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Formation of an Intermediate Layer Between Grains
in Nickel-Based Superalloy Turbine Blades

KEEHYUN KIM and PAUL WITHEY

The boundary region formed on the surface of nickel-based single-crystal turbine blades was
investigated by high-resolution microscopy observation. There was a distinguishable interme-
diate layer with the size of about 2 to 5 lm between the matrix and surface defect grains such as
stray grains, multiple grains, freckle grains, and even low-angle grain boundaries which were
formed during the solidification of turbine blades. The intermediate layer was composed of
many elongated c¢ as well as c phases. In addition, only one side of the intermediate layer was
coherent to the matrix grain or defect grain due to good orientation match. At the coherent
interface, the c¢ (as well as c) phase started to extend from the parent grain and coincidently,
rhenium-rich particles were detected. Furthermore, the particles existed within both elongated
gamma prime and gamma phases, and even at their boundary. Based on experimental
observations, the formation mechanism of this intermediate layer was discussed.

DOI: 10.1007/s11661-017-4044-7
� The Author(s) 2017. This article is published with open access at Springerlink.com

I. INTRODUCTION

AS superalloys have excellent mechanical strength,
phase and surface stability, and resistance to creep,
corrosion, and oxidation under relatively severe
mechanical stresses at elevated temperatures close to
their melting point,[1–4] they have found widespread
application in gas turbine engines for jet propulsion and
electricity generation. Newly developed superalloys are
continually sought to be used in the hottest parts of the
engine because the efficiency of the engine, fuel economy
and reduction of emissions, can be improved by higher
operation temperatures.[4] The strengthening mechanism
for these superalloys is mainly by solid solution hard-
ening and the precipitation of an intermetallic phase.[1]

Solid solution hardening is achieved by the addition of
different soluble elements, such as Cr, Mo, W, and Re
via the inhibition of dislocation movement and the
decrease of stacking fault energy in the crystal lattice,
which leads to the inhibition of cross slip of disloca-
tions.[3] Precipitation hardening is obtained through the
additions of Al, Ti, and Nb which have limited solubility
in the alloy matrix. During heat treatment, a supersat-
urated solid solution generates finely distributed precip-
itates of gamma prime (c¢) phase which inhibits
dislocation movement.

Superalloys are one of the most compositionally
complex alloys developed, sometimes containing more
than ten alloying elements, and through their compo-
nent manufacture they are subjected to multiple steps of

melting, casting, and heat treatment. As a result, they
are subject to numerous metallurgical phenomena,
such as melting, solidification, homogenization, aging,
precipitation, transformation, coarsening, microseg-
regation, and chemistry variation. Therefore, these
complexities can make it difficult to understand exactly
the strengthening mechanism of Re in superalloys. The
distribution of Re clusters, about 1 nm across, in the c
phase, which was observed by field ion microscopy and
atom probe, may induce this strengthening mecha-
nism,[5,6] while there are other studies showing no
clustering of Re in superalloys, which was confirmed
by extended X-ray absorption fine structure (EXAFS),
atom probing, and first-principles density functional
theory calculations.[7,8] Depending on the analysis
method or equipment, different interpretations can be
made. In addition, as analysis techniques and equip-
ments develop, new findings can be made even in these
widely investigated alloy systems. One of these recent
findings is the formation of an intermediate layer
containing Re-rich particles in Ni-based single-crystal
turbine blades along grain boundaries.[9] In single-crys-
tal superalloys, the reintroduction of any grain bound-
aries can dramatically reduce the superior mechanical
properties because grain boundary strengthening ele-
ments, such as boron, carbon, and zirconium, have been
removed[3,4] and more importantly, creep rupture can
occur along the boundary.[10] In addition, if Re-rich
particles form, they lose their main role as a solid
solution hardening element which distorts the atomic
lattice of the gamma (c) phase matrix and inhibits
dislocation movement. Therefore, the existence of any
boundary and this associated intermediate layer, and the
formation of Re-rich particles in a single-crystal super-
alloy are undesirable. In this study, based on this
previous reporting of the intermediate layer in turbine
blades and the detection of Re-rich particles in a sample
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containing a stray grain,[9] the boundary regions
between matrix grains and several other defect grains,
such as stray grains, multiple grains, freckle grains, and
even low-angle grain boundaries found in nickel-based
single-crystal turbine blades have been investigated for
better understanding of these materials. In addition,
high-resolution analysis has been carried out from
several other Ni-based single-crystal alloys, such as
SRR99 and CMSX-4, as well as CMSX-10. Based on
experimental observation, the formation mechanism of
the intermediate layer, and the relationship between
Re-rich particles and the layer have been also discussed.

II. EXPERIMENTAL

A commercially available Ni-based single-crystal
alloy CMSX-10[11] containing a large amount of Re
(Table I) was used to manufacture turbine blades at an
aerospace production manufacturing facility, Rolls-
Royce plc. As-cast turbine blades were removed from
the runner system and underwent solution heat treat-
ment in order to develop the required microstructure
composed of cuboids of c¢ phase in a matrix of c phase.
The solution heat treatment for this material has been
published as 1589 K (1316 �C) for 1 hour; followed by
2 hour steps at 1602 K, 1613 K, and 1619 K (1329 �C,
1340 �C, and 1346 �C), and then, 3 hour steps at
1625 K, 1630 K (1352 �C, 1357 �C), before slowing
the heating rate to 5 hours at 1633 K (1360 �C),
10 hours at 1636 K (1363 �C), and finally 15 hours at
1638 K (1365 �C).[3] This slow ramp is due to the
proximity of the c¢ solvus to the melting point.[12] To
identify any grain defects which could be observed on
the surface of the component, the blades were etched to
allow visual inspection. The preferential attack into the
boundary by the etchant enabled the inspection for
secondary grains on the surface of the blades. The
detailed explanation of sample preparation and inspec-
tion is available elsewhere.[3,4,9,13] The samples identified
as containing a surface defect were cut out by
wire-guided electro discharge machining (EDM). The
cut sample was ultrasonic-cleaned in ethanol for
5 minutes.

For microstructural investigation, a field emission
scanning electron microscope (FE-SEM, FEI Quant 3D
dual beam FIB-SEM) was used in order to observe
samples at ultra-high magnifications of 100,000 to
200,000 times and to perform chemical analysis using
energy dispersive X-ray spectroscopy (EDX). Three
different SEM imaging modes, i.e., secondary electron
(SE) and back-scattered electron (BSE) using electron
beam imaging, and ion-induced SE (IS) using gallium
ion beam imaging were used throughout this study. The

FE-SEM was also able to perform the cross-sectioning
of regions of interest by cutting and thinning using a
focused ion beam (FIB). After cross-sectioning, a TEM
sample was fabricated by an in situ FIB lift-out
technique.[14,15] However, as it was difficult to preserve
the interface between two grains without critical damage
during FIB cutting and thinning because the interested
region was not flat (see Figures 2 through 4, and 6), a
simple technique using the rotation of a thin lamellae
was used as shown in Figure 1. A region of interest was
selected, and a platinum layer was deposited on it for
protection during FIB sampling. Top and bottom sides
were fabricated by FIB (Figure 1(a)). Then, the thin
lamella was lifted-out and put on a TEM copper grid
(Figure 1(b)). This cutting and thinning procedure is
typical in the conventional FIB lift-out technique. In
this study, however, the thinning direction was changed
by rotating the lamella 90 deg as shown in Figure 1(c).
Therefore, further thinning could be done from one
grain to the adjacent grain, left to right in Figure 1(a).
Without the 90 deg rotation, the thinning would be
done from the top surface platinum layer into the inside
of the grains. After the rotation, the lamella was thinned
by the conventional FIB thinning process as shown in
Figures 1(d) through (f). Finally, a thin enough section
for TEM observation was made and then observed
by high-resolution transmission electron microscopy
(FE-TEM, FEI Tecnai F20) equipped with a scanning
mode (STEM) and an EDX system. As the close
proximity of characteristic X-rays (Ma, keV) of alloying
elements, such as Hf (1.644), Ta (1.709), W (1.774), and
Re (1.842), made it difficult to distinguish clearly each
element through SEM-EDX analysis,[16,17] the chemical
analysis of samples was simply checked by SEM-EDX
and then performed by STEM-EDX with a nominal
probe size of around 2 nm. The chemical composition
was acquired from silicon drift detectors installed to the
TEM and provided by a qualitative analysis software
(Oxford AZtecTEM) which can perform a standardless
analysis without need for any background fitting adjust-
ment, and allow sample thickness and density to be
taken into consideration and correction for pulse pile-up
at high count.[9] The TEM sample was cooled with
liquid nitrogen to avoid or minimize microstruc-
tural changes in the irradiated area during TEM
observation.[15]

III. RESULTS

Figure 2 is composed of typical images of an inter-
mediate layer formed in a CMSX-10 turbine blade. A
stray grain detected in the platform region by visual
inspection was selected for further observation

Table I. Nominal Composition of CMSX-10 Measured by XRF Analysis and Chemical Composition of Re-Rich Particles by

STEM-EDX (in Wt Pct)[9,11]

Ni Cr Co Mo W Ta Re Nb Al Ti Hf

CMSX-10 bal. 2 3 0.4 5 8 6 0.1 5.7 0.2 0.03
Re-rich bal. 0.6 1.6 2.0 5.4 0.9 78.8 0.0 0.5 0.0 0.0
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(Figure 2(a)). The stray grain is shown as dark contrast
without any boundary region. However, an SEM image
(Figure 2(b)) at a low magnification (100 times) clearly
indicates that there is a distinguishable line between the
stray grain and the matrix. The boundary line becomes
clear at higher magnifications (3500 and 12,000 times) as
shown in Figures 2(c) through (d). First of all, it is a
boundary layer formed between two adjacent grains. To
check whether the layer forms only between a stray
grain and the matrix, boundary regions of several other
surface defect grains were similarly observed. Figure 3
shows SEM images of the boundary layers detected in
several different surface defect grains which formed
during solidification of turbine blades.[9,18–21] The layer
was also visible at the boundary of the matrix grain and
a stray grain found on a shroud region (Figure 3(a)), an
area of multiple grains (Figure 3(b)), and a freckle grain
(Figure 3(c)). It should be emphasized that the layer is
also found even in grain boundaries with low angles of
mismatch (Figure 3(d)) where the mis-orientation angle
between the adjacent grains was measured using a
reflected Laue X-ray system at 6.1 deg. This result is
important for the understanding of the formation
mechanism of this boundary layer because it is known
that the development of the discontinuous precipitation
reaction, which forms similar microstructures to
the layer observed in this study, can only occur
along boundaries with mis-orientation greater than
10 deg.[22–24] From the observation, it is clear that there
is a distinct boundary layer between a matrix and
surface defect grains.

Figures 2 and 3 also show that the size of the
boundary layer is about 2 to 5 lm, which means that
it is a layer (not an independent grain boundary) formed

between adjacent two grains because the size of effective
grain boundaries in other systems is shown to be about
0.5 nm.[25] Most of all, the observation suggests that the
intermediate layer can be detected in any grain bound-
ary regions formed during the solidification of Ni-based
single-crystal turbine blades even though the boundary
width is slightly different. In addition, close observation
of the intermediate layer formed between a stray grain
and the matrix in the platform region (Figures 2 and
3(a)) shows that the stray grain is surrounded with the
intermediate layer, and as a result, the boundary was
easily distinguishable during observation. It is interest-
ing to note that only one side of the layer marked with
an arrow in Figure 3(a) has a coherent boundary. Most
of all, the coherent interface could be found on both the
sides of the stray grain or the side of the matrix
separately, which means that there is no tendency to
form the coherent interface in any particular grain. The
observation suggests that one side of the intermediate
layer has a coherent interface with one of the grains.
The previous observations were made of the interme-

diate layer on the casting surface. To observe the cross
section, two intermediate layers were cross-sectioned,
respectively, by the FIB milling process as shown in
Figure 1. Figure 4 is two representative SEM images of
the cross section. SEM tilting view images made
by secondary electron imaging (SE, Figure 4(a))
and ion-induced secondary electron imaging (IS,
Figure 4(b)) clearly indicated two important facts; firstly
that the intermediate layer is composed of many
elongated c¢ as well as c phases (not pure c¢ phase),
and secondly that at the interface which is coherent, c¢
(as well as c) phase starts to extend from the parent
grain. Most of all, the IS image (Figure 4(b)), using

Fig. 1—TEM sampling using a conventional FIB lift-out technique: (a) selected location marked with an arrow after trenching the top and bot-
tom faces, (b) thin lamella placed on a Cu grid, (c) after the rotation of 90 deg, (d) top view after the rotation, (e) side view after thinning, (f)
top view of a thin layer. Note that after the cleaning of the thin layer, a TEM sample was fully prepared.
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channeling contrast, also indicated clearly that the c¢
phase in the intermediate layer has the same {100}
orientation as the c¢ phase in the stray grain, as a result,
it has the same contrast, while at the non-coherent
interface the contrast is changed dramatically due to the
slightly different {100} orientation of c¢ phase in the
matrix grain. Therefore, the non-coherent (sharp) inter-
face is along the side of the intermediate layer where the
orientation mismatch occurs.

To confirm the elongation of c¢ and c phases, an
intermediate layer was observed at a magnification of
100, 000 times. The sample in Figure 5(a) was etched
away for visual inspection to find any surface defect
grains. Even after the severe etching process, many tiny
c¢ particles survived as shown in Figures 5(a) and (b),
leaving the intermediate layer proud of the rest of the
surface. As the etching solution attacked the c phase
preferentially, the c¢ particles in the intermediate layer
have less surrounding c phase to be etched away, leaving
them attached and proud of the surface. To observe the
detailed microstructure, a TEM sample was made
exactly on the intermediate layer in Figure 5(a) using
the aforementioned FIB lift-out technique (Figure 1).
Figure 5(c) and (d) show STEM-HAADF images after
TEM sampling. With conventional FIB sampling, i.e.,
without the rotation of 90 deg (Figure 1(c)), it was
extremely difficult to make a sample preserving the

whole intermediate layer because the layer was not flat,
as shown in Figures 2,3 through 5, and most of all, a
strong gallium ion beam could make deep scratches near
or at the interfaces even though a protective platinum
layer was deposited on it. In Figure 5(c), the dark
contrast in the intermediate layer was caused by the
pull-out of some particles during TEM sampling.
Figure 5(d) clearly shows that a c¢ phase in the inter-
mediate layer starts to be elongated from a c¢ particle in
the stray grain as marked with an arrow. This observa-
tion suggests that the elongated c¢ phase forms from tiny
c¢ precipitates adjacent to the boundary between two
grains.
Figure 6(a) is an SEM image acquired in BSEmode on

an intermediate layer. The BSE image as well as the
cross-sectioned images in Figures 4(a) and (b) clearly
show that there were many tiny particles along the
interface between the intermediate layer and a stray
grain (Figures 4(b) through 6(a)) or a matrix grain
(Figure 4(a)). The BSE image indicated that the particles
contained heavier elements, such as Mo, Hf, Ta, W, and
Re than Ni. A STEM-EDX point analysis (Table I, also
see Reference 9) carried out on a Re-rich particle using a
nominal probe size of 2 nm suggested that the particles
contained large amount of Re and they were probably
Ni(Re,Cr,Co,Mo,W)3. It is necessary to emphasize that
the Re-rich particles exist along only one side of the

Fig. 2—Photographs (a) and SEM images (b to d) showing an intermediate layer between a stray grain and a matrix grain: (b) low-magnification
BSE image showing a whole stray grain, (c) SE image of a boundary layer between a stray grain and a matrix grain with an arrow, (d) magni-
fied SE image clearly showing an intermediate layer.

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 48A, JUNE 2017—2935



intermediate layer; that which the elongated c and c¢ grow
from and is coherent. On the contrary, it was observed
that there were few Re-rich particles near the non-coher-
ent interface. To confirm the distribution of the Re-rich
particles along only one side of the intermediate layer,
a layer was selected and cross-sectioned by FIB
(Figure 6(b)). After FIB cutting and cleaning, tilting
views of the cross section (Figures 6(c) and (d)) showed a
remarkable distribution ofRe-rich particles. The particles
existed within the c¢ phase as well as in the c phase, and
even at their boundaries. It should be noted that the
particles were not caused by contamination or re-depo-
sition during milling. Therefore, the random distribution
of Re-rich particles suggests that they exist from solidi-
fication from the melt, which is in good agreement with
the observation that the Re-rich particles were experi-
mentally detected in as-cast samples.[9]

IV. DISCUSSION

A. Possibility of Cellular Recrystallization or Formation
of Columnar Zone of Elongated Grains

The elongated c¢ phase in the intermediate layer is
similar to the lamellar microstructure formed by cellular
recrystallization,[26–30] or the columnar zone of elon-
gated grains formed in solidified alloy ingots.[25] The
samples in this study were subjected to multiple steps of
melting, casting, and heat treatment during manufac-
turing. The solution heat treatment process undertaken
on these samples was intended to dissolve the c/c¢
eutectics and reduce the chemical segregation resulting
from the dendritic growth during the solidification
process.[13] Therefore, even though the elongated c¢
phase might form during solidification, it would have
been dissolved as the heat treatment was above the c¢
solvus, and as a result there was little possibility that the
elongated c¢ phase was analogous to the columnar zone
of elongated grains formed during solidification.

During the manufacturing and processing of new
parts, plastic deformation may be induced in the
component from many sources, such as contracting
stresses during cooling of the solid metal in the shell
mold, mechanically removing shell mold residue,
removal of the part from the gating system and general
handling,[26] and these can be concentrated on the
surface of components or even extend into the bulk of
the part. This concentrated deformation could be
released by recrystallization during solution heat treat-
ment and subsequent grain growth by strain-induced
boundary migration.[31,32] As a result, cellular recrystal-
lization which is similar to the elongated c¢ and c phases
has been observed in many specimens.[26–32] However, in
order to initiate the recrystallization, a free surface as
well as c¢-free zone must be available and this allows the
recrystallization to occur on the surface and move into
the bulk of the material. If these conditions do not exist,
then a much higher amount of plastic deformation is
required (e.g., more than about 10 pct).[26] After that,
the cellular recrystallization moves a grain boundary
into the deformed parent material. The reduction of free

energy (DGT) by the cellular recrystallization can be
expressed as DGT = DGm+DGc+DGc, where DGm

reflects the annihilation of dislocations, DGc is related to
the microstructural coarsening and creation of a
high-angle grain boundary, and DGc is the chemical
composition of phases in the recrystallized region.[26] As
our previous study showed that the compositions of c¢ in
the elongated region and the matrix or a stray grain are
almost same, the last term is negligible.[9] The realistic
strain values which can be imposed on the components
are about 2 to 3 pct.[26] Therefore, the value of DGT is
positive without any additional deformation, such as a
hardness indentation or similar non-uniform deforma-
tion in excess of about 10 pct, which means that it is
almost impossible to induce the recrystallization in the
bulk materials without additional deformation. In the
previous study[9] an investigation into a recrystallized
grain showed that the elongated c and c¢ were not
present despite the boundary moving through the
material to the final location during solution heat
treatment. In addition, it should be emphasized that in
the sample observed in this study, the top surface of the
component (which plastic deformation was concen-
trated on) was etched away for visual inspection, and
the elongated direction of the intermediate layer was
nearly parallel to the surface through the thickness of
the component. Therefore, the elongated c¢ phase in the
intermediate was not formed either by the cellular
recrystallization or by the formation of a columnar zone
of elongated grains during solidification.

B. Formation Mechanism of Intermediate Layer

Before discussing the formation mechanism of the
intermediate layer, it is necessary to clarify whether the
sharp (non-coherent) interface is the starting point in the
formation of the layer or the terminating one. To form
the elongated phases, either c¢ or c should be nucleated.
For nucleation, the activation energy should be reduced
through releasing some free energy (DGT) which can be
expressed as DGT = Ac�V(DGv�DGs), where A and V
are area and volume, respectively, c an interfacial
energy, DGv a volume free energy, and DGs is a misfit
strain energy per unit volume.[25] Therefore, to achieve a
low interfacial energy, it is important to achieve a good
lattice match through a small disregistry (d = Da0/ao),
where Da0 is the difference between the lattice param-
eters of the nucleating and the nucleated metal belong-
ing to the same crystal structure along a specific
direction, and having similar crystallography.[33–35] At
this point, it should be emphasized that the sharp
interface between the elongated phase and the matrix
grain (or a stray grain) means that there was no specific
orientation relationship between them. Therefore, the
non-coherent interface was not energetically the starting
point of the formation of the intermediate layer, which
means that the formation of the layer started from the
coherent interface and terminated at the topologically
sharp one.
Then, the interface energy is significantly affected by

many factors, such as grain size, crystal structure, misfit
dislocations in the interface of substrate/nucleated
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metal, lattice mismatch, orientation relationship, chem-
ical nature, and electrostatic potential between
them.[25,35,36] Recently, however, it has been reported
that if any nucleation occurs on the same base material,
the interface energy is minimized and as a result,
nucleation can occur easily.[37,38] Therefore, the

formation of the elongated c¢ and c phases in the
intermediate layer may be explained basically by the
nucleation mechanism on the same material, i.e., the
formation of the elongated c¢ and c phases (in the
intermediate layer) from adjacent c¢ and c phases in
matrix, which is known as grain boundary precipitation

Fig. 3—SEM images of an intermediate layer formed between a matrix grain and several different surface defect grains: (a) a stray grain formed
in the shroud region of a turbine blade, (b) an area of multiple grains, (c) a freckle grain, and (d) low-angle grain boundary. Panels (a to c) are
SE images and panel (d) is a BSE image.

Fig. 4—SEM tilting views of cross sections of intermediate layers formed between a matrix grain and a stray grain: (a) SE image, and (b) ion-in-
duced SE image. The arrows in panel (a) and (b), respectively, indicate a non-coherent interface.
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or cellular precipitation. In this precipitation, the
reaction can be written as follows:

csat ! c0i þ ci;

where csat is the supersaturated c phase, ci
¢ is the c¢ phase

in the intermediate layer, and ci is the c phase in the
intermediate layer but with a lower thermo-dynamic
excess of solute.[25] The first stage of the reaction is the
nucleation of c¢ or c as schematically shown in Figure 7.
At this point, it should be remembered that the Re-rich
particles probably existed from solidification of the melt
and were experimentally detected in as-cast samples.[9] If
the c¢ phase nucleates first, the activation energy barrier
to nucleation can be minimized by nucleation on the
same c¢ phase in an adjacent grain. The c phase
surrounding the nucleus will become rich in the elements
which partition from the c¢ (Re, W, Ta, etc.) and then
will increase the driving force for the formation of
normal c phase in the intermediate layer. This process
can be repeated along the grain boundary. After the
nucleation, the colony can grow edgewise by the
movement of boundary changing the orientation of c¢
particles,[31] and then, finally, the observed elongation of
c¢ and c phases form in the intermediate layer.

C. Comparison of the Formation Mechanism with a
Conventional Discontinuous Precipitation Reaction

In the formation mechanism of the intermediate layer,
it should be emphasized that without pre-existing
Re-rich particles, the nucleation mechanism of the
intermediate layer is similar to a conventional discon-
tinuous precipitation (DP) reaction which has been
intensively and widely observed in over 500 binary and
multicomponent systems even though it still remains a
controversial issue.[39–41] To reduce the energy of the
grain boundary, the DP reaction can easily occur from
the following reaction[22–24,42]:

ðcþ c0Þp ! cI þ c0I þ TCP;

where P is a parent grain, I the intermediate layer, and
TCP topologically close-packed phases. The driving
force for the reaction is a reduction of the internal strain
energy as well as the change in the c¢ precipitate size,
reducing the surface area per unit volume of precipita-
tion.[24] However, the DP reaction generally occurs
along both sides of the boundary adjacent to grains
which results in the formation of a wavy grain bound-
ary. The boundary observed in this study is always

Fig. 5—SEM images (a, b) and TEM images of an intermediate layer (c, d): (a) SE image, (b) magnified image at the marked region in panel (a),
(c) low-magnification STEM-HAADF image, and (d) magnified STEM-HAADF image.
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straight on a microscopic scale. Also, when compared to
the composition of the TCP phases reported in the DP
reaction, such as the P phase with an amount of rhenium
of about 20 at. pct,[43,44] that of the Re-rich particles
reported here with over 60 at. pct are very different.
Compared to other TCP phases, such as r phase
{Ni8(Cr,Mo)4(Cr,Mo,Ni)18}, d phase (NiMo), Laves
phase with formula A2B, l phase (Co,Fe,Ni)7
(MoWCr)6, and R phase (Mo31Cr18Co50),

[1] the compo-
sition is also very different. In addition, TCP phases
from the DP reaction form after a long aging time
through grain boundary diffusion.[45] However, the
Re-rich particles in this study were seen after relatively
short solution heat treatment and subsequent aging.
When TCP phases are precipitated from the DP

reaction, the area surrounding the TCP phases becomes
depleted of TCP-forming elements. However, the distri-
bution of alloying elements near Re-rich particles in this
study is uniform. Most of all, from the DP reaction,
needle-like TCP phases are formed and usually aligned
perpendicular to the growth interface,[46] while in this
study, round-shaped Re-rich particles were randomly
distributed along the interface. In addition, the Re-rich
particles exist inside the elongated c¢ as well as c phase in
the intermediate layer, which means that it is difficult to
explain this observation with the DP reaction and
subsequent TCP precipitation as there is no previous
observation showing these Re-rich particles which exist
from the as-cast state. Most of all, the reported
morphology and chemistry of the TCP phases is

Fig. 6—SEM images (a to d) and a SEM-EDX point analysis (e): (a) BSE image showing bright particles, (b) after protective platinum deposi-
tion and cross-sectioning, (c) SE tilting view of a cross section, (d) magnified image of panel (c), and (e) SEM-EDX spectrum on a particle.
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different to those seen in this study. Finally, it should be
emphasized that our previous study showed that Re-rich
particles were also detected in as-cast samples[9] and
their existence in as-cast samples have been confirmed
(not reported here). The pre-existence of Re-rich parti-
cles means that in the DP reaction, TCP phases formed
from the reaction of cþ c0ð Þp! cI þ c0I þ TCP, while in

the current study, Re-rich particles already existed
before the elongated c and c¢ phases formed from
csat ! c0i þ ci, which is the main difference of the
suggested formation mechanism in this study and the
conventional discontinuous precipitation. However, as
the cell front in the cellular precipitation passes, the
composition of the matrix changes discontinuously and
as a result, the cellular precipitation is also known as the
discontinuous precipitation.[25] Therefore, in order to
distinguish the formation mechanism of the intermedi-
ate layer in this study with the conventional discontin-
uous precipitation, the formation mechanism can be
referred as the Re-rich particle-induced cellular precip-
itation or Re-rich particle-induced discontinuous
precipitation.

D. Relationship Between the Intermediate Layer and
Re-rich Particles

Until now, the formation mechanism for the inter-
mediate layer containing Re-rich particles has been
discussed in detail. However, with the aforementioned
mechanism, it is not easy to explain the elongated c¢ and
c phases through the reaction csat ! c0i þ ci because it
cannot explain the reason for the elongation instead of
forming cubic c¢ phase in the adjacent grain. It is known
well that in the case of applying external uniaxial stress
to the component, platelike c¢ can be formed and
rod-shaped c¢ forms in biaxial stress fields. However,
external stress was not applied to the samples in this
study and the only stress in the area is the grain
boundary mismatch stress. Therefore, the elongation of
c¢ and c phases in the intermediate layer could be
influenced by the existence of Re-rich particles. In order
to study the possibility of this relationship, a Re-free
Ni-based superalloy (SRR99, Ni-5.5 pct Al-2.2 pct
Ti-8 pct Cr-5 pct Co-3 pct Ta-10 pct W, wt pct) was
investigated. single-crystal SRR99 turbine blades were

Fig. 7—Schematic diagram of the formation of an intermediate layer between matrix and a stray grain (SG). Note that Re-rich particles already
existed from solidification of the melt.

Fig. 8—SEM images of a high-angle grain boundary formed between a defect grain and a matrix grain in a single-crystal SRR99 turbine blade:
(a) low-magnification image, and (b) high-magnification (50,000 times) image. Note that Grain A and Grain B mean a defect grain and a matrix
grain, respectively.
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manufactured at the same aerospace production man-
ufacturing facility and a sample containing a high-angle
defect grain was selected. Figure 8 is SEM images of a
high-angle grain boundary in a Re-free SRR99 sample.
It is clear that there is no intermediate layer between two
grains.

The CMSX-10, which is one of Ni-based superalloys
containing large amount of Re, clearly showed the
intermediate layer, while no intermediate layer was
found in the SRR99 alloy, containing no Re. Therefore,
as it is necessary to observe a sample containing medium
amount of Re, another Ni-based superalloy (CMSX-4)
containing 3 wt pct Re was selected and manufactured
at the same facility. Figure 9 is SEM images acquired in
a CMSX-4 sample. Along the same boundary between a
stray grain and matrix, two different microstructures
were observed: one is the intermediate layer just like
CMSX-10 samples, and the other no intermediate layer
like SRR99 samples. It should be noted that the region
showing the intermediate layer (Figure 9(a)) was not far
from the region showing the sharp interface
(Figure 9(c)). The cross section made from the region
containing the intermediate layer shows several Re-rich
particles marked with arrows in Figure 9(b), while there
were no particles in the cross section at the sharp
interface (Figure 9(d)). Therefore, this observation

confirms that the elongation of c¢ and c phases in the
intermediate layer is definitely related to the pre-exis-
tence of Re-rich particles, and supports the formation
mechanism of the intermediate layer via the Re-rich
particle-induced cellular precipitation.

V. SUMMARY AND CONCLUSION

An intermediate layer with a width of about 2 to 5 lm
containing fine Re-rich particles was detected between a
matrix grain and several surface defect grains which
formed during solidification. The intermediate layer was
composed of many elongated c¢ as well as c phases (not
purely c¢ phase) and had two different interfaces:
coherent and non-coherent sharp interfaces. From the
side of the coherent interface, c¢ (as well as c) phase
initiated and grew in elongated form, not the cuboidal
structure seen in the body of the grain. Most of all, the
elongated c¢ phase formed from c¢ precipitates in an
adjacent surface defect grain or matrix and retained the
orientation of these initiating grains. This morphology
of the intermediate layer was similar to an interfacial
layer formed from the discontinuous precipitation.
However, in the intermediate layer, some Re-rich
particles existed along only one side which was coherent

Fig. 9—SEM images of two different boundaries in a single-crystal CMSX-4 turbine blade: (a) plain view of a boundary, (b) tilting view after
cross-sectioning of the central region in panel (a), (c) plain view of another boundary, and (d) tilting view after cross-sectioning in (c). Note that
the two boundary regions were not far from each other, which can be ascertained by the {100} directions of the cube edges of each c¢ phase.
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and they existed in both the c¢ phase and the c phase, and
even at their boundary. Most of all, the Re-rich particles
existed from as-cast samples. Re-free or samples contain-
ing medium amount of Re clearly supported that the
elongation of c¢ and c phases in the intermediate layer was
definitely related to the existence of Re-rich particles.

It is well known that grain boundaries are a source of
weakness of turbine blades.[3,4] The existence of grain
boundaries, exactly, the existence of the intermediate
layer is probably detrimental to the superior mechanical
properties of Ni-based turbine blades. Therefore, even
though any direct measurements of mechanical proper-
ties was not done in this study, it is suggested that it is
necessary to investigate the methods to minimize or
avoid the formation of the intermediate layer as well as
numerous Re-rich particles.
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