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Commercially pure nickel (Ni) was thermomechanically processed to promote an increase in Σ3 special grain boundaries.
Engineering the character and chemistry of Σ3 grain boundaries in polycrystalline materials can help in improving physical,
chemical, and mechanical properties leading to improved performance. Type-specific grain boundaries (special and random) were
characterized using electron backscatter diffraction and the segregation behavior of elements such as Si, Al, C, O, P, Cr, Mg, Mn,
B, and Fe, at the atomic level, was studied as a function of grain boundary character using atom probe tomography. These results
showed that the random grain boundaries were enriched with impurities to include metal oxides, while Σ3 special grain boundaries
showed little to no impurities at the grain boundaries. In addition, the influence of annealing time on the concentration of segregants
on random grain boundaries was analyzed and showed clear evidence of increased concentration of segregants as annealing time
was increased.

1. Introduction
Nickel is the major alloying element in some of the most
advanced alloys used today in applications ranging from
nuclear power plant components to high temperature aircraft
engine components [1, 2]. Therefore, studying the character
and chemistry of grain boundaries in commercially pure
nickel, known as Nickel 200, could help elucidate various
fundamental microstructure-property relationships of these
materials. Engineering the character and chemistry of grain
boundaries in polycrystalline materials can help in improving
physical, chemical, and mechanical properties leading to
improved performance [3]. However, most of the work done
on grain boundary (GB) segregation has been in the modeling and computational arenas [4]. Limited studies exist,
which investigate the GB character’s influence on segregation
behavior at the atomic level for Ni [4].

Segregation, a local enrichment at the GB, can alter the
mechanical and physical properties including tensile
strength, ductility, and fracture toughness, electrical properties, and so forth [5]. GB structure, as compared to the
bulk structure, is very different and exhibits its own unique
environment, structure, composition, and energy levels at
the atomic level [6]. This GB structure serves to either attract
or repel segregants [7]. The process of segregation leads to
a decrease in the energy of the system following the thermodynamic principles of Gibbs free energy as the GB tries
to attain the lowest energy possible [6, 8, 9]. In addition,
preferential interactions also exist between the segregants
themselves which can affect segregation behavior [4].
Grain boundaries can be classified as low angle (angle
of misorientation <10–15∘ ), high angle, and coincident site
lattice (CSL) [10]. CSL boundaries are characterized by
misorientations that allow atoms from neighboring lattices to
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Table 1: Specimen parameters.

Specimen
1
1
2

GB type
RGB
SGB
RGB

Strain (cold-rolled)
3%
3%
3%

coincide notionally [11]. The fraction of atoms that coincide
at the boundary is called the density of coincidence sites
[11]. The reciprocal of this density of the coinciding sites is
used to describe a CSL boundary and is designated as Σ
[12, 13]. For example, Σ3 boundary will have one-third of
the atoms in each of the 2 grains coinciding notionally. Low
Σ CSL boundaries, 3 ≤ Σ ≤ 29, are called special grain
boundaries (SGBs) and high Σ CSL boundaries with Σ > 29
are called random grain boundaries (RGBs) [13, 14]. Σ3, a
special boundary, has the largest number of coinciding lattice
points which translates into a more ordered structure and
lower free volume [8] and GB energy when compared to a
random grain boundary [8, 15]. This results in SGBs being
slower diffusion pathways [8, 15].
Altering the GB character distribution in a microstructure is known as “GB Engineering” (GBE) [3, 15]. GBE
consists of single or multiple thermomechanical processing
cycles that include combinations of straining and annealing
to alter the distribution of the different types of grain boundaries [3]. Particular processing combinations have been found
to produce higher fractions of SGBs which are key to improving material performance [16–18]. It has been shown in several studies that when the fraction of special grain boundaries
(Fsp) increased, the resistance to the following properties
increased: creep, cavitation, fracture, corrosion, intergranular
corrosion, grain boundary sliding, and cracking [8, 19–21].
Grain boundary character distribution (GBCD) characterizes
the grain boundaries by providing the fraction of each type
of boundary found in the microstructure [10]. Σ3, or special
boundary, is the main contributor to GBCD optimization
[10, 14].
The above discussion suggests that it is possible to
thermomechanically process Ni-based alloys to increase the
SGBs which should result in improved segregation resistance
to impurities. Most GB studies have focused on models and
simulations because experimental studies on segregation are
difficult to conduct due to the difficulties in the randomness
of sample preparation and experimental procedures, identifying the type-specific GB in such a small volume of material,
isolating it for extraction, preparing the sample, and studying
it atomically [22]. In order to understand the controlling
mechanisms, it is imperative to study them at the atomic level.
A study was designed by the authors to thermomechanically process Ni to promote the formation of SGBs and
then atomically investigate the concentration of segregants
in SGBs and RGBs. In addition, the effect of increased
annealing time on 2 RGBs and their segregation behavior was
studied. We utilized electron backscatter diffraction (EBSD)
to characterize the grain boundaries and a focused ion beam
(FIB) for site-specific lift-out procedure [23] to isolate SGBs

Annealing temperature (∘ C)
1000
1000
1000

Annealing time (hours)
30
30
1

and RGBs followed by atom probe tomography (APT). The
goal of this research was to study GB segregation behavior
experimentally at the atomic level using local electrode atom
probe tomography (LEAP).

2. Experimental Procedures
Commercially pure Ni, 3.12 mm thick sheet, was thermomechanically processed to drive segregation [3]. Ni was strained
(cold-rolled) to reduce the thickness by 3% followed by
annealing at 1000∘ C in air for 30 hours and 1 hour and was
labeled as specimens 1 and 2, respectively. SGB and RGB
were extracted from specimen 1 and RGB was extracted from
specimen 2. Several attempts were made to extract SGBs
from specimen 2 and prepare them for APT analysis but
they were unsuccessful. Table 1 shows the thermomechanical
processing parameters for each specimen.
EBSD was conducted on JEOL JSM-7000F Field Emission
Scanning Electron Microscope (FESEM). The EBSD GB maps
were obtained with a step size of 2 microns at 30 kV followed
by analyses using the HKL Channel 5 software program
where Brandon criterion was applied [24]. EBSD was used
to identify the grain boundaries based on their angles of
misorientation and provided a map of SGBs and RGBs as
shown on the micrographs of Figures 1(a), 1(e), 2(a), and
2(e). Based on CSL statistics, specimen 1 SGB was Σ3 grain
boundary with a misorientation angle of approximately 3.575∘
as the number fraction of Σ3 grain boundaries was 0.34, Σ9
was 0.022, and Σ27a was 0.0038. Specimen 1 RGB, based on
CSL statistics, was Σ47b with a misorientation angle of 57.125∘ .
Specimen 2 RGB is Σ43c based on frequency percentage of
CLS boundaries given in the histogram statistics.
FEI 3D Quanta was used to lift out the grain boundaries
using a typical beam current ranging from 2.3 nA to 7 nA and
beam energies of 30 kV and 5 kV for milling and cleanup,
respectively. Each GB was approximately 20 𝜇m in length and
produced 10–12 atom probe tips. The SEM images of the tip
preparation for specimen 1 are shown in Figures 1(b), 1(c),
1(f), and 1(g), and those for specimen 2 are shown in Figures
2(b), 2(c), 2(f), and 2(g).
APT studies were conducted on an IMAGO (Cameca)
LEAP 3000X-Si. LEAP provides the required sensitivity and
resolution (spatial resolution of 0.1 nm–0.5 nm) to study
intergranular segregation at the atomic level [25]. An atom
probe field evaporates individual atoms by applying standing
voltage to a needle-shaped specimen (<50 nm radius) overlaid with short laser pulses that cause ionization [24]. The
emitted ions hit a position sensitive detector and this coupled
with time-of-flight mass spectrometry provides the positions and chemical identities for a 3D atom-by-atom LEAP
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Figure 1: (a) Specimen 1 EBSD GB maps identifying the SGB (in red) extracted for analysis (location of extraction highlighted in yellow). (b-c)
Specimen 1 SGB SEM images of the FIB preparation of the APT tip. (d) Specimen 1 SGB 3D atom-by-atom LEAP tomography reconstruction
showing the cylindrical ROI for analysis (ions shown are Si only; 100% of ions are shown). (e) Specimen 1 EBSD GB maps identifying the RGB
(in blue) extracted for analysis (location of extraction highlighted in yellow). (f-g) Specimen 1 RGB SEM images of the FIB preparation of the
APT tip. (h) Specimen 1 RGB 3D atom-by-atom LEAP tomography reconstruction showing the cylindrical ROI for analysis (ions shown are
Si only; 100% of ions are shown).

tomographic reconstruction of the specimen at the atomic
level [24, 25] shown in Figures 1(d), 1(h), 2(d), and 2(h).
Silicon and boron ions are simply chosen to best highlight the GB in the reconstructions. All 3D reconstructions
presented in this study have a point size of 1.5. APT studies
were conducted in laser mode at a pulse repetition rate
of 200 kHz at a pulse energy of 0.20 nJ under ultrahigh
vacuum maintaining a temperature of 40 K at the specimen
tip utilizing a green (532 nm) laser pulse. Data analyses
were performed using IVAS 3.6.6 software program. The
GB locations provided in each data set of this study are
given in ranges as the GB is not always positioned in a
straight line. The cylindrical regions of interest (ROIs) for
all specimens in this study were sized the same at ∼28 nm
diameter and ∼70 nm length (𝑧-direction) with the analysis
in 𝑧-direction.
ROIs encompassing the GB and the matrix on either side
were analyzed for this study as well. A rectangular prism ROI
was divided into 1 nm slices and analyzed across the array
parallel to the GB. Resultant 1D compositional profile graphs
were developed from this data.

3. Results and Discussion
3.1. GBC Influence on Segregation to SGBs and RGBs. Figure 3(a) displays 3D atom-by-atom LEAP tomography reconstructions of each element identified using the IVAS 3.6.6
analysis software in specimen 1 SGB and Figure 3(b) displays
specimen 1 RGB. It can be noted that, qualitatively, the SGB
is more difficult to identify than the RGB if the segregation
itself is used as a visual aid. As is seen in the SGB, figures
are more reflective of the grain boundary mismatch versus
actual segregation to the grain boundary except in the case of
Si. Figure 3(b) displays 3D atom-by-atom LEAP tomography
reconstructions of the random GB, where it shows nearly all
elements segregated to the GB. It is also qualitatively evident
that there is a greater concentration of segregants at the RGB.
The special GB images in Figure 3(a) include 100% of the
ions except for Ni which includes 0.1% of the ions and Al
which includes only 50% of the ions as the image becomes
too saturated. The random GB images in Figure 3(b) include
100% of the ions except for Ni at 0.1%, Si at 50%, and Al at
50%.
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Figure 2: (a) Specimen 1 EBSD GB maps identifying the RGB (in blue) extracted for analysis (location of extraction highlighted in yellow).
(b-c) Specimen 1 RGB SEM images of the FIB preparation of the APT tip. (d) Specimen 1 RGB 3D atom-by-atom LEAP tomography
reconstruction showing the cylindrical ROI for analysis (ions shown are Si only; 100% of ions shown). (e) Specimen 2 EBSD GB maps
identifying the RGB (in blue) extracted for analysis (location of extraction highlighted in yellow). (f-g) Specimen 2 RGB SEM images of
the FIB preparation of the APT tip. (h) Specimen 2 RGB 3D atom-by-atom LEAP tomography reconstruction showing the cylindrical ROI
for analysis (ions shown are B only; 100% of ions shown).

A quantitative comparison of the segregation of all impurities between the RGB and SGB was evaluated by identifying a region of interest (ROI) demarcated by the cylindrical
volumes that pass perpendicularly through each GB within
the 3D atom-by-atom LEAP tomography reconstructions
shown in Figure 1(d) so that only the atoms in the ROIs were
analyzed. This ROI encompassed the GB and bulk region of
the sample such that the concentration of any atoms at the GB
could be quantified with resultant 1D concentration profile
graphs. Bulk compositions of the ROIs in both grain boundaries of specimen 1 are shown in Table 2. 1D concentration
profile graphs of all the elements are displayed in Figures 4(a)
and 4(b).
Figure 4(a) displays the 1D concentration profile for the
SGB and it is evident that the only increase in concentration
at the special GB, located at ∼33 nm, is in silicon. Aluminum
is shown as it has equal concentration to that of silicon.
Elemental oxygen and carbon were also analyzed and no
increase in concentration was found at the GB. However,

there is a 46% increase in the amount of silicon segregated
to the RGB shown in Figure 4(b) compared to the SGB in
Figure 4(a). Figure 4(b) displays the 1D concentration profile
for the RGB. The number of silicon atoms in each GB was
nearly identical with 3,590 atoms in the SGB and 3,684 atoms
in the RGB. The concentration of Si in the SGB was 0.43 at.%
with a standard deviation of 0.039%, while the concentration
of Si in the RGB was 0.80 at.% with a standard deviation
of 0.059%. There is no enrichment of any other elements in
the SGB. The RGB, however, provides clear evidence that
all the segregants are enriched at the random GB located at
approximately 45–46 nm.
This significant segregation of elements at the random GB
and the lack of segregation, or reduced segregation in the
case of Si, at the special GB provide evidence at the atomic
level that special grain boundaries, specifically Σ3, do inhibit
segregation of elements. The exception is silicon, although
the concentration is half of that found in the RGB, which
correlates with studies on segregation enthalpies of various
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Figure 3: (a) 3D atom-by-atom LEAP reconstructions of specimen 1 SGB; point size = 1.5 and the percentage of ions shown is 100% except
for Ni (0.1%) and Al (50%). (b) 3D reconstructions of specimen 1 RGB; point size = 1.5 and the percentage of ions shown is 100% except for
Ni at 0.10%, Al at 50%, and Si at 50%.
Table 2: RGB and SGB ROI bulk compositions of specimen 1.

Ion type
Al
Si
Ni
O
C
P
AlO
Cr
Mg

RGB
Count (atomic)
4513.0
3684.0
1975573.0
65.0
449.0
232.0
86.0
51.0
122.0

Ranged
0.2273%
0.1855%
99.4936%
0.0033%
0.0226%
0.0117%
0.0043%
0.0026%
0.0061%

elements [26]. Compared to carbon (−40 kJ/mol), silicon has
segregation enthalpy of about −9 kJ/mol at a given grain
boundary orientation so silicon has been shown to readily
segregate at both random and special GBs but, as discussed,
the SGB concentration in this experiment was about half of
that in the RGB [27].
This lower tendency for segregation at the SGB is due to
a lower grain boundary energy which translates to lower diffusivity for Σ3 boundary. GB energy for Σ3 is on the order of
<0.1 J/m2 compared to a high angle random grain boundary
of >0.4 J/m2 [8, 28]. This segregation resistance is because
Σ3, a special boundary, has the largest number of coinciding
lattice points, lower GB interfacial energy, and hindered GB
migration [15].
First, the large number of coinciding lattice points translates into a more ordered structure and low free volume since
one out of every three sites between the two grains coincides
[8]. This ordered structure has high boundary cohesion with
reduced dislocations and vacancies since SGBs act as barriers
to dislocations [20]. This high number of coinciding atoms
also corresponds to a minimum GB interfacial energy and
leads to Σ3 boundary having about one-tenth the energy of
any other CSL boundary [8]. The segregation resistance is
driven by this lower interface energy as segregation occurs to

Ion type
Al
Si
Ni
O
C

SGB
Count (atomic)
4649.0
3590.0
2032126.0
126.0
120.0

Ranged
0.2277%
0.1758%
99.5377%
0.0062%
0.0059%

reduce the overall energy of a system [29]; however, it is crucial to remember that a grain boundary itself is a defect and
will provide a pathway for some amount of segregation. This
segregation may be undetectable and may be in extremely
low quantities but its relative behavior to RGB segregation is
the subject of this study. Therefore, the minimum available
energy of Σ3 boundary provides little driving force required
for diffusion, when compared to a RGB, while the ordered
structure results in a slower diffusion because vacancies need
to move in a coordinated manner that preserves ordering
[8]. This describes the relationship between GB diffusion
coefficients and GB energies, where low energy grain boundaries have lower diffusion coefficients, which translates to the
lower segregation amounts.
Second, segregation resistance in the SGB is caused by
the inhibited GB migration due to the large fraction of Σ3
boundaries [14]. The abundance of Σ3s can be explained by
their low stacking fault energy (SFE). Low SFE materials, such
as Ni, readily form Σ3s during thermomechanical processing
exhibiting high fractions of these boundaries because low
SFE materials have an abundance of very wide stacking faults
or interruptions in the stacking sequence of the crystal, and
this inhibits dislocation movement (cross-slip and climb) and
subsequently GB migration which is why Σ3s act as good
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Figure 4: (a) 1D concentration profile graphs for the special GB of specimen 1. (b) 1D concentration profile graphs for Al, Si, C, and P for the
random GB of specimen 1. (c) 1D concentration profile graphs for O, AlO, Cr, and Mg for the random GB of specimen 1.

barriers to dislocations [2, 30, 31]. The slower GB migration
also nucleates Σ3s more readily. This abundance in stacking
faults equates to an abundance of Σ3s.
To further investigate the silicon enrichment at the SGB,
another ROI (rectangular prism) of 30 nm × 30 nm × 50 nm
was extracted from this specimen. This procedure extracts
fewer ions and therefore identifies elements that are present in
very low concentration. These would not necessarily show up
in the entire spectrum because of various background issues.
This ROI encompassed the GB and the matrix on either
side as shown in Figure 5(a) and is highlighted in yellow
(only Si atoms are shown for visualization of the GB). The
GB is located at 11–16 nm, as shown in Figure 5(b), due to the
curvature of the boundary within the analyzed region. The
rectangular prism ROI is divided into 1 nm slices and was
analyzed across the array parallel to the GB. The resultant 1D
compositional profile graph still shows a concentration of Si
at the GB approximately 54% higher than Si concentration
in the bulk 10–15 nm out from the GB in both directions as

shown in Figure 5(c). Again, the concentration at the RGB
is still 46% higher than that in the SGB providing evidence
that the special Σ3 GB does inhibit segregation at the GB. This
could also indicate that the segregation enthalpy for Si in Ni is
enough to overcome the low energy and ordered structure at
the special GB to some extent. It has been found in some Ni
alloys that Si does have a higher segregation tendency than
even B or C as shown in Figures 5(c) and 5(d) for Si and
C comparison [32]. The higher the energy state of a solute
atom in the bulk, the higher the driving force for segregation,
which could mean that Si has lower bulk solubility leading
to propensity to segregate more readily in nickel even in the
presence of SGB [9]. GB Engineering and the control of Si
segregation could lead to additional improved performance
in metal alloys as Si already reduces the effects of embrittlement [33]. Moreover, no typical embrittling elements, such
as C and P, were enriched at the SGB suggesting that this
is another mechanism by which SGBs can improve material
performance.
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Figure 5: (a) The atom-by-atom 3D reconstruction with a representation of the rectangular prism ROI in yellow. (b) The IVAS image of the
one-nanometer slices of the rectangular prism. (c) The concentration in atomic counts of the segregants (Al and Si) of the ROI for the SGB.
(d) The concentration in atomic counts of the segregants (O and C) of the ROI for the SGB.

This same analysis on the RGB was done for further
quantification and identification of other possible segregants. Figures 6(c)–6(e) show that all the impurities, except
Cr and O, segregate to the RGB. In addition, Mn, Ni oxides,
and Si oxides were identified and shown to be enriched
as well. The lack of segregation of Cr could indicate that
bulk solubilities or interfacial energies between segregants are
in play. The carbon content can also affect the segregation
behavior of elements (specifically their diffusion behavior in
the bulk) and the RGB does contain about 73% more C than
the SGB but, at these low concentrations, the errors are large
[34].
3.2. Influence of Increased Annealing Time on Segregation
of RGBs. The random grain boundaries from specimens 1
(annealed for 30 hours) and 2 (annealed for one hour) were
studied by evaluating the effect of increased annealing times
at 1000∘ C on segregation levels at random grain boundaries.

Figure 7 displays 3D atom-by-atom LEAP tomography
reconstructions of each element identified in the RGB of
specimen 2. Figure 3(b) displays the same for the RGB of
specimen 1.
A quantitative comparison of the segregation of all
impurities was evaluated by identifying a region of interest
(ROI) demarcated by the cylindrical volumes that pass
perpendicularly through each GB within the 3D atom-byatom LEAP tomography reconstructions shown in Figures
2(d) and 2(h) so that only the atoms in the ROIs were analyzed. The ROI encompassed the GB and bulk region of
the sample such that the concentration of any atoms at
the GB could be quantified with resultant 1D concentration
profile graphs. The cylindrical ROIs for all specimens in this
study were sized the same at ∼28 nm diameter and ∼70 nm
length (𝑧-direction) with the analysis in 𝑧-direction. Bulk
compositions of the cylindrical ROIs from specimens 1 and 2
are shown in Table 3. Subsequently, 1D concentration profile
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Figure 6: (a) The atom-by-atom 3D reconstruction with a representation of the rectangular prism ROI in yellow. (b) The IVAS image of the
one-nanometer slices of the rectangular prism. (c) The concentration in atomic counts of the segregants (Al, Si, C, and P) of the ROI for the
RGB. (d) The concentration in atomic counts of the segregants (AlO, Mg, SiO, and NiO) of the ROI for the RGB. (e) The concentration in
atomic counts of the segregants (O, Cr, and Mn) of the ROI for the RGB.
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Table 3: RGB ROI bulk compositions (atomic) for specimens 1 and 2, respectively.

Ion type
Al
Si
Ni
O
C
P
AlO
Cr
Mg

m
90 n

Specimen 1
RGB
Count (atomic)

Ranged

Ion type

4513
3684
1975573
65
449
232
86
51
122

0.2273%
0.1855%
99.4936%
0.0033%
0.0226%
0.0117%
0.0043%
0.0026%
0.0061%

Al
Si
Ni
O
C
P
B
Cr
Mg

Specimen 2
RGB
Count (atomic)

Ranged

5263.0
3824.0
2340822.0
30.0
403.0
49.0
1030.0
89.0
103.0

0.2238%
0.1626%
99.5411%
0.0013%
0.0171%
0.0021%
0.0438%
0.0038%
0.0044%

90 nm

Si

P

O

Al

190 nm

B

6,972 atoms

52,450 atoms

Ni

3.334 × 107 atoms

815 atoms
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C

6,526 atoms

Figure 7: Atom probe tomography reconstructions of the RGB in specimen 2 (annealed for one hour); point size = 1.5 and the percentage of
ions shown is 100% except for Ni (0.03%), Si (15%), Cr (50%), B (50%), and Al (7%).

graphs of all the elements were developed and are displayed
in Figure 8.
As shown in Figure 4(b) and discussed in Section 3.1, the
RGB from specimen 1, annealed for 30 hours, exhibits enrichment of all segregants at the GB except Cr. Specimen 2 RGB
was only annealed for one hour and the 1D concentration
profile graphs are shown in Figure 8 with various 𝑦-scales to
better show the concentration enrichment or lack thereof at
the random GB. The dotted line provides the GB location at
31.2 nm–32.4 nm through the cylindrical ROI with analysis in
𝑧-direction.

Figures 8(a), 8(d), and 8(e) provide the 1D concentration
profiles of Al, Si, Mg, and Cr, where it can be seen that these
elements are not enriched at the random GB, whereas P, B,
and C in Figures 8(b) and 8(c) are shown to be enriched at
the random GB. This observed behavior for Al, Si, Mg, and Cr
indicates that complex grain boundary migration processes
and/or site competition have roles in GB enrichment at the
RGB.
Although this phenomenon is more likely due to complex
grain boundary migration processes, this enrichment could
also be due to physical site competition, which warrants some
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Figure 8: RGB of specimen 2 1D concentration profile graphs: (a) Al and Si, (b) C and B, (c) P, (d) Cr, (e) Mg, and (f) O.

discussion. The atomic radii of P, B, and C are small as seen
in Table 4 (98 pm, 87 pm, and 67 pm, resp.), where they can
take advantage of relatively smaller vacancies or interstitial
sites available for diffusion as these are interstitial elements
[7]. Si, Mg, Cr, and Al are much larger (111 pm, 145 pm, 166
pm, and 118 pm, resp.) which may be too large (atomic radius
of Ni is 149 pm) to take advantage of these available sites

in addition to the inability to compete with the diffusion of
the smaller atoms. Interstitial diffusion is faster than vacancy
diffusion and the smaller impurity atoms mentioned above
could therefore diffuse into the interstitial sites in the GB
leaving no space for diffusion of the larger atomic radii
impurity atoms. It has been found in some Ni alloys that Si
does have a higher segregation tendency than even B or C
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Figure 9: Atom-by-atom 3D reconstruction with a representation of the rectangular prism ROI in yellow (b) and the IVAS image of the
one-nanometer slices of the rectangular prism (a) analyzed (atoms shown in image are B only).

Table 4: Atomic radii of all Ni elements and impurities.
Element
Ni
C
Cu
Fe
Mn
S
Si
Al
B
Cr
Co
Mg
P
V

Atomic radius (pm)
149
67
145
156
161
88
111
118
87
166
152
145
98
171

[32] but, interestingly, the behavior of these elements in this
study suggests that this tendency may be overcome by other
grain boundary interactions or processes such as physical site
competition.
However, as mentioned above, the differences in segregation of these elements within the same specimen are
more likely due to complex high temperature grain boundary
migration processes and interactions. Annealing increases
grain boundary migration, which in turn affects segregation
behavior and diffusion processes [35]. There are a host of
driving forces that affect grain boundary migration which
in turn can affect segregation behavior such as temperature,
grain boundary thickness, and drag effects caused by the
segregants having to be carried along during migration and,
in turn, the segregants’ inability to maintain their position

within the grain boundary as it migrates [36]. As far as
temperature effects are concerned, the shorter annealing time
of one hour may not have been enough time to drive the
segregation of these elements. Another possibility is that
these elements (Si, Mg, Cr, and Al) did initially segregate to
the grain boundary but due to drag effects were unable to
maintain their positions within the grain boundary during
migration [36]. Other possible interactions include a potential preferential interaction of these nonsegregating elements
due to the presence of B in specimen 2 which does not exist
in specimen 1 [34].
Figure 8(f) shows that O is not enriched at the GB. Elemental oxygen, in this case, is not expected to be segregated
to the GB but distributed evenly throughout the sample.
However, oxides would be expected to be enriched at the
random GB but none were identified in this analysis of this
specimen. This is most likely due to the shorter annealing
time as well as the difficulty in identifying oxides, particularly
nickel oxides, as the noise ceiling and width of the Ni peaks
in the mass spectrum could camouflage these oxides.
To further investigate the lack of segregation of Si,
Mg, Cr, and Al in the RGB of specimen 2, another ROI
(rectangular prism) of 30 nm × 30 nm × 50 nm was exported
from this specimen in IVAS which encompassed the GB
and bulk matrix on either side as shown in Figure 9. Thin
one-nanometer slices, parallel to the GB, were analyzed
individually. The atoms shown in the IVAS image are B for
better visualization of the rectangular prism ROI.
First, segregants not previously identified in the initial
analyses shown in the paper thus far were found in this
ROI such as B, NiO2 , and Fe. Second, Figure 10(a) shows
that Si and Al are indeed segregated to the GB as would be
expected in a random GB. Figures 10(a) and 10(b) display the
number of atoms per one-nanometer slice in the ROI and also
show that C, B, P, AlO, and NiO2 are segregated to the GB
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Figure 10: The concentration in atomic counts against the distance across the ROI (rectangular prism) of the segregants in the RGB of
specimen 2 for (a) Al, Si, C, and B; (b) P, AlO, and NiO2 ; (c) Mg, Cr, and Fe.

as would be expected. The GB is located at approximately
17–19 nm. Third, Figure 10(c) shows that the concentrations
of Mg, Cr, and Fe do slightly increase directly at the GB
but these increased concentrations are not higher than other
locations within the bulk. Again, there are a multitude of
high temperature grain boundary migration interactions
that are likely responsible for this segregation behavior.
The atomic radii of Mg, Cr, and Fe (145 pm, 166 pm, and
156 pm, resp.) are much larger than Si and Al (111 pm and
118 pm, resp.) which could allow for segregation or diffusion
of Si and Al to the random GB more easily. However, the
larger atomic radii elements may have initially segregated to
the grain boundary but due to other interactions, such as
size of atoms/grain boundary or bonding, may not have been

able to hold their positions within the grain boundary during
migration [36].
In this study, increased annealing time does show an
increase in the amount of segregation of some elements at
the random GB as would be expected since an increase in
annealing time at 1000∘ C would provide significant driving
force for segregation. Si and Al, the main impurity elements
in Ni, exhibit a 74% and 43% increase, respectively, in their
concentration at the RGB from one-hour annealing to 30hour annealing. The standard deviation is shown in Table 5.
The remaining errors become larger as the atomic percent
concentrations become smaller. Phosphorous content also
increases by 77% at the RGB with increased annealing time.
These results provide evidence that an increase in annealing
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Table 5: Standard deviations (in units of percentage since the data
is in units of percentage).
Specimen
Specimen 1
Specimen 2

At.% Si
0.059
0.034

At.% Al
0.042
0.029

time does drive a higher percentage of most segregants to a
random GB.

4. Conclusions

when discussing the driving forces that would cause some
impurities/elements to segregate more than others within the
same sample.
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(ii) The evidence in this research suggests that increasing
annealing time from 1 hour to 30 hours for RGBs does
increase the concentration of segregants at the GB.
The 1000∘ C annealing for 30 hours should have been a
driving force for segregation but the SGB still showed very
little quantified data providing evidence of segregation. Some
Ni-based superalloys in some gas turbine components can
experience temperatures in the range of 650∘ C to over 1000∘ C
[37]. The lack of segregation in the SGB even after 1000∘ C
strongly indicates that Σ3 type of SGB is very effective in
retarding segregation of impurities at the GB. Consequently,
a higher fraction of special grain boundaries is desirable in
enhancing material performance due to increased segregation resistance.
The role of segregants at grain boundaries is not well
understood and certainly not well quantified. There are
questions concerning segregants and their interactions with
one another and their interactions with type-specific grain
boundaries [4]. This quantitative assessment used APT which
has both the chemical sensitivity and resolution capability of studying segregation behavior at grain boundaries.
This atomic level study has provided quantitative data and
observations about GB segregation in Ni regarding the GB
character influence on segregation behavior.
This insight will feed future efforts in better understanding segregation behavior as well as the structure of typespecific grain boundaries during segregation in materials for
performance improvement in countless applications.
Future work in this area of study could incorporate
texture analysis to include the identification of the dominant
crystal orientations of each type-specific grain boundary
to more completely describe and understand the boundary
conditions. A better understanding of the diffusion process
with respect to this texture analysis could provide additional
insights into the segregation behavior at the atomic level.
As grain boundary migration is a complex topic, more
work is needed in understanding the mechanisms at play
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