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S u m m a r y  

Thermal barrier coatings (TBC) have the potential to improve the 
performance of jet engines and have been used in combustors for over 15 
years. However, it is only recently that  they have been actively used in the 
harsh turbine environment on nozzle guide vane platforms. It is now intended 
to use TBCs on turbine vane airfoils and rotat ing blades where the maximum 
payoff will be realized. Much work has been done in the last six years 
towards this goal. 

This report will review one such Rolls-Royce program; flight service 
evaluation of TBCs. It will demonstrate that  some TBC systems can survive 
in the turbine environment for over 16 000 h, but that  particulate erosion 
could be a problem. It will review the service condition of vanes with TBCs 
applied by physical vapor deposition, and will demonstrate some of the 
advantages over plasma sprayed coatings such as: 

(1) longer thermal cycle lives, 
(2) smoother surface finishes, 
(3) better surface finish retention, 
(4) superior erosion resistance. 

1. Introduct ion 

Rolls-Royce has used ceramic thermal barrier coatings (TBCs) in jet 
engine combustors for many years, and they are used in most of our engines 
today. TBCs are being used on high pressure turbine (HPT) nozzle guide vane 
(NGV) platforms in several engines, including the RB211 535-E4 (40 000 lb 
thrust class engine) that  powers the Boeing 757. Much testing of TBCs has 
been done on turbine rotor blades, and we look forward to using them in 
regular service in the near future. 

TBCs are of prime interest because of their ability to improve gas 
turbine performance, at a time when potential improvements from alloy 
modifications and cooling efficiencies are all but exhausted. Thin ceramic 
coatings can reduce the component metal temperatures by several hundred 
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degrees resulting in significant life improvement. This life improvement can 
be traded off for (a) higher inlet temperatures and increased thrust  or for (b) 
reduced cooling air usage and reduced fuel consumption. The use of a 
0.025 cm (0.01 in) of ceramic coating can reduce the mass average tempera- 
ture at cruise by over 125 °C (200°F). Or the cooling can be reduced, 
improving the specific fuel consumption. 

2. Rev iew of  work  to  date  

2.1. The effect of thermal cycles 
One of the major failure modes of TBC systems is the spallation of 

ceramic topcoat due to thermal cycling. The failures are believed to be caused 
by stresses induced by coefficient of expansion (a) mismatches and oxidation 
of the bondcoat. From carousel rig testing [1] we learned several ways to 
increase the cycle life. For plasma sprayed yttr ia stabilized zirconia (YSZ), 
fully stabilized (20% Y203) zirconia was cubic in phase and had a very short 
cycle life [1]. But, a partially stabilized system (6-8% Y203) resulted in a 
tetragonal phase which was very stable. Further  improvements were made 
using high density, oxidation resistant MCrA1Y bondcoats, applied by 
shrouded plasma spray (SPS), vacuum plasma spray (VPS) or physical vapor 
deposition (PVD). Applying the ceramic by PVD created a strain tolerant 
columnar structure, resulting in a 6 times improvement in cycle life. 

2.2. The effect of oxidation due to time at temperature 
Oxidation of the bond coat is a major mode of failure to TBC systems. 

The amount of oxidation depends on the time spent at high temperatures. It 
has been shown [2] that  spallation occurs when the oxide at the interface 
reaches a critical thickness of about 4 ttm. Time at temperature-cycle data 
can be very costly to acquire, especially when trying to simulate the engine 
environment and the interaction with thermal cycles. A flight service evalu- 
ation (FSE) program was therefore begun to accumulate this data on several 
TBC systems [1, 3]. 

2.3. F S E  program 
After considerable review, the RB211-22B intermediate pressure turbine 

(IPT) NGV was chosen as the FSE component (see Fig. 1). Prior work on a 
bench engine had shown that  the IPT NGV platform application was consid- 
erably more demanding than the combustion chamber environment. 

The coatings in phase I were applied only to the inner diameter pressure 
side platform area. In phase II, the pressure side airfoil of some vanes were 
coated as shown by the crosshatching in Fig. 1. The nickel base vane is 
nominally 20 cm long, 7.6 cm wide and 10 cm tall (8 in × 3 in x 4 in). Eight 
TBC systems were evaluated (Table 1). The coatings were given designations; 
A was three-layer magnesium zirconate (MSZ), the standard combustor 
coating. Coating B was two-layer MSZ, without the cermet (a NiCrA1 and 
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Fig. 1. RB211 IPT NGV showing location of TBCs patches. 

MSZ mixture) .  Coa t ing  C used the  same NiCrA1 bondcoa t  as A and B, wi th  
6 - 8 %  YSZ. Coa t ings  A, B, C, G and  H were  appl ied  by a i r  p l a s m a  spray  
(APS). 

Coa t ing  E had  CoNiCrA1Y bondcoa t  appl ied by sh rouded  p l a sma  spray  
(SPS). Coa t ing  F also has  a CoNiCrA1Y bondcoa t  appl ied in a v a c u u m  (VPS) 
plus a YSZ top coat .  

Coa t ings  G, H and I were  added in phase  II,  and  t he re fo re  h a v e  less t ime  
on them.  Coa t ing  G had  a CoNiCrA1Y bondcoa t  and  YSZ; it  had  a c c u m u l a t e d  
on ly  4800 h as of  December  1988. Coa t ings  E, F and  G should  give a d i rec t  
compar i son  of the  bondcoa t  p e r f o r m a n c e  as appl ied by th ree  s igni f icant ly  
di f ferent  techniques .  Coa t ing  H is an  APS NiCrA1Y and  CaOTiO2, which  is 
c la imed to  be  r e s i s t an t  to acid l each ing  f rom low grade  fuels [4]. I t  did well  
in t h e r m a l  cycle  tes t ing.  Coa t ing  I had  a NiCoCrA1Y bondcoa t  plus 8% YSZ, 
bo th  appl ied by PVD. (Table  1). 

TABLE 1 

Coatings used on RB211 IPT NGV FSE 

Identification Bond- Ceramic Bondcoat On Total coated 
letter coat (APS)  method engines vanes 

A NiCrA1 + C a MSZ APS 1,2,3,4 24 
B NiCrA1 MSZ APS 1,2,3a 12 
C NiCrA1 YSZ APS 1,2,3,4 23 
E CoNiCrA1Y YSZ SPS 1,2,3,4 23 
F CoNiCrA1Y YSZ VPS lb,2,4a 28 
G CoNiCrA1Y YSZ APS 3a 16 
H NiCrA1Y CaOTiO 2 APS lb,4a 10 
I NiCoCrA1Y YSZ(PVD) PVD lb 5 

Total 141 

a Cermet =- NiCrA1 + MSZ. 
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TABLE 2 

TBC service evaluation status January 1989 

Engine Flight Time of Time on 
build time inspection phase H 

(h) (h) coatings 
(h) 

Original 
vanes 

1 12759 4100, 7500, 10100, 12800 H, I (5200) 9 
2 16322 2500, 9800, 16300 15 
3 11685 6900, 11700 G (4800) 14 ~ 
4 8700 5500, 8700 H (3300) 19 ~ 

These sets removed from FSE. 

2.4. C u r r e n t  s t a t u s  o f  F S E  p r o g r a m  
The flight s t a tus  for the  four  engines  as of  J a n u a r y  1989 is g iven in 

Tab le  2. Engine  bui ld 2 was  r emoved  in J a n u a r y  1989, wi th  16 322 h ~ 1 2 0  
cycles,  and  stil l  had  15 of i ts  o r ig ina l  25 coa ted  vanes .  Two repor t s  for  this  
engine  have  been  g iven ear l ier ,  a t  2539h [1] and 9800h [3]. To get the  
a p p r o x i m a t e  n u m b e r  of  cycles,  divide the  hour s  by 2 (Table  2). 

3. Results of plasma sprayed coatings 

3.1. M S Z  
Coat ing  A lost  the  mos t  a m o u n t  of  coa t ing  (spall ing).  I t  was  r emoved  

f rom the  p r o g r a m  at  9800 h wi th  an  a v e r a g e  a rea  loss of  31% [3]. T w e n t y  da ta  
points  were  used to gene ra t e  a second order  r eg ress ion  ana lys i s  cu rve  fit of  
the  da ta  for coa t ing  A, which  is p lo t ted  on semi-log pape r  in Fig. 2. Bondcoa t  
was miss ing  in the  fillet r ad ius  of  these  vanes  as ea r ly  as 2500 h [1]. 

100 

"A" "B" 
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~ 1.0 

.01 i i 
0 5,000 i0,000 15,000 20,000 

Flight Hours 

Fig. 2. Loss of ceramic coating (percentage area) on IPT NGVs with time (see Table 1 for coating 
identification). 
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Coating B was significantly bet ter  than A, but  was still not acceptable. 
The area loss was negligible prior to 3500 h, and only 16% at 10 000 h. By 
16 000 h the average loss was close to 50%. Thirty-one points were used to 
determine the second-order curve as shown in Fig. 2. Bondcoat was missing 
in the fillet radius at 2500 h [1]. 

3.2. Yttria partially stabilized zirconia 
Coating C had significantly less loss, at 10 000 h the average ceramic 

loss was less than 3% by area. After 10 000 h the loss accelerated such that  
two vanes had close to 10% loss by 16 000 h. The second-order curve fit used 
32 points of data (see Fig. 2). Figure 3(a) shows a vane at 12 800 h with 8% of 
ceramic loss. Figure 4(a) shows a similar vane at 16 300 h with 10% of the 
ceramic coating gone. The NiCrA1 bondcoat runs cooler than on A or B 
because of the lower conductivity of the YSZ ceramic, therefore it oxidizes 
slower. In the fillet radius where the ceramic is minimal, the bondcoat ran 
hot ter  and fell off on some vanes early on [ 1]. References 1 and 3 have more 
photographs. 

Coating E had minimal ceramic loss, the average was less than  1% by 
area at 10 000 h. Most of those losses were associated with edge effects in the 
fillet radius; similar to, but less than that  shown in Fig. 3(b), where the 
E-coated vane had 12 748 h. By 16 300 h the average loss was 1%. The worst 
vane is shown in Fig. 4(b) with 3% area loss. A linear curve fit was adequate 
with the 60 points of data used to generate the curve fit as also shown in Fig. 
2. The bondcoat on all vanes inspected to date was in excellent condition. 
The coating losses for F were less consistent, with some vanes having very 
little loss (less than 0.05%), and others as much as 10% at 16 300h, the 
average loss (four vanes) was only 3%. The l inear curve fit for F in Fig. 2 is 
for 20 points of data. The bondcoat was in excellent condition, as seen in Fig. 
4(c). Because the losses seem to be confined to one or two vanes in each set 
and in light of the good results other  operators [5, 6] have had, we believe 
some of the coating losses are process related. 

3.3. Calcium titanite 
Coating H has only accumulated 5200 h, but is holding up very well, 

with only one out of 10 vanes showing significant loss (1.7%), the average 

........... I ~ 7 4 8  J r s  + I ; ; ne~ l  

Fig. 3. Ceramic coated IPT NGYs at 1200 h into the FSE: (a) coating C, (b) coating E. 
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Fig. 4. Ceramic coated IPT NGV at 16 300h into the FSE: (a) coating C, (b) coating E, (c) 
coating F. 

loss of five vanes  a t  5200 is less t h a n  0.5%. The  curve  fit is on ly  for 15 
points  of  da ta  and  it  is a bi t  ea r ly  to come to any  conc lus ions  o the r  t h a n  i t  
looks very  promis ing .  

3.4. Ranking of plasma sprayed coatings 
The order  of r a n k i n g  of the  TBCs tes ted  is based  on the  ce ramic  and  

bondcoa t  loss. A - C  lost  bondcoa t  on severa l  vanes  where  not  covered  by 
ceramic.  Toriz et al. [1] has  shown  the  bondcoa t  loss as ea r ly  as 2500 h for A 
and B, and  4100 h for C. This  ind ica tes  t h a t  the  bondcoa t  on C is a t  or  n e a r  
its ox ida t ion  t e m p e r a t u r e  l imit  when  it  is on a hot  vane.  I t  ind ica tes  t h a t  C 
will no t  be ve ry  useful  a t  h ighe r  t empera tu re s .  The  r a n k i n g  for H is prel imi-  
n a r y  s ince it  only  had  2500 h. The  r a n k i n g  to da te  (based  on ce ramic  a rea  
loss) f rom this  FSE p r o g r a m  is as follows. 

Coa t ing  sys tem 
1. Coa t i ng  E SPS CoNiCrAIY + YSZ 
2. Coa t ing  F VPS CoNiCrAIY ÷ YSZ 
3. Coa t ing  C A P S  NiCrA1 ÷ YSZ 
4. Coa t ing  H APS NiCrA1Y + CaO.TiO2 
5. Coa t ing  B APS NiCrA1 + MSZ 
6. Coa t ing  A APS NiCrA1 ÷ Cermet  ÷ MSZ 

H o u r s / d a t a  points  
16300/60 
163OO/20 
16300/32 

5200/15 
16300/31 

98O0/20 
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Many of the vanes had indications of ceramic erosion near the fillet 
radius at midchord, where it is thinnest  because of geometry constraints.  
This observation prompted a separate program to understand the erosion 
behavior of TBCs, as reported earlier [9] and is referred to later  in this 
paper. 

4. PVD TBCs 

4.1. Benefits of PVD coatings 
Our experience to date indicates there  are many benefits to PVD 

coatings. We have found PVD overlays (and bondcoats) to perform very well; 
they are of similar density and low oxide content  as VPS coatings. PVD 
ceramic coatings have a unique columnar s t ructure  which make them very 
tolerant.  

4.1.1. Improved thermal cycle life 
In carousel rig cycle testing [7], PVD TBCs out performed all the plasma 

sprayed coatings including SPS and VPS by 50% or more. 

4.1.2. Improved initial surface finish 
One of the concerns with the use of TBCs is the loss of aerodynamic 

performance due to rough surfaces, which can cause laminar-turbulent  tran- 
sition, and increased skin friction. These effects were apparent  in numerous 
cascade, turbine and compressor rig tests involving a range of roughness 
types [8]. Since APS ceramics are very rough (7.7pm, 300x 10 -8 in) as 
sprayed we were reluctant  to add them to the airfoils in our FSE program. 
Even with polishing they were still rougher  than desired (3.2 #m, 125 x 10-6 
in). However, since PVD ceramics approximately replicate the surface finish 
of the component applied to, it was added to the pressure side airfoils (2.1 #m, 
80 x 10 8 in) of five vanes. 

4.1.3. Improved erosion resistance 
An erosion test program run at the Universi ty of Cincinnati  [7, 9] 

indicated that  PVD YSZ was 10 times more erosion resistant  than the 
standard APS YSZ at a 90 ° impingment angle. Figure 5 shows the relative 
erosion rates of several ceramic coatings as a function of impingment angle. 
At low angles of attack, such as on combustors or vane platforms, PVD is 
only a 2 times improvement over APS ¥SZ. But the benefit increases with 
angle, so that  coatings applied to flow path airfoils will see life improvements 
of up to 1000% (at 90°). By looking at the erosion rate at 90 ° in Fig. 5, one can 
obtain the erosion ranking for several different TBC materials, more are 
found in ref. 7. 
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Fig. 5. The effect of impingement angle on the erosion of engine materials. Erosion ranking for 
six ceramics (five APS) and one metal (substrate) given at 90 ° impingement angle. 

4.1.4. Improved surface finish retention 
The erosion tes t  p rogram [7, 9] also showed tha t  PVD TBCs have  a 

be t t e r  surface finish r e t en t ion  with t ime than  the APS TBCs. The as sprayed 
YSZ was very  rough,  it  measured  over  7.7 gm. Most  of the erosion tes t  
coupons were polished to about  1 gm (40 x 10 -8 in) before testing. The PVD 
YSZ coupons were 1/ lm (40 x 10 6 in) as received.  When erosion tested, the 
polished s tandard  YSZ decayed from 1.2 gm (50 x 10 -8 in) to over  7.7 gm 
(300 x 10 6 in) at  a 90 ° impact  angle. At a 20 c angle  the de te r io ra t ion  was 
much  slower, and probably  compares  to tha t  of the FSE NGV platforms. The  
PVD coat ing  did not  de te r io ra t e  much even af ter  30 g of part icles;  as can be 
seen in Fig. 6. 

Now to cor re la te  this with the  FSE program. Vanes coated with A, B, C 
and F (Table  1) were polished. The i r  roughness  increased  with flight time, as 
shown in Table  3. None  of the E-coated vanes  were polished and they  s tayed 
at about  7.7 t~m up to ]2 800 h. F rom Table  3 we see tha t  it took  9800 h to 
de te r io ra te  from a 2.8 to 5.1 pm finish at  low angles of a t tack .  In Fig. 6 this 
decay  takes  approximate ly  25 g; so we have  the rough  re la t ionsh ip  tha t  25 g 
in wind tunnel  tes t ing  is rough ly  equal  to 10 000 FSE h. Using this  re la t ion-  
ship, by 8000 h (20 g) the leading edge of an airfoil  (a t  90 °) would have  a 
surface  finish of about  7 .7#m. Its surface finish would be 5.1tLm 
(200 x 10 6 in) in only  1000 h. The PVD YSZ however ,  will still have  a good 
surface  finish 1.5 #m (60 x 10 -8 in) at  1300 0 h  (32 g). The FSE exper ience  
da ta  band is over layed  on Fig. 6. Airfoil  measurement s  fu r the r  indica te  t h a t  
the PVD coat ing  has a be t t e r  surface  finish (130 x 10-6 in)  than  the bare  
meta l  (185 x 10 _6 in) at 5200 h (see Table  3). 
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Fig. 6. Ceramics surface roughness variations with erosion time from rig testing correlated to 
surface finishes experienced in the FSE program. 

TABLE 3 

FSE NGV surface roughness (in pm ( × 10 -6 in)) with time 

Coating Time (h) 

0 5500 6900 7400 9800 12800 

Platform pressure side 
A 2.8 (110) 
B 2.8 (110) 
C 2.8 (110) 4.8 
E 7.7 (300) 
F 2.8 (110) 3.4 
I 2.0 (80) 2.3 

Airfoil pressure side trailing edge 
I 2.5 (100) 3.3 

None 2.5 (100) 4.7 

4.3 3.5 
3.3 4.3 5.1 7.7 (300) 

5.1 5.1 5.8 (230) 
7.4 7.7 7.4 (290) 

3.8 

5.1 6.2 (245) 

4.2. Phase H F S E  results 
In phase II of the FSE program five vanes were PVD coated and put into 

engine build lb (second rebuild at 7500 h). Both the NiCoCrA1Y bondcoat and 
the 8% YSZ coating were applied by electron beam physical vapor deposition 
(PVD) by Chromalloy R&T Coating Systems, Orangeburg, NY. The bondcoat 
was 76- 127 pm (0.003- 0.005 in) thick and the ceramic was 20- 25 ttm (0.008- 
0.0010 in) thick. The coating was also applied to the pressure side airfoils. 
The coating tapered off to within 1.27 cm (0.5 in) of the trailing edge, it 
wrapped around the leading edge by 1.27 cm (0.5 in) (see Fig. 1). 
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4.2.1. The 2500h inspection 
The vanes  were  inspected  a t  2500 h when  the  engine  came in for a shop 

visit ,  a de ta i led  inspec t ion  was not  possible  as the  module  con t a in ing  the  IPT  
vanes  was not  t a k e n  a p a r t  a t  t h a t  t ime. A p h o t o g r a p h  of a v a n e  p r io r  to 
service  is g iven in ref. 7. This  IPT  v a n e  set  appea red  to h a v e  suffered 
cons iderab ly  more  eros ion  t h a n  any  eng ine  inspected  to date,  even  uncoa t ed  
vanes  had  visual  s igns of  me ta l  r emova l  on the  leading edge (LE) airfoil .  
E ros ion  was ev ident  on all of the  PVD vanes ,  but  more  so on th ree  t ha t  had  
dis t inc t  l ines ou t l in ing  the  eroded areas ,  none  were  eroded t h r o u g h  to the  
bondcoa t .  Eros ion  to the  p l a t fo rm coa t ing  was not  not iceable .  Two vanes  had  
spa l l ing  on the  LE, which  m a y  have  been in i t i a ted  by small  dings which  
occur red  in shipping,  one v a n e  ( n u m b e r  2) is shown in Fig. 7. Two vanes  had  
minor  spa l l ing  on the  p la t forms.  The  IPT  cas t ings  are  fa i r ly  rough,  espec ia l ly  
on the  p la t forms,  and  may  h a v e  reduced  the  adhes ion  qua l i ty  of  the  PVD 
coa t ing  which  per forms  be t t e r  on a smoo th  surface.  Some edge ch ipp ing  was 
seen, but  mos t  of  it  occur red  pr ior  to ins ta l la t ion .  The  coa t ing  on the  p ressure  
side of  all  five airfoi ls  was  in excel len t  condi t ion.  No mud flat  c r ack ing  or 
c raz ing  was evident .  The  sur face  finish appea red  to be as insta l led,  except  on 
the eroded LEs. The pa r t s  did not  come out  of  the  engine,  so the  su r face  finish 
was  not  measured .  Table  4 summar izes  the  a rea  losses. 

4.2.2. The 5200h inspection 
More  r ecen t ly  the  engine  was r emoved  aga in  and  this  t ime the  module  

was t a k e n  apar t ,  the  PVD c o a t e d  vanes  hav ing  5188 h and  2629 cycles f l ight 
exper ience.  The re  was no fu r t he r  ev idence  of erosion;  however ,  the re  was  
spa l l ing  on all the  LE coa ted  vanes .  The LE spal l ing  was typ ica l ly  
0.38 cm × 3.8 cm a long  the  ve r t i ca l  LE of the  vane.  Vane  n u m b e r  3 is shown 
in Fig. 8. The  a v e r a g e  a r ea  loss a t  the  LE is 0.64 cm 2. The p la t fo rm loss 
inc reased  only  s l ight ly  to 1.5% by area.  The  a rea  s u m m a r y  loss is g iven in 
Tab le  4. The p ressure  side airfoi ls  were  still  in excel len t  condi t ion.  No mud  
flat  c r ack ing  or c raz ing  was seen (Table  4). 

Fig. 7. Condition of PVD YSZ coated IPT vane at 2500 h into the FSE program. 
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IPT PVD vane area loss at 2500 and 5200 h 
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Platform area loss (%)~ Airfoil  area loss 

Vane 2500 h 5200 h 2500 h 5200 h 

cm e in 2 cm 2 in 2 

1 0.5 0.9 0 0 2.1 0.32 
2 0 1.1 1.3 0 . ~  2.2 0 . ~  
3 0 0.5 0 0 1.0 0.15 
4 2.1 2.1 0 0 2.6 0 . ~  
5 2.5 2.9 0.3 0 . ~  0.3 0.05 
Average 1.0 1.5 0.3 0.05 1.6 0.25 

Platform area  is 53 cm z (8.2 in2). 

Fig. 8. Condit ion of PVD YSZ coated IPT vane at 5200 h into FSE program. 

5. Conclus ions  

We have demonstrated in this program that  TBCs on turbine compo- 
nents can survive for up to 16 000 h in the harsh turbine environment and 
should therefore be used in earnest. 

We have identified the benefits of PVD TBCs, namely they have a 
superior thermal cycle life, better  initial surface finish, better  surface finish 
retent ion than ei ther APS TBCs, or the bare nickel base alloy, and are more 
erosion resistant than APS TBCs. 

Erosion of TBCs is a potential  problem that  will have to be dealt with 
on airfoils or where high angles of impingment occur. Here PVD YSZ or APS 
erosion resistant  top coats can be used with low conductivi ty ceramic 
underneath.  

CaOTiO2 has done well in thermal cycling and in the FSE program and 
may be required for industrial, military or mid-eastern operations, where acid 
leaching is a problem. 
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It  is t h o u g h t  t h a t  a d v a n c e d  TBC sys t ems  u s i n g  h i g h  d e n s i t y  b o n d c o a t s  

s u c h  as t hose  p r o d u c e d  by SPS,  VPS  a n d  PVD,  a n d  6 -  8% YSZ ce ramics ,  wi l l  
be r e q u i r e d  for f u t u r e  t u r b i n e  a i r fo i l  a p p l i c a t i o n s .  Th i s  is e spec i a l l y  t r u e  o n  

r o t a t i n g  a i r foi ls .  
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