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ABSTRACT

Three-dimensional atom probe tomography (APT) is an excellent technique for identifying nanometer-sized
solute atom enrichment regions, but the relationship between these nano-features and crystal orientation has not
been well analyzed, except for in some semiconductor materials. In this study, a method that combines crystal
orientation analysis of field desorption map and geometrical calculations to improve the reconstruction
parameters for APT analysis was applied. Spherical Cu-rich clusters and planar Mn and Ni segregations on

dislocation loops in Fe model alloys after ion irradiation were used as indicators for this analysis. The matrix
atoms were well reconstructed. In addition, Cu-enriched regions formed as discrete clusters, while Mn- and Ni-
enriched regions tended to be connected as part of a torus. The Cu-rich clusters had an oval shape with the
smaller dimension along the z-axis, which may be due to the difference in the field evaporation between Cu(I)
and Fe(II). The orientations of some Mn and Ni segregations were found by analyzing the desorption images,
proving the decoration on the edge of dislocation loops. The distribution of solute atoms in the iron lattice was
consistent with previous studies, confirming the correctness of this method for analyzing minority elements
distributed in metal alloys.
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1. Introduction

In light-water reactors, the properties of reactor pressure vessel (RPV) materials change after long
time operation owing to fast neutron irradiation. Many studies have reported the hardening and
embrittlement of RPV materials because of the formation of solute-rich precipitates, such as copper-
rich precipitates (CRPs) or manganese—nickel precipitates (MNPs), as well as matrix defects, namely,
interstitial dislocation loops [1][2][3][4][5][6]. In body-centered cubic (BCC) iron, interstitial
dislocation loops with two types of Burger vector, 1/2<111> and <100>, have been investigated
[71[8]. They may act as nucleation sites for solute atom aggregation and accelerate precipitation
[9][10]. Because solute atoms tend to accumulate at the lattice defects, such as dislocation loops,
under the effect of irradiation or thermal aging, some special planes enriched in minority elements
might be produced [11][12]. In that case, the orientation of dislocation loops can be represented by the
orientation of the enriched solute planes. By determining the orientation of these planes, the formation
of solute precipitates, as well as the interaction between solute atoms and the dislocation loop, can be
better understood and modeled. Structural changes at the microscopic level cause a change in the
mechanical properties of the material. Current understanding of the degradation mechanism of RPV
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materials reveals that the formation of Mn-Ni-Si clusters in microstructure of RPV material is one of
the major causes of irradiation induced hardening and embrittlement [13], and their segregation into
dislocation loops may contribute to the nucleation of Mn-Ni-Si clusters [9]. Therefore, the direction of
enriched solute planes is an important feature that must be studied to better model property changes in
RPV materials.

The direction of the planes can be determined if the orientation of the main lattice structure of the

specimen is known. The lattice distances in atom probe tomography (APT) images can be accurately
determined for some pure metals and semiconductors that have a high purity and poles that are easily
found in desorption images (DI) or clear lattice planes in the APT image [14][15][16]. In addition, a
combination of different techniques can be used to obtain the orientation in the specimens. In multi-
grains characterization, as described by Herbig el al. [12], transmission electron microscopy (TEM)
and APT are applicable to investigate crystallographic information at the nanometer scale. A similar
combination has also been carried out by Belkacemi et al. [17]. In their analysis using both TEM and
APT data at the same area, the g.b = 0 invisible criterion was applied to determine Burger vectors of
dislocation loops appeared in iron alloys, and the APT image was combined with electron
backscattered diffraction (EBSD) patterns to identify the specific crystallographic orientation, and
therefore, the solute enrichment plane. Combining multiple methods allows the calculation of the
exact orientation of the distribution of the solute atoms as well as the orientation of the dislocation
loop plane. However, it may be time consuming or have high technical requirements and other special
requirements for machinery and equipment. For a metallic alloy, calculation of the orientation of
nanometer-sized planes, particularly for irradiated samples, remains difficult using only APT because
of several reasons. (1) Commercial RPV materials are strained owing to the steel-making process
[18]. When the sample is miniaturized, the strain is released, and the sample becomes distorted, which
can slightly change the crystallographic orientation of the top and bottom of the sample. (2) The
reconstructed atom map may be distorted because differences in atomic size obscure the pole figure of
the DI which is the basis of orientation analysis in APT [19]. (3) To increase the identification
accuracy of trace elements, many APTs are equipped with a reflectron, which lengthens the ion flight
path. Consequently, the number of poles that can be identified by DI may be reduced [20][21].
In APT analysis, there are many important reconstruction parameters that need to be considered, such
as the image compression factor (ICF), the initial radius of the specimen needle tip (R), and the field
factor (k). These parameters vary with both the instrument and specimen. In this paper, by carefully
preparing specimens and selecting reconstruction parameters for APT, we propose a method that
combines orientation analysis of the desorption map and geometrical analysis to identify nano-
features of solute elements present in irradiated RPV model alloys.

2. Experiment

2.1. Materials

Before irradiation, the specimen surface was treated by mechanical as well as electrochemical
polishing. The electrochemical polishing conditions were 60 V at 10 °C in an acidic solution
containing 95% acetic acid and 5% perchloric acid for 10 s. Two RPV model alloys were prepared.
The first specimen was ion-irradiated FeMnNi (1.4 wt.% Mn and 0.6 wt.% Ni), in which solute-
enriched planes along <111> and <100> were expected. The irradiation condition was 2.8 MeV Fe?*
ions at 400 °C until an average dose of 2 dpa was reached. The other specimen was FeCu (1.0 wt.%
Cu), in which spherical solute enrichment was expected. It was irradiated by 2.8 MeV Fe*" ions at
300 °C for 1 dpa. The irradiation work was conducted at the High Fluence Irradiation Facility of the
University of Tokyo [22]. Displacement damage of the sample was calculated by the stopping and
range of ions in matter (SRIM — 2013) program [23] using 40 eV as the displacement energy. From
the SRIM results, the appropriate depth for sampling specimens by focused ion beam (FIB) was
determined.
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2.2. Specimen Preparation

To ascertain the effect of crystallographic orientation on the measurements, specimens were lifted-
out from multiple grains. Initially, the specimens were mounted onto the specimen coupon provided
by the APT vendor (a Si substrate with micro-pillars for mounting the specimens). However, handling
the thin and smooth coupons was difficult for the engineers in the radiation-controlled area. Therefore,
to improve the measurement yield, we decided to use a tungsten needle with an electrochemically
polished tip attached to a copper tube as a base on which to deposit the specimens.

Specimens with a triangular prism shape (2 pm sides and 1 pm height) were prepared using a Hitachi
FB2200 FIB system at Nagaoka University of Technology. The raw specimen had four sides and was
deposited by tungsten to ensure a good connection between the sample and needle tip holder.

The FIB processing was performed immediately before the APT measurement at the Fugen
Decommissioning Engineering Center of the Japan Atomic Energy Agency (JAEA) to prepare the
final specimen (diameter of several tens of nanometers) using a Hitachi NB5000 system.

2.3. APT Analysis

APT measurements were conducted using a LEAP 3000X HR (CAMECA) at the Fugen
Decommissioning Engineering Center of the JAEA. The laser pulse mode was applied, in which the
wavelength, pulse ratio, and pulse rate were 532 nm, 0.2, and 250 kHz, respectively. Specimens were
maintained at a very low temperature (~38.4 K) to reduce the effect of the thermal vibration of atoms
in the lattice during the evaporation process. The detection efficiency of this system was estimated to
be 37%. The electric field was chosen to be close to the evaporation field of Fe?* (33 V/nm), which
was the primary element in the alloy.

3. Improvement of Reconstruction Procedures

3.1. Selection of the Region of Interest (ROI)

Voltage History

Vorage (V)
&

Increasing number of hit density
Detector Y (mm)

Fig. 1 — Information to be considered in setting the region for reconstruction. (a) Relationship between the
total number of ions acquired and specimen voltage; the DI at the (b) top and (c) bottom of the specimen.
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Reconstruction was performed using the Integrated Visualization and Analysis Software (IVAS,
version 3.8). First, using the data shown in Fig. 1, the ROI for reconstruction was determined. Fig. 1a
plots the change in the voltage applied to the specimen during a single APT analysis as a function of
the number of acquired ions. Because the tip of the specimen was thin, a relatively low voltage was
required for field evaporation, but as the specimen became thicker, the applied voltage increased. A
sharp change in the voltage indicates the radius of the sample changes discontinuously, which may
occur owing to a small fracture near the tip during the measurement. The detector hit map is a
visualization of the integrated number of detected atoms at each position on the two-dimensional APT
detector. Because the atomic positions are projected from the spherical surface of the sample to a flat
detector, the detector hit map shows the polar points representing the crystal orientation of the sample.
Changes in the pole figure at a certain position on the sample indicate that the crystal orientation of
the sample with respect to the z-direction is changing at that location. In Fig. 1, the detector hit map
does not change from the top to the bottom of the sample; therefore, it can be concluded that the entire
sample can be reconstructed at once.

3.2. Image Compression Factor and Pole Figures
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Fig. 2 — OIM analysis for determining the ICF value. The solution of index for the field desorption image
was chosen for the highest index confidence and the lowest degree of mismatch [26]. (a) Detection of poles.
As shown here, the center of the detector is close to pole [21-1]; other poles are also observed. (b) Linear
relationship between the observed and theoretical angles. The x- and y-axes are the crystal angle (dcrys)
and observed angle (aobs), respectively, and the ICF is the slope of the fitted line.

Because of the deformation of the electric field lines around the apex of the needle tip, when an
atom is ionized and evaporated from the needle tip, its trajectory is not a straight line. Therefore, the
theoretical angle (o.rys) between two crystallographic directions and the observed angle (o,ps) obtained
on the detector hit map differ. The ratio between the tangent of crystal angle o.rys and that of observed
angle aobs is named the image compression factor (ICF). In IVAS, using a low angle approximation,
the ICF was automatically determined based on the linear relationship between the real (observed)
angle and the theoretical (crystal) angle of the poles. After this process, the compression factor set by
IVAS was relatively accurate. However, a slight deviation in the results remained due to the
macroscopic heterogeneity of the specimen. To reduce this deviation, the following steps were applied
to finalize the compression factor:

(1) Based on the DI, the Orientation Imaging Microscopy (OIM) function automatically generated
several options of poles [24][25]. Considering for BCC structure and carefully comparing the
recommended patterns with poles position and zone lines in the DI, we could select the best index
solution (Fig. 2a). After this image processing, the distance from each (pole to pole) was measured.
With the total number of active poles is n, the number of combinations of pole-to-pole distance
pairs is:
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In the above formula, it is necessary to have a minimum of 2 poles to perform this calculation step.
For instance, in Fig. 2a, number of active poles was n = 12, then N = 66 fitting points.

(2) According to the distance from the needle tip to the detector center, the flight path of an ion
corresponding to each pole was calculated.

(3) Using the correlation between (1) and (2), the observed angle ao,s Was estimated. The observed
angle was the angle between the trajectory of the ions emitted from each surface of the sample and
the normal of the detector.

(4) The crystal angle o.ys Was obtained by calculating the nominal direction of the detector and the
crystallographic tilt of each atomic plane.

(5) An approximately linear correlation between the observed angle and the crystal angle was
expected for all fitting points. In Fig. 2b, every point in the graph corresponding to each (pole to
pole) appeared in the detector. The slope of the correlation line was defined as the image
compression factor: ICF = 0lerys/Olobs.

3.3. Identification of the Initial Tip Radius
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Fig. 3 — Estimation of tip radius. (a) Tip radius profile using SEM image. Radii at five different positions

were automatically calculated based on the scale given by SEM image and fit the k-factor. (b) Good radius
estimation — the lattice planes are flat and parallel, (c) wrong estimation of radius — the lattice is distorted.

The radius of curvature of the sample tip (R) and the field factor (k-factor) should be defined in a
reconstruction. Because the initial tip radius is small, typically around 30 nm, and the top of the tip
may be lost before the field evaporation stabilizes, it is difficult to determine R beforehand only from
scanning electron microscope (SEM) images. IVAS is equipped with a function to fit the k-factor
based on changes in the voltage (V) applied to the sample during the APT measurement and the taper
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of the sample observed by the SEM before the measurement, as follows: k£ = V/(F-R), where F is an

element-dependent evaporation voltage. The k-factor is fitted such that the change in diameter in the

z-direction matches the change in specimen voltage. Reconstruction using this method assumes that
the initial radius estimation is accurate. The initial radius was determined by the following process:

(1) Assume an appropriate initial radius based on the SEM image, as shown in Fig. 3a.

(2) Estimate the compression factor using the process explained in Section 3.1 and using the
Reconstruction Explorer function in IVAS to obtain the reconstructed atomic planes.

(3) Observe the atomic map and identify atomic planes whose normal vector is close to the z-
direction in the preview reconstructed image.

(4) If there is any distortion, for instance in the Fig. 3c, increase or decrease the assumed radius and
return to step (1). If flat and parallel atomic planes can be obtained as in Fig. 3b, then the
assumption of initial radius was acceptable, the quantitative analysis will be continued after doing
final reconstruction as described in the next paragraph.

The ICF and initial tip radius values calculated by the method explained in 3.1 and 3.2 were used
to reconstruct the 3-D image of the atomic distribution map as shown in Fig. 4. The d-space of (hkl)
plane could be determined by using Fast Fourier Transformation (FFT). It was compared with the
theoretical value of dnq in BCC iron structure to confirm the correctness of the reconstruction process.
Low index orientation is preferred for calculation because the plane distance is quite large, which
facilitates data processing. Herein, the ROI along with <100> direction was extracted to do analysis.
When the z-axis of the specimen was close to <100>, the value dypo = 0.141 £ 0.008 nm was
consistent with the theoretical value of the iron lattice in the BCC structure (unit cell a = 0.286 nm).
The dxo was calculated at the several regions along with z-axis, but there were no significant
differences between top and bottom regions in the specimen.

Intensity (a.u.)

I I
00 05 1.0 15 2.0

Distance (nm)

Fig. 4 — Reconstructed image extracted near <100> direction. Fast Fourier transformation was applied on
the red rectangle region. In BCC structure, the d-space appeared here is corresponding to d2oo.

4. Solute Enrichment Analysis

As shown in Fig. 5, the distribution of solute atoms varied greatly depending on the expected
aggregation mechanism. Fig. 5a illustrates the isoconcentration surface where the Cu concentration in
FeCu is 4%. Although the presence of interstitial loops in iron—copper alloys has been confirmed,
there are no reports about the segregation of copper atoms to the loops. Because Cu atoms have a very
low solubility limit in BCC iron, they precipitate faster than the dislocation loops develop, forming
CRPs that independently precipitate at random locations [27]. Based on the precipitation mechanism,
the CRPs were expected to be spherical. However, the isoconcentration surfaces in the three-
dimensional image in Fig. 5a show that most of these clusters were ellipsoids with the smaller
dimension along the z-axis and nearly identical dimensions along the x- and y-axes. This difference
may be the result of variations in the field ion evaporation values. The electric field required for
ionization and evaporation of copper(l) is 30 V/nm, while the corresponding value of iron(Il) is 33
V/nm [28]. Therefore, the evaporation field of 33 V/nm used for reconstruction should not affect the
results of iron atoms. However, it could affect the positions of the copper atoms in the APT results



@ EJ A M B.V.C Nguyen, et al./ Improved three-dimensional atom probe

E-oumal of Advanced Maintanance tomography procedures for analyzing irradiation-induced microstructures

because of their smaller evaporation field. Copper atoms near the surface may evaporate easier than
iron atoms, shortening their distances and

causing shrinkage in the three-dimensional

map. Compared to that along the x- and y-

'> ‘ axes, this change in distance is greater along
. the z-axis because it is the direction of the

. ’ electric field used in the APT system. This

‘ effect appeared similarly with the so-called

“local magnification” caused by surface-

induced distortions reported by Vurpillot and
Geuser et al. [29],[30]. In contrast, the 3.34%
Mn and 2.58% Ni isoconcentration surfaces of
the FeMnNi alloy in Fig. 4b show that these
solutes tended to cluster as a part of a toroidal
shape in specific planes. The special
distribution of the Mn and Ni isoconcentration

surfaces indicates that these atoms might be

, ; ; . ' ' attached to the dislocation loops, as reported
60 50 40 30 20 10 0  inRef [11].

Fig. 5 — Isoconcentration surfaces of solute elements in alloys. (a) In the FeCu alloy, copper clusters
(orange) are ellipsoids. (b) In the FeMnNi alloy, areas enriched with manganese (yellow) and nickel
(green) form part of a torus.

\\,\\: : i : /’
x\\\-‘\.‘_;/
Fig. 6 — Wulff diagram. The center pole corresponds to the [21-1] direction. Using pole [-11-1] as an
initial position, the rotation angles (0) along the z-axis were estimated to determine the candidate plane
direction.

To evaluate the orientation of the toroidal enrichment of Mn and Ni, the crystal orientation was
identified. First, using the coordinates of polar points from the DI, the crystal orientation of the
specimen in the z-direction was determined. According to the Wulff diagram analysis shown in Fig. 6,
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the z- and y-axes of the specimen in Fig. 5b were very close to the [21-1] and [-11-1] directions,
respectively. Then, the toroidal plane was clarified by choosing the criteria for the isoconcentration
surface. As shown in Fig. 7, by rotating the isoconcentration surface map along the z-axis, the angle at
which the toroidal surface looked like a line was found. The actual angles (@) between the z-axis and
the normal vector of the solute-enriched planes were calculated. Similarly, by rotating the atom map
along with the y-axis, the angles between the y-axis and the solute-enriched planes were defined.

Fig. 7— Manganese decoration on the edge of a dislocation loop. The side-view (left) and front-view (right)
of the manganese isoconcentration surface show that there was no elongation or distortion in the spatial
position of solute atoms.
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Fig. 8 — Correlation between the measured angle ¢ (y-axis) and the interplanar angle ¢’ (x-axis).
Relationships between ¢ values and ¢’ values are represented by nine black dots. The plot of the (y = x)
line is in blue color.

In this experiment, because two types of loops (100) and (111) were confirmed in our previous
work [31], the corresponding angles (¢’) between the z-axis ([21-1] direction) and the (111) and (100)
crystallographic planes were calculated using equation (1) and compared with the measured angles
(¢). The interplanar angle ¢’ between (h;k;l;) and (hakalz) for the cubic system was calculated using
the following equation:
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hihy+k ky+141;

cosg’ =

(2)

J (h3+k2+13)(h3+k3+13)

Note that in this three-dimensional image, only the absolute value of the empirical angle ¢ between
the z-axis and the normal of the plane containing the enriched solute |¢| < 90° can be determined, and
equation (2) provides the theoretical angle between 0° and 180°. To synchronize these two results, we
converted the theoretical results with values greater than 90° into corresponding negative values.
When the nine solute-enriched planes identified in Fig. 5b were assigned to the orientation of the
dislocation loop with the closest angle, two were determined to be of type b = <100> and seven of
type b = 1/2<111>. The appearance of two types of dislocation loops, in which the fraction of <111>
type is larger than that of <100> type, is consistent with the results of previous studies [31]. Fig. 8
shows the correlation between the measured angle ¢ and the theoretical angle ¢’. The two are in good
agreement, which confirms that the proposed method can reasonably extract the crystallographic
features of solute atoms segregated on a plane using only the APT desorption images.

5. Conclusion

In this study, a method to improve the APT reconstruction of iron model alloys was proposed and
successfully implemented, and the irradiation-induced microstructures of FeCu and FeMnNi were
analyzed. Accordingly, the matrix atoms did not change their spatial position, while a thick region of
minority elements, such as a copper cluster, shrunk along the z-direction owing to differences in the
evaporation field. Mn and Ni atoms exhibited a different behavior, in which they segregated to the
edge of dislocation loops to form a toroidal enriched region. In addition, the orientation of planar
objects comprising solute decoration of dislocation loops was calculated in detail. Three basic steps
are required, as follows. First, the specimen must be carefully prepared to optimize the calculation
process and reduce errors caused by lattice distortion due to the existence of solute atoms in the alloy
as well as by lattice defects generated by irradiation. Depending on the experimental and sample
conditions, either a specimen coupon or a needle tip is selected. Second, the reconstruction parameters
are estimated. Initially, the poles on the desorption map must be identified using crystal orientation
analysis. When more poles are identified on the detector hit map, the calculated orientation of the
specimen is more accurate. Confirmation of whether the specimen contains one or more grains should
also be performed in this step. The ICF value is determined after comparing the results from crystal
orientation analysis and the data obtained from manual calculations, while the radius of curvature is
calculated based on the SEM image and the applied voltage history. Finally, candidate orientations are
selected based on the comparison between theoretical and experimental interplanar angles, and the
orientations are confirmed by rotation along the z-direction, if necessary.
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