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Abstract

Fine equiaxed grain regions are frequently observed in additively manufactured Inconel 718 alloy. Based on a grain-
to-grain orientation analysis using EBSD, many assemblies of neighboring grains in these regions have been found
to display multiple-twins orientation relationships sharing common (110) directions and exhibiting 5-fold symmetry.
This is an experimental proof that the grain refinement observed in inconel 718 is due to Icosahedral Short-Range
Order (ISRO) mediated nucleation mechanism. This is the first report of ISRO-mediated nucleation of fcc nickel
which widens the perspectives on the microstructures control in additive manufacturing of Ni-based superalloys.

Keywords: Icosahedral Short-Range Order, Microstructure, Additive Manufacturing, Solidification, Nickel alloys

Inconel 718 is a heat-treatment hardenable alloy that has been used for decades in aeronautical, aerospace and
nuclear industries due to its excellent fatigue and corrosion resistance up to 650°C. Hence, this alloy has been used
early in the development of additive manufacturing (AM) of metallic alloys [1]. Although intense research has been
devoted to achieve the best possible properties, controlling the grain structure established during solidification re-
mains critical for that purpose [2]. Solidification microstructure impacts strongly both properties and processing;
primary dendrite arm spacing, grain size and grain texture affect the yield strength, fracture toughness and high cy-

cle fatigue life, while having a grain refined equiaxed microstructure increases resistance to solidification cracking [3].

Different strategies have been proposed to control the grain structure ensuing from solidification. Contrary to
conventional casting, it is possible with AM to play with the process parameters, such as the input energy, scanning
velocity and building strategy in order to establish thermal conditions promoting equiaxed grains, i.e. low temperature
gradients and fast solidification fronts. Along this line, the most successful solution relies on preheating the substrate,
mainly in electron beam melting (EBM) technology [4, 5, 6, 7, 8, 9, 10], and predicted as potentially efficient in other
technologies such as direct energy deposition (DED) and selective laser melting (SLM) [10]. This solution is often
associated with high energy inputs contributing to establish low temperature gradients [11]. It seems more difficult to

identify general trends for the scanning speed because the relation with the velocity of the solidification front is far
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from direct [10, 12, 13, 14]. The same statement can be done about the building strategies, although some success has
been achieved for direct laser sintering [15]. Enhancing the nucleation of new grains in the supercooled liquid pool is
another promising route for controlling the grain structure. Hence, solutions similar to usual practices in conventional
casting or welding have been identified, such as addition of grain refiners in Ti64 [16], dendrite fragmentation in
high entropy alloys [17] and endogenous nucleants generated by the remelting of intermetallic in Al alloys with Sc
[18]. In some studies using DED process, it has been suggested that partially melted powder can act as heterogenous
nucleation sites and promotes equiaxed grains [9, 19].

In both welding and additive manufacturing technologies, fine equiaxed grains (typically < 10 pum) have been
observed by several authors for low to medium linear energy densities ranging from 0.11 J/mm (selective laser melting)
to 117 J/mm (direct energy deposition) in AM processes such as SLM [20, 21], DED [13, 22], EBM [23] and coaxial
laser-wire [24] processes. When this information is provided, the equiaxed microstructure is localised at the bottom
of the layer in all the AM processes mentioned below and for a wide range of scanning velocities from 3 to 1000
mm/s. Different explanations to the equiaxed regions have been proposed so far. Bambach et al. have attributed the
formation of equiaxed grains to local recrystallisation of the solidification microstructure [24]. Mostafa ez al. and Choi
et al. both have explained the formation of equiaxed grains by a higher concentration of impurities in remelted areas
that could act as heterogeneous nucleation sites for equiaxed grains [20, 21]. Other authors have pointed the effect of
thermal gradient G and solidification velocity V, particularly the ratio G/V evolution during solidification that could
change the growth morphology [23, 22]. In addition, Parimi ef al. have underlined the possible local fluctuations in
G due to Marangoni effect and in nucleation sites due to powder injection [13]. They have also shown that increasing
the power prevents the equiaxed microstructure to appear. Finally, they have demonstrated that the building strategy
does not play any role in the appearance of equiaxed microstructures, whereas increasing the power lead to a fully
columnar microstructure.

In this work, the fine equiaxed microstructure observed in AM Inconel 718 was reproduced using a coaxial laser-
wire process. Based on detailed EBSD analysis, it is shown that the fine equiaxed grain regions consists of several
assembly of nearest-neighbour grains having multiple-twins orientation relationship with a common (110) direction
leading to a 5-fold symmetry and compatible with an icosahedron. This is the signature of the Icosahedral Short-
Range Order (ISRO) mediated nucleation mechanism revealed by Kurtuldu ez al. in Al-based and Au-based alloys
[25, 26]. This makes nickel the third fcc metal where such ISRO-mediated nucleation mechanism can operate, leading
to a drastic reduction of the solidification grain size. It opens new prospects for obtaining fully equiaxed additively

manufactured parts.

Samples of 150 x 27 x 7 mm? of Inconel 718 alloy were manufactured using a common commercially available
Inconel 718 wire for welding applications (1.2 mm diameter). A Precitec CoaxPrinter laser head was used with a
continuous laser beam to create an annular spot focused on the substrate, where the wire is coaxially fed into the
melt pool, allowing to deposit the alloy layer by layer. Laser power of 2000 W, scanning speed of 1.2 m/min and
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wire feeding rate of 2 m/min were used for laser and wire metal deposition of the samples. Each deposited layer
is in average 1 + 0.2 mm in height. The laser source is a IPG 10 kW Yb3*- doped fibre solid-state laser with an
operating wavelength of 1070 nm. The samples were deposited in an inert gas (Ar) atmosphere along a continuous
bidirectional scanning strategy using an ABB IRB 6640-185 robot. The bidirectional scanning strategy consists in
alternating building direction between each layer. Samples were cut in the x-z plane, z being the building direction
and y the laser scanning direction, and prepared for both electron microscopy and electron back-scattered diffraction
(EBSD) analysis by polishing respectively with 3 and 1 um diamond solution then 0.5 pm Silica suspension (OPS).
These analysis were performed with 20 kV on a Zeiss Gemini SEM500 equipped with an Oxford Instrument Symme-
try camera for high resolution maps. EBSD analysis were performed with a 300 nm step for macro mapping, and 200

nm step for micro mapping.

substrate

Figure 1: (a) OM in the x-z plane of the deposited beads of Inconel 718, (b) SEM-BSE image corresponding to the dashed rectangle in (a), (c)

EBSD false-color map of (b). The white arrows in (a) correspond to the equiaxed zone areas. (i-iv): see text for details.

Figure 1(a) shows an optical micrograph (OM) in the x-z plane, y being the laser scanning direction. The macro-
scopic “zigzag” grain structure is typical from bidirectional deposition [13]. Some areas, indicated by white arrows
in the figure, appears in darker contrast and correspond to the fine equiaxed microstructure areas. In order to confirm
that the grains are indeed equiaxed and not rotated columnar dendrites following the thermal gradient in the y-z plane
of the molten pool, OM were taken in the y-z plane containing the scanning direction (not shown). The micrographs
confirm that the fine grains are equiaxed, and surprisingly we have found that they form a continuous layer in the
y direction. One of the equiaxed zones is shown in more details in Figure 1(b) on a SEM-BSE image. The area

corresponds to the white dashed rectangle in Figure 1(a). Four distinct zones can be observed: (i) the n — 1 layer in
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which growth direction is indicated by an arrow; (ii) columnar growth in the n*" layer by epitaxy from layer n — 1
where the change of growth direction is indicated with a white arrow; (iii) columnar-to-equiaxed transition leading
to a fine equiaxed microstructure; (iv) equiaxed-to-columnar transition in which oriented growth leads to a columnar
microstructure. Figure 1(c) is the false-colour EBSD map corresponding to Figure 1(b) where the different transitions
are clearly visible. In this figure, identified twin grain boundaries are outlined with white lines whereas random grain
boundaries (GB) with a misorientation > 10 deg. are shown with black lines: the twin boundaries are only detected
in the equiaxed zone. The distributions of the grain size and orientation have been obtained from the EBSD and
grain data. Table 1 shows the average grain size deduced from EBSD measurements and the relative twin frequency.
For columnar grains, the minimum Feret diameter was chosen to evaluate the grain size since their length can vary
significantly depending on the observation plane. The columnar grains are ~ 37 um in width and their length can
reach hundreds of micrometers, or even millimeters. The equiaxed zone shows a significant grain refinement with a
size < bum. Moreover, the twin frequency is about 1.3% in the columnar zone, close to the value in a MacKenzie
distribution [27]. On the contrary, it is about 13% in the equiaxed zone, close to the value reported by Kutuldu et al.
when 200 ppm Ir is added to Au—Cu-Ag alloys in which an ISRO-mediated nucleation mechanism has been demon-
strated [26]. In order to prove that this nucleation mechanism is similar to that identified in Al-Zn—Cr alloys [25] and
Au—Cu—-Ag-Ir alloys [26, 28], multiple-twin orientation relationships between several fcc grains must be identified.
Several aggregates of nearest-neighbour grains having multiple-twin orientation relationships (OR) have been
found in the equiaxed zone. Figure 2(a) shows an assembly of grains in twinning orientation relationships, obtained
from an high-resolution EBSD map, and labeled from 1 to 7. The (110} pole figures showing their mutual twin ori-
entations are given in Figure 2(b-d) where the red arc of a circle is the trace of their common {111} plane. Between
each pair of grains in Figure 2(b), the common {111} plane is rotated by 70.5 deg. around a common (110) direction,
which is indicated by the red circle where all the pole figures in (b) are superimposed. The pairs of grains 1-2, 2-3, 3-4,
4-5 show perfect twin orientation relationships (OR). The orientation relationship between grains 5 and 1 correspond
to what Kurtuldu et al. define as near-twin OR [25]: a twin OR and a rotation of about 7 to 8 deg around a common
(110) direction. This assembly of 5 grains is compatible with the symmetry of a decahedron with grains 1 and 5
that accommodate the default aperture angle of 7.5 deg. This rotation corresponds to the cumulated angle difference

between 5 tetrahedra of the icosahedron (360 deg) and 5 regular {111} tetrahedra of the fcc structure (352.5 deg) [29].

Table 1: Grain sizes and twin frequencies for the columnar and equiaxed regions. For columnar grains, the grain size corresponds to the width of

the grain corresponding to the minimum Feret diameter.

Columnar region  Equiaxed region

Twin frequency (%) 1.3 12.8
Grain size (um) 37.76 £7.14 4.54 +3.62
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Figure 2: (a) EBSD map of seven nearest-neighbour grains with multiple-twin orientation relationships taken from the equiaxed zone. The (110)

(© <o (d) ies

1-2-3-6 3-4-5-7

pole figures in (b) shows the orientation relationships between pairs of grains, and the red arcs of a circle correspond to the trace of the common
{111} plane (they are all drawn in the last pole figure). (c-d) (110) pole figures of grains 1-2-3-6 and 3-4-5-7. At the crossing of common
{111} twin planes, there are 3 common (110) directions for grains 1-2-3, 1-2-6, 2-3-6 and 3-4-5, 3-4-7, 4-5-7, respectively. (e) Stereographic
projections of the 5 common (110) directions of the fcc grains found (red squares), together with the calculated stereographic projection of the
fivefold symmetry axes of the icosahedron (blue pentagons). (f) A perfect icosahedron with facets from which the fcc phase formed have the same

colour and number as the grains in (a) and 5-fold axis have the same letter as in (e).

2 other grains were found to feature twinning OR with one of the 5 grains presented in the figure, and 4 additional
(110), common to at least 3 grains, were found, as shown in Figure 2(c) and (d). The grain labeled 6 displays a twin
OR with grain 2 and share a common (110) axis with grain 1 and 3; the grain labeled 7 displays a twin OR with grain
4 and share a common (110) axis with grain 3 and 5. Grains 6 and 7 have a near-twin OR (not represented in the
figure). The (110) pole figure in Figure 2(e) shows the 5 common (110} directions of the fcc grains, together with the
calculated stereographic projection of the fivefold symmetry axes of the icosahedron. A perfect icosahedron is also
shown in Figure 2(f) with facets that have given rise to the fcc grains with the same color and number in Figure 2(a).
This confirms as in Al-based and Au-based alloys that ISRO-mediated nucleation mechanism applies for fcc Nickel

in Inconel 718 alloy.
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In Al-Zn and Au-Cu-Ag alloys, the occurence of ISRO in the liquid is induced by minute additions of Cr and Ir,
respectively. Approximant phases exhibiting icosahedral building blocks have been found in the Al-Cr system [30] as
well as a few Au-rich Tsai-type icosahedral quasicrystals (i-QC) [28], but there is no known Ni-rich i-QC. Also, no
specific element has been added and the microstructures have been obtained in this work with a commercial Inconel
718 wire. As shown by Zollinger et al. [28], rapid processing of ISRO-containing alloys can lead to a spinodal-like
decomposition of the liquid phase, leading to local heterogeneities in the liquid phase. The effect of ISRO on hetero-
geneous local ordering has also been evidence by ab-initio molecular dynamics simulations in Al-Zn-Cr [31]. In the
present work, the local heterogeneity leading to icosahedral clusters in the liquid may not be intrinsic, i.e. induced by
a specific chemical element (such as Cr additions in Al-Zn alloys leading to Cr-centered icosahedra [31]), but induced
by the rapid melting and solidification conditions inherent to AM processes. With heating rate in the general range of
1 to 8.10* K/s [32], the n — 1 layer that partially remelt has little time for the ordered fcc phase to disordered liquid
transition that could lead to partially disordered liquid or even metastable short-range order configurations including
a certain fraction of ISRO. This hypothesis can be corroborated by an analysis based on the columnar-to-equiaxed
transition (CET). According to Hunts steady state model [33], the CET mainly depends on three factors: the thermal
gradient G, the solid/liquid interface velocity V and the number of potent nucleants ahead of the columnar front. Such
analysis has been performed for AM Inconel 718 by Raghavan et al. for electron-beam melting process [6]. Based on
a heat-transfer model and considering a constant nucleation density of 2.10'® nucleus.m~3, the authors showed that
CET is more likely to occur at the end of the solidification of the layer, i.e. close to the free surface. Contrariwise,
the high G and low V at the interlayer boundary is not favorable to a CET. Yet this is the position where the CET
has been observed in this work, about 100 um from the interlayer boundary. Assuming the G-V path determined by
Raghavan et al. is valid, this means that the number of potent nucleus varies in the layer thickness, and is much more
significant close to the interlayer boundary where the liquid phase comes from remelting of the n — 1 layer. From the
twin frequency measured in this work, and following the analysis of Kurtuldu and Rappaz [34], =~ 13% of twin GBs
relates to fraction of icosahedral nucleants over the total number of nucleants of 10%, each icosahedral cluster giving
birth to potentially 20 fcc grains. The ISRO-mediated nucleation mechanism induced by the fast melting can explain
why a CET occurs in high G and low V regions, by increasing strongly the local number of nucleation sites close to the
interlayer boundary. This shows that the melting step can be employed beyond its usual role in the building process.
Our explanation for the occurence of small grains in Inconel 718 suggests a new route to refine the grain structure
in alloys displaying ISRO mediated nucleation, in between the current strategies based on either the control of the
thermal conditions [4, 5, 6, 7, 9, 10, 11], or the enhancement of nucleation [9, 16, 17, 19]. Indeed, the route based on
ISRO mediated nucleation requires some melting that remains to be optimized. It is similar in spirit to what has been
observed in Al alloys containing Sc [18], but with a different mechanism. Finally, it is worth noting that the reported
grain sizes associated with the ISRO mediated nucleation seem in average lower than the sizes achieved by controlling
the thermal conditions in Inconel 718. Even if this observation must be consolidated by quantitative comparisons, it
suggests that ISRO mediated nucleation is worth to be further investigated for AM of Ni base superalloys.
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To conclude, Inconel 718 alloy has been additively manufactured with a laser-wire co-axial process. Multiple
equiaxe zones were observed in the sample. Based on detailed EBSD analysis, it has been shown that the equiaxed
grains ensue from an ISRO-mediated nucleation mechanism, previously observed in Al-based and Au-based fcc alloys
only. The icosahedral symmetry deduced from EBSD analysis of the fcc phase is expected to have originated from
the fast remelting of the previous layer, providing metastable configurations in the liquid favorable to the nucleation
of the fcc phase. These results open up new prospects for additive manufacturing of nickel based alloys. Indeed,
controlling the ISRO nucleation mechanism in these alloys so as to obtain homogeneously fine equiaxed grains would
(i) avoid solidification cracking, (ii) weaken texture to get isotropic mechanical properties, and (iii) benefit from the

grain refinement to increase room temperature mechanical properties.
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