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A B S T R A C T

At present, obtaining accurate volume fraction and size measurements of γ″, γ′, and δ precipitates in Superalloy
718 has been challenging due to their size, crystal structures, low volume fractions, and similar chemistries.
These measurements are necessary to validate precipitation models that in turn enhance selective laser melting
fabrication. Superalloy 718 is a promising candidate for selective laser melting fabrication due to a combination
of excellent mechanical properties and workability. A new technique, combining high resolution distortion
corrected SEM imaging and with high resolution x-ray energy dispersive spectroscopy, has been developed to
accurately and independently measure the size, volume fraction, and number densities of these three pre-
cipitates. A specimen of selective laser melted superalloy 718 was obtained and underwent a conventional heat
treatment for superalloy 718 where it was solutionized at 1010 °C for one hour, gas quenched and followed by a
two-step age (718 °C/11 h→ 621 °C/6 h) in order to produce a microstructure with all three precipitate types
present. These results were further validated using x-ray diffraction and phase extraction methods.

1. Introduction

Superalloy 718, which consists of the base composition (51Ni-22Fe-
19Cr-5Nb-3Mo-1Co-1Ti-.5Al), is a promising candidate for additive
manufacturing (AM) for both its high temperature and welding prop-
erties [1–3]. Three intermetallic phases γ″ (Ni3Nb - D022 crystal struc-
ture), γ′ (Ni3Al,Nb - L12 crystal structure), and δ (Ni3Nb - D0a crystal
structure) all contribute overall favorable high temperature properties
of the superalloy; though it is primarily considered a γ″ strengthened
superalloy [4–7]. Like many superalloys, post-processing heat treat-
ments are applied to superalloy 718 to obtain optimal mechanical
properties in accordance with established standards, e.g. [8]. In an ef-
fort to reduce cost and shorten production schedule, NASA is pursuing
selective laser melting (SLM) 718 components for its Space Launch
System engines, and is developing a number of modeling tools to un-
derstand SLM 718 fabrication, process control and microstructure, in-
cluding predicting SLM 718 microstructures with CALPHAD-based
software after varying post-processing steps. Accurately tuning and
validating CALPHAD-based modeling requires precise microstructural
measurements of the precipitate dimensions, volume fractions and
number densities. However, due to the nanoscale size, morphology, and

chemical similarities of the γ″, γ′, and δ phases, this characterization
becomes a problematic exercise [9–11]. Because of these issues, many
superalloy 718 characterization studies do not quantify both the size
and volume fraction values of the γ″ and γ′ strengthening precipitates in
their work [9,12–14].

For the past five decades, a myriad of simplified approaches have
been used to characterize the dimensions and volume fractions of γ″
and γ′ precipitates. Early work by Sundaraman et al. [7] utilized dark
field transmission electron microscopy (DF-TEM) to image the γ″ and γ′
precipitates and calculated a 4:1 frequency ratio between precipitates
by identifying the circular cross-sections as spherical γ′-precipitates and
the ellipsoidal cross-sections as γ″-precipitates. The superlattice reflec-
tions used for imaging in this work were not cited. However, it is well
known that it is challenging to fully distinguish the three DO22 variants
and L12 precipitate populations by DF-TEM. This is because all the
super-lattice reflections associated with the γ′ precipitates coincide with
at least one of the variants of γ″ precipitates; therefore, the γ′ pre-
cipitates cannot be isolated using DF-TEM. Furthermore, when the
microstructure is imaged on the 〈001〉 zone axis, the γ′ and one variant
of the γ″ precipitates will appear spherical, leading to further difficul-
ties in separating the two populations through morphology differences.
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Future studies have used this 4:1 ratio to calculate volume fraction
values, ignoring both the questions on how this ratio was determined or
how sensitive the ratio is to composition and heat treatment variations
[15,16]. Recent work using high resolution scanning transmission
electron microscopy and energy dispersive spectroscopy (STEM-EDS)
determined that a volume fraction ratio close to 3:4 [17]. Although this
approach lacked stereological considerations and made problematic
assumptions such as uniform TEM foil thickness, it highlights that the
4:1 ratio may not be assumed for all heat treated superalloy 718. Bulk x-
ray diffraction (XRD) and phase extraction of the minor phases from the
matrix [5,12,18,19] are also frequently used to measure precipitate
volume fraction; however, neither technique can separate the three
different intermetallic precipitates because the crystal structures and
compositions are quite similar.

The improvement in resolution for scanning electron microscopy
and advancement in image processing techniques have allowed for
these three precipitate populations to be accurately separated in a si-
milar way that γ′ strengthened superalloys have been investigated in
the past [13,20]. This study presents a new technique that combines
scanning electron microscopy (SEM), STEM-EDS and electron back-
scatter diffraction (EBSD) to rigorously separate the γ″, γ′, and δ pre-
cipitates populations to determine the average dimensions, average
volume fraction and precipitate size distributions. The average dimen-
sions and volume fraction of the three precipitate populations from this
new technique were further validated with bulk XRD and phase ex-
traction measurements on selective laser melted and heat treated
samples of superalloy 718.

2. Experimental

2.1. SLM Build/Material/Heat Treatment

A one half inch diameter rod of superalloy 718 was fabricated using
SLM at the NASA Marshall Space Flight Center on an Concept Laser M2.
The piece was stress relieved at elevated temperature (1066 °C) for
1.5 h under an argon atmosphere before being removed from the plate.
The piece was then hot isostatic pressed (HIPed) and homogenized at
elevated temperatures [21]. Finally, the sample underwent a conven-
tional heat treatment for superalloy 718 where it was solutionized at
1010 °C for 1 h, gas quenched and followed by a two-step age (718 °C/
11 h→ 621 °C/6 h) [8]. After post heat-treatment, the sample was cut
both longitudinally and transverse from the build direction.

2.2. Etch and Microscopy Methods

For SEM analysis, samples obtained a polished surface by polishing
with diamond suspension combined with a final polish using 0.05
colloidal silica and/or diamond paste. To highlight the γ″, γ′ and δ
precipitates in the γ matrix, an etchant (which preferentially attacks all
three intermetallic precipitates) consisting of 50mL of lactic acid,
30 mL of nitric acid and 2mL hydrofluoric acid was applied. The
samples were gently swapped with the etchant for about 30 s.
Qualitatively, if the γ″ precipitates look as deeply etched as the γ′
precipitates it was considered a satisfactory etch as they were found to
etch more slowly than the γ′ precipitates.

For the volume fraction and shape analysis, a high resolution Zeiss
Auriga SEM-FIB was utilized using an Everhart-Thornley secondary
electron detector with low accelerating voltage (3 kV). Employing low
accelerating voltage minimizes the fringe contrast observed around the
edges of the etched precipitates thus improving image post processing
[13]. EBSD orientation mapping was performed using an EDAX Hikari
EBSD detector to identify the 〈001〉 and 〈111〉 oriented grains used for
this analysis. For this study, mis-orientation angles never exceeded 3°
from the desired orientation. EBSD data was collected using the TSL
OIM Data Collection 7 software and was analyzed using the TSL OIM
Analyzer software.

For morphology measurements (i.e., determining the cut-off aspect
ratio for the SEM analysis) STEM-EDS was performed using a FEI Talos
STEM at 200 kV. For this analysis, 3 mm disks where extracted from the
SLM bar using electrical discharge machining (EDM). These disks were
then polished down to about a 150 μm thickness using 600 and 800 grit
SiC polishing pads and subsequently electropolished using a Struers
twin-jet unit at−40 °C using 10.5 V in a solution of 20% perchloric acid
and 80% methanol. The EDS maps were acquired using Super-x EDS
detectors and Bruker VELOS software which has active drift correction.
The Super-X EDX detection system utilizes two silicon drift detectors
around the objective pole piece for improved collection performance.
Maps were obtained using experimental Kα energies for Ni, Al, Cr, Ti,
Fe, Co and Lα energies for Nb and Mo [22].

2.3. XRD Analysis

A mounted piece of SLM 718 sample was analyzed with a
Panalytical Empyrean x-ray diffractometer using a position sensitive
detector (Galipix) in scanning 1D mode. Because of the relatively large
grain size of the matrix phase (estimated average grain diameters are
about 50 μm from EBSD analysis), multiple measurements were taken
to increase crystallite statistics. Mo Kα radiation was used to increase
the effective sampling volume (vs. Cu Kα). Although this doubled the
beam penetration into the sample as compared to Cu Kα (13 μm vs.
6 μm for 99% contribution to the diffracted beam at the 100% peak of
the matrix phase, d= 2.08 Å), the penetration depth was still sig-
nificantly less than the typical diameter of a matrix grain. Secondly, the
sample was rotated about the axis perpendicular to the sample surface
during acquisition to bring more grains into the diffracting condition. A
wobbled scan was performed for each sample run. This consisted of 9
individual scans in which the goniometer ω-offset was varied by± 2° in
0.5° increments. Seven sample runs were performed with serial pol-
ishing steps between each run in which ~100 μm of the top surface
were removed to expose new grains. The scans underwent quantitative
phase analysis (QPA) using whole pattern fitting (WPF) as implemented
in the Jade analysis program. Crystal structures from the Powder
Diffraction File (PDF-4+ 2015) were modified to reflect the known
chemical composition of the IN718 phases [23].

3. Results

3.1. SEM and EBSD Characterization

It has been well documented that the γ″ strengthening precipitates
form circular platelets along all three {001} crystallographic planes
[9,16,17]. As a result of this crystallographic relationship, if the γ″
platelets are imaged using an SEM from an 〈111〉 oriented grain, as
displayed in Fig. 1(c), all three variants of the γ″ precipitates will ac-
quire a “cigar-like” ellipse morphology. Consequently, from this or-
ientation the “circular-like” γ′ precipitates are more easily separated
from the “cigar-like” γ′′ precipitates. If the precipitates are imaged from
an 〈001〉 oriented grain, as shown in Fig. 1(d), two out of the three
variants of the γ″ precipitate can be imaged edge-on. Thereby elim-
inating the need for more complicated stereological considerations for
size analysis of the precipitates (refer to Section 3.4) Thus, separate size
dimensions and volume fraction characteristics can be determined be-
tween the intergranular γ′ and γ″ precipitates. With respect to imaging
the specific oriented grains, an EBSD map was performed and the clo-
sest 〈001〉 and 〈111〉 grains were selected from the map for later SEM
analysis. The EBSD map used for this analysis is shown below in
Fig. 1(a).

Fig. 1(a) shows the grain structure and equiaxed texture of the SLM
718 after post processing. To find the selected grains in the EBSD map, a
single fiducial marker “+” was etched into the sample using an ion
beam at high current (16 nA). Fig. 1(b) represents the orientation of the
two grains selected and the corresponding precipitate microstructure of
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each grain are presented in Fig. 1(c), which shows the 〈111〉 oriented
grain and Fig. 1(d) which presents the 〈001〉 oriented grain. In the
〈111〉 oriented grain (Fig. 1c) all three variants of the “cigar-like”
shaped γ″ precipitates can be observed, rotated 120° from each other.
Whereas the γ′ precipitates all appear circular. The 〈001〉 oriented
grain reveals the two γ′′ variants edge-on while the third variant is
viewed parallel to the sample surface and appear as large, lightly etched
circular features. From the 〈001〉 oriented SEM images, it is impossible
to separate the γ′ and γ′′ precipitates because one γ′′ variant and the γ′
precipitates both appears circular. Therefore, as was stated earlier,
volume fraction analysis must be performed using the 〈111〉 oriented
SEM images as all three variants of the γ′′ precipitates can be separated
from the γ′ precipitates through their morphology (i.e., aspect ratios).

3.2. STEM-EDX Analysis – Quantified Precipitate Morphology

Another characteristic that differs between the γ′(Ni3Al,Nb) and
γ″(Ni3Nb) precipitates is their chemistry (albeit only slightly) where
Aluminum preferentially partitions to the γ′ precipitates and Niobium
to the γ″ precipitates. High resolution STEM-EDS mapping in Fig. 2
shows the preferential partitioning of these elements to the two pre-
cipitates.

Fig. 2(a) reveals a high angle annular dark field (HAADF-STEM)
image of the microstructure near a 〈111〉 zone axis. A combined Al and

Nb elemental maps from the same area is shown in Fig. 2(b). The Nb
(green) enriched areas highlight the γ′′ precipitates while the Al (red)
enriched areas highlight the γ′ precipitates. Ti was found to segregate to
both precipitates almost equally and therefore was excluded in this
analysis. From Fig. 2(b), the two strengthening precipitates, γ′′ and γ′,
can be separated by their respective chemistries, as a result, their shape
can be quantified. The aspect ratios of each individual precipitate was
measured and are shown in Fig. 3.

Fig. 3 reveals a density map that shows overlap between the aspect
ratios of the two precipitate populations. As has been assumed in earlier
literature [16,17], the precipitate microstructures are best character-
ized near 〈111〉 orientations because all three D022 variants of γ″ are
elongated in this plane, while γ′ are spherical allowing unique identi-
fication by the aspect ratios. To separate these populations, an optimal
cut-off value of 2.25 aspect ratio is identified for this case, as this value
will vary with differing chemistry and heat treatment paths. The cut-off
value was selected by obtaining approximately equal frequency of γ′-
precipitates above and γ″-precipitates below the cut-off value such that
these frequencies cancel each other in the overall measurement. To
examine the accuracy of using the 2.25 aspect ratio cutoff, area frac-
tions from the EDS image in Fig. 2b were determined two ways; using
the Al and Nb chemical segregation to segment the precipitates (actual)
vs separating the precipitates using the aspect ratio cutoff (measured).
By using the 2.25 aspect ratio as a cut-off value, the area fractions were

Fig. 1. An EBSD map revealing an (b) 〈111〉 and 〈001〉 oriented grain near the fiducial marker. On the right: the corresponding low kV SEM images of the etched
surface from the (c) 〈111〉 oriented grain and the (d) 〈001〉 oriented grain.

Fig. 2. (a) A HAADF-STEM image of superalloy 718.
(b) A combined elemental Nb and Al map of the
same area revealing γ″ and γ′ precipitates from super
X-EDS. Al (red) corresponds with the γ′ precipitates
while Nb (green) corresponds with the γ′′ pre-
cipitates. (For interpretation of the references to
color in this figure legend, the reader is referred to
the web version of this article.)
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found to be within error of the actual area fraction percentages, (γ′′
actual: 13.2% vs. measured: 13.1% and γ′ actual: 5.8% vs. measured:
5.9%). The slight discrepancy between the two values most likely arises
from assuming equal particle sizes near the cutoff aspect ratio when this
isn't entirely accurate in practice.

3.3. SEM Image Post-processing

For the two populations delineated by the 2.25 cut-off value, the
dimensions, number density and volume fraction were measured from
the multiple, etched SEM images. Still, artifacts from acquiring images
at high magnifications may alter the actual characteristics. These scan
and vibration distortions were removed using code developed by Ophus
et al. [24] and the process is described below in Fig. 4.

Fig. 4(a) reveals a raw image of the etched surface of a 〈111〉 or-
iented grain, taken at high magnifications (> 100kx). By acquiring

another image of the same area with a 90° scan rotation from the first
(Fig. 4(b)) the MathWorks MATLAB® code can produce an image where
all horizontal scan vibrations are removed (Fig. 4(c)) [24]. The differ-
ence between the original and corrected images is highlighted in
Fig. 4(d) and Fig. 4(e). Many of the visible distortions have been re-
moved thus producing a more accurate representation of the precipitate
microstructure. This step was performed for all images analyzed in this
study. Fig. 5, presents the image post-processing steps taken to manu-
ally separate the intergranular γ″ and γ′ precipitates.

Fig. 5(a) shows a representative scan corrected etched SEM image of
the SLM 718 surface. Using the adaptive threshold ImageJ plug-in the
image can be accurately segmented via gray-scale contrast between the
etched precipitates and the lighter unetched γ matrix, as shown in
Fig. 5(b) [25]. The adaptive threshold plug-in determines a gray-scale
cut-off as well as the minimum dimension of the precipitate. Hence, any
pixel that is determined “dark” enough to be considered a precipitate
must also have a minimum number of 8 connecting “dark” pixels for it
to be considered a precipitate and included in the thresholding step.
Otherwise, the plug-in will consider that pixel as noise and exclude it.
Some γ′ particles precipitated off of γ″ precipitates creating a composite
particle of the two types. These composite particles were previously
discovered by Phillips et al. [26] using near atomic resolution EDS.
Consequently, a preliminary watershed was performed on the seg-
mented images and completed by hand using ImageJ as shown in
Fig. 5(c). The γ′ precipitates were then separated from the γ″ pre-
cipitates using the BioVoxxel plug-in for ImageJ and the cutoff aspect
ratio determined in Fig. 3(b) [27]. The particles representing γ′ pre-
cipitates, with an aspect ratio under 2.25, are highlighted in Fig. 5(d)
while the γ″ precipitates, with an aspect ratio> 2.25, are represented
in Fig. 5(e). Finally, a composite image representing the SLM 718 mi-
crostructure is produced as shown in Fig. 5(f). From this image, the area
fraction amounts of each precipitate can be calculated, as well as the
dimensions of the γ′ precipitates. For the γ″ precipitates, the same
procedure was employed using the 〈001〉 oriented SEM images, which
excludes the one γ″ variant not imaged edge-on and the γ′ precipitates.
The same procedure, using low magnification SEM images, was also
employed to calculate the volume fraction of the delta phase. Fig. 6
shows a representative image processing for the δ precipitates.

In a similar fashion, morphology was used to separate the delta

Fig. 3. A density map reveals that using an aspect ratio of 2.25 will work the
best to separate the precipitates.

Fig. 4. An original SEM image of area (a) and a 90° rotated scan of the same area (b) were used to create a scan distortion corrected image (c). (d) Represents the scan
distortions common for micrographs taken at high magnifications while (e) shows the same area after the distortion have been corrected following the code
developed by Ophus et al. [24].
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phase needles and the blocky MC-carbides along grain boundaries. This
difference in morphology between the grain boundary phases was
confirmed through STEM-EDS by the partition of Ti to the MC carbides
and Ni to the δ precipitates, as shown in Fig. 7.

3.4. Automated SEM Image Post-processing

The previously described segmentation steps are cumbersome,
prone to human interpretation and ineffective as a method of quanti-
fying the fraction of γ′ and γ″ precipitates for a materials processing
study. A more robust, high-throughput manner is necessary to develop
a model and optimize SLM processing parameters. An automated image
processing algorithm was developed to accurately and efficiently

separate the γ′ and γ″ precipitates in the SEM micrographs. The algo-
rithm was written in Python (v2.7) using NumPy, Matplotlib, Skimage,
Opencv, Pylab, Math, and Scipy libraries; the individual modules are
indicated in parentheticals as necessary. The algorithm, based on the
approach of Zafari et al. [28], automates the identification and seg-
mentation of γ′ and γ″ phases from grayscale secondary electron
images, including the particles that co-precipitated.

Fig. 8(a) shows a representative secondary electron micrograph of
an etched SLM 718 surface. In order to threshold the precipitates from
the unetched matrix, an Otsu threshold filter (skimage.filters.thre-
shold_otsu) was performed to identify the etched precipitates from the
lighter unetched γ matrix, generating a b/w binary image. This was
followed by a morphology filter (skimage.remove_small_objects) which

Fig. 5. (a) An etched surface of superalloy 718 using a secondary detector with low kV. (b) The etched precipitates are highlighted using adaptive threshold plugin in
ImageJ. (c) The precipitates are then separated using a watershed algorithm with some manual clean up. The precipitates are then separated using the aspect ratio
determined from EDS. (d) Shows the γ′ precipitates and (e) shows the γ″ precipitates. (f) Finally, a composite image can be created showing the microstructure on the
superalloy.

Fig. 6. (a) Low kV SEM image highlighting the etched δ precipitates and carbides along grain boundaries. Morphology differences were used to label carbides
(blocky) and δ precipitates (needle-like). (b) The segmented image revealing the δ precipitates.
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Fig. 7. HAADF-STEM, Nb, Ti, and Ni elemental maps of a SLM 718 grain boundary highlighting the Nb/Ni rich needle-like δ phase along with Ti and Nb rich globular
carbides.

Fig. 8. (a) An etched surface of superalloy 718 using a secondary detector with low kV. (b) Seed-point extraction (c) association of the edge-points to the seed-points.
(d) Prediction of contours using classical ellipse fitting. (e) The precipitates are then separated using the aspect ratio determined from EDS. (f) Shows the γ″
precipitates and (g) shows the γ′ precipitates. (h) Finally, a composite image can be created showing the microstructure on the superalloy.
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removed the noise from the image. To improve the identification and
separation of the individual precipitates, a two iteration erosion op-
eration (skimage.morphology.erosion) was then performed.

After the preprocessing, fast radial symmetry (FRS) transformation
[29] calculates the presence and number of individual objects as seed-
points as shown in Fig. 8(b). Scharr transformation (skimage.-
filters.scharr) and skeletonization (skimage.morphology.skeletonize)
were used to identify the edge-points. After seed-point detection, a
correlation matrix between edge-points and seed-points was generated
based on the distance and divergence between the seed-points and the
edge-points [30]; The smaller the distance and divergence between a
seed point and edge point indicates a higher correlation. These corre-
lation values are then used to assign each group of adjacent edge-points
(called a contour) with a seed-point based on highest relevance, as
shown in Fig. 8(c). Classical ellipse fitting [31], which finds the opti-
mized ellipse based on the given seed-point and associated contour, was
used to complete a contour around the seed-point – representing in-
dividual precipitates, shown in Fig. 8(d).

The γ′ precipitates were then differentiated from the γ″ precipitates
based on the 2.25 cutoff aspect ratio determined in Fig. 3(b) as shown
in Fig. 8(e) [23]. For image processing, aspect ratios for each particle
were calculated by fitting a minimum sized rectangle that circumscribes
the ellipse (shapely.geometry.polygon). The major axis of the ellipse
was calculated as the length of the rectangle. The particles representing
γ″ precipitates (aspect ratio > 2.25), are visualized in Fig. 8(f) while
the γ′ precipitates, with an aspect ratio< 2.25, are visualized in
Fig. 8(g). Finally, a composite image representing the co-precipitated
superalloy 718 microstructure is visualized in Fig. 8(h). The algorithm
chooses the γ″ (green) over the γ′ (red) whenever their contours
overlap. This step accurately separates the composite γ′/γ″ particles
that needed to be individually performed in the manual segmentation
approach. From the final composite image both volume fraction and
size distributions can be calculated.

3.5. Volume Fraction and Size Analysis

For the area fraction calculation, all the pixels of each type of pre-
cipitates are counted and divided by the area of the image. Table 1
presents the measured area fractions for the γ″, γ′, and δ phases along
with the standard deviation errors for both the manual and automated
segmentation processes.

The results in Table 1 are significant in that they reveal statistically
equivalent area fractions (within error) of the γ′ and γ″ precipitates
between the automated and manual segmentation techniques. Another
observation was that both procedures reject the 4:1 γ″/γ′ volume
fraction ratio assumed is past work [15]. This difference may reveal
that precipitate characteristics in superalloy 718 are considerably sen-
sitive to the subtle chemistry and heat treatment differences inherent in
superalloy 718 processing. The volumetric and size distributions of the
γ′ and γ″ precipitates as calculated by spherical-equivalent diameters
are presented in Fig. 9 and Fig. 10, respectively for both the manual and
automated techniques.

Again, both methods (manual and automated) produced compar-
able number density curves. To determine the volumetric size dis-
tributions, the area size distributions were measured for all γ′ and the γ″

precipitates. The 〈111〉 oriented images were used for the γ′ size ana-
lysis and the 〈001〉 oriented images were used for the γ″ size analysis.
By only using the two variants of γ″ precipitates that are edge-on, their
spherical-equivalent diameters can be calculated using the same re-
lationships employed for the γ′ precipitates [32]. The numerical volu-
metric size distributions were calculated from the measured area size
distributions assuming a spherical precipitate morphology by using
[33]:

∑=
∆

=

N α N( ) 1 ( )v j
i j

k

i A i
(1)

where NA is the experimentally obtained area number densities,

Table 1
Area fraction measurements of the three intermetallic phases in an SLM 718 as
determined by the described SEM imaged process analysis. Also presented is the
γ″/γ′ area fraction ratio.

Precipitate Manual (%) Auto (%)

γ′ 5.1 ± 0.8 5.1 ± 0.4
γ″ 11.1 ± 0.9 11.5 ± 0.4
γ″:γ′ 2.18:1 2.25:1
δ 0.37 ± 0.24 N/A

Fig. 9. Volumetric size distributions of the γ′ precipitates in the superalloy 718
sample as determined using the manual and automated segmentation proce-
dures.

Fig. 10. Volumetric size distributions of the γ″ precipitates in the superalloy
718 sample as determined using the manual and automated segmentation
procedures.
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Dmax= kΔ, and k equals the total number of size groups. The value for
α is a pre-determined set of coefficients associated with the probability
of the polish surface plane cutting a sphere acquired by systematically
calculating the values of Pi,j for all class intervals [33].

= − − −−P
r

r r r r1 [ ( ) ( ) ( ) ( ) ]i j
max

max i max i,
2

1
2 2 2

(2)

Interestingly, unlike the γ′ precipitates which presented a normal
size distribution, the γ″ precipitates present a log-normal size dis-
tribution, this may be due to preferential diffusion along elastically soft
directions of non-spherical geometries. In addition, there did not appear
to be a significant difference between the size distributions of the γ″
precipitates imaged in the 〈001〉 and 〈111〉 oriented grains. Therefore,
in future studies it may be sufficient to calculate size distributions for
both the γ′ and γ″ precipitates using the 〈111〉 oriented grains ex-
clusively. Regardless, future work is still needed to determine how
nucleation and precipitation of these phases may affect the size dis-
tributions of these precipitates.

4. Discussion

4.1. Stereology Considerations

One goal of this study is to accurately determine the volume frac-
tions of the three intermetallic precipitates in the SLM 718 sample. In
order to convert the area fraction values to volume fraction, con-
sideration must be given towards the interaction volume associated
with the SEM images. If sub-surface precipitates are imaged and cal-
culated in this procedure, then a correction factor must be applied to
the area fraction numbers. The Monte Carlo simulation program,
CASINO [34], was employed to determine the interaction volume of
backscattered electrons under the microscope parameters used for the
above analysis. The results are shown below in Fig. 11.

A simulation of over 100,000 electrons was performed and the
backscattered electron (BSE) penetration depth of 1000 of those elec-
trons was measured as shown in Fig. 11. The BSE's that were able to
escape never penetrated further than 30 nm into the 718 sample, with
the majority only interacting with the first 15 nm of the sample.

Unfortunately, CASINO cannot calculate the interaction volume of the
secondary electrons, nevertheless, considering that it has been well
established that interactive secondary electrons penetrate a sample an
order of magnitude less than BSE's, it is likely that the secondary
electron interaction volume used for this analysis only penetrated a few
nanometers into the sample [35,36]. In addition, the contrast from the
Everhart-Thornley detector is from surface topological differences and
not chemical (Z-contrast) differences as would be observed when ima-
ging with back-scattered electrons [35]. As a result, even if a sub-sur-
face precipitate was imaged almost no contrast would be observed and
the precipitate would be removed as noise during the thresholding step.
Hence, the etched SEM images can be assumed as a true two-dimen-
sional cross-section representation of the sample volume. By making a
true section of the sample through this SEM technique described above,
a one-to-one relationship between volume and area fractions of the
precipitates (i.e., VV= AA) holds true for particles of any shape or size,
including when there may be a distribution of sizes [32,37–39]. From
this relationship, the measured area fractions of the γ″, γ′, and δ phases
represent their respective volume fractions as well.

4.2. Validation Through Phase Extraction Analysis and XRD

In order to validate the calculated volume fractions of the three
precipitates determined from the SEM images of the SLM 718 sample,
more conventional approaches of phase extraction and XRD were per-
formed. For the phase extraction analysis, an approximate
1×1×1 cm sample was cut from the SLM 718 bar weighing 4.53 g.
The precipitates were extracted using a 1% ammonium sulfate, 1% ci-
tric acid electrolyte at a current density of 100mA/cm2 for 1 h [40].
Due to the chemical similarities between the three intermetallic phases
(γ″, γ′, and δ), the phase extraction solution could only measure the
combined overall weight fraction of the three precipitate types. The
combined weight percent value of the three precipitates was converted
to a combined volume fraction using conventional compositional con-
version principles and assuming a linear rule of mixtures approximation
for two phases (i.e., precipitate and matrix) [40]. The combined volume
fraction for all three phases (γ″, γ′, δ) was determined to be 15.7%.

To acquire separate precipitate volume fraction quantities from the
overall volume fraction value obtained using phase extraction, bulk
XRD was performed on a mounted piece of the SLM 718 sample. Fig. 12
shows the spectrum for the γ/γ′, γ″, NbC, and δ phases determined from
this bulk XRD analysis.

The γ and γ′ phases were considered together due to the low γ′
volume fraction and size resulting in the suppression of the γ′ super-
lattice peaks. For the γ″, γ′, and δ phases, the Ni, Cr, Fe, and Mo atoms
were assumed to be entirely located on Ni sites, whereas the Al, Nb, Ta,
and Ti were assumed to be located entirely on Al/Nb sites. To improve
accuracy, preferred orientation models that utilize a minimization of
the fitting residuals and use spherical harmonics were applied to the
XRD spectra. However, it is entirely possible that poor crystallite sta-
tistics, from the large average grain diameters (> 40 μm), are at the
cause of fitting deviations rather than preferred orientation.

The error bars for the measured volume fractions and lattice para-
meters in Table 2 represent one estimated standard deviation (esd) as
calculated by the XRD analysis program. It should be noted that these
error values do not represent the full possible error, but rather give a
standard statistical error regarding the fit of the model parameters to
the data. Again, the γ′ precipitates could not be measured because the
visible peaks could not be distinguished from the γ phase due to similar
crystal structures and nearly identical lattice parameters. Thus, only the
γ″ and δ phases could be analyzed. From the XRD analysis, the mea-
sured γ″ volume fraction was 10.6%. This is very close and within error
bars to the 11.1–11.5% determined from the SEM analysis. No δ phase
was measured by XRD, most likely due to the small amount present
(0.37% determined from SEM images) in the sample. These results,
combined with the phase extraction work, produce estimated volume

Fig. 11. The penetration depths of escaped backscattered electrons produced by
a 3KeV source, modelled using CASINO.
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fractions of the three strengthening phases. Table 2 below compares
these results with the volume fractions measured previously using the
SEM analysis.

The combined XRD and phase extraction analysis clearly validate
the measured volume fraction values from the SEM analysis. Indeed, the
SEM analysis may be more accurate as visual confirmation of the
measurements can be performed while errors associated the XRD and
phase extraction methods are, in many cases, unknown to the re-
searchers. For example, the XRD and phase extraction techniques failed
to measure the presence of any δ phase, which was previously shown in
both Fig. 6 and Fig. 7, to exist along grain boundaries in the sample.
Therefore, this novel SEM characterization method described
throughout this paper offers the advantage that low volume fraction
and nano-scale phases are detectable.

5. Conclusions

This study investigated the volume fraction and size distributions of
the three strengthening precipitates (γ″, γ′, and δ) through a new low
kV SEM technique, which also incorporated high resolution STEM-EDX.
The new technique was found to be a more robust and accurate mi-
crostructure characterization method for Superalloy 718 and refutes
many of the assumptions made in previous studies. The following
conclusions can be drawn.

(i) Monte Carlo simulations confirm that low kV (3 kV) SEM analysis

using an Everhart-Thornley detector removes the interaction of
sub-surface precipitates allowing for true 2-D cross-sectional
images to be acquired.

(ii) STEM-EDS analysis confirms the presence of composite γ′/γ″ par-
ticles.

(iii) The volume fraction ratio between γ″ and γ′ precipitates was found
to be near 2:1. While the ratio of volumetric number density was
near 1:10.

(iv) The automated segmentation code accurately separates the γ′ and
γ″ precipitates in the SEM images and provide volume fraction and
size distributions of each precipitate type.

(v) γ′ precipitates displayed a normal size distribution while the γ″
precipitates were found to possess a log-normal size distribution.

(vi) Conventional XRD and phase extraction techniques confirm the
precipitate volume fraction results obtained utilizing high resolu-
tion SEM.

In combination, the characterization procedure described
throughout this study has been validated by conventional methods.
These new techniques will allow for insights into the nucleation and
growth of these nano-scale strengthening precipitates and improve the
validation of future CALPHAD precipitation models.
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