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ABSTRACT

The relationship between the process variables and the coating i

microstructure were studied for aluminide-coated y'/® directional eutectics.

A spectrum of coating microstruc;ures were obtained depending on ;he choice
of the process variables. The process variables were the aluminizing and

homogenizing temperatures, the homogenizing time and the activity of alumi-

num in the coating pack. The microstructures were described with refer-
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ence to the Ni-A{-Nb ternary phase diagram and the diffusion of the alumi-

-

num and the nickel atoms.
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INTRODUCTION

Recent studies on turbine blade materials have resulted in
the development of in-situ composites. These materials possess an
aligned second phase produced by the directional solidification of a
eutectic. One system of interest is the directional NiaAL-Ni3Nb (r'/d)
eutectic.1 Although the environmental behavior of such systems is im-
portant, only recently has the oxidation behavior of directional eutectics
been studied.z’3 These studies have recommended the use of oxidation-
resistant coatings for long-term, high temperature service.l’z’4

Aluminide coatings on turbine blade materials have been used
for a number of years as an efficient and low;cost protection system.

While an extensive background on aluminide coatings exists in the litera-
ture,5’6’7’8’9’10 the process variables/structure/property relationships
are not adequately understood. A comprehensive study was therefore under-
taken to examine the effects of the aluminide coating process variables
on the oxidation behavior of y'/d eutectics, through the control of the
coating microstructure. In general, the coating microstructure can be
altered by the following process variables: the aluminizing and homo-
genizing temperatures, the homogenizing time and the activity of aluminum
"in the coating pack. The homogenizing treatments were performed to de-
termine the extent of coating degradation due to the high-temperature
exposure of the coating, uncomplicated by the cffects of oxidation. The

ternary diffusion pathu’12

was used to monitor the changes in the coat-
ing microstructure since each of the above process variables affects one

of the terminal compositions (the surface composition) of the coated




substrates.

This paper presents the results of a shorter study on the ef-
fects of the aluminide coating process variables on the microstructure
of the coated substrates. It deals with the mechanisms of coating
formation (aluminization) and degradation in an inert environment (homo -
genization). The sequence of the phase layers in the coating micro-
structure is explained with reference to the appropriate Ni-A{-Nb ternary
isotherms and the structural aspects are discussed with the aid of dif-
fusion kinetics. Although only one coating-substrate system was used,
the conclusions drawn from the present study are expected to be common

to most, if not all, aluminide-coated directional eutectics.

EXPER IMENTAL PROCEDURES

Specimens for aluminization were sectioned from a directionally
solidified y'/® alloy (nominal composition 15.1%/0 Nb-75%/0 Ni-9.9 AL),
so that the growth direction was parallel to the plane of the section.
After grinding on 600 grit SiC paper, the specimens were degreased and

7,8,10

aluminized using the pack-cementation process. The details of the

aluminizing treatment are given in Table I. Temperatures of 900°C and
"1140°C were chosen because of the availability of ternary isotherms.13’14

Homogenizing treatments were done in an argon atmosphere at
900°C and 1140°C for times ranging from 1 to 150 hr. These times pro-
vided sufficient coating degradation to permit the formulation of de-
gradation mechanisms.

A combination of metallography, electron microprobe analyses

(EMPA) and X-ray diffraction techniques (for the surface phases) were




used for phase identification. Microprobe intensities from three line
emissions (Nb Lo, Ni Ko, AL Ka) were recorded by point and line counting
at successive steps parallel to the diffusion direction; raw intensities
were corrected for background and dead-times and converted to concentra-
tion values using the alpha-coeffic;ent method.15 Diffusion paths along
each of the original y' and ® lamellae were determined by plotting con-

centration values on the ternary isotherms.

RESULTS

A. Aluminization of the Substrates

Figs. 1(a) and (b) show the as-aluminized microstructure of
a directional y/® eutectic at 900°C and 1140°C, respectively, formed by
pure aluminum in the coating pack (high-aluminum activity pack). Basi-
cally, both the microstructures showed evidence of the original lamellar
morphology, as seen in zone A, Figs. 1(a) and (b). However, tge phases
present in that zone differed at the two temperatures. At 900°C,
Ni2A£3 and NbA£3 were present whereas at 1140°C, a layer of Az-rich B
and NbAz3 was formed above a layer of Al-rich B and Nb (NixA!,l_x)2 ).

In addition, at 1140°C, Fig. 1(b), another region (zone B) was prominent.

It consisted of a layer of Ni,NbA{ (7)) at the positions marked by arrows

2
and extensions into the y' lamellae. EMPA data show the latter to con-
sist of two-phase regions of Ni-rich B and 5. (At 900°C, zone B was

barely resolved; no conclusions could be reached regarding its composition.)

Fig. 1(c) shows the microstructure of an as-aluminized substrate

at 1140°C formed by an alloy of aluminum and nickel in the coating pack




(low-aluminum activity pack, see Table I for pack composition). As

in the case of high-aluminum activity packs, the coating microstructure
can be divided into zones A and B. Zone B is very similar to that in
Figure 1(b) and consists of the T-phase (denbted by arrows) and coat-
ing extensions of Ni-rich B and ® into the y' lamellae. Zone A, on the
other hand, differs from that in Figs. 1(a) and (b) by the absence of
the original lamellar morphology. Particles of aluminum oxide trapped
in this zone serve as diffusion markers and indicate the relative motion
of the aluminum and nickel atoms.

Figure 2 shows the diffusion paths plotted on the appropriate
ternary isotherms for each of the microstructures in Figure 1.

B. Homogenization of the Coated Substrates

Figure 3 shows the homogenization sequence for the aluminized
substrate o £ Fig. 1(b). The first significant change to occur is the
formation of an integral layer of the T)-phase in zone B, Fig. 3(a).

At a later time, a layer of Ni-rich B, containing no secondary‘phases,
forms above the T\-phase, Fig. 3(b). At the end of 50 hrs. of homogeniz-
ing, Fig. 3(c), the AlL-rich phases of the surface have disappeared; ex-~
posing the Ni-rich B layer of composition 3.3%/0 Wb-59.7%/0 Ni-37%/0 AL.

The sequence of homogenization of high-activity packs at 900°C
is similar to that at 1140°C, but has slower kinetics. The coating
layers after 150 hrs. at 900°C are sequentially similar to those in the
as-aluminized microstructure at 1140°C. This is at variance with what
was expected since the 900°C isotherm shows the existence of a two-phase
region of v' and 7, instead of Ni-rich B and & that appears on the coated
substrates. The existence of the y'+ T region on the 900°C isotherm is

therefore inconsistent with results of the present study.
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Figure 4 shows the stages of homogenization of a substrate aluminized
with a low-aluminum activity pack at 1140°C. The first stage involves
the disappearance of the T -phase, Fig. 4(a) and the consequent joining
of the Ni-rich B in zones A and B, Fig. 4 (b ). At the end of 150 hrs.,

zone A is separated from the y'/® substrate by a layer of y'.

DISCUSSION

A. The Mechanism of Coating Formation

The preceding section has indicated several similarities and
differences between the microstructures in Fig. 1. Zone A in Figs. 1l(a)
and (b) possesses the original lamellar morphology whereas this is not
evident in Fig. l(c). Zone B is very similar in Figs. 1(b) and ¢c) where-
as it is not resolved in Fig. 1(;). A spectrum of coating microstructures
can, therefore, be obtained by altering the aluminizing process variables,
limited at one end by low aluminizing temperatures and high aluminum
activity packs and at the other by high aluminizing temperatur;s and low~
aluminum activity packs.

In general, the surface phases present on the coatings are de-
termined by the constitution of the Ni-Af-Nb ternary isotherm, or more
_precisely, by the aluminizing temperature and the activity of aluminum
in the coating pack. In high-activity packs, the phases with the high-
est aluminum content form along the original y' and the 5 lamellae.

These are N12A13 at 900°C and Al-rich B at 1140°c (above the melting point
of N12A23) along the y' lamellae and NbA£3 at both temperatures along the

8.lamellae. However, the ternary isotherm indicates that both N12A£3 and




Af-rich B have lower solubilities of niobium than the original y'-phase.
Thus Nb-enriched secondary phases must precipitate. These phases pre-
cipitate along the original ® lamellae since,NbAz3 is almost stoichiome-
tric. Consequently, in high-activity packs, the surface layers consist
of two-phase regions along each of the original y' and 8 lamellae. This
is observed in the diffusion paths in Fig. 2.

The diffusion paths originating from the surface phases alter-
nately have to reach the composition of the substrate (y' and ). 1In
doing so they have to cross various single-phase, two-phase and three-
phase fields. At 1140°C, these are Af-rich 8 + A, B + T, Ni-rich B + &
and v', along the y' lamellae and Af-rich B + A, T and ® along the &
lamellae. At 900°C, the identity of the two-phase fields could ﬁot be
determined.

The sequence of phase layers in low-aluminum activity coatings
can also be explained with reference to the ternary phase diagram. The
surface phase of stoichiometric B forms because it corresponds to the -
activity of aluminum being transported to the surface of the substrate.
However, due to the low solubility of niobium in the B-phase, a Nb-enriched

secondary phase precipitates. The diffusion path in Fig. 2(a) traverses

" the two-phase Ni-rich B + © region and terminates in the y'-phase, along

the y' lamellae and passes through the T and &-phases, along the & lamellae.

The structural aspects of the coatingnlayers can now be discussed
with the aid of appropriate diffusion data. Clearly, the manner in which
zone A formed in Figs. 1(a) and (b) is different from the manner in which
it formed in Fig. 1(c). Also, the structural similarity at zone B in

Figs. 1(b) and (c) suggests that it formed differently than in Fig. 1l(a).
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These similarities and differences can be explained from the relative
rates of motion of the mobile species during coating formation.

Although no diffusion data exist for the Ni-A4-Nb ternary
system, data are available for the respective binary systems. Such
data aid in making assumptions as to which species is the most mobile.
Table 1II lists the appropriate binaiy systems and the most mobile species
in the phases of interest. Zone A in Figs. 1(a) and (b) contains N12A£3,
Al~-rich B and NbA!,3 and hence must form by the predominant diffusion of
aluminum atoms along the original y' and the & lamellae. The lamellar
morphology of the zone is consequently retained. In Fig. l(c), zone A
consists of stoichiometric B and in this phase nickel atoms are more
mobile than aluminum atoms (Table II). The nickel atoms move outward
and react with aluminum on the external surface. In doing so, the layer
of stoichiometric B which forms loses the original lamellar morphology
of the substrate. The outward motion of nickel is evidenced by the en-
trapment of aluminum oxide particles within the outer coating layers.

Zone B in Figs. 1(b) and (c) consist of Ni-rich 8 and 5. In
these phases nickel is the mobile species (Table II). Nickel atoms move
out of the v'-phase, making it rich in aluminum and niobium and result-

ing in the formation of Ni-rich B and . This zone is not evident at

900°C, Fig. 1(a), due to the combination of the high inter-diffusion

coefficient of the Ni2A£3 phase and the low aluminizing temperature, which

retards the formation of Ni-rich phases.
In general, the diffusion rate of nickel out of the original y'

and the & lamellae will not necessarily be the same;21 lateral diffusion




across the original y'/® interphase boundary might be expected. This
effect is observed during the formation of the T-phase layer in Figs.

1(b) and (¢). At the positions denoted by arrows, the d-lamellae would

be juxtaposed with a layer of 8 containing about Sa/o Nb-542/0 Ni-éla/o AL.
However, such a situation cannot occur due to the phase equilibria on the
1140°C isotherm and so an intervening layer of the T|-phase must form. This
occurs by the transverse dissolution of the B-phase.

B. The Mechanism of Coating Degradation in an Inert Environment

Once the coating layers have been formed with Af-rich phases on
the surface of the substrate, the inward diffusion of aluminum continues
until its concentration gradient cannot support significant inward alumi-
num diffusion. At this stage a reversal of interface motion ocm;rs22 and
the growth of Ni-rich phases is gradually promoted. This involves a change
in the mode of diffusion, from predominant aluminum motionlto predominant
nickel motion. Figure 3(b) shows a layer of Ni-rich B (in zonme A) formed
by the simultaneous diffusion of aluminum inward through the AL-rich phases
at the surface, nickel diffusion outward from the substrate and the re-
action of this nickel with aluminum. The fact that this Ni-rich B layer
does not possess the original lamellar morphology and secondary phases,

"indicates that it was formed by the above mechanism. Eventually, the in-
ward motion of aluminum atoms ceases due to the removal of the Al-rich
phases at the surface by the outward growth of the Ni-rich 8, Fig. 3(c),
and only the motion of nickel atoms through the Ni-rich phases occurs.

In low-aluminum activity pack coatings, since AL-rich surface

phases are not present, inward diffusion of aluminum does not occur;
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homogenization continues only by the diffusion of nickel atoms from the

substrate into the coating layers.

SUMMARY

The present study shows that a spectrum of micrpostructures carn
be_obtained in aluminide coatings on y'/d directional eutectics by proper
selection of process variables. A complete description of the coating
microstructures requires reference to the appropriate ternary isotherm
as well as kinetic data (relative mobility of the aluminum and the nickel
atoms). Process variables that form Af-rich phases on the surface pro-
mote the inward diffusion of aluminum whereas those which form Ni-rich
phases on the surface promote the outward diffusion of nickel atqms from
the substrate. The presence of two aligned phases of different com-
position in the eutectic substrate allows for diffusion across the
interphase boundaries, since the diffusion rates along the y' and the &

lamellae are not the same. The above conclusions are expected to be

similar for most aluminide-coated directional eutectics.
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LIST OF FIGURES

Fig. 1 (a) Microstructure of the as-aluminized coating at 900°¢C for

20 min. (high-aluminum activity pack).

Fig. 1(b) Microstructure of the as-aluminized coating at 1140°c for

30 min. (high-aluminum activity pack).
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Fig. 1l(c) Microstructure of the as-aluminized coating at 1140°C for

1 hr. (low-aluminum activity pack).

Fig. 2(a) Ni-Af-Nb ternary isotherm at 900°¢ showing the diffusion
paths along the original y' and the & lamellae for the

microstructure in Fig. 1(a).
Fig. 2(b) Ni-Af-Nb ternary isotherm at 1140°¢ showing the diffusion !
paths along the original y' and the 5-lamellae for the
microstructures in Fig. 1(b) and (c).
Fig. 3(a) Microstructure of the coating in Fig. l1(b) after homo-
genization at 1140°c for 1 hr.
:
Fig. 3(b) Microstructure of the coating in Fig. l1(b) after homo-
genization at 1140°C for 3 hrs.
Fig. 3(c) Microstructure of the coating in Fig. 1(b) after homo- ¢
genization at 1140°C for 50 hrs. #

Fig. 4(a) Microstructure of the coating in Fig. 1l(c) after homo-

genization at 1140°C for 1 hr.

Fig. 4(b) Microstructure of the coating in Fig. l(c) after homo-
genization at 1140°C for 50 hrs.

Po)T v _menags

Fig. 4(c) Microstructure of the coating in Fig. 1(c) after homo-

genization at 1140°C for 150 hrs.




i 3IHNOIA
(2) ulrySne] *3°Q ¥ 13I3H “M°¥ ‘Iempayg °O°H
§213033ny ./ A
.ﬂﬂﬁ. g A JBUOTI39311IC0 uo 3uljeo) aprulwWN]Y

Q
+
9 you-IN

saseyd payduiusa-gqN+9

9 213wolydlogs

(q) M s

ot QA Q +A

g auoz

A4
+

9 You-y

€lvan
+
9 yal-y




ISOTHERM

DIFFUSION PATHS ON THE 1©900°C

Ni

20

(@]
@,
\D‘/'
0|0V\ 2 g
o fo)
=
S
o |
1S
= 3
(4
< O\ g
\\\ ‘ 8
\\\ e o —
~ 00/,0 >‘.° w
o '®
2R 79
N
/'4 N é"
o S "‘ o
‘D a 'O\ ‘; Z
"\\ 8
b
_M
g
W -
W o P4 o =
) « 3
-
g

H.C.

Aluminide Coating on Directional |
y'/® Eutectics

Bhedwar, R.W. Heckel & D.E. Laughlin

-

=5, 2T \

e

P




>
ac
w
o =
-
®)
L
&
)

o
=
W
L
r—
=
o
2]
u =
-
<
a
Z
s
n
-
L
-
o

Ni

Nb

V4

(]
NbzAl 10

/
~— 0b Al

£y
&
N
)
60

NbAI3

90

Al

Aluminide Coating on Directional
Y'/® Eutectics
H.C. Bhedwar, R.W. Heckel

FIGURE 2(b)




g auoz

v auoz

€ 34NOid

g auoz

v auoz

Q +,A
Q
+
g auozZ
g udL-IN
(9 Yu
g udu-IN v suoz
€lvan
+
9 uYdh-1y

S——

. 3
®
s 3
g
o+ A w =
2 e
<
0 ” Y
8o
+ - o Y
o m 5
g ud-IN 08
- = o
Yo =
S =
o 5
o T
£ =
- S
9 Ydu-IN
(e)
i
ALt QA Q+ A
Q
-
Q@ udl-IN
u
: v
: RES +
9 udu-y

¥
{

d

SN




v 34N9OI4d

(2) uTTySne] *3°C % 19%O3H "M'¥ ‘Iempaug "O'H

I 9 A §213923n3 o/, A
1euU01323110 uo Suljeo) IprUIWN]Y

g usli-IN

U + 9 Yydsu-IN

Y + @ Ydl-IN

9 udu-IN

S T RN e SR Ay T

1 Q + A
¢ H & -~ - . 1
J ” w w M i g )
8 £} k'3
FHEUEL :
SR ANEE 8 ¢
{ % w 14 : ¢ m 21
| y A0 g YdN-IN
. (M m m il < ‘1 :

g uduI-IN
u + 9 Yu-IN

‘U + @ YdU-IN
YV + 9@ Wu-IN

BV + 9 you-IN

g Ydli-IN JUBWOIYII0NS




Unclassified

SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)
REPORT DOCUMENTATION PAGE BEFORE COMPL ETING FORM

1. REPORT NUMBER - 2. GOVT ACCUESSION NO.| 3. RECIPIENT’S CATALOG NUMBER

Technical Report No. 1 </
4. TITLE (and Subtitle) S. TYPE OF REPORT & PERIOD COVERED

Aluminide Coating on Directiomal y'/® Eutectics Technical Report

> il
6. PERFORMING ORG. REPORT NUMBER

7. AUTHORC(e) 8. CONTRACT OR GRANT NUMBER(s)

BHEDWAR, Homi C.

HECKEL, Richard W. N00014-76-C-0198 &

LAUGHLIN, David E.

9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. ::ggR.AD'AOE.LKESS'NTT,NPURMO'J!E.CST. TASK
Carnegie-Mellon University -
Schenley Park (=~
Pittsburgh, Pennsylvania 15213
t1. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE
Metallurgy Branch May 1977 -
Office of Naval Research 13. NUMBER OF PAGES
Arlington, Virginia 22217 19

. MONITORING AGENCY NAME & ADDRESS(!! different from Controlling Oflice) 1S. SECURITY CLASS. (of this report)

Metallurgy Branch Unclassified
Office of Naval Research

Arlington, Virginia 22217

15a. DECLASSIFICATION/DOWNGRADING
SCHEDULE ;

. DISTRIBUTION STATEMENT (of this Report)

Unlimited

17.

DISTRIBUTION STATEMENT (of the abetract entered In Bleck 20, if dilferent frem Report)

Unlimited

SUPPLEMENTARY NOTES

. KEY WORDS (Continue on reverse eide If neceseary and identily by block number)

Aluminide Coatings Diffusion Kinetics

v'/5 Directional Eutectics

Process Variables PQ(ME
Microstructure &pﬁ“‘" -DE‘LTA
Ternary Phase Diagram 1 ?

ABSTRACT (Continue on reverse side I necessary and identily by block number)

The relationships between the process/ variables and the coating microstructure
were studied for aluminide-coated /@directional eutectics. A spectrum of
coating microstructures was obtained depending on the choice of the process
variables. The process variables were the aluminizing and homogenizing tem-
peratures, the homogenizing time and the activity of aluminum in the coating
pack. The microstructures were described with reference to the Ni-AfL-Nb
ternary phase diagram and the diffusion of the aluminum and the nickel atoms.
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