds 
( t r a n s i e n t  chop). The support/shroud displacement boundary cond i t ions  
generated from the  2-D f i n i t e  element analys is  were then used as the  boundary 

condi t ions f o r  t h e  second step o f  t h e  thermal s t ress  analys is  - t h e  ANSYS 
analysis.  Selected bond coat  and ceramic mater ia l  p roper t ies  used i n  the  
s t ress and heat t rans fer  analys is  are shown below. 

This 2-D f i n i t e  element 
The shroud p o r t i o n  o f  t h e  2-D CLASS/MASS model 

Th 

Mater ia l  

N i C r A l Y  

N i C r A l Y  

Zr02-8Y203 
Zr02-8Y203 

second p a r t  f t h  

1100 

2000 

1100 
2000 

therm 1 

3.63 

5.0 

.765 
1.08 

O F  K CP E a 
(BTU/ (BTU/ ( P S I )  ( In/ In/OF) 

H r  F t  O F )  Lb O F )  

.166 14. 5x106 7 . 4 ~ 1  0-6 

.171 2.0 9.2 

.158 4.2 5.6 

.157 2.9 6.8 

t r e s s  a l y s i s  consis ted o f  a d e t a i l e d  m u l t i l a y e r  

3-D i s o t r o p i c  b r i c k  ANSYS analysis.  This 3-0 f i n i t e  element model i s  shown i n  
d 

Figures 2-6 and 2-7. 
b r i c k  elements, and t h e  ceramic coat ing  was modeled wi th  th ree  b r i c k  element layers.  

Due t o  symmetry, 30 degrees of t h e  60 degree arc was modeled. 

the ceramic layers were generated f o r  t h e  e i g h t  t ime steps. 

The bond coat f o r  the ceramic was modeled w i t h  one l a y e r  o f  

The s t r a i n  values i n  

Shown i n  F igure 2-8 i s  a p l o t  of the  maximum s t r a i n  and temperature i n  the  ceramic 

layers  dur ing  burst  ( t r a n s i e n t  accel) ,  steady s t a t e  maximum power and chop ( t r a n s i e n t  

decel).  

chop (t=205 seconds). A t  t h i s  t i m e  a major p o r t i o n  o f  t h e  ceramic layers  has s t r a i n s  
exceeding the  f r a c t u r e  s t r a i n  o f  t h e  ceramic. 

The highest t e n s i l e  s t r a i n s  occur dur ing the  i n i t i a l  t ime i n t e r v a l s  o f  t h e  

18 
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Shown in Figures 2-9 and 2-10 are the stress contours of the hoop and axial 
strains at t=205 seconds. 
ceramic shroud surface layer. 
ceramic gas surface at the symmetry edge or center of the shroud. 
critical location for the axial strains appears closer to the free edge. 

The strains are uniformly high over the entire 
The highest hoop strains occurred at the 

The 

Conclusions of Thermal Stress Analysis 

The thermal stress analysis of the ceramic shroud predicts the failure of the 
ceramic layer due to exceeding the fracture strain limit of the ceramic 
material. 
component testing as predicted by this analysis. 
ceramic coating does occur during thermal shock testing (see Section 3.1.2) 
and engine testing (see Section 4.0). This cracking rarely leads t o  ceramic 
spalling/failure, and when spalling does occur it is very limited. The 
ceramic cracking which occurs during thermal shock testing and engine testing 
generally occurs at the ceramic/bond coat interface line in the GE coated 
shrouds, which was not predicted by this thermal stress analysis. 
generally occurs over the entire surface (mudflat cracking) of the 
Union Carbide shrouds and also at the cerarnic/bond coat interface line. The 
cracks which occur on the surface of the Union Carbide coated shrouds are very 
fine and shallow and have not led to any ceramic spallation. It seems evident 
that even when the ceramic fracture strain is exceeded in the actual shroud 
the cracking is limited and does not have a major impact on the overall 
integrity of the ceramic coating (limited spallation). 

Failure of the ceramic coating does not occur during engine or 
Limited cracking of the 

Cracking 

There are a variety of reasons why the thermal stress analysis did not more 
accurately predict the integrity of the ceramic coating as given below: 

1. The mechanical properties of the ceramic coating are not well 
understood and are highly dependent on the technique of the ceramic 
coating application. This is clearly evident as shown by the 
differences between the GE ceramic shrouds and the Union Carbide 
ceramic shrouds. These shrouds are similar in ceramic chemical 
composition but display very different characteristics during testing. 

Initial cracking of the ceramic coating stress relieves the ceramic 
coating so that further cracking does not occur. 

2. 
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3. The thermal t r ans i en t  temperature graaients  i n  the  ceralriic coating a re  
complex and n o t  well understood. 
t r ans fe r  analysis w o u l d  lead t o  a be t t e r  understanding of tne  
t rans ien t  thermal s t r e s ses .  

H inore de ta i led  t r ans i en t  heat 

2 . 1 . 2  Oetail Orawings 

Tne sh roud  c a s t i n g  d e t a i l  proauction d r a w i n g  was developed. 

d rawing  a n d  par t  number are  corninon f o r  a l l  ceramic coating systerns t e s t ed  i n  
t h i s  program. Tnis cast ing d rawing  i s  a lso common w i t n  the so l id  type s tage 1 

s h r o u d .  

The cast ing 

Tne i n i t i a l  ceramic shroud macnining d r a w i n g  was also completed . Tnis 
d r a w i n g  i s  common f o r  a l l  the  ceramic coating systems tes ted  w i t h  t h i s  
prograin. Separate par t  nuiilbers specify tne a i f f e r e n t  coating processes by 
d rawing  notes. 

Tne i n i t i a l  ceramic snroud d r a w i n g  was updatea t h r o u g n o u t  the  program t o  
r e f l e c t  the  l a t e s t  processes a n d  requirements. 
Snroud drawing was issued d u r i n g  Pnase 111. 

The f i n a l  production ceramic 

2 .1  

Pre 

3 Material Specif icat ions 

iminary inaterial spec i f ica t ions  were issued unaer t h i s  phase of tne 
program. Tnese preliminary spec i f ica t ions  were used t o  manufacture the 
i n i t i a l  ceramic snroua specilllens f o r  coliiponent t e s t i n g .  dhere possible 
previously issued off- the-shelf  spec i f ica t ions  were used f o r  the bond Coat  
powder ana Ceraflllc powder. These spec i f ica t ions  were updatea throughout tne 
prograin un t i l  t h e  f i n a l  spec i f ica t ions  were issued d u r i n g  Phase 111 for the 
production drawing. bee Appenoix H f o r  def in i t ion  o f  a l l  the  f i n a l  production 
ceramic s h r o u d  sDecifications.  

2 .1 .4  Q u a l i t y  Assurance C r i t e r i a  

PreliJi inary q u a l i t y  assurance c r i t e r i a  were establ ished under t n i s  phase o f  

the prograin t o  assure t h e  i n t e g r i t y  of tne  ceramic a n d  bond  coatings.  
Cr i t i ca l  post-spray dimensional, hardness, and  density requirements were 
estaDl i sned. 
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Nondestruct ive t e s t i n g  methods, inc lud ing i n f r a r e d  thermographic and eddy 
cur ren t  techniques, were tes ted  t o  determine t h e  i n t e g r i t y  o f  the  ceramic and 
bond coat ing  a f t e r  the  coat ing process and a f t e r  a l l  machining. 
nondestruct ive evaluat ion techniques y ie lded inconclus ive defect  de tec t ion  due 

p r i m a r i l y  t o  the  surface l a y e r  var ia t ions.  

shrouds i s  c o n t r o l l e d  l i k e  a l l  previous shroud systems by c a r e f u l  

manufacturing process cont ro l .  
q u a l i t y  assurance procedures. 

These 

The q u a l i t y  o f  product ion ceramic 

See Appendix B f o r  d e f i n i t i o n  o f  product ion 

Coupon thermal shock Jets  t e s t s  were performed t o  determine ceramic and bond 

coat i n t e g r i t y .  These t e s t  coupons (1"  diameter but tons)  were subjected t o  

thermal stresses s i m i l a r  t o  what happens t o  a shroud i n  an engine. Shown i n  

f i g u r e  2-11 are the ceramic coupons during thermal shock tes t ing .  E ight  
coupons can be tes ted  a t  t h e  same t i m e .  The ceramic coupons are cycled i n  and 

out of t h e  f lame wh i le  t h e  back end of t h e  coupon i s  cooled w i t h  a j e t  o f  

a i r .  The f lame and the  coo l ing  a i r  are adjusted so t h a t  requi red temperatures 

are achieved as determined by thermocouples. 

economical method t o  evaluate var ious parameters, processes, and compositions 

which a f f e c t  t h e  i n t e g r i t y  o f  ceramic shrouds. Numerous coupon thermal shock 

t e s t s  were performed w i t h  the  fo l low ing  var ia t ions :  

These t e s t  coupons are an 

1. A l l  three types o f  ceramic coating systems were tested: GE VPD, GE APS 
and Union Carbide SAP. 

2. Var ia t ions i n  ceramic app l i ca t ion  techniques were tested. 

3. Var ia t ions i n  ceramic coat ing and bond coat ing thicknesses were tested.  

4. The thermal gradient  across the ceramic was varied. 

These t e s t s  were concluded i n  Phase I 1  of the program and helped t o  determine 

t h e  best coat ing process, mater ia l ,  and temperature c a p a b i l i t y  o f  the ceramic 

shrouds. Shown i n  Table 2-1 are the r e s u l t s  of the  thermal shock t e s t s  

performed on the  th ree  coat ing systems. 
was 10 m i l s  f o r  a l l  coupons tested which i s  the  same as the  engine tes ted  

The ceramic bond coat ing th ickness 

ceramic shrouds. These r e s u l t s  c l e a r l y  show t h a t  

durable as the GE APS system o r  the  Union Carbide 

were confirmed by engine t e s t i n g  (see Sect ion 4.1 

the GE VPD system being dropped from the program. 

27 

the  GE VPD system i s  not  as 

SAP system. These r e s u l t s  

Engine Test ing) which l e d  t o  

The poor performance o f  t h e  



Figure 2-11. Ceramic Coupon Thermal Shock Test (Jets). 

28 



;E-VPU system i s  pa r t ly  a t t r i b u t e d  t o  the  use of composite Zr02-8Y203 

plasma spray powder, which results i n  a ceramic coating which is  n o t  f u l l y  
chemically homogeneous. The r e su l t s  i n  Table 2-1 a lso c l e a r l y  show t h a t  
th icker  ceramic coatings a re  l e s s  durable. 
allowed i s  ahout 48 mils i n  the  engine. 
the type o f  cracks which occur i n  the buttons during t e s t ing .  
r e s u l t s  agree with the  engine t e s t  resu l t s .  
testing method and r e l a t i v e l y  low cost ,  each coating l o t  of production cerainic 
shrouds wil l  be coupon therinal shock tes ted  t o  assure the in t eg r i ty  o f  the  
coating as  defined by GE Specification F59TF60. 

The maximum coating thickness 
Shown i n  figure 2-12 are  examples of 

Again,  these 
Because of the success o f  t h i s  

TABLE 2-1. Thermal Shock Jets  Test Results A t  2200°F (Coupons). 

Ceraaic % Bond Line 
Vendor System Thickness (mi ls )  No. Cycles* Cracking 

(GE-MTL) VPD 50.9 2000 100 ( s p a l l )  
45.9 2000 91 
45.5 2000 109 
45.0 2000 80 

(GE-IYTL) AP S 53.5 2000 83 
44.4 2000 35 
44.3 2000 6 
44.0 2000 1 4  

(Union SAP 62.8 2000 100 
Carb i de) 34.9 2000 10 

45.0 2000 8 

*Cycles a re  20 second duration of heating the  ceranic  surface t o  
2200°F (backing approximately 1550°F) and cool i n g  the  cerami.2 surface 
t o  below 800°F. 

2.1.5 Manufacturinq Cost Estimates 

Preliminary manufacturing cos t  es t iqa tes  of  the  ceramic shroud were made under 
t h i s  ea r ly  phase of the program. 
shroud as being a cos t  reduction over the current  production shroud. 
preproduction cos t s  completed i n  Phase 111 of the program a l so  show the  
Ceramic shroud as being d cos t  reduction ( see  Section 1 . 1  Program Summary). 

These cos t  es t imates  showed the ceramic 
F i n a l  
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I n  t h i s  t d s k ,  the f i x t u r i n g  hardware necessary t o  produce the modif ied ceramic 

shroud systeili was fabr ica ted .  The p l a s m  spray f a c i  l i t y  was equipped w i t h  the 
appropr ia te  tidrdddre, i nc lud ing  su i tab le  cont ro  I s  necessary f o r  coiriputer 

cont ro- l  l e d  \nul t i p l e  p d r t  processing of t h e  T700 ceramic shroud segrnents. 
Plasina spray paraiiieters were establ ished and the t e s t  coupons needed t o  v e r i f y  

these paraiiieters were plasma sprayed. The f i n a l  inanufacturing techn ica l  p lan  
was coiripleted i n  Phase I 1 1  o f  t h i s  prograiii and i s  shown i n  Appendix 13. 

L.2 .Z  iyanufacturing Process Spec i f i ca t i on  

Pre l i i i i i nary  manufacturing process spec i f i ca t i ons  were described under t h i s  

phdse o f  the prograrii t o  manufacture the T700 HPT ceramic shrouds. 

p re l i i n ins ry  s p e c i f i c a t i o n s  describca i n  d e t a i l  t he  processes t o  manufacture 

These 

shrouds i n  Phase 11. One o f  t h e  major decis ions iriade dur ing  t h i s  phase of t he  

Pogram was t o  apply t h e  bona coat ing  and cerarriic coa t ing  a f t e r  a l l  machining 

o f  t i le  baci<ing. Applying the  ceramic coat ing  a f t e r  machining reduces the  
mechanical f i x t u r i n g  stresses on the ceramic and reduces t h e  ceramic exQosure 

t o  machining o i l .  
coa t ing  i s  app l ied  i s  t o  f i n i s h  g r ina  enas o f  tne shrouds, EUM t h e  end s p l i n e  
seal  s lo t s ,  and g r i n d  the  flowpath. 

The o n l y  machining done on the ceramic snrouds a f t e r  t he  

Under Phase I 1 1  of t h i s  prograin, the  f i n a l  manufacturing techn ica l  p lan  was 

issued whicn de f ines  i n  d e t a i l  the ceramic shroud manufacturing process Shown 
i n  Appendix B. 

2.2.3 Coatinq Property Evaluat ions 

Proper ty  measurements were conducted on t e s t  coupons which representea the  

planned product ion ceramic shroud. 
t h e  var ious ceramic and bona coat ing  app l i ca t i on  tecnniques ana mater ia ls .  

The p roper t i es  iiieasurea were e l a s t i c i t y ,  t e n s i l e  strength,  thermal 
conduc t i v i t y ,  p a r t i c l e  size, thermal expansion and the  ceramic and bond coat 

These t e s t  coupons were used t o  evaluate 
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maxiinurn temperature capabilities. 
to yield the optimum metallurgical properties. 
used in the thermal and stress analysis described in Section 2.1.1. 

Coating process iterations were conducted 
These material properties were 

~~ 

32 



3.0 PHASE I 1  - FULL SCALE HARDWARE FABRICATION 

3.1 TASK 111 - FABRICATE AND VERIFY FULL SCALE COMPONENTS 

3.1.1 Fabr icate Shrouds 

I n i t i a l  sets o f  shrouds were ordered under Phase I 1  o f  t h i s  program f o r  engine 

t e s t i n g  i n  Phase 111. A t  t h i s  t ime i n  the program a l l  three types o f  ceramic 
coat ings were s t i l l  under content ion f o r  f i n a l  product ion app l ica t ion .  Twenty 

f i n i s h e d  shrouds were made t o  the processes and q u a n t i t i e s  described below: 

1 .  S i x  segments were produced using t h e  Vacuum Plasma Deposi t ion N i C r A l Y  bond 
coat  and composite Zr02-8Y 203 powder yrocess and equipment def ined 
i n  Phase I. 

2. E igh t  segments were produced using the A i r  Plasma Spray N i C r A l Y  bond coat 
and t h e  s in te rea  Zr02-8Y203 powder, heat t r e a t e d  top  coat  process. 

S ix  segments were produced using t h e  Shielded Arc Plasma CoNiCrAlY bond 
coat  and the fused Zr02-7Y203 powder, heat t r e a t e d  top coat yrocess. 

3. 

3.1.2 V e r i f y  Components 

Cyc l i c  thermal shock t e s t s  were conducted on f u l l  scale ceramic shrouds and a 

c u r r e n t  product ion Bradel loy shroud f o r  comparison. The t e s t i n g  included the 

three candidate ceramic shroud coating systems: 
Union Cdrbide SAP. The thermal shock t e s t i n g  was accomplished i n  such a way 
as t o  approximate the  maximum temperatures, the  r a d i a l  thermal gradients 

through the  ceramic, and t h e  t rans ien t  temperatures t h a t  occur i n  a T700 
engine. 

GE APS, GE VPD and 

For the  thermal shock t e s t i n g  o f  the ceramic shrouds, spec ia l  f i x t u r e s  were 

designed and b u i l t  which secure and cool the  shrouds so t h a t  they approximate 
the  cond i t ions  i n  a T700 engine. Shown i n  Figures 3-1 through 3-4 are the 

f i x t u r e  designs f o r  the therinal shock t e s t i n g .  
c o n t r o l l e d  by the  l e v e l  o f  coo l ing  a i r  used and the heat i n p u t  t o  the ceramic 
surface exposed t o  the flame tunnel .  The coo l ing  l e v e l  needed t o  achieve 

proper shroud temperatures and gradients can be regulated f o r  each i n d i v i d u a l  

shroud. 

The shroud temperatures are 

V e r i f i c a t i o n  o f  t r a n s i e n t  and steady s t a t e  shroud temperatures was 
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Figure 3-3.  Thermal Shock Fixture Disassembled. 
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achieved by thermocouples attached to the backing of the ceramic shroud. 
temperature of the shroud surface was determined by an optical pyrometer. 
shrouds were thermal shock tested concurrently. Figure 3-5 depicts the 
thermal shock facility during testing. 
during cyclic thermal shock testing. 

The 
Two 

Figure 3-6 shows the ceramic shrouds 

The following cyclic thermal shock tests were performed on the four shroud 
specimens: 

1. One Thousand thermal cycles at anticipated engine conditions to verify 
the integrity of the ceramic coatings. 
ceramic bond or top was cracked along the perimeter of the ceramic 
shroud, the test was deemed a success. 

If  less than 50% of the 

2. After completion of the 1000 thermal cycles an additional 370 abusive 
thermal cycles with increasing radial gradients were run to assess the 
maximum capability of the ceramic shrouds. 

The three ceramic shrouds were thermally cycled between conditions 
corresponding to the T700-401's T4.1=2358"F gas temperature and approximately 
ambient temperature. This approximates the most severe engine thermal cycle 
possible (from start of engine to maximum temperature back to engine shutdown) 
for 1000 cycles. 
ceramic shroud and a new Bradelloy shroud for the first 1000 thermal cycles. 
For the 1000 thermal cycles the ceramic shrouds were tested to the following 
conditions: 

Shown in Figure 3-7 are the transient temperatures of a 

Maximum ceramic top coat temperature = 2230°F 

Maximum bond coat temperature (calculated) = 1900°F 

Maximum backing metal temperature = 1540°F 

Maximum steadv state temerature aradient across the shroud thickness 
= 690°F 

Maximum thermal gradient along the shroud circumferential 
= 100°F 

Each thermal cycle equals 3 minutes in the hot station and 
in the cool-down station, for a total o f  6 minutes per cyc 

ength 

3 minutes 
e. 

The above temperature conditions approximate the ceramic shroud temperature 
conditions in an engine with the current production shroud cooling flow 
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.872% dc. 

temperature gradient )  than t h e  temperature cond i t i ons  w i t h  .699% Wc ( t h e  
p 1 anned product ion cool  i ng f 1 ow). 

This  temperature cond i t i on  i s  more severe (h igher  r a d i a l  

A t  t he  complet ion of the 1000 thermal cyc les a l l  th ree  types o f  ceramic 

shrouds showed no loss o f  ceramic coat ing  o r  crack ing under 50X 
magni f icat ion.  The reference Bradel loy shroud a lso  showed no d is t ress .  The 

ceramic shrouds were then thermal shock tes ted  f o r  an add i t i ona l  370 thermal 

Cycles, increas ing i n  s e v e r i t y  both the maximum shroud sur face temperature and 

the  grad ien t  across t h e  shroud th ickness as shown below: 

Cer ami c F 1 owpa t h 
Surf ace Temperature Backing Temperature No. o f  Cycles 

2230 1540 20 
2230 1490 50 
2230 1440 50 
2230 1390 50 
2280 1540 50 
2330 1540 50 
2 380 1490 50 

50 2430 1440 - 
370 Cycles Tota l  

A t  t h e  comp 
ex tens ive ly  

depic ts  t h e  
addi t i onal 

e t i o n  o f  a l l  thermal shock t e s t i n g  t h e  ceramic shrouds were 

m e t a l l u r g i c a l l y  examined t o  deterinine t h e i r  i n t e g r i t y .  

l oca t i on  o f  t he  crack ing which occurred i n  the  ceramic from t h e  
hermal shock tes t i ng .  

F igure 3-8 

No s 9 a l l a t i o n  o f  t he  ceramic occurred f o r  

any o f  t h e  ceramic coatings. 

crack ing which occurs f rom engine t e s t i n g  (see Sect ion 4.2). 

type o f  crack ing i s  o u t l i n e d  below: 

This type  o f  crack ing i s  s i m i l a r  t o  the  type of 

I 
A summary o f  the  

(GE-IVITL) VPD - Forward edge bona l i n e  crack ing 

- Contamination i n  bond coat /subst rate 

- C i  rcuniferent i a l  / ax i  a1 crack ing i n i  t i  ates 
i n  ceramic, c lose  t o  bond coat  

( GE-MTL) APS - C i rcumferent ia l /ax ia l  c rack in  i n i t i a t e s  

T /E  v e r t i c a l  c rack ing  (wave pa t te rn )  

i n  ceramic, c lose  t o  bond coa ? 
- 
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Union 
Carbide 

SAP - Circumferential/axial cracking initiated 
in ceramic and migrates along 
ceramic/ceramic* bond line 

- Extensive T/E vertical cracking 

*Internal ceramic/ceramic bold line is caused by heat treating cycle 
between ceramic layers. 

The amount of bond line cracking i s  shown below: 

0 GE VPD 
- 15.2% o f  edge cracked 

0 GE APS 
- 29.9% of edge cracked 

0 Union Carbide SAP 
- 42.8% of edge cracked 

The three types of ceramic shrouds were sectioned and the axial or 
circumferential depth (mils) of cracking was determined: 

(GE-MTL) VPD 

( GE-MTL) AP S 

(Union SAP 
Carbide) 

Conclusions 

T/E T/E T/E L/E 
(Right) (Center) (Left) (Center) 

75 34 35 20 

35 26 0 90 

70 67 31 5 0 

0 No spalling o l  the ceramic coated shrouds occurred after completion of 
the standard 1000 cycles of thermal shock testing or after the 
additional abusive 370 therinal cycles. 

0 The type of cracks which occur in the ceramic coating are similar in 
type and location to engine test results (see Section 4.1). 

0 Contrary to engine and coupon thermal shock tests results, the GE VPD 
system had the least percentage of bond line cracking. 
system had the least amount of T/E cracking which agrees with engine 
test results. 

The GE APS 

44 



4.0 PHASE I11 - PILOT PRODUCTION AND QUALIFICATION TESTING 

4.1 TASK I V  - UPDATE SPECIFICATIONS AND COST ESTIMATES 

Under this task of the program, the ceramic shroud material process 
specifications and cost estimates were updated so that production quality 
shrouds could be ordered under Phase 111 of the program for qualification. 
The updated cost analysis indicated that the GE APS system was the lowest cost 
system because bond and ceramic coatings are applied in air rather than in a 
vacuum, as required for the GE VPD ceramic system. 
costs less than the UC SAP system because of the added complexity of the 
UC SAP system. 

The GE APS system also 

4.2 TASK V - ENGINE TESTING 

Extensive engine testing of ceramic shrouds was performed to thoroughly 
evaluate the integrity and benefits of ceramic shrouds. A total of four 
endurance and LCF engine tests were conducted. 
and LCF cycles are shown in Figures 4-1 and 4-2. 
six ceramic shrouds. Three different ceramic shroud systems have been 
evaluated in these engine tests. In addition, a sand erosion test was 
completed which evaluated erosion resistance of ceramic compared to current 
production shrouds. 
is presented in Table 4-1. 

The standard T700 endurance 
Each engine test evaluated 

An overview o f  the major variations between engine tests 

The overall results of these engine tests are excellent and culminated in 
production qualification of ceramic shrouds for the T700 engine. 
qualified shroud system meets GE Specification F50TF60 and consists of air 
plasma sprayed NiCrAlY bond coat and air plasma sprayed Zr02-8Y203 (SYSZ) 
top coat using sintered zirconia. 
adequately in engine tests, but the final choice of a system for qualification 
was based on post-test microstructural inspections which showed less internal 
cracking. Coating cracks occur in most of the engine-tested shrouds; however, 
much of the coating spallation appears to occur during engine disassembly. In 

The 

Two ceramic shroud systems performed 
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a l l  engine t e s t s  t h e  shroud cas t ing  and machined backing and support were i n  
e x c e l l e n t  condi t ion.  Cracking o f  the metal backing, which i s  t y p i c a l  o f  

c u r r e n t  product ion designs, d i d  n o t  occur w i t h  the  ceramic shrouds. The 
t r a i l i n g  edge o f  t h e  metal backing showed on ly  minor ox idat ion.  

4.2.1 Assurance Tes t ing  

Engine 374117-2 

Th is  was the f i r s t  T700 engine t e s t  conducted w i t h  ceramic shrouds. 

ceramic shroud systems, Table 4-2 and Table 4-3, were evaluated i n  t h i s  t e s t .  
Figures 4-3, 4-4 and 4-5 show the shrouds' c o n d i t i o n  a f t e r  engine t e s t i n g .  

Three 

TABLE 4-2. Ceramic Shrouds Tested i n  Engine 374117-2. 

Shroud Ser i  a1 
Number Shroud Pos i t ion  Coating System 

31 659 1 G E - V P D ~  

31 665 2 G E - A P S ~  

31 669 3 UC-SAP3 

31 660 4 GE-VPD 

31671 5 GE-APS 

31 674 6 UC-SAP 

l G E  segments produced us ing the  Vacuum Plasma Deposi t ion sprayed N i C r A l Y  

2GE segments produced using t h e  A i r  Plasma Deposi t ion sprayed N i C r A l Y  bond 

3Union Carbide segments produced using t h e  Shielded Arc P1 asma CoNiCrAlY 

bond coat  and composite Zr02-8Y203 powder. 

coat and s in te red  Zr02-8Yz03 powder. 

bond coat and fused Zr02-8Y203 powder. 
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TABLE 4-3. Ceramic Shroud Systems Engine Tested on 374117-2. 

GE-APS GE-VPO UC - SAP 

Bond Coat Composition N i Z Z C r l O A l l Y  N i  22Cr 10Al l  Y Co32Ni 21 Cr8A-5Y 

Bond Coat Appl icat ion A i r  P1 asma Vacuum Plasma Shielded Arc 

Top Coat Composition Zr02-8Y203 ZrO2-8Y203 ZrO2-7Y203 
Powder 

Sintered and Composite Fused and Crushed 
Crushed 

Heat Treat ( A t  0.012 Inch) 1975F/4 Hours None 1975F/4 Hours 

As Sprayed Ceramic 0.0440-0.0505 0.0428-0.0483 0.0508-0.0547 
Coating Thickness 

Ceramic Coating 0.0301-0.0415 0.0290-0.0430 0.0313-0.0440 
Thickness Af ter  
Engine Test (Asseinbly 
Ground Shrouds) 

The ceramic flowpath o f  a l l  shrouds had a blackened appearance due t o  an 

overtemperature cond i t ion  i n  t h e  engine which caused me l t i ng  o f  the  t u r b i n e  
blade t i p s .  Figure 4-3 shows t h a t  there was e s s e n t i a l l y  no coat ing  loss  f o r  

the GE-APS shroud system, whereas the  GE-VPD systern shown i n  F igure  4-4 has 
coat ing loss a t  t h e  shroud ends. 

surface o f  shroud #4 ind ica tes  t h a t  the  f r a c t u r e  occurred dur ing  engine 

other  coat ing  s p a l l s  on shrouds #1 and #4 (GE-VPU) occurred 
t e s t .  

The "clean" appearance of  the  f r a c t u r e  

disassembly. The 

dur ing the  engine 

A f t e r  engine t e s t  ng the  shrouds were v i s u a l l y  examined a t  50X f o r  cracks i n  

the coat ing  and subsequently sect ioned f o r  m ic ros t ruc tu ra l  evaluat ion.  A l l  

Shrouds showed some degree o t  laminar cracks i n  the  ceramic coat ing  loca ted  

p a r a l l e l  t o  the  bond coat sur face and approximately 10 m i l s  above t h e  bond 
coat. I n  addi t ion,  Union Carbide shrouds #b and #3 had extensive mud-f lat  

crack ing o f  the  e n t i r e  f lowpath surface. 
GE shrouds. Shrouds #2 and # 5  had the l e a s t  laminar cracking; t he  crack ing 

was most apparent along the  shroud ends and near t h e  corners o f  t he  t r a i l i n g  
edge. 

edge o f  shroud # 3  and most o f  #6. 

No mud- f la t  crack ing was observed on 

Shrouds #6 and #3 had crack ing a t  the  end and along a l l  o f  the t r a i l i n g  
Shrouds #1 and #4 had crack ing along the  
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e n t i r e  perimeter of the ends and t r a i l i n g  edge. 
observed a t  the leading edge; the absence of cracks a t  the  leading edge i s  due 
t o  the angle machined i n t o  the  c a s t  subs t ra te .  

No laminar cracks were 

Microstructural  evaluation of t he  th ree  coating systems was a l so  conducted. 
Cross-sectional views showing the  cas t  subs t r a t e ,  bond coat ,  and ceramic top 
coat  o f  each of the th ree  coating systems a re  presented i n  Figures 4-6, 4-7, 
and 4-8. 

of the th ree  coating systems. 
Figure 4-6 i s  quite porous, while t he  vacuum plasma spray bond coat of 
f i gu re  4-7 i s  much denser. The shielded a rc  plasma bond coat of f i gu re  4-8 
shows a porosi ty  change f o r  the top 2 mils as a coarser  powder which was 
introduced t o  produce increased surface roughness. 
coat was apparent i n  any of the  three  systems. 

Distinct d i f fe rences  a re  apparent i n  both the  bond coat  and top coat 
The a i r  plasma sprayed NiCrAlY bond coat of 

No oxidation of t he  bond 

The ceramic top coats a l so  show s ign i f i can t  differences i n  microstructure.  
All were applied via a i r  plasma; however, spray parameters were varied,  as 
were the s t a r t i n g  powders. The ceramic coating porosi ty  decreases from 
Figures 4-7 t o  4-6 t o  4-8. The Union Carbide-produced coating shown i n  
f i gu re  4-8 i s  quite dense ( U C  - .197 lb / in  
much f i n e r  pore s ize ,  and l e s s  v i s i b l e  "sp la t"  boundaries than the  GE-produced 
coatings.  The porosity difference between the coat ings of Figures 4-6 and 4-7 
i s  a t t r i bu ted  t o  changes i n  spray parameters and d i f fe rences  i n  t he  ceramic 
powders. The powder used f o r  Figure 4-6 is  pre-reacted, s in te red  8YSZ 
( Zr02-8Y203), whereas composite 8YSZ powder was used t o  produce the 
coating of Figure 4-7. The ve r t i ca l  crack i n  t he  ceramic coating of 
Figure 4-8 i s  a cross sect ion view of t he  mud-flat cracking described 
e a r l i e r .  The crack i s  qu i t e  deep, and i n  some areas  the  mud-flat cracks 
progressed almost t o  the bond coat.  Additionally, t he  v e r t i c a l  cracks could 
l ink  up w i t h  laminar cracks above the  bond coat .  T h i s  propensity f o r  mud-flat 
cracks and potential  linkup w i t h  laminar cracks led t o  the  eventual conclusion 
t o  drop th i s  system from production consideration. 

3 3 vs. GE - .191 lb / in  ),  has a 

One other  observation i s  noteworthy from th is  t e s t .  
a t h i n ,  denser layer a t  t he  flowpath of the ceramic coating. I t  i s  most 
v i s i b l e  i n  Figures 4-6 and 4-7 b u t  was a l so  observed f o r  the other  coating 
system. Apparently, the h i g h  gas temperatures which caused melting of the 

All shroud systems showed 
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Figure 4-6. Microstructure o f  GE-APS Shroud # 2  (Engine 374117-2). - 
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Figure 4-7. Microstructure of GE-VPD Shroud #1 (Engine 3741 17-2). 
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Figure 4-8. M i c r o s t r u c t u r e  of UC-SAP Shroud #6 ( E n g i n e  3741 17-2).  
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blade t i p s  a lso  caused s i n t e r i n g  of the ceramic coat ing  a t  the  f lowpath 

surface. 
det r imenta l  occurrence i n  t h i s  t e s t .  

S in ter ing was n o t  observed i n  subsequent engine t e s t s  and was not a 

Some blade/shroud rubbing d i d  occur dur ing the t e s t  and r e s u l t e d  i n  small  

amounts o f  blade mater ia l  being t r a n s f e r r e d  t o  the shroud surface. 

"scabbing" i s  v i s i b l e  i n  the cross sect ion view shown i n  F igure 4-9; EDAX 

analys is  determined the scab t o  be ox id ized blade mater ia l  on t h e  ceramic 
f 1 owpath. 

This 

Conclusions 

0 Ceramic shrouds performed w e l l  i n  engine t e s t  

0 Demonstrated 20% reduc t ion  i n  coo l ing  f l o w  

0 Ceramic shrouds e x h i b i t  minimal s p a l l i n g  even though there i s  edge 
cracking 

0 GE-APS system best 

0 

0 Shroud backing and support i n  exce l len t  condi t ion.  

GE-VPL, system performance not  acceptable and dropped from program 

Enaine 212108-4 

This  engine evaluated th ree  shrouds each o f  the GE-APS NiCrAlY/pre-reacted, 
s in te red  8YSZ and Union Carbide UC-SAP CoNiCrAlY/7YSZ shroud systems. 

shroud s e r i a l  numbers and p o s i t i o n  i n  the engine are d e t a i l e d  i n  Table 4-4. 

Photographs o f  t h e  shrouds a f t e r  engine t e s t i n g  are presented i n  Figures 4-10 

through 4-12. Tne GE-coated shrouds shown i n  Figures 4-10 and 4-11 have 
s l i g h t  s p a l l a t i o n  a t  t h e  end. The Union Carbide shrouds shown i n  F igure 4-12 

have no s p a l l a t i o n  bu t  do have extensive mud-f lat  cracking. The Union Carbide 

shrouds have considerably more laminar crack ing o f  the  ceramic coat ing than do 

t h e  GE shrouds. The th ree  Union Carbide shrouds had laminar crack ing along 

both ends and most o f  the t r a i l i n g  edge, whereas GE Shrouds #1 and #3 had on ly  

a few short ,  discontinuous segments o f  cracking. GE Shroud #5 had s l i g h t l y  
longer cracks than Shrouds #1 and #3, but  t h i s  was s t i l l  considerably l e s s  
than the best Union Carbide shroua. 

The 
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F i g u r e  4-9. P h o t o m i c r o g r a p h  S h o w i n g  Blade Material T r a n s f e r  t o  
Ceramic F l o w p a t h  Due t o  Blade Rub ( E n g i n e  3 7 4 1 1 7 - 2 ) .  
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TABLE 4-4. Ceramic Shrouds Tested in Engine 212108-4. 

Shroud Seri a1 
Number 

65731 

65745 

Shroud Position 

1 

L 

65739 3 

65749 

65741 

4 

5 

65752 6 

GE segments produced using the air plasma 
coat and si ntered Zr02-8Y ~ 0 3  powder. 

Union Carbide segments groduced using the 
bond coat and fused ZrO -7Y203 powder. 

Coating System 

GE-APS 

UC-SAP 2 

GE -AP S 

UC-SAP 

GE -AP S 

UC-SAP 

deposition sprayed NiCrAlY bond 

shielded arc plasma CoNiCrAlY 

Microstructural examination of these shrouds revealed results similar to the 
previous engine test. That is, the Union Carbide bond coat and top coat are 
both more dense than the GE coating; also, the Union Carbide coating has 
considerably more cracking. Figure 4-13 illustrates the extensive laminar 
cracking of the Union Carbide coating and also the link-up of vertical and 
laminar cracking. 
Figure 4-14 shows a laminar crack in the GE coating at the shroud end; the 
crack length is only 15 mils compared to the 30-mil crack at a similar 
position in Figure 4-13 of a Union Carbide shroud. 
detailed on either shroud system. 
ceramic flowpatn surface as observed in the previous test. 

This view is of the shroud end and portrays a worst case. 

No bond coat oxidation was 
Additionally, there was no sintering of the 

The GE shrouds o f  this test were prone to loss of coating beneath the 
flowpath, Figure 4-15. 
iriay be due to an airflow peculiarity or processing irregularity during coating 
application. It was not observed in other tests. 

This loss occurred primarily at the shroud ends and 
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Figure 4-10. Ceramic Shrouds After Testing in Engine 212108-4 - 
GE-APS #3 and #5. 
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Figure 4-11. Ceramic Shrouds After Testing in Engine 212108-4 - 
GE-APS #l and UC-SAP #2. 
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1 

Schematic o f  Mount L o c a t i o n s  b )  ! 

a >  + -/i I 

a) View P a r a l l e l  t o  Shroud End 
b )  View P e r p e n d i c u l a r  t o  ( a )  showing c r a c k  d e p t h  i n t o  t h e  shroud 

F i g u r e  4-13. M i c r o s t r u c t u r e  o f  UC-SAP Shroud #4 Showing E x t e n s i v e  Crack ing  
(Encline 212108-4). 
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Figure 4-14. Microstructure of GE-APS Shroud #5 (Engine 212108-4). 
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F i g u r e  4-15. Photograph o f  C i r c u m f e r e n t i a l  End of GE-APS Shroud # 5  Showing 
Loss o f  Coa t ing  Beneath F lowpath  (Eng ine  212108-4). 
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Engine 3741 17-3 

Th is  engine ran  th ree  ceramic shrouds each o f  t h e  GE and Union Carbide shroud 
systems f o r  3300 LCf cyc les  a t  standard shroud c o o l i n g  f lows, Table 4-5. 

TABLE 4-5. Ceramic Shrouds Tested i n  Engine 374117-3. 

Shroud Ser i  a1 
Number Shroud Pos i t ion  Coating System 

65738 1 GE-APS 

65742 2 UC-SAP 

65737 3 GE-APS 

65 7 47 

65735 

4 

5 

UC-SAP 

GE-APS 

65744 6 UC-SAP 

GE segments produced using the A i r  Plasma deposi t ion sprayed N i C r A l Y  bond 
coat  and s in te red  Zr02-8Y203 powder. 

Union Carbide segments produced using tne  Shielded Arc Plasma CoNiCrAlY 
bond coat and fused Zr02-7Y203 powder. 

* 

Visual examination showed GE Shrouds #l and #3 t o  be i n  near p e r f e c t  c o n d i t i o n  

w i th  no s p a l l a t i o n  and almost no laminar cracking. 
s p a l l  a t  one end and s l i g h t  laminar cracking a t  the  other  end. Photographs o f  

a l l  shrouds are shown i n  F igures 4-16 through 4-20. 
shrouds had coat ing  s p a l l a t i o n  which occurred dur ing disassembly as evidenced 

by the  c lean f r a c t u r e  surfaces. 

was l e s s  than on previous t e s t s  but  s t i l l  worse than the  GE shrouds o f  t h i s  

t e s t .  

tes ts .  

Shroud #5 had coat ing  

A l l  th ree  Union Carbide 

Laminar cracking o f  the Union Carbide shrouds 

The Union Carbide shrouds had mud-f lat crack ing as i n  t h e  previous 

Tne m i c r o s t r u c t u r a l  fea tures  o f  these shrouds were very s i m i l a r  t o  the  

previous t e s t s  and, hence, no new photographs are presented. There was no 
o x i d a t i o n  o f  the bond coat o r  s i n t e r i n g  of t h e  ceramic f lowpath. 
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4.2.2 Q u a l i f i c a t i o n  Test 

Engine 372516-3 

This  350-hour endurance t e s t  q u a l i f i e d  the GE-APS ceramic shroud f o r  

product ion on the T700 engine. 
A11 s i x  shrouds were manufactured and approved t o  GE S p e c i f i c a t i o n  F50TF60. 

The engine was operated w i t h  a 20% Stage 1 shroud coo l ing  f low reduct ion.  

s i g n i f i c a n t  event occurred dur ing the l a s t  phase of engine t e s t i n g :  
Stage 1 blade f a i l e d  a t  about 50% span a f t e r  300 endurance hours. The f a i l e d  
Stage 1 blade was replaced and the l a s t  50 hours o f  endurance t e s t i n g  was 

completed. 

The s i x  shrouds are d e t a i l e d  i n  Table 4-6. 

A 

one 

TABLE 4-6. Ceramic Shrouds Tested i n  Engine 372516-3A. 

Shroud Ser i  a1 
Number Shroud Posi t  i on Coati  ng System 

931 22 1 GE-APS 1 

931 27 2 GE-APS 

931 04 3 GE-APS 

931 05 4 GE-APS 

931 28 5 GE-APS 

931 20 6 (;€-UPS 

GE segments produced using the a i r  plasma aeposi t ion sprayed N i C r A l Y  bond 
coat  and s i n t e r e d  ZrQ2-8Y203 powder. 

Visual examination showed a l l  s i x  GE shrouds t o  be i n  near-perfect  c o n d i t i o n  

even a f t e r  susta in ing impact from the Stage 1 blade f a i l u r e .  

Engine 372516-3 was a unique'engine test .  

T700-401 engine. 

cur ren t  product ion hardware (not ceramic shrouds). The engine was then 

r e b u i l t  w i t h  a number of performance improvement hardware changes, one of 

This engine was a product ion 
The engine was f i r s t  broken i n  and performance tes ted  w i th  

. 
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which was ceramic s tage 1 shrouds. 
again (back-to-back tes t )  and showed a s ign i f i can t  performance increase.  
Based on t h i s  back-to-bacK engine t e s t ing ,  the engine performance increase d u e  

t o  cerairiic sh rouds  was calculated t o  be an increase i n  engine SHP a t  IRP of 
.% and a reduction in  Vi: a t  60% IYC of .3%. 

The engine was t h e n  performance tes ted  

The amount of laminar cracking was minimal in a l l  of these  shrouds 
(figures 4-21 through 4-29). 
t r a i l i n g  edge; the other shrouds had none. 
f o r  Shroud #4. Shroud # 3  had one small 0.030 inch long crack a t  one corner,  
and Shrouds #l  and #6 had s l i g h t  cracking a t  t he  corners  o r  a t  the shroud end. 

Only Shrouds #2 and #5 had cracking along the  
No cracking a t  a l l  was observed 

T h e  extent  of the cracks i n t o  the  coating of shroud #2 i s  i l l u s t r a t e d  in 
Figures 4-30a and b.  
Figure 4-SOb shows the crack a t  t h e  t r a i l i n g  edge. 
crack length is  approximately 50 mils and, more importantly, the crack angles 
toward the shroud surface r a the r  than staying pa ra l l e l  t o  the  bond coat.  
minimizes the  potent ia l  f o r  large areas  of coating loss .  

Figure 4-30a shows crack length f o r  the shroud end while 
In both occurrences the 

This 

Analysis of the shroud/blade r u b  area o f  sh roud  # Z  was conducted us ing  
SEM/EI)AX. These results a r e  shown in figures 4-31a and b. Figure 4-31a shows 
a c ross  sect ion view o f  the  ceramic coating and r u b  area,  while Figure 4-3lb 
i s  an enlarged view ident i fying where EDAX analysis  was ca r r i ed  out. The EDAX 

r e s u l t s  a r e  presented i n  f i gu res  4-32a, b, c and d. EUAX spot "O", 

Figure 4-32a, showed only Y and Zr and no d i f fus ion  of meta l l ic  species i n t o  
tne  ceramic coating. E W X  1 ,  Figure 4-32b, snows elemental species common in 
the blade t i p  material b u t  does have high Zr, indicat ing some diffusion from 
the ceramic coating in to  the r u b  area or  smearing d u r i n g  polishing. The EOAX 

analys is  o f  spots L and 3 presented in Figures 4-32c and d ,  respect ively,  
reveals  the elemental species  of t he  blade; the h i g h  A 1  peak f o r  figure 4-32d 
indica tes  oxidation of the r u b  mater ia l .  
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a) I I 

- 1-1 _ - -  
Schematic o f  Mount Locat ions 

I ! 

a )  View Perpendicu lar  t o  Shroud End 
b )  View Perpendicu lar  t o  T r a i l i n g  Edge 

F igu res  4-30a and b .  M i c r o s t r u c t u r e  o f  GE-APS Shroud #2 (Engine 372516-3A) 
Showincl Deuth o f  Coat ina Cracks. 
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d) Coating Cross Sec t ion  
b )  Enlarged View o f  Rub Deposi t  Showing 

Locations Where EDAX Was Conducted 

F igures  4-31a and b. SEM o f  Shroud Coat ing Showing Meta l  Deposi t  
f rom Blade Rub. -_ -- 
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Conclusions 

T h i s  test:  
0 Was the most successful engine t e s t  o f  ceramic shrouds 

0 Showed production v i a b i l i t y  of ceramic shrouds 

0 Showed ceramic shroud resis tance t o  turbine DOD (Stage 1 blade 
f ai 1 ure) 

0 Verified performance improvement of ceramic shrouds. 

4 . 2 . 3  Sand Erosion Test 

Eng i ne 20701 8-8A 

T h i s  50-hour sand erosion t e s t  evaluated the erosion res i s tance  of the ceramic 
shrouds as compared t o  the cur ren t  production designs. 
were a mixed configuration as shown  i n  Figure 4-33. 
were: 
(GE-APS)  "P'l qual i t y .  

The Stage 1 shrouds 
Stage 1 shrouds t e s t ed  

two so l id  shrouds, two Bradelloy shrouds and two ceramic shrouds 

This test consisted of dumping 80 l b s  o f  sand i n t o  the i n l e t  of the engine 
over a 50-hour period. 
s t a r t  and completion of erosion tes t ing.  
acceptable a f t e r  sand erosion tes t ing  ( t e s t  was a success) .  

The performance of the engine was measured a t  the 
The performance of the engine was 

The Stage 1 ceramic shrouds eroded more t h a n  the Bradelloy o r  s o l i d  shrouds, 
as shown i n  Figures 4-34 t h r o u g h  4-37, b u t  d i d  not erode through the ceramic 
coating. The average erosion depth o f  the  Bradelloy shroud was negl igible .  
The so l id  shroud eroded away about 9 mils average. 
away about  21 mils average. The erosion path was mainly d i r e c t l y  above the  
t i p  of the Stage 1 tu rb ine  blades. Erosion was considerably l e s s  above the  
t r a i l i n g  edge of the Stage 1 turbine blades where main ta in ing  clearances is  
most c r i t i c a l .  'The ceramic shrouds are acceptable f o r  continued engine 
operation. 

The ceramic snroud eroded 
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Figure 4-35. Engine 207018-8A Closeup o f  Erosion of Ceramic. 
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5.0 CONCLUSIONS AND RECUMMENDATIONS 

This  f i n a l  r e p o r t  sumriiarizes and completes a l l  techn ica l  work on the  ArmylNHSA 

Contract  NASJ-23174. Under the contract ,  General E l e c t r i c  success fu l l y  
demonstrated the  proauct ion v i a b i l i t y  of a Stage 1 h igh  pressure tu rb ine  

shroud w i t h  a ceramic-coated f lowpath f o r  t he  GE T700 t u r b i n e  he l i cop te r  
engine. 

the  Stage I ceramic shroud over t h e  current  product ion shroud types, by 
extens ive component and engine test ing.  

This  cont rac t  proved t h e  performance, cost  and d u r a b i l i t y  bene f i t s  o f  

I n  l i g h t  of the bene f i t s  demonstrated under t h i s  contract ,  i t  i s  recommended 

t h a t  t h e  Stage 1 ceramic shrouds are  substant iated f o r  product ion i n t roduc t i on  
as soon as i t  i s  p r a c t i c a l .  
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APPENOIX A 

CERAMIC SHKOUL) PROCESS SPECIFICATIONS 

A. l  SCOPE 

Acceptable q u a l i t y  of t h e  ceramic shroud coat ing  system i s  assured by the  
General E l e c t r i c  s p e c i f i c a t i o n s  as def ined by the  ceramic shroud drawing 
No. 6064T52. 

A.2 NON -GOV EKNME NT DOCUMENTS 

Spec i f i ca t ions  

F50TF60-1(T) Plasma sprayed Y t t r i a  s t a b i l i z e d  Z i r c o n i a  coat ing  (NiCrAlY 
bond coat)  

F50TF61-1(T) Plasma sprayed Y t t r i a  s t a b i l i z e d  Z i r c o n i a  coat ing  (CoNiCrAlY 
bond coat )  

A50TF239-l(T) 

A50TFL40-1 (T) 

Zirconium oxide - Yt t r ium oxide powder ( f i n e )  

Zirconium oxide - Yt t r ium ox ide powder (chemical ly  homogeneous) 

E50TF424-1 (T)  Thermal shock Jets t e s t  method f o r  ceramic coat ing 

PBECWiNG PAGE BLANK NOT FILMED 



SPEC I F I  CAT1 ON NO. F50TF6 1 

DATE March 10, 1986 
ISSUE NO. 1(T )  

PAGE 1 OF 6 

P 
AIRCRAFT ENGINE BUSINESS GROUP 

0 0  e 

FSCM 07482 (3- suPFRSLuts NEW 

TEMPORARY SPECIFICATION 

The purpose o f  t h i  s Temporary Spec i f i ca t i on  i s  t o  es tab l i sh  a GE d es ignat ion 
f o r  the requirements spec i f ied  here in and t o  provide a procurement document 
f o r  AEBG usage. Th is  Temporary Speci f icat ion s h a l l  remain i n  e f f e c t  only 
u n t i l  the  I'S1" issue i s  published. 

PLASMA SPRAYED YTTRIA STABILIZED ZIRCONIA COATING 
(Co-Ni-Cr-A1 -Y BOND COAT) 

1. SCOPE 

1.1 Sco e. This spec i f i ca t i on  presents requirements f o r  a two layered 

Co-Ni-Cr-Al-Y bond coat  plus a Y t t r i a  s t a b i l i z e d  Z i rconia top coat  used f o r  
ceramic shrouds. 

plasma spraye --% coating cons is t ing  o f  a shielded arc plasma sprayed 

1.1.1 C lass i f i ca t ion .  This  spec i f i ca t i on  contains the fo l low ing  
c lass(es) .  
classes. 

Unless otherwise speci f ied,  the requirements here in apply t o  a1 

CLASS A 

1.2 Def in i t ions.  For purposes o f  t h i s  spec i f i ca t ion ,  the fo l lowing 
d e f i n i t i o n s  shal I apply: 

Capab i l i t y  - The words, "sha l l  be capable o f "  o r  " capab i l i t y  t e s t "  
i nd i ca te  charac ter is t i cs  o r  p roper t ies  requi red i n  the product b u t  f o r  
which tes t i ng  o f  each l o t  i s  no t  required. However, i f  such t e s t i n g  i s  
performed by the Purchaser, mater ia l  no t  conforming t o  the requirements 
sha l l  be subject t o  re jec t i on .  

Coating L o t  - A l l  coated par ts  produced i n  a s ing le  production run from 
the same batch o f  raw mater ia ls  under the  same f i x e d  condi t ions and 
submitted f o r  inspect ion a t  one time. 

Powder L o t  - A quant i t y  of powder produced from the same r a w  mater ia ls ,  
blended, and and presented f o r  inspect ion a t  one time. 

Purchaser - The procur ing a c t i v i t y  o f  the A i r c r a f t  Engine Business Group 
(AEBG) of the General E l e c t r i c  Company t h a t  issued the procurement 
document i nvoki ng t h i  s speci f i c a t i  on. 



F50TF61-1 ( T  1 

1 
I 
I 
I 

2.1 Issues of Documents. The fo l lowing documents shal l  form a p a r t  of 
t h i s  spec i f i ca t ion  t o  the extent speci f ied herein. 
speci f ied,  the l a t e s t  rev i s ion  shall apply. 

Unless otherwise 

AMERICAN SOCIETY FOR TESTING AND MATERIALS 

ASTM B 328 

ASTM E 18 Test Methods f o r  Rockwell Hardness and Rockwell 

Density and Interconnected Porosi ty o f  Sintered Powder 
Metal Structural  Parts and O i l  Impregnated Bearings 
(VOL. 02.05) 

Super ic ia l  Hardness o f  Metal1 i c  Mater ia ls (02.03, 
03.01) 

GENERAL ELECTRIC SPECIFICATIONS 

A50TF239 
E50TF424 Thermal Shock Jets  Test Method f o r  Ceramic Shrouds 
E50TF121 

B50TF195 

P1 TF33 
P28TF2 Thermal Spray Operator and Equipment Q u a l i f i c a t i o n  

Z i  rconi  urn Oxi de Y ttri um Oxide Powder 

Erosion Test Method For Compressor Clearance Control 
Coatings 
Cobal t-Nickel -Chromi um-A1 umi num-Yttri um A1 1 oy Thermal 
Spray Powder ( CoNi C r A l  Y ) 
Preparation o f  Technical Plans f o r  Coating Appl icat ions 

GENERAL ELECTRIC PHOTOGRAPHS 

860201 2 

860201 3 

860201 4 

860201 5 

Maximum Acceptable Porosi ty And Oxides A t  The Bond 
Coat/Substra t e  Interface. 
Maximum Acceptable Poros i ty  /Layer Lines I n  The bond 
Coat 
Maximum Acceptable Porosity/Layer Lines I n  The Oxide 
Top Coat. 
Maximum Acceptable Unmelted Par t i c l es  I n  The Bond Coat 

3.  REQUIREMENTS 

3.1 General 

3.1.1 Technical Plan. A process technical p lan shal l  be prepared f o r  each 
p a r t  number i n  accordance w i th  PlTF33, CL-A, and sha l l  be submitted by the 
coat ing vendor and approved by the Purchaser p r i o r  t o  coat ing parts. 

3.1.1.1 Mu1 t i -Surface Coverage Requirements. When coat ing i s  requi red 
on more than one continuous surtace o f  a part,  the process f o r  each separate 
surface sha l l  be included i n  the technical plan. 
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3.1.2 Equipment And Operator Qua l i f i ca t i on .  The equipment and operators 
used i n  applyinq the coatings sha l l  be q u a l i f i e d  and the coating schedule .. - 
c e r t i  f i ed i n aciordance w i  t h  P28TF2, CL-A. 

surface of a part, property requirements for  each separate surface sha l l  
conform t o  a l l  requirements o f  t h i s  speci f icat ion.  

3.1.3 Surface Requirements. When coating i s  required on more than one 

3.2 Coating Material.  

3.2.1 Coating Materials. The coating mater ia ls shal l  be as follows: 

Bond Coat Top Coat 

B50TF195 CL-A A50TF239 CL-A 

3.3 Powder L o t  Qual i f icat ion.  P r i o r  t o  the use o f  each new l o t  o f  powder 
for  bond coat and top coat, t e s t  samples coated i n  accordance w i th  the 
technical plan shal l  meet the requirements o f  t h i s  speci f icat ion.  Powder l o t s  
showing conformance shal l  be used f o r  coating parts. 

3.4 Covera e. The coating sha l l  e x h i b i t  complete coverage i n  the areas 
speci f ie  d-+- o r  coating on the p a r t  drawing. There shal l  be no coating on areas 
other than those speci f ied on the p a r t  drawing. 

f ree from c-ipping and f l ak ing .  
3.4.1 Surface Condition. The as-sprayed coat ing shal l  be uniform and 

3.4.2 Adhesion. The coat ing shal l  e x h i b i t  no spa l l i ng  o r  l i f t i n g .  

3.5 Bond Coat 

3.5.1 Bond Coat Thickness. The as-sprayed bond coat thickness shal l  be 
as speci f ied on the p a r t  drawing. 

3.5.2 Bond Coat/Substrate Porosi ty And Oxides. Porosi ty and oxides a t  
the bond coat and substrate i n te r face  examined a t  2OOX shal l  no t  exceed t h a t  
of photograph 860201 2 

3.5.3 Bond Coat Porosity. Porosi ty i n  the bond coat examined a t  2OOX 
sha l l  n o t  exceed t h a t  of photograph 8602013. 

3.5.4 Bond Coat Layer Lines. 

3.5.5 Unmelted Par t i c l es  (Bond Coat). Unmelted p a r t i c l e s  w i t h i n  the bond 

3.6 Top Coat 

Layer l i n e s  w i t h i n  the bond coat examined 
a t  200X shal l  not exceed those o f  photograph 8602013. 

coat examined a t  2OOX sha l l  no t  exceed those o f  photograph 8602015. 
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3.6.1 Top Coat Thickness Tolerance. The as-sprayed top coat thickness 
fo r  parts and t e s t  panels sha l l  n o t  exceed +0.010", -0.000" of the thickness 
requirements specified on the drawing. 

3.6.2 Top Coat Porosity. Porosity i n  the oxide t o p  coat examined a t  200X 
shall n o t  exceed tha t  of photograph 8602014. 

3.6.3 Top Coat Layer Lines. Layer lines w i t h i n  the oxide t o p  coat 

3.6.4 Top Coat Density. The density of the free standing oxide layer 

examined a t  200X sha l l  shall not exceed those of photograph 8602014. 

when determined per ASTM B 328 shall be between 5.39 t o  5.63 grams per cubic 
centimeter. 

3.6.4.1 Density Panel Prepartion. The density test panel may be 
processed with o r  w i t h o u t  bond coat and a minimum of panel surface 
preparation. 

3.6.4.2 Oxide Removal. The oxide layer may be removed from the metallic 
substrate by thermal shock or chemical strip. 

3.6.5 Top Coat Erosion. Erosion t e s t  will be performed on a m i n i m u m  of 
one ( 1 )  panel i n  accordance w i t h  E50TF121 CL-A. Erosion factors (E#) shall be 
within the following l imits:  

E# 14.0 - 20.0 Sec/Mil 

3.6.7 Top Coat Surface Hardness. The Rockwell 15N hardness of the t o p  
coat surface shall have an average value of 85 minimum. 

3.7 Metallographic Requirements. Metallographic evaluations shall be 
performed on heat treated and aged (as specified on the drawing) samples 
prepared fo r  evaluation by a method approved by the purchaser. 

3.8 Thermal Shock Resistance Requirements. Each coating l o t  of parts 
shall meet the following thermal shock requirements: 

( a )  Test b u t t o n s  processed w i t h  each coa t ing  l o t  shal l :  

( 1 )  

( 2 )  
( 3 )  

( 4 )  

Not exhibit a combined crack l e n g t h  between the bond coat and 
the t o p  coat o r  w i t h i n  the top  coat i n  excess of 50% of the 
bu t ton  circumference. 
Exhibit no spallation of the top coat. 
Exhibit no separation between the bond coat and the 
substrate. 
E x h i b i t  no extension of  surface cracking down into l inear  
circumferential cracking. 
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3.9 Recoatin Parts re jec ted  because of discrepant coat ing sha l l  have 
the coat 4 ng s r pped by a method approved by the Purchaser and shal l  be 
recoated i n  accordance w i t h  a l l  o f  the requirements of t h i s  speci f icat ion.  

twice. Stripped and recoated par ts  sha l l  be i d e n t i f i e d  on the c e r t i f i c a t e  o f  
test .  

3.9.1 Recoated Parts. A p a r t  sha l l  not  be s t r ipped and recoated more than 

3.10 Test S irnens. Test specimens shal l  be processed w i th  each coat ing 

The number and type shal l  meet the 
l o t  and sha * e p ace i n  the same plane a t  the average distance from the 
spray nozzle as the surfaces being coated. 
requirements o f  Table I. 

TABLE I - Test Specimens (Minimum Quant i ty )  

QUANTITY CONF I GURATI ON MATER1 AL PURPOSE 

2 0.125" + 0.005"xl.O" Dia. Ident ica l  t o  parts JETS t e s t  
1 0.065" To 0.125"xl .O"x2.0" Panel Approved by Purchaser Erosion Test 
1 0.065" t o  0.125"x2.0"x2.0" Panel Approved by Purchaser Density 
1 0.065" t o  0.125"x0.625"~1 .Ou Panel Approved by Purchaser Metallography 

3-11 Cer t i f icate of Test. The coat ing vendor shal l  furn ish a c e r t i f i c a t e  
o f  t e s t  w i t h  each l o t  o f  coated parts. The c e r t i f i c a t e  shal l  include the 
numerical resul ts  o f  a l l  required t e s t s  and inspections and shal l  show t h a t  
the r e s u l t s  are i n  accordance w i t h  the requirements o f  t h i s  speci f icat ion.  
Parts which have been reworked shal l  be ident i f ied .  The c e r t i f i c a t e  sha l l  be 
mailed by the coating vendor t o  the Purchaser w i t h  o r  preceding the shipment 
of parts. The c e r t i f i c a t e  o f  t e s t  shal l  a lso contain the fo l lowing 
information. 

(a) Purchase order number 
(b)  P a r t  drawing number 
( c )  Quantity o f  par ts  
( d l  
(e )  

This GE spec i f i ca t ion  number, c lass and rev is ion  number 
Powder manufacturer's name and powder l o t  number 

4. QUALITY ASSURANCE PROVISIONS 

General. Coated par ts  sha l l  be tested i n  accordance w i t h  a q u a l i t y  
plan a p p r o m e  Purchaser t o  determine conformance w i t h  the requirements 
of t h i s  Specification. The vendor q u a l i t y  plan shal l  include a minimum o f  
three coating runs demonstrating acceptable coat ing character4 s t i  cs on actual 
hardware along with t e s t  specimens from Table I. The t e s t  specimens from 
Table I w i l l  then be used f o r  accepting subsequent coat ing runs. 

4.1 
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4.2 Powder Lo t  Qua l i f i ca t i on .  Each new l o t  o f  powder f o r  bond coat  and 
top  coat sha l l  be demonstrated capable o f  conforming t o  the requirements o f  
t h i s  spec i f i ca t i on  p r i o r  t o  coating parts.  

4.3 Visual Inspection. Visual inspect ion o f  each coated surface sha l l  
be performed a t  SOX magni t i ca t i on .  

4.4 Coating Thickness Determination. Thickness sha l l  be determined a t  a 
minimum o f  three d i f f e r e n t  locat ions on a coated p a r t  o r  f l a t  t e s t  sample 
using f l a t  anv i l  micrometer measurements. F l a t  G s t  samples sha l l  be of a 
mater ia l  having a s im i l  a r  composition and hardness , prepared f o r  coa t ing  n 
the same manner and posi t ioned t o  received the same spray deposi t  as the p a r t  
being sprayed. Other methods may be used i f  approved by the Purchaser. 

metal lographic evaluat ion on one (1) t e s t  panel from Table I a t  2OOx 
magnif icat ion.  

4.5 Metal lographic Evaluation. The vendor sha l l  perform a 

4.6 Density Determination. Density o f  the f ree  standing oxide l aye r  
sha l l  be determined i n  accordance w i t h  ASTM B 328. 

4.7 Erosion Test. The erosion t e s t  sha l l  be performed i n  accordance 
w i t h  E50TFlZI CL - A 

4.8 Surface Hardness. The top coat  surface hardness t e s t  sha l l  be 
performed i n  accordance w i t h  ASTM E 18 on a l l  q u a l i t y  con t ro l  specimens using 
a super f i c i a l  hardness tester .  

4.8.1 Equipment Ca l i  brat ion.  Hardness tes te r  c a l i b r a t i o n  sha l l  be 
confirmed on standard block p r i o r  t o  each coat ing l o t  evaluation. 

4.9 Thermal Shock Test. Thermal shock res is tance sha l l  be determined 
on a TS JETS t es ter  i n  accordance w i t h  E50TF424 a t  an oxide thickness and 
surface temperature t o  be determined by the Purchaser. 

5. PACKAGING 

5.1 Packing. Coated par ts  shal l  be su i tab l y  packed t o  prevent damage o r  
l oss  i n  s h m  

5.2 Markin . Each shipment sha l l  be l e g i b l y  marked w i t h  the purchase 
order number __q coa i n g  vendor's name, GE p a r t  designation, number o f  parts,  t h i s  
GE spec i f i ca t ion ,  c lass  and rev is ion  number. 

GGW: j a s  
0034X 
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AIRCRAFT ENGINE BUSINESS GROUP 

TEMPORARY SPECIFICATION 

The purpose o f  t h i s  Temporary Spec i f i ca t i on  i s  t o  es tab l i sh  a GE d e s i  gna ti on 
for  the requirements spec i f ied  here in and t o  provide a procurement document 
f o r  AEBG usage. This  Temporary Spec i f i ca t i on  sha l l  remain i n  e f f e c t  on ly  
u n t i l  the " S l "  issue i s  Dublished. 

ZIRCONIUM OXIDE-YTTRIUM OXIDE POWDER 
(F ine)  

1. SCOPE 

1.1 Scope. 

1.1.1 C lass i f i ca t ion .  This  spec i f i ca t i on  contains the fo l l ow ing  

This spec i f i ca t i on  presents requirements f o r  a zirconium 
ox i  d e - y t m o x i d e  powder sui t a b l e  f o r  thermal spraying. 

c lass(es) .  
classes. 

Unless otherwise speci f ied,  the requirements here in apply t o  a l l  

CLASS A: 

1.2 Definit ions. For purposes o f  t h i s  spec i f i ca t ion ,  the fo l lowing 
d e f i n i t i o n s  snal I apply. 

Purchaser - The procur ing a c t i v i t y  o f  the A i r c r a f t  Engine Business Group 
(AEBG) o f  the General E l e c t r i c  Company t h a t  issued the  procurement 
document invoking t h i s  spec i f i ca t ion .  

c a p a b i l i t y  - The words, " sha l l  be capable o f "  o r  " c a p a b i l i t y  t e s t "  
i nd i ca te  charac ter is t i cs  o r  p roper t ies  requi red i n  the product b u t  fo r  
which t e s t i n g  o f  each l o t  i s  n o t  required. However, i f  such t e s t i n g  i s  
Performed by the Purchaser, mater ia l  no t  conforming t o  the requirements 
sha l l  be subject t o  re jec t i on .  

Powder Lo t  - A quant i t y  o f  powder produced from the same raw mater ia l  s, 
blended, and presented f o r  inspec t ion  a t  one time. 

2. APPLICABLE DOCUMENTS 

2.1 
t h i s  spec i t i ca t i on  t o  the ex ten t  spec i f ied herein. 
speci f i e d  , the 1 ates t r e v i  s ion  sha l l  apply. 

Issues of Documents. The fo l lowing documents sha l l  form a p a r t  o f  
Unless otherwise 

AMERICAN SOCIETY FOR TESTING AND MATERIALS 

ASTM B 214 Method o f  Subsieve Analysis o f  Granular Metal Powders 

G E N E R A L @  ELECTRIC 
CINCINNATI, OHIO 45215-6301 
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3. REQUIREMENTS 

3.1 Chemical Composition, Weight Percent. Powder supplied t o  t h i s  
speci f i c a t i  on sha l l  have the  t o l  1 o w i  ng composi ti on: 

3.1.2 Powder Chemical Analysis. The analys is  made by the manufacturer t o  
determine the percentages o f  elements requi red by t h i s  spec i f i ca t i on  shal I 
Conform t o  the requirements o f  3.1 and sha l l  be repor ted i n  the c e r t i f i c a t e  of 
t e s t  here in  speci f ied.  

3.2 Qual i ty.  The powder shal l  be uni form i n  co lo r ,  qua l i t y ,  and 
It sha l l  be dry  and free from fo re ign  mater ia ls  and from condi ti on. 

imperfections detr imental t o  i t s  sprayabi 1 i ty. 

3.3 Manufacturing Processes. The mater ia l  vendor sha l l  use the  same 
ingredients  and manufacturing processes f o r  product ion mater ia l  suppl l e d  t o  
t h i s  spec i f i ca t i on  as f o r  approved sample mater ia l .  I f  necessary t o  make any 
changes i n  ingredients  o r  processing, the vendor sha l l  obta in  permission from 
the Purchaser p r i  o r  t o  i ncorpora ti ng such change. 

3.4 P a r t i c l e  Size. Powder shall conform t o  the p a r t i c l e  s ize  requirements 
o f  Tab1 e I and Table rI.. 

Table I - P a r t i c l e  Size 

Component ASTM (U. S. Standard Sieve Designation) Weight Percent 
21 rcon i  a - Y t t r i  a +zoo X. 
Powder -200 +230 %!;%%X. 

-325 55-85% 

3.4.1 Subsieve P a r t i c l e  Analysis. Powder passing through the number 325 
Screen sham contorm t o  sub sieve p a r t i c l e  requirements o f  Table 11. 

Table I 1  Subsieve P a r t i c l e  Size 
Lomponen t Microtrac Desi gnation Weight P ercent  

Z i  rcon i  a-Y ttri a -22 Micrometer 16% Max. 
Powder -1 1 Micrometer 5% Max. 

-5.5 Micrometer 0 

3.5 Sprayab i l i t y  Test. Powder sha l l  be capable o f  producing thermal 
sprayed coat ings which are smooth, un i form and f ree  from lumps 
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4. QUALITY ASSURANCE 

4.1 C e r t i f i c a t e  o f  Test. A c e r t i f i c a t e  of t e s t  on each shipment o f  
mater ia l  supplied t o  t h i s  spec i f i ca t i on  s h a l l  be submitted by the manufacturer 
and mailed with o r  preceding the  shipment of mater ia l .  Th is  c e r t i f i c a t e  s h a l l  
g ive  the numerical r e s u l t s  of a l l  requ i red  t e s t s  and s h a l l  show t h a t  the 
r e s u l t s  are i n  accordance w i t h  the requirements Of t h i s  spec i f i ca t ion .  The 
c e r t i f i c a t e  shal l  a1 so show the purchase order number, vendor's designation 
and l o t  number, quanti ty, and t h i s  GE spec i f i ca t i on  number, class, and 
rev i s ion  number. 

4.2 Chemical Analysis. Chemical analys is  sha l l  be conducted i n  accordance 
w i t h  standard ASTM methods o r  by methods agreed upon by the Purchaser and 
vendor . 

4.3 Sieve Analysis. Sieve ana lys is  sha l l  be conducted i n  accordance w i t h  
ASTM B n4. 

4.3.1 Subsieve Analysis. P a r t i c l e  analys is  sha l l  be conducted using 
Microt rac o r  a method agreed upon between the Purchaser and vendor. 

4.4 Sprayab i l i t y  Test. The sprayed coat ing sha l l  be capable o f  meeting 
the requirements o f  3.5 when the  powder i s  sprayed w i t h  commercially ava i l ab le  
Production type equipment. Spraying sha l l  be performed i n  accordance w i t h  the 
equipment manufacturer's recomnended p r a c t i c e s a n d  spraying parameters. 

5. PACKAGING 

5.1 Packaging. Mater ia l  sha l l  be adequately packed i n  sealed 

5.2 Marking. Each package sha l l  be l e g i b l y  marked w i t h  the purchase order 

contamination f r e e  and mi sture-proof containers. 

number, manufacturer's name, quant i ty ,  batch o r  l o t  number and t h i s  GE 
spec i f i ca t i on  number, c lass and r e v i s i o n  number. 
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DATE March 10, 1986 

G E N E R A L @  ELECTRIC 
CINCINNATI, OHIO 4521 5-6301 

TEMPORARY SPEC1 FICATI ON 

The purpose o f  t h i s  Temporary Spec i f i ca t ion  i s  t o  es tab l i sh  a G t  d es i gna ti on 
for  the requirements spec i f ied  herein and t o  provide a procurement document 
f o r  AEBG usage, This Temporary Spec i f i ca t ion  sha l l  remain i n  e f f e c t  Only 
u n t i l  the " S l "  issue i s  published. 

' 1  1. SCOPE 

ZIRCONIUM OXIDE-YTTRIUM OXIDE POWDER 
(Chemically Homogeneous) 

1.1 Sco e. This spec i f i ca t i on  presents requirements f o r  a zirconium 
ox i  de-yt  +-- ri um oxide powder su i  tab1 e f o r  thermal spraying. 

1.1.1 C lass i f i ca t i on .  This spec i f i ca t ion  contains the fo l low ing  
c lass(es) .  Unless otherwise specif ied, the requirements here in apply t o  a l l  
classes. I 

' I  - 
CLASS A: 
CLASS 8: 
CLASS C: 

8 Percent Y2O3 - ZrOz 
7 Percent Y2O3 - Zr02 
6 Percent Y2O3 - Zr02 

1.2 Def in i t ions.  For purposes of t h i s  spec i f i ca t ion ,  the fo l l ow ing  
d e f i n i t i o n s  sha l l  apply. 

Purchaser - The procur ing a c t i v i t y  o f  the A i r c r a f t  Engine Business Group 
(AEBG) o f  the General E l e c t r i c  Company t h a t  issued the procurement 
document invok ing t h i s  speci f icat ion.  

Capab i l i t y  - The words, " sha l l  be capable o f "  o r  " c a p a b i l i t y  t e s t "  
i nd i ca te  cha rac te r i s t i cs  or  proper t ies requi red i n  the .product b u t  f o r  
which t e s t i n g  o f  each l o t  i s  not required. However, i f  such t e s t i n g  I S  
performed by the Purchaser, material not  conforming t o  the requirements 
s h a l l  be subject  t o  re jec t i on .  

Ctiemical l y  Homogeneous - Uniform i n  chemical composition throughout. I 
Powder L o t  - A quant i t y  o f  powder produced from the  same raw mater ia ls ,  
blended, and presented f o r  inspect ion a t  one time. 
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APPLI ICABLE DOCUMENTS 

2.1 Issues of Documents. The following documents shall form a part  of 
this specification t o  the ext'ent specified herein. 
Specified, the l a t e s t  revision shall apply. 

Unless otherwise 

AMERICAN SOCIETY FOR TESTING AND MATERIALS 

ASTM c ai9 Specific Surface Area of Carbon or Graphite 

3. REQUIREMENTS 

approved by the Purchaser. 
3.1 Material Source. Material shall be procured only from sources 

3.2 Chemical Composition, Weight Percent. Powder supplied to  t h i s  
specification s h a l l  have the fol lowing composi t ian: 

CLASS A 

7.0-9.0 
0.2 Max. 
1.0 Max. 
0.5 Max. 
0.5 Max. 
2.5 Max. 
1.5 Max. 
Balance 

CLASS B 

6.0-8.0 
0.2 Max. 
1.0 Max. 
0.5 Max. 
0.5 Max. 
2.5 Max. 
1.5 Max. 
Balance 

CLASS C 

5.0-7.0 
0.5 Max. 
1.5 Max. 
0.5 Max. 
0.5 Max. 
2.5 Max. 
1.5 Max. 
Balance 

3.2.1 Powder Chemical Analysis. The analysis made by the manufacturer t o  
determine the percentages o t  elements required by this specification shall 
conform t o  the requirements o f  3.2 and shall be reported i n  the c e r t i f i c a t e  of 
test herein specified. 

3.3 Manufacture. The powder shall be chemically homogeneous, formed by 
either sol id  state sintering or fusion, uniform i n  color, quali ty,  and 
condition. 
imperfections detrimental to  i t s  sprayabil i ty. 

I t  shall be dry and f ree  from foreign materials and from 

3.4 Particle Size Analysis. Powder shall conform t o  the par t ic le  size 
requirements o t  Table 1 .  

Table I - Microtrac Analysis Limits 

Part ic le  Diameter (Microns) 
Percentile Finer Minimum Maxi mum 
lUth Percenti le ( P S )  42 49 
50th Percenti 1 e (PM) 68 77 
90th Percentile (PH) 107 121 
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3.5 Spec i f i c  Surface Area. Powder shal 
0.1 t o  0.4 mVg. 

3.6 Sprayab i l i t y  Test. Powder shal l  be 
sprayed coat ings which are smooth, uniform, 

3.7 C e r t i f i c a t e  o f  Test. A c e r t i f i c a t e  

have a speci f ic  surface area of 

capabl e o f  producing therma 1 
and f ree  from lumps. 

o f  t e s t  on each shipment o f  
1 be submitted by the manufacturer mater ia l  suppl i e d  t o  t h i s  speci f i ca t i on  sha 

and mailed w i t h  o r  preceding the shipment o f  mater ia l .  T h i s c e r t i f i c a t e  sha l l  
g ive the numerical r e s u l t s  of a1 1 required t e s t s  and sha l l  show t h a t  t he  
r e s u l t s  are i n  accordance w i th  the requirements o f  t h i s  spec i f i ca t ion .  The 
c e r t i f i c a t e  sha l l  a lso show the purchase order number, vendor's designat ion 
and l o t  number, quant i ty,  and t h i s  GE spec i f i ca t i on  number, class, and 
r e v i s i o n  number. 

4. QUALITY ASSURANCE PROVISIONS 

4.1 The mater ia l  vendor sha l l  use the same ingredients  and manufacturing 
processes f o r  production mater ia l  supplied t o  t h i s  spec i f i ca t i on  as fo r  
approved sample mater ia l .  
processing, the  vendor sha l l  obtain permission from the Purchaser p r i o r  t o  
incorporat ing such change. 

with standard ASTM methods o r  by methods agreed upon by the  Purchaser and 
vendor. 

If necessary t o  make any changes i n  ingredients  or  

4.2 Chemical Analysis. Chemical analyses sha l l  be conducted i n  accordance - 

4.3 P a r t i c l e  Size Analysis. Pa r t i c l e  s ize  d i s t r i b u t i o n  sha l l  be 

4.4 Speci f ic  Surface Area Measurement. The powder sha l l  be capable o f  

determined by Microtrac analysis.  

meeting the requirements o f  3.5 when i t s  s p e c i f i c  surface area i s  measured in 
accordance w i th  ASTM C 819. 

4.5 Sprayab i l i t y  Test. The sprayed coat ing sha l l  be capable o f  meeting 
the requirements o f  3.6 when the  powder i s  sprayed with camnercial ly ava i lab le  
production type plasma spray equipment. Spraying sha l l  be performed i n  
accordance w i t h  the equipment manufacturer's recommended prac t ices  and 
spraying parameters. 

5. PACKAGING 

5.1 Packagin Mater ia l  sha l l  be adequately packed i n  sealed 
contaminat 7-e on ree and moi sture-proof containers. 
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5.2 Markin Each package shall be legibly marked w i t h  t h e  purchase order 
number, + manu acturer's name, quantity, batch or l o t  number and this GE 
specification number, c lass  and revision number. 

6. NOTES 

6.1 Data for Ordering. 
information purposes only. 

DFO-ASOTFJG 

The Data for  Ordering Sheet below i s  l i s t e d  for  

Zirconium Oxide - Yttrium Oxide Power (Chemically 
Homogeneous 1 
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SPEC IF1 C A T I  ON NO. E50TF424 
ISSUE NO. 1(T) 

PAGE 1 OF 3 
FSCM 07482 
SUPERSEbtS ,NEW 

DATE March 10, 1986 
AIRCRAFT ENGINE BUSINESS GROUP 

TEMPORARY SPEC I F  I CATI ON 
- The purpose o f  t h i s  Temporary Spec i f i ca t ion  i s  t o  es tab l i sh  a GE d es ignat l  on 

fo r  the requirements spec i f ied  herein and t o  provide a procurement document 
f o r  AEBG usage. This Temporary Spec i f i ca t ion  sha l l  remain i n  e f f e c t  on ly  
U n t i l  the " S l "  issue i s  published. 

THERMAL SHOCK JETS TEST METHOD 
FOR CERAMIC COATINGS 

1. SCOPE 

1.1 Scope. This spec i f i ca t i on  describes a method f o r  determining the 
thermal shockcharac te r i  s t i c s  o f  ceramic shrouds. 

1.1.1 C lass i f i ca t i on .  This  spec i f i ca t i on  contains the fo l l ow ing  
c lass(es) .  
classes. 

Unless otherwise speci f ied,  the requirements here in  apply t o  a l l  

CLASS A 

de f 

A 

1.2 De f in i t i ons .  For purposes o f  t h i s  spec i f i ca t ion ,  the fo l lowing 
n i t i o n s  shal I apply. 

Purchaser - The procur ing a c t i v i t y  o f  the A i r c r a f t  Engine Business Group 
(AEBG) o f  the  General E l e c t r i c  Company t h a t  issued the procurement 
document invok ing t h i s  spec i f i ca t ion .  

Crack - A l i n e a r  d i scon t inu i t y  having a length  o f  four  times i t s  w id th  o r  
greater.  

L. APPLICABLE DOCUMENTS 

2.1 Issues of Documents. There are no appl icable documents. 

G E N E R A L @  E L E C T R I C  
CINCINNATI. OHIO 4521 5-6301 

GT9020 It4 05)  
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3. GENERAL REQUIREMENTS 

3.1 Equipment 

( a )  

Unless otherwise agreed upon between Purchaser and Vendor 

Test Facil i ty - consisting of a heat source u t i l i z ing  hot gasses and 
cool i n g  source using f i l t e r e d  shop a i r ,  each able  t o  del iver  a 
concentrated flow . 

t es t ing  equipment and parameters sha l l  be as fo l  lows: 

(b )  Holder - Device able t o  hold the test  samples r ig id  while 
withstanding temperatures up  t o  a maximum of 2800°F (1530°C) 

( C )  Heat Source - Gas capable of producing a sample temperature o f  2800°F 
( 1 530°C 1 

(d )  Cool ing Source - Fi 1 tered shop a i r .  

[e)  Indexing System - Automatic equipment capable of sequencing specimens 
through repeated cycles of heating and cool ing. 

( f )  Temperature Controls - Optical pyrometer capable of  a reading 
temperatures up t o  2800°F (1530°C) w i t h  an accuracy of - + 20°F (+7'C). - 

4. THERMAL SHOCK TEST 

4.1 Uncoated Test Buttons. Test buttons shal l  be 0.125 + 0,010 inch (6.35 

4.1.1 Coating Thickness. Ceramic and bond coating thickness shall be the 

4.2 Button Preparation. Remove a l l  overspray from the entire 

- + 0.250 mn) thick and 1.0 - + 0.020 inch (25.4 - + 0.50 mm) i n  diameter. 

same as t h a t  of the coating thickness of  the par t  represented. 

circumference of a l l  test  buttons. Removal sha l l  be accomplished by polishing 
w i t h  a maximum gr i t  size of 150. 

4.2.1 Button Circumference. Measure the exact circumference of the 
polished button a t  the bond line between the oxide coating and the bond coat. 

4.3 Testing. 

4.4 Test Conditions. One test  cycle shall consis t  o f  a 20 second 

Testing shall  be done a f t e r  cal ibrat ion of the tes t  
equipment and shall be a s  follows: 

exposure t o  the  heat folrowed immediately by a 20 second cool. 

4.4.1 Test Temperatures. The heating and cooling temperatures fo r  f ront  
and back side s h a l l  be agreed upon between the Purchaser and vendor. 

4.5 Test Duration. Buttons shall be exposed t o  2000 tes t  cycles. 

4.5.1 Alternate Procedure. Chan es i n  the equipment o r  rocessing, once 
established, snai I not De cnanged w i t  # out  pr ior  approval of t 1 e Purchaser. 

I 
8 
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5. EVALUATTI ON 

5.1 Examina-ion. The en t i re  periphery shall be examined visually a t  a 
magni f i ca t i  on o t box. 

5.1.1 Crackin The lehgth of al l  l inear  discontinuities exceeding 0.005 X 
0.020 i n c h - d  + 0.50 mm) appearing on the circumference shall be 
measured. Those tz be included i n  the measurement shall be: 

a )  Those occuring between the oxide coating and the bond coat. I b) Those cracks occuring w i t h i n  the oxide coating . 
5.1.2 Test Button Crack Total. For each test button, the measurements of 

each crack shall be totaled and noted for  tha t  t e s t  button. T h i s  measurement 
shall  be divided by the circumference o f  the t e s t  button and expressed I n  
Percentage as fol l  ows: 

Crack Total  
Button Circumference X 100 = Percent 
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SPECIFICATION NO. F50TF60 
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F 
AIRCRAFT ENGINE BUSINESS GROUP 

FSCM 07482 
NEW 

/l I 
APPROVED BY 

DISTRIBUTION 

/OA 

TEMPORARY SPECIFICATION 

G E N E R A L @  E L E C T R I C  

I CINCINNATI, OHIO 4521 5-6301 

The purpose of t h i s  Temporary Spec i f i ca t ion  i s  t o  es tab l i sh  a G t  d es ignat i  on 
f o r  the requirements spec i f ied  here in and t o  provide a procurement document 
f o r  AEBG usage. This  Temporary Spec i f i ca t ion  sha l l  remain i n  e f f e c t  on ly  
u n t i l  the " S l "  issue i s  published. 

PLASMA SPRAYED YTTRIA STABILIZED ZIRCONIA COATING 
( N i  -Cr-A1 -Y BOND COAT ) 

1. SCOPE 

1.1 Sco e. This  spec i f i ca t i on  presents requirements f o r  a two layered 
plasma spraye 4 coating cons is t ing  o f  a Ni-Cr-A1-Y bond coat  p lus  a Y t t r i a  
s t a b i l i z e d  Zirconia top coat  used f o r  ceramic shrouds. 

c lass(es).  
c l  asses. 

1.1.1 C lass i f i ca t ion .  This spec i f i ca t i on  contains the fo l l ow ing  
Unless otherwise speci f ied,  the requirements here in apply t o  a l l  

CLASS A: 

1.2 Def in i t ions.  For purposes of t h i s  spec i f i ca t ion ,  the fo l low ing  
d e f i n i t i o n s  Snal I apply: 

Capab i l i t y  - The words, "shal l  be capable o f "  o r  " capab i l i t y  t e s t "  
i nd i ca te  charac ter is t i cs  o r  proper t ies requi red i n  the product bu t  fo r  
which tes t ing  o f  each l o t  i s  no t  required. However, i f  such t e s t i n g  i s  
performed by the  Purchaser, mater ia l  no t  conforming t o  the requirements 
sha l l  be subject t o  re jec t ion .  

Coating L o t  - A l l  coated par ts  produced i n  a s ing le  production run f r o m  
the same batch o f  raw mater ia l  s under the same f i x e d  condi t ions and 
submitted for inspect ion a t  one time. 

Powder L o t  - A quan t i t y  o f  powder produced from the same raw mater ia ls ,  
blended, and presented f o r  inspect ion a t  one time. 

Purchaser - The procur ing a c t i v i t y  of the A i r c r a f t  Engine Business Group 
(AEBG) of the General E l e c t r i c  Company t h a t  issued the procurement 
document i nvoki ng t h i  s speci f i c a t i  on. 
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2.1 Issues o f  Documents. The fo l low ing  documents sha l l  form a p a r t  of 
t h i s  spec i f i ca t ion  t o  t h  e extent  speci f ied herein. 
specif ied, the l a t e s t  rev is ion  shall apply. 

Unless otherwise 

AMERICAN SOCIETY FOR TESTING AND MATERIALS 

ASTM B 328 Densi ty and Interconnected Porosi ty o f  Sintered Powder 
Metal Structural  Parts and Oil Impregnated Bearings 
(VOL. 02.05) 

ASTM E 18 Test Methods f o r  Rockwell Hardness and Rockwell 
Supericial Hardness o f  Me ta l l i c  Mater ia ls (02.03, 
03.01 ) 

GENERAL ELECTRIC SPECIFICATIONS 

A50TF240 Z i  rconi  urn 0x1 de Y ttri um Q x i  de Powder 
E50TF424 Thermal Shock Jets  Test Method f o r  Ceramic Shrouds 
BSOTF192 Nickel -Chromi um-A1 umi num-Yttri um A1 1 oy Thermal Spray 

Powder ( N i C r A l  Y ) 
ESOTF121 Erosion Test Method For Compressor Clearance Control 

Coatings 
P28TF2 Thermal Spray Operator and Equipment Q u a l i f i c a t i o n  

GENERAL ELECTRIC PHOTOGRAPHS 

8602008 

8602009 

860201 0 

860201 1 

Maximum Acceptable Porosi ty And Oxides A t  The Bond 
Coat/Substrate Interface. 
Maximum Acceptable Porosi ty /Layer Lines I n  The bond 
Coat 
Maximum Acceptable Porosi ty/Layer Lines I n  The Oxide 
Top Coat. 
Maximum Acceptable Unmelted Par t i c l es  I n  The Bond Coat 

3. REQUIREMENTS 

3.1 General 

3.1 -1  Technical Plan. A process technical plan shal l  be prepared f o r  each 
p a r t  number i n  accordance w i th  PlTF33, CL-A, and sha l l  be submitted by the 
coat ing vendor and approved by the Purchaser p r i o r  t o  coat ing parts. 

3.1.1.1 Mu1 t i-Surface Coverage Requirements. When coat ing i s  requi red 
on more than one continuous surtace o f  a part ,  the process f o r  each separate 
surface sha l l  be included i n  the technical plan. 

3.1.2 Equipment And Operator Qua l i f i ca t i on .  The equipment and operators 
used i n  applying the coatings shal l  be q u a l i f i e d  and the coat ing schedule 
c e r t i f i e d -  i n  accordance w i t h  P28TF2, CL-A. 

- 

113 



3.1.3 Surface Requirements. When coat ing  i s  requ i red  on more than one 
Surface o f  a part,  property requirements f o r  each separate surface shal l  
conform t o  a l l  requirements o f  t h i s  spec i f i ca t ion .  

3.1.3.1 Test Sample Surface Representation. One t e s t  but ton may q u a l i f y  a 
p a r t  contai  n’i ng more than one surface provided the d i  stance between i n d i v i  dual 
surfaces and the spray nozzle does no t  vary more than 0.25 i nch  (6.35 mm). 

3.2 Coating Material 

3.2.1 Coating Materials. The coat ing mater ia ls  shal l  be as fo l lows: 

Bond Coat Top Coat 

B50TF192 CL-A A50TF240 CL-A 

3.3 Powder Lot Q u a l i f i c a t i o n .  P r i o r  t o  the use o f  each new l o t  o f  powder 
fo r  bond coat and top coat, t e s t  samples coated i n  accordance w i t h  the 
technical  p lan shal l  meet the requirements of t h i s  spec i f i ca t ion .  Powder l o t s  
showing conformance shal l  be used f o r  coat ing parts.  

3.4 Covera e. The coat ing sha l l  e x h i b i t  complete coverage i n  the areas 
specific + o r  coating on the p a r t  drawing. There sha l l  be no coat ing on areas 
other than those spec i f ied  on the p a r t  drawing. 

f ree  from cracks, b l i s t e r s ,  chipping and f lak ing .  
3.4.1 Surface Condition. The as-sprayed coat ing sha l l  be uniform and 

3.4 

3.5 

3.5 
as spec 

2 Adhesion. The coat ing  shal l  e x h i b i t  no s p a l l i n g  o r  l i f t i n g .  

Bond Coat 

1 
f l e d  on the p a r t  drawing. 

Bond Coat Thickness. The as-sprayed bond coat thickness sha l l  be 

3.5.2 Bond Coat/Substrate Poros i ty  And Oxides. Poros i ty  and oxides a t  
the bond coat and substrate i n t e r f a c e  examined a t  2OOX sha l l  no t  exceed t h a t  
of photograph 8602008 

3.5.3 Bond Coat Porosity. Porosi ty i n  the bond coat examined a t  2OOX 
s h a l l  n o t  exceed t h a t  o f  photograph 8602009 

3.5.4 Bond Coat Layer Lines. Layer l i n e s  w i t h i n  the bond coat examined 
a t  200X sha l l  n o t  exceed those o f  photograph 8602009. 

3.5.5 Unmelted P a r t i c l e s  (Bond Coat). Unmelted p a r t i c l e s  w i t h i n  the bond 
coat  examined a t  200X shal l  no t  exceed those of photograph 8602011. 

3.6 TOD Coat 
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3.6.1 Top Coat Thickness Tolerance. The as-sprayed top coat  th ickness 
fo r  par ts  and t e s t  panels sha l l  not exceed +0.010", -0.000" o f  the thickness 
requirements spec i f ied  on the drawing. 

3.6.2 Top Coat Porosity. Poros i ty  i n  the oxide top coat  examined a t  200X 
sha l l  n o t  exceed t h a t  o f  photograph 8602010. 

3.6.3 Top Coat Layer Lines. Layer l i n e s  w i t h i n  the oxide top coat  
examined a t  200X sha l l  sha l l  no t  exceed those o f  photograph 8602010. 

3.6.4 Top Coat Density. The density o f  the f ree  standing oxide l a y e r  
when determined i n  accordance w i t h  ASTM B 328 sha l l  be between 5.16 t o  5.4 
grams per cubic centimeter. 

3.6.4.1 Density Panel Prepartion. The densi ty t e s t  panel may be 
processed with o r  w i thout  bond coat and a minimum o f  panel surface 
preparation. 

3.6.4.2 Oxide Removal. The oxide layer  may be removed from the  metal 1 i c  
substrate by thermal shock o r  chemical s t r i p .  

3.6.5 Top Coat Erosion. Erosion t e s t  w i l l  be performed on a minimum o f  
one (1)  panel i n  accordance w i t h  E50TF121 CL-A. Erosion fac to rs  (E#)  s h a l l  be 
w i t h i n  the fo l low ing  l i m i t s :  

E# 5.0 - 10.0 Sec/Mil 

3.6.7 Top Coat Surface Hardness. The Rockwell 30T hardness of the top 
coat  surface sha l l  have an average value o f  85 minimum. 

3.7 Metal lographic Requirements. Metal lographic evaluat ions sha l l  be 
performed on heat t rea ted  and aged (as spec i f ied  on the drawing) samples 
prepared f o r  evaluat ion by a method approved by the purchaser. 

3.8 Thermal Shock Resistence Requirements. Each coat ing  l o t  o f  pa r t s  
sha l l  meet the f o l  1 owing thermal shock requirements: 

(a )  Test buttons processed wi th  each coat ing  

(1 )  Not e x h i b i t  a combined crack length 
the top coat  o r  w i t h i n  the top coat  
button circumference. 

o t  sha l l  : 

between the bond coat  and 
i n  excess o f  50% o f  the 

(2) 
(3 )  

( 4 )  

E x h i b i t  no spa l l a t i on  o f  the top coat. 
E x h i b i t  no separation between the bond coat  and the  
substrate. 
E x h i b i t  no extension o f  surface cracking down i n t o  l i n e a r  
c i rcumferent ia l  cracking. 
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3.9 Recoatin Parts re jec ted  because o f  d iscrepant coat ing  sha l l  have 
the coat 4 ng s r pped by a method approved by the Purchaser and sha l l  be 
recoated i n  accordance w i t h  a l l  o f  the requirements o f  t h i s  spec i f i ca t ion .  

3.9.1 Recoated Parts. A p a r t  sha l l  no t  be s t r ipped and recoated more than 
twice. Str ipped and recoated pa r t s  sha l l  be i d e n t i f i e d  on the c e r t i f i c a t e  o f  
tes t .  

3.10 Test Specimens. Test specimens sha l l  be processed with each coat ing 
l o t  and sha l l  be placed i n  the saine plane a t  the average distance from the 
spray nozzle as the surfaces being coated. The number and type sha l l  meet the 
requirements o f  Table I. 

TABLE I - Test Specimens (Minimum Quan t i t y )  

QUANTITY CONF I GU RAT1 ON MATERIAL PURPOSE 

2 0.125" + 0.005"xl.O" Dia. I den t i ca l  t o  par ts  JETS t e s t  
1 0.065" To 0.125"xl .O"x2.0" Panel Approved by Purchaser Erosion Test 
1 0.065" t o  0.125"x2.0"x2.0" Panel Approved by Purchaser Density 
1 0.065" t o  0.125"x0.625"x1.0" Panel Approved by Purchaser Metal1 ography 

3.11 C e r t i f i c a t e  o f  Test. The coat ing vendor sha l l  f u rn i sh  a 
c e r t i f i c a t e  o f  t e s t  w i t h  each l o t  o f  coated parts.  The c e r t i f i c a t e  sha l l  
include the numerical r e s u l t s  o f  a l l  requi red t e s t s  and inspect ions and sha l l  
show t h a t  the resu l t s  a re  i n  accordance w i t h  the requirements o f  t h i s  
spec i f i ca t ion .  Parts which have been reworked sha l l  be i d e n t i f i e d .  The 
c e r t i f i c a t e  sha l l  be mailed by the coat ing  vendor t o  the Purchaser w i t h  o r  
preceding the shipment o f  parts. The c e r t i f i c a t e  o f  t e s t  sha l l  a lso conta in  
the f o l l  owing information. 

(a )  Purchase order number 
( b )  Par t  drawing number 
( c )  Quant i t y  o f  par ts  
(d )  This GE spec i f i ca t ion  number, c lass and rev i s ion  number 
( e )  Powder manufacturer's name and powder l o t  number 

4. QUALITY ASSURANCE PROVISIONS 

4.1 General. Coated par ts  sha l l  be tested i n  accordance w i t h  a q u a l i t y  
p lan a p p m  the Purchaser t o  determine conformance w i t h  the requirements 
of t h i s  speci f icat ion.  The vendor q u a l i t y  plan sha l l  include a minimum of 
three coat ing runs demonstrating acceptable coat ing  cha rac te r i s t i cs  on actual  
hardware along wi th  t e s t  specimens from Table 1. The t e s t  specimens from Table 
I w i l l  then be used f o r  accepting subsequent coat ing runs. 

4.2 Powder Lot Q u a l i f i c a t i o n .  Each new l o t  o f  powder f o r  bond coat and top 
coat  shal-e of conforming t o  the requirements of t h i s  
spec i f i ca t i on  p r i o r  t o  coat ing par ts .  
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4.3 Visual Inspection. Visual inspec t ion  o f  each coated surface sha l l  
be performed a t  3UX magni f rca t ion .  

4.4 Coating Thickness Determination. Thickness sha l l  be determined a t  a 
minimum o f  three d i f f  erent  locat ions on a coated p a r t  o r  f l a t  t e s t  sample 
using f l a t  a n v i l  micrometer measurements. 
mater ia l  having a s i m i l  a r  composition and hardness , prepared f o r  coat ing i n  
the same manner and pos i t ioned t o  received the same spray deposi t  as the p a r t  
being sprayed. 

metal lographic evaluat ion on one (1 I t e s t  panel from Table I a t  200X 
magnif icat ion.  

F l a t  t e s t  samples sha l l  be of a 

Other methods may be used if approved by the Purchaser. 

4.5 Metal lographic Evaluation. The vendor sha l l  perform a 

4.6 Density Determination. Density o f  the f ree  standing oxide l aye r  
s h a l l  be determined i n  accordance with ASTM B 328. 

4.7 Erosion Test. The erosion t e s t  sha l l  be performed i n  accordance 
with E50TFl21 CL - A. 

4.8 Surface Hardness. The top coat  surface hardness t e s t  sha l l  be 
performed i n  accordance w i t h  ASTM E 18 on a l l  q u a l i t y  con t ro l  specimens uslng 
a super f i c i a l  hardness tes te r .  

4.8.1 Equipment Ca l i  b ra t ion .  Hardness tes te r  ca l  i bra t ion  sha l l  be 

4.9 Thermal Shock Test. Thermal shock res is tance sha l l  be determined 

confirmed on standard block p r i o r  t o  each coat ing  l o t  evaluation. 

on a TS Jm t e  s t e r  i n  accordance w i t h  E50TF424 CL-A a t  an oxide thickness 
and surface temperature t o  be determined by the Purchaser. 

5. PACKAGING 

5.1 Packing. Coated par ts  shal l  be su i tab l y  packed t o  prevent damage o r  
l o s s  i n  s h m  

5.2 Marking. Each shipment sha l l  be l e g i b l y  marked w i t h  t h e  purchase 
order number coat ing vendor's name, GE p a r t  designation, number o f  par ts ,  t h i s  
GE spec i f i ca t ion ,  c lass and rev is ion number. 
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TECHNICAL PLAN FOR 
APPLYING CERAMIC COATING TO 

T700 HPT SHROUDS 

June 1986 

PKEPAREO BY:  

B.K. tiupta, Mfg, Technology Engineer 
Advanced Coatings Programs 
GE MTL Coating Technology 

119 



TABLE OF CONTENTS 

SECTION I 

1.0 SCOPE 

2.0 APPLICABLE DOCUMENTS 

3.0 EQUIPMENr 

4.0 MANUFACTURING 

5.0 MATERIAL HANDLING AND STORAGE 

6.0 QUALITY ASSURANCE 

7.0 SHIPPING 



1.0 SCOPE - 
1.1 T h i  s technical pl an covers the process requirements fo r  application 

of thermal bar r ie r  coating system (TBC) including bond coat and top 
coat t o  HPT shrouds o f  the T-700 engine. 

P / N  Par t  Name 
60m52P 03 W l T h T i Z I S  

1.2 Deviations and/or changes t o  s ignif icant  operations mus t  be 
approved i n  w r i t i n g  and added to  t h i s  technical plan as  an 
amendment before implementing such changes. 

1.3 Definitions 

1.4.1 Air Plasma Spray (APS) - The process used t o  apply metall ic 

condi t i  on. 
non-met- materi a1 s in ambient atmospheric 

1.4.2 Overspray/Overcoat - Material deposited outside the 
prescribed area which i s  t o  be coated a s  per par t  drawing 
notes. 

1.4.3 Masking - The procedure t o  prevent coating deposition 
outside the area which is  t o  be coated as  per drawing 
notes. 

1.4.4 Lot - A group of not more t h a n  t h i r t y  (30) par ts  inc lud ing  m. which are coated together in a spray run .  

1.4.5 Q.C. Par t  - A HPT Shroud used t o  evaluate the coating 
s i  ty  including thickness, microstructure, adherence t o  
the substrate and the coverage as per the drawing 
requirements. 

1.4.6 Par t  - A T-700 HPT Shroud, P/N 6064T52P03. - 
1.4.7 Fixture - Tooling used t o  support the part  while being 

? E i T x  

1.4.8 Run - The coating of a l o t  o f  parts.  - 

1.4.9 Purchaser - General Electr ic  Aircraf t  Engine Business 
Group, 1-700 Project Engineering. 

1.4.10 Process Engineeri ng - TBC Processi ng Engi neeri ng team of 
RTL/EMTL. 

1.4.11 YSZ - Yttr ia  Stabilized Zirconia material ,  A50TF240 
mass A. 
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1.4.12 

1.4.13 

1.4.14 

1.4.15 

Bond Coat - A metallic coating of nickel base alloy on the 
part, providing a rough surface. 

Top Coat - A ceramic coating of YSZ on the part. 

Pass - One complete traverse of the spray gun through 
airfoi l  surfaces designated to be coated. 

-- 

-- 

M.R.. - Materials reviewed by engineering personnel for 
m o s i  tion. 
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2.0 APPLICABLE DOCUMENTS 

2.1 To the extent specified, the following documents form an integral  
par t  of the Technical elan. 
revision shall  apply: 

Unless otherwise specif ied,  the l a t e s t  

2.2 AEBG Specifications - 
2.2.1 P l T F 3 3  - Preparation of Technical Plan 

2.2.2 PlOTFl - Vacuum Heat Treating 

2.2.3 

2.2.4 P28TF2 - Thermal Sprqy Operator and Equipment 

F50TF60-1 (TI  - P1 asma sprayed YSZ coating. 

Qual i f ication. 

2.2.5 Top Coat Erosion - Erosion test specif icat ion 
ESOTF121,Class A. 

2.2.6 General Electr ic  Photographs 

8602008 Maximum acceptable porosity & oxides a t  the bond 
coat/substrate interface.  

8602009 Max. acceptabl e porosi ty / l  ayer 1 i nes i n bond coat. 

8602010 Maximum acceptable porosi ty/ l  ayer 1 ines i n oxide 
top coat. 

8602011 Max. acceptabl e unmel ted par t i  cl  es i n bond coat. 

2.3 Equipment Operati ng Procedures 

To the extent specified, the following documents shall  form an 
integral  par t  of the operating plan. 

2.3.1 Start-up and Shut-down Procedures fo r  7M Plasma Spray 
System - MTL Operating Procedure #2966-8-002. 

2.3.2 Thermal Spray Processes - Receiving, Sprayi ng and Shipping 
Production parts - MTL Operating Procedure #2966-8-003. 

2.3.3 Grit Blasting Engine Hardware - MTL Operating Procedure 
#2966-8-005. 

2.4 Direct Materi a1 s 

Materi a1 Speci f i c a t i  on Vendor Source 

2.4.1 NiCrAlY Powder B50TF192 Union Carbide, Inc. 

2.4.2 Z i  rconi a-Yttri a ZrO -8%Y 0 Z i  rcoa Products , 
-208+3252m8!h Corning G1 ass  Works 
A50TF240 C1A Corning, N.Y. 
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2.5  Support Materi a1 s 

Materi a1 Spec i f i cati on 

2.5.1 Isopropyl Alcohol 

2.5.2 Stainless Steel .005- .020" thick 
Foi 1 

2 .5 .3  1 , 1 , 1  Trichl orethane 

2.5.4 Masking Tape 

2 . 5 . 5  Argon Gas 99.99 Purity 

2.5.6 Hydrogen Gas 99.99 Purity 

2 .5 .7  Nitrogen Gas 99.99 Purity 
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3.0 EQUIPMENT 

I tem - 
3.1 Vapor Hone 

3.2 Powder Feeders 

3.3 Powder Oven 

3.4 U l  t rasoni c C1 eaner 

3.5 Vacuum Furnaces 

Manufacturer 

Hydrohone 

P1 asmadyne 

Fi  sher Sci ent i  f i  c 

Sonogen 

Abar 

3.6 Vapor Degreaser Detrex 

3.7 Plasma Spray Controller Metco 

3.8 Plasma Spray Gun Me tco 

3.9 Grit Blast C1 emco 
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Model No. 

H25 

1250 

-- 

LTH-80 

Capable of heat 
t r eag ing  up t o  
2000 F aad operating 
a t  5x10- t o r r  o r  
be t te r .  

VS-800E 

7MB 

Si 1 verado 



4.0 

5.0 

MANUFACTURING 

Detailed description of s i g n i f i c a n t  and non-significant operations, a r e  
g i v e n  i n  the approved Operation Sheets. 
sequent ia l ly  here. 

S ign i f i can t  operations a r e  1 i s t e d  

4.1 Receive and Inspect  01 0 Check f o r  damages and pas t  
compl i ances o r  non-compl i ances. 

4.2 Vapor Degrease 020 Remove o i l  from surfaces .  

4.3 Preparation p r i o r  030-050 Clean flowpath and mask p a r t s  

4.4 

t o  TBC spraying 

Apply coating on flowpath 070 Apply bond coa t  and 0.012" top 
coat .  

4.5 Vacuum Heat Treatment 080 Diffusion t o  improve bond c o a t  
i n tegr i  t y  . 

4.6 Top Coat Spray 090 To apply YSZ. 

4.7 Age Heat Treatment 100 To age p a r t s  a t  1550 - + 25 f o r  
4 hours. 

4.8 Quality Inspection 120 To eva lua te  p a r t s  per qua l i t y  
plan i n  Spec. F50TF60-1(T). 

MATERIAL HANDLING AND STORAGE 

All mater ia ls  including d i r e c t  and s u p p o r t i n g  ma te r i a l s  l is ted i n  2.4 and 
2.5 shall  be handled and s tored i n  accordance w i t h  approved qua l i ty  plan,  
and AEBG environmental and hazardous material s a fe ty  requi rements. 
Special requirements f o r  the  s torage and handling of mater ia l s  w h i c h  have 
d i r e c t  impact on the product qua l i ty  a r e  described i n  d e t a i l .  

- 

5.1 NiCrAlY Powder shal l  be s tored  i n  designated s torage areas .  All 
p o w d e r c m a l l  have AEBG powder speci f i c a t i o n  B50TF192C1 A, 
powder size d i s t r ibu t ion ,  manufacturers name and l o t  number. 
NiCrAlY has an u n l i m i t e d  she l f  l i f e ,  bu t  a l l  mater ia l s  sha l l  be 
used on a f i r s t  received, f i r s t  used bas is .  The powder cans sha l l  
be capped a t  a l l  times. 

5.2 Yttria S tab i l i zed  Zirconia Powder shall  be s tored  i n  designated 
storage areas .  A1 1 powder c m a l l  have AEBG powder spec i f ica t ion  
powder A50TF240Cl A,  size d i s t r i b u t i o g ,  manufacturer's name and l o t  
number. Powder shal l  be dr ied a t  120 F f o r  a t  l e a s t  24 hours 
before us ing .  The powder has an unlimited she l f  l i f e ,  but  a l l  
material sha l l  be used on a f i r s t  received and f i r s t  used basis .  
Powder contaminated w i t h  chemicals and other contaminants sha l l  be 
di  scarded. Powder contaminated w i  t h  water sha l l  requi re process 
engi neeri ng approval p r i o r  t o  use. 
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6.0 QUALITY ASSURANCE 

6.1 Requirements 

6.1.1 

6.1.2 

6.1.3 

6.1.4 

6.1.5 

Control of t h i s  process s h a l l  be determined by the 8isual 
inspection of the f ina l  product a f t e r  ag ing  a t  1550 F f o r  
4 Hrs., in-process NDE process control and the  evaluation 
of the Q.C. p a r t ( s )  per ceramic coating process 
speci f i c a t i  on F50TF60-1 ( T )  . 
Coating on the Q.C. p a r t ( s )  sha l l  be representa t ive  of the  
production parts. 

A t  l e a s t  one (1) Q.C. p a r t  sha l l  be coated i n  one coating 
r u n .  . '  T 
A1 1 paperwork (coat ing 1 og, c e r t i  f i c a t e s ,  metal 1 ographi c 
evaluation records, e t c . )  sha l l  be re ta ined f o r  f i v e  years  
and avail  able for  inspection by the Purchaser. 

Parts f a i l  i ng to meet appl icabl e pre-process drawing 
requirements or d i  spl ayi ng abnormal surface conditions and 
physical damage shal l  be s tored separately f o r  Purchasing 
review and di  sposi t i  on by the Purchaser. 

6.2 Qua l i ty  Inspection 

6.2.1 Visual Inspection 

6.2.1.1 Coverage - The coating sha l l  exh ib i t  complete 
coverage i n  the areas  spec i f ied  fo r  coating i n  the 
par t  drawing. There sha l l  be no coating on areas  
other than those spec i f ied  on the p a r t  drawing. 

6.2.1.2 Surface Condition - The as-sprayed coating shal l  
b e o r m  and free from cracks,  b l i s t e r s ,  
chi ppi  ng and f l  aki  ng. 

6.2.1.3 Adhesion - The coating shal l  exh ib i t  no spa l l i ng  
o r  1 i f t i  ng. 

6.2.2 Thickness Measurement 

In process thickness control sha l l  be achieved by 
determining coating thickness a t  a m i n i m u m  of three 
d i f f e r e n t  locations on a coated f l a t  test sample u s i n g  f l a t  
anvil  micrometer measurements. F l a t  test samples sha l l  be 
of a material approved by the  purchaser. 
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6.3 Testing 

6.3.1 Q.C. P a r t s  

The Q.C. par t s ' coa ted  w i t h  t h e  production p a r t s  sha l l  be 
eval uated for microstructure and thicknesses of  various 

coa t ing  l aye r s  by approved metal lographic procedure. 

6.3.1.1 

6.3.1.2 

6.3.1.4 

6.3.1.5 

6.3.1.6 

6.3.1.7 

Bond Coat 

( a )  The as-sprayed bond coa t  thickness sha l l  be 
as specified on the p a r t  drawing. 

(b) Porosity and amount of oxide contamination a t  
the bond coa t  and subs t r a t e  i n t e r f a c e  
examined a t  2OOX sha l l  not exceed t h a t  of 
photograph 8602008. 

( c )  Bond coa t  microstructural  qual i ty  w i t h  regard 
t o  porosi ty ,  1 ayer  1 ines ,  and unmel ted 
p a r t i c l e s  sha l l  be per photographs 8602009 
and 8602011. 

Top Coat 

( a )  The as-sprayed top  c o a t  thickness f o r  p a r t s  
shal l  not  exceed +0.010", -0.000" of the 
thickness requirements speci fied on the 
drawi ng . 
Top coa t  porosi ty  and l a y e r  lines examined a t  
200X sha l l  no t  exceed those of photograph 
8602010. 

( b )  

I f  Q.C. f a i l  s qual i t y  requirements, one repol i s h  
of the mount i s  allowed. 

I f  re-evaluation of the Q.C. f a i l s  t o  meet coating 
s t ruc ture  requirements, t h e n  an addi t iona l  p a r t  
can be selected. I f  the addi t ional  Q.C. i s  
acceptable, t h e n  whole l o t  represented by Q.C. i s  
acceptabl e. 

The metal 1 ographi c specimens sha l l  be exami ned a t  
minimum magnification o f  the 200 X t o  determine 
conformance t o  the thickness requirements. 

Repol i sh and addi t i  onal Q. C. eval ua t i  on a1 1 owed, 
i f  Q.C. from a coa t ing  l o t  f a i l s  t o  meet thickness 
requi rements. 
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6.3.2 Test  Samples 

Each coat ing  l o t  o f  p a r t s  s h a l l  inc lude t e s t  samples which 
s h a l l  be placed i n  the  same f i x t u r e  and a t  the  same average 
d is tance from the spray nozzle as the  surfaces being 
coated. The number and type s h a l l  meet the  requirements as 
spec i f i ed  i n  F50TF60-1(T). 

6.3.2.1 JETS Test - Two t e s t  bu t tons  processed w i t h  each 
c o a t i n g o t  s h a l l  be evaluated i n  JETS tes t .  The 
t e s t  buttons s h a l l  meet the  thermal shock l i f e  
requirements as s p e c i f i e d  i n  F50TF60-1(T). 

- 

6.3.2.2 Erosion Test - Eros ion t e s t  w i l l  be performed on a 
minimum b f n e  (1 )  panel i n  accordance w i t h  
E50TF121 Class A. Eros ion f a c t o r s  ( E # )  s h a l l  be 
w i th in  the l i m i t s  5.0 - 10.00 sec/mil. 

- 

6.3.2.3 Density - The dens i ty  o f  the  f ree  standing ox ide  
-hen determined i n  accordance w i t h  ASTM 8328 
sha l l  be between 5.16 t o  5.4 grams per  C.C. 

6.4 Rework 

Par t s  n o t  meeting qual i ty requ i  rements because o f  d i  screpant 
coa t ing  i nc lud ing  top coat  and bond coat  sha l l  be reworked per  a 
method approved by the Purchaser and s h a l l  be recoated per an 
approved Operation Plan. The p a r t s  s h a l l  n o t  be s t r i pped  and 
recoated more than twice. S t r ipped and recoated p a r t s  s h a l l  be 
recorded i n  the  logbook and i d e n t i f i e d  on the  r o u t i n g  cards. 

6.5 Ma te r ia l  and Equipment Control - 
6.5.1 To ensure q u a l i t y  of t he  powder ma te r ia l s  used i n  the 

a p p l i c a t i o n  o f  the  coat ings covered by t h e  Technical Plan, 
a l l  powders and other  m a t e r i a l s  s h a l l  be purchased t o  the  
spec i f i ca t i ons  from a purchaser-approved source. 

6.5.2 Each new l o t  o f  powder fo r  bond coat  and top coat  s h a l l  be 
capable o f  conforming t o  the  requirements o f  t h i s  
s p e c i f i c a t i o n  p r i o r  t o  coa t ing  par ts .  

s p e c i f i e d  i n  QA p rov is ions  o f  s p e c i f i c a t i o n  F50TF60-1(T). 
6.5.3 C a l i b r a t i o n  of the equipment s h a l l  be c a r r i e d  ou t  as 

6.5.4 A l l  con t ro l s  sha l l  be s e t  and the  readings recorded i n  the  
coa t ing  l o g  as defined i n  the  approved operat ion sheets. 
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6.5.5 Dynamic process va r i ab le s  f o r  the APS process sha l l  be 
recorded a t  specified time i n t e r v a l s  per purchaser approved 
plan. APS da ta  including primary gas flow r a t e ,  secondary 
gas flow r a t e ,  plasma cu r ren t  and voltage shall be manually 
recorded i n  the process log  book a t  l e a s t  twice per run .  

6.5.6 All heat  treatment furnace con t ro l s  shall be set  and the 
reading recorded a s  defined i n  the approved operation 
sheets. 

6.5.7 All re levant  da ta ,  a s  indicated i n  the operation sheets 
shal l  be maintained fo r  review by the purchaser. 

7.0 SHIPPING 

7.1 Pa r t s  shal l  be packaged and sh ipped  i n  such a manner a s  t o  avoid 
and prevent physical damage and contamination w i  t h  undesi rabl e 
substances. 

7.2 Pa r t s  shal l  be shipped i n  purchaser-approved conta iners  and per 
purchaser approved packaging procedures. 
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