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Chemical analysis at atomic-level spatial resolution with single-atom detection sensitivity is one
of the ultimate goals in materials characterization. Such atomic-level materials characterization
would be possible by electron energy-loss spectrometry (EELS) and X-ray energy dispersive
spectrometry (XEDS) in aberration-corrected scanning transmission electron microscopes
(STEMs) because more probe current can be added into the incident probe by aberration-
correction. Using aberration-corrected STEMs, image resolution has already reached sub-
Angstrom levels in high-angle annular dark-field (HAADF) imaging [e.g. 1]. For EELS analysis,
sufficient amounts of core-loss signals can be generated within a short acquisition time by higher
current probes, and hence atomic-resolution EELS mapping has already been applied [e.g., 2-4].
For XEDS analysis, spatial resolution reaches ~ 0.4 nm [5], which implies atomic-level analysis
is feasible, in aberration-corrected STEMs. However, atomic-level chemical analysis is even
more challenging in the XEDS approach since detection of X-ray signals is more limited than
that in EELS (~100 times difference). The limited signals can be improved by applying
spectrum-imaging (which records a full spectrum at individual pixels) in combination with
multivariate statistical analysis (MSA) [6].

At Lehigh University, two types of aberration-corrected instruments are available: a JEOL JEM-
2200FS (200 kV) STEM/TEM integrated with a CEOS aberration-corrector system and an in-
column Q energy-filter [7], and the VG HB 603 (300 kV) dedicated STEM with a Nion
aberration-corrector system and an Oxford INCA Si(Li) XEDS system [5]. The former
instrument has been optimized for EELS analysis in the atomic-resolution HAADF-STEM
imaging mode. The latter is being used primarily for high-resolution XEDS analysis. In this
study, both the aberration-corrected instruments were applied to the characterization of a Ni-base
superalloy X-750, which contains L1,-ordered y’ precipitates in a y matrix.

Figure 1 shows an atomic-resolution HAADF-STEM image recorded from a [001]-projected y/y’
interface by the JEM-2200FS. The primary XEDS analysis shows that the Ti composition in
atomic % is twice as high as Al in the 'y’ precipitates [5]. However, the precipitates still maintain
the NizAl-type L1, structure rather than the NisTi-type D04 structure. In the [001] projection of
the alloy, the atomic spacing is ~1.8 A, which is clearly resolved in the HAADF-STEM image.
From the HAADF-STEM image, the Y’ precipitates have a coherent interface with the matrix y
phase. Additionally, two types of major spots can be seen in the Yy precipitate region of the
image. The brighter and darker spots correspond to face-centered (A site) and corner (B site)
atom positions in the L1, structure, respectively. Although the contrast corresponding to the
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atomic-column positions clearly changes, no local shift in atomic configuration was observed
across the y/y' interface. Figure 2 shows two EELS spectra around the Ti L, 3 edge (~450 eV)
recorded from the A (a) and B (b) sites, respectively [7]. It is clear that the Ti L, 3-edge intensity
is much higher in the spectrum from the B site. The difference in the Ti L,3-edge signals
between A and B sites suggests that the Ti atoms occupy preferentially the B-site, which agrees
with previous studies using the ALCHEMI (atom location by channeling-enhanced micro-
analysis) method via X-rays [8]. Therefore, using aberration-corrected STEMs, such site
occupancies of alloying elements or even impurity elements can be determined directly at the
individual atomic-column level, not by averaging information from broad regions as traditionally

carried out using ALCHEML
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Fig. 1: A high-resolution HAADF-
STEM image taken from a /Y
interface by the JEM-2200FS in the
STEM mode.
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Fig. 2: EELS spectra taken from the A
(a) and B (b) site positions in the ¥y’
phase region by JEM-2200FS in the
STEM mode [7].




Furthermore, the same specimen was analyzed by using the recently developed aberration-
corrected STEM JEOL JEM-ARM200F (which is fully optimized for atomic-resolution chemical
analysis [9]) at JEOL factory in Japan. Figure 3 shows elemental maps of (a) Fe L3, (b) Ti L,3
and (c) Ni L, 3 obtained from the vicinity of y/y" interface in [001] projection. The RGB color
overlay image is also shown in Fig. 3(d) to see elemental distribution more clearly. In the L,-
type ordered 7' phase, Ti preferentially occupies corner sites as shown in Fig. 2. The Ti map
shows that Ti is mainly distributed in the Yy phase, specifically at the corner sub-lattices.
Conversely, Ni signals are depleted at the corner sub-lattices in the ¥ phase. In this experiment,
the spatial resolution was not high enough to resolve Ni atomic columns in the y phase, which
correspond to 1.8 A, because a higher probe current to generate sufficiently enough EELS
signals for mapping degrades the resolution. However, it is encouraging to perform atomic-
resolution characterization by using the latest instrument.

Spatial resolution and analytical sensitivity of X-ray analysis should also be improved by using an
aberration-corrected STEM. Figure 4 (a) shows an HAADF-STEM image around a grain

boundary (GB) in the same Ni-base alloy. There is a coarse Y precipitate at the top right in this
area along the GB, and hence the GB is an interphase interface between the y/y' phases at the top-

left corner. Then this GB becomes an ordinary V/y at the lower region. An X-ray spectrum-
imaging dataset was acquired from the square region at the GB in the aberration-corrected VG
HB 603 and analyzed by the MSA method. In Fig. 4 (b), an interesting component extracted from
the dataset by MSA is shown, including the loading spectrum and corresponding score image.
The loading spectrum shows positive K and L peaks of Zr and Nb and negative K peaks of Ti, Cr
and Ni. It should be noted that the positive signals in the loading spectrum are enhanced and the
negatives are reduced from the main information. This data enhancement occurs at brighter
regions in the corresponding score image. In this case, the brighter region in the score image is
superimposed on the GB. Thus both Zr and Nb are enriched (i.e., cosegregated) at the GB.

The composition map of Zr quantified after the MSA noise reduction are shown in Fig. 5 (a). Zr
is present at a nominal 0.04 wt% (well below the detection limit!), so it has not been quantified
or mapped previously in this alloy via X-ray analysis. To the authors’ knowledge, there is no
report of GB segregation of either Zr or Nb in this alloy. A concentration line profile extracted
from the Zr map across the /Y interface region is shown in Fig. 5 (b). To improve counting
statistics, the profile was constructed by binning 20 pixels along the interface. The error bar
represents a 99% confidence limit (36). The error levels are relatively high due to the shorter
acquisition time and much lower composition of the alloying elements, but the Zr composition at
the GB can still be clearly distinguished from the Zr composition within the grains. The spatial
resolution determined from these segregation profiles is as good as 0.4-0.6 nm at FWTM, which
is the best spatial resolution that has ever been obtained in X-ray analysis. Maps of the Zr
enrichment and the number of Zr atoms calculated by the {-factor method [10] are shown in Fig.
5(c) and (d), respectively. The detailed approach for extracting this information can be found in
previous papers [10, 11]. The Zr enrichment on the GB is 2-3 atoms/nm?, as obtained from the
enrichment map, which corresponds to 0.12-0.17 monolayer. It should be noted that a single
monolayer is assumed as a close-packed (111) plane in this ally, which is equivalent to ~17
atoms/nm?2. As shown in Fig. 5(d), enrichment amounts are only 20-40 Zr atoms at the GB. Such
limited amounts of enriched atoms (which are highly localized in limited regions) may simply be
invisible to the relatively larger probe in the conventional uncorrected condition. Therefore, not
only spatial resolution but also analytical sensitivity is significantly improved in the aberration-
corrected STEMs.
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Fig. 4: (a) an HAADF-STEM image Fig. 5: (a) Zr composition map
taken around a GB in a Ni-based quantified by the {-factor method after
alloy. An X-ray SI dataset was the MSA noise-reduction. (b) A Zr
acquired from the selected squared composition profile across the /Y
region in aberration-corrected VG HB interface on the GB. The error bar
603 STEM and (b) a pair of loading indicates a 99% confidence level (30)

spectrum and the score image of a and the spatial resolution determined
statistically ~ significant component from the profiles is ~0.4-0.6 nm
extracted from the X-ray SI dataset by (FWTM). Maps of Zr enrichment (c)
applying MSA [5]. and the number of Zr atoms (d) [5].

In this manuscript, atomic-level characterizations of a Ni-base superalloy X-750 by using
aberration-corrected STEMs were reviewed as a model case. By EELS analysis on the y' phase,
the Ti signal is mainly localized at the Al site, but not at the Ni site, which confirms that Ti
atoms occupy preferentially the Al-site. Furthermore, elemental distributions can be mapped out
in atomic-column resolution by the latest aberration-corrected instrument. X-ray analysis can
also be improved by the aberration correction in terms of spatial resolution and analytical
sensitivity. With the improved spatial resolution and analytical sensitivity, Zr and Nb co-
segregation was found first time at a GB with a very small composition variation (below 0.5 wt%
between matrix and GB) by MSA data enhancement. Chemical analysis in atomic scale can now,
at last, be achieved using the aberration-corrected STEMs.
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