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We report additive manufacturing (AM) of a nickel superalloy metallic matrix composite (Ni-MMC) using laser
powder bed fusion (LPBF). Nanoceramic-containing composite powders were prepared by high-speed blender
declustering and ball milling of as-received SiC nanowires (2 vol%) and Inconel 718 alloy powders, which
produced a homogeneous decoration of SiC on the surfaces of Inconel particles. Analysis of the as-printed
specimens revealed the dissolution of SiC nanowires during laser melting, leading to the in-situ formation of
Nb- and Ti-based silicide and carbide nanoparticles. These in-situ formed nanoparticles resulted in a more
desirable solidification microstructure of the AM Inconel 718 with fewer printing defects (cracks and pores) and
slightly refined grain sizes. Mechanical characterization of the as-printed Ni-MMCs revealed notable increases in
hardness, yield strength (by 16%), and ultimate tensile strength (cyrs, by 12%) compared to the reference
samples without SiC addition. After heat treatment, the same composite samples displayed a 10% higher oyrs
compared to identically treated unreinforced material while maintaining ~14% total tensile elongation. We
believe this in-situ precipitate formation presents a simple and effective method for strengthening additively
manufactured high-temperature materials that could be used in the increasingly harsh environments in energy
and propulsion applications.

1. Introduction

Inconel 718 is a class of a gamma double prime (y”) Ni-Cr superalloy
precipitation-hardened through aging treatment, which, owing to its
superior high-temperature creep and fatigue resistance in combination
with excellent oxidation resistance, is a staple among materials for ap-
plications in extreme conditions [1-3]. Inconel series alloys at large are
widely utilized in aerospace, aviation, and nuclear industries, which
require high endurance under extreme chemical and thermomechanical
conditions [3,4]. As technology improves, however, further increasing
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performance in these applications will require operation at even higher
temperatures and stresses, pushing beyond the limits of the current su-
peralloys. With this in mind, the research community has witnessed a
significant focus in recent years on developing techniques for further
improving the capabilities of Inconel alloys.

One such technique is ceramic reinforcement, resulting in Inconel-
based metal matrix composites (MMCs). By implanting ceramic fibers
or particles into the Inconel matrix, researchers are able to tailor grain
size and morphology, reinforce grain boundaries, and, in some cases,
achieve improved high-temperature mechanical properties [5-9].
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Fig. 1. SEM images of raw powders utilized for MMC fabrication. (a) Inconel 718 and (b) SiCpy.

Table 1
Chemical composition of Inconel 718 pristine powders, which is measured by
EDX.

Element Ni Fe Cr Nb Mo Ti Co Al Mn

wt% 52.5 19.9 17.2 4.8 2.9 0.9 0.9 0.8 0.1

Metal-bases such as Al, Cu, Fe, and Ti have been utilized to improve the
mechanical and thermal properties of structural components [10]. While
the strengthening effects associated with these MMCs are highly desir-
able, traditional manufacturing methods have frequently proven inad-
equate for the production of high-quality composites, especially for the
notoriously difficult-to-manufacture nickel alloys. MMCs prepared
through casting processes typically suffer from poor wettability of the
ceramic nano-fillers and inhomogeneous distribution in the liquid metal
matrix [11-13]. Further, traditional powder metallurgy methods require
high-cost molds for compacting powders and remain incapable of pro-
ducing parts with sought-after complex geometries (lattice structures,
inner coolant ducts, etc.) [14-18]. Due to the difficulties with traditional
manufacturing methods, additive manufacturing (AM) techniques such
as powder bed fusion (PBF) and directed energy deposition (DED) are
potential approaches to producing Inconel-based MMCs, which enable
the production of unique and difficult-to-manufacture complex geome-
tries [19,20]. PBF technologies, including Electron Beam Melting (EBM)
and Laser Powder Bed Fusion (LPBF), provide many advantages, such as
weight reduction, low buy-to-fly ratios, high level of customization,
simplified supply chains, and reduced need for joining and assemblies in
comparison to conventional manufacturing routes [21-23]. Moreover,
PBF technologies can lead to higher dimensional accuracy and better
feature resolution compared to other AM processes [23-27]. Therefore,
the integration of MMC material groups with PBF manufacturing tech-
niques is considered to be a highly promising route for components
made of new high-temperature alloys.

The mechanical performance of additively manufactured nickel
MMCs still has significant knowledge gaps [28]. In the current literature,
several studies have examined PBF production of carbide or boride
particle reinforced Inconel MMC materials, especially with regards to
samples reinforced with TiC or TiB, and produced via LPBF [29-31]. In
one such study, Gu et al. [31] produced 10 wt% TiC reinforced Inconel
718 (In718) composite powders by ball milling and fabricated bulk
composite samples from these powders via LPBF. The as-printed
In718-10 wt% TiC achieved 4.5 GPa hardness, around 18% higher
than that of unreinforced In718 alloy produced through the same
technique. In another study, Mandal et al. [30] fabricated reinforced
In718 composites by LPBF with varying concentrations of TiC (0, 10, 20
and 30 wt%). Microhardness results showed that the hardness of the 30
wt% TiC reinforced In718 composites increased by 78% compared to the
unreinforced In718 printed at the same LPBF conditions. Regarding bulk
mechanical properties, Yao et al. [32] produced 2 wt% nano-TiC

reinforced In718 powders through ball milling. The LPBF as-printed
composites showed higher yield strength (oy, 774 versus 647 MPa)
and ultimate tensile strength (oyrs, 1029 versus 940 MPa) than the pure
In718 samples. However, after standard heat treatment (HT) to produce
the gamma prime (y') and gamma double prime (y"') precipitates, oy and
oyrts of the Inconel 718 — 2 wt% TiC became lower than the unreinforced
Inconel 718 alloys (1144 versus 1211 MPa, 1381 versus 1408 MPa),
with a significantly lower elongation (9% versus 15%) [32], showing a
degradation of tensile properties.

Here, we present results from LPBF of an In718-based MMC rein-
forced by the addition of SiC nanowires. SiC represents a promising
additive for MMCs due to its superior hardness and strength at elevated
temperatures as well as good oxidation and thermal resistance [33,34],
but to our knowledge, it has not been explored as a reinforcing agent in
In718. In this study, 2 vol% SiC-nanowire (SiCy,,) reinforced In718
(hereinafter denoted as In718+SiC) composite powders were prepared
via high-speed blending followed by ball milling. Bulk specimens of
unreinforced In718 and In718+-SiC composites were fabricated via LPBF
using a commercial 3D printer (EOS M290). These printed specimens
were subjected to a standard three-step heat treatment to mimic an in-
dustry standard processing of In718 parts [35], following which both the
heat-treated (HT) and as-printed samples with and without SiC were
analyzed by electron microscopy and X-ray diffraction to assess the
developed grain structures and phases. Further, we quantified the
average microhardness and tensile strength of each of the four sets of
materials, which revealed strengthening (oyrs, 1527 versus 1398 MPa)
with good maintenance of uniform tensile ductility, with much
improved total tensile elongation (14%) compared to previous work on
TiC-reinforced In718 [32]. We believe that this work positively impacts
the current research on nickel MMCs by expanding the library of rein-
forcing materials and by introducing a new composite that specifically
achieves among the best combinations of post-heat treatment tensile
strength and ductility yet reported. More importantly, this work pro-
vides a new straightforward and scalable avenue for strengthening laser
additively manufactured alloys, producing reinforcing carbides and
silicides via in-situ chemical reactions, which is expected to have great
potential for expansion to new MMCs and application to industries
seeking improved high-temperature structural components.

2. Materials and methods
2.1. Powder preparation

For this study, the base metal matrix was gas atomized In718 series
alloy powder with particle diameters of 15-45 pm (MSE Supplies LLC,
Tuczon, AZ, USA). Reinforcing ceramic nanomaterials consisted of SiC
nanowires of 99% purity featuring wire lengths of 50-100 pm and di-
ameters 0.1-0.6 um (Sinet Advanced Materials Co., Ltd, China). SEM
images of the initial powders pre-mixing are provided in Fig. 1. SEM
images confirm that the particle size distributions (PSD) are compatible
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Table 2

Printing parameters utilized in LPBF.
Laser power (W) 285
Scanning speed (mm/s) 960
Layer thickness (um) 40
Hatch spacing (um) 110
Laser spot size (um) 100
Scan rotation (°) 67
Volumetric energy density (J/mm>) 67.47
Build plate preheating temperature (°C) 80
Shield gas and its purity Ar, 99.9%
Build plate material 4140 steel

with the specifications provided by powder suppliers. Additionally,
Table 1 shows the chemical composition of the pristine Inconel 718
powders as measured by EDX.

2 vol% SiCp,, were mixed with In718 powders in batches of 500 g in
a high-speed blender (VM0104, Vita-Mix, USA) for 90 min in order to
decluster the nanowires and mix them as single strands with the In718
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powders. Afterwards, In718+SiC powders were split into batches and
ball milled for 30 min in a Pulverisette 7 planetary micro mill (Fritsch,
Idar-Oberstein, Germany) at 600 rpm. Stainless steel vials (80 ml) and
balls (diameter 5 mm) were utilized with a ball-to-powder weight ratio
of 5/1. 99.5% stearic acid (MilliporeSigma, Burlington, MA, USA) was
added to the powders at 2 wt% as a process control agent to prevent cold
welding to the vials and agglomeration of particles during milling.
Milling vials with sealed gassing lids to maintain an inert atmosphere
were loaded and unloaded in a glove box under 99.999% purity argon
(Linde, Marlborough, MA, USA) to prevent surface contamination and
oxidation of the powders. Stearic acid was removed from ball-milled
composite powders in a furnace at 420 °C for 2 h under argon.

2.2. Laser powder bed fusion
As-purchased unreinforced In718 powders and ball-milled 2 vol%

SiCpy reinforced In718 composite powders were printed via LPBF using
a commercial system (EOS M290). Table 2 provides the printing

(b) !

i
6.00
o
N
:
® !
0| gL
0 0
e ©
] i
|
1 !
2.00 o
[ <.
=

Fig. 2. (a) In718-2 vol% SiC,,, samples fabricated using EOS M290 LPBF printer and (b) A representative tensile specimen machined by wire EDM and spec-

imen dimensions.
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Fig. 3. SEM images and EDX mappings obtained from In718+SiC powders following declustering and ball milling.
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Fig. 4. (a) TEM image, (b) composite EDX mapping, and (c-g) individual element EDX mapping results obtained from the cross-section of a single SiC-coated In718

particle following ball milling.
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Fig. 5. (a) XRD analysis obtained from In718 and In718+SiC with and without HT, and (b-k) STEM image and corresponding EDX mapping analysis obtained from
HT’ed In718+SiC sample revealing the precipitates within the In718 matrix.
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Fig. 6. Secondary electron SEM images obtained from: (a, c) as-printed In718, (b, d) HT ed In718, (e, g) as-printed In718+SiC and (f, h) HT ed In718+SiC. The
samples are cut along the build direction.
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Table 3
EDX Analysis of points 1-5 from Fig. 6.

Point Point Point Point Point
1 2 3 4 5

General EDS obtained
from as-printed
In718+SiC

Ni 43.65 41.07 41.79 42.66 6.96 52.83
Fe 16.68 18.82 17.83 18.64 1.32 19.21
Cr 15.85 18.11 18.48 18.77 1.54 16.94
Nb 10.84 10.24 10.71 9.62 60.32 4.27
Ti 1.17 1.31 1.69 1.39 17.86 0.76

Al 0.84 0.77 0.81 0.97 1.03 0.87
Mn - - - - 0.12 0.17
Si 1.31 0.94 0.87 1.41 0.27 0.31
C 1.64 1.7 - - 10.21 2.21
Mo  8.02 7.04 7.82 6.54 0.37 2.43

parameters applied to all samples. These parameter sets were deter-
mined based on data from previously published LPBF studies of In718
[36-39]. Fig. 2(a) displays the In718+SiC composite samples before
removal from the AISI 4140 steel build plates. In addition, Fig. 2(b)
shows the representation of a single tensile specimen, which was pre-
pared in the form of a flat dog-bone specimen via wire Electrical
Discharge Machining (EDM).

Following the removal from the build plate by wire EDM, samples of
both the reinforced and unreinforced In718 materials were subjected to
a standard heat treatment that is applied for wrought In718 in a tube
furnace (OTF-1200X) [35]. Heat-treated samples (hereinafter indicated
by HT) were held at 1050 °C in a furnace for 15 min, water cooled, held
at 720 °C for 8 h, allowed to cool in the furnace, then held at 620 °C for
8 h and allowed to air cool.

2.3. Materials characterization

X-ray diffraction (XRD) was performed with an Aeris powder XRD
instrument (Malvern Panalytical Ltd, Malvern, UK) at 35 kV and 40 mA
with Cu-Ky (4 = 1.5406 A) radiation at a 20 range of 10-90° using a rate
of 2°/min. Microstructures of the powders and LPBF samples were
observed using a Zeiss Merlin high-resolution scanning electron micro-
scope (SEM) (Carl Zeiss AG, Oberkochen, Germany), which is equipped
with an energy dispersive spectrometer (EDX). Electron backscatter
diffraction (EBSD) analyses were performed in the same SEM. An
AccuPyc II 1340 gas pycnometer (Micromeritics) was used to measure
the densities of the as-printed samples. The porosity fractions of as-
printed samples were measured from SEM images by using ImageJ
software (Java version) image processing. A Zeiss Vision 40 CrossBeam
Focused Ion Beam (FIB) was utilized to prepare samples for scanning
transmission electron microscopy (STEM). Following FIB, STEM was
carried out in a JEOL 2010 TEM (JEOL Ltd., Tokyo, Japan) at 200 kV.

Vickers microhardness values of the LPBF samples were measured
using a Struers/Emco-Test DuraScan Automatic Hardness Tester
(Struers LLC, Cleveland, OH, USA) under a load of 0.5 kg (4.903 N) for
10s. 10 indentations were performed on each sample and the final
microhardness test results are expressed as the mean values of these 10
indentations along with the standard deviation. Tensile tests were per-
formed at room temperature in an Instron 5969 with a strain rate of
2 x 10~%/s and repeated three times for each sample category to verify
results. The tensile displacement and the strain were precisely recorded
by a non-contact AVE2 video extensometer.

3. Results and discussion

First, the morphology and microstructure of the In718-2 vol% SiCpw
powders were examined through SEM and EDX elemental mapping
analysis after high-speed blending followed by ball milling (Fig. 3).
Based on a comparison of Figs. 1(a) and 3(a), it is clear that the spherical
shape of the In718 particles is maintained after powder processing,
which is important to ensure good powder spreading during the LPBF
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process [40]. Moreover, EDX analysis shows overlapping Si and C sig-
nals well distributed across the particles, which supports that the In718
particle surfaces are uniformly decorated with SiC nanowires. Please
note that the bright C region denoted by the red arrow in Fig. 3(f) in-
dicates signal from bare carbon tape, where the particles do not exist.
Cross-sections of the ball-milled In718+SiC powders were further
analyzed via TEM to understand the nanowire distribution on the In718
particles. Fig. 4 provides a TEM image and the corresponding EDX
mapping results obtained from a cross-section of a single In718 particle
following ball milling with the SiCp,. We found that approximately
200-300 nm of SiC was continuously coated on the In718 particles,
which may suggest the success of the preliminary blending process for
declustering the nanowires and allowing their distribution. Following
that process, a relatively low ball milling speed (600 rpm) and duration
(30 min) provided sufficient mechanical energy for effective and
continuous deposition of the declustered nanowires onto the In718
particles without severe plastic deformation induced shape changes.
XRD patterns were obtained from In718 and In718+SiC specimens
after LPBF, with and without the post-printing heat treatment to un-
derstand the evolution of phases (Fig. 5(a)). Based on the XRD patterns,
both In718 and In718+-SiC composite samples display the typical face-
centered cubic y (Ni-Cr-Fe) matrix phase. Apart from this, both as-
printed and HT ed In718+SiC have minor amounts of (Nb,Ti)C pha-
ses, which were not detected in either case for the pristine In718 sample.
The presence of the XRD peaks of (Nb,Ti)C phases could be seen in
Fig. S1 of the Supplementary Materials. This suggests the presence of an
exchange reaction between the In718 base alloy and the SiC during the
melting/solidification process. It is believed that the Nb and Ti, which
exist around 4.8 and 0.9 wt% in the In718 composition, respectively,
reacted with C from dissolved SiC, resulting in the appearance of (Nb, Ti)
C phases in the XRD patterns. We note that it is impossible to discrim-
inate the y' and y” precipitates through basic XRD of heat-treated sam-
ples since they overlap with the XRD peaks of the y phase [36].
Therefore, the presence of these precipitates in HTed In718+SiC was
confirmed through TEM EDX mapping analysis, which is shown in Fig. 5
(b-k). The TEM image of Fig. 5(b) exhibits rod-like bright phase regions
with lengths ~10 nm, which are highlighted by yellow arrows. Ac-
cording to the EDX mapping results, those phase regions show Ni, Nb, Ti
and Al elements and lack Fe and Cr, which matches expectations for the
presence of y’ and y” precipitates at the related regions. Although the y’
phase primarily consists of Al and Ti elements, it also contains Nb [41].
On the other hand, the y” phase has Nb and Ti as its major components,
but it may also contain some amount of Al. Therefore, it is hard to
distinguish y" and y” on the EDX mapping results shown in Fig. 5(b-k).
In order to investigate the microstructures of the printed samples,
secondary electron SEM images were obtained from cross-sections of
In718 and In718+-SiC with and without heat treatment after LPBF (Fig. 6
(a-h)). Notably, the unreinforced In718 alloys have a higher density of
spherical and irregularly shaped porosities and cracks (indicated by red
arrows) compared to the In718+SiC composites. These results are in
contrast to those achieved by Cooper et al. [42], who dismissed SiC
reinforcement of In625 in favor of TiC reinforcement due to excessive
cracking during printing. The improved print quality achieved here is
attributed in part to the dissolvability and heat dissipation effects of the
SiC particles, in addition to the improved precision of the LPBF tech-
nology used in this study compared to that by Cooper et al., (e.g.,
100 pm laser spot size here vs 850 um spot size there). In other words,
when the thermal conductivity of the ceramic nanoparticles is higher
than that of Inconel 718 particles (10 W/(m-°C) at RT), it is possible to
activate more effective heat dissipation in the liquid metal [43,44]. For
instance, Gu et al. [44] demonstrated that TiC nanoparticles
(23 W/(m-°C) at RT accelerate heat dissipation from the Inconel 718
molten pool during the LPBF process. It is possible that the SiCy,, used
here with the In718 powders resulted in more effective heat dissipation
during solidification, which increased the thermal gradient and cooling
rate in the melt-pool and suppressed the defect formation resulting from
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Fig. 7. Secondary electron SEM images obtained from as-printed In718 to calculate porosity fractions. The samples are cut along the build direction.

excessive laser energy input [45]. As such, excessive recoil pressure was
suppressed and the formation of keyhole porosities and gas porosities
was largely prevented [46]. Finally, cross-section images shown in
Fig. S2 and Table S1 confirm that the melt pool sizes decrease with the
incorporation of SiC into In718. The average melt pool width and depth
of the as-printed In718 are 245.1 and 190.0 pm, respectively, whereas
the average melt pool width and depth of In718+SiC are 189.1 and
146.9 um, respectively. Nevertheless, further investigation is required to
understand the effect of SiC incorporation into In718 on laser absorp-
tivity during LPBF.

Additionally, EDX analysis results obtained from the points indexed
as 1, 2, 3 and 4 show a higher concentration of Nb and Mo compared to

the general EDX results obtained from the as-printed In718-+SiC sample.
This indicates the presence of Laves phases (indexed as yellow arrows).
The XRD peaks of the Laves phases were not identified, possibly due to
their relatively low volume fraction in the material system. The results of
this analysis are provided in Table 3. It is apparent that the Laves phase
precipitates, which form a chain-like distribution before HT, become
more homogeneously distributed in the matrix (y phase) after HT. Based
on the EDX analysis performed at point 5, the related location in the
HT’ed In718+SiC shows signals of carbon, Nb and Ti. These possibly
indicate carbides of Nb and Ti and are notated by white arrows.

The average porosity in the as-printed In718 was calculated from 4
different cross-sectional secondary electron SEM images by using
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Fig. 8. EBSD analysis obtained from: (a) as-printed In718 (b) HT ed In718, (c) as-printed In718+-SiC and (d) HT ed In718+SiC. The samples are cut along the

build direction.

ImageJ software (Fig. 7). Please note that each picture corresponds to an
area of 0.125 mm?>. Thus, the fraction of porosity calculation was made
on a 0.5 mm? area in total. Results calculated from binary images show
that an average of 0.1% porosity is present in the as-printed In718. As
mentioned above, the related defects were not seen in In718-+SiC
composites. Additionally, the densities of as-printed In718 and as-
printed In718+SiC are 8.19 + 0.004 g/cm® and 8.12 =+ 0.002 g/cm?,
and the relative densities are calculated to be 99.6% and 99.9%,
respectively, by assuming the theoretical densities of In718 and SiC are
8.22 g/cm3 [47,48] and 3.21 g/cm3 [49,50]. It is important to note that
the density of the LPBF In718 could be further increased by fine-tuning
the parameter set. However, the 99.6% relative density value for
as-printed In718 is consistent with the literature, which used the same
original EOS parameter set to produce In718[51]. The point we want to
make is that the SiC incorporation does increase the relative density and
significantly reduce the porosity of LPBF In718 under same LPBF
printing conditions.

EBSD analysis was performed on as-printed In718, HT ed In718, as-
printed In718+SiC and HT ed In718+SiC samples to extract the grain
size, shape and orientation maps (Fig. 8(a-d)). We observe long
columnar grains in the as-printed In718 and In718+SiC samples (Fig. 8
(a, ¢)). However, the grains appear slightly smaller in the composite
material compared to the unreinforced alloy. It could be assumed that
the incorporation of SiC contributed to the refinement of grain size
during LPBF. On the other hand, the grain structure becomes less
columnar in both samples after HT, as shown in Fig. 8(b, d), due to the
recrystallization phenomena taking place through the grains during HT.

Fig. 9 presents the misorientation angle and grain area fractions of
In718 and In718+SiC in the as-printed and HT ed states. As displayed in
Fig. 9(a), low-angle boundaries (0-5°) are the major features in the as-
printed In718. This is expected as thermal stresses during LPBF cause
high dislocation density regions and facilitate the formation of low-
angle grain boundaries [52,53]. Comparatively, the misorientation
angle distribution pattern is different in the as-printed composite. As
shown in Fig. 9(e) the incorporation of SiC into In718 significantly in-
creases the fraction of high-angle grain boundaries. Furthermore, grain
size distributions of the as-printed unreinforced alloy and reinforced
composite were also slightly different. Since the aspect ratio of the
grains was high, we measured the length (size along the build direction)
and width (size perpendicular to the build direction) of the grains using
ImageJ software. The average grain lengths or grain sizes along the build
direction of the as-printed In718, HT ed In718, as-printed In718+-SiC
and HT ed In718+SiC are 105.2, 97.6, 91.6 and 70.2 pm, respectively.
Gathered data of the misorientation angle and grain size values from
EBSD analysis can be found in Tables S2 and S3 in Supplementary Ma-
terials. Based on these results, it can be stated that the addition of SiC
also had a slightly positive effect on grain refinement during
solidification.

STEM imaging and corresponding EDX mapping analysis were car-
ried out to interpret the microstructures of the as-printed and HT ed
In7184SiC (Fig. 10). As observed in Fig. 10 (a), there are spherical
particles ~50 nm in diameter in the microstructure of as-printed
In718+SiC, which are marked with the letter "A" and yellow arrows.
EDX data from these regions indicates Al and O signals, as seen in Fig. 10
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Fig. 9. Grain size distribution and misorientation angle distribution plots of: In718 and In718+SiC in the as-printed and heat-treated conditions.

(e and i). These are most likely nanoparticulate Al,O3 inclusions, which
likely formed during the LPBF process due to the interaction of the Al
species in In718 with trace oxygen in the build chamber [54]. Their
corresponding EDX results are also shown in Fig. S3 and Table S4 in
Supplementary Materials. Moreover, there were also strong overlapping
signals of Nb, Ti and C surrounding the Al;O3 precipitates and exhibiting
a spiral morphology, which are predicted to be metal carbides; these are
marked as “C” and indicated with white arrows in Fig. 10 (g, h and j).
Another phase region observed was indexed as “S” with red arrows and
shown in Fig. 10 (a). This region shows strong signals of Nb, Ti and Si, as
observed in Fig. 10 (f-h), and is most likely a (Nb, Ti)-based silicide. It is
well known that Nb and Ti tend to form silicides in the presence of free Si
particles in superalloy microstructures [55]. Thus, it is understood that
the decomposition of the SiC enabled (Nb,Ti)-based silicide formation
during LPBF. Fig. 10 (1) shows a spherical Al;O3 particle surrounded
with dark phases that exhibit strong Nb, Ti, Mo and C signals in the EDX
mapping analysis shown in Fig. 10 (g, h and j). This confirms that the
related metal carbides (MCs) nucleate around Al,O3 particles during
LPBF.

We believe that the decomposition of the SiC during LPBF not only
boosted (Nb,Ti)-based silicide formation but also (Nb,Ti)-based carbide
formation. Furthermore, the rapid temperature changes associated with
the laser melting process appear to have resulted in the dissolution of the
SiC nanowires, resulting in the in-situ formation of (Nb,Ti)-based sili-
cides and carbides. In other words, Si and C acted as silicide and carbide
sources as a result of the in-situ partial decomposition of the SiCyy in the
microstructure and further strengthened the matrix as secondary phases,

which will be discussed later. It is reported in the literature that
increasing C content in In718 alloys promotes a higher fraction of MCs
during casting or LPBF, which eliminates hot cracking propagation
during solidification [56,57]. Therefore, it is important to recall Fig. 6
(b), where as-printed In718+SiC exhibited a defect-reduced micro-
structure contrary to the unreinforced In718. These results align well
with the discussed literature and suggest that free C-particles coming
from SiCy,, dissolution tailored a near defect-free microstructure during
LPBF of In718+-SiC. It is also important to note that the morphologies of
the (Nb,Ti)-based carbides evolved from spiral and rod-type morphol-
ogies to cornered particle (100-200 nm) morphologies after HT.

Fig. 10 (m-w) shows the STEM image and corresponding EDX map-
ping analysis of HT ed In718+SiC. It is clear that the spherical Al,O3
phase regions (indexed as yellow arrows), which had formed during
LPBF, also remained after heat treatment. It is also notable that (Nb, Ti)-
based carbide phases (indexed as white arrows) have a particle-like
morphology (60-200 nm size) with an average size of around 90 nm
compared to the spiral morphology of those observed in as-printed
In718+SiC.

Next, micro-hardness testing was performed to evaluate the local
mechanical properties of each printed sample. Table 4 shows the
average microhardness results obtained from as-printed In718, HT ed
In718, as-printed In718+-SiC, and HT ed In718+-SiC, respectively. Both
the unreinforced In718 and the In718+-SiC show higher hardness after
HT. As shown in Fig. 6(c, d, g and h) above, fine precipitates become
homogeneously distributed after HT in both samples. That is assumed to
be the most important factor in the augmented hardness after HT. The
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Fig. 10. STEM images and corresponding EDX mapping analyses obtained from: (a-1) as-printed In718+SiC and (m-w) HT ed In718+SiC.

microhardness of the as-printed In718+SiC was measured to be 14%
higher than the as-printed In718. It is believed that the decomposition of
SiC favored fine (Nb, Ti)-based silicide and (Nb, Ti)-based carbide for-
mation particles and this led to the increase in hardness values in the
In718+SiC nanocomposite.

Lastly, tensile testing was performed on bulk samples cut from blocks
fabricated by LPBF, as described in the methods section. Fig. 11 shows
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the room temperature tensile stress-strain curves obtained from the
additively manufactured In718 and In718+SiC with and without heat
treatment. In addition, comparison of yield strength (oy), ultimate ten-
sile strength (oyrs) and elongation values of the as-printed and HT ed
samples produced in this study are compared with those of other studies
in the literature; these are listed in Table 5. oy and oyrs of the unrein-
forced In718 alloy and In718+SiC increase remarkably after heat
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Table 4
Average microhardness of as-printed In718, HT ed In718, as-printed
In718+S8iC, and HT ed In718+SiC samples.

Material Microhardness value (HV)
In718 as-printed 319.1+7.9

In718 HT ed 436.3 £11.3

In718+SiC as-printed 363 +10.2

In718+SiC HT ed 468.9 + 8.7

1600 -
__ 1400
&
% 1000 [/
g
% 800
2
5 600
c
|2 400 | —— IN718 + 2vol% SiC / HTed
—— IN 718 + 2vol% SiC / as-printed
| —— IN718/HTed
200 1
—— IN 718 / as-printed
o L 1 1 1 1 'l
5 10 15 20 25 30

Tensile strain (%)

Fig. 11. Room temperature tensile stress-strain curves of as-printed and HT ed
In718 and In718+SiC.

Table 5
Room temperature tensile results obtained from LPBF In718 and LPBF
In718+SiC with and without heat treatment.

Sample Material YS UTS Elongation

no (MPa) (MPa) (%)

1 In718 as-printed (this 826 1095 30.3
study)

2 In718 HT ed (this study) 1264 1398 16.1

3 In718+SiC as-printed (this 963 1250 17.1
study)

4 In718+SiC HT ed (this 1251 1527 13.8
study)

5 In718 + 2 wt% TiC as- 774 1029 12.3
printed>?

6 In718 + 2 wt% TiC 1144 1380 9.1
HT’ed*

7 In718 + 1 wt% Y»03 as- 850 1100 17
printed®?

8 AMS 5662 G specification 1035-1167  1275-1400  12-21

for wrought In718%

treatment, which agrees with the hardness test results. This result is
expected, as the strengthening benefits of heat treatment in In718 are
well documented [58,59]. Notably though, 6y and oyrs of the as-printed
In718+SiC were 16% and 12% higher, respectively, than those of the
unreinforced alloy. HT’ed In718+-SiC composite has almost the same oy
as the HT’ed In718. However, oyrs of the In718+SiC composite is
1527 MPa, which is 10% higher than that of the HT ed unreinforced
alloy. These results prove the beneficial effects of the silicide/carbide
formation on the alloy.

Prior to the heat treatment, the in-situ produced silicide and carbide
precipitates resulting from the SiC composite addition evidently act as a
primary barrier to dislocation movement, thereby resulting in the in-
crease in both oy and oyrs observed. Following the heat treatment, it is
known that the newly formed uniform distributions of y’ and y” pre-
cipitates harden against plastic deformation in unreinforced In718, and
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the near equal yield strengths observed suggest that the stress required
to induce dislocation motion against these phases remains the dominant
barrier regardless of reinforcement. Yet it is evident from the plot that
the HT’ed composite shows a higher strain hardening rate compared to
the HT ed unreinforced alloy. This can be attributed to the additional
silicide and carbide precipitates that have been relegated to the narrow y
bands. It may be understood that these additional precipitates serve a
dual purpose, inducing a pinning effect that both suppresses y-grain
coarsening during heat treatment and restricts dislocation movement
after heat treatment, which is in good agreement with current literature
on the effects of carbides in In718 [60,61]. The result is that, despite
similar yield strengths, SiC reinforcement produces a significant effect
on the strain hardening and ultimate tensile strength. Moreover, the
elongations of the composite and the unreinforced alloy are comparable.
This is a positive result, as the total elongation of the unreinforced alloy
decreases to nearly half after HT, but the total elongation of the com-
posite changes very little with HT, by only about 3%. To summarize
highlights of the tensile results, the In718+SiC composite shows
industrially acceptable elongation after both LPBF and HT, ranging
around 12-17%. It is important to note that the HT’ed composite shows
a higher oy and oyrs. Moreover, compared to the other In718-based
composites produced via LPBF, the composite in this study shows
especially a greater oyrg than those of reinforced with TiC or Y503 [32,
62]. We conclude that the incorporation of the SiC into the In718 during
LPBF contributes to the increased tensile strength of the In718 alloys
while maintaining good tensile elongation, which is an important
requirement for engineering metallic alloys. SiC nanowires are consid-
ered to indirectly contribute to the mechanical properties of In718
through the formation of (Nb,Ti)-based carbides and (Nb,Ti)-based
silicides.

Fig. 12 shows the SEM images taken from the fractured surfaces of as-
printed In718, as-printed In718+SiC, HT’ed In718, and HT’ed
In718+SiC, respectively. The fracture surface of the as-printed unrein-
forced In718 alloy is covered with dimples, such as the features indi-
cated by the red square in Fig. 12 (a). The dimples indicate intensive
plastic deformation. The fracture surface of the heat-treated In718
shows regions of flat topography in addition to the dimples, which in-
dicates that the fracture mechanism was not purely ductile but also
partially brittle (Fig. 12 (b)). This is within expectations since the total
tensile elongation of the unreinforced alloy decreases from 30.3% to
16.1% after HT. For the In718+SiC composites, both as-printed and
HT’ed samples show a mixture of dimples and sharp textures as well
(Fig. 12 (c, d)).

4. Conclusion

We additively manufactured a new In718-based metal matrix com-
posite material reinforced by SiC nanowires. Based on cross-sectional
analyses of the specimens prepared by LPBF, the dissolution of the SiC
nanowires resulted in the in-situ formation of (Nb,Ti)-based silicides and
carbides. Although the nanowire geometry was initially considered
desirable for the expected strengthening contribution of its large surface
area after printing, it is theorized that the nanowire dissolution process
compounded with the grain-pinning effects of the newly formed nano-
particles and positively contributed to grain geometry and the preven-
tion of defects. The as-printed microstructure of the reinforced In718
was also found to be flaw-reduced and to have a smaller average grain
size compared to unreinforced In718, indicating the viability of this
manufacturing method compared to previous attempts at nickel-based
SiC MMCs, which have suffered from significant cracking and poor
print quality.

Based on hardness and tensile testing data, we conclude that in-situ
formed silicides and carbides during printing and their associated
microstructural changes had notable strengthening effects on the In718
materials. The as-printed In718 reinforced by SiC was found to have a
16% increase in oy and a 12% increase in oyrs compared to the



E. Tekoglu et al.

Additive Manufacturing 67 (2023) 103478

Fig. 12. SEM images taken from fracture surfaces of: (a) as-printed In718 (b) as-printed In718+SiC, (c) HT ed In718 and (d) HT ed In718+SiC.

unreinforced material. Following the application of a standard heat
treatment procedure to the printed specimens, oy of the reinforced and
unreinforced specimens were found to be nearly identical. Moreover,
those samples reinforced by SiC were found to have a remarkable in-
crease in strain hardening, resulting in a oys increase of 10% for the
MMC materials, along with a maintenance of uniform ductility for
preservation of ~14% total tensile elongation. These results indicate
great promise in this reinforcement approach as a versatile and scalable
method for increasing the load capabilities and overall lifetime of In718
materials in extreme environments such as nuclear reactors or high-
temperature gas turbines. They also suggest the value of in-situ reac-
tion for forming reinforcing particles during laser additive
manufacturing in general, and we believe there will be great merit in
expanding the method to more direct microalloying of Si and C as well as
to new composite combinations in the near future.
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