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A B S T R A C T

Boron segregation and boride formation at grain boundaries are generally accepted in Ni-based superalloys.
However, the addition of boron was found to result in the formation of a high density of nanosized M5B3 (where
M is a mixture of Cr, Mo) particles in γ/γ′ eutectics of a Ni-based superalloy during high-temperature creep in
this work. M5B3 phase precipitated at γ/γ′ eutectics keeps a well-defined orientation relationship with the eu-
tectics, which is [001]γ/γ′//[001]M5B3, (020)γ/γ′//(130)M5B3. And these nanosized borides could block disloca-
tion slip, result in stress concentration surrounding γ/γ′ eutectics and facilitate crack initiation at γ/γ′ eutectic/
matrix interface during the creep at high temperatures.

1. Introduction

Ni-based superalloys have been widely used in aero-engines and
industrial gas turbines due to their excellent high-temperature me-
chanical properties [1]. To achieve the long-term goal of developing
new high-temperature propulsion materials to meet the capability
needs of new jet engines, multi-disciplinary basic and applied re-
searches such as influence mechanism of secondary phases are urgently
required [2–5]. One of the objectives of basic research is to explore the
high-temperature mechanism of the effects of minor elements such as
boron. In polycrystalline superalloys, boron, as well as carbon, is
usually added to enhance grain boundary strength at high temperatures
and therefore improve creep strength and ductility [6]. Generally, it is
accepted that boron usually segregates or forms borides at grain
boundaries [7–12]. For instance, P. Kontis et al. [13,14] reported that
boron could lead to serration of the grain boundaries retarding void
formation and cavity propagation along grain boundaries, so as to im-
prove the ductility. Meanwhile, the addition of boron is considered
particularly to lower the incipient melting point of alloys [15] and fa-
cilitate eutectics formation, such as γ/γ′ eutectic [16]. As one of the
most inhomogeneous microstructure components, γ/γ′ eutectics can
form in most superalloys, including Ni-based [17] and Ni3Al-based [18]

superalloys, and the effect of γ/γ′ eutectics on the mechanical proper-
ties of superalloys cannot be ignored.

Previous investigations showed that excessive or misoriented eu-
tectic usually leads to a deterioration in mechanical properties at ele-
vated temperatures [16,19]. It was found that γ/γ′ eutectic can nucleate
heterogeneously and grow on MC-type carbide in Ni-based single
crystal superalloys [20]. The γ/γ′ eutectics can inherit the orientation of
MC and present misorientation with the eutectic-free γ/γ′ matrix,
leading to a decrease of mechanical properties of superalloys. More-
over, observation by Zhang et al. [21] has found that fine borides could
precipitate in γ/γ′ eutectics in M91 alloy after prolonged aging at
850 °C, which indicates that a higher content of boron in γ/γ′ eutectics
than that of primary γ/γ′ matrix exists. The low solubility of boron and
higher boron content will result in a strong tendency for boride pre-
cipitation in γ/γ′ eutectics region. Since the γ/γ′ eutectics was believed
to decrease ductility by cleavage fracture or providing sites for cracks
initiation at γ/γ′ eutectics/matrix interface [17,22], the boride pre-
cipitation in γ/γ′ eutectics will inevitably further affect the mechanical
behavior. There were many researchers who reported the precipitation
of borides in superalloys [13,14,23,24], but most of them focused on
the precipitation along grain boundaries. As borides could precipitate in
γ/γ′ eutectics during long-term aging, accordingly it is understandable
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that creep can promote the boride precipitation in γ/γ′ eutectics.
Nevertheless, more detailed investigations on the microstructural evo-
lution of γ/γ′ eutectics are necessary to understand the role of micro-
structure during creep at high temperatures.

The primary object of the present work is, therefore, employing
advanced transmission electron microscopy (TEM), to clarify more
detail microstructure characteristics of γ/γ′ eutectics of a crept Ni-based
superalloy. It has been found that an amount of granular M5B3 phase
precipitated in γ/γ′ eutectics. This work is helpful to understand the
role of γ/γ′ eutectic microstructure in the creep process of superalloys.

2. Materials and methods

The alloy investigated in this work was a K417G alloy, and the
nominal chemical composition is given in Table 1. The master alloy was
produced in an industrial scale vacuum induction furnace, following re-
melting and casting into bars. According to the requirements of stan-
dard GB/T 2039-2012 [25], as-cast specimens were machined to con-
stant load stress rupture samples with a gauge diameter of 5 mm and a
gauge length of 25 mm. The average grain size is about 2.5 mm (see
Supplementary Material). Stress rupture tests were performed under the
condition of 950 °C/235 MPa. The creep rupture life and elongation of
creep specimens are about 45.45 h and 9.12%, respectively. After stress
rupture tests, specimens were sectioned parallel to the stress axial line.
Metallographic specimens were prepared via mechanical polishing and
chemically etching in a solution with 5 g CuSO4, 25 ml HCl and 40 ml
H2O. TEM thin foils were prepared by mechanical thinning and Ar ion
milling method (Gatan precision ion polishing system (PIPS II)).

Macromorphological characterization and Electron probe micro-
analysis (EPMA) were performed on an electron probe micro-analyzer
(Jeol JXA-8530F). Scanning transmission electron microscopy (STEM)
imaging and Electron energy loss spectroscopy (EELS) analysis were
performed on a Titan Cube 60-300, operated at 300 kV, equipped with a
high-angle annular dark-field (HAADF) detector and a Gatan Quantum
electron energy loss spectrometer. High-resolution TEM (HRTEM)
imaging, selected-area electron diffraction (SAED) and chemical ana-
lysis were undertaken on an FEI Tecnai G2 F30 microscope operating at
300 kV, equipped with an energy-dispersive spectrometer (EDS)
system. Before loading into the TEM, the thin foils were cleaned by a
Gatan 950 plasma system for removing surface contamination.

3. Results and discussion

Fig. 1(a) and (b) display the macrostructural features of γ/γ′ eu-
tectics in as-cast and crept samples, respectively. The γ/γ′ eutectic zone
can be separated into fine γ/γ′ area and coarse γ′ area according to the
morphology feature of γ′ phases. Some blocky MC carbides displaying
dark contrast in backscattered electron (BSE) mode are observed in
these images. Interestingly, some particles displaying dark-grey con-
trast exist in the eutectic area of the crept sample, which may hint that
fine secondary phases precipitated during high temperature creep. The
change is evident from the locally magnified image of the framed area
inserted in the top-right of Fig. 1(b). And so it is proved that excessive
amounts of granular precipitates showing higher contrast than γ and γ′
phases formed in the γ channel in γ/γ′ eutectic zone in Fig. 1(c). A
HAADF image (Fig. 1(d)) under higher magnification shows the mor-
phology features of the precipitates. These nanosized precipitates about
dozens of nanometers in size primarily located at γ/γ′ interface in eu-
tectics. To display relative compositional distribution, EDS mapping

analyses of the frame region in Fig. 1(d) were performed. Fig. 1(e)–(n)
exhibit the alloying element segregation mappings. Higher B, C, V, Zr,
Cr and Mo contents were found in the precipitates in comparison to
those in γ/γ′ eutectic. This suggested that these fine secondary phase
precipitates are possibly corresponding to carbides or borides. Ac-
cording to the EDS profile (in Fig. 1(o)), these fine secondary phase
precipitates are mainly composed of B, Cr, Mo and a small amount of V,
Co, Zr and Ni. The EELS technique, which is more sensitive to light
elements, was used to confirm the presence of boron in the secondary
phases. EELS result (in Fig. 1(p)) shows that the secondary phase really
contains boron and chromium primarily.

From a viewpoint of thermodynamics, possible phases of the pre-
cipitates are Cr-based carbides and borides which contain similar ele-
ments in Ni-based superalloys. To identify the precipitates, electron
diffraction analyses were performed. A HAADF image (in Fig. 2(a))
displays that the precipitate is actually at the γ/γ′ interface in eutectic.
And the corresponding SAED patterns along [001]γ/γ′ and [101]γ/γ′ di-
rection obtained from the region including both the precipitate and γ/γ′
in Fig. 2(a) are shown in Fig. 2(b) and (c), respectively. Based on the
reflections from the precipitate, it can be identified that the precipitate
has M5B3- type structure (space group I4/mcm) with lattice parameters
a= 5.64 Å, c= 10.72 Å. The lattice parameter of γ/γ′ eutectic is about
3.62 Å. Moreover, the precipitate presents a good orientation re-
lationship with γ/γ′ eutectic, which can be indexed as [001]γ/γ′//
[130]M5B3, with (200)γ/γ′//(310)M5B3, (020)γ/γ′//(006)M5B3.

In addition to orientation relationship [001]γ/γ′//[130]M5B3, (200)γ/
γ′//(310)M5B3, borides maintaining [001]γ/γ′//[001]M5B3, (020)γ/γ′//
(130)M5B3 was also discovered in our alloy. As shown in the lower part
of Fig. 2(d), the orientation relationship between M5B3 phase and γ/γ′
eutectic is [001]γ/γ′//[001]M5B3, (020)γ/γ′//(130)M5B3. Also it is inter-
esting that M5B3 phase at the top of Fig. 2(d) exhibits an orientation
relationship [001]γ/γ′//[130]M5B3, (200)γ/γ′//(310)M5B3. Du et al. [26]
reported that intergrowth of M5B3 phases with different crystal or-
ientations at grain boundaries in IN792 alloy. The results here indicate
this type of intergrowth also exists in the γ/γ′ eutectic zone in super-
alloys. A higher magnified image of the intergrowth zone shown in
Fig. 2(e) displays an unobvious interface with (310)M5B3//(130)M5B3.
For I4/mcm structure, (310)M5B3 is equivalent to (130)M5B3 in M5B3

phase. Actually, the two orientation relationships outlined above are
equivalent, since [001]γ/γ′//[001]M5B3, (020)γ/γ′//(130)M5B3 can also
be indexed as [010]γ/γ′//[130]M5B3, (002)γ/γ′//(006)M5B3. Though the
mechanism of the intergrowth is still unclear at present, Du et al. [26]
have proposed that two parts of the intergrown M5B3 phase may be
formed by nucleation individually and grown up together, or one nu-
cleation on another part. However, during our extensive TEM ob-
servations at γ/γ′ eutectic regions of crept samples, there is no evidence
to prove that one nucleation on another part with different orientation
exists in γ/γ′ eutectics. The initial M5B3 particles (less than 20 nm in
size) we observed all nucleate individually.

It should be noted that, the precipitates in Fig. 1(c) displays a bright
contrast, whereas in Fig. 1(d) the precipitates show a dark contrast.
Generally speaking, HAADF images are termed Z-contrast images, but
the HAADF detector usually can collect some Bragg electrons, leading
to diffraction contrast in HAADF images. And Bragg effects can be
avoided by decreasing the camera length and tilting the specimen to a
major zone axis [27]. When Bragg effects are avoided, the precipitates
will show a darker contrast in HAADF images (see Supplementary
Material), which is consistent with the BSE image (Fig. 1(b)). And this
issue also could be confirmed by HRTEM images shown in Fig. 3. Based
on the (hk0) reflections present for h + k = 2n in the Fast Fourier
Transformed (FFT) pattern (inset in Fig. 3(a)), the precipitates showing
bright contrast in Fig. 1(c) can be determined to be also M5B3 phase.

Moreover, by comparison with the γ/γ′ eutectics of crept specimens
(Fig. 4(a)), no granular M5B3 precipitates exist in the γ/γ′ eutectics of
as-cast specimens (Fig. 4(b)). And we annealed an as-cast sample for the
same time and temperature of creep test. Though the nanosized M5B3

Table 1
Chemical composition of the alloy in this work (wt%).

B C Co Cr Mo Al Ti V Zr Ni

0.023 0.16 9.65 9.19 3.02 5.20 4.32 0.71 0.086 Bal.
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phase can precipitate in long-term aging Ni-based superalloys [28], no
obvious precipitation was observed in the γ/γ′ eutectics of specimens
annealed under the condition of 950 °C/45.45 h (see Fig. 4(c)). That is,
the nanosized M5B3 borides formed during creep and this is not because
of annealing. Thus, it is suggested that creep deformation promotes
M5B3 phase formation.

While M5B3 usually precipitates at grain boundary in superalloys,
precipitation of M5B3 boride in γ/γ′ eutectic during creep is an inter-
esting finding. As shown in Fig. 4(d), M5B3 phase particles linked dis-
locations were observed in γ/γ′ eutectics. Segregation of Cr, Mo and Co
at stacking faults and dislocations have been found in superalloys
[29,30], and that was also confirmed by EDS line-scan profiles
(Fig. 4(e)) in our alloy, whereas boron segregation at crystal defects
have not been confirmed until now. Zhang et al. [31] suggested that
crystal defects like dislocation can cause boron segregation, which
provides the condition of boride nucleation during transient liquid
phase bonding process. But it has not been experimentally validated.
On the other hand, as the limited solubility of Cr, Mo in γ′ phase and the
strong positive segregation tendency of boron, these elements will be
enriched in the residual liquid during γ/γ′ eutectic reaction [15]. And
Cr was found indeed to be enriched at the crown of γ/γ′ eutectics (see
Fig. 4(f)). Since boron can promote γ/γ′ eutectic formation [15,32], it is
reasonable to suspect that γ/γ′ eutectic contains a high concentration of
boron. Therefore, considering the high affinity of Cr and Mo with
boron, the mechanism of M5B3 boride precipitation in γ/γ′ eutectic
might be explained by creep deformation facilitation. The high density
of dislocations with Cr and Mo segregation in γ/γ′ eutectic provide sites
for precipitation of M5B3 phase at high temperatures during the creep.
And elements enriched in γ/γ′ eutectic region provide the source of
elements for the formation of M5B3 phase. It is worth noting that other
types of borides were not found in γ/γ′ eutectic of our alloy. This is
possibly because of the low interfacial energy between M5B3 phase and
γ/γ′ eutectic. Based on the diffraction analyses, the lattice parameter c

for M5B3 phase is just three times that of γ/γ′ eutectic. Although M3B2

and M5B3 phase have the same lattice parameter a and very similar
composition, the c for M3B2 phase is about 0.30 nm [33,34], which will
result in higher interfacial energy between M3B2 and γ/γ′ eutectic.

The insufficient compatible deformation capability of γ/γ′ eutectic
could result in high dislocation density in eutectic γ′ and at eutectic/
matrix interfaces as reported by Wang et al. [35]. As shown in Fig. 5(a)
and (b), high density of M5B3 particles formed in the γ channel, and the
dislocation density is extremely high along the interface between eu-
tectics and matrix. In addition, many stacking faults (marked by white
arrows) were observed in the γ/γ′ eutectic. However, the dislocation
density is still very low in the matrix far away from the γ/γ′ eutectic
(see Fig. 5(c)). It is indicated that stress concentration could take place
surrounding γ/γ′ eutectics. As reported by Yuan et al. [36], creep cracks
can initiate at eutectic/matrix interfaces at high temperatures. Simi-
larly, as can be seen from Fig. 5(d), the cracks at γ/γ′ eutectic/matrix
interface were observed in our work. Thus, we suggest that the pre-
cipitation of nanosized granular borides at γ/γ′ eutectic regions is
possible to deteriorate the plastic deformability of γ/γ′ eutectics. The
nanosized M5B3 particles precipitate in matrix and distribute uniformly,
which can hind the migration of γ/γ′ interface and be beneficial for
creep properties. However. a large amount of nanosized M5B3 phase
precipitated in the extremely narrow γ channel of γ/γ′ eutectics rather
than matrix can further fix the dislocations, complicate the stress con-
centration surrounding γ/γ′ eutectics and aggravate the deformation
incompatibility.

4. Conclusions

The present work has investigated the microstructure of γ/γ′ eu-
tectic in a Ni-based superalloy before and after the creep. Though the
boron usually segregates to grain boundaries, creep induced pre-
cipitation of M5B3 in γ/γ′ eutectic was observed in our case. The M5B3

Fig. 1. The BSE micrographs showing the morphological features of γ/γ′ eutectics in (a) the as-cast and (b) the crept samples, and a locally magnified image of the
frame in (b) showing that some dark-grey particles precipitated at γ/γ′ eutectic regions. A HAADF image showing a large number of nanosized precipitates in γ/γ′
eutectic zone in (c) and a HAADF image under higher magnification showing the precipitates in γ/γ′ in (d). (e–n) Displaying the related EDS mapping results; (o and
p) showing the typical EDS spectrum and background subtracted EELS spectrum of these nanosized precipitates, respectively.
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Fig. 2. A HAADF image of the region containing M5B3-type boride along the [001]γ/γ′ direction (a); the inverted SAED patterns along [001]γ/γ′ (b) and [101]γ/γ′ (c)
direction, respectively. HAADF images (d) and (e) showing intergrowth of M5B3 phases with different crystal orientations.

Fig. 3. HRTEM images showing the M5B3 boride about 15 nm in size, (a) the original image and (b) image processed by Fourier mask filtering (the M5B3 roughly
marked with a dashed line). Inset in the bottom-right of (a) corresponds to FFT pattern.

H. Ge, et al. Materials Characterization 169 (2020) 110569

4



Fig. 4. HAADF images showing granular nanosized precipitates located at γ/γ′ eutectic region of the crept specimen (a), and no M5B3 phase particle precipitation
were displayed in γ/γ′ eutectic of the as-cast specimen (b), respectively. (c) A BSE image showing no obvious precipitation in γ/γ′ eutectic compared to the crept
specimen. (d) A BF image displaying granular precipitates linked by dislocations and (e) EDS line-scan profiles scanned across the dislocation showing the segregation
of Cr, Mo and Co. (f) EPMA elemental mapping showing the Cr-rich crown of γ/γ′ eutectic in as-cast specimens.

Fig. 5. BF-TEM images showing the configuration of stacking faults and dislocations in (a) γ/γ′ eutectic regions and (b) along the interface between matrix and
eutectics in crept specimen. (c) The matrix with a small amount of dislocations far away from the γ/γ′ eutectic. (d) SEM image displaying creep cracks at γ/γ′
eutectic/matrix in BSE imaging mode.
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exhibits a fixed orientation relationship with the γ/γ′ eutectic, which is
[001]γ/γ′//[001]M5B3, (020)γ/γ′//(130)M5B3. Furthermore, this pre-
cipitation behavior can be explained as high density of dislocations
confined within γ channel of eutectics provide driving force for M5B3

boride nucleation at elevated temperature. This study is helpful to
understand the influence mechanism of boron on the high temperature
creep properties of Ni-based superalloys.
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