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Generally, minor elements such as carbon and boron are added in superalloys to strengthen grain bound-
aries. However, effects of carbon and boron on single crystal superalloys remain disputed. Here we
demonstrate that M3Bg (where M is mixture of W, Mo, Cr and Ni) can induce dislocation channeling
in a Ni-based single crystal superalloy. The M3Bg has a cube-on-cube orientation relationship with the
matrix, forming a majority of {1 1 1} plane interfaces. Furthermore, the atomic stepped {1 1 1} interface

could facilitate dislocation nucleation. Dislocations emitted from the interface glide forward and pile-up
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in the channel, resulting in strain localization and creep micro-crack initiation.
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1. Introduction

Grain boundary strengthening elements such as carbon and
boron were initially eliminated from single crystal superalloys.
Additions of these elements are considered particularly to lower
incipient melting temperatures in single crystal superalloys [1,2].
However, owing to high complexity of hollow structure of blades,
low-angle grain boundaries (LAGBs) are almostly unavoidable.
Recently, minor additions of C and B have been shown to
strengthen LAGBs that may form during single crystal casting,
and can also effectively increase allowable LAGB misorientation
angles [3-6].

Owing to the low solubility of B in superalloys, presence of bor-
ide is inevitable in single crystal superalloys [7]. Boride precipitates
definitely affect the creep deformation behavior. In the tertiary
creep regime, damage develops in the form of cavity nucleating
and growing from casting porosity and secondary phases, such as
TCP phases, carbides and borides in single crystal superalloys [8].
However, in carbon containing nickel-based single crystal superal-
loys, it was supposed that a small amount of MC and nano-sized
M,3Cg carbides could block the dislocation movement and enhance
the creep properties [9]. Consequently, the effect of carbides/
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borides on the creep behaviors is related to the corresponding dis-
location behaviors. Many investigations have focused on the dislo-
cation behaviors in the matrix (y/y’) under high-temperature and
low-stress creep in single crystal superalloys [10-13], but solid
experimental investigations of dislocation behaviors related to car-
bides/borides have not been reported.

This work aims to investigate the details of dislocation activity
associated with the interface between borides and matrix using
transmission electron microscopy (TEM). In the traditional view,
creep crack initiation is generally associated with interface
debonding at second-phase particles. Here, the results suggest that
borides at y’ interior could act as a source of dislocation channel.
The formation mechanism of boride-induced dislocation channel-
ing is proposed.

2. Materials and methods

Focusing on the boride effect on the creep deformation, the
crept microstructure of a single crystal superalloy joint bonded
with boron containing interlayer through transient liquid phase
(TLP) bonding were investigated in the present work. The nominal
composition (wt%) of the base alloy is 6.0Cr, 7.5Co, 1.2Mo, 5.8 W,
5.9Al, 1.1Ti, and balance by Ni. And the interlayer composition is
15Cr, 3.5B, and balance by Ni. After TLP bonding and heat
treatment [14], the specimens were machined into stress rupture
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samples with a gauge diameter of 5 mm and a gauge length of
25 mm. Stress rupture samples were tested at 982 °C/248 MPa.

TEM samples were taken from the joint adjacent to the fracture
surface. The microstructural observation and composition analysis
were conducted on a Titan Cube 60-300, equipped with a high
angle annular dark field (HAADF) detector, energy-dispersive
X-ray (EDX) detector and Gatan Quantum energy loss (EELS) spec-
trometer. Selected area electron diffraction (SAED) patterns were
recorded in a JEOL 2100 microscope.

3. Results and discussion

An overview of the crept microstructure is illustrated in an
HAADF image of Fig. 1a. The sample presents typical features of
creep, such as ¥y’ coarsening. Interestingly, as marked with a black
square at the bottom-left of Fig. 1a, a precipitate enriched with
heavy elements and heading a deformation band can be seen in
the matrix. And a crack formed ahead of the deformation band
away from the precipitate. In Fig. 1b, a higher magnified image
indicates that the deformation band is a dislocation channel. More-
over, it seems that the dislocations come from the interface
between the precipitate and the matrix. Furthermore, as the results
showing, the dislocations in the channel could slip through y and y/
directly. Dislocation pile-up in the channel could result in high
local strain and an increase susceptibility of crack initiation which
strongly influences creep performance. So in the following sec-
tions, we will identify the precipitate, characterize the interface
feature between the precipitate and matrix, demonstrate Burgers
vector of the dislocations, and propose the formation mechanism
of the dislocation channeling.

The crystal structure and interface structure of the precipitate
are identified as shown in Fig. 2. As shown in Fig. 2a, the precipitate
with a size about 500 nm shown a polygonal shape. SAED patterns
(Fig. 2b and c) indicate that the precipitate possibly corresponds to
M,5Cs or M33Bg. According to the EDS spectrum (Fig. 2d) acquired
from the precipitate, the precipitate is mainly composed of W, Mo,
Cr, Ni and a small amount of Co. M,3Cg carbide is based on Cry3Cg
while M;3Bg boride has a relatively high content of Ni [15,16]. In
addition to the precipitate does not contain C, and the B signal
was found in the EELS profile (inset in Fig. 2d), the precipitate
can be determined as M,3Bg. And the orientation relationship
(OR) can be determined as [1 0 0]y//[100]g and [1 1 0]y//[1 1 0]p
(in Fig. 2b and c), where subscript M and B represent matrix and
boride, respectively. As the superlattice reflections {001} and

{011} of y' can be seen in the SAED patterns, it’s safe to deduced
that M,3Bg is in the y’ phase. Based on the presented SAED pat-
terns, the lattice constant of M»3Bg is 1.088 nm, which is approxi-
mately triple that of the ¥’ (a=0.359 nm). According to the high
resolution HAADF images in Fig. 2e and f, the interfaces between
M;3Bs and v’ are composed of low-index planes such as {11 1},
M23B6 and {0 0 1}’}///M23BGv and the {1 1 1}7//]\42335 makes up the
majority. The interface energy between M;3Bg and ¥’ can be greatly
reduced by combination with low-index planes.

The dislocation configurations in the dislocation channel are
clarified by two-beam diffraction contrast in Fig. 3. Fig. 3a-c show
images of channeling dislocations using g111, g020 and g022
reflections, respectively. We note that the dislocations labeled with
I (in Fig. 3a) are visible for g111 and almost out of contrast for
€020 and g022 reflection. In addition, a small quantity of disloca-
tions labeled with II (in Fig. 3b) are out of contrast for g1 11 and
€022, and in contrast for g020. Based on g-b =0 invisibility crite-
rion, these observations indicate that the I type dislocations have
Burgers vector of a[1 0 0], where a is the lattice constant, and II
type dislocations have Burgers vector of a/2[0 1 1]. The TEM obser-
vations also show that the ¥’ regions except dislocation channel
remain nearly free of dislocations though in the very late stage of
the creep deformation. And previous studies have shown that a a
[1 0 0] dislocation in ¥y’ always has two different a/2[1 1 0] disloca-
tion segments at the y/y’ interface [10-13]. This implies that the
channeling dislocations unlikely come from y channels. More evi-
dently, as shown in Fig. 3d, a single dislocation lies on a M,3Bg-Y’
interface, which indicates that these a[1 0 0] dislocations were
possibly emitted from the {1 1 1}um2386//{1 1 1}, interface.

Interfaces usually impede dislocation motion due to the crystal-
lographic mismatch across an interface and the atomic disorder in
an interface [17]. On the contrary, the phenomenon of interfaces
acting as a source of dislocations has been revealed here. Disloca-
tion nucleation is correlated to interface structure. As shown in
Fig. 3e, stepped (1 11)//(11 1)ma3p6 interface can be seen from
[110] m23se//[110]y direction. Each step is as high as three '
(1 11) atomic interplanes, which is consistent with that the lattice
constant of M,3Bg is about triple that of v'. In contrast to disloca-
tion nucleation from atomically flat low energy interfaces, a much
lower activation energy is required to nucleate dislocations from
stepped or faceted interfaces [18,19]. During tension loading along
[0 0 1] direction, the stepped {1 1 1} plane interfaces have higher
resistance to interface shearing, consequently facilitate the emis-
sion of dislocations.
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Fig. 1. (a) An HAADF image showing boride-containing creep microstructure, uniaxial loading direction as indicated with o is parallel to [0 0 1]; (b) a higher magnified image

of the framed region in (a), displaying a dislocation channel leaded by a precipitate.
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