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Application of analytical electron microscopy
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analysis in as-cast Allvac 718Plus superalloy

The superalloys are usually used as structural material in jet
engines due to their high-temperature stability and good en-
durance. Many components found in the hot-part of jet en-
gines are of complex shape, therefore casting is utilized for
to their production. One of the problems associated with
the casting process of highly alloyed alloys, such as super-
alloys, is partitioning of alloying elements upon solidifica-
tion. This segregation might lead to the formation of low
melting temperature eutectics. Their presence in the materi-
al microstructure will have a negative effect on the weld-
ability. Negative impact on weldability is one of the reasons
why secondary phases should be avoided as microstructural
elements in the welded materials. To eliminate such hazar-
dous phases, the material should be subjected to a heat
treatment with the aim of homogenizing the microstructure
and chemical composition, which should enhance the weld-
ability. The aim of this work was the application of analyti-
cal electron microscopy in combination with energy disper-
sive X-ray spectroscopy as well as tomographic techniques
for qualitative and quantitative characterization of structur-
al elements in as-cast Allvac 718Plus Ni-based superalloy
subjected to later heat treatment. Alloy 718Plus is a newly
developed superalloy in which the secondary Laves phase
forms as a low-melting eutectic upon casting. The develop-
ment of innovative materials for aeronautics and clean en-
ergy systems requires the use of modern research methods
for structure characterization on the level from micro- to
the nanoscale. The performed analysis, allowed identifica-
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tion of phases (Laves and 1) occurring in interdendritic re-
gions of as-cast Allvac 718Plus superalloy and analyzing
their microstructure down to the atomic scale, which re-
vealed their complex nature. The experiments and investi-
gation show that advanced microscopic techniques and test
methods in conjunction with tomographic techniques en-
able complementary information about solidified structures
of the alloy to be obtained that can be useful for the under-
standing process of casting and welding of the Allvac
718Plus.

Keywords: ATI Allvac 718Plus; Laves phase; SEM-EDS;
STEM-HAADF; FIB-SEM tomography

1. Introduction

The development of environmentally friendly energy sys-
tems requires the application of innovative materials and
use of advanced techniques for characterization of their mi-
crostructure down to the nanoscale. Processing of alloy All-
vac 718Plus (herein referred to as 718Plus), e. g., solidifica-
tion, hot working and heat treatment practices, has to be
carefully controlled to assure a desirable microstructure
and therefore the required mechanical properties. 718Plus
is a newly developed nickel-based superalloy characterized
by good strength properties and corrosion resistance at ele-
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vated temperature that has improved high-temperature per-
formance compared to IN718 while retaining the excellent
processing characteristics of IN718. To eliminate unstable
v" (Ni3Nb, DO0,, tetragonal) phase [1—4] and promote the
formation of the more stable y'-Nis(AlLTi), (L12 cubic,
Pm3 m) phase [5-7], 718Plus has significant changes to
the chemistry in comparison to IN718. The main differences
are the addition of Co, lower Fe and a lower ratio of Ti to Al.
Combination of different chemistry and heat treatment re-
sults in precipitation of v’, 8, & and 1 phases or 1| phase.

The microstructure of 718Plus consists of a y (Ni-based
solid solution) matrix with ordered fcc y’ type phase, some
orthorhombic 6-NisNb (DOa, orthorhombic, Pmmn) and
hexagonal n-NisTi, n*-NigAINb or Nig(Al,Ti)Nb, (Nis -
Nb 5(Al/Ti) 5, D04y, hexagonal, P6;/mmc) particles preci-
pitated at the grain boundaries [8 —12]. Nickel-based super-
alloys are used in jet engines due to their high-temperature
stability and good endurance [13]. Morphology of n-phase
precipitates in 718Plus depends on the thermo-mechanical
treatment to which the alloy was subjected.

Often it occurs in colonies in a Blackburn orientation re-
lationship {111}y Il {001}n with one of the adjacent grains
[8]. The n-phase precipitates grow in a disc-like morphol-
ogy on the {111}y a matrix plane towards the grain interior,
the detailed mechanism has been suggested in [14]. It is
also common to observe small fractions of fine §-phase
sheets within n-phase discs [8, 14].

Carbides

Components of aircraft engines and gas turbines have a
complicated shape. Therefore casting is utilized for their
production. One significant problem associated with the
casting of highly alloyed alloys and nickel-based superal-
loys, is partitioning of elements upon solidification. As a re-
sult, this might lead to the formation of low melting tem-
perature eutectics, which further will have an adverse
effect on the weldability [15]. Segregation is a common
problem in solidified structures such as castings and welds.
It causes chemical inhomogeneity in the microstructure
and hence is detrimental to the mechanical properties.
Although both the castings and weld metal have solidified
structures, they differ in mode of solidification, experi-
enced thermal cycles, and level of segregation. Laves phase
that forms in the interdendritic region as a result of segrega-
tion, is an important aspect of 718Plus welds because it af-
fects structural integrity and can lead to premature failure
of critical aircraft engine components during service [16—
18]. Therefore, any attempt to reduce the segregation of
chemical elements in welds will be highly advantageous.
The present work pursues this direction and the paper re-
ports results of the application of analytical scanning- as
well as transmission electron microscopy methods (SEM,
TEM) and focused ion beam (FIB-SEM) tomographic tech-
nique for phase analysis in as-cast Allvac 718Plus superal-
loy. Primary attention was paid to the study of phases oc-
curring in interdendritic areas.

Fig. 1. LM and SEM microstructure images of the investigated as-cast 718Plus alloy. (a) Dendritic structure with Nb, Ti carbides or carbo-nitrides
(MC + v), Laves (y + Laves) eutectics and plate-like precipitates of n-phase in interdendritic regions, LM. (b, d) Different areas of the samples im-

aged at higher magnification, SEM.
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2. Material and experiment

The present work focuses on the application of light mi-
croscopy (LM), SEM, TEM and FIB-SEM tomographic
techniques for imaging and phase analysis in as-cast
718Plus superalloys subjected to heat treatment: 1120 °C/

—0.04Ta—1.04 W — 1.67Al — 8.79Fe — 0.867Ti — 2.76Mo
— 6.10Nb — 0.01B. The SEM microstructural analysis was
performed using a Merlin Gemini II scanning electron mi-
croscope. TEM and HRSTEM investigations were per-
formed on an FEI Cs-corrected Titan G2 60-300 operating
at 300 kV, equipped with energy dispersive X-Ray spec-

4 h + 968°C/10 h. The nominal chemical composition of
718Plus is the following: (wt.%): Ni — 8.72Co — 19.39Cr

troscopy (EDX) ChemiSTEM technology. STEM imaging
was performed in high angle annular dark-field (HAADF)

Table 1. The average concentration of chemical elements in different regions of as-cast 718Plus superalloy.

Average concentration C Ni Cr Fe Co Al Nb Mo Ti w
and Standard deviation
(at.%)

Dendrite arms/SEM-EDS - 49.9 23.6 10.0 8.9 32 2.5 1.2 0.5 0.00
- 0.02 0.33 0.57 0.26 0.06 0.85 0.10 0.19 -

Laves phase/SEM-EDS - 38.2 18.3 6.8 10.2 0.8 21.6 3.6 0.4 0.00
- 0.70 0.36 0.28 0.49 0.17 0.41 0.49 0.18 -

Laves phase/TEM-EDS - 29.6 19.4 7.9 11.2 14 22.7 7.8 0.0 0.00
- 0.07 0.06 0.33 0.51 0.34 0.95 0.54 0.02 -

v phase between 1 plates - 49.1 25.1 9.9 8.8 2.8 2.7 1.2 0.3 0.00
1.22 0.64 0.59 1.43 0.66 0.69 0.36 0.18 -
Carbides/SEM-EDS 524 2.6 1.4 0.4 0.4 0.0 36.7 0.0 5.7 0.4

0.41 1.05 0.61 0.29 0.19 - 1.59 - 0.41 0.07

SE + Fe

Fig. 2. SEM-EDS maps of selected chemical elements collected from interdendritic areas (Laves phase, carbide and plate-like precipitates -
phase) of as-cast 718Plus alloy.
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mode. The TEM study was conducted on lamellae a pre-
pared by FIB.

Analyses of the chemical composition of phases were
performed using TEM-EDX and SEM-EDX methods. Ana-
lysis of crystallographic structure (phase composition) of
selected particles was performed using the TEM selected
area electron diffraction (SAED) method supported by
JEMS software. 3D imaging of precipitates present in inter-
dendritic regions was performed using FIB-SEM tomogra-
phy. FIB NEON CrossBeam 40EsB with Ga-ion beam
working at parameters: 30 kV, 1 nA was used to perform
precise in-situ milling. Repeated removal of material layers
as thin as 36 nm allowed exploration of a total volume of

a) 1 - phase

10.5%9.5x 5.9 um (V=>588.5 um?). The angle between
the electron and the ion beams was 54° and mechanical
movement of the specimen during milling was not neces-
sary. The region of interest (ROI) of the sample’s surface
was selected by SEM-imaging. A protective layer of Pt
was deposited over the area of investigation using the FIB-
induced decomposition of precursor gases. This Pt layer
serves not only as protection but helps in suppressing cur-
taining effects improving the quality of the surface milling.
To improve the phase identification and their 3D recon-
struction, a backscattered electron (BSE) detector, which
offers an alternative contrast (Z-contrast) mechanism, was
used. As a result, the acquired stack of images (image size

Fig. 3. Result of tomographic reconstruction (3D visualization) of a Laves phase with n-phase as platelet shaped particles; a) visualization of re-
constructed volume 10.5 x 9.5 x 5.9 um, (b) Laves phase with n-phase plate particles which precipitation starts at the interface of the Laves phase,
(c) 3D visualization of a Laves phase with n-phase rendered from reconstructed volume, (d) 3D visualization of plate-like n-phase precipitates, (e,

f) visualization in 3D reconstructed volume at different angles of view.
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1024 x 768 pixels, 378 images in 8-bit grayscale, stack size
147 MB) was transformed directly into a 3D data volume
with a voxel size of 18 X 18 x 36 nm. The shift between
consecutively recorded images in the lateral direction due
to slice cutting and/or electrical and mechanical instability
of the device during recording of the tomogram (a series of
images) was calculated and subsequently corrected with
ImageJ 1.45b software. Based on the set of SEM micro-
graphs, the 3D reconstruction and visualization of the in-
vestigated alloy volume were created using ImageJ 1.45b
and Avizo Fire 6.3 software.

3. Results and discussion

Based on LM and SEM analysis, the microstructure of in-
vestigated as-cast 718Plus alloy consists of dendritic struc-
ture with interdendritic regions decorated with a continuous
network of a structure with darker contrast (Fig. 1a): Nb-Ti
carbide or carbo-nitride (MC + v), Laves (y + Laves) eutec-
tics and plate-like precipitates of n-phase (NisTi DO,,) pre-
sents in interdendritic regions. From a morphological point

| 5 - Ni;Nb
8 - Ni;Nb

Laves phase , hcp MgZn2 - type

iFe_,_Cr),(‘I‘i,Nb) -

Laves phase

of view, the carbides have very complex forms, often called
“Chinese scripts”. The microstructure of the specimen ob-
served with LM and SEM is presented in Fig. 1: needle-like
1-phase irregular in shape of Laves phase particles (Fig. 1a
and d) and randomly distributed niobium rich MC-type pri-
mary carbides (36.7Nb — 5.7Ti and 52.4C in at.%, see Ta-
ble 1), (Fig. 1c).

After casting, alloy 718Plus is heavily segregated. Two
areas with different chemical composition were identified:
the dendrites that are very high in Fe, Cr, and Ni, whose
concentrations in at.% is respectively equal to 10, 23.6,
and 49.9 (Table 1) while the interdendritic areas are en-
riched in Nb, Mo, and Ti. EDS microanalysis shows strong
segregation of Nb: a “dendritic” Nb content is as low as
2.5 at.% while Nb levels in the interdendritic regions can
range as high as 12 %.

The average chemical compositions of selected phases
present in the interdendritic region determined using SEM-
EDS and TEM-EDS methods are presented in Table 1.
The Laves phase appears as islands, contains about

22 at.% Nb and forms preferentially in the interdendritic

n)'h u.ou L’”ﬂl.«t
VAV 20000 c_:.‘,-‘_—-amo [t o Ow o U L‘?)anl o C'J {2 -1-10)

Fig. 4. TEM-SAED analysis of phases observed in lamellae prepared from as-cast 718Plus alloy using FIB technique.
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areas where high Nb level existed. The formation of Laves
phase is promoted by the presence of Mo and Si [19]. Since
the Laves phase is detrimental to mechanical properties and
depletes the matrix of Nb, the conditions of thermal treat-
ments during homogenization are critical [19]. Islands of
Laves phase can be crack initiation sites. Therefore, LCF
(low cycle fatigue) life is impaired when Laves phase is
present [20]. The Nb segregation during ingot or casting so-
lidification is related to the rate of cooling and the ease with
which the atoms can diffuse, 1. e., the faster the cool, the less
the segregation. During solidification, the y matrix rejects
the large atoms selectively of elements such as Nb, Mo, Ti
to the interdendritic regions. These elements form NbC,
TiN, and the Nb-rich Laves phase in the Nb enriched areas.

Annealing at 1120°C/4 h +968°C/10 h does not cause
Laves phase to disappear but leds to the precipitation of
the plate-like n phase precipitates near interdendritic areas,
where the Nb content is still high. The primary MC and the
TiN phases in alloy 718Plus are considered to be stable
phases and will not change with thermal cycles at lower
temperatures. The chemical composition of the area be-
tween the plate-like m phase precipitates corresponds to
the chemical composition of the dendrite arms.

SEM-EDS maps of selected chemical elements collected
from interdendritic areas of as-cast 718Plus alloy suggest
phases such as Laves phase, carbide and plate-like precipi-
tates m-phase (Fig.2). Based on the results of chemical
composition, it can be concluded that chemical elements

Y - phase

¥ - phase

20 nm

2 nm

Fig. 5. HRSTEM-HAADF imaging of plate-like particle n phase. High-resolution imaging of the n/y interface with theoretical HAADF images for

the corresponding (1, y) phases.
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such as Ni, Mo, Cr, Nb, Co, Fe, and W take part in the for-
mation of Laves phase precipitates. Plate-like precipitates
of n-phase contain mainly Nb, Al and Ni. The carbide parti-
cle visible in Fig. 2 is mainly composed of Nb and Ti. It is
worth emphasizing that on the Al map, there are also no-
ticeable plate-shaped precipitates in which there is no Al,
they contain Nb and Ni. Based on these results, they can
be identified as plate-like precipitates of 6-phase (Niz;NDb).
The Ni elemental map shows the significant enrichment in
this element of the outer layer of the Laves phase. This area
is also depleted in the remaining non-Nb elements (Fig. 2).
The precipitates of the carbide phase, which are shown in
Fig. 2 between the Laves phase particles, are mainly com-
posed of Nb and Ti, which was confirmed by the results of
the SEM-EDS analysis presented in Table 1. They are most
probably MC-type primary carbides where M is Nb + Ti.
Result of X-ray diffraction (XRD) analyses, not presented
in this paper, confirmed the presence of Nb,C; or Nb¢Cs
type carbides in the investigated alloy.

Meso-scale FIB-SEM tomography was used for visualiza-
tion and characterization of the interdendritic regions, mainly
Laves phase and m phase precipitates, in as-cast 718Plus
superalloy. The registered contrast level between m-phase
and Laves phase (as seen by the energy selective backscat-
tered, EsB, detector) allows us to perform a tomographic re-
construction of microstructural elements using the FIB-SEM
tomography technique. The choice of optimal place for tomo-
graphic reconstruction depends on the contrast level between
structural elements present in the microstructure during
SEM-BSE observation. The difference in contrast level be-
tween areas with different crystallographic orientation is a re-
sult of the channeling effect. The apparent differences in im-
age contrast between m and Laves phase particles and 7y
matrix enabled tomographic reconstruction of these phases,
presented on Fig. 3a. Visualization of a Laves phase single
particle with plates of n-phase growing out of its surface is
presented in Fig. 3. A more detailed analysis of the tomo-
graphic reconstruction results shows that the precipitation of
the n-phase platelets begins in the outer surface of the Laves
phase. It starts in areas where the elevated concentration of
Ni atom is observed (Ni elemental map in Fig. 2).

Figure 4 shows an image of the Laves phase particle ob-
served in STEM-HAADF mode. The thin plate-like parti-
cles of n-phase nucleate from the outer surface of Laves
phase particle. The contrast intensity of STEM-HAADF
images is closely related to the atomic number Z, being ap-
proximately proportional to Z%, and is partially mixed with
the diffraction contrast. The intensity of the Laves and n-
phases is brighter, because they contain chemical elements
(e.g. Nb) with higher mean atomic number than y matrix.

The selected area electron diffraction (SAED) patterns
from the irregularly shaped bright particle visible in Fig. 4
revealed that this particle is a Laves phase (Fe,Cr,Ni),(Nb,
Mo,Ti), (hcp, MgZn,-type), while thin plate-like particles
are the n-phase. The hexagonal crystal structure of the la-
mellar phase indicated n-Ni;Ti D0O,, phase, but its chemis-
try was close to Nig(AlTi)Nb (see Ref. [8]). Pickering et al.
[8] reported discontinuous precipitation of Nig(Al,Ti)Nb
phase. It should be emphasized that the thicker and shorter
plates that grow directly from the Laves’ surface areas as
observed in Fig. 4, are plates of d-phase (NisNb), which
was confirmed by the SAED analysis (see Fig. 4). Analysis
of diffraction patterns was supported by the JEMS ver. 3.69
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software. Results of HRSTEM-HAADF imaging and analy-
sis of plate-like particle n-phase precipitate in y matrix are
presented in Fig. 5. High-resolution imaging of the n/y in-
terface with theoretical HAADF images for the correspond-
ing (1, v) phases are also included. Selected area electron
diffraction patterns (SAED) and HAADF image analysis al-
lowed defining mutual crystallographic relations between
v/m phases. The precipitate m-phase and y matrix were
found to be related through the Blackburn orientation rela-
tionship: (111)y Il (0001)1 and [OH] v 11 [2110]n.

4. Conclusions

Based on the results of these studies, it can be stated that in-
terdendritic areas of as-cast 718Plus nickel-based superal-
loy subjected heat treatment 1120°C/4 h+968°C/10 h
consist of eutectics which are composed of MC type car-
bides, Laves phase and plate-like precipitates of n-phase.

Based on the chemical composition results, it can be con-
cluded that chemical elements such as Ni, Mo, Cr, Nb, Co,
Fe, and W take part in the creation of Laves phase precipi-
tates. The TEM-SAED diffraction analysis showed that
Laves phase precipitates are a hexagonal MgZn, type phase
with a chemical composition similar to (Fe, Cr, and
Ni),(Nb, Mo, and Ti).

Plate-like precipitates of n-phase contained mainly Nb,
Al, and Ni and precipitated on the {111} type plane of the
v matrix. Plate-shaped precipitates were identified as NiyTi
D024 with a chemical composition similar to Nig(AITi)Nb.

The results of 3D imaging performed using the FIB-SEM
tomographic technique indicate that the precipitation of la-
mellar n-phase starts from the outer surface of the Laves
phase.

The authors acknowledge the support from the AGH-UST statutory
project (nr. 11.11.110. 299).
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