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Abstract 
Because they exhibit very similar diffraction patterns�����W�K�H�������D�Q�G�����¶���S�K�D�V�Hs of nickel-based 

superalloys cannot be distinguished by the conventional EBSD technique alone. This paper 
presents an original method which discriminates those phases on an orientation map by 
exploiting their chemical differences. Performed with a Focused Ion Beam (FIB) microscope, 
the method is the combination of the ion CHanneling ORientation Determination technique 
(iCHORD) �± recently developed by Langlois et al. [1] �± with the chemical information 
obtained from Secondary Ion (SI) images. The performances of the method are compared to 
the EDS-EBSD coupling which also discriminates phases based on their chemical 
compositions. Applied filters, angular resolution, spatial resolution of the phase 
discrimination and acquisition time are discussed. It results that the iCHORD�±SI combination 
offers an orientation map with an angular resolution slightly decreased compared to that of the 
EBSD technique, but with an interesting phase resolution (down to 150 nm) and within a 
reasonable acquisition time. Thus, the iCHORD�±SI combination appears to be an interesting 
method for the crystallographic systems where phases are difficult to discriminate by the 
EBSD technique but present a significant chemical contrast. 

 
 

Keywords. Focused Ion Beam; Ion channeling; Secondary ions; EDS-EBSD coupling; 
Gamma - Gamma Prime nickel-based superalloy. 

 

1. Introduction  
�'�X�H���W�R���W�K�H�L�U���V�X�S�H�U�L�R�U���U�H�V�L�V�W�D�Q�F�H���D�W���K�L�J�K���W�H�P�S�H�U�D�W�X�U�H���� ��-���¶��nickel-based superalloys are used 

for the manufacturing of highly-constrained aero-engine parts [2]. Their mechanical 
�S�U�R�S�H�U�W�L�H�V���D�W���K�L�J�K���W�H�P�S�H�U�D�W�X�U�H���U�H�V�X�O�W���I�U�R�P���V�H�Y�H�U�D�O���I�H�D�W�X�U�H�V���L�Q�F�O�X�G�L�Q�J���W�K�H�����¶���S�K�D�V�H���G�L�V�W�U�L�E�X�W�L�R�Q. 
�,�Q�G�H�H�G�����W�K�H�����¶���S�K�D�V�H���I�R�U�P�V���S�U�H�F�L�S�L�W�D�W�H�V���R�I���G�L�I�I�H�U�H�Q�W���V�L�]�H�V���Z�K�L�F�K���D�U�H���V�S�U�H�D�G���L�Q�V�L�G�H���W�K�H�������P�D�W�U�L�[����
the finer precipitates ensuring the strengthening of the alloy [3]. But many interactions 
�E�H�W�Z�H�H�Q�� �W�K�H�� ���� �J�U�D�L�Q�V�� �D�Q�G�� �W�K�H�� ���¶�� �S�Uecipitates also occur during hot forging operations: 
deformation triggers recrystallization mechanisms which closely depend on the precipitation 
and its evolution. For instance, precipitates may dissolve to potentially reprecipitate behind 
the front [4,5], pin grain boundaries [6] or act as nucleation sites [7,8]. Understan�G�L�Q�J���W�K�H�V�H����-
���¶�� �L�Q�W�H�U�D�F�W�L�R�Q�V��enables the optimization of the forging process so as to obtain the ���¶�� �S�K�D�V�H��
distribution leading to the best mechanical properties. Thus, for the ��-���¶�� �P�L�F�U�R�V�W�U�X�F�W�X�U�H�V�� �W�K�H��
characterization of respective phases is a real need.  
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Electron Back-Scattered Diffraction (EBSD) is commonly used to characterize 
polycrystalline microstructures. However, in the case of the ��-���¶�� �P�L�F�U�R�V�W�U�X�F�W�X�U�H�V���� �W�K�L�V��
technique is not able to discriminate the ���� �D�Q�G�� ���¶ phases because of their respective 
crystallographic structures, FCC and L12, which lead to very similar diffraction patterns [9]. 
Superstructure reflections, which are theoretically present �L�Q�� �W�K�H�� ���¶��patterns and absent in 
those of the ���� �S�K�D�V�H, have too low intensities to be detected with the conventional EBSD 
mapping settings (e.g. diffraction patterns of 160x120 pixels).  

���
���S�K�D�V�H���L�V���H�D�V�L�O�\���U�H�F�R�J�Q�L�]�D�E�O�H���R�Q���%�D�F�N�6�F�D�W�W�H�U�H�G���(�O�H�F�W�U�R�Q�����%�6�(�����L�P�D�Jes because its higher 
content in light chemical elements makes it appea�U���G�D�U�N�H�U���W�K�D�Q���W�K�H�������S�K�D�V�H�����7he overlay of a 
BSE image acquired at a 0° tilt angle with an EBSD map acquired at a 70° tilt is difficult 
since distortions are very likely to exist between the two images even after tilt correction. In 
the EBSD sample configuration, BSE can be collected either by a BSE detector beneath the 
SEM column or by a solid-state BSE detector mounted at the topside of the EBSD camera. 
But in both cases the collected intensity is low, which can result in noisy images [10]. In 
addition, with the solid-state detector optimal contrast settings can be difficult to find [10]. In 
order to collect more intensity, some research have been done in order to use the EBSD 
detector itself as a BSE detector [10]; but the technique is not widespread. 

Performing Energy Dispersive X-ray Spectrometry (EDS) at the same time as the EBSD 
scan allows the discrimination of the phases thanks to their difference in chemical 
composition [11,12]. One limit of this method is the spatial resolution of the EDS technique 
which depends on the chemical composition of the material as well as on the electron beam 
energy [13,14]. Yet, ���¶��precipitates as small as 100 nm must be considered in the analysis of 
the microstructures because they have a significant effect on the mechanisms and kinetics of 
recrystallization in addition to their impact on the material mechanical properties. 

The present paper aims at presenting another method �W�R���G�L�V�F�U�L�P�L�Q�D�W�H���W�K�H�������D�Q�G�����¶���S�K�D�V�H�V���R�Q��
an orientation map, also based on the chemical differences of the phases but performed with a 
Focused Ion Beam (FIB) microscope. This methods combines the ion CHanneling 
ORientation Determination (iCHORD) technique, recently developed by Langlois et al. [1] 
and which uses the intensity variations in Secondary Electron (SE) images to determine the 
crystal orientations, with the Secondary Ion (SI) signal whose intensity strongly depends on 
the atomic number [15]. Acquired with the same scan electronics and without changing the 
sample position, SE and SI signals are can be easily superimposed, providing an orientation 
map with phase identification. The performances of the iCHORD�±SI combination �R�Q�� �D�� ��-���¶��
microstructure are analyzed in regards to that of the EDS-EBSD coupling. Applied filters 
(part 3.1), angular resolution (part 3.2), spatial resolution of the phase discrimination (part 
3.3) and acquisition time (part 3.4) are discussed. 

 

2. Experimental 
2.1 Material  

The AD730TM alloy is a polycrystalline ��-���¶��nickel-based superalloy recently designed by 
the Aubert&Duval Company for aero-engine applications [16]. Its chemical composition is 
given in Table 1.  
 
Table 1. Composition of the AD730TM nickel-based superalloy (wt% )[16]. 
Element Ni Fe Co Cr  Mo W Al  Ti  Nb B C Zr  
AD730TM Base 4.00 8.50 15.70 3.10 2.70 2.25 3.40 1.10 0.01 0.015 0.03 

 
�7�K�H�������S�K�D�V�H��forms the matrix of the alloy and is a Face Centered Cubic solid solution. T�K�H�����¶��

phase forms precipitates of various sizes and has a Simple Cubic L12 ordered structure. The 
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chemical composition of each phase measured on the as-received billet by EDS at 15 kV is 
presented in Table 2.  

 
�7�D�E�O�H���������&�R�P�S�R�V�L�W�L�R�Q�V���R�I���W�K�H�������D�Q�G�����¶���S�K�D�V�Hs measured on the as-received billet by EDS at 15 kV (wt% - semi-
quantitative values obtained without using a suitable standard - average values over an area of few µm²). 
Element Ni Fe Co Cr  Mo W Al  Ti  Nb B C Zr  
�����S�K�D�V�H 54.6 5.1 9.9 19.8 3.1 2.1 2.3 2.5 0.6 NA NA NA 
���
���S�K�D�V�H 70.7 1.5 5.1 3.6 0.3 0.9 6.0 10.6 1.4 NA NA NA 

 
Compression samples were machined out of the AD730TM industrial billet. To trigger the 

recrystallization of the alloy and observe ��-���¶��interactions, the samples were isothermally 
compressed �E�H�O�R�Z�� �W�K�H�� ���¶�� �V�R�O�Y�X�V�� ��which is about 1,110°C) and water quenched. Sample 
sections were ground and polished with first diamond suspensions down to 1 µm then 0.02 
µm colloidal silica (OPS) on a vibratory polishing machine. Hot compression led to a partially 
recrystallized microstructure exhibiting many microstructural features, including 
recrystallized/unrecrystallized grains and several ���¶�� �S�R�S�X�O�D�W�L�R�Q�V�� �Z�L�W�K��characteristic sizes. 
Thus, this kind of microstructure was found relevant to discuss the performances of the 
iCHORD-SI combination. 
 
 

2.2 The iCHORD-SI combination 
The ion CHanneling Orientation Determination (iCHORD) technique has been recently 

developed by Langlois et al. [1] to obtain orientation maps using the ion channeling effect. 
Ion/matter interactions produce secondary electrons whose intensity depends on how deep the 
ions are channeled through the crystal, and so on the orientation of the crystallographic planes 
relative to the ion beam [15,17,18]. Then, if the crystal position changes relative to the ion 
beam, the intensity of the collected secondary electrons varies following an intensity profile 
which is characteristic of the crystallographic orientation of the crystal.  

The experimental setup of the iCHORD technique (Figure 1.a) has been optimized so that 
each intensity profile corresponds to a unique crystallographic orientation. The sample is first 
tilted at a 40° fixed angle around an axis (ey) which lies in its surface. Next, with a fixed 
azimuthal rotation step, the sample performs a complete rotation around its tilted normal (ez) 
to make secondary electron intensity vary (Figure 1.c). One Secondary Electron (SE) image is 
acquired at each azimuthal position. Then, using the Fiji image processing software [19], SE 
images undergo tilt correction, rotation correction, are aligned and cropped all together to get 
a stack of aligned images. The intensity of a given point of the scanned area varies as the 
stack is browsed, allowing the plot of a so-called intensity profile (i.e. intensity of the point in 
the SE image as a function of the azimuthal rotation angle, Figure 1.b). Finally, during the 
post-treatment stage, intensity profiles are compared to theoretical intensity profiles stored in 
a database, each theoretical intensity profile corresponding to a known crystallographic 
orientation. The building of the theoretical profiles and the database search algorithm are 
precisely described in [1]. The theoretical profile which matches the best with the 
experimental intensity profile gives the crystallographic orientation of the point. 

 
The ion-matter interactions also create secondary ions whose intensity mainly depends on 

the atomic number of the excited atoms [15]. Thus, collected by a Secondary Ion (SI) 
detector, the Secondary Ion signal highlights the chemical contrast of the microstructure. In 
�W�K�H�� �S�U�H�V�H�Q�W�� �F�D�V�H���� �W�K�H�� ���¶�� �S�K�D�V�H���� �Z�K�L�F�K�� �Fontains lighter elements (Table 2), appears much 
�E�U�L�J�K�W�H�U���W�K�D�Q���W�K�H�������S�K�D�V�H��on SI images (Figure 1.d). T�R���S�U�R�S�H�U�O�\���H�[�W�U�D�F�W���W�K�H�����¶���S�K�D�V�H���I�U�R�P���6�,��
data, several SI images have been acquired at different rotation angles and summed all 
together so as the channeling contrast of the SI images does not interfere with the chemical 
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information. Finally, �W�R���V�H�S�D�U�D�W�H���W�K�H�����¶���S�U�H�F�L�S�L�W�D�W�H�V���I�U�R�P���W�K�H�������P�D�W�U�L�[��an intensity threshold is 
applied to the sum image.  

 
Using the TESCAN Lyra3 FIB-SEM of the Orsay Physics Company, combined iCHORD 

and SI scans have been performed on a sample section. The FIB was equipped with a Gallium 
ion source and the beam setup for data acquisition was 30 kV / 48 pA. The pixel size was 36 
nm and the azimuthal rotation step was 4°, which implied the acquisition of 90 SE images to 
achieve the complete rotation of the sample. With the same 36 nm pixel size, four SI images 
were also acquired at different azimuthal rotation angles. 
 

 

 
Figure 1. Principle of the iCHORD-SI combination. a) Experimental setup in the FIB microscope. b) Theoretical 
intensity profile (blue dashed line) matching with an experimental profile (red line) �± data of the point 
highlighted by a red cross on c). c) Secondary Electron (SE) image for one azimuthal position around ez (the 
orientation contrast arises from the ion channeling effect). d) Secondary Ion (SI) image for the same azimuthal 
angle (gray levels mainly depend on the chemical composition even if a slight orientation contrast is also 
visible). Both SE and SI images are tilt corrected.  
 

2.3 EDS-EBSD coupling: example of the ��-���¶��nickel-based superalloys 
The crystallographic lattice parameters of the ���� �D�Q�G�� ���¶��phases are very close to each other. 

However, theoretically EBSD patterns of both phases do exhibit differences���� �,�Q�G�H�H�G���� �W�K�H�� ���¶��
phase has an ordered structure which allows crystallographic planes with both odd and even 
Miller indices to diffract, contrary to �W�K�H�� ���� �S�K�D�V�H�� �Z�K�R�V�H�� �G�L�V�R�U�G�H�U�H�G�� �V�W�U�Xcture leads to a 
systematic extinction for such planes. So, in principle, detecting the presence or the absence 
of the superstructure reflections should allow the distinction of the two phases with EBSD. 
But, the corresponding Kikuchi bands exhibit very low intensities compared to the others and 
would thus require the acquisition of very high signal-to-noise ratio EBSD patterns to be 
detected. This does not conform to the settings of commercial EBSD optimized for orientation 
mapping, which means a high indexing speed from noisy Kikuchi patterns (e.g. patterns of 
160x120 pixels). Consequently, in practice the ���� �D�Q�G�� ���¶��grains of same crystallographic 
orientation display identical patterns (Figures 2.a, 2.b and 2.c) and the EBSD indexing 
software is unable to decide alone whether a given diffraction pattern arises from one phase or 
the other. This is why extra information is needed to distinguish the two phases in an EBSD 
map. 
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�7�K�H�������D�Q�G�����¶���S�K�D�V�H�V���F�D�Q���H�D�V�L�O�\���E�H���L�G�H�Q�W�L�I�L�H�G��with the EDS technique relying on their Nickel, 
Titanium and Chromium contents (Table 2, Figures 2.d, 2.e and 2.f). Thus, simultaneously to 
the EBSD scan, EDS spectra are acquired for each point of the map. Afterward, from EDS 
data, Ni, Ti and Cr ratios are defined as references for each phase. The re-analysis of the 
EBSD data assigns to an indexed point the phase whose reference ratios are the closest to the 
Ni, Ti and Cr ratios quantified in this point. Finally, an EBSD map �Z�L�W�K���������¶ discrimination is 
obtained (Figure 2.g). 

 
EDS-EBSD coupled acquisitions have been performed on a similar sample than that used for 

the iCHORD-SI acquisition, using the same 36nm pixel size. Three accelerating voltages 
10kV, 15kV and 20kV were tested corresponding to a beam current in the 7-10 nA range. The 
EDS/EBSD system is a QUANTAX system from the Bruker Company composed of an EDS 
XFlash 5030 detector and an e-FlashHR EBSD detector, controlled by the ESPRIT software 
package. The ESPRIT software package was used for both the acquisition and the re-analysis 
of the EBSD data with the EDS data (semi-automated procedure). This system is installed on 
a Field Emission Gun scanning electron microscope (Zeiss Supra 40). 

 

 
Figure 2. Principle of the EDS-EBSD coupling. a) and b) Kikuchi patterns (160x120 pixels) of the points 
displayed on c): M (Matrix - �����S�K�D�V�H�����D�Q�G���3 (Precipitate - ���¶���S�K�D�V�H��. c) EBSD orientation map, the color code 
(standard triangle) displays the crystal direction parallel to the Z axis, normal to the scanned area. d) to f) EDS 
elemental maps. g���� ���¶�� �S�K�D�V�H��obtained from the EDS-EBSD coupling method highlighted blue on the EBSD 
pattern quality map.    
 

3. Results and Discussion 
3.1 Raw data quality and applied filters 

 
Some of the results presented in the following parts were analyzed and displayed using the 
free MTEX Matlab toolbox [20]. 
 
During an EBSD scan, points located at grain boundaries show poor pattern quality because 
the diffraction patterns of the adjacent grains overlap. This explains why grain boundaries are 
non-indexed with the EBSD technique (Figure 3). 
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Figure 3. Grain boundaries with the EBSD technique. EBSD orientation map, non-indexed points plotted white. 
Black arrows highlight non-indexed points at grain boundaries. 
On the other hand, with the iCHORD technique, all the points are indexed by the theoretical 
profile which suits the best. Then, to assess the quality of the correlation between the 
experimental and theoretical intensity profiles, a confidence index can be calculated. This 
confidence index may be defined by (1-ED) where ED means the Euclidian Distance between 
the two normalized profiles (this confidence index is plotted in Figure 12.a). By default, no 
threshold value is applied on the confidence index of the iCHORD raw dataset. That is why 
by default there is no zero-solution points and orientations are proposed even for points 
located at grain boundaries (Figures 4.e, 5.c and 6.a). This will be referred to as �³�J�U�D�L�Q��
�E�R�X�Q�G�D�U�\���L�Q�G�H�[�L�Q�J�´���L�Q���W�K�H���I�R�O�O�R�Z�L�Q�J��  

�³�*�U�D�L�Q��boundary indexing�  ́is actually an artifact of the iCHORD technique since most of 
the time the orientations assigned to grain boundaries are totally different from that of their 
surrounding grains (Figure 4.e). Those wrong orientations at grain boundaries can be 
explained by two effects resulting from the sample abrasion which occurs during the scan, 
even at beam currents as low as 48 pA. Indeed, between the first and the fourth SI image, 220 
nm large precipitates have vanished (green circles on Figures 4.a and 4.b) and others have 
appeared. In the sample section, the largest diameter of the small precipitate population is 
approximatively 340 nm (Figure 4.a). This means that, if the small precipitates are initially 
spheres with a 340 nm diameter, at least the removal of a 40 nm layer is required to make the 
precipitates with a 220 nm diameter in the sample section disappear. The fourth SI image was 
acquired at one-third of the iCHORD experiment, so that the removed layer during the 
complete rotation is about 120 nm. 

The first effect of abrasion is boundary raveling (Figure 4). Abrasion depends on the 
phase �± because �W�K�H�������D�Q�G�����¶���S�K�D�V�H�V���G�R���Q�R�W���K�D�Y�H���W�K�H���V�D�P�H���³hardness�  ́�± and depends also on 
crystal orientation within the same phase. That is why, a�I�W�H�U���V�H�Y�H�U�D�O���)�,�%���V�F�D�Q�V���V�R�P�H����-���¶���D�Q�G��
��-�� grain boundary planes are revealed and an extra topographic contrast is added in SE 
images (yellow arrows on Figure 4.c). In fact, when the revealed grain boundary plane is 
exposed (or hidden) to the SE detector, bright (or dark) saturation is observed. These 
alternative signal saturations along grain boundaries degrade the SE images alignment (Figure 
4.d) and leads to thick grain boundaries. The pixels within these thick boundaries are indexed 
by the closest theoretical profile, which is likely to be different from that of the adjacent 
grains due to the alternative signal saturations (Figure 4.e), but which may nevertheless 
present a good fitting (Figure 4.f and 4.g). 

The second effect of abrasion is boundary displacement (Figure 5). If a grain boundary 
plane is tilted regarding the sample surface, then the intersection of the grain boundary plane 
with the observed section (i.e. the grain boundary trace) will progressively move as the matter 
is removed from the sample surface by the ion beam (Figure 5.b). So, a point initially in a 
grain can belong to the neighbor grain at the end of the iCHORD scan. The intensity profile 
acquired in such a point begins by the intensity profile of the first grain it belonged and ends 
by that of the second grain (Figure 5.d). The whole profile is assigned to a theoretical profile 
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which, once again, is likely to be different from that of the adjacent grains (Figure 5.c), but 
which may nevertheless present a good fitting. 

 
 

 

 
Figure 4. Boundary raveling resulting from FIB abrasion.  a) First SI image acquired at the initial sample 
position. b) Fourth SI image acquired at one-third of the complete rotation. Green circles highlight small 
precipitates which have vanished between a) and b). c) SE image, yellow arrows showing boundary raveling due 
to abrasion. d) Grain boundaries obtained from SE images processing with Fiji [19]. Boundaries detected on the 
first ten SE images and boundaries detected on the last ten SE images plotted green and red respectively. e) 
iCHORD orientation map, yellow arrows showing raveling boundaries whose orientations are different from 
that of the neighboring grains. f) and g) Intensity profiles acquired in the grain boundary �³�*�%�´���D�Q�G��precipitate 
boundary �³�3�%�´���S�R�L�Q�W�V���G�L�V�S�O�D�\�H�G��in d). Red arrows show signal saturation. 
 

Thus, theoretical profiles can correctly fit profiles of points at grain boundaries by chance 
and this explains why the confidence index is not efficient to filter out the indexed grain 
boundary from the iCHORD raw dataset. So, another method was experimented: the 
microstructure edges were extracted by processing the SE images with the Fiji  programs 
(Figure 6.b) and then stated as non-indexed points in the iCHORD dataset (Figure 6.d). This 
filtering is globally efficient but not perfect. Due to the FIB abrasion effects discussed above, 
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the extracted edges can be larger than the �³indexed interface� .́ On the contrary, some small 
areas with inconsistent orientations still remain after filtering (black arrows Figure 6.d). 
Another idea to remove the �³indexed boundaries�  ́ from the dataset could have been to: i) 
calculate the grains from the raw dataset, which would have identified artifact elongated 
grains along some real grain boundaries, ii) filter out those elongated grains based on a grain 
shape factor criterion. This idea was not investigated in this paper but may provide a finer 
treatment of the iCHORD raw data in the future. The following parts will present the results 
obtained from the iCHORD data filtered as explained above. 
 

 
Figure 5. Boundary displacement resulting from FIB abrasion. a) SE image showing at the center a grain with 
no boundary raveling. b) Grain boundaries obtained from SE images processing with Fiji. Boundaries detected 
on the first ten SE images and boundaries detected on the last ten SE images plotted green and red respectively. 
The white arrow suggests the boundary plane trace has moved between the beginning and the end of the 
�L�&�+�2�5�'�� �V�F�D�Q���� �F���� �L�&�+�2�5�'�� �R�U�L�H�Q�W�D�W�L�R�Q�� �P�D�S���� �G���� �,�Q�W�H�Q�V�L�W�\�� �S�U�R�I�L�O�H�V�� �D�F�T�X�L�U�H�G�� �L�Q�� �W�K�H�� �³���´�� �³�*�%�´�� �D�Q�G�� �³���´�� �S�R�L�Q�W�V��
displayed in c�������³���´�����³�*�%�´�����D�Q�G���³���´���D�U�H��plotted red, black and blue respectively.  
 

 
Figure 6. iCHORD data and applied filters. a) Orientation map from the raw iCHORD dataset, all the points are 
indexed by default. b) Backscattered Electron (BSE) image, showing that indexed boundaries do not correspond 
to real crystals but mainly to grain boundaries revealed by the ion beam. c) Edges of the iCHORD data 
extracted with the Fiji programs from the SE images. d) iCHORD orientation map after data filtering (i.e. where 
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edges of the microstructure were stated as non-indexed points). Black arrows show remaining inconsistent 
orientations.  
 
 

3.2 Angular resolution 
In order to have a reference in term of crystal orientation, an EBSD scan at 20 kV has been 
performed on the area chosen for the iCHORD-SI combination. The obtained iCHORD and 
EBSD maps are very similar, though some slight discrepancies are observed at some points 
(black arrows in Figure 7). These discrepancies can be explained by a change in the 
macroscopic reference frame - since the two experiments have been carried out in two 
different microscopes - but also by the different angular resolutions of the two techniques. 
Indeed, once the sample tilted the collected backscattered electrons and secondary ions come 
from volumes of approximately same sizes, that are typically within the 20-40 nm range [21�±
23]. 
 

 
Figure 7. Orientations maps given by the iCHORD and EBSD techniques. The color code (standard triangle) 
displays the crystal direction parallel to the Z axis, normal to the scanned area. a) iCHORD orientation map. b) 
EBSD orientation map. Black arrows highlight some differences between the iCHORD and EBSD maps. 
 

To decorrelate orientation variations due to a change in the macroscopic reference frame 
(used to define the Euler angles) from that due to the angular resolution of the techniques, 
intragranular misorientation has been analyzed. Grains have been defined as groups of pixels 
with a neighbor-to-neighbor misorientation angle lower or equal to 10°, and misorientation to 
the mean grain orientation values have been calculated. Based on the misorientation to the 
mean grain orientation, the deformed grains can be easily distinguished from the newly 
recrystallized ones on both the EBSD and iCHORD maps (Figure 8.a and 8.b). Deformed 
grains have a high orientation spread because of lattice distortions induced by deformation. 
On the contrary, recrystallized grains have a very homogeneous orientation and have 
theoretically no deviation of individual pixel orientation from the mean grain orientation. 
Thus, the misorientation measured between neighboring pixels in a recrystallized grain is 
representative of the angular resolution of the technique. This way, from the orientation 
variations observed in Figure 8.c and 8.d, the angular resolution is estimated to be about 0.75° 
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for EBSD and a bit less than 1.5° for iCHORD. This difference in angular resolution makes 
that the 10° grain threshold does not lead exactly to the same grains for the iCHORD and 
EBSD datasets, and this accounts for the differences in misorientation to mean orientation 
values observed between Figures 8.a and 8.b. However, the misorientation profiles plotted in 
Figure 8.e and 8.f demonstrate that even if small discontinuities (< 1.5°) are very roughly 
captured by the iCHORD technique due its angular resolution, similar grain substructures are 
globally revealed by both techniques.  
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Figure 8. Angular resolution of the iCHORD and EBSD techniques. a) Misorientation to mean grain orientation 
map calculated from the iCHORD dataset (misorientation angle threshold: 10°), grain boundaries plotted white. 
b) Misorientation to mean grain orientation map calculated from the EBSD dataset (misorientation angle 
threshold: 10°) grain boundaries plotted white. c) and d) Misorientation profile along the pink line in the 
recrystallized grain shown in a) and b) for the iCHORD and EBSD techniques respectively. e) and f) 
Misorientation profile along the red line in the non-recrystallized area shown in a) and b) for the iCHORD and 
EBSD techniques respectively. 
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3.3 Spatial resolution of the phase discrimination  
Figure 9 shows that the SI images can resolve the ���¶��precipitates down to 150 nm, which 

means all the precipitates of the studied microstructure including the smallest ones judging 
from the BSE image in Figure 9.a (the differences between the BSE and SI image arise from 
the ion beam erosion which occurred between the first SI image and the BSE image acquired 
after the iCHORD scan). The resolution of the SI images is related to the volume from which 
the collected secondary ions come: typically some tens of nanometers [22,24]. 

 

 
Figure 9. ���¶���S�K�D�V�H���I�U�R�P���W�K�H���U�D�Z���6�,���V�L�J�Q�D�O�����F�R�P�S�D�U�L�V�R�Q���Z�L�W�K���W�K�H���%�6�(���V�L�J�Q�D�O�����D�����%�6�(���Lmage acquired after the 
iCHORD-SI scan at 0° tilt. b) First SI image of the iCHORD-SI scan. 

 
To evaluate the performance of the SI signal, three EDS-EBSD maps have been acquired 

at 10 kV, 15 kV and 20 kV on an area where precipitate sizes were similar to that analyzed 
with the SI signal. For each EDS-EBSD map, the exposure time per pixel was adapted to get 
an X-ray spectrum with 3,000 counts for each point of the map. Indeed, 2,000 to 3,000 counts 
per spectrum are empirical values leading to a signal-to-noise ratio large enough for a semi-
quantitative analysis of the EDS spectrum. With Figure 10 one can check that for the chosen 
exposure times, the quality of the diffraction patterns was sufficient to perform EBSD, even at 
10 kV which is a quite low accelerating voltage for the technique.  

The chemical contrast resulting from the three EDS scans is presented in Figure 11. As 
expected, the higher is the accelerating voltage, the lower �W�K�H�� ���¶�� �S�U�H�F�L�S�L�W�D�W�H�V�� �D�U�H�� �U�H�V�R�O�Y�H�G�� 
Indeed, if the X-ray absorption in the sample is neglected, for a 0° tilted sample the maximum 
escape depth of the X-rays can be estimated using the formula proposed by Anderson and 
Hasler [13,25]: �: �Ø
N��

�4�ä�4�:�8

��
�ä�:�' �4

�5�ä�:�< 
F �' �¼
�5�ä�:�<�; , where �: �Ø is the average maximum escape 

depth of the X-rays (µm), �é is the density of the material (g.cm-3), �' �4 the incident electron 
beam energy (keV) and �' �¼ the critical excitation energy (keV). Considering approximate 
atomic compositions �I�R�U���W�K�H�������D�Q�G�����¶���S�K�D�Ves, ranges for the maximum escape depth at a 0° tilt 
are given in Table 3. Tilting the sample at 70° impacts the shape of the X-ray emission 
volume regarding the sample surface [26]. This implies that the maximum escape depth is in 
fact a bit smaller for a 70° tilt than for a 0° tilt. Nevertheless, Figure 11 shows that for a 70° 
tilt EDS at 10 kV is the only appropriate configuration to properly resolve the 150-340 nm 
precipitates (although the results are a bit affected by the sample relief). In addition, as the 
volume from which the collected X-ray arise is deeper than that of the backscattered 
electrons, once the sample tilted at 70° EDS data are slightly shifted compared to EBSD data 
[26]. The shift is highlighted by green arrows in Figure 1. This problem does not exist with 
the iCHORD-SI combination since SE and SI emission volumes have nearly the same sizes. 
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Figure 10. EBSD pattern for the different EDS-EBSD settings -160x120 pixels patterns. a) EDS-EBSD coupling 
at 10 kV. b) EDS-EBSD coupling at 15kV. c) EDS-EBSD coupling at 20kV. 
 

 
Figure 11. ���¶���S�K�D�V�H���I�U�R�P���W�K�H���U�D�Z���(�'�6���V�L�J�Q�D�O�����F�R�P�S�D�U�L�V�R�Q���Z�L�W�K���W�K�H���%�6�(���V�L�J�Q�D�O�����D�����%�6�(���L�P�D�J�H�������¶���S�K�D�V�H���D�S�S�H�D�U�V��
dark because of its content in light elements and the sample relief.  b), c) and d) Overlay of the Ni, Ti and Cr 
elemental maps obtained at 10 kV, 15 kV and 20 kV respectively.  Ni, Ti and Cr elemental maps are plotted blue, 
green and red which reveals �W�K�H�����¶���S�K�D�V�H��as light blue. 
 
Table 3. Estimation of the maximum X-ray escape depth at a 0° tilt �X�V�L�Q�J���$�Q�G�H�U�V�R�Q���D�Q�G���+�D�V�O�H�U�¶�V���I�R�U�P�X�O�D�� 

 
Phase 

 
Density 
(g.cm-3) 

10 kV 15 kV 20 kV 
�q�o (keV) �„ �‹ (µm) �q�o (keV) �„ �‹ (µm) �q�o (keV) �„ �‹ (µm) 

�� 
~ Ni-22%Cr-12%Co-6%Fe-4%Al 

8.22 0 �± 5.987 
(Cr-K) 

0.22 �± 0.37 0 �± 8.339 
(Ni-K) 

0.46 �± 0.74 0 �± 8.339 
(Ni-K) 

0.92 �± 1.19 

���
 
~ Ni-12,5%Ti-12,5%Al 

7,58 0.23 �± 0.40 0.50 �± 0.80 1.00 �± 1.29 

 

�7�K�H�� ���¶�� �S�K�D�V�H�� �G�L�V�F�U�L�P�L�Q�D�W�L�R�Q�V�� �R�E�W�D�L�Q�H�G�� �I�U�R�P�� �W�K�H�� �S�U�R�F�H�V�V�L�Q�J�� �R�I�� �W�K�H��iCHORD-SI and EDS-
EBSD data are presented in Figure 12. The resolution of the iCHORD-SI map (Figure 12.a) is 
slightly degraded compared to that of the original SI images (e.g. Figure 9.b). Indeed, the 
evolution of the precipitates resulting from the abrasion of the sample surface as well as the 
treatment applied to SI data (alignment, sum and threshold adjustment) are responsible for the 
slight degradation. Regarding the EDS-EBSD method, as implemented in the ESPRIT 
software, the ���¶�� �S�K�D�V�H��discrimination (Figure 12.b-d) is not done for the non-indexed points 
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since no crystallographic structure is assigned to the non-indexed points. Yet the non-indexed 
points appear more numerous for low accelerating voltages (e.g. 10 kV). Moreover, the Ni, Ti 
and Cr ratios defined for Figure 12.b-d seem to be more adapted to the large precipitates than 
to the small ones which are consequently less resolved by the phase discrimination. In fact, 
the large and small precipitates do not form at the same temperature during the forming 
process, and thus may have somewhat different chemical compositions. But, above all, the 
resolution of small precipitates is subjected to the so-�F�D�O�O�H�G���³matrix effect�´����i.e. the affection 
of the measured precipitate composition by that of the matrix located below), which goes 
worse and worse as the accelerating voltage increases due to the interaction volume. Different 
routes could be possible to improve the spatial resolution of the final EDS-EBSD 
discrimination, for instance: the adaptation of the composition ratios for each precipitate size, 
or the correction of the matrix effect. However, this would require EDS spectra with much 
higher signal-to-noise ratio and so the sacrifice of the acquisition speed. 
 

 
Figure 12. ���¶���S�K�D�V�H��discrimination obtained after SI and EDS-EBSD data processing. a) ���¶���S�K�D�V�H���U�H�V�X�O�W�L�Q�J���I�U�R�P��
�W�K�H���6�,���G�D�W�D���R�Y�H�U�O�D�L�G���R�Q���W�K�H���L�&�+�2�5�'���F�R�Q�I�L�G�H�Q�F�H���L�Q�G�H�[���P�D�S�����E�������F�����D�Q�G���G�������¶���S�K�D�V�H���U�H�V�X�O�W�L�Q�J���I�U�R�P���W�K�H��EDS-EBSD 
data overlaid on the pattern quality map, and corresponding to the EDS-EBSD acquisitions at 10 kV, 15 kV and 
20 kV respectively. Non indexed points are displayed black. 
 

3.4 Acquisition and processing times 
As said above, for each EDS-EBSD map performed for the study the exposure time per 

pixel has been adapted so as to cumulate 3,000 counts per point. Consequently, acquisition 
time must increase as the accelerating voltage decreases (Table 4). The time given in the 
�³Processing �W�L�P�H�������S�L�[�H�O�´���F�R�O�X�P�Q���F�R�U�U�H�V�S�R�Q�G�V���W�R���W�K�H���W�L�P�H���U�H�T�X�L�U�H�G by the ESPRIT software to 
re-analyze the EBSD data considering the EDS data with the defined Ni, Ti and Cr reference 
ratios. 

For the iCHORD-SI acquisition, relatively low scanning speeds were chosen to get a good 
signal-to-noise ratio while limiting the sample abrasion by the ion beam. The chosen scanning 
speeds lead to 0.010ms/pixel and 0.032ms/pixel for the SE and SI images respectively (Table 
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4). These times do not include the time required for the stage rotation which may be 
automated. The time given �L�Q���W�K�H���³Processing time / pixel�  ́column corresponds to the average 
time the iCHORD algorithm takes to assign a theoretical profile to an experimental intensity 
profile. However, with the iCHORD technique, the number of acquired points is twice bigger 
than the number of effectively analyzed points. In fact, the analyzed area must be an area 
common to all the SE images after their alignment. Yet, SE images are square images 
acquired at different rotation angles and this makes the corners of the images unusable after 
the alignment. This explains why the effective analyzed area is much smaller than the original 
image size. This drawback could be fixed in the future by controlling the scan coils of the 
microscope to automatically perform a scan rotation at each stage rotation step. 
 
Table 4. Acquisition and processing times for each method. 

Method Settings Acquisition time  
/ pixel 

Pixels acquired  
/ Pixels analyzed 

Processing time / 
pixel 

�³�7�R�W�D�O���W�L�P�H�´�������S�L�[�H�O 

EDS-EBSD  10 kV 
(42 kCts) 

36 ms x 2 frames 
 

1 1 ms 36x2 + 1 = 73 ms 

15 kV 
(100 kCts) 

15 ms x 2 frames 
 

1 1 ms 15x2 +1 = 31 ms 

20 kV 
(182 kCts) 

8.3 ms x 2 frames 
 

1 1 ms �������[�������������§���������P�V 

iCHORD-SI 30 kV /48 pA - SE image : 0.010 ms 
x 90 images 

- SI image : 0.032 ms 
x 4 images 

2 17 ms (0.010x90 + 0.032x4)x2 + 
�������§���������P�V 

 
From total times approximatively spent per pixel reported in Table 4, it appears that 
performing the iCHORD-SI method is equivalent to perform an EDS-EBSD coupling at 20 
kV (taking into account that the acquired points are twice numerous than that effectively 
analyzed ones). 

 
3.5 Discussion 

 
EBSD patterns give essential details on the crystallography of the phases and on the crystal 
orientations, with an angular resolution typically in the range of 0.5°. On the other hand, the 
current version of the iCHORD technique is adapted to get a good overview of the 
microstructure of a material with a know crystallographic structure: the 1.5° angular 
resolution is enough to study the grain sizes and orientations as well as the recrystallization 
state of the microstructure.  
Regarding the EDS technique, EDS spectra bring more than a chemical contrast as SI images 
do and so enables a semi-quantitative analysis of the chemical composition of the phases. 
Thus, numerous possibilities for the re-analysis of the EBSD data combined with the EDS 
spectra are possible afterward.Nevertheless, the spatial resolution of the EDS technique 
strongly depends on the accelerating voltage: the smaller is the accelerating voltage, the better 
is the spatial resolution. But decreasing the accelerating voltage must be compensated by a 
significant increase in the exposure time, in order to have a signal-to-noise ratio good enough 
for a semi-quantitative analysis of the spectra (about 30 ms x2 for an EDS at 10 kV). By 
�U�H�V�R�O�Y�L�Q�J�����¶���S�U�H�F�L�S�L�W�D�W�H�V���D�V���V�P�D�O�O���D�V��150 nm, SI images have provided a spatial resolution as 
good as the EDS acquisition performed at 10 kV. But the total time per pixel is approximately 
three times smaller for the iCHORD-SI combination at 30 kV than for the EDS-EBSD at 
10kV. Indeed, the exposure time represents a very large part of the total time spent for an 
EDS-EBSD map. Besides, long exposure times such as that applied at 10 kV make the 
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electron beam drift more significant during the EDS-EBSD maps. On the other hand, for the 
iCHORD-SI combination, the time dedicated to the data acquisition (SE and SI images) is 
very short compared to the time needed to process the data (attribution of a theoretical profile 
to the experimental intensity profile). This makes the time spent on the microscope much 
smaller for an iCHORD-SI map than for an EDS-EBSD map, whatever the accelerating 
voltage used for the EDS-EBSD acquisition. In addition, the different escape depths of the 
BSE and X-ray signals leads to a slight misalignment of the EBSD and EDS data because the 
sample is tilted at 70°. This does not occur for the iCHORD-SI data combination since SE and 
SI have arise from volume with approximately the same size. 
But, the main drawback of the iCHORD-SI combination is the abrasion of the sample surface 
by the ion beam. Abrasion leads to boundary raveling and boundary displacement but also to 
the potential loss of the smallest grains and precipitates of the microstructure during the scan. 
This makes the iCHORD-SI combination a quite destructive technique which cannot be 
performed twice on exactly the same area. However, two ideas can be proposed to make the 
technique less destructive than what presented in the present paper. First, the number of 
acquired SE images can be decreased: it has been shown in [1] that 30 SE images with a 12° 
rotation step allow a correct description of the microstructure. Second, the scanning speeds 
could have been increased and denoising algorithms used to enhance the signal-to-noise ratio 
of the acquired images. 
Thus, like the EDS-EBSD coupling, the iCHORD-SI combination has disadvantages and 
advantages. But by resolving precipitates down to 150 nm on an orientation map within a very 
reasonable time, this method is really interesting for the �������¶���P�L�F�U�R�V�W�U�X�F�W�X�U�H�V���Zhich displays a 
multimodal distribution of ���¶���S�U�H�F�L�S�L�W�D�W�H�V��from few micrometers to some tens of nanometers. 
Yet, for the study of polycrystals, a technique performed within a reasonable time is of 
particular interest since it allows a more statistical analysis of the microstructure.  

 
Finally, Figure 13 shows the complete result of the iCHORD-�6�,���F�R�P�E�L�Q�D�W�L�R�Q�����W�K�D�W���L�V���W�K�H�����¶��

phase discriminated from the SI data overlaid on the orientation map obtained with the 
iCHORD technique. Black and white arrows prove the interest of the phase discrimination for 
�W�K�H�� �V�W�X�G�L�H�G�� �P�L�F�U�R�V�W�U�X�F�W�X�U�H�� �E�\�� �K�L�J�K�O�L�J�K�W�L�Q�J�� �W�Z�R�� �P�H�W�D�O�O�X�U�J�L�F�D�O�� �S�K�H�Q�R�P�H�Q�D�� �E�D�V�H�G�� �R�Q�� �W�K�H�� ���¶��
precipitation: the so-called Smith-Zener pinning [6] enforced by precipitates as small as 150-
340 nm on the grain boundaries and the heteroepitaxial recrystallization which starts by the 
�Q�X�F�O�H�D�W�L�R�Q���R�I���D���F�R�K�H�U�H�Q�W�������V�K�H�O�O���D�U�R�X�Q�G���D�����¶���S�U�H�F�L�S�L�W�D�W�H��[12,27]. 
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Figure 13. Results of the iCHORD-�6�,�� �F�R�P�E�L�Q�D�W�L�R�Q���� �7�K�H�� ���¶�� �S�K�D�V�H�� �L�V�� �S�O�R�W�W�H�G�� �G�D�U�N�� �J�U�H�\�� �D�Q�G��overlaid on the 
orientation map. Black and yellow arrows highlight grain boundary pinning and heteroepitaxial 
recrystallization respectively.  
 

4. Conclusions 
�%�H�F�D�X�V�H�� �W�K�H�� ���� �D�Q�G�� ���¶�� �S�K�D�V�H�V�� �F�D�Q�Q�R�W�� �E�H�� �L�G�H�Q�W�L�I�L�H�G�� �E�\�� �W�K�H�� �(�%�6�'�� �W�H�F�K�Q�L�T�X�H�� �D�O�R�Q�H�� other 

methods are needed �W�R���F�K�D�U�D�F�W�H�U�L�]�H���W�K�H����-���¶���P�L�F�U�R�V�W�U�X�F�W�X�U�H�V��  
The EDS-EBSD coupling uses the chemical information provided by the EDS technique 

to discriminate the �����D�Q�G ���¶��phases on an EBSD map. The iCHORD-SI combination, which is 
an original method performed with a FIB microscope is based on the same idea: the iCHORD 
technique, recently developed by Langlois et al. [1], provides the crystallographic orientations 
based on the ion channeling contrast on Secondary Electron (SE) images while the chemical 
contrast of the Secondary Ion (SI) images is used to identify �W�K�H�����¶��phase.  

The performances of the iCHORD-SI combination on a partially recrystallized ��-���¶��
microstructure have been assessed using the EDS-EBSD coupling as a reference. The 
conclusions are the following: 

- By default the iCHORD technique indexes each point of the map with the theoretical 
profile which suits the best to collected intensity profile. Orientations indexed at grain 
boundaries are most of the time inconsistent and result from boundary raveling and/or 
progressive boundary displacement induced by the ion beam. Thus, iCHORD data 
have to be treated to erase from the dataset the false orientations attributed to pixels 
on/along grain boundaries.  

- The angular resolution of the iCHORD technique (about 1.5°) is a bit less good than 
that of the EBSD technique (about 0.50-0.75°). Nevertheless, this angular resolution is 
sufficient to succeed in catching most of the grain substructures. 

- Unlike EDS and EBSD data, no misalignment between the SE and SI data are 
observed since secondary electrons and secondary ions come from volumes of similar 
sizes which are typically in the 20-40 nm range. 

- Resolving ���¶���S�U�H�F�L�S�L�W�D�W�H�V��down to 150 nm, the spatial resolution of the SI images is as 
good as that of EDS performed at 10 kV. 

- However, the total time required per pixel (acquisition and processing) for an 
iCHORD-SI map is approximately three times smaller than that required for an EDS-
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EBSD map at 10 kV with 3,000 counts per spectrum. In addition, the iCHORD-SI 
acquisition time is much decreased compared to the EDS-EBSD method, and most the 
required time is spent in the processing of the experimental intensity profiles which is 
performed offline. 

- The iCHORD-SI combination is a quite destructive method but the ion beam abrasion 
can be somewhat limited by reducing the number of acquired SE images and/or by 
adapting the scanning speeds, which may not degrade the quality of the results. 

In this way, the iCHORD-�6�,�� �F�R�P�E�L�Q�D�W�L�R�Q�� �L�V�� �D�Q�� �L�Q�W�H�U�H�V�W�L�Q�J�� �R�S�W�L�R�Q�� �I�R�U�� �W�K�H�� �������¶��
microstructures which have �D���P�X�O�W�L�P�R�G�D�O���G�L�V�W�U�L�E�X�W�L�R�Q���R�I�����¶���S�U�H�F�L�S�L�W�D�W�H�V���I�U�R�P���I�H�Z���P�L�F�U�R�P�H�W�H�U�V��
to some tens of nanometers. Beyond superalloys, the iCHORD-SI combination may be used 
for any crystallographic system, where the phase discrimination is difficult/impossible by 
EBSD and where there is a sufficient contrast in atomic number between the phases.  
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