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The precipitation of chromium-containing phases, in both the B2 type p-phase coating matrix 
(nominally NiAI) and the substrate of high-activity-pack-aluminized single crystals of a nickel- 
base superalloy, is considered in this paper. An 'edge-on' transmission electron microscopy 
(TEM) technique is employed to examine the precipitation of M23X6, a, ~-Cr and other phases 
after coating and diffusion treatment and subsequent post-coating treatment at 850 and 
950~ Initial precipitation is dominated by the formation of M23X6 in both the coating and 
substrate, however, in the case of single-crystal substrates the formation of this carbon-rich 
phase is not sustained. M23X 6 precipitation is superceded by the formation of coherent 
precipitates of the 0~-Cr phase which effectively retains the basis but removes the superlattice 
of the J3-matrix. Extensive precipitation of ~-Cr has the effect of changing the balance of 
chromium to molybdenum in solution in the 13-phase and further precipitation is dominated by 
a-phase intermetallics and other Cr-Mo-containing phases. 

1. Introduction 
Aluminide diffusion coatings are used extensively for 
the protection of nickel-base superalloys against high- 
temperature oxidation. However, relatively few de- 
tailed studies have been made of microstructural de- 
velopment in these systems. Although initial-coated 
microstructures have been characterized, most not- 
ably by Shen et al. for aluminized Ren6 80 [1, 2], a 
systematic examination of changes in the microstruc- 
ture of aluminized single crystals with post-coating 
treatments has not been found. In this regard, even 
though polycrystalline coatings are produced with 
both single-crystal and polycrystalline substrates, im- 
portant differences might be expected in coating 
microstructures due, for example, to the lower levels of 
carbon present in single-crystal alloys. 

In the present investigation, an examination is made 
of the precipitation of chromium-containing phases in 
a high-activity-pack aluminized single-crystal nickel- 
base superall0y. Chromium is a major alloying addi- 
tion to the substrate, and considerable quantities of 
chromium are incorporated in the coating during its 
formation. Chromium has a relatively low solubility in 
the 13-phase (for example 4 at % for stoichiometric 
NiA1 at 850 ~ [3]) when compared to the chromium 
content of the coating (which is in the approximate 
range of 5-25 at % Cr [4]). Hence, the precipitation of 
chromium-containing phases would be expected to be 
of considerable importance. Indeed, apart from de- 
composition of the B2 matrix of the coating (which 
has been addressed by the authors elsewhere [4]), the 
precipitation of chromium-containing phases is found 
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to be the most important factor in coating-micro- 
structural development. 

2. Experimental techniques 
Single crystals of a nickel-base superalloy (with prin- 
cipal alloying additions of Co, Cr, A1, Ti, Me and V) 
were solution treated for 4 h at 1260 ~ followed by 
gas fan quenching to 800 ~ and air cooling to room 
temperature. These specimens were subsequently pack 
aluminized for 4 h at 870 ~ and then subjected to a 
l h  diffusion treatment at 1100~ A further 16h 
ageing treatment (Throughout this paper, the term 
"aged" is used to refer to the 16 h ageing treatment at 
870 ~ applied after aluminization and diffusion treat- 
ment. Any subsequent treatments are identified as 
"exposure". "Post-coating treatment" is  used to 
collectively describe ageing and exposure) at a temper- 
ature of 870 ~ was employed to produce a bimodal 
distribution of 7' (nominally Ni 3 (A1, Ti)) in the sub- 
strate. An argon atmosphere was employed through- 
out these treatments. 

In addition to examination of specimens in the as- 
diffusion treated and as-aged conditions, further heat 
treatments at a temperature of 850 ~ were examined. 
These treatments involved holding times of up to 
138 h in either laboratory air or a 10 =2 Pa vacuum. 
Samples with standard (nominally 40 gm) thickness 
coatings were examined. Additional work was con- 
ducted on samples with thin (nominally 10 gm) coat- 
ings, exposed at either 850 or 950 ~ in air for up to 
138 h. 
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Edge-on specimens were prepared from these sam- 
ples and characterized by the use of transmission 
electron microscopy (TEM), together with energy- 
dispersive X-ray analysis (EDS). Coating cross-sec- 
tional samples were also examined using light and 
scanning electron microscopy (SEM) and SEM-based 
EDS. Further details of the experimental techniques 
employed may be found elsewhere [4]. 

3. Results and discussion 
Following the microstructural investigations, a num- 
ber of different layers were observed in the micro- 
structure. These are shown in Figs 1 and 2a; where, in 
addition to the main coating and the bulk substrate, 
there are intermediate transitional layers in the coat- 
ing and substrate adjacent to the coating-substrate 
interface. At the outer surface of the coating an addi- 
tional layer is produced where the microstructure of 
the coating is influenced by the presence of an outer 
oxide layer. Although the microstructures and sizes of 
the layers vary as a function of initial coating thick- 
ness and subsequent treatment, the layer designations 
given above may still be applied. Precipitation of a 
variety of chromium-containing phases was observed 
after coating and diffusion treatment and also follow- 
ing further post-coating ageing. The formation of 
major phases is now discussed, as far as possible, in 
chronological order of their appearance (minor phases 
that are mostly of importance as nucleation sites for 
major phases are described together with the relevant 
major phase). 

3.1. M23X6 precipitation 
Within the timescale examined (i.e. up to 138 h expos- 
ure at 850 ~ M23X 6 (for which M is predominantly 
chromium with some molybdenum, and X is assumed 
to be carbon) was found to be the predominant 
chromium-containing phase in standard thickness 
coated samples. Indeed, in thin coatings, only M23X 6 
was observed. Generally, attention will be focused on 
precipitation within the coating; however, in order to 
understand some of the features of this precipitation, 
an examination of M23X 6 formation in the substrate is 
required. 

3. 1.1. Precipitation within the substrate 
In the bulk substrate which is unaffected by the pre- 
sence of the coating, occasional cuboidal M23X6 pre- 
cipitates (aligned along ( l l 0 )v  directions and typic- 
ally around 200 nm long) were observed; these were 
cube-cube oriented with the ~/-Ni matrix and with the 
,/'-precipitates (Fig. 2b). Immediately adjacent to the 
coating, however, a region of chromium enrichment 
was encountered (presumably as a result of chromium 
rejection by the growing 13-phase during coating 
formation), in which excess precipitation of M23X 6 
was produced. In the case of standard thickness coat- 
ings (Fig. 2a), these precipitates were essentially elong- 
ated versions of the M23X6 in the bulk substrate (with 
typical lengths of around 500nm). M23X6 precip- 
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Figure 1 SEM image of general coating microstructure and associ- 
ated layers (standard-coated sample exposed for 1.5 h at 850 ~ in 
vacuum). (a) oxide, (b) coating surface, (c) main coating, (d) coating 
transition, and (e) substrate transition and bulk substrate. 

itation in the substrate-transition layer was observed 
both in the coated and diffusion-treated material and 
in samples subjected to post-coating treatment. How- 
ever, following 16 h post-ageing exposure at 850~ 
the formation of Mz3X 6 was superceded by that of a 
cy-phase. 

With the standard thickness coatings, the coating- 
transition layer was found to be chromium-rich com- 
pared to the substrate-transition layer. In contrast, 
with thin coatings, the chromium content of these two 
layers was comparatively even. As a result, very ex- 
tensive precipitation of M23X6 occurred in the sub- 
strate-transition zone of thin coatings, whereas such 
behaviour was largely confined to the main coating 
layer of standard coatings. In the case of thin coatings, 
interlinked networks of M23X 6 precipitates (with the 
same orientations as those in the standard coatings) 
were produced, either in isolation (at 950 ~ or to- 
gether with the [3-needles (at 850~ Fig. 2c, d) de- 
scribed in previous work [4]. 

In summary, M23X 6 precipitates form in the trans- 
itional and bulk-substrate zones along (l l0)y,  
cube-cube orientation related to the 7- 

3. 1.2. Precipitation in the coating 
Within both standard and thin coatings, extensive 
precipitation of M23X'6 (Fig. 2e) was observed. How- 
ever, additional features were encountered with the 
standard coatings which were absent with the thin 
coatings. Hence the simpler, thin coatings will be 
discussed first. 

3.1.2.1. Thin coatings. M23X 6 precipitates were fairly 
evenly distributed throughout the main layer of the 
thin coatings. These generally had a more globular 
morphology than those present in the substrate and 
no single orientation relationship could be identified 



Figure 2 M2~X6 precipitation. (a) A bright-field micrograph of M23X 6 in the substrate-transition zone of a standard-coated sample in which 
x-y denotes the coating-substrate interface (sample as-aged). (b) Selected area diffraction pattern (SADP), B = E1 0 0]~ showing cube-cube 
orientation relationship with Mz3X 6 (substrate of thin coated sample, as-aged). (c) and (d) Interlinked network of M23X 6 and [3 in the 
substrate-transition zone of a thin coated sample, exposed for 1.5 h at 850 ~ in air. Dark-field micrographs: (c) g = (1 1 0)13, and (d) g 
- (440)M2~x6. (e) Dark-field micrograph of M23X 6 formed in a thin coating, g = (400)M23x6; sample exposed for 78 h at 850~ in air. 
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between the [3-phase matrix of the coating and M23X 6. 
To understand these observations it is necessary to 
consider the origin of these precipitates. 

The formation of M23X6 in the coating could arise 
as a result of either incorporation of substrate pre- 
cipitates during formation of the coating, or nucle- 
ation within the coating following its formation. It was 
observed that a proportion of the M23X 6 precipitates 
had a constant orientation, which was independent of 
the orientation of the polycrystalline coating. This is 
consistent with the incorporation of M23X 6 from the 
substrate into the coating. Although slight curvature 
of the foils prevented a direct determination of the 
precise orientation relationship between M23X 6 and 
the substrate, these precipitates would appear to be 
roughly cube-cube oriented with the substrate (as 
expected from an incorporated substrate precipitate). 
A further feature of interest is the difference in mor- 
phology between these globular precipitates and the 
more cuboidal types in the substrate. In general, the 
coating M23X 6 was globular (with a typical diameter 
of around 200 nm) and rounded in comparison with 
the cuboidal precipitate in the substrate (although of a 
generally similar size). In the absence of an orientation 
relationship between the M23X 6 and the [3-matrix it 
would be expected that spheroidal precipitates would 
be favoured and hence the change to a globular 
morphology is not surprising. 

In addition to any direct influence that these pre- 
cipitates exert on the properties of the coating, they 
are also of interest because they act as nucleation sites 
for primary 7'-precipitates and hence may increase the 
rate of decomposition of the [3-matrix. Subsequent to 
the formation of primary 7', further nucleation of 
M23X6 occurs on the 7', which then provides sites for 
further precipitation of M23X 6 or 7' (resulting in the 
formation of a precipitation cascade, as described 
elsewhere [4]). The secondary Ma3X 6 formed during 
the cascades was cube-cube oriented to the 7'-phase. 
These secondary M23X 6 precipitates were generally 
equiaxe d and of a similar size to the precipitates 
incorporated from the substrate, yet they had a more 
angular morphology. In addition, a few isolated, intra- 
granular, globular precipitates were observed with a 
random orientation. Since the substrate M23X6 had a 
fixed orientation, these precipitates would appear to 
have been nucleated from the coating matrix (either 
the [3-phase or other Ni-A1 phases present during the 
initial coating stage which are removed during dif- 
fusion treatment) rather than incorporated from the 
substrate. Although substrate grain boundaries were 
generally dominated by 7'-precipitates any excess 
grain-boundary area was found to act as a nucleation 
site for randomly oriented M23X 6. 

In summary, it can be seen that there are three 
classes of M23X 6 precipitates, which are: (i) incorp- 
orated in the coating and with an orientation related 
to the substrate rather than the coating, (ii) formed on 
7' during the precipitation cascades and cube-cube 
oriented to the 7', and (iii) nucleated directly from the 
coating matrix and randomly oriented. Generally sim- 
ilar behaviour was observed in the coating-transition 
layer, although in this region the M23X6 was some- 
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what coarser than in the main layer (typically 500 nm 
as opposed to 200 nm in diameter). For the surface 
layer, behaviour similar to that in the main layer was 
observed, apart from a tendency for nucleation of 
Mz3X d on the [3-coating oxide interface (which then 
acts as a nucleation site for 73- 

3.1.2.2. Standard coatings. In standard coatings the 
three types of Mz3X 6 precipitation, described above 
for thin coatings, were also observed in the main 
coating layer. However, additional coarse M23X 6 pre- 
cipitates (Fig. 1) were found following coating and 
diffusion treatment and further post-coating treat- 
ment. These coarse precipitates occurred in two forms, 
firstly with a globular morphology in the upper por- 
tion of the main layer (extending from the end of the 
coating-surface layer to a depth of around 20 rim into 
the main layer) and secondly as elongated precipitates 
throughout the coating-transition zone. Elongated 
M23X 6 precipitates formed along the boundaries of 
columnar [3-grains, which invariably lay approxim- 
ately perpendicular to the substrate surface (regardless 
of the orientation of the substrate) with apparently 
random crystallographic orientations. 

In the coating-transition zone, marked chromium 
enrichment (compared to the rest of the coating) was 
produced, presumably due to chromium rejection by 
the growing coating during coating formation. Hence, 
preferential formation of chromium-rich phases might 
be expected. However, for the precipitates in the main 
layer, no such chromium enrichment was observed 
and a different explanation may be formulated. As 
these precipitates generally had a fixed orientation, it 
would appear that most of these coarse phases were 
produced by incorporation of substrate M23X6, which 
had subsequently undergone growth (as a result of 
chromium rejection from the coating matrix). In these 
circumstances, the coarse precipitates may simply rep- 
resent those that had, after a given holding time, spent 
the longest period in the coating. For a coating formed 
predominantly by inward diffusion (as in the present 
case [5, 63), such precipitates would lie towards the 
outside of the coating, since this region is formed first. 
This correlates with the observed behaviour of the 
coarse M23X6 phases. 

In the standard coatings, unlike the thin coatings, 
the formation of M23X 6 was superceded by other 
precipitation (although the existing M23X 6 precipit- 
ates remained stable) following moderate exposure. 
The precipitation of M23X 6 alone was observed after 
coating and diffusion treatment; however, the forma- 
tion of other phases had commenced after the com- 
pletion of the 16 h at 870 ~ ageing stage. This was 
rapidly followed by the termination of M23X6 pre- 
cipitation which occurred after a further treatment of 
1.5 h exposure at 850~ In coatings on single-crystal 
superalloys (which have low carbon contents), the 
formation of a phase such as M23X6 which contains 
significant quantities of carbon is unlikely to be sus- 
tainable for long periods and hence the formation of 
other carbon-free or leaner carbon phases is to be 



exPected, at least in standard coatings where sub- 
stantial M23X 6 precipitation was observed after the 
diffusion-treatment stage. In subsequent sections, the 
changes in the precipitation behaviour in standard 
coatings with post-coating treatment will be exam- 
ined. 

3.2. ~-Cr precipi ta t ion 
Following the 16 h ageing treatment, at 870~ a 
distribution of fine, coherent precipitates, consisting 
essentially of chromium, was observed in the 13-phase. 
Precipitate-free zones were produced in the chro- 
mium-depleted regions surrounding intragranular 
M23X 6 precipitates and around 13-J3-boundaries on 
which M23X 6 had precipitated (Fig. 3). The chro- 
mium-rich precipitates were spheroidal, usually with 
diameters of around 100 nm or less. Occasional coar- 
ser precipitates (typically of around 300 400 nm in 
diameter), with lower coherency with the 13 compared 
to the fine precipitates, were observed both intra- 
granularly and on 13-grain boundaries (and low-angle 
[3-boundary triple points). These relatively coarse pre- 
cipitates became more common with further exposure 
(especially after 78 h at 850 ~ 

The precipitating phase was found to contribute 
strongly to the body-centred-cubic (b.c.c.) basis reflec- 
tions, but only weakly to the CsCl-type superlattice 
of the B2 ]3-phase. The b.c.c, basis of NiA1 (a o 
= 287-289pm in binary NiA1) is very closely 

matched to the lattice of ~-Cr (a o = 288 pm) and 
essentially the precipitating phase can be regarded as 
cz-Cr cube-cube orientation related to the 13-matrix. 
Phenomenologically, this region consists of a mirrol 
image of the substrate, since the superlattice consti- 
tutes the matrix phase and the basis a coherent second 
phase. 

The formation of occasional isolated "chromium 
grains" has been described by Shen et  al. [1] in their 
study of aluminized superalloys. However, the only 
example found in the literature for the generalized 
precipitation of ~-Cr within the 13-phase is in binary 
NiA1 doped with chromium, as described by Miracle 
et al. [7]. Extensive precipitation of ~-Cr would not be 
surprising in a system in which other elements which 
readily form intermetallics with chromium (such as 
molybdenum) are absent; however, intermetallic 
formation might be expected in a complex coating. 
Nonetheless, an analogous process is observed in 
ferritic stainless steels, including those containing mol- 
ybdenum and titanium [8, 9], in which the formation 
of chromium-rich clusters (denoted as cz') takes place. 
In those materials, nucleation occurs within a miscibil- 
ity gap, outside a region of spinodal decomposition 
[10]. In the present investigation, it was noted that the 
"tweed" microstructure and associated diffraction an- 
omalies (which are common features of nickel-rich [3 in 
the Ni-A1 binary system [11, 12]) were considerably 
more prominent in thin coatings, which did not under- 
go spheriodal c~-Cr precipitation, than in standard 
coatings for which spheriodal ~-Cr precipitates were 
produced. Indeed, in addition to the orthogonal tweed 
microstructure, further spinodaMike unidirectional 

Figure 3 Bright-field micrograph of a-Cr precipitation in a stand- 
ard coating (sample, as-aged). 

stripes were observed from thin coating 13 (although 
no further diffraction anomalies were noted); these 
stripes were absent in the thicker coatings. Thus, 
although further investigation is required, there may 
exist a parallel between the a' and ~-Cr precipitation 
processes. 

In terms of the implications for coating properties, 
the addition of chromium is predicted to result in a 
reduction in the anti-phase boundary (APB) energy of 
the 13-phase [13]. Any tendency toward reduced order 
would be beneficial from the stand-point of promoting 
coat!ng ductility at low temperatures. In the highly 
ordered binary NiA1 phase, superlattice dislocations 
are not formed and only perfect dislocations with 
ao < 00 1 > Burgers vectors usually occur [14], with 
the result that an insufficient number of slip systems 
exists to allow ductility in a polycrystalline coating. 
Miracle et al. [7] have observed that chromium addi- 
tions to binary NiAI promote the formation of 
< 1 1 1 > Burgers vectors (presumably by allowing 

the formation of APBs). Nonetheless, this is not ac- 
companied by a significant improvement in ductility. 
The workers were unclear, however, as to the extent to 
which the presence of the ~-Cr precipitate influenced 
this situation. Although detailed characterization was 
not performed, it was observed in the present invest- 
igation that the ~-Cr precipitates were sites of prefer- 
ential dislocation activity, and hence it seems likely 
that a positive, rather than negative, effect on ductility 
would result from the presence of these phases. 

3.3. Precipitation of ~ and other 
molybdenum rich phases 

3,3. 1, Precipitation in standard coatings 
In addition to any direct effect of the ~-Cr reaction on 
the microstructure of standard thickness coatings, the 
formation of this phase has the indirect effect of 
decreasing the ratio of chromium to molybdenum in 
the coating matrix. This chemical change promotes 
the formation of phases containing significant quantit- 
ies of molybdenum in the standard thickness coatings. 

4351 



Figure 4 c~-phase precipitation in standard thickness coatings 
(dark-field micrographs). (a) SADP showing c~-phase precipitation 
in the 13-matrix (B~[1 ! 1113; sample exposed for 1.5 h at 850~ in 
air). (b) In the coating on an MX precipitate (dark field, g = (00 2)~ 
sample exposed for 1.5 h at 850 ~ in air). (c) In the substrate (dark 
field, g = (022)0; sample exposed for 138 h at 850~ in air). 

The most prominent of these phases was found to be c~ 
(rich in chromium and molybdenum) which was first 
produced after 1.5 h post-ageing exposure at 850 ~ 
and continued throughout the timescale examined (up 
to 138 h exposure at 850 ~ The formation of ~, as 
angular precipitates often with extensive stacking 
faults, was observed throughout the coating. A mar- 
ked orientation relationship (Fig. 4a) was observed 
between the c~- and [3-phases, such that: [1 1 1113 was 
parallel to [1 1 0]~, and (1 1 0)i 3 was parallel to (1 10)~. 

The c~-phase was found to nucleate either directly 
from the 13 or on globular MX-type precipitates (in 
which M was almost entirely titanium with traces of 
vanadium, and X is presumed to be carbon), as shown 
in Fig. 4b. The MX phases were apparently of a 
random orientation. Although no direct evidence was 
obtained for the origin of the MX phases, similar 
phases were observed in the substrate. Thus, it seems 
likely that the MX was incorporated in the coating 
during its formation, c~-phase formation also occurred 
on coarsened ~-Cr precipitates, especially on ]3-grain 
boundaries, but not on the fine, coherent ~-Cr. 

Simultaneously with the formation of cy-phase inter- 
metallics, some precipitation of M6 X (with M being 
chromium and molybdenum and X, presumably, car- 
bon) was observed. Generally, this occurred directly 
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from the ]3-matrix (Fig. 5), although precipitation on 
MX phases was also observed. M6X formation took 
place at the completion of M23X 6 precipi.tation and 
onwards (i.e. after 1.5 h exposure at 850~ and the 
change from carbon and chromium rich M23X 6 to 
M6X with lower levels of carbon and a decreased ratio 
of chromium to molybdenum (and a reduced amount 
of precipitation) would appear to reflect depletion of 
both the limited carbon supply and loss of chromium 
to the cz-Cr precipitates. 

Unlike M23X6, it was found that M6X maintained a 
cube-cube orientation relationship with the 13 (Fig. 
5c). This difference, presumably, reflects the different 
origins of the M6X and Mz3X 6. Whereas M6X is 
formed directly from [3, it was noted earlier that 
M23X 6 arises from the following: incorporation in the 
coating, precipitation on 7' and possibly formation 
from matrix phases other than ]3 (in the high-activity 
aluminization process, phases richer in aluminium are 
initially formed [-153). In contrast, the difference in 
lattice parameter between M6X and Mz3X 6 is unlikely 
to account for the failure to establish an orientation 
relationship between the M23X 6 and [~-phases. The 
lattice parameter for M6X ( l l 5 p m  in the present 
work) is approximately four times that of ]3 and, 
compared to that of M23X 6 (105 pm), produces a 
better fit with the [3-matrix. However, the mismatch 
between the 13- and M23X6-phase lattice parameters is 
only some 10% and this should not preclude the 
establishment of an orientation relationship between [3 
and Mz3X 6. 

Simultaneously with M6X , precipitation of the 
chromium- and molybdenum-containing x-phase was 
observed (following 1.5 h exposure at 850~ This 
phase formed directly from [3 and was oriented to 13 as 
follows: [1 1 0113 parallel to [1 1 0]x , and (0 0 T)~ parallel 
to (1 1 3)x. Although precipitation in association with 
M6X was also observed. In austenitic stainless steels 



Figure 5 M6X precipitation in a standard coating exposed for 138 h 
at 850 ~ in air. (a) Dark-field micrograph (g = (220)M6x), (b) bright- 
field micrograph, (c) SADP (B = [111]/3) showing cube-cube ori- 
entation of M6X and 13. 

the z-phase is either a chromium/molybdenum bear- 
ing intermetallic or MtsC, which fits in with the 
general trend of precipitation described above. Al- 
though the phases discussed so far contain significant 
molybdenum, a further type of precipitate was simul- 
taneously observed on 13-grain boundaries (and low- 
angle-boundary triple points). This precipitate was 
found to consist of chromium and titanium and to be 
of the Laves type and thus is presumed to be the 
Cr2Ti-phase. In the later stages of precipitation (i.e. 
after 16 h exposure at 850 ~ intragranular needles of 
this phase were produced. The occurrence of this 
titanium-rich phase might be linked to chromium 
depletion from the 13-phase in a manner similar to that 
suggested for the molybdenum-bearing phases. 

3.3.2. Precipitation in the substrate 
below standard coatings 

There was a general tendency for a change from 
the precipitation of M23X 6 to that of cy in the substrate 
below the standard coatings during post-coating 
treatment (as was the case within the coating). Mor- 
phologically, the ~s-phase (Fig. 4c) was similar to 
Mz3X6 (although slightly more rounded) and also 

formed along the < 1 1 0 > .r directions. The follow- 
ing orientation relationship was observed between the 
(y- and 7-phases: [1 1 0]~ was parallel to [1 1 0]~, and 
(1 ]-1) v was parallel to (00 1)~,. This is commonly ob- 
served in superalloys. This type of transformation has 
been well documented in some early superalloys, al- 
though the extent and rate of cy precipitation was 
greatly enhanced over that usually encountered, due 
to disturbance of the chemistry of the substrate as a 
result of coating. In the substrate, the cy-precipitates 
were found, in the later stages of exposure (after 78 h 
at 850~ to begin to replace Mz3X6, rather than 
augmenting Mz3X 6 precipitation as in the coating. 

C o n c l u s i o n s  
An examination has been made of the precipitation of 
chromium-containing phases in high-activity pack- 
aluminized single crystals of a nickel-base superalloy. 

I. In the case of precipitation in the substrate, 
M23X 6 and cy are observed. Whilst these phases are 
familiar in superalloys the compositional disturbance 
produced by coating enhances the rate of M23X 6 
precipitation and (in standard thickness coatings) res- 
ults in the formation of cy-phase. 

In the coating, a more complex series of develop- 
ments was observed (with standard coatings) and 
these will now be summarized. 

2. The first chromium-containing phase to form in 
the coating was found to be Mz3X 6. The morphology 
and orientation relationships of this phase varied as a 
function of the origin of an individual precipitate 
(from incorporation from the substrate, nucleation 
from the coating matrix or nucleation on Y' pre- 
cipitates in the coating). 

3. In this low carbon, single-crystal system, the 
formation of the comparatively carbon-rich M23X 6 
phase is gradually superceded by other phases of a 
lower carbon content. 
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4. The first phase to form after M 2 3 X  6 is an ~-Cr 
precipitate. The ~-Cr phase is very similar to the b.c.c. 
basis of the 13-phase and this reaction effectively results 
in localized removal of the superlattice of the 13-matrix. 
The formation of ~-Cr bears some similarity to the 
formation of ~' in ferritic stainless steels. 

5. The formation of the ~-Cr precipitates reduces 
the ratio of available-chromium-to-molybdenum in 
the 13-phase and encourages the precipitation of 
phases which are comparatively rich in molybdenum. 
This resulted in the formation of cy, ;~ and M6X.  

6. The occurrence of a chromium-titanium Laves 
phase (presumably Cr2Ti) has been observed. 
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