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ABSTRACT

The relationship between the process variab les and the coating

micros tructure were studied for aluminide-coated y ’/~ directional eutectics .

A spectrum of coating microstructures were obtained depending on the 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-

ence to the Ni -AL-Nb ternary phase diagram and the diffusion of the alumi-

num and the nickel atoms .

*Now at Michigan Technological University, Department of Metallurgical

Engineering, Houghton, Michigan 49931.
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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 Ni3AL-Ni3Nb (‘r’/~
)

eutectic) Although the environmental behavior of such systems is im-

portant , only recently has the oxidation behavior of directional eutectics

been studied.
2’3 These studies have recommended the use of oxidation-

resistant coatings for long-term , high temperature service)’
2’4

Alutninide coatings on turbine blade materials have been used

for a number of years as an efficient and low-cost protection system.

Wh ile an extens ive background on aluminide coatings exists in the litera-

ture,
5’6’7’8’9’1° 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 i’/8 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 effects 0 oxidation. The

ternary diffusion path 11’12 
was used to monitor the changes in the coat-

tog microstructure since each of the above process variables affects one

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

This paper presents the results of a shorter study on the ef-

fects of the aluminide coating process variables on the tnicrostructure

of the coated substrates . It deals with the mechanisms of coating

formation (aluininization) 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-AL-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 .

EXPERIMENTAL PROCEDURES

Specimens for aluminization were sectioned from a directionally

solidified y ’/B alloy (nominal composition 15 1a10 Nb_75a/O 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

7,8,10aluminized using the pack-cementation process . The details of the

aluminizing treatment are given in Table I. Temperatures of 900°c and

o . 13,141140 C were chosen because of the availabili.ty of ternary isotherms.

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

Ii
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used for phase identification. Microprobe intensities from three line

emissions (Nb Lcr, Ni Ka, 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-coefficient method)5 Diffusion paths along

each of the original r’ and 5 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

0 0a th.rectional y’/5 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, the phases t
present in that zone differed at the two temperatures . At 900°C,

Ni2AL3 and NbAL3 were present whereas at 1140°C, a layer of AL-rich ~
and NbAL3 

was formed above a layer of AL-rich ~ and Nb (N i
~

AL1_~)2 (X).

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

It consisted of a layer of Ni
2
NbAL (11) at the positions marked by arrows

and extensions into the T’ lamellae. EMPA data show the latter to con-

sist of two-phase regions of Ni-rich ~ and 5. (At 900°C, zone B was

bare ly resolved ; no conc lusions 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 nicke l in the coating pack

I
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(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 cons ists of the 1~-phase (denoted by arrows) and coat-

ing extensions of Ni-rich 3 and S 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

Fig ure 3 shows the homogenization sequence for the al uminized

substrate of Fig. 1(b). The first significant change to occur is the

forma tion of an integral layer of the ~-phase in zone B, Fig. 3(a).

At a later time, a layer of Ni-rich 3, containing no secondary phases ,

forms above the 11-phase , Fig. 3(b). At the end of 50 hrs. of homogeniz-

ing , Fig. 3(c), the AL-rich phases of the surface have disappeared , cx-

a a a
posing the Ni-rich 3 layer of composition 3.3 /0 Nb -59.7 to 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 firs , at 900°C are sequen tiall y similar to those in the

as-aluminized microstructure at 1140°C. This is at variance with what

was expec ted s ince the 900°C isotherm shows the existence of a two-phase

region of y ’ and 11, instead of Ni -rich 3 and 5 that appears on the coated

substrates . The existence of the r’÷ 11 reg ion on the 900°c isotherm is

therefore inconsistent wi th results of the present study.

- U
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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 11-phase , Fig. 4(a) and the consequent joining

of the Ni-rich 3 in zones A and B, F ig. 4(b). At the end of 150 hrs.,

zone A is separated from the y’/S substrate by a layer of r’ .

DISCUSSION

A. The Mechanism of Coating Formation

The preced ing sec tion has indicated several s imi lar ities and

differences between the rnicrostructures in Fig. 1. Zone A in Figs . 1(a)

and (b) possesses the original lamellar morphology whereas this is not

evident in Fig. 1(c). Zone B is very similar in Figs. 1(b) and (c) where-

as it is not resolved in Fig. 1(a). 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 temperatures and lows

aluminum activity packs.

in general , the surface phases present on the coatings are de-

termined by the constitution of the Ni-AL-Nb ternary isotherm , or more

prec isel y,  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 S lamellae .

These are N i2
AL

3 
at 900°c and AL-rich 3 at 1140°C (above the melting point

of NL 2AL
3

) along the T ’ lamellae and NbAL
3 

at both temperatures along the

5•lamellae . However , the ternary isotherm indicates that both Ni2AL3 and
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AL-rich 3 have lover solubilities of niobium than the original T’-phase.

Thus Nb-enriched secondary phases must precipitate. These phases pre-

cipitate along the original 5 lamellae since NbAL3 
is almost stoichiome-

tric. Consequently , in high-activity packs , the surface layers consist

of two-phase regions along each of the original y’ and S 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 (T ’ and 5). In

doing so they have to cross various single-phase , two-phase and three-

phase fields. At 1140°C, these are AL-rich 3 + X , 3 + 11, Ni-rich 3 + S

and r’ , along the ~~ lamellae and AL-rich 3 + X , 11 and S along the 5

lacnellae. At 900°C, the identity of the two-phase fields could not be

determined . 
-.

The sequence of phase layers in low-aluminum activity coatings

can also be explained with referenc e to the ter nary phase diagram. The

surface phase of stof.chiometric 3 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 3-phas e, a Nb-enriched

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

- • the two-phase Ni-rich 3 + B region and terminates in the r’-phase, along

the T lamellae and passes through the 11 and 5-phases , along the B lamellae .

The structural aspects of the coating layers 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 . 1(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-AL-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 II lists the appropriate binary systems and the most mobile species

in the phases of interest. Zone A in Figs . 1(a) and (b) contains Ni2AL3,

AL-rich 3 and NbAL3 and hence must form by the predominant diffusion of

aluminum atoms along the or iginal 
~~
‘ and the S lamellae. The lamellar

morphology of the zone is consequently retained . In Fig. 1(c), zone A

consists of stoichiometric 3 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 3 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 3 and S. In

these phases nickel is the mobile species (Table II). Nickel atoms move

out of the r’-phase , making it rich in aluminum and niobium and result-

ing in the formation of Ni-rich 8 and 5. This zone is not evident at

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

coefficient of the Ni2A.t3 p
hase and the low al uminizing tempera ture , which

retards the formation of Ni-rich phases .

In general , the d iffus ion ra te of nickel out of the or ig inal y ’

and the B lamellae will not necessarily be the same ;
21 la teral dif fus ion

__________  L
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across the original y’/B interphase boundary might be expected. This

effect is observed during the formation of the 11-phase layer in Figs.

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

be juxtaposed with a layer of 8 containing about 5a,0 N.D_ 54a,O N~_4l
a
,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 11-phase must form. This

occurs by the transverse dissolution of the 3-phase.

B. The Mechanism of Coating Degradation in an Inert Environment

Once the coating layers have been formed with AL-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 occurs
22 

and

the growth of Ni-rich phases is gradually promoted. This involves a change

in the mode of diffusion , from predominant aluminum motion to predominant

nickel motion. Figure 3(b) shows a layer of Ni-rich 3 (in zone 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 3 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 3, 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 diffus ion of aluminum does not oc cur;

_  
_ _ _ _ _

. - ~~- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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homogenization continues only by the diffusion of nickel atoms from the

substrate into the coating layers .

SUMMAR Y

The present study shows that a spectrum of micrpstructures car.

be obtained in aluminide coatings on T’/B directional eutectics by proper

selection of process variables . A complete description of the coating

microstructures requires re ference to the appropriate ternary isotherm

as well as kinetic data (relative mobility of the aluminum and the nickel

atoms). Process variables that form AL-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 corn-

position in the eutectic substrate allows for diffusion across the

interphase boundaries , since the diffusion rates along the T ’ and the 5

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

similar for most alumjnjde-coated directiona l eutectics .
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LIST OF FIGURES

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

20 m m .  (high-aluminum activity pack).

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

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

1 hr. (low-aluminum activity pack).

Fig. 2(a) Ni-AL-Nb ternary isotherm at 900°C showing the diffusion

paths along the original y’ and the 6 lamellae for the

tuicrostructure in Fig. 1(a).

Fig. 2(b) Ni-AL-Nb ternary isotherm at 1140°C showing the diffusion

paths along the original I I and the 8-lamellae for the

microstructures in Fig. 1(b) and (c).

Fig. 3(a) Microstructure of the coating in Fig. 1(b) after homo-

genization at 1140°C for 1 hr.

Fig. 3(b) Microstructure of the coating in Fig. 1(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. 1(c) after homo-

genizat ion at 1140°C for 1 h r .

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

genization at 1140°C for 50 hrs .

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

genization at 1140°C for 150 hrs .
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