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Abstract: The microstructure and precipitates of INCONEL 718 alloy (IN718) fabricated by selective
laser melting (SLM) are investigated. The matrix is comprised of the elongated y grains along Z
direction, tilting a few degrees. The microstructure mainly consists of a cellular-columnar structure
with fine first dendrite arm space of 1-1.5 pm originated from the rapid solidification rate locally.
The precipitates of the SLMed IN718 are confirmed to be a significant amount of Laves in the form of
irregular bulk distribution, small amount of carbonitride and spherical Al,O3 particles in nanoscale.
Some of the carbonitrides grow separately and some of the carbonitrides enwrap the Al,O;5 fully or
partly, forming the shell structure of the Al,O3—carbonitride. The reheating effect from the following
layers to the previous layers have not reached the solid-state transformation temperature of the y’
and y”.

Keywords: selective laser melting; IN718; microstructure and precipitation behavior; shell structure

1. Introduction

IN718 is supposed to be one of the most promising superalloys for its high strength,
excellent corrosion resistance, and oxidation resistance at an elevated temperature up to 650 °C.
It has been extensively used in aerospace and energy industries [1-3]. Selective laser melting is
a layer-upon-layer additive manufacturing technique. Based on the powder bed fusion system,
the focused laser beam is employed to produce dense metallic parts [4-6]. This process is widely used
in superalloy components with complex geometry and hollow structure. The precipitates derived from
the fast solidification process have strongly affected the microstructure and mechanical property of the
parts. The mechanical property of IN718 formed by SLM can not satisfied with the industry usage,
and thus further heat-treatment process is still needed. However, the tune of the heat-treatment is
determined by the precipitates and microstructure formed in the SLM process. In order to control the
final mechanical property, the as-deposited microstructure and the following heat treatment process
have become an important issue [7,8]. Mang et al. [9] believed that the precipitates existing in the
SLMed IN718 should be 75% v,17% v’’, and 7% y’. Often the v’ is distributed in the subgrain boundary,
and the y” is uniformly distributed in the whole section, whose strengthening effect is supposed
to be the main reason that the mechanical property is higher than the cast IN718; Y. Tian et al. [10]
found that the deposited SLMed samples with cellular dendrite structure mainly precipitates the Laves
phases in microscale and NbC in nanoscale, no v’ and y” have been tracked due to the high cooling
rate, and after heat treatment, recrystallization occurs, making the needle-like shape b precipitated.
However, Yen et al. [11] found that in the as-deposited samples, —NisNb precipitates were arranged

Metals 2019, 9, 1128; d0i:10.3390/met9101128 www.mdpi.com/journal/metals


http://www.mdpi.com/journal/metals
http://www.mdpi.com
http://dx.doi.org/10.3390/met9101128
http://www.mdpi.com/journal/metals
https://www.mdpi.com/2075-4701/9/10/1128?type=check_update&version=2

Metals 2019, 9, 1128 2 0of 10

in a chessboard pattern in the top view, and parallel to the building direction of SLM in the side
view. It was also noted that the 6 phases were localized in the interdendritic regions, which affects the
ductility of the printed samples. They cannot come to an agreement of the precipitates of as-deposited
IN718 superalloy fabricated by SLM. However, the as-deposited microstructures and precipitates
of IN718 will determine the following heat-treatment process parameters. This research means to
characterize the precipitates of IN718 during selective laser melting process to form a fundamental
research for the following heat-treatment process.

2. Experiment

Spherical gas atomized IN718 powders with an average particle size of 65 um were used.
The chemical compositions of the IN718 powder are listed in Table 1. The SLM process was conducted
on an EOS M280 rapid forming machine (EOS Gmbh, Munich, German) equipped with maxim 400 W
Yb fiber laser. The substrate material is 45 steel with dimension of 250 mm X 250 mm X 30 mm, which is
preheated to 80 °C to reduce the deformation of the component. All the manufacturing process is
under the shielding gas in the form of Argon. Rectangular shaped samples (10 mm X 10 mm X 100 mm)
were fabricated with the parameters shown in Table 2. And the striped scanning strategy with turning
67° layer by layer is shown in Figure 1.

Table 1. Chemical composition of INCONEL 718 alloy (IN718) powder (mass fraction: %).

Element Al Ti Cr Fe Nb Mo Ni
(wWt%) 0.6 1.0 19.7 18.4 5.1 3.0 Bal.

Table 2. Selective laser melting (SLM) manufacturing parameters.

Laser power Scanning speed Laser spot diameter Hatch spacing  Layer thickness
350 W 1000 mm/s 0.1 mm 0.2 mm 0.04 mm
n+2 \" %
\ 0
67°) 2
- & a
n+1 =
T | Iz
67 \L =3
n Vi
7 z

X

Figure 1. Scanning strategy of the selective laser melting (SLM) processing.

After deposition, the as-fabricated samples were sectioned along XZ and XY planes and mounted
into a standard metallographic specimen. The optical microscope (OM) (MDJ 200, Chongqing, China)
was used to observe the macrostructure of the sample. The scanning electron microscope (SEM) (FFI
Quanta 650, Hillsboro, USA), operating at 20 kV accelerating voltage, was employed to obtain the
secondary electron images of the microstructure. Thin foils with a diameter of 3 mm for transmission
electron microscopy (TEM) were prepared by mechanically grinding down to 50 um and further
electropolishing down to electron transparency. The TEM characterization was performed using a
TEM (FEI, Talos 200, Hillsboro, USA), operating at an accelerating voltage of 200 kV to make the
crystal structure determination. The phase constitutions of the samples were determined by X-ray
diffractometer (XRD) (D/MAX-2500/PC, Tokoy, Japan) with a CuK« radiation.
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3. Results and Discussion

3.1. Grain Morphology

Figure 2a illustrates the macrostructure of the XZ section of the sample. The XZ section shows the
arc-featured melting pools resulting from the Gaussian distribution of the energy generated from the
laser powder bed fusion process. The section shows different melting pool widths, from 100 um to
even parallel to the bottom line of the section. That is because of the striped scanning strategy with
a 67° hatch angle. Figure 2b depicts the track—track relationship with 67° hatching angles of the XY
section. The height of the melting pool is all around 40 um, which is identical to the manufacturing
parameter. This scanning strategy will severely affect the heat dissipation of the tracks and layers,
which will make a complex grain morphology distribution.

Figure 2. The macrostructure of selective laser melted (SLMed) sample observed by the optical
microscope (OM). (a) The magnification of XZ section (b) The magnification of XY section.

From Figure 2a, the elongated grains along Z direction with tilting a few degrees were observed,
maxim up to 120 um, which approximately grow across three layers. This feature is similar to the
directional solidification. During the melting process, the substrate, or the previously deposited layer,
acts as a huge heat sink. The steep temperature gradient direction is normal to the substrate. The total
heat dissipation direction is the opposite of the grain growth direction.

SEM was used to observe the microstructure of the sample. Figure 3a is the magnification of one
region of the XZ section. Mixed cell structure and cellular dendrite with huge length to width ratio were
observed. The grain morphologies are determined by the extent of the constitutional undercooling
in the frontier of the solid-liquid interface. Figure 3c—f show different cell structure morphologies
magnified from the respective areas of Figure 3a. Figure 3c is the node cell structure, since the
constitutional undercooling in this area is not obvious. Figure 3g—j are the diagrammatic sketches of the
constitutional undercooling extent of different microstructure morphologies of Figure 3c—f, respectively.
With the increase of the constitutional undercooling, the microstructure changed into irregular cells,
depicted in Figure 3d. When the constitutional undercooling further increased, the elongated cell
was formed, as revealed in Figure 3e. Figure 3f is called a hexagonal cell, corresponding to higher
constitutional undercooling than Figure 3e. According to the Gaumann model [12,13], at a given
composition of the alloy, the solidification morphology depends on the solidification parameters:
temperature gradient (G) and solidification velocity (V). The ration of G and V can determine the extent
of the constitutional undercooling, and it is more prone to be constitutional undercooling with lower G
and higher V. With the increasing of G/V, the solidification morphology changes from Figure 3c to f,
and even cell structure will transfer to cellular dendrite structure (Figure 3b) and columnar dendrite.
The diverse grain morphologies reveal different thermal contents in the local areas.
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Figure 3. (a) Scanning electron microscopy (SEM) of one region of the XZ section of the sample.
(b) Cellular dendrite. (c) node cell structure. (d) irregular cell structure. (e) elongated cell structure.
(f) hexagonal cell structure. (g—j) diagrammatic sketches of the undercooling of (c—f), respectively.

3.2. First Dendrite Arm Space

From Figure 3b, the first dendrite arm space (FDAS) can be measured as 1-1.5 um, but compared
with the direct laser fabricated process, the FDAS is about 5-8 um [14,15]. The FADS is finer in
the SLM sample due to the smaller melting pool and more rapid solidification rate. As for the cast
process, the FDAS is approximately 10 um—40 pum, [16] and all the FDAS is proved to be affected by the
cooling rate. Hunt has set a model to estimate the cooling rate by quantitative analysis of the FDAS as
follows [17]:

A =ae? 1)

A is the FDAS, a and b are material constants, and ¢ is the cooling rate. For nickel-based superalloys,
a~50um(K/s), b= % [17]. After calculation, the cooling rate is in the magnitude of 10° K/s, which is
supposed to be extremely higher compared to the cooling rate of DLF process of (103-10° K) [14,15],
which has also been found in the simulation of SLM processing.

3.3. Precipitates

Figure 3 clearly reveals the highlighted precipitates in the interdendritic regions. These bulk
precipitates distribute along the boundaries the cellular structure or interdendritic regions. The XRD
spectra depicted in Figure 4 are consistent with solid solution y (Ni, Cr, Fe) with face-centered cubic
structure with lattice constant a = 0.352 nm. No other peak was detected from the XRD result.
The missing diffraction peak could be either peak overlapping with the matrix or a small amount of
some unknown phase which cannot detected by the XRD results. The spectra of the y” phase of NizNb
with a body-centered tetragonal structure could coincide with the y spectra of (200) (220) and the
spectra of the v precipitate of Niz (Al, Ti) with face-centered cubic structure overlapping with the
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v spectra of (111)(200)(220). Whether the highlight precipitates are the strengthening phase or not,
further observations by TEM are essential to analyze the matrix and precipitates.
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Figure 4. X-ray diffraction (XRD) result of the XZ section of the sample.

Figure 5a shows the irregular bulk precipitates distributed along the grain boundary and sub-grain
boundary. Figure 5b is the high resolution TEM image of one of the precipitates along the grain
boundary, with a width of 25 nm and length of 80 nm. From the Fast Fourier Transform (FFT) result
(Figure 5c) of the picked area in Figure 5b in the red square, the structures of the matrix and the
precipitates are indexed. The matrix is a face-centered cubic structure according to the standard electron
diffraction pattern along [001] zone axis, and the precipitate is a close-packed hexagonal structure
according to the standard electron diffraction pattern along [-24-23] zone axis. The [-24-23] zone
axis of the precipitate is parallel to the [001] zone axis of the matrix. Combined with the element
distribution mapping in Figure 5d-h, this precipitate is enrichment of Nb and Mo, and depletion of
Fe, Cr, and Ni. According to References [18-21], the precipitate can be confirmed as the Laves phase,
which is generally accepted to be the form of (Fe,Ni,Cr),(Nb,Mo,Ti). It is a eutectic with the matrix.
The continuous bulk Laves phase is proved to be detrimental to the high-temperature property of the
matrix [22], which should be dissolved after the following heat-treatment process, since the element
Nb has the lower value of partition coefficient, making it more likely to be trapped in the liquid phase
during solidification process. The dendrite core is primarily solidified from the liquid and the element
Nb is pushed into the liquid phase from the solid-liquid interface. With the solidification process
developed, the Nb is left in the interdendrite areas and grain boundaries to form the eutectic of Laves
phase. It is understandable why the Laves phase precipitates along the interdendrite areas and grain
boundaries. Since the dimension of the Laves is small, it could not be detected from the XRD result.

However, there are also some regular precipitates in the dendrite core area. Figure 6a is the
high resolution TEM image of the square precipitate. Figure 6b is the FFT of the red square region in
Figure 6a from which the precipitate is indexed to be a face-centered structure, and the FFT pattern
is along [011] zone axis. The element content mapping shows that this precipitate is enrichment of
Nb, Ti, C, N, and no Nj, Cr, Fe are included in it. Further, according to Reference [23], this regular
phase is the carbonitride with the chemical formulae of (Ni, Ti) (C,N), usually in the form of MX.
For directionally solidified superalloys, it has been reported that block carbides nucleate on stable TiN
during the re-melting process [24].

Other nanoscale precipitates were also found to distribute in the interdendritic regions and the
dendrite core. The arrows in Figure 7a show the spherical particle precipitates in the bright field image.
Figure 7b is the high-resolution TEM image of one of the spherical particles in Figure 7a. The diameter
of the spherical particle is about 50 nm. In addition, an irregular precipitate enriched with Nb and Mo
is also in this visual, combined with the FFT of the irregular precipitate, which has indicated that it is a
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close-packed hexagonal structure from the [01-10] zone axis. This phase is the Laves phase, as we have
already identified. The FFT result in Figure 7b of the spherical phase is a FFT pattern of a face-centered
cubic structure from the [01-10] zone axis.

Figure 5. (a) The transmission electron microscopy (TEM) image of the XZ section of the sample.
(b) The high-resolution TEM image of the precipitate. (c) The fast Fourier transform (FFT) of the picked
region in (b). (d—i) The element content distribution mapping on this visual field.

Figure 6. (a) The high-resolution transmission electron microscopy (TEM) image of the MX. (b) The
fast Fourier transform (FFT) of the boxed region in (a). (c-i) The element content distribution mapping
on this visual field.

According to the element distribution mapping, this spherical particle, containing Al and O,
is Al,Os. It is worth noting that this spherical particle is half surrounded by the precipitates consisting
of Nb, Ti, N, and C from Figure 7e-h, which have been certified to be (Nb, Ti)(N,C) in Figure 6 already.
This phenomenon is not accidental. Figure 8 shows the same circumstance, in which the carbonitride
entirely surrounds the Al,O3. The rapid solidification process is a nonequilibrium process, and the
focused laser beam melts the powder into liquid, and the liquid fast solidifies into solid. All the process
is under the protection of argon gas, and the oxygen of the Al,Oj3 is from the water vapor of the powder,
even though it has been dried before using. The element Al is easy to oxidize. So, the nanoscale Al,O3
is prone to form. As for the surrounding MX, there are two kinds of hypothesis in this paper: (1) Al,O3
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serves as the heterogeneous nucleating agent of the MX. However, this Al,O3 and MX have different
crystal structures, and no coherent interfaces are detected in this shell structures. (2) The melting point
of Al,Oj3 is about 2303 K, which means the Al,O3; will precipitate from the liquid in the first, and the
interface between the Al,O3 and the matrix accumulates a huge interfacial energy, which will provide
the driving force of the MX to nucleate. These shell structures will be the most stable structure to form.
The composite Al,O3 and MX have also been found in carbon steel.

Figure 7. (a) the bright field image of the nanoparticles; (b) high-resolution transmission electron
microscopy (HRTEM) image of one of the nanoparticles, embedded images are the fast Fourier transform
(FFT) of boxed areas, respectively; (c—j) the element content distribution on this visual field.

Above all, the solidification process of SLMed IN718 can be estimated to be L — y 4 Laves + MX,
which is in accordance with the research [25]. Phases in the as-deposited IN718 fabricated by selective
laser melting are the matrix, Laves, carbonitride, and Al,O3, and there is no v’ and y” being detected.
The Laves phase and MX have exhausted a lot of Nb, which inhibits " and y” from precipitating.
The heat effect of following tracks on the previous layer is not high enough to form the v’ and y” phase.
In References [26,27], they have found the strengthening phase v’ and y” in as-deposited IN718 sample
made by direct laser forming (DLF) and electron beam melting (EBM), and confirm the temperature
of manufacturing process can reach approximately 950 °C according to the following layers” heat
input, which equals the aging process of the previous layers. It is not suitable for this research, due to
the different heat input of the SLM process and DLF process. Figure 9 is the simulation result of the
temperature of the middle point in layers 1-6. The simulation result shows that the temperature of layer
1 will go down to 500 °C-600 °C when the deposition of layer 6 is finished. According to Reference [28],
the TTT diagram of IN718 [28], during this temperature interval, requires one hour to form vy’ and y”.
The temperature of layer 1 is dropped by the rate of 10 °C/s. After one hour, the temperature of this
layer will drop to room temperature, so no y” and y” will be formed in this process.
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1

Figure 8. Bright-field transmission electron microscopy (TEM) image of the entrapped Al,O3 by MX
and element distribution mapping in this field.
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Figure 9. Simulation of temperature of the middle points of layers 1-6.
4. Conclusions

A selective laser melting process is employed to fabricate the IN718 sample. The sample shows
the elongated columnar grain to the building directly in the XZ section. The microstructure of the
SLMed sample consists of cell structure and cellular dendrite with the FDAS of 1-1.5 um. From the
FDAS, the cooling rate of this process can be estimated as 10° K/S. The precipitations are comprised
of Laves and carbon nitrides, and the nanoscale Al,Oj is also detected, which is surrounded by the
carbonitrides partly or fully. The shell structure of the AlyOs—carbonitride is supposed to be such
that the Al,Oj is beneficial to the nucleation of the MX. No strengthening phases, such as v’ and
v”, are observed, which means that the following heat input to the previous layers has not yet
reached the aging temperature and time to trigger the solid-state transformation in this proceeding
manufacturing process.
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