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Microstructure of a plasma-sprayed
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Five different specimen preparation techniques were employed to characterize the
microstructure of a cross-section of plasma-sprayed Rene’ 125 coating on a Rene’ 125
turbine blade substrate. These methods included optical microscopy, and transmission
electron microscopy on three types of replicas and on thin foils. Interface and matrix
precipitates were indentified using electron diffraction and energy dispersive spectro-
metry, with HfO, and (Hf, Zr)O, the predominant phases at the coating/blade interface,
and both (Ti, Ta)C and HfO, present in the coating. Those blade precipitates examined
contained Hf and Ta, with some Ti and a little Co. A unique dendritic structure of v’

was also found intermittently along the interface. The combination of the five techniques

provides a wide variety of information, and is a strong tool for characterizing complex

microstructures.

1. Background

Microstructural studies of superalloys have often
relied on the transmission electron microscope
(TEM) to elucidate features beyond the resolution
of light optical instruments. A frequently used type
of sample is the two-stage, platinum-shadowed
replica [1] of metallographically polished and
etched surfaces. Information obtained from such
replicas can be related both to light optical images
and to micrographs from thin foils [2, 3]. In
addition, the microstructural data can be a valu-
able supplement to phase identification by X-ray
diffraction on extracted residues [4, 5]. With the
advent of the scanning electron microscope (SEM),
qualitative identification of phases on surfaces
could be easily obtained [6, 7]. The secondary
electron images themselves, however, are often
of poor contrast, except when a heavy etch is
employed [8]. For lightly etched samples, the
SEM images are of lower resolution than are trans-
mission electron micrographs of replicas from the
same surface [9]. Extraction replicas, however,
combine the higher resolution of the TEM with
one of the advantages of the SEM, i.e. the ability
to obtain compositional data from phases in their
original place in the microstructure. Extraction
replicas have been used in the examination of
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superalloys, but probably not as extensively as on
low alloy and stainless steels. This is perhaps due
to the usually coarser grain size of the superalloys,
and the larger dimenions of the phases themselves.
Extraction replication works best on precipitates
roughly <1um in size. The technique has been
used to evaluate the morphology of such small
phases as v’ in the matrix [10] and various com-
pounds on grain boundaries, and to compare the
data with those obtained from thin foils and from
shadowed replicas [11, 12]. Indeed, as the size of
general microstructural features decreases, efforts
involving optical microscopy, SEM, and TEM/
STEM of thin foils and extraction replicas provide
fairly comprehensive information on microstruc-
ture and on phase identities. This trend is most
evident in research on superalloy powders, which
have been extensively characterized with the
methods described above [13—15]. Therefore,
since the microstructural constituents of plasma-
sprayed coatings might be expected to be on a
fine scale, the present investigation considers the
types of information obtainable on such a coat-
ing with a combination of optical microscopy
and three different replication techniques, and
correlates the results with data from TEM of thin
foils.
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2. Experimental procedure
The specimen chosen was a cast jet engine turbine
blade which had been coated using high-energy,
low-pressure plasma spray. The substrate and
coating compositions were both René 125 (nomin-
ally Ni-10.0 Co—8.9 Cr—7.0 W—4.75 Al-3.8 Ta—
2.5 Ti-2.0 Mo—1.5 Hf-0.11 C-0.05 Zr-0.01B).
The cross-section mounted and polished was along
the axis of the blade at a segment near the plat-
form. Examination was limited to the substrate/
coating region at the top of the blade platform,
and five different specimen preparation techniques
were used.

The sample was electrolytically etched in a

solution of 10 ml H3PO, in 100 ml water, and the
platform region was replicated using a standard
acetylcellulose tape/Pt shadow/carbon deposition
method [1]. The sample was repolished, etched for
15sec in a 10% bromine/90% methanol solution,
and an extraction replica then made from this sur-

_face, using an acetylcellulose tape/carbon deposition
~method described elsewhere [14]. Once the extrac-

tion replica had been made, optical microscopy was
done on the bromine-etched sample. A portion of
the carbon-coated acetylcellulose tape containing
the extracted precipitates was also shadowed with
Pt to enhance the microstructural features, and a
replica sample made from this.

Figure 1 René 125 blade and plasma-sprayed coating: (a) an optical micrograph (Condition C) shows appa.r.ent cleanli-
ness and continuity of the interface (arrows), and (b) small regions containing fine dendrites (arrows), which also are
observed (c) on the replica (Condition A), and are designated by arrows.
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Figure 1 continued.

Thin foils were made from a section cut parallel
to the surface examined by optical and replica
methods. The slice was ground to about 0.10 mm
thick, and pieces 3 mm long were cut from this.
The pieces included both coating and blade regions.
Platinum apertures were used during the electro-
thinning, in order to position the coating/blade
interface at the centre of the polishing fixture.
One foil thinned through the coating, one in the
blade, and the last piece thinned at the interface.
The electropolishing was done using a Fischione
twin-jet apparatus, operated at 30 V, The solution
was 20% perchloric acid/80% methanol at a tem-
perature of —40° C.

The five specimen conditions can be summarized
as:

Condition  Description

A Pt-replica, phosphoric acid etch
B Extraction replica, Br-etch

C Optical microscopy, Br-etch

D Pt-replica, Br-etch

E Thin foils

The replicas and foils were examined using a
Hitachi H600 transmission electron microscope
(TEM) and aJEOL JSEM-200 scanning-transmission
electron microscope (STEM). Energy dispersive
X-ray spectra were taken from extraction replicas
using the JEOL STEM, which is equipped with a

_.BLADE

Nuclear Semiconductor energy dispersive spectro-
meter (EDS) and a Tracor Northern NS880 analy-
setr with a PDP11 computer.

3. Results and discussion

Examination of optical micrographs at lower
magnification shows a clear demarcation between
the plasma spray (PS) coating and the blade (Fig.
la). The true structure of the interface is unclear
at intermediate magnifications (x 300), although
at x 1200 what appear to be very small regions of
finely spaced dendrites are visible in some inter-
facial regions (Fig. 1b). Precipitation at the inter-
face is not resolvable at this magnification with
light optical microscopy.

The Pt-shadowed replicas of the phosphoric
acid etched sample illustrate some of the fine
interfacial structure fairly clearly. Precipitation in
that area is difficult to see, but those areas which
appeared optically to contain small dendrites are
well resolved by the replica (Fig. 1¢). The matrix
near the small dendrites does not seem to contain
blocky y' (NizAl), seen in the adjacent coating,
and there is a fine background structure which
might be quench +'. The interfacial dendrites
themselves etch like y', or possibly beta (NiAl),
but positive identification of this phase is not
possible by replication,

Precipitation other than ¥’ is observed using
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extraction replication, which shows a line of
small precipitates at the blade/coating interface
(Fig. 2a). These range from 0.03—0.2 um in size.
The contrast of the extraction replica is low, since
it consists only of a layer of carbon with no
shadowing material. Thus, it is difficult to relate
precipitate distribution to general microstructural
features, This problem was overcome by Pt-
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shadowing the extraction replica. One sees from
the micrographs of the interface that most of the
regions containing the small dendrites appear to
lie on the blade side of the line of precipitates
(Fig. 2b), although these regions do extend into
the coating to a limited degree. This observation
tends to support the possibility of some incipient
melting on the substrate of the thin platform

o £ A

Figure 2 Interfacial precipitates are seen (a) on the extraction replica (Condition B), and (b) the‘P.t-shadowed extraction
replica (Condition D). Note that dendrites lie primarily on the blade side of interfacial precipites (arrows). An EDS
spectrum (c) from small interface precipitates finds them rich in Hf, occasionally with some Zt.
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Figure 3 A thin foil (Condition E)
from interface regions shows (a) a
line of HfO, precipitates associated
with the interface, as well as v’ den-
drites (b) in the melted regions. The
small precipitates in the matrix
around the dendrites are also v'. A
grain boundary is indicated by
arrows.
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Figure 4 Dendrites in the melted region appear in (a) the bright-field TEM image of the thin foil, and (b) the dark-field
image formed using a (110) 4 superlattice spot. Dendrites and fine 4" precipitates all have the same orientation with

respect to the matrix.
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Figure 5 An optical micrograph
(Condition C) of coating and blade,
showing large grains in the latter.

Figure 6 Grains in the coating
are observed optically at high
magnification (Condition C).



before coating started, but could also be due to
some incipient melting at onset of impact of the
sprayed particles.

In order to obtain information on the chemistry
of the precipitates, energy dispersive X-ray spectra
(EDS) were taken on extracted precipitates on
the carbon-only replica. Owing to the suspected
presence of HY, a special replica was prepared using
a Be grid, as the X.rays emitted by Be are not

detectable by the spectrometer. This was done
because the primary L-lines of Hf are close to the
K-lines of Cu, the standard grid material, while
the Hf M-ine is near the K-lines of Al, a possible
component in the precipitates. The small precipi-
tates at the interface are found by this method to
be Hf.rich, with some Zr in a few of them (Fig. 2¢).
This elemental analysis represents the qualititive
composition of the phases, exclusive of any light

Figure 7 A replica (Condition
A) shows (a) large blocky v’ in
coating and small precipitates
(arrows), which exhibit reverse
contrast from 7', and (b) large
v’ in the blade somewhat more
regular in shape than the + in
the coating,
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Figure 8 An extraction replica
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elements (less than atomic number 11), and illus-
trates one of the main advantages of extraction
replicas over thin foils in phase chemistry deter-
mination, i.e. that spectra obtained on the replicas
do not contain peaks from surrounding matrix. In
thin foils, such peaks arise if the precipitate is of a
size less than the effective area of the electron
beam, or if the generation of X-rays in the precipi-
tate causes fluorescence of elements in the matrix.

Selected-area electron diffraction patterns were
obtained from the interfacial precipitates in order
to identify them conclusively. The patterns were
analysed as HfQ,, with a monoclinic structure
(J.C.P.D.S. Powder Diffraction File No. 6-0318),
and lattice parameters of 2 =0.512nm, b = 0.518
nm and ¢ = 0.522 nm, with the angle beta = 98.0°.
Since ZrO, can also be monoclinic with similar
lattice parameters and angles, the presence of a
small amount of Zr, detected by EDS, in some of
the primarily Hf-rich precipitates is consistent
with the crystal structures of both HfO, and ZrO,.

Examination of the portion of coating/blade
interface in the thin foil shows microstructural
features seen in the various replicas. Regions con-
taining dendrites lie primarily on the blade side of
the interface, which is delineated by fine HfO,
precipitates (Fig. 3a). At higher magnifications,
details suggested by the replicas, e.g. fine 7’
between the dendrites, are very clear in the thin
foil (Fig. 3b). In addition, it is possible to cor-
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roborate the tentative identification of the den-
drites as y' by selected-area electron diffraction.
This is illustrated by the bright-field/dark-field
pair in Fig. 4. Dendrites and fine 7' seen in the
bright-field image (Fig. 4a) appear light in the
dark-field micrograph (Fig. 4b), imaged using a
(110) y' superlattice reflection. All ' in the
melted region has the same orientation relative to
the matrix, and may have formed by a eutectic
transformation.

The characterization methods described above
were also applied to the coating and blade in order
to define and compare the microstructures. At
intermediate magnifications in the optical micro-
scope, as in Fig. 5 at x 300, individual features in
the blade, such as large precipitates (presumably
MC carbides) and eutectic regions, are apparent.
At this same magnification, discreet grains in the
more rapidly solidified coating are not resolved,
as the microstructure is very fine. Observation at
X 750—1200 does show the grains in the coating
(Fig. 6).

Examination of the Pt-shadowed replicas indi-
cates that the intermediate size y' in the coating
(Fig. 7a) tends to be somewhat larger and more
irregular than that in the blade (Fig. 7b). Fine v’
is not generally seen between the intermediate 7',
perhaps due to insufficient etching. It is interesting
to note, that although individual grains in the
coating can be resolved optically, grain boundaries



are not seen in the replicas. This is probably due to
an insufficient etching differential between grain
and grain boundary. In the blade, however, where
grain boundaries often contain eutectic substruc-
ture, the boundaries are well defined.

Small rounded precipitates, which are observed
optically at high magnifications, are seen in the
replicas of the coating and show reverse shadowing
contrast from the y' (Fig. 7a). This indicates that
the precipitates were relatively unaffected by the
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etchant, The larger of these phases are approxi-
mately 0.5 um and the smaller 0.2 um. Such precipi-
tates are not seen as frequently in the blade, but
the general distribution of the non-y' phases is
best studied by extraction replication of etched
surfaces.

Extraction replication does show numerous
precipitates in the coating (Fig. 8), and illustrates
the various sizes present, from 0.03-0.5 um, the
smallest of which were not detected in the Pt-

Figure 9 Even distribution of
precipitates relative to ' in
coating appears in (a) Pt-
shadowed replica (Condition
D), and (b) thin foil (Con-
dition E). A grain-boundary
phase (arrow) is also in this
field of view,
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shadowed replicas. The coating also shows some
inhomogeneity in structure, as represented by the
different etching rates from area to area. Clusters
of large precipitates are observed, and may indi-
cate sites of porosity in the coating. In the same
micrograph are regions which did not etch well,
and in which the number of extracted precipitates
is small. In an area in which the extracted particles
are more evenly dispersed, the precipitates also
appear to be evenly distributed relative to the
other microstructural features, such asy’. This can

be seen in the Pt-shadowed extraction replicas
(Fig. 9a), taken in regions which do not contain
large clumps of precipitates. Areas of homogeneous
precipitate distribution are present in the thin foils
(Fig. 9b). In addition to those intragranular phases
observed on the extraction replicas, precipitates
associated with the grain boundaries are seen in
the foils. That these were not extracted points out
the occasional selectivity of the extraction replica
technique, which relies on a combination of etch-
ing the matrix adjacent to the phases, and relative

]

Figure 10 Precipitation in the
blade substrate are seen in a
replica (a) with fairly even dis-
tribution. Large MC carbides in
the thin foil (b) are often found
to be surrounded by a o' envel-
ope.
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Figure 11 An EDS spectrum from a large precipitate in
the coating containing Ta and Ti.

strength of the matrix/precipitate bond. Grain
sizes in the coating can be determined from the
thin foil micrographs.

In the blade there appear to be no large aggre-
gates of precipitates (Fig. 10a), and the precipi-
tates are less numerous than in the coating, as
expected from the Pt-shadowed replicas. Often
these phases seem to be associated with eutectic
areas. Very large precipitates, probably MC
carbides, are seen in the blade. Transmission
electron micrographs show that these phases are
often surrounded by a v’ envelope (Fig. 10b).

Differences in composition between coating
and blade precipitates were also observed. In the
coating, EDS spectra show that the large precipi-
tates are rich in Ta and Ti (Fig. 11). Selected-area
electron diffraction patterns from these indicate
that the phases are MC carbides, with a lattice
parameter approximately that of either TiC or
TaC (0.44 nm fcc). While one of the fine precipi-
tates in the coating was found to be of the Ta—Ti
type, most of the fine ones contain Hf and
occasionally a small amount of Zr. These latter
phases, then, are similar to those present at the
interface. Precipitates in the blade seem to be
different from those in the coating, with the large
ones containing Hf and Ta, with some Ti and a
very little Co (Fig. 12). This analysis is consistent
with the phases being MC carbides. Two small
blade precipitates were seen to be high in Al, and
no other detectable element. These may be alu-
minium oxides, but no identification has been
made. Statistics on the types of phases in the
blade are poor, however, since fewer precipitates
are present that in the coating.

‘Figure 12 An EDS spectrum from a large precipitate in

the blade containing Hf, Ta and a small amount of Ti.

4. Conclusions

(1) The interface between a Rene’ 125 plasma-

sprayed coating and substrate Rene ' 125 blade

has been found by extraction replication to con-
tain fine HfO, precipitates, identified by a com-

bination of selected-area electron diffraction and

energy dispersive analysis.

(2) Examination of the Pt-shadowed replica
shows small v’ dendrites, which are associated
with the interface and lie primarily on the sub-
strate side. These dendrites may indicate local
melting of the substrate during spraying.

(3) Thin foil micrographs from an interfacial
region confirm the identification of the dendrites
as v', and show that all y' precipitates in the
melted areas have formed with the same orienta-
tion relative to the matrix.

(4) The coating is fine-grained, and somewhat
inhomogeneous with regard to precipitate distri-
bution. Large precipitates have been identified
as MC carbides, where “M” is mainly Ti and Ta.
Fine precipitates in the coating contain Hf and
sometimes a little Zr. Examination of thin foils
from the coatings shows that phases are present
at many of the grain boundaries in the coating.

(5) Precipitates in the blade are not as numer-
ous as in the coating, and are different in chemistry,
with Hf and Ta predominating in the large phases.
There are probably MC carbides, and often are
surrounded by a ' envelope.

(6) Each of the five methods of specimen pre-
paration has its advantages, and the different but
complementary data can be used to provide a
better understanding of the microstructure.
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