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A hybrid replication technique for the analysis

of precipitate-boundary interactions

in Ni-based superalloys
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A hybrid replication technique is described for complex alloy systems whereby the surface
is etched to reveal the microstructure of the metallic phases prior to producing an
extraction replica. By applying this approach to the Ni-based superalloy IN100, it has been
shown that the inert carbide and boride particles can be extracted for analysis in the TEM
whilst retaining information about their location with respect to the metallic phases in the
alloy. This approach is particularly useful for studying the effects of inert particles on
microstructural evolution, such as pinning effects during grain growth. C© 2005 Springer
Science + Business Media, Inc.

1. Introduction
In the infancy of TEM work on metallic systems,
carbon replication was one of the most common ap-
proaches to specimen preparation; but it is now used
only very infrequently. The use of surface replicas in
TEM has been superceded almost completely by high-
resolution secondary electron imaging in the SEM.
Similarly, the use of extraction replicas for the anal-
ysis of small second-phase particles [1–3] has declined
due to recent advances in TEM instrumentation. In
particular, the advent of field-emission-gun electron
sources, low spherical-aberration-coefficient objective
lenses, and advanced spectrometers now enables the
morphology, structure and chemistry of particles in
most alloys to be analyzed without the need for
extraction.

There are, however, certain engineering alloys in
which the microstructures are so complex, and/or the
volume fractions of the particles are so low, that extrac-
tion replication can still be extremely helpful. Perhaps
the best examples are steels or other ferrous alloys, and
Ni-based superalloys. Commercial superalloys contain
a variety of different precipitates in a face-centered cu-
bic γ matrix. The majority of these correspond to the
L12 (Ni3Al) γ ′ phase, but inert precipitates like car-
bides and borides are often present as minority con-
stituents (<1% by volume). These inert particles can
have a profound influence on the microstructural sta-
bility and high-temperature mechanical properties be-
cause of the way in which they interact with the grain
boundaries [4]. Although extraction replication can be
a useful way to prepare samples in which these particles
can be studied readily (e.g. [5, 6]), the main drawback is
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that they appear upon an almost featureless carbon sup-
port film, and hence the relationship of these particles
to their microstructural environment is lost. This issue
is particularly important in studies of grain boundary
pinning wherein one would ideally wish to know which
of the particles on an extraction replica corresponded
to pinning sites in a given microstructural condition.

In our work we have studied pinning phenomena in
the Ni-based superalloy IN100 and related alloys: the
details of these studies will be published elsewhere. In
this paper we describe a hybrid replication technique,
developed during the course of these studies, in which
the sample surface is etched carefully to reveal both
the particles and other microstructural features such as
grain boundaries before coating with carbon. The resul-
tant replica not only extracts the inert particles but also
reveals clearly the microstructure of the metal between
them.

2. Materials and methods
All of the experimental images presented in this paper
were obtained from powder-processed IN100. A typ-
ical composition for this alloy is: Ni-18.5Co-12.4Cr-
5.0Al-4.3Ti-3.2Mo-0.8V-0.07Zr-0.07C-0.02B (all in
weight %). The samples were subjected to a stan-
dard heat-treatment sequence consisting of a sub-solvus
(1150 ◦C) solution treatment, followed by a two-step
aging that involved holding at 980 ◦C and 730 ◦C, re-
spectively. This process cycle results in a fairly complex
microstructure that consists of a fine-grained γ ma-
trix with three sizes of embedded γ ′ precipitates, usu-
ally designated primary, secondary and tertiary γ ′ [6]
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Figure 1 Schematic diagram of the main steps in the hybrid replication process: (a) featureless surface formed by polishing; (b) surface topography
revealed by etching with Kalling’s solution; (c) coating of the surface with C; (d) release of the replica during electro-etching.

plus transition metal carbides and borides. Grain growth
phenomena were studied in these samples by holding
for various times at temperatures between 1100 ◦C and
1250 ◦C.

The various stages in the preparation of the hybrid
replicas are shown schematically in Fig. 1. Metallurgi-
cal sections cut from the alloy were ground mechani-
cally to 1200 grit and then electro-polished to remove
the surface damage layer. This was achieved by sus-
pending the sample from a Pt wire in a solution of 10%
HCl, 89% Methanol and 1% Citric acid held at a tem-
perature of −45 ◦C, and applying a potential of 25V DC
between this and a Ta foil cathode. This produced a fea-
tureless mirror-finish on the sample surface (Fig. 1a).

Immediately after the electro-polish, the sample was
immersed in water-less Kalling’s solution (40 ml HCl,
40 ml Ethanol and 2 g Cupric Chloride) at room tem-
perature for 5 min. This procedure etched the γ phase
lightly, and the γ ′ to a much greater extent, but did
not affect the inert particles or the grain boundaries;
thus, these latter features formed protrusions on the
sample surface (Fig. 1b). To avoid over-sampling of
the inert particles, the sample was oriented with the
polished surface vertical during the etching; and was
then rinsed thoroughly in ethanol to remove loose
particulates.

The specimen surface was then replicated by evap-
orating ≈30 nm of carbon onto the etched sample
(Fig. 1c) from a source inclined to the sample surface
normal by ≈10 ◦. The carbon replicas were released by
electro-etching using the same electrolyte as for the ini-
tial electropolish, but at 0–10◦C under current control

at a density of 0.03–0.05 A/cm2. This process gave a
further, more rapid dissolution of both γ and γ ′ phases,
enabling the fine inert particles to be extracted without
difficulty (Fig. 1d). To ease the subsequent lifting of the
replicas, the specimen surface was scored into small
(≈2 × 2 mm) squares prior to electro-etching. Typical
electro-etch times required for release of the replicas
ranged from 1 to 5 min. The brevity of this process
reduces the contamination to a minimum and ensures
that the extracted material in the replica reproduces the
distribution in the sample more faithfully.

The replicas were lifted from specimen surface by
sliding the specimen gently into a water bath. By adjust-
ing the inclination of the sample, and the speed at which
it was submerged, it was possible to transfer the released
replicas onto the surface of the bath. The replicas were
left in the bath for several minutes to wash any resid-
ual electrolyte from the surface, and were then lifted
onto 300 mesh Cu support grids. The supported replicas
were examined in a Philips EM420 TEM and a JEOL
2010 FasTEM, operating at 100 and 200kV, respec-
tively. The latter instrument is equipped with an EDAX
Phoenix atmospheric thin window energy-dispersive
X-ray spectrometer (EDXS). Bright field images were
obtained from the replicas with the objective lens under-
focused somewhat to enhance the contrast from the thin
C film.

3. Examples of data from the replicas
A series of TEM micrographs that show the main fea-
tures of the replicas is presented in Fig. 2a. These

3404



Figure 2 Bright field TEM micrographs showing the replication of surface topography in the C: (a) overall view showing the location of primary γ ′
phase (bright), γ grains (mottled) and the grain/interphase boundaries (dark lines); (b) enlarged view showing the secondary γ ′ phase within the γ

grains; (c) detail of the region shown in (b) which reveals the tertiary γ ′ phase in the γ channels between the secondary γ ′ precipitates.

replicas were obtained from the starting microstruc-
ture in IN100, i.e. prior to grain growth studies. The
region shown in Fig. 2a is from an area which con-
tained grains of the γ matrix and large primary γ ′ grains
>1 µm in diameter. Although the two types of grains
are of similar sizes, the γ matrix can be distinguished
easily because the C film is thicker in these regions
and exhibits a “mottled” contrast. The C film is thin-
ner at the locations of the primary γ ′ grains because
the Kalling’s solution attacks the γ ′ phase preferen-
tially. Thus, the surfaces of the cavities caused by the
etching out of the primary γ ′ grains are “shadowed”
leading to thinner films in most locations. This shad-
owing effect also leads to the accumulation of carbon
at the protruding grain boundaries on the etched sur-
face, and therefore the γ /γ and γ /γ ′ boundaries are

delineated clearly in the replicas. Higher magnification
images such as Fig. 2b show that the “mottled” contrast
in the C film at the positions of theγ matrix grains corre-
sponds to the replication of the secondary or “aging” γ ′.
These form as coherent precipitates within the γ grains
and develop into cuboidal semi-coherent particles 100–
300 nm across. Images obtained at even higher magnifi-
cations (e.g. Fig. 2c) show that the finest tertiary γ ′ pre-
cipitates are also replicated. These spheroidal coherent
particles precipitate within the γ channels between the
secondary γ ′ precipitates and have diameters of <15
nm. We note that the dimensions of the microstructural
features measured from the replicas correspond closely
to those obtained using other techniques [6].

Because the carbide and boride particles are not af-
fected significantly by the chemical reagents used in
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Figure 3 Bright field TEM micrographs with inset SADPs showing examples of the three types of inert particles observed in the alloy: (a) MC-type;
(b) M23C6-type; (c) M3B2-type.

the preparation, they are much thicker than the C film
and appear black in the images. Examples of the three
main types of extracted particles are shown in Figs. 3a–c
with insets corresponding to typical selected-area elec-
tron diffraction patterns. There are two types of car-
bides present: MC-type with the cubic NaCl structure,
and M23C6-type with the cubic Cr23C6 structure. There
are also M3B2-type borides with the tetragonal U3Si2
structure. The MC carbides are distributed homoge-
neously throughout the microstructure, are equi-axed
with diameters of ≈200 nm (Fig. 3a), and are Ti-rich
as revealed by EDXS. The M23C6-type and M3B2-type
particles are coarser (up to 1 µm), have more irregular
morphologies, and tend to be located at the γ /γ and
γ /γ ′ boundaries (Figs 3b and c). The M23C6-type par-
ticles are Cr-rich whereas the M3B2-type particles are
enriched in both Mo and Cr.

Subsequent heat-treatment of the IN100 resulted in
an initial rapid increase in grain size, followed by stag-
nation after a few hours. Such behavior is characteristic
of Zener pinning by particles [7]. This process results
in the cessation of grain growth once a limiting grain
size has been reached: the value of the limiting grain
size depends upon both the volume fraction of the par-
ticles and their size. The pinning phenomena in IN100

are complex and include contributions from both the
primary γ ′ grains and the inert particles (carbides and
borides). For samples in which the grains had grown to
the limiting size, examination of the replicas revealed
that, in each case, the MC-type carbides play a key role
in pinning the grain boundaries. Three examples of im-
ages obtained from such replicas are presented in Fig. 4.
Fig. 4a is from a boundary region that is pinned by four
separate MC particles: the overall curvature indicates
the direction in which the boundary had migrated, and
the local curvature reveals the retarding effect of the
carbide particle in accordance with the classical “dim-
ple model’ [8]. The region shown in Fig. 4b contains a
small single grain pinned by several MC carbides. This
emphasizes the point that whilst the average grain size
increases to a limiting value during heat-treatment, the
sizes of the individual grains depend on the local par-
ticle distribution in such microstructures. In the final
example (Fig. 4c), there are two MC particles, one on
either side of the boundary. From the local curvatures,
it is clear that both of the particles are influencing the
boundary migration. This is known as the Louat effect
[9], wherein particles behind the boundary retard its
motion but particles ahead of it enhance the motion at
this point.
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Figure 4 Bright field TEM micrographs showing examples of boundary/particle interactions. The pinning particles at the boundary are MC-type in
each case.

4. Conclusions
It has been shown that by applying a suitable etch to
the surface of metallographic samples of IN100, it is
possible to produce hybrid carbon replicas that both
extract the inert carbide and boride particles and re-
veal the microstructure of the metallic phases in which
they form. These replicas offer the same advantages as
conventional extraction replicas in analyses of the mor-
phologies, crystal structures and compositions of the
inert particles. They are, however, much more informa-
tive in studies of the role which such particles play in
microstructural development. Perhaps the best example
of this is in studies of boundary pinning during grain
growth. Although the reagents and experimental con-
ditions described in this paper are only appropriate for
IN100 and closely related Ni-based superalloys, this
general approach could be adapted for use with other
complex alloy systems.
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