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The chemistry and morphology of aluminide coatings formed on platinum and platinum- 
coated IN-738 have been studied. Most of the aluminide coatings evaluated were applied 
using the pack cementation process.  For  aluminized platinum a ser ies  of intermetall ic 
Pt-A1 compounds form. The stoichiometries of these compounds are  essentially in 
agreement with those that would be predicted based upon phase diagram considerations, 
For  aluminized, platinum-coated IN-738, the coating morphology and chemistry a re  
highty dependent upon the thickness of the platinum layer.  A relatively thick platinum 
layer  (~25 microns) confines the initial reaction for the aluminizing conditions used so 
that re f rac tory  metal elements f rom the substrate are  excluded from the outer regions 
of the coating. Thinner platinum layers  only partially confine the reaction and do not 
exclude the ref rac tory  metals from the coating. Microstructures  that develop are  r e -  
lafed to the appropriate phase diagrams. 

THE environment which exists in the hot-gas portion 
of industrial gas turbines is extremely agressive.  1 
Temperatures  in the range of 900~ are sufficient to 
cause accelerated oxidation/hot corrosion attack of 
Ni-base superatloy turbine components by the fuel and 
atmospheric constitutents, such as sulfates, chlorides, 
vanadates and sodium and lead ions. To increase the 
useful service life for superaltoy components, there 
is a continuing need for improved hot-corrosion r e -  
sistant coatings. Diffusion aluminide and CoCrA1Y 
overlay coatings have proven useful in turbine enviro- 
mentsJ  '2 

Another coating system for nickel-base superatloys 
�9 3 - 6  . has been described by Lebalert and Memhardt. This 

system is reported to give a 230 pct improvement in 
hot-corrosion res is tance  over simple aluminide coat -  
ings. The platinum-aluminide coating system is ap-  
plied by f irs t  electrolytically depositing a platinum 
layer less than 10/~ m thick, then pack aluminizing the 
substrate to form a platinum-aluminide-type coating. 
Aluminizing processes  have been reviewed extensively 
e l sewhere .  7-~ The degradation process  for  aluminide 
coatings involves loss of aluminum in two directions; 
(1) outward loss by oxide formation and spallation, and 
(2) inward loss by interdiffusion with the substrate. The 
Pt-A1 coating was developed during a search for a 
"diffusion b a r r i e r "  to prevent or re tard the migration 
of aluminum from the coating into the substrate.  How- 
ever, the compositional profile found by Lehnert and 
Meinhardt 3 indicated that, after aluminization, the 
platinum remained concentrated in the outermost  
region of the duplex coating and was not a diffusion 
barr ier .  

The goal of this study was to gain an understanding 
of the effects of an initial platinum layer on the fo rma-  
tion of aluminide coatings on IN-738.* The aluminiza- 

*59,6 a/o N1, 8.2 Co, 17.5 Cr, 7~2 AI, 4.0 Ti, 1,0 Mo, 0.8 W, 05 Nb, 0.6 Ta, 
0.03 Zr, 0.6 C. 

tion of platinum was studied to provide supplemental 
data. The pack aluminization of IN-738 has been treated 
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in detail previously. *~ Aluminum was observed to de- 
posit ve ry  rapidly initially, with deposition slowing to 
a much lower rate  soon after the aluminizing pack 
reaches the aluminizing temperature.  Fur ther  expo- 
sure is pr imar i ly  a solid-state diffusion anneal. The 
phases formed during the entire pack process  are  sub- 
stantiatty those predicted front ternary phase dia- 
grams.  The manner in which the sequence of events 
is altered by the presence of a Pt layer on IN-738 can 
be understood in a s imilar  fashion, and is the subject 
of this study. 

EXPERIMENTAL TECHNIQUES 

The IN-738 substra tes  were pins cast  to 0.47 cm 
diameter and centerless ground to 0.43 cm diameter. 
The platinum substrates were cut f rom 0.1 cm thick 
sheet or 0.1 cm diameter wire. Platinum layers  were 
deposited on the IN-738 substrates,  using the rf  sput- 
tering technique. By holding the substrates in a fixed 
position under the sputtering source during processing,  
a coating was deposited that varied in thickness from 
0 to 25 /zm on a single specimen. The pin surface 
facing the cathode had a coating layer of the maximum 
thickness, and the surface away from the cathode was 
uncoated. Between these extremes, the coating had a 
continuous and gradual variation in thickness. The 
sputtering system used was a Perk in-Elmer  Randex 
Model 2400. The deposition conditions were ~6 h at 
500 watts in 18 x 10 -a to r t  argon. 

The vacuum evaporated A1 layers  were deposited 
on rotating wire substrates by the use of a pure 
(99.99 pct) aluminum source heated by a focused 
electron beam. A layer 25 tma thick was deposited 
in 8 rain, using a power of 5.5 KW. 

The pack aluminizing experiments were done with 
a 31 cm 3 re tor t  with a snug fitting lid, both made of 
Inconel 600. The packs were mixtures of A1 (Metco 
54) and A12Oa (Linde A-10) powders. The A1 powder 
was preactivated with an aqueous solution of either 
HF or NH4F as described previously. ~~ A 20 g charge 
of powder was used for each pack deposition experi-  
ment. Half of the powder was spread in the retort ;  
the substrates,  which were cleaned by washing in 
acetone and rinsing with alcohol, were placed on the 
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powder. The remaining powder was spread  over  the 
subs t ra tes .  

The argon a tmosphere  furnace used for  aluminizing 
was preheated  to 1060~ The r e to r t  was placed in the 
cool zone of the furnace for 2 min and then was 
pushed into the hot zone. Zero  hour as used in this 
repor t  was the Lime at which the pack reached the 
run tempera ture ;  this was approximate ly  12 min 
af ter  enter ing the furnace hot zone. At the end of the 
run, the r e t o r t  was re turned  to the cool zone of the 
furnace until the pack was below 250~ Conventional 
metal lographic  and e lec t ron microprobe  techniques 
were  used to study mic ros t ruc tu r e s .  

RESULTS AND DISCUSSION 

The aluminizat ion of bulk IN-738 and bulk platinum 
will  be d iscussed  f i r s t  as  a bas i s  for  understanding 
the aluminizat ion of Pt coated IN-738. 

A. Aluminization of Bulk IN-738 

E a r l i e r  s tudies  have descr ibed  the mechanism of 
the pack aluminizat ion of supera l loys  in t e rms  of 
pack activity.  7-9'11 Mic ros t ruc tu res  formed in high 
act ivi ty  packs  resu l ted  f rom p r i m a r i l y  inward dif-  
fusion of aluminum, while m i c r o s t r u c t u r e s  formed 
in low act ivi ty  packs resu l ted  from p r i m a r i l y  out-  
ward diffusion of nickel. These conclusions were  
based on ana lyses  of m ic ro s t ruc tu r e s  formed during 
seve ra l  hours  of process ing .  The locaLion of carbide  
pa r t i c l e s ,  e i ther  throughout the coating layer  or  at 
the coa t ing /subs t ra te  interface,  was considered to 
be evidence supporting these conclusions,  s ince the 
carb ides  were  p resumed to be iner t  diffusion m a r k e r s .  

A recent  study by the p resen t  authors has cons id-  
e red  mic ros t ruc tu r a l  development during a luminiza-  
tion of supera l loys  f rom t imes of a few seconds 
through t imes  conventionally used in commerc ia l  
aluminizat ion p r oce s se s ,  l~ Aluminization by pack 
p r o c e s s e s  and by heat t rea tment  of A1/superal loy 
couples was d iscussed  and analyzed.  F o r  both methods 
mic ro s t ruc tu r a l  development included a per iod  when 
the nominally " i n e r t "  ca rb ides  were  d is t r ibuted  
thoughout the coating layer  and a la te r  per iod when 
the carb ides  were  located at the coa t ing /subs t ra te  
in terface .  The s t ruc tu ra l  development included those 
identical  with high act ivi ty and with low act ivi ty  pack 
mic ros t ruc tu re s .  The phases  p resen t  in the coatings 
were  co r re l a t ed  with the phase d iagram for the 
Ni-Cr-A1 sys tem.  One of the conclusions of the study 
was that not only is  pack composit ion a determining 
factor  in m ic ro s t ruc tu r a l  development,  but t ime and 
t empera tu re  of p rocess ing  control  the mic ros t ruc tu r e  
for a given pack composition. F u r t h e r m o r e ,  e ssen t ia l ly  
a l l  pack composit ions follow the same sequence of 
m ic ro s t ruc tu r a l  development for a given p rocess ing  
t ime and t empera tu re ,  with pack composit ion d e t e r -  
mining the r a t e  of p rog res s ion  through that sequence 
of development.  

In this paper ,  a br ie f  review of the aluminizat ion 
of IN-738 ~~ will  s e rve  as  an introduction to the p resen t  
s tudies .  When packs were  placed in a 1060~ furnace,  
samples  reached t empera tu re  in about 12 rain. In that 
t ime,  two- th i rds  of the AA that would reach  the s a m -  
p les  in three hours  of aluminizing had a l ready  been 
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deposited.  The following model explains the m i c r o -  
s t ruc tu re s  and chemical  p rof i les  that r e su l t  when sub-  
s tant ia l  amounts of A1 a re  deposited in a few minutes '  
t ime. The observed phase growth r equ i r e s  a diffusion 
coefficient of ~10 -5 cm2/sec. ,  and this value is  not 
consistent  with solid s ta te  diffusion coefficients for 
the var ious  phases present .  TM This indicates  the p rob-  
abil i ty of liquid phase formation on the subs t ra te  s u r -  
face while A1 is  being deposi ted most  rapidly .  The 
liquid has a higher solubil i ty for  Ni and A1 than for  
Cr,  resul t ing  in a region of high Cr (and r e f r ac to ry  
meta ls)  in the sol id  at  the l iqu id /so l id  interface.  The 
liquid subsequently d isso lves  enough of the subs t ra te  
to reach  a composit ion that is  sol id at the p rocess ing  
tempera ture .  Solidification is  complete at approxi -  
mately zero  hour; that is,  when the sample  r eaches  
1060~ The r ema inde r  of the pack aluminizing p r o c -  
ess  is  p r i m a r i l y  a diffusion heat t reatment .  The p r o c -  
ess  can be descr ibed  in t e r m s  of diffusion paths in the 
Ni-A1-Cr t e rna ry  phase d iagram.  Liquid retent ion was 
not accomplished in pack process ing  because of the 
delays inherent  in quenching samples  f rom an enclosed 
aluminizat ion pack. However, s t ruc tu res  formed on 
quenched A t / s ubs t r a t e  heat  t rea ted  s ho r t - t i me  s imu-  
lat ions appear  to be quenched f rom the liquid state.  

B. Aluminization of Bulk Plat inum 

If the deposit ion of A1 on Ni -base  supera l loys  f rom 
an act ivated pack involves a liquid phase  react ion,  it  
might be supposed that the same would be t rue  for  
deposit ion of A1 on Pt. The solubil i ty of Pt in an A1- 
r ich liquid i nc reases  with increas ing  t empera tu re  13 in 
much the same manner as the solubi l i ty  of Ni and Cr 
in an A l - r i c h  liquid. 14 To study the aluminizat ion of 
platinum, weight change measurements  were  made on 
Pt samples  aluminized for seve ra l  t ime per iods  at  
1060~ Fig.  1 compares  the aluminizat ion of Pt and 
of In-738 for a pack containing 5.8 pct A1, 94 pct  
A1203, and 0.2 pct NH4F. The aluminizat ion of both Pt  
and 1N-738 is  cha rac t e r i zed  by an ini t ia l  ve ry  rapid  
deposit ion of A1. This is  in accord with r e su l t s  p r e -  
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PACK ALUMINIZATION OF IN-738 
AND Pt 

PACK COMPOSITION: 5.8%AI, 
0.2%NH4F, 94% AI203 

CONDITIONS: |060%, Ar 

I 2 3 
TIME AT TEMPERATURE (hr) 

Fig. 1-Change in weight with time of pack aluminization for 
Pt and IN-738 at 1060"C in an activated 5.8 at pet A1 pack. 
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(a) (b) 

(c) (d) 
Fig. 2-Microstructures for platinum aluminized at 1060oC in a pack containing 5.8 pct AI, 0.2 pct NH4F. (a) 0 h, sintered parti- 
cle region, (b) 1/2 h, (c) i h, and (d) 3 h. 

v iously  repor ted  for N i -base  supera l loys .  ~~ Of p a r t i c -  
u la r  note is  the fact that a lmos t  twice as  much Al is  
deposited on Pt  as on IN-738. This  indica tes  that the 
r a t e  l imi t ing  step in the a lumin iza t ion  of IN-738 us ing 
these  p roces s ing  condit ions is  the a s s i m i l a t i o n  of A1 
into the subs t r a t e  r a the r  than the t r a n s f e r  of Al f rom 
the pack. A luminum deposi t ion will  cease  whenever  
i ts  act ivi ty  on the subs t r a t e  su r face  is  equal to the 
act ivi ty  in the vapor .  By this  r eason ing ,  Pt  has a 
g rea t e r  capaci ty  than IN-738 for a luminum a s s i m i l a -  
tion. 

The l a rge  weight gains  noted for a tumin iza t ion  of 
Pt  suggest  a sequence  of l iquid format ion ,  subs t r a t e  
d issolut ion,  and subsequent  l iquid sol idif icat ion,  s i m i -  
l a r  to that proposed for a lumin lza t ion  of supera l loys .  ~~ 
Metal lographic  c ros s  sec t ions  of a lumin ized  Pt  s amples  
a re  shown in Fig.  2. The composi t ional  p rof i les  of the 
0 h, 1/2 h, and 3 h s amples  were  m e a s u r e d  by the 
e lec t ron  mic rop robe  technique.  The composi t ions  of 
the coating l a y e r s  for these s amples  a r e  s u m m a r i z e d  
in Table  I. No s ingle  a lumin iz ing  opera t ion  produced 
al l  of these  phases .  F o r  P tAh  to be observed ,  s a mp l e s  

were  t rea ted  at 660~ r a the r  than 1060~ The phase  
would not be seen  in 1060~ t r e a t m e n t s  because  that 
composi t ion is mol ten  at 1060~ 

All  but one of the phases  shown in the b ina ry  P t -A l  
phase d i ag ram 13 were  observed  for at l eas t  one a lu-  
min iz ing  t empera tu re .  One phase,  Pt3A12 or  Pt5AI3, was 
absent .  F r o m  the mic rop robe  data and the layer  th ick-  
nesses ,  it  is  difficult  to d e t e r m i n e  which phase  is p r e s -  
ent. The d i f ference  in Pt  concen t ra t ion  is  only 0.8 wt 
pct between PtsA13 and Pt3AI~. It can be seen  in Table  I 
that the m i c r o a n a l y s i s  for Pt  and Al sums  to only 97.6 
wt pct and that no r ma l i z i ng  the va lues  to 100 pct r e -  
su l t s  in a composi t ion i n t e rmed ia t e  between Pt3A12 
and PtsAl3. It is p robable  that PtaA12 does not exist ,  
s ince  there  is l i t t le  other evidence of i ts  exis tence,  la 
Chat te r j i ,  DeVries ,  and F l e i s c h e r  14 have studied the 
Pt-A1 sys t em in deta i l  r ecen t ly ,  and obse rved  ne i ther  
Pt3A12 nor  PtsA13, but r a the r  Pt2AL The th icknesses  of 
l aye r s  observed  for a lumin iz ing  Pt  at 1060~ a re  s u m -  
m a r i z e d  in Table  lI. 

F o r  1060~ p rocess ing ,  the A l - r i c h  l iquid should 
complete ly  sol idify when the PtAl3 composi t ion  [ m e l t -  
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ing point = 1121~ 1~] is  r eached .  T h e r e a f t e r ,  a luminum 
movemen t  should be by s o l i d - s t a t e  diffusion. Excep t  
for  the p a r t i c l e  s i n t e r ed  reg ion  whe re  a luminum p a r -  
t i c l e s  w e r e  in i t ia l ly  in contact  with the su r face ,  r e s u l t -  
ing in a r e l a t i v e l y  A l - r i c h  l aye r  at 0 h [Fig.  2(a)], 
t he r e  was no PtA13 or  PtAl2 r e m a i n i n g  in the 0 h s a m -  
p ies .  Th is  sugges t s  that  A1 diffusion is  qui te  rap id  

through the compounds r i c h  in A1, such as  PtAla, 
PtA12, and Pt2A13. The m o r e  rapid  a s s i m i l a t i o n  of A1 
into Pt  than into IN-738 probably  is  due to: 1) the ap-  
pa ren t  fas t  diffusion r a t e  of A1 into Pt  and (Pt, A1) 
compounds,  and 2) the high a tom f r ac t ion  of A1 in 
PtA13 as compared  with Ni2A13 or  NiA1. 

To t e s t  the hypothes is  of a l iquid phase  r eac t ion ,  
a 0.1 cm d i a m e t e r  Pt  w i r e  subs t r a t e  was coated with 
a 25 t im thick l a y e r  of A1, by vacuum deposi t ion,  so t he r e  
subs t r a t e  was  not heated dur ing depost ion,  so the re  
was no s u b s t r a t e - c o a t i n g  reac t ion .  A s a m p l e  of this  
M - c o a t e d  P t  was heat  t r e a t e d  for  2 min  at  900~ in 
a rgon  and was examined  me ta l l og raph ica l l y .  (The phase  
PtAl4 ex i s t s  below 800~ while  the o ther  Pt-A1 c o m -  
pounds a r e  s tab le  at l ea s t  to l l00~ The coat ing had 
an outer  reg ion  of PtA12 (as de t e rmined  by color)  
19 g m  thick.  No PtAl3 was  obse rved .  Another  s a m p l e  
was heated to 660~ fo r  2 rain. The compos i t iona l  p r o -  
f i le  of this s a m p l e  as  m e a s u r e d  by the e l ec t ron  m i c r o -  
p robe  technique is  shown in Fig .  3. The l a y e r s  f o r m e d  
a r e  in the sequence  of PtA14, PtA13, PtA12, and PtzA13, 
as would be p red ic t ed  f r o m  the phase  d i ag ram.  13 The 
r e m a i n i n g  p h a s e s  w e r e  not observed .  

The PteAl3 th ickness  and the absence  of PtA13 and 
PtA12, except  in p a r t i c l e  s i n t e r e d  r eg ions ,  ind ica tes  
that  the in te rd i f fus ion  of A1 and P t  is  qui te  rap id  for  

Table I. Phases Observed in Aluminizing Bulk Platinum 

Calculated Measured Wt Pet Pt* Measured Color of 
Wt Pet, Pt A B Wt Pet, A1 Sum Phase Phase 

PtAI4 64.4 65 0 59.9 32.3 92,2 White 
PtA13 70.6 73 6 72.5 26.0 98,5 Ivory 
PtAt2 78.3 78.2 76,5 21.3 97.8 Yellow 
Pt2A13 82.8 82.4 80.5 14.9 95.4 Blue-Grey 
PtA1 87.8 j 87,8 86.0 12,0 98,0 Pink 
Pt3A12 91,5 ! 
PtsAl3 92,3 ( 91.9 89,7 7.9 97.6 Whitish 

Pt2 AI 93.5 
Pt3A1 95.6 94.9 91.0 4.9 95.9 White 

*A is the Normalized Value. calculated from the equation' 
A = [B/(wt pet AI + B)] �9 100 

where B is the weight percent Pt determined by electron microprobe analysls. 

PtA13, PtAlz, and PtzA13. The  subs tan t ia l  phase  f o r m a -  
tion in 2 rain at t e m p e r a t u r e s  as low as 660~ ind ica tes  
a l iquid phase  r e a c t i o n  in A l - coa t ed  P t w i r e s .  The rap id  
depos i t ion  in a lumin iza t ion  in bulk Pt  a l so  ind ica tes  a 
l iquid fo rmat ion .  

C. Alumin iza t ion  of P t - C o a t e d  IN-738 

Samples  of IN-738 coated with a v a r i a b l e  th ickness  
of Pt  w e r e  a lumin ized  at 1060~ in argon,  using packs 
containing 3 pet  A1. The coat ings  fo rmed  at r eg ions  
whe re  the P t  l aye r  th ickness  was  about 25, 5, or  0 t im 
wil l  be used as examples .  M i c r o g r a p h s  of these  s a m -  
p les  as  deposi ted ,  at 0 h and at  3 h of a lumin iza t ion  
a r e  shown in Fig .  4. The compos i t iona l  p ro f i l e s  for 
the ~25 tzm Pt  r eg ion  a f te r  0 and 3 h of a lumin iza t ion  
a r e  shown in F ig .  5; those for  the ~5 ~tm Pt  reg ion  
a r e  shown in F ig .  6. The compos i t iona l  p r o f i l e s  for  
non -p l a t i num-coa t ed  IN-738 shown in Fig .  7 a r e  f r o m  
a p r e v i o u s  study, l~ 

F o r  the coat ing f o r m e d  at  0 h in the ~25 ~zm Pt  
reg ion  [Fig. 4(b)], the co lo r s  of the two outer  r eg ions  
a r e  com pa rab l e  to PtAlz (yellow) and PtzAln (blue-  
grey)  as  o b s e r v e d  on a lumin ized  Pt .  The PtAlz l aye r  
is ~22 t im thick. The  third r eg ion  is  ~3  t im thick. 
The high A1 and P t  concen t ra t ions  [Fig.  5(a)] indica te  
this is  p r i m a r i l y  a Pt-A1 b inary  phase ,  m o s t  l ikely  
PtA1. M i c r o a n a l y s i s  of the next reg ion  shows a sharp  

E,B. ALUMINIZED Pt 
CONDITIONS" HEATED TO 660*C IN 2MIN. IN At 
AI LAYER: ~25pm THICK Pt 

. . . . . . .  AI 

Z 
t&l 
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20 

0 t . . o k . .  L . . . L . . ' I  I I I I 1 I 
60 48 36 24 12 0 
DISTANCE FROM SURFACE {MICRONS| 

Pig. 3-Compositional profile through E.B. aluminized Pt 
after a 2 rain heat treatment at 660oC in argon. 

Table I I, Structures Developed in Aluminizing of Bulk Platinum 

Conditions. 5,8 Wt Pet AI, 1060~ Argon Layer Thzckness, tam AWtlA, 
Sample Tune at Temp mg/cm 2 Total PtA13 PtAI 2 Pt2 A13 PtAI Pt2 AI Pt3 Al Remarks 

1) Oh (sintered particle) 6.2 68.5 
0 h 30.4 

2) �89 h 7.2 45.7 
3) 1 h 7.8 48.3 
4) 3 h 7.8 50,8 

7.6 30.5 27.9 2,5 9 NO See Fig. 2(a) 
0 0 
0 0 33.0 5.1 7.6 Very thm See Fig. 2(b) 
0 0 33.0 6 4 8.9 Very thin See Fzg. 2(c) 
0 0 25.4 10.2 15.2 Very thin See Fzg. 2(t0 
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Q.m P la t inum 5,~ P la t inum 25~m P la t i num 

Fig. 4-Microstructures for platinum-coated IN-738 (a) As-deposited, (b) Aluminized for 0 h at 1060~ tn a 3 pct Al pack, (c) 
Aluminized for 3 h at 1060~ in a 3 pct A1 pack. 

d e c r e a s e  in A1, a sharp  i n c r e a s e  in Pt ,  and an i n c r e a s e  
in Ni, Cr ,  and the other  subs t r a t e  e l emen t s  on moving 
toward the subs t ra te .  The s t r u c t u r e  bo rde r ing  PtA1 
appears  to be two-phased,  and ana lys i s  ind ica tes  a 
mix tu re  of PtA1 and NiA1. In Fig.  4(b) this reg ion  is  
about 11 /~m thick. No fu r the r  m i c r o s t r u c t u r a l  changes 
a r e  noted in the sample ,  although approx imate ly  15 ~ m  
of the sample  was t r a v e r s e d  in  m i c r o a n a l y s i s  before  
composi t ions  r e t u r n e d  to the bulk subs t r a t e  range .  

The s t r u c t u r e s  formed at 0 h for  a lumin ized  th ick-  
Pt  coated IN-738 can be cons idered  as follows. As A1 
a r r i v e s  rap id ly  at  the P t  outer  su r face ,  a l iquid phase  
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r eac t i on  occurs .  Sol idif icat ion occur s  rap id ly  as  the 
liquid d i s so lves  enough of the P t  to fo rm a solid phase.  
The expected ou t e rmos t  phase is PtAl3 at 1060~ How- 
ever ,  as was the case  for bulk Pt, the P t  coated IN-738 
shows PtAl2 as the ou te rmos t  composi t ion.  Sol id-s ta te  
in te rd i f fus ion  occurs  to produce Pt2Al3 and PtAl,  but 
the other  Pt-A1 b ina ry  phases  (Pt2A1, Pt3A1) a r e  not 
seen.  The phases  may be ve ry  thin or ,  because  of k i -  
ne t i cs  of format ion ,  they may be en t i r e ly  absent .  These  
phases  were  absent  f rom the a lumin ized  bulk Pt  as 
well. 

At ze ro  hour,  a lumin iza t ion  is e s sen t i a l ly  ident ica l  
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to aluminization of bulk Pt. At the IN-738/Pt  interface, 
solid-state interdiffusion is occurring throughout the 
aluminization. The compositional profiles shown in 
Fig. 5(a) and (b) show this interdfffusion as a decrease  
in the amount of substrate elements and an increase 
in the amount of Pt on moving from the substrate to 
the P t - r i ch  gamma layer. If the initial Pt  layer were 
much thicker or  if much less A1 were added, then a 
100 pct Pt region, f ree  of interdiffusion effects f rom 
either the substrate or the added A1, would be seen. 
However, sufficient At has been added at 0 h that the 
Pt is a noninfinite terminus in both couples: Pt/A1 and 
IN-738/Pt.  Microanalysis of the region between the 
PtA1 layer  and the P t - r i ch  gamma layer shows the 
overlap between the " inward"  A1 profile and the "ou t -  
ward" substrate element profiles. 

To verify the expected behavior when less AI is 
added, a Pt coated sample of IN-738 was aluminized 
for 0 h at 1060~ in a lower concentration pack, 1 wt 
pct A1. Selected points in the aluminized thick Pt  r e -  

gion (25 ~m) were chosen for microanalysis.  The 
phases developed were identical with those seen in 
the 0 h, 3 pct A1 pack. However, the maximum concen- 
tration of Pt was 73 at pct, compared to 55 at pct Pt 
in the 3 pct pack [Fig. 5Ca)]. 

In the 3 pct AI pack resul ts  in Fig. 4, the descr ip-  
tion of aluminizing of Pt coated IN-738 is quite s imilar  
to that of the aluminizing of bare IN-738. After the 
initial rapid A1 deposition and liquid formation and 
solidification, the A1 deposition rate decreases  with 
increasing time. Longer exposures are  pr imari ly  dif- 
fusion heat treatments.  The interdiffusion is more 
complicated because of the presence of the finite-width 
Pt layer. For  example, the 3 h aluminized, thick Pt 
region can be considered [Fig. 4(c)]. Because of the 
slow deposition of AI after 0 h and the rapid inward 
diffusion of A1 there is insufficient A1 at the surface 
to maintain PtAl~, and Pt2Al~ (8 to 12 ~xm thick) is seen 
at the outer surface [Fig. 5(c)]. The substrate elements 
diffuse outward (with Ni reaching the outer surface in 
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concen t ra t ions  of about 2 pc!), and Pt  di f fuses  inward.  
A ,-,3 p m - t h i c k  reg ion  of PtAl  is  formed;  then 6 p m  
of a two-phase  mix tu re  of PtAl  and NiA1 below the 
PtA1; and then a 43 ~ m  reg ion  where  Pt  d e c r e a s e s  to 
8 at  pct  while Ni i n c r e a s e s  to 44 at pc!. This  las t  43 
p m  reg ion  appea r s  to be/~(Ni, Pt)A1. A peak in  r e -  
f r a c t o r y  e lements  (Cr,  Ti,  W, Mo) occur s  at  60 p m  
f rom the sur face .  This  co r r e sponds  to the approx imate  
locat ion of the o r ig ina l  P t / IN-738  in ter face .  

The peak in r e f r a c t o r y  e l emen t s  is  seen  to coincide 
with the fiNiAl + a C t  " f i n g e r  zone"  of Fig.  4(c) that 
develops in a lumin ized  supera l loys .  However,  no ~'  + oL 
zone is  observed.  

A s i m i l a r  desc r ip t ion  can be made for the th in -P!  
coated IN-738 region (Fig. 4, 5 ~m Pt). For the 5 ~m 
Pt region, the rapid deposition of ,-,25 pm of A) is suf- 
ficient to put all of the Pt coating in a two-phase field 
where one of the phases is liquid at 1060~ That is, 
the "--25 gm of A1 and ~5 ~m of Pt represents a com- 
position which is in the liquid + PtAl3 phase field for 

I060~ in the PL-AI binary diagram. The liquid has a 
solubility for elements in the substrate IN-738, so that 
dissolution of the subs!rate will proceed until the li- 
quid composition reaches an all-solid phase field in 
the quaternary NiCrAIPt diagram used to represent 
the aluminized Pt and in the ternary approximation of 
IN-738. The structure shown in Fig. 4(b) and the mi- 
croanalysis shown in Fig. 6(a) and (b) indicate the 
state of the aluminized 5 ~m Pt coated IN-738 at 0 h. 
The very surface of the coating appears to be Ni-free 
PtAl~. The next 20 ~m is Pt2A13 with ~,0 Ni at the sur- 
face and N28 at pc! Ni, Co, Cr, and other subs!rate 
elements (~Ni~.2sPto.~A13) at the inner extreme of the 
single-phase region. This suggests that Ni2Al3 and 
Pt2A13 may be isomorphous. The two pure aluminide 
phases have the same crystal structure, and the lat- 
tice parameters of Ni2A13 and Pt2AI3 are similar 
enough to suggest isomorphic behavior. The next ~18 
~m are two-phase, with one phase having the appear- 
ance of (PL, Ni)2Alz. The second phase is likely to be 
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fiNiAl, as indicated by the microanalysis. The last II  
gm before reaching the substrate composition appears 
to be a transition from (Pt,Ni)sAl3 +/3 to fi and finally 
to/3 + ~ Cr. This is based on the similarity in appear- 
ance between this region and the structure noted for 
a lumin ized  b a r e  IN-738 [Fig. 4(b)]. 

As before  for  thick Pt ,  the 3 h a lumin iza t ion  of the 
t h i n - P t  coated IN-738 can be viewed as  a diffusion 
heat t r e a tmen t  of the s t r u c t u r e  fo rmed  at 0 h. The 
m i c r o a n a l y s i s  [Fig. 6(c) and (d)] shows the outer  s u r -  
face to be an MA1 composi t ion (27 at pct Pt ,  20 at pct  
Ni, 2 at pct  Co, 51 at pct  A1). The ou t e rmos t  5 ~ m  or  
so appears  to be two-phase  (PtA1 and/3), but the r e -  
ma inde r  of the 41 ~ m  outer  reg ion  appea r s  to be s i ng l e -  
phase.  The p ro f i l e s  [Fig. 6(c) and (d)] indica te  a de-  
c rease  in Pt  and A1 and an i n c r e a s e  in the subs t r a t e  
e l ements  moving away f rom the sur face .  The s t r u c -  
tu ra l  development  is  /~(Ni,Pt)A1 - -  ~ + (~ --* 7 '  + ot --* 
7 + y ' ,  s i m i l a r  to the case  for a lumin iz ing  b a r e  IN-738 
[Fig. 4(c) and Fig .  7] at 1060~ 
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As was found for  a lumin iz ing  IN-738,1~ the m i c r o -  
s t r u c t u r e  developed in a lumin iz ing  P t  coated IN-738 
follows a genera l  pa t t e rn  that can be mapped on the 
appropr ia te  phase d iagram.  In Fig .  8 is shown a sche-  
mat ic  i s o t h e r m a l  phase d i a g r a m for N i - C r - A I - P t  at  
1060~ This  d i ag ram is hypothet ical  but is  based on 
ava i lab le  data and on m i c r o s t r u c t u r a l  obse rva t ions  
made in the p r e s e n t  study. P o s s i b l e  t e r n a r y  i s o t h e r -  
mal  sec t ions  for NiCrA1 and NiCrP t  a re  sketched on 
the exposed qua t e rna ry  faces ,  but the A l - r i c h  phase 
f ields a re  pure ly  hypothetical .  The al loy IN-738 has  
been approximated  as a t e r n a r y  NiCrA1 alloy,  19.5 at 
pct Cr  and 11.8 at pct  A1. The heavy dashed l ines  l ink 
the IN-738 subs t r a t e  with the Pt  coating, and the P t  
coating to the A1 pack source .  

F o r  Pt  coat ings that a r e  thick r e l a t ive  to diffusion 
d i s tances  for a given t i m e - t e m p e r a t u r e  t r ea tmen t ,  the 
sys t em behaves  as two unconnected couples:  IN-738 /P t  
and Pt/A1. As the Pt  l ayer  becomes  th inner  r e l a t i ve  to 
diffusion d i s t ances ,  the two couples begin to i n t e r ac t  
through the common Pt  t e rminus .  In Fig .  9 the p y r a -  
midal  i so the rma l  sect ion has been unfolded to a p lanar  
view, with the A 1 - C r - P t  t e r n a r y  omitted.  The A 1 - C r - P t  
d i ag ram is not c r i t i ca l  to the explanation,  and too l i t t le  
data a r e  ava i lab le  to p e r m i t  specula t ion  on the appea r -  
ance  of that t e r n a r y  i s o t h e r m a l  sect ion.  Approximate  
diffusion paths,  as obse rved  f rom metaUography and 
m i c r o a n a l y s i s ,  have been mapped ONtO the unfolded 
qua te rnary .  Each path r e p r e s e n t s  the composi t ional  
prof i le  f rom the coating sur face  into the subs t r a t e .  
Paths  that go through the i n t e r i o r  of the q u a t e r n a r y  
cannot be mapped on the unfolded d iagram.  However,  
to a f i r s t  approximat ion ,  a l l  but one of the paths ob-  
se rved  in the p r e se n t  study t r a v e r s e d  the p ryamid  
along t e r na r y  faces or  jus t  below the faces .  

The path marked  1 is for the case of a Pt  coating 
that is thick r e l a t i ve  to diffusion d i s tances .  F o r  this 
case,  a lumin iza t ion  occur s  only in the Pt ,  so the in i t i a l  
pa r t  of the path is  the s ame  as would be seen  for a lu -  
min iza t ion  of bulk Pt.  The r e m a i n d e r  of Path  1 is  for  
diffusion that occurs  between bulk P t  and IN-738. 
Path 2 is  for 1060~ a lumin iza t ion  of the ~25 ~ m  
th ick-P t  coated IN-738 at 0 h. As desc r ibed  e a r l i e r ,  
the outer  r eg ion  of this s ample  is  s i m i l a r  to bulk Pt .  
However,  the path depar t s  f rom that of bulk P t  below 
the PtA1 layer .  At this point,  the path e n t e r s  the two- 
phase PLA1 +/~NiA1 phase field, but it  quickly c r o s s e s  
to P t - r i c h  y and f inal ly  to ~ + y '  subs t ra te .  The d ia -  
g ram is drawn so that a PtA1 + y field exis ts .  It is 
poss ib le ,  however,  that this field does not exis t  but 
is  blocked by Pt2A1 +/3 and Pt~A1 +/~ f ields.  The fact  
that these f ie lds  a r e  not observed  in the m i c r o s t r u c -  
tu re  desc r ibed  by Path  2 can be explained by the k i -  
ne t ics  of fo rmat ion  of Pt2A1 and Pt3A1 in a lumin iza t ion  
of bulk P t. 

Pa th  3 is  based on obse rva t ions  of the 3 h a l u m i n i -  
zat ion of the th ick -P t  coated IN-738. Diffusion of A1 
inward  has e l imina ted  the ou te r  PtA12 reg ion ,  and di f -  
fusion of Pt  inward  and Ni outward has  r ep laced  y 
with/3(Ni, PL)A1. The {3 phase  appears  to have a so lu -  
bi l i ty  of about 12.5 at pct Pt,  with Pt  apparen t ly  sub -  
s t i tu t ing for up to one- four th  of the Ni. F o r  Path  3, a 
t h r e e - d i m e n s i o n a l  depict ion of i ts  posi t ion is  r e a l l y  
more  accura te .  The path is  shown as  far  as /3 in the 
Ni-AI-Pt ternary, and beginning again at/3 in the 
Ni-A1-Cr ternary. The path leaves/3 to form the {3 + a 
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Cr f inger  zone, and then goes to the V + ~ '  subs t ra te .  
The dashed l ines  indica te  that ~ + a and 7 + V' have a 
p l ana r  in te r face ;  that is ,  dashed l ines  r e p r e s e n t  zero  
d i s tance  in the m i c r o s t r u c t u r e .  The y '  + q phase field, 
as would be expected for the Ni A1 Cr  t e r n a r y  i so -  
the rm,  is  not observed.  The ~ + a phase  field has be -  
tween 5 and 8 at pct P t  [Fig. 5(c)]. This  may put the 
ac tua l  path far  enough into the q u a t e r n a r y  i so the rm 
that a t e r n a r y  desc r ip t ion  is  no longer  valid.  In the 
q u a t e r n a r y  i s o t h e r m  of Fig.  8, as P t  is  added to a 
composi t ion  in i t i a l ly  in  the ? '  + a field, the compos i -  
t ion may move into a V + V' + a field, and then to a 

+ ~ + a field. Path 3 may pass  f rom ~ + a to ~ + 7 '  
at the in te r face  de sc r ib ing  passage  through the ? + 

+ a field, 
Re tu rn ing  to Fig .  9, Path  4 d e s c r i b e s  the a l u m i n i -  

zat ion of t h i n - P t  coated IN-738 at  ze ro  hour.  The path 
begins  along the Pt-A1 b ina ry  but quickly moves  into 
the Ni -P t -A1 t e r n a r y  i so the rm.  The P t  content  r eaches  
zero  in the ~ phase,  so Path  4 is  expected to be en t i re ly  
in the Ni -Cr -A1 t e r n a r y  i so the rm f rom that point  on. 
As is  seen  for the a lumin iza t ion  of b a r e  IN-738, the 
path exhibi ts  two f inger  zones:  /3 + a and y '  + a .  Path  5 
for the 3 h condit ion,  t h i n - P t  coated IN-738, begins  
well into the t e r n a r y  Ni-Pt-A1.  Once again,  Pt  drops  
to ze ro  in fl, and the r e m a i n d e r  of the path dupl ica tes  
Path 4. Path  6 is  the path for 0 Pt; i . e . ,  for a l u m i n i -  
zation of ba re  IN-738. F o r  ve ry  thin Pt  coat ings on 
IN-738, the m i c r o s t r u c t u r e  would be expected to fol-  
low Path  6. 

The pa t t e rn  which e m e r g e s  f rom the obse rved  m i -  
c r o s t r u c t u r e s  is  complex, but it can be t rea ted  with 
the use  of the appropr ia te  d i ag rams .  F o r  the 0 h case ,  
Pa ths  1, 2, and 4 a l l  s t a r t  at  the s a m e  point; i . e . ,  they 
in i t i a l ly  ac t  as though the Pt  l ayer  is  inf ini te .  A much 
th inner  P t  l aye r  would fo rm an oute r  M2A13 l aye r  
(M-Pt ,  Ni), and the path would be between Pa ths  4 and 
6. In Fig .  9 the Pa ths  4 and 6 look ve ry  far  apar t ,  but 
if these paths were  plotted in Fig.  8, the merg ing  of 
the two paths  would be m o r e  evident.  With i nc r ea s ing  
t ime at t empe ra tu r e ,  the diffusion paths  tend to move 
in the d i r ec t ion  of l e s s  A1 and less  P t  at  the sur face ,  
as would be expected. C o m m e r c i a l  Pt-A1 coat ings a r e  
f requent ly  heat t r ea ted  at lower t e m p e r a t u r e s  and 
longer  t imes ,  but they probably  go into s e r v i c e  with a 
coating desc r ibed  by Path  3 or 5. If A1 is consumed in 
s e r v i c e  by oxidation or  by m o r e  rapid  inward diffusion 
than that for Pt  diffusion into the subs t r a t e ,  the outer  
su r face  composi t ion  may again  move toward the P t  
co rne r  of the q u a t e r n a r y  i so the rm.  

The r e f r a c t o r y  me ta l s  a re  excluded f rom the outer  
su r face  of the coating of the 25 /~m Pt  sample  and a r e  
r e s t r i c t e d  in the 5 /~m Pt  sample  as  compared  with 
nonpla t in ized  IN-738. In the 5 /~m P t  reg ion  there  is  
not suff ic ient  P t  p r e s e n t  to l imi t  the in i t i a l  l iquid f o r -  
mat ion  f rom involving the subs t r a t e ,  so s u b s t r a t e  e l e -  
ments  a r e  al loyed with the Pt  and A1 to fo rm the con-  
cen t ra t ion  grad ien t  shown in Fig.  6. Even so, the 
r e f r a c t o r y  meta l  concen t ra t ion  in the outer  zone of 
the 5 /~ m Pt  reg ion  is much l e s s  than that for non-  
p la t in ized  IN-738, as can be seen  by compar ing  Fig.  6 
with Fig .  7. Here in ,  at  l eas t  in par t ,  may r e s i d e  the 
r e a s o n  why p la t inum a luminized ,  n i c k e l - b a s e  s u p e r -  
a l loys  have such excel lent  h o t - c o r r o s i o n  r e s i s t a n c e .  
Borns te in  et  al. 1B have shown that MoOn, when p r e s e n t  
above a c r i t i c a l  concent ra t ion ,  wil l  a cce l e ra t e  the 

NaeSO4 hot c o r r o s i on  of n i c k e l - b a s e  supera l loys .  If 
potent ia l ly  de le t e r ious  e l ements  a re  " b u r i e d "  beneath 
the coating, they cannot  c o n t r i b u t e  to acce l e r a t ed  hot 
c o r r o s i on  at the sur face .  Recent  s tudies  17 have ind i -  
cated Mo is harmful ,  but it should be noted that o ther  
worke r s  1a'19 have shown that Mo, W and Ta  can be 
benef ic ia l  to the hot c o r r o s i on  r e s i s t a n c e  of N i -base  
a l loys .  Other  a l t e rna t e  m e c h a n i s m s  for the benef i t s  
of p la t inum include: a) incorpora t ion  in oxide growth 
s t r e s s  genera t ion ,  2~ b) enhanced diffusion of A1 in the 
al loy when Pt i s  p re sen t ,  21 and c) improved  sca le  ad-  
hes ion due to mechan ica l  keying by alloy p r o t r u s i o n s  
into the scale .  22 

A note of caution is  offered, based upon obse rva t ions  
made in this  study. F o r  many of the a lumin ized  Pt  
coated IN-738 s a m p l e s  examined,  there  was a s t rong  
tendency for pa r t i a l  coating de lamina t ion  to occur .  In 
some cases ,  s epa ra t ion  occu r r ed  at the Pt /1N-738 

P! 0r 

NI 

Fig. 8-Schematic 1060~ isothermal section for the Ni Cr A1 
Pt quaternary phase diagram (hypothetical). The ternary ap- 
proximation of IN-738 is shown coupled to Pt and the Pt to A1. 

TO' AI TO A| 

~ I 0 6 0 " C  

Cr4PI Cr O;tIN -738 

Fig. 9-Schematic diffusion paths for 1060~ aluminization of 
Pt coated IN-738; (1) aluminization with "infinitely thick" Pt 
layers, (2) 25 pm thick Pt at 0 h, (3) 25 pm thick iat at 3 h, 
(4) 5 pm thick Pt at 0 h, (5) 5 pm thick Pt at 3 h, and (6) non- 
Pt coated IN-738 at 3 h. 
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(b) 
Fig. 10-Examples of delamination in coatings formed by pack aluminizing platinized IN-738; (a) Coatings formed at 0 h and 
(b) Coatings formed at 3 h. 

boundary  (Fig.  10), ind ica t ing  f a i l u r e  b e c a u s e  of l a r g e  
d i f f e r e n c e s  in t h e r m a l  expans ion  ~3'~4 o r  b e c a u s e  of 
poor  in i t i a l  bond. Another  type of de t amina t i on  (Fig .  10) 
involved s e p a r a t i o n  a long p h a s e  b o u n d a r i e s  o r  through 
p h a s e s  in the ou te r  Pt ,  A l - r i c h  r e g i o n s  of the coat ing.  
T h e s e  ou te r  r eg i ons  a r e  qui te  b r i t t l e .  If p a r t i a l  coa t ing  
d e l a m i n a t i o n s  should  occu r  in coa ted  tu rb ine  c o m p o -  
nents ,  i t  i s  l i ke ly  that  a c c e l e r a t e d  l o c a l i z e d  hot  c o r r o -  
s ion  would r e s u l t .  

CONCLUSIONS AND SUMMARY 

B a s e d  on t h e s e  da ta ,  s e v e r a l  o b s e r v a t i o n s  s e e m  a p -  
p r o p r i a t e :  

1. As was  the  c a s e  fo r  a lumin iz ing  IN-738,  a g e n e r a l  
p a t t e r n  of m i c r o s t r u c t u r e s  i s  deve loped  for  a lumin i z ing  
P t  coa ted  IN-738.  The  p a t t e r n  can be d e s c r i b e d  in t e r m s  
of the  a p p r o p r i a t e  phase  d i a g r a m s .  

2. Th is  s tudy has  d e m o n s t r a t e d  that  the depos i t i on  
of a p la t inum l a y e r  onto IN-738 p r i o r  to a l umin i za t i on  
l e a d s  to the r educ t ion ,  o r  even e l imina t ion  of r e f r a c t o r y  
me ta l  e l e m e n t s  in the ou te r  r e g i o n  of the f inal  coat ing.  
I t  i s  s u g g e s t e d  that  the lower ing  or  e l im ina t i on  of c e r -  
ta in r e f r a c t o r y  e l e m e n t s  may  account  a t  l e a s t  in p a r t  
for  the i m p r o v e d  h o t - c o r r o s i o n  r e s i s t a n c e  of p l a t i n u m -  
a l u m i n i z e d  coa t ings  on n i c k e l - b a s e  s u p e r a l l o y s .  

3. T h e r e  a r e  r e g i o n s  of high C r  and r e f r a c t o r y  m e t a l  
concen t r a t i on  in the P t  coa ted  s a m p l e s  [Fig .  5(c) and 
(d); F ig .  6(c) and (d)], that  a r e  s i m i l a r  to those  found 
for  n o n - P t - c o a t e d  In-738 a s  d e s c r i b e d  in Ref.  3 and a s  
shown in F ig .  7. T h e s e  r e g i o n s  may  f o r m  a s  a r e s u l t  
of both s o l i d -  and l i q u i d - s t a t e  diffusion.  

4. The P t  r e m a i n s  m o s t  c o n c e n t r a t e d  at  the s u r f a c e  
of the  s a m p l e  a f t e r  a lumin iza t ion ;  t he se  r e s u l t s  a r e  
s i m i l a r  to those  o r i g i n a l l y  r e p o r t e d  in Ref.  1. When 
t ime  i s  a l lowed for  diffusion,  A1 can di f fuse  through 
the P t  and into the s u b s t r a t e .  It s e e m s  m o r e  a p p r o p r i -  
a te  to r e g a r d  P t  a s  a d i f fus ion m e d i u m  r a t h e r  than a s  
a d i f fus ion  b a r r i e r  for  a luminum.  
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