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ABSTRACT

We use analytical aberration-corrected high-resolution scanning transmission electron microscopy
to image the atomic structure of the layered ternary transition metal (M) borides, Cr,AlB;, Fe;AlB;,
and MoAIB. In these ternaries, MB layers and Al single or double atomic layers are interleaved. The
atomic positions of the M elements and Al are clearly resolved by Z-contrast images. The following
structural defects are also found and described herein: a 90° twist boundary along [010] in Cr,AIB;,
a tilt boundary in Fe,AIB,, and Mo,AlIB;-like stacking faults in MoAIB, where some of the MB-based
structures are intercalated by one (instead of two) Al layer(s).

Intensity (a.u.)

IMPACT STATEMENT

ARTICLE HISTORY
Received 24 August 2016

KEYWORDS

Nanolaminated ternary
transition metal borides;
STEM Z-contrast images;
EDX; crystal structure; defects

Atomic structures of ternary transition metal borides Cr,AlIB,, Fe;AIB,, and MoAIB are observed for
the first time by HRSTEM. Some structural defects are also found in those borides.

Transition metal borides are among the hardest and
highest melting point compounds known [1] and are
therefore used as wear resistant coatings [2-4]. They are
also used in permanent magnets [5], primary battery
electrodes [6,7], and high-temperature structural appli-
cations [8,9]. For high-temperature applications in air,
however, the binary transition metal borides are limited
because of their well-established poor oxidation resis-
tance [10,11]. Quite recently, we reported on a ternary
Al-containing boride—MoAIB—that forms a quite pro-
tective and adherent alumina layer when heated in air
at temperatures up to 1400°C. In that respect, this com-
pound behaves like some of the M, 1AX,, or MAX,
phases in which M is early transition metal, A is a Group
IITA-IVA element,and XisCor Nand n = 1,2, or 3. The
MAX phases (space group of P63/mmc) are composed

of a ‘M, 4+1X,,” sublattice interleaved with monolayers of
the ‘A’ element, like Al [12]. It is fairly well established at
this time that some Al-containing MAX phases, notably
Ti, AlC, are quite oxidation-resistant because Al diffuses
out of the structure and forms a dense protective surface
aluminum oxide layer [13-15].

Our recent work was spurred by the work of Ade
and Hillebrecht, who synthesized single crystals of many
previously reported MAIB (M = Mo, W) and M,AIB,
(M = Cr, Mn, Fe) compounds, and discussed their struc-
tural relationship to other transition metal borides and
their similarity to the MAX phases [16]. Isostructural
M-site solid solutions, namely (Moy, Me;_x)AIB, where
Me = Cr, W and (Fe,, Me,_,)AIB,, where Me = Cr,
Mn, have also been reported [17,18]. These ternary
borides crystallize in a number of structures including
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Figure 1. Atomic models of (a) M,AlIB;, (b) MAIB in [100] and [001] zone axes. (c) Schematic of A-HRSTEM instrument together with an

example of EDX mapping performed on Mo;Ga;C [24].

Cr;AlB; and CrysAlBg, but the most common ones
are of the MAlB,-type [19,20] and the MAIB-type
[21-23]. In this work, we focus on the latter two. In
the M,AlIB, structure—space group Cmmm—the tran-
sition metal boride sublattice is interleaved by one Al
layer (Figure 1(a)). In the MAIB structure—space group
Cmcm—two Al layers interleave the MB sublattice, as
shown in Figure 1(b). These crystal structures were deter-
mined by means of X-ray diffraction (XRD).
High-resolution scanning transmission electron
microscopy (HRSTEM) is an effective intuitive tech-
nique for structural characterization of such complex
nanolaminated transition metal borides. By using high-
angle annular dark-field detector, heavy elements such
as Mo scatter electrons at high angles and appear as
bright regions, whereas less heavy elements (e.g. Al) scat-
ter less electrons and thus appear as gray, or even out
of contrast. To see light elements, such as B, an annular
bright field (ABF) detector can be utilized, which collects
electrons scattered at low scattering angles by the light
elements. Thus, Z-contrast scanning transmission elec-
tron microscopy (STEM) images not only indicate the
atomic arrangements, but also carry chemical informa-
tion [25]. In case of elements with close atomic numbers
displaying similar contrast in the Z-contrast image (e.g.
Ti and Cr), energy-dispersive X-ray (EDX) or electron
energy loss spectroscopy (EELS) can be simultaneously
performed with different detectors and all information is
correlated. Thus, EDX and EELS mappings at the atomic

level can be achieved, which provide composition infor-
mation at atomic spatial resolution and consequently
atomic arrangements [26]. Figure 1(c) is a schematic
diagram of A-HRSTEM instrument together with an
example of Mo, Ga, C imaged by EDX spectroscopy map-
ping. This figure shows how those techniques work in
an analytical high-resolution scanning transmission elec-
tron microscopy (A-HRSTEM) instrument. Except for
our recent work, where we showed a few HRSTEM
micrographs of MoAIB [27] as far as we are aware, the
atomic structures of these nanolaminated borides have
to date never been directly observed. Herein, we use a
combination of A-HRSTEM techniques available on a
monochromated double-spherical-aberration-corrected
instrument, to reveal the atomic structures of CryAlB,,
Fe,AlB;, and MoAIB for the first time. During the
work, some structural defects were also imaged and
characterized.

The starting powders used were CrB (MP Biomed-
icals, <20um), FeB (98%, <20um, Alfa Aesar), and
MoB (>99%, <38um, Alfa Aesar, Ward Hill, MA,
USA) mixed separately with aluminum, and Al (99.5%,
<44 um Alfa Aesar, Ward Hill, MA, USA) in a molar
ratio of 2:1.5 for CrpAlB, and Fe,AlB,, and 1:1.3 for
MoAIB. In other word, the starting composition is rich in
Al After weighing, the mixed powders were ball milled
in a plastic container for 24 h. Lightly sintered pucks of
Cr,AlB,, Fe, AlB,, and MoAIB were synthesized by cold-
pressing the respective mixtures to a load corresponding



to 300 MPa. To produce loosely sintered compacts of
Cr,AlB;, the puck was heated to 900°C for 15h in a
tube furnace through which Ar gas is flowing. To pro-
duce loosely sintered compacts of Fe;AlB, and MoAlB,
their respective pucks were heated to 1000°C for 15h in
the same tube furnace, again with flowing Ar. The as-
synthesized pucks of Cr,AlB; and MoAIB were drilled
into powders for structural analysis. The Fe; AIB, drilled
powders were stirred in 6 M HCI for 0.5h to dissolve
the Fe-Al intermetallic impurities, and air-dried before
further analysis. These powders were used for XRD,
transmission electron microscopy (TEM), and HRSTEM.
XRD was carried out on a powder diffractometer (Smart-
Lab, Rigaku Corp., Tokyo, Japan) using Cu K, radiation
using a step size of 0.02° and dwell time of 3.3-4.5 s/step.
The FullProf Software suite was used to perform Rietveld
refinement [28]. The TEM work was carried out on a FEI
Tecnai G2 TF20 UT equipped with a field emission gun
operated at a voltage of 200 kV. The HRSTEM work was
carried out on the Linkdping monochromated double-
spherical-aberration-corrected FEI Titan® 60-300 oper-
ated at 300 kV, equipped with the SuperX EDX system.

XRD of the CryAlB, (Figure 2(a)) shows it to be
predominantly single phase (93 wt%). The calculated
diffraction pattern obtained from Rietveld refinement
based on 24 fitting parameters showed a low x? value
of 3.59. The calculated g, b, and ¢, lattice parameters
for Cr, AlB; were 2.9370(1), 11.0465(4), and 2.9683(3) A,
respectively. The major impurity phases were CrB
(5.7 wt%) and Al,O3 (1.1 wt%). Figure 2(b) exhibits the
selected area electron diffraction (SAED) patterns of
Cr,AlB; along the [110], [100], and [001] zone axes,
respectively. Cr, AlB; has an orthorhombic structure, and
from the SAED patterns along [001] and [100], its 4, b,
and c lattice parameters were calculated to be 2.95, 11.07,
and 2.97 A, respectively. These results agree with the
above XRD result. Figure 2(c) demonstrates Z-contrast
images in the [100], [001], and [101] directions. Cor-
responding 2D structural models along the same zone
axes—shown as colored insets in Figure 2(c)—are com-
pared to the Z-contrast images and yield good agreement.
The double layers of bright dots correspond to the Cr
atoms; the gray dots in between correspond to the Al
layers. The Z-contrast images clearly show a CrCrAICr-
CrAl ... sequence. The B atoms are too light to be seen
in this scattering condition.

Deviations from a perfect crystal structure are evi-
denced by stacking fault (SF)-like defects in some
Cr,AlB; grains. The HRSTEM image in Figure 2(d)
reveals that these SFs consist of layered domains: one is
along [100] zone axis, and the other is along [001]. Both
domains have the same [010] direction, but with a 90°
rotation around the b axis. Thus, the domain boundaries
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Figure 2. (a) Rietveld refinement of Cr,AIB;, the observed pat-
tern (black), Rietveld calculated pattern (red), and difference in
observed and calculated intensities (blue) are shown. Pink vertical
dashes show the calculated Bragg 26 positions for various phases
considered for Rietveld refinement; (b) SAED patterns along [110],
[100], and [001] projections, (c) Z-contrast images along [100],
[001],and [101] projections, with unit cells shown by insets with Cr
(pink), Al (blue), and B (small gray spheres), and (d) HRSTEM image
showing domains along [100] and [001], marked with green and
yellow arrows, respectively.

in this case are twist boundaries with [010] as the rota-
tion axis and (010) as the boundary plane. The thinnest
domain can be as thin as 0.6 nm (half of b). Figure 2(d)
clearly exhibits that both domains share the same Al layer.
Given that a = 2.95 A and ¢ = 2.97 A, the twist bound-
ary energy should be quite low because the difference of
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the distance between Al atomsin [100] and [001] is < 1%.
Said otherwise, the (010) plane (see insert of Figure 2(d))
has pseudo-tetragonal metrics, which is why the exis-
tence of this 90° rotation domain boundary is not too
surprising.

Figure 3(a) shows XRD diftractogram of the Fe; AlB,
sample. The calculated diffraction pattern from Rietveld
refinement based on 18 fitting parameters again yielded
a good fit to the experimental data with a x? = 3.09.
The calculated a, b, and ¢ lattice parameters were
2.9286(3), 11.032(1) and 2.8696(3), respectively. In this
case, the major impurity phase was Al,O3 (~12wt%).
Figure 3(b,c) illustrate the Z-contrast images of Fe, AlB,
in the [100] and [001] directions, respectively. From
the SAED images (that are similar to the SAED pat-
terns of Cr,AlB,, and are thus not shown here), the a,
b, and c lattice parameters were calculated to be 2.92,
11.01, and 2.88 A. These values are again consistent
with the values obtained from XRD and those of Ade
and Hillebrecht [16]. Like for Cr,AlB,, here again, the
FeB layers are interleaved by single Al layers resulting
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Figure 3. (a) Rietveld refinement of M,AIB;, (b and ¢) Z-contrast
images along [100] and [001], (d) ABF image in the [001] projec-
tion resolving the B atoms, and (e) a [001] tilt boundary.

in a FeFeAlFeFeAl ... stacking sequence. Since both
Figures 2(c) and 3(b,c) were acquired with the high-angle
annular detector, the B atoms are either out of contrast
or have quite a faint contrast. To resolve the B atoms, an
ABF detector was utilized to acquire HRSTEM image of
Fe, AlB; along the [100] zone axis. Figure 3(d) is the ABF
image, exhibiting the positions of B atoms, which agree
with the structure model.

In contrast to Cr,AlB,, no twist boundaries were
found in the Fe,AlB, regions imaged. Instead, a tilt
boundary (Figure 3(e)) was observed. The boundary
plane is (110) and the tilt axis is [001]. Specifically, the
Fe atoms closest to the boundary plane are marked with
yellow dots on the left and red dots on right side of the
boundary. The tilt angle is approximately 29.78°, which
can be calculated from the following equation:

0 = 2 xtan"'(a/b) = 2 x tan" 1 (2.937/11.046) = 29.78°.
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Figure 4. (a) SAED patterns of MoAIB along [110],[100],and [001]
zone axes, (b) Z-contrast images of MoAIB along [100] and [001]
zone axes, (c) EDX map with a line scan profile at the bottom, and
(d and e) SAED and HRSTEM showing a stacking fault.



Thus, it is a high-angle grain boundary (HAGB).
Although the HAGB is almost void-free with good coin-
cidence of atoms at adjacent sides, it is not a coincident
site lattice boundary since Fe;AlB, is a ceramic with a
complicated orthorhombic structure. In this case, the two
sides of the tilt boundary shifted relative to each other
by ~0.25nm along the [110] direction, which results
in much less voids in the boundary plane. Thus, this
tilt boundary does not have mirror symmetry, but most
likely has quite a low interfacial energy. In spite of the
similarity between the structures of Fe;AlB; and FeB,
Fe,; AlB; has a mirror symmetry in Al plane, which is dif-
ferent from FeB. Based on this structural character, we
can recognize that both sides of the tilt boundary are
Fe, AlB,, not FeB.

The SAED patterns of MoAIB are displayed in
Figure 4(a). The a, b, and ¢ lattice parameters mea-
sured from these patterns are 3.20, 13.96, and 3.10 A,
respectively. These results, again, are in good agreement
with ours [27] and those of Ade and Hillebrecht [16].
Figure 4(b) shows the nanolaminated MoAIB structure
along the [001] and [100] zone axes, respectively, imaged
with an A-HRSTEM. In these images, the bright dots
correlate to Mo, while the faint dots to Al B is too
light to be resolved with contrast at this condition. Both
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the Z-contrast images and the SAED patterns confirm
the orthorhombic structure. The Z-contrast images are
consistent with the MoAIB structural model (see insets
in Figure 4(b)). The nanolaminated structure is fur-
ther confirmed by EDX maps shown in Figure 4(c). In
the Mo-Al-B system, the only thermodynamically stable
phase, reported to date, is MoAIB. However, we repeat-
edly observe weak diffraction streaks along [010] in the
SAED pattern (see Figure 4(d)), indicating 2D defects
in the (010) plane. The Z-contrast images (Figure 4(e))
reveal that the SFs are not twist boundaries but SFs. These
weak diffraction streaks are thus caused by SFs, which
contain only one Al layer in between the MoB sublat-
tice. Different from the MoMoAlAIMoMo . .. sequence
in MoAlIB, the SF has a MoMoAIMoMo sequence, which
is the same as the sequence in M, AlB,. If synthesized it
would constitute a novel Mo-Al-B phase structure, not
previously reported [16].

Given that the arrangement of the Cr and B atoms
in the Cr-B sublattice of Cr,AlB, is similar to that of
CrB (space group Cmcm) used during synthesis, it is
interesting to consider a possible formation mechanism
of the former. Referring to Figure 5(a-c), edge-sharing
BCrg trigonal prisms are found in both compounds, with
the B atoms forming single zigzag chains. Thus, at high

Figure 5. Schematic diagrams of transformation of binary (top) to ternary (bottom) borides (a) CrB structure, note the shift half ¢ and
half a in a—c plane of top sublattice, (b) extended CrB along b axis with diffusing Al between the layers, (c) Cr,AlB; structure; (d) MoB
structure, (e) extended MoB along b axis with in-diffusing Al, and (f) MoAIB structure.
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temperatures, Al may simply diffuse/intercalate into the
CrB structure and cause the Cr plane to shift by 0.5
<a+c> along the [101] direction in order to form
Cr,AlB;. In such a topotactic process, the lattice param-
eters in the a—c plane change by < %1%, but the b lattice
parameter expands by 40% to accommodate the inter-
calated Al layers. There is no reason to believe that the
same mechanism is not operative in the FeB-Fe,AlB;
case as well. In this case the unit cell parameter vari-
ations are <3% in a—c plane and 45% expansion in b
direction.

In the MoAIB compounds, the MoB (space group
Cmcm) precursor and the Mo-B sublattice of the for-
mer are both composed of edge-sharing BMog octahedra,
with single zigzag chains of B atoms (Figure 5(d)). There-
fore, the formation of MoAIB may simply require the
intercalation of two Al layers; the Mo planes need not
move (see Figure 5(e,f)). Again, a and c lattice parame-
ters of MoB and MoAIB differ by < 2.1%, but the b lattice
parameter expands by ~65% to accommodate two Al
layers in MoAIB. Another possibility is that one layer of
Al atoms first diffuses into MoB to form the intermediate
phase, Mo, AlIB,, which is then followed by a second Al
layer. In this way, the topotactic chemical reaction would
be similar to the M, AlB; case, but with a—c plane of MoB
shifting 0.5 < a + ¢ > and back. The observation of some
SFs in MoAIB in which only one Al layer separates the
MoB block layers is consistent with this conjecture.

These comments notwithstanding, it is acknowledged
that much more work is needed to confirm these pro-
posed mechanisms. In situ neutron diffraction during
the reaction is indicated and should be carried out in
the same way that, for example, Riley et al. studied how
Ti3SiC, forms from TiC [29].

In summary, the atomic structures of the ternary
transition metal borides Cr,AlB,, Fe, AlB,, and MoAIB
were characterized using analytical aberration-corrected
HRSTEM. Z-contrast images easily distinguish the Al
from the transition metal atoms. By means of the ABF
technique, the location of the light element B in Fe; AIB,
was also resolved, together with Fe and Al. In addition
to confirming their crystal structures by direct atomic
observation, compound-specific structural defects are
found. These are a 90° twist boundary along [010] in
Cr,AlB,, a tilt boundary in Fe; AlB;, and Mo, AlB;-like
SFs in MoAIB. In the latter, the MB layers are intercalated
by one (instead of two) Al layer(s).
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