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ABSTRACT

Increased adoption of additively manufactured superalloys has led to the consideration of
revised heat treatment approaches for these materials. The rapid cooling during additive
manufacturing processes has been seen to suppress gamma prime (y') precipitation, which
has raised the possibilities for omitting the high-temperature solution treatment step that
usually precedes ageing heat treatment for these alloys. In this work, the as-built
microstructure of a high gamma prime fraction superalloy Inconel 939 is presented, where
the absence of any y’' precipitation is notable. However, transmission electron microscopy
shows the presence of nano-sized Eta (1) phase. It is shown that the omission of solution
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treatment leads to the growth of the deleterious n phase upon ageing, which results in
embrittlement in tensile loading. It is concluded that at least for this particular alloy the
solution treatment plays a critical role in the establishment of the required microstructure

and hence cannot be omitted from the heat treatment.

Introduction

Recent progress in additive manufacturing (AM), or
3D printing, has led to a shift in the design and man-
ufacturing of high-end components. AM enables the
manufacture of complex shapes directly from a CAD
model, without the need for preparation of tooling
or moulds. Thus, AM enables faster prototyping and
design-to-production cycles. AM technologies also
allow greater design freedom than can be achieved
with conventional manufacturing processes, as they
are layer-wise processes. The most widely adopted
and industrialised AM technology for metal materials
is Laser Powder Bed Fusion (LPBF). The LPBF process
involves metal powder which is spread over a substrate
and then melted in the profile of the desired com-
ponent by a high-powered laser. Further layers are
added repeatedly and fused into underlying layers
until the desired final shape is produced. LPBF can
produce material which is virtually defect-free, with
density and mechanical properties comparable to or
exceeding those produced by conventional manufac-
turing processes.

One of the earliest adopted classes of materials in
LPBF has been Ni-base superalloys for use in aeroen-
gines and land-based gas turbines. Ni-base superalloys
are a unique class of materials which maintain a com-
bination of corrosion/oxidation resistance and
strength at high temperatures. The high-temperature

strength and resistance to creep and fatigue are typi-
cally achieved by precipitation strengthening of the y
matrix by the " intermetallic phase. Superalloys hav-
ing high volume fractions of the )’ phase are typically
manufactured by casting. After casting the as-soli-
dified microstructure typically contains y’ phase and
y-y’ eutectic, due to the slow cooling during the cast-
ing process. The castings are then given a solution
treatment to form a super-saturated solid solution,
which is subsequently aged to precipitate the strength-
ening phase.

The study of the microstructure of y'-strengthened
superalloys directly after manufacture by LPBF (i.e. in
the ‘as-built’ condition) has shown the absence of y’
precipitates [1-4]. This is understood to be because
of the fast cooling rates during the LPBF process,
which results in suppression of the diffusion-driven
precipitation reaction [5]. These findings have led
researchers to suggest that full solution heat treat-
ments may not be necessary for LPBF processed Ni-
base superalloys, and alternative sub-solvus heat treat-
ments have been proposed for some alloys [1,6,7].

Skipping the solution treatment step or reducing
the temperature of heat treatment can be desirable
for large-scale manufacturing of Ni-base superalloy
components since the heat treatment step can be
time consuming, energy intensive, and thus expensive.
High-temperature heat treatments also pose the risk of
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Table 1. Nominal chemical composition of IN939.

IN939 Ni Cr Co Ti Al

Nb Ta w Zr B C

wt-% Bal 22.5 19 3.7 1.9

1.0 14 2.0 0.1 0.01 0.15

incipient melting in Ni-base superalloys. Therefore,
there exist economic and technical incentives to pro-
mote omitting full solution treatments from the heat
treatment regimes of LPBF Ni-base superalloys.

One of the first y’-strengthened Ni-base superalloys
to be adopted for LPBF is Inconel 939 (IN939) [8].
IN939 was developed as an investment casting superal-
loy for use in gas turbine hot sections at temperatures
up to 850°C, with emphasis on corrosion and oxidation
resistance, while retaining excellent mechanical prop-
erties owing to precipitation strengthening by the ¢/
phase. Solution treatment of IN939 is done at tempera-
tures of 1160°C or above and is usually the first of mul-
tiple steps. Therefore, skipping this step would be
especially beneficial in the case of IN939 produced by
LPBE. However, it is important to note that in the
case of cast IN939, the solution treatment is performed
not only for dissolution of 9’ formed during solidifica-
tion (dissolving at around 1100°C), but also to remove
the deleterious Eta (#) phase from the microstructure.

The # phase in IN939 and other superalloys has
been studied and reported extensively in the literature.
This phase is typically observed in platelet mor-
phology, has a hexagonal DO24 crystal structure and
is usually given the form Ni;Ti [9]. Bouse et al.
described the formation of # phase in cast IN939
vanes, suggesting the phase as being responsible for
low room temperature tensile ductility as well as low
creep ductility [10]. Formenti et al. through thermal
analysis demonstrated that # forms as a eutectic soli-
dification product in IN939. The chemical compo-
sition of 1 was shown to be high in Ni and Ti, while
also containing some Cr and Co [11]. Jahangiri et al.
showed the morphology of # at interdendritic regions
in the microstructure and exposed the deleterious
effects of incipient melting caused by the high solution
treatment temperature [12,13]. Additional work by
Jahangiri et al. also found that the ‘standard’ 1160°C
solution treatment was not sufficient to dissolve 7,
and an alternative and lengthy solution heat treatment
to remove the phase was proposed [14]. Kanagarajah
et al. studied the microstructure of LPBF IN939 and
showed a platelet-like phase in the microstructure,
described as a ‘brittle phase’, expected to be #-phase
[15]. Apart from the embrittling effects of 7, it is
known that the formation of # is more likely in alloys
with higher levels of Ta and Ti. A lower carbon con-
tent, as well as a lower ratio of Ti to Al content, can
decrease the propensity of # formation [10,16].

To understand the feasibility of omitting a solution
treatment for IN939, a clear picture of the starting
microstructure is required. In particular, it needs to

be understood what phases are present, and especially
whether y’ and # phases form upon solidification, and
it is these questions which are addressed in this
communication.

It is pertinent to note that # phase can also be
formed in the microstructure of superalloys by reac-
tions of ) after extended periods of high-temperature
exposure, and this transformed occurrence of # phase
is not the subject of discussion in this article as such
exposure is not possible either during LPBF nor
during heat treatment.

Materials and methods

Samples for microstructural analysis and mechanical
testing were built in an EOS M290 (Electro Optical
Systems GmbH, Krailling, Germany) LPBF system
using the IN939_040_HiPerM291_1.00 parameter
set. Pre-alloyed gas atomised IN939 powder supplied
by EOS and having ds, of 32 um was used. The nom-
inal chemical composition of IN939 is given in Table
1. Samples were built in the form of cubes of dimen-
sion 15 x 15 x 15 mm®, and cylinders of 11 mm diam-
eter and 80 mm length with orientation perpendicular
to the building direction.

Heat treatments were performed in a Nabertherm
N41/H model box furnace under Ar gas atmosphere.
Solution treatment was performed at 1190°C for 4 h,
followed by rapid cooling with pressurised air. Two-
step ageing treatment involved soaking at 1000°C for
6 h, followed by air cooling and soaking at 700°C for
16 h, also followed by air cooling. Heat treatment
steps are schematically illustrated in Figure 1. As-
built samples were subjected to two different heat
treatment regimes: (1) direct ageing, or (2) solution
treatment + ageing.

An FEI Titan 80-300 TEM equipped with an EDAX
X-ray detector and TIA EDS software was employed
for detailed characterisation of the manufactured
specimens in the as-built condition. The FEI Titan
TEM was operated at 300 kV. To prepare electron
transparent specimens for TEM investigations, discs
of 3mm in diameter were cut and mechanically
ground and polished to a thickness of 0.1 mm. Discs
were further electrochemically polished in a 10% per-
chloric acid + 90% methanol using twin-jet Struers
Tenupol 5.

Samples for optical microscopy and scanning elec-
tron microscopy (SEM) analysis were cross-sectioned
in planes parallel or perpendicular to the building
direction, and metallographic preparation was done
by mounting in conductive epoxy and grinding and
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Figure 1. Schematic illustration of heat treatment steps used for LPBF produced IN939 in this study.

polishing to 1 um finish. Etching was performed with
Kalling’s 2 reagent. Optical microscopy was performed
with an Olympus GX51 microscope, and SEM analysis
with a Zeiss Gemini-SEM450. Energy Dispersive X-
ray Spectroscopy (EDX) analysis was performed with
a Bruker FlatQuad detector mounted in the said
microscope.

Tensile testing at room temperature was performed
according to ISO 6892-1, in crosshead control mode
with a strain rate of 0.00025/s up to yield and 0.002/
s to fracture. Tensile samples were machined to the
dimensions according to ASTM E8M Standard
Round Machined Tension Test Specimen for P/M
Products, with gauge length 25.4 mm and gauge diam-
eter 4.75 mm. Three samples were tested for each heat
treatment condition.

Results

The IN939 material manufactured by LPBF showed
columnar grains elongated along the building direc-
tion, and a fine dendritic microstructure, as seen in
Figure 2. Dendrites growing along the build direction
were clearly visible in sections parallel to the building
direction, see Figure 2(b), and arrays of sub-micron
sized particles at the interdendritic regions could be
seen. In sections perpendicular to the building direc-
tion, see Figure 2(c), the dendrite core and interden-
dritic region can be distinguished, and several small
particles with various morphologies are visible at the
interdendritic region.

TEM analysis showed that the as-built material has
a high density of dislocations, especially at interden-
dritic regions. A grain boundary region is shown in
Figure 3(a). The difference in growth orientations of
dendrites on either side of the boundary is clearly vis-
ible. Particles arrayed along the interdendritic regions
and grain boundary can be seen in darker contrast.
The apparent absence of dislocations in the grain on
the right side of the micrograph is probably due to
the preferential orientation of the sample to the elec-
tron beam.

No precipitates of the y" phase could be seen in the
microstructure with SEM or TEM. Electron diffraction
patterns from the dendrite core, see Figure 3(b), did
not show any superlattice reflections, indicating only
y phase.

High resolution imaging of the interdendritic regions
showed that these regions typically contained several
particles within a very small volume. Figure 3(c) shows
an example of an interdendritic location with multiple
nano-sized particles. Two distinct morphologies can be
observed at interdendritic regions overall: a ‘blocky’
morphology of roughly equiaxed particles and an
elongated or ‘platelet’ morphology. Additional examples
of particles with such distinct morphologies can be seen
in Figure 3(d,e), further exemplifying the difference in
proportions and aspect ratio between the particles of
the respective morphologies.

Examination of the two different particle mor-
phologies was performed by TEM-EDX analysis,
results of which are shown in Figure 4. The particles
with blocky morphology were found to exhibit a
marked enrichment of C, Ti, Ta and Nb, as seen
from the prominent peaks in the EDX spectrum.
This composition suggests that these particles are
MC carbides. EDX spectra from the elongated par-
ticles showed strong peaks of Ti and Ni, along with
matrix elements Cr and Co. The strong indication of
matrix elements suggests that due to the small thick-
ness of the particle, the interaction volume of the elec-
tron beam generating the spectrum included the
matrix. However, the strong Ti and Ni peaks relative
to the Ta and Nb peaks suggest a Ni- and Ti-based
intermetallic phase. Based on this composition, mor-
phology, and the characteristics of # phase determined
by other researchers [17,18], this phase is likely be #
phase. To investigate the effects of thermal exposure
on this phase, and to further confirm its composition,
ageing of the as-built microstructure was performed
and effect on the suspected # phase was observed.

Bulk precipitation of a plate-like phase was
observed in the microstructure of the material aged
(1000°C/6 h+700°C/16 h) without solution treat-
ment. Individual platelets could be observed in SEM
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Figure 2. Microstructure of IN939 in the as-built condition, (a) optical micrograph, (b,c) SEM micrographs with secondary electron
detector. Kalling's 2 etch. Arrow indicates building direction.

imaging, as shown in Figure 5, along with several other ~ Spherical precipitates of 200-300 nm in diameter
phases which are commonly observed in the heat trea- ~ were seen to be rich in Ni, Ti and Al, and were thus
ted microstructure of IN939. EDX analysis in SEM  identified as y’ phase. Carbides were identified by
showed that the platelets are enriched in Ti and Ni.  their bright contrast relative to the matrix and by
Weak indications of Ta and Nb were also detected. their enrichment in Ti, Ta and Nb.

Figure 3. (a) TEM bright-field (BF) micrograph of a grain boundary region in as-built IN939; (b) dendritic microstructure in BF
imaging, inset shows diffraction pattern, showing absence of superlattice reflections; (c) a higher magnification micrograph of
an interdendritic region, showing several particles with varying morphologies; (d) a particle with blocky morphology; (e) a particle
with elongated/platelet morphology.
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Figure 4. (a) TEM — BF micrograph showing an interdendritic region with several particles. EDX spectrum from blocky particle
marked ‘1’; and EDX spectrum from elongated particle marked ‘2'.

On the other hand, no plate-like phase could be
observed in the microstructure of material subjected to
solution treatment + ageing (1190°C/4 h+ 1000°C/6
hrs + 700°C/16 h). The SEM micrograph and

corresponding EDX maps are displayed in Figure 6.
The microstructure in this condition appears to contain
y/y' within grains along with fine dispersed intragranu-
lar MC carbides rich in Ti, Ta and Nb. Larger carbides

Platelet=yp

Figure 5. SEM micrographs showing microstructure of IN939 aged without solution treatment; (a,b) show microstructure from
secondary electron detector; (c) EDX maps of microstructure from (b).
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Figure 6. SEM micrographs showing microstructure of IN939 after solution treatment + ageing; (a) shows microstructure from
secondary electron detector; (b) EDX maps of indicated region microstructure from (a).

were also observed at the grain boundaries, which were
either MC (Ti, Ta and Nb rich), or M,3C¢ (Cr, W-rich).
Note that the accuracy of W detection in EDX is known
to be limited due to overlapping peaks of W and Ta, and
the small alloying quantity of this element in IN939.
Tensile testing at room temperature was performed
to understand the effect of the microstructure and
observed precipitation of platelet phases on the mech-
anical performance of the alloy. Representative tensile
curves of the material aged with and without solution
treatment are shown in Figure 7, and mean values of
yield strength, ultimate tensile strength, and
elongation at fracture are given in Table 2. The
material without solution treatment and containing
platelet phases in addition to y/y’ phases, exhibited
lower elongation than material that had undergone
solutionising before heat treatment. Subsequent frac-
tography of the specimens after tensile testing showed
trans-granular ductile failure with characteristic fine
shallow dimples and the presence of large elongated

dimples initiated by the platelet precipitates. These
are observed as cracked platelets on the fracture sur-
face, as depicted in Figure 7(c), while no platelet
phase was observed on the fracture surfaces on speci-
mens aged after solution treatment.

Discussion

The absence of any observable y" precipitation in the
as-built microstructure, even with high-resolution
TEM, suggests that in IN939 the y’ precipitation reac-
tion is indeed suppressed during the LPBF process.
Note that samples for analysis were taken from mid-
sections of the printed shapes, which would have
undergone numerous thermal cycles due to the melt-
ing of subsequent layers. This result further corrobo-
rates reports by other works on AM of Ni-base
superalloys with similar volume fractions of y" [1-3].
Along with the absence of any y—y’ eutectic, this result
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Figure 7. (a) Room temperature tensile testing curves from IN939 samples aged with and without solution treatment; (b,c) frac-
ture surface of tensile specimen aged without solution treatment; (d,e) fracture surface of tensile specimen aged after solution

treatment.

supports the idea that a full solution treatment may be
unnecessary for this alloy.

A phase with platelet morphology was observed at
interdendritic regions in the as-built microstructure
of IN939. This observation has not been reported in
previous works. Through EDX analysis, it was deter-
mined that this phase is most likely to be the Ni;Ti
- 1 phase. To confirm this hypothesis, the material
was aged without solution treatment and character-
istic platelets were observed at interdendritic regions,
which were further confirmed to be Ni and Ti rich.
This provides further confirmation that the observed
platelets are # phase. Previous accounts of # phase in
cast IN939 show the phase in the as-solidified micro-
structure to be up to several tens of microns in length,
corresponding to the course as-cast microstructure
[11,14]. However, the 7 phase platelets observed in
the as-built LPBF IN939 in the current work were
sub-micron sized, but more widely spread, corre-
sponding to the fine microstructure resulting from
fast cooling rates during the LPBF process. In the

Table 2. Mean values (+ standard deviation) of tensile testing
results of IN939 after direct ageing and after solution
treatment + ageing.

Rpo.2 (MPa) Rm (MPa) A%
Direct aged 1214+7 1429 +35 4.6 +0.90
Solution treated + aged 1149+ 2 1438+ 10 6.4+ 0.02

Yield strength is Ry, Ultimate tensile strength is R, and elongation at
fracture is A%.

aged LPBF microstructure, precipitation of # phase
can be explained by the larger number of interdendri-
tic sites per volume of material, where # phase platelets
are formed upon solidification, and where they grow
in size during ageing. The particular morphology
observed has been referred to in the literature as ‘Wid-
manstitten’ or ‘intra-granular platelet’ morphology
[16].

Another feature of the as-built microstructure was
MC carbides with a characteristic blocky morphology,
observed at interdendritic regions, which has been
reported also by other authors [19,20]. The carbides
were also identified through their composition, and
similar to # were observed to increase in size after age-
ing heat treatment. A high dislocation density was also
observed, and this has also been reported by other
authors in similar alloys [21].

Despite the small size of the # particles observed,
tensile testing clearly showed the embrittling effect
of the 5 phase on the material. This effect is well
reported in the literature [10,16,18] and it is expected
that the severity would be increased at higher tempera-
tures and with extended thermal exposure. While not
directly observed in the current work, it can also be
expected that binding of Ti in # phase will result in
the reduction of y’ volume fraction and consequent
degradation of high-temperature strength.

Based on the above discussion, it is suggested that
while solution treatment in LPBF IN939 may not be
necessary for the dissolution of the y’ phase, it has a
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vital role in removing the # phase from the micro-
structure, and as such cannot be omitted. The solution
treatment is likely to provide other benefits as well,
such as homogenisation of chemical composition
across the dendrite cores and interdendritic regions,
relief of residual stresses and possible recrystallisation
of the fine-grained microstructure [22]. Alloys other
than IN939 may still benefit from sub-y’-solvus heat
treatments directly after printing, as their compo-
sitions may be unlikely to form detrimental phases
like #.

Conclusions

As-built microstructure of LPBF IN939 was examined
by TEM to determine the suitability of the microstruc-
ture for ageing without solution treatment. No y’ pre-
cipitates could be found; however, sub-micron sized
platelet precipitates were observed in the interdendri-
tic regions. These were identified by compositional
analysis to be 5 phase. The phase was observed to
grow rapidly during ageing without solution treatment
and was found to have a detrimental effect on duct-
ility. Based on the results of this study, it can be con-
cluded that while solution treatment may not be
necessary for the dissolution of y/, it is still required
in order to achieve a stable microstructure free of det-
rimental # phase.
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