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ABSTRACT

Secondary phases precipitated in diffusion affected zones (DAZs) of a transient liquid phase (TLP) bonded
Ni-based superalloy have a large impact on materials properties. Here we report an atomic-scale analysis
of the crystal structures and elemental distributions within DAZ precipitates in a TLP-bonded single-
crystal superalloy using a range of electron microscopy techniques. The predominant precipitate phases
are found to be M3B,- and MsBs-type borides, where M is a mixture of transition metal elements.
Atomically-resolved energy-dispersive X-ray spectroscopy in an aberration-corrected scanning trans-
mission electron microscope (STEM) enabled the distributions of metal atoms within the precipitates to
be determined. The observation that different metals occupy preferred sites within the crystals indicates
that these phases are not uniform solid solutions, but instead are chemically ordered. Both borides
contain two distinct metal lattice sites such that the phases can be described as L,SB; and L4SB3, where L
and S are elements with larger (e.g., W, Mo) and smaller (e.g., Cr, Co, Ni) atomic numbers, respectively.
Ordering of W and Cr is found to be particularly strong. A systematic search for stable phases within the
chemical space of the W-Cr-B ternary system using the crystal structure prediction (CSP) program USPEX
provided further insights into the nature of the observed chemical ordering. This combination of STEM
and CSP techniques provides a direct and robust way of determining chemical features and local
structures of multicomponent phases with atomic resolution even when particle sizes are too small for
analysis using conventional methods.

© 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Because of its beneficial effect in strengthening grain bound-
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aries, boron is widely used as a micro-alloying element in super-
alloys to improve their mechanical properties, particularly creep
performance [1—4]. Boron exhibits low solubility (=100 ppm) in
the bulk of the superalloys, and prior studies have suggested that it
prefers to reside at grain boundaries [4—6]. Recent work has shown
that it forms various kinds of borides with different transition metal
elements [7—10], and in addition to precipitating at grain bound-
aries, precipitation within grains also occurs [11,12]. Boron is also
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considered to be an important melting point depressant because it
forms a eutectic with Ni, and it is widely used as the filler material
in transient liquid phase (TLP) bonding, an advanced welding
technique for joining advanced engineering alloys such as super-
alloys [13]. During TLP bonding, a large number of boride pre-
cipitates form in the diffusion affected zone (DAZ) near the joint,
which has a strong effect on the mechanical properties of the
bonded material [14,15]. Better understanding of the microstruc-
tural characteristics and compositions of these boride precipitates
is an important step in optimizing the TLP bonding process and
thereby improving the integrity of superalloy components.

In general, four types of borides have been reported to form in
Ni-based superalloys, viz., M3Bz-, M5Bs-, M>B-, and Ma3Bg-type
borides [16—18], where M is a combination of transition metal el-
ements. Of these phases, M3B; and Ms5B3 are the most commonly
observed. Although the average crystal structures of M3B, and
Mj5B3 have been determined using a number of techniques, there is
still uncertainty about how the transition metals are distributed
across crystallographically distinct lattice sites, i.e., whether they
are distributed randomly over different sites or if they preferen-
tially occupy sites depending on their chemistry or atomic sizes.

Based on X-ray diffraction analysis, Beattie proposed that
ordering of metal atoms occurs in M3B; borides [19]. In the case of
the MsB3 phase, however, the transition metal elements are still
generally thought to be distributed randomly over the M sublattice.
Although X-ray diffraction (both conventional and synchrotron)
and neutron diffraction are powerful tools for determining struc-
tures and site occupancy factors when combined with Rietveld
refinement methods, the results pertain only to the average
structure. Combined with the fact that many types of precipitates
can coexist in the same alloy, structure refinement of individual
phases with complicated composition features remains a daunting
task that requires state-of-the-art characterization methods.

Atom probe tomography (APT) is another powerful technique
for obtaining useful chemical insights with higher spatial resolu-
tion [6,8,10,20]. However, although it is possible to attain spatial
depth resolutions within a few tens of picometers, lateral resolu-
tions are intrinsically limited to a fraction of a nanometer, which
generally precludes full reconstruction of a precipitate's crystal
structure [21]. The crystallographic information retrieved from APT
enables individual crystal planes to be resolved and precise site
occupancies to be determined [22], but to date such detailed
analysis has only been carried out successfully in the case of the L1,
ordered Yy’ phase, which has a simple crystal lattice [23,24].

In general, accurate determination of the real-space distribution
of different metal atoms in precipitates with a complicated struc-
tural and chemical makeup requires use of alternative techniques
to those described above. One such technique is scanning trans-
mission electron microscopy (STEM), which has a very high spatial
resolution and can be used to examine much smaller regions within
the materials. In previous work, we used this method to analyze
boride precipitates and concluded that occupational ordering
indeed occurs in both M3B; and MsBs3 [25], although a quantitative
analysis of site occupancies was not undertaken at that time. Since
the development of aberration correctors, atomic-resolution elec-
tron energy loss spectroscopy (EELS) and energy dispersive spec-
troscopy (EDS) have emerged as powerful techniques for chemical
analysis of a wide range of materials [26—29]. Of these two tech-
niques, atomic-resolution EDS mapping is more robust in detecting
heavy elements because of the intrinsically low-scattering cross-
section of electrons with higher energy loss [30—32].

In this study we use atomic-resolution EDS to obtain real-space
maps of different metallic elements in M3B, and Ms5B3 borides
precipitated in the DAZ of a TLP-bonded superalloy in order to
quantify site occupancies within the two crystal lattices. The results

provide direct evidence that chemical ordering occurs in both of
these borides. As Cr and W are the two major metallic elements in
the boride precipitates, to better understand the ordering phe-
nomenon we also carried out theoretical modeling of compounds
in the W-Cr-B ternary system using a recently developed structure
prediction method built upon the evolutionary algorithm USPEX
[33—-35].

2. Experimental methods
2.1. Preparation of bulk samples

Bulk samples used in this study were taken from a transient
liquid phase (TLP) bonded superalloy. Bars of the superalloy with
nominal composition (in at%) of 12.4 Al, 7.2 Co, 6.5 Cr, 1.8 W, 1.3 Tj,
0.7 Mo, and balance Ni were directionally solidified along the [001]
direction using a high-rate solidification method using a spiral
selector. Cylindrical bars 13 mm in diameter and 6 mm in height
were cut from the as-cast bars. Next, an 8 mm x 300 mm gap par-
allel to the [001] direction of the single crystal was cut in the center
of the cylinders. A filler alloy with nominal composition (in at %) of
14.4 Cr, 16.2 B, and balance Ni was inserted into the gap. Details of
the TLP bonding process can be found in our previous reports
[13,36]. After bonding, several slices near the joint were cut
perpendicular to one of the bonded interfaces for structural
characterization.

2.2. Electron microscopy and image simulations

A Leica optical microscope and Oxford scanning electron mi-
croscope (SEM) were wused to characterize the macro-
morphological features. Electron transparent specimens were
prepared by conventional mechanical polishing and Ar-ion beam
milling. The thickness of the electron-transparent region used for
high quality atomic resolution imaging was less than 100 nm, as
determined using the EELS log-ratio technique [37].

Detailed TEM characterization was performed using a probe-
corrected JEM-ARM200CF (JEOL, Co. Ltd) microscope equipped
with two silicon drift detectors (SDDs). The operation voltage was
200kV, and the probe-forming aperture semi-angle was approxi-
mately 25 mrad, which yielded a probe size of around 1.2 A with a
probe current of about 60 pA. The collection angle of the high angle
annular dark field (HAADF) detector ranged from 50 to 200 mrad.
The detector size for a single SDD was 100 mm? and the solid angle
for the whole collection system was about 1.7 sr.

Atomic-resolution EDS mapping was performed using the NSS3
software developed by Thermo Fisher Scientific Inc. Atomic reso-
lution HAADF image simulations were performed using the xXHREM
software package (HREM Research Inc.). The probe in the simula-
tions was assumed to have an aberration-free Gaussian distribution
with a half-width at half-maximum of 0.6 A to account for the finite
effective source. Structural models of M3B, and MsB3; were con-
structed based on the crystal structures of binary V3B, and CrsB3
[38,39], details of which are provided in Table 1. The simulation
employed Weickenmeier-Kohl scattering cross-sections including
thermal diffuse scattering. Debye-Waller factors of W and Cr were
set to 1, and the sample thickness was set at 20 nm. The conver-
gence semi-angle and collection inner/outer semi-angles were the
same as those used in scanning transmission electron microscopy
(STEM) experiments.

2.3. Computational methods

Searches for stable compounds and structures within the Cr-B
system were performed using the USPEX code [33—35], which



276 X.B. Hu et al. / Acta Materialia 149 (2018) 274—284

Table 1

The structure type, space group, lattice parameters, Wyckoff positions, and fractional atomic coordinates of binary phases V3B, and CrsBs.

Structure type (Strukturbericht symbol) Space group (number)

Lattice parameters/A

Atom (Wyckoff site) Fractional coordinates

X y z
V3B, P4/mbm a=5.76 V (4h) 0.173 0.673 0.500
(D54) (127) c=3.04 V (2a) 0.000 0.000 0.000
B (4g) 0.388 0.888 0.000
CrsBs 14/mem a=>546 Cr (161) 0.166 0.666 0.150
(D8;) (140) c=10.64 Cr (4c) 0.000 0.000 0.000
B (8h) 0.625 0.125 0.000
B (4a) 0.000 0.000 0.250

utilizes an evolutionary algorithm to predict stable compounds and
structures from the chemical elements alone. Its accuracy and
reliability have been demonstrated for a range of different materials
systems [40,41]. In this method, stable compositions are identified
from a convex hull construction: a compound is considered ther-
modynamically stable if the enthalpy of its decomposition into any
other compounds is positive. Structure relaxations were performed
within the framework of density functional theory (DFT) using the
Perdew-Burke-Ernzerhof (PBE) functional and the all-electron
projector augmented wave (PAW) method, as implemented in the
VASP code [42,43]. A plane-wave kinetic energy cutoff of 600 eV
was used, and the Brillouin zone sampled with a resolution of
27 x 0.03 A~ which resulted in excellent convergence of energy
differences, stress tensors and structural parameters. The first
generation of structures was created randomly.

All structures were relaxed at ambient pressure and 0 K and the
calculated enthalpy was used to test the goodness of fit. The
energetically highest 30% of structures was discarded and a new
generation was created, 30% randomly and 70% from the lowest-
enthalpy structures through heredity, lattice mutation, and trans-
mutation (variable-composition search) or permutation (fixed-
composition search). In addition, phonon dispersions throughout

the Brillouin zone of each compound were derived using the finite-
displacement approach implemented in the Phonopy code [44].
Lattice dynamics calculations of all the low-enthalpy structures
showed no imaginary vibration frequencies, suggesting they are
dynamically stable over the pressure ranges considered here. The
calculated bulk modulus (B), shear modulus (G), and Young's
modulus (E) of each phase were derived using Reuss-Voigt-Hill
averages [45].

3. Results and discussion
3.1. General structural features of M3B, and MsB3

The optical micrograph in Fig. 1a shows the macrostructural
features near the joint in the TLP bonded system used in this study.
Based on knowledge of the bonding process and precipitation
features [13], three characteristic regions were identified, namely
the non-isothermal solidification zone (NSZ), isothermal solidifi-
cation zone (ISZ), and diffusion affected zone (DAZ). The SEM
micrograph in Fig. 1b obtained in back-scattered electron mode
clearly reveals a large number of precipitates in the DAZ. In order to
identify the structural features of these precipitates, TEM was

Fig. 1. (a) Optical micrograph and (b) SEM back-scattered electron micrograph showing the macro-morphological features of boride precipitates near the joint in a TLP-bonded
superalloy. The approximate locations of the nonisothermal solidification zone (NSZ), isothermal solidification zone (ISZ), and diffusion affected zone (DAZ) are indicated. (c)
and (d) BF-STEM images of intragranular boride precipitates M3B, and MsBs, respectively. (e) and (f) EDPs along [001] of M3B, and MsB3 precipitates, respectively.
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performed. The electron diffraction patterns (EDPs) in Fig. 1d and f
were obtained from the precipitates in the grain interiors indicated
in the bright field STEM (BF-STEM) images in Fig. 1c and e,
respectively. By indexing these EDPs, the precipitates in Fig. 1c and
e were identified as M3B,- and Ms5Bs-type borides, respectively.
These borides were found to be the main precipitates in the DAZ of
the TLP bonded alloy used in this study.

The M3B,-type boride was determined to have the same crystal
structure as V3B, with space group P4/mbm and Strukturbericht
symbol D5,,. Its lattice parameters were measured to be a = 0.57 nm
and ¢ = 0.30 nm. Ideally, structural extinction resulting from the b
glide being in the (100) plane means that only Okl reflections with k
even should appear. However, because of dynamic scattering ef-
fects, all reflections appeared, as seen in Fig. 1d.

The Ms5Bs-type boride was found to have the same crystal
structure as CrsBs with space group I4/mcm and Strukturbericht
symbol D8;. Its lattice parameters were measured to be a = 0.57 nm
and ¢ = 1.04 nm. Extinction of h00 and k00 reflections with h and k
odd in Fig. 1f EDPs is consistent with it having a body-centered
lattice.

3.2. Chemical ordering in M3B, and MsB3

In order to detect any chemical ordering in the M3B; and M5B3
precipitates, atomic resolution HAADF imaging in STEM mode was
performed. HAADF STEM is a better choice for high resolution
imaging than conventional transmission electron microscopy
because HAADF images provide atomic number (Z) contrast with
intensities proportional to Z7~19 [46]. For the tetragonal structures
of M3B;, and M5sBs, the best orientation for determining site occu-
pancies of different metallic elements in both cases was deter-
mined to be [001], because each atom column along this direction
contains only one type of Wyckoff site. In addition, atom columns
are widely spaced when viewed along this direction. Any occu-
pancy differences can thus be more easily distinguished in HAADF
images viewed down this zone axis.

In the atomic-resolution HAADF image in Fig. 2a taken along the
[001] direction of an M3B, precipitate, columns with two distinct
levels of contrast are discernible. The bright columns are labelled
‘1", and correspond to 4h sites in the D5, lattice of the M3B; phase,
while the dark columns, labelled ‘2’, correspond to 2a sites. The
three-dimensional plot in Fig. 2b of the signal intensity as a func-
tion of position within the area enclosed by the square in Fig. 2a
shows that the intensity from type 2 columns is less than half that
of type 1 columns. As [001] columns in M3B; all have the same atom
densities, the difference in contrast in Fig. 2a and b suggests pref-
erential occupancy of different sites by metal atoms with different Z
values. However, the intensity in HAADF images only reflects the
average atomic number of that particular column, without
providing any information about individual site occupancies.

To determine which types of atoms are in each column, we
performed atomic-resolution EDS mapping on the region of crystal
shown in Fig. 2a. Spectra from type 1 columns only, type 2 columns
only, and all columns together are compared in Fig. 2¢c, where each
profile is normalized to its W-M peak. The magnified view of the
combined EDS profiles in the inset of Fig. 2¢c reveals that columns 2
are much richer in Cr, Ni, and Co than type 1 columns. Since all
profiles are normalized to the W-M peak, enrichment of Cr, Ni, and
Co in type 2 columns necessarily means a lower concentration of W
and Mo compared to that in type 1 columns. A semi-quantitative
analysis of all columns in the EDS profile indicates that the
composition of the M3B; precipitate can be written (approximately)
as (Wop3Mog2Cro3Nig16C00,04)3B>. It should be noted that, due to
delocalizing effects, EDS profiles of type 1 columns always contain
some signals from type 2 columns (and vice versa), so EDS profiles
of each column do not provide an absolutely accurate measure of
the composition, and will tend to underestimate the differences
between different column types. Nevertheless, any differences
detected by this method can be taken as indicative of actual dif-
ferences in the elemental makeup of the columns.

Atom-resolved EDS maps generated from individual element
edges are shown in Fig. 3a—f. The EDS maps in Fig. 3a and b reveal

Cr e All columns
e Columns 1
e Columns 2
M.B, boride &
2
2 Ni w
s
—~ £
S w
s| A
= 5 6 7
g Mo Energy (keV)
2
£

ONET 255

4 6
Energy (keV)

Fig. 2. (a) Atomic resolution HAADF image taken along [001] showing atom columns with two distinct contrast levels, labelled ‘I’ and ‘2’, in an M3B, precipitate. Type 1 and type 2
columns correspond to Wyckoff positions 4h and 2a, respectively, in space group P4/mbm. (b) A three-dimensional intensity map of the region enclosed by the mauve square in (a).
The color bar indicates the intensity normalized to values between 0 and 255. (c) EDS profiles from the region in (a) using signals from type 1 and 2 columns, type 1 columns only
(bright), and type 2 columns only (dark), with peaks from different metal elements as indicated. All profiles are normalized to the W-M peak. The inset shows a magnified view of all
three profiles overlaid on one another. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. (a—f) Atomic resolution EDS maps of the region in Fig. 2a generated using (a) Cr-K, (b) W-M, (c) Cr-K + W-M, (d) Co-K, (e) Ni-K, and (f) Mo-L peaks. (g) Projection of the
ordered W,CrB, structure along [001]. The red, green, and blue balls represent B, Cr, and W atoms, respectively, with lattice vectors a and b indicated. (h) Simulated atomic
resolution HAADF image along [001] using the model in (g). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this

article.)

the strong preferences of W and Cr to occupy different Wyckoff
positions. This is more clearly seen in the combined map of Cr-K
and W-M signals in Fig. 3c. The maps in Fig. 3d and e show that Co
and Ni tend to prefer the same positions as Cr, although the
ordering is not as strong as for Cr. This may partially be because of
the low concentrations of Co and Ni in the precipitate compared
with Cr. Of these three first-row transition metals, the strength of
chemical ordering increases in the order Ni< Co<(Cr, i.e., with
increasing atom size.

Comparison of Fig. 3b and f reveals that Mo has a slight pref-
erence for the same sites as W, but that this is noticeably weaker
than that of W. Considering that the concentration of Mo is com-
parable to that of W, this suggests that the tendency of Mo to order
is weaker than that of W in the case of M3B,. Nevertheless, overall
the results show that elements with larger Z (e.g., W and Mo) tend
to prefer 4h sites and elements with smaller Z (e.g., Cr, Co, and Ni)
tend to prefer 2a sites. The ordered form of M3B, can thus be
described as L,SBy, where L and S represent elements with large Z
(e.g., W, Mo) and small Z (e.g., Cr, Co, Ni), respectively.

To test the validity of these inferences, image simulations were
performed using a simplified model of the M3B, precipitate in
which W and Cr were the only metal atoms, i.e., a composition of
W,CrB,, as these two elements exhibited the strongest

occupational ordering. The schematic in Fig. 3g shows a projection
of the unit cell of W,CrB, down [001]. The atomic-resolution
HAADF simulation image of this structure is shown in Fig. 3h.
Comparison of Figs. 3h and 2a shows that the simulated image
reproduces the experimentally observed contrast features well.
Fig. 4a shows an atomic-resolution HAADF image of an MsB3
precipitate viewed along [001], in which two kinds of characteristic
contrast spots, also labelled ‘1’ (16! positions) and ‘2’ (4c positions),
can be distinguished. Type 1 columns are brighter than type 2
columns. This is more clearly seen in Fig. 4b, which is a three-
dimensional plot of intensity as a function of position in the re-
gion enclosed by the square in Fig. 4a. Since the atom densities of
type 1 columns and type 2 columns are the same along [001] in the
D8; lattice of MsBs, the contrast difference in Fig. 4a indicates
preferential occupancy of the two sites by different metal atoms.
To determine the distributions of the metal atoms in real space,
atomic-resolution EDS mapping was performed on the region in
Fig. 4a in the same way as for the Ms3B, precipitate. Semi-
quantitative analysis of the EDS profile from all columns visible in
Fig. 4c indicates that the composition of the MsB3 boride can be
written (approximately) as (Wp33Mo0g26Cro31Nig.06C00.04)5B3.
Comparison of the overlaid EDS profiles in the inset of Fig. 4c re-
veals that type 2 columns are slightly richer in Cr, Ni, and Co than



X.B. Hu et al. / Acta Materialia 149 (2018) 274—284 279

Intensity (a.u.)

Cr « All columns
= Columns 1
e Columns 2

Intensity (a.u.)

oM 255

4 6 10
Energy (keV)

Fig. 4. (a) Atomic resolution HAADF image taken along [001] showing atom columns with two distinct contrast levels labelled ‘1" and ‘2, in an MsB5 precipitate. Type 1 and type 2
columns correspond to Wyckoff positions 16/ and 4c, respectively, in space group [4/mcm. (b) A three dimensional intensity map of the region enclosed by the mauve square in (a).
The color bar indicates the intensity normalized to values between 0 and 255. (c) EDS profiles from the region in (a) using signals from type 1 and 2 columns, type 1 columns only
(bright), and type 2 columns only (dark), with peaks from different metallic elements as indicated. All profiles are normalized to the W-M peak. The inset shows a magnified view of
all three profiles overlaid on one another. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

type 1 columns. Again because of delocalizing effects, the measured
compositional difference between column types will be smaller
than the actual difference.

Because all EDS profiles were normalized to the W-M peak,
enrichment of Cr, Ni, and Co in type 2 columns means a lower
concentration of W and Mo compared with type 1 columns. The
individual atom-resolved EDS maps in Fig. 5a and b, and the
combined map in Fig. 5¢ show that elements Cr and W preferen-
tially occupy different Wyckoff positions in MsBs. Based on the
element maps in Fig. 5d—f, Co, Ni and Mo appear to be distributed
evenly over both site types. This is similar to the weak ordering
tendencies of Co, Ni, and Mo in the M3B; precipitate. The ordered
form of MsB3 can be described as L4SB3, where L and S represent
elements with larger (e.g., W) and smaller (e.g., Cr) atomic
numbers, respectively. In the case of MsB3, however, Cr was also
detected in columns 1, as indicated by arrows in Fig. 5a, and W in
columns 2, as indicated by arrows in Fig. 5b, although at lower
concentrations. This suggests that the tendency for heavier/larger
atoms to order in MsB3 is weaker than that in M3B;.

A simplified model of the ordered form of MsB3; was constructed
using W and Cr as the only metal atoms, as their occupational
ordering was strongest, giving a composition of W4CrBs. A struc-
tural projection of W4CrBs along [001] is shown in Fig. 5g. The
simulated atomic-resolution HAADF image of this structure down
the same direction shown in Fig. 5h reproduces the experimentally
observed contrast features well (see Fig. 4a), strongly suggesting
that occupational ordering also occurs in MsB3 precipitates.

To further confirm that the HAADF images correspond to a
particular chemical ordering, we also generated simulated HAADF
images of two other possible metal atom distributions, namely a
structure model with W and Cr atoms distributed randomly over
type 1 and 2 column sites, corresponding to (W,Cr);B, and
(W,Cr)sB3, and a model with the inverse ordering of metal atoms to
those described above, i.e., WCr,B, and WCr4Bs. Disordered models
were constructed with W:Cr ratios of 2:1 and 4:1 respectively.

Fig. 6a and b shows the structural projections of (W g7Cro.33)3B2
and WCr,B; along [001], respectively, and Fig. 6¢c and d shows
projections of (WggCrg2)sBs and WCr4B3 structures along [001],
respectively. The corresponding simulated HAADF images are
shown in Fig. 6e, f, 6g, and 6h, respectively. The images for the
randomly distributed atoms show uniform contrast for both types
of columns. Comparing the simulated images in Fig. 6f and h with
their respective counterparts in Figs. 3h and 5h shows that
although both produce spots with two levels of contrast they form
very different patterns, with the ratios of the number of brighter
and darker columns inverted. The images in Figs. 3h and 5h best
match the experimental images in Figs. 2a and 4a, confirming that
these particles exhibit L,SB, and L4SB3 type ordering, respectively.
All other precipitates examined revealed the same types of
ordering.

3.3. Theoretical prediction of stable phases in the W-Cr-B ternary
system

Theoretical calculations of different structures and composi-
tions within the ternary W-Cr-B system were performed using the
crystal structure prediction method implemented in the USPEX
code [33—35] to identify the main factors affecting structural sta-
bility and site preferences in the boride precipitates. Structure
searches for composition W,CrB, indicated that the ground-state
structure of W,CrB; is the same as that of V3B,, with Cr and W
atoms on Wyckoff positions 2a and 4h, respectively, as given in
Table 2. These results are in excellent agreement with our experi-
mental observations, demonstrating the reliability of the structure
prediction method. Using the same procedure, the ground-state
structure of W4CrBs3, summarized in Table 2, was predicted to be
the same as that of CrsBs, also in agreement with our experimental
result. The ground-state structures for a range of W/Cr ratios and
degrees of disorder were also investigated to better understand
why experimentally ordered forms are richer in W than Cr.
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Fig. 5. (a—f) Atomic resolution EDS maps of the region in Fig. 4a generated using (a) Cr-K, (b) W-M, (c) Cr-K + W-M, (d) Co-K, (e) Ni-K, and (f) Mo-L peaks. The arrows in (a) indicate
weak signals from Cr in type 1 columns. The arrows in (b) indicate weak signals from W in type 2 columns. (g) Projection of the ordered W,4CrB; structure along [001]. The red,
green, and blue balls represent B, Cr, and W atoms, respectively, with lattice vectors a and b indicated. (h) Simulated atomic resolution HAADF image along [001] using the model in
(g). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 6. Projections along [001] of hypothetical boride structures: (a) disordered (Wp¢7Cro33)3B2, (b) ordered WCr;B,, (c) disordered (W gCro2)sBs, and (d) ordered WCr4Bs. The
small red balls, medium-sized green balls, and large blue balls represent B, Cr, and W atoms, respectively. Multicolored balls in (a) represent mixed W/Cr occupancy of 4h and 2a
sites in the ratio 2:1. Multicolored balls in (c) represent mixed W/Cr occupancy of 16! and 4c sites in the ratio 4:1. Lattice vectors a and b in (c) and (g) are the same as in (a) and (e),
respectively. (e), (f), (g) and (h): Simulated atomic resolution HAADF images of structures in (a), (b), (c), and (d), respectively, viewed down [001]. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the Web version of this article.)
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Structure type, space group, lattice parameters, Wyckoff positions, and fractional atomic coordinates of ternary phases W,CrB, and W,4CrB; obtained by calculation.

Lattice parameters/A

Atom (Wyckoff site)

Fractional coordinates

Compound Space group Structure type Pearson symbol
X y z
W,CrB; P4/mbm V3B, tP10 a=>5.824 W (4h) 0.1765 0.6765 0.5
c=3.134 Cr (2a) 0.0 0.0 0.0
B (4g) 0.3844 0.8844 0.0
W,4CrBs 14/mcm CrsB; tI32 a=5.745 W (161) 0.1706 0.6706 0.1443
c=10.951 Cr (4c) 0.0 0.0 0.0
B1 (8h) 0.6225 0.1225 0.0
B2 (4a) 0.0 0.0 0.25

When rewritten as (W3Bz)2/3.(Cl’3Bz)]/3, and (W3B2)1/3.(Cl'332)2/
3, respectively, W,CrB; and WCr,B; can be seen to belong to the
pseudo-binary system W3B;,-Cr3By. Their formation energies rela-
tive to the end-member phases were calculated to be —0.078 eV/
atom and +0.085 eV/atom, respectively, showing that WCr;B; is
much less stable than W,CrBs. These results are plotted in Fig. 7a,
and explain why the experimentally observed phase is closer in
composition to W,CrB, than WCr;,B;.

To examine the tendency of transition metals to become ordered
in this system, we used the USPEX code to generate the most A-site
disordered structure of composition W,CrB; within a 2 x2 x 2
supercell, corresponding to a generalized version of the special
quasi-random structure, according to a procedure described else-
where [47]. This structure was calculated to have a formation
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energy of +0.029 eV/atom relative to end members W3B, and
Cr3B,; as seen in Fig. 7a, the ordered form of W,CrB, is more
thermodynamically stable than the disordered form by more than
0.1 eV/atom. Similarly, for the MsBs phase, within the pseudo-
binary W5B3-CrsB;  system, formation energies of ordered
W4CrB3, disordered W4CrB3, and ordered WCr4B3 were calculated
to be —0.34 eV/atom, +0.03 eV/atom, and +0.38 eV/atom, respec-
tively. These results are summarized in Fig. 7b, and point towards
ordered W4CrB; being the most stable phase.

Although the calculated formation energies of W,CrB; and
W,4CrBs are negative within their respective pseudo-binary sys-
tems, this does not necessarily mean they are thermodynamically
stable in the W-Cr-B system as a whole. To confirm their overall
stability we explored the W-Cr-B system in more detail. Based on
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o
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Fig. 7. Calculated enthalpies of formation of phases in (a) W3B,-Cr3B,, (b) W5B3-CrsBs, and (c) W,B-CrB pseudo-binary systems. (d) Calculated ternary phase diagram for the W-Cr-B
system showing formation energies color coded according to the scale bar on the right. W3B, and Cr3B; have the V3B, structure, and WsB3 and CrsBs have the CrsBs structure. The
ground-state structures of W,B, WB, CrB, and Cr,B are the same as reported in the literature [49,53]. Convex hulls were formed by connecting points corresponding to ground-state
phases (blue circles). The convex hull of the W,B-CrB system was obtained by carrying out variable-composition crystal structure prediction, with each circle corresponding to a
sampled structure. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 8. Calculated densities of states (DOS) of (a) W,CrB; and (b) WCr,B,. Details around the Fermi level are shown in the inset.
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Fig. 9. Comparison of DOSs of ordered compounds W4CrB; and WCr,4Bs.

our USPEX simulations, W,CrB; and W4CrB3 are both situated on
the convex hull connecting end members W>,B and CrB, as shown in
Fig. 7c. By taking into account all the known stable W-B [48] and Cr-
B [49,50] compounds and calculating their ground-state energies
with the VASP code, we derived their formation energies and

()

¢

W.,CrB, boride
(W-B); :2.321A
(W-B);;: 2.339A
Cr-B :2338A

constructed the phase diagram shown in Fig. 7d. Both ternary
W>CrB, and W4CrB; borides are seen to be thermodynamically
stable within the W-Cr-B system.

The calculated electronic densities of states (DOSs) of W,CrB,
and WCr,B; are compared in Fig. 8a and b. These show that both
borides are metallic conductors and there is extensive electronic
hybridization between the transition metal atoms and B. A pseu-
dogap around the Fermi level can be observed in both phases. The
DOS of WCr;,B, at the Fermi level, located on the shoulder of the
pseudogap, is much higher than that of W,CrB,, indicating lower
energetic stability of WCryB, compared with W,CrB,. Similar cal-
culations for W4CrBs and WCr4B3 revealed similar bonding char-
acteristics, as shown in Fig. 9. W4CrBs3 is more stable than WCr4B3
because of the lower DOS on the shoulder of the pseudogap.

Comparison of the crystal structures of W,CrB; and WCr,B; and
their W-B and Cr-B bond lengths in Fig. 10a and b reveal interesting
differences. Although Cr-B, (W-B); and (W-B);; bonds in W,CrB; are
similar in length, in WCr,B; the W-B and (Cr-B);; bonds are much
longer than (Cr-B); bonds. Bader analysis [51] gave an average
charge of —0.9e for B in W,CrB, and —0.8e in WCr,B,. B atoms in
W>CrB; thus have a higher electron density and are located in a
more regular coordination environment than those in WCr;By,
which suggests the bonding in W,CrB; is (at least on average)
stronger than that in WCr,B,, consistent with the greater stability
of the former.

WCr B, boride
(CrB); : 2.228A
(CeB);:2310A
W-B  :2350A

Fig. 10. Crystal structures of (a) W»CrB, and (b) WCr,B,. Chemical bonds Cr-B and W-B are highlighted.
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Table 3

Calculated elastic constants and mechanical properties (bulk modulus, B; shear modulus, G; Young's modulus, E) of chemically ordered W-Cr-B compounds.
Compounds Ci1 Cs3 Cyq Ces Ci2 Ci3 B G E
W,CrB, 586.7 550.2 238.1 180.9 190.9 2335 337.7 199.9 500.9
WCr,B, 5791 510.6 177.4 120.6 189.3 187.1 310.1 166.4 423.5
W,4CrBs 560.3 465.5 200.5 162.9 185.4 275.6 339.9 163.1 421.8
W(Cr4B3 549.3 508.9 178.2 151.1 155.5 169.4 2884 175.1 436.8
W,B 570.7 518.5 146.1 172.7 211.2 2455 3404 156.0 406.0
CryB 5211 4933 206.5 201.0 179.8 1974 298.3 185.3 460.6

Comparison of the calculated elastic properties and moduli of
the various compounds, summarized in Table 3, supports this
conclusion. The calculated bulk, shear, and Young's moduli of or-
dered W,CrB; are 337.7 GPa, 199.9 GPa, and 500.9 GPa, respectively,
which are all higher than those of ordered WCr;B; at 310.1 GPa,
166.4 GPa, and 423.5 GPa, respectively, consistent with stronger
bonding in W5CrB, than WCr;B,.

W,4CrBs and WCrgBs can be thought of as intergrowths of
W,CrB, and W5B, and WCr;,B, and Cr;B, respectively [25]. The
bonding environments are thus more varied than in the case of
W,CrB,, as reflected in the more complex relationship between
their elastic properties: although their bulk moduli are very
different, shear and Young's moduli are greater for WCr4B3 than
W4CrBs. This is likely related to the wide solid-solution range of
(W,Cr)sB3 reported by Telegus and Kuz'ma [52] for the CrsBs (I4/
mcm) structured phase, and explains why ordering of W and Cr in
M5B;3 is slightly weaker than in M3B,.

In addition, our calculations revealed that the molar volumes of
the disordered phases are 1.5% and 1.2% larger than those of the
ordered phases for W,CrB, and W4CrBs, respectively. This means
the ordered phases are denser than their disordered forms, and
hence their elastic properties should be greater because the aver-
aged metal-boron bonds are shorter and stronger, which affects
how the borides respond to lattice misfit and strain at precipitate/
matrix interfaces. Ordered precipitates should thus act as stronger
pinning centers than would be the case if the metal atoms were
disordered, with greater resistance to dislocation motion across
interfaces, and hence greater strength and creep resistance of the
superalloys.

Similar chemical ordering phenomena to that observed in W-,
Cr-, and Mo-rich borides in this study is also expected to occur in
other multicomponent interstitial phases and precipitates (e.g.,
carbides, nitrides, and oxides) when metal atoms with very dif-
ference atom sizes are involved. Characterization of new engi-
neering alloys and reexamination of previously identified
secondary phases using state-of-the-art techniques will likely
provide new insights into their structures, stabilities, and proper-
ties. Applying this information to the design of engineering alloys is
expected to result in the development of new materials of higher
strength and greater performance.

4. Conclusions

Atomic-resolution electron microscopy techniques were used to
perform detailed structural analyses of Ms3B, and MsB3 phases
precipitated in the DAZ of a TLP-bonded superalloy. M3B; crystals
were found to have P4/mbm symmetry, while MsB3 crystals have [4/
mcm symmetry. Distributions of different metal elements over two
distinct lattice sites within the crystals of the two compounds were
measured for the first time, and the stabilities of different metal
configurations investigated using structure prediction methods
based on a genetic algorithm. The main conclusions can be sum-
marized as follows:

1) Chemical ordering of metal atoms on two distinct crystallo-
graphic sites in W/Cr-rich M3B, and MsBs3 crystals was observed,
suggesting that they can more accurately be described as
ternary borides than binary borides. Elements with larger
atomic radii (e.g., W and Mo) preferentially occupy 4h sites in
M3B, and 161 sites in MsB3, while elements with smaller atomic
radii (e.g., Cr, Co, and Ni) preferentially occupy 2a sites in M3B,
and 4c sites in MsBs. Using L to denote larger atoms and S to
denote smaller atoms, the experimentally observed M3B, and
MsB3 phases can be written as L,SB, and L4SB3, respectively.

2) Systematic evaluation of possible phases in the W-Cr-B ternary
system using theoretical methods showed that two previously
unreported ternary phases, W>CrB, and W,4CrBs;, are more
energetically stable than either of their disordered forms
((W,Cr)sBy and (W,Cr)sBs, respectively) or the inverse ordered
forms WCr,B; and WCr4Bs3, respectively.

3) The observed chemical ordering of L,SB, and L4SB3 in W/Cr-rich
M3B; and MsB3 precipitates is consistent with the computer
modeling results showing that ordered forms W,CrB, and
W,4CrB; are more energetically favorable than the alternative
forms. As the ordered forms are denser than the disordered
forms, their mechanical properties are also expected to be
greater.
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